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Abstract

The aim and objectives of this work are to synthesize cobalt-based hydroxides and transition
metal disulphides composites with carbon materials such as graphene foam and activated
carbon by a facile and environmentally friendly hydrothermal technique for energy storage
application. Because faradaic materials suffer from poor electrical conductivity and low
electrochemical stability, while carbon materials are known to have good electrical
conductivity and electrochemical stability, the combination of the two materials to make
hybrid material should be able to improve the electrochemical properties of the composite
material. Morphological, structural, surface area and compositions properties of the produced
materials were evaluated and characterized using methods such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), N, adsorption-desorption isotherm (BET), Fourier
transformation infrared spectroscopy (FTIR) and Raman spectroscopy. Electrochemical
characterization involved cycling voltammetry (CV), galvanostatic charge-discharge (GCD),
electrochemical impedance spectroscopy (EIS) and cycling life were carried out in two
(asymmetric device) and three-electrode configurations using 6 M KOH aqueous electrolyte
and they all showed excellent electrochemical performance. For instance the asymmetric
devices based on CoA-LDH/graphene foam//AEG gave specific capacitance of 101.4 F g™
with a maximum energy density of 28 Wh kg™ and a corresponding power density of 1420 W
kg™ at a current density of 0.5 A g, VS,//AC gave specific capacity of 155 F g™* and high
energy and power densities of 42 Wh kg™ and 700 W kg™ respectively at current density of 1
A gtand MoS,_150 mg GF //AEG gave high specific capacitance of 59 F g™* with maximum
energy and power densities of 16 Wh kg™ and 758 W kg™ respectively at a current density of

1 A g* respectively . All these results showed the great potential of the hybrid materials

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
g

derived from the incorporation of cobalt based hydroxides and transition metal disulphides

with carbon for supercapacitor application.
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CHAPTER 1

1.0 INTRODUCTION

1.1 Background and General Motivation

The high demand for energy is among the problems leading to the rapid depletion of fossil
fuels, environmental pollution/deterioration, and global warming. Adequately addressing
these problems through the design and development of alternative energy sources coupled to
efficient energy storage and conversion devices have encouraged intensive research
undertaken by the global scientific community. The latter devices must possess high energy
and power densities, great cyclic stability with long operating lifetime for mitigating these
serious environmental and energy issues [1]. Some common energy conversion and storage
technologies already in use include fuel cells, batteries, and electrolytic capacitors. Batteries
are the most widely used in many systems and are known to display high energy density due
to the adopted bulk electrode material characterized by high capacity for charge storage.
However, the nature of the electrochemical charge storing processes within the bulk of the
electrode confines reaction kinetics via electron and ion transportation, thereby reducing the
complete power delivery.

Recently, supercapacitors (SCs) also known as electrochemical capacitors (ECs) have been
discovered to be more suitable candidates for next-generation energy storage devices due to
their moderate specific energy (~10 Wh kg™), higher power density value (>10 kW kg™), fast
charge-discharge rate, as well as better cycle stability performance as compared to
conventional batteries and electrolytic capacitors [2]. Supercapacitors have been employed in
a variety of applications such as portable electronics, mobile communications, hybrid electric
vehicles, memory backup systems and military devices, where high power density, excellent

reversibility and long cycle life are highly required [2]. Nevertheless, the main constraint of
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the state of art supercapacitor lies in their lower energy density compared with batteries. The
capacitance and the cell voltage have the great impact on the energy density of
supercapacitor. Although the energy density of supercapacitor is much higher than
conventional dielectric capacitors, it is still lower than those of common batteries and fuel
cells in use. Most of the commercially available supercapacitors have a specific energy
density values less than 10 Wh kg™ [3]. Therefore, there has been an increasing interest in
energy storage research aimed at increasing the energy density of supercapacitor to be close
to or even higher than that of commercial batteries.

The electrode material plays an important part in improving the overall device performance
and this remains a great challenge in finding unique and efficient electrode materials for this
purpose. Hence, in order to increase the energy density of supercapacitors, further
optimization of the capacitance and operating potential of the individual electrode materials is
essential. This optimization lies in thoroughly understanding the basic physics and chemistry
of the material electrodes adopted in fabricating the supercapacitor devices.

Based on the mechanism of charge storage, supercapacitors can be divided into three types,
namely electrical double-layer capacitors (EDLCs), faradic capacitors and hybrid capacitors.
EDLCs store charges electrostatically through the reversible adsorption of the electrolyte ions
onto the active materials surface via non-faradaic reactions, whereas faradaic storage
mechanism results from the fast reversible redox reactions (reduction-oxidation reactions) at
the electrode/electrolyte interface [4]. Hybrid capacitors are obtained from either making
composites of the materials with different charge storage mechanism (EDLC- and faradic-
type behavior) or fabricating two distinct electrodes as positive and negative electrodes to
form an asymmetric cell. For example, the device could be made from an EDLC-type and
faradaic-type materials as the negative electrode and positive electrode, respectively. This

offers the possibility of synergizing the advantages of both electrodes such as the high

19

© University of Pretoria



&
W UNIVERSITEIT VAN PRETORIA
‘ UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

q

electrical conductivity and stability of EDLC materials along with the high specific
capacitance of faradic or pseudo-capacitance materials. The properties of the resulting hybrid
device span between a supercapacitor and a battery [5].

In general, the main electrode materials for supercapacitors are carbon-based materials,
transition metal oxides/hydroxides and metal chalcogenides materials. Carbon materials such
as graphene [6], activated carbon [7], carbon nanotubes [8], carbon aerogels [9], carbide-
derived carbons (CDCs) [10], onion-like carbons (OLCs) [11] with unchanged
physicochemical properties, good conductivity, relatively low cost, and tunable porous
network can provide a long cycle life but relatively low energy densities which are
detrimental for most EDLCs applications [12]. They can be used as the main materials in
device electrode components or as part of a material blend forming composite electrodes in a
supercapacitor. Graphene-based composites for example, adopted as possible supercapacitor
materials possess a large advantage in supercapacitor applications due to their superior
electrical conductivity, large specific surface area and chemical stability [13]. Graphene is a
2-dimensional (2D) sp®-hybridized carbon sheet with one atom thickness and has attracted
increasing attention because of its unique structure. The electrical conductivity of graphene
(~64 m S cm™), which is linked to the widespread conjugated sp-carbon network, is about 60
times greater than that of carbon nanotubes (CNTSs) [22] and remains stable over a wide range
of temperatures suitable for energy applications. Compared with other carbon-based
materials, graphene shows high electrical properties. However, the restacking and
aggregation, which is driven by the strong m-m interactions between the graphene sheets limits
the electrochemical performance of graphene-based energy storage devices .Therefore,
graphene and other forms of carbonaceous materials have been successfully incorporated into
faradic materials to obtain hybrid composites with increasing conductivity as well as

electrochemical properties [14,15].
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Activated carbon (ACs) are mainly used as the electrode material in electrochemical
capacitors because of their good electrochemical stability, better porous nature low cost of
preparation, high surface area (> 2000 m? g%), nontoxicity, environmental friendliness and
high cycling stability [16]. Generally, the specific capacitance resulted from the electric
double layer formed at the interface between the electrolyte and the internal surface of pore
structure determines the specific capacitance (SSA) of electrodes [17]. However, although the
high SSA constitutes a large space for storing ions, the complex network of pore structure
may make difficulties for ion storage and transport mechanism, and also might increase
diffusion distance and high ion transport resistance during the charge/discharge process [18].
These issues can poorly affect the high power capability of the supercapacitor performance.
The porosity of activated carbon can be tailored to the desired pore size distribution by
changing the activation process parameters or the type of the synthesis precursor [19]. It has
been established that the carbonization and activation of carbon precursor in the presence of
graphene, can form composites with better pore structure.

Faradic materials such as metal oxides/hydroxides, transition metal chalcogenides and
conducting polymer materials have proven to exhibit excellent specific capacitance as
compared to the EDLCs carbon-based materials due to their fast, reversible electrosorption
and redox processes taking place at or near the solid electrode surface.

Several pseudocapacitor and/or faradic-type materials like the transition metal oxides/
hydroxides (tMOs and tM-OH)) [20], layered double hydroxides (LDHs) [21] and metal
chalcogenides [22] have been developed for energy storage applications due to their stable
nanostructures, high theoretical capacity, low preparation cost, environmental friendly nature,
ability to conduct charges in fast and reversible faradic reactions at the electrode/electrolyte

interface [23]. The morphology of these materials alongside their redox ability makes them
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suitable candidates for use in ECs. Unfortunately, they are plagued with relatively low
mechanical, low conductivity and low cyclic stability.

Among transition metal oxides/hydroxides, cobalt oxide-based nanomaterials such as cobalt
hydroxide carbonate and cobalt oxyhydroxide (CoOOH) have been widely adopted as the
electrode material for supercapacitor due to their flexibility in tuning their structure and
morphology to attain high specific capacitances [24,25]. Even so, cobalt oxyhydroxide
(CoOOH) which is an active transition metal hydroxide material with a uniquely defined
mesoporous nanosheet-like morphology and low conductivity, has been developed by
researchers as a promising alternative electrode material for supercapacitor applications [26].
On the other hand, cobalt hydroxide carbonate has also been used as an electrode material for
energy storage due to its controllable morphology done by adjusting the interaction properties
between the positively charged layers and anions [27].

In addition, other transition metal hydroxides such as layered double hydroxides (LDHSs)
containing double metals in a unique pattern have been widely adopted as interesting and
promising electrode materials for supercapacitor application [20]. Transitional metal
chalcogenides materials have also been considered for electrochemical energy storage
applications due to their diverse chemical and physical properties [22]. For example, two-
dimensional (2D) layered transition-metal dichalcogenides (tMDs) have been extensively
studied for applications in electrochemical supercapacitors due to their promising
electrochemical performance, mechanical and thermal stability, cyclability and unique
morphology [28]. Furthermore, layered transition-metal dichalcogenides (TMDs)
nanostructures provide a much higher specific surface area as compared with bulk
counterparts, which is advantageous for energy storage devices because of the possibility of
improvement of the contact between the device and the interaction media [22]. Although

(tMOs, tM-OH)) and (tMDs) exhibit higher specific capacitance and better cycling stability
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as compared to the EDLC materials, their poor electrical conductivity and low accessible
surface areas limit their use as supercapacitor electrodes.

EDLC:s still show a lower specific capacitance as compared to faradic-type capacitors which
have much higher specific capacitance values of over 10-100 times, although the
electrochemical stability of EDLCs is still way higher than the latter. Therefore, the design
and synthesis of electrode materials with improved electrochemical and physical properties
are some of the proposed factors which could lead to achieving high energy density and
power density for supercapacitors. The poor electrical conductivity of the faradic materials as
a result of the structural degradation of the electrode material during redox process adds to
the poor stability recorded in faradic-type capacitors and this presents a challenge for their
application as the sole materials for supercapacitor electrodes.

It has been observed that modifying the faradic materials with more conductive and
electrochemically stable carbon materials to form a composite material is one of the common
and effective methods of increasing the conductivity of the combined electrode material as
well as its electrochemical properties [29,30]. For example, the enhanced electron transport in
graphene material is one of the reasons why most researchers adopt it as a material of choice
in making composites with faradic materials applicable in charge storage devices.

Lately, a recent study on the fabrication of reduced graphene oxide-based composites by
introducing layered double hydroxides nano-platelets into the interlayer of graphene oxide
nanosheets has been reported [21]. An enhancement in the electrochemical performance of
the CoAl-LDH/rGO composite probably arose from the addition of porous and conducting
graphene to the CoAl-LDH matrix which provides an enhanced electron transfer rate and
improved structural support for the growth of CoAl-LDH nanoplatelets on the graphene

sheets [21].
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Numerous methods have been extensively carried out to synthesize graphene such as
substrate-free-gas phase synthesis [31], liquid-phase exfoliation [32], mechanical exfoliation
of graphite using scotch tape [33], unzipping of carbon nanotubes [34] and chemical vapor
deposition (CVD) [35]. Amongst these methods, graphene synthesized by CVD offers better
properties, such as the large crystal domains, mono- to few-layer structure and less defect
concentration in the graphene sheets, which are beneficial in increasing carrier mobility for
energy storage applications [36].

Graphene foam (GF) nanostructure has been widely adopted in the synthesis of functional
composite materials for energy storage [37]. CVD method is used to synthesize the 3D
graphene foam nanostructures by using nickel foam (NF) as a growth template and catalyst.
The as-obtained GF is characterized by a continuous conducting structure accompanied by a
low density (~20 mg cm™) which makes graphene foam an ideal support matrix for the
growth of metal nanostructures leading to high surface area and high conductivity of the
composite materials [37]. High conductivity GF obtained from CVD technique facilitates the
fast electron transport between the active materials and the current collector.

The combination of faradic materials with the graphene foam further improves the specific
capacitance as the faradic materials work as the redox centers [38]. The improved
supercapacitor performance of the composites is commonly attributed to the synergetic
electrochemical performance effect of graphene and the other material components making
up the composite. In another instance, certain faradic materials act as spacing agents to
prevent re-stacking between the graphene sheets which on their own part offer an
interconnected electrically conductive channel for fast charge transport and easy accessibility
of electrolyte ions to the composite electrode. By doing so, it preserves the good performance

of electrode even at a high charge-discharge current density [39].
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There are two main routes adopted for activated carbon synthesis for its large amount
production with the high specific surface area: The physical and chemical activation methods.
The physical activation process involves the carbonization of carbon-containing raw material
followed by the activation of the resulting product in the existence of activating agents such
as CO; or steam.

Chemical activation involves the impregnation of the carbonaceous raw material with
activating agents such as phosphoric acid (H3PO,), potassium hydroxide (KOH), potassium
carbonate (K,COs3), or Zinc chloride (ZnCl,). The impregnated materials are then heat-treated
in an inert gas atmosphere at high temperatures to obtain the final AC products [40,41].
Activated carbons prepared by physical or chemical activation have wide pore size
distribution from ultra micropores (< 0.7 nm), micropores (< 2 nm), mesopores (~ 2 - 50 nm)
and macropores (> 50 nm). In general, chemical activation is usually preferred to physical
activation due to the ability to actively control the material properties towards obtaining the
desired product for a specific application [7].

Based on a different design pattern, carbon-based nanomaterials can also be combined with
faradic-type (or pseudocapacitive) materials in a dissimilar electrode configuration to obtain
asymmetric supercapacitors. The advantage of this design lies in combining the electrode
material properties without altering the individual material electrochemical performance.
Albeit, the previous technique of actively mixing materials with different charge storage
mechanisms to produce a composite, also provides an avenue for harvesting other material
properties in addition to those attributed to charge storage.

The importance of fabricating an asymmetric cell is to use electrode materials which are
stable in different operating potential range in the same electrolyte in order to increase the
full cell voltage. The asymmetric supercapacitor combines the properties of the faradic-type

material (as the positive electrode) with that of the electric double layer (as the negative
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electrode) to increase the full cell voltage. Thus, this improves the energy density more
effectively by providing a wider operating voltage window of the full SC device [42].

In this work, a facile CVD method was used to synthesize 3D graphene foam nanostructures
by using nickel foam (NF) as a substrate with subsequent acid etching. The GF product was
then actively mixed in different mass proportions with faradic-type materials to obtain a
graphene-based composite material.

The activated carbon (AC) was also prepared by initial carbonization of the precursor
materials with further chemical activation using KOH pellets before being used as a
constituent in a composite material as well as the negative electrode for hybrid asymmetric

supercapacitors due to the several advantages listed.

1.2 Aims and Objectives
The aim and objectives of this research study are as follows:
e -Preparation of 3D graphene foam from chemical vapor deposition (CVD) using the
nickel foam (NF) template
e Synthesis and characterization of activated carbon (AC) based on graphene foam and
from expanded graphite
e Study effect of growth time of hydrothermally grown cobalt hydroxide carbonates on
its supercapacitor performance
e Preparation and electrochemical investigation of the cobalt hydroxide
carbonate/activated carbon nanocomposites for supercapacitor performance
e Preparation of cobalt oxyhydroxide from CoAl LDH on Ni-GF template and its

supercapacitor performance

Fabrication MoS; and VS, metal disulphide-graphene composites using hydrothermal

technique with graphene in the different configurations such as nanostructured
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graphene foam and nickel foam — graphene (NF-G) templates as current collectors

for high-performance supercapacitor applications

1.3 Thesis Structure
The structure of this thesis can be summarized as follows

e Chapter 1 presents an introduction to the electrochemical supercapacitor device
concept and the techniques to improve the device performance. The aim and
objectives of this research followed by the organization of the thesis are also included.

e Chapter 2 presents the literature review on the working principles and electrode
materials for electrochemical supercapacitor

e Chapter 3 presents the synthesis and characterization techniques employed in this
study

e Chapter 4 presents the research results obtained and discussion of the results. A
summary of the conclusions from each experimental result will be presented in
different sections of chapter 4

e Chapter 5 contains general conclusions from the entire thesis and details of the future

work to be performed based on this research study
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CHAPTER 2

2.1 Literature Review

Supercapacitors are energy storage devices that make use of high surface area electrode
materials and thin electrolytic dielectrics to attain capacitance values that are greater than
those of the conventional capacitors [1,2]. Due to high surface area and thin electrolytic
dielectrics, supercapacitors are capable of accomplishing high energy densities as compared
to conventional capacitors while maintaining high power densities as compared to batteries.
The performance of a supercapacitor device as compared to other energy storage devices is
shown in Fig. 2.1; known as the “Ragone plot”. This graph shows a clear comparison of the
energy densities versus the power densities of these devices. From this graph, it can be seen
that supercapacitor bridges the gap between conventional capacitors and batteries in terms of
both power and energy densities. In other words, batteries are well known for their high
energy densities but suffer from low power densities, whereas conventional capacitors
display high power densities but suffer from low energy densities and supercapacitors have
energy and power densities values comprised between those of these two devices as shown in

Fig. 2.1.
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Figure 2.1: Ragoneplot showing the energy density against power density for various energy storage
systems [3].

Table 2.1 put into perspective some parameters of supercapacitors, batteries and conventional
capacitors. Although supercapacitors have greater specific capacitance than conventional
capacitors, they are yet to match the energy densities of batteries and fuels cells. To that
regard, most of the current research is focusing on the development of cost-effective suitable
electrode materials with high specific capacitance and large working potential, which will

improve the energy density of the corresponding supercapacitor.
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Table 2.1: Comparison of capacitor, supercapacitor and battery characteristics [4].

Parameters Capacitor Supercapacitor Battery
Charge time 10°-107 sec 1-30 sec 3-4 hrs
Discharge time 10°-107° sec 1-30 sec 1-5 hrs
Energy density(W.h/kg) <0.1 1-10 20-100
Power density (W/Kg) >10 000 1000-2000 50-200
Cycle life >500 000 >100 000 500-2000
Charge/discharge efficiency ~1.0 0.90~0.95 0.7~0.85

Supercapacitors consist of two electrodes immersed in an electrolyte separated by a dielectric

separator, as shown in Fig. 2.2. During charging, ions from the electrolyte move between the

positive and negative electrodes. The positive electrode attracts negative ions, whereas the

negative electrode attracts positive ions, thus, creating an electric field that permits the

capacitor to store energy. The electrode/electrolyte interface can be regarded as conventional

dielectric capacitor, with the capacitor C defined as the ratio of stored charge Q to the applied

voltage V as defined in equation 2.1:

c-
Vv
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Figure 2.2: Schematic sketch of the charging-discharging process in the supercapacitor [5].

The two main characteristics of any energy storage devices are their energy and power
densities. Energy density describes the amount of energy that can be stored while the power
density describes how fast the energy stored is released. The maximum energy (E) stored and

maximum power (P) for a capacitor are calculated using equation 2.2 and 2.3.

E =%Cspv2 22
2
P— v 2.3
4R.M

where V is cell voltage (in volts), C, is the total specific capacitance of the cell (F g™t and Rs
is the equivalent series resistance (ESR) which consists of the electrode resistance, electrolyte
resistance and resistance due to the diffusion of ions in the electrode pores and M is the total
mass of the two electrodes. To achieve a supercapacitor with high performance, the essential
requirements are high operating cell voltage, the large specific capacitance associated to low
ESR value. These parameters are intimately related to the specific surface area, the pore size
distribution and the conductivity of the electrode material.

36

© University of Pretoria



q

&
&b
m UNIVERSITEIT VAN PRETORIA
Po9 UNIVERSITY OF PRETORIA

@, YUNIBESITHI YA PRETORIA
g

The selection of the electrode material and also the electrolyte solution is critical in
improving the performance of the supercapacitor. For a given electrolyte, the performance of
the cell depends on upon the electrochemical performance of the electrode themselves. As a
result, it is important to design electrode materials with suitable microstructure and required
chemo-physical properties that support the enhancement of specific surface area and porosity.
In other words, the electrochemical performance of an EC mostly depends on upon the
performance of the two electrodes in the given electrolyte. Therefore, electrode material
selection is a very important aspect affecting the supercapacitor performance. As shown in
Fig. 2.3, electroactive materials that are ideal for supercapacitor should have good electric
conductivity which can be improved by decreasing the size of the electroactive material-,
larger specific surface area -which can be developed by producing nano-sized particles with
micro, and mesoporous structure that facilitate good ion transportation , and appropriate ion
transportation, which can be accomplished by arranged meso and macro porous electroactive

materials with systematic pores for fast ions transportation at high rates.
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Figure 2.3: Diagram presenting factors contributing to the good electrochemical performance of ECs

materials.

2.2 Storage Mechanism of Supercapacitor

Supercapacitors device can be divided into three types depending on the charge storage
mechanism, namely: electrical double-layer capacitors (EDLCs), faradaic capacitors and
hybrid systems as shown in Fig. 2.4. Each class is characterized by its distinctive mechanism
for storing the charge as explained in the introduction of this work. This section will present
an overview of each of these three classes of supercapacitors and their subclasses with
distinguished electrode materials. Although the classification is based on the type of

electrodes used, it also controls the way in which charges are generated and stored.
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Figure 2.4: Chart showing the different types of supercapacitors.

2.2.1 Electrical Double-Layer Capacitors (EDLCs)

In EDLCs, the charge is stored electrostatically through the accumulation of the electrolyte
ions onto the surface of the active materials and thus forming a double layer at the
electrode/electrolyte interface as shown in Fig. 2.5. EDLCs electrodes are based on carbon
materials. During the process of charging, cations travel towards the negative electrodes
while anions accumulate near the positive electrode surface. For that reason, energy is stored
in the electric double-layer interface [6]. When the charges are released, the reverse process
takes place within the electrolyte. There is no transfer of charge between the electrolyte and
electrode or no ion exchanges occur between the electrode and the electrolyte and the storage
of electric charge and energy is mostly electrostatic in nature [7]. This indicates that the

electrolyte concentration remains constant during the charging/discharging processes.

39

© University of Pretoria



&~
&b
UNIVERSITEIT VAN PRETORIA
# 4  UNIVERSITY OF PRETORIA
g

YUNIBESITHI YA PRETORIA

+ F
Separator &

Electrodes
/ !
l +
+ '
| @
+ ' —
+ | &
— ' +
I
!

& : Electrolyte
- lons

' Interface

Figure 2.5: Schematic of EDLC based on porous carbon electrode material [3].

This double-layer capacitance was first proposed by von Helmholtz in the 19" century
describing the distribution of opposite charges at the interface of colloidal particles [8]. The
Helmholtz double layer model states that two adjacent layers of opposite charges are
produced and focused at the electrode/electrolyte interface representing the conventional
parallel plate capacitor. lons of opposite sign diffuse through the electrolyte to form a
condensed layer in a plane parallel to the electrode surface ensuring charge neutrality which

is called electric double layer (EDL) as shown in Fig. 2.6 (a)
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Figure 2.6: (a) Helmholtz, (b) Gouy-Chapman and (c) Stern-model of the electric double layer
formed at a positively charged electrode in an aqueous electrolyte [9].

The capacitor can be described according to equation 2.4 below.

d 2.4
where C is the EDL capacitance (F g), &, is the dielectric constant or permittivity of

electrolyte (¢, =8.854 x10"? F m™), g, is the relative permittivity of the dielectric

electrolyte, A is the specific surface area (cm?g™) and d is the distance between the centers of
the ions and the porous electrode surface.

This capacitance model was later refined by Gouy and Chapman by suggesting a constant
distribution of electrolyte ions (both cations and anions) in the electrolyte solution,
determined by the thermal motion which is described as the diffuse layer, as shown in (Fig.
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2.6 (b)) [10]. Nevertheless, the Gouy-Chapman model overestimated the EDL capacitance
since capacitance of two separated arrays of charges increase inversely with their separation
distance and a very large capacitance value would be obtained in the case of point charge ions
close to the electrode surface [11]. Later, Sterns in 1924 proposed a model by combining the
Helmholtz and Gouy-Chapman models by taking into account the accumulation of the ions
close to the electrode surface and the hydrodynamic motion of the ionic species in the diffuse
layer (Fig 2.6 (c)) [12]. These two layers are equivalent to two capacitors in series: Cy

and Cp. The total capacitance of the electrode (Cp_) is given by the following equation:
1.1 1 25
C

where C,, is the capacitance in the EDL from two regions. Cy is the Helmholtz capacitance

arising from the compact double layer and Cj, is the diffusion capacitance arising from the
diffusion region of the double layer capacitance. Different forms of carbon materials that can
be used in EDLC electrodes are graphene, activated carbons, carbon nanotubes and carbon

aerogels.
2.2.2 Faradaic Capacitors

In faradic capacitors, most of the charge is transferred at the surface or in the bulk near the
surface of the solid electrode material. Therefore, the interaction between the solid material
and the electrolyte consists of faradaic reactions, which can be designated as charge transfer
reactions.

The charge in these reactions is voltage-dependent resulting in the faradaic capacitors. The
electrochemical charge storage in faradaic capacitors occurs based on certain faradic
mechanism such as electrosorption, reduction-oxidation reactions and intercalation as shown

in Fig 2.7 [13]. Electrosorption underpontential deposition takes place when the electroactive
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species from the electrolyte gets adsorbed on the surface of the electrode and undergoes
redox reaction at particular potential. One example is the deposition of lead on the surface of
a gold (Au) electrode [14]. The reduction-oxidation process occurs when ions are
electrochemically adsorbed on the surface or near the surface of an electrode material with
associated faradaic charge transfer. Intercalation process involves the insertion of ions into
the tunnels or layer of redox active material accompanied by a faradaic charge transfer with
no crystallographic phase change [15]. These processes may allow faradaic capacitors to
achieve greater capacitance and energy density than EDLCs, since the electrochemical
process occur both on the surface and in the bulk near the surface of the solid electrode.
Reactions that results in faradaic charge transfer process are mainly of redox type similar to
battery materials. The difference between materials suitable for faradaic and batteries remain
in the surface reactions. Faradaic materials are based on kinetic behavior, while the battery
materials utilize the bulk solid state to store energy. Furthermore, reactions that occur at the
surface of the electrode are limited by the surface available and not by solid-state diffusion
and then display high rate capability whereas battery materials are limited by the solid-state
diffusion within the cathode and the anode inhibiting its power capability [15]. Faradaic
charge storage can be intrinsic or extrinsic to the materials. Intrinsic faradaic materials are
those which show redox capacity for a broad range of particle sizes and morphologies[16].
These are materials such as MnO; , Nb, Os and RuO,.nH,O [17-19] . While the extrinsic
materials during ion storage do not exhibit any faradaic in the bulk state due to phase
transformations, these materials increase the surface area through nanostructure to enhance
high-rate behavior due to a decrease in diffuse distances [16]. Example of widely used

extrinsic faradaic material is LiCoO; [20].
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Figure 2.7: Different types of reversible redox mechanisms that give rise to faradaic (a)
electrosorption underpotential deposition, (b) redox and (c) intercalation [15].

The faradaic electrode materials commonly used are transition metal oxides/hydroxides,
conductive polymers and transition-metal dichalcogenides. Hydrous ruthenium dioxide
(RuO,) was the first faradaic electrode materials discovered in 1971 and has been extensively
studied [21]. Ruthenium oxide (RuO;) especially in its hydrated form (RuO,.xH,0) is
considered to be the most advantageous electrode material due to its high theoretical specific
capacitance (about 1000 F g'l), good thermal stability, high rate capability, metallic-type
conductivity, long cycle life, high reversible redox reactions and high proton conductivity
[22]. The faradaic behavior of both amorphous and crystalline forms of ruthenium oxides
have been widely studied in the different acidic electrolyte. It was revealed that amorphous
hydrous ruthenium oxide (RuO,.XH,O) displays a much higher specific capacitance of 720
Fg'1 than anhydrous ruthenium oxide [17]. This was attributed to the mixed proton-electron
conductivity within RUO,.XH,O, as the superficial redox transitions of ruthenium oxide

consist of proton and electron double injection/expulsion according to the following equation.
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RUO,(OH), +H" + & < RuO, ,(OH) 2.6

y+6

where RuO, (OH), and RuO, ;(OH), signifies the interfacial oxyruthenium species at

higher and lower oxidation states. When Ruthenium oxide is used as an electrode material, a
series of redox process occur, resulting in the variation of oxidation state among the Ru®",
Ru’**, and Ru®". The good conductivity, larger surface area and rapid proton transport all

contribute to the rapid and reversible faradaic reactions with high capacitance. Hu et al

reported specific capacitance of 1300 F g™ for a pure bulk nanostructured RuO,.xH,O

electrode [23]. The higher electrochemical performance of RuO,.XH,O is related to its

tailored nanotubular arrayed porous architecture with metallic conductivity as well as
hydrous nature. As shown in equation (2.7) the reversible redox reactions depend on both
proton exchange and electron-hopping process. The tubular arrayed porous structure and

metallic conductivity provided an operative pathway for electrolyte and electron
transportation. Additionally, Long et al reported that hydrous nature of RuO,.xH,O confirms

a high rate of proton exchange because the surface of the hydrous oxide reflected to be a
proton liquid [24]. Therefore, the considered nanostructure is a promising electrode for
supercapacitor. However, commercial application of ruthenium oxide is obstructed due to its
high cost, low porosity and toxic nature. Alternatively, other faradaic materials which are cost
effective in production, have low toxicity and are environmental friendly have been
considered for supercapacitor application. Other transition metal oxides, metal hydroxides,
layered double hydroxides (LDHs) and metal chalcogenides have been explored and will be
explained in coming sections. Although faradaic capacitors offer much higher energy density
compared to a EDLCs, they usually suffer from relatively lower power density than EDLCs
because the redox electrodes typically have poor electrical conductivity and faradaic

processes are generally slower than non-faradaic processes. Additionally, they often sustain
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poor stability during cycling owing to redox reactions. Therefore, it has been established that
the composites of these metal hydroxides, layered double hydroxides and metal
chalcogenides with carbon materials to form so-called hybrid materials enhance the charge

transfer of the faradaic materials.

2.2.3 Hybrid Capacitors

Hybrid capacitors combine two electrodes with different charge storage behavior, one
electrode being an EDLC (non-faradaic) and the other being faradaic material in order to
attain better performance. Utilizing both faradaic and non-faradaic processes to store charge,
hybrid capacitors have attained energy and power densities greater than EDLCs with higher
cycling stability that has limited the success of faradic capacitors. Research has focused on
three different types of hybrid capacitors, distinguished by their electrode structure, namely

composites, asymmetrical, and battery-like hybrids respectively as shown in Fig. 2.4.

2.2.3.1 Composite Hybrid

Composites electrodes incorporate EDLCs (non-Faradaic) materials with faradaic materials
and combine both chemical and physical charge storage together in a single electrode.
Therefore fabrications of composites by using carbon as a support for faradic materials not
only increase the effective utilization of the active materials, but also improve the electrical
conductivity and mechanical strength of the composite materials. Carbon has been used with
other faradaic materials in order to increase the contact between the faradaic material and the
electrolyte, but also to increase the composite electrodes capacity through faradaic reaction.
Carbon materials provide interconnecting mesostructured supports that can facilitate good
nanoparticle dispersion and electron transport. Carbon materials such as graphene, activated

carbon and carbon nanotubes are widely used for this purpose.
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2.2.3.2 Asymmetric Hybrids

In an asymmetric supercapacitor, two different electrodes based on different charge storage
mechanism are used. This configuration has increased attention because it has shown to reach
higher energy density while maintaining high power density of the device [95]. This is
achieved by using different types of materials as electrodes that work in different
electrochemical potential window ranges within the same electrolyte. As a result, this will
increase the device potential and subsequently its energy density [25]. Carbon-based
materials such as activated carbon (AC), carbon nanotubes (CNTSs), graphene [26,27] are
frequently used as the negative electrodes of asymmetric supercapacitors due to their stability
in the negative potential region, good electronic conductivity, large surface area and
relatively low-cost [28]. Various transition metal oxides, transition-metal dichalcogenides
and conductive polymers are mostly used as positive electrodes due to their fast and
reversible electron exchange reactions at the electrode interface which contribute to the high
power densities and high capacitance of asymmetric supercapacitors [29,30]. Activated
carbon (AC) is the most suitable negative electrode material adopted for asymmetric
capacitors due to the numerous merits listed above but also due to its facile preparation

process [31,32].

2.2.3.3 Battery-type Hybrid

Comparable to asymmetric, battery-type combine two different electrodes. In other words, it
is a combination of an EDLC and battery materials, for example, lead dioxide, LTO
(Li4TisO12) and activated carbon as the other [33,34]. This particular configuration reflects the
demand for higher energy supercapacitors and higher power batteries, combining the energy

characteristics of batteries with the power, cycle life, and recharging times of supercapacitors.
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2.3 Electrodes Materials for Supercapacitor
The performance of supercapacitor is determined by the combination of the nature of the
electrodes and electrolyte used. Supercapacitors are mostly classified through the electrodes
used. In general, electrode materials including carbon materials, conducting polymers and
transition metal oxides and their composites have been used for supercapacitor [11]. The
electrode materials showing either EDLC or faradaic behaviour each have their particular
advantages and disadvantages [35]. Some properties that are required by a material for EC
application are listed as follows:
e Cycling capability (>10°) and resulting high stable cycle life
e Lack of functional groups to undergo an irreversible redox process along the material
surface
e High specific surface area to develop the electric double layer, in the range of (1000-
2000 mg™)
e Thermodynamic stability beyond the potential window of operation
e Controlled pore size distribution to develop high capacitance while minimizing
internal resistance.
e Surface wettability of the electrolyte
e Mechanical reliability for its integration into a practical electrochemical capacitor

(EC) cell
2.3.1 Electrode Material for EDLC Supercapacitors

2.3.1.1 Carbon-based materials

Different forms of carbon materials that can be used to store charge in EDLC electrodes such
as carbon nanotubes, activated carbon, carbon nanofibers and graphene have been intensively

studied in recent times due to their unique structural and morphological properties [35]. A
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wide range of structures is attainable as a result of four crystalline allotropes of carbon,
including diamond (sp® bonding), graphite (sp?), fullerenes (distorted sp®) and carbide (sp)
[36]. The important factors influencing the electrochemical performance of carbon materials
are the specific surface area, pore-size distribution, pore shape and structure, electrical

conductivity, and surface functionality.
a) Graphene

Graphene is a promising candidate as electrode material for EDLC supercapacitor. Due to its
unique hexagonal lattice structure (Fig 2.8), graphene exhibit appealing properties which
were already discussed in chapter 1. Graphene layer can be considered as the basic building
block for carbon materials of all allotropic dimensionalities such as 0D fullerene, 1D
nanotubes and 3D graphite as shown in Fig 2.8. Experimental synthesis, firstly done by Geim
and Novoselov et al. in 2004, has enticed wide interest because of its unique two dimension
(2D) structure [37]. The electrical conductivity of graphene is high; it has excellent
mechanical, chemical and electrical properties. However, graphene suffers from irreversible
capacity loss due to the re-stacking of the graphene sheets because of their strong n-n bond
interaction between the neighboring sheets, leading to inter-sheet resistance, decrease in the
accessible of surface area for electrolyte ions, resulting to low specific capacitance for the
pristine graphene electrode. Furthermore, 2D pristine graphene sheets also show several
limitations for their direct applications, arising from zero band gaps, propensity of
aggregation and poor diffusion in common solvents, which lessen the accessible surface
areas, perimeter electron and ion transportation and thus modest improvement in the cell
performance. Also disordered nanocomposite films containing aggregated graphene makes it
difficult for ions to gain access to the electrode surface and therefore become a challenge

[38].
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Figure 2.8: Graphene building block for carbon materials with different dimensionalities [39] .

To avoid the re-stacking of graphene sheets, composites made of graphene and faradaic
materials seem to be a good solution. This is beneficial for both materials because of their
synergistic effect. Faradaic materials prevent graphene from re-stacking, and hence increase
the available surface area. Graphene helps the formation of nanostructured faradaic materials
with uniformly dispersed and controlled morphologies, suppressing the volume change and
agglomeration of faradaic materials. Most results on graphene-based nanocomposites have
been achieved by incorporating various nanostructures. Here will give examples of such
reports for Co based oxides/hydroxides and metal chalcogenides which are the materials of
the interest in this study.

