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Abstract

The high energy density, rapid charging and discharging and high degree of
cyclability make supercapacitors a promising form of electrochemical energy
storage. The storage of energy through the assembly of charge at electrode
surfaces in these devices make the use of nanostructured materials particu-
larly attractive. In this work a simple, scalable and green approach – liquid
phase high shear exfoliation – is used to produce aqueous suspensions of
two dimensional materials in the form of platelets a few layers (< 10) thick
and with lateral dimensions of order a few hundred nanometres to a few
micrometres.

Suspensions of few layer graphene (FLG) are used to produce free-standing,
binder-free supercapacitor electrodes which are characterised by scanning
electron microscopy (SEM), Raman spectroscopy, cyclic voltammetry (CV)
and galvanostatic charging/discharging. Increasing the shear rate during
exfoliation of graphene is found to produce FLG platelets with a smaller
size and hence increasing number of edge defects. With increasing defect
density the specific capacitance of FLG electrodes is found to increase and
the effective series resistance decrease, both of which can be attributed to
increased electronic doping of the FLG with increasing edge defect density.

The FLG suspensions produced in this study were characterised by Raman-
spectroscopy based metrics which suffer from a lack of generality and are in-
direct. Hence, an initial approach towards the automated characterisation of
platelets of two-dimensional materials is developed and applied to MoS2, suc-
cessfully demonstrating the feasibility and promise of direct imaging-based
characterisation techniques.
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Chapter 1

Introduction

1.1 Energy storage devices

With global concerns regarding climate change and the rising need for renew-
able energy, research has been heavily invested into energy storage devices
that not only effectively store energy but are able to transfer it to numerous
electronic devices and technologies [1, 2]. The motivation behind this is that
current energy storage devices, such as batteries, have a number of limita-
tions in collecting and supplying energy to match the consumption needs
of current technology. For instance, electric cars and mobile devices ideally
require fast charge and discharge rates, with batteries performing poorly and
degrading rapidly under such conditions [3]. These issues will have to be re-
solved as advances in technology are made, to ensure sustainability, reducing
our environmental impact and in turn our existential crisis. One viable de-
vice that can potentially achieve high power output, fast charging and good
cyclability, and in doing so supplement batteries, is the supercapacitor [4],
which is the main focus of the work presented in this thesis.

There are, however, a range of energy storage technologies in existence, each
having their own specific set of advantages and disadvantages, which we
shall consider in turn. Flywheel energy storage (FES) [5] utilises a flywheel,
a suspended wheel made of composite material, rotated at high speed by an
electrical motor. The electrical energy is stored as kinetic energy and when
energy is required, the flywheel is slowed down to convert this energy back
into electrical energy. FES can supply instant power, such as in microgrids,
they also boast a long life-span, usually 20 years with little need for mainte-
nance, high conversion energy and power density [6]. However due to friction,
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1.1. Energy storage devices 2

limitations to the FES are imposed such as reduced efficiency and power loss
– ranging from 3% to 20% per hour [7]. Current FES technology is work-
ing towards the incorporation of either magnetic or electromagnetic bearings
and in some cases a vacuum environment to circumvent these limitations.
An example of this being the passive magnetic bearing flywheel engineered
by NASA [8]. However, adequate infrastructure must be in place to ensure
security of the device in the case of a failure, therefore the implementation of
magnetic/electromagnetic bearings is still a topic of current research. FES
technology can be considered to be ‘environmentally friendly’ as there are
no greenhouse emissions or harmful chemicals involved in the application of
the device. The merits of FES technology partly fulfil the aim of finding an
energy storage device that is both sustainable and able to supplement bat-
teries. However, their cost and the difficulty to scale, as a result of inherent
design limitations and safety risks, means that FES can only be considered
for niche applications at present.

Hydrogen fuel cells have also received significant attention for their viability
as an energy storage device [9]. The fuel cell operates as a medium for the
oxidation of hydrogen, producing electricity, heat and water. The hydrogen
is either sourced from the electrolysis of water or reformation of hydrocar-
bons. For the oxidation to take place, a fuel cell is designed to incorporate
an anode and cathode separated by an electrolyte membrane. Hydrogen and
oxygen are supplied to the anode and cathode respectively, and to hasten
the process a catalyst, situated at the anode, splits the hydrogen into the re-
spective constituents: electrons and protons. The protons traverse through
the electrolyte membrane to reach the cathode, whereas, the electron has to
pass through an electric circuit to reach the cathode, producing an electric
current and heat. Upon reaching the cathode, the electron, proton and oxy-
gen combine to make water. Fuel cells can operate indefinitely, as long as a
constant source of fuel is supplied, it is also a clean technology as no harmful
chemicals or greenhouse gases are produced. Hydrogen fuel cells have been
employed in applications ranging from electronic and automotive to grid scale
fixed storage [10]. In addition, the device is scalable through stacking mul-
tiple fuel cells together to provide power from a few watts to megawatts. As
such, hydrogen fuel cells offer many advantages over batteries, such as instant
recharging, long lifetime and higher energy conversion efficiency [11]. The
advantages are further accentuated by the abundance of hydrogen, which
ensures energy security for the future. Nonetheless, there are complications
to consider in the implementation of the device in a range of applications, for
instance, the complexity of the device compared to batteries. The design of
a conventional fuel cell needs to include fuel and oxidant delivery and water
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removal systems. This effects the size of the fuel cell and may limit the po-
tential for miniaturisation, a requirement for portable devices [11]. Alongside
this, the production of hydrogen is costly, with the predominant source being
from the reformation of hydrocarbons - which produces the greenhouse gas
carbon dioxide as a byproduct. The majority of hydrogen currently produced
is utilised for other purposes such as fertilisers and uses in the petrochemical
industry [12]. Therefore, prior to the widespread utilisation of hydrogen fuel
cells an adequate hydrogen infrastructure must be in place to ensure a safe
distribution of sufficient fuel to meet expected global demand [13].

Superconducting magnetic energy storage (SMES) stores electrical energy
through the use of magnetic fields [14]. SMES is composed of two parts: a
cryogenically cooled superconducting coil and a power conditioning system.
When current passes through the coil it generates a magnetic field and, due
to the absence of resistive loss associated with the flow of current, the elec-
trical energy within the coil indefinitely. The requirement for the cryogenic
cooling needed for current superconducting materials means that the primary
application for SMES is for grid-based applications, to provide power during
critical loads and outages to assisting with load leveling [15]. A benefit of
utilising SMES is that due to the mechanism of energy storage, no chemi-
cal process are involved, making the device environmentally friendly. SMES
are also compact, unlike other large-scale energy storage devices, which may
expand the device to other applications such as electric utilities. They also
have a long-life span (20 years), therefore are a viable choice for long-term
sustainable energy storage [16]. However, specialised equipment is needed
to ensure the SMES operates at maximum efficiency, of which, needs careful
monitoring to ensure internal and external factors – AC currents and temper-
ature leakage respectively – do not effect the performance. Furthermore, the
device produces large magnetic fields which require their own safety zones to
prevent hazards. The main drawback is the difficulty of commercialisation of
SMES, due to their small energy density compared with other energy storage
devices [17] and great expense. In order for SMES to be competitive these
issues will need to be addressed.

Pumped hydroelectric storage (PHES) is a large-scale energy storage technol-
ogy that utilises a pump and turbine to generate electricity from the descent
of water from an upper reservoir into a lower reservoir [18]. The water is
usually transported to the upper reservoir, for storage, through pumps but
connections to natural water masses can also be made. As the pump requires
electricity to operate, the process of transportation is performed when de-
mand for electricity is low (either at night or during the weekend) and the
transfer of water from upper to lower reservoir occurs when the demand for
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electricity is high. As the PHES relies on water passing through the turbines
to generate electricity, the scale of the PHES is large which increases the
overall efficiency. Therefore, PHES is commonly used for grid-storage appli-
cations to stabilise the grid during high demand, load balance and act as an
energy reserve in case of grid failure [19]. PHES is also cheap compared with
other grid-based devices, due to large capacity coupled with low maintenance
and operation cost, and notably the reliability of the energy storage to sup-
ply during peak times. As with the other energy storage devices discussed
above there are drawbacks to consider, for instance, the topography of the
location for the PHES to be situated on must offer suitable elevation for the
respective reservoirs. Furthermore, the construction of PHES can take years,
even decades, with a considerable amount of upfront capital [20]. Yet, it is
the environmental impact that is the main cause for concern. PHES requires
a large reservoir to be built, which is achieved through damming rivers, this
has a profound affect on the local ecology, affecting not only aquatic wildlife
but creating a dry environment which alters the local ecosystem. There have
also been cases where the water quality has degraded due to the increase in
water temperature and the accumulation of sediment at the bottom of the
reservoir [19].

Compressed air energy storage (CAES), is a technology that utilises the com-
pression of air to store energy. The basic concept of CAES is as follows: elec-
trical energy is stored as compressed air, the compressed air is then released
through an air turbine to generate electricity when required [21]. There are
three key components to the CAES system – compressor, storage container
and air turbine. The compressor acts to inject air into the container. The
container used is either man-made containers or existing geographical forma-
tions such as salt mines, caverns and porous rock formations, e.g. aquifers
[22]. The air turbine establishes a connection between the CAES and the
grid. CAES is similar to PHES outlined above, as electricity is used dur-
ing periods of low demand to pressurise and store the air and then released
through an air turbine during peak demand [21]. It is also second to PHES
in terms of scalability, due to the volumes of pressurised air that can be
stored. As such, the applications are much the same, namely grid-level stor-
age. CAES boasts the longest time frame in energy storage as compressed
air can be stored for up to a year with minimal losses [22]. Depending on the
type of storage used the cost of establishing a CAES is cheaper than other
energy storage devices used in grid-level applications, with man-made mines
being more expensive than geological formations [22]. The main limitation
of the deployment of CAES, and the commercialisation of the technology, is
the reliance on geographical formations to act as storage containers. Other-
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wise, constructing man-made mines and storage facilities drive up the costs
considerably, especially when taking into account of round trip efficiency.
Furthermore, finding suitable geographical formations is difficult and with
the accompanying environmental issues, such as terrestrial acidification [23],
obstructs the establishment of CAES worldwide [24].

Electrochemical energy storage (EES) devices encompass technologies in
which electrical energy is either stored chemically (as in the case of batteries
and pseudocapactive materials) or physically (in electrochemical double layer
capacitors – EDLCs). In general such devices consist of a pair of electrodes
immersed in an electrolyte and separated by a suitable porous membrane
which allows the passage of ions but prevents the electrodes from shorting
electrically [25]. The structure, physics and chemistry of EES systems and
the detail of how they store energy will be considered in Sections 1.2 and 1.3.
EES consists of a well-established suite of technologies which have the ad-
vantages of scalability from portable device to grid-level storage and can be
utilised without the generation of additional pollution or greenhouse gases.
However, there are a number of issues that remain to be resolved, such as
the relatively limited cycle lifetime of batteries and the low power densities
associated with EDLCs. The emergence of a range of nanomaterials over the
past two decades has opened up new avenues for the creation of electrode
materials which may ultimately address these deficiencies and the use of a
relatively novel class of nanomaterials – two-dimensional solids – in EDLCs
forms the focus of the work presented in this thesis.

1.2 Supercapacitors

Supercapacitors, also known as ultracapacitors or electric double-layer capac-
itors (EDLCs), differ from conventional electrolytic capacitors in that they
have a very high capacitance but at the cost of low voltage limits [4]. Unlike
batteries which store energy through electrochemical reactions involving the
bulk of the electrode material, a supercapacitor utilises the interaction at the
electrode-electrolyte interface involving the surface of the electrode material
to store energy.

Supercapacitors have a number of distinct properties that make their use
preferential to that of batteries in certain situations. For instance, they are
able to maintain an extended cycle lifetime, unlike electrochemical batter-
ies which have a defined cycle life [26]. As a result maintenance and waste
can be reduced due to their larger life span. Moreover, they can provide
higher power densities and instantaneous charge/discharge due to their low
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equivalent series resistance [27]. Finally, the performance of a supercapacitor
over wide variations in temperature is outstanding: energy can be delivered,
with little loss of performance at temperatures as low as -40 ◦C, depending
upon the electrolyte used [26]. However, due to their low voltage limits,
and variation of voltage with charge state it is challenging to use them as
a continuous power source. Hence, the current primary applications of su-
percapacitors are when energy/power is needed quickly, i.e., to fill in power
gaps or where rapid charge/discharge cycles are necessary. For this reason
they are used for regenerative braking in all types of automobiles, short-
term energy storage or burst-mode power delivery [28]. As a result, research
has been heavily focused on supercapacitors as a valuable addition to current
energy storage systems. Supercapacitors can be classed into two groups, elec-
trical double-layer capacitors (EDLCs) and pseudocapacitors. This grouping
reflects differences in the mechanism by which they store charge.

1.2.1 Electrical double-layer capacitors (EDLCs)

Figure 1.1: Schematic of the structure of, and processes involved for charge
storage in, an EDLC [29].

A schematic of the structure of an EDLC is presented in Figure 1.1. Two
electrodes are separated by an electrolyte and a porous separator, the lat-
ter to ensure that there is no short-circuit between the electrodes. Porous
electrodes are typically used, as these offer a large surface area for the for-
mation of an electrostatic double layer at electrode-electrolyte interface. The
electrolyte usually consists of an equal number of positive and negative ions
which have been dissolved in a suitable solvent (although ionic liquids can
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also be employed). The main purpose of the electrolyte is to ionically “con-
nect” the two electrodes and enable the storage of energy. This is achieved
through the interaction between the surface of the electrode and the elec-
trolyte over the specific area where they come into contact. When a voltage
is applied across the EDLC, ions migrate to the electrode of the opposite
charge to form an electric double-layer. The double layer consists of two lay-
ers of charge, one formed within the surface of the electrode and the other,
with opposite polarity, created from solvated ions in the electrolyte.

There are three main theoretical treatments of the electric double layer: the
Helmholtz, Gouy-Chapman and Stern (or Stern-Grahame) models [30, 31].
The Helmholtz treatment of the electric double layer is the simplest, in that
the double layer is regarded as two rigid oppositely charged layers, one situ-
ated on the electrode surface and the other in the electrolyte solution, sepa-
rated by a distance d. The model is regarded as an oversimplification, with
one of the limitations being the assumption of a rigid layer of charge in the
electrolyte. This is not observed experimentally as, due to the thermal mo-
tion of liquid molecules, a rigid layer of charge within the electrolyte cannot
exist. The model also incorrectly predicts that the capacity of the electric
double layer, C, is constant with cell potential. Finally, the model does
not account for variations in the double layer with electrolyte concentration
and temperature. Although the electric double layer found in-situ cannot
be adequately described by the Helmholtz model it is nonetheless helpful in
visualising the fundamentals of double layer formation in an EDLC.

