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Abstract

The aim and objectives of this work are to optimize the synthesis of metal hydroxides -
graphene foam (GF) composites using different configurations of graphene with a facile and
environmentally friendly solvothermal technique for energy storage applications. The
evaluation of the morphological, structural, surface area and compositional properties of the
composites were carried out with the techniques such as field emission-electron microscopy
(FESEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Brunauer—-Emmett—
Teller (BET), Raman spectroscopy, and Fourier transform infrared (FT-IR) spectroscopy. The
results show the existence of interlaced sheets of metal-hydroxides-graphene composites with
sufficient surface area necessary for efficient charge storage. The main reason for incorporating
graphene foam (GF) into these metal hydroxides in this study was due to its unique mechanical
properties, good conductivity and large surface area which offer the possibility for an enhanced
deposition/adsorption of the active metal hydroxides both in-situ and as a supporting template
for practical applications. The electrochemical properties of the synthesized composite
electrodes modified with different graphene foam nanostructures were thus explicated in a 3-
electrode system (with Ag/AgCl as reference electrode)and they all showed excellent
electrochemical performance. The overall results clearly demonstrated an excellent potential of

graphene based composite electrode materials for energy storage applications.

XVi
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CHAPTER 1

1.0

1.1

INTRODUCTION

Background and General Motivation

The increasing demand for a reliable and sustainable source of energy for technological
growth and development has facilitated a simultaneous increase in funding energy-
related research. The increasing world population and advancement in technology has
also created an increase in the global demand for energy use ranging from small scale
domestic applications (in terms of personal use) to large scale industrial applications for
transportation and manufacturing purposes. However, in a bid to create sufficient
energy to meet the sky-rocketing demand, the diverse routes taken in the production of
energy also constitutes a great threat to life and the universe at large. Some of these
routes include, the energy generated from thermal power stations via combustion of
coal, hydroelectric power stations using dams and most recently, nuclear reactors
among others. These pose issues of global warming and environmental pollution, on
one hand, and the toxic waste from energy generation on the other, are of important

concern to many countries today.

The depletion of natural resources like crude oil, coal and natural gas reserves which are
the most common sources of fuel for energy generation today has resulted in the need
to develop a sustainable and reliable form of energy for the future. Renewable energy

sources are energy resources which can be easily and quickly restored by a natural
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process. This has led to an increasing interest in renewable energy-based research for
generating a much cleaner and safer energy generation/conversion systems.
Furthermore, if the main goal is to ensure a readily available energy source to meet the
demand, there is also a need to build reliable and efficient energy storage systems to
preserve the excess generated power (from these renewable energy sources) for use
when required for specific applications. Such storage systems must possess high energy
and high power densities in order to provide a robust storage capacity along with an
instantaneous/rapid delivery capability respectively. This will provide a reliable system
which is able to fit into present day ubiquitous technology where energy is needed at
different instances to power complex assemblies such as portable electronic gadgets,

hybrid electric vehicles, speed trains etc.

Some of the common energy storage devices in use today are batteries and
conventional capacitors which are characterized with low power density and energy
density respectively. Thus, an efficient high performance, low cost and environmentally
safe all-in-one energy storage system which combines the properties of the batteries

and capacitors is required.

Electrochemical Capacitors (ECs) are emerging technologies with a bright as well as
promising future to complement and possibly replace batteries and conventional
capacitors for energy storage [1,2]. However, the performance of these technologies is
related to their constitutive material characteristics. In order to optimize them for

suitable specific energy storage applications, there is a need to analyze their individual

© University of Pretoria
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properties to meet the increasing consumption rate. It is worth stating that the lifetime
of storage systems should be comparable to the requirements presented by these
emerging technologies. Furthermore, the long term goal is to develop a system which is
easily compatible with individual energy conversion systems like fuel cells, solar cells,
windmills, etc. in order to easily collect excess generated energy and store it for later

use.

Electrochemical capacitors (ECs), Supercapacitors (SCs) or Ultracapacitors (UCs) are
commonly used to classify a category of energy storage devices that are closely linked
with rapid storage and release of energy [3]. In comparison with conventional
capacitors, the specific energies of SCs are much higher while their corresponding power
densities are much greater than most batteries [3,4]. Thus, with the appropriate
structural model, there is a promising trend to obtain hybrid structures with a
combination of both conventional capacitors and batteries which exists as a stand-alone
storage unit. Their highly reversible charge-storage capability also makes them the ideal
candidate for much desirable long term applications which fits perfectly into the fast

growing technological advancements in the energy industry [3—6].

SCs are broadly divided into two main types based on their mode of energy storage and

associated material components, namely;

(i) the electrical double-layer capacitors (EDLCs)

(ii) the pseudocapacitors or redox electrochemical capacitors (RECs)

© University of Pretoria
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The EDLCs store energy by charge separation which is similar to the charge storage
mechanism in a basic capacitor. However, the magnitude of charge stored in the EDLCs
is very much higher due to the surface area of the active electrode material and the
distance over which charge separation occurs [1]. The ions within the electrolyte which
are responsible for charge movement between the electrode and electrolyte interface
involves very fast processes as compared to batteries [4]. This explains the reason for
their dynamic charge propagation (short-term pulse) which is useful in emerging
technological applications (like hybrid electric vehicles, emergency doors of aircraft etc.)
where an initial high specific power is required.

Carbon is the only material used for fabricating EDLCs and this has been extensively
studied by researchers [4,7]. This has led to the discovery of numerous forms of carbon
depending on the synthesis route used. Some of the important forms of carbon suitable
for electrochemical studies include activated carbon [8-10], graphene [11,12], carbon
nanotubes [13,14], onion-like carbons [15], activated carbon fibers (ACF) [16], etc. These
different forms of carbon mentioned are also associated with a broad range of selective
properties which make them suitable for energy storage applications. Some of these
properties include; high surface area, controllable pore size, high conductivity, good
corrosion resistance, high temperature stability, relatively low cost due to its abundance
in nature and its compatibility with other material matrix to form composites
[2,4,11,17-19].

Graphene, which is among one of the most recently discovered allotropes of carbon

with a one atomic thick-2D planar nanosheets, has received tremendous attention due
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to its attractive properties such as high electrical conductivity, high surface area
(theoretically quoted as ~2600 m?/g), superior carrier mobility (> 200000 cm?/V S)
coupled with its robust mechanical properties [20—-22]. Although graphene has unique
desirable properties, the development of highly conductive large surface area material
alone is not sufficient to improve electrochemical performance of energy storage
devices. These attributed values quoted above are theoretical values which are
practically unattainable at the moment due to the propensity of graphene sheets to
restack and the polycrystalline nature of the graphene produced in the laboratory.
EDLCs also suffer from a low energy density due to an inherent limitation of the
electrostatic surface charging mechanism [23] and the nanoscale sheet-like morphology
of these materials, generates a concern that the obtained gravimetric-normalized
capacitance may not be a useful metric [24]. Even so, graphene and other carbonaceous
species has been successfully incorporated with other materials to obtain hybrid
composites [22,23,25,26].

Pseudocapacitors (also referred to as Redox Electrochemical Capacitors, RECs) store
energy by means of reversible Faradaic-type charge transfer which is associated with an
electrochemical charge transfer process which occur at the surface or near the surface
within the electrode material. A notably higher capacitance is often observed for these
types of capacitors as compared to EDLCs due to the non-electrostatic nature of their
capacitance. They usually have a battery-like type capacitive behavior. However, the
main difference between pseudocapacitive materials and batteries and is that the

charging and discharging behavior of former occurs on the order of seconds and
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minutes [27]. This rouses a strong motivation for studying and developing
pseudocapacitive or faradaic-type materials in that if the findings obtained are useful, it
will lead to the fabrication of a material with both high energy and high power densities.
Common materials which used for redox capacitors (or pseudocapacitors) are the
conducting polymers (CPs), transition-metal oxide (tMOs) and transition metal
hydroxides (tM-OH) due to their ability to conduct fast and reversible faradaic reactions
at the electrode/electrolyte interface [23].

Among the transition metal hydroxides, layered double hydroxides (LDH) containing
double metals in a unique pattern have been widely adopted as electrode material for
pseudocapacitors due to their excellent redox property, tunable composition, flexible
ion exchangeability and environmentally friendly growth techniques [28-32]. However,
CPs are characterized with a poor cyclic stability resulting from the volume expansion
and shrinking of the active polymer material during charge and discharge periods over a
long number of cycles [33]. On the other hand, the tMOs and tM-OHs are characterized
with a relatively low electron transfer and mass diffusivity which hinders their rate
capabilities and affects the overall capacitive performance. Also, their surface properties
are still low when compared with carbonaceous materials used for the EDLCs. Hence, it
is necessary to combine these materials with high surface and conducting carbon
materials to obtain a synergy of properties for both the EDLCs and redox capacitors [34—
36]. This will provide a hybrid system with combined and improved characteristics which

would boost the electrochemical performance of the entire storage system.
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Composite materials containing pseudocapacitive species with highly conductive and
high surface area graphene have been studied by various researchers over time and
these composites show a promising trend towards achieving the desired goal for a
robust energy storage system to meet the global demand [12,37-41]. The combination
of these materials provides a mutual or symbiotic relationship in which they
independently improve the other pair’s contact of electrochemically active sites
resulting in the overall enhancement and performance of their electrochemical storage
capability. Recent studies by Wimalasiri et al. [41] showed that graphene enhances the
conductivity of Nickel-Aluminum LDH and eliminated the need for conducting additives;
the Ni-Al LDH also prevents graphene sheets restacking. As a result, the layer structured
hybrid material demonstrated a superior electrochemical performance due to the
synergistic contribution from the pseudocapacitance of Ni-Al LDH and the electrical
double layer capacitance of graphene.

Graphene synthesis has been extensively carried out by various techniques which
include mechanical cleavage of highly oriented pyrolytic graphite [42], conversion of SiC
(0001) to graphene via sublimation of silicon atoms at high temperatures [43], covalent
[44] or non-covalent [45] exfoliation of graphite in liquids and the reduction of oxidized
graphite by the modified Hummers method [46,47]. However each of these techniques
listed have one or more problems associated with them ranging from the structural and
electronic disorder in the graphene to the price of the initial SiC wafer in the case of

sublimation of silicon atoms [48].
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Chemical Vapor Deposition(CVD) has been recently discovered to be a very promising,
easily obtainable, inexpensive and relatively safe approach for deposition of reasonably
high quality graphene on transition metal substrates such as Ni [49], Cu [50], Pd [51]
existing in the form of sheets or foams. Recently, synthesis of graphene on 3-
dimensional nickel foam with the subsequent etching of the metal to obtain graphene
foam have been carried out to obtain supercapacitor electrodes with superior
electrochemical properties [52,53] when used in combination with other metal oxides
as composite electrodes.

This research work is centered on fabrication of graphene-based metal hydroxide
composites which are synthesized in the form of sheets. This hybrid system will aid in
preventing the re-stacking of graphene sheets earlier discussed whilst also improving
the electrical properties of the metal hydroxide matrix in which graphene is
incorporated. We focus our attention on chemical vapor deposition (CVD) method as a
promising approach for the production of graphene foam and graphene based
templates (current collectors) which exhibits improved electrochemical properties when
compared to reduced graphene oxide (r-GO) and pristine nickel foam respectively. This
will go a long way in improving the electrochemical properties of the composite

materials as possible electrode for supercapacitor applications.

Aim and Objectives

The aim and objectives of this research study are as follows:
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l. Synthesis of high quality graphene-foam samples using chemical vapor
deposition on clean nickel foam (NF) substrates.

Il. Synthesis of metal hydroxide samples using a facile environmentally — friendly
solvothermal technique in different reaction solvents and elucidate their formation
mechanism in the respective solvents.

Il. Fabrication of metal hydroxide - graphene composites using numerous synthesis
techniques like solvothermal method, with graphene in different configurations such as
graphene foam (GF), nickel foam-graphene (NF-G) templates.

V. Evaluation of the morphological, structural and pore size distribution of the
composites with techniques such as field emission-electron microscopy (FESEM), Raman
spectroscopy, Fourier transform infrared (FT-IR) spectroscopy, transmission electron
microscopy (TEM) and x-ray diffraction (XRD) and Barrett-Joyner-Halenda (BJH)
technique.

V. Explication of the electrochemical performance/characteristics of the metal
hydroxide-graphene composite electrodes by understanding the principle of its charge

storage mechanism and the interaction between the substrate and active material.

Scope and Outline of thesis

In this work, the main focus is not on the large scale design or applicability in a whole
energy storage system but rather investigating the ways to improve the electrochemical
properties of possible graphene-based material composites for use as electrodes; i.e.

optimizing the electrode material for intended laboratory scale applications and

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

subsequently a larger scale in the near future. This includes experiments and further
studies conducted in order to clearly understand the processes which take place at the
active material/electrolyte interface during charge separation, charge transport and
redox processes.

This work has been performed at the University of Pretoria, Department of Physics,
under the Institute of Advanced Materials. The studies involves an extensive
characterization of metal hydroxide-graphene composites mainly utilizing the laboratory
synthesized Ni-Al layered double hydroxides with graphene in different forms and
further adding it to improve the electrochemical properties of a conducting polymer
blend. Another section involves an in-situ growth of hexagonal zinc chloride hydroxide
(Simonkolleite) platelets in the presence of graphene sheets to form a graphene-based
composite. The overall electrochemical performance is extensively investigated using
the conventional electrochemistry techniques ranging from Electrochemical Impedance
Spectroscopy (EIS) to Cyclic Voltammetry (CV) and Galvanostatic tests. Efforts are made
to elucidate the reason for the observed enhancements by analyzing the charge storage
trend at varying current densities and cycling stability over several thousand operating
cycles.

The general objective of this thesis is to contribute to the collective knowledge database
in the field of supercapacitor research. The results discussed are quite important in
further understanding the internal processes within the composite electrode material as
alternatives for future applications. With this underway, it provides an avenue for

improvements to be made where necessary. Thus, the key challenges to supercapacitor

10
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development leading to its full commercialization remain dependent on the electrode
stability and improvement of electrode specific capacitance along with the operating
voltage so as to increase the overall energy density to be comparable to much common
high performance batteries presently in use.

The thesis is divided into five chapters:

Chapter 1 presents a general introduction to the global energy issue and a proposed
solution with respect to modeling efficient, clean, reliable and environmentally friendly
energy storage systems.

Chapter 2 presents a literature review on ongoing research related to graphene-based
supercapacitors and the way forward.

Chapter 3 presents the detailed experimental procedure used in this study while
Chapter 4 deals with the results obtained accompanied with detailed discussion of the
results presented in sub-sections. A summary of the conclusions from each
experimental result discussed will be presented in different sections of Chapter 4.
Chapter 5 contains general conclusions from the entire thesis and details of future work
to be performed in this study are then presented in Chapter 6.

Most importantly, we have been able to show that the metal hydroxide - graphene
composites could be an excellent material for ECs application when used both in-situ
and as a current collector template. In particular, we have also demonstrated a
tremendous improvement in the supercapacitance behavior (by an order of magnitude)
for conducting polymer-blend composites with the introduction of metal hydroxide-

graphene foam material into the active matrix. An excellent stability is recorded for
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these materials even after cycling them over a reasonably long number of operating

cycles at high current densities.
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CHAPTER 2

2.0

2.1

LITERATURE REVIEW

Charge storage — Basic design

The concept of charge storage in most electrochemical devices like batteries, fuel cells,
electrochemical capacitors is structured around the assembly of two main electrodes
placed closely with a dielectric between the electrodes. The electrode pair is usually
placed in an electrolyte containing ions which determine the nature of the charge
storage process. Batteries chemically store bulk energy by an internal charge
accumulation process while electrochemical capacitors (ECs) store bulk energy with a
surface phenomenon [1-3]. Chemical storage in batteries give them a high storage
capacity (energy density) over ECs; however, they are often saddled with a short cycle
life problem and poor power delivery [4]. ECs on the other hand, can be fully charged
and discharged in seconds and this gives them a better cycle life with a higher power

density but a lower energy density capability as compared to batteries.

Figure 2.1 shows the relationship between the energy density and power density
displayed on a Ragone plot for different energy storage systems. The figure presents the
energy densities of various energy storage devices, measured along the horizontal axis,
versus their corresponding power densities, measured along the vertical axis. It is seen

that supercapacitors (SCs or ultracapacitors) occupy a region between conventional
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electrolytic capacitors and batteries. Supercapacitors are still yet to match the energy
densities of lithium ion or hybrid batteries and fuel cells despite greater capacitances
than electrolytic capacitors. Although most of the literature in existence has focused on
developing improved types or classes of supercapacitors by developing novel
nanostructured materials with enhanced properties, there is an urgent need to make
their energy densities more comparable to those of batteries if they are to be applied as

stand-alone energy storage units.

w

100

POWER DENSITY (W kg )
o

10

0.01 0.1 1 10 100 1000
ENERGY DENSITY (Wh kg )

Figure 2.1: Ragone plot showing variation of energy density and power density for common

energy storage devices (adapted from ref. [5]).
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Electrochemical capacitors: Principle of energy storage

Electrochemical capacitors (ECs), Ultracapacitors (UCs) or Supercapacitors (SCs) can be
broadly classified into three (3) main types based on their mechanism of energy storage
namely;

(i) Electric Double Layer Capacitors (EDLCs)

(ii) Redox Electrochemical Capacitors (RECs) or Pseudocapacitors

(iii) Hybrid Electrochemical Capacitors (Hy-ECs)

A chart presenting an overview of each of these classes of electrochemical capacitors
with their sub-groups and common electrode material is presented in figure 2.2 to give

a clearer understanding.

Supercapacitors

Electric Double-

Layer Capacit } F
Activated Carbon Aerogels Conducting Metal
Carbons and Graphene Polymers Oxides/Hydroxides
Carbon Functionalized
Nanotubes Carbon
Hybrid
Capacitors
Composite Asymmetric i Battery-Type !
Hybrids Hybrids H Hybrids

Figure 2.2: Classification of Electrochemical Capacitors.
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2.2.1 Electric Double Layer Capacitors (EDLCs)
2.2.1.1 Theory and Operation mechanism
Electrochemical capacitors store charge based on pure electrostatic charge
accumulation at the electrolyte/electrode interface. They are usually composed of a pair
of polarizable electrodes which can store or supply charges by non-Faradaic or
electrostatic processes. In this process, there is absolutely no transfer of charges across
a phase boundary (electrode/electrolyte interface) and the oxidation state of the
electroactive species that partake in the charge transfer process remain unaltered. The
process relies solely on the potential gradient and electric field created within the
system. The characteristics of the EDL are dependent on the surface structure of the
electrode, the electrolyte composition and the potential field between the charges at
the interface [6]. When the electrode is subjected to a negative or positive current as
the case may be, the outer electrode surface electrostatically attracts oppositely
charged ions from the electrolyte. These ions diffuse across the separator and align
themselves uniformly on the pores of entire outer surface thus creating an electric field
which allows the storage of energy by the capacitor. Figure 2.3 shows a schematic
representation of an electrochemical capacitor with the electrode/electrolyte interface
enlarged to further elucidate the diffusion of ions within the porous structure of the
active electrode material. The electrode material consists of pores that serve as a site
for the transport of mobile ions of opposite charge from the electrolyte when a

potential (V) is applied and stores the charge by electrostatic force.
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During the charging process of the SC, the ions migrate to the polarized electrodes of
opposite charge within the electrolyte and electrons are transferred from the positive

electrode to the negative electrode through an external source of current.

High Surface Area
Electrodes

Liquid
Electrolyte
V4

+ Electrode

— Electrode

Current
Collector

coAM
di|

A= 1000 or more m?/g
d=Angstroms

Charged

Electrolyte Electrolyte

lons Separator

+ - Electrolyte +

Electrode

Figure 2.3: Schematic Illustration of a simple electrochemical cell showing the diffused ion-
electrode material interaction.

Subsequently when the SC is discharging, the reverse takes place and ions are released

from the electrode into the electrolyte [7].
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In an ideal EDLC system, since there is no charge transfer across the
electrode/electrolyte interface, there are no chemical or compositional changes
associated with them and the electrolyte concentration should remain the same during
charging and discharging [8]. Thus, charge storage in EDLCs is highly reversible and
allows them to be cycled continuously with a high stability. lonic recombination is also
prevented due to the nature of the electrodes which creates a double layer (DL) charge
configuration at each electrode. This double layer of charge accompanied with the high
surface area from the porous carbon materials commonly used, gives EDLCs the ability
to achieve higher energy densities than electrolytic capacitors and better cyclic stability
than batteries [9-11].

Thus, the electrochemical processes (charging and discharging) for a double-layer

capacitor can be expressed as [7,8,12]:

AT THE POSITIVE ELECTRODE

E,+A —SCNC B g /A +e (1)
E'si+ A +6 —cmemg > B + A (2)

ON THE NEGATIVE ELECTRODE

E,, +C"+e —FMC sF~,//C* (3)
E’s:+C” DiscrARGNG > Es2 +C" +e (4)
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A combination of the overall charge and discharge process on both electrodes can be

expressed as:

E,+E,+AC" < E'sa//A+Es//C* (5)

where Es denotes the electrode surface, // represents the double layer (DL) where
charges are accrued on both sides, A" and C* are abbreviations for the anions and
cations, respectively within the electrolyte.

As observed from the overall reaction, the “A'C"” material can be taken to be a salt
which is consumed during the charging process and regenerated during the discharging
process. Thus, the electrolyte can be considered as an active material that partakes in
the entire process [12]. The charge density at the electrode interface changes with a
simultaneous change in the concentration of the salt and electrolyte conductivity during
the charge and discharge process. However, one important point to note is that the
amount of ions involved in building the DL is exactly the same as the number of charges
developed on the electrodes.

A simplified figure of the orientation of charges and ions at the electrode/electrolyte
interface is shown in figure 2.4 which is basically the electrolytic capacitor configuration.
It can be seen from the figure that each electrode of the EDLC exists as a single capacitor
of capacitance C; (i = 1, 2) which is related to the area (A) and permittivity € by the

traditional electrolytic capacitor equation:
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Figure 2.4: Orientation of charges at the electrode/electrolyte interface of an EDLC.

C; ==+ (6)

where € is related to the permittivity of the medium in relation to €, which is the
permittivity of free space (8.854 x 10" F m™) and d is the distance between the centers

of ion and porous electrode surface (of the order of molecular dimensions) respectively.

Nevertheless, several controversial observations have been made by different authors
[13,14] who have described significant deviations from this simple law. Their views were
interpreted either as an “ion size effect” or “non-accessibility of small micropores within
the electrolyte”. The limitation in capacitance is attributed to a space constriction for
charge accommodation within the walls of the pore [15]. Other related factors which
also affect the measured capacitance include; charge screening; quantum capacitance;
electrochemical doping of density of states; pore size distribution within the electrode
material etc. Thus, charge storage is carried out through reversible ion adsorption onto
the electrode surface at the electrode/electrolyte interface.
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The “electrochemical active surface area” is defined based on the limitations described
above and is described as the useful accessible surface area where charge storage
reactions take place within the electrode. The pore size of the electrode material also
has a great effect on the measured capacitance [16]. For achieving maximum double
layer capacitance, it has been reported in an earlier study by Largeot et al. [17] that the
pore size of the electrode material was close to the electrolyte ion size. For other larger
to smaller pores, there was no successful charge storage and this led to a significant
capacitance loss. In addition, a direct increase of the pore size also increases the
average distance between the pore walls and the centre of the electrolyte ion which

also reduces capacitance. This is expressed as [8]:

C=4Hd (7)

where ¢ the local dielectric constant of the electrolyte with respect free space ¢, d is
the separation between carbon and ions and A is the surface area.

This reduction is further elucidated by a computational analysis done by Mathew et al.
[18], and termed “interfacial confinement effects”. From their findings, an atomic scale
depiction of ion transport dynamics in aqueous electrolyte which provides the platform
for the examination of size trends within specific geometries is described as well as
trends in concentration. A modeling of the electrode pores as planar graphite sheets to
facilitate focused ion motion is done under confined conditions. An enhancement to the

ionic diffusivities in the pore direction is observed which decreases with further
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confinement. These findings from the simulation provide a strong evidence of charge
separation perpendicular to the surface for all size scales, ion types and concentration
which creates a useful baseline for examining different capacitance behavior and energy
storage [18].

The porosity relevant for improving capacitance is quite complex involving both pore
size and pore size distribution for a given specific surface area (m? g*) of an electrode
material. Pore size distribution in the range of 2 — 5 nm which is larger than the size of
double solvated ions has been identified as a way of enhancing energy and power of
electrochemical capacitors [4]. Therefore, ECs greatly rely on the electrochemical active
surface area for any significant energy storage capability.

Some established theoretical models related to determining the specific capacitance
(per unit surface area) of EDLCs are based on classical theories [19-22] and are further
explained in much recent reports [7,23]. In most models, it is suggested that the
accumulation of ions close to the electrode surface caused the formation of a “diffusive
layer” within the electrolyte.

The double layer capacitance was initially modeled and described by Helmholtz in the
19" Century. His model states that two adjacent layers of opposite charges are created
and concentrated at the electrode/electrolyte interface mimicking the conventional
parallel plate capacitor [19]. He further described the different sizes of ions with respect
to their surface reactivity. Chemical affinities of the ions to the surface of the electrode
and the EDL field strength are the determining factors for the adsorption process in the

EDL. In practice however, the EDL structure is more complex than the Helmholtz model
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tried to describe it. This model failed to describe other phenomena which take place at
the DL region such as the diffusion of ions in the solution and the interaction between
the dipole moment of the solvent and the electrode [24].
Thus, Gouy and Chapman subsequently modified the Helmholtz model. They proposed a
diffusion model of the EDL in which the potential decreases exponentially from the
electrode surface to the bulk liquid and the continuous distribution of ions determined
by thermal motion within the electrolyte [20,21]. However, this model leads to an over-
estimation of the capacitance value in highly charged DLs and was further modified by
H. Stern [22].
The Stern model involved the combination of both the Helmholtz and the Gouy-
Chapman models by accounting for the hydrodynamic motion of the ionic species in the
diffuse layer and the accumulation of ions close to the electrode surface with a clear
identification of two regions of ion distribution namely; the inner region known as the
compact layer and the outer region called the diffuse layer. The total EDL capacitance
(Cpr) in this case, is the combination of the capacitance contributions from both regions
represented as a series of capacitors at the electrode/electrolyte interface expressed as
[22]:

1 1 1

L 141 (8)
CpL Co Cp

where Cq is the compact double layer capacitance and Cp is the diffusion layer

capacitance.
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lons are mostly hydrated in the compact layer and thus, are strongly adsorbed by the
electrode, which makes them refer to it as a “compact layer”. Furthermore, the compact
layer also contains precisely adsorbed ions (generally anions irrespective of the charge
nature of the electrode) and other adsorbed counter-ions. The diffuse layer is
extensively described by the Gouy-Chapman model described earlier in refs. [15] and

[16].
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Figure 2.5: Schematic showing (a) Helmholtz, (b) Gouy-Chapman, and (c) Stern model of the
electrical double-layer on a positively charged electrode in an aqueous electrolyte (adapted
from [24])

27

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

The performance characteristics of an EDLC can also be adjusted by changing the nature
of the electrolyte. An EDLC works best in either an aqueous or organic electrolyte
depending on the material component of the active electrode. Aqueous electrolytes,
such as potassium hydroxide (KOH), sodium sulfate (Na,SO,4) and sulfuric acid (H,SO4),
generally have a lower equivalent solution resistance (R;), lower minimum pore size
requirements due to their characteristic ion sizes and are cheaper in price compared to
organic electrolytes, such as acetonitrile, propylene carbonate and tetrahydrofuran.