For example Zhang et al. reported a synthesized porous CoAl-layered double
hydroxide/graphene composite by simple gas-liquid interfacial method .The composites
provided the specific capacitance of 479.2 Fg™ at current density of 1 Ag™ with enhanced
capacitive performance for supercapacitor. The improvement in the CoAl-layered double

hydroxide/graphene was attributed to homogeneously attachment of CoAl-LDHs crystallites
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to conductive graphene [40]. Huang et al. also synthesized CoAl-LDHs on graphene oxide
nanosheets by hydrothermal method, explaining the growth mechanism and final application
as electrodes for electrochemical capacitors. The formation of CoAl-LDHs platelets on
graphene nanosheets prevent the restacking of the as-reduced graphene nanosheets which
contribute to the improvement of specific capacitance of LDHs [41]. Wang et al. synthesized
Co-Al LDH-NS/GO by mixing Co-Al LDH-NS dispersed in the formamide and GO
dispersed in water as electrode materials for supercapacitor in which they showed an
improved electrochemical performance as a result of the incorporation of graphene oxide
nanosheets [42]. In another report, Fang et al. provided a complete study of microwave-
assisted synthesis of CoAl-layered double hydroxide/graphene oxide composite The results
exhibited a high specific capacitance of 772 Fg™* at 1 Ag™ which shows fabrication of
graphene oxide and CoAl-LDH enhanced their contact area and electron transport between
active materials and charge collector [43]. Ramachandran et al. have prepared CogSg-
graphene composites by a simple chemical route. In their work, they provided a maximum
specific capacitance of 808 Fg™ at scan rate of 5 mVs™ with 9 wt% graphene loading .The
composite electrode showed enhanced specific capacitance due to contribution of high
electrical conductivity of graphene and CogSg [44]. da Silveira Firmiano et al also reported
MoS;, deposited by microwave heating on a reduced graphene oxide with different
concentrations of MoS; loaded on graphene oxide. In their work, they produced a specific
capacitance of 128, 265 and 148 Fg™with low, medium and high concentration of MoS, The
good capacitive behavior was due to the combination of faradic and non-faradic process of
active MoS; layers coupled with high conductive graphene sheets [45] . Recently Patil et al
synthesized MoS,/GO composites using facile electrophoretic deposition method. In their
study, they provided a high specific capacitance of 613 Fg™ with the energy density of 23 Wh

kg and power density of 17 kWkg 'at scan rate of at 25 mVs'. The improved
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supercapacitive performance of MoS,/GO composites arises from the synergistic support
between graphene and MoS; nanosheets.

During the past years, numerous methods have been established to synthesize graphene such
as substrate-free-gas phase synthesis [46], liquid-phase exfoliation [47], mechanical
exfoliation of graphite using scotch tape [48], unzipping of carbon nanotubes [49] and
chemical vapour deposition(CVD) [50], as shown in Fig 2.9. To further increase the
performance of graphene as electrode in supercapacitor, three-dimensional (3D) structural
design of graphene (e.g. foams, networks, gels), that could mitigate the poor ionic and
electronic transport in the electrode materials, resulting in high performance devices have

been recently established [51,52].
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Figure 2.9:A schematic showing the conventional methods commonly used for the synthesis of
graphene along with their key features, and the current and future applications [53].
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So far various synthesis strategies for 3D graphene have been developed including hydrogels
and aerogels [54,55], graphene sheets for 3D sponges [56] and foams [57] and the direct
synthesis via chemical vapour deposition (CVD) for 3D graphene foams [58,59]. Among all
the methods, the preparation of graphene by CVD method has drawn tremendous attention.
Cheng et al. synthesized 3D graphene on nickel foam by CVD, which showed good
mechanical and electrical properties [58]. The 3D graphene not only retained the intrinsic
properties of graphene but also offer high specific surface area, good mechanical strength,
and excellent electrical conductivity and also exhibits fast transfer of electrolytes ions. 3D
Graphene-based materials have been widely investigated as a conducting template to support
the redox reaction of transition metal oxides [60], metal hydroxides [61], layered double
hydroxides (LDHs) [61], metal chalcogenides [29] and conducting polymers[62]. This
process facilitates the diffusion of metal oxides/hydroxides and metal chalcogenides
nanoparticles and the foam acts as a highly conductive matrix to enhance the cycling
properties and rate performance. Graphene also has a chemical resistance appropriate for use
as a substrate and can be employed to develop composites by incorporation of faradaic
materials to further enhance the energy density. In this thesis, we will focus on CVD grown

3D graphene foam electrode.

b) Carbon nanotubes

Carbon nanotubes (CNTs) have attracted a great deal of attention in supercapacitor
application due to superior electrical properties, unique pore structure and good thermal and
mechanical stability [63-65]. These nanostructured materials which can be classified as
single-walled carbon nanotubes (SWNTSs) or multi-walled carbon nanotubes (MWNTS), keep
a high electrical conductivity and great mechanical and thermal stability, which are

advantageous properties for characteristically high power, exceptionally stable
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electrochemical capacitors. Their use as a pure electrode materials can results in a specific
capacitance that range between 15 and 200 F g, which is mainly affected by their production
procedure, that influences their morphology and purity [66]. The tube entanglements can
result in an irregular pore distribution that both decrease the mobility and availability of ions
through the material. This effect was reported by Futaba et al. using arranged carbon
nanotubes with larger organic electrolyte ions to achieve high energy density of 35 Whkg™
and a lower operation resistance compared with an entangled network [67]. The active
surface area can be increased using chemical activation techniques, but this process can affect
the electrical conductivity and the stability and hence there is a need for further optimization
to make sure that an overall performance enhancement is achieved. CNT together with
carbon aerogel have been used to develop a composite through the uniform distribution of the
aerogel into the CNT matrix. This was accomplished without affecting the unique properties
of the matrix to produce a composite with a high specific surface area of 1059 m? g™ and
large specific capacity of 524 Fg™ [68]. However, the difficulty in preparing this material is
an important drawback regarding commercial product [68]. The commercialization CNT
based EDLCs faces the challenge of improving the restricted energy density of the material

by means of a low-cost procedure of producing high quality mass production of CNTSs.

c) Activated carbon

Amongst carbon-based materials, activated carbon (AC) is the mostly used electrode material
in commercial supercapacitor due to the well-developed manufacturing technologies of its
porous structure, high specific surface area, and easy production in large quantities at low
cost, its electrochemical stability and its high electrical conductivity. Activated carbon
consists of a variety of materials ranging from an amorphous carbon to ordered graphite.

Activated carbon can be produced using either physical and chemical processes or a
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combination of both with various carbonaceous precursors such as coconut shells [69], pine
tree, rice husk [70], cigarette filter peat [71], coal, yeast cells [72], seaweeds [73], hemp basts
[74] and wood sawdust [75].

The physical activation process consists of gasification of the carbon produced from
carbonization at elevated temperature (up to 1200°C) with an oxidizing gas such as air, O,
CO,, argon, steam or their mixture to generate pores. Chemical activation process is usually
carried out at relatively low temperatures (400 to 800 "C) with an activation agent such as
such HNO3;, KOH, H3PO,; NaOH and ZnCl,. During the chemical activation process,
carbonization and activation are done via thermal decomposition of the precursor soaked with
a activating chemical. This increases the porosity and the specific capacitance of the material
which removes disordered carbon from the structure in an oxidizing atmosphere, where large
variety of carbonaceous can be converted into activated carbon. The properties of the
activated carbon depend on the nature of the activating agent, the nature of the raw material
used and the condition of the activation process. Activated carbon materials produced using
the activation methods have different pore size distributions including micropores, (< 2 nm),
mesopores (2- 50nm) and macropores (> 50 nm) to achieve high specific surface area as
show in Fig. 2.10. With the use of agueous and organic electrolytes, capacitance values
ranging from 150 to 300 Fg™ were obtained from using AC as electrode material [76]. The
difference in capacitance observed through the use of distinct electrolytes is due to the
relation between pore and ions size, where organic ions are larger than their aqueous

counterparts and thus cannot penetrate the pore volume.
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Figure 2.10: Schematic diagram of the pore size network of an activated carbon [77].

High capacitance of an AC derived from a highly functionalized pitch was achieved by
Alonso et al. (400 Fg™), and this result was attributed to the high KOH/C ratio, furthering the
degree of chemical activation to improve the surface area. Zhai et al. reported controlled
adjustment to the microcrystallinity and subsequent pore size distribution through pre-
carbonization treatments, including a reduction in pore size ranging from 1.5 to 2.4 nm.
Morphological effects from pyrolysis and carbonization treatments and pre-carbonization to
any subsequent faradaic contribution are both important factors that affect the resulting
capacitive ability of the material. Wettability as an important factor to increase the accessible
surface of ACs which be improved through surface fictionalization, enhancing the attraction
between the electrolyte and carbon [78]. Despite a wide choice of precursors for the
production of AC, the improvement in capacitance is based on the enhancement of the
surface area, the porosity and the structure through activation techniques, as well as the
optimization of functional groups so that conductivity and operational stability is not

compromised.
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2.4 Electrode Materials for Faradaic Supercapacitors

Faradaic electrodes materials offer high energy density than carbon materials, and better
electrochemical stability than conducting polymer materials. Several faradaic materials like
transition metal oxides [60], metal hydroxides [79], layered double hydroxides (LDHSs) [61]

and metal chalcogenides [29] have been developed for energy storage applications.

2.4.1 Transition metal oxide/hydroxide

Transition metal oxides or hydroxides are considered to be suitable candidate for
electrochemical capacitor due to their high specific capacitance, great flexibility in structure
and morphology, together with very low resistance resulting in high specific power, quick
and reversible redox reactions involved in the charge storage/delivery process, making them
very attractive for commercial applications. Among the transitional oxides, ruthenium oxides
and manganese oxide are the most promising electrode materials which show
pseudocapacitance behavior, due to its long life cycle, high conductivity, high specific
capacitance, good electrochemical reversibility and high rate capability [80-82]. These
materials have the electrochemical signature of capacitive electrode such as observed in
EDLCs materials, that is displaying a linear dependence of the charge-discharge curves as
function of time, however the charge storage originates from different reaction mechanisms
from that EDLCs [83].The capacitance of ruthenium oxide is obtained through the insertion
and de-insertion, or intercalation of proton into its amorphous structure.

Similarly, over the past few decades transitional metal hydroxide nanostructures with
different morphologies ranging from nanowires to nanosheets have also been fabricated and
tested for supercapacitor applications. These materials exhibit faradaic behaviour because of
involving quick redox reactions for charge storage and are normally called battery like

materials.
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Among other transition metal oxides, cobalt —based hydroxides such as cobalt hydroxide [84]
carbonate, cobalt hydroxide [85-87] and cobalt oxyhydroxides [88] have attracted major
research interests as electrode material for energy storage in supercapacitor due to their low
cost, environmental friendliness, high aerial capacitance (25 F cm™) based on high mass
loading [89] and cycling stability up to 10 000 cycles [90]

The oxidation mechanism between different cobalt compounds is crucial, based on the
synthesis methods which results into different phases such as cobalt hydroxide, cobalt
hydroxide carbonates and cobalt oxyhydroxide [91]. The oxidation mechanism is relevant to

the electrochemical cycling rate and stability as well as the thermal stability of the electrodes.

2.4.1.1 Cobalt based electrode materials

Cobalt hydroxide has arisen as a promising alternative faradic electrode material for
supercapacitor application due to its low cost, good resistance to corrosion, layered structures
with large interlayer spacing, environmental friendliness and well-defined redox activity and
the possibility of enhanced performance through different preparation methods [92,93].
Cobalt hydroxide has a hexagonal-layered structure which can be divided into a and B-Co
(OH) ,, where a- Co (OH) , has a better capacitive performance because of its larger
interlayer spacing compared to p-Co (OH) ,. The possible reactions mechanism can be

expressed by equation 2.7 and 2.8 below [94].

CoOOH +0OH™ <> Co0, +H,0+e" 2.7
Co(OH), +OH™ <> CoOOH + H, 0 +¢e" 28

The theoretical specific capacitance of Co(OH), is about 3600 - 3700 F g™ and practical
specific capacitance can reach a high rate [95].The capacitive performance of the electrode

materials strongly depends on the morphology, and as a result also on the specific surface
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area. Therefore, hierarchical structures of Co(OH), such as flowerlike shapes [96], nanocone
arrays [97], mesoporous nanowires [98], nanoflake films [99], coral-like shapes [100] and
hollow core-shell structures were fabricated and developed for electrochemical capacitor
applications. Surfactant content, ion concentration, the reaction temperature and aging play
significant role in the size and morphology of Co (OH) , nanocrystals. The surface of Co
(OH) , structures displays randomly distributed, interconnecting configurations, resulting in a
network-like structure with many cavities between the adjacent blocks. The high specific
surface area and numerous pores in the Co (OH) , can facilitate the penetration of electrolytes,
and thus contribute to the excellent capacitive properties. Chanchal et al. demonstrated the
fabrication of porous 3D B-Co (OH) , nanoflower at room temperature. The 3D B-Co(OH),
nanoflower demonstrated an enhanced supercapacitor with a specific capacitance of 416 F g™
at 1 A g current density. The porous nanostructure with high surface area facilitates the
contact and transport of electrolyte, providing longer electron pathways and therefore giving
rise to highest capacitance in nanoflower morphology [101]. Cao et al. also prepared Co
(OH) , nanocone arrays by facile hydrothermal method. The Co (OH) , nanocone arrays
display a specific capacitance of 562 F g™* at 2 A g™* and good cycling stability. The improved
electrochemical capacitive performance is due to the porosity and large surface area of the
porous 1D array architecture [97]. Xue et al. investigated the influence of electrochemical
parameters and heat treated temperature on mesoporous Co (OH) , nanowires structure and its
electrochemical behavior. The Co (OH) , nanowires structure provided a specific capacitance
of 993 Fg™ at 1 Ag™ current density [98].

Cobalt oxyhydroxide (CoOOH) is another faradaic material with controlled morphology in
micrometer/nanometer scale [102,103]. Layered hydroxide cobalt acetate (LHCA) were first
prepared by chemical bath deposition (CBD) method, the as-synthesized LHCA films were

then transformed to CoOOH by alkaline treatment [102]. This CoOOH retains the specific
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capacitance of 200 F g at a scan rate at 10 mV s, because of its relatively low conductivity
[102]. To improve the ionic transport and electrical conductivity, composites of CoOOH and
carbon materials were considered. Zheng et al. synthesized carbon nanotubes/cobalt
oxyhydroxide nanoflake through electrodeposition method. The multi-walled carbon
nanotubes provided a large surface area for the deposition of CoOOH layer that facilitated the
transportation of the electrolyte ions, resulting in improved capacitance performance of
CoOOH to 389 F g™ [88]. Zhu et al. also synthesized composites of CoOOOH nanoplates with
conducting multi-walled carbon nanotubes by hydrothermal-oxidation two-step method. The
pristine CoOOH electrode exhibits specific capacitance of 126 Fg™ and 270 Fg™ for
composites at 1 Ag™ current density. The good capacitive behavior is due to MWCNTSs
spread into the CoOOH nanoplates, creating an interconnected conductive network [104].
Zheng et al. also fabricated multilayered films of cobalt oxyhydroxide nanowires/manganese
oxide nanosheets by potentiostatic deposition and electrostatic self-assembly on indium-tin
oxide coated glass substrate. The multilayered film electrodes exhibit excellent specific
capacitance of 507 Fg™ and cycling stability with capacity loss of less than 2 % after 5000
charge-discharge cycles [105].

Cobalt hydroxide carbonates nanostructures with different morphologies intercalated with
carbonate anions have been effectively produced using block copolymers or surfactants
which resulted in different structures such as nanorods , sisal-like, dandelion-like ,nanowires ,
urchin-like , pinecone-like and flower-like [106-111]. For examples, Zhao et al. [112]
produced 3D nanorods-based urchin-like and nanosheets-based flower-like cobalt basic salt
nanostructures. Nevertheless, pure cobalt hydroxide carbonate show low specific capacitance
compared with other TMOs, hence several methods have been developed to improve the
capacitance [113-116]. Lu et al. reported cobalt carbonate hydroxide (MPCCH) nanosheets

fabricated from Co-Al LDH nanosheets. The removal of the Al cations by alkali etching
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thinned the nanosheets, generated pores and improved the surface area, which are important
parameters for better penetration of electrolytes into the electrodes and shortening of the
diffusion distance. The basic etched electrode shows enhanced specific capacitance of 1075 F
g™t at 5 mA cm™, much higher than that of Co-Al LDH nanosheets (~390 Fg™). Furthermore,
the MPCCH retained 72.4 % of its highest capacitance, whereas the Co-Al LDH only
retained 56.8 % of its highest capacitance after 2000 cycles [117]. Garakani et al. prepared
cobalt carbonate/graphene aerogel composites through one-pot hydrothermal process [118].
The interface between the cobalt carbonate hydroxide and graphene aerogel were
successfully improved capacitive performance, because large surface area of the graphene
aerogel presented large reaction sites that were available to electrolyte ions, whereas its
excellent electrical conductivity reduced the charge transfer resistance of electrons.
Furthermore, by depositing highly capacitive nano-shape on conducting micro-substrate
enhanced the performance of supercapacitor. Xie et al also prepared composite of cobalt
carbonate hydroxide (CCH) nanowire on N-doped graphene (NG) nanosheets by one —step
hydrothermal method. The composite exhibited a specific capacitance of 1358 Fg™ at current
density of 10 Ag™ and cycling stability retaining 94.2 % after 10 000 cycles .The assembled
asymmetric supercapacitor based on the optimal composite showed a high discharge areal
capacitance of 153.5 mF cm™ and high energy density of 0.77 Wh m™ and power density of

25.3 Wm2[119].

2.4.1.2 Cobalt based Layered Double Hydroxides (Co Al-LDH)

Layered double hydroxides (LDHs) are class of two-dimensional anionic clays consisting of
positively charged brucite-like host layers and exchangeable charge-balancing interlayer
anions that can be represented by the general chemical formula
[M_, *M *(OH),][A™ ],,,.yH,O [61]. A fraction of divalent metal ions such as Mg?* Zn*"

x/n
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Ni** and Co*" coordinated octahedrally by hydroxyl groups in the brucite-like layers are
homogenously replaced by trivalent metals such as AI** Fe** ,Mn®*" ,Cr** or Fe*" with the
molar ratio of M*/(M**+M?*) (the value of x) normally between 0.2 and 0.4 [120]. LDHs
containing transition metals such as (Co-Al, Fe-Al and Ni-Al have been reported as excellent
candidates for faradaic capacitors due to their high redox activity and effective utilization of
metal atoms [121]. Su et al. reported CoAl-LDH nanoparticle material synthesized by the
traditional co-precipitation method which only gave a limited specific capacitance of 145 F g
Lat2 A gt Wang et al. also showed the electrochemical properties of double oxides obtained
from the annealing of CoAl LDH, which had a specific capacitance of 684 F g™ at a current
density of 60 mA g [122]. However, the low electric conductivity of LDH limits electron
transfer, resulting in poor charge and discharge capability that poorly affects the performance
of electrode materials. To solve this problem, some efforts have been made to improve the
performance of LDHs based supercapacitors by hybridizing with carbon materials. These
composites exhibited improved electrochemical properties such as good rate capability,
higher cycling stability and higher surface area. Zhang et al. prepared a facile synthesis of
porous CoAl-layered double hydroxide/graphene composite by simple gas-liquid interfacial
method. The results showed that this composite ,gave the specific capacitance of 479.2 Fg™ at
current density of 1 Ag™ [123]. Shu et al. also reported the immobilization of Co-Al Layered
double hydroxides on graphene oxide nanosheets by hydrothermal treatment, which showed
improved capacitive performance. The specific capacitance of LDHs was enhanced by
presence of GNS which prevented the restacking of the as reduced graphene nanosheets [41].
Johong et al. also provided synthesis of CoAl-layered double hydroxide/graphene oxide
composite by a microwave-assisted reflux method and its application in a supercapacitor
which showed that assembly of graphene oxide and CoAl-LDH improved their contact area

and electron transport between active materials and current collector. The composites showed
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the specific capacitance of 772 Fg™ at 1 Ag™with cycling stability of 73 % at 6 Ag™ after 10
000 cycles [43]. In another report Kim et al. synthesized GNS/CoAl-LDH through a layer-
by-layer deposition process while varying the concentration of graphene. The as-prepared

composites showed the specific capacitance 971 Fg™ at a scan rate of 10 mVs™ [124].
2.4.2 Transition Metal Dichalcogenides (TMDs)

Two-dimensional (2D) layered transition-metal dichalcogenides (TMDs) have attracted great
attention due to the unique chemical, electronic, physical, mechanical, optical and magnetic
properties [125] for supercapacitor. 2D layered transition-metal dichalcogenides (TMDs)
such as MoS;, CoS;, VS, and NiS; have been extensively studied for applications in
electrochemical supercapacitors because they are known to be electrochemically active with
good electrochemical performance [126] and have analogous structure like graphene.
Depending on the co-ordination and oxidation states of the metal atoms, TMDs can be metal,
semi-metal or semiconductor. Originating from the cooperation between the cationic d-levels
and anionic sp-levels, most transition metal atoms (M) will react with chalcogen atoms (X) to
form a X-M-X configuration with stoichiometry MX; [127]. Although the bonding within the
hexagonal M layer and two X layers is covalent, adjacent sheets stack via weak van der
Waals interactions to form a 3D crystal. Among TMDs being considered for electrode
materials, MoS; which has a graphene-like single layer structure has attracted great interest in
phototransistors, catalysis, lithium ion batteries and supercapacitor due to its intrinsic fast
ionic conductivity and higher theoretical capacity, electrical properties and unique
morphology [128-130]. In order to increase the active surface area and the density of the
edge sites of MoS,, hydrothermal techniques have been implemented to produce different
nanostructures of MoS, [131,132]. However poor crystallinity and aggregation of layers

MoS, constrain its performance in supercapacitor application. In order to improve the
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electrochemical performance of MoS,, constructing composites or hybrids with carbon
materials is one of the most effective ways of increasing the conductivity as well as its
electrochemical performance. Hun et al. reported porous tubular C/MoS; nanocomposites and
bulk MoS; using porous anodic aluminium oxide as a template. The C/MoS; nanocomposites
exhibit the specific capacitance of 210 Fg™ at 1 Ag™ with excellent stability of 94.1 % after
1000 cycles [133]. Fan et al. also synthesized flower-like MoS,/C composite by hydrothermal
method. The results showed specific capacitance of 201 Fg™ at current density of 2.7 Ag™

[134].

Among other TMDs with intrinsically high conductivity, VS, could be an alternative to
graphene. VS, is a hexagonal crystal with layered, graphite-like structure, with a S-V-S
stacking layers and the layers are connected via interlamination VVan der Waals forces [135].
Few researchers have demonstrated that various stoichiometrically different forms of VS, can
be synthesized through facile hydrothermal techniques for various applications [136-140].
Feng et al. has demonstrated that VS, shows exceptional in-plane supercapacitor properties
due to the correlation between electrons of vanadium atoms [141].The fabricated in plane
device displayed a specific capacitance of 317 F cm™, similar to graphene-based electrode,
with a good stability of 90% after 1000 cycles. These results showed that VS, has the
required physical and electrochemical properties to be used extensively in energy storage

application.
2.5 Electrolytes
Electrolyte plays the important role in electrochemical supercapacitor performance, providing

ionic conductivity and thus facilitating charge compensation on each electrode in the cell.

The electrolyte contains dissolved and solvated ions that migrate to and from the electrodes
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during charge and discharge .The physical and chemical properties of the electrolyte are the
temperature coefficient and conductivity which are the important factor, and mainly
determine the internal resistant and the operating voltage of the cell of the electrochemical
supercapacitor. Other requirements of the electrolytes in electrochemical supercapacitor
include high chemical and electrochemical stability, low solvated ionic radius, low viscosity,
low toxicity, low cost ,wide voltage window and availability at high purity [142]. Both two
key parameters, namely energy and power densities of electrochemical capacitors are affected
by the types of the electrolytes used. The energy density is affected by voltage window and
ion concentration of the electrolyte while the power density is impacted by the resistance of
the electrolyte. The types of electrolytes used in the supercapacitor research can be classified
into three groups (i) aqueous, (ii) organic and (iii) ionic liquids electrolytes. The choice of the
electrolytes depends on the three parameters, namely the resistance, ease of production and

potential window in which the electrolyte will remain stable.

2.5.1 Aqueous Electrolytes

Aqueous electrolytes such as basic solution (KOH), neutral (Na,SO,4) and acidic (H,SO,) are
the most commonly used electrolytes because of high ionic conductivity, low cost, non-
flammability , safety , non-corrosive and convenient assembly in air compared to organic
electrolytes which are believed to be less conductive, expensive usually flammable and
higher toxic. Aqueous electrolytes composed of strong acids, bases or strong acids dissolved
in water and high conductivity. However, aqueous electrolytes preserve both high
conductivity resulting in high power density and high capacitance but working voltage have
the thermodynamic limit of (~ 1.23 V) restricted by the decomposition of water and this

limits the amount of energy that can be stored. The introduction of redox active material in
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aqueous electrolytes can successfully enhance the capacitance through extra redox reaction

between the electrode and electrolyte due to the ionic concentration and smaller ionic radius.

2.5.2 Organic Electrolytes

Organic electrolytes are the most often used electrolytes in commercial supercapacitors due
to their high operation potential window of almost 3.5 V compared to aqueous electrolytes.
The increased operation cell voltage can offer a significant improvement in both the energy
and power densities. However, organic electrolytes consist of difficult purification and
assembling processes in a strictly controlled environment to remove any residual impurities
that can lead to large performance degrading and serious self-discharge and hence these
make them be non-cost effective for industrial use [13]. The most widely used organic
electrolytes for the commercial EDLCs comprises of a quaternary ammonium salts such as
tetraethylammonium tetrafluoroborate (TEABF,), tetraphosphonium, tetrafluoroborate and
triethylmethylammonium that dissolve in the acetonitrile (ACN) and propylene carbonate
(PC). ACN is capable of dissolving larger amounts of salts, but is toxic, whereas PC-based
electrolytes are more environmentally friendly, presenting a wide working temperature, wide
working voltage and lower but relatively good conductivity [143]. Although higher operating
voltage of the cell gives the reasonable advantage of organic electrolytes over aqueous
electrolytes, they still have disadvantages like relatively high equivalent series resistance

(ESR), lower conductivity (20 mS/cm), high cost, toxicity and vulnerable to moisture [144].

2.5.3 lonic Liquids Electrolytes

lonic liquids (ILs) electrolytes are room temperature molten salts and are totally composed of
cation and anions, which affect the physical and chemical or electrochemical properties.
Mostly, the cation confines the negative potential window while the anion affects the positive
potential window as well as the melting point, which affects the working temperature range.
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lonic liquids electrolyte exhibit negligible vapor pressure, wide electrochemical windows,
good conductivity at temperatures (> 60°C), non-volatility and non-flammability and
excellent electrochemical and thermal stabilities [145]. They have been studied and employed
in various applications such as catalysis [146], fuel cells [147], pharmaceutical [148] and
electrochemical synthesis [149]. As electrolytes in supercapacitor they have been used for
providing a large stability potential window when used with a non-porous electrodes [150].
Various studies has shown that ionic liquids can enable operative voltages up to 4.5 V while
displaying higher viscosities and thus lower conductivities compared to aqueous and organic
electrolytes leading to higher internal resistance and reduced power capabilities [151]. The
increase in operative voltage in combination with a comparable viscosity and conductivity
significantly influences the energy and power storage capabilities of the devices. Using ionic
liquids can also reduce the safety and environmental concern since ionic liquids electrolytes
have excellent thermal stability, non-volatility and non-flammability [152]. Regardless of
several advantages of ionic liquids their application in electrochemical supercapacitor is
affected by low conductivity which intensifies the power response.

The ILs electrolytes mainly studied for supercapacitors application are commonly created on
imidazolium, pyrrolidinium, ammonium, sulfonium, phosphonium cations and salts of anions
like tetrafluoroborate, trifluoromethanesulfonate, bis(trifluoromethanesulfonyl)imide, bis

(fluoromethanesulfonyl) imide, bis(fluorosulfonyl)imide and dicyanamide [153].

2.6 Electrode Preparation and Electrochemical Characterization

The test-cell configuration for the electrode materials performance typically consists of the
two (2), three (3) or/and four (4) electrodes. Electrodes cell consist of a reference electrode
(RE), a working electrode (WE) and counter electrode (CE). The working electrode contains

the active material that is being tested for its electrochemical properties .The working
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electrode is generally coated on the current collector by active electrode materials being
tested .Typically, the binder such as polytetrafluoroethylene (PTF) or polyvinylidene (PVDF)
and conducting agents such as acetylene black and carbon black are part of active electrode
materials to make sure that the material is bound properly together and provide good
electrical conductivity and make sure enough interaction and mechanical permanence are
reached upon electrochemical cycling.

Reference electrodes such as saturated calomel electrode and silver/silver chloride electrode
(Ag/AgCI) are electrodes which have stable and well —known electrode potential and they are
often used as a point of reference in the electrochemical cell for the potential control and
measurements. The counter electrode (CE) is an electrode which is used to close the current
circuit in the electrochemical cell. It is usually made of the inert materials such as Pt, Au,
graphite and glassy carbon. The suitable materials for CE are conductive materials which do
not react with electrolytes in which they are exposed to. Therefore, the choice of electrolytes
is highly associated with the counter and reference electrodes. For example, in alkaline
aqueous solutions a mercury/mercury oxide electrode (Hg/HgO) is used as the reference
electrode. In acidic aqueous solutions, a current collector of working electrode should be
titanium, the counter electrode is platinum or carbon and the reference electrode is saturated
calomel electrode (SCE) or silver/silver chloride electrode (AG/AgCI). In neutral aqueous
solutions, basically the same configuration is used but nickel foam and carbon paper can be
used for a current collector and the counter electrode. For non-aqueous electrolyte solutions

case by case approach is required depending on the composition of electrolyte [153].
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2.6.1 Two Electrodes Setup

WIWS C/R

Figure 2.11: Schematic view of two electrode setup [154].

Unlike three electrode configuration, the “full cell” 2-electrode configuration usually takes
place in a two electrode system, and shows the more practical performance of active
materials than the half-cell, because full cell test works similar to a practical supercapacitor
which has a positive electrode and negative electrode. In a full cell both electrodes are
assembled with active materials soaked and separated by a separator.

Figure 2.11 below shows such setup. The setup of two electrode experiments has the current
and sense leads connected together. Working sense measures or controls the voltage between
itself and the sense electrode. Working and working sense are connected together as the
positive (working) electrode and reference and counted are connected together as the negative

(second) electrode.
2.6.2 Three Electrodes Setup

In order to characterize the electrode materials, an active material can be tested in a three
electrode. To record the potential of the working electrode, a reference electrode whose

potential is almost a constant in a narrow potential range is used.
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Figure 2.12: Schematic view of three electrode setup [154].

In addition, a counter electrode is also essential to transmit the current coming across from
the working electrode, which can inhibit the reference electrode from carrying current leading
to the potential change of the reference electrode (see schematic diagram in figure 2.12). In
the three-electrode experiment the reference is separated from the counter .The reference
electrode is most frequently situated so that it is evaluating point very close to the working

electrode (which has both working and working sense leads attached).
2.6.3 Four Electrode Setup

Four electrode cell is used to investigate process taking place within the electrolyte, between
two measuring electrodes separated by a membrane. In this configuration, the working and
the counter electrodes allow current to flow and used to achieve electronic or ionic
conductivity measurements. The setup in the four-electrode setup is comparatively
uncommon in electrochemistry. The four-electrode experiment measures the effect of an
applied current on the solution itself or some barrier in the solution (see schematic diagram in

figure 2.13).
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Figure 2.13: Schematic view of four electrode setup [154].

2.7 Electrode fabrication for electrochemical capacitors

The electrode material forms the main component of the cell, and controls the
electrochemical supercapacitor performance in terms of life expectation, capacity, self-
discharge, and resistance. However, the electrolyte, the current collector and the separator are
important parameters to consider for fabrication of a supercapacitor. Electrodes must have
good electronic conductivity, high temperature stability, high corrosion resistance, long-term
chemical stability, and high surface area per unit volume and mass. Therefore, the electrode
fabrication as well as an active material covering process is the most significant step to attain
both high performance and durability. Generally, nickel foam because of its chemical
stability, high current-carrying, commercial availability, high processability and low price is
mostly used as a current collector. In the method of coating electrodes on the current
collector, initially active materials, binder e.g. polyvinylidene fluoride (PVDF) or poly
(tetrafluoroethylene) (PTFE) and conductive additives e.g. acetylene black and carbon black
are mixed to obtained a homogeneous slurry with the wanted density, and the slurry is
uniformly pasted on a nickel foam current collector or roll-pressing to attain a uniform
electrode coating layer. The mass of the electrode materials must be known and if possible

the electrode volume or area should be measured.

71

© University of Pretoria



£
&

UNIVERSITEIT VAN PRETORIA
#a¥  UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
g

Counter
electrode
Reference‘
electrode
‘Working
E electrode
= 2
= =
® 2
= &)
@ Refrence & Counter electrode Asive matadal
v Separator
——
Sl o C 1T
\ @ » T®
, 2
Active material
- Working electrode

Figure 2.14: Schematic view of (a) three and (b) two electrode setup for testing in electrode material
[155].

Depending on the active material used and the suggested application the electrode thickness
is usually a few micrometers to sub-millimeter. The acquired active material served as
working electrode. Electrochemical test cells ,whether for EDLC or faradaic evaluation can
be fabricated using a three -electrode or two-electrode cell configuration which is used in
supercapacitor application as shown in Fig 2.14 [156].

The three-electrode system is normally used for examining the fundamental electrochemical
properties of the electrode material like electrolyte potential window stability and whether the
electrode material works better in the negative or positive potential widow and the two
electrode used to characterized fully fabricated device. If the active materials in the two
electrodes are the same and are not the same, the supercapacitor is referred to as symmetric

and asymmetric respectively.
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A two-electrode supercapacitor cell can be considered as two capacitors in series, and the

total capacitance (C;) of the cell can be calculated as follows:

Y

cell p Cn 29

O

In which C_, is the capacitance in (F g, C, and C, are the capacitance of the positive
(anode) and negative (cathode) electrodes based on the two-electrode setup, respectively. If (
C,=C,) the corresponding supercapacitor is called a symmetric supercapacitor. For

symmetric supercapacitor the total capacitance value equals half the value of single electrode.
The symmetric supercapacitor can be expressed in terms of the specific capacitance (Fg™) of
a single electrode (C,) which is related to the specific capacitance of the cell. With the
galvanostatic charge-discharge plots based on the two-electrode cell, the specific capacitance
of single electrode, the maximum energy density( E,_) (Wh kg™) and the power density (P, )

(kW kg™) of the supercapacitor are calculated using the following equations below [157]

_4lAt
mAv 2.10

1000x Cg x AV Cy xAV?
2x4x3600 288 2.11

E, :%C(AV)Z _

and

 3600xE, 3.6xE,

M 1000 x At At 212

where Cg, is the specific capacitance of single electrode of the cell, I is the constant discharge
current (A), 4t is the discharge time(s), 4V is the voltage window (V), and m is the total mass

(g) of the active material in both electrode, respectively. The maximum power density
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(P.) (kw kg™) can also be calculated by using equivalent series resistance (ESR) with the
following equation [158]
2
P= v

where, m is the total mass of active material and V is the voltage window (V).

In the case (C, # C,) (the anode and the cathode have two different electrode materials, the
corresponding electrochemical supercapacitor is called an asymmetric. In order to obtain the
optimal performance of the asymmetric full cell supercapacitors, a charge balance Q, = Q_

between the two electrodes should be done; where Q. and Q_ are the charges stored in the

positive and negative electrodes, respectively. The charge can be expressed by [159]:

Q=C,xmAU 214

where Cs is the specific capacitance of the active material, m is the mass of each active
material and AU is the potential range during the charge—discharge process. In order to

get Q. = Q_, the mass balancing follows the equation

m, _ C, AU _

+

m_ C,,AU, 2.15

The energy density (E, in Wh kg™) of supercapacitor can be calculated from specific

capacitance, C; according to the following equations:

2 2
EdZECSALﬂ:lOOOxCSxAU :CSXAU 516
2 2x 3600 7.2
The power density (P, in W kg™) of a supercapacitor can be determined by
_E, 3600xE, 3.6xE,
¢t 1000x At At 217
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where Ejq is the average energy density (W h kg™), Cs is the specific capacitance based on the
electro-active material (Fg™), AU is the potential window, Py is the average power density (W
kg™) and t is the discharge time (seconds).

The above equations normally work well for EDLCs especially eqn 2.10 where charge-
discharge (CD) curves show the linear dependence of voltage vs CD time. But for faradic
materials one normally talks of specific capacity which can indeed be converted into specific
capacitance. The specific capacity for non-EDLC material can be calculated using the

following expression

Qy = I xt, 218

" mx3.6

where [ is the discharge current (A), t is the discharge time (s), m is the mass of the active

material (g), and Qp is the specific discharge capacity (mAh g?).