The Gouy-Chapman model treats the double layer as one rigid layer of charge,
situated on the surface of the electrode and the other, oppositely charged,
layer is diffused in the electrolyte. The positive and negative charges are dis-
tributed throughout the electrolyte due to thermal agitation and free move-
ment of ions, instead of forming a rigid layer. Unlike the Helmholtz model,
the Gouy-Chapman model was successful in accounting for the change in
properties of the double layer with respect to the change in electrolyte con-
centration and temperature. However, the model assumes that ions act as
point charges and are close to the electrode surface, as such C is inversely
proportional to d. Yet, experimental values for C are lower than expected.
This discrepancy arises due to the assumption that activity is equal to molar
concentration, along with ions acting as point charges, made when deriving
the Boltzmann distribution. Even though the model is not entirely accurate,
it has determined that the double layer is in fact a diffused double layer.

The Stern model takes the essential parts of the Helmholtz and Gouy-
Chapman model and modifies them. Stern established that the first part
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of the double layer, the Stern layer, is a compact layer of ions, of approx-
imately single ion thickness, situated on the electrode surface (Helmholtz
view). This meant that the remaining ions that were not confined to the
electrode surface were allowed to move freely through the electrolyte. The
distribution of charges are then influenced by electrostatic forces and ther-
mal agitation, unlike the other models. This diffused layer (Guoy-Chapmann
view) is referred to as the Gouy-Chapman layer. To formulate these theo-
retical assumptions, Stern postulated that the ions were not point charges
but particles of finite size. This meant that there is a defined distance, usu-
ally a few nm, that restricts the ions from approaching the electrode. This
also meant that the ions in the diffuse portion can be assumed to act as
point charges as they were at a distance d from the surface, meaning that
their potential and concentration were low enough to justify the statement.
As a result, calculated capacities and experimental capacities are in general
agreement, as the total capacity of the interface is the capacitance of the
Helmholtz layer, CH and the Guoy-Chapman layer, CG, in series. Consider-
ing cases when electrolyte concentration is low, the double layer is essentially
all diffuse therefore capacitance can be approximated to be equal to CG and
when concentration is high, the capacitance can be approximated to being
fixed at the Helmholtz layer and therefore equal to CH. The model also
demonstrated the dependence of the capacitance on electrode potential and
electrolyte concentration. The Stern model was further modified by Gra-
hame to incorporate ionic species that were solvated and could penetrate the
Stern layer creating three regions within the double layer [32], as shown in
Figure 1.2. Therefore, as practical supercapacitors utilise electrolytes with
high concentration to increase performance [33], the Stern-Grahame model
can be used to theoretically treat the electric double layer.

From Figure 1.2 we can see that the Stern layer is separated into two layers
called the Inner Helmholtz plane (IHP) and Outer-Helmholtz plane (OHP)
[31]. The IHP is a monolayer composed of polarised solvent molecules,
whereas, the OHP encompasses the solvated ions in the electrolyte solution
at the distance of approach to the electrode surface. The molecules in the
IHP adhere by physical adsorption on the surface of the electrode and act to
separate the oppositely charged ions: one can think of them as an equivalent
to a molecular dielectric. Throughout the formation of the double layer there
is no transfer of charge between the electrode and electrolyte and electrostatic
forces, rather than electrochemical interactions, are the source of adhesion.
As a result, there are no chemical changes to the polarised molecules due
to the lack of charge transfer [34]. These properties characterise EDLCs
and differentiate them from other energy storage devices. During the pro-
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Figure 1.2: Visualisation of the electric double layer theorised by the Stern-
Grahame model [30].

cess of applying a voltage across the EDLC, the amount of charge stored
within the electrode is matched by the counter-charges distributed, bounded
by the OHP [35]. The double-layer stores the electrical charge and forms
a static electric field in the molecular layer of the solvent molecules in the
IHP, the voltage drop across this field is equivalent to the magnitude of the
applied voltage. One can think of the EDLC as equivalent to a conventional
parallel-plate capacitor, with the main difference being that the dielectric has
a thickness of a single molecule. As a result, in the simplest approximation,
the standard capacitance formula for planar dielectric capacitors can be used
to calculate an EDLC’s capacitance [36],

C = ε
A

d

where C is capacitance, ε is the permittivity of the dielectric separating the
electrodes, A is electrode surface area and d is the double-layer separation.
From this equation, it can be seen that double-layer capacitors have a much
higher capacitance value than ‘traditional’ capacitors due to a combination
of the high surface area achieved through the choice of electrode material
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used (e.g. activated carbon) and very small double-layer distance, typically
of the order of a few Ångstroms (0.3-0.8 nm) [37].

Along with the high capacitance that can be achieved, EDLCs also boasts
other vital characteristics that exemplify the benefits of a supercapacitor
as discussed in Section 1.2, rapid charge and discharge and a potentially
almost unlimited number of charge/discharge cycles. The rapid charge and
discharge results from the fact that charge storage occurs at the electrode
surface and hence does not require the bulk diffusive processes which occur in
battery electrodes. The unlimited cyclability is due to the absence of chemical
changes taking place within the electrode or electrolyte – therefore, charging
and discharging the double layer can, in principle, be undertaken over an
unlimited number of cycles without degradation. Some of these attributes
are also shared with the other class of supercapacitors, pseudocapacitors, of
which will be discussed in Section 1.2.2.

1.2.2 Pseudocapacitors

Figure 1.3: Schematic of the structure of, and processes occurring in, a pseu-
docapacitor [29].

Pseudocapacitors store energy electrochemically through the utilisation of
Faradaic redox reactions with charge-transfer. The structure of a pseudo-
capacitor is similar to an EDLC in that two, often porous, electrodes are
separated by an electrolyte, Figure 1.3. When a voltage is applied to the
pseudocapacitor, the electrodes become oppositely charged: this initially at-
tracts polarised ions in the electrolyte to the oppositely charged electrode and
a double layer is formed, as in an EDLC. The layers comprise polarized ions
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which are situated on the electrode surface. The layer is separated by the
electrolyte molecules resulting in an electric field, leading to the formation
of a double-layer capacitance. As ions diffuse through the layer, the atoms
residing on the electrode surface adsorb the ions, allowing the transfer of
electrons. The continuous flow of electrons, from one electrode to the other,
passes through the generated double-layer and produces Faradaic current.
This process is called a redox reaction, whereby charge is transferred via
reduction-oxidation and hence differentiates pseudocapacitors from EDLCs.
Pseudocapactors may be extrinsic or intrinsic. Intrinsic pseduocapacitive
behaviour does not vary with crystalline properties, particle size or morpholo-
gies. Examples of electrode materials that exhibit this type of behaviour are
RuO2 and MnO2 [38]. Extrinsic pseudocapacitive behaviour involves redox
reactions which occur primarily at the surface of the material and does not in-
volve diffusion into the bulk. Hence, such behaviour depends on particle size
and is present in electrode materials that are nanostructured to increase their
surface area, such as LiCoO2. By increasing the surface area diffusion dis-
tance is decreased and a pseudocapacitve behaviour is established [39]. The
primary features of a pseudocapacitor, rapid charge and discharge rates and
high capacitance, is observed whether the behaviour is intrinsic or extrinsic
[39]. The Faradaic process involved in charge storage within pseudocapaci-
tors allows them to achieve higher specific capacitance and energy densities
compared to EDLCs. However, they can also suffer from a lack of long-
term stability during charge and discharge cycles, much like in batteries, due
to degradation of the electrodes with cycling (originating, for example, due
to expansion/contraction of the pseudocapacitive material during Faradaic
reactions [34, 40]).

1.3 Supercapacitor vs Batteries

Given that supercapacitors are closest to batteries in terms of operation,
structure and packaging, it is instructive to make a comparison between
these two forms of energy storage device, which is presented in Table 1.1.
We can see that the main advantage of supercapacitors over batteries is
that in essence they have an unlimited cycle life and high power density.
This is further illustrated in Table 1.2 in which the performance of a typical
supercapacitor is compared with that of a current generation lithium-ion
battery.

There are some significant drawbacks with current generations of superca-
pacitor which prevent them from supplanting batteries. These include low
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Energy Storage Device Advantages Disadvantages

Unlimited cyclability

Supercapacitor Fast charge/discharge Low energy density

High power density Expensive to produce

No degradation of
storage capability

Not viable for long-
term energy storage

Broader effective op-
erating temperature

Gradual voltage loss

Environmentally-
friendly
Large storage capacity Poor cyclability

Batteries High energy density
Susceptible to degra-
dation (poor retention
of energy over time)

(e.g. Lithium-ion)
Long term energy
storage solution, low
self-discharge rate

Low power density

Poor recyclability

Table 1.1: Comparison of advantages and disadvantages of supercapacitors
with respect to batteries [41].

energy densities, high self-discharge (indicating poor long-term energy stor-
age) and, most importantly, the production cost or cost per Watt [42]. As
a result of these issues, many current approaches to the application of su-
percapacitors are directed towards supplementing batteries to overcome the
performance limitations of the latter (e.g. poor charge/discharge cycling
making the device unsuitable for applications in electric vehicles [EVs] or
mobile phones). Supercapacitors can be utilised in applications where fre-
quent charge/discharge cycles or extreme operating temperatures might be
expected. For example, in public transportation supercapacitors can be used
in electric powertrains to offer rapid charging during regenerative braking
and deliver high current on acceleration. Batteries and supercapacitors can
be used in conjunction in such an application, with the supercapacitor em-
ployed when quick discharge is needed for short-term power needs and the
battery utilised to provide energy over a longer timescale when the vehicle
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Performance Parameter Supercapacitor Lithium-Ion Battery

Charge time 1-10 seconds 600 seconds
Cycle life 1 million 500
Specific energy (Wh kg−1) 3-10 250
Self-discharge (%) 60 4

Table 1.2: Comparison of performance parameters between a supercapacitor
and a typical Lithium-Ion battery [42].

has reached its cruising speed. The benefit of this combination is that battery
stress is reduced, which consequentially improves battery life and eliminates
the need for the cost and weight penalties associated with battery oversizing,
which is currently the usual approach to address these problems.

To create an effective supercapacitor, materials of high quality have to
be used which, along with the associated production methods, drive up
costs. Furthermore, as supercapacitor performance is largely dependent
on electrode structure and properties – notably surface area – electrode
materials have to be engineered appropriately. Ideally, materials should be
produced and assembled into electrode structures in a cost-effective manner.
The scalable production of high quality nanomaterials (few-layer platelets
of two-dimensional solids) and evaluation of their assembly into binder-free
electrodes in a single step process is the main goal of the work presented in
this thesis.

1.4 2D Materials: Introduction to Graphene

and MoS2

Both EDLCs and pseudocapacitors rely heavily on the interaction between
electrochemically active ions and the electrode surface. Due to their inherent
structure, 2D materials exhibit high surface area (indeed, an ideal freestand-
ing two-dimensional solid is all surface), a key requirement for maximising
the charge storage within a supercapacitor. In addition to this, they are often
highly electrically conductive [43] which reduces internal resistances within
the supercapacitor and can improve power density: during high current draw,
significant voltage can be dropped across the supercapacitor if internal resis-
tance is high, dissipating electrical energy as heat. Following the discovery
of graphene [44], a large number of 2D materials have been identified [45].
In this thesis the two materials examined are those which have proved the
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most promising both in terms of physical properties and cost – (few layer)
graphene and MoS2.

1.4.1 Graphene: Structure and Properties

Graphene, often regarded by academics as a ‘wonder material’, was first
isolated in 2004 by André Geim and Konstantin Novoselov [44] having pre-
viously been thought to be unstable. It has numerous desirable proper-
ties, making the material promising for a wide range of applications ranging
from field-effect transistors [46] and transparent electrodes [47] to body ar-
mour [48]. These properties include: a thermal conductivity in the order of
5000 W m−1K−1, electron mobility of up to 250,000 cm2 V−1 s−1 at room
temperature, very high specific surface area (2630 m2 g−1), a high modu-
lus of elasticity (∼1 TPa), (much higher than many pure metals) and good
electrical conductivity [49].

Figure 1.4: Schematic of the honeycomb lattice of graphene and the associ-
ated Brillouin Zone, a1 and a2 are lattice vectors [50].

Graphene consists of a single layer of carbon atoms, arranged in an open
hexagonal structure and, from this inherent structure, the various extraordi-
nary properties of graphene arise. A unit mesh (unit cell in two-dimensions)
of graphene contains two carbon atoms with unit-cell vectors, a1 and a2, and
a lattice constant of 2.46 Å. As a result of sp2 hybridisation, delocalised π
bonds are present (which originate from the single unhybridised p orbital per-
pendicular to the planar structure), along with the in-plane σ bonds, which
result from the overlap of the hybridised orbitals. These ‘double bonds’ result
in a short interatomic separation within the graphene structure (∼1.42 Å),
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they are stronger than the sp3 hybrid bonds found in diamond, thus giv-
ing monolayer graphene the highly desirable mechanical properties discussed
above [51].

The electronic band structure of graphene can be calculated through the use
of the tight-binding model. This model demonstrates the essential features
of the graphene dispersion relation - the variation of electron energy wave
vector k over the Brillouin Zone (BZ) [52, 53],

E = ±t
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where t is the value of the nearest neighbour hopping matrix element and a
is the lattice constant. If we consider values of k for which E becomes zero,
it follows that such values must satisfy the conditions,
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The first condition takes ky outside the first BZ, however the second is sat-
isfied at the corner points of the BZ labelled K and K

′
. These points are

known as the ‘Dirac Points’. The significance of this feature is that the energy
band is symmetric about E = 0 at these two points. Calculations demon-
strate that the density of states at the Fermi level is zero at these points [52,
53]. This is also the case when spin is taken into consideration, graphene
exhibits one electron per spin per atom allowing only two electrons per unit
cell, hence the band is half-filled. The half-filled band and zero density of
electronic states at the Fermi level are the attributes of a semimetal or zero
band gap semiconductor.

Although monolayer graphene was the primary focus of early studies, bi-
layer graphene (BLG), which consists of two graphene layers and few layer
graphene (FLG), which consists of 3-10 graphene layers [54] have also demon-
strated attractive properties with significant potential for application. For
example, so-called ’twisted’ bilayer graphene, in which the second layer is
oriented at a small azimuthal angle to the first, has a flat band with a high
density of states at the Fermi level, leading to superconductivity at 1.7 K, a
relatively high temperature given the nature of the material, which indicates
a very strong electron pairing strength [55]. In FLG the bandgap is tun-
able, unlike graphene, which is due to the overlap between the valence and
conduction band. When an external electric field is applied the band gap
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can be changed electrostatically for the desired application [56]. Therefore,
FLG offers versatility in applications. Furthermore, there are key benefits to
the utilisation of FLG as electrode material for supercapacitors, such as the
large lateral flake size [57]. The material also offers a reduction in resistance
and smaller diffusion channels [58] which greatly enhances the performance
of such energy storage devices.

As a result of the potential offered by graphene, due to the properties dis-
cussed above, numerous methods for production of monolayer graphene, BLG
and FLG sheets have been established [59]. With the latter being of impor-
tance to this study, as the scalable production method chosen to produce
the materials used in this thesis, high shear exfoliation (discussed in Section
1.5.5), the primary material produced is FLG with a negligible contribution
from monolayer material.

However, if graphene is to be utilised for energy storage devices there is the
requirement that large-scale production must be commercially viable and
the quality of the material must be maintained to an appropriate standard,
furthermore it is highly desirable that the graphene sheets are prevented from
restacking [60]. The various graphene synthesis techniques are discussed in
Section 1.5.