Nonetheless, organic electrolytes have higher breakdown voltages which create the
opportunity of reaching higher voltage windows which implies higher energy density
when using them for device applications. Therefore, in choosing between the former
and latter, there is a need to compromise between the capacitance, solution resistance
Rs, operating voltage, and device cost [2,3,9]. For these reasons, the electrolyte choice
often depends on the proposed application of the EDLC. Although the nature of
electrolyte is very important for an efficient enhancement of the performance of
supercapacitors, comparison of different electrolyte types is not within the scope of this
thesis, and as such will only be revisited and discussed briefly when describing the

material components of a supercapacitor in section 2.3.

2.2.1.2 Electrode Materials for EDLCs
The main electrode materials widely utilized as electrode materials in EDLCs are the
carbon-based materials due to their abundance, low cost, large surface area/porosity,

good electronic conductivity, facile synthesis route, robust surface chemical
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environment and high chemical stability. Chemical activation and template
carbonization amongst other various techniques are processes recently adopted to
produce different forms of porous carbon materials with exceptionally large specific
surface areas and finely tuned porosity [25,26]. The storage mechanism is electrostatic
in nature with charges stored at the electrode/electrolyte interface. Thus, the
capacitance predominantly depends on the available surface area. The measured
specific capacitance values of these carbon-based materials ranges from 50 - 200 F g™
in aqueous electrolytes, 30-100 F g in organic electrolytes and 20-70 F g™ in ionic
electrolytes.

Typical carbon materials used as supercapacitor electrodes include activated carbons
(ACs) [27,28], carbon nanotubes (CNTs) [29,30], graphene [31], carbon nanofibres
(CNFs) [32], template porous carbons (TPCs) [33] and onion like carbons (OLCs) [34,35],
etc. OLCs are zero-dimensional (“quasi OD”) quasi-spherical nanoparticles containing
concentric graphitic shells materials prepared by annealing nanodiamond powders in
vacuum or argon and by detonation of nanodiamond, giving rise to bulk nanoparticles
of a few nanometres. The first three carbon materials listed are the most investigated

materials and will now be discussed.

(1) Activated carbon

Activated carbons (ACs, shown in figure 2.6) are the most commonly used electrode

material in EDLCs because of their excellent surface area coupled with their complex
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porous structure and low-cost. For this reason, tuning the pore size distribution of the

active electrode material should enhance the performance of energy storage devices.

Figure 2.6: Scanning electron microscopy image of activated carbon

Generally, researchers have focused on establishing an optimized pore size for the
activated carbon in a particular electrolyte in order to adopt this for producing high
quality active material with improved capacitive properties. By varying the temperature
of activation, studies done by Herawan and co-workers [36] report that for a fixed
activation time coupled with varying temperatures between 500-700°C, yields higher
surface area and could lead to obtaining larger specific surface area within the active
carbon matrix.

Earlier reports by Conway [9] show that the larger pore sizes correspond to higher
power densities while smaller pore sizes correspond to higher energy densities. The
relationship between the specific surface area, pore volume, average pore size and pore
size distribution of ACs with their specific capacitance has also been extensively

investigated by Shi et al. [37]. It was found that the capacitance of ACs is not linearly
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related to the surface area and different pores sizes are characterized with different
capacitance per unit surface area. For example, the specific capacitance of micropores is
larger than that of mesopores.

Bello et al. [26] also fabricated symmetric EDLCs based on a porous three dimensional
interconnected carbon framework using graphene foam (GF) and polyvinyl alcohol (PVA)
as the sacrificial template. The high surface area activated carbon exhibited a specific
capacitance of 65 F g™ with a corresponding energy density and power density value of
12 Wh kg’ and 400 W kg’ respectively. This was attributed to the highly porous
interconnected framework with mesoporous walls and microporous texture which are
suitable as electrode for energy storage.

Surface area is generally increased by the development of porosity within the bulk of
carbon materials giving it a characteristic porous network suitable for storing charge.
For activated carbon, recorded specific capacitances range from 100 — 200 F g'1 [26] in
an aqueous electrolyte and 80 — 100 F g'1 for those tested in an organic electrolyte

[38,39].

(1) Carbon nanotubes

After their discovery in recent years, researchers have focused on producing high quality
carbon nanotubes (CNTs) materials with improved morphological and electrical
properties. This increased interest is due to their great potential for use as EDLC
materials due to their open and accessible network of mesopores in the form of an

entangled mat [24,40]. Unlike the other carbon based materials, their tubes are
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interconnected (figure 2.7) which gives room for a continuous charge distribution that

uses all of the available surface area.

Figure 2.7: Scanning electron microscopy image of carbon nanotubes

Carbon nanotubes (CNTs) which are one-dimensional (“quasi 1D”), have been
extensively studied for electrochemical capacitors in the past few years due to their
unique pore structure, superior electrical properties, good mechanical and thermal
stability. CNTs can be categorized as single-walled carbon nanotubes (SWCNTSs), double-
walled carbon nanotubes (DWCNTs) and multi-walled carbon nanotubes (MWCNTSs), all
of which have been widely explored as energy storage electrode materials. However,
their preparation techniques are quite complicated to carry out and the energy density
obtained from use of these materials as SC electrodes is relatively small due to their
limited specific surface area (< 500 m? g) as compared to ACs.

However, in special cases, most of the surface area is maximally utilized to achieve high

capacitance even comparable to some activated carbon-based ECs. This is possible
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because the problem of ion misfit is almost absent in this case since most electrolyte
ions can easily diffuse into the mesoporous network. Their higher conductivity also gives
them a lower equivalent series resistance (ESR) value as compared to activated carbon.
Therefore, there is a high possibility of obtaining specific capacitance values close to
those of highly porous activated carbons which implies improved energy densities and a

corresponding reduction in the ESR which would greatly enhance their power density.

(lll)  Graphene

The interest in graphene has increased ever since its discovery by Novoselov and co-
workers in early 2004 [41,42]. Its unique and extraordinary properties such as excellent
electronic transport ability, tunable band gap, great mechanical strength, large surface
area, excellent optical characteristics and thermal conductivity etc., has made it an
exciting and suitable candidate for numerous applications [43,44].

Graphene, a 2-dimensional (2D) allotrope of carbon with its honeycomb network
(schematic as shown in figure 2.8) constitutes a one-atom thick sheet of sp2 bonded
carbon atoms and this makes it the basic building block of other carbon allotropes of
different dimensionalities with dissimilar electrochemical properties.

Graphene is a zero band gap semiconductor that shows a linear dispersion at high
symmetry point in the reciprocal space and results in an effective dynamics of electrons
similar to that of massless relativistic Dirac fermions [45].

These properties are summarized in Table 1 showcasing all the allotropes of carbon with

their detailed properties quantitatively expressed. The excellent theoretical surface area
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has attracted its application as a potential electrode material for ECs. Conversely, the

experimental specific capacitance value obtained is only about 262 F g™ in aqueous

electrolytes [46-48].

Figure 2.8: Graphene, mother of all graphitic forms; can be wrapped up into 0D buckyballs,

rolled into 1D nanotubes or stacked into 3D graphite (adapted from [49])

The limited capacitance value has been attributed to the high tendency of graphene
sheets to restack themselves owing to the strong m- m bond interaction between the
neighboring sheets leading to significant decrease in the available surface area for

electrolyte ions and consequently low specific capacitance value for the pure graphene-

based SCs.
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In order to prevent this problem, it is necessary to functionalize graphene with chemical
functional groups such as the carbonyl and hydroxyl groups [3,31] or attach them with
highly pseudocapacitive or faradaic materials such as polymers, metal oxides and metal
hydroxides [50,51]. This process does not only prevent the restacking problem but also
enhances the electrochemical performance by adding to the overall EDL capacitance
[52-54]. With regards to the grafting with faradaic-like materials, several hybrid
composites of graphene (or reduced graphene oxide) have been studied and reported.
Composites such as polymer-graphene [51,55] and graphene-metal oxides/graphene-
metal hydroxides [56—58] have all been investigated and the results from the numerous
studies listed showed that the performance of the ECs depends on the structure and
porosity of the electrode.

Recently, a 3D network of graphene foam (GF) was also synthesized by template-
directed chemical vapor deposition and studied by Chen et al.[59] in order to provide
high quality and conductive interconnected graphene sheet network with excellent
electrical and mechanical properties. The graphene foam is characterized with a unique
porous structure that can provide an avenue for the free movement of ions within the
structure when used for EC applications. Significant efforts have further been made on
synthesis of GF-composites [60—62] as electrode materials for SC applications. However,
there is still a need for further extensive studies to develop and improve the available
studies reported so far in order to fully optimize the potential of graphene-based ECs.
Thus, this thesis explores the effect of incorporating graphene foam into the active

matrix of faradaic-type materials with an attempt to fully analyze and understand the
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effect of the addition to the electrochemical properties of the SC electrode materials.

The results obtained can be used to develop active supercapacitor electrodes with

improved specific capacitance and stability for complete energy storage devices.

Table 2: The properties of graphene and other carbon allotropes [4].

Allotropes of Graphite Diamond Fullerene Carbon Graphene
Carbon nanotubes

Dimensionality Three Three Zero One Two

Hybridization sp2 sp3 mainly sp2 mainly sp2 sp2

Crystal system Hexagonal Octahedral Tetragonal Icosahedral Hexagonal

Experimental ~10-20 ~20-160 ~80-90 ~1300 ~2675

specific surface

2 -1

area(m“g’)

Density (gcm's) 2.09-2.23 3.5-3.53 1.72 >1 >1

Electrical Anisotropic 10 Depends on 2000

conductivity 2,3 x 10%¢, the particular

(sem™) 2.3 x 1060 structure

Electronic Conductor Insulator, Insulator Depends on Semimetal,

properties semiconductor structure. Can zero gap

be metallic or semiconductor
semiconductin
g

Thermal 1500-2000° | 900-2320 0.4 3500 4848-5300

conductivity 5.10°

(Wm?k?

Hardness tenacity High Ultrahigh Highly elastic | High flexible Highest flexible

elastic elastic (single
layer)

Optical properties | Uniaxial Isotropic Non-linear Structural 97.7% optical
optical dependent transmittance
response

*a-direction ®b-direction | ‘c-direction

© University of Pretoria
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2.2.2 Pseudocapacitors (PCs or Redox Electrochemical Capacitor)
2.2.2.1 Theory and Operation mechanism
Pseudocapacitors (or RECs) faradaically store charge through the transfer of charges
between the electrode and electrolyte unlike EDLCs, which store charge
electrostatically. Earlier studies by Conway [9], reports that electrochemical charge
storage in pseudocapacitors occurs based on certain faradaic mechanisms present and
these include; electrosorption (underpotential deposition), reduction-oxidation
reactions (redox pseudocapacitance) and intercalation (intercalation
pseudocapacitance). Pseudocapacitance is described to arise due to charge acceptance
(AQ) and a voltage change (AV). It also involves the passage of charges across the double
layer so that the capacitance C (which is Faradaic in nature) is obtained from the

derivative of the charge and voltage as:

_ ae)
T d@vy (9)

The formation of an adsorbed surface monolayer from ions contained within the
electrolyte on the electrode composed of a different metal which has a redox potential
well above the former is termed “Underpotential deposition”. For example, the
deposition of lead (Pb) on the surface of a gold (Au) electrode [63].

The electrochemical adsorption of ions onto the surface or near the surface of an
electrode material accompanied with a related faradaic charge transfer is described as

“Redox pseudocapacitance” while “Intercalation pseudocapacitance” arises from the
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intercalation of ions into the layers or pores of pseudocapacitive materials accompanied
with a faradaic charge transfer with no crystallographic phase change [9].

These above explained mechanisms occur with different materials and due to
independent processes. The similarity in electrochemical signatures occurs due to the
relationship between the potential (V) and the generated charge (Q) as a result of the
adsorption/desorption processes at the electrode/electrolyte interface or within the
inner layers of the electrode material surface.

The significant difference between materials suitable for pseudocapacitors and batteries
lies in the surface reactions. Battery materials utilize the bulk solid state to store charges
which gives them their high energy densities while pseudocapacitive materials are not
limited by solid state diffusion and the utility of energy storage is based on a kinetic
behavior [64]. This gives them their characteristic high rate capability as compared to
batteries where a limited solid-state diffusion between the anode and cathode inhibits
its power capability [65]. These processes are clearly shown by a schematic diagram in
figure 2.9 where the different types of reversible redox mechanisms which bring about

pseudocapacitance are illustrated.

Pseudocapacitance could be intrinsic or extrinsic in nature. Intrinsic pseudocapacitance
materials are those which display redox-capacitive charge storage for a wide range of
particle sizes and morphologies while extrinsic pseudocapacitance materials do not
exhibit any pseudocapacitance in a bulk state due to phase transformation during ion

storage [64].
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Figure 2.9: Schematic showing various types of reversible redox mechanisms that give rise to

pseudocapacitance (adapted from [64])

With extrinsic pseudocapacitive materials, nano-structuring to improve their surface
area enhances their rate capacity behavior due to a decrease in diffusion distance and in
some cases decrease in phase transformation. Examples of intrinsic pseudocapacitance
materials include RuO, [66], MnO, [67], Nb,Os [68] and a widely used and very good

example of extrinsic pseudocapacitive material is LiCoO, [69].

The most commonly studied pseudocapacitor or faradaic-like electrode materials are
transition metal oxides [8,70,71], transition metal hydroxides [72—74], transition metal
nitride [75,76] carbon material enriched with oxygen/nitrogen containing functional
groups [77,78] etc. The choice of transition metals in most pseudocapacitor materials is
due to the variable oxidation state of the metals. In general, a higher capacitance has

been demonstrated for some of these materials as compared to EDLCs. This is due to
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the faradaic charge transfer process which takes place at the electrode surface. The
major drawback of these type of energy storage materials is however, their surface
which is highly susceptible to degradation and redox-dependent solid state kinetics [30].
This leads to low power performance due to poor electrical conductivity and lower

cycling stability when compared to pure EDLC-based materials.

Ruthenium dioxide was the first pseudocapacitive material discovered in 1971 [66] and
have been extensively studied by researchers over time. Initial reports [66] from the
first studies demonstrated low gravimetric capacitance values due to the fact that only
4-7% of the Ru*" atoms participated in the redox reaction. However, it demonstrated
the wunique electrochemical features for typical pseudocapacitive processes.
Furthermore, it also revealed the need for a porous and hydrous oxide as the bulk. An
improvement in capacitance was observed in a subsequent study [79] to a higher value
of over 700 F g™ and this was linked to the mixed proton-electron conductivity (from the

structural water, specifically, RuO,.nH,0 where n = 0.5) within the hydrous oxide.

The electrochemical storage reaction mechanism for RuO, electrodes can be expressed

as [9,12]:

POSITIVE ELECTRODE

HRuO, «——H, sRUO, + H" + &~ (10)

NEGATIVE ELECTRODE

HRuO, +H™ + & «——H, ;RuO, (11)
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OVERALL REACTION

HRuO, + HRuO, «—H, ;RuO, + H, ;Ru0O, (12)

where 0 < § < 1, RuO; and HRuO, are representative of both the positive and the
negative electrodes at fully charged states, respectively. HRuO, represents electrodes

which are at a fully discharged state.

As stated earlier, the enhanced electrochemical performance of RuO,.nH20 materials is
related to its porous architecture, its high metallic conductivity as well as hydrous
nature. From the above reaction (eqgns. 10 - 12), the reversible redox transitions depend
on both proton exchange and electron-hopping processes [8]. In addition, there is a
migration of electrons through the external power source while protons migrate from
one electrode to another during the charge and the discharge process. Although, no net
ion exchange occurs between the electrode and the electrolyte, the electrolyte
concentration may differ due to some polarization, some EDL formation and the
presence of redox reactions during the entire charge/discharge process which is the
reverse phenomenon in double-layer capacitor [4]. However, there is a limitation to
adoption of this material for practical applications because of the high cost of the RuO,.
As such, numerous techniques have been adopted for the development of cheaper and
environmentally safe materials which show similar promising properties compared to
that of RuO,. Other materials such as NiO, MnO,, Fe,0;, Fe304 Sn0O,, Cos04; and
transition metal- layered double hydroxide will be explored and elucidated in further

sections.
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2.2.2.2 Electrode Materials for Pseudocapacitors
Common electrode materials applied in RECs include; conducting polymers, transition

metal oxides and transition metal hydroxides etc.

(n Conducting polymers (CPs)

Conducting polymers (CPs) have received significant attention due to their vast range of
properties which includes good pseudocapacitive behavior with an associated relatively
high specific capacitance and a wide range of electrical conductivity which can be tuned
by varying the doping levels while maintaining its mechanical flexibility and thermal
stability [80]. Due to this reason, they have a low equivalent series resistance (ESR)
value and devices with high specific power are feasible if properly fabricated.

The pseudocapacitive form of energy storage involves the faradaic processes of p- and
n-doping. Basically, the n/p-type polymer configuration (with a negatively charged (n-
doped) and a positively charged (p-doped) conducting polymer electrode) has the
potential to fully exploit the maximum energy and power densities [10]. CPs have an
excellent redox capability where ions are transferred to the polymer backbone from the
electrolyte during oxidation and released back to the electrolyte during reduction.
However, inadequate n-doped conducting polymer materials have prevented their
application in supercapacitors due to their limited capacitance values. In order to
facilitate the n-doping process, numerous polythiophene derivatives have been
synthesized. Nevertheless, understanding and tuning the structure of the thiophene

units to amend the potential at which doping occurs has led to the production of
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heavier molecules with increasing cost to the electrode material. Furthermore, a build-
up of mechanical stress on the entire conducting polymer backbone during both the
tuning process and faradaic reactions limits the stability of the overall device electrode
during cycling involving galvanostatic charge-discharge process. CPs are also well known
for large volumetric change and consequent polymer breakage during the same charge-
discharge process especially when used alone in their pristine form [51]. Hence, the
decreased cycling stability limits their development for CP-based EC applications.

The most commonly studied CPs for EC applications are polyaniline (PANI) [55,81],
polythiophene (PTh) [82], polypyrole (PPy) [83], poly(3,4-ethylene-dioxythiophene)
(PEDQT) [84] and composites of CP with other materials [85,86].

The specific capacitance (Cs) of a PANI nanofiber modified stainless-steel (SS) electrode
(PANI/SS) assembled supercapacitors was reported as 524.9 F g'1 from the galvanostatic
charge/discharge measurements in 1.0 M H,SO, electrolyte by Li et al. [87] and
compared with a theoretical mass specific capacitance (Cs) of polyaniline (PANI) which
was firstly estimated by combining electrical double-layer capacitance and
pseudocapacitance. The maximum specific capacitance obtained from these methods in
the study was found to be about 26% of the theoretical value. Guan et al. [88]
fabricated PANI fibers by interfacial polymerization in the presence of
paraphenylenediamine (PPD) to tune their morphology and also improve their
electrochemical properties. The specific capacitance of the fibers in the presence of PPD
1

showed a higher specific capacitance of 548 F g™ with a specific energy of 36 Wh kg’

and power of 127 W kg at a 0.18 A g current density.
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Wang et al. [89] also successfully demonstrated the synthesis of highly ordered
P3HT:PCBM nanostructures via a slow-drying method and further analyzed their
potential as supercapacitive electrodes. They found out that the nanowires possessed
high capacitance which was attributed to their large surface area and open structure
which can facilitate efficient ion transport and charge accumulation.

Another study on P3HT-graphene polymer composites [90] involved comparing an in-
situ and ex-situ technique for synthesis in order to investigate their supercapacitive
behavior since researchers had claimed that individual polymers alone were easily
susceptible to breakage when used in their pristine form for SC applications. They
discovered that the in-situ grown samples showed a better formation of the composite
than the ex-situ samples based on the microstructural and photoluminescence spectra
obtained coupled with a higher C; of 323 F g'1 as compared to 244 F g'1 at a 200 mA g'1
current density. This was ascribed to the restacking of graphene layers and hydrophobic
nature of the P3HT polymer chains present in the sample prepared by ex-situ technique
which limited its charge storage capacity as compared to the in-situ where highly porous
structures present in the composite creates access to electrolyte ions.

Recently, Zhou et al. [91] fabricated and analyzed the electrochemical characteristics of
an asymmetric supercapacitor based on PEDOT-coated on aligned carbon nanotubes
(CP/a-CNTs) and pristine aligned carbon nanotubes (a-CNTs) as the negative and positive
electrode respectively. In the study, it was revealed that the CP/a-CNTs enhances charge
storage while the a-CNTs morphology provides a straight and fast ion transport

pathway. This enables the exhibition of a wide operating voltage window of up to 4.0 V
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with an excellent maximum energy and power densities of 82.8 Wh L™ and 130.6 KW L*
in volumetric performance units. Thus, the incorporation of other materials into the
active polymer matrix might be an initial step to addressing the instability and volume

expansion issues associated with CPs when used as EC electrode material.

(1) Transition metal oxides/hydroxides (t-MO/t-MQOH)

Transition metals exhibit variable oxidation states due to the relatively low reactivity of
their unpaired d orbital electrons [92]. The electrons they use to combine with other
elements (or valence electrons), are present in more than one shell. This is the reason
why they are suitable choices for redox capacitor electrode materials where faradaic
reactions take place. They also form stable metal oxide (t-MO) and hydroxide (t-MOH)
nanostructures which are electrochemically active with the ability to interact with

electrolyte ions over an appreciable voltage range.

Several t-MOs and t-MOHSs such as Co3z04 [93—-95], Co(OH), [96], MnO, [97-99], NiO
[100-102], Ni(OH), [50], RuO; [103-105], SnO, [106], V,0s [107,108] and VN [109-111]
have been reported to store charge both electrostatically and by electrochemical
faradaic reactions with promising trends on improved specific capacitance and
associated energy densities. In order to be successfully applied as electrode materials
for SCs, the oxides/hydroxides must be electronically conductive in nature; the
constituting metals must also have the ability to exist in variable oxidation states with

no phase change involving reversible modifications of its structure. Lastly, their
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structure should be designed in such a way that protons can freely intercalate in/out of
the lattice during redox reactions. Furthermore, the enhancement of the kinetics of ion
and electron transportation within electrodes and at the electrode/electrolyte interface
can highly improve electrochemical properties of SCs. Thus, fabricating electrodes with

proper pore structure and good electrical conductivity is ideal.

Initial studies done by Zheng et al. [79] demonstrated the stability of hydrous RuO,
prepared by a sol-gel method. The amorphous hydrated material was obtained after
annealing the precursors at low temperatures and testing their electrochemical
performance in an acid electrolyte. A specific capacitance value of 720 F g'1 was
measured for the amorphous powder and this dropped considerably when the material
was further subjected to temperatures above 175°C. This was attributed to the
formation of a crystalline phase with a decreased surface area. Co304 have also been
investigated for their potential use in ECs due to their variable oxidation states, which
can yield surface redox reactions. A dense network of Cos04; nanowire arrays were
grown by a template-free growth method [95] on nickel foam followed by thermal at
300°C in air. Results from the electrochemical tests showed a specific capacitance value

of 746 F g'1 at a current density of 5 mA cm with a coulombic efficiency of ~93%.

MnO;, mainly exhibits pseudocapacitance which is attributed to reversible redox
reactions involving the exchange of protons and/or cations within the electrolyte. There
is also the transition between oxidations states of Mn (lI1)/Mn (l1), Mn (IV)/Mn (ll1), and

Mn (VI)/Mn (IV) within the electrode potential window of the electrolyte [4]. For this
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reason, they have been extensively analyzed as electrode materials for supercapacitor
applications. Xu et al. [112] reports an ideal capacitive behavior for MnO, material in an
aqueous electrolyte containing bivalent cations. In their work, they report a specific
capacitance of 310 F g'1 with no loss in capacity after 600 cycles which indicates the
good cycling stability for the MnO, electrodes. Another study by Bello et al. [99]
involved fabricating a symmetric capacitor based on MnO,-based composites with
graphene. In their study, they hydrothermally synthesized nanocrystalline MnO, needles
anchored to the surface of graphene foam. The composite provided a maximum energy
density of 8.3 Wh kg’1 with power density of 20 kW kg’1 and no capacitance loss even
after 1000 cycles. This improvement in cycling stability as well as reasonable energy
density was attributed to the successful coating and high loading of a- and y -MnO; on a
3D porous graphene foam network that allows for the combination of double-layer and
redox capacitance mechanisms. Likewise, NiO nanorods arrays have been deposited on
a mesoporous 3D structure and electronically conducting Ni-foam in a review work by
Yang et al. [113]. The microholes and crisscross flow channels on the Ni-foam substrate
provided an enhanced surface area and mass transportation for electrolyte ions [114].
For this reason, a high capacitance of 2018 F g and a corresponding 92% capacitance
retention after cycling was recorded. The observed results are attributed to the ease of
diffusion from the 3D structure and the reduction in diffusion distance from the slim rod

morphology which optimizes the surface area for insertion and exertion of ions.

In addition, the strong chemical bonding of the rods to the substrate ensures good
electron transport from the nanorods to the metallic current collector.
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Similarly, over the past few decades, t-MOH nanostructures with different morphologies
ranging from nanowires to nanosheets have also been adopted in supercapacitor
applications due to the availability of adequate surface area useful for electrochemical
surface reactions. Nanostructured Co(OH), electrode was fabricated by a facile, low cost
and efficient electrochemical technique which involved electro-deposition of Co(OH),
nano-whiskers on a pre-etched nanoporous Ni-substrate. The unique architecture
provided an exceptional high energy storage electrode of specific capacitance as high as
2800 F g with a preserved cycling stability due to the nanoporous nature of the
substrate [96]. Two dimensional (2D) ultra-thin a — Ni(OH), nanosheets have been
recently synthesized by Zhu et al. [73] on a large scale via a microwave-assisted liquid
phase growth under low temperature atmospheric conditions. The freestanding sheets
demonstrated an enhanced SC performance with a specific capacitance of 4172 F g'1 ata
1A g'1 current density and 98.5% capacitance retention value even after 2000 cycles.
This method shows a promising trend for scaling up to produce high quality device

electrode for commercial purposes.