2.8 Measurements Techniques for Evaluating the Performance of a

Supercapacitor

To evaluate supercapacitor performance parameters such as cell (total) capacitance, Cr,
operating voltage Vo and equivalent series resistance(Rs) are often used to determine energy
and power performance. In order to calculate the above-mentioned parameters various test
modes have been developed and applied to characterize the electrochemical performance of
supercapacitors. Cycling voltammetry (CV), Galvanostic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) are employed as electrochemical
measurements techniques in analyzing the performance of supercapacitor. All such methods
can be used to measure the three fundamental parameters such as voltage, current and time

and other metrics including the capacitance, equivalent series resistance, operating voltage
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and successively the time constant, energy and power performance of supercapacitors can be

derived from them.
2.8.1 Cycling Voltammetry (CV)

Cycling voltammetry is a common electrochemical characterization technique used to study
the electrochemical property of a material. CV testing applies a linear change in electric
potential between positive and negative electrodes for two electrodes, or between the
reference and working electrodes for three electrodes. The characteristics of the CV is
determined by number of factors

e The voltage scans rate

e The rate of the electron transfers reactions

e The chemical reactivity of the electroactive types.
The speed of the potential change in mVs™ is designated as the sweep rate or scan rate v and
the range of potential change are called the potential window or operating potential. To study
the charge storage mechanisms of supercapacitors materials where EDLCs and faradaic types
are separated, CV testing with the three electrode setup is considered as the most suitable
approach. The experimental results can first be examined by investigating the shape of the
CV curves for both EDLC and faradaic materials. The shape of the EDLC curves is relatively
rectangular suggesting a pure capacitive behaviour of an ideal double layer capacitor without
any chemical reaction whereas faradaic can be marked by redox peaks occurring in a highly
reversible method as shown in Fig 2.15. CV test are also suitable to determine the operating
voltage or potential window for supercapacitor materials through reversal of potential in a
three electrode system and the reversibility of the charge and discharge process can be
studied simultaneously. Further the specific capacitance of the supercapacitor materials can

be obtained via the integration of the CV curves.
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Figure 2.15:Cyclic voltammograms showing rectangular features for an EDLC system and
superimposed reduction and oxidation peaks for redox active faradaic [157].

From the area of the CV curve, the specific capacitance for both electrode that is exhibiting

EDLCs and battery-like (faradaic) materials calculated with the following equation [160]:

1

C :m'{/:l(v)dv 2.19

where | is the average current (A) ,V is the voltage difference (V), v is the potential sweep
rate (mVs™) ,m is the mass of the active material (g) and (V, —V,) represents the potential

window.
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2.8.2 Galvanostatic Charge-Discharge (GCD)

Galvanostatic charge-discharge (GCD) testing is most commonly used method for
characterization of supercapacitor under direct current. Constant current charge -discharge is
a more accurate technique to calculate the specific capacitance of active materials of
supercapacitor under direct current. It is conducted by monotonous charging and discharging
of the supercapacitor device or the working electrode at a constant current level with or
without a dwelling period and normally a plot of the potential (E) vs. time(s) is the output.
All the parameters of supercapacitor devices such as Ct, Res ,V, can be tested through GCD
and successively used to derive most of the other properties such as the time constant,
leakage and peak currents, power and energy densities. Additionally, it is suitably used to
study the cycling stability of supercapacitor devices. Furthermore, by using a three electrode
setup the specific capacitance, reversibility and potential window for supercapacitor materials
can also be attained through GCD test. A typical GCD curve is shown in Fig. 2.16, in which
the voltage is drawn as a function of the time. Meanwhile EDLCs display linear
charge/discharge behavior with a constant slope and the specific capacitance is basically
unchanged over the full potential range. For faradaic materials, the discharge curve can be
definitely non-linear due to redox reaction taking place during discharge process. The
specific capacitance of EDLCs electrode materials is best determined from the GCD by the

potential window, current density and discharge time with the following equation which is

similar to 2.12
c = Ixt 2.20
" mxAV '

where I is the discharge current (A), t is the discharge time (s), m is the mass of active

material (g), AV is the potential range of discharge (V), and C,, is the specific capacitance

(F/g).
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Figure 2.16: Discharge curves for an EDLC and faradaic [157].

2.8.3 Electrochemical impedance spectroscopy (EIS)

EIS testing is known as the dielectric spectroscopy testing, analyses the impedance of a
power cell as a function of frequency by applying a low amplitude alternative voltage
(normally 5 mV) superimposed on a steady-state potential. The resulting data are generally
articulated graphically in a Bode plot to determine the cell response between the phase angle
and frequency, and in a Nyquist plot to demonstrate the imaginary and real parts of the cell
impedances on a complex plane [62, 63]. Furthermore, for supercapacitor materials EIS has
also been used to describe the charge transfer, mass transport and charge storage mechanisms
as well as to evaluate the capacitance, energy and power properties [64, 65]. The Nyquist plot
is characterized by two distinct parts, a semi-circle loop at high frequency and the linear line
at low-frequency regions, signifying different electrochemical phenomena during the

electrochemical process on the electrode surface as shown in Fig 2.18.
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Figure 2.17: Scheme of the impedance plane (Nyquist plot).

The semicircle at high frequency represents (larger than 10* HZ) the charge transfer
resistance (Rct) in the equivalent circuit ,which depends on the conductivity at the interface
between the active material and the electrolyte, the porous morphology of the electrode
material and the thickness of the active material [161], while at medium frequency region (10
to 1 Hz) it displays a faradaic charge transfer résistance, which is recognized to the porous
electrode used. Rs corresponds to the solution (electrolyte) resistance and is the same as ESR.
The Bode phase angle is another representative of EIS, which represents the plot of phase
angle against the applied frequency. For an ideal capacitive material, the phase angle is closer
to 90° and for faradaic material, the phase angle is closer to 45° [165,166]. Based on this
model, the real and imaginary part of the capacitance as a function of the frequency can be

calculated using equations below;
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co_—1 2.21
(")

C(w) =C'(w) —jC (w) 2.22

c- 2@ 2.23
a)|z(a))|

cr- 2@ 2.24
a)|Z(a))|

where Z is the complex impedance written as Z(w) = Z'(w)+ Z (), w = 2xf,
C'(w) represents the real accessible capacitance of the cell at the corresponding frequency
which signifies the deliverable capacitance, while C"(w) represents the energy loss due to the
irreversible process of the electrodes. Z’ and Z represent the real and imaginary parts of the

Nyquist plot respectively [167]. The specific capacitance can be calculated from the Bode

plot as shown in the following equation

1

-t 2.25
21Tfm(Z)

where C is the specific capacitance, f is the frequency and Z " is the imaginary component.

Another method introduced by Simon et al is [167] use the equations below for calculation of

real and imaginary capacitances

—Im(2)

Re(C) = 2.26
o

Im(c) = &) 2.27
er

Where Z =Re(Z)* +Im(Z)? is the overall complex impedance, = 2xf is angular

velocity, Re(Z)is the real part of the complex impedance, Re(C)and Im(C) are the real and
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imaginary capacitances, respectively. Im(C)is the term related to the energy dissipation of
the cell and Re(C)calculated at the lowest-frequency applied, indicates the energy stored.

The maximum in capacitance C' (o) versus frequency curve is associated with frequency fq

which can be used to calculate the relaxation timer = 1

[78,168]. The relaxation time

0

constant is a measure of how fast the device can be charged and discharge reversibly.
2.8.4 Cycle Stability

Cycle performance of the electrode is very important for practical application in the
supercapacitor. Cycle life is also determined by using both charge-discharge and CV cycles.

The coulombic efficiency can be calculated by the following equation:

. :E—Dx100% 2.28

C

where 7 is the coulombic efficiency,t, is the discharging time(s), t. is the charging time

(S). The coulombic efficiency can also be calculated from CV by comparing the first and the

end cycle [169].
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CHAPTER 3

3.1 Experimental Procedure and Characterization Techniques

To achieve the research task, all the experiments were done in the laboratory, followed by the
characterizations of the obtained materials and evaluation of their electrochemical
performance. This chapter describes the experimental procedures used and typical materials
synthesis methods. This includes a description of the equipment used for materials

characterization.
3.1.1 Atmospheric Pressure Chemical Vapour Deposition (AP-CVD)

The atmospheric pressure chemical vapour deposition (AP-CVD) has been considered as the
most promising, inexpensive, high efficiency and feasible method for the preparation and
production of large-area graphene with optical and excellent properties appropriate for device
electrode applications [1]. Transitional metal substrates such as nickel (Ni) and copper (Cu)
and the mixture of gases of high purity (i.e. argon (Ar), grade 5-99.999%), hydrogen (H>),
grade 5-99.999% and methane (CH,), grade 4-99.999%) are commonly used as catalysts in
CVD for production of large-area graphene. Ni and Cu have received the most consideration
as substrates in CVD because of their low-cost and high etchability [1,2].

Fig 3.1(a) represents the CVD system used in this work. This study focuses on the graphene
foam growth using polycrystalline Ni foam (Ni-F) (3D scaffold template with a macroporous
structure with an areal density of 420 g m and 1.6 mm in thickness, as shown in Fig 3.1(b).
Nickel foam is used due to large and uniform macropores, large supporting area and high
electrical conductivity which plays the vital role in the electrochemical applications. For
graphene foam growth, the Ni-F substrate was treated with dilute hydrochloric acid, ethanol
and distilled water to clean the surface of the foam. A cleaned Ni-F was put at the centre of
the AP-CVD quartz tube for graphene growth and annealed at 1000 °C under a flow of Ar
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(300 sccm) and H; (200 sccm) gases for 60 min to remove any surface contamination that
might have originated from the manufacturing or packaging processes. The growth of
graphene was performed at 1000 °C under the flow mixture of the Ar: H,: CH,4 (300: 200: 10
sccm) gases for 10 min as shown in Fig 3.1. Immediately, after the growth, the CH, flow was
stopped and samples were cooled down to room temperature under Ar (300 sccm) and H,
(200 sccm) gases by pushing the quartz tube to the cooler region of the furnace. After growth;
a micrograph of graphene on Ni foam shows wrinkles and ripples of graphene sheets. In
CVD, the CHy, act as the carbon source and during graphene growth, the amount of carbon
precipitating on the nickel surface is strongly determined by the cooling rates (quenching) as

shown in Fig 3.2.

~_iGas outlet

e o el
Gasinlet , Ar:H, ‘Ni foam graphene
i} . B - -
; 58 (Ni-FG)
} ~ 4000°C dﬂé
2,28
N
Ni foam (Ni-F)

Figure 3.1:(a) The CVD system used in this work (b) A schematic view of AP-CVD setup showing a
quartz tube with gas inlet and outlet. Ni foam was placed at a centre of a quartz tube for graphene

growth from a mixture of Ar: H,: CH, gases at a temperature of 1000 °C for 10 min.
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An extremely fast and slow rate usually gives patches of graphene deposition on the Ni
substrate. Then, a medium cooling rate gives an appropriate amount of carbon in the nickel
substrate surface which produces few layer graphene.

Furthermore, in order to get the free-standing graphene foam; the graphene on Ni foam
samples were further soaked in 3.0 M HCI and placed on a hot plate at 60 °C to ensure
complete etching of the Ni supporting structure. After complete etching of the Ni, the
remaining graphene foam was washed several times with deionized water and dried in an
oven to obtain the final GF product. The synthesized Ni foam graphene (Ni-FG) substrate and
graphene foam samples were used in this study for electrochemical applications. Graphene
foam was mixed with other materials as will be discussed below to form composites using

hydrothermal methods technique.
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Figure 3.2: lllustration of different cooling rates during graphene growth [3].
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3.1.2 Hydrothermal Method

The hydrothermal synthesis is an inexpensive, simple, effective and convenient process to
prepare highly ordered nanostructures on substrate, converting metal oxide/hydroxide and
transitional metal disulphide into desired nanostructured materials and composites materials
of different nanostructures materials like nanorods, nanoflowers, nanowires, nanoribbons,
nanoparticles, nanotubes and nanosheets with their corresponding chemical and physical
properties suitable for supercapacitor application [5-9]. The hydrothermal process uses water
as the reaction medium in sealed stainless-steel autoclave system, which is adapted for
ensuring the high temperature and pressure build-up. The temperature used is often higher
than 100 °C so that the autogenous pressure will be established in a closed system. Figure 3.3
below shows the complete hydrothermal system that was used in this work which shows in
(a) the stainless steel autoclave system with 120 mL Teflon lining and (b) showing the

electric oven often used.

() (b)

Figure 3.3: Complete system for the hydrothermal growth, (a) shows the stainless steel autoclave

system with the Teflon lining (b) shows the electric oven used for heating.
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The pressure produced within the reactor is not strongly determined by the reaction
temperature only, but also depends on the experimental factors such as the amount of liquid
added and any dissolved salts.

The characteristics of hydrothermal method are that when the starting materials are exposed
to special conditions, some relative reaction takes place, followed by the formation of
morphologies. Furthermore, the morphologies can be controlled by changing the parameters
in the reaction system such as choice of solvent, capping reagent/surfactant, control of
temperature/time, changing of PH value [4].Typical reactions include an initial nucleation
and growth of crystallites followed by the final assembly to form the final product. The
hydrothermal process also prepares highly ordered nanostructures on numerous substrates
which allow the in-situ fabrication of radical micro, meso and macro-particulate hybrid
structures [5].

Solvothermal chemical growth used is similar to hydrothermal process. The solution used in
solvothermal can be the aqueous and non-aqueous solution at the temperature higher than that
of the boiling point of such solvent. At relatively high temperatures and pressures,
solvothermal methods can significantly increase the solubility and reactivity of reactant.

In this study, hydrothermal growth was used to prepare cobalt hydroxide carbonate, CoAl-

LDH, cobalt oxyhydroxide and MoS,.

3.1.3 Synthesis of Activated Carbon (AC)

In this study two types of activated carbon (from Polyvinyl alcohol PVA and graphene foam
denoted as AGF and from expanded graphite denoted as AEG) was produced using the

hydrothermal technique, and they are discussed briefly below.
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d) Synthesis of Activated Carbon from PVA and graphene foam

Activated carbon used for the production of the composite materials and asymmetric device
was from the procedure reported by Fashard et al and Bello et al [6,7]: Briefly, a graphene
foam (GF) and polyvinyl alcohol (PVA) were used as starting material for the production of
hydrogel, which was then used to produce porous carbon materials after the activation
process. Graphene foam (GF) was prepared by CVD as described above under CVD section.
The three-dimensional hydrogel was synthesized via the hydrothermal process. The
preparation was carried as follows; 100 mg of the GF was dispersed in 10 ml of polyvinyl
alcohol (PVA) in a vessel glass by ultrasonication followed by addition of 1.5 ml of
hydrochloric acid (HCI) as the cross-linker. The resultant mixture was transferred into a 150
ml Teflon-lined autoclave vessel and kept at 190 °C for 12 h [8]. After cooling to room
temperature the hydrogel was washed with deionized water for several times and dried for 6
h. The as-prepared hydrogel was then soaked in aqueous KOH solution with a KOH/hydrogel
mass ratio of 7 for 24 h. The composite mixture was then placed in a horizontal tube furnace
ramped from room temperature to 800 °C at 10 °C/min under argon gas flow for 1 h of
activation. This procedure transformed the composite hydrogel into carbon materials
consisting of a continuous porous network material. The activated material denoted as AGF
was neutralized with 0.1 ml HCI, washed with deionised water and dried at 120 °C for 12 h
after which samples were characterized. This activated carbon was used to make the
composite with other materials because it showed the existence of some functional groups

which will make it easier to react with other materials.
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e) Synthesis of Activated Carbon from Expanded Graphite (AEG)

Activated carbon from expanded graphite designated as AEG used for the making
asymmetric devices was from the procedure reported by Fashard et al [12]. In a typical
procedure, 1g of expanded graphite was dispersed in 100 ml of 10 wt % polyvinylpyrrolidone
(PVP) solution to produce concentrated dispersions, and the mixture was transferred to a
vessel glass and sonicated for 12 h. 5 g of KOH was then added to the solution ,which was
stirred for 2 h at 60°C. After 2h of stirring, the EG formed a solid precipitate at the surface of
the solution. The solid precipitate obtained was collected and dried at 70 °C for 12 h. The
dried solid precipitate was then placed in a horizontal tube furnace ramped from room
temperature to 800 °C at 5 °C/min under argon and hydrogen gas flow for 2 h of activation.
The activated material was neutralized with 1 M HCI, washed with deionized water and dried
at 60 °C for 12 h. This material was used as the negative electrode for the asymmetric devices
that were studied in this work because it showed good stability and high specific capacitance
when tested in the negative potential as compared to other activated carbon produced from

PVA and graphene foam.

3.1.4 Hydrothermal Growth of Cobalt-Based and Composites Materials

The hydrothermal growth method is a bottom-up method used in this study to synthesize

cobalt-based hydroxide and composites.

a) Synthesis of Cobalt Hydroxide Carbonate/Activated Carbon Composites

The cobalt hydroxide carbonate nanorods were first synthesized using the hydrothermal
technique by varying the growth time. In a typical procedure: CoCl,. 6H,O (1 mmol) and
urea (1.0 mmol) were added to 20 mL of water and stirred for 10 minutes. The mixture was

then transferred to a 120 mL Teflon-lined stainless steel autoclave and kept at 120°C for 3, 6,
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9 and 12 h growth times, respectively. After cooling to room temperature the light-pink
product was washed with deionized water and dried at 60 C for further characterization and
analysis.

In order to improve the electrochemical performance of the pure cobalt hydroxide carbonate,
AGF was incorporated into cobalt hydroxide carbonate to produce cobalt hydroxide
carbonate/AC composite.

This was prepared by the usual process of dissolving the precursor materials which included
CoCl,.6H,0 (1 mmol) and urea (1.0 mmol) in 20 mL of deionized water containing 15 mg of
activated carbon which had been earlier subjected to ultrasonication for 12 h for uniform
dispersion at room temperature. The obtained solution was then transferred to a 120 mL
Teflon-lined stainless steel autoclave and kept at 120 "C for 6 h. After naturally cooling to
room temperature the product cobalt hydroxide carbonate/activated carbon was washed with

deionized water and dried at 60 °C for 6 h for further characterization and analysis.

b) Synthesis of Cobalt Aluminium — Layered Double Hydroxide (LDH)/Graphene
Foam Composite and Cobalt Oxyhydroxide Derived From CoAl - LDH

Firstly, 1.09 g of CoCl,.6H,0, 1.2 g of AICI3.6H,0 and1.2 g of Urea were added to 40 mL of
water and stirred for 10 minutes for the synthesis of pure CoAl-LDH. The mixture was then
carefully transferred into a sealed 120 mL Teflon-lined stainless-steel autoclave and kept at a
temperature of 120 C for 18 h. After cooling to room temperature, the pinkish product was
repeatedly washed with deionized water and ethanol several times to remove any unreacted
precursor and residual. Following procedures to obtain the final product was in the same

method as described for the cobalt hydroxide carbonate materials.
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Figure 3.4: Preparation of CoAI-LDH/GF.

To improve the electrochemical performance of the pristine CoAl-LDH material, graphene
foam material was added to produce CoAl-LDH/graphene composite through the same
bottom-up approach described above. In the case of LDH/GF composite, the addition of
porous and conducting graphene foam to the CoAl-LDH matrix provided an improved
electron transfer rate and better structural support for the growth of CoAl-LDH flakes on the
graphene sheets.

Fig 3.4 represents schematic diagram for the preparation of CoAl-LDH/GF composite.
Typically, 25 mg of the as-synthesized GF was dispersed in 40 mL of water by
ultrasonication for 12 h at room temperature. Then, 1.09 g of CoCl,.6H,0, 1.2 g of
AICl3.6H,0 and 1.2 g of urea were added to the pre-sonicated GF solution and the entire
mixture was stirred for 10 min. The resulting mixture was then transferred to a 120 mL
Teflon-lined stainless steel autoclave and kept at 120 °C for 18h. After naturally cooling to
room temperature the product CoAl-LDH/GF composite was washed with deionized water
and ethanol, and dried at 60 °C for 6 h.

The mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) were also derived on Ni-FG
by alkaline etching of the Al cations in CoAl-LDH using a NaOH solution.

In a typical procedure, a nickel foam graphene substrate was synthesized by growing
graphene sheets on the polycrystalline Ni foam (3D scaffold template with a macroporous

structure) using atmospheric pressure chemical vapour deposition (AP-CVD) as discussed
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above. CoOOH nanosheets supported on nickel foam graphene were deduced from en-sute
hydrothermally prepared CoAl-LDH on Ni-FG substrate by alkaline etching in concentrated
NaOH solution as reported in ref [9]. A solution (pink in colour) for the hydrothermal
reaction was prepared by adding Co (NO);. 6H,0 (2 mmol), Al (NO3)3.6H,0 (2 mmol),
NH4F (8 mmol) and CO (NH,), (10 mmol) in 36 mL of deionized water and stirred for 10
min, as demonstrated in Fig 3.5. Ni-FG substrate was immersed into the above solution and
then carefully transferred into a 120 mL sealed Teflon-lined stainless-steel autoclave and kept
at a temperature of 100°C for 24 h. After 24 h and cooling of an autoclave to room
temperature, the obtained CoAl-LDH coated on Ni-FG was cleaned with deionized water.
Then, the CoAl-LDH coated Ni-FG was immersed in 5 mol L™ NaOH for 48 h and
subsequently rinsed with deionized water, followed by ethanol for 5 min using ultrasonic bath
and dried at 60 °C for 6 h to obtain the final product CoOOH nanosheets (shown by
micrograph image) on Ni-FG substrate, as demonstrated in Fig 3.5. The weight of the Co
CoOOH film on Ni-FG substrate was measured by weighing the Ni-FG substrate before and

after the hydrothermal process and a mass loading of ~5 mg cm 2 was obtained.
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Figure 3.5: A schematic view of the hydrothermal growth of CoAL—LDH on graphene synthesized
on Ni foam and alkaline etching in concentrated NaOH solution which produces a mesoporous

structure of CoOOH on Ni foam graphene.

3.1.5 Synthesis of Transition Metal Dichalcogenides

c) Synthesis of VS,

The solvothermal process was used in this study to synthesize VS, nanosheets. Fig 3.6
presents the preparation process of VS, nanosheets. In a typical procedure, ammonium
metavanadate (NH4VO3) (2 mmol) was added to an 18 ml mixture of 15 ml deionized water
and 3 ml ammonia, accompanied by vigorous stirring to completely dissolve the ammonium
vanadate. Subsequently, thioacetamide (CH3CSNH,) (10 mmol) was added to the above
solution under vigorous stirring. The final homogeneous solution was transferred into a
sealed Teflon-lined stainless-steel autoclave and kept at a temperature of 180" C for 20 h.
After cooling to room temperature, the black powder was washed with deionized water and

dried at 60 C.
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Figure 3.6: Preparation procedure of VS, nanosheets.

d) Synthesis of MoS,/Graphene Composites

Firstly, 1 mmol of ammonium molybdate was dissolved in 30 ml of deionized water under
vigorous stirring for 20 min, 5 mmol of thiourea (CH;N,S) was then added to this solution
and stirring of the mixture was further continued for 30 min. The mixture was then carefully
transferred into a sealed 120 mL Teflon-lined stainless-steel autoclave and kept at a
temperature of 150" C for 20 h. After cooling to room temperature, the black powder samples
were repeatedly washed with deionized water and ethanol several times and finally dried at
60" C for 6 h.

To improve systematically the physical and electrochemical properties of MoS, material,
different graphene foam mass loading from 50 mg to 200 mg were added to produce
MoS,/GF composite. Fig 3.7 presents the preparation of MoS,/GF composite by the
hydrothermal system in order to obtain the MoS,/graphene foam (MoS,/GF) composite.
Typically, 50,100, 150 and 200 mg of laboratory synthesized GF samples were dispersed in
30 mL of water by ultrasonication for 12 h at room temperature. Then 1 mmol of ammonium
molybdate and 5 mmol thiourea were added to the different GF solutions and the mixtures

were all stirred for 10 min.
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Figure 3.7: Preparation of MoS,/GF

The obtained solutions were then transferred to 120 mL Teflon-lined stainless steel autoclave
systems and kept at 150 ‘C for 20h. After naturally cooling to room temperature, the final
MoS,/GF product containing different amounts of GF was washed with deionized water and

dried at 60 °C for 6 h.

3.2 Material characterization

3.2.1 Structural and Qualitative Phase studies

e) X-Ray Powder Diffraction (XRD)

X-ray diffraction technique is the non-destruction technique which provides information
about the crystallographic structure, lattice parameter, crystal orientation and particle sizes of
materials and thin films. This technique is built on detecting the scattered intensity of an X-
ray beam hitting a sample as a function of incident and scattered angles. The X-ray beam is
scattered on the crystalline material and the intensity of the diffracted beam due to the
periodic preparation of atoms in the sample is measured as the function of the diffraction

angle 20 as shown in Fig 3.8.
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Figure 3.8: Schematic diagram of XRD.

The diffraction from crystals is defined by the well-known Bragg’s equation:

2dsin@=nA 3.1

where d is the spacing between diffraction planes, 4 is the incident angle, n is an integer value
(1,2,3...), Aisthe wavelength of the beam.

The number of peaks or lines, intensities of peaks or lines and the angular positions of peaks
in terms of 20 are used to identify the crystal structure of the material. X-ray diffraction
(XRD) patterns of all prepared samples in this study were collected using an XPERT-PRO
diffractometer (PANalytical BV, Netherlands) with theta/2theta geometry. Co Kla radiation
with a wavelength of 1.7890 A was used as the X-ray source and a tube was operated at 50

kV and 30 mA.

f) Raman Analysis

Raman spectroscopy is used to study low-frequency, vibrational and rotational modes of
atomic and molecular system of a sample. In Raman spectroscopy, the sample is irradiated

with a monochromatic laser beam which interacts with the molecules of the sample and emits
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a scattered light. To construct a Raman spectrum, the scattered light having a frequency
different from that of incident light (inelastic scattering) is used. A scattered radiation with a
frequency equal to the frequency of incident radiation is known as Rayleigh scattering, but
that with only a small fraction of scattered radiation being different from the frequency of
incident radiation is known as Raman scattering. However, if the frequency of incident
radiation is higher than frequency of scattered radiation, the Raman scattering is known as
Stokes lines, [10]while in the case of the frequency of incident radiation being lower than the
frequency of scattered radiation, then anti-Stokes lines are being observed [10].

Raman spectroscopy is usually used to analyze carbonaceous materials such as (graphene,
activated carbon and carbon nanotubes) which are composed of first order and second order
regions. In the first order region, the graphite bands (D and G bands) occur between 1100 -
1800 cm™. The spectra in this order is characterized by two main bands, the graphitic (G)
band, which occur at ~ 1600 cm™, and the disorder (D) band, which occurs at ~1350 cm™
(see Fig 3.9). The G-band represents in-plane vibrations of aromatic carbons in the graphitic
structure. The G-band occur at about 1580 cm™ and involves the in-plane bond stretching

motion of pairs of carbon sp? atoms .
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Figure 3.9 : Raman spectra of carbon showing the disordered (D), graphitic (G) and 2D bands.
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All of the sp? carbon materials exhibit a strong peak in the range of 2700-2800 cm™ in the
Raman spectra called 2D (see Fig 3.9). The 2D band (double-phonon process) has a strong
frequency which depends on the excitation laser because of the double resonance process
which occurs between two K-points in the electronic band structure of graphene, for example
[11].

In this study, Raman spectroscopy measurements were carried out using a Jobin Yvon Horiba
TX 6400 micro-Raman spectrometer equipped with a triple monochromator system to
eliminate contributions from Rayleigh lines and using LabSpec (Ver. 5.78.24) analytical
software. The samples were analyzed with a 514 nm argon excitation laser and 1.5 mW laser

power.

g) Fourier Transform Infra-red Resonance (FTIR) Spectroscopy

Fourier transformation infrared spectroscopy is used for identification the presence of certain
functional groups in a molecule. In FTIR, absorption of IR radiation takes place when the
photon is transferred to a molecule and excites it to higher energy states [12] . A transmission
emission and absorption infrared spectrum are acquired over wide spectra range articulated as
wavelength. FTIR measurements were done to determine the different vibration modes
arising from the IR-excitation of the samples. Fourier transform infrared (FTIR) spectra of

the samples were recorded using a Bruker Vertex 77 v FTIR spectrometer.

h) X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy is a quantitative spectroscopic surface chemical analysis
technique used to estimate the elemental composition, chemical and electronic state of the
elements on the surface of a material. XPS works on irradiating the sample surface with
monochromatic X-ray and the emitted photoelectrons are detected. The detected electron

originates from only the top few atomic layers of the sample because the mean-free paths of
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the emitted photoelectrons are very small. The kinetic energy of the photoelectrons depends

on the energy of the photon

KE =hv—E, 3.2

where E; the binding energy of the particular electron in the atom, hv is the energy of the X-

ray source and KE is the kinetic energy of the emitted electron that is measured. Electron
spectrometer identifies the electrons emitted from the sample according to their kinetic
energy. The binding energy is considered as ionization energy of the atom for the particular
shell involved. Since there are different electrons and binding energies in an atom, there is the
resultant variation of kinetic energies of the emitted electrons. Furthermore, there is the
different possibility for each process. The energy intensity and position distribution of the
photoelectrons lines are used as a fingerprint to identify the elements present and together
with measured peak areas of well-defined cross sections.

In this study, X-ray photoelectron spectroscopy (XPS, K-alpha, and Thermo Fisher) with

monochromatic Al Ka radiation as the X-ray source was used.

i) The Brunauer Emmet and Teller Techniques (BET)

The Brunauer-Emmett-Teller (BET) method is mostly used for determining the surface area,
average pore volume, porosity, and the general pore size distribution of powders and porous
materials. In this study, the surface area was calculated by the Brunauer—Emmett—Teller
(BET) method from the adsorption branch in the relative pressure range (P/Po) of 0.01-1.The
pore size distribution of the synthesized materials was studied using Barrett-Joyner-Halenda
(BJH) method from the desorption branch of the isotherm nitrogen at the temperature of 77K.
Adsorption—desorption isotherms were measured at -196°C using a Micrometrics ASAP
2020. All the samples were degassed at 180° C for more than 12 h under vacuum conditions.

The degassed sample was then transferred to the main chamber for the complete analysis
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using N, gas at 77K. Firstly, the sample is dosed with a specific amount of gas which is then
evacuated to get the quantity of gas absorbed by the sample in excess of a relative pressure
range, P/Py (i.e.0.01< P/Pyp<0.2). The nature of the isotherm produced also gives an indication
of types of pores and their sizes in the sample.

The first classification of physical adsorption isotherms was first presented by Brunauer in
1940 [13]. He suggested five isotherm types established on the known experiment. In 1985,
the IUPAC Commission on Colloid and Surface Chemistry proposed the classification of
pore sizes and gas sorption isotherms that reflect the relationship between porosity and
sorption [14,15]. Depending on the pore structure of different materials, IUPAC classification
of adsorption/desorption isotherm can be classified in various types as illustrated in Fig 3.11
(a). The six types of isotherms are characteristics of adsorbents that are microspores (type 1),
nonporous or macroporous (type ILI111,VI), or mesoporous (type (IV and V) [14]. The
adsorption hysteresis (IV and V) are classified and generally show that there is the
association between the shape of the hysteresis loop and texture (e.g., pore geometry, pore
size distribution and connectivity) of the mesoporous material. Such hysteresis loops show a
wide variety of shapes as shown in Fig 3.11 (b). The type H1 is often associated with the
porous material consisting of well-defined cylindrical-like pore channels or agglomerates of
approximately uniform spheres. Type H2 attributes materials that are often disorder where

the distribution of pore size and shapes are not well-defined. The H3 isotherms do not exhibit
any limiting adsorption atio, with aggregates of plate-like particles giving rise to slit-shaped
p

pores. H4 is associated with narrow slit-like pores [16].
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Figure 3.10: (a) The IUPAC classification of adsorption isotherms showing both the adsorption and
desorption pathways and (b) the relationship between the pore shape and the adsorption-desorption

isotherm [17].
3.2.2 Morphological Studies

J) Scanning Electron Microscopy (SEM)

The scanning electron microscopy is used to give the microstructural morphology and
elemental composition of the sample by using focused beam energy dispersive Xx-ray
spectrometer (EDS) with the scanning electron microscopy. It uses focused electron beams
which are made with a Schottky field emission source that utilizes a high applied field in an
ultra-high vacuum to generate a variety of signals at the surface of solid specimens . Fig 3.12
shows the typical layout of SEM, which encompasses the electron gun which produces an
electron beam (electron source and acceleration anode), electromagnetic lenses to focus the
electrons, a vacuum chamber housing the specimen stage and a selection of detectors to
collect the signals emitted from specimen. The electrons interact with specimen surfaces
producing various signals that contain information about the composition and sample surface
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topography recorded as signals by suitable detectors. The types of signals produced by SEM
include secondary electrons(SE), reflected or back-scattered electrons(BSE), characteristics
X-rays, bremsstrahlung X-rays, absorbed current (specimen current) transmitted electrons
(thin samples) and cathodoluminescence .

Secondary electrons are used for imaging to obtain information about the morphology at the
sample surface. High-resolution images of the order of 1 nm are visible with SEMs having
secondary electron detectors for secondary electron imaging. X-ray emission consists of
electron rearranging inside the energy levels of the electronic structure and as such the
characteristics x-rays are used to identify composition and measure elemental quantity in the
sample. The BSE is associated with the atomic number of the signatory element at the sample
surface. As such, the BSE are frequently used to analytical SEM in conjunction with the x-
ray to provide information about the elemental distribution of the sample. EDS
characterization is usual integrated into SEM instrument and comprises a sensitive X-ray
detector, a liquid nitrogen Dewar for cooling and software to collect and analyze energy
spectra. EDS detector is used to separate the characteristic X-rays of different elements into
an energy spectrum and EDS software is used to analyze the energy spectrum in order to
determine the specific elements present in the sample [18]. EDS can also be sued to find the
chemical composition of materials down to a spot size of a few microns, and to create an
elemental composition. The morphology of all samples in this study was studied using the
high-resolution Zeiss Ultra plus 55 fields emission scanning electron microscope (FE-SEM)
operated at 2.0 kV. Energy dispersive x-ray (EDX) patterns were taken with a JEOL 5800LV
microscope equipped with an energy-dispersive X-ray spectrometer operated at 20 kV and

was used to estimate the elemental composition of the produced materials.
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Figure 3.11: Schematic diagram of SEM [19].

k) Transmission Electron Microscopy (TEM)

chamber for analysis.

Transmission electron microscopy (TEM) provides information from micro down to atomic
scale. The TEM uses a high electron beam transmitted through a very thin sample (<50 nm)
to image and analyzed the structure of materials. An (HRTEM) (Joel JEM-2100F Field
Emission Electron Microscope, with a maximum analytical resolution of 200 KV and a probe
size of 0.5 nm), with selected area electron diffraction (SAED) observations were used in this
work to analyzed the morphology and structure of the samples. The samples were prepared
by dissolving the active material in powder form in ethanol and ultrasonic to uniformly
dissolve it. The ethanol solution containing the sample for the study was dropped on a lacey

carbon-coated copper grid and left for particular minutes to dry before being loaded into the
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3.2.3 Electrode Preparation and Electrochemical Characterization

The electrochemical measurements of all samples coated on nickel foam (NF) and nickel
foam graphene (NF-G) as current collectors were carried out in both three and two electrodes
configurations using a Biologic VMP-300 potentiostat (Knoxville TN 37,930, USA)
controlled by the EC-Lab® V10.37 software. The PGSTAT workstation is an electronic
instrument designed to control the potential difference applied to the working electrode (WE)
with a current flow (in the form of either a half cell or a full cell) and the reference electrode
(RE) with no current. The PGSTAT generates characteristics cycling voltammetry curves
which give information about the possible electrochemical reactions in the system. For all
electrochemical measurements performed in a three-electrode configuration, the as prepared
electrodes served as the working electrodes, Ag/AgCIl (3 M KCI) served as the reference
electrode and glassy carbon plate as the counter electrode as shown in Fig 3.13 (a). In the
two-electrode configuration, with coin-type cells using a glass micro fiber filter paper as the
separator as shown in Fig 3.13(b). The electrodes for supercapacitor were prepared as
follows: The synthesized material and polyvinylidene fluoride (PVDF) binder and carbon
black (CB) to improve the conductivity (if the material conductivity is not good) were mixed
in a weight ratio of 8:1:1 which was homogenized and dispersed in N-methylpyrrolidone
(NMP) solution to obtain the slurry. The slurry was then uniformly coated on a nickel foam
current collector and dried at 60" C in an oven for 8 h to ensure complete evaporation of the
NMP. A 6 M KOH aqueous electrolyte which provides ionic conductivity and facilitates
charge compensation on each electrode in the cell was used. Cycling voltammetry (CV),
Galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS)

and cycling life were carried out for all the samples.
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Figure 3.12: Schematic view of (a) three [20] and (b) two electrode setup for testing in the electrode

material [21].
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CHAPTER 4

In this chapter, the results obtained from all experimental procedures outlined in the previous
chapter are fully described. The resulting publications from each research topics are also

presented afterwards.