1.4.2 MoS2: Structure and Properties

In one of the first papers discussing the isolation of graphene Geim and
Novoselov also examined other two-dimensional materials with a similar
structure [61]. After the initial focus on graphene the academic research
community recognised that it is possible to isolate a whole ‘family’ of two
dimensional materials with a range of unique properties not shared by their
bulk analogues. Some of these materials were found to be able to address
a number of disadvantages of graphene for specific applications, such as the
lack of a band gap which makes graphene undesirable for digital electronics
[62] and it’s chemical inertness which, although beneficial for some applica-
tions, means that desirable reactions such as pseudocapactive charge storage
is not possible. Among the family of 2D materials those that have received
the most attention, due to the abundance and relatively low cost of pre-
cursors and/or parent bulk solids, are the transition metal dichalcogenides
(TMDCs), a group of layered materials which have the general chemical for-
mula MX2, where M is a transition metal and X = S, Se and Te. The most
notable TMDC in terms of volume of previous research is MoS2 (Molyb-
denum disulphide), the reason for the popularity of this material will be
outlined below.
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Figure 1.5: Representation of the different orientations and phases of MoS2,
with letters indicating stacking sequence [63].

The basic building block of MoS2 consists of a layered structure in which
a plane of molybdenum atoms is sandwiched by planes of sulphide ions as
shown in Figure 1.5. This principal structure forms what is generally termed
a monolayer of MoS2. The thickness of each monolayer has been determined
to be ∼0.65 nm [64]. To obtain bulk MoS2, multiple monolayers are stacked
upon each other and held together by weak van der Waals forces. The prop-
erties, and hence potential applications, of MoS2 change with its structure.
Bulk MoS2 in the 2H -phase, where H represents hexagonal symmetry [65,
66], behaves as an indirect-band gap semiconductor with a band gap of 1.2 eV
and monolayer 2H -MoS2 exhibits a direct band gap of 1.9 eV, with the band
gap increasing as a function of the decrease in the number of layers [67].
As such, the dependence of electronic properties on the number of layers, as
indicated by the change in energy of the band gap with respect to the num-
ber of layers, has highlighted the extraordinary potential to utilise MoS2 in
various applications e.g. optoelectronics, hydrogen evolution reaction and as
an electrode material for energy storage devices such as lithium-ion batteries
[68–70].

There are three distinct phases of MoS2, originating from the local symme-
try of the monolayers and stacking sequence: 1T, 2H and 3R [67], Figure
1.5. When labelling the phases of MoS2, the numeral indicates the number
of layers and the accompanying letter is associated with the crystallographic
structure, T being trigonal, H Hexagonal and R Rhombohedral. The stack-
ing sequence affects the electronic structure of MoS2 and primarily the sta-
bility of the configuration [67]. The 1T phase of MoS2 is metallic while the
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thermodynamically stable 2H phase is semiconducting and a semi-conductor
to conductor transformation can be achieved through intercalation of the 2H
phase with alkali metals [71, 72]. Due to the thermodynamic stability of
2H -MoS2 and relative ease of production by the same high shear exfoliation
methods used for graphene, the work presented in this thesis concentrates on
this phase, and the term ‘MoS2’ can be taken as referring to the 2H phase
unless explicitly mentioned otherwise.

Much like graphene, MoS2 is mechanically flexible and has a Young’s modu-
lus of 0.33 ± 0.07 TPa. 2H -MoS2 [64] has a lattice constant of 3.15 Å, and is
stable up to 1200◦C [67]. As stated above, 2H -MoS2 is semiconducting and
is typically n-type, with a charge carrier mobility of 100 cm2 V−1 s−1 [67].
Current applications of MoS2 include: field-effect transistors, photodetectors,
solar cell materials, chemical sensors and, most notably, supercapacitor elec-
trodes [73, 74]. One of the main advantages of using MoS2 over graphene in
supercapacitor electrodes, is the fact that MoS2 possesses a band gap where
as graphene does not. This property offers flexible conductivity and the abil-
ity to ‘shape’ electrical currents, through the creation of a depletion region,
giving the distinct property of switch control that graphene does not pos-
sess. However, the main limitations in using MoS2 are its low power, energy
density and electrical conductivity [75, 76].

An important aim of this thesis is to examine the material produced through
shear exfoliation of bulk MoS2, with its future use in energy storage devices in
mind. As discussed above for the case of graphene the method of synthesis
chosen – shear exfoliation – is limited in producing monolayer MoS2 but
is efficient in producing few-layer MoS2 platelets. There are advantages in
utilising few-layer MoS2, as not only does it encompass the desired properties
outlined above but also paves way for hybrid nanostructures to be engineered.
For instance, graphene and MoS2 heterostructures have been produced to
broaden the applications of graphene, especially for electronic and energy
storage devices where switch control is needed [77].

1.5 Synthesis of Graphene and MoS2

A wide variety of techniques have been developed for the production of mono-
layer to few-layer graphene and MoS2. These can be broadly separated into
‘Top-down’ techniques, in which one starts with a bulk analogue material and
reduces it to monolayer or few-layer thickness and ‘Bottom-up’ approaches
which ‘build’ the materials from a variety of precursors. Top-down techniques
include exfoliation from the bulk by ultrasonication, mechanical shearing and
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electrochemical processes and can be employed to produce high quality mono-
layer and particularly few-layer samples of 2D materials. Among the most
notable, and potentially scalable, of the ‘Bottom up’ approaches to the syn-
thesis of 2D materials is chemical vapour deposition (CVD). Each technique
has both advantages and disadvantages, which are discussed in more detail
below and summarized in Figure 1.6.

Figure 1.6: Schematic of the various synthesis techniques employed to pro-
duce 2D materials. Each production method has been evaluated by Rac-
cichini et al. in terms of graphene quality (G), cost aspect (C, low value
corresponds to high cost), scalability (S), purity (P) and yield (Y) [78].

1.5.1 Mechanical exfoliation

Mechanical exfoliation was the first technique used to isolate 2D materials
[44]. As the name suggests, the technique utilises a mechanical approach,
using adhesive tape (Scotch ‘Magic’ tape, in particular) to peel flakes off
a layered material such as graphene or MoS2 from the bulk crystal. This
method is illustrated in Figure 1.7. The mechanical exfoliation step is re-
peated until several flakes with few, or even single, layers are present on the
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tape. The flakes are then transferred onto a suitable substrate, e.g. a Si
wafer, by rubbing the Scotch tape against the substrate through the use of
tools, such as plastic tweezers. The number of layers on the substrate varies
substantially and is determined through different characterisation methods
such as Raman spectroscopy, atomic force microscopy and scanning tun-
nelling microscopy. Typically, the yield of monolayer and few layer material
is low.

Figure 1.7: Mechanical exfoliation of MoS2 [79].

This method produces highest quality material, with almost no defects.
Moreover, the difficulty of this approach is low with minimal equipment re-
quired. However, it is rather laborious and the yield is extremely low, with
a very small probability of finding a single or few-layer flake. As a result,
this method is useful for small scale experiments, however, it is not possible
to scale-up the process for many applications, particularly for the quantities
required to produce even a single supercapacitor electrode.
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1.5.2 Reduction of Graphene Oxide

The reduction of graphene oxide (GO) was one of the first potentially scal-
able routes for the production of graphene. The initial step in this pro-
cess involves the production of graphite oxide by strongly oxidising pristine
graphite. The resulting oxidised graphite has a layered structure, similar to
that of the parent graphite, but oxygen atoms are introduced to the planar
structure resulting in a distribution of oxidized and non-oxidized areas [80].
This functionalisation expands the interlayer spacing and makes the mate-
rial hydrophillic, allowing GO to be exfoliated from the oxidised graphite in
water through ultrasonication.

Once individual sheets of GO have been exfoliated the the π-electron net-
work can be restored through reduction, increasing carrier mobility and car-
rier concentration [81]. This is achieved through various methods including:
thermal reduction, e.g. thermal annealing; chemical reduction; and photo-
catalyst reduction through the use of photo-chemical reaction with a catalyst,
e.g. TiO2 [81]. Alongside the high yield that can be obtained the relative
cost of the technique can be low, depending on the reduction method and
associated chemical agent used, with chemical reduction being the cheap-
est. However, due to the chemical processing involved, defects, both intrinsic
and extrinsic, are introduced into the final product, such as lattice defects
and oxygen containing groups [78]. These defects impact on the materials
electronic properties and hence the resulting ‘graphene’ is usually referred to
as ‘reduced graphene oxide’ (rGO) to reflect its non-ideal nature. Nonethe-
less, reduction of graphene oxide, alongside liquid phase exfoliation, remains
popular for producing graphene in substantial quantities.

1.5.3 Chemical Vapour Deposition (CVD)

CVD has become one of the most widespread techniques for the production
of 2D materials, as it produces monolayer and few-layer samples with high
structural quality which can then be used in many different applications.
There are a number of different CVD methods, including plasma-enhanced
CVD, thermal CVD and hot/cold wall CVD [82]. Although there are
differences in their details the principal mechanism is the same, with the
two-dimensional material being grown on a substrate through the use of one
or more precursors typically in the form of a vapour or gas.

In the case of graphene, the CVD process involves the use of a hydrocarbon
source, e.g. CH4, which is then catalytically decomposed on a substrate that
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Figure 1.8: CVD process for graphene, where (a) is a schematic of a typical
CVD system and (b) indicates grain size control through the parameters of
temperature (T) and pressure (P) [83].

has been heated to temperatures as high as 1200◦C [84], as shown in Figure
1.8. The substrates used are commonly transition metals such as nickel (Ni),
platinum (Pt) and copper (Cu), with Cu being the most favoured. Cu is
generally preferred as the carbon solubility is low in this metal – carbon
from the decomposition of the precursor is localised to the surface and the
growth process terminates when the substrate is fully covered by a graphene
layer, this process is referred to as the ‘self-limited surface deposition’ growth
mechanism [85]. When other transition metals are used graphene is formed
by precipitation of carbon from the bulk [86], which is much harder to control.

Figure 1.9: Vapour transport growth process for MoS2 [87].

MoS2 and other TMDCs can also be produced on a large area by vapour
transport methods, which are related to CVD, as shown in Figure 1.9, in
this case MoO3 or MoCl5 precursors are used. The MoO3/MoCl5 powder is
vaporised, and sulphur vapour is produced by heating sulphur powder which
is then carried by an inert gas flow (sometimes with the addition of H2 to
prevent oxidation) to react with the vaporised powder. This reaction pro-
duces MoS2 which is then deposited onto a suitable substrate, e.g. SiO2/Si.
An alternative approach is to use Mo metal and S powder as precursors –
the process is similar with the difference being that thin films of Mo are de-
posited onto a substrate, either through evaporation or sputtering and are
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then exposed to sulphur vapour at high temperatures (T > 800 °C), forming
very thin MoS2 layers.

The large-area monolayer and few-layer films of 2D materials produced by
CVD are of high quality. Moreover, in addition to ‘conventional’ precur-
sors there is opportunity to use different feedstock materials such as food
and waste [88]. However, with this particular technique there are difficulties
to consider, which arise due to the complexity of the CVD process. There
are numerous parameters that affect the final product, such as growth tem-
perature, chamber pressure, precursor amount, flow rate and location and
pre-treatment of substrate [89]. As such, these parameters have to be ma-
nipulated in order to yield the best material possible, minimise defects and
provide an adequate growth rate. Another issue that adds to the complexity
of using material produced by this approach is the frequent need to transfer
the as-grown material from the growth substrate to a substrate of interest
[90]. In the case of graphene transfer is complicated by chemical inertness
and is known to introduce a range of defects, particularly wrinkles, into the
transferred material. CVD and related methods are, moreover, expensive
and also consume a large amount of energy creating a potentially significant
environmental impact. However, despite these drawbacks CVD remains a
popular production approach within the 2D materials field and is a viable
candidate for upscaling, at least in high-value applications such as microelec-
tronics, where materials quality is paramount [82, 91, 92].

1.5.4 Self-assembly

Self-assembly is an alternative approach to synthesising graphene/MoS2,
which uses atomic/molecular building blocks to produce said materials. The
respective building blocks must have coupling sites that can be stimulated
through external means, such as physical force or structure directing agents
[76, 93], in order to construct structural units. The process is conducted at
high temperatures, once the structural variants have been produced they are
separated in order to produce the desired structure. The advantage of this
technique is the atomically precise control which yields outstanding quality
of graphene/MoS2 [94]. The consequence of the precise control is the con-
straint in both handling and transferring the structures. Furthermore, this
method is difficult to upscale as there are significant restrictions on large-scale
uniformity and order [95].
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1.5.5 Liquid phase exfoliation

As the name might suggest, all liquid phase exfoliation (LPE) approaches
involve the exfoliation of a layered ‘parent’ material into monolayer or few-
layer platelets (with a variety of lateral size distributions, depending upon
the chosen method) suspended in a liquid, often (but incorrectly) termed
the ‘solvent’. The liquid may be chosen to match the surface energy of
graphene/MoS2 (e.g. N-methyl-2-pyrrolidone) or can include a suitable sur-
factant designed to stabilise the suspension and prevent re-stacking of the
exfoliated material back into a bulk precipitate [96]. This removes the need
for the use of strong oxidising or reducing agents which might create un-
wanted defects or functional groups on the exfoliated layers. The key differ-
ence between the various LPE approaches is the method which is employed
to exfoliate the single or few layer platelets from the bulk.

Electrochemical exfoliation

Electrochemical exfoliation produces few layer graphene/MoS2 through the
use of a liquid solution (electrolyte) and an electrical potential, either anodic
or cathodic, which is then applied to consume an electrode composed of
graphite/MoS2.

For graphene production, Figure 1.10, either an anodic or cathodic potential
can be applied to an electrolyte solution, e.g. propylene carbonate, which
drives the ionic species to intercalate into the graphite electrode and increase
the inter-layer distance, subsequently exfoliating layers of graphene. In the
case of an anodic potential, the intercalation of anions is utilised to increase
the inter-layer distance. The positive current extracts electrons from the
graphite anode, creating a layer of positive charge. This charge drives the
intercalation of negative ions, e.g. sulphate anions, which increases the spac-
ing between graphene sheets through, for example, the sulphate ions forming
bubbles of SO2 gas within the graphite electrode. As the bubbles expand
exfoliation of few layer graphene sheets from the electrode occurs. On the
other hand, for the cathodic potential a negative charge on the graphite
electrode attracts positively charged ions from the electrolyte, e.g. Li+, for
intercalation. Much like in the process for anodic potentials, the inter-layer
distance is increased between the graphene sheets which can then be exfo-
liated. Depending on the application, either cathodic or anodic exfoliation
can be used, with cathodic exfoliation being more favourable in producing
high-quality few layer graphene [97]. Anodic exfoliation yields several layers
of graphene of which resemble the oxidation state of graphene oxide, however
is more efficient [98].
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Figure 1.10: Schematic of anodic and cathodic electrochemical exfoliation
mechanisms used to produce few-layer graphene [98].