Another form of metal hydroxides suitable for SC electrode material applications is the
metal layered double hydroxides (LDHs). They are characterized with a mesoporous
structure with thinner sheets that have higher surface area and good faradaic active
properties. The thinner sheets facilitate electrolyte penetration with a corresponding
increase in capacitance value and electrode cycling stability. A general chemical formula
of [MP*1 LM% (OH),1" [A™,/n].mH,0 is used to describe LDH materials where M"* and

M are commonly divalent and trivalent cations respectively; A" is a charge-balancing n-
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valent anion from the precursor salts used in the preparation of the active material; and
x = MPY/(MP+M%). In addition, their tunable composition and flexible ion-
exchangeability also creates suitable active chemical sites present for both electric
double layer capacitors and redox capacitors [115]. Their environmentally friendly
growth techniques coupled with the attractive redox property makes LDHs great
potential application as electrode materials for redox supercapacitors [116,117].
Common examples of metal combinations includes; NiAl-[118], NiCo-[119], and CoAl-
LDHs [120]. Song et al. [118] reported a solvothermal technique for synthesizing NiAl
LDHs with high surface area and porosity in varying ethanol/water solvent ratios. Results
obtained were compared with those from common hydrothermal route and an
enhanced surface area and specific capacitance were found to be superior to those
prepared with H,0 alone. A growth mechanism for the nanostructures under different
conditions was proposed and the superior capacitance recorded was related to the
morphology of the NiAl LDH. Another similar study on the influence of morphology of
LDH materials on electrochemical performance by Tao et al. [119] demonstrates an in-
situ growth of three dimensional (3D) NiCo-double hydroxide microspheres using a tert-
butanol (TBA) as a structural directing agent to obtain different architectures which
directly impact on the measured capacitance. The electrode offered an excellent
electrochemical performance with a superior capacitance value of 2275 F g, high rate
capability and excellent cycling life even after 5000 galvanostatic charge-discharge
cycles. However, most of these metal oxides and hydroxides are still faced with the issue

of a low operating voltage window and in some cases low conductivity which inhibits on
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their overall energy density making them lower than EDLC materials. The issue of
restacking of the sheets of LDH also restricts access of electrolytes ions to maximally use

up their available surface area.

2.2.3 Hybrid Electrochemical Capacitors and Composite materials

Hybrid electrochemical capacitors (Hy-ECs) combine properties of both EDLCs and RECs.
Materials for hybrid capacitors play a major role for the successful generation and
efficient energy storage within the device. It is thus of vital importance to fully optimize
their individual material properties in such a way as to obtain superior electroactive
materials for advanced applications [121].

Composite materials provide an avenue for obtaining materials with enhanced
electrochemical properties. They offer a smart alternative approach for combining
materials with different properties by exploiting the merits and mitigating the
shortcomings of EDLCs (non-faradaic) and pseudocapacitors (faradaic) to obtain better
performance characteristics. Such characteristics include enhancing specific surface area
and porosity, facilitating electron and proton conduction, preventing agglomeration of
particles and optimizing particle size, expanding active sites, extending the potential
window, protecting active materials from mechanical degradation and improving cycling
stability. In this case, this is achieved by incorporating carbon-based materials with
either pseudocapacitive conducting polymers or metal oxide materials to synergize both

physical and chemical charge storage mechanisms. The process basically involves the
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actual combination of both active materials to form a mixture (composites) or by
combining individual material electrodes (in the case of “hybrid ECs”).

Even so, it is worth stating that a reverse effect might occur during this combination
process. Thus, there should be a consensus with regards to the individual material
compositions and an optimized charge balance/molar ratio (in the case of composites
and hybrid devices respectively) of the individual constituent in order to achieve a good
composite.

Gao et al.[122] demonstrated the production of graphene nanosheet-layered double
hydroxide (GNS/LDH) by a simple hydrothermal technique. In their report, glucose was
used as a reducing agent in place of toxic hydrazine to exfoliate graphene oxide (GO)
sheets and obtain an even dispersion of GNS in water. The observed remarkable specific
capacitance was ascribed to be due to the combination of the EDLC and faradaic
capacitance from the open structure system with improved contact between the
electrode/electrolyte interface [122]. The conductive network of graphene sheets over-
lapping each other was explained to facilitate fast electron transfer between the active
composite material and the charge collector. Another report by Dong et al.[61] adopted
an innovative strategy of growing cobalt oxide (Co304) nanowires on 3D graphene foam
by an in situ deposition method. The graphene/Cos0; composite was used as a
monolithic free-standing supercapacitor electrode and exhibited a good specific
capacitance of ~1100 F g ' at a current density of 10 A g * with excellent cycling stability
after 1000 cycles. The electrochemical properties of poly(3,4-ethylenedioxythiophene)

/multi-walled carbon nanotubes (PEDOT/MWCNTs) composites have also been
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investigated by Lota et al.[86]. The composite was prepared by electrochemical
polymerization of EDOT directly on the nanotube. The specific capacitance values for
the composite ranges between 60 — 160 F g'1 with a good cycling performance in
different electrolytes. These excellent electrochemical properties and efficient
reversible storage was attributed to the open mesoporous CNT-network coupled with
the easily accessible electrode/electrolyte interface which allows quick charge

propagation within the composite material [86].

Electrolytes

The electrolyte is also a very important component of the electrochemical capacitor
system. It contains ions necessary for charge transport and storage. The requirements
for an electrolyte include wide voltage window, high electrochemical stability, high ionic

concentration, low solvated ionic radius, little cost, low toxicity and resistivity,.

Electrolytes can generally be divided into three (3) main categories namely;

(i) Aqueous electrolytes
(ii) Organic electrolytes
(iii) lonic liquids
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n Agueous electrolytes (AEs)

AEs are mainly composed of strong acids, bases or salts of strong acids dissolved in
water and have high conductivity due to their proton hopping transport mechanism and
high ionic activity. However, the operating voltage of these electrolytes are limited to a
theoretical value of 1.23 V [39,123]. The most common aqueous electrolytes used for EC
applications include H,SO4; [124], Na,SO, [125], KOH [126], NH4Cl [127] etc. The
capacitance of ECs containing aqueous electrolytes may generally be higher than those
with organic electrolytes due to the high ionic concentration and smaller ionic radius [8].
Furthermore, the preparation procedure and use of aqueous electrolytes is somewhat
easy and less complicated as compared to organic electrolytes which need stringent
conditions in order to obtain and maintain ultra-pure stable electrolytes. However,
aqueous electrolytes have limited voltage operating window of only 1.2 V due to the
decomposition at high voltages. Thus, they limit the enhancement of the energy and
power densities when used for SC applications.

(m Organic electrolytes (OEs)

Organic electrolytes are capable of providing a higher operating potential window (of
approx. 3.5V) compared to aqueous electrolytes. This is why they are commonly used
for commercial supercapacitors. Examples of organic electrolytes used in SCs include
acetonitrile (AN) [128], propylene carbonate (PC) [129], tetraethylammonium
tetrafluoroborate [28], triethylmethylammonium tetrafluoroborate (TEMABF4) [130]
etc. Acetonitrile can dissolve large other organic electrolytes and can thus provide highly

conductive electrolytes [131]. However, they are plagued with environmental instability
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and toxicity problems which make their use restricted to controlled environments in
order to prevent poisoning or explosion. The water content in organic electrolytes
should also be kept to a minimum (normally below 3 — 5 ppm) for them to retain their
characteristic large operating voltage window. Propylene carbonate-based electrolytes
are less toxic and can be used as replacements for AN electrolyte to provide an equally
large potential window but their low conductivity leads to decreased power density.

(1) lonic liquids (ILs)

lonic liquids are solvent-free liquids which are molten at room temperature. They are
obtained by overcoming the material lattice energy to melt or liquefy them to liquid
form. They are mainly made up of cations and anions which make their voltage window
stability mainly dependent on the electrochemical stability of the constituent ions. A
careful and proper choice of both ions allows them to be used in the design of high-
voltage window ECs. The characteristic properties which makes them ideal for SCs
include good conductivity [132], low vapor pressure, high thermal and electrochemical
stability [133], low flammability, wide voltage window of averagely 4.5 V. ILs can offer a
unique ion size due to the absence of any solvent or associated solvation shells.
Examples of ILs include imidazolium, pyrrolidinium, aliphatic ammonium salts with
anions such as tetrafluoroborate, trifluoromethanesulfonate, bis(fluorosulfonyl)imide or
hexafluorophosphate, quaternary ammonium salts such as tetralkylammonium [R4N]+,
and cyclic amines such as aromatic pyridinium, imidazolium and saturated piperidinium,
pyrrolidinium [132,134]. Reports on ECs devices based on ILs relating the relationship

between the pore size of carbon electrodes, ion size of the electrolyte, and the
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capacitance using ethyl-methyl-imidazolium-bis(trifluoromethane-sulfonyl)imide have
been studied in reference [17]. An improved performance is also seen in hybrid
activated carbon/conducting polymer devices with characteristic cell voltages greater
than 3 V [135]. However, the ionic conductivity of these liquids is low at room
temperature, and could be improved by selecting appropriate eutectic ionic liquid
mixture-carbon combinations [136]. In addition, the dilution of ILs with organic
electrolytes (such as acetonitrile, propylene carbonate or g-butyrolactone) might also be
a good choice. For example, ILs mixed with the commonly used PC/TEMABF4
electrolytes showed some improvement in conductivity and therefore higher capacity
and enhanced low-temperature power density [8]. However, this approach might lead
to the resurfacing of other problems associated with organic electrolytes such as safety,

toxicity, flammability etc.

Advantages, application and challenges arising from the use of ECs

Electrochemical capacitors are particularly looked upon as replacements for
conventional capacitors and possibly batteries in the long run due to their attractive and

desirable properties which include the following:

(i) High power density

ECs are known to exhibit a much higher power density than their battery counterparts
[5]. This is also confirmed in the Ragone plot shown in figure 2.1 where the range of
power density values for SCs are within the range of 1 — 100 KW kg and that for

batteries is in the range of 40 — 150 W kg™. The charge-discharge rate for SCs are not
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limited by ionic conductivity in the bulk due to the fact that they store electrical charges
both at the electrode surface and in the bulk near the solid electrode surface as
compared to batteries which only store charge by redox reactions contained in their
bulk. For example, in batteries, the charging time is normally on a scale of hours
depending on the application whereas a typical SC could be fully charged or discharged
in tens of seconds (~ 30 seconds) and the energy can be taken from it rapidly within a
tenth of a second (~ 0.1 second) [137].

(ii) High efficiency

ECs are reversible with respect to charging and discharging throughout their operating
voltage window and the loss of energy due to heat in each cycle is managed by easy
removal due to its relatively small amount. Thus, the cycle efficiency of ECs are high
(around 95%) even when operating at high power rates [8].

(iii) Long life expectancy

Faradaic reactions are the route through which batteries store energy in their material
bulk. These processes are characterized with irreversible inter-conversion of the
chemical electrode reagents and irreversible phase change. On the other hand,
electrochemical storage in SCs involve negligibly small chemical charge transfer
reactions and phase changes during charging and discharging, thus giving them an
almost unlimited cyclability. The life expectancy for batteries is only about 5 — 10 years
with 1000 — 10000 charge - discharge cycles; whereas, it is estimated to be up to about
30 years for SCs with little or no maintenance during their lifetime [8]. Moreover, SCs

can run deep cycles at high rates for up to 500,000 cycles with only a small change in

56

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

their properties. This is impossible for batteries even if they have a small depth of
discharge.

(iv) Long shelf life

ECs maintain their capacitance even if left unused for several years [16] although they
self-discharge over a period of time leading to lower operating voltages. However,
batteries if left on the shelf without use will self-degrade due to self-discharge and
corrosion of the constituent materials.

(v) Wide range of operating temperature

The typical range of operating temperatures of ECs is between — 40 °C to 70 °C. This
makes them suitable for a wide range of applications such as military operations where
an efficient and reliable back up energy supply is needed to run electronic devices
properly under all temperature conditions.

(vi) Safety and environmental friendliness

ECs are generally much safer to use and contain little or no toxic and hazardous

materials as compared to batteries (especially Li-ion batteries) [8].

The numerous advantages and prospects discussed so far have made ECs a competitive
and exciting device choice in technological applications like the electric trains, electric
hybrid vehicles, personal gadgets (such as mobile phones, cameras, tablets, etc),
electrical tools, uninterruptible power supplies and as storage units harnessed to solar

cells to capture the generated solar energy [138-141]. A report by Miller et al. presents
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a clear summary distinguishing the application of ECs into three main groups viz; energy

management applications, power tools applications and day-night storage applications.

It is worthy to note that SCs in their present state cannot replace batteries. However,
only a combination of the SCs with batteries is feasible as ECs are still characterized with
low energy densities. As such, combining them will maximize the merits of both systems
and provide a suitable hybrid system to fit in present day application requirements. For
example, in hybrid vehicles, SCs are used in combination with the batteries for the initial
acceleration, braking energy recovery, excellent cold weather starting etc. and this
increases the overall battery life [8,141]. Thus ECs have the potential in complementing
batteries in the energy conversion and storage fields [17] with a possible complete
replacement achievable over time based on the active on-going research and

development in the supercapacitor research world.

Due to their relatively low energy density and high manufacture cost, the market for ECs
is still in a premature commercialization stage. Analyst stick to a forecast of 30 %
compound growth of this market over the coming decades. The total global market for
supercapacitors was worth $470 million in 2010, according to reports titled;
“Supercapacitors: Technology Developments and Global Markets”. That value is
projected to grow to $1.2 billion by the end of this year, a five-year compound annual

growth rate (CAGR) of 20.6% and a $6 billion market worth by the end of 2024 [142].
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Fabrication of electrodes for electrochemical capacitors

The electrode material is the core of the supercapacitor device which determines the
electrochemical performance in terms of capacitance, self-discharge, life expectancy,
resistance etc. Thus, the efficient fabrication of the electrode is essential and the
processes involved need to be done meticulously in order to obtain high performance
and durable electrodes. A highly conductive current collector should be used as
template where the active material will be coated onto for testing. The current collector
should also have a high current carrying capacity, chemical stability and low cost.
Initially, the active material is made into a slurry/paste by mixing it with a binder and
compatible conductive additive (i.e. carbon black). The slurry is then applied onto the
current collector or made free-standing using a compression molding press which cuts
out thin discs or pellets. The electrode thickness is usually a few tens of micrometers to
sub-millimeters depending on the active material used and the proposed application.
The mass of active material under analysis must be known and preferably its
corresponding volume if possible. The as-obtained electrode is referred to as the
“working electrode”. In the case of a scientific and research study, the electrodes are
usually placed in parallel with the separator and the suitable electrolyte is added to
complete the set-up for electrode characterization/testing. Further packaging steps may

be carried out for full cells which are meant for commercial purposes.

59

© University of Pretoria



2.6

TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

Electrochemical testing of the electrode material

Electrochemical testing can be done in either a two (2) electrode system or a three (3)
electrode configuration. For research and development purposes, the performance of a
single electrode are initially investigated using the conventional three (3) electrode
configuration as shown in figure 2.10 which comprises of the active working electrode
(WE), counter electrode (CE), reference electrode (RE) and a suitable electrolyte
compatible with the set of electrodes. The reference electrode acts as a set-point
electrode which measures and regulates the potential of the working electrode without
allowing any current through it. The counter electrode on the contrary, allows the
required amount of current to balance the current generated at the working electrode
by varying its potential within the electrolyte. Suitable materials for CE are conductive
materials which do not react with the electrolyte in which they are placed. Thus, the
choice of electrolytes is highly related to the corresponding CEs and REs. For example, in
acidic electrolytes, the counter electrode can be platinum or glassy carbon and the
reference electrode could be a saturated calomel electrode (SCE) or a silver/silver
chloride electrolyte (Ag/AgCl). In neutral electrolytes, the same configuration can be
used. In alkaline aqueous electrolytes, a silver/silver chloride electrolyte (Ag/AgCl) or a
mercury/mercury oxide (Hg/HgO) is used as reference electrode while for non-aqueous
electrolytes, the choice of reference electrode depends on the electrolyte to be studied

[143,144].

The three (3) electrode test configuration is firstly used in order to obtain the individual

electrochemical properties of each electrode material without the influence of other
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interaction factors that might arise when they are combined. The electrode is referred
to as a “half-cell” in this configuration and a “full cell” in the two (2) electrode set-up.
Specific electrode properties under study include the stable operating voltage window
of the active material, specific capacitance, electrode cycling stability and the equivalent

series resistance of the single electrode.

The full cell capacitance measured in a 2-electrode configuration is theoretically a

guarter of the single electrode capacitance recorded in a 3-electrode system [145]. The
factor of 1/4 adjusts the full cell capacitance and the combined mass of the two

electrodes to the half-cell capacitance and single electrode mass [4].

Blue
White
Red

Reference
electrode

Working
electrode

3 M KCI

Glassy carbon

i

Figure 2.10: Schematic showing the set-up for testing material electrodes in a 3 - electrode

configuration
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In a two (2) electrode configuration (as shown in Figure 2.11), two working electrodes
contained in an electrolyte are set up on opposite sides of the separator as described in
the design of a simple electrochemical capacitor. In this system, the potential difference
of both electrodes are monitored and additional electrochemical properties like the

energy density, power density and life cycle testing can be studied [146,147].

Refrence & Counter electrode Active material

Separator

Working electrode

Figure 2.11: Schematic showing the set-up for testing electrode material in a 2 - electrode

configuration

In summary, even if the specific capacitance of a 2-electrode cell is obtained by using
the mass of one of the electrodes, the specific capacitance is not the same value as that
recorded in a 3-electrode configuration with a single electrode. Possible factors have
been explained to be responsible for this variance such as the difference in solvated
cation and anion size, and the difference in potential at both electrodes during

galvanostatic charge/discharge process.
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Evaluation of electrode material
The electrochemical performance of an electrode material is basically evaluated using
the cyclic voltammetry (CV), galvanostatic chronopotentiometry (GCP) and

electrochemical impedance spectroscopy (EIS) techniques.

2.7.1 Cyclic Voltammetry (CV)
Cyclic voltammetry tests are carried out on electrode materials which has been either
successfully coated onto the current collector substrate or tested as a free-standing
electrode (pellets). The process involves applying a voltage which scans between two
limits (E1, E,) at a scan rate, u (mV s) and measuring the corresponding current. The
plot of current versus voltage generated is usually referred to as a “cyclic
voltammogram”. The area under the plot in either direction in a potential window is
referred to as the charge Q, accumulated inside the electrode. The capacitance of the

electrode material is given as [8]:

Q
E;—Eq

(13)

where Q is the charge stored, (E; — E,) is the potential window set points.
The entire process has a mole fraction expressed as y = QM /mF in which M is the

molecular weight, F is the Faraday constant, and m is the mass of the electrode.
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A typical CV curve for a pseudocapacitive material is shown in figure 2.11 where the
different parts of the voltammogram are labeled. The electrochemical reaction depicted
by this CV curve is a reversible redox process [148]. At higher scan rates, larger peaks
are observed due to the collection of only the highest intensity part of the storage
transient. With lower scan rates, full storage is not achieved due to kinetic limitations

associated with the diffusion of material being investigated.

Faradaic Epa Anodic (oxidation)
Current - Positive Current
Capacitive (analyte)
Current

(background) “M‘,‘.‘»

/ Potential / V

’"I‘Iw"

Current/ yA

Cathodic (reduction)
- Negative Current

lpc

Figure 2.12: Cyclic voltammetry plot of a typical pseudocapacitor. (Extracted from

ref.[4])

The mole fraction of inserted material reaches a value of approx. 0.5 when the lattice of
positive ions is fully impregnated and this corresponds to a specific charge capacity. The
total charge stored can be separated into three (3) components namely;

(i) The faradaic contribution from ion insertion.

(ii) The faradaic contribution from the charge transfer process with surface atoms

(also known as Pseudocapacitance) and;
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(iii) The non-faradaic contribution from the EDL effect.
The components (ii) and (iii) cannot be distinctly separated and are usually characterized

by analyzing the CV data at various scan rates (f) according to the equation [149]:

[=av? (14)

where [ is the current, v is the scan rate; a & b are adjustable parameters with b

determined from the slope of the plot of log (/) vs log (v).

For a reversible electrochemical process, the CV plots must have:

(a) the peak voltage difference between the anodic and cathodic current peaks as small
as possible (usually ~ 59 mV n!) where n is the number of electrons

(b) the positions of peak voltage do not change as a function of scan rate

(c) the ratio of the peak currents is Unity

(d) the peak current is proportional to the square root of the scan rate i.e. from the

power law equation; I = v°5

The cyclic voltammogram for the EDLC-type electrodes are rectangular and the

capacitance can be estimated using the equation relating capacitance C and the current

() and scan rate (v) given as [150]:

(15)

eI~
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Another expression for calculating gravimetric capacitance using the CV plot is given as

[151]:
Cs @ = (16)

where A is the integral area of the CV curve (in mA-V); m is the mass of the active
material (in g); and v is the scan rate (in mV s™) used during the CV measurement. When
a faradaic-type material is studied, the potential for capacitance calculation must be
carefully chosen in the region where the material is stable as the CV plots are
characterized with oxidation and reduction peaks as shown in figure 2.12.

Generally, the capacitance decreases as the scan rate increases due to less complete
interactions between ions and the electrode’s active surface area. The movement of
ions are limited by diffusion at higher scan rates and only the outer active surfaces are
used for charge storage [150]. As such there should be a minimum value of the scan
rate, v for which an enhanced high capacitance performance can be obtained.
Application of a high potential may be a possible source of degradation during CV
analysis.

In order to electrochemically describe a supercapacitor electrode, certain parameters

need to be obtained. The capacitance of an EDLC can be calculated using:

[=¢c x¥ (17)
dt
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. av, . . .
where [ is the current, (E) is the potential scan rate and C is the double layer

capacitance. The specific capacitance can be described as the capacitance in terms of
mass (m), area (A) or volume (v).

The energy stored in a capacitor is directly related to the capacitance and the energy
density of the electrode material is obtained from the specific capacitance of the

electrode and the operating voltage as:

1
ED - ECSP VZ (18)

The maximum energy density on the other hand expressed in (Wh Kg'l) is given as:

Emax = 2><31600 cve (19)
where C is the capacitance of the cell in farads, Cj, is the specific capacitance in Farads
(per Kg, area or volume depending on the normalization reference), V is the voltage (in
volts),

The power is the energy expended per unit time and since the capacitor usually consists
of the current collector, electrode and dielectric material, there will be an associated
equivalent series resistance (ESR).from these extra components. As such; the associated

maximum power density the cell can deliver is expressed as:
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1 v?

4x(ESR) M (20)

Pyax =

where ESR is the equivalent series resistance and M is the total mass of active material.
Equation (20) clearly shows the dependence of maximum power of the capacitor on the
ESR; thus it is ideal to ensure that this value remains as small as possible for high power
density.

The capacitance depends on the electrode material used and the stability of the
operating voltage in the working electrolyte. The maximum operating voltage is mainly
limited to the level at which decomposition of the solvent in the electrolyte takes place
(in the case of aqueous electrolytes). The energy density and power density of the
capacitor both depend on the operating voltage as seen from equations (18-20);
therefore the use of highly capacitive material with a large potential window is also

important in obtaining improved energy densities comparable to those of batteries.

2.7.2 Chronopotentiometry (CP) or Galvanostatic Charge/Discharge (GCD)
Chronopotentiometry tests are carried out by applying a controlled current pulse (/)
between the working and auxiliary electrodes and the corresponding generated voltage
(V) is measured as a function of time [152]. This is the opposite case to the cyclic
voltammetry tests in section 2.7.1 where the voltage was controlled. At the instance
when the current is initially applied, there is an abrupt change in the measured potential
due to the utilization of reactants and IR-loss at the electrode surface where storage

processes are taking place. Over time, the ratio of the concentration of reactant to
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products continues changing with time until the amount of reactants is completely

depleted. [152].
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Figure 2.13: Different types of controlled-current chronopotentiometry techniques. (A) CC-CP,

(B) LRC-CP, (C) CR-CP, (D) CyC-CP. (Image extracted from ref.[152]).

At this point, there is limited or no reactants for the available flux of electrons at the
electrode surface and the electrode potential abruptly changes towards more negative
values until it is appropriate for the opposite reaction to occur to replenish the
reactants. The time interval between the initial application of current to the transition
of the electrode potential is termed “transition time, 1”. There are different types of
chronopotentiometric techniques based on the type of current applied and the

associated voltage versus time (V-t) curve generated.
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The shape and location of the V-t curve is governed by the reversibility of the electrode
reaction. These include the constant-current chronopotentiometry (CC-CP), linearly-
rising current chronopotentiometry (LRC-CP), current reversal chronopotentiometry

(CR-CP) and cyclic current chronopotentiometry (CyC-CP).

As the name implies, the CC-CP involves application of a fixed anodic/cathodic current
to the electrode which causes the electroactive species to be oxidized/reduced
respectively at a constant rate (Figure 2.13-A). The applied current could also be
constantly ramped up in a linear pattern over time (i.e. I = at) or reversed after a
particular time as shown in figure 2.13-B & C. In the case of the CR-CP, a sudden change
from the cathodic to anodic current of equal magnitude before or at the transition time,
T, will initiate the generation of more reactants. When the product initially formed in the
previous reaction becomes diminished at the electrode surface, a potential transition
occurs and the reverse transition time can be obtained. An addition to this technique is
the continuous reversal at each transition time which gives the CyC-CP method (Figure

2.13-D).

The capacitance of an electrode material is best determined from the galvanostatic or
constant current discharge curve [145]. It is the established measurement method for
determining capacitance of packaged supercapacitors in the ultracapacitor industry and
correlates more closely to how a load is applied to a supercapacitor in major
applications. When the capacitance of material shows EDL behavior, the potential (V) of

the chronopotentiogram varies linearly with time t, at a constant current.
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Then the capacitance is related to the slope of linear potential-time relationship dV /dt,

with the current (/) as [151]:

C = 1/(dV/db). (21)

Similar to the case of the cyclic voltammogram discussed earlier, when there is a redox
capacitance contribution to the total capacitance, the chronopotentiogram deviates
from the linear relationship to a non-linear behavior. Such that the capacitance is
usually given by, C = I X AT /AV, where AT is the total discharge time for the electrode
material obtained from the CP plot and AV is a potential difference after correcting an IR
drop (voltage drop) which is estimated from the initial potential jump of

chronopotentiogram.

2.7.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is also a useful way in determining the
capacitance of electrode materials for SCs [7]. EIS measurements are run by applying
small amplitude of alternating interrupting potential (in mV) over a range of frequencies
(mHz to MHz) and collecting the impedance data at preferably an open circuit voltage.

Information relating to the imaginary part of impedance (Z”) and the frequency (f) can
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be obtained from this process. Some important plots gotten from the EIS measurements
include the Bode plot and the Nyquist plot.

The Bode plot relates the log |Z"| to log |f| where Z” and f have their usual meanings
mentioned earlier. The capacitance (C) can be calculated from the linear portion of the

Bode plot using the relation [8]:

1
T 2mflZ|

(22)

The Nyquist plot relates the imaginary part of impedance Z(f)“ with the real part of
impedance Z(f)’ [143] and can be used to obtain additional electrode material properties
such as the charge transfer resistance, (Rcr), solution/electrolyte resistance, (Rq) etc.
The diameter of the semicircle of the Nyquist plot shown in figure 2.14 gives the Rcr
value. At high frequencies (> 10* Hz), the intercept of the impedance plot on the real |Z|
axis gives information on the conductivity of the electrolyte.

The pseudocharge transfer resistance linked to the porosity of the electrode material
can be obtained from the medium frequency region (10 Hz - 1 Hz). At the low frequency
region, (< 1 Hz), the impedance plot depicts the characteristic property of a pure
capacitive behavior. The pure capacitor should ideally exhibit a straight line parallel to

the imaginary |Z| axis on the Nyquist plot, but this is not usually the case.
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Figure 2.14: Nyquist impedance plot

A tilted line with angle of 45° < 6 < 90° with respect to the real axis is obtained and this
has been explained to correspond to ion diffusion mechanism between the Warburg
diffusion and ideal capacitive ion diffusion (pseudocapacitance) [153,154].