4.1 Effect of Growth Time of Hydrothermally Grown Cobalt Hydroxide

Carbonate on its Supercapacitive Performance

4.1.1 Introduction

Transitional metal oxides/hydroxides have attracted major research interests as electrode
material for energy storage for supercapacitors because of their favourable capacitive
characteristics and environmental friendliness.Specifically, cobalt-based hydroxides have
been studied by researchers as faradic materials for supercapacitor due to good cycling
stability layered structure with large interlayer spacing and the fact that their morphology
may be successfully controlled by transforming the interface between the positively charged
layers and anions [1].

Various morphology of cobalt hydroxide carbonates (Co, (OH), COg3) such as nanorods,
nanowires, sisal-like, dandelion-like, pinecone-like, urchin-like and flower-like-structures
have been successfully synthesized by different methods. As reported in previous studies the
reaction temperature, surfactant content, ion concentration and aging time play important role
in the morphology and size of cobalt hydroxide carbonate (Co,(OH),CO3) nanostructures [1-
3]. Sun et al investigated the structural transformation and electrochemical characterization of
cobalt hydroxide carbonates from non-crystal nanosheets to single —crystal nanorods and
nanosheets using amino acid (glycine) as the direct reagent. In their work, they showed that

glycine molecules play a crucial role in the transformation of phases and morphologies.
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In this section, cobalt hydroxide carbonate nanorods were successfully synthesized using a
hydrothermal method at a temperature of 120 °C with different synthesis times of 3, 6, 9 and
12 h, respectively. It was noticed that increasing growth time plays a crucial role in the
transformation of phases and morphologies. The systematic study was made of the effect of
growth time, the morphology and SSA of cobalt hydroxide carbonate nanorods. The
electrochemical characterization of cobalt hydroxide carbonate nanorods was investigated
using three-electrode configurations. After characterizing all the samples produced, it was
realized that the sample grown for the longest time of 12 h had shown the well-defined
compact nanorods, the highest specific surface area and the best electrochemical
performance. It was also established that the increase in growth time beyond 12 h resulted in
producing cobalt oxide with different electrochemical properties from the cobalt hydroxide

carbonates.
4.1.2 Results and Discussions

A detailed summary of the results of the analysis of hydrothermal synthesized cobalt
hydroxide carbonate nanorods and the effect of growth times on the electrochemical

performance is presented in the paper below.
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We present the time-dependent synthesis of cobalt hydroxide carbonate nanorods by hydrothermal
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capacitance as a function of different synthesis time. Morphological characterization of the cobalt hy-
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Rod: e snictire 2000 cycles at a current density of 10A g . Based on the above results, the cobalt hydroxide carbonate

Supercapacitor application

Electrode stability

nanorods show a considerable potential as electrodes materials for supercapacitor applications.

Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The development of alternative energy storage and conversion
devices with high power and energy densities, long lifetime as
well as large cycle number for solving critical energy and en-
vironmental issues has motivated intensive research by the global
scientific community to address the failing environmental issues
and the reduction of fossil fuels [1]. Supercapacitors (SCs) also
known as electrochemical capacitors or ultracapacitors have been
extensively researched in the field of energy storage due to their
higher power density than batteries and higher energy density
compared to conventional capacitors [2,3]. Beside these excep-
tional properties, supercapacitors also show excellent properties
such as long cycle life, rapid energy delivery and long stability as
compared to rechargeable batteries. SCs are currently being ap-
plied for use in electric vehicles, portable electronics, medical
devices, industrial lasers, military systems and wireless commu-
nication systems for uninterrupted service [4].

The storage capability and performance of supercapacitors to a
great extent depends on the nature of the electrode material [5].
They can be distinguished into three types according to their
charge storage mechanism. These include; (i) the electric double

* Corresponding author.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

http://dx.doi.org/10.1016/jjpcs.2016.03.004
0022-3697 /Crown Copyright © 2016 Published by Elsevier Ltd. All rights reserved.

layer capacitors (EDLCs) which are characterized with non-far-
adaic process and are mainly composed of carbon material elec-
trodes and their derivative as materials of choice, (ii) pseudoca-
pacitors (or faradaic capacitors) which store charge due to far-
adaic-type reactions and (iii) the hybrid capacitors which combine
the properties of electrodes with different charge storage behavior
i.e. an EDLC and faradaic type material. The resulting hybrid device
has properties of both a supercapacitor and a battery [6].

Some of the carbon materials reported in the literature include
activated carbon (AC), carbon nanotubes (CNTs), graphene [7] and
carbon nano onions (CNOs) [8]. Pseudocapacitive materials such as
transition metal oxides (i.e., RuO;, MnO,,Co304 NiO,) [9-12], con-
ducting polymers like polypyrrole (PPY), polyaniline (PANI) [13]
have proven to exhibit excellent specific capacitance as compared
to the EDLCs carbon-based materials. Among the transition metal
oxides, hydrous ruthenium dioxide (RuO;) has been considered to
be the most promising electrode material due to its multiple redox
states and good electrical conductivity [14,15]. Unfortunately, the
high cost and toxic nature of this noble metal is a big hurdle for
practical applications [16]. Therefore, much effort has been de-
voted to alternative cheap and environmentally friendly electrode
materials. Other nanoscale materials, such as nanotubes, nanorods,
and nanosheets have attracted a great deal due to their unique
physical properties and potential applications as important com-
ponents for devices such as supercapacitors at the nanoscale.
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Among transition metal oxides, cobalt oxide-based nano materials CO, + H,0 — CO%3~ + 2 H* )
such as cobalt hydroxide carbonate have attracted major research
interests as electrode material for energy storage in electro- NH, + H,0 — NH; + OH- 3)

chemical capacitors due to the fact that its morphology may be
effectively controlled by adjusting the interaction between the
positively charged layers and anions [17]. The cobalt hydroxide
carbonates (Coy(OH),CO3) have been successfully synthesized by
different methods. Zhao et al. [17] obtained 3D nanorods-based
urchin-like and nanosheets-based flower-like cobalt basic salt
nanostructures.Different morphologies of cobalt hydroxide na-
nostructures intercalated with carbonate anions such as nanorods
and nanowires, and sisal-like, dandelion-like, pinecone-like,
urchin-like and flower-like-structures [17-22] have been synthe-
sized using block copolymers or surfactants. However, these hy-
droxides carbonates materials have not been tested as electrode
materials for supercapacitor application. Only recently, Lu et al.
synthesized cobalt hydroxide carbonate derived from CoAl layered
double hydroxides. The electrochemical testing of this material as
supercapacitor revealed a high specific capacitance value owing to
the mesoporous nature of nanosheet structure [23].

In our previous work we looked into the influence of the ac-
tivated carbon on electrochemical properties of cobalt hydroxide
carbonate [24]. In this study cobalt hydroxide carbonate nanorods
were successfully synthesized using a hydrothermal method at a
temperature of 120 °C with different synthesis times of 3, 6, 9 and
12 h respectively. It is found that the cobalt hydroxide carbonates
with the morphology of nanorods exhibited the crystal structure
consisting of the mixture of both monoclinic and orthorhombic
phases. The results show that the variation of growth time plays a
crucial role in the transformation of phases and morphologies and
also a systematic increase of specific capacitance occurs with in-
creasing growth time. It is worth noting that further increase in
growth time changes the phase to cobalt oxide and the variation of
specific capacitance for electrodes based on cobalt oxide is totally
different and is not in the scope of this study.

2. Experimental section
2.1. Materials

Cobalt chloride hexahydrate (CoCl;-6H20, purity > 99.99%)
was purchased from Sigma-Aldrich. Nickel Foam was purchased
from (Alantum, Munich, Germany). Potassium hydroxide (KOH,
min 85%) and urea (purity > 98%) were purchased from Merck
(South Africa).

2.2. Synthesis technique

The growth procedure for the cobalt hydroxide carbonate was
similar to that reported in our previous work |24] which is mod-
ified from that of reference [25]. Briefly, CoCl2.6H20 (1.0 mmol)
and urea (1.0 mmol) were added to 20 mL of water and stirred for
10 min. The mixture was then transferred to a Teflon-lined stain-
less steel autoclave and kept at 120 °C for 3, 6, 9 and 12 h growth
times, respectively. After cooling to room temperature, the light-
pink product was washed several times with deionized water and
dried overnight in normal air at a temperature of 60 °C. The for-
mation of cobalt hydroxide carbonate involved a hydrolysis-pre-
cipitation process in which urea slowly provides both carbonate
and hydroxyl anions to form cobalt hydroxide carbonate [22]. The
main reactions in the system can be expressed as follows

H2NCONHz +H;0—-2 NH3+CO; (n

The formation of monoclinic cobalt hydroxide carbonate can be
formulated as:

2Co* + 20H™ + CO3~ = Coy(0H),CO, )

The formation of orthorhombic cobalt hydroxide carbonate can
be formulated as:

Co** +0.35C0% + 1.1 0H- + 02 CI + 1.74 H,0
~ €0 (CO4)035Clo; (OH), 1-1.74 H,0 )

2.3. Characterization techniques

The morphology of the prepared cobalt hydroxide carbonate
was investigated using the high-resolution Zeiss Ultra plus 55 field
emission scanning electron microscope (FESEM) operated at
2.0kV and transmission electron microscopy (TEM) carried out
with a JEOL JEM-2100F microscope operated at 200 kV (Akishima-
shi, Japan). X-ray diffraction (XRD) patterns of the samples were
collected using an XPERT-PRO diffractometer (PANalytical BV,
Netherlands) with theta/theta geometry, operating with a cobalt
tube at 35 kV and 50 mA. The surface area of the synthesized
materials was studied using the Barrett-Joyner-Halenda (BJH)
method from the desorption branch of the isotherm. Fourier
transform infrared (FT-IR) spectra of the cobalt hydroxide carbo-
nate were recorded using a Bruker Vertex 77 v FT-IR spectrometer.

24. Electrode preparation and electrochemical characterization

The electrochemical properties were investigated using a Bio-
Logic SP300 potentiostat (Knoxville TN 37,930, USA) in a three-
electrode configuration controlled by the EC-Lab™ V10.37 soft-
ware. The cobalt hydroxide carbonate material served as the
working electrode in a 6 M potassium hydroxide (KOH) electro-
lyte; glassy carbon plate was used as the counter electrode and Ag/
AgCl (3 M KCl) served as the reference electrode. The cobalt hy-
droxide carbonate electrode was prepared according to the fol-
lowing steps: 85 wt% of cobalt hydroxide carbonate was mixed
with 10 wt% carbon black and 5 wt% polyvinylidene difluoride
(PVAF) binder in an agate mortar. The mixture was then dissolved
with 1-methyl-2-pyrrolidinone (NMP) to form a paste. The
homogenous paste was coated onto a Ni foam current collector
and dried at 60 °C in an electrical oven for 8 h to ensure complete
evaporation of the NMP. The cyclic voltammetry tests were carried
out in the potential range of 0 to 045V (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 1.0 to 15Ag " and the electrochemical
impedance spectroscopy (EIS) measurements were done in the
frequency range of 100 kHz-10 mHz in open circuit voltage.

3. Results and discussion

XRD was used to analyse the crystal structure and phase
composition of the products obtained. Fig. 1(a) shows the XRD
patterns of the samples grown at 120 °C with growth time of 3, 6,
9 and 12 h, respectively. Typical diffraction peaks observed are
indexed to cobalt hydroxide carbonate phase using JCPDS card
number 29-1416 (Sys.: Monoclinic, S.G.: P2,/a, a: 9.368, b: 12.070
and ¢: 3.389) and JCPDS card number 48-0083, (Sys.: Orthor-
hombic, 5.G.: not available, a: 8.792, b: 10.150 and c: 4.433) which
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Fig. 1. (a) XRD patterns of samples grown for 3, 6, 9 and 12 h with the bottom panel showing standards for monoclinic and orthorhombic structures of cobalt hydroxide
carbonate, (b) XRD pattern of the cobalt oxide for sample obtained at 16 h reaction time with standard show at the bottom of data and (c) FTIR spectra of the samples

obtained after 3, 6, 9 and 12 h synthesis time for cobalt hydroxide carbonate.

are plotted at the bottom of the data, respectively. The XRD data
suggest that cobalt hydroxide carbonate preferentially grows in
the (110) and (001) low-index crystallographic direction hence
would lead to nanorods formation. The data further suggest that
the synthesized hydroxide carbonate nanorods are highly crys-
talline and have both monoclinic and orthorhombic crystal struc-
ture. The diffraction peaks are sharp, confirming that the sample is
well crystallized. Fig. 1(b) shows the XRD pattern of the cobalt
oxide phase as the growth time is increased to 16 h. All the dif-
fraction peaks observed are indexed to Co;04 using JCPDS card
number 42-1567 which is plotted at the bottom of the data.

FTIR spectra (Fig. 1(c)) of as synthesized cobalt hydroxides
carbonate samples were also recorded to ensure the chemical
composition of the sample. The peaks at 3793, 3744 and
3513 cm ' are due to the stretching vibrations of the O-H group of
molecular water and hydrogen-bond O-H groups which indicates

the presence of hydroxyl ions due to the metal-OH layer and/or
water in the crystal [20]. A shoulder at around 2367 cm ' is from
hydrogen bonding in the interlayer indicating the presence of in-
terlayer water molecules in cobalt hydroxide carbonate [17]. The
peak at 1620 cm ™ ' is due to the bending mode of water molecules
[17]. The peak at 1527 and 1503 cm™ ' are attributed to CO?" ions,
while the peak at 543 and 692 cm~ ' corresponds to the Co-0 vi-
brational modes, respectively [12,19,21].

The Morphology of the material significantly influences the
suitability of the material for supercapacitor application. Fig. 2
shows the FESEM microstructures of the as-prepared samples. The
morphology of the cobalt hydroxide carbonate obtained for 3 and
6h (Fig. 2(a) and (b) indicates that the product is mainly com-
posed of nanorods. However, these nanorods are loosely arranged.
This primary morphology evolves to chrysanthemum-like struc-
ture (see Fig. 2(c) and (d)) with increase in growth time. This new
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Fig. 2. Low and high magnification SEM images of the cobalt hydroxide carbonate nanorods obtained at 120 “C with different synthesis times: of (a) 3 h(b). 6 h.(c) 9h and

(d) 12 h respectively.

structure is compacted in a flower-like structure with low density
of loose nanorods compared to sample grown for shorter time.
This compact structure could improve the overall conductivity of
the material and positively impacts on its electrochemical
performance.

The morphology of the obtained cobalt hydroxide carbonates
nanorods obtained at 120 °C for 3, 6, 9 and 12 h was also examined
by TEM, as shown in Fig. 3. The images obtained confirmed the
interpretation of the SEM results. In other words, the synthesized
cobalt hydroxide carbonate shows nanorods-like structures that
are well defined when the growth time is increased.

The Brunauer-Emmett-Teller (BET) method was used to de-
termine the surface area of the samples and its pore size dis-
tribution. Fig. 4(a) and (b) show the N; gas isotherms and Pore size
distribution obtained using Barrett-Joyner-Halenda (BJH) method
respectively for the samples with synthesis time indicated in the
figures. The nitrogen adsorption-desorption isotherm of the cobalt

hydroxide carbonate show a type Ill adsorption-desorption with
H3 hysteresis isotherm behavior (Fig. 4(a)), indicating a weak in-
teraction between the N; adsorbent and the material. The specific
surface area (SSA) calculated is in the following order: 16.13, 16.87,
2295 and 32.69m?g~" for samples grown for 3, 6, 9 and 12 h,
respectively. BET results show systematic increase of SSA with
increase in the synthesis time with the sample grown for 12 h
possessing largest SSA which may favor a higher electrochemical
performance. Fig. 4(b) shows a concentration of pore volume
around 4 nm (see inset to Fig. 4(b)), suggesting that pores present
in this material are predominantly mesopores. The specific surface
area is more dependent on the pore structure which is related to
the morphology of prepared cobalt hydroxide carbonate. As ex-
plained above in the forming mechanism of cobalt hydroxide
carbonate, the material obtained after 3 h and 6 h is composed of
nanorods, whereas increasing growth time to 9 h and 12h the
structure evolves to chrysanthemum-like structure leading to
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Fig. 3. TEM images of the cobalt hydroxide carbonate nanorods obtained at 120 °C with different synthesis times of (a) 3 h, (b) 6 h, (¢), 9 h and (d) 12 h respectively.
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higher specific surface area. The high BET specific surface area and
porous structure of chrysanthemum-like structure cobalt hydro-
xide carbonate provide the possibility of efficient transport of
electrons and ions, which may result in high electrochemical ca-
pacity of these materials.

The sample grown for 12 h also exhibits the highest pore vo-
lume as depicted in Fig. 4b. To explore the potential application of
the material for energy storage, we fabricated and characterized
the electrodes made of the samples grown for different times, by
cyclic voltammograms (CVs). Fig. 5(a) illustrates the overlaid cyclic
voltammograms (CV) obtained in a three-electrode cell comparing
the cobalt hydroxide carbonate nanorods at various growth times
at scan rate of 50mV s~ ' in a potential window range of 0.0 to
0.45 V. All the electrode materials displayed redox peaks which are
derived from the oxidation of Co?* to Co** and its reverse me-
chanism, indicating their faradic capacitance contribution. The
peaks at 0.33V and 0.12V are related to the anodic and cathodic
peaks of the cobalt hydroxide carbonate nanorods material at a
scan rate of 50mV s~ '. It can also be clearly seen that the integral
area of the cyclic voltammogram of the sample for 12 h growth
time is the largest implying the highest specific capacitance. Fig. 5

(b) illustrates the overlaid galvanostatic charge discharge (GCD)
curves comparing the samples at different synthesis times of 3, 6,
9 and 12 h respectively at current density of 1 Ag~'. From these
results, the sample grown for 12 h still maintains longer discharge
time; suggesting better specific capacitance as compared to the
other electrode materials and this is in agreement with the results
from the CV. In fact, the specific capacitance of the electrode
materials was evaluated from the galvanostatic charge discharge
(GCD) curves using Eq. (6):

.. Dixit
27 mxav (6)

where / is the discharge current (A), tis the discharge time (s), m is
the mass of active material (g), AV is the potential range of dis-
charge (V), and Cj,, is the specific capacitance (Fg~').

As shown in Fig. 5(c) the specific capacitances of cobalt hy-
droxide carbonate nanorods for 3, 6, 9 and 12 h growth times were
found to be 208.0, 222.3, 456.0 and 466.0 Fg~' respectively, at
current density of 1 Ag~"'. This figure also shows systematic in-
crease of specific capacitance values with increase of the SSA as
the growth time is increased before the material is transformed
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into cobalt oxides at higher growth time of 16 h as shown in Fig. 1
(b). However, the highest specific capacitance reported here for
12 h sample is still lower than the value reported for mesoporous
cobalt hydroxide carbonate nanosheets that was derived from
CoAl layered double hydroxide [23]. As stated ‘earlier, there is a
strong relation between the morphology and the specific surface
area. Hence, the nanosheets structure reported in reference 23
could expose higher surface area than nanorod structure reported
here.This also confirms the highest SSA cobalt hydroxide carbo-
nate grown for 12 h as the sample with the highest specific ca-
pacitance in agreement with the observed electro analytic results
from CV. Because of the superior properties of the sample

synthesized at 12 h the detailed CV and charge-discharge curves of
this sample at a scan rates ranging from 5 to 100mVs ' and
current densities ranging from 1 to 15 A g~ was carried out and
the results are shown in Fig. 5(d) and (e) respectively. The shapes
of the CV curves shown in Fig. 5(d) demonstrate the faradic
characteristics. Globally, two pairs of broad and poorly defined
redox peaks are observed in the CV plots, which originate from the
faradaic redox reactions. The current is enhanced with the in-
creasing scan rate, while the shape of the CV curves remains
mainly unchanged, except for the small shift of the peak position,
thus revealing the prominent electrochemical reversibility and
relative high-rate performance. Fig. 5(e) shows the rate capability
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nanorods obtained at 120 °C for with 12 h synthesis time.

studies at current densities ranging from 1 to 15A g '. Each dis-
charge curve includes two clear voltage steps: a fast potential drop
from 0.45V to 0.25V and a voltage plateau from 0.25V to 0.16 V.
The voltage plateau at around 0.2 V suggests the typical faradic
characteristic which is in good agreement with the CV curves in
Fig. 5(d)

To further evaluate the electrochemical behavior of the cobalt
hydroxide carbonate nanorods electrochemical impedance spec-
troscopy (EIS) measurement was carried out at the potential of 0V
and the frequency between 10 mHz and 100 kHz as shown in Fig. 6
(a). From these data, several observations can be inferred from the
high to the low frequency regions which correspond to different
resistance phenomena during the electrochemical process. The
cobalt hydroxide carbonate grown for 12 h displayed a small so-
lution resistance R value (intercept to x-axis) of 0.69 Q (see inset
to the figure) as compared to the other samples. This small

Table 1
The SSA, Cer and R of cobalt hydroxide carbonate obtained at 120 °C with (3, 6,
9 and 12 h) growth time.

Growth time SSA (m?g") Cep(Fg')at1Ag’ Rs (02)
3h 16.13 208 0.76
6h 16.87 222 0.72
9h 2295 456 0.71
12h 32.69 466 0.69

resistance value combined with the short diffusion length dis-
played by this electrode material indicates the easiness of the
movement of ions and the charge transfer towards the electrode/
electrolyte interface. At the low frequency region, it is also ob-
served that the vertical line is inclined to the real axis suggesting a
deviation from the ideal [27] The R; values extracted for the dif-
ferent electrodes clearly indicated by the inset to Fig. 6(a) are ta-
bulated in Table 1 together with other parameters with show
systematic behavior with the growth time. The pattern shown in
the table is that the 12 h sample shows smallest solution re-
sistance R, which is the indication of good conductivity of this
sample as compared to others. Csp vs. the current density graph
displaying the performance of all the prepared electrode materials
is shown in Fig. 6(b). The 12 h sample still shows superior per-
formance in all current densities with 52% of capacitance retention
compared to only 44% for 9 h sample for instance.The sustain-
ability of the electrochemical performance of the cobalt hydroxide
carbonate electrodes at a high current density places these ma-
terials as good candidates for high power energy devices.

The stability of the electrode material is also a very important
characteristic for their application as energy storage devices. In
order to understand the stability of cobalt hydroxide carbonate
electrodes, the samples were subjected to 2000 cycles at the high
current density of 10A g~ and the result of the sample grown at
12 his shown in Fig. 7(a) as an example. No capacitance loss was
observed after 2000 cycles for the electrode, suggesting excellent
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stability for this material as faradaic material for energy storage.
The EIS measurements before and after cycling were compared in
Fig. 7(b) for sample grown at 12 h. From this intercept an R; value
of 0.74Q after cycling was obtained, representing barely 7% in-
crease from the initial Rs value before cycling. This shows that the
material did not deteriorate significantly during cycling. Further-
more, no significant increase in the diffusion length after 2000
cycles was observed.

4. Conclusion

In summary, the cobalt hydroxide nanorods have been syn-
thesized for different times; from 3 to 12 h. Different measure-
ments that have been done on these samples show systematic
improvements of the results as function of increasing reaction
time. These range from surface morphology features to electro-
chemical properties where the sample grown for the longest time
of 12 h had shown the well-defined compact nanorods, the highest
specific surface area and the best electrochemical performance.
Some of these parameters that clearly show superiority of 12 h
sample over other samples, which represent the highest growth
time to preserve cobalt hydroxide carbonate phase before the
sample transforms to cobalt oxide, are summarized in Table 1 It is
clear that 12 h growth time mark the best synthesis time for the
cobalt hydroxide carbonate materials for their applications in en-
ergy storage with superior specific capacitance of 466 Fg~' at
current density of 1 Ag~! and a capacity retention of 99% after
2000 cycles at a current density of 10A g~ before it transforms
into cobalt oxide at higher synthesis time The excellent electro-
chemical performance coupled with the low cost and simple
preparation process renders this material very promising for
practical application as supercapacitor device.
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Cobalt hydroxide carbonate nanorods were successfully synthesized using a hydrothermal

method at a temperature of 120 °C with different synthesis times from 3 t012 h to adjust their

morphological properties. The morphologies of cobalt hydroxide carbonate showed

systematic improvements as function of reaction time. Cobalt hydroxide carbonate nanorods
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synthesized with 12 h reaction time exhibited the highest specific capacitance of 466 F g™ at
current density of 1 A g™* and capacity retention of 99 % after 2000 cycles at a current density
of 10 A g™ before the material transformed into cobalt oxide at high reaction time. These
results suggest that cobalt hydroxide carbonate nanorods with the low cost and simple

preparation process can be the promising electrode materials for supercapacitor application.

4.2 Preparation and Electrochemical Investigation of the Cobalt
Hydroxide Carbonate/Activated Carbon Nanocomposite for

Supercapacitor Applications.

4.2.1 Introduction

In section 4.1.1., cobalt hydroxide carbonate nanorods were successfully synthesized using a
hydrothermal method at a temperature of 120 °C with different synthesis times from 3 to12 h
to adjust their morphological properties. These section present results obtained when
activated carbon (AC) was incorporated to cobalt hydroxide carbonate using a hydrothermal
method at a temperature of 120 °C for 6 h to produce cobalt hydroxide carbonate/AC
composites.

The reason for adding activated carbon is due to the fact that hydroxides normally suffer from
poor electrical conductivity and low electrochemical stability, while carbon materials are
known to have good electrical conductivity and electrochemical stability, so the synergy
between the two materials should improve the electrochemical properties of the composite
material. Therefore, the electrochemical performance of cobalt hydroxide carbonate can be
improved by combining with three dimensional porous carbon materials to form a composite
to increase the conductivity as well as the electrochemical properties of cobalt hydroxide
carbonate. Porous carbon materials such as activated carbon (AC) have been used as

electrode materials in the production of EDLCs due to their good electrical conductivities,
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long cycle-life and large surface area. Based on this suggested concepts, hydrothermal
method was used to synthesize cobalt hydroxide carbonate nanorods in the presence of
activated carbon (AC) (from Polyvinyl alcohol PVA and graphene foam) denoted as AGF to
obtained cobalt hydroxide carbonate/AC composites. This method showed that the
synthesized cobalt hydroxide carbonates confirmations nanorods shape-like structure and that
there is constant coverage of the AC by such nanorods. The morphological, structural and
electrochemical properties of the synthesized cobalt hydroxide carbonate/AC composites

were studied.

4.2.2 Results and Discussions

Detailed information on results obtained from this work is presented in the paper below.
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Cobalt hydroxide carbonate/activated carbon (AC) composite was successfully synthesized by hydro-
thermal method. Morphological characterizations of cobalt hydroxide carbonate/AC composite were
carried out by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), and the
results show that the cobalt hydroxide carbonate nanorods are well dispersed on the AC. Due to the
synergistic effects arising from cobalt hydroxide carbonate nanorods and AC, the electrochemical per-
formances of pure cobalt hydroxide carbonate material is significantly improved by the addition of AC.
The composite shows a specific capacitance of 301.44 Fg ' at a current density of 1 Ag ' in 6 M KOH
electrolyte and exhibits good cycling stability. Based on the above results, the cobalt hydroxide carbo-
nate/AC composite shows a considerable promise as electrode for electrochemical applications.

Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, electrochemical capacitors (ECs) have attracted
much more interests due to their distinctive properties like high
power density, good reversibility, and wide energy storage appli-
cations |[1-4]. ECs are novel power devices, which lie between
batteries and conventional dielectric capacitors in terms of energy
and power densities with applications in computer power back-
up, electric vehicles and power electronics. The major aim of de-
veloping ECs materials is to improve on the energy density of the
device without sacrificing the high power density and long cycle
life. Electrical double layer capacitor (EDLC) is a very attractive
energy storage device because, besides its high power density, it is
maintenance-free, has long-life operation, quick charge-discharge
rate, and is environmentally friendly energy technology. In gen-
eral, the performance of ECs strongly depends on the electrode
materials used in its fabrication [5]. Carbon-based materials are
ideal electrode materials for ECs owing to their low price,
high charge/discharge rate, and quite stable physicochemical

* Corresponding author. Fax: +27 12 420 2516.
E-mail addresses: moureenmasikhwa@gmail.com (TM. Masikhwa),
dangbegnon01@googlemail.com (LK. Dangbegnon),
bellohakeem@gmail.com (A. Bello), jack. madito@gmail.com (M.]. Madito),
dymomodu@yahoo.com (D. Momodu), ncholu.manyala@up.ac.za (N. Manyala).

http://dx.doi.org/ 10,1016/j.jpcs.2015.09.015

0022-3697/Crown Copyright © 2015 Published by Elsevier Ltd. All rights reserved.

properties. Typical electrode materials for EDLCs are activated
carbon, graphene, carbon nanotubes, etc. [G). In particular, carbon
nanotubes have high electrical conductivity but a relatively low
surface area, which causes a drastic drop in EDLC performance [7].
Graphene known for its high surface area and good surface ex-
posure to electrolytes, has been recognized as an excellent com-
ponent for supercapacitors. Nevertheless, other materials such as
conductive polymers [8,9] and metal oxides [10,11] have been
widely studied for ECs applications due to their unique properties
such as high inherent capacitance [8,12].

Recently, three dimensional porous carbon materials have be-
come attractive and are frequently used as electrode materials in
the fabrication of EDLCs due to their good electrical conductivities
and large surface area [13-17]. For examples Zhu et al. have pro-
duced carbon materials by microwave-assisted expansion of gra-
phene oxide (a-MEGO) with exceptional properties. This material
demonstrated excellent electrochemical properties in ionic elec-
trolytes [2,18]. On the other hand faradaic materials utilize redox
reaction to store charges at the surface or near surface region of
the electrode materials [19]. Commonly used faradaic materials
are transition metal oxides (TMOs) and conducting polymers (CPs)
[20-25].

Cobalt hydroxide carbonate is considered as faradaic material
and has attracted particular attention among researchers in recent
years because of its unique properties such as easy synthesis route
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and various morphologies [26-28]. Recently, different morpholo-
gies of cobalt hydroxide nanostructures intercalated with carbo-
nate anions have been synthesized using block copolymers or
surfactants. Such structures include: nanorods and nanowires, si-
sal-like, dandelion-like, pinecone-like, urchin-like and flower-like
nanostructures [26-31]. Cobalt hydroxide carbonate is considered
to be a suitable candidate for ECs applications due to its good
electrochemical activity, low cost raw material and environmental
friendly amongst other faradaic materials |32]. However, the spe-
cific capacitance of pure cobalt hydroxide carbonate is still low
compared with other TMOs [33-36].

In this work, pure cobalt hydroxide carbonate and cobalt hy-
droxide carbonate/AC composite are synthesized by hydrothermal
method. The AC material was added to improve on the electro-
chemical performance of the pure cobalt hydroxide carbonate. The
composite exhibited a specific capacitance of 30144Fg~" at a
current density of 1Ag~"' in 6 M KOH electrolyte and showed
excellent long cycle life of ~95.6% capacitance retention after 1000
cycles.

2. Experimental
2.1. Materials

Cobalt chloride hexahydrate (CoCl;.6Hz0, purity > 99.99%),
Hydrochloric acid (HCI, = 32%) and Polyvinyl alcohol (PVA, 99 +%
hydrolyzed) were purchased from Sigma-Aldrich. Nickel Foam was
purchased from (Alantum, Munich, Germany). Potassium hydro-
xide (KOH, min 85%) and urea (purity = 98%) were purchased from
Merck (South Africa).

2.2. Synthesis of cobalt hydroxide carbonate

CoCly-6H20 (1.0Ommol) and urea (1.0 mmol) were added to
20 mL of water and stirred for 10 min. The homogeneous mixture
was then transferred to a Teflon-lined stainless steel autoclave and
kept at 120 °C for 6 h. After cooling to room temperature the light-
pink powder was washed with deionized water and dried at 60 °C.
The growth mechanism of this material involves a hydrolysis-
precipitation process in which urea can slowly provide both car-
bonate and hydroxyl anions to form cobalt hydroxide carbonate
[28]. The main reactions in the system can be expressed as
follows:

H2NCONH2+H20 -2 NH3+ CO; (1

CO2+H,0-CO3 +2H* (2)

NH3 +H20 - NH4* +0H~ (3)
The formation of cobalt hydroxide carbonate can be formulated

ds:

2C0?* +20H +C03" «— Coy(OH);CO4 (4)

2.3. Synthesis of cobalt hydroxide carbonate/activated carbon

Activated carbon used for the production of the composite
material was prepared as follows [37,38]: graphene foam (GF) and
polyvinyl alcohol (PVA) were used as starting materials for the
production of the hydrogel, which was subsequently used to
produce porous carbon material after the activation process. GF
was prepared by chemical vapor deposition (CVD) onto a catalytic
nickel foam as reported in our previous work [39]. The three di-
mensional hydrogel was synthesized via a hydrothermal process.

Briefly, 100 mg of the GF was dispersed in 10 ml of polyvinyl al-
cohol (PVA) in a vial glass by ultrasonication followed by the ad-
dition of 1.5 ml of hydrochloric acid (HCl) as cross linker. The re-
sultant mixture was transferred into a 150 ml Teflon-lined auto-
clave vessel and kept at 190 °C for 12 h [40]. After cooling to room
temperature the hydrogel was washed several times with deio-
nized water and dried for 6 h. The as-prepared hydrogel was then
soaked in an aqueous KOH solution for 24 h. The KOH/hydrogel
mass ratio was 7. The hydrogel was then placed in a horizontal
tube furnace which was heated ramped from room temperature to
800 °C at a ramping rate of 10 °C/min under argon gas flow. The
hydrogel was kept at this temperature for 1h to complete si-
multaneously activation and carbonization processes. This proce-
dure transforms the hydrogel into carbon material consisting of a
continuous pore network distribution. The activated material was
neutralized with 0.1 M HCI, washed with deionised water and
dried at 120 °C for 12 h.

The cobalt hydroxide carbonate/activated carbon composites
were prepared using a hydrothermal reduction technique. Typi-
cally, 15 mg of prepared AC was dispersed in 20 ml of water by
ultrasonication for 12 h at room temperature. Then CoCl,-6H,0
(1 mmol) and urea (1.0 mmol) was added to the AC dispersion and
the mixture was stirred for 10 min. The obtained solution was then
transferred to a Teflon-lined stainless steel autoclave and kept at
120 °C for 6 h. After naturally cooling to room temperature, the
product was washed with deionized water and dried at 60 °C for
6h.

24. Structure and morphology characterization

The morphology of the prepared cobalt hydroxide carbonate
and cobalt hydroxide carbonate/AC was investigated using the
high-resolution Zeiss Ultra plus 55 field emission scanning elec-
tron microscope (FESEM) operated at 2.0 kV. Transmission elec-
tron microscopy (TEM) was carried out with a JEOL JEM-2100F
microscope operated at 200 kV (Akishima-shi, Japan). X-ray dif-
fraction (XRD) patterns of prepared materials were collected using
an XPERT-PRO diffractometer (PANalytical BV, Netherlands) with
reflection geometry at 26 values ranging from 30° to 90° with a
step size of 0.01°. Co K1« radiation with a wavelength of 1.7890 A
was used as X-ray source and the X-ray tube was operated at 50 kV
and 30 mA. The surface area of the synthesized materials was
studied using Barrett-Joyner-Halenda (BJH) method from the
desorption branch of the isotherm. Fourier transform infrared
(FTIR) spectra of the cobalt hydroxide carbonate and cobalt hy-
droxide carbonate/AC were recorded using a Bruker Vertex 77v
FTIR spectrometer.

2.5. Electrode preparation and electrochemical characterization

The electrochemical properties were investigated in a three-
electrode configuration using a Bio-Logic VMP300 potentiostat
(Knoxville TN 37930, USA) controlled by the EC-Lab™ V10.37
software. The cobalt hydroxide carbonate and cobalt hydroxide
carbonate /AC materials served as working electrodes in a 6 M KOH
aqueous electrolyte, while glassy carbon plate was used as the
counter electrode and Ag/AgCl (3 M KCl) as the reference elec-
trode, respectively. The electrode materials were prepared ac-
cording to the following steps: 85 wt% of the material was mixed
with 10wt% of carbon black and 5 wt% of polyvinylidene di-
fluoride (PVdF) binder in an agate mortar. The mixture was then
dissolved with 1-methyl-2-pyrrolidinone (NMP) to form a paste.
The homogenous paste was coated onto a Ni foam current col-
lector and dried at 60 °C in an electrical oven for 8 h to ensure
complete evaporation of the NMP. The cyclic voltammetry tests
were carried out in the potential range of 0 to 0.45 V (vs. Ag/AgCl)
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at different scan rates ranging from 5 to 100 mV s~ '. The galva-
nostatic charge-discharge measurements were performed at var-
ious current densities from 1 to 15A g~ " and the electrochemical
impedance spectroscopy (EIS) measurements were performed in
open circuit within the frequency range of 100 kHz to 10 mHz.