For MoS2, the process is similar to the one used to produce graphene: a MoS2

crystal is used as the electrode and either an anodic or cathodic potential
is applied to the electrolyte solution. For the case of anodic exfoliation, as
shown in 1.11, the anions intercalate into the MoS2 crystal and weaken the
van der Waals interaction between the individual layers. The anions are then
oxidised which releases gas, which further increases the inter-layer distance
between the layers. Thus, MoS2 flakes are then exfoliated from the crystal.

Much like other methods, electrochemical exfoliation produces low-defect
few-layer graphene/MoS2, the method is rapid and simple and is one of
the more promising approaches for mass production. In addition, the total
period of electrochemical exfoliation lasts over minutes/hours whilst other
methods can take much longer, when considering time taken for preparation
and quality control of the final product. Yet, key factors need to be consid-
ered in producing the best yield possible, the most important of which is the
graphite/MoS2 source and conditions of the intercalation-exfoliation process.
For example, through intercalation with non-oxidative salts it is possible to
produce flakes with lateral sizes greater than 30 µm with a thickness of 2-
3 layers [100, 101]. Furthermore, the electrolyte and aqueous surfactants
ensures that the process is eco-friendly, avoiding the use of dangerous and
toxic chemicals. However the electrolytes used in certain cases, depending
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Figure 1.11: Schematic of the electrochemical exfoliation mechanism used to
produce monolayer and few-layer MoS2 [99]

on the acidity, concentration and source, can be expensive and the resulting
structural changes, either through oxidisation or other forms of defects, can
impact the uses of the materials in potential applications [102, 103].

Sonication

Exfoliation into a suitable liquid can also be achieved by the use of ultra-
sound (usually termed ‘sonication’) [104]. Applying ultrasound to a mixture
of liquid and bulk layered material results in a cycle of high and low pres-
sure caused by the traveling sound waves in the medium. This causes small
bubbles to form during the low pressure phase. As more energy is supplied
and the limit of energy absorption is reached they collapse, during the high
pressure phase. This process is called ‘acoustic cavitation’ [105]. Repeated
acoustic cavitation damages the bulk material, along with the shock waves
produced by sonication, and causes fragmentation. As the material frag-
ments, inter-particle collision further damages the bulk material. Thus, the
material begins to exfoliate and, depending on the strength of the cavitation
used, results in high yields of few-layer graphene/MoS2 with varying densities
of defects [106].
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Figure 1.12: Schematic of the sonication exfoliation process used to produce
layers of graphene/MoS2 [107].

High Shear Exfoliation

High shear exfoliation utilises shear forces along with other fluid dynamic
events to break down a parent layered material into monolayer and few layer
platelets, a schematic of which is shown in 1.13. Bulk graphene/MoS2 is
mixed into liquid medium (in some cases including a surfactant). High shear
forces are applied to this mixture through a variety of methods, with the
most common method being the use of a rotating blade, which is the ap-
proach utilised in this study and discussed in greater detail in Section 3.1.
The rotating blade is surrounded by a perforated housing, often called a sta-
tor. As the blade rotates, the high rotation rate causes centrifugal forces to
draw in the suspension towards the bottom of the rotor which is then forced
through the perforations of the stator. As the suspension passes through the
stator the high-velocity gradient found in the space between the rotor and
stator resulting from the high rotation rate and small rotor-stator separation
exerts shear force exfoliating the parent material in the suspension. The
suspension containing part-exfoliated material can re-enter the body of the
mixer through the perforations and a cyclical process continually exfoliates
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the material. Alongside shear force, fluid dynamic events resulting from the
rapidly spinning blade, such as turbulence and collisions, further assists with
the exfoliation of bulk graphene/MoS2.

The critical shear rate for exfoliated graphene has been determined to be
∼104 s-1 [108], this can be achieved through such instruments as conventional
kitchen blenders, and for MoS2 the critical shear rate is ∼3 x 104 s-1 [109].

Figure 1.13: Illustration of the high shear mixing exfoliation to produce layers
of graphene/MoS2. Shearing occurs in the second panel and the platelets
resulting from this process are shown in the third panel [110].

Separation/Purification

After the material has undergone exfoliation, thick, poorly exfoliated ma-
terial is removed through centrifugation. The process varies among studies
reported in the literature, but sediment centrifugation is most common [111].
This technique involves transferring the high shear mixed material to a con-
tainer which is then spun at very high speed creating an effective acceleration
of many thousands of times that of gravity, g. Thicker (and hence heavier)
flakes form a sediment at the base of the tube, leaving few-layer sheets of
graphene/MoS2 in suspension.

All the LPE methods discussed above are viable in producing high quality,
low defect density few-layer graphene/MoS2 [109, 112]. These methods have
the advantages of simplicity, versatility and scalability. There are, however,
various parameters that need to be optimised in each method.

Sonication/shear mixing time is an important factor, usually with greater
processing time equating to thinner platelets of smaller lateral size and higher
concentrations [113]. However, longer processing times increase the density
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of defects in the exfoliated platelets, through such mechanisms as increased
collision between the suspended particles which can damage structural in-
tegrity. In addition, increasing the duration of the exfoliation process af-
fects the overall efficiency of the method and increases energy consumption,
which is not environmentally friendly. Along with sonication/shear mix-
ing time, the ultrasound frequency/shear speed is a factor that affects the
quality and quantity of material produced, as higher frequencies/speed re-
sults in thinner layers. In the case of sonication, it introduces increased
energy into the suspension resulting in defects extending from the edge to
the basal plane of the exfoliated material [114]. In contrast, shear exfoliation
only introduces further edge defects [108]. It is also necessary to consider
the liquid/surfactant used to stabilise the bulk material whilst it undergoes
exfoliation, as a poor choice can lead to re-stacking of the sheets whereas
appropriate liquids/surfactants stabilise the exfoliated sheets through bal-
ancing surface tension [115]. Even then, some of these liquids/surfactants
exhibit high boiling point, such as N-cyclohexyl-2-pyrrolidone, creating dif-
ficulty in removing them from exfoliated material. Furthermore, due to the
poor solubility of graphene/MoS2 careful consideration must be given in de-
ciding which liquid phase is used, as this can affect the overall quality of the
subsequent layers produced.

All LPE methods suffer from the relatively low yield of monolayer
graphene/MoS2 [113] produced, although it is possible to re-use unexfoliated
material to reduce this [108]. Likewise, careful consideration of the details
of the centrifugation process is required in order to ensure that scale-up of
these methods is viable. Given that different applications will have specific
requirements regarding the platelet size and thickness of the few-layer two-
dimensional material used, such optimisation is likely to be matched to final
use.

Comparing the various methods for the production of few-layer graphene or
MoS2, LPE and, in particular, high shear exfoliation offers the best balance
of scalability, relatively low cost and high materials quality for the production
of supercapacitor materials and therefore has been chosen for the research
presented in this thesis.
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1.6 A brief review of graphene and MoS2

based electrodes in supercapacitors

As discussed above, the high surface area of two-dimensional materials make
them potentially very attractive for use in supercapacitor electrodes. The
chemical inertness of graphene, its high conductivity, outstanding mechani-
cal properties and its similarity to the high surface area carbons often used
in EDLCs prompted a number of studies into the use of this material, the
majority employing rGO or a similar chemically modified graphene material
as the active element [116, 117]. In principle, as a result of the very high spe-
cific surface area of graphene, a theoretical specific capacitance of 550 F g−1

should be achievable [118].

Graphene can be incorporated into electrode materials in a variety of forms
ranging in dimensionality: free-standing particles or dots, one-dimensional fi-
bres, two-dimensional films and three-dimensional foams or composites [118].
As the work reported in this thesis relates to two dimensional materials, pre-
vious results related to this material form will be discussed in the remainder
of this section.

There have been a number of studies undertaken of the specific capacitances
(capacitance per unit mass) of supercapacitor electrodes derived from exfoli-
ated monolayer and few layer graphenes. One of the first studies of the use of
‘graphene’ in supercapacitors was by Stoller and co workers [116] who found
specific capacitances as high as 135 F g−1 with rGO based electrodes (which
they termed ‘chemically modified graphene’) in an aqueous electrolyte, corre-
sponding to an areal capacity of 19 µF cm−2 [119]. The ‘chemically modified
graphene’ was found to contain oxygen and nitrogen with C/O and C/N ra-
tios of 11.5 and 23.0, respectively. No information on the cycling stability of
the electrodes was provided.

Si and Samulski [120] functionalised rGO with p-phenyl-SO3 groups during
the reduction process to retain the stability of the rGO dispersion used to
prepare electrodes. When dried the resulting material was found to have a
specific surface area of 44 m

2
g−1 and a specific capacitance of 14 F g−1. In-

corporating Pt nanoparticles to reduce the re-stacking of the exfoliated rGO
increased the surface area to 862 m2 g−1 and increased the reported specific
capacitance to 269 F g−1, although it is unclear whether this calculation in-
cluded the clear redox peaks in the cyclic voltammagram, originating from
the Pt nanoparticles, and hence it is difficult to draw definitive conclusions
about the impact of the increased surface area.
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An alternate approach to prevent re-stacking of rGO platelets was formu-
lated by Yang and co-workers [121] through the simple procedure of ensuring
that their rGO films remained hydrated. They found that hydrated rGO
(which they termed ‘solvated graphene’ and the rGO ‘chemically converted
graphene’) had a specific capacitance of 215 F g−1 in 1M H2SO4 which de-
clined slowly with increasing current density. Dried rGO films were found
to have a specific capacitance of ∼150 F g−1, which rapidly dropped as the
current density was raised. The difference in specific capacitance was as-
cribed to an increased surface area in the hydrated material, although by its
nature no surface area measurement could be obtained. It does, however, ap-
pear that the effective series resistance in the hydrated films was lower than
that observed for the dry rGO and this may explain some of the difference
observed.

To avoid the incorporation of extensive oxygen containing groups Biswas and
Drzal [122] used ‘graphene nanosheets’ produced by exfoliation of graphite
through acid intercalation and thermal treatment. The resulting nanosheets
were found to have an average lateral dimension of 15 µm and a thickness of 3
to 5 nm, corresponding to 9 - 15 monolayers. Hence, this material should not
strictly be referred to as ‘graphene’ or FLG, since beyond 10 layers thick the
material is electrically indistinguishable from bulk graphite [123]. These thin
graphite platelets were deposited in layer-by-layer fashion on a solid substrate
and could, in principle, be removed to produce a free-standing foil, although
electrochemical measurements were performed on 20 µm thick films deposited
on stainless steel plates. The specific capacitance of the films was found to be
∼ 36 F g−1 at a current of 30 A g−1. The effect of defects was investigated by
milling the graphite platelets, which were assembled in a sandwich structure,
leading to electrodes with a specific capacitance of 80 F g−1 at a discharge
current of 10 A g−1.

A key point to note when considering the values of specific capacitance dis-
cussed above is the importance of defects in determining the capacitance of
electrodes derived from graphene. The capacity of the interface between a
single layer of pristine graphene and an electrolyte can be given by

1

Celectrode

=
1

CQ

+
1

CH

+
1

Cdiff

(1.3)

where CQ is the intrinsic (or quantum) capacitance of a single graphene layer,
CH is the capacitance of the Helmholtz layer and Cdiff is the capacitance of
the diffuse layer. In a concentrated electrolyte Cdiff is much larger than the
other terms in equation 1.3 and can be neglected [119]. The Helmholtz layer
capacitance depends on the electrolyte and is found to be 28 µF cm−2 for 4M
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H2SO4 [119] and 21 µF cm−2 for the ionic liquid 1-butyl-3-methylimidazolium
hexafluorophosphate [124]. At electrode biases close to the charge neutral-
ity point (when the Fermi level of graphene is located at the Dirac point)
the number of charge carriers in graphene is expected to be zero, resulting
in a quantum capacitance which is also zero. As a bias is applied to the
graphene moving it away from the charge neutrality point, CQ is expected
to vary linearly with the applied voltage. Hence we would expect a strongly
bias dependent capacitance, which is not observed in bulk graphene-based
electrodes [116, 120, 121].

Xia et al. [124] found that even in a single layer of graphene the expected
close to zero value of quantum capacitance is not observed. Instead a finite
minimum value is observed. This non-ideal behaviour can be explained in
terms of the presence of defects or impurities either within, or local to, the
graphene layer which introduce an extrinsic carrier density, n∗. CQ can then
be expressed as:

CQ =
2e2

h̄vF
√
π

(|nG|+ |n∗|)1/2 (1.4)

where n∗ is the carrier density due to defects, nG is the carrier density due
to the bias applied with respect to the charge neutrality point and vF is the
Fermi velocity of graphene (≈ c/300).

To explore the effect of lattice disorder and functionalisation in more detail
Pope and Aksay [125] reduced GO under a range of different conditions to
create rGO with varying degrees of oxidation and lattice defects. A four-fold
variation in double layer capacitance was observed for monolayer electrodes
produced from these materials dependant on the concentration of both types
of defect – the presence of functional groups or lattice defects alone was
found not to be sufficient to produce such a large change. Similar behaviour
was observed in ‘thick film’ electrodes produced from Teflon-bound material
pressed onto Aluminium mesh, however it was found that the electrode with
lower specific capacitance exhibited better rate performance. This result was
interpreted as indicating that the increased capacitance due to defects and
functionalisation comes at the cost of reduced electrode conductivity.

The dependence on capacitance on defect density is key to graphene-based su-
percapacitor electrode performance and is examined in this thesis by varying
few-layer graphene platelet linear dimensions (and hence the density of edge
defects) through varying the production (high shear exfoliation) conditions.
Through limiting defects to the edges of the graphene platelets their impact
on electrical conductivity, and hence rate performance, can in principle be
reduced.
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MoS2 has received less attention than graphene as a supercapacitor material.
Chen et al, [126] investigated the quantum capacitance of both 1T and 2H
allotropes and found that CQ of the metastable 1T phase was 14.9 µF cm−2

compared with 1.35 µF cm−2 for the 2H phase. This study also demonstrated
that the MoS2 layers re-stacked in such a way that significant ion intercalation
could occur, leading to an increase in capacity with the number of layers.
Such behaviour was not observed in graphene. The increase in capacity
with the number of MoS2 layers suggests that the creation of a composite
electrode, consisting of MoS2 and graphene could have a significantly larger
accessible surface area than graphene alone.

Although specific capacitances of 400 to 700 F g−1 have been reported
for bulk electrodes produced from 1T -MoS2 [127], this allotrope of MoS2

is metastable and difficult to produce, hence interest remains in the per-
formance of electrodes incorporating the 2H phase: Huang et al. [128]
found that a layered 2H-MoS2 graphene composite which assembles into
a three-dimensional spherical architecture exhibited a specific capacitance of
243 F g−1 at a discharge density of 1 A g−1 despite the lower capacity of this
phase. In comparison, in study of spherical MoS2 nanostructures a lower
specific capacitance, 122 F g−1 was observed. The performance suggested
by layered MoS2-graphene electrode structure suggests that production of
MoS2-graphene composites is an attractive route for the production of high-
performance supercapacitor electrodes derived from layered materials and
the shear exfoliation of 2H-MoS2 is characterised in this thesis as a first step
towards the creation of such a composite electrode.