This nonconformity with the ideal situation is linked to the redox reaction and variance
in penetration depth of the alternating current signal in relation to the pore size

distribution at the electrode leading to abnormal capacitance [155,156].
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CHAPTER 3

3.0

3.1

EXPERIMENTAL PROCEDURE AND CHARACTERIZATION TECHNIQUES

All the experimental routes and characterization techniques used in this thesis will be
presented and discussed in this chapter. The principles governing these characterization
techniques will also be briefly elucidated. Detailed specific parameters for each material

fabricated and tested will be discussed later in specific sections in chapter 4.

Chemical Vapor Deposition (CVD)

The chemical vapor deposition (CVD) system used in this study consists of a reaction
chamber (a 2 inch diameter quartz tube) which was connected by flow meters to
different gas supplies and enclosed in a furnace (as illustrated in figure 3.1). The gases
used for graphene growth includes argon (Ar, grade 5 - 99.999%), hydrogen (H,, grade 5

- 99.999%), methane (CH,4, grade 4.5 — 99.995%).

Chemical vapor deposition is a reliable, cost effective and efficient growth technique for
the production of high quality, large area graphene samples with excellent electronic
and optical properties suitable for device electrode applications [1,2]. The growth of
graphene involves the use of a metal substrate which acts as a catalyst to lower the

energy barrier of the reaction.
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Figure 3.1: Schematic of a chemical vapor deposition system

The most common substrates used for graphene production are mainly transition
metals substrates like copper (Cu) and nickel (Ni) [3,4]. Graphene growth on Ni-
substrate has been proposed to be due to the segregation or precipitation process of
carbons (C) [5]. Different cooling rates (quenching) with respect to thin films formation
are required to suppress the formation of multiple-layers graphene (MLG) [6]. Fast,
medium and slow rates are illustrated in figure 3.2 and this strongly affects the thickness
and quality of graphene films produced due to the non-equilibrium nature of the
precipitation process [7]. Medium cooling rates lead to optimal carbon segregation and
produce few layer graphene while fast and slow cooling rates have been shown to give
patches of graphene deposition on the Ni-substrate [4]. The microstructure of the nickel
substrate also plays an important role in the formation of the graphene film morphology

[8,9]. The growth mechanism of graphene on a Cu-substrate is based on a surface
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adsorption process due to the characteristic low copper affinity to carbon and lower

solubility at higher temperature [10].

Carbon dissolutio
) e,

Extremely fast cooling
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Figure 3.2: Illustration of the different cooling rates during graphene growth

This work mainly focuses on the growth of graphene on a polycrystalline three-
dimensional (3D) nickel substrate (Alantum, Munich, Germany) usually referred to as
nickel foam (NF). The growth process involves loading the reaction chamber with the
precursor gases (Ar:H,:CH,) which pass through a flow meters to a gas mixer. The mixed
gases pass through a high temperature heating zone and decompose to form radicals of
carbons which dissolve into the grain boundaries of the metal substrate. This is

subsequently followed by its out-diffusion to create layers of interconnected carbons
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known as the graphene lattice. Methane acts as the source of carbon, argon acts as a
carrier gas while hydrogen is used to remove any oxide impurities present and also

increase the grain size of the transition metal catalyst during the growth process.

The NF-substrate of approx. 430 g m? in areal density and 1.8 mm average thickness
was first pre-treated by annealing at a high temperature of 1000 °C to remove any
surface contaminations like oil residues as well as inorganic materials that might have
originated from the manufacturing or packaging process. Such contaminations might
not be entirely gotten rid of using normal cleaning agents and thus annealing was done
at atmospheric pressure in the presence of hydrogen and argon gas for 60 minutes. In
addition to cleansing, it also facilitates the growth of larger grains necessary for efficient

dissolution and out-diffusion of carbons [3].

The methane gas was then introduced into the reaction chamber after annealing, for
the actual growth of the graphene layer at 968 °C and this process was left to proceed
for a period of about 25 — 60 minutes. The quartz tube was pushed to a lower
temperature region to ensure fast cooling of the sample [11,12]. During the cool down
process, carbon atoms diffuse out of the solid Ni-C and precipitate on the Ni-surface to
form graphene films [4]. The obtained product was referred to as nickel foam-graphene

(NF-G) and will be used extensively in this thesis.

After the growth of graphene film on the nickel foam, the nickel template was removed
by a wet chemical etching procedure. Firstly, the NF-G was soaked in 3.0 M hydrochloric

(HCI) acid and left for 20 hours to completely remove the Ni-metal. The graphene foam
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was then thoroughly washed with deionized water (DI) and dried in Ar/H, atmospheres

to obtain graphene foam sample.

Composite materials were made using both NF-G substrate as current collector and the
pristine graphene foam in other synthesis techniques like solvothermal growth

techniques using chosen solvents like water, ethanol, tert-butanol etc.

Solvothermal Chemical Growth (SCG)

Solvothermal chemical growth (SCG) is an inexpensive and direct synthesis route used to
prepare simple bulk and composite materials of different nano-architectures like
nanowires, nanorods, nanoflowers, nanoribbons, nanosheets, etc. with their
corresponding physical and chemical properties. These materials with their associated
morphologies are suitable as electrode materials for energy storage devices [13-17].
The SCG technique is based on the ability of the solvents to serve as a medium for which
material precursors (commonly salts) are dissolved or dispersed as the case may be, and
subjected to higher temperature and pressure. The growth process is mostly carried out
in sealed stainless-steel autoclave systems which is capable of withstanding the high
temperature and pressure build-up associated with such processes. The main
parameters that define the process kinetics of the chemical growth method and
architecture of the final synthesized product include; the type of solvent used, the
duration of the synthesis, the temperature of the reaction, the initial pH of the medium,

the pressure in the system and the effective fill level in the chamber [18]. Typical
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reactions involve an initial nucleation and growth of crystallites followed by their final

assembly to form the desired architecture [19].

(a) (b)

Figure 3.3: Complete system for the solvothermal chemical growth; (a) shows the stainless

steel autoclave system (b) shows the electric oven used for heating

The solvothermal process also allows for direct growth of the synthesized material on
numerous substrates which enables the in-situ fabrication of advanced micro-, meso-,
and macro-particulate hybrid structures [20,21].

Some key advantages of the solvothermal chemical growth technique include the ability
to control and fine-tune the materials’ morphology to fit the desired application and the
environmentally friendly nature due to the closed system in which the reaction takes

place.
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3.2.1 Solvent-assisted chemical growth of metal-layered double hydroxides

The solvent-assisted chemical growth method is a bottom-up approach used in this
study to synthesize layered double hydroxide (LDH) materials. It is also referred to as a
controlled nucleation method involving aqueous precipitation of salts [22].

All chemicals used for this process were of analytical grade purity and were used as
received without further purification. The porous metal layered double hydroxides
(Nickel-Aluminum LDH) samples were produced by SCG using solvents such as water,
ethanol, tert-butanol and a combination of water and alcohols in different volume
ratios.

In a typical procedure, weighed masses of the precursor materials comprising of mainly
hydrated salts containing the required metals were dissolved in a chosen solvent and
continuously stirred. In the case of NiAl LDH nanosheets, 2.400 g of urea, 2.139 g of
Ni(NO3),.6H,0 and 0.724 g of AI(NO3);.9H,0 salts were dissolved in 80 ml of
water/ethanol mixture of a 1:1 volume ratio. The contents were stirred rigorously for 15
minutes before they were transferred into a 200 ml Teflon-lined autoclave vessel and
subjected to a constant heating temperature of 140 °C for 18 hours. The pressure vessel
was allowed to cool down naturally to room temperature and the product obtained was
filtered, washed several times with deionized water (DI) to remove traces of unreacted
materials with a final air drying overnight at 60 °C.

Nickel-Aluminum double hydroxide microspheres (NiAl DHMs) were also grown using
tert-butanol (TBA) and water mixture as solvent in a 9:1 ratio. Briefly, 0.582 g of

Ni(NOs),.6H,0 and 0.2270 g of AI(NOz)3.9H,0 salts were added to a TBA-H,O solution
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containing 1.000 g of urea to give a 3:1 molar-ratio of Ni** to AI** ions which aids in
tuning the morphology of the double hydroxides obtained. The solution was subjected
to an ultrasonic treatment for 20 minutes to ensure an even dispersion and dissolution
of the urea and salts, after which it was poured into the same 200 ml autoclave system.
The content in the vessel was transferred to an electric oven where it was kept at 120 °C
for 19 h. Subsequent procedures to obtain the final product was done in the same

manner as described for the NiAl LDH material.

3.2.2 Exfoliation-assisted chemical growth of metal hydroxides-graphene composites
For the composite material with graphene foam, the same bottom-up approach is
adopted. In this case however, the graphene foam enhances the electrical and surface
area properties of the main matrix of which it is incorporated into. In the case of metal
hydroxides nanosheets, it also acts as an exfoliating agent to obtain thinner sheets with
higher surface area.

Nickel —aluminum layered double hydroxide —graphene foam (NiAl LDH-GF) composite
was prepared by pre-adding 35 mg of GF to the ethanol-water mixture and
ultrasonicating it for a period of 12 hours to evenly disperse the flakes of graphene in
solution. This was then added to pre-weighed urea, Ni(NOs),.6H,0 and Al(NOs);.9H,0
precursors with continuous stirring vigorously for 15 minutes. The entire combination of
NiAl LDH precursors with the graphene foam was then poured into the teflon-lined

autoclave vessel and kept at 140 °C for 18 hours. The normal procedure for washing and
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cleaning the final composite product (NiAl LDH-GF) described for the solvent-assisted
chemical growth method in section 3.2.1 was also carried out here.

Zinc chloride hydroxide monohydrate (Zns(OH)sCl, H,0O) microplatelets also known as
“simonkolleite” (simonK) was combined with graphene foam to produce a
simonkolleite-graphene foam (simonkK/GF) composite. This was prepared by the usual
process of dissolving the precursor materials which includes 2.974 g of zinc nitrate-
hexahydrate (Zn(NOs),.6H,0), 0.588 g of sodium chloride (NaCl) and 4.102 g of
hexamethylenetetramine (CgH12N4, HMT) in an aqueous solution containing 25 mg of
graphene foam which had been earlier subjected to ultrasonication. The contents were
then emptied into an autoclave vessel and subjected to a heating in an electric oven at
110 °C for 19 hours. Subsequent washing and cleaning was done with deionized water
with the final air drying step for 6 hours to obtain the simonK/GF composite for further
characterization and analysis. SimonK samples alone were also prepared for comparison
sake to see the effect of the incorporation of graphene foam on the properties of the

composite material.
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Materials characterization
3.3.1 Morphological studies
3.3.1.1 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a characterization technique used to exhibit
detailed information like the morphology/external topography and chemical
composition of a specimen when using an energy dispersive x-ray spectrometer (EDS)
with the scanning electron microscope. It uses focused electron beams which are
generated from a schottky field emission source that utilizes a high applied field in an
ultra-high vacuum. A field emission cathode consists of a wire shaped into a sharp tip
(100 nm or less in radius) braced by a tungsten hairpin which emits electrons with
electric field strength of 10 V nm™ with a corresponding current density of 10° A cm
[23]. This is very much higher than electrons emitted from a thermionic source which
have a current density of about 3 A cm™?. The advantage of the field emitter is the size of
the virtual probe (3 — 5 nm) that requires little demagnification to obtain a 1 nm
diameter probe [23]. These electrons are accelerated through a set of deflector plates
with electromagnetic lenses in an electron column to the sample surface. The kinetic
energy of the accelerated electrons is altered due to the different types of repeated
random scatterings, absorptions and deflections with atoms of the sample surface
within the interaction purlieu [24]. These interactions between the primary electron
beam and sample surface are recorded as signals by suitable detectors. The signals can
be grouped into high energy emitted secondary electrons (SE’) from inelastic collisions,

emitted electromagnetic radiation (x-rays) from electron shell re-arrangements at the
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energy levels and reflected electrons (RE, or back scattered electrons, BSE) from elastic
scattering. The 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 involves electron reshuffling within the energy levels of the electronic
structure and as such, the characteristic x-rays are used to identify composition and
measure elemental abundance in the sample. The BSE signal is linked to the atomic
number of the signatory element at the sample surface. As such, the BSEs are often
used for analytical SEM in conjunction with the x-ray to provide information about the
elemental distribution of the sample.

The surface morphology and microstructure of all samples in this work were
investigated using a Zeiss Ultra Plus 55 field emission scanning electron microscope (FE-
SEM) operated at 2 kV in secondary electron detection mode. Samples were placed on

the carbon double-sided tape attached to an aluminum substrate holder.

3.3.1.2 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) also makes use of an electron beam to
illuminate a sample area and create an image [24]. However, in the case of TEM
technique, the high accelerating voltage electrons passes through the sample. The
elastically scattered electrons within the sample form an imaging contrast [25] and this
is magnified by a series of magnetic lenses until it is recorded by a photographic plate.

This is then portrayed to a monitor for viewing real time images. A JEOL JEM-2100F
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microscope operated at 200 kV was used in this work to analyze the nature of samples.
TEM samples were prepared by dispersing the active material in powder form in ethanol
and ultrasonicating to evenly disperse it. The ethanol solution containing the sample for
study was dropped on a lacey carbon-coated copper grid and left for some minutes to

dry before being loaded into the chamber for analysis.

3.3.2 Structural and Qualitative Phase studies

X-ray powder diffraction (XRD) is an analytical technique mainly used to identify the
phases of crystalline materials [26] and other additional information such as lattice
parameters and phase distribution using Rietveld confinement [27].

Similar to the SEM set-up described in section 3.3.1.1, electrons are also produced from
a cathode and accelerated to an anode target (commonly made of copper or cobalt)
where bombardment takes place to produce x-rays in a cathode ray tube. Depending on
the anode material, characteristic x-rays of different wavelength (Cu-A = 1.5406 A or Co-
A =1.7890 A) is produced.

The XRD system is circular in nature and consists of the x-ray tube, a sample holder and
an x-ray detector all lying on the focus circle. When the x-rays interact with the sample,

constructive interference occurs where Bragg’s law is satisfied: that is;

nA = 2dsin@ (23)
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where n is an integer value (1,2,3..), A is the wavelength of the incident x-ray, d is the
spacing between the planes in the atomic lattice, 8 is the angle between the incident
ray and scattering plane. The angle between the projection of the x-ray source and the
detector is 26.

A detector records and processes the x-ray signals and converts it to a count rate which
is then conveyed to a monitor. The XRD analysis is an effective route for obtaining the
phases present in a sample since the wavelength of x-rays used is in the same order of
magnitude as the interatomic distance and bond lengths in crystalline materials (~ 1 A).
In this study, the XRD spectra of all samples were collected using an XPERT-PRO
diffractometer (PANalytical, Netherlands) with Fe-filtered Co-Ka radiation of 1.789 A.
The cobalt tube was operated at 35 kV and 50 mA with a scanning speed of 0.02° per
step. The XRD patterns of all specimens were recorded in the 10.0° — 80.0° 26 range
with a counting time of 15.240 seconds per step. Qualitative phase analysis of the

sample was conducted using the X’pert Highscore search & match software.

3.3.3 Gas Adsorption Analysis

Analysis of the adsorption/desorption isotherms gives information about the specific
surface area, porosity, average pore volume and the general pore size distribution of a
sample. In this study, all measurements were done using a Micromeritics TriStar Il 3020
(version 2.00) surface area and porosity analyzer. The surface area measurements were
obtained using the Brunauer-Emmett-Teller (BET) method with nitrogen gas at 77 K to

obtain the adsorption/desorption isotherms. Pore size and pore volume were obtained
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by the Barrett-Joyner-Halenda (BJH) method from the desorption branch of the
associated isotherm. The process for obtaining the isotherms involved initially degassing
the pre-weighed sample at 100 °C in order to remove any traces of moisture within the
sample. The degassed sample was then transferred to the main chamber for the
complete analysis using N, gas at very low pressure and 77 K. Initially, the sample is
dosed with a specific amount of gas which is then evacuated to obtain the quantity of
gas absorbed by the sample over a relative pressure range, P/Py (i.e. 0.01 < P/Py < 0.2).
The data points collected were displayed in the form an adsorption/desorption isotherm
which is simply a plot of the quantity of gas absorbed as a function of relative pressure.
The nature of the isotherm generated also gives an insight to the dominating pore size

in the sample.

3.3.4 Raman Analysis

Raman spectroscopy is a non-destructive technique used to study the rotational,
vibrational and other low frequency modes in a sample [28]. This technique is based on
inelastic scattering of monochromatic light usually emitted from a laser in the visible,
near infrared or near ultraviolet region. The laser light interacts with molecular
vibrations, phonons or other excitations in the sample lattice resulting in a re-
arrangement of the laser photons which provide chemical and structural information
about the vibrational modes in the system. These modes are directly linked to the
structural characteristics especially in carbon-based materials (e.g. graphene, graphite

and carbon nanotubes) due to their flexibility in changing their hybridization states [29].
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In particular for graphitic materials, Raman spectroscopy provides useful information on
the in-plane vibrations of sp2 carbon atoms (G-band), disorder (D-band), out-of-plane
stacking order (2D band), in plane crystallite size, crystallographic orientation of
graphene and graphene doping [30-33].

In this study, all Raman spectra were recorded with a high resolution Jobin—Yvon Horiba
T64000 micro-Raman spectrometer equipped with a triple monochromator system to
eliminate contributions from Rayleigh scattering. The samples were excited using the
514 nm wavelength of an argon excitation laser with a power of 1.5 mW at the source.
The laser was focused on the sample using a 50X objective with an acquisition time of
60 — 120 seconds for each spectrum. Further analysis of the obtained spectra was done

using LabSpec (Ver. 5.78.24) analytical software.

3.3.5 Fourier Transform Infra-red Resonance (FTIR) Spectroscopy

Fourier transform infrared (FT-IR) spectroscopy is a non-destructive qualitative analysis
technique used to determine unknown sample types by identifying the functional
groups present in the sample. This is done by exposing the sample to infrared (IR)
radiation of which some part of it passes through (transmittance) the sample while
some of it is absorbed (absorbance). A transmission, absorption or emission infrared
spectrum is obtained over a wide spectra range expressed as wavenumbers.

FTIR spectra of all samples in this study were recorded using a Bruker Vertex 77v FT-IR
spectrometer which was controlled using the Opus 7.0 spectroscopy software. FT-IR

measurements were performed to determine the different vibration modes arising from
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the IR-excitation of the samples. Furthermore, this technique gives a good insight into
the type of the interlayer anions present especially in layered double hydroxide
materials [13] which is studied in this work. All measurements were performed within a

wavenumber range from 300 to 3600 cm™.

3.3.6 Thermal Gravimetric Analysis

The thermal stability of synthesized samples were performed using a Q600
Simultaneous TGA/DSC analyzer (TA Instruments, USA) to measure the material weight
change as a function of temperature in a controlled environment over time [34]. The
results from TGA analysis was used in determining the de-gassing temperature during
BET analysis. TGA samples in this work were heated from ambient temperature to about

a 1000 °C at a ramp rate of 5°C min™ in nitrogen gas.

3.3.7 Electrochemical Analysis

The electrochemical properties of all samples coated on nickel-foam graphene
templates were analyzed using cyclic voltammetry (CV), chronopotentiometry (CP) and
electrochemical impedance spectroscopy (EIS) tests from a Biologic SP-300 PGSTAT
workstation (Knoxville, TN 37930, USA) controlled by an EC-Lab v10.37 software. The SP-
300 PGSTAT workstation is an electronic instrument designed to control the potential
difference (E) applied to the working electrode (WE) with a current flow (in form of

either a half cell or a full cell) and a reference electrode (RE) with no current.
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A potentiostat on the other hand applies a current through the counter electrode (CE)

whilst measuring the potential difference between the WE and RE.

Figure 3.4: Three (3) electrode set-up used for electrochemical testing of active

materials electrodes

The SP-300 PGSTAT generates characteristic cyclic voltammetry curves which give us
information on the possible thermodynamics of electrochemical reactions of the
system. The chronopotentiometry plot gives us an idea of the mechanism of charge
storage along with its capacitance retention capability based on the shape of the plot
and the time of discharge at a constant current density. The electrochemical impedance
spectroscopy involves exciting the active material on the working electrode with a small-
amplitude alternating current signal over a frequency range. Frequency sweeping across

a range enables the reaction steps with different rate constants such as mass transport,
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charge transfer and chemical reactions. The specific parameters applied for the different
composite electrodes are reported in the specific sections where they are fully
discussed.

All tests in this study were carried out in a three electrode configuration with the active
material serving as the working electrode, a rectangular glassy carbon rod serving as the
counter electrode and a Ag/AgCl (3 M KCI) serving as the reference. A 6M KOH aqueous
solution served as the electrolyte which provides a medium for current flow and ion

interaction.
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CHAPTER 4

4.0

4.1

RESULTS AND DISCUSSION

In this chapter, the results obtained from all experimental procedures outlined in the
preceding chapter are fully explained. The resulting publications from each of the

specific research studies are also presented afterwards.

Incorporation of graphene into the main matrix of NiAl layered double

hydroxides and NiAl double hydroxide microspheres

4.1.1 Introduction

The electrochemical performance of the supercapacitor device electrode is dependent
on the nature of the active material as well as the substrate (current collector) on which
the material is coated for redox capacitor applications.

Transition metal oxides and hydroxides are potential electrode materials for energy
storage devices. Specifically, Layered double hydroxides (LDHs) and double hydroxide
microspheres (DHMs) have generally been explored by researchers as faradaic materials
for supercapacitors applications due to their excellent redox ability, tunable
composition, flexible ion-exchangeability and environmentally friendly nature of
preparation [1-4]. These properties combined with their mesoporous structure makes

them suitable for electrochemical applications by providing the chemical sites necessary
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for charge storage [5—7]. However, the problem of a relatively low electron transfer and
mass diffusion due to restacking of LDH sheets affects their electrochemical properties.
Likewise, the low surface area (< 1 m? g'l) attributed to the nickel foam (NF) current
collector even with its highly porous nature limits the overall electrochemical
performance of the composite device electrode. Thus, tuning the morphology of the
synthesized material as well as the introduction of a suitable template or framework in
an attempt to reduce the restacking problem is ideal. This could improve electron
transfer capability and enhance the surface interaction between the active LDH matrix
and current collector.

Recent reports showcase the integration of electrochemical double layer capacitor
(EDLC)-based carbonaceous materials of characteristic high energy density with redox-
capacitive-based metal hydroxides with high power density [8—11]. Another study also
reports the growth of a porous carbon layer to improve surface interaction [12].

In this section, mesoporous NiAl LDH and NiAl DHM were synthesized using a
solvothermal technique with ethanol (ETH) and tert-butanol (TBA) as solvents,
respectively. Graphene foam (GF) was incorporated into the main LDH material to
obtain an LDH-GF composite. Initially, a continuous film of few-layer graphene was
grown on pre-cleaned NF using atmospheric pressure chemical vapor deposition (AP-
CVD) technique to obtain a nickel foam-graphene (NF-G) substrate as current collector.
In order to obtain graphene foam, the NF-G was soaked in 3M aqueous HCl placed on a

hot plate at 60 °C to etch away the NF template. After complete etching of the nickel,
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the remaining graphene foam was washed several times in deionized water and dried in
the oven to obtain the final graphene foam product

The results obtained from the analyses using different characterization techniques will

be discussed in detail.

4.1.2 Result and discussion

Figure 4.1: SEM of pristine nickel foam substrate (a) at low and (b) high magnification

Figure 4.1 shows the SEM micrographs of clean pristine NF templates (at low and high
magnifications) used for the production of the NF-G template. The morphology depicts a
typical polycrystalline nickel which clearly shows the grain sizes between 2 to 6 um at
higher magnification as seen in figure 4.1(b) and similar observations have also been
reported by Jarrah et al. [12].

The morphology of the NF-G substrate from SEM images is displayed in figure 4.2 at low

and high magnifications. The wrinkled nature of the continuous graphene layers
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covering the nickel foam surface is observed much clearly in figure 4.2(a) and this is

attributed to rapid cooling step carried out after the growth process.

Figure 4.2: SEM of nickel foam-graphene substrate at (a) low and (b) high magnification

This is necessary for the out-diffusion of dissolved carbon atoms at the nickel grain
boundaries. The thermal expansion coefficient mismatch between nickel and graphene

leads to a strain release with subsequent wrinkling of the graphene layer [13].

Figure 4.3: SEM micrograph of (a) NiAl LDH and (b) NiAl DHM nanostructures
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Figures 4.3(a) and 4.3(b) are the SEM images of pristine NiAl LDH and NiAl DHM,
respectively grown by a facile solvothermal technique. Both micrographs are
characterized by nanosheets that are interlaced with other sheets to form an
interconnected framework suitable for efficient interface reactions in electrochemical
applications. The NiAl DHMs have their entire sheets forming a spherical microstructure
with an average diameter of 1 um. The different morphologies obtained for the same
material precursors is partly linked to the nature of the solvent used in the synthesis

process.

N

NiAl LDH

=
o
AV

w7 WS

Figure 4.4: SEM micrograph of (a,b) NiAl LDH (c,d) NiAl LDH-GF composite
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The morphology of the NiAl LDH before and after graphene foam has been incorporated
into it is shown in the set of SEM micrographs in figure 4.4 at low and high
magnifications. In figure 4.4(a) and figure 4.4(b), the nature of pristine NiAl LDH is
displayed with nanosheets interconnected with each other. In figure 4.4(c) and figure
4.4(d), a successful interlacing of the LDH sheets with the graphene foam is obvious. The
presence of graphene foam (GF) flakes is visible from the SEM images shown in figure
4.4(d) with the red dotted arrows used to distinguish the much thinner graphene foam

flakes from the much thicker NiAl LDH sheets.

| — Nickel foam - graphene]|

= = NiAl LDH
S ) —— NiAl LDH-GF

. ——region 1 o) b
o) a ——region 2 —
E —— region 3 g
2 2
N 0
(%]

C
g — g L
= I\ =
= N\
1000 1500 2000 2500 3000 1000 1500 2000 2500 3000
Wave number (cm-?) Wave number (cm-)

Figure 4.5: Raman spectra of (a) nickel foam-graphene (b) NiAl LDH and NiAl LDH-GF composite

showing the distinct graphene and NiAl LDH peaks respectively

The Raman spectra in figure 4.5(a) for pure NF-G is taken in different regions of the
sample to demonstrate the characteristic G-band and 2D-bands associated with

graphene vibrational modes. This also confirms the complete covering of the NF surface
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with graphene as discussed in the SEM images in figure 4.2. The G-band arises from the
first-order scattering of the E;; phonon for sp2 carbon atoms in the wavenumber region
of 1500 — 1600 cm *. The 2D peak in graphene is due to two phonons with opposite
momentum in the highest optical branch near the A1 symmetry at K point [14,15].

Figure 4.5(b) shows the Raman spectra recorded for the NiAl LDH and NiAl LDH
incorporated with GF (NiAl LDH-GF) samples. The characteristic vibrational band typical
for the NiAl LDH/NiAl DHM material recorded at a wave number of approximately 1025
cm™ is observed. The second spectrum for the NiAl LDH-GF also shows the LDH peak in
addition to the G-band and 2D-bands associated with graphene vibrational modes

described in figure 4.5(a).
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Figure 4.6: Thermal gravimetric analysis (TGA) of NiAl LDH

110

© University of Pretoria



TEIT VAN PRETO
Y OF PRETO
ITHI YA PRETO

mn
«Z

This is similar to earlier reports associated with NiAl LDH/graphene nanosheet
composites [16] and thus confirms the successful interlacing of graphene with the LDH
nanosheets.