3. Results and discussion

XRD was used to analyze the crystal structure and phase
composition of the products obtained. Fig. 1(a) shows the XRD
patterns of the cobalt hydroxide carbonate and the composite
material. Typical diffraction peaks observed are indexed to cobalt
hydroxide carbonate phase using JCPDS card number 29-1416
(Sys.: Monoclinic, S.G.: P2,/a, a: 9.368, b: 12.070 and c: 3.389) and
JCPDS card number 48-0083 (Sys.: Orthorhombic, S.G.:, a: 8.792, b:
10.150 and c: 4.433). Both patterns are exactly the same which
suggest that addition of AC does not alter the crystal structure of
the cobalt hydroxide carbonate material composite. The XRD data
suggest that cobalt hydroxide carbonate preferentially grows in
the (110) and (001) low-index crystallographic direction. The data
further suggests that the synthesized cobalt hydroxide carbonates
are highly crystalline and have both monoclinic and orthorhombic
crystal structure. Fig. 1(b) shows the FTIR spectra of cobalt hy-
droxide carbonate with and without activated carbon. The peaks at
3793, 3744 and 3513 cm ' are due to the stretching vibration of
the O-H group of molecular water and of hydrogen-bound O-H
groups which indicates the presence of hydroxyl ions due to the
metal -OH layer and/or water in the crystal [26]. A shoulder peak
at around 2367 cm ! is from hydrogen bonding in the interlayer
indicating the presence of interlayer water molecules in cobalt
hydroxide carbonate, but the cobalt hydroxide carbonate/activated
carbon composite does not show this absorption [30]. This sug-
gests that the presence of AC in cobalt hydroxide carbonate breaks
the hydrogen bonding that carries the interlayer water molecules.
The peak at 1620 cm ™' is due to the bending mode of water
molecules [41]. The peak at 1527 and 1503 cm ! are attributed to
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C0%" ions, while the peak at 543 and 692 cm ! corresponds to the
Co-0 vibrational modes, respectively [26,30]. Fig. 2 shows the
morphology of the cobalt hydroxide carbonate with and without
activated carbon. Fig. 2(a) and (b) display SEM images of cobalt
hydroxide carbonate nanorods synthesized by hydrothermal at
120 °C for 6 h at different magnifications. The morphology of the
cobalt hydroxide carbonate nanorods synthesized by the hydro-
thermal technique indicates that the product is homogenously
composed of nanorods. Fig. 2(¢) and (d) shows SEM images of
cobalt hydroxide carbonate/AC composite at low and high mag-
nifications, respectively. The micrographs show the successful
mixture of the cobalt hydroxide carbonate nanorods with acti-
vated carbon to form the cobalt hydroxide carbonate/activated
carbon composite. It can be seen that the rod-like structure of the
cobalt hydroxide carbonate uniformly covers the irregular bulk
porous cavities of the activated carbon showing the synergy of
growth between both materials.

The morphology of the obtained cobalt hydroxide carbonates
with and without activated carbon particles were also examined
by TEM, as shown in Fig. 3. The results confirmed the SEM results
from Fig. 2 that the synthesized cobalt hydroxide carbonate shows
nanorod shape-like structure and that there is uniform coverage of
the AC by such nanorods. In general, the surface area of a material
is closely related to its morphology and since the capacity of the
electrode material is significantly influenced by its surface area,
the observed morphology of rods could be a key factor that could
influence the electrochemical performance of the composite
electrode material. The Brunauer-Emmett-Teller (BET) method
was used to determine the surface area of both materials and their
pore size distribution. Fig. 4 shows the N, gas isotherm and pore
size distribution of both materials which were obtained using
Barrett-Joyner-Halenda (BJH) method. The nitrogen adsorption-
desorption isotherm of the cobalt hydroxide carbonate show a
type Il behavior (Fig. 4(a)), indicating a weak interaction between
the N, adsorbent and the material. Furthermore, Fig. 4(b) shows a
concentration of pore volume around 4 nm, suggesting that pores
present in this material are predominantly mesopores. On the
other hand, the N, adsorption-desorption isotherm of the cobalt
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Fig. 1. (a) XRD patterns with standard JCPDS card numbers 48-0083 and 29-1416 be shown and (b) FTIR spectra of cobalt hydroxide carbonate and cobalt hydroxide

carbonate/AC composite.
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Fig. 2. (a) and (b) SEM images of cobalt hydroxide carbonate at low magnification and high magnification respectively; and (c) and (d) SEM images of cobalt hydroxide

carbonate /AC composite at low magnification and high magnification respectively.

hydroxide carbonate/AC presents (Fig. 4(c¢)) a typical type Il ad-
sorption-desorption with H4 hysteresis isotherm that characterize
complex materials containing micropores and mesopores. At high
pressure, the inflection point occurs near completion of the first
monolayer. The presence of micro- and mesopores in the com-
posite material is supported by Fig. 4(d) where a concentration of
pore volume is observed around 5 nm. Furthermore, the increased
pore volume for diameter (d <2 nm) indicates the presence of
micropore in this material. The formation of micropore in the
composite can be attributed to the addition of AC to the cobalt
hydroxide carbonate material. The specific surface area (SSA) cal-
culated for the cobalt hydroxide carbonate was 161 m’g~"
whereas the composite material exhibits a higher SSA value of
164.3 m? g . This value is one order of magnitude higher than
that of cobalt hydroxide carbonate alone. The BET results indicate
that cobalt hydroxide carbonate nanorods/AC possesses larger SSA
than cobalt hydroxide carbonate nanorods alone and has addi-
tional micropores volume, which may favor a higher electro-
chemical performance.

Cyclic voltammetry (CV) measurements were used to under-
stand the macroscopic electrochemical surface reactions at the
electrode material during operation. Fig. 5(a) shows the CV curves

obtained in a three-electrode cell for the cobalt hydroxide carbo-
nate and cobalt hydroxide carbonate/AC composite at scan rate of
50mVs~' in a potential range of 0.0-0.45 V. For the cobalt hy-
droxide carbonate nanorods, two redox peaks corresponding to
anodic and cathodic at ~0.1 and ~0.3V vs. Ag/AgCl are clearly
observed indicating that the measured capacitance can be attrib-
uted to a redox mechanism [42,43]. Therefore the anodic peak is
due to the oxidation of Co** to Co** whereas the cathodic peak is
due to the reverse process. The composite also exhibits similar
peaks which have shifted from the initial values when compared
to the pure sample. This is attributed to the presence of the AC
which might induce a shift in the peaks positions. Also the com-
posite exhibits a better capacitive behavior as observed by the
higher current response and hence the detailed measurements
will be made on it. Fig. 5(b) shows the CV curves of the cobalt
hydroxide carbonate/AC at the scan rates of 5, 10, 20, 50 and
100 mV s~ '. No intrinsic shape change is observed from these CV
curves as the scan rate increases from 5 to 100 mV s~ ' implying a
good high-current capability. The small shifts in both cathodic and
anodic peak potentials are considered to have a direct relationship
with internal resistance of the electrode.

The applicability of ECs electrode can be directly evaluated by

Fig. 3. TEM images of (a) cobalt hydroxide carbonate; (b) cobalt hydroxide carbonate/AC composite.
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Fig. 5. (a) CV of cobalt hydroxide carbonate and cobalt hydroxide carbonate/AC composite at scan rate of 50 mV s, (b) CV of cobalt hydroxide carbonate/AC composite at
scan rates of 5-100 mV s~ '; (¢) Galvanostatic charge-discharge of cobalt hydroxide carbonate/AC composite at current densities of 1-15 A g~ ': (d) specific capacitance of
cobalt hydroxide carbonate and cobalt hydroxide carbonate/AC composite electrode versus current densities.

means of the galvanostatic charge-discharge method. Fig. 5
(¢) shows the galvanostatic charge/discharge curves of cobalt hy-
droxide carbonate/AC electrode at different current densities
within a potential range of 0-0.45 V. Each discharge curve includes

two clear voltage steps: a fast potential drop from 0.45 V to 0.25V
and a voltage plateau from 0.25 V to 0.16 V. The voltage plateau at
around 0.2 V suggests the typical faradic characteristic which is in
good agreement with the CV curves in Fig. 5(b). Fig. 5(d) shows the
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comparison of specific capacitance of hydroxide carbonate with
and without AC as a function of current density. The composite
shows superior specific capacitance as compared to pristine
sample for all current densities measured which supports what is
observed in Fig. 5(a). The specific capacitance decreases with in-
creasing current density due to the increment of voltage drop,
polarization effect and less utilization or insufficient access by the
electrolyte ions to the active material during redox reaction under
higher current densities [44).

The specific capacitance of the cobalt hydroxide carbonate with
and without AC electrodes was calculated from charge-discharge
using the Eq. (5).

_ Ixt
7 mx av 5)

where / is the discharge current (A), t is the discharge time (s),
m is the mass of active material (g), AV is the potential range of
discharge (V). and Cs, (F/g) is the specific capacitance. A specific
capacitance of 301 Fg~' is obtained for cobalt hydroxide carbo-
nate/AC composite compared with a much lower specific capaci-
tance value of 253 Fg~ ' for pristine cobalt hydroxide carbonate at
a current density of 1 Ag~". This represents a great improvement
on the specific capacitance of cobalt hydroxide electrode material
when compared with earlier studies [45,46]. In fact, Tan et al. re-
ported a Cy, value of 166.7 F g~ ' at a current density of 1A g~ ' for
synthesized hierarchical sisal-like cobalt hydroxide [45]. Xu et al.
synthesized triangle taper-like cobalt hydroxide and cobalt oxide
and reported a Cy, value of 91.5Fg " at a scan rate of 5mVs ™!
[46]. This shows that the material presented in this work elec-
trochemically outperforms those reported in previous works. This
could be due to compact structure with less loosely nanorod
density and also to the improved conductivity of the composite
material when AC was added to the metal hydroxide material.
Furthermore, G, value of 385Fg ™" at a high current density of
10A g~ " was reported by Ji et al. [47], for hierarchical CoCO3/CoO
nanostructure. This excellent electrochemical performance was
due to the ordered structure used in their work. Such a perfor-
mance could be forseen for our material if an ordered structure is
successfully synthesized.

In order to investigate the electrode/electrolyte interface be-
havior in detail, EIS measurements were employed at open circuit
potentials to further evaluate the electrochemical behavior for the
cobalt hydroxide carbonate and cobalt hydroxide carbonate/AC
composite electrodes at a frequency range of 10 mHz to 100 kHz.
Fig. 6(a) shows the Nyquist plots of the cobalt hydroxide carbonate
with and without AC electrodes and the inset to the figure shows
the equivalent series resistance (ESR - the combined resistance of
electrolyte, intrinsic resistance of substrate and contact resistance
at the active material/current collector interface) obtained at the
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Table 1
The R, and Ry parameters of cobalt hydroxide carbonate and cobalt hydroxide
carbonate/AC electrodes obtained from the Nyquist plot fitting.

Electrode R. (Q) Rcr ()
Cobalt hydroxide carbonate 0.62 091
Cobalt hydroxide carbonate/AC 0.39 1.00

intercept of Z axis (real part of the impedance) of 0.39 Q for
composite which is much smaller than that of the bare cobalt
hydroxide carbonate electrode (0.62 €2), indicating a lower diffu-
sion resistance and charge-transfer resistance. However, slightly
tilted vertical lines from the EIS of both materials are seen which
indicate a deviation from pure capacitive behavior of the cobalt
hydroxide carbonate and composite materials but also suggesting
low diffusion resistance of ions within the structure of the mate-
rial. Fig. 6(b) shows the data with the fitting curve obtained using
the equivalent circuit shown as inset to the figure. The fitting was
performed using a ZFIT software that applies the complex non-
linear least-square (CNLS) method [48]. The corresponding fitting
parameters are listed in Table 1 for both materials. In the circuit
used for fitting the data, the equivalent series resistance, Rg is in
series with the constant phase element Q, W, Ry and C. The small
semi-circular arcs in the high-mid frequency is modeled by a
charge transfer resistance Ry and Q the constant phase element
which is responsible for the capacitance of the composite material
and are connected in parallel to each other. C denotes the capa-
citance which arises as a result of the faradaic charge transfer
process taking place during the electrochemical measurement and
is in series with the charge transfer resistance R¢r. At these low
frequencies, the current flowing through the composite electrode
material has resistance and Warburg impedance characteristic
element denoted by W which is expressed as W = ﬁ where A is

the Warburg coefficient, @ is the angular frequency. In the Nyquist
plots the inclined portion of the curve at the lower frequencies
where the Warburg impedance, W, dominates, the phase angle is
45°. This is caused by the diffusion/transport of OH ~ ions within
the pores or surface of cobalt hydroxide carbonate/AC electrode
during the redox reaction.

The cyclic stability of the electrode materials is an essential and
important parameter to rank the performance of the materials for
energy storage applications. Fig. 7(a) shows the electrochemical
stability and the life-cycle of the cobalt hydroxide carbonate/AC
electrode at a high current density of 4 Ag~" for 1000 cycles The
capacitance retention of the cobalt hydroxide carbonate/AC elec-
trode material after 1000 cycles is 95.6%. This is an indication that
the addition of activated carbon to the cobalt hydroxide carbonate
matrix has a long-term electrochemical stability and a high degree
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Fig. 6. (a)EIS plots of cobalt hydroxide carbonate and cobalt hydroxide carbonate/AC composite (the inset to the Figure is magnified high frequency region of the EIS), (b) EIS

carbonate /AC ¢

plot of cobalt hydroxid:

fitted with the circuit shown in the inset to the Figure.
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Fig. 7. (a) Capacitance retention of the cobalt hydroxide carbonate/AC for 1000 cycles at 4 Ag~' (the inset shows the 200 cydic charge-discharge curves) and (b) Nyquist
plots of the cobalt hydroxide carbonate/AC electrode before and after 1000 charge-discharge cycles.

of charge-discharge reversibility since it is known that oxide
materials generally have low cycle stability. The capacitance re-
tention upon electrochemical cycling could be strongly attributed
to the nature of porous cobalt hydroxide carbonate/AC composite,
having high surface area, pore volume, and complete utilization of
electrode material. Fig. 7(b) shows the Nyquist plots of the cobalt
hydroxide carbonate/AC before and after the last cycle recorded in
the frequency range of 100 kHz to 10 mHz. Both plots show partial
semi-circular arcs with R; values of 0.39 and 0.44 Q before and
after cycling, respectively. These R values are quite similar and
hence showing that the electrode material didn't deteriorate much
during cycling.

4. Conclusion

In summary, electrodes of cobalt hydroxide carbonate with and
without activated carbon (AC) were prepared by a facile and ef-
fective hydrothermal method. The incorporation of AC into the
cobalt hydroxide carbonate clearly improved the electrochemical
response of the composite electrode. This was indicated by the
significant increase of both SSA and specific capacitance from
327m?g " and 253Fg ' (at 1Ag~") for cobalt hydroxide car-
bonate to 1643 m?g ' and 3014Fg ' (at 1Ag ") for cobalt
hydroxide carbonate with AC coupled with very good capacitance
retention of 95.6% over 1000 charge-discharge cycles of the
composite. The good electrochemical performance coupled with
the low cost and simple preparation process depicts cobalt hy-
droxide carbonate/AC as promising electrodes for ECs application.
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Cobalt hydroxide carbonate/AC composite electrode was successfully synthesized by

hydrothermal method. The result revealed that fabricating AC with the cobalt hydroxide

carbonate clearly improved the surface area and electrochemical performance of the

composite electrode. This was indicated by the increase of both SSA and specific capacitance

from 32.7 m°g™ and 253.2 Fg™ (at 1 Ag™) to 164.3 m”g™ and 301.4 Fg™ (at 1 Ag™) for both

pristine cobalt hydroxide carbonate and the composite with AC respectively accompanied by

excellent constant coulombic efficiency of 95.6 % after 1000 charge-discharge cycles at

current density of 4 A g*. These results showed that cobalt hydroxide carbonate/AC

composite electrode could be the promising candidate as electrode material for high-

performance supercapacitors.
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4.3 High Performance Asymmetric Supercapacitor Based on CoAl-
LDH/GF and Activated Carbon from Expanded Graphite

4.3.1 Introduction

Having established that the cobalt based hydroxides can be such good materials for
electrochemical capacitors application, we then considered the synthesis of cobalt based
double layered hydroxides (LDH) composite with carbon materials. This was motivated by
the previous study that showed that the addition of carbon material into hydroxides indeed
improved both their specific surface area and electrochemical performance. In this study the
composite of CoAl-LDH with graphene foam (GF) was considered and the asymmetric
supercacitor device was produced with CoAl-LDH/GF as the positive electrode and AC
carbon synthesized from expanded graphite as negative electrode.

Asymmetric supercapacitors involving different materials as cathode and anode (such as
faradic and EDLC materials) have been found to be an effective way of increasing the energy
density of supercapacitor due to the fact that combines the properties from the faradic
material cathode with that of the electric double layer anode which normally have different
potential windows in the three electrode measurements. The importance of assembling an
asymmetric cell is to use electrode materials which are stable in different potential windows
in the same electrolyte in order to increase the full cell voltage. Therefore, this will enhance
the device energy density because the energy density depends on potential window squared
[4].

Layered double hydroxides (LDHSs) containing transition metals have attracted remarkable
attention because of their unique structural anisotropy, high specific capacitance, low cost
and environmentally friendly nature, tunable composition, flexible ion-exchangeability [5,6].
CoAl-LDH ,with divalent Co®* ion and trivalent AI** ion is one of the most commonly
studied LDHs which could contribute to the faradaic redox reaction due to the conversion
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Co** to Co®* and vice versa [7]. Nevertheless, the relatively low conductivity restrains
electron transfer, causing in poor high rate charge and discharge capability and therefore
influences the performance of these electrode materials. Therefore, a hybrid electrode which
incorporates LDH on high-surface conducting materials is alleged as a supreme method to
enhance electrochemical performance of such material. Based on the above investigation, the
graphene-composite can significantly improve the electrochemical properties due to its large
surface area, high thermal/chemical stability and high electrical conductivity [7]. Previous
study showed supercapacitor behavior of electrostatic self-assembly reduced graphene
oxide/CoAl-LDH nanocomposites improved the capacitive performance of the electrodes due
to the fact that electrostatic self-assemble behavior between CoAIl-LDH-NS and RGO
nanosheets can prevent the agglomeration of RGO [8].

In this section CoAl-LDH and CoAl-LDH/graphene foam (GF) were synthesized using a
facile and environmentally friendly hydrothermal technique. The CoAl-LDH was well
dispersed in the graphene foam matrix which is essential for providing the necessary surface
area required for efficient charge transport and storage. An asymmetric supercapacitor was
fabricated using CoAl-LDH/GF composite and activated carbon derived from expanded
graphite (AEG) as cathode and anode electrodes respectively in a 6 M KOH aqueous
electrolyte. The choice of the AEG as the anode material was informed by its extended
potential window and its excellent electrochemical stability as reported in the study by

Barzegar et. al [9].
4.3.2 Results and Discussion

The result of asymmetric cell made from CoAIl-LDH/GF// AEG is presented in the paper

below.
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An asymmetric supercapacitor fabricated with a CoAl-layered double hydroxide/graphene foam (LDH/GF)
composite as the positive electrode and activated carbon derived from expanded graphite (AEG) as the
negative electrode in aqueous 6 M KOH electrolyte is reported. This CoAl-LDH/GF//AEG cell achieved
a specific capacitance of 101.4 F g~* at a current density of 0.5 A g~ with a maximum energy density as
high as 28 W h kg~* and a power density of 1420 W kg~*. Furthermore, the supercapacitor also exhibited
an excellent cycling stability with ~100% capacitance retention after 5000 charging-discharging cycles
at a current density of 2 A g~*. The results obtained show the potential use of the CoAl-LDH/GF//AEG
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Introduction

Electrochemical capacitors (ECs), also called supercapacitors or
ultracapacitors, have attracted much attention in the automo-
tive and consumer electronics industry due to their high power
density and long cycle life."™ Recent efforts have been focused
on supercapacitors due to their characteristic high specific
power density, fast charge-discharge rates, longer cycle life,
lower maintenance cost, safe operation, and environmental
friendliness.** Such exciting properties make them suitable for
a variety of applications such as in portable electronics, mobile
communications, hybrid electric vehicles, memory backup
systems, and military devices, where high power density,
excellent reversibility and long cycle life are very much desir-
able.”"* Supercapacitors can be divided into three types
depending on the charge storage mechanism namely; electrical
double-layer capacitors (EDLCs), faradaic capacitors and hybrid
capacitor systems. EDLCs store the charge electrostatically
through the reversible adsorption of the electrolyte ions onto
active materials. Faradaic capacitance arises from redox reac-
tion at the electrode surfaces and hybrid capacitors combine the
properties of the materials making up the two electrodes of
different charge storage behaviour with one electrode being an
EDLC and the other a faradaic material.'*'* Based on the above
classification by storage mechanism, common electrode

“Department of Physics, Institute of Applied Materials, SARCHI Chair in Carbon
Technology and Materials, University of Pretoria, Pretoria 0028, South Africa.
E-mail: ncholumanyala@up.ac.za; Fax: +27 12 420 2516; Tel: +27 12 420 3549
*LEREC Laboratory, Department of Physics, Badji Mokhtar University of Annaba,
Annaba 23000, BP. 12, Algeria

stry 2016

material as a suitable electrode for enhanced energy storage in supercapacitors.

materials for supercapacitors include carbon-based materials,
transition metal oxide/hydroxides and conducting polymers.**
Carbon materials with unchanged physicochemical properties,
low cost, good conductivity, and tuneable porous network, can
provide a long cycle life but relatively low energy densities which
are required for most important EDLCs applications. In
contrast, faradic based on metal oxides/hydroxides and con-
ducting polymer materials show higher capacitance than
EDLCs due to their fast, reversible electrosorption and redox
processes occurring at or near the solid electrode surface but are
plagued with relatively low mechanical and cyclic stability.
Thus, increasing research efforts have been focused on
combining the unique merits of different capacitive materials
in order to get devices with higher energy density along with an
enhanced cyclic stability.'

Different scholars have explored numerous routes aimed at
obtaining reliable materials for supercapacitors with improved
performance. Carbon-based materials, (such as carbon nano-
tubes, carbon nanofibers and graphene) have been intensively
studied in recent times as possible electrode materials for
energy storage'’~*' due to their unique structural and morpho-
logical properties amongst other properties mentioned earlier.
They have also been used with other faradic type materials as
a means of improving device performance.**'

Several faradic two dimensional (2D) materials like the
transition metal oxides,****** metal hydroxides,***” layered
double hydroxides (LDHs)** and metal chalcogenides®**"**
have been developed for energy storage applications. The
morphology of these materials alongside their redox capa-
bility makes them ideal candidates for adoption in asym-
metric ECs.

RSC Adv., 2016, 6, 46723-46732 | 46723
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LDHs have been reported as an interesting and promising
electrode materials for supercapacitor application due to their
unique structural property, high specific capacitance, effective
utilization of transition metal atoms, facile synthesis route and
low synthesis cost.**** However, the poor electric conductivity of
LDHs affects their charge transfer ability resulting in a poor
charge and discharge capability that affects their electro-
chemical performance when used as electrode materials.***~ It
has been established that modifying the LDH with carbon
materials to prepare composites is one of the most effective
strategies to increase the conductivity as well as the electro-
chemical properties of LDH.**** Carbon materials provide
interconnecting meso-structured supports that can facilitate
good nanoparticle dispersion and electron transport. For
example Luojiang et al* reported a facile synthesis of porous
CoAl-layered double hydroxide/graphene composite with
enhanced capacitive performance for supercapacitors. Shu
et al.” also reported the immobilization of Co-Al layered double
hydroxides on graphene oxide nanosheets, explaining the
growth mechanism and final application as electrodes for
electrochemical capacitors. Lei et al.*® also reported a layered
assembly of graphene oxide and Co-Al layered double
hydroxide nanosheets as electrode materials for supercapacitor
in which they showed an improved electrochemical perfor-
mance as a result of the incorporation of graphene oxide
nanosheets. In another report, Johong et al* also provided
a complete study of microwave-assisted synthesis of CoAl-
layered double hydroxide/graphene oxide composite and its
application in a supercapacitor which shows fabrication of
graphene oxide and CoAl-LDH enhanced their contact area and
functional electron transport between active materials and
charge collector.

Furthermore, there are also detailed reports on the use of
some other forms of carbon like activated carbon,**? carbon
aerogel"™*' as suitable negative electrodes in asymmetric
supercapacitor due to their high electrical conductivity, high
surface area, high porosity and controllable pore structure. The
asymmetric supercapacitor combines the properties from the
faradic material cathode with that of the electric double layer
anode to increase the overall cell voltage and thereby improve
the energy density more effectively by providing a wider oper-
ating potential window.

Although numerous scientists have done detailed work
involving the use of carbon materials in facilitating the elec-
trochemical performance, very little studies have demonstrated
the advantage of using different forms of carbon in improving
both the conductivity of the faradic material as well as
improving the overall device operating voltage. The present
work therefore reports on the synthesis of CoAl-LDH and CoAl-
LDH/graphene foam (GF) composite by a facile and environ-
mentally friendly hydrothermal technique. The GF material was
added to improve on the electrochemical performance of the
pristine CoAl-LDH material. The composite exhibited a specific
capacitance of 775.6 F g ' at a current density of 0.5A g ' in
KOH electrolyte as compared to a specific capacitance of 647.5 F
g ! for the CoAl LDH alone. To evaluate the practical applica-
tion of the as-synthesized CoAL-LDH/GF composite, an

46724 | RSC Adv, 2016, 6, 46723-46732
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asymmetric supercapacitor device was fabricated. The CoAl-
LDH/GF//AEG asymmetric cell was found to perform reversibly
at an extended and high cell voltage of 1.4 V in 6 M KOH. The
CoAl-LDH/GF//AEG asymmetric exhibited a specific capacitance
of 101.4 F g ' at 0.5 A g ' with a maximum energy density as
high as 28 W h kg ' and a power density of 1419.7 W kg .
Lastly, the supercapacitor also exhibited an excellent cycling
stability with an approximately 100% capacitance retention
after 5000 charge-discharge cycles at a current density of 2 A

g

Experimental
Materials

Cobalt chloride hexahydrate (CoCl,-6H,0, purity > 99.99%),
aluminium chloride hexahydrate (AICl;-6H,0, purity =
99.99%), hydrochloric acid (HCI, purity = 32%) and polyvinyl
alcohol (PVA, 99+% hydrolyzed) were purchased from Sigma-
Aldrich. Nickel foam was purchased from (Alantum, Munich,
Germany), graphite sample (grade ES 250 B5) was purchased
from Qingdao Kropfmuehl Graphite, potassium hydroxide
(KOH, purity = 85%) and urea (purity = 98%) were purchased
from Merck (South Africa).

Synthesis of Co-Al LDH

CoCl,-6H,0 (1.09 g), AICl;-6H,0 (1.2 g) and urea (1.2 g) were
added to 40 mL of water and stirred for 10 minutes. The mixture
was then carefully transferred into a sealed Teflon-lined
stainless-steel autoclave and kept at a temperature of 120 °C
for 18 h. After cooling to room temperature, the pinkish product
was repeatedly washed with deionized water and ethanol several
times to remove any unreacted precursor and residual. There-
after, drying was done at 60 °C for 6 h to obtain the final
product.

Synthesis of CoAFLDH/GF

Graphene foam (GF) used for the production of the composite
materials was prepared as reported in our earlier work.* Briefly,
nickel foam (NF) template with an areal density of 420 g m ?
was placed in a quartz tube for the CVD growth of graphene. The
nickel foam was first annealed at 1000 °C in the presence of Ar
and H, gases for 60 minutes. Subsequently, CH, gas (acting as
a carbon source) was introduced into the reaction chamber at
968 °C with the flow rate of the gases Ar:H,:CH, set at
300 : 200 : 10 SCCM respectively. After 60 minutes growth time,
the samples were quickly cooled by manually pushing the
quartz tube to a lower temperature region. In order to get the
graphene foam, the samples were further dipped in 3.0 M HCI
and placed on a hot plate at 60 °C to ensure complete etching of
the nickel supporting structure. After complete etching of the
nickel, the remaining graphene foam was washed several times
with deionized water and dried in an oven to obtain the final GF
product.

The CoAl-LDH/GF composite was prepared using a hydro-
thermal reduction technique as shown in Scheme 1. Typically,
25 mg of the as-synthesized graphene foam (GF) was dispersed

© The Royal Society of Chemistry 2016
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Scheme 1 Preparation of CoAl-LDH/GF.

in 40 mL of water by ultrasonication for 12 h at room temper-
ature. Then CoCl,-6H,0 (1.09 g), AlCl;-6H,0 (1.2 g) and urea
(1.2 g) was added to the pre-sonicated GF solution and the
entire mixture was stirred for 10 min. The resulting mixture was
then transferred to a Teflon-lined stainless steel autoclave and
kept at 120 °C for 18 h. After naturally cooling to room
temperature the product CoAl-LDH/GF composite was washed
with deionized water and ethanol, and dried at 60 °C for 6 h.

Synthesis of activated carbon from expanded graphite (AEG)

Activated carbon from expanded graphite designated as AEG
used for the production of asymmetric device was prepared as
reported in our earlier work.*® Briefly expanded graphite and
polyvinylpyrrolidonel (PVP) were used as starting material for
the production of a hydrogel, which was then used to produce
the AEG after the activation process. The activated material was
neutralized with 1 M HCI, washed with deionised water and
dried at 60 °C for 12 h.

Structure and morphology characterization

Here the characterization was done only for CoAI-LDH and the
CoAl-LDH/GF composite since for the AEG sample, all these had
already been done and reported in ref. 46 of our earlier work
using the same sample. X-ray diffraction (XRD) patterns were
collected using an XPERT-PRO diffractometer (PANalytical BV,
Netherlands) with theta/2 theta geometry, operating with
a cobalt tube at 50 kV and 30 mA. Fourier transform infrared
(FTIR) spectra were recorded using a Bruker Vertex 77 v FTIR
spectrometer. The morphology was studied using the high-
resolution Zeiss Ultra plus 55 field emission scanning electron
microscope (FE-SEM) operated at 2.0 kV. Transmission electron
microscopy (TEM) micro-images, selected area electron
diffraction (SAED) observations and energy dispersive X-ray
(EDX) patterns were carried out with a (HRTEM) (Joel JEM-
2100F Field Emission Electron Microscope, with a maximum
analytical resolution of 200 kV and a probe size under 0.5 nm).
The surface area was calculated by the Brunauer-Emmett-Teller
(BET) method from the adsorption branch in the relative pres-
sure range (P/P;) of 0.01-1. The pore size distribution of the
synthesized materials was studied using Barrett-Joyner-
Halenda (BJH) method from the desorption branch of the
isotherm nitrogen adsorption-desorption isotherms were
measured at —196 °C using a Micromeritics ASAP 2020. All the

CoCl,.6H O AICI -.6H,0
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samples were degassed at 180 °C for more than 12 h under
vacuum conditions.

Electrode preparation and electrochemical characterization

The electrochemical measurements were carried out in both
three and two electrodes configurations using a Biologic VMP-
300 potentiostat (Knoxville TN 37930, USA) controlled by the
EC-Lab® V10.37 software. The electrochemical measurements
for CoAFLDH, CoAl-LDH/GF and AEG were performed in
a three-electrode configuration using a 6 M KOH electrolyte.
The as prepared electrodes served as the working electrodes, Ag/
AgCl (3 M KClI) served as the reference electrode and glassy
carbon plate as the counter electrode. The AEG and poly-
vinylidene fluoride (PVDF) binder were mixed in a weight ratio
of 9:1 which was homogenized and dispersed in N-methyl-
pyrrolidone (NMP) solution to obtain the slurry, while for the
other electrode materials (CoAl-LDH and CoAl-LDH/G), carbon
black (CB) (to improve the conductivity) and polyvinylidene
fluoride (PVDF) binder were mixed in a weight ratioof 8: 1:1
and dispersed in N-methylpyrrolidone (NMP) solution to obtain
a slurry. Both slurries from negative and positive electrodes
were then uniformly coated on a nickel foam current collector
and dried at 60 °C in an oven for 8 h.

The electrochemical test of the asymmetric cell was carried
out in a two-electrode cell configuration by means of coin-type
cells using a glass micro fiber filter paper as the separator in
a6 M KOH aqueous electrolyte solution with CoAl-LDH/GF and
AEG as cathode and anode respectively.

Results and discussion

Fig. 1(a) shows the XRD patterns of the CoAl-LDH and CoAl-
LDH/GF composite. The wavelength used for the XRD analysis
was the 1.7890 A line of a Co-K, source. All diffraction peaks
designated in the figure correspond to the pure hydrotalcite
structure (JCPDS: 38-0487) with the characteristics peaks of
(003), (006), (012), (015) and (018) planes.”** The XRD data
suggest that CoAl-LDH preferentially grows in the (003) crys-
tallographic direction.

The interlayer spacing between the CoAl-LDH sheets was
calculated to be 0.748 nm (dy;) indicating the presence of
CO;*  ions and water molecules occupying the interlayer
spaces.*” The XRD peak of graphene was barely identifiable in
the CoAl-LDH/GF as shown in the figure because the CoAl-LDH/
GF crystals deposited on graphene can prevent graphene from
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Fig.1 (a) XRD patterns and (b) FTIR spectra of CoAl-LDH and CoAl-LDH/GF composite respectively.

Fig.2 Low and high magnification SEM images of (a and b) CoAl-LDH
and (c and d) CoAl-LDH/GF respectively.

stacking into multilayers leading to lesser crystalline intensity
peak of graphene.” As a result, the weak graphene peak was
enshrouded by the stronger CoAl-LDH peaks.

Fig. 1(b) shows the FTIR spectra of CoAl-LDH and CoAl-LDH/
GF composite. The absorption peak at wavelength of 3421.6
cm ' corresponds to the O-H stretching vibration of the
interlayer water molecules,* but the CoAl-LDH/GF composite
does not show this absorption peak and that suggest that
a presence of graphene in CoAl-LDH breaks the hydrogen
bonding that carries the interlayer water molecules. The peaks
at 1343.14 and 781.4 cm ' are due to the »; vibration and the
bending modes of CO,> . The peak below 800 cm ' is asso-
ciated with the metal-oxygen (M-O) stretching and bending
modes.*¥

The morphology of the material significantly influences the
suitability of the material for supercapacitor application. Fig. 2
shows the FESEM microstructures of the as-prepared samples.
The morphology of the CoAI-LDH Fig. 2(a) and (b) indicates
that the product is formed and mainly composed of thin
irregular hexagonal flakes for low and high magnifications

46726 | RSC Adv., 2016, 6, 46723-46732

respectively. However, in the presence of graphene foam,
numerous CoAl-LDH nanosheets were observed to be densely
anchored onto graphene as shown in Fig. 2(c) and (d) at low
and high magnifications respectively. CoAl-LDH is well
dispersed in the graphene matrix which is essential for
providing the necessary surface required for efficient charge
transport and storage.

Fig. 3(a) shows the TEM image of a typical nanosized CoAl-
LDH. It can be clearly observed that the LDH samples are
nearly hexagonal platelets with a lateral size. The TEM micro-
graph in Fig. 3(b) shows that the same CoAl-LDH sheets are well
dispersed on the surface of graphene sheets. The crystallinity of
the as-synthesized CoAl-LDH was further confirmed by selected-
area electron diffraction (SAED) pattern as shown in Fig. 3(c),
which shows the very high degree of crystallinity of the platelets
with a net hexagonal symmetry revealing crystallographic
nature of the sample. The corresponding EDX pattern in
Fig. 3(d) confirms that a CoAF-LDH/GF composite is composed
of three main elements of aluminium, cobalt and carbon atoms
in the sample. The element Cu recorded in the spectra is
depicted due to the copper grid sample holder for microscopy
analysis.

A large surface area and favourable pore size distribution are
known to be important factors to advance electrode materials
for supercapacitor. The nitrogen adsorption-desorption
isotherm of the CoAl-LDH and CoAl-LDH/GF composite show
a type 111 behaviour with a very small H3 hysteresis loops indi-
cating the existence of non-rigid aggregates of plate-like parti-
cles or assemblages of slit-shaped pores with no saturation
(Fig. 4(a)). Corresponding specific surface areas (SSAs) of. 20.7
m* g ' and 187 m* g ' were recorded for the CoAl-LDH and
CoAl-LDH/GF composite samples respectively. Fig. 4(b) shows
the pore size distribution plot in which a concentration of pore
volume ranging from 2-4 nm is observed. This suggests that the
pores present in these materials are mainly mesopores. The BET
results obtained for the CoAl-LDH/GF composite indicates that
the sample possesses a larger SSA and micropore/mesopores
volume than CoAl-LLDH alone. It is clear that CoAl-LDH/GF
composite will facilitate the electrolyte ion diffusion, improve
the ion transport and provide more electroactive sites for fast
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Fig. 3 TEM images of (a) CoAl-LDH, and (b) CoAl-LDH/GF, (c) SAED of CoAl-LDH and (d) EDX pattern of CoAl-LDH/GF respectively.

energy storage. These features in effect will lead to a corre-
spondingly higher electrochemical performance for the CoAl-
LDH/GF.