Chapter 2

Experimental Techniques

2.1 UV-Vis Spectroscopy

UV-Vis spectroscopy is a technique that probes the electronic properties of
a sample through absorption of radiation in the visible (vis) and ultraviolet
(UV) regions of the electromagnetic spectrum. In addition to probing the
optically-allowed transitions of gases, liquids and solids, it can be employed
to determine the concentration of a specific species in a solution or suspension
if its optical absorption behaviour is known [129].

Figure 2.1 indicates the various processes that are involved during the in-
teraction between various wavelengths of electromagnetic radiation and a
material (which could be gas, liquid or solid). For the purpose of this thesis,
we are only concerned with absorption as a result of electronic excitation to
characterise suspensions of few-layer graphene/MoS2 produced through shear
exfoliation. In brief, in these processes the energy from incident electromag-
netic radiation can be absorbed by a medium when the excitation process
satisfies the dipole selection rule. In the UV-vis energy range, if the energy
of the incoming photons of UV or visible light is sufficient, they will cause
dipole-allowed transitions between different electronic energy levels [131] of
the species contained in the material in question, (if the photon energy range
were much lower, in the infrared, the excitations of concern would be dipole-
active vibrations of the molecule or solid).

The ratio between the intensity of light transmitted by a sample, I, to the
incident intensity, I0, is given by the Beer-Lambert Law:

I

I0
= exp (−αL) (2.1)

34
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Figure 2.1: Illustration of the different processes that occur during the inter-
action of electromagnetic radiation and matter [130].

where L is the path length of the light through the sample and α is the
absorption coefficient. It is often more convenient to express the results of
an absorption experiment in terms of the absorbance, A, of a sample [132]
(sometimes known as the optical density) which is defined as follows:

A = − log T = − log

(
I

I0

)
= 0.434αL (2.2)

Absorbance is a convenient quantity to use when characterising solutions
and suspensions due to the linear relationship between absorbance and both
concentration and path length. An absorption spectrum can be constructed
by plotting absorbance (A) as a function of wavelength (λ) as shown in Figure
2.2 for a suspension containing a mixture of graphene oxide and graphene
[133]. The absorption peaks labelled enable the identification of graphene
oxide (peak at 237 nm) and graphene (273 nm) in the suspension. The
312 nm and 361 nm peaks are associated to the conjugated polyenes CH3-
(CH-CH)n-CH3 for n = 4 and ≥ 6 respectively.

The main application of UV-vis spectroscopy within this study is to identify
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whether the material of interest is present within a suspension and, if so, to
determine its concentration. Concentration can be found from by rearranging
equation 2.2 as follows,

A = εcL (2.3)

Where A is measured absorbance at a given wavelength, ε is the (known)
absorbtivity at that wavelength, L is the path length of the electromagnetic
radiation within the sample and c is the concentration of the species of in-
terest.

Figure 2.2: Absorbance spectrum from a suspension containing graphene
oxide and graphene [133].

UV-Vis spectroscopy not only allows one to assess whether the required ma-
terial is present in suspension and to determine its concentration but can
also provide other additional characterisation, such as the (average) number
of layers of a suspension containing few-layer two-dimensional platelets from
the known shift of absorption bands with thickness [134].

2.2 Raman Spectroscopy

Raman scattering was first theorised by Smekal in 1923 and subsequently
demonstrated experimentally in 1928 by C. V. Raman [135]. This process
involves the scattering of incident electromagnetic radiation resulting from
interaction with a time-varying polarisability induced within the sample. In
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a classical picture we can consider a sample with a time-varying local polar-
isabiity, α given by,

α = α0 + ∆α cos (Ωt) (2.4)

where α0 is the static polarisability and ∆α cos (Ωt) is a time varying com-
ponent oscillating at (angular) frequency Ω (originating from a molecular
vibration or a phonon in a crystalline solid). When a time varying electro-

magnetic field ~E cos (ωt) is applied to the sample, its local polarisation varies
as

~p = (α0 + ∆α cos (Ωt)) ~E cos (ωt)

= α0
~E cos (ωt) +

∆α

2
~E (cos ((ω − Ω) t) + cos ((ω + Ω) t)) . (2.5)

The time-varying local dipole moment ~p leads to re-radiation of electro-
magnetic radiation (scattering): the first term is associated with elastic (or
Rayleigh) scattering while the second term consists of the absorption or emis-
sion of a quantum of vibrational energy by the scattered photon. In the latter
case the scattered photon will have energy h̄Ω greater (anti-Stokes scattering)
or less (Stokes scattering) than its incident energy, respectively. As it is more
likely that the sample is in the ground state, due to the Boltzmann distribu-
tion of phonons at thermal equilibrium, the intensity of the Stokes transition
is significantly stronger than that of the anti-Strokes transition [136, 137].
By measuring the energy (the frequency or equivalently the wavelength) of
the scattered photons it is then possible to determine the Raman-allowed vi-
brational excitations of the sample. It is this analysis of scattered radiation
that forms the basis of Raman spectroscopy.

Since the development of the laser, which can provide a high intensity, highly
collimated source of monochromatic light, so overcoming the low efficiency
of Raman scattering (only one photon in 107 is typically scattered in non-
resonant processes) the technique has become a staple in determining the
properties of a variety of materials as it is rapid, non-destructive and non-
invasive [138, 139]. Moreover, in many cases little sample preparation is
required and measurements can be made under a range of conditions of
temperature and pressure. In a typical Raman spectroscopy experiment
monochromatic, collimated light is directed at the sample of interest and
the resulting scattered light is collected either in transmission or reflection
and used to plot the excitation of the sample in terms of the Raman shift,

∆ν =

(
1

λi
− 1

λf

)
(2.6)

where ∆ν is the Raman shift (typically expressed in units of cm−1), λi is the
incident wavelength and λf the wavelength of the scattered light.
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The Raman shift is used rather than the absolute wavelength of the scattered
light so that the same excitation will (in the absence of dispersion) have
the same energy irrespective of the energy of the incident light. A typical
Raman spectrum from a monolayer of graphene is presented in Figure 4.2,
two characteristic peaks of defect-free graphene, known as the G and the 2D
bands, are clearly visible. The presence, position and width of the various
Raman active bands can provide useful information on the number of layers,
strain, doping and defects of a 2D material [140, 141].

Figure 2.3: A typical Raman Spectrum obtained from monolayer graphene
[142].

A more complete description of Raman scattering is provided by a quantum
mechanical treatment. In general terms, the process can be considered to
involve the absorption and emission of a photon, with a finite probability
that the sample is left in a vibrationally (de-)excited final state. Although
this picture is simplistic – the process is single-step and coherent – it en-
ables us to understand the differences between resonant and non-resonant
processes. Figure 2.4 illustrates the various frequencies produced via non-
resonant Raman scattering. Absorption of a photon promotes the system
into a ‘virtual state’, which can be thought of in terms of promoting an elec-
tron to a state which is sufficiently short-lived that the fact that its energy is
not a solution of the Schrödinger equation does not preclude the excitation
as, due to the Heisenberg principle, the uncertainty in its energy is so large.
The short-lived nature of this virtual state explains why the probability for
Stokes or anti-Stokes scattering is so small in Raman scattering. In a resonant
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process, the excitation is to a real excited state of the molecule and hence
such a transition can be long-lived, significantly increasing the probability of
Stokes/anti-Stokes scattering and therefore substantially increasing the Ra-
man signal. One of the reasons that Raman scattering is such a powerful
tool for investigating graphene is that the unique band structure of graphene
results in resonant Raman scattering for a number of vibrations over a wide
photon energy range.

Figure 2.4: Illustration of the various excitations and the associated fre-
quency produced, whereby ve is the frequency of the absorbed photon and
vs is the frequency of the scattered photon [143].

2.3 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is an advanced tool used to provide
information on the topography, composition, grain orientation, and crystal
structure of a sample. A schematic of a typical SEM instrument is shown in
Figure 2.5. In a SEM experiment the sample to be characterised is probed
by a beam of highly energetic electrons focused onto a spot on the surface
of the sample (typically of the order of 1 nm in diameter). This spot is
then scanned across the surface in a raster pattern and a variety of signals,
discussed below, are used to build up an image of the surface.

To create the electron beam, electrons are emitted from an electron gun con-
taining an appropriate source, either thermionically from a tungsten filament
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or by tunnelling from a field emission source. The latter is generally favoured
in modern microscopes since it produces a smaller energy spread in the elec-
tron beam (around 0.3 eV compared with 1-2 eV for a thermionic source)
which is important for minimising chromatic aberrations, has a longer life-
time and a higher beam current. An anode is used to accelerate the electrons
towards the column which contains a series of electromagnetic lenses which
focus the beam. Two principal types of lens are used in the column: con-
denser and objective lenses. Two or more condenser lenses and an aperture
define the electron beam size by converging the beam of electrons (before the
electron beam cone opens). As the electrons travel towards the sample they
are then met by the objective lens(es) which demagnify the beam and focus
it onto the sample. The optical column must be under high vacuum, to avoid
attenuation of the beam by collision with residual gases and is maintained at
a typical pressure of 10-8 mbar [144]. Once the beam has been focused, de-
flection (or scanning) coils are used to create a magnetic field to continuously
vary the deflection of the beam allowing a rectangular area of the sample to
be scanned.

The power of the SEM as an imaging technique originates from the small
wavelength of the electron beam (typically accelerated through a potential
of 1 - 30 keV) which is provided by the de Broglie relation [146],

λ =
h

p
=

h

m0v
=

h√
2m0eU

1√
1 + eU

2m0c2

(2.7)

Where λ is the electron wavelength, h is the Planck constant, m0 is the rest
mass of an electron, e the electron charge, U is the electric potential through
which the electrons are accelerated and c the speed of light.

When the electron beam impinges upon the sample a number of interactions
are possible leading to signals which can be used to characterise and image
the sample. These signals include Auger electrons, secondary electrons (SE),
backscattered electrons (BSE), X-rays and cathodoluminescence. As shown
in Figure 2.6, in addition to providing information on differing aspects of the
sample, the signals have differing penetration depth and spatial resolution.
The research presented in this thesis relies on the SE and BSE signals for
sample characterisation and in consequence only the mechanism by which
these two signals are produced will be discussed in detail.

Secondary electrons are produced by inelastic electron-sample interactions,
in which the beam interacts with the atoms in the sample, transferring en-
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Figure 2.5: A schematic showing the basic structure of a Scanning Electron
Microscope [145].

ergy which leads to the emission of weakly bound electrons. The resulting
secondary electrons typically have an energy less than 50 eV [144]. The low
energy of the SEs result in a short mean free path, as can be seen in Figure
2.7, with the result that only those emitted close to the surface of the sam-
ple can reach the detector. Due to this, the interaction volume from which
SEs originate (Figure 2.6) is small and SEs can resolve features as small as
∼ 10 nm. The potential for high resolution and the high yield of secondary
electrons (the number emitted per incident electron is usually greater than
1) mean that SEs are frequently used as the primary imaging signal in SEM.

SEs can be detected using an Everhart-Thornley detector, which is composed
of scintillators housed in a Faraday cage. The SEs are attracted to the posi-
tively biased cage and accelerated into the scintillators which emit light upon
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Figure 2.6: An illustration of the interaction of an incident electron beam
with a sample in the SEM [147].

the impact of an electron. The light then passes through a photomultiplier
for amplification and an image is produced. The detector is placed towards
the side of the SEM chamber, with varying inclination, the purpose of this
is to increase the efficiency of SE detection. Topographic information in the
SE signal originates from a combination of surface asperities preventing the
electrons from reaching the detector (which is usually placed at an angle to
the surface) and the influence of the local curvature of the sample on the
shape of the interaction volume, with sharp, prominent features emitting
more electrons.

Backscattered electrons (BSEs) originate from the incident electron beam
and are the result of single or multiple scattering, with the scattered electron
directed at angles greater than 90◦ to the incident beam direction. The
BSEs typically have energies of 60-80% of the original beam (although any
electron escaping the sample with greater than 50 eV is typically considered a
BSE) [144, 148] and as a result can originate from deeper within the sample
than SEs, as can be deduced from the ’universal curve’ of electron mean
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free paths in solids, Figure 2.7. Hence, the BSE signal is associated with a
larger interaction volume and offers a lower resolution (by up to two orders
of magnitude) than the SE signal.

BSEs are detected through the use of a solid-state detector or
scintillator/semi-conductor based detector placed concentrically about the
incident electron beam. The BSE yield is dependent on the atomic number
of the scatterer, with heavier elements producing a stronger signal and, as a
result, can yield useful information about the elemental composition of the
sample, as well as providing information about the structure of the sample
beneath the immediate surface.

Figure 2.7: The ’Universal Curve’ of inelastic mean free path of electrons in
a solid as a function of kinetic energy [149].

2.4 Electrochemical Analysis

For characterising battery and supercapacitor materials two types of cell
construction can be employed – three electrode or two electrode [150]. The
first configuration, as the name suggests, utilises three electrodes termed the
working, reference and counter electrodes, as shown in Figure 2.8. These
electrodes are immersed in a volume of a suitable electrolyte and the rela-
tive potential between the working and counter electrode is controlled by a
potentiostat. The reference electrode, such as the silver chloride electrode



2.4. Electrochemical Analysis 44

(Ag/AgCl) have a fixed potential and provide a reference against which the
potential of the working electrode (which consists of the material to be char-
acterised) can be measured. Finally, the counter electrode serves to complete
the circuit and balance the processes taking place in the working electrode.
When performing a voltammetric measurement, such as cyclic voltammetry
(CV), the potentiostat measures the current passing between the working and
counter electrodes as a function of the applied bias, whereas in galvanostatic
mode a constant current flow between those two electrodes is maintained and
the potential required recorded.

Figure 2.8: Schematic of a three electrode electrochemical cell configuration
[151].

On the other hand, Figure 2.9 illustrates a typical two electrode cell configu-
ration. This particular configuration replicates a conventional supercapacitor
or battery cell and it can be argued that it provides a more realistic assess-
ment of performance [150]. In a symmetric two-electrode cell both electrodes
are composed of the material under investigation and act as anode and cath-
ode. A separator is placed in between the electrodes to prevent short circuit
and the interface and contacts are doused in electrolyte. Finally, the cell
is enclosed in a cell holder which is designed to apply even pressure across
the supercapacitor electrodes and ensure no external particles, such as dust,
interfere with the electrochemical process and degrade the electrolyte.

Khomenko et al. conducted electrochemical anaylsis on multiwall carbon
nanotube/polyaniline electrodes using both configurations to determine the
variance in measured capacitance between the two approaches [153]. They
found that the measured capacitance varied with the test configuration.
For the three electrode cell capacitance was found to vary from 250 to
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Figure 2.9: Schematic of a two electrode electrochemical cell [152].