In order to investigate the thermal stability of the double hydroxide materials, thermal
gravimetric analysis (TGA) was also carried out on the NiAl LDH and NiAl DHM samples
in nitrogen gas. As stated in chapter 3, this will give an idea of the ideal temperature to
degas the samples during BET analysis. For the sake of simplicity, the TGA analysis was
carried out for the pristine LDH samples alone and not the composites since reasonable
BET specific surface area values are obtained from properly degased samples. The
results obtained are shown in figure 4.6 and figure 4.7 respectively.

Figure 4.6 shows the TGA and the derivative of the thermal gravimetric (DTG) curves for

NiAl LDH material.
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Figure 4.7: Thermal gravimetric analysis (TGA) of NiAl DHM
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An initial combined significant decrease in the weight for the NiAl LDH sample of about
0.5256 mg (~10.09 wt. %) is observed which is likely due to loss of moisture and water
(H20) molecules within the sample; these include both water physisorbed on the
external surface of the crystallites as well as water that is intercalated in the interlayer
arcades at 176.43 °C [19].

Another weight loss is observed at about 602.51 °C which is attributed to the
dehydroxylation of the layers as well as removal of volatile species like carbon dioxide
(CO,) arising from the interlayer carbonate (COs*) anions [20].

Similar TGA and DTG profiles were also recorded for the NiAl DHM material with
comparable weight losses as displayed in figure 4.7. The observed weight losses are also

due to the same processes elucidated for the NiAl LDH sample.
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Figure 4.8: N, adsorption—desorption isotherms for NiAl-LDH and NiAl-LDH-GF

112

© University of Pretoria



<
>
=
=
=

The physical adsorption/desorption of N, at 77K results shown in figure 4.8 displays the
surface area of the NiAl LDH and NiAl LDH-GF samples. In the case of LDH alone, a type
IV isotherm with a H3-type hysteresis loop (P/P, > 0.4) appears which indicates the
presence of mesopores in the LDH material [2,17] with an estimated specific surface
area (SSA) of 57.83 m” g™. The addition of a highly porous GF produced a higher BET SSA
of 68.09 m” g for the NiAI-LDH-GF thereby increasing the amount of available porous
sites. The improvement of the specific surface area of the NiAl LDH material by the
introduction of graphene foam is vital in order to ensure the mass transfer reduction of
electrolyte during fast redox reactions [2].

The electrochemical behavior of the NiAl LDH and NiAl LDH-GF composite were
investigated using cyclic voltammetry (CV) tests and are shown in figure 4.9 (a-d).

GF was added in three different masses, (25 mg, 35 mg & 45 mg) in order to analyze the
effect of the incorporating varying amounts of graphene foam on the recorded specific
capacitance. Cyclic voltammetry (CV) measurements are used to understand the
macroscopic electrochemical surface reactions at the electrode material during
operation. The CV curves of the NiAl-LDH-GF composite shown in figures 4.9(b - d) at
different scan rates, exhibit higher current responses when compared to the pristine
NiAl LDH, indicating a better capacitive performance.

The specific capacitance values obtained from the CV analysis (using equation 16)
depicts an initial increase in specific capacitance as compared to the pristine NiAl LDH
alone due to the increase in specific surface area and the creation of active mesoporous

sites necessary for charge storage [18]. A subsequent decrease in specific capacitance is
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observed with further increase in the amount of added GF. This might be due to the

incomplete exfoliation of graphene sheets amongst the NiAl LDH sheets which limits the

available surface area required for surface interactions. The summary of the specific

capacitance values for the pristine NiAl LDH and the NiAl LDH-GF composite with various

masses of GF is given in Table 2:
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different amounts of GF at various scan rates
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Table 2: Summary of specific capacitance values of NiAl LDH and NiAl LDH-GF composite

with varying masses of GF

Scan rate | Pristine NiAl LDH NiAl LDH+25mg NiAl LDH+35mg NiAl

GF GF LDH+45mg GF
10mvs" 401Fg" 706.6Fg"’ 1228.6 Fg" 907.7Fg"
20mvVs’ 229Fg" 385.4Fg’ 777.8F g’ 532.4Fg"
40mVs’ 134.2Fg" 2359Fg" 4746F g’ 347.6Fg"
100 mV's* 66.6Fg" 144.8F g” 234.4Fg" 179.9Fg*

A detailed summary of the results on the analysis of solvothermally synthesized NiAl
double hydroxide microspheres (NiAl DHMs) and the influence of the substrate
morphology on the electrochemical performance when applied as faradaic material
electrode is presented in the attached publication. It should be noted that the use of
“pseudocapacitor materials" in the following publication should be regarded as

"faradaic materials“ for supercapacitors.

115

© University of Pretoria



4.1.3 Publication 1: Solvothermal synthesis of NiAl double hydroxide microspheres on a
nickel foam-graphene as an electrode material for pseudo-capacitors.
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In this paper, we demonstrate excellent pseudo-capacitance behavior of nickel-
aluminum double hydroxide microspheres (NiAl DHM) synthesized by a facile
solvothermal technique using tertbutanol as a structure-directing agent on nickel
foam-graphene (NF-G) current collector as compared to use of nickel foam cur-
rent collector alone. The structure and surface morphology were studied by X-ray
diffraction analysis, Raman spectroscopy and scanning and transmission electron
microscopies respectively. NF-G current collector was fabricated by chemical vapor
deposition followed by an ex situ coating method of NiA1 DHM active material which
forms a composite electrode. The pseudocapacitive performance of the composite
electrode was investigated by cyclic voltammetry, constant charge—discharge and
electrochemical impedance spectroscopy measurements. The composite electrode
with the NF-G current collector exhibits an enhanced electrochemical performance
due to the presence of the conductive graphene layer on the nickel foam and gives a
specific capacitance of 1252 F g~! at a current density of 1 A g~! and a capacitive
retention of about 97% after 1000 charge-discharge cycles. This shows that these
composites are promising electrode materials for energy storage devices. © 2014 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4896125]

I. INTRODUCTION

The rapid development in the energy sector and the global economy has given rise to an urgent
need for new technologies associated with the production and storage of energy. The uncontrollable
depletion of fossil fuels and petroleum, with an increasing deterioration of the environment, has
further increased the interest in energy research. In numerous applications, the most common, effec-
tive and practical technologies for electrochemical energy storage are batteries and electrochemical
supercapacitors (ECs).2

ECs, (which comprises of electric double layer capacitors (EDLCs) or pseudocapacitors, based
on their charge storage mechanism) have high power density, long cycle life and low maintenance cost
as compared with batteries and conventional dielectric capacitors. Such outstanding characteristics
are interesting for a wide range of applications such as mobile electronic devices, power/memory
back-up systems, emergency units and hybrid vehicles.'* However, the energy density of ECs is
still an order of magnitude lower than that of the hybrid lithium-ion batteries in use today.’ This
limits their use in high-longevity and high-energy density applications. Thus there is an urgent need

AAuthor to whom correspondence should be addressed. Electronic mail: ncholu.manyala@up.ac.za

2158-3226/2014/4(9)/097122/14 4, 0971221 © Author(s) 2014
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for the further development of high-performance electro-active and hybrid supercapacitive materials
since the energy density is proportional to the specific capacitance of ECs.

Transition-metal oxides (MnO,>¢ Fe;0, 7 Ni0)®® and hydroxides (Co(OH),,'%!!
Ni(OH),)'>!3 are promising electrode materials for supercapacitor applications. The numerous
studies carried out have yielded excellent supercapacitance values with some showing commend-
able energy densities which depict a promising future for these materials. Among these, a report
by Bello ef al.’ illustrated using a simple hydrothermal reduction approach to anchor needle-like
manganese oxide onto the surface of graphene foam (GF) grown by the atmospheric pressure chem-
ical vapor deposition (AP-CVD) technique. The symmetric supercapacitor consisting of GF/MnO,
composite exhibited a high capacitance value of 240 F g~! at a current density of 0.1 A g~ com-
posite supercapacitors. A maximum energy density of 8.3 Whkg~! was obtained, with a power
density of 20 kWkg~! and no capacitance loss after 1000 cycles. From the study, GF was seen as
an excellent support for pseudo-capacitive oxide and hydroxide materials due to the combination
of both electric double layer and pseudocapacitance properties.® Li ef al.!'® also studied amor-
phous Ni(OH), nanospheres fabricated by a simple green electrochemistry technique using cleaned
graphite electrodes and obtained a specific capacitance of 153 F g~! at a scan rate of 5 mV s71,
with corresponding energy and power densities of 35.7Whkg~! and 490 W kg~! respectively in an
asymmetrical psendocapacitor with activated carbon (AC) as the negative electrode.

Recently, layered-double hydroxides (LDHs) and double hydroxide microspheres (DHMs)
containing transition metals have also been investigated as active electrode materials for
supercapacitors.!2° A general chemical formula of [M**; M3+ (OH),]*[A",,]*~.mH,0 is
used to synthesis LDH and DHM materials where M?+ and M3+ are divalent and trivalent cations
respectively; A" is a charge-balancing n-valent anion which usually comes from the precursor salts
used in the preparation of the active material; and x = M*t/(M>+4+M3+). LDHs have an attractive
redox property and since most of their growth techniques are environmentally friendly, they have
great potential application as electrode materials for pseudocapacitors.'>1¢ In addition, their tunable
composition and flexible ion-exchangeability also add to the wide range of applications, including
sensors, catalysts, drug delivery and matrix materials in hybrid composites, etc.!>?123 In partic-
ular, the growing interest in their use in electrochemical capacitors is generally due to the active
chemical sites present for both electric double layer capacitors and pseudocapacitors.”* However,
they are characterized by relatively low electron transfer and mass diffusion which inhibits the
rate of charge—discharge properties and affects their overall electrochemical performance. Hence a
composite material that will provide a suitable support for the active material while improving the
surface interaction between the current collector and the LDH material is ideal.

Graphene-based supercapacitor electrodes have attracted much attention due to their unique
properties such as high electrical conductivity, high surface area and robust mechanical
properties. >3 In recent studies, Khamlich ef al?® used an in situ aqueous chemical growth
technique of simonkolleite (Zns(OH)sCl, - HoO) onto nickel foam-graphene (NF-G) to form a NF-
G/simonkolleite composite that acted as an active electrode material with a specific capacitance of 350
Fg~'at0.7 A g~!. Another report by Dong ef al.?” adopted an innovative strategy of in situ growth
of cobalt oxide (Coz0O4) nanowires on 3D graphene foam grown by CVD. The graphene/CozOy
composite was used as a monolithic free-standing supercapacitor electrode and exhibited a high
specific capacitance of ~1100 F g1 at a current density of 10 A g~! with excellent cycling stabil-
ity after 1000 cycles. Despite these achievements, if the desire to store energy efficiently is to be
met, the need to synthesize materials with higher specific capacitance, combined with an excellent
rate performance and even better long-lasting stability, is still crucial. In this regard, most recent
studies are therefore inclined towards achieving well-defined micro/nanostructures with excellent
surface properties, better electrochemical performance, higher electrical conductivity and adequate
pore size distribution in order to enhance interface reactions and enhance the mass/electron transfer
of the electroactive species during faradaic redox reactions.'”>?? Song ef al.*’ used a solvothermal
technique in which the ratio of ethanol/water was varied to obtain different structures of NiAl LDHs.
The sample prepared with 100% ethanol had a specific surface area of about 300 m? g~1. Accord-
ing to their report, 3D flowerlike porous structures assembled by 2D anisotropic LDH nanosheets
were obtained using an ethanol solvent alone during the solvothermal growth. Tao ef al.** also
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used a tertbutanol-water (TBA-H,O) mixture as a structure-directing agent to tune the morphology
and nanostructure of nickel/cobalt double hydroxide microspheres (Ni-Co DHM). By varying the
TBA:H,O ratio, a unique microspherical architecture of synthesized Ni-Co DHMs was obtained
with a 9:1 (TBA:H,O) ratio with high supercapacitance and excellent capacitance retention at a
cycling current density of 10 A g~1.

In this study, TBA was also adopted as a structure-directing agent to fabricate nickel-aluminum
double hydroxide microspheres (NiAl DHMSs). These unique architectures could potentially improve
the faradaic redox reactions and mass transfer. Thus, the pseudocapacitive performance of these
microspheres was measured. The active material was coated on a nickel foam-graphene (NF-G)
current collector prepared by AP-CVD technique and the electrochemical characterization was
performed in a three-electrode configuration. This active electrode exhibited an improved capacitance
on NF-G compared with when nickel foam (NF) alone was used as the current collector. Good
cyclic retention of 97% after 1000 cycles was also observed for the NiAl DHMs on NF-G current
collector. These results demonstrate that the NiAl DHMs are possible material for use in energy
storage/conversion devices.

Il. EXPERIMENTAL
A. Material Synthesis
1. Synthesis of NiAl DHMs

Urea (Merck, purity > 98%), Ni (NO3),.6H,O and Al (NO3)3.9H,O (Sigma-Aldrich, purity
> 99.99%) were used asreceived without any further purification. The NiAl DHMs were synthesized
by a facile and environmentally friendly solvothermal technique with a TBA-H,O mixture used as
solvent, in a ratio of 9:1. In a typical synthesis procedure, 1.8 mmol of Ni**and 0.6 mmol of Al**
salts were added to a TBA-H,O solution containing 0.5 g of urea. The solution was subjected to
ultrasonic treatment for 20 minutes to ensure complete dispersion and dissolution of the salts, after
which it was poured into a 200 ml Teflon-lined hydrothermal autoclave system. The vessel was
transferred to an electric oven where it was kept at 120°C for 19 h. After this reaction time, the
vessel was allowed to cool down naturally to room temperature. Finally, the solution was filtered
and the product was washed several times with deionized water and subsequently left to dry in an
oven at 60°C for 12 h.

2. Synthesis of nickel foam-graphene (NF-G) current collector

The nickel foam-graphene current collector was prepared by an AP-CVD technique. Briefly, a
known mass of compressed circular nickel foam template (Alantum, Munich, Germany), with an
areal density of 420 ¢ m—2 and a diameter of 16 mm, was placed in a quartz tube for the CVD growth
of graphene. The nickel foam was first annealed at 800°C in the presence of Ar and H, gas for
60 minutes, prior to the introduction of the carbon source (CHy gas) at 1000 °C. The flow rates of the
gases Ar:H,:CH, were 300:9:15 SCCM respectively. After 60 minutes of deposition, the samples
were rapidly cooled by manually pushing the quartz tube to a lower temperature region.

3. Electrode preparation

The working electrode was fabricated using the method described in the earlier report by Bello
et al.’ The procedure involved mixing 80 wt. % of the active material (NiAl DHM powder) with 10 wt.
% of carbon black (CB) and 10 wt. % polyvinylidene difluoride (PVdF) binder in an agate mortar. A
paste made from this mixture is achieved by adding a few drops of 1-methyl-2-pyrrolidinone (NMP)
to the mixture. The paste was coated on the NF-G and also on the NF current collectors respectively,
for comparison. The coated samples were dried in an oven at 60°C for 12 h to ensure complete
evaporation of the NMP.
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B. Material Characterization

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analyses
were carried out to reveal the morphology and microstructure of the sample using a Zeiss Ultra Plus
55 field emission scanning electron microscope (FE-SEM) operated at an accelerating voltage of
2.0 kV, and a JEOL JEM-2100F microscope operated at 200 kV respectively. Typically, SEM and
TEM samples were prepared by dispersing them in ethanol and dropping them on glass substrates and
lacey carbon-coated copper grids respectively for analysis. The sample was also characterized using
powder X-ray diffraction (XRD). An XPERT-PRO diffractometer (PANalytical BV, Netherlands)
with theta/theta geometry, operating a cobalt tube at 35 kV and 50 mA, was used. The XRD patterns
of all specimens were recorded in the 10.0° — 80.0° 20 range with a counting time of 15.240 seconds
per step. Qualitative phase analysis of the sample was conducted using the X pert Highscore search
match software. Fourier transform infrared (FT-IR) spectra of the NiAl DHMs were recorded using
a Bruker Vertex 77v FI-IR spectrometer, while the Raman spectra were obtained using a Jobin—
Yvon Horiba TX 6400 micro-Raman spectrometer equipped with a triple monochromator system
to eliminate contributions from Rayleigh scattering. The samples were excited using the 514 nm
wavelength of an argon laser. The laser was focused on the sample using a 509 objective with
100x magnification and the acquisition time of each spectrum was 60 s. Surface area measurements
were obtained using the Brunaner-Emmett-Teller (BET) method with N, gas. Pore size and pore
volume were obtained using Barrett-Joyner-Halenda (BJH) method from the desorption branch of
the isotherm.

C. Electrochemical Measurement

The capacitive properties were investigated using a Bio-Logic SP300 workstation (Knoxville
TN 37930, USA) in a three-electrode configuration controlled by the EC-Lab® V10.37 soft-
ware. The electrochemical test was performed also in a three-electrode configuration with the
as-prepared NiAl DHM serving as the working electrode in 6 M potassium hydroxide (KOH)
electrolyte, glassy carbon plate as the counter electrode and Ag/AgCl (3 M KCl) as the reference
electrode.

The cyclic voltammetry tests were carried out in the potential range of 0t0 0.5 V (vs. Ag/AgCl) at
different scanrates ranging from 5 to 100 mV s~!. The galvanostatic charge—discharge measurements
were also carried out at different current densities from 1 to 5 A g~! and the electrochemical
impedance spectroscopy (EIS) measurements were performed in the frequency range of 100 kHz—
10 mHz.

lll. RESULTS AND DISCUSSION
A. Morphology and Structure

Fig. 1 shows the morphology of the NiAl DHMs from microscopy analysis. Figs. 1(a) and
1(b) show nanoflakes interlaced with each other to form spherical microstructures with an average
diameter of 1 pm at different magnifications. Thin flake-like structures are observed from the TEM
micrographs, as shown in Figs. 1(c) and 1(d) also at different magnifications. These structures
are ideal for electrochemical applications that involve interface reactions. Similar structures were
obtained in earlier work by Tao et al.* in which Ni-Co hydroxide microspheres were hydrothermally
synthesized in the same TBA:H,O ratio of 9:1. The mechanism of the formation was explained to be
due to the viscous nature and the spatial structure of the TBA solvent compared with other similar
small molecule solvents.

In a particular ratio of TBA:H, O, the TBA molecules self-assemble to form a nanoemulsion with
the surface necessary for the growth of nanoflakes during the solvothermal process.>®3! To describe
the possible formation of the NiAl DHMs, which are spherical layered double hydroxides (LDHs),
we refer to the Ostwald ripening mechanism which involves the nucleation and growth of NiAl LDH
crystals.?? In other words, in the presence of a mixture of Ni*+ and AI** salts, the continuous supply
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FIG. 1. (a, b) SEM micrograph of NiAl DHM; (¢,d) TEM images of NiAl DHM at different magnifications.

of carbonate (CO;, ) and hydroxide (OH ™) at a controlled rate from urea decomposition leads to the
formation of the founding double hydroxide nanoparticles.'*

The whole evolution/growth process could be likened to the three-stage process reported in
previous studies®> which involves a fast nucleation of amorphous primary particles, followed by
crystal growth and final self-assembly. Over the course of the reaction, the concentration of the
reactants in the reaction medium is decreased and a chemical equilibrium between the solid-liquid
interfaces is established.

Meanwhile, the smaller interior crystallites are still in a non-equilibrium state. In this process,
the exterior crystallites will serve as starting points to attract the smaller metastable crystallites.
Subsequently, double hydroxide nanosheets gradually grow into their final form.*® Many forces
contribute to this unique structure, including electrostatic forces, crystal-face interaction, hydrogen
bonds and van der Waals forces.**

The SEM micrographs in Fig. 2(a) to 2(d) display the morphology of the NF and NF-G current
collectors at different magnifications. Fig. 2(b) shows the grain boundaries of nickel at higher
magnifications, while the wrinkled nature of continuous few-layer graphene covering the nickel
surface is shown in Fig. 2(d). The wrinkles are formed during the rapid cooling process that is
necessary for the out-diffusion of carbon atoms onto the NF surface to form graphene layers. Due
to the difference in the thermal expansion coefficients of the NF substrate and the grown graphene
layer, these wrinkles appear as a result of the release of strain occurring from this mismatch.* The
SEM micrographs in Figs 2(e) and 2(f) show the nature of the coating of the NF-G current collector
with the NiAl DMH active material mixed with carbon black and PVdF binder. The active material
is seen (o fill in the pores of the NF-G current collector material. The spherical nature of the active
material is seen to be retained in the higher magnification image of Fig. 2(f), although other materials
have been added to form the paste coated onto the NF-G.
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FIG. 2. SEM micrograph of (a,b) NF; (¢,d) NF-G grown by CVD at different magnifications; (e, ) NiAl DHM paste coated
on NF-G at different magnifications.

Figs 3(a) and 3(b) show the XRD patterns of the synthesized NiAl DHM powder and the
composite electrode material, with typical diffraction peaks indexed to a hydrotalcite-like structure
for LDH [Joint Committee on Powder Diffraction Standards (JCPDS) 15-0087/01-089-1777)], Ni
and graphene respectively. The NiAl DHM peaks are also similar to those reported in earlier studies'*
in which characteristic reflection patterns of the LDH structure were studied, showing strong peaks
with their relatively high crystallinity. However, these peaks exhibit a shift due to the nature of
the X-ray source (cobalt) used in the analysis of the samples. For example, the reflection from the
(003) plane with a strong diffraction peak usually ascribed to the 20 angle of ~ 11.30°!* is now
observed at 13.1°. Likewise, similar peak shifts exist for other planes, such as the (006), (015),
(018) and (110) planes, which show diffraction peaks at 26 values of 26.7°, 40.7°, 47.5% and 72.7°
respectively. The shifts are due to the difference in wavelength of the incoming X-rays which are
dependent on the X-ray source, according to the Bragg equation: ni = 2d sin 6. In general, X-rays
from a cobalt source (. = 1.79 A) with longer wavelengths result in greater 26 positions compared
with those from a copper source (. = 1.54 A). The former usually allows the observation of low-
angle peaks that are not observable using the shorter wavelength X-rays and provides better peak
separation.*®
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FIG. 3. (a) XRD patterns of NiAl DHM powder and (b) XRD pattern of NF, GE NF-G and NiAl DHM on NF-G.

These observed peaks indicate that the sample analyzed is a layered structure belonging to a
hydroxide layered system and to NiAl DHM in particular. The d-spacing of the (003) and (006)
planes are dependent on the charge and the size of the charge-balancing interlayer anion. When
CO3% is the interlayer anion, the d-spacing values are approximately 0.78 nm and 0.39 nm for
the (003) and (006) planes respectively.*”-3® From the position of the (003) and (006) reflections,
d-spacing values of 0.78 nm and 0.39 nm were obtained when calculated with the XRD data thus
confirming the COs%™ intercalation. The COs2~ ions could arise from the deionized water and the
decomposition of urea. The gallery height, which was calculated by subtracting the thickness of
the brucite-like layer (0.477 nm)* from the thickness of the unit layer (di03) basal spacing), is
3.07 nm. This value is lower than the corresponding free anion diameter (D = 0.37 nm), which
implies strong interaction of the anion with the brucite-like layer.** The XRD patterns for the coated
material on the different current collectors are also shown in Fig. 3(b) with their characteristic peaks.
The XRD pattern for NF consists of two very strong peaks recorded at 52.1° and 60.9°, which could
be assigned to the (1 1 1), (2 0 0) phase of nickel. The diffraction peak at 26 = 31° corresponds to the
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FIG. 4. (a) FT-IR spectra for NiAl DHM and (b) Raman spectra for NF-G, NiAl DHM on NF and NF-G.

(002) reflection of hexagonal graphitic carbon, which is an indication of the presence of graphene
(G).%* For the XRD pattern of the active material on the NF-G current collector, all characteristic
reflections of NiAl DHMs, NF and G are observed and indexed as shown.

Figs.4(a) and4(b) show the FT-IR and Raman spectroscopic images of the NiAl DHM on the NF
and NF-G templates respectively. These measurements were performed to determine the nature of the
material from the different vibration modes arising from the excitation of the samples. Furthermore,
this technique can give good insights into the type of the interlayer anion. The infrared spectrum of the
NiAl DHM powder is shown in Fig. 4(a) within a range from 600 to 4000 cm ™. A broad absorption
band centered at about 3408 cm~! corresponds to the O-H stretching vibrations of the interlayer
water molecules and the hydrogen-bonded OH-groups of the hydrotalcite layers accompanied by
bending at 1643 cm~!.1"-*?> The peaks at 1300 and 1363 cm~! originate from vibrations of the
interlayer CO32~ anions.!” This is in good agreement with the XRD results which show evidence
of the presence of CO52~ charge-balancing interlayer anions. The remaining bands below 800 cm™!
are attributed to metal-oxygen (M-O)/metal-hydroxyl (M-OH) stretching and bending modes (with
M corresponding to Ni and Al).*>~*

Fig. 4(b) shows the Raman spectra for NF-G, NiAl DHM on NF (NiAl-DHM/NF) and NF-
G (NiAl-DHM/NF-G) respectively. The Raman spectrum in Fig. 4(b) for pure NF-G shows the
characteristic G-band and 2D-bands associated with graphene vibrational modes. The G-band arises
from the first-order scattering of the E;, phonon for sp? carbon atoms in the wavenumber region of
1500 — 1600 cm 1.4 The 2D peak in graphene is due to two phonons with opposite momentum in
the highest optical branch near the A; symmetry at K point.*¢ The Raman spectra for NiAl DHM/NF
and NiAl DHM/NF-G exhibit features that are typical of NiAl hydrotalcite structure. The peaks at
1049 cm™! and 1331 em™! are typical Raman peaks related to NiAl LDH.?

The supercapacitive performance of the active electrode material is dependent on its ability to
accommodate as much active electrochemical sites for charge storage during operation. The presence
of suitable mesopores within the electrode material is also ideal to ensure the reduction of mass
transfer of electrolyte during fast redox reactions and facilitates power delivery.!”

The physical adsorption/desorption of N, at 77K results shown in Fig. 5 displays the surface
area and pore size distribution for the prepared NiAl DHM powder sample. Fig. 5(a) shows a type
IV isotherm with a Ha-type hysteresis loop (P/P, > 0.4) which indicates the presence of mesopores
in the active double hydroxide material'™*” with a specific surface area (SSA) of 90.36 m? g—1. This
value is comparable to or even larger than those reported in earlier studies for NiAl-double hydroxide
materials published elsewhere.!”?%8 Fig. 5(b) shows the corresponding pore size distribution with
a major pore diameter ranging from 1.7 to 4 nm which shows the successful inclusion of both
microporous and mesoporous sites. The micropores (diameter <2 nm) present serve as the ion traps
for energy storage, while the mesopores are used as pathways for transport of ions necessary for
power delivery.>*?
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B. Electrochemical Performance

Cyclic voltammetry (CV) measurements are used to understand the macroscopic electrochem-
ical surface reactions at the electrode material during operation. Fig. 6(a) shows the CV curves
for a bare NF current collector, NF-G current collector, and NiAl DHMs coated onto NF (NiAl-
DHM/NF) and NiAl DHM on NF-G (NiAl-DHM/NF-G) current collectors at a scan rate of 20 mV
s~1. The CV plots are characterized by symmetrical characteristic profiles that are well defined by
cathodic (reduction reaction) and anodic (oxidation reaction) peaks.” This reveals that the electrode
reaction corresponds to a quasi-reversible process, indicating that the measured capacitance in these
materials is mainly based on the redox mechanism due to the pseudocapacitive behavior of the
material.® Tt can be clearly seen that the integral area of the CV graph of NiAl DHM/NF-G curve
is the largest among the three electrode materials presented, implying that it possesses the highest
specific capacitance. This improvement in pseudocapacitance could be due to the contribution of
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charge—discharge measured at different current densities for NiAl DHM on NF-G.
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more electronegative species existing within the interlayer region of the LDH structure,'* 13 together
with the high conductivity of the graphene on nickel foam.