Electrochemical performance of CoAl-LDH and AEG

To evaluate the potential applications of the electrode materials
for supercapacitor applications, the individual electrochemical
properties of the CoAl-LDH, CoAl-LDH/GF composite and the
AEG samples were first studied in a three-electrode system
using 6 M KOH electrolyte. Cyclic voltammetry (CV), chro-
nopotentiometry (CD) and electrochemical impedance spec-
troscopy (EIS) measurements were carried out for all samples.
Fig. 5(a) shows the CV curves obtained in a three-electrode cell
for the CoAl-LDH and CoAl-LDH/GF composite at scan rate of 50
mV s ! in a potential range of 0.0 to 0.45 V. For the CoAl-LDH
and CoAl-LDH/GF samples, two redox peaks corresponding to
anodic and cathodic peaks at ~0.20 V and ~0.30 V vs. Ag/AgCl

S vl
2

§ a0

£ w0

g 200

Em

5 [} W

00 02 04 06 o8 10
memﬂ')

are clearly observed showing that the measured capacitance
can be attributed to a redox charge storage mechanism.
Therefore, the pair of redox peaks were due to the faradic
reaction of Co{u)/Co(m) (eqn (1)) and Co(m)/Co(v) (eqn (2))
respectively.* The COAI-LDH is denoted as LDH-Co (OH), since
the Al in this material is an electrochemically inert element.*-*
The anodic/cathodic peaks show the faradic reaction of elec-
trode occurred during the charge-discharge process which s, as
a result of the redox reaction and can be written as follows:

LDH-Co(OH); + OH™ « LDH-CoOOH + H,0 +¢~ (1)
LDH-CoOOH + OH < LDH-CoO; + H,0 + ¢ 2)

The CoAl-LDH/GF composite also shows similar peaks which
have shifted from the initial values when compared to the pure

b) —a—CoAI-LDH/GF
—a—CoAl-LDH

a >

0.000 4 - 's- -s B %u
Pore diameter (nm)

Fig. 4 (a) N, absorption/desorption isotherms and (b) pore size distribution of CoAl-LDH and CoAl-LDH/GF composite respectively.
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Fig.5 (a) Cyclic voltammetry comparison at scan rate of 50 mV s ' and (b) cyclic voltammetry at scan rates of 5-100 mV s *; (c) galvanostatic
charge -discharge comparison at current density of 1 A g%, (d) galvanostatic charge -discharge at current densities of 1-10 A g ' and (e) specific
capacitance versus current densities of the of CoAl-LDH, CoAl-LDH/GF composite and AEG respectively.

CoAl-LDH sample. This is attributed to the presence of the GF
which might induce a shift in the peak positions. Also, the
composite displays a better capacitive behaviour as observed by
the higher current response. Fig. 5(b) shows the CV curves of the
AEG electrodes at various scan rates ranging from 5 to 100 mV
s '. These CV curves display relatively rectangular shapes
without redox peaks which are the typical characteristic of
electric double-layer capacitive sample behaviour.” Fig. 5(c)
illustrates the overlaid galvanostatic charge-discharge (GCD)
curves of the CoAl-LDH and the CoAl-LDH/GF composite at
a current density of 1 A g ' within a potential range of 0-0.45 V
respectively. Each discharge curve includes two clear voltage
steps: a fast potential drop from 0.40-0.30 V and a voltage
plateau from 0.30-0.12 V. The voltage plateau at around 0.3 V
suggests a typical faradic characteristic which is in good
agreementwith the CV curves reported in Fig. 5(a). It can also be
clearly seen that the integral area of the cyclic voltammogram
and discharge time of the CoAl-LDH/GF composite are large and
longer respectively as compared to pristine sample which is the
indication of the higher specific capacitance. Fig. 5(d) shows the

46728 | RSC Adv., 2016, 6, 46723-46732
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galvanostatic charge/discharge curves of the AEG electrode at
different current densities within a potential range of —0.8 to
0 V. As can be seen from the figure, the shapes of the charge-
discharge curves are all nearly symmetrical with a triangular
shape which shows a typical electric double-layer capacitive
behavior. This is also in agreement with the results from the CV
curves in Fig. 5(b). The AEG electrode has a small amount of
internal resistance (IR) voltage drop at a current density of 1 A
g ', which is revealed by a rapid potential drop at the very
beginning of the discharge process. Based on the galvanostatic
charge-discharge (CD) curves, the specific capacitance of the
electrode materials was evaluated from the galvanostatic
charge-discharge (GCD) curves using eqn (3):
I'%t

G=-—r 3)

m x Ay

where I is the discharge current (A), t is the discharge time (s), m
is the mass of active material (g), Av is the potential range of
discharge (V), and C is the specific capacitance (F g ).
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Fig.6 (a) Cyclic voltammetry of CoAl-LDH/GF and AEG electrodes at scan rates of 50 mV's * for three-electrode setup; asymmetric CoAl-LDH/
GF//AEG device (b) cyclic voltammetry at scan rates of 5-100 mV's %, (c) galvanostatic charge-discharge at current densities of 0.5-5Ag ' and
(d) the specific capacitance as function of the current density, () Ragone plot and (f) cycle stability at a constant current density of 0.5A g * (inset

shows charge -discharge curves after 200 circles) respectively.

The specific capacitances of the CoAFLDH, CoAlLDH/GF
composite and the AEG were calculated at different current
densities and the plot of the specific capacitance (F g ') as
a function of current density (A g ') is shown in Fig. 5(e). The
specific capacitance of pristine CoAl-LDH is lower than those of
the CoAl-LDH/GF composite. An enhancement in the specific
capacitance of the CoAl-LDH/GF composite is due to the addi-
tion of porous and conducting graphene foam to the CoAl-LDH
matrix which provides an improved electron transfer rate and
better structural support for the growth of CoAl-LDH flakes on
the graphene sheets. The observed capacitive characteristic
observed in the AEG sample is attributed to the presence of the
microporous structure in carbon which facilitates rapid elec-
trolyte transfer and relatively high degree of graphitization that
provide good electrical conductivity to the electrode.*

Electrochemical properties of the asymmetric supercapacitor

To further assess the practical prospective application of the
CoAl-'LDH/GF composite with AEG in supercapacitors, an
asymmetric device was assembled in which the positive

electrode comprised of the CoAl-LDH/GF composite material
and the AEG material was used as the negative electrode.

In order to obtain the optimal performance of the asym-
metric full cell supercapacitor, the charge balance between the
two electrodes should follow the relationship: Q, = Q_, where
Q. and Q_ are the charges stored in the positive and negative
electrodes respectively. The charge stored by each electrode can
be expressed as:**

Q=C,xmxAU (4)
where C; is the specific capacitance of the active material, m is
the mass of each active material and AU is the potential range
during the charge-discharge process.

In order to get Q. = Q_, the mass balancing between the
negative and positive electrode could also be expressed as
follows:

C, - AU

m.,
G, + AU, )

m
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Fig. 7 (a) EIS plot and fitting curve for the asymmetric cell, (b) EIS before and after cycling and (c) the real and imaginary part of the cells
capacitance against frequency of asymmetric cell of CoAl-LDH/GF//AEG respectively.

For making two electrode cells, according to eqn (5), the
mass ratio of the CoAl-LDH/GF (positive electrode) to the
negative electrode was about 2.3 : 3.4. Fig. 6(a) shows the CV of
the CoAl-LLDH/GF and the AEG electrodes at a scan rate of 50 mV
s ' in a three electrode system. From Fig. 6(a), it is expected
that the operating cell voltage could be extended up to about
1.4 Vif the CoAl-LDH/GF electrode as a cathode and the AEG
electrode as an anode are assembled into asymmetric devices
in a 6 M KOH electrolyte solution. Fig. 6(b) shows the CV
curves of the CoAl-LDH/GF//AEG asymmetric device measured
at different scan rates from 5-100 mV s '. It indicates that the
CV curves at different scan rates show an electric double layer
capacitance and faradic behaviour which is a typical charac-
teristic of hybrid asymmetric supercapacitors. The charge-
discharge curves of the asymmetric supercapacitor at various
current densities are shown in Fig. 6(c). It can be seen that the
shapes of the charge-discharge curves show non-linearity
indicating some contribution from the redox reaction of the
CoAI-LDH/GF composite which is in good agreement with the
CV curves reported in Fig. 6(b). The specific capacitance of the
CoAI-LDH/GF//AEG can also be calculated from eqn (2). The
specific capacitance of the asymmetric device decreases from
101 F g 'to 42 F g ' with an increase in current density from
0.5t0o 5Ag ' as shown in Fig. 6(d). The Ragone plot for energy
density and power density presents two key parameters to
characterize the performance of electrochemical super-
capacitors. The corresponding energy and power densities of
EC can be calculated from the specific capacitance, C,
according to the following equations:

46730 | RSC Adv, 2016, 6, 46723-46732

1. 1000x GAU? CAU?
E=3GAU = 5600~ 72 ©)
3600 x E,
gy 20T )

where Eq is the average energy density (W h kg '), C; is the
specific capacitance based on the electroactive material (F g '),
AU is the potential window, P, is the average power density (W
kg ') and ¢ is the discharge time (seconds).

The Ragone plot showing relationship between energy and
power densities of the asymmetric device is shown in Fig. 6(e).
The maximum energy density of the device was recorded as 28
W h kg ! with a corresponding power density of 1420 W kg ' at
a current density of 0.5 A g ' as shown in Fig. 6(e). The energy
density in aqueous electrolyte solution is higher than reported
asymmetric supercapacitor, such as Ni,Co, , LDH-ZTO//AC
(23.7 Wh kg ' and 284.2 W kg ' at 0.5 g '),** CoMn-LDH/Ni
foam//AC (energy density of 44 W h kg ' corresponding
power density of 2500 W kg ' at 0.5 A g ')** and NiC0,0,-1GO//
AC (23.32 Wh kg ' and 324.9 W kg ' at 0.5 g ')* but compa-
rable or smaller than those reported for RGO/CoAl-LDH//AC
(energy density of 35.5 W h kg ' corresponding power density
of 8.75 kW kg ' at 1 A g ')*” and Ni-Al LDH/CNTSs//AC (energy
density of 52 W h kg ' at 1 A g ').** However, our electrode
material presents a higher and better stability compared to
RGO/LDH//AC (90% after 6000 cycles at 4A g ') and Ni-Al LDH/
CNTs//AC (70.3% after 2000 cycles) materials. The latter already
deteriorate after 500 cycles. The long-term stability of the CoAl-
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LDH/GF//AEG asymmetric device was studied by continuous
galvanostatic charge-discharge cycling at a current density of
0.5 A g ' for 5000 cycles as shown in Fig. 6(f). The capacitance
retention of the CoAFLDH/GF//AEG asymmetric devices after
5000 cycles is 100%, indicating that the device shows good
electrochemical stability. The electrode materials are selectively
etched in the presence of KOH alkali solution and further
activated electrochemically in the cycling process which aids in
improving their wettability and these changes allow the trapped
electrolyte ions to diffuse out.**

In order to investigate the impedance behaviour at the
electrode/electrolyte interface in detail, EIS measurements were
employed at an open circuit potential to further evaluate the
electrochemical behaviour of the asymmetric device at
a frequency range of 10 mHz to 100 kHz. The Nyquist plot for
the asymmetric CoAl-LDH/GF//AEG device is shown in Fig. 7(a),
with an intercept to x-axis of 0.89 Q2 which corresponds to the
solution resistance (Rs) and was calculated to be 1.2 Q from the
fit to the data using the circuit shown in the inset to the figure.
In the circuit the equivalent series resistance, Ry is in series with
the constant phase element (Q,) representing double layer
capacitance, which occur in the interface between material and
the electrolyte, and Q, is connected in parallel with the charge
transfer resistant Rey. The leakage current R, is connected in
parallel to Q, element representing double-layer capacitance.

Fig. 7(b) shows the Nyquist plots for the CoAl-LDH/GF//AEG
asymmetric devices before and after continuous cycling. From
the x-axis intercept, Rg values of 0.89 Q and 2.32 Q were ob-
tained before and after cycling. After 5000 cycles, the electrode
shows a larger transfer resistance due to the decomposition of
the electrolyte and decrease of electrical conductivity.*®

The real (C'(w)) and imaginary (C"(w)) capacitances as
a function of frequency are shown in Fig. 7(c). The capacitance
of 0.016 F (from topmost part of the C’') was observed which
represents the deliverable capacitance as a function of
frequency. Furthermore, it is observed that the imaginary
capacitance passes through a maximum frequency f, (0.24 Hz),
which is the transition frequency between a pure resistive
behaviour and pure capacitive behaviour, and is related to the
relaxation time 7 = % = 4.3 s. This time signifies that the cell

o
could reach its maximum capacitance at a very fast recharging
time of 4.3 s. The fast frequency response of 0.24 Hz was
attributed to the porous structure of the electrode material
which delivers full accessibility to the ions from the electrolyte
leading to faster diffusion rates.

Conclusions

In summary, the CoAl-LDH/GF//AEG was investigated as a suit-
able material for an asymmetric supercapacitor cell based on
AEG material as negative electrodes and CoAl-LDH/GF
composite as positive electrode. The asymmetrical device
exhibited high specific capacitance of 101.4 F g ' at a current
density of 0.5 A g~ with a maximum energy density of 28 W h
kg ' and a corresponding power density of 1420 W kg ' in
aqueous electrolyte. In addition, an excellent stability with

YUNIBESITHI YA PRETORIA
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~100% capacitance retention with no capacitance loss after
5000 cycles at a current density of 2 A g ' is attained within an
extended operating voltage of about 1.4 Vin 6 M KOH aqueous
electrolyte. These results demonstrate an optimized hybrid
structure applicable in high performance supercapacitors.
Finally, these findings offer a suitable and effective way to
assemble asymmetric hybrid supercapacitors based on CoAl-
LDH/GF composite and AEG with high energy density while
sustaining the high power density property of supercapacitor.
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4.3.3 Conclude Remarks

An asymmetric supercapacitor based on CoAl-LDH/GF and AEG material as positive and
negative electrodes has been developed in 6M KOH aqueous electrolyte solution. This
asymmetric device showed high specific capacitance of 101.4 F g™* at a current density of 0.5
A g with a maximum energy density of 28 Wh kg™ and a corresponding power density of
1420 W kg, with excellent stability of~ 100% capacitance retention with no capacitance
loss after 5000 cycles. The most important aspect of this device is that it demonstrated a high
energy density while retaining the high power density of the supercapacitor, unlike other
supercapacitor devices that will show a high energy density but then a low power density.
Such asymmetric device is anticipated to be an extremely promising candidate for application

in high performance energy storage systems.

4.4 High Electrochemical Performance of Hybrid Cobalt
Oxyhydroxide/Nickel Foam Graphene

4.4.1 Introduction

In section 4.3 CoAl-LDH was synthesized using a facile and environmentally friendly
hydrothermal technique. In this section mesoporous nanosheets of cobalt oxyhydroxide
(CoOOH) were synthesized on Ni foam graphene (Ni-FG) substrate by facile two-step
processes, namely, hydrothermal reaction to produce CoAl-LDH nanosheets on Ni-FG which
were converted to CoOOH nanosheets on Ni-FG by alkaline etching of the Al cations in
CoAI-LDH using a NaOH solution. This is another simple route to produce a different phase
of cobalt hydroxide material for electrochemical capacitors application. The in-sute synthesis
of CoOOH on nickel foam graphene current collector was informed by our previous work
which demonstrated that nickel foam electrical conductivity and the adhesion surface area

can be improved by covering Ni-foam with graphene through CVD method [10].
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4.4.2 Results and Discussion

The result of CoOOH on the Ni-FG substrate is presented in the paper below.
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GRAPHICAL ABSTRACT
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Cobalt oxyhydroxide fshowed a maximum specific capacity of 199 mA h g~ with a capacity retention of 98% after 1000 cycling
Graphene foam in a three electrode measurements. ) .

Ni-foam graphene © 2016 Elsevier Inc. All rights reserved.

Hybrid electrode
CoAl-LDH

Keywords:

1. Introduction

Recently, research on electrode materials for supercapacitor

* Corresponding author, applications has become one of the most important research topics
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

161

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

4

YUNIBESITHI YA PRETORIA

78 T.M. Masikhwa et al. /Journal of Colloid and Interface Science 484 (2016) 77-85

in energy storage materials. Supercapacitor has received much
attention due to its advantages of long cycle life, moderate specific
energy density (~10W h kg~"), high power density (>10 kW kg™')
and short charging time [1-3]. These characteristics meet the
increasing demand for power tools, hybrid electric vehicles and
time-dependent electric power systems for portable electronics
[4]. In the supercapacitor, the electrode material plays a significant
role in the electrochemical capacitive performance. In the last
decades, different types of electrode materials have been used in
supercapacitor including carbonaceous materials, transitional
metal hydroxidesfoxide and conducting polymers [1,256].
Amongst these transitional metals, hydroxides/oxides have
received much attention for high-performance due to their high
specific capacitances, low costs, low toxicity, great flexibility in
structure and morphology [7-14].

In addition, the cobalt oxyhdroxide is an improved charge stor-
age material due to its morphology control nature of micrometer/-
nanometer scale and reasonably lower material costs [15,16].
However cobalt oxyhdroxide practical capacitance is less than
200 Fg' due to its low conductivity [17]. To improve the ionic
transportation and electrical conductivity, various metal nanos-
tructures and composites combined with carbon materials such
as activated carbon, conducting polymers and graphene, with high
surface area and high conductivity have been studied [18-22].
Among these materials, a porous and light-weight, graphene foam
material (i.e. 3D structured graphene from nickel form templates)
has been studied extensively as an ideal matrix for the growth of
metal nanostructures because of its high conductivity [23-26].
Different kinds of nanostructured metal hydroxides/oxides have
been deposited on graphene foam (GF) electrodes for supercapac-
itor applications [27,28]. For instance, Zhu et al. [9] considered
Cobalt oxide (CoO) nanorods cluster on three-dimensional gra-
phene (Co0-3DG) through a facile hydrothermal method followed
by heat treatment which improved electrochemical capacitive per-
formance, Dong et al. also produced 3D graphene/C0;0,4 nanowire
composites which demonstrated remarkable performance in
supercapacitor [29], Zhao et al. synthesized Co(OH),/graphene/Ni
foam nano electrodes with high cycling stability for supercapacitor
[30], Shim et al. also reported 3D CO504/graphene/nickel foam
with enhanced electrochemical performance for supercapacitor
[31] and Deng et al. [32] synthesized CoQ composited with 3D
GF through a combination of hydrothermal method and thermal
treatment which exhibited a high specific capacitance, excellent
rate capability, and cycling stability as electrode material.

In this study, mesoporous nanosheets of cobalt oxyhydroxide
(CoOOH) were synthesized on Ni foam graphene (Ni-FG) substrate
by facile two-step processes, namely, hydrothermal reaction to
produce CoAl-LDH nanosheets on Ni-FG which were converted to
Co0OH nanosheets on Ni-FG by alkaline etching of the Al cations
in CoAl-LDH using a NaOH solution. The CoOOH/Ni-FG electrode
showed the specific capacity of 95mAhg ' at 100Ag ! with
98 % capacity retention after 1000 cycles.

2. Experimental details
2.1. Graphene growth on nickel foam using AP-CVD

A Ni foam graphene substrate was synthesized by growing
graphene sheets on the polycrystalline Ni foam (3D scaffold tem-
plate with a macroporous structure) using atmospheric pressure
chemical vapour deposition (AP-CVD). Polycrystalline Ni foam
(Ni-F) (3D scaffold template with a macroporous structure) with
an areal density of 420 g m~2 and 1.6 mm in thickness, was used
as a substrate for graphene growth. A piece of Ni-F (2¢m = 3 cm)
was treated with dilute hydrochloric acid, ethanol and distilled

water to clean the surface of the foam. A cleaned Ni-F was placed
at a centre of a quartz tube for graphene growth and was annealed
at 1000 °C under Ar and H; gases for 60 min and graphene was
synthesized from a mixture of Ar:H::CH; (300:200:10 sccm
respectively) gases at a temperature of 1000 °C for 10 min. Imme-
diately after 10 min, the CH, flow was stopped and samples were
rapidly cooled down (under Ar and H: gases) by pushing the quartz
tube to the cooler region of the furnace. At less than 80 °C, Ni-F
graphene was off loaded from AP-CVD quartz tube. A synthesized
Ni foam graphene (Ni-FG) substrate was further used for growth
of CoOOH nanosheets.

2.2. CoOOH growth on Ni foam graphene (Ni-FG) using hydrothermal
method

CoOOH nanosheets supported on nickel foam graphene were
deduced from in-situ hydrothermally prepared CoAl-LDH on
Ni-FG substrate by alkaline etching in concentrated NaOH solution
as reported in Ref. [33]. A solution (pink in colour) for hydrother-
mal reaction was prepared by adding Co(NO)3;6H20 (2 mmol), Al
(NO5)36H20 (2 mmol), NH4F (8 mmol) and CO(NHz)» (10 mmol)
in 36 mL of deionized water and stirred for 10 min, as demon-
strated in Fig. 1. Ni-FG substrate was immersed into the above
solution and then carefully transferred into a sealed Teflon-lined
stainless-steel autoclave and kept at a temperature of 100 °C for
24 h (Fig. 1). After cooling of the autoclave to room temperature,
the obtained CoAl-LDH coated on Ni-FG was cleaned with deion-
ized water. Then, the CoAl-LDH coated Ni-FG was immersed in
5mol L-! NaOH for 48 h and subsequently rinsed with deionized
water, followed by ethanol for 5 min using ultrasonic bath, and
dried at 60 °C for 6 h to obtain the final product CoOOH nanosheets
(shown by micrograph image in the last step of Fig. 1) on Ni-FG
substrate. The weight of the CoOOH film on Ni-FG substrate was
measured by weighing the Ni-FG substrate before and after
hydrothermal process, and a mass loading of ~5mgcm=2 was
obtained.

3. Materials characterizations

The as-prepared Ni-FG and CoOOH film on Ni-FG were charac-
terized by X-ray diffraction (XRD) using a XPERT-PRO diffractome-
ter (PANalytical BV, Netherlands) with theta/2 theta geometry,
operating with a Co Ko radiation source (4=1.789 A). The XRD
spectra were acquired at a scanning rate of 0.2 s~ and 26 range

AI(NO,),.6H,0
Co(NO), 6H.0
NHF 2

_ fCoiNy,
1202

Sealed autoclave

CoAl-LDH/Ni-FG

Hydrothermal e -

100 °C for 24 h
-

NaOH for 48 h‘
" NaOH

. CoOOH / Ni-FG |

Fig. 1. A schematic view of the hydrothermal growth of CoAL-LDH on graphene
synthesized on Ni foam and alkaline etching in concentrated NaOH solution which
produces a mesoporous structure of CoOOH on Ni foam graphene.
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of 15-70°. Raman spectroscopy measurements were carried out
using WITec Alpha 300 micro-Raman system with 532 nm
excitation laser. Raman spectra were measured at room tempera-
ture with the laser power set below 5mW in order to minimize
heating effects. The SEM images were obtained on a Zeiss Ultra
Plus 55 field emission scanning electron microscope (FE-SEM)
operated at 2kV beam and the working distance (WD) of
2.7 mm, The FE-SEM is equipped with an energy-dispersive X-ray
spectrometer (EDX).

4. Electrode preparation and electrochemical characterization

The performance of Ni-FG and CoOOH film on Ni-FG were inves-
tigated using a Bio-Logic VMP300 potentiostat (Knoxville TN
37,930, USA) controlled by the EC-Lab® V10.40 software in a
three-electrode configuration. The Ni-FG or CoOOH/Ni-FG
(1 cm = 2 ¢m) served as the working electrode in a 6 M potassium
hydroxide (KOH) electrolyte; glassy carbon plate was used as the
counter electrode and Ag/AgCl (3 M KCl) as the reference electrode.
The cyclic voltammetry (CV) tests were carried out in the potential
range of 0-0.45 V (vs. Ag/AgCl) at different scan rates ranging from
5 to 50 mV s~'. The galvanostatic charge-discharge (GCD) mea-
surements were performed at various current densities from 0.5
to 10Ag™' and the electrochemical impedance spectroscopy
(EIS) measurements were performed in the frequency range of
10 mHz to 100 kHz.

111
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5. Results and discussion
5.1. Morphology and structure

Fig. 2(a) and (b) shows the XRD patterns of the Ni-FG substrate
and CoOOH on the Ni-FG substrate and the corresponding JCPDS
files. The XRD patterns show poor intensities diffraction peaks
(the intensities are embedded in the signal noise level) of CoOOH
at diffraction angles of 23.5, 45.5 and 595 relative to the high
intensities diffraction peaks of the Ni-FG substrate marked with
“£" (Fig. 2(b)).

The XRD patterns of the Ni-FG substrate and CoOOH on the Ni-
FG substrate shown in Fig. 2(a) and (b) were indexed using the gra-
phite JCPDS card: 75-1621 (Sys: hexagonal, 5.G.: P63mc (186), a:
2470A, ¢ 6.790A), Ni JCPDS card: 04-0850 (Sys: cubic, S.G.:
Fm3m (225), a: 3523 A) and CoOOH JCPDS card: 07-0169 (Sys:
hexagonal, S.G.: R3m (166), a: 2.855 A, ¢: 13.15 A). The XRD data
suggest that CoOOH synthesized on Ni-FG substrate has a hexago-
nal crystal structure similar to that of graphene.

Fig. 3(a) shows the Raman spectra of the CoOOH/Ni-FG and Ni-
FG and the peaks observed at 1587 and 2701 cm ! corresponds to
the G-band and 2D-band modes of graphene and the other peaks to
CoOOH compound. The absence (low-intensity) of the disorder-
induced D-band at ~1350 cm™' confirms the high-quality of gra-
phene sheet [34-36]. The synthesized graphene sheet has a non-
uniform thickness (varying between 1 to few graphene layers) over

*[(200)
‘(015) t

CoOOH PDF # 07-0169

15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Intensity (arb.units)

Fig. 2. (a) and (b) XRD patterns of the Ni-FG substrate and CoOOH on the Ni-FG substrate and the corresponding JCPDS files.
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Fig. 3. (a)Raman spectra of the CoOOH synthesized on the Ni-FG substrate (CoOOH Ni-FG) and that of the graphene sheet on the Nifoam (Ni-FG). (b) Lorentz fittings of peaks

at 506, 572, 632, 700, 1033, 1068 and 1165 cm ™' assigned to the CoOOH compound.
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Fig. 4. (a-c) SEM images of the graphene on nickel foam at low to high magnifications and graphene shows wrinkles and ripples. (d-f) SEM images of the CoOOH on Ni foam
graphene (CoOOH/Ni-FG) at low to high magnifications with CoOOH showing intersected nanosheets.

Intensity (arb. units)
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Fig. 5. (a) Secondary electron beam image showing area 1 and 2 from which the (b) EDX data of the CoOOH synthesized on the Ni-FG substrate (CoOOOH/Ni-FG) was obtained

which shows the presence of C, 0, Al, Co and Ni in the sample.

the entire Ni foam since polycrystalline Ni typically grows multi-
layer graphene sheets with varying thickness due to non-uniform
precipitation of carbon atoms from different grains surfaces and
grain boundaries [37-39]. Fig. 3(b) shows peaks of CoOOH com-
pound as shown in Fig. 3(a) and the peaks were fitted with peaks
at 506, 572, 632, 700, 1033, 1068 and 1165 cm™' assigned to the
CoOOH crystalline compound. These peaks positions correspond
to the values published by Yang et al. [40] and Pauporté et al.
[41] for Raman spectra of the CoOOH compound. Bands fittings

were done using a Lorentz function and the fittings were carried
out until reproducible fitting was obtained with squared correla-
tion, r* of 0.99.

Fig. 4(a-c) shows typical SEM images at different magnifica-
tions of graphene synthesized on the Ni foam substrate showing
a porous structure. The SEM images at a high magnification show
wrinkles and ripples of graphene sheets which could be attributed
to differences in thermal expansion coefficients between graphene
and Ni substrate [42]. Fig. 4(d-f) shows SEM images at different
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magnification of CoOOH synthesized on the Ni-FG substrate
(CoOOH/Ni-FG). The images at low and high magnifications show
homogenous coating of well-ordered intersected nanosheets form-
ing a porous structure.

Fig. 5(a) shows a secondary electron beam image showing area
1 and 2 from which the EDX data of the CoOOH/Ni-FG was
obtained as shown in Fig. 5(b). Fig. 5(b) shows the presence of C,
0, Al, Co and Ni in the sample. Similar to the study of Xu et al.
[43] and Abushrenta et al. [44], a ratio of Co to Al concentration
is high and that confirms a successful alkaline etching of the Al
cations in CoAl-LDH nanosheets using a NaOH solution for 48 h
to give CoOOH nanosheets.

5.2. Electrochemical characterization

Fig. 6(a) shows CV curves of Ni-F, Ni-FG, and CoOOH/Ni-FG at a
scan rate of 50 mV s~ ' in a potential range of 0.0-0.45 V. CV curves
of these electrode materials showing existence of reduction and
oxidation peaks. For instance, CV curves of both Ni-F and Ni-FG
show peaks that corresponds to the transformation reaction
between Ni(OH), and NiOOH [45], CV curve of a CoOOH/Ni-FG
electrode shows a distinct difference in the current response
(showing much higher current response which indicates high
capacitance) compared to Ni-F and Ni-FG electrodes at the same
potential of 0.45V, indicating a better electrochemical response.
Consequently, further investigation of the capacitive properties of
CoOOH/Ni-FG electrode was made. Fig. 6(b) shows the CV curves
of the CoOOH/Ni-FG electrode at different scan rates between
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5mVs~' and 50 mV s7', but in the same potential window. These
curves show the redox peaks which could be mainly due to electro-
chemical surface reactions on the CoOOH material corresponding
to cathodic and anodic peaks at ~0.1 and ~0.37V vs. Ag/AgCl
respectively. These redox peaks can be explained by the reversible
electrochemical oxidation and reduction (redox reaction) between
Co® and Co** expressed as [1546]

CoOOH + OH™ == Co0; + H;0 4e~ (1)

From this redox equation, a theoretical specific value of
17479 mAhg ! in 6 M KOH electrolyte is deduced. In Fig. 6(b),
it can be seen that as the scan rate increases, the anodic peak shifts
positively whereas the cathodic peak shifts negatively and this
shift is attributed to the polarization of the electrodes due to the
electrolyte ions diffusion in the porous structure of the electrode
during redox reaction at the higher scan rates. The shapes of the
curves (showing reduction and oxidation peaks) indicate that the
predominant mechanism of charge storage in this material is based
on Faradic characteristics [15].

Fig. 6(c) shows the charge-discharge (CD) curves of CoOOH/
Ni-FG electrode at current densities of 0.5-10 A g~ in the potential
window range of 0.0-0.45 V. The curves clearly show two voltage
steps, specifically, a fast potential drop in the range of 0.41-
024V and a slow potential drop in the range of 0.24-0.14 V.
Similar to CV curves, these voltage drop regions of charge-
discharge curves (0.24-0.14V) show Faradic behaviour of the
electrode resulting from the electrochemical redox reaction at an
interface between electrode and electrolyte [47]. From the CD
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Fig. 6. (a) Cyclic voltammetry (CV) of Ni-F, Ni-FG and CoOOH [Ni-FG at a scan rate of 50mV s . (b) CV of CoOOH/Ni-FG at scan rates ranging from 5 to 30 mVs ', (c)
Galvanostatic charge-discharge of CoOOOH/Ni-FG at current densities of 0.5-10 Ag . (d) Specific capacity of CoOOH/Ni-FG composite elecirode versus current densites.

165

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

4

T.M. Masikhwa et al. /Journal of Colloid and Interface Science 484 (2016) 77-85

independent constant with dimensions of (F cm2)" related to the
roughness and pseudocapacitive kinetics of the electrode surface,
the values for n range from —1 to 1 and can be calculated from
the slope of the log Z versus log f. For values of n=0, Q acts as a
pure resistor and for n=1, Q acts as a pure capacitor and for
n=-1, Q acts as an inductor [51]. Furthermore, at the low
frequency region, an ideal electrode yields a vertical line parallel
to the imaginary axis with a mass capacitance given by Q. The devi-
ation from this ideal behaviour is attributed to the leakage resis-
tance R. which is connected in parallel to the C; in the equivalent
circuit. Ci. denotes the pseudocapacitance which arises due to the
Faradaic charge transfer process [49]. The n-value obtained from
the fitting of the Nyquist plot for the CoOOOH/Ni-FG electrode was
0.91. Therefore, the fitting results for n show a capacitive behaviour
of the electrode. A summary of the CNLS fitting parameters from
the experimental impedance spectra (Fig. 7(a)) is presented in
Table 1.

The cycling stability of the CoOOH/Ni-FG electrode was investi-
gated at 10 A g~ for 1000 cycles, as shown in Fig. 7(b). The CoOOOH/
Ni-FG electrode shows the specific capacity of 95mAhg™' at
10.0A g ! with 98% capacity retention after 1000 cycles. Nyquist
plots (Fig. 7(c)) of the COOOH/Ni-FG electrode before and after
1000 charge-discharge cycles shows similar curves, suggesting
good electrochemical stability of the active material.

5.3. Morphology and structure after electrochemical analysis

The structure of the electrode material after electrochemical
measurement is presented to elucidate any structural change or

YUNIBESITHI YA PRETORIA
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degradation that might have occurred during the cycling process.
Fig. 8(a) and (b) shows the SEM images (low and high magnifica-
tions) of the CoOOH/Ni-FG after electrochemical analysis. These
images show a porous structure of nanosheets as seen before elec-
trochemical analysis (Fig. 4(e) and (f)), however, with an effect of
electrolyte and this suggest a good stability in the morphology of
CoOOH electrode material. It is worth mentioning that these SEM
images were acquired using 1 kV beam and the working distance
(WD) of 2.5 mm compare to those in Fig. 4 which were acquired
using 2 kV beam and the WD of 2.7 mm. As a result, SEM images
in Fig. 8(a) and (b) appear larger than those in Fig. 4(e) and (f).
Fig. 9(a) shows a secondary electron beam image showing area
from which the EDX data of the CoOOOH/Ni-FG after electrochemi-
cal analysis was obtained (see Fig. 9(b)). Fig. 9(b) shows the pres-
ence of C, O, Al, Co and Ni in the sample and additional elements
due to electrochemical analysis. A high concentration of K confirms
the presence or the effect of electrolyte (i.e. KOH) as seen in Fig. 9
(b) after electrochemical analysis. A ratio of Co to Al concentration
is still high (as observed before electrochemical analysis in Fig. 5
and that confirms structural stability of CoOOH compound. This
is further supported by Raman spectra obtained before and after
electrochemical analysis which shows similar spectra confirming
a good stability in the structure of the CoOOH electrode material
and the underlying graphene sheet (see Fig. 10(a)). In order to
compare our results with other cobalt-based faradic materials,
we recalculated the specific capacity from the estimated discharge
time and current density from the articles that are being referred
to in Fig. 10(b) in order to report the realistic values as suggested
by Lahedadr et al. [52]. Fig. 10(b) presents a comparison of specific

Fig. 8. (a) and (b) SEM images (low and high magnifications) of the CoOOH on Ni foam graphene (CoOOH/Ni-FG) after electrochemical analysis showing CoOOH intersected
nanosheets covered with dried electrolyte which also filled the space between sheets (porous structure). These SEM images were acquired using 1 kV beam and the working

distance of WD = 2.5 mm.
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Fig.9. (a) and (b) SEM image and EDX spectrum (from the region indicated by the yellow square in (a)) respectively of the CoOOOH on Ni foam graphene (CoOOH/Ni-FG) after

electrochemical analysis.
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Fig. 10. {a) Raman spectra of the CoOOH synthesized on the Ni-FG substrate (CoOOH /Ni-FG ) before and after electrochemical analysis. {b) A comparison of specific capacity at
a current density of 0.5, 1.0 and 20 A g ' obtained in this work and other previous published reports by Deng et al. [32], Zhu et al. [9], Nguyen et al. [10], Zhao et al. [30],

Ghosh et al. [52] and SengdTan and Mingali [12].

capacity at a current densities from 0.5 to 2.0 A g~ ! obtained in this
work and other previous published reports by Deng et al. [32], Zhu
et al. [9], Nguyen et al. [10], Zhao et al. [30], Ghosh et al. [53] and
SengaTan and Mingdli [12]. Our results are superior to the previ-
ously published Co-based electrode materials for supercapacitor
applications.

6. Conclusion

The morphology of the synthesized CoOOH on the Ni-FG sub-
strate showed a homogenous coating of well-ordered intersected
nanosheets showing porous structure. The morphology of synthe-
sized graphene sheet on the Ni foam showed wrinkles and ripples
of graphene which retained the advantages of homogeneous
adsorption and distribution of CoOOH intersected nanosheets on
Ni-FG substrate. The morphology and structural analysis con-
firmed elemental composition and crystalline structure of the
CoOOH compound before and after electrochemical analysis of
the electrode. The electrochemical behaviour indicated that the
CoOOH/Ni-FG electrode is a good Faradic electrode material
exhibiting a high specific discharge capacity of 199 mAhg ! at
0.5 A g~ ' with a capacity retention of 98% after 1000 cycles. These
results suggest that the CooOH/Ni-FG electrode material has great
potential as a high capacity device and is further expected to con-
tribute significantly to the ongoing scientific reports on Faradaic
electrode materials for electrochemical applications.
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The morphology of the synthesized CoOOH on the Ni-FG substrate showed a homogenous
coating of well-ordered intersected nanosheets showing porous structure. The morphology of
synthesized graphene sheet on the Ni foam showed wrinkles and ripples of graphene which
retained the advantages of homogeneous adsorption and distribution of CoOOH intersected
nanosheets on Ni-FG substrate. The morphology and structural analysis confirmed elemental
composition and crystalline structure of the CoOOH compound before and after
electrochemical analysis of the electrode. The electrochemical behavior indicated that the
CoOOH/Ni-FG electrode is a good Faradic electrode material exhibiting a high specific
discharge capacity of 199 mAh g* at a current density of 0.5 A g ' In addition ,the
supercapacitor also exhibit good cycle stability with a 98 % capacity retention after 1000

cycles. These results suggest that the CooOH/Ni-FG electrode material has great potential as
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a high capacitiy device and is further expected to contribute significantly to the ongoing

scientific reports on Faradaic electrode materials for electrochemical applications.