1100 F g−1, whereas, for the two electrode cell the capacitance varied from
190 to 360 F g−1 using the same material. It is evident that the measured
capacitance in the three electrode configuration is significantly larger than
that obtained from the two electrode measurements. Stoller and Ruoff [150]
argue that the increased capacitance measured in the three electrode config-
uration originates from processes such as the repolarisation of the working
electrode as the potential of zero charge is unknown – i.e., the behaviour of
the working electrode changes from anodic to cathodic (or vice-versa) during
a voltage sweep which leads to an overestimate of the values of capacitance
compared with a practical supercapacitor cell. As the focus of this study is
the evaluation of electrode materials produced by scalable techniques which
could be suitable for commercial application a two-electrode configuration
was therefore considered to be the most appropriate.

2.4.1 Cyclic Voltammetry

Cyclic Voltammetry (CV) is a powerful electrochemical technique employed
to understand the processes which can occur at the surface of an electrode
as the result of an applied potential. These can be redox reactions involv-
ing electron transfer to/from the electrode (Faradaic processes) or physical
processes such as the formation of an electric double layer. The relative sim-
plicity and versatility of this technique means that it can be employed to
study chemical reactions, determine the concentration of electrochemically
active species in a solution and, as here, characterise electrochemical energy
storage systems.
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Figure 2.10: An example of a Cyclic Voltammogram and the importance of
scan rate [154].

In a cyclic voltammetry (CV) experiment the voltage between the cell elec-
trodes is varied cyclically between two bounds at a predetermined rate and
the cell current measured as a function of this applied potential, Figure 2.10
shows a typical cyclic voltammagram. It should be noted that, although the
term ‘voltage’ is typically used in the literature even when referring to two-
terminal measurements and will be used to label the axes in voltammagrams
presented in this thesis, it would be more correct in two-terminal case to
describe this as the ‘cell voltage’ since it is not measured with respect to a
well-defined electrochemical reference.

The total capacitance of the cell, CT can be determined straightforwardly
from a cyclic voltammagram, starting from the expression for the charge
stored, Q at a cell voltage V ,

Q = CTV (2.8)

Differentiating equation 2.8 with respect to time yields,

dQ

dt
= CT

dV

dt
(2.9)

or

i = CT
dV

dt
= CT r (2.10)

where r is the rate of change of voltage. When determining the cell capaci-
tance the current is usually measured on the discharge part of the cycle.
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If the assumption is made that the charging and discharging processes involve
an identical transport of charge, CT may be extracted from the area contained
within a single CV loop by,

CT =
1

2r∆V

∮
i(V )dV (2.11)

where ∆V = |V (t1)− V (t2)| is the voltage range of the CV cycle.

The total capacitance, CT , of a symmetric two-electrode cell can be consid-
ered as originating from two capacitors in series, associated with the electric
double layers forming on each electrode. Hence, we can write:

1

CT

=
1

C+

+
1

C−
(2.12)

where CT is the total capacitance of the cell, C+ is the capacitance of the
positive electrode and C− is the capacitance of the negative electrode. Since,
in a symmetric configuration the two electrodes are identical C+ = C− and,

Cel = 2CT (2.13)

where Cel is the capacitance of an individual electrode. The specific capaci-
tance can therefore be determined from the total electrode mass, m, by the
relation,

Csp =
2CT

mel

=
4CT

m
(2.14)

where mel is the mass of a single electrode.

2.4.2 Galvanostatic Charge Discharge

Galvanostatic Charge Discharge (GCD), is another electrochemical technique
(often used in combination with CV) to assess an energy storage device. GCD
is different to CV, and involves the application of a constant positive/negative
current to charge/discharge a particular device within a set potential limit,
as shown in Figure 2.11. By repeating the cycles the cyclability, or long-term
charge storage capacity, can be measured. The experimental setup employed
is identical to that used in CV measurements.

Various parameters can be determined from a GCD curve, for example: ca-
pacitance, energy, effective series resistance (ESR) etc. In addition, GCD
allows one to understand the life cycle of a device and potential presence of
irreversible Faradic reactions [156].
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Figure 2.11: An example of a GCD curve [155].



Chapter 3

Experimental Procedure

3.1 Liquid Phase Exfoliation

To produce suspensions of few-layer graphene or MoS2 by high shear
exfoliation a mixture of ultra high purity (UHP) water (resistiv-
ity 18.2 MΩ cm), a suitable anionic surfactant (Triton X-100 - t-
Octylphenoxypolyethoxyethanol) and flakes of the parent material were sub-
jected to high shear mixing using a Silverson Model L5M-A Laboratory
mixer, Figure 3.1. Triton X-100 was chosen as the surfactant because previ-
ous work within the group had shown that suspensions of high concentration
could be created reproducibly and the use of an non-ionic surfactant was
found to avoid significant residual contamination [157].

Quantities of material used in the shear mixing process were selected which
had produced high concentrations of material in previous studies [157]. In
the case of few layer graphene, 40 g of graphite flakes (Large Flake Natural
Graphite, Mesh size +590, minimum 70% flakes larger than 300 µm, >90%
carbon, ProGraphiteShop, Germany) were mixed with 1.25 g of Triton X-100
(Sigma-Aldrich) and 500 ml of ultra-pure water (Elga Purelab). For MoS2

6.25 g of MoS2 (Sigma-Aldrich) was mixed with 0.625 g Triton X-100 and
250 ml of UHP water.

Mixtures were exfoliated through high shear mixing with a 1 in diameter
square hole high-shear screen, Figure 3.1. This attachment enables the shear
mixer to generate high shear rates and is ideal for the reduction of solids.
The shear rate produced by the mixer is given by the relation [108]:

γ̇ ≈ πND

∆R
(3.1)

49
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where γ̇ is the shear rate, N is the shear mixing speed, D is the rotor diameter
(22 mm) and ∆R the gap between rotor and stator (100 µm). Hence, for a
shear mixing speed of 3,000 RPM the shear rate is ∼ 1 × 107 s−1 which is
greater than the minimum shear rate of ∼ 104 s−1 for exfoliation determined
by Paton and co-workers [108].

Figure 3.1: Silverson Laboratory Mixer Model L5M-A.

For the production of graphene suspensions shear rates of 3000 RPM to
9000 RPM were used with increments of 2000 rpm and the material exfoli-
ated for a duration of 120 minutes. After the process had been completed,
the mixture was decanted into 50 ml centrifuge tubes and then placed in
a centrifuge system to remove poorly exfoliated material. These tubes were
centrifuged at 2000 RPM for 60 minutes and once the process had finished the
top 40 ml from each of the eight centrifuge tubes was decanted into a 250 ml
glass bottle. The remaining 10 ml of suspension contained the sediment
and heavier (thicker) platelets and so was discarded. For the MoS2 samples
mixing speeds of 3000 RPM to 8000 RPM were chosen with increments of
1000 RPM and the suspensions exfoliated for a duration of 40 minutes. The
shear mixer was situated 4.2 cm from the bottom of the container on each oc-
casion in a centred position to ensure reproducibility. As with the graphene,
the as-exfoliated material was placed into centrifuge tubes. These tubes were
centrifuged first at 1500 RPM and then at 3500 RPM, for 99 minutes at both
speeds. Following centrifugation the top 40 ml of the suspension was, once
again, extracted.
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3.2 UV-Vis spectrometer

A Shimadzu UV-3600 UV-Vis spectrometer, as shown in Figure 3.2, was
used to determine the concentration of suspensions of few-layer graphene
and MoS2. 4.5 ml of the centrifuged suspensions was pippetted into a quartz
cuvette for measurement. As the centrifuged suspensions of MoS2 were di-
lute enough to be measured by the UV-Vis spectrometer, they could be
decanted directly into the cuvette. However, for the centrifuged suspensions
of graphene the suspension had to be diluted with UHP water as they were
opaque. The amount of UHP water used to dilute the suspensions for shear
rates of 9000 RPM, 7000 RPM and 5000 RPM was 300 ml, whereas for
3000 RPM the amount used was 100 ml. These amounts were chosen to
ensure that sufficient exfoliated material was present within the cuvette to
obtain a clear signal whilst maintaining sufficient transparency for charac-
terisation. In each case a reference sample consisting of a mixture of UHP
water and Triton X-100, with a concentration matching that of the (diluted)
suspensions used was placed in a second cuvette and the difference spectrum
measured in order to determine the concentration of the two-dimensional
material. For MoS2, the wavelength range measured was 400 nm to 800 nm
in steps of 0.2 nm, whilst for graphene it was 300 nm to 800 nm. The slit
width used in all experiments produced a nominal resolution of 1 nm.

(a) UV-Vis spectrometer.
(b) Cuvette housing.

Figure 3.2: (a) The UV-Vis spectrometer used to determine concentration
and number of layers of the exfoliated two-dimensional platelets of MoS2

and graphene; (b) the cuvette housing, with the reference cell holder being
furthest to the back.
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3.3 Vacuum filtration of Graphene and MoS2

samples

Vacuum filtration was used to produce binder-free free standing electrodes
of graphene and also to isolate few-layer MoS2 platelets for analysis. The
filtration system is shown in Figure 3.3 and suspensions were filtered onto
cellulose nitrate membrane filters, sourced from Whatman, with a pore size
of 0.1 µm and diameter of 47 mm. The filter membranes were carefully
inspected to ensure that they were clean and free of damage before being
placed on the glass frit of a funnel mounted on a vacuum pumped side-
arm flask and then clamped securely into place. To create the free-standing
graphene foils from which electrodes were cut, a quantity of suspension was
chosen, based upon the concentration determined from UV-vis spectroscopy
to produce a total of ∼ 120 mg of few-layer graphene aggregated on the
filter membrane. After filtration the resulting material was washed with an
amount of UHP water equal to 1.5 times the volume of the initial suspension.
The filtered material was then placed on a hot plate overnight at 50℃ to
dry. Two 15 mm diameter circular electrodes were cut from the resulting
few-layer graphene ‘paper’, which could be peeled from the filter membrane.
The remaining material from the film was retained for analysis by Raman
spectroscopy and SEM. For MoS2, 80 ml of suspension produced at a given
shear rate was filtered and washed with 200 ml of UHP water and the sparse
dispersion of few-layer platelets characterised by SEM.

Figure 3.3: Vacuum filtration apparatus.
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3.4 FEI Helios Nanolab 600 DualBeam

FIB/SEM

Figure 3.4: The FEI Helios Nanolab 600 DualBeam system [158].

The few-layer graphene electrode materials were characterised with a FEI
Helios Nanolab 600 DualBeam FIB/SEM. This instrument can be operated in
focused ion beam (FIB), electron beam (SEM) or dual modes, Figures 3.4 and
3.5. In the work presented in this thesis the SEM imaging mode was chosen.
The microscope has a Schottky-type field emission source which offers beam
currents of up to 22 nA and accelerating voltages up to 30 kV, with a nominal
resolution of 0.9 nm at a beam energy of 15 keV. To produce the best images
of the surface of the electrode samples, various beam energies, accelerating
voltages and currents were tested, along with the different imaging modes,
both SE and BSE. Eventually, SE imaging with a beam energy of 8 keV and
a beam current of 0.34 nA were chosen.

3.5 Zeiss EVO SEM

Unlike the continuous films produced for the few-layer graphene electrodes,
the filtration of the MoS2 suspensions resulted in isolated platelets sparsely
dispersed on the cellulose nitrate membrane. Although such a dispersion is
ideal for characterisation of the size distribution of the MoS2 platelets, the
non-conductive nature of the membrane filter meant that a conventional high
vacuum SEM, such as that described in section 3.4 could not be successfully
employed in imaging these samples due to excessive charging. Instead a Zeiss
EVO SEM, Figure 3.6, was employed under low vacuum conditions, with
the admitted air molecules neutralising the membrane charge and enabling
imaging to take place.
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Figure 3.5: Chamber of the FEI Helios Nanolab 600 DualBeam FIB/SEM
[158].

The Zeiss EVO microscope has a LaB6 thermionic electron source and can
reach a nominal resolution of 2 nm at 30 kV in SE imaging mode. In addition
to operating under high vacuum (HV – 2× 10−5 mbar), the microscope can
operate in an extended pressure (EP) range of 10 to 3000 Pa enabling the
imaging of delicate samples and the neutralisation of charge in insulators.
Images can be formed using SEs or BSEs in HV mode or BSEs in EP mode.
For the sparse MoS2 platelets images were obtained using BSEs in EP mode
at a pressure of ∼ 40 Pa and a beam energy of either 15 keV or 20 keV, with
the energy chosen in order to produce the clearest possible images.

3.6 ASEQ RM1 Raman Spectrometer

The ASEQ Instruments RM1 Raman spectrometer, Figure 3.7, is a low-cost
Raman spectrometer consisting of a low-noise 200 mW laser operating at a
wavelength of 532 nm, a 10× objective lens with a 10 mm working distance,
a thermoelectrically-cooled charge coupled device (CCD) spectrometer and
associated focusing optics. Rayleigh scattered radiation was removed by a
Semrock long-pass filter, which blocks wavelengths up to 537 nm, hence only
Stokes scattered photons can be observed. The HR1-T CCD spectrometer
has 3648 pixels and the overall system resolution is 12 cm−1. Samples are
mounted vertically on a home-built motorised stage with stepper motor con-
trol in the x, y plane (perpendicular to the axis of the objective lens), and
manual control in the z direction (parallel to the axis of the objective lens).
Raman spectra were obtained with a laser power of 4 mW at the sample,
which corresponds to a laser power of ∼ 1.5 × 104 mW cm−2. This power
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Figure 3.6: Zeiss EVO SEM.

Figure 3.7: The ASEQ RM1 Raman spectrometer

was chosen as it afforded the greatest signal without any danger of sample
damage.

The associated application software, ASEQ spectra, was used to produce the
Raman spectra. Prior to data acquisition, the thermoelectric cooling system
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on the HR1-T spectrometer was operated for at least an hour to ensure
stable low-noise operation. Once the temperature of the spectrometer had
become stable, a background ‘dark’ spectrum was obtained under the same
conditions as the acquired spectra and subtracted, to remove the effect of
‘hot’ pixels in the spectrometer.

3.7 Potentiostat/galvanostat

A USB-controlled potentiostat/galvanostat was built following the design of
Dobbelaere et al. [159], as shown in Figure 3.8. This relatively simple po-
tentiostat/galvanostat allows numerous electrochemical tests, such as cyclic
voltammetry, galvanostatic charge and discharge and rate testing, to be per-
formed on a electrode test configuration. The performance metrics of the
device are a sample rate of 90 ms, potential range of ±8 V, current ranges
from ±2 µA to ±20 µA and potential and current resolution of 22-bits. The
performance is comparable to low-cost commercial instruments such as the
Squidstat Solo [159].

Figure 3.8: Main board of potentiostat/galvanostat, with annotations indi-
cating the ports used to connect electrodes, USB connection to the PC and
LEDs to indicate the different operation modes [159].

In measurements performed on a symmetric supercapacitor cell, such as those
reported in this thesis, reference and counter electrode connections of the
potentiostat are both connected to one electrode whilst the working electrode
and voltage sense connections are attached to the other.

A commercial split cell, Figure 3.9, was used for the electrochemical char-
acterisation. Two identical 15 mm diameter FLG electrodes were placed on
either side of a porous membrane separator (Celgard 2500, thickness 25 µm,
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porosity 55%) and clamped firmly between two synthetic graphite plates
(Olmec Advanced Materials) with an electrolyte of 6M KOH.