Fig. 6(b) shows the CV plot for NiAl DHM/NF current collector at a scan rate ranging from
5 to 100 mV s~ with redox peaks that undergo small shifts towards the negative potential with
increasing scan rate. The first sets of peaks at 0.36 V and 0.23 V are related to the cathodic and
anodic peaks of the NF current collector material at a scan rate of 30 mV s~!. The second set of
redox peaks shows symmetrical CV plots with well-defined redox peaks which occur at 0.28 V and
0.17 V respectively at the same scan rate. These peaks are related to the psendocapacitive nature
of NiAl DHM and the strong redox peaks correspond to the following redox reactions where Ni
undergoes a transition between different oxidation states:*

Ni(OH), + OH™ <> NiOOH + H,0 + e~ )

Fig. 6(c) shows the CV plots of the NiAl DHM/NF-G with the cathodic and anodic peaks observed
to occur at around 0.40 V and 0.15 V respectively at a scan rate of 30 mV s~1. The peaks ascribed to
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the NF current collector are not seen for NiAl DHM/NF-G; this could be assumed to be due to the
complete coverage of NF by graphene thus confirming an effective coating of the NF surface with
the graphene layer. The successful growth of a thin layer of graphene on the NF could be further
confirmed from the current response value recorded from the CV plots when compared with those
where NF current collector was used (Fig. 6(b)).

Using equation (2) below, the specific capacitance can be calculated from the CV:1731

C E A 2

’ <g) - mAVf @
where A is the integrated area under the curve for the cathodic current of the CV curve (in mA-V);
m is the mass of the coated active material (in g); and f'is the scan rate (in mV/s) used during the
CV measurement. The specific capacitance calculated from the CV measurements is 409 F g~ for
NiAl DHM/NF; this increases to 1276 F g*1 when NF-G is used as current collector, both at a scan
rate of 10 mV s~1. The higher specific capacitance calculated for NiAl coated on NF-G may be due
to the presence of the graphene layer deposited on the surface of the NF. This layer provides the
higher conductivity required for fast ion transport at the electrolyte/electrode surface.

Fig. 6(d) shows the variation of the specific capacitance values with increasing scan rate; a
decrease in specific capacitance is observed at a higher scan rate. Indeed, at a low scan rate, most
of the electrode’s active surface area is in good contact with the ions contained in the electrolyte,
allowing complete interactions between them. However, at a higher scanrate, the effective interaction
is greatly reduced, leading to lower observed specific capacitance values. Also at higher scan rates,
the movement of ions is limited by the diffusion, and only outer active surfaces are used for charge
storage, leading to lower specific capacitance values.>

The galvanostatic discharge plots for NiAl DHM/NF and NiAl DHM/NF-G are shown in
Figs. 6(e) and 6(f) at current densities of 1, 2, 3 and 5 A g~! respectively. An enhancement in the
discharge time for the NiAl DHM/NF-G composite electrode at 1 A g~ current density is observed
in Fig. 6(f) as compared with that of NiAl DHM/NF (Fig. 6(e)). The specific capacitance was also

calculated from the galvanostatic discharge curves using the formula:'417
1Ty
Cs (F/g) = ——T 3)

where [ is a current (A), T is the discharge time (s), m is the mass of active material (g), and AV is
the voltage range (V).

A specific capacitance of 1252 F g~! is obtained for NiAl DHM/NF-G compared with a value
of 354 F g~! for NiAl DHM/NF at a current density of 1 A g~!. This is an enhancement of 3.5
times for the NF-G current collector and is a great improvement over similar studies on NiAl
DHM prepared by a solvothermal technique reported elsewhere.”” We therefore propose that the
improvement in supercapacitance value is aresult of the addition of a graphene layer to form the NF-
G current collector which provides an improved electron transfer rate and better structural support
for the DHM material®®>® and could also ensure the retention of the capacitance even after long
cycling.

The stability of the electrode material of supercapacitors is also a very important characteristic
for their application as energy storage devices. Figs 7(a) and 7(b) show the continuous cycling in
galvanostatic charge—discharge and the associated capacitance retention of NiAl-DHM on both NF
and NF-G current collectors, respectively, within a potential window of 0 — 0.5 V at a 30 A g!
current density for 1000 cycles. The stability plot was characterized by little change in the specific
capacitance obtained from repeated charging and discharging, which initially increased after 200
cycles before stabilizing at a higher number of cycles for both cases. This observation is unique to
LDH-based materials and has also been previously reported in earlier studies.!”*? It is suggested
that this increase is as a result of the full exposure of some inner sites of the DHM material which
were not exposed during the initial cycling stage, and due to the activation of NiAl LDH sites which
contribute to an increase in capacitance after some initial cycling of the active electrode material. 174
The capacitive retention stabilizes to a value of 97.9% for NiAl DHM on NF-G and to a slightly
lower value of 95.7% for NiAl DHM on NF after 700 cycles. This is also an improvement over
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FIG. 7. Dependence of the cycling discharge specific capacitance and capacitive retention on the charge—discharge cycle
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at a potential of 0.2 V; (e) EIS comparison of NiAl DHM on NF-G before and after cycling at a potential of 0.2 V; (f) SEM
image for comparison of NiAl DHM on NF-G before and after cycling.

similar reports® for NiAl DHM prepared using a solvothermal technique where a solvent was used
to direct the growth of the double layer hydroxides. Although a longer cycling time was adopted
here as compared with that adopted by Song ef al.,>* an improvement from 95% to 97.5% was still
observed for the capacitive retention. Since redox reactions also take place during the continuous
cycling charge-discharge process, a comparison was made for the CV curves before and after cycling
to further analyze the cyclic stability of the electrode material (i.e. NiAl DHM/NF-G in Fig. 7(c)).
Similar CV curves were obtained (Fig. 7(c)) before and after the 1000" cycle; in other words,
both CV curves appear with their usual redox peaks which confirm the stability of the NiAl DHM
material. However, a slight reduction in the intensity and shift of the anodic peak positions towards
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the positive potential is observed. This is caused by consumption of some of the active sites in the
material which leads to some subsequent capacitance loss.*

Fig. 7(d) shows the Nyquist plots from the EIS test done at open circuit (Eoc) potential to
further evaluate the electrochemical behavior for the NiAl DHM on NF and NF-G. The frequency
range used for the measurement was from 10 mHz to 100 kHz. At high frequency, a partial semi-
circular arc is formed which is attributed to the dispersion effect.** At low frequency, the impedance
plot should, theoretically, be a vertical line parallel to the vertical -Im (Z) axis. This vertical line
indicates a pure capacitive behavior of the DHMs and low diffusion resistance of ions within the
structure of the material.!” The electrode series resistance of the active material on both NF and
NF-G was deduced from the intercept on the real Z-axis, while the charge transfer resistance (Re)
was obtained based on the semi-circular arc radius.** The electrode series resistance value from the
Nyquist plots improves from 0.31 €2 for NiAl DHM/NF to 0.26 €2 for NiAl DHM/NF-G due to the
presence of a graphene layer on the NF current collector. From the inset to Fig. 7(d), the radius of
the semi-circular arc is related to the resistance of the charge transfer process. This radius is also
observed to be smaller for the NiAl DHM on NE-G when the partial semi-circular arc is extrapolated
to a complete a semi-circle. These enhancements could be attributed to the better conductivity and
favorable electron transfer rate when the NF-G current collector was used. A similar explanation for
this occurrence was reported in an earlier study where GF grown by CVD was used as an electrode
material 2’

Fig. 7(e) shows the Nyquist plots for the NiAl DHM on NF-G before and after the last cycle.
Both plots were characterized by semi-circular arcs with intercepts on the Z’—axis and an increase
in the radius of the semi-circle after cycling is observed, which could be ascribed to a slight increase
in the internal resistance. In principle, an increase in the internal resistance could be linked to the
capacitance loss described earlier when referring to the decrease in intensity of the CV peaks. The
morphological characterization of the electrode after cycling tests was done to conclude analysis on
stability. The SEM image of the electrode showed the retention of the microspherical nature of the
NiAl double hydroxides (Fig. 7(f)). Thus, these results show the suitable use of the electrode for full
device supercapacitor applications.

IV. CONCLUSION

Using a facile solvothermal technique that is environmentally friendly, nickel-aluminum double
hydroxide microspheres (NiAl DHMs) have been successfully prepared in a tertbutanol-water (TBA-
H,0) medium as a suitable electrode material for pseudocapacitor devices. This study demonstrated
the unique morphology of the NiAl DHMs with relatively thin flakes grown on microspheres, as
seen from the scanning and tunneling electron microscopy results. The addition of graphene to the
surface of the pristine nickel foam (NF) current collector retains the spherical morphology, while
greatly enhancing the electrochemical performance, electrical characteristics and stability of the
DHMs. Overall, the simple strategy adopted to synthesize NiAl DHM structures and coat them on
nickel foam graphene (NF-G) templates to fabricate electrodes with superior electrochemical prop-
erties makes NiAl DHMs a good and promising material for application in hybrid electrochemical
capacitors.
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4.1.4 Concluding Remarks

In summary, the synthesis of NiAl layered double hydroxide and NiAl double hydroxide
microspheres have been successfully carried out using a facile environmentally friendly
technique involving different solvents to tune their morphological properties. The
surface morphology of both samples was extensively studied using scanning and
transmission electron microscopes. The results obtained show the existence of
nanosheets interlinked with each other to form a continuous interconnected

framework.

The dehydroxylation of the layered sheets in temperature ranges of 200 — 600 °C was
also recorded from thermal stability tests done in nitrogen gas. This is in agreement with

earlier reports done by researchers on NiAl double hydroxide materials.

The incorporation of a thin-film of few layer graphene on the polycrystalline nickel foam
surface used as a current collector shows a significant improvement in the
electrochemical performance and stability of the NiAl DHM active material when

adopted as redox capacitor electrodes.
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4.2 Enhancement of the electrochemical properties of P3HT:PCBM polymer-blend

electrodes using NiAl layered double hydroxide-graphene composites

4.2.1 Introduction

Conducting polymers (CP) and their associated blends are characterized with an
interpenetrating matrix of donor and acceptor materials which provides excellent
electrical properties for numerous device applications. They have recently been applied
as supercapacitor electrodes due to their promising redox capacitive capabilities. Among
these polymers, the most common conductive polymers used for supercapacitor
applications include polyaniline (PANI) [1], poly (3-hexylthiophene) (P3HT) [2] and P3HT-
polymer with fullerene acceptor material, [6, 6]-phenyl C61-butyric acid methyl ester
(PCBM), to form a hybrid blend of P3HT:PCBM nanostructures [3] with efficient donor-
acceptor charge carriers. However, the hydrophobic nature of the CPs [2] as well as the
limited access of the electrolyte ions to the material surface which plagues them with
low specific capacitance values, are still some of the problems associated with polymer-
based supercapacitors [3,4]. This issue could be addressed by initially incorporating a
high surface area material into the main polymer matrix in a bid to improve the overall

electrochemical performance of the polymer.

Composite materials containing conjugated polymer blends with carbonaceous
materials or other highly pseudoactive materials have gained much attention due to the

ease in synergizing their individual properties. Recent reports involve a direct mixing of
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individual materials synthesized separately to form the composite material [5,6].
Layered double hydroxides-graphene foam (LDH-GF) composites are seen to be an
attractive choice for incorporation into the polymer blend due to the existence of both
redox capacitive properties coupled with an enhanced electric double layer contribution

from the higher surface area graphene.

In this study, the P3HT:PCBM blend was mixed with NiAl LDH-GF material and rigorously
stirred in the dark for several hours to obtain a P3HT:PCBM/NiAl LDH-GF paste. The
polymer blend was obtained by mixing weighed portions of regioregular P3HT
conjugated polymer and PCBM fullerene in a ratio of 1:0.8 in chlorobenzene solvent
while the NiAl-LDH-GF material was obtained via an exfoliation-assisted solvothermal
technique described in section 3.2.2. Thereafter, a facile dip coating technique was
adopted in coating the active material onto pre-cleaned NF substrate to obtain the final
composite electrode. No previous report has been established so far on this type of
polymer composite electrode and the novel results obtained, show a significant increase
in the areal specific capacitance (Cs, F cm™) of the composite electrode by an order of

magnitude as compared to that of the pristine P3HT:PCBM electrode.

The results obtained from the analyses using different characterization techniques will

now be discussed in detail.
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Figure 4.10: SEM micrograph of (a,b) NiAl LDH (c,d) NiAl LDH-GF composite

Figure 4.10 (a-d) displays the morphology of the NiAl LDH and NiAl LDH-GF composite at
low and high magnifications. In figure 4.10(c & d), a successful interlacing of the LDH
sheets with the graphene foam is obvious. The presence of flakes of graphene foam (GF)
is visible from the SEM images shown in figure 4.10(d) at high magnification with the red
dotted arrows used to distinguish the much thinner graphene foam flakes from the
much thicker NiAl LDH sheets. This is confirmed from the Raman spectra (Figure 4.11)
obtained for both samples in which the characteristic vibrational band typical of NiAl

LDH is recorded at a wave number of approximately 1025 cm™ similar to reports
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involving graphene nanosheet/NiAl LDH composites [7]. The second spectrum for the
NiAl LDH-GF also shows the LDH peak in addition to the G-band and 2D-bands
associated with graphene vibrational modes. As stated in section 4.1.2, the G-band is
related to the first-order bond stretching while the 2D peak is linked to the second-

order two-phonon process of opposite momentum [8,9].

NiAl LDH
—— NiAl LDH-GF

L i

' 10|00 ' 15|00 ' 20|00 ' 25|00 ' 3000
Wave number (cm™)

Intensity (arb.u)

Figure 4.11: Raman spectra of NiAl LDH and NiAl LDH-GF composite

The Raman spectra for the NiAl LDH, NiAl-LDH-GF composite, P3HT:PCBM blend, and
the P3HT:PCBM/NiAl-LDH-GF composite is shown in figure 4.12. A peak shift is observed
for some of the Raman modes due to the interaction between the different material
components in the P3HT:PCBM/NiAl-LDH-GF composite. For example, the LDH peak is
shifted from 1025 cm™ in its pristine state to 1059 cm™ in the NiAl LDH-GF composite.
This is accompanied by a reduction in the intensity of those peaks and such observations

have been described to be due to the coexistence of the different materials of the
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composite which disrupts the initial order of the P3HT:PCBM polymer matrix [10].
Other vibrational modes observed include the peak at ~1,365 cm™ and the shoulder
peak appearing at ~1,445 cm™* which are both related to the vibrational modes from
the C—C intra-ring and the symmetric C=C stretching modes in the P3HT:PCBM blend
respectively [10-12]. They are usually described as “in-plane ring skeleton modes”
which quantify the degree of molecular order of the P3HT phase in the blend due to the
fact that they are sensitive to m-electron delocalization of P3HT molecules. The
vibrational mode for fullerene-derived PCBM films usually appears at 1,469 cm™, based
on earlier literature, and can be assigned to the dominant pentagonal-pinch mode A,4(2)

of Ceo [13]

—— P3HT:PCBM
N * —— P3HT:PCBM/NiAl LDH-GF
- —— NiAl LDH-GF
Q. NiAl LDH
—
c L)
) —
2 *
2 #
C
) 4 *
g %
c -
— : A N

1000 1500 2000 2500 3000
Wave number (cm™)

Figure 4.12: Raman spectra of NiAl-LDH (green spectrum), NiAl LDH-GF (blue spectrum in figure

inset), P3HT:PCBM (red spectrum), and P3HT:PCBM/NiAl-LDH-GF (black spectrum), respectively
(note: Diamond symbol denotes LDH peak, asterisk symbol denotes P3HT:PCBM peaks, and club

symbol denotes graphene peaks)
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An excellent improvement in the electrochemical behavior of the composite electrode is
reported and is suggested to be due to the addition of a higher surface area NiAl LDH-GF
material to the polymer blend. This improvement is attributed to the creation of active
mesopores within the composite material necessary for efficient charge storage. The
presence of suitable mesopores in the electrode material is also vital in order to ensure
the mass transfer reduction of electrolyte during fast redox reactions [14]. The BET
surface area results for the pristine P3HT:PCBM polymer blend and the
P3HT:PCBM/NiAI-LDH-GF composite are displayed in figure 4.13 with the physical
adsorption/desorption isotherms. The specific surface area (SSA) of the
P3HT:PCBM/NiAl-LDH-GF composite is drastically increased to 22.33 m? g™ from an
initial value of 2.58 m? g™ for the P3HT:PCBM polymer blend alone due to the addition

of . NiAl LDH-GF material to the polymer blend

4 160

o —=— NiAI-LDH .
“ 1|~e— NiAI-LDH-GF
~— 1204|-a— P3HT:PCBM !
D |[=v— PSHT:PCBM/NIAI-LDH-GF|
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Figure 4.13: N, adsorption—desorption isotherms for NiAl-LDH, NiAl-LDH-GF, P3HT:PCBM and

P3HT:PCBM/NiAl-LDH-GF samples
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Figure 4.14 shows the pore size distribution for the P3HT:PCBM polymer blend and the
P3HT:PCBM/NiAl-LDH-GF composite sample. It is observed from the figure that the
composite has a higher volume of mesopores which is typically within the mesopore size
diameter range of 2 — 5 nm thus confirming the successful inclusion of more

mesoporous sites necessary for charge storage.

__0.0035- \ BJH desorption dV/dD pore volume \
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Figure 4.14: Pore size distribution of the P3HT:PCBM and P3HT:PCBM/NiAl-LDH-GF composite

An in-depth summary on the complete analysis of the enhancement of the polymer
blend with NiAl LDH-GF is presented in the following attached publication entitled;
“P3HT:PCBM/nickel-aluminum layered double hydroxide-graphene foam composites for

supercapacitor electrodes.”
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Abstract In this paper, a simple dip-coating technique is used
to deposit a poly (3-hexylthiophene) and [6, 6]-phenyl Cg;-
butyric acid methyl ester (P3HT:PCBM )/nickel-aluminum-
layered double hydroxide-graphene foam (NiAl-LDH-GF)
composite onto a nickel foam (NF) serving as a current
collector. A self-organization of the polymer chains is as-
sumed on the Ni-foam grid network during the slow “dark”
drying process in normal air. Electrochemical cyclic voltamm-
etry (CV) and constant charge—discharge (CD) measurements
show an improvement in the supercapacitive behavior of the
pristine P3HT:PCBM by an order of magnitude from
0.29 F cm™ (P3HT:PCBM nanostructures) to 1.22 F cm 2
(P3HT:PCBM/NiAl-LDH-GF composite structure) resulting
from the addition of NiAl-LDH-GF material at a current
density of 2 mA cm 2. This capacitance retention after cycling
at 10 mA cm ? also demonstrates the electrode material’s
potential for supercapacitor applications.

Keywords Dip coating, PSHT:PCBM - Graphene foam -
Nickel-aluminum-layered double hydroxide (NiAl-LDH) -
Supercapacitor

Introduction

The rising energy demand for the future generation is one of
the major concerns of most countries around the world today.
The increasing cost of energy and the issues related to
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environmental pollution which are associated with energy
production and use compel the search for alternative sources
of energy that are renewable, sustainable, clean, and efficient.
This has stimulated intense research into new methods for
energy generation and efficient storage. In order to provide a
sustainable and continuous supply of energy to meet the ever-
increasing demand, there is a need to set up storage systems
that will store excess energy produced by different energy-
generation methods.

Supercapacitors (SCs, or ultracapacitors) and hybrid solid-
state batteries are but a few examples of the most recent
technological innovations in the field of electrical energy stor-
age [1-9]. Among the latter, SCs possess higher power density
and longer cycle life but lower energy density. Therefore, one
of the main aims in the ongoing research into SCs is to improve
their energy densities considerably, to bring the densities close
to those of batteries or even better [2]. For efficient energy
storage, the performance of SCs should easily meet technolog-
ical requirements in present and future applications. Some
important factors that determine the performance of SCs in-
clude the nature of the electrode and the operating voltage. The
storage mechanism is used to classify SCs into two main types:
the electric double-layer capacitors (EDLCs), in which the
charge is stored at the electrode/electrolyte interface with the
main material used being carbon, and the pseudocapacitors in
which the charge arises from reversible redox reactions in
matetials like conducting polymers, metal oxides or hydrox-
ides, etc. [2, 4]. The electrode porous structure and matetial
surface area are very important for optimum capacitance due to
the surface phenomena associated with supercapacitors [4].

Graphene, planar sheet of sp” bonded carbon atoms dense-
ly packed in a honeycomb lattice, has recently attracted much
attention from scientific communities due to its unique prop-
erties such as high electrical conductivity, high surface area,
and robust mechanical properties [4, 10, 11]. In the past few
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years, many studies have focused on combining graphene
with metal oxides or hydroxides [9, 12—16], conducting poly-
mers [12, 17-19], and other activated carbon materials [20,
21]. Among the conducting polymiers, polyaniline (PANI) and
poly (3-hexylthiophene) (P3HT), which have the characteris-
tic property of donating electrons, have recently been used in
SC applications [17, 18]. Recent studies by A. Gupta et al.
[17] involved an in situ synthesis of P3HT incorporated with
graphene to form polymer/graphene composites with a good
specific capacitance of 244 F gf1 at a current density of
02 A g™'. Other researchers have also blended the P3HT
polymer with fullerene acceptor material: [6, 6]-phenyl Ce1-
butyric acid methyl ester (PCBM), to form a hybrid blend of
highly ordered P3HT:PCBM nanostructures with efficient
donor—acceptor charge carriers. Wang et al. [22] reported a
capacitance value of 0.14 F cm 2 for nanowires of
P3HT:PCBM blend, obtained from cyclic voltammetry (CV)
measutements. In general, conductive polymer blends with
efficient electrical properties are obtained by an interpen-
etrating matrix of donor and acceptor materials. PAHT:PCBM
blends have been extensively applied in organic solar cells
[23-25] and recently in SCs due to their promising capacitive
propetties. However, reported values are still low due to the
limited accessibility of electrolyte ions to the surface of the
material [22, 26]. This could be mitigated by hybridizing this
polymer with a material with a high surface area and which
has additional properties necessary to improve the overall
capacitive performance of the final composite.

Layered double hydroxides (LDHs), also known as
hydrotalcite-like compounds, are a family of layered solids with
structurally positively charged layers and interlayer balancing
anions [27]. They have been used extensively for various appli-
cations due to their tunable composition, large surface area, and
flexible ion exchangeability [28, 29]. Hence, the synergetic
propetties of both PSHT:PCBM and the LDHs should, in theory,
improve the capacitive propetties of the composite.

On the basis of the attractive properties of both graphene
and LDH stated above, we report on the effect of the addition
of nickel-aluminum-LDH-graphene foam (NiAl-LDH-GF)
composite to the PSHT:PCBM polymer blend through a sim-
ple dip-coating approach in an effort to improve the capacitive
performance of the latter. To the best of our knowledge, there
has been no previous report on a composite of LDH-graphene
(LDH-G) with a P3HT:PCBM polymer blend for
supercapacitor application.

Experimental
Synthesis of NiAl-LDH-GF composite

GF was synthesized by chemical vapor deposition (CVD)
onto catalytic nickel foam (NF) (Alantum Innovations in
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Alloy Foam Munich, Germany). The nickel foam with
graphene was then immersed in 3.0 M hydrochloric acid
(HC]) at 80 °C for 8 h to etch away the nickel template
completely and thereafter rinsed several times in deionized
water to obtain the graphene foam. NiAl-LDH composites
were synthesized by adopting a facile solvothermal method
reported in earlier work [3]. Typically, 2.400 g of urea, 2.139 g
of Ni(NOs),, and 0.724 g of AI(NOs); salts were dissolved in
80 ml of a pre-sonicated deionized water/ethanol solution
containing graphene foam. After ultrasonication for a few
minutes, the above mixture was transferred into an autoclave
vessel and kept at 140 °C for 18 h. Finally, the composite was
filtered and dried at 60 °C overnight for 8 h to obtain the final
material.

Synthesis of PSHT-PCBM blend

Regioregular P3HT and PCBM (Sigma-Aldrich, purity
>99.9 %) were used as received without further purification.
In the preparation of the polymer blend, 45 mg of P3HT and
40 mg of PCBM (with a ratio of P3HT to PCBM=1:0.8) were
dissolved in 3 ml of 1,2-chlorobenzene to form a 15 mg/ml
solution.

Synthesis of the PSHT-PCBM/NiAl-LDH-GF composite

Ninety milligrams of the NiAl-LDH-GF powder obtained was
dissolved and sonicated in 1 ml of ethanol. The solutions of
P3HT:PCBM and NiAl-LDH-GF wetre then mixed and soni-
cated for 2 h. Lastly, the mixed solution was stitred for 24 h in
the dark at 65 °C in order to obtain thorough mixing of the
final product of the PSHT:PCBM/NiAl-LDH-GF composite.
Thereafter, the composite solution was applied via a simple
dip-coating technique to pre-weighed nickel foam (3% 1 cm?)
as illustrated in Fig. 1. The foam was then re-weighed to
obtain the amount of material coated onto it, and the coated
area was also measured. This was then placed in a dark
enclosure and allowed to dry slowly in normal air overnight
due to the instability of the polymer blend under normal light
[30]. Nickel foam dip-coated with a solution containing
P3HT:PCBM blend alone was also prepared simultaneously
for comparison purposes. The morphology of the samples was
studied with a high-resolution Zeiss Ultra Plus 55 field emis-
sion scanning electron microscope (FE-SEM) operated at
1.0 kV. Raman spectra of the P3BHT:PCBM, GF, NiAl-LDH,
and P3HT:PCBM/Ni-Al-LDH-GF composite were recorded
using a Jobin Yvon Horiba TX 6400 micro-Raman spectrom-
eter equipped with a triple monochromator system to elimi-
nate contributions from Rayleigh scattering. The samples
were analyzed with a 514-nm argon excitation laser using a
509 objective lens with x100 magnification and an acquisition
time of 120 s. Surface area measurements were performed
using the Brunauer—Emmett—Teller (BET) method. Pore size
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Fig. 1 The dip-coating technique
using P3HT:PCBM/NiAl-LDH-
GF solution

dip-coat

o>

Ni foam(NF)

and pore volume were obtained using Barrett-Joyner—
Halenda (BJH) method from the desorption branch of
the isotherm. Electrochemical measurements were carried
out using a Bio-Logic SP-300 workstation (Knoxville,
TN 37930, USA) in a three-electrode configuration.
The as-prepared P3HT:PCBM/NiAl-LDH-GF on NF
served as the working electrode, a glassy carbon plate
was used as the counter electrode, and Ag/AgCl (3.0-M
KCI solution) was used as the reference electrode in a
6.0-M KOH electrolyte. Electrochemical impedance
spectroscopy (EIS) was performed in the frequency range
of 100 kHz-10 mHz.