4.5 Asymmetric Supercapacitor Based on VS, Nanosheets and Activated

Carbon Materials.

45.1 Introduction

As much as we considered the cobalt based faradic materials for electrochemical capacitor
applications because of their excellent redox reaction of which making hybrid materials with
EDLC materials was found to be the best way of improving electrochemical performance, we
then extended our work to include the transition metal chalcogenides. The main reason to
consider these faradic materials was that they have similar 2D structure like graphene but still
suffer low electrical conductivity and poor electrochemical stability because of redox
reaction. Hence like other faradic materials their composite with carbon materials like
graphene should be able to improve their electrical conductivity, electrochemical stability and
prevent restacking so that a large surface area can be realized. In this study we considered the
VS, nanomaterial that was synthesized through solvothermal approach as cathode and AEG
as anode materials respectively for asymmetric supercapacitor for the same reason that this
kind of approach has a potential of increasing the energy density of the supercapacitor.
Vanadium sulphides have been investigated as low-cost electroactive material ,with good

mechanical properties and high electrochemical performance [11,12].

4.5.2 Results and Discussion

The results obtained from this work are presented in detail in the paper below.
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Introduction

Recently, supercapacitors, which are advanced electrochemical
energy storage systems, have been a hot topic due to their
numerous advantages in power source applications such as
short-term power sources for mobile electronic devices and
auxiliary power sources for hybrid electric vehicles (HEV)."*
Supercapacitors, also known as ultracapacitors or electro-
chemical capacitors, are energy storage devices that exhibit high
power density but relatively low energy density as compared to
rechargeable batteries. Thus, there has been a massive focus by
researchers to improve on supercapacitor technology in order to
enhance the energy density to at least the level of rechargeable
battery systems. Besides high power density, supercapacitors
also show excellent properties such as long cycle life, rapid
energy delivery and long stability as compared to rechargeable
batteries. The performance of supercapacitors depends, to
a large extent, on the nature of the electrode material."*

Typically, supercapacitors are categorized into three types
based on their charge-storage mechanism, namely, the elec-
trical double-layer capacitors (EDLCs) and the faradaic and
hybrid capacitors.® The storage mechanism in EDLCs arises
from the accumulation of charges at the electrode/electrolyte
interface that results in a non-faradaic reaction, whereas the
faradaic storage mechanism results from the fast redox reaction
(faradaic reaction).®

Hybrid capacitors are obtained from either making
composites of two materials with different charge storage
mechanisms, or using the two materials as positive and nega-
tive electrodes to form an asymmetric cell. An example could be

Department of Physics, Institute of Applied Materials, SARCHI Chair in Carbon
Technology and Materials, University of Pretoria, Pretoria 0028, South Africa
E-mail: ncholu.manyala@up.ac.2a; Fax: +27 (0)12 420 2516; Tel: +27 (0)12 420 3549

38990 | RSC Aadv., 2016, 6, 38990-39000

~99% capacitance retention and no capacitance loss after 5000 cycles at a current density of 2 A g"‘

the use of an EDLC-type material as negative electrode and
a faradaic-type material as positive electrode. This offers the
possibility of synergizing the advantages of both electrodes,
such as the high electrical conductivity and stability of EDLC
materials and the high specific capacitance of faradic or
pseudo-capacitance materials. The properties of the resulting
hybrid device lie between those of a supercapacitor and
a battery.” Asymmetric supercapacitors are a special type of
hybrid capacitors obtained by mounting an EDLC carbon
material electrode with a faradaic-type material electrode in
order to increase the energy density by utilizing the resulting
wide operating voltage window. This should not be detrimental
to the cyclic stability attributed to carbon-based materials and
the excellent power density from the higher capacitance of the
faradaic-type material.”™"®

Carbon-based nanomaterials, such as activated carbon (AC),
carbon nanotubes (CNTs), and graphene,"** are frequently
used as the negative electrodes of asymmetric supercapacitors
due to their stability in the negative potential region, good
electronic conductivity, large surface area and relatively low
cost."™ ™ Activated carbon (AC) is the most suitable negative
electrode material that has been adopted for hybrid capacitors,
not only due to the numerous merits listed above but also its
facile preparation process.'**"

Various transition metal oxides and conductive polymers*'**
are mostly used as positive electrodes due to their fast and
reversible electron-exchange reactions at the electrode inter-
face, which contribute to the high power densities and high
capacitance of asymmetric supercapacitors.*™*

In recent years, metal chalcogenide materials have been
considered for electrochemical energy storage applications due
to their diverse chemical and physical properties.™ For example,
two-dimensional (2D) layered transition-metal dichalcogenides
(TMDs) such as MoS;, CoS;, VS; and NiS; have been extensively

This journal is © The Royal Society of Chemistry 2016
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studied for applications in electrochemical supercapacitors due
to their promising electrochemical performance.**** Numerous
studies involving vanadium sulfides have been reported for
various applications.”™* Pandurangan et al reported the
synthesis of VS,/rGO nanosheets by an rGO-assisted phase
transformation via annealing of VS,/rGO sheets at 350 °C for the
electrocatalysis of hydrogen evolution reaction.* Similarly,
Satyajit et al. also provided a detailed study of VS,/rGO sheets
synthesized by a facile, one-step hydrothermal route and with
the enhanced supercapacitor performance of VS,/rGO.™ The
experimental results were further confirmed by computational
simulations to further provide useful insights into the design of
efficient energy storage devices. However, there have been little
or no reports on the fabrication of an asymmetric capacitor with
activated carbon from polymer-based materials as the anode
and VS, as the cathode in an aqueous electrolyte.

In this work, we report on the design of an asymmetric
capacitor based on 3D interconnected activated carbon as
negative electrode and mesoporous VS, nanosheets as positive
electrode material. The hybrid material showed high rate
capability compared with a pure VS, nanosheet electrode. The
VS,//AC asymmetric supercapacitor performed reversibly at
a high cell voltage of 1.4 V in 6 M KOH. It exhibited a specific
capacitance of 155 F g~" at 1 A ¢~ with a maximum energy
density as high as 42 W h kg ' and a power density of 700 W
kg'. Furthermore, the supercapacitor also exhibited good
stability with ~99% capacitance retention and no capacitance
loss after 5000 cycles at a current density of 2A g "

Experimental
Materials

Ammonium vanadate (NH,VO;, purity > 99.99%), thio-
acetamide (CH3CSNH,, Sigma-Aldrich, = 99%), ammonia (NH3,
= 99.95%) and polyvinyl alcohol (PVA, 99+% hydrolyzed) were
purchased from Sigma-Aldrich. Nickel foam was purchased
from Alantum (Munich, Germany); potassium hydroxide (KOH,
min 85%) and urea (purity = 98%) were purchased from Merck
(South Africa).

Synthesis of VS, nanosheets

Scheme 1 shows the schematic method used to prepare the VS,
nanosheets in this study. Ammonium metavanadate (NH,VO,,
2 mmol) was added to an 18 ml mixture of 15 ml deionized

NHVO; CH;CSNH;

I
— Mg
> .

Scheme 1 Preparation procedure of VS; nanosheets
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water and 3 ml ammonia, accompanied by vigorous stirring to
completely dissolve the ammonium vanadate. Subsequently,
thioacetamide (CH;CSNH,, 10 mmol) was added to the above
solution under vigorous stirring. The final homogeneous solu-
tion was transferred into a sealed, Teflon-lined, stainless-steel
autoclave and kept at a temperature of 180 °C for 20 h. After
cooling to room temperature, the black powder was washed
with deionized water and dried at 60 °C. The formation of the
nanosheet morphology of the VS, electrode includes two steps:
an initial nucleating stage and a crystal growth stage including
an Ostwald ripening process, which is known for the develop-
ment of nanosheet metal sulfide structures.* In the early stage,
various functional groups present in the reaction vessel such as
-NH,;, -COOH, and -SH react with v* jons to form V-S
complexes, which then decay to form VS, nuclei in the last stage
of the synthesis mechanism.* In the second stage, nanosheet
structures form as a result of the Ostwald ripening and self-
assembly of the VS, sheets. Throughout the reaction, the
hydrolysis of thioacetamide produces HS ™, which decreases V**
to V', and layered VS, structures are formed.*

Synthesis of activated carbon

Activated carbon used for the production of the composite
materials was prepared as reported in our earlier work.***
Briefly, graphene foam (GF) and polyvinyl alcohol (PVA) were
used as starting material for the production of a hydrogel,
which was then used to produce porous carbon materials after
the activation process. The activated material was neutralized
with 0.1 M HCI, washed with deionised water and dried at 120
“C for 12 h, after which samples were characterized.

Structure and morphology characterization

The morphology of the prepared VS, and activated carbon
electrodes was studied using the high-resolution Zeiss Ultra
Plus 55 field emission scanning electron microscope (FE-
SEM) operated at 2.0 kV. Energy-dispersive X-ray (EDX)
patterns were taken with a JEOL 5800LV microscope equip-
ped with an energy-dispersive X-ray spectrometer operated at
20 kV, and they were used to estimate the elemental compo-
sition of the produced materials. Transmission electron
microscopy (TEM) micro-images and selected area electron
diffraction (SAED) observations were carried out with a JEOL
JEM-2100F microscope operated at 200 kV (Akishima-shi,
Japan). X-ray diffraction (XRD) patterns of the prepared
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Fig. 1 X-ray diffraction of (a) VS, and (b) AC electrodes.

materials were collected using an XPERT-PRO diffractometer
(PANalytical BV, Netherlands) with theta/2theta geometry,
operating with a cobalt tube at 50 kV and 30 mA and with
reflection geometry at 26 values ranging from 30-90° with
a step size of 0.01°. The Raman spectra were recorded using
a WITEC-Alpha 300R Plus confocal Raman spectrometer
(WITEC GmbH, Ulm, Germany) with a 532 nm laser. X-ray
photoelectron spectroscopy (XPS, K-alpha, Thermo Fisher)
with monochromatic Al Kz radiation as the X-ray source was
used to irradiate the sample surface and determine the
chemistry of the samples synthesized in powder form.
Nitrogen adsorption-desorption isotherms 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/Py) of 0.01-1.

Electrode preparation and electrochemical characterization

All electrochemical measurements were carried out using
a Biologic VMP-300 potentiostat (Knoxville, TN, USA) controlled
by the EC-Lab® V10.37 software. Three-electrode measurements
were performed for both AC and VS, serving as the working
electrodes, Ag/AgCl (3 M KCI) serving as the reference electrode
and glassy carbon plate as the counter electrode. The negative
electrode was prepared by mixing the active material of acti-
vated carbon (AC) with polyvinylidene fluoride (PVDF) binder in
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2
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a weight ratio of 9:1, which was then homogenized and
dispersed in N-methylpyrrolidone (NMP) solution. The slurry
was then uniformly pasted on a nickel foam current collector
and dried at 60 °C in an oven for 8 h to ensure complete evap-
oration of the NMP. The positive electrode was prepared by
mixing the active material (VS,), carbon black (CB) and poly-
vinylidene fluoride (PVDF) binder, which helped to improve the
conductivity of material, in a weight ratio of 8:1: 1 and then
dispersing in N-methylpyrrolidone (NMP) solution. The slurry
was then uniformly pasted on a nickel foam current collector
and dried at 60 °C in an oven for 8 h.

The electrochemical test of the asymmetric cell was carried
out in a two-electrode cell configuration by means of coin-type
cells with thickness of 0.2 mm and diameter of 16 mm, using
a glass micro-fibre filter paper as the separator in a 6 M KOH
aqueous electrolyte solution. The mass loading of VS, (positive
clectrode) was within 2-3 mg and that of AC (negative electrode)
within 6-9 mg.

Results and discussion

Fig. 1(a) shows the XRD patterns of the VS, powder sample. The
wavelength used for the XRD analysis was the 1.7890 A line of a Co-
K, source. All diffraction peaks designated in the figure corre-
spond to the pure hexagonal phase of VS, (JCPDS 36-1139) with
lattice constants of = b = 0.322 Aand ¢ = 0.576 A. The XRD data
suggest that VS, preferentially grows in the (001) low-index crys-
tallographic direction, hence leading to nanosheet formation.
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400 600 _ 800 16?0 1200
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Fig. 2 Raman pattern of (a) VS; and (b) AC electrodes, respectively.
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Fig. 3 Low- and high-magnification SEM images of (a) and (b) VS,, (c) and (d) AC electrodes.
Fig. 1(b) presents the XRD patterns of AC powder. The wavelength Fig. 2(a) shows the Raman spectrum of the VS, electrode. The

used for the XRD analysis was Cu-Kz, 1.5405 A. All the peaks are  characteristic peak positions of 278 cm ™' and 404 cm ™' due to
identified to those of graphite (COD: 96-900-8570), which crystal-  the in-plane Ejg and the out-of-plane Ay vibration modes show
lizes in the hexagonal structure with space group P6;md(186), and  the presence of VS,.*” The A,; mode was due to the out-of-plane
lattice parameters a@ = 2.4560 A and ¢ = 6.6960 A.* vibration of only the S atoms in opposite directions, while the

Fig. 4 (a) HRTEM image of VS, nanosheets with the inset to the figure showing d spacing (upper), (b) SAED pattern of VS, nanosheets, and (c)
TEM image of the AC sample.

This joumnal is © The Royal Society of Chemistry 2016 RSC Adv. 2016, 6, 38990-39000 | 38993
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Fig. 5 EDX pattern of (a) VS, and (b) AC electrodes

in-plane Ez; mode formed from the opposite vibration of the
two S atoms with respect to the Vatom.*

Fig. 2(b) shows two prominent D and G peaks, signifying that
the produced AC is composed of highly disordered graphitic
structures. It shows two distinct peaks at 1344 ¢m ! (D-band)
and 1603 cm™' (G-band). These bands correspond to the
disordered carbon/structural defects and graphitic layers (sp*
bonded carbon atoms) of the carbon material.™ The intensity
ratio of the D-band to that of G-band (R = Ip/lg) is 0.8, and this
shows a low degree of graphitic crystalline structure.™
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Fig. 3(a) and (b) show the low- and high-magnification SEM
micrographs of the VS, sample. It can be seen from the figure
that the sample is composed of a large number of nanosheets.
Fig. 3(c) and (d) present the low and high magnification SEM of
the AC sample. As observed in the micrograph, the sample is
composed of large, interconnected macropores that provide
a large ion-accessible surface for fast ion transport in high-
performance supercapacitors.*

The high-resolution TEM (HRTEM) image of the VS; nano-
sheets in Fig. 4(a) shows layered VS, sheets with an interlayer
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Fig. 6 (a) VSz XPS survey spectra and high-resolution scans of (b) V 2p and (c) S 2p.
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spacing of 0.26 nm (upper inset to the figure), which corre-
sponds to the (001) plane of the hexagonal phase of VS,.
Fig. 4(b) shows the selected area electron diffraction (SAED)
pattern of a single nanosheet, which is well indexed to the
single-crystalline hexagonal phase of VS,. Fig. 4(c) shows the
TEM image of activated carbon with large particles.

The corresponding EDX pattern in Fig. 5(a) confirms that the
synthesized VS, composite is composed of the elements vana-
dium and sulfur in the sample.

Fig. 5(b) confirms that activated carbon is composed of
carbon. The element Al is present due to signals from the
copper grid used as a sample holder for microscopy.

The chemical composition of VS, was also confirmed by XPS,
as shown in Fig. 6. Before ion sputtering, C, O,V and S elements
are detected in the survey; however, after ion sputtering for 30
minutes, only V and S elements are detected, which suggests
that the appearance of C and O in the initial survey could be due
to surface-adsorbed CO, and O, (see Fig. 6(a)). Fig. 6(b) and (c)
show high-resolution scans of V 2p and S 2p, respectively. The
energy positions of the V-peaks, which correspond to 513.5 eV
and 521.1 eV (V 2p;,, and V 2p,,), indicate a V valence of +4.%*
The S peaks corresponding to S 2p at 161.4 eV energy are
comprised by S 2p,,; (160.5 eV) and S 2p;,; (161.9 eV) peaks,
which are orbitals of divalent sulfide ions. Therefore, the survey
after ion sputtering (showing only V and S elements) corre-
sponds to a pure VS, phase.

Fig. 7(a) and (b) represent the BET results from the surface
area and porosimetry analysis carried out on the VS, and the AC
samples, respectively. The nitrogen adsorption-desorption
isotherm of VS, shows a type 1II behaviour with H3 hysteresis
isotherm (Fig. 4(a)), indicating a weak interaction between the
N, adsorbent and the material. On the other hand, the N,
adsorption-desorption isotherm of the AC (Fig. 4(b)) presents
a typical type 1 adsorption-desorption that characterizes
complex materials containing micropores. The samples have
a corresponding specific surface area (SSA) of 5.5 m* g ' and
1040 m* g ! for the VS, and AC samples, respectively. In addi-
tion, the nature of the pore structure present in the VS, nano-
sheets are mainly mesoporous with a broad pore size
distribution of 2-7 nm (inset to Fig. 7(a)), while a microporous
structure is recorded in the AC samples with an average pore
size of 2.7 nm (inset to Fig. 7(b)).
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Electrochemical performance of VS, nanosheets and activated
carbon

To evaluate the potential of the electrode materials for super-
capacitor applications, the individual electrochemical proper-
ties of the VS, and AC electrodes were firstly studied in a three-
electrode system using 6 M KOH electrolyte. Cyclic voltamme-
try (CV), chronopotentiometry (CD) and electrochemical
impedance spectroscopy (EIS) measurements were carried out
for both samples. Fig. 8(a) shows the CV curves of the VS,
electrode at scan rates of 5, 10, 20, 50 and 100 mV s ',
respectively. A pair of redox peaks corresponding to the anodic
peak at ~0.25 V and cathodic peak at ~0.34 Vis visible in all the
CV curves, revealing distinct faradic characteristics. Therefore,
the anodic peak is due to the oxidation of V** to V*', whereas
the cathodic peak is due to the reverse process. With an
increase in scan rates, the small shifts in both cathodic and
anodic peak potentials are considered to have a direct rela-
tionship with the internal resistance of the electrode, indi-
cating that the fast redox reactions occur at the electroactive
material/electrolyte interface. Fig. 8(b) shows the CV curves of
the AC electrode at various scan rates ranging from 5 to 100 mV
s~'. These CV curves show relatively rectangular shapes
without redox peaks, which is a typical electric double-layer
capacitive sample behaviour.

Fig. 8(c) shows the galvanostatic charge/discharge curves of
the VS, electrode at different current densities within a poten-
tial range of 0-0.5 V. Each discharge curve includes two clear
voltage steps: a fast potential drop from 0.50 V to 0.35 V and
a voltage plateau from 0.35 V to 0.22 V. The voltage plateau at
around 0.3 V suggests a typical faradic characteristic that is in
good agreement with the CV curves reported in Fig. 8(a).
Fig. 8(d) shows the galvanostatic charge/discharge curves of the
AC electrode at different current densities within a potential
range of —0.8 to 0.0 V. As can be seen from Fig. 8(d), the shapes
of the charge and discharge curves are very similar to each other
and show a typical electric double-layer capacitive property,
characterized by a nearly symmetrical triangular shape. This is
in agreement with the results from CV curves in Fig. 8(b). Based
on the galvanostatic charge-discharge (CD) curves, the specific
capacitance of the VS, and AC electrodes were calculated using
eqn (1):
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Fig. 7 The N adsorption-desorption isotherm of the (a) VS, nanosheets and (b) AC, insets show pore size distribution.
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where [ is the discharge current (A), t is the discharge time (s), m
is the mass of active material (g), AV is the potential range of
discharge (V), and C,, is the specific capacitance (F g '). The
specific capacitance of VS, and AC electrodes was calculated at
different current densities, and the plot of the specific capaci-
tance (F g ') of the VS, nanosheets and AC electrodes as
a function of current density (A g ') is shown in Fig. 8(¢). The
good performance of VS, nanosheets can be attributed to the
open structure of the VS, electrode, which can facilitate the
penetration of electrolyte ions into the inner part and shorten
the ionic diffusion path, therefore improving the dynamic

38996 | RSC Adv, 2016, 6, 38990-39000

electrochemical performance. The activated carbon has been
shown to have interconnected porous cavities that are in sizes of
several micrometres, with a substantial amount of macropores,
offering enough reservoirs for the electrolyte, which is highly
required for improved supercapacitor electrode performance.*”

Electrochemical properties of the asymmetric supercapacitor

To further assess the potential application of the VS, nanosheet
array electrode in supercapacitors, an asymmetric super-
capacitor was fabricated in which the positive electrode
comprised of the VS, material and the activated carbon material
was used as the negative electrode. In order to obtain the
optimal performance of the asymmetric full cell supercapacitor,
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Fig.9 (a) Cyclic voltammetry of the VS, nanosheet and activated carbon electrodes at a scan rate of 50 mV s™* for the three-electrode setup. For
the asymmetric VS,//AC device: (b) cyclic voltammetry at scan rates of 50-200 mV s *, (c) galvanostatic charge~-discharge at current densities of
1-10A g%, (d) Ragone plot and the specific capacitance as a function of the current density, and (e) cycle stability at a constant current density of
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a charge balance Q, = Q_ between the two electrodes was done,
where Q, and Q_ are the charges stored in the positive and
negative electrodes, respectively. The charge can be expressed

by:*
Q= C, x mAU (2)

where C; is the specific capacitance of the active material, m is
the mass of each active material, and AU is the potential range
during the charge-discharge process.
In order to get Q. = Q_, the mass balancing follows the
equation.
m, C, AU

m G, AU, )

To make two-electrode cells, according to eqn (3), the mass
of the VS, electrode should be two times mass of the AC
electrode.

From Fig. 9(a), it is expected that the operating cell voltage
could be extended to about 1.4 V in 6 M KOH solution as elec-
trolyte if the VS, electrode as cathode and the AC electrode as
anode are assembled into asymmetric ECs.

Fig. 9(b) shows the CV curves of the VS,//AC asymmetric
device measured at different scan rates from 5 to 200 mv s~ ', It
indicates that the CV curves simultaneously express the faradic
and electric double-layer capacitive behaviour, which are the
typical characteristics of hybrid asymmetric supercapacitors. An
asymmetric charge-discharge curve was observed showing the
existence of both faradic behaviour (0.55-0.15 V) and electric
double-layer behaviour (0.55 V-1.4 V) at all current densities

(Fig. 9(c)).
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The energy density (£, in W h kg ') and power density (P, in
W kg™') of ECs can be calculated from the specific capacitance,
Cy according to the following equations:

1. . 1000xC xAU C, xAU?

E=scat T30 72 “)
E 3600xE 36xE
P == 00xar~ & (5)

where U is the voltage window of the full cell, and At is the
discharge time.

The Ragone plot and the specific capacitance as a function of
the current density of the asymmetric device are shown in
Fig. 9(d). The specific capacitance of the VS,//AC can reach 155 F
¢ " ata current density of 1 A g™ " as calculated from eqn (2).

The maximum energy density of the device was recorded as
42 W h kg~ ! with a corresponding power density of 700 W Kg ™'
at a current density of 1 A g*, as shown in Fig. 9(d). The
asymmetric VS,//AC shows a much improved energy density at
high power density in comparison with other asymmetric
devices involving AC as negative electrode, such as AC//Ni(OH),/
XC-72 (energy density of 36 W h kg ' and corresponding power
density of 490 W kg~ ' at 0.5 Ag™"),** Ni(OH),@3D Ni-AC (energy
density of 21.8 W h kg~ ' and corresponding power density of
660 W kg ' at 1 Ag )™ and CuS//AC (energy density of 15.06 W
h kg~ and corresponding power density of 392.9 W kg™ " at 0.5
A g— 1}.:\7

The stability of the electrode material is also a very important
characteristic for its application as energy storage device. In
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order to understand the stability of the VS;//AC asymmetric
device, the samples were subjected to 5000 cycles at the high
current density of 2 A ¢! as shown in Fig. 9(¢). The coulombic
efficiency of VS,//AC after 5000 cycles is ~99%, thus exhibiting
its excellent electrochemical stability.

Fig. 10(a) presents the Nyquist plot of the asymmetric device
with an R value of 2.97 Q obtained from the fitted plot using the
circuit shown in the inset to the figure. The Nyquist plot before
and after cycling is shown in Fig. 10(b). From this, an R,-inter-
cept value of 2.97 Q before cycling and 4.10 € after cycling was
obtained.

The frequency response of porous carbon electrodes has
been modelled with a single series resistor-capacitor (RC)
circuit.*® Based on this model, the real and imaginary part of the
capacitance as a function of the frequency can be calculated
using the equations below:

-1
C= (MT'} (6)
Clw) = Clw) - jC"(w) (7)
_ Z"(m): (8)
w|Z ()]
o= 2@ )
w|z(w)]”

where Z is the complex impedance written as Z(w) = Z'(w) +
Z"(w), @ = 2xf; C'(w) represents the real accessible capacitance
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Fig. 10 (a) EIS plot and fitting curve for the asymmetric VS2//AC cell, (b) EIS before and after cycling, (c) the real and the imaginary parts of the

asymmetric cell's capacitance against frequency.
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of the cell at the corresponding frequency, which signifies the
deliverable capacitance; C"(w) represents the energy loss due to
the irreversible process of the electrodes; and Z' and Z” repre-
sent the real and imaginary parts of the Nyquist plot, respec-
tively.*® Based on the above formulae, the capacitance (') of the
cellis 0.035 F (from the topmost part of the ' graph as shown in
Fig. 10(b)), and C" defines the transition frequency between
a purely resistive and purely capacitive behaviour of the asym-
metric capacitor with a relaxation time of 0.6 s, achieved by
taking the reciprocal of the maximum frequency in the C” graph
in Fig. 10(c). This value shows that the cell can be fully charged
within a very short time.

Conclusions

We have successfully fabricated an asymmetric supercapacitor
cell based on porous activated carbon material as negative
electrode and VS, as positive electrode. The asymmetrical device
displays a high specific capacitance of 155 Fg ' at 1 A g " with
a maximum energy density of 422 W h kg~! and power density of
700 W kg~ '. In addition, its great stability record, with ~99%
capacitance retention and no capacitance loss after 5000 cycles
ata current density of 2 A g~ ! and an operating voltage of about
1.4 Vin 6 M KOH aqueous electrolytes, shows that pairing such
hybrid materials could be an excellent method to produce
supercapacitors with high energy and power densities. These
results offer a convenient and effective way to fabricate asym-
metric hybrid supercapacitors based on VS, and AC with high
energy density while maintaining the high power density
property of supercapacitors.
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45.3 Conclude Remarks

Asymmetric supercapacitor based on VS,//AC electrode demonstrated a high capacity of 155
F g and high energy and power densities of 42 Wh kg™ and 700 W kg™ respectively at 1 A
g.The device also displayed a good stability with ~ 99% capacitance retention and no
capacitance loss after 5000 cycles at a current density of 2 Ag™ at an extended operating
voltage of about 1.4 V .Therefore, these above results showed that pairing such hybrid
materials could be an excellent method for tailoring high-performance supercapacitor

electrodes.

4.6 High Performance Asymmetric Supercapacitor Based on MoS,/GF

and Activated Carbon from Expanded Graphite

4.6.1 Introduction

One of the mostly studied transition metal chalcogenides material for electrochemical
capacitance is molybdenum disulphide (MoS;) due to its excellent mechanical and
electrochemical properties and unique morphology [13].

Molybdenum disulphide comprises of covalently bonded S-Mo-S atoms which are held
together by weak van der Waals forces [14,15] just like few layer graphene. It has been
established that modifying the MoS; with carbon materials to obtain a composite material is
one of the most effective ways of increasing the conductivity as well as its electrochemical
properties [16-21]. In this study hybrid composite materials consisting of MoS; and different
graphene foam mass loading were synthesized through hydrothermal synthesis. The
composites were characterized through different techniques and the electrochemical
measurements were studied as a function of graphene foam mass loading in three electrode
configuration. The best performing composite was used to make asymmetric device where

such composite was used as cathode and AEG as anode electrodes respectively.
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The results obtained from this work are presented in detail in the paper below.
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Asymmetric supercapacitor

Molybdenum disulphide which has a graphene-like single layer structure has excellent mechanical and
electrical properties and unique morphology, which might be used with graphene foam as composite in
supercapacitor applications. In this work, Molybdenum disulphide (MoSz)/graphene foam (GF) compos-
ites with different graphene foam loading were synthesized by the hydrothermal process to improve on
specific capacitance of the composites. Asymmetric supercapacitor device was fabricated using the best
performing MoS»/GF composite and activated carbon derived from expanded graphite (AEG) as positive
and negative electrodes, respectively, in 6 M KOH electrolyte. The asymmetric MoS,/GF//AEG device
exhibited a maximum specific capacitance of 59 Fg~! at a current density of 1Ag~" with maximum
energy and power densities of 16 W h kg™! and 758 W kg, respectively. The supercapacitor also exhib-
ited a good cyclic stability with 95% capacitance retention over 2000 constant charge-discharge cycles.
The results obtained demonstrate the potential of MoS,/GF//AEG as a promising material for electro-
chemical energy storage application.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

The increasing demand for novel energy storage systems to
meet today’s technological advancement has inspired the need to

* Corresponding author.

E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

http://dx.doi.org/10.1016/j.jcis.2016.10.095

0021-9797/© 2016 Elsevier Inc. All rights reserved.

design and develop efficient energy storage devices. Supercapaci-
tors, also known as electrochemical capacitors, have now been
revealed to be suitable candidates for next-generation energy stor-
age devices due to their fast charge-discharge rate, high power
density as well as excellent cycle stability compared with elec-
trolytic capacitors and conventional batteries [ 1-4]. Supercapaci-
tors are being used in power backup systems, portable
electronics, hybrid electrical vehicles, pacemakers and various
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devices where long cycle life and high power density are needed
[5,6]. Although the energy density of commercially accessible
supercapacitor is quite low, a great deal of research determination
has remained engaged in order to improve the energy density of
supercapacitor while retaining its high power density [G].

On the basis of their energy storage mechanism, supercapaci-
tors can be classified into three categories such as the electric
double-layer capacitors (EDLCs) that apply the capacitance arising
from charge separation at an electrode/electrolyte interface, pseu-
docapacitors or redox supercapacitors which use the charge-
transfer arising from redox reactions occurring on the surface of
the electrode and hybrid capacitors which combine both the super-
capacitors properties with a battery-type characteristic to form
asymmetric supercapacitors [7]. The formation of asymmetric
supercapacitors has been found to be an actual alternative method
to improve the energy density by either increasing the overall
device specific capacitance with different electrode materials or
increasing the operating voltage window up to about 2.5V by
using organic and ionic liquids electrolytes because of their
broader cell potential windows than those of aqueous electrolytes
[8,9]. However, both types of electrolytes are plagued with draw-
backs when adopted for practical application because organic elec-
trolytes have poor electrical conductivity and are not
environmentally friendly, while ionic liquids are cost ineffective.

The electrode material plays a key role in improving the overall
device performance and this remains a great challenge in finding
unique and efficient electrode materials for this purpose. In gen-
eral, electrode materials including conducting polymers and tran-
sition metal oxides and their composites with carbon materials
have been used as positive electrodes [10-12]. Designing hybrid
supercapacitors composed of carbon materials with electric double
layer capacitance and pseudo-capacitive materials with faradic
capacitance in the same cell to form an asymmetric supercapacitor
has been established as a promising approach to increase the cell
voltage window up to 2.0V in aqueous or neutral electrolytes
[13,14]. The importance of assembling an asymmetric cell is to
use electrode materials which are stable in different potential win-
dows in the same electrolyte in order to increase the full cell volt-
age. As a result, this will increase the device energy density
because it depends on potential window squared [6].

Carbonaceous materials, like carbon nanotubes, graphene and
activated carbon are generally being used as a negative electrode
due to their good rate capacity, high surface area, low cost and
facile synthesis procedure [15,16]. Transition metal chalcogenides
such as Cobalt disulphide [17-19], molybdenum disulphide (MoS;)
[20-22], Nickel disulphide [23-25] and copper disulphide [26] are
potential electrode materials for supercapacitor applications
because they are known to be electrochemically active with good
electrochemical performance. Molybdenum disulphide which has
a graphene-like single layer structure has attracted great attention
in phototransistors, catalysis, lithium ion batteries and supercapac-
itor applications due to its excellent mechanical and electrical
properties and unique morphology [27-31], Molybdenum disul-
phide comprises of covalently bonded S—Mo—S atoms which are
held together by weak van der Waals forces [32,33]. It has been
established that modifying the MoS, with carbon materials to
obtain a composite material is one of the most effective ways of
increasing the conductivity as well as its electrochemical proper-
ties [22,34-38]. Graphene with its excellent electrical conductivity
and good stability can provide interconnecting mesostructured
supports that can facilitate good nanoparticle dispersion and elec-
tron transport for MoS,. For example, Huang et al. [39] produced
layered MoS;-graphene composites for supercapacitor applications
with improved capacitive performance, Patil et al. [40] reported
MoS,/graphene oxide hybrid for supercapacitor application, da Sil-
veira Firmiano et al. [35] also reported MoS; deposited by micro-

wave heating on a reduced graphene oxide, Huang et al. [36]
produced MoS;/multi-walled carbon nanotube composites for
enhanced performance supercapacitor, Hu et al. [37] also demon-
strated the preparation of porous tubular C/MoS; nanocomposite
for supercapacitor application, Bissett et al. [41] also reported char-
acterization of MoS;-graphene composites for high performance
coin cell supercapacitors, Fan et al. [22] also demonstrated
flower-like MoS,/C composite for supercapacitor application and
Ji et al. [38] also produced MoS,/C hybrid composites for superca-
pacitor performance.

In this work pure MoS; and MoS;/graphene foam (GF) with dif-
ferent graphene foam mass loading were synthesized by the
hydrothermal process to improve on the specific capacitance of
the composites. An asymmetric supercapacitor was fabricated
using the best performing MoS,/GF composite and activated car-
bon derived from expanded graphite (AEG) as positive and nega-
tive electrodes respectively in an aqueous electrolyte. The hybrid
material composite demonstrated a high rate capability when
compared with a pure MoS; electrode. The MoS,/GF//AEG asym-
metric supercapacitor could perform reversibly at a high cell volt-
age of 1.4V in 6 M KOH delivering high energy and power densities
of 16Whkg™ " and 758 Wkg™! at a current density of 1Ag™",
respectively. The supercapacitor also displayed a good cyclic stabil-
ity with 95% capacitance retention over 2000 constant charge-
discharge cycles.

2. Experimental
2.1. Materials

Ammeonium molybdate (NH4)2MoO,, purity 99.98%), hydrochlo-
ric acid (HCI, purity > 32%), thiourea (CH4N,S, purity > 99%) and
polyvinylpyrrolidonel (PVP) were purchased from Sigma-Aldrich.
Nickel foam (NF) with areal density of 420 g m™2 was purchased
from Alantum, (Munich, Germany) while potassium hydroxide
(KOH, purity = 85%) was purchased from Merck Stores (South
Africa).

2.2. Synthesis of MoS,

1 mmol of ammonium molybdate was dissolved in 30 ml of
deionized water under vigorous stirring for 20 min, 5 mmol of
thiourea (CH4N2S) was then added to this solution and stirring of
the mixture was further continued for 30 min. The mixture was
then carefully transferred into a 120 mL sealed Teflon-lined
stainless-steel autoclave and kept at a temperature of 150 °C for
20 h. After cooling to room temperature, the black powder samples
were repeatedly washed with deionized water and ethanol several
times and finally dried at 60 °C for 6 h. During the hydrothermal
reaction, ammonium molybdate releases the MoQO; and ammo-
nium ions, with thiourea acting as the sulphur source. A layered
structure, MoQOj ions react with the sulphur ions to form the
molybdenum disulphide (MoS;) and the residual ammonia interca-
lation inhibits the stacking of MoS, nanostructures and basically
self-assembles into a sphere like morphology [42]. The reaction
of the synthesis of MoS; can be expressed as [43]:

CSN>Ha + 2H,0 — 2NHs + COs + HsS 1)
4((NH,),M00;) + 9H,S + 6HCl — 4MO0S, + (NH,),50, + 12H,0 + 6NH,Cl
2)

2.3. Synthesis of MoS,/GF
Schematic 1 shows the method used to prepare the MoS;/GF

composite in this study. In order to obtain the MoS;/graphene
foam (MoS;/GF) composite, the GF was initially synthesized by
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Schematic 1. Preparation of MoS,/GF.

atmospheric chemical vapor deposition (APCVD) technique [44].
Briefly, a known mass of compressed nickel foam template (Alan-
tum, Munich, Germany), with an areal density of 420 g m™2? was
positioned in a quartz tube for the APCVD graphene growth. The
nickel foam was first annealed at 800 °C in the presence of Ar
and H, gas for 60 min, prior to the introduction of the carbon
source (CH4 gas) at 1000 °C. The flow rates of the gasses Ar:Ha:
CH4 were 300:200:10 sccm, respectively. After 60 min period of
deposition, the samples were quickly cooled by horizontally push-
ing the quartz tube to a lower temperature section to attain the
nickel foam-graphene. In order to get the final GF product, the
sample was subsequently submerged in a 3.0 M HCl solution and
placed on a hot plate at 60 °C for 16 h to ensure complete etching
of the nickel template structure. After complete etching of the
nickel, the remaining GF was washed several times with deionized
water and dried in the oven to get the GF. The MoS;/GF composites
were prepared using a hydrothermal reduction technique. Typi-
cally, 50, 100, 150 and 200 mg of laboratory synthesized GF sam-
ples were dispersed in 30 mL of water by ultrasonication for 12 h
at room temperature. Then 1 mmol of ammonium molybdate and
5 mmol thiourea was added to the different GF solutions and the
mixtures were all stirred for 10 min. The obtained solutions were
then transferred to a Teflon-lined stainless steel autoclave system
and kept at 150 °C for 20 h. After naturally cooling to room temper-
ature, the final MoS,/GF product containing different amounts of
GF was washed with deionized water and dried at 60°C for 6 h.
For comparison, MoS; and GF were also mixed after synthesis to
investigate the effect of the hydrothermal synthesis. Different
masses of laboratory synthesized GF and 40 mg of MoS, samples
were dispersed in 30 mL of water by ultrasonication for 12 h at
room temperature. The final mixture of MoS; and GF product
was washed with deionized water and dried at 60 °C for 6 h.