Cyclic voltammagrams were measured between 0 and 0.9 V, the upper limit
to avoid degradation of the electrolyte. A ‘one sided’ rather than symmetric
voltage range was chosen to avoid changing electrode polarisation which, as
described above, can produce misleading results for the cell capacitance. CV
scans were performed at voltage ramp rates of 5, 10, 25 and 50 mV s−1 with
50 cycles performed at each rate.

GCD measurements were performed over the same voltage range as the cyclic
voltammetry with charge/discharge currents typically of ±1 × 104 µA over
10,000 cycles with the number of cycles limited by available laboratory time.

Figure 3.9: The split terminal electrochemical test cell used for CV and GCD
measurements.



Chapter 4

Free-Standing Binder-Free FLG
Supercapacitor Electrodes

4.1 Introduction

As discussed in Section 1.6, two dimensional materials such as FLG have sig-
nificant potential for use in supercapacitor electrodes due to their high surface
areas, conductivity and desirable chemical properties. In this chapter the pro-
duction and characterisation of electrodes fabricated from FLG produced by
high shear exfoliation is described. The aims of the study are two-fold: (1) to
examine the feasibility of producing homogeneous free-standing, binder-free
electrodes which can form the basis for the future production of heteroge-
neous composite electrodes, including MoS2-graphene heterostructures; (2)
to investigate the impact of platelet size and, indirectly, the presence of edge
defects on the specific capacitance of FLG electrodes.

4.2 Characterisation of FLG Supercapacitor

Electrodes

4.2.1 UV-vis spectroscopy

FLG suspensions were produced at four different shear rates, as outlined
in Section 3.1. The absorption spectra of samples produced at each of the
shear rates is shown in Figure 4.1. From Figure 4.1 it can be seen that the
absorbance of the 3000 RPM batch is the highest, followed by 7000 RPM,
9000 RPM and 5000 RPM. The absorption spectra obtained from the FLG
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suspensions all have the same form and are characteristic of pure graphene,
showing a monotonic increase in absorption with decreasing wavelength, re-
sulting from a combination of a uniform absorption in the visible range re-
sulting from intraband absorption and the tail of a π → π∗ transition in the
UV at 270 nm [160].

Figure 4.1: UV-Vis spectra obtained from suspensions of FLG produced at
differing shear rates.

The concentration of each suspension was evaluated using the Beer-Lambert
law, equation 2.1, using the absorption coefficient at a wavelength of 660 nm,
which is far from the intraband absorption peak and is presented in Table 4.1.
There are a range of values of absorption coefficients reported in the literature
[161, 162], due to the fact that the measured ‘absorption coefficient’ includes
the effects of scattering, particularly in concentrated suspensions. The rela-
tive opacity of the suspensions indicates the scattering is likely to play a role
in the absorption measurements presented here. The value of absorption co-
efficient reported by Lotya and co-workers [163] of α = 1390 ml mg−1, deter-
mined from graphene exfoliated into surfactant suspensions, was chosen due
to its close agreement with the concentrations determined gravimmetrically
through weighing the vacuum filtered FLG films. From the data presented
in Table 4.1 there is a general increase in concentration with shear speed, as
would be expected from previous work [108]. However, there is a batch to
batch variation in concentration of around 50%, the origin of which is not
obvious and which may suggest some considerable sensitivity of the measured
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concentration to either shear exfoliation conditions or the conditions under
which the UV-vis measurements were made.

Once the concentration of the suspensions were ascertained, the quantities
required to produce a target mass of 120 mg on the filter membrane by
vacuum filtration were determined, with dry masses found to range between
93± 2 mg and 130± 2 mg.

Shear Rate
(RPM)

Concentration
(g ml−1)

9000 0.00042
7000 0.00074
5000 batch 1 0.0002
5000 batch 2 0.00027
3000 batch 1 0.0002
3000 batch 2 0.0003

Table 4.1: Concentration of the FLG samples produced through shear exfo-
liation.

4.2.2 Raman Spectroscopy

Figure 4.2 shows typical Raman spectra obtained from the vacuum fil-
tered FLG films produced from material exfoliated at differing shear mixing
speeds. The Raman spectra were obtained by Dr. M.R.C. Hunt. All spectra
have the same form, with three prominent peaks located at ∼ 1350 cm−1,
∼ 1580 cm−1 and ∼ 2700 cm−1. These three bands are known as the D, G
and 2D (or G’ ) bands, respectively [164], and their relative intensities are
able to provide considerable insight into the structure and defect density of
the FLG based supercapacitor electrodes.

The G band corresponds to doubly degenerate optical phonons of E2g sym-
metry situated at the centre of Brillouin zone and represent the in-plane
vibrations of the carbon atoms excited by a singly resonant process. The
significance of this band is that it is affected by the number of layers of
graphene, as the number of layers increase the band intensity increases. This
is due to more carbon atoms contributing to the particular vibration mode
[165]. Alongside the correlation with number of layers, the intensity, peak
position and shape are affected by factors such as charge, impurities or stress.

The 2D band originates from doubly resonant scattering processes involving
zone boundary phonons with the shape of this band highly sensitive to the
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number of graphene layers within a sample and their relative orientation [166,
167]. A graphene monolayer exhibits a single, relatively narrow (full width
at half maximum – FWHM – of ∼ 25 cm−1) 2D line, which contains four
components in the bilayer. The shape of the 2D peak further evolves with
thickness, reaching that of bulk graphite after approximately 5 layers. An
exception is observed for so-called ‘turbostratic’ graphite in which there is
no well-defined stacking order between the individual graphene layers, in this
case a single 2D peak is observed with a FWHM of ∼ 50 cm−1. This broad
lineshape can be seen for the 2D peaks in Figure 4.2, whereas the parent
graphite from which the FLG is exfoliated has a peak and a shoulder. The
lineshape of the vacuum filtered FLG film indicates that exfoliation of the
parent graphene has occurred under shear mixing and that the formation of
a vacuum filtered film has led to a random re-stacking of few-layer graphene
platelets to form a ‘turbostratic’ material.

Figure 4.2: Raman spectra of the graphene electrodes produced from FLG
exfoliated at shear rates of 3000, 5000, 7000 and 9000 RPM. The D, G, D′

and 2D modes are labelled.

It was originally suggested that the position of the G peak or the ratio of
the intensity of the 2D peak to the G peak, I(2D)/I(G) could be used to
determine the number of graphene layers within a sample. However, it has
been shown by Casiraghi et al. that even within a single flake of microme-
chanically cleaved monolayer graphene there can be a considerable variation
in the relative intensity of the 2D and G peaks in the absence of defects,
which is associated with uncontrolled doping of the sample [167–169]. Like-
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wise, Martins-Ferreira and co-workers have shown that these peaks can be
influenced by defects (which can introduce self-doping) [170]. Hence, reliance
should be placed upon the shape of the 2D peak, which Paton and co-workers
[108] used to derive a ‘thickness metric’, M which was calibrated by atomic
force microscopy (AFM) measurements:

M =
IGraphene(ω2DGraphite)/IGraphene(ω2DGraphite − 30)

IGraphite(ω2DGraphite)/IGraphite(ω2DGraphite − 30)
(4.1)

where IGraphite and IGraphene are intensities measured on the graphite and
graphene Raman spectra respectively and ω2DGraphite is the position (in cm−1)
of the main 2D peak in the parent graphite from which the FLG is derived.
The average number of layers in the platelets of a vacuum filtered FLG film,
NG is then given by:

NG = 100.84M+0.45M2

(4.2)

with an accuracy of ±1.5 layers claimed.

Using the metric of Paton et al. an average FLG platelet thickness of 4±1.5
layers is determined for all the samples produced here and, once the error
suggested by Paton et al. is taken into account, there seems to be no variation
of thickness with shear speed, Figure 4.3.

Figure 4.3: Average number of graphene layers in the FLG platelets as a
function of shear speed used in their production, derived from Raman spectra
using the thickness metric proposed by Paton et al. [108].

The presence of a ‘defect’ in the broadest sense – i.e., where breaking of
the two-dimensional translational periodicity of the graphene lattice occurs
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– leads to doubly resonant processes involving a single optic phonon: an inci-
dent photon is absorbed, creating an electron hole-pair, one of which may un-
dergo scattering with a zone-boundary phonon and subsequently via a defect
(the two scattering processes may also occur in the opposite order) followed
by de-excitation and the emission of a scattered phonon. If the electron/hole
is scattered between Dirac cones (the linear dispersion close to the Dirac
points discussed in Section 1.4.1) the result is the D peak in the graphene
Raman spectrum associated with the breathing modes of the six-membered
graphene rings, whereas scattering within a Dirac cone leads to the D′ peak
[167]. The defects leading to scattering may be zero-dimensional defects such
as vacancies, substitutional impurities and adatoms or two-dimensional de-
fects such as grain boundaries and edges. Eckmann and co-workers have
found empirically that the ratio of the amplitudes of the D and D′ peaks can
be used to deduce the dominant defect type in a defective graphene sample
[171]. They found that I(D)/I(D′) had a value of ≈ 13 for defects associ-
ated with sp3 hybridisation (arising from impurities covalently bound to the
graphene lattice), ≈ 7 for vacancy defects and ≈ 3.5 for ‘boundary’ defects,
such as edges. The result of such an analysis of the data indicates that the
edge defects dominate the FLG samples produced in this work.

Figure 4.4: Screenshot of a typical Lorentian fit to the D, G and D′ bands of
a FLG electrode sample produced at a shear speed of 9000 RPM. The upper
panel shows the fit, the lower the non-normalised fit residuals.

ID/IG was calculated by fitting Lorentzian functions to the respective peaks
using the software Fityk, a peak fitting program, as shown in Figure 4.4.
Prior to this the linear shift of the Raman spectra had to be corrected for,
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this was done by using the Raman spectra obtained from a silicon reference
sample at the start of each measurement session, with the silicon Raman
peak position being set to 520.5 cm−1. Afterwards, the integrated peak area
was derived to determine the respective ratios.

Figure 4.5: The ratio ID/IG plotted against shear speed.

The results obtained for the ID/IG ratio are shown in Figure 4.5, which
indicates that as the shear rate increases the level of disorder associated with
the presence of edge defects increases. This is expected as shear exfoliation
introduces stress onto the graphite sample in order to break it down into few-
layer graphene platelets, with the level of stress applied being proportionate
to the shear rate used. However, increasing shear rates reduce the lateral
dimensions of the platelets and this introduces an increasing amount of edge
defects into the produced sample. Although the trend between disorder and
shear rate is established here, it should be noted that the ID/IG is still
relatively low compared with many ‘graphenes’ reported in the literature.

Overall, Raman spectroscopy confirms that shear exfoliation is successful in
producing few-layer graphene with an average of 4 layers, which can be used
as electrodes for energy storage devices and that the dimensions of the FLG
platelets decrease with increasing shear speed.



4.2. Characterisation of FLG Supercapacitor Electrodes 65

4.2.3 SEM

To provide further insight into the nature of the structure of the FLG elec-
trode samples SEM measurements were made with no further sample prepa-
ration. Typical SEM images are shown in Figure 4.6. Although the con-
tinuous nature of the films prevents a detailed analysis of the variation of
shape and area as developed for few-layer MoS2 platelets in Chapter 5, some
clear trends can be observed. In particular, where edges can be clearly de-
termined there is a decrease in the size of the platelets with increasing shear
speed. This is particularly pronounced when comparing films produced at
3000 RPM with those resulting from higher shear speeds. In the former case
a number of large, poorly exfoliated platelets can be clearly observed, ab-
sent in the other samples. In addition to the apparent decrease in platelet
area as the shear speed increases the edges of the platelets increasingly pro-
trude from the surface leading to the bright features in the SEM images. The
smaller platelet dimensions and increased roughness (and hence surface area)
of the electrode surfaces can be expected to lead to improved supercapacitor
performance through an increase in quantum capacitance arising from the
edge defects associated with the boundaries of the platelets, as discussed in
Section 1.6 and an increase in surface area due to roughness.

It is interesting to note the dark voids which are present in all the electron
micrographs, increasing in density with the shear rate. High magnification
images (not shown) shows that the interior of the voids also consists of FLG
platelets and that there is no evidence of contamination. The smooth and
discrete nature of the voids suggests that they do not arise from cracking
or damage of the electrodes during the filtration and drying process. One
possible origin of these voids is that they originate from micelles of the sur-
factant, Triton X-100. Although Triton X-100 micelles can best be described
as spherical and with maximum diameters < 15 nm at 20 ℃, which is in-
compatible with the size and shape of the voids in Figure 4.6, at higher tem-
peratures their sizes increase significantly, extending beyond 25 nm at 40 ℃
[172]. Since the suspension was not placed in a temperature-controlled bath
during the shear exfoliation process, an increase in temperature of around
10 to 20 ℃ cannot be ruled out. Moreover, Cardiel et al. [173] have shown
that shearing of other non-ionic surfactants in aqueous environments at shear
rates below those used for the production of the FLG suspensions can lead
to a transition from spherical micelles with dimensions less than 10 nm to
anisotropic ‘crystal like structures’ with domain sizes up to 20 µm. A similar
transition in micelles of Triton X-100 during the shear exfoliation of graphite
to FLG might also occur and the resulting large anisotropic surfactant struc-
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(a) 3000 RPM (b) 5000 RPM

(c) 7000 RPM (d) 9000 RPM

Figure 4.6: Example SEM images of FLG electrode samples at various shear
rates. The scan area is 10 µm × 10 µm in all images.

tures may be incorporated into the FLG films in the early stages of vacuum
filtration before being removed during the washing stage, leaving behind the
voids observed by SEM.

4.2.4 Electrochemical Characterisation

Free standing circular FLG electodes, 15 mm in diameter were cut directly
from vacuum filtered films (FLG ‘paper’) by means of a stainless steel punch.
The resulting electrodes were mechanically very robust, despite the absence
of any binder, and could be handled with tweezers without any special pre-
cautions. Likewise, no additional current collector such as a stainless steel
foil or nickel foam was required. The FLG electrodes were weighed with a
precision of ±1 mg before electrochemical characterisation and the results
are reported in Table 4.2. The FLG electrodes were then assembled into an
electrochemical test cell, without any additional treatment, as described in
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Section 3.7. A 25 µm thick polymer membrane (Celgard 2500) was used as
a separator and 6M KOH used as the electrolyte. Cyclic voltammetry and
choronoamperometry were performed in a two-terminal configuration, chosen
as it most accurately reflects the performance of supercapacitor electrodes in
a ‘real world’ application, as discussed in more detail in Section 2.4.

Shear Rate
(RPM)

Combined
mass (mg)

Electrode
1 (mg)

Electrode
2 (mg)

9000 120 20 20
7000 104 16 18
5000 130 18 20
3000 97 15 16

Table 4.2: Measured mass of the FLG electrodes produced. Masses are
accurate to ±1 mg.