Results and discussion

Figure 2 shows the morphology of the NF before and after
coating with the P3HT:PCBM/NiAl-LDH-GF composite.

Fig. 2 SEM image of a Ni-foam
(NF), b P3HT:PCBM on NF, and
¢ P3HT:PCBM/NiAl-LDH-GF
on NF (insets in a, b, and ¢ show a
higher magnification view at

1 pum of the region in the square
on the NF)

slow drying

P3JHT:PCBM/NiAI-LDH-G ~ P3HT:PCBM/NiAl LDH-G

coated on NF

Figure 2a shows the three-dimensional NF macroporous
structure which makes it an excellent choice for use as
a current collector. The inset in Fig. 2a is of higher
magnification showing the grain boundaries of the NF.
Figure 2b shows the NF coated with the P3HT:PCBM
polymer blend. A view at a higher magnification is
shown in the inset in Fig. 2b with dark patches
appearing on the NF after coating. Figure 2c shows
the NF coated with the P3HT:PCBM/NiAl-LDH-GF
composite material. The presence of the composite ma-
terial is evidenced at higher magnification of 1 um by
the rough ridges appearing on the NF after dip coating
in the composite solution (see inset in Fig. 2c). As
reported in an earlier study [22], a random orientation
of the polymer chains occurs during a fast drying pro-
cess. However, a slow drying process enhances a ther-
modynamically favorable re-orientation of the polymer
chains leading to ordered nanostructures of the polymer
on the supporting substrate. Thus, a degree of polymer

@ Springer

© University of Pretoria

142



448

J Solid State Electrochem (2015) 19:445-452

nanostructure ordering should also occur on the
supporting Ni foam; however, one should bear in mind
that the addition of NiAl-LDH and graphene to the
polymer solution may be detrimental for this ordering
during dip coating.

Raman spectroscopy was used here to confirm the pres-
ence of the constituents of the composite material by
studying their characteristic vibrational modes. Figure 3
shows the Raman spectra for NiAl-LDH, the P3AHT:PCBM
blend, and the P3HT:PCBM/NiAl-LDH-GF composite.
The inset in the figure shows the Raman spectrum of GF.
The peaks seen in the spectrum correspond to those of the
composite material and are typical of each component of
the composite with the bands at 1,594 and 2,704 em !
corresponding to the G and 2D bands of graphene but
shifted because of the interaction between graphene and
other materials in the composite (see the inset in Fig. 3)
[31-33]. The peak at ~1,365 cm ! and the shoulder
appearing at ~1,445 cm™ ' are very close to those related
to the vibrational modes from the C—C intra-ring and the
symmetric C=C stretching modes in the P3HT:PCBM
blend, respectively [34-36]. These two modes, usually
described as “in-plane ring skeleton modes”, are used to
quantify the degree of molecular order of the P3HT phase
in the blend due to the fact that they are sensitive to 7t-
electron delocalization of P3HT molecules [34]. The vi-
brational mode for fullerene-derived PCBM films usually
appears at 1,469 cm ', based on earlier literature, and can
be assigned to the dominant pentagonal-pinch mode Ay(2)
of Cg¢p [37]. The Raman peak at around 1,469 em! s
usually overshadowed by the intense peak at
~1,450 cm™' and cannot be resolved in our spectrum
[36]. The band at ~1,025 cm™" is typical of the NiAl-
LDH vibrational mode [4, 33]. Furthermore, the Raman

s Ni Al LDH
s P3H T :PCBM
Lo = P3HT:PCBM/NiAl LDH-GF|

= 1450 e

g * F s
1500 2 "
3, & 3 i

= 2
= 1362 T HTo

w Wave number{cmi')

s 1025 2700
9 N e
£

*
500 1000 1500 2000 2500 3000

Wave number (cm™)
Fig. 3 Raman spectra of NiAl-LDH (green spectrum), GF (blue
spectrum in figure inset), P3HT:PCBM (red spectrum), and
P3HT:PCBM/NiAl-LDH-GF (black spectrum), respectively (note: Dia-
mond symbol denotes LDH peak, asterisk symbol denotes PSHT:PCBM
peaks, and club symbol denotes graphene peaks)
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spectrum for the P3HT:PCBM/NiAl-LDH-GF composite
clearly shows a broadening of the peaks at ~1,365 and
~1,445 cm™". This is accompanied by a reduction in the
intensity of those peaks. These observations could be ex-
plained by the coexistence of the different materials of the
composite which disrupts the initial order of the
P3HT:PCBM polymer matrix [34]. Thus, from the Raman
spectra, one can suggest that there is an interaction be-
tween the GF, the LDH material, and the P3AHT:PCBM
blend.

The supercapacitive performance of the P3HT:PCBM/
NiAl-LDH-GF composite electrode material is dependent
on its ability to accommodate as much active electro-
chemical sites for charge storage during operation. The
presence of suitable mesopores within the electrode ma-
terial (especially within the range of 2-5 nm) is also
ideal to ensure the reduction of mass transfer of electro-
lyte during fast redox reactions [4]. As such, surface area
measurements using the BET technique are necessary.
The physical adsorption/desorption of N, at 77-K results
shown in Fig. 4 displays the surface area and porosity
for the prepared samples.

In the case of LDH alone, a type IV isotherm with a
Hs-type hysteresis loop (P/P,>0.4) appears, which indi-
cates the presence of mesopores in the LDH material [4,
38] with an estimated specific surface area (SSA) of
57.8249 m> g '. A higher BET SSA of 68.09 m* g '
was observed for the NiAl-LDH-GF where GF has been
added thereby increasing the availability of porous sites
suitable for the polymer composite and possibly reduc-
ing the aggregation of LDH platelets (Fig. 4b). Thus,
the addition of the mesoporous material to the
P3HT:PCBM polymer blend was done to increase the
surface area of the polymer-based composite, improving
its charge storage capability by the availability of active
mesoporous sites. This improvement is shown in Fig. 4c
where the SSA of the P3AHT:PCBM/NiAl-LDH-GF com-
posite is drastically increased fo 22.33 m> g ' from an
initial value of 2.58 m® g ' for the P3AHT:PCBM blend
alone. Figure 4d shows the pore size distribution for the
composite with a pore diameter range of 2—-5 nm which
shows the successful inclusion of mesoporous sites nec-
essary for charge storage.

Figure 5a compares the CV curves of the NF current
collector, the pristine P3HT:PCBM blend, and the
P3HT:PCBM/NIAl-LDH-GF composite at a scan rate of
10 mV s™". The CV curve of the NF current collector shows
a very low current density response when compared to
P3HT:PCBM and the P3HT:PCBM/NiAl-LDH-GF compos-
ite, respectively. This shows the negligible capacitive contri-
bution of the NF current collector in both the PSHT:PCBM
and the P3HT:PCBM/NiAl-LDH-GF composite active elec-
trodes. The CV measurements at different scan rates of the
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Fig. 4 a—c N, adsorption/
desorption isotherms for NiAl- 160 = 160
—a— NiAI-LDH

LDH, NiAl-LDH-GF,
P3HT:PCBM, and P3HT:PCBM/
NiAl-LDH-GF samples; (b) the
pore size distribution of the
P3HT:PCBM/NIAL-LDH-GF
composite

pristine PSHT:PCBM are shown in Fig. 5b. The oxidation and
reduction peaks appear at 0.35 and 0.24 'V, respectively. The
ratio of the absolute values of the anodic to cathodic current
(L,o/Tc) is approximately unity, which is a clear indication that

Fig. 5 Cyclic voltammetry
curves of a NF, P3BHT:PCBM and
P3HT:PCBM/NIAl-LDH-GF
samples at 10 mV s~ scan rate in
a 6-M KOH three-electrode
configuration; b, ¢ PAHT:PCBM
alone and P3HT:PCBM/NiAl-
LDH-GF composite, respectively,
measured at scan rates of 5—
40mvVstd specific capacitance
of PSHT:PCBM/NiAl-LDH-GF
composite electrode at different
scan rates calculated from the CV
curves
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the redox reaction of P3HT:PCBM is a reversible process. The
CV curves of the P3SHT:PCBM/NiAl-LDH-GF composite
shown in Fig. 5c, also at different scan rates, exhibit higher
current responses when compared to the pristine
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P3HT:PCBM, indicating a better capacitive performance. The
specific capacitance was calculated using the following for-
mula from the CV curves [17]:

E

Cs (W) —mﬁz(mdr/

(1)

where @ is the area of the coated surface with the active
material (in cmz), v is the scan rate (in mV s 1), Vi and V5 are
the integration limits, and /(¥) is the response current during
the CV measurement.

A higher specific capacitance was obtained for the com-
posite which contains the LDH-GF material, for each scan
rate. For example, a specific capacitance of the pristine
P3HT:PCBM nanostructure on NF is calculated as
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0.34 F cm 2, while an improved value of 0.92 F cm ~ is

recorded for the P3AHT:PCBM/NiAl-LDH-GF composites,
both at 10 mV s™*. Figure 5d shows the trend of the specific
capacitance as a function of the scan rate. As expected, the
specific capacitance decreases with increasing scan rate. This
is due to the limited movement of ions and protons by diffu-
sion at higher scan rates, which leaves only the outer active
sutface for charge storage [4, 39].

Figure 6a, b shows the variation in discharge time with
current density for both pristine P3AHT:PCBM and the
P3HT:PCBM/NiAl-LDH-GF composite, respectively. A
higher discharge time is observed for the composite material
compared to the P3HT:PCBM polymer. The presence of the
graphene and hydrotalcite structure within the polymer creates
more surface interaction for charge transport. The mechanism
of the charge storage for the polymer alone is based on both
interfacial electric double-layer capacitance (EDLC) and
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redox processes from pseudocapacitance. The EDLC is based
on electrostatic charge separation and accumulation, while the
redox process arises from the electron transfer between the
P3HT" donor and the PCBM  acceptor with electrosorption
and surface redox processes at the electrolyte/electrode material
interface. Similar pseudocapacitive nature has been reported for
other conductive polymers which have been used for
supercapacitor applications [17, 18]. For an ideal SC, the dis-
charge curves should be linear; however, the nonlinearity ob-
served in the composite material confirms the pseudocapacitive
nature of the LDH material and the polymer blend.

The specific capacitance was also calculated from the
galvanostatic charge—discharge (CD) curves using the formula
[28]:

T4

Cs(F/em?) =
alAvVv

(2)

where [ is the current (A), 7y is the discharge time (s), @is
the area of the coated electrode with active material (in cm?),
and AV is the voltage range (in V).

An improvement in specific capacitance was also observed
from the charge—discharge measurements for the composite
containing the LDH-GF material. For example, at a current
density of 2 mA cm 2, the specific capacitance was found to
increase from 0.29 F cm 2 for the pristine P3HT:PCBM
nanostructure to a value of 1.22 F cm > for the composite
structure. Thus, the results of both the CV and CD measure-
ments showed improved capacitance of the polymer due to the
presence of the NiAl-LDH-GEF. The improvement is attributed
to the creation of active mesopores necessary for charge
storage in the composite material. This is seen from the
improvement in the specific surface area obtained from the
BET analysis.

Figure 6¢ shows the continuous CD curve of the composite
at a current density of 10 mA cm % The composite retained
75 % of its initial capacitance after 500 galvanostatic CD
cycles, which shows the reliable stability of the composite
material for use as an SC electrode. Most polymer electrodes
begin to exhibit degradation after 200-300 cycles due to
mechanical degradation during cycling [40], hence the idea
of adding other materials to form a composite which will
improve the overall polymer stability. Furthermore, in an
effort to study the effect of cycling on the electrochemical
stability of the PAHT:PCBM/NiAl-LDH-GF composite, the
electrodes were subjected to CV tests once again after 500 cy-
cles. An insignificant shift was observed in the redox peaks
after cycling as illustrated in Fig. 6d. This further confirms the
stability of the composite electrode for possible applications in
supercapacitors.

The EIS result for the composite electrode is shown in
Fig. 6e (Nyquist plot), alongside that of the P3HT:PCBM.
The Nyquist plot is a representation of the real and imaginary

parts of the impedance in the electrode material. The plot is
usually divided into two regions, namely, the high-frequency
region, which is characteristic of the charge-transfer process
taking place at the electrode/electrolyte interface, and a
straight line in the low-frequency region, which represents
the diffusion process taking place at this interface. The inter-
cept in the high-frequency region with the x-axis corresponds
to the equivalent series resistance (ESR), which consists of the
resistance of the aqueous electrolyte and the intrinsic resis-
tance of the composite material [4]. An internal resistance of
0.2 © was recorded for the composite electrode (figure inset),
which is very similar to that of the PSHT:PCBM polymer.
This suggests that there was no change in the internal resis-
tance resulting from the addition of the LDH-GF material.

Conclusion

We synthesized and incorporated NiAl-LDH-GF into a
P3HT:PCBM polymer to obtain a composite material with
an improved specific capacitive behavior. The composite ex-
hibits a specific capacitance of 1.22 F cm 2 at a current density
of 2.0 mA cm ? from galvanostatic charge—discharge mea-
surements and 0.92 F cm 2 at a scan rate of 10 mV's™* from
cyclic voltammetry measurements, which is an order of mag-
nitude higher than for the pristine sample and is, to the best of
our knowledge, among the highest values reported so far for
P3HT:PCBM nanostructure supercapacitors [22]. The 75 %
capacitance retention of the composite after 500 galvanostatic
charge—discharge cycles also shows the reliable stability of the
composite material for use in energy storage devices.
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4.2.4 Concluding Remarks

A simple dip-coating technique has been used to coat a P3HT:PCBM/NiAl-LDH-GF active
material onto pre-cleaned nickel foam current collectors. The composite electrode were
successfully characterized and found to exhibit an improved areal specific capacitance of
over an order of magnitude (from 0.29 F cm™? for the pristine P3HT:PCBM nanostructure
to a value of 1.22 F cm™ for the composite electrode). This improvement was attributed
to the addition of NiAl LDH-GF to the main polymer matrix and is so far the highest value
reported for P3HT:PCBM based supercapacitors in aqueous electrolyte. Thus, the

composite electrode serves as a potential candidate in energy storage applications.
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In-situ growth of simonkolleite-graphene foam composites for pseudocapacitor
electrodes

4.3.1 Introduction

Simonkolleite (simonK, Zns(OH)sCl,-H,0) has a rhombohedral structure with R3m space
group. It also crystallizes hexagonally with a perfect cleavage parallel to the (001)
direction [1]. The detailed structural arrangement of the individual atoms in a
simonkolleite lattice including the presence of hydrogen bonding from the OH groups as
well as the oxygen vacancies available on the surface makes them electrically and
chemically active [1,2] for numerous applications ranging from sensing to
electrochemical capacitor material electrodes [3,4].

However, the specific capacitance (C;) values recorded so far for pristine simonkolleite
platelets are still very low when compared with other metal hydroxides and this limits
their use for energy storage device applications since lower Cs values implies lower
energy density values. This poor specific capacitance is attributed to the high tendency
of the simonK sheets to restack together, low surface area as well as low electrical
conductivity. In order to overcome this problem, numerous researchers have adopted
various methods such as the use of surfactants [5], incorporation of high surface area
carbon materials [4,6] to address the issues cited by creating porous sites for easier
charge transport and storage. This would also create more available surface area for
electrochemical surface reactions associated with efficient charge storage.

Based on the proposed ideas and assumptions made, an in situ solvothermal growth

technique was used to synthesize simonkolleite sheets in the presence of high surface
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area graphene foam (GF) flakes to obtain simonkolleite-graphene foam (simonK/GF)
nanostructures on a nickel foam-graphene (NF-G) template. This choice of template was
based on the improved electrochemical performance recorded in section 4.2.1 for
similar metal hydroxide nanosheets interlaced with each other to form an
interconnected framework. This approach ensures the natural growth of the simonK
sheets in the midst of the GF flakes. The growth method presents a simplified all-in-one
procedure of fabricating composite electrodes. Thereafter, detailed analyses on the

morphological, structural, surface and electrochemical properties are explored.

4.3.2 Results and discussion

The results obtained from the in situ growth of hexagonal simonK sheets interlaced with
graphene on NF-G current collector are presented. The NF-G surface acts as a nucleation
site for the growth of the simonK sheets while the graphene sheets ensured the
exfoliation of the sheets and prevented their restacking. These were confirmed from the
comparison of the SEM micrographs obtained for both pristine simonK and simonK/GF
nanostructures.

The specific surface area (SSA) values obtained from the BET measurements for both
simonK and simonK/GF composite materials show an improvement which was
confirmed from the electrochemical characterization subsequently carried out.

Results from the electrochemical analysis show an excellent specific capacitance value
for the simonK/GF composite as compared to the simonK alone.

Detailed information on the analyses using different characterization technique and the

results is presented in the attached publication below.
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Simonkolleite-graphene foam (SimonK/GF) composite has been synthesized by a facile solvothermal and
environmentally friendly technique with excellent electrochemical properties. The obtained product was
initially analyzed by scanning electron microscopy (SEM), Brunauer-Emmett-Teller (BET), X-ray
diffraction (XRD), Fourier transform infrared resonance (FTIR) spectroscopy and cyclic voltammetry (CV)
techniques. The microscopy results reveal hexagonal sheets interlaced with each other and adjacent
graphene sheets. The existence of graphene foam in the simonK/GF composite is further confirmed from
the structural and the optical characteristics obtained from XRD and FTIR respectively. The BET results
obtained indicate an improvement in the surface area due to the addition of graphene foam to a value of
3958 m?g . The N, adsorption/desorption also shows the presence of active mesopores required for
charge transport. As a promising electrode material for supercapacitors, the composite shows a high
specific capacitance value of 1094 F/g at 1 A/g with a coulombic efficiency of 100% after 1000 cycles. These

results show a potential for adoption of this composite in energy storage applications.

Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In the developing field of energy storage technology, the design
and fabrication of efficient energy storage devices with high energy
and power densities are of growing concern today. Numerous
scientists have engaged in active research to develop robust and
reliable energy storage systems which will match the increasing
demand for energy in a variety of applications from energy storage
systems in portable hand-held devices to back-up systems in
hybrid electric motor vehicles.

Supercapacitors (SCs) with high power densities and long cycle
life as compared to much common hybrid batteries in use today are
promising candidates for such applications. However, they are also
characterized with low energy densities in comparison to batteries
which creates a drawback for their wide applications [1]. The
nature of the electrode material which makes up the SC is one of
the most important factors that determine its performance.

Based on the device operation mechanism, SCs can be broadly
divided into two classes; the electric double layer capacitors
(EDLCs) and the pseudocapacitors [2]. In order to deal with the

* Corresponding author. Tel.: +27 012 420 3549; fax: +27 012 420 2516.
E-mail address: ncholu.manyala@up.ac.za (N. Manyala).

http://dx.doi.org/10.1016/j.electacta.2014.11.015
0013-4686/ Crown Copyright © 2014 Published by Elsevier Ltd. All rights reserved.

problem of low energy density, most recent studies include
combining materials with pseudocapacitive and electric double
layer capacitive (EDLC) properties [2-8|. This is achieved by
combining high specific surface area carbonaceous materials (e.g.
graphene [3,4], carbon nanotubes [5-7|, activated carbon [8,9])
with transition metal oxides and hydroxides with good redox
properties.

For example, Gao's research group illustrated the production of
graphene nanosheet-layered double hydroxide (GNS/LDH) by a
simple hydrothermal technique [3]. In the study, glucose was used
as a reducing agent in place of toxic hydrazine to exfoliate
graphene oxide (GO) and obtain an even dispersion of GNS in
water. The observed remarkable specific capacitance was attribut-
ed to be due to the combination of electric double layer capacitance
(EDLC) and Faradaic pseudocapacitance from the open structure
system with improved contact between the electrode/electrolyte
interface [3|. The conductive network of graphene sheets over-
lapping each other was reported to facilitate fast electron transfer
between the active composite material and the charge collector.
Another study by Fao et al, [8] reports a graphene/MnO,
composite as positive electrode synthesized by microwave
irradiation with activated carbon nanofibres (ACN) as negative
electrode in an asymmetrical cell with Na,SO4 aqueous electrolyte.
A maximum energy density of 51.1 Wh Kg~! at a corresponding
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power density of 102.2 W kg ! was obtained with excellent cycling
stability retention of 97% after 1000 cycles. The observed device
performance was attributed to the synergistic properties of both
electrodes which provided an extended voltage window necessary
for an improved energy density.

Recently, simonkolleites (SimonK, also known as zinc
chloride hydroxide monohydrate, Zns(OH)sCl,-H,0) have re-
ceived enormous attention due to their morphological proper-
ties composed of slabs and platelets suitable for numerous
applications ranging from gas sensing [10] to materials for
supercapacitor applications [11]. They also crystallize hexago-
nally with a perfect cleavage parallel to the (001) direction [12].
Similar to metal oxides, simonkolleites contain electrochemi-
cally active sites necessary for efficient charge storage. SimonK
is electrically and chemically active due to the oxygen vacancies
available on its surface, as in the case of ZnO. These vacancies
may then act as n-type donors and subsequently improve the
material’s conductivity [10]. For supercapacitor applications, the
abundance of a hexagonal microplatelet interactive network
will likely provide the surface required for ionic surface
interactions during operation. However, the pseudocapacitance
of pristine simonK for energy storage is still low when
compared with other metal oxides and hydroxides due to their
lower electrical conductivity, lower surface area and tendency
of the sheets to stack together. To overcome such limitations,
efforts have been made by previous researchers to use carbon
materials, such as graphene [3,11] or surfactants [13], to reduce
the restacking and also improve the sheet thickness which
would consequently improve the surface area and active porous
sites for charge transport and storage.

The obtained hybrid system composed of simonkolleite-
graphene will most likely have an improved electron transport
rate, high electrolyte contact area for ion accessibility by creating
more pores within the composite material. The combination of the
graphene foam with simonkolleite microplatelets integrates the
positive properties of electric double layer capacitance and
pseudocapacitance. In addition, an in situ solvothermal synthesis
approach of the simonK in the presence of evenly dispersed
graphene foam leads to the synthesis of a simonkolleite-graphene
foam composite (SimonK/GF) electrode with successful delamina-
tion/spacing of the simonkolleite sheets and will subsequently
produce thinner sheets with improved surface properties and
specific capacitance [4,14]. The in situ growth approach on a
conductive substrate such as nickel-foam graphene ensures the
simplification of the entire fabrication process and the direct
acquisition of the composite electrode for device application.
Although these are the desired properties for energy storage
nanomaterials suitable for supercapacitors applications, limited
studies have been done in this regards in relation to simonkolleite
microplatelets.

In this present study, based on the considerations mentioned
above, the synthesis of simonkolleite-graphene foam composite
(SimonKjGF) is carried out with a subsequent study on the
morphological, structural and electrochemical properties of the
synthesized product. Analysis of the scanning microscopy images
reveal relatively thin hexagonal sheets of simonkolleite interlaced
with graphene sheets. Notably, the SimonK/GF composite showed
an improved surface area with a superior electrochemical
performance from cyclic voltammetry (CV) compared with
SimonK alone. These results is a considerable improvement over
earlier studies on simonkolleite structures for supercapacitor
applications [11], wherein a similar in situ approach was adopted
to grow simonkolleite on nickel foam-graphene template as
electrode material for electrochemical applications. These results
show the potential application of SimonK/GF composites as
suitable electrodes for pseudocapacitors.

D.Y. Momodu et al./Electrochimica Acta 151 (2015) 591-598

2. EXPERIMENTAL
2.1. Synthesis of nickel foam-graphene template and graphene foam

The nickel foam-graphene (NF-G) current collector was
prepared by an atmospheric pressure chemical vapor deposition
(AP-CVD) technique. Briefly, a known mass of compressed nickel
foam template (Alantum, Munich, Germany), with an areal density
of 420gm~2 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, gas for 60 minutes, prior to the introduction
of the carbon source {CH4 gas) at 968 °C. The flow rates of the gases
Ar:H,:CH4 were 300:200:10 SCCM respectively. After 60 minutes
of deposition, the samples were rapidly cooled by manually
pushing the quartz tube to a lower temperature region to obtain
the nickel foam-graphene.

In order to obtain the graphene foam, the samples were further
immersed 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 in deionized water and dried in the oven
to obtain the final graphene foam product.

2.2. In situ synthesis of simonkolleite-graphene foam composite

Simonkolleite-graphene foam composite was deposited direct-
ly on the NF-G template using an aqueous chemical growth
technique whereby a solution containing equimolar portions of
2.974 g of zinc nitrate hexahydrate (Zn(NOs),- 6H,0), 0.588¢g of
sodium chloride (NaCl) and 4.102 g of hexamethylenetetramine
(Ce¢H12N4, HMT) were first dissolved in deionized water. The next
step involved adding 25mg of graphene foam sonicated for
12 hours in water to the mixture prepared earlier and stirring the
combined mixture with graphene foam for 15 minutes. Subse-
quently, the final mixture was transferred into a 150 ml Teflon-
lined autoclave vessel and nickel foam-graphene substrate were
immersed vertically into the reaction vessel kept at 110 °C for
19 hours. Thereafter, the autoclave was allowed to gradually cool
down to ambient temperature. The final simonK/GF composite
electrode was obtained after washing and drying at 60 °C.

The formation of simonkolleite (Zns(OH)sCls - H20) proceeds
competitively in the solution following a set of successive chemical
reactions as reported in our earlier publication [11]:

CgHy5Ny + 6H,0 — 6HCHO + 4NH3 (1)
NH3 +H20 — NH*" +OH~ (2)
NaCl+H,0—Na"+Cl~+ H,0 (3)
Zn (NOz)»-6H20 +H,0 — Zn>* +2NO3~ + 7H,0 (4)
Zn>*+80H™ +2CI™ +H,0 — Zns(OH)sCly-H,0 (5)

Initially, HMT (CsH12N4) disintegrates into formaldehyde (HCHO)
and ammonia (NH3). Ammoniatends to disintegrate deionized water
to produce OH™ anions. Furthermore, NaCl disintegrates in water to
form sodium cations (Na") and (CI~) chloride anions while Zn
(NO3), - 6H,0 simultaneously disintegrates into zincate (Zn>*) and
nitrate (NO5~) ions. Lastly, OH™ and CI~ anions react with Zn*"
cations to synthesize simonkolleite nanoplatelets {Zns(OH)sCl, -
H,0).
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2.3. Material Characterization

Scanning electron microscopy (SEM) analysis was carried out to
reveal the morphology of the sample using a Zeiss Ultra Plus 55 field
emission scanning electron microscope (FE-SEM) operated at an
accelerating voltage of 2.0kV. Surface area measurements were
obtained using the Brunauer-Emmett-Teller (BET) method with N,
gas. Pore size and pore volume were obtained using Barrett-Joyner-
Halenda (BJH) method from the desorption branch of the isotherm.
The sample was also characterized using X-ray diffraction (XRD). An
XPERT-PRO diffractometer (PANalytical BV, Netherlands) with theta/
theta geometry, operating a cobalt tube at 35kV and 50 mA, was
used. The XRD patterns of all specimens were recorded in the 10.0°-
70.0° 20 range with a counting time of 15.240 seconds per step.
Qualitative phase analysis of the sample was conducted using the
X'pert Highscore search match software. Fourier transform infrared
(FT-IR) spectra of the SimonK were recorded using a Bruker Vertex
77v FT-IR spectrometer. The electrochemical properties were
investigated using a Bio-Logic SP300 workstation (Knoxville TN
37,930,USA) in a three-electrode configuration controlled by the EC-
Lab® V10.37 software. The simonK/GF composite on NF-G served as
the working electrode in a 6.0M 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 tests were carried out in the potential
range of 0 to 0.5V (vs. Ag/AgCl) at different scan rates ranging from
10to 100 mVs~'. The galvanostatic charge-discharge measurements
were also carried out at different current densities from 1 to 10A g~
and the electrochemical impedance spectroscopy (EIS) measure-
ments were performed in the frequency range of 100 kHz-10 mHz.