2.4, Synthesis of activated carbon from expanded graphite

Activated carbon from expanded graphite used as anode mate-
rial for our asymmetric supercapacitor was prepared as reported in
our earlier work [45]. Briefly, expanded graphite and
polyvinylpyrrolidonel (PVP) were used as an initial material for
the production of a hydrogel, which was then used to produce acti-
vated carbon denoted as AEG after the activation process. The acti-
vated material was neutralized with 1M HCl, washed with
deionized water and dried at 60 °C for 12 h for further samples
characterization.

2.5. Structural and morphology characterization

X-ray diffraction (XRD) spectra of the prepared materials were
collected using an XPERT-PRO diffractometer (PANalytical BV,
Netherlands) with theta/2theta geometry, operating with a cobalt
tube at 50 kV and 30 mA and reflection geometry at 26 values rang-

ing from 30 to 90° with a step size of 0.01°. The morphology of the
prepared MoS;, MoS;/GF and AEG was studied using a high-
resolution Zeiss Ultra plus 55 field emission scanning electron
microscope (FE-SEM) operated at a voltage of 2.0 kV. Transmission
electron microscopy (TEM) 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 chem-
istry of the samples synthesized in powder form. Nitrogen adsorp-
tion—desorption isotherms 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/Pp) of
0.01-1.0.

2.6. Electrode preparation and electrochemical characterization

All electrochemical measurements were carried out using a Bio-
logic VMP-300 potentiostat (Knoxville TN 37,930, USA) controlled
by the EC-Lab® V10.37 software. The three electrode measure-
ments were performed for MoS,, MoS,/GF and AEG serving as
the working electrodes, glassy carbon plate as the counter elec-
trode and Ag/AgCl (3 M KCl) serving as the reference electrode.
The negative electrode was made by mixing the active material
of AEG with polyvinylidene fluoride (PVDF) binder in a weight ratio
of 9:1 which was homogenized and dispersed in N-methylpyrroli-
done (NMP) solution. The slurry was then homogeneously pasted
on a nickel foam current collector and dried at 60 °C in an oven
for 8 h to make sure complete evaporation of the NMP. The positive
electrode was prepared by mixing the active material MoS;/GF,
polyvinylidene fluoride (PVDF) binder and carbon black (CB) which
served to increase the conductivity of the material in a weight ratio
of 8:1:1 and dispersed in N-methylpyrrolidone (NMP) solution. The
slurry was then uniformly pasted on a nickel foam current collec-
tor and also dried at 60 °C in an oven for 8 h. In this experiment, the
active material loading was ranging from 1.2 to 3.0 mg.

The electrochemical test of the asymmetric cell was carried out
in a two-electrode cell configuration by means of coin-type cells
with a thickness of 0.2 mm and diameter of 16 mm, using a glass
microfiber filter paper as the separator in a 6 M KOH aqueous elec-
trolyte solution.

3. Results and discussion
3.1. Structural and morphological characterization
Fig. 1(a) shows the measured XRD patterns for as-prepared

MoS; and MoS, with GF at different mass loading while Fig. 1(b)
shows the XRD pattern for a mixture of 40 mg MoS, and 150 mg

184

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

4

158

{016)

——MoS, 15 mg GF

;: ——MoS,_100 mg GF
——MoS,_150 mg GF 3
i Brarar e —

F—GF

!
quzl

T ——— T

Intensity (arb.units)

F Mos, ICSD#84180

ol el .||.|. e

FGraphite ICSIDﬂ3117IJ

10 1520 2530 35 40 45 50 55 60 65 70 75 80 85
2 6 (degree)

90

YUNIBESITHI YA PRETORIA

T.M. Masikhwa et al./ Journal of Colloid and Interface Science 488 (2017) 155-165

[ (b)  ——Mix ]
(002)  (goz)l@raphite)

(018)120) ]

Intensity (arb.units)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
101520253035404550 5560 657075 80 8590
2 6 (degree)

| (c)

{002)

—

" AEG

Intensity (arb.units)

e G raphite ICSD#31170

-
O[T T
L8]
o

30

40

50 60 70 80

2 6 (degree)

Fig. 1. X-ray diffraction of (a) MoSz and MoS»/GF, (b) 40 mg MoS2/150 mg GF mixture (obtained using a cobalt tube) and (¢) AEG (obtained using a copper tube) with standard

ICSD, respectively.

GF with other GF foam mass loading showing similar behaviour.
Typical diffraction peaks which were observed for MoS, phase
are indexed using the MoS; ICSD card number 84180 (Sys: hexag-
onal, 5.G.: P63/mmc (194), a: 3.1600 A, ¢ 12.2900 A, a/b = 1.0000,
b/c=0.2571 and c/a =3.8892) and for GF phase are indexed using
the graphite ICSD card 31170 (Sys.: hexagonal, 5.G: P63mc (186)
a: 24700 A, ¢: 6.7900A, a/b: 1.0000, b/c: 03638 and cfa: 2.7490).
It can be seen that as-prepared MoS; has a preferential wide peak
at 20 = 40° which could be due to disorder in the material and/or
overlap peaks that should be at 26 = 38°, 39° and 44°,

Except for 150 mg GF, the addition of 50 and 100 mg GF to the
MoS, shows similar diffraction patterns as that of pristine MoS,.
Interestingly, an addition of 150 mg GF (which has a preferential
(00 2) texture) to the MoS; causes this material to have a dominat-
ing (00 2) texture similar to that of GF.

We suggest that the increased mass loading of graphene during
the hydrothermal synthesis may favour the growth of MoS; in the
(00 2) direction (see the spectrum for 150 mg GF mass loading).
Though, GF influences the texture of the MoS,, it does not alter
the hexagonal crystal structure of the material except the fact that
the material could be disordered. The XRD for material which was
produced through MoS; and GF mixing does not exhibit striking
difference as compared to the hydrothermally grown samples
which just shows the presence of carbon (GF) and MoS, (Fig. 1(b)).

Fig. 1(c) represents the XRD patterns of AEG powder. The wave-
length used for the XRD analysis was Cu-Ke, 1.5405 A. All the
peaks are identified to graphite peaks (COD:96-900-0047) which
crystallizes in the orthorhombic structure with space group
Fmmm(69), lattice parameters a=2.4560A and c = 6.6960 A
[46]. Fig. 2 shows the FESEM microstructures of the as-prepared

samples. The morphology of the MoS; (Fig. 2(a and b)) at different
magnifications indicating a cauliflower morphology constructed by
MoS; nanowalls. However, in the presence of GF acting as a growth
support, numerous MoS, nanosheets are densely attached on gra-
phene as shown in Fig. 2(c)-(h) for low and high magnifications
respectively. The graphene forms an interconnected conducting
network and assists in fast electronic transport in the electrode.
Fig. 2(i and j) show the FESEM microstructures of the mixed
MoS, and GF at low and high magnifications, respectively. The
flower-like MoS, and the graphene sheets are clearly distinguish-
able from these images. No homogeneous deposition of the MoS,
on the sheet of carbon is noticed. Fig. 2(k) and (1) presents the
low and high magnification SEM of the AEG sample. As observed
in the micrographs, the sample is composed of a sheet-like mate-
rial which provides a large ion-accessible surface for fast ion trans-
port in high-performance supercapacitors.

Fig. 3(a) and (b) shows high-resolution TEM (HRTEM) images of
both MoS, and MoS,/GF (150 mg GF) composite respectively. In
both figures, a number of lattice fringes in different directions
are observed suggesting polycrystalline nature of the material
which is in agreement with the observed XRD spectra (Fig. 1(a))
which shows diffraction peaks with different crystallographic
directions.

The bonding characteristics and the composition of the MoS,
nanosheets were obtained by XPS as shown in Fig. 4. Besides the
element of C and O, the unsputtered and sputtered XPS spectra
of the MoS; nanosheets (Fig.4(a)) show only signals from Mo
and S elements. The presence of some O and C elements may be
due to the surface-adsorbed CO, and O, along with oxides of Mo
andjor S elements. The curve-fitting analysis of the Mo 3d
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Fig. 2. Low and high magnification SEM images of (a, b) MoS:; (¢, d) MoS2_50 mg GF; (e, f) MoS,_100 mg GF; (g, h) MoS,_150 mg GF and (i, j) 40 mg MoS>/150 mg GF mixture

and (k, 1) AEG, respectively.

spectrum after sputtering for 30 min (Fig. 4(b)) shows the doublet
Mo 3ds, and Mo 3d;, which shows that Mo atoms are bonded
with chemically different bonds. Similarly, the curve-fitting analy-
sis of the S 2p spectrum (Fig. 4(c)) shows that sulphur atoms are
bonded with chemically different bonds and the two peaks in S
2p peak correspond to the S 2pyj2 and S 2ps)» orbital of divalent
sulphide ions (S*7) respectively.

The Brunauer-Emmett-Teller (BET) method was used to deter-
mine the surface area of the composite and its pore size distribu-
tion. Fig. 5(a) and (b) shows the BET isotherm and pore size
distribution of the pristine MoS, and MoS,/GF with different GF
mass loading indicated in the figures. Fig. 5(a) shows the nitrogen
adsorption-desorption isotherm of the MoS, with and without GF
to be of type-IIl with H3 hysteresis loops indicating the presence of
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Fig. 4. (a) XPS survey spectrum, and high resolution scans of (b) Mo 3d, (c) S 2p for MoS; sample,

non-rigid aggregates of plate-like particles or collections of slit-
shaped pores with no saturation. The specific surface area (SSA)
calculated for all five samples listed in Fig. 5(a) above is presented
in the exact order: 9.28, 10.31, 15.04, 26.07 and 13.28 m* g~ for
pristine MoS,; and MoS;/GF composites with 50 mg, 100 mg,
150 mg and 200 mg of GF, respectively. The results obtained sug-
gest that the specific surface area increases with increase in the
amount of GF added up to 150 mg, and thereafter decreases with
increasing mass of GF (to 200 mg). Fig. 5(b) shows a concentration
of pore volume around 3 nm, suggesting that pores present in this
material are predominantly mesopores. BET results indicate that

MoS,/GF with 150mg GF possesses larger SSA and high pore
volume which provide the probability of efficient transport of elec-
trons and ions, which may favour a higher electrochemical perfor-
mance of this material.

3.2. Electrochemical performances of MoS, and AEG

To evaluate the potential applications of the electrode materials
for supercapacitor applications, the individual electrochemical
properties of the MoS,, MoS,/GF composites, mixed MoS; and GF
and AEG samples which include cyclic voltammetry (CV) and
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Fig. 5. (a) N2 absorption/desorption isotherms; and (b) pore size distribution of MoS, and MoS2/GF composites.

galvanostatic charge-discharge (CD) were firstly studied in a three-
electrode system using 6 M KOH electrolyte and the results are
shown in Fig. 6. Fig. 6(a) shows the CV curves of AEG electrodes
at various scan rates ranging from 5 to 100 mV s~'. These CV
curves display relatively rectangular shapes without redox peaks
which are typical electric double-layer capacitive sample beha-
viour. Fig. 6(b) shows the galvanostatic charge/discharge curves
of the AEG electrode at different current densities within a poten-
tial range of —0.8 to 0.0 V. As can be seen from Fig. 6(b), the charge
and discharge curves are highly symmetrical and linear at
increased current densities from 1 to 10A g ! which is a typical
characteristic of an electric double-layer capacitor. This is also in
agreement with the results recorded from the CV curves in Fig. 6
(a). Fig.6(c) illustrates the overlaid cyclic voltammograms (CV)
obtained in a three-electrode cell comparing the MoS,, MoS,/GF
composites, MoS,/GF mixture with mass loading of GF being indi-
cated at scan rate of 50 mV s~ ! in a potential window range of 0.0-
0.5V. A pair of redox peaks corresponding to anodic peak at
~0.22 V and cathodic peak ~0.40 V is visible in all the CV curves,
suggesting the presence of faradic properties. During the redox
process, there occurs intercalation of alkali metal K™ in the MoS,
and MoS,/GF composites interlayers upon reduction, followed by
the de-intercalation upon oxidation [21] represented by Eq. (3)

MoS; + K* + e~ ++ MoS-SK* 3)

It can also be obviously seen that the integral area of the cyclic
voltammogram of MoS; 150 mg GF is the largest implying the
highest specific capacitance as per Eq. (4).

Fig. 6(d) illustrates the overlaid galvanostatic charge-discharge
(GCD) curves comparing pristine MoS, with those of MoS,/GF
and MoS,/GF mixture composites at a current density of 1 Ag
within a potential range of 0-0.45V respectively. The discharge
time of the MoS,_150 mg GF is significantly longer than the other
composites suggesting the better rate of discharge and this is in
agreement with the results from the CV reported in Fig. 6(c). We
also carried out cyclic voltammogram and galvanostatic charge-
discharge (GCD) measurements of all samples at different scan
rates and current densities respectively. Then the specific capaci-
tance of the MoS, nanosheets, MoS,/GF composites, MoS,/GF mix-
ture and AEG electrodes can be calculated using both Eqgs. (4) and

(5):

 [Iv)dv
= mAv @
I'xt
T mx AV )

where [I(V) is the integrated area under CV plot, » is the scan rate,
m is the mass of the electrode, AV is the potential window, I is the
discharge current (A), t is the discharge time (s), and C; is the speci-
fic capacitance (F g ').

The plot of the specific capacitance as a function of scan rate
and current density for all samples is shown in Fig. 6(e) and (f)
respectively, while Fig. 6(g) shows the specific capacitance of
MoS;/GF composites as a function of GF mass loading. From all
the results of MoS;/GF composites including the pristine MoS,
and MoS,/GF mixture (where we only presented mixture with
150 mg GF loading), the sample with 150 mg GF mass loading is
showing the highest specific capacitance. The excellent capacitive
performance of MoS; 150 mg GF composite electrode can be
attributed to the synergetic effect of the graphene and the faradic
contribution of MoS,; which can facilitate the penetration of elec-
trolyte ions into the inner part and reduce the ionic diffusion
length during the charge-discharge process. These results show
that when increasing the mass loading GF up to 150 mg the specific
capacitance increases, and thereafter decreases with increasing
mass of GF (to 200 mg). Electrochemical measurements also show
that the hydrothermally synthesized samples out-perform the
mixed material which indicates that the material produced
through the hydrothermal process is different from just mixing
the two materials. This could be due to the good interaction
between both materials during the synthesis process. In other
words, MoS; will nucleate and grow on the surface of the graphene
foam, reducing the interface resistance unlike in the case of the
mixed sample. Our results show improvement on the specific
capacitance of MoS; electrode material with added carbon com-
posites compared with earlier studies. In fact, Hu et al. reported
the synthesis of porous tubular C/MoS, nanocomposites with a
specific capacitance of 210Fg ! at current density of 1Ag !
[37]. Fan et al. also reported a facile one-step hydrothermal of
MoS,/C composite with a specific capacitance of 201 F g ' at much
lower current density of 0.1Ag ! [22]. Yang produced three-
dimensional MoS,/graphene aerogel composites with a specific
capacitance of 268 Fg ! at a current density of 0.5Ag ! [47].
Wang et al. also produced MoS,/PANI with a specific capacitance
of 390 Fg! at a current density of 0.8 Ag ! [48].

From both BET and electrochemical results show consistent
improvement with SSA and specific capacitance respectively of
the MoS2/GF composites with the increase in GF mass loading up
to 150 mg beyond which both SSA and specific capacitance
decreases. This is the clear indication that 150 mg GF mass loading
in MoS; is the optimum for improvement of MoS,|GF composites.

188

© University of Pretoria



UNIVERSITEIT VAN PRETORIA

UNIVERSITY OF PRETORIA

YUNIBESITHI YA PRETORIA
g

162 TM. Masikhwa et al. / Journal of Colloid and Interface Science 488 (2017) 155-165
15 — Vs AEG — ‘b) AEG =

o o l—omvs (a) S 00} —1Ag
o L 4 =] .
< = < — A’
> 5 4 02 o
2 100mV's -4 — 5Ag
£ ®

§ °f >
g > 04
T 5p K]
=
g S -0.6
= A0 B
o o
15 L L . L L 0.8 s . L .
-0.8 0.6 -0.4 -0.2 0.0 0 40 80 120 160 200
Voltage (V vs Ag/AgCl) Time (s)
40 0.5
—MoS, — oS,

o 30 | =—=MoS, 50 mgGF (C) 5 (d) —— MoS, 50 mg GF
< — Mo, _100 mg GF o 04 ——MoS, _100mg GF
; 20 [ ==——MoS, _150 mg GF -‘g, —— Mos, _150mg GF
% 10 | =MoS,_200 mg GF < 03 — MoS, 200 mg GF
E — Mix MoS, IGF g m— Mix MoS,/GF
o > 02;

S -0l =
E 01}
g 20 %
=30 . . . L L L a 0.0 L . '
0.0 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80 100 120
Voltage (V vs Ag/AgCl) Time (s)
300
— (e) —m—Mos, 'T; 400 _(f) —&—MoS,

2 —8—MoS,_50mg GF s ——Mos,_50 mg GF

= 250 | —A—MoS,_100 mg GF ‘;’ 350 - —&—MoS,_100mgGF

8 —¥—MoS,_150 mg GF o —¥—MoS,_150 mg GF
£ 200 —€—MoS,_200 mg GF 5 300 —4—MosS,_200 mg GF

= —»— Mix Mo, IGF 5 250 | == Mix Mo$, /GF

c 150 | —&—AEG g —4—AEG
% g 200

‘3 100 | o

& & 150 |
S s0f % 100/ \,\_‘\,
=% =3

L e L . . , :

0 2 4 6 8 10 12 14 16 0 20 4 60 80 100
A
Current Density (Ag™) Scan rate (mVs )
‘T; 450
[ (+))
2 2
g 350 |- o= T~
5 300 L
g 250
] )
© 200 -
=
o 150 |
g
@ 100
0 50 100 150 200

Mass loading(mg)

Fig. 6. (a) and (b) CV at 5-100mV s~, and GCD at 1-10 A g~" of AEG respectively, (c) and (d) comparison of CV at 50 mVs~! and GCD at 1Ag~! for MoS,, MoS,/GF
composites and MoS»/GF mixture respectively, (e) and (f) specific capacitance versus current density and scan rate respectively of MoS;, MoS;/GF, MoS;/GF mixture and AEG
respectively and (g) the specific capacitance of MoS/GF as function of GF mass loading calculated from CV at scan rate of 5mVs~",

3.3. Electrochemical properties of the asymmetric supercapacitor as the negative electrode. In order to acquire the optimal perfor-

mance of the asymmetric full cell supercapacitors, a charge balance

Impressed by the three electrode measurements performance of Q. =0Q_ between the two electrodes was done; where Q, and

MoS,_150 mg GF sample as compared to the rest of the MoS; based Q_ are the charges stored in the positive and negative electrodes,
samples, we additionally evaluate the potential application of the respectively. The charge can be expressed by [49]:

MoS; array electrode in supercapacitors, by fabricating an asym-

metric supercapacitor in which the positive electrode comprised

of the MoS,_150 mg GF composite and the AEG material was used Q=G x maU (6)
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where Cs is the specific capacitance, m is the mass of active material
and AU is the potential range during the charge-discharge process.

In order to get Q, =Q_, the mass balancing follows the
equation
W g

— S+ +

From these calculations, the active material loading in the pos-
itive electrode and the negative electrode were 2.0 mg and 2.4 mg
respectively.

From the CV curve (Fig. 7(a)) of AEG electrode, no peaks of oxida-
tion and reduction are observed, indicating a typical characteristic of
EDL capacitor behaviour over the potential window of —0.8V to
0.0V, while the CV shape of the MoS,_150 mg GF electrode in the
potential range of 0.0-0.5V is of faradic type showing oxidation
and reduction peaks (Fig. 7(a)). On the basis of these results, the
operating cell voltage was extended to about 1.4 Vin 6 M KOH elec-
trolyte solution with the MoS,_150 mg GF positive electrode as a
cathode and the AEG negative electrode as an anode assembled into
asymmetric device. Fig. 7(b) shows the CV curves of the MoS,_150 -
mg GF/[AEG asymmetric device measured at different scan rates
from 5 to 100mVs~! in 6M KOH electrolyte solution. The
MoS2_150 mg GF//AEG asymmetric supercapacitor presents pseu-
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docapacitance behaviour with relatively rectangular CV curves even
at the high scanrate up to 100 mV s~ . This portrays a fastion charge
transport at the interface between the electrolyte and electrode sur-
face for an efficient double layer capacitor. Fig. 7(c) shows the gal-
vanostatic charge-discharge curves of the asymmetric cell at
varying current density ranging from 0.5 to 10 Ag~" showing close
to typical triangular shapes corresponding to pseudocapacitance
characteristics of the cell as confirmed from the CV curves, except
for lower current density. The specific capacitances of these asym-
metric cells were calculated from the charge-discharge curves as
compared to using CV curves at different scan rates because the
CD measurements are a true reflection of the supercapacitor device
performance. The realistic specific capacitance of the asymmetric
device decreases from 59 Fg~' to 14 F g~ ! with an increase in cur-
rent density from 1 to 10 Ag ' as shown in Fig. 7(d).

The energy density (E, in Whkg™") and power density (P, in
Wkg ) of ECs can be calculated from specific capacitance, Cs
according to the following equations:

1 > 1000 x G x AU® €, x AU
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Fig. 7. (a) CV of MoS; 20 h_150mg composites and AEG electrodes at 50mVs~' for three-electrode setup; asymmetric cell of MoS; 20 h_150 mg[/AEG, (b) CV at
5-100mV s, (¢) GCD at 0.5-10 Ag ", (d) the specific capacitance as function of the current density, (e) Ragone plot and (f) cycle stability at 2 A g~ respectively.
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where E4 is the average energy density (W h kg™, Cs is the specific
capacitance based on the electroactive material (Fg~!), AU is the
cell potential window, Py is the average power density (W kg !)
and At is the discharge time (seconds).

The Ragone plot showing the relationship between energy and
power densities of the asymmetric device is shown in Fig. 7(e).
The maximum energy density of the device was recorded as
16 Wh kg ! with a corresponding power density of 758 W kg !
at a current density of 1 Ag ! for aqueous based electrolyte. The
energy density obtained here is higher than that found in the pre-
vious reports where MoS, formed composites with carbon materi-
als and tested in aqueous electrolyte. For example, symmetric
pseudocapacitors based on s-MoS,/CNS exhibited an energy den-
sity of 74 Whke™! with a corresponding power density of
3700W kg ' at 0.1 Ag ' [50]. The values obtained here are also
comparable to MoS, nanosphere electrode which exhibited
17 Wh kg™! for a corresponding power density of 204 W kg~! at
a current density of 0.5 Ag ! [20]. However, these values were
obtained in a three-electrode configuration and recent a paper by
Patil et al. on MoS2/GO//GO showed the energy density of
23Whkg ' and power density of 17 kW kg ' at 25 mVs ' [40].
Since the scan rate was used for the calculation of the specific
capacitance and hence the energy density, it is not easy to compare
our results with this results but all in all our energy density results
are still quite comparable to the reported result having used much
more practical approach of calculating specific capacitance which
is the CD, not scan rate.

Cycle performance of the electrode is very important for practi-
cal application of supercapacitor. Fig. 7(f) shows the capacitance
retention of MoS, 150 mg GF//AEG charge-discharge as a function
of cycle number which showed a higher and promising electro-
chemical behaviour with about 95% retention after 2000 cycles. It
is worthy to note that the capacitance retention increases slightly
after a few number of cycles, and this is attributed to the improve-
ment of electrode surface wettability during the charge-discharge
process [51].

EIS measurements of the MoS;_150 mg GF/{AEG were further
carried out so as to characterize in detail this sample. Fig. 8(a) pre-
sents the experimental data and fitting data of the MaS,_150 mg
GF//AEG asymmetric device with the equivalent circuit diagram
shown in the inset to the figure. The circuit consists of different
parameters such as solution resistance Rg, charge transfer resis-
tance Rer, constant phase angle representing double layer capaci-
tance leakage current R, and Warburg parameter (W). The
intercept on the real axis of the Nyquist plot in the high-
frequency region provide information about the combined resis-
tance of the electrolyte also known as the equivalent series resis-
tance (ESR) or solution resistance denoted by Rs and this value
was found to be 12.95 Q and 14.2 Q from both data and the fitting

to the data. The semicircle is a result of the charging of the double
layer which appeared in the medium frequency region. This is
accredited to the interfacial charge transfer resistance and mass
transport through the porous structure of the material and is
denoted by Rer and the smaller the value of this parameter the bet-
ter the device. The Nyquist plot before and after cycling is shown in
Fig. 8(b) and Rs values of 12.95 @ and 16.97 Q and R¢y values of
56 Q and 59 Q were obtained for before and after cycling respec-
tively as labelled in the figure. After 2000 cycles, the device shows
a slight increase in both solution and transfer resistances which
could be due to the decay of the electrolyte and decrease of electri-
cal conductivity of the electrode materials.

4. Conclusion

Graphene foam was demonstrated to improve systematically
the physical and electrochemical properties of MoS,; material as
the graphene mass loading was increased from 50 mg to 200 mg
with 150 mg found to be the optimum mass of graphene foam
for such improvement to be observed. We then successfully fabri-
cated an asymmetric supercapacitor cell based on porous activated
carbon derived from expanded graphite material as negative elec-
trodes and MoS;_150 mg as the positive electrode. The asymmetri-
cal device displays high specific capacitance of 59 F g~! at a current
density of 1 Ag ! with maximum energy and power densities of
16 Whkeg ' and 758 W kg ', respectively. In addition, the super-
capacitor also exhibits good cycle stability with 95% Columbic effi-
ciency over 2000 charge-discharge cycles at a current density of
2Ag ! in addition to an extended operating voltage of about
1.4V in 6 M KOH aqueous electrolyte. The stability of the cell is a
breakthrough since it shows the chemical stability of the MaS,
unlike in Mo oxides material. This is due to the addition of the
highly conductive graphene which will allow fast charge transfer
without deteriorating the electrode material. Furthermore, the
energy density obtained in this study is higher than that found in
the previous reports where MoS, formed composites with carbon
materials and tested in aqueous electrolyte. The results of this
study offer a useful and realistic way to fabricate asymmetric
hybrid supercapacitors based on MoS,/GF and AEG with high
energy density and power densities. The performance of such
device can be enhanced by finding proper way to exfoliate the
2D MoS;, material, exposing more active surface area on a very thin
material.
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4.6.3 Conclude Remarks

Graphene foam was demonstrated to improve systematically the physical and electrochemical
properties of MoS, material as the mass load was increased from 50 mg to 150 mg with
150mg found to be the optimum mass for such improvement to be observed. We then
successfully fabricated an asymmetric supercapacitor cell based on porous activated carbon
derived from expanded graphite material as negative electrodes and MoS,_150 mg as positive
electrode. The asymmetrical device displays high specific capacitance of 59 F g™ at a current
density of 1 A g™ with maximum energy and power densities of 16 Wh kg™ and 758 W kg™,
respectively. In addition, the supercapacitor also exhibit a good cycle stability with 95 %
coulombic efficiency over 2000 charge-discharge cycles at a current density of 2 A g™ with
an extended operating voltage of about 1.4 V in 6 M KOH aqueous electrolyte. This study
illustrated the merit of combining such hybrid materials as an exceptional method to produce
supercapacitors with high energy and power densities. These results offer a useful and
realistic way to fabricate asymmetric hybrid supercapacitors based on MoS,/GF and AEG

with high energy density while retaining the high power density property of supercapacitor.
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CHAPTER S

5.1 General conclusions and future works

In this chapter, the main results reported and discussed in chapter 4 are summarized below.
This chapter includes a brief discussion on the possible future work of this study.
Cobalt-based hydroxides and transitional metal dichalcogenides with carbon materials were
synthesized using a hydrothermal technique. Two types of activated carbon (from Polyvinyl
alcohol PVA and graphene foam denoted as AGF and from expanded graphite donated as
AEG) were produced using the hydrothermal technique. The activated carbon from Polyvinyl
alcohol PVA and graphene foam was used to make the composite and the expanded graphite
was used as the negative electrode for the asymmetric devices. Three-dimensional graphene
foam (GF) has been synthesized successfully by AP-CVD using nickel foam as a growth
substrate. Because faradaic materials suffer from poor electrical conductivity and low
electrochemical stability, while carbon materials are known to have good electrical
conductivity and electrochemical stability, therefore the faradaic materials were incorporated
with carbon materials to improve the electrochemical properties of the composite materials.
Based on this suggested concepts, hydrothermal method was used to synthesize cobalt
hydroxide carbonate nanorods in the presence of activated carbon (AC) (from Polyvinyl
alcohol PVA and graphene foam) denoted as AGF to obtained cobalt hydroxide
carbonate/AC composites. Faradaic materials were also synthesized using various routes in
order to make graphene-based composites materials. The CoAlI-LDH and MoS, have been
synthesized using hydrothermal technique in order to enhance both the electrical double layer
properties from graphene with faradaic properties from CoAl-LDH and MoS, component.
Graphene was also involved in the growth of a thin film of few-layer graphene on the NF
current collector to form a cobalt oxyhydroxide/nickel foam graphene.
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Each of the produced materials was characterized by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), N, adsorption-desorption isotherm (BET), Fourier transformation
infrared spectroscopy (FTIR) and Raman spectroscopy. All produced materials were also
analysed in the electrochemical system as electrodes for supercapacitors both in the two and
three electrode configurations.

In section 4.1. Cobalt hydroxide carbonate nanorods were successfully synthesized using a
hydrothermal method at a temperature of 120 °C with different synthesis times from 3 to 12 h
for transformation of phases and morphologies. The results from XRD characterization and
scanning electron microscopy with the morphology of nanorods exhibited the crystal
structure consisting of the mixture of both monoclinic and orthorhombic phases. Different
measurements that have been done on these samples show systematic improvements of the
specific capacitance as function of increasing reaction time. Cobalt hydroxide carbonate
nanorods synthesized with 12 h reaction time, which is the reaction time just before the
materials transforms into cobalt oxide under the same synthesis conditions exhibited the
highest specific capacitance of 466 F g at a current density of 1 A g * in 6M KOH
electrolyte and also showed excellent stability with ~99 % capacitance retention after 2000
cycles at a current density of 10 A g™. These results suggest that cobalt hydroxide carbonate
nanorods with the low cost and simple preparation process can be promising electrode
materials for supercapacitor application.

Activated carbon (AC) was incorporated to cobalt hydroxide carbonate using a hydrothermal
method at a temperature of 120 °C for 6 h reaction time sample to produce cobalt hydroxide
carbonate/AC composites. The reason for adding activated carbon to growth time of 6 h is

due to the fact that the synergy between the two materials should improve the electrochemical
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properties of the composite material since the carbon will add the electrical conductivity and
stability, while cobalt hydroxide carbonate will contribute high specific capacitance. The
results are discussed in section 4.2 where activated carbon was incorporated into cobalt
hydroxide carbonate. The result revealed that fabricating AC with the cobalt hydroxide
carbonate clearly improved the surface area and electrochemical performance of the
composite electrode. This was indicated by the increase of both SSA and specific capacitance
from 32.7 m*g™* and 253.2 F g (at 1 A g*) to 164.3 m* g™ and 301.4 Fg* (at 1 Ag™) for
both pristine cobalt hydroxide carbonate and the composite respectively accompanied by
excellent constant coulombic efficiency of 95.6 % after 1000 charge-discharge cycles at
current density of 4 A g™. This demonstrated that cobalt hydroxide carbonate/AC composite
electrode could be promising candidate as electrode material for high performance
supercapacitors.

Having established that the cobalt based hydroxides could be good materials for
electrochemical capacitors application; another approach was to synthesis cobalt based
double layered hydroxides (LDH) composite with carbon materials. In section 4.3 The cobalt
based double layered hydroxides (LDH) composite with graphene foam (GF) synthesized via
hydrothermal method synthesis as electrode material for supercapacitor application had been
discussed. The asymmetric supercacitor device was also produced with CoAl-LDH/GF as the
positive electrode and AC carbon synthesized from expanded graphite as negative electrode
to increasing the energy density of supercapacitor. This asymmetric device showed high
specific capacitance of 101.4 F g™ at a current density of 0.5 A g™ with a maximum energy
density of 28 Wh kg™ and a corresponding power density of 1420 W kg™, with excellent
stability of ~100 % capacitance retention with no capacitance loss after 5000 cycles. These
promising results show the potential of these asymmetric device for high energy and power

densities supercapacitor devices.
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In section 4.4 mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) were synthesized on
Ni foam graphene (Ni-FG) substrate by facile two-step processes, namely, hydrothermal
reaction to produce CoAl-LDH nanosheets on Ni-FG which were converted to CoOOH
nanosheets on Ni-FG by alkaline etching of the Al cations in CoAl-LDH using a NaOH
solution. The electrochemical behavior showed that the CoOOH/NI-FG electrode exhibit a
high specific capacity of of 199 mAh g at a current density of 0.5 A g* accompanied by
excellent constant coulombic efficiency of 98 % after 1000 charge-discharge cycles at current
density of 10.0 A g *after 1000 cycles .

As stated before the transition metal chalcogenides have similar 2D structure like graphene,
but still suffer low electrical conductivity and poor electrochemical stability because of redox
reaction. Hence like other faradic materials their composite with carbon materials like
graphene should be able to improve their electrical conductivity, electrochemical stability and
prevent restacking so that a large surface area can be realized

In section 4.5 the VS, nanomaterial synthesized through solvothermal approach as cathode
and AEG as anode materials respectively for asymmetric supercapacitor to increasing the
energy density of the supercapacitor was discussed. The asymmetric devices showed a
specific capacitance of 155 F g™ at 1 A g™ with a maximum energy density as high as 42 Wh
kg™ and a power density of 700 W kg™ with good stability after 5000 cycles at a current
density of 2 A g at an extended operating voltage of about 1.4 V. These results showed that
asymmetric hybrid supercapacitors constructed on VS, and AC has a great potential as a
high-performance energy storage device.

In section 4.6 pure MoS; and MoS,/graphene foam (GF) with different graphene foam mass
loading synthesized by hydrothermal process to improve on the specific capacitance of the
composites were reported. An asymmetric supercapacitor were fabricated using the best

performing Mos,/GF composite and activated carbon derived from expanded graphite (AEG)
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as positive and negative electrodes respectively in an aqueous electrolyte. The asymmetrical
device exhibited high specific capacitance of 189 F g™ at 0.5 A g™ with a maximum energy
density of 51 Wh kg™ and power density of 1765 W kg™. In addition, the supercapacitor also
exhibited a good cycle stability with 95 % coulombic efficiency over 2000 charge discharge
cycles at a current density of 2 A g in addition to an extended operating voltage of about 1.4
V in 6 M KOH aqueous electrolyte. These results offer a convenient and effective way to
fabricate asymmetric hybrid supercapacitors based on MoS,/GF and AEG with high energy
density while maintaining the high power density property of supercapacitor.

In summary, the results clearly showed the great potential of incorporating carbon materials
into the cobalt based hydroxide and transition metal chalcogenides to obtain carbon-based
composites for energy storage device electrodes. The improvement of the electrochemical
properties could also be achieved by mounting ACs produced as negative electrode and
faradaic-type materials such as cobalt-based materials and transition metal chalcogenides as
positive electrodes in order to increase the energy density by utilizing the resulting wide
operating voltage window.

Future work could be further exploration of the effects of different carbon materials such as
activated carbon, carbon nanotubes on the electrochemical performance of transition metal
chalcogenides composite materials as supercapacitor electrodes. This could be achieved by
optimization of composite materials which will give high energy and power densities by
fabricating asymmetric supercapacitor by using different electrolytes of the supercapacitor

device.
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