Figures 4.7-4.13 show typical cyclic voltammagrams obtained from the free-
standing FLG electrodes at four different scan rates. In each case the 20th (of
50) CV cycle was used to determine the specific capacitance of the samples to
ensure that equilibrium charging/discharging conditions had been reached.
However, in practice, it was found that the voltammagrams rapidly converged
to their final shape and then remained practically unchanged.

The cyclic voltammagrams of all electrode samples are close to ideal, partic-
ularly at low scan rates. Additionally, they show no evidence of any redox-
related peaks, indicating that energy storage is dominated by the formation
of an electric double layer, with no pseudocapacitive or faradiac behaviour
present.
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Figure 4.7: CV curves for the electrode produced from FLG shear exfoliated
at 3000 RPM at 5 and 10 mV s−1 scan rates.

Figure 4.8: CV curves for the electrode produced from FLG shear exfoliated
at 3000 RPM at 25 and 50 mV s−1 scan rates.



4.2. Characterisation of FLG Supercapacitor Electrodes 69

Figure 4.9: CV curves for the electrode produced from FLG shear exfoliated
at 5000 RPM at 5 and 10 mV s−1 scan rates.

Figure 4.10: CV curves for the electrode produced from FLG shear exfoliated
at 5000 RPM at 25 and 50 mV s−1 scan rates.
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Figure 4.11: CV curves for the electrode produced from the second FLG
sample shear exfoliated at 7000 RPM at 5 and 10 mV s−1 scan rates.

Figure 4.12: CV curves for the electrode produced from the second FLG
sample shear exfoliated at 7000 RPM at 20 and 50 mV s−1 scan rates.
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Figure 4.13: CV curves for the electrode produced from FLG shear exfoliated
at 9000 RPM at 20 and 50 mV s−1 scan rates.

The specific capacitances of the FLG electrodes was calculated from equa-
tions 2.11 and 2.14 using a Python script written by Dr. M.R.C. Hunt and
are reported in Table 4.3 and, for a voltage sweep rate of 50 mV s−1, Figure
4.14. The data show a clear trend of increasing specific capacitance as a
function of increased shear speed for the production of the FLG.

The Raman spectra reported in Section 4.2.2 indicate that there is a decrease
in FLG platelet size and hence an increase in edge defects as shear speed
increases. Hence, as outlined in Section 1.6 we expect that, according to
equation 1.4, an increase in the quantum or intrinsic capacitance, CQ, of the
FLG will occur [124]. Since the quantum capacitance of the individual FLG
platelets can be expected to limit the performance of FLG electrodes [119,
124] an increase in CQ should improve the overall specific capacitance of the
electrodes, as is observed.

Although it is tempting to draw the conclusion that the increasing ratio
of edge to two-dimensional ‘bulk’ is the underlying cause of the increase in
specific capacitance with the shear speed at which the FLG is produced, some
caution is advised. It must be borne in mind that changes to FLG platelet
size can also, in principle, lead to a variation in the surface area and porosity
of the electrodes and there is some possible evidence for this in Section 4.2.3.
A definitive conclusion can only be drawn by future measurements of the
specific surface area and pore size distribution within the FLG elecrodes by,
for example, nitrogen absorption/desorption isotherms.
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Shear Rate
(RPM)

Scan Rate
5 mV s−1

Scan Rate
10 mV s−1

Scan Rate
20 mV s−1

Scan Rate
25 mV s−1

Scan Rate
50 mV s−1

9000 – – 8.33 – 7.18
7000 5.68 5.47 5.02 – 4.06
5000 4.75 4.16 – 3.80 3.37
3000 4.32 3.90 – 3.18 2.54

Table 4.3: Specific Capacitance in F g−1 of each electrode sample produced
at various shear rates. Cyclic voltammagrams for low scan rates were not
measured for the 9000 RPM sample.

Figure 4.14: Variation of specific capacitance with the shear rate at which
FLG electrodes were produced, measured at a sweep rate of 50 mV s−1.

In addition to CV measurements, GCD was also carried out to enable a
complimentary analysis. A typical charge/discharge curves is shown in Figure
4.15. GCD curves were measured at 1 mA for the 5000 and 9000 RPM
samples 2.3 mA (or 0.1 A g−1) for the 7000 RPM sample and 10 mA for the
3000 RPM sample. In all cases the number of half cycles was set to at least
1000. After the GCD curves had been produced, equations 4.3 and 4.4 were
used to calculate the specific capacitance of each electrode sample:
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C =
Q

∆V
(4.3)

Cspecific =
4C

M
(4.4)

where C is total capacitance, Q is stored charge in Coulombs, ∆V is the
potential window, identical to the one used in CV analysis and M is the total
electrode mass. In order to determine Cspecific the value for Qdischarge at the
thousandth cycle was used for each calculation and the results are presented
in Table 4.4. The variation in charge/discharge current and electrode masses
prevents a quantitative comparison between the GCD data obtained from
the various electrodes but the trends observed are in line with those seen in
cyclic voltammetry.

Figure 4.15: GCD curves (5th and final cycles) for a FLG electrode produced
from material shear exfoliated at 5000 RPM.

Shear Rate (RPM) Specific Capacitance (F g−1)

9000 9.18
7000 2.16
5000 3.51
3000 0.613

Table 4.4: Specific Capacitance calculated from GCD of each electrode sam-
ple produced at various shear rates.
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All electrode samples had excellent cycling stability, as illustrated by Figure
4.16 which presents the variation in capacity of the 5000 RPM electrodes at a
charge/discharge current of 1 mA (or 0.026 A g−1) over 1200 cycles at which
point there is a 99.9% retention of capacity. There is some fluctuation over
the measurement, which may be the result of environmental conditions (such
as laboratory temperature) over the measurement, with a minimum capacity
of 96% observed on the 291st cycle.

Figure 4.16: Variation of specific capacitance with cycle number measured
on the discharge half cycle of FLG electrodes produced at 5000 RPM. The
cell was subjected to charging/discharging at 1 mA. The data are normalised
to the specific capacitance measured at the first cycle, C0

sp.

Two other valuable characterisation parameters which can be extracted from
the GCD data are the Coulombic efficiency of the cell (the ratio of the charge
accumulated during the charging cycle to the charge released upon discharge)
and the effective series resistance (ESR) of the cell. In an ideal EDLC the
Coulombic efficiency should be 100% with no charge retained during the dis-
charge half cycle. Coulombic efficiencies significantly below 100% are charac-
teristic of irreversible redox processes within the sample and are associated
energy which, after input, cannot be extracted from the cell. Coulombic
efficiencies are presented in Table 4.5. In all samples there is an efficiency
close to 100% indicating an absence of irreversible redox reactions and al-
most ideal EDLC behaviour, which is consistent with the close to rectangular
cyclic voltammagrams presented above.

The ESR of each electrode, Table 4.5 was calculated from the GCD data on
the 5th charge/discharge cycle by taking the voltage drop for a given cycle



4.2. Characterisation of FLG Supercapacitor Electrodes 75

and applying equation 4.5.

R =
∆V

I
(4.5)

where ∆V is the voltage drop at a given cycle and I is the charge/discharge
current.

Shear Rate
(RPM)

Coloumbic
Efficiency
(%)

ESR (Ω)

9000 99 5.3
7000 99 15
5000 97 18
3000 98 34

Table 4.5: Coloumbic efficiency and ESR of electrode samples produced at
various shear rates.

ESR is an important factor to consider as it directly impacts the (gravimetric)
specific power density of a supercapacitor,

P =
1

4

V 2

R
(4.6)

where V is the voltage across the supercapacitor and R is the ESR. Hence,
the lower the ESR the higher the power density.

The ESR of a supercapacitor originates from a combination of factors in-
cluding: the contact resistance between the electrode layer and the current
collector (absent in the case of the FLG electrodes produced in this work), the
resistance between the constituent particles making up the electrode matrix,
the resistance of the electrolyte and the resistance of the external leads (mea-
sured to be 0.6 Ω in the cell used in the experiments reported here). Given
that the electrolyte and test fitting remain unchanged in the experiments
reported here, the sole origin of the rather significant decrease in ESR be-
tween samples must reside in the electrodes themselves. Naively, it might be
expected that the decrease in FLG platelet dimensions with increasing shear
speed would lead to an increase in electrode resistance, due to the greater ra-
tio of edge defect to pristine material and the creation of additional contacts
between platelets in a given current path. However, the opposite behaviour
is observed and can be explained by the increased carrier density associated



4.3. Conclusions 76

with the presence of edge defects. The increase in carrier density cannot only
be expected to lead to an increase in the intrinsic quantum capacitance of
the FLG platelets, as discussed in Section 1.6, but will also lead to improved
electrode conductivity.

4.3 Conclusions

Aqueous surfactant stabilised suspensions of few layer graphene have been
produced at several different shear speeds and it has been shown that these
suspensions may be used to successfully produce free-standing, binder-free
electrodes which may be used in EDLCs. Raman spectroscopy demonstrates
that the defects in the FLG are primarily of edge type, associated with the
boundaries of the platelets, and that they increase in concentration with
increasing shear speed due to a reduction in platelet dimensions.

SEM characterisation of FLG ‘paper’ electrodes shows some morphological
features which have not been previously reported in the literature, which
have been tentatively ascribed to the formation of ‘crystal like structures’ by
the surfactant under high shear/elevated temperature conditions from which
the surfactant itself is removed when the electrodes are washed with high
purity water.

Electrochemical characterisation shows that the FLG based electrode have a
superficially low specific capacitance, with a maximum value of 8.33 F g−1

obtained from cyclic voltammetry at a sweep rate of 25 mV s−1 for samples
produced at shear speeds of 9000 RPM. However, it should be borne in mind
that many of the substantially higher values of specific capacitance reported
in the literature only consider the mass of the active component and not the
binder or current collector. When the electrode is considered as a whole, the
values of specific capacitance reported for the FLG electrodes are not poor.

Finally, as the shear mixing speed in sample preparation increases so does
the specific capacitance, coupled with a decrease in effective series resistance.
It is tempting to ascribe this behaviour to the increased carrier density in
the FLG platelets with decreasing size (so increasing the doping level within
the material). However, a more detailed structural analysis, for example
probing the variation of surface area and pore structure through nitrogen
absorption/desorption experiments, is needed before a definitive conclusion
can be drawn.



Chapter 5

Shear exfoliated few-layer MoS2
platelets

5.1 Characterisation of few-layer MoS2

platelets

5.1.1 Introduction

Graphene is not the only two-dimensional material which may have utility
for electrodes in electrochemical energy storage devices such as supercapaci-
tors. In Section 1.6 the use of MoS2 for this application was also described.
In this Chapter the characterisation of shear exfoliated few-layer MoS2 is
reported, as the first step towards future work involving the production of
MoS2-containing nanocomposite electrodes.

5.1.2 UV-Vis spectroscopy

Suspensions of MoS2 were produced at eight different shear rates, as outlined
in Section 3.1, and characterised through SEM and UV-Vis spectroscopy.
UV-vis spectra from the suspensions are presented in Figure 5.1. The gen-
eral forms of the spectra are the same for each suspension, consisting of two
optical absorption peaks situated at around 670 nm and 610 nm and a rapidly
rising absorption for wavelengths below about 500 nm. The two high wave-
length peaks originate from excitonic absorption and are typically designated
A and B for the longer and shorter wavelength peaks, respectively [174]. The
location of these peaks is in good agreement with the literature [175–177].
The A exciton peak is associated with optical transitions between the highest

77
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valence band and the conduction band at the K -points of the Brillouin zone
and the B exciton peak is due to optical transitions between the spin-orbit
split valence band and the conduction band. The lower wavelength absorp-
tion arises from direct intraband transitions producing free carriers. As with
the shear exfoliated FLG suspensions, discussed in Section 4.2.1, the absorp-
tion spectrum can be used to determine the concentration of the few-layer
MoS2 in the suspension. Using the value for the MoS2 absorption coefficient
of 1.887 L g-1m-1, determined by Pagona and co-workers, the concentrations
of the shear exfoliated solutions produced in this work were determined and
are presented in Table 5.1. As can be deduced from the Table there is a gen-
eral trend for increasing concentration with increasing shear speed, as might
be expected, with a maximum concentration of 0.006 mg ml-1 obtained at a
shear speed of 8000 RPM.

Figure 5.1: UV-Vis spectra of MoS2 exfoliated at several shear speeds.

In addition to determining the concentration of the MoS2 suspensions the
UV-vis absorption spectra can be used to examine the thickness of the few-
layer platelets produced. As outlined in Chapter 2, the band gap of MoS2

changes with the number of layers in a sample, and the A and B exciton peaks
are associated with optical transitions that take place just below the band
gap. Thus, by measuring the position of the exciton peaks of the various
suspensions, the change in the band gap can be calculated and hence the
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Shear Speed (RPM) Concentration (mg ml−1)

3000 0.0017
4000 0.0016
5000 0.002
6000 0.0027
7000 0.0046
8000 0.006

Table 5.1: Concentration of MoS2 suspensions as a function of shear speed.

Shear Speed (RPM) Exciton Peak A (nm) Exciton Peak B (nm)

3000 673 612
4000 673 617
5000 673 617
6000 678 613.
7000 669 611
8000 666 606

Table 5.2: A and B exciton peaks of the various samples produced at different
shear speeds.

Figure 5.2: MoS2 exciton peak wavelengths versus shear speed.
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number of layers of that particular sample can be ascertained. The positions
of the exciton peaks, determined from UV-vis data, are presented in Figure
5.2 and it can be seen that there is a general decrease of the wavelengths of
both peaks for shear rates above 5000 RPM, although there is some scatter in
the data larger than the measurement error. To evaluate the average number
of layers in platelets within each sample, the energy of the exciton peaks was
compared with the variation of peak position as a function of MoS2 sample
thickness in the literature [178]. The number of layers determined for each
shear rate are as follows: for 3000 to 5000 RPM the number of layers was
calculated to be 5 ± 1, for 6000 RPM the number of layers was 6 ± 1, for
7000 RPM the number of layers was 3 ± 1 and finally for 8000 RPM the
number of layers was 2 ± 1. The decrease in MoS2 platelet thickness as a
function of shear speed indicates that suspensions of very thin material may
be produced and it is worthwhile exploring higher shear speeds in future
work to see whether the limit of predominantly single layer material may be
achieved.

5.1.3 SEM

Although thickness is a critical metric for the evaluation of few-layer MoS2

platelets produced by shear exfoliation, their size and overall morphology is
also important to their application. In order to understand the influence of
shear exfoliation on these latter parameters an automated approach to shape
and area evaluation was developed, capable of analysing a large number of
platelets and so coping with the variations in morphology produced through
the random exfoliation events resulting from high shear mixing. Samples,
created as outlined in Section 3.1, were vacuum filtered onto cellulose nitrate
filter membranes using a very low concentration of material, leading to rel-
atively isolated platelets rather than the continuous films required for the
formation of FLG electrodes in Chapter 4. This approach allows individual
platelets to be characterised through SEM. A large number of equally spaced
images (typically 100 for each sample) were taken over a large area of the
sample, using the automated scanning function of the SEM. The resulting
micrographs were batch analysed using ImageJ to extract such characteris-
tics as area, circularity and diameter. The use of ImageJ enabled automation
of the analysis of the large number of images obtained.

A typical SEM