3. Results and Discussion

Fig. 1 shows the morphology of the in situ grown simonkolleite
microplatelets with and without graphene foam obtained from
microscopy analysis. Figs. 1a and b show the simonK sheets
interlaced with each other at lower and higher magnifications
respectively. Thinner microplatelets are obtained (shown by
dashed-arrows in Figs. 1c and 1d at different magnification
respectively) as a result of adding graphene foam to simonkolleite
growth precursors which shows the successful exfoliation of the
simonkolleite sheets with graphene flakes to form the simonK/GF
composite. The average thickness of the pure simonK sheets is
between 52-96 nm while the thickness is observed to reduce to
about 30-45nm for simonK/GF composite sheets. SimonK and
simonK/GF interlaced sheets growing on the surface of a NF-G
substrate are shown in Figs. 1e and f respectively. The combination
of thin sheets of both simonkolleite and graphene is visible which

Fig.1. SEM of; (a,b) simonkolleite at low and higher magnification; (¢,d) simonkolleite-graphene foam at low and high magnification (e) simor

graphene foam on NF-G.
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Fig. 2. (a) N, absorption/desorption isotherms; (b) pore size distribution of simonkolleite and simonkolleite-graphene foam composite.

is necessary for providing the surface required for charge transport
and storage. The effect of the addition of graphene foam is clearly
visible from the thickness of the hexagonal sheets. The morpholo-
gy observed from the microscopy images of the composite is ideal
for electrochemical applications involving interface reactions.
The presence of a porous structure in the composite is
confirmed from the Brunauer-Emmett-Teller (BET) method dis-
played in Fig. 2. Pore size distribution was obtained using Barrett-
Joyner-Halenda (BJH) method from the desorption branch of the
isotherm. The physical adsorption/desorption of N, at 77 K results
are shown in Fig. 2a. The BET specific surface area (SSA) values for
the simonK and simonK/GF composite were calculated to be
2726m?g™! and 39.58m?g~! respectively. These values are
comparable to or even larger than values reported in earlier
research work on simonkolleite-based materials [15]. Fig. 2b
shows the corresponding pore size distribution with a major pore
diameter ranging from 2 - 4nm which further confirms the
presence of mesoporous sites which are used as pathways for
transport of ions necessary for power delivery [16,17]. The
supercapacitive performance of the active electrode material is
dependent on its ability to accommodate as much active
electrochemical sites for charge storage during operation. The
presence of suitable mesopores within the electrode material is
also ideal to ensure the reduction of mass transfer of electrolyte
during fast redox reactions and facilitates power delivery [5].
Fig. 3a shows the XRD patterns of the synthesized simonkK
microplatelets and the composite electrode material with gra-
phene foam added (simonK/GF). Typical diffraction peaks which
correspond to the simonkolleite material are indexed to pure
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rhombohedra simonkolleite [Joint Committee on Powder Diffrac-
tion Standards (JCPDS No. 07-0155). These simonkolleite peaks are
also similar to those reported in earlier studies [10,11] in which
characteristic reflection patterns of the same material were
studied. The sharp and strong peaks show the relatively high
crystallinity of the sample. However, these peaks exhibit a shift due
to the nature of the X-ray source (cobalt) used in the analysis of the
samples. For example, the reflection from the (003) plane with a
strong diffraction peak usually ascribed to the 20 angle of ~ 11.30°
[10] is now observed at 15.10°. Likewise, similar peak shifts exist
for other planes, such as the (015), (110) and the graphene peak
indexed as (002) plane which show diffraction peaks at 20 values
of 28.00°, 32.50° and 30.90°respectively. The shifts are due to the
difference in wavelength of the incoming X-rays which are
dependent on the X-ray source, according to the Bragg equation
nA = 2dsind . In general, X-rays from a cobalt source (A\=1.79A)
with longer wavelengths result in greater 20 positions compared
with those from a copper source (A=1.54A). The former usually
allows the observation of low-angle peaks that are not observable
using the shorter wavelength X-rays and provides better peak
separation [ 18]. The XRD analysis shows that simonkolleite has a
strong preferential orientation along (003). The corresponding
angular position of about 20 (gg3y Which is ~15.10° is related to the
highly ordered reticular planes characterized by a d-spacing value
of ~6.812A when calculated from the XRD data. The lattice
constants for <a> and <c> are obtained as ~7.651A and ~20.435A,
respectively.

Fig. 3b shows the FT-IR spectrum of the simonkolleite,
simonkolleite-graphene foam composite and graphene foam

—— SimonK
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——GF :

Transmittance (%)

v
'

3500 3000 2500 2000 1500 000 500
Wave number (cm'1 )

Fig. 3. (a) XRD patterns and (b) FTIR spectra of simonkolleite and simonkolleite-graphene foam composite.
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(GF), respectively. These measurements were performed within a
wavenumber range from 360 to 3600 cm™". A broad absorption
band centered at about 3435cm~! corresponds to the O-H
stretching vibrations of the interlayer water molecules [10,15].
The observed band at 2358cm™' is not observed in pure
simonkolleite sample and is related to the presence of graphene
foam (G*) in the composite. This band is attributed to the C-H
vibrations of the methylene group. Intensive bands at 898 cm™!
and 719 cm ™! are also observed and are due to stretching vibration
modes of chloride (CI~) ion [19,20]. The bands at approx. 453 cm™!
corresponds to translational modes of the Zn-O bonds [10].
Cyclic voltammetry (CV) measurements are used to understand
the macroscopic electrochemical surface reactions at the electrode
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material during operation. Fig. 4a shows the CV curves for a NF-G
current collector, simonkolleite and simonkolleite-graphene foam
composite electrodes on the NF-G current collector at a scan rate of
20mV s~ in a potential window range of 0.0 - 0.5 V. The CV plots
are characterized by symmetrical characteristic profiles that are
well defined by cathodic (reduction reaction) and anodic (oxida-
tion reaction) peaks [21]. This reveals that the electrode reaction
corresponds to a quasi-reversible process, indicating that the
measured capacitance in these materials is mainly based on the
redox mechanism due to the pseudocapacitive behavior of the
material [22]. The NF-G exhibited the lowest intensity current
peaks due to the quasi-super hydrophobicity which is attributed to
poor surface wetting leading to a reduced access to and limited
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Fig. 4. (a) Cyclic voltammetry (a) nickel foam-graphene, simonkolleite and simonkolleite-graphene foam composite; (b) simonkolleite and (¢) simonkolleite-graphene foam
grown in situ on NF-G at scan rates of 10-100mV's~'; Galvanostatic charge-discharge of (d) simonkolleite and (e) simonkolleite-graphene foam composite measured at
current densities of 1-10A g~ *; () specific capacitance of simonkolleite and simonkolleite-graphene foam composite electrode at different current densities calculated from

the galvanostatic discharge curves.

156

© University of Pretoria



596

utilization of the available surface area of pristine graphene [11]. It
can also be clearly seen that the integral area of the CV graph of
simonK/GF composite is the largest among the three materials in
the plot, implying that it possesses the highest specific capaci-
tance. The improved pseudocapacitance could be due to the
contributing effect from the added graphene foam which prevents
the restacking of simonkolleite sheets, thus producing thinner
sheets with higher electrolyte ion (K*) accessibility and the highly
conductive graphene layer on nickel foam.

Figs. 4b and 4c show the CV plot for simonK and simonK/GF
composite in a potential window of 0.0 - 0.5V at a scan rates
ranging from 10 to 100 mV s~ . The redox peaks are much precisely
defined in the composite material compared to simonK alone. This
is due to high thickness of the simonkolleite platelets owing to
aggregation, resulting in retarded transport of electrolyte ions [ 11].
On the other hand, for the composite electrode material containing
graphene, the highly conductive sheets of graphene becomes
entangled with the simonkolleite platelets and provide unob-
structed pathways for K* ion transport during the rapid charge—
discharge process. The twin redox peaks are more visible in the
composite material even at higher scan rates and are seen to
undergo small shifts towards the left (negative potential) with
increasing scan rate. The peaks at 0.39V and 0.16V are related to
the anodic and cathodic peaks of the simonK/GF composite
material at a scan rate of 30mV s~ These peaks result from the
intercalation and de-intercalation of K* from the electrolyte into
the Zns(OH)sCl - H20 [11]. Thus the charge storage mechanism of
simonkolleite-based composite electrodes is ascribed to the rapid
intercalation of alkali metal cations K* in the electrode during
reduction and oxidation processes [11,23].

The galvanostatic charge-discharge curves for simonkolleite
and simonkolleite-graphene foam composite were measured at
different current densities of 1.0-10.0A g~ as shown in Figs. 4d

D.Y. Momodu et al./Electrochimica Acta 151 (2015) 591-598

and 4e respectively. The shape of the discharge curves shows a
characteristic pseudocapacitance [24,25]; and this is in agreement
with the CVcurves which show redox peaksresulting from the
oxidation-reduction reaction at the interface between the elec-
trode and theelectrolyte.The specific capacitance was calculated
from the galvanostatic discharge curves using the formula [5,26]:

Cs(F/g) =1 x Tq/(m x AQ) (6)

where I is a current (A), T4 s the discharge time (s), m s the mass of
active material (g), and AV s the voltage range (V).

An enhancement in the discharge time for the simonK/GF
composite electrode at 1A g~ " current density is observed in Fig. 4e
as compared with that of simonK alone (Fig. 4d). A specific
capacitance of 1094F g~' is obtained for simonK/GF composite
compared with a much lower specific capacitance value of 741F
¢! for pristine simonK at a current density of 1A g~. This is a
considerable enhancement and is a great improvement over our
earlier studies on simonkolleite microplatelets prepared by an
aqueous chemical growth method technique [11]. We therefore
propose that the improvement in supercapacitance value is as a
result of the addition of a porous and conducting graphene foam to
the simonK matrix which provides an improved electron transfer
rate and better structural support in form of exfoliation of thinner
simonK microplatelets interacting with graphene sheets [11].
Fig. 4f shows the variation of the specific capacitance (Cs) with
current densities for both simonK and simonK/GF composite
electrodes. From the figure, it can be observed that there is a
decrease in specific capacitance with increasing current density.
This is due to the limited movement of ions and protons by
diffusion at higher current densities, which accesses only the outer
active surface of the material for charge storage [5,27]

Fig. 5a shows the Nyquist plots obtained from the electro-
chemical impedance spectroscopy (EIS) measurements done at
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Fig. 5. (a) EIS plot of simonkolleite and simonkolleite-graphene foam composite (insets to the fig. shows the high frequency region zoomed in and a fitted RC circuit related to
the sample electrodes respectively) (b) Dependence of the coulombic efficiency on the charge-discharge cycle number for simonkolleite and simonkolleite-graphene foam on
NF-G at a current density of 10A g™'; (¢) CV comparison before and after 1000 cycles at a scan rate of 10mV s~' of simonkolleite-graphene foam composite.

© University of Pretoria

157



D.Y. Momodu et al./ Electrochimica Acta 151 (2015) 591-598

open circuit (Eoc) potential to further evaluate the electrochemical
behavior for the simonkolleite and simonkolleite-graphene foam
composite at a frequency range of 10 mHz to 100kHz. The scan
begins from the high frequency (100 kHz) to the low frequency end
(10 mHz). At the former frequency, a partial semi-circular arc is
observed which is attributed to the dispersion effect [28]. At low
frequency, the impedance plot should, theoretically, be a vertical
line parallel to the vertical -Im (Z") axis. However a slightly tilted
vertical line is seen which indicates a pure capacitive behavior of
the simonK material and low diffusion resistance of ions within the
structure of the material [5]. The intersection of the curve on the
real part of Z’ axis in the high frequencies range corresponds to the
equivalent series resistance (ESR) value (also called the solution
resistance, Rs) and is described as the resistance of both the
electrolyte, contact resistance at the active material/current
collector interface and the internal resistance of the electrode
[8,29]. The Nyquist spectrum of both electrodes can be represented
by a modified Randles circuit [30] also referred to as an equivalent
circuit (EQC) with a set of resistors and capacitors as shown in the
inset to Fig. 5a. From the figure, the EIS data fitting software (ZFIT)
that applies the complex nonlinear least-squares (CNLS) method
[31] is used for fitting experimental data with a model which best
describes the circuit elements. The equivalent series resistance, Rg
is in series with the constant phase element, Q. The small semi-
circular arc in the high-frequency region to mid-frequency is
modelled by a charge transfer resistance Rer and Q which is
responsible for the ideal capacitance of the samples both
connected in parallel to each other.

The high-frequency semicircle to the mid-frequency tail can be
represented by the Warburg element W which is expressed as:

W =Afje 7

where A is the Warburg coefficient, w is the angular frequency and
n is an exponent [32,33]. The impedance of the constant phase
element Q, can be expressed as:

Q=1/T{je)" (8)
where Tis the frequency independent constant with dimensions of
{Fcm—2)" related to the roughness and pseudocapacitive kinetics
of the electrode, n value varies from -1 to 1 and can be calculated
from the slope of the log Z versus log f. For values of n=0, Q actsas a
pure resistor while for n=1, Q acts as a pure capacitor and acts as an
inductor when n=-1 [34].

For very low frequency values, an ideal electrode produces a
vertical line parallel to the imaginary axis with a mass capacitance
represented as Q. The deviation from this ideal behaviour is linked
with a leakage resistance R; and is placed parallel to the C; in the
equivalent circuit. C; denotes the pseudocapacitance which arises
as a result of the Faradaic charge transfer process [33].

The charge transfer resistance (R¢r) describes the rate of redox
reactions at the electrolyte-electrode interface [35] and this
corresponds to the semi-circular arc radius [28]. A lower Rer
value implies a faster ion transport during operation. Therefore, a
higher ion transport rate will lead to an enhanced device
electrochemical performance. From the experimental data
obtained, the arc radius formed in Fig. 5a is smaller for the
simonK/GF composite which confirms the faster ion transport. The
ESR value from the Nyquist plots improves from 0.55 £} for simonK
alone to 0.35 () for the simonK/GF composite respectively as read
from the intercept of Z' and this is clearly shown by the inset to
Fig. 5a for zoomed-in high to mid frequency part. This is possibly
due to the presence of graphene foam in the composite electrode
material. The ESR value obtained from the fitting for simonK and
simonK/GF composite is calculated as 0.595{) and 0.368()
respectively. This is seen to be close to the values obtained
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Table 1
Calculated Values of fitted parameters through CNLS Fitting of the Experimental
Impedance Spectra Based on the equivalent circuit shown in the inset to Fig. 5a

Electrode R Rer Co n Q
) (V)] (F)

SimonK 0.595 9.638 0.350 0.647 0.126

SimonK/GF 0.368 3.942 0.674 0.769 0.014

experimentally and signifies an excellent fit with the experimental
data. Thus, it is reasonable to state that the enhancements
observed, could be attributed to the better conductivity and
favorable electron transfer rate within the composite electrode
material. The n-values obtained from the fitting of the Nyquist
plots for the simonK and simonK/GF composite were calculated as
0.647 and 0.769 respectively. Thus the results for n indicate a
capacitive behavior from the above discussions. This further
confirms a successful fitting process on the experimental data
obtained from EIS analysis. A summary of the CNLS fitting
parameters from the experimental impedance spectra is presented
in Table 1.

The stability of the electrode material of supercapacitors is also
a very important characteristic for their application as energy
storage devices. Fig. 5b shows the continuous galvanostatic
charge-discharge cycling of simonK and simonK/GF composite
respectively, at 10A g~! current density for 1000 cycles. The
stability plot was characterized by little change in the coulombic
efficiency obtained from repeated charging and discharging in
both materials, which initially increased after a few number of
cycles before stabilizing at a higher number of cycles. It is
suggested that this increase is as a result of the full exposure of
electrolyte ions to some inner sites of the electrode material which
were not exposed during the initial cycling stage, and due to the
activation of simonK/GF sites which contribute to an increase in
capacitance after some initial cycling of the active electrode
material [5,14]. The coulombic efficiency of the simonK electrode
material after 1000 cycles is recorded at a value of 43.1%. However,
for simonK/GF composite, a much more improved and stable
coulombic efficiency of 99.7% is recorded after 1000 cycles. This is
also an improvement over our earlier report for application of
simonK as supercapacitor electrodes [11]. This is an indication that
the addition of graphene foam to the simonK matrix has a long-
term electrochemical stability and a high degree of charge-
discharge reversibility. The excellent pseudocapacitive behavior
and high cycling stability can be attributed to the high electrical
conductivity and improved specific surface area, allowing rapid
and effective ion charge transfer and electron transport.

Since redox reactions also take place during the continuous
cycling charge-discharge process, a comparison was made for the
CV curves before and after cycling as represented in Fig. 5¢ to
further analyze the cyclic stability of the composite electrode
material. Similar CV curves were obtained before and after the
1000th cycle with a little shift in the cathodic peak. In other words,
both CV curves appear with their usual redox peaks which confirm
the electrode stability. However, a slight reduction in the intensity
and observed shift of the peak position is possibly caused by
consumption of some of the active sites in the material which leads
to some subsequent capacitance loss [28]. Thus, these results show
the suitable use of the composite electrode for energy storage
applications due to the promising and improving trend of
electrochemical properties.

4. Conclusion

In this paper, we reported an excellent and improved pseudo-
capacitance behavior of simonK/GF microplatelets synthesized by an
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in situ hydrothermal technique on nickel foam-graphene (NF-G)
current collector as compared to simonK alone. The choice of the NF-
G substrate was used based on earlier studies which showed better
response when used as a current collector [36]. The simonK/GF
composite electrode exhibits an enhanced electrochemical perfor-
mance due to the presence of the graphenein the simonKmatrixand
gives a specific capacitance of 1094F g~ at a current density of 1 A
¢! and a capacitive retention of about 99.7% after 1000 charge-
discharge cycles. This shows that these composites are promising
electrode materials for energy storage devices.
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4.3.4 Concluding Remarks

Simonkolleite-graphene foam composite electrodes with outstanding stability were
fabricated via a facile in situ solvothermal technique. The morphological studies
revealed that the simonK sheets actually interlaced with the graphene sheets to form a
hybrid interconnected network with improved surface area and electrochemical
performance. The graphene sheets also aided in exfoliating thinner simonK sheets in the
composite material as compared to the simonK sample alone. Results from this study
demonstrate the successful combination of the properties from both materials and

makes the composite electrode a potential material for supercapacitor applications.
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CHAPTER 5

5.0

GENERAL CONCLUSIONS

In this section, the main results reported and discussed in chapter 4 are summarized

below.

Three-dimensional (3D) graphene foam (GF) has initially been synthesized via an
atmospheric pressure chemical vapor deposition (AP-CVD) technique using a nickel
foam (NF) template. The graphene foam sample assumed a 3D framework due to the
characteristic morphology of the NF template used as starting platform for the
dissolution/diffusion of carbon atoms. At higher magnifications, the scanning electron
microscopy (SEM) micrographs showed wrinkles of the GF surface which is attributed to
difference in thermal expansion coefficients between the few-layer thick graphene and
the nickel. A high quality, defect free structure is revealed from the Raman spectroscopy
results displayed for different regions on the NF-G surface. The different regions consist
of a combination of both single layer and few-layered graphene. However, the desirable
structure still offers an ideal surface when integrated in different forms with appropriate
Faradaic-active materials like NiAl layered double hydroxides through various routes in

order to make graphene-based metal hydroxide composite materials.

The NiAl layered double hydroxides (NiAl LDHs) have been synthesized via a
solvothermal method using different solvents such as ethanol, tert-butanol and
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deionized water to tune their morphological and electrochemical properties. Using
equal ratios of ethanol and deionized water, interlaced mesoporous NiAl LDH sheets
were obtained while in a reaction medium containing a tert-butanol-deionized water
(TBA-H,0) mixture, spherical NiAl layered double hydroxides also referred to as NiAl
double hydroxide microspheres (NiAl DHMs) were obtained. The NiAl DHMs are also
composed of relatively thin sheets grown on microspheres as revealed from the
scanning and tunneling electron microscopy results. The results from the XRD
characterization spectra gave an idea of the structural characteristics of both materials
of different morphologies. Although these materials were synthesized using different
reaction solvents, the spectra clearly showed similar diffraction peaks for both NiAl LDH

and NiAl DHM materials.

Zinc chloride hydroxide monohydrate (simonkolleite) platelets have been synthesized
using the solvothermal method in a deionized water reaction medium. The microscopy
results reveal hexagonal sheets interlaced with each other. Typical sharp and strong
diffraction peaks which correspond to the simonkolleite material reported in earlier
studies are indexed to pure rhombohedra simonkolleite showing the relatively high
crystallinity of the sample. The XRD analysis shows that simonkolleite has a strong

preferential orientation along the c-direction.

The addition of graphene foam to the metal hydroxides materials to obtain a graphene-
metal hydroxide composite was done via different means in order to fully optimize both

the electric double layer properties from graphene with the Faradaic properties from
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the metal hydroxide component. For example, adding graphene foam to the NiAl LDH
facilitates the growth of the LDH sheets in between the graphene foam sheets and
reduced the restacking problem associated with LDH sheets. In the case of the
simonkolleite reaction medium, the graphene foam aided the exfoliation of thinner

simonK sheets interlaced with GF sheets on the NF-G growth template.

In section 4.1, graphene foam was integrated into the NiAl LDH and NiAl DHM matrices
by two distinct methods. The initial route involved the direct incorporation of in
different weighted amount of graphene foam into the NiAl LDH precursor reaction
medium to enable the NiAl LDH sheets grow amongst the pre-sonicated graphene
sheets thereby obtaining the final NiAl LDH-GF composite. The BET surface area of the
NiAl LDH-GF was increased to 68.09 m? g* from an initial value of 57.83 m? g™ for the

pristine NiAl LDH.

The electrochemical performance results obtained by calculating the specific
capacitance from the cyclic voltammogram showed an increasing trend up to a certain
limit after which further addition of GF resulted in a decrease in specific capacitance

value due to a proposed restacking of the excess graphene sheets.

The second route involved the growth of a thin film of few-layer graphene on the NF
current collector to form a modified porous nickel foam-graphene (NF-G) current
collector. The resulting composite electrode comprising of the NiAl DHM material
coated onto the NF-G current collector exhibits an enhanced electrochemical

performance. This is ascribed to the contribution from more electronegative species
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present within the interlayer region of the DHM structure combined with the improved
electron transfer rate from the high surface area and conductive graphene layer

deposited on the NF surface.

In section 4.2, the NiAl LDH-GF composite obtained from the direct incorporation of
graphene foam into the NiAl LDH precursor reaction medium was added to a
P3HT:PCBM polymer blend to obtain the P3HT:PCBM/NiAl LDH-GF composite electrode
by dip coating. An improvement in the electrochemical properties of the overall
composite was depicted from the cyclic voltammetry tests.
For example, the value of the specific capacitance increased to 1.22 F cm™? for the
P3HT:PCBM/NiAl LDH-GF composite electrode from an initial value of 0.29 F cm™ for the
pristine P3HT:PCBM nanostructure which is an order of magnitude enhancement. This
tremendous improvement is one of the highest values reported for P3HT:PCBM based
supercapacitors in aqueous electrolyte and is attributed to the high surface area of the
3D-graphene foam coupled with the redox active NiAl LDH in the NiAl LDH-GF composite
material. The stability of the electrode was depicted by the similar cyclic voltammogram
obtained before and after cycling through 500 charge-discharge cycles. This makes them

potential materials for polymer-based supercapacitor electrodes.

Section 4.3 demonstrated the superior electrochemical capacitance of simonkolleite-
graphene foam (SimonK/GF) composite electrode prepared via an in situ one step

solvothermal synthesis route. Thinner simonK sheets are obtained when graphene foam
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was directly added with improved surface area of the composite. This increased surface
area provides the necessary active sites for the desired transport and storage of
charges. Electrochemical tests carried out on the simonK/GF composite electrode
revealed an increased specific capacitance of 1094 F g'1 as compared to 741 F g'1 for the
pristine simonK electrode at 1 A g™ current density. The composite electrode also
exhibited a 99.7% coulombic efficiency after 1000 charge-discharge cycles. The stability
of the electrode was further depicted by the similar cyclic voltammogram obtained
before and after cycling. The excellent Faradaic-type behavior and high cycling stability
can be attributed to the high electrical conductivity and improved specific surface area

that allows rapid and effective ion charge transfer along with electron transport.

In summary, the results displayed clearly show the great potential of incorporating
graphene foam into the main matrix of metal hydroxides to obtain graphene-based
composites for energy storage device electrodes. The improvement of the
electrochemical properties of polymer-based electrodes could also be achieved by the
addition of these graphene-based composite materials to the pristine polymer blends.
This study therefore provides an initial path towards developing prospective hybrid
electrodes which combines the properties from both the graphene foam component

and the Faradaic NiAl layered double hydroxide for energy storage applications.
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CHAPTER 6

6.0

FUTURE WORK

The electrode material of a supercapacitor plays a major role in determining its
electrochemical performance. An in depth understanding of the individual intrinsic
material properties at the nanoscale level is the medium through which the device
charge storage capability can be improved. The process of charge storage involves
diffusion of ions which is linked to the specific surface area and porosity of the active
material. Thus, in order to obtain an outstanding electrochemical performance, the
method of material synthesis needs to be optimized in order to tune the properties of

the final products to fit the specific application requirements.

Graphene-based composite materials have so far demonstrated a great potential as
electrode material for supercapacitors as seen from the results discussed in Chapter 4
and reports mentioned in the literature studies in Chapter 2 of this thesis. The
combination of graphene (carbonaceous EDLC type material) with faradaic type
materials such as layered double hydroxides and polymer blends has the merit of
synergizing their individual material properties to form composite nanostructured
electrodes. Such merits include; providing a facile one-step procedure of fabricating

composite electrodes, the prevention of restacking of LDH and graphene sheets,
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improvement of the specific surface area and conductivity of the overall composite etc.
However, the results discussed have only been done for composite electrode materials
tested in a three (3) electrode configuration. The combination of these composite
electrodes with other active electrodes stable in other voltage regions to form a hybrid
asymmetric supercapacitor device that will be tested in a two (2) electrode
configuration is necessary. Materials such as activated carbons and other faradaic-type
metal oxides and hydroxides are possible electrodes for use. These need to be carefully

studied in order to maximize the operating voltage window of the full device.

In addition, the graphene foam synthesized through chemical vapor deposition
technique can be incorporated with other highly pseudocapacitive metal oxides pairs
with large work function difference in order to obtain a hybrid nanostructured electrode
for supercapacitors. The large work function difference will increase the operating
voltage window which will also improve the energy density and specific capacitance of

the asymmetric device without necessarily affecting its power density.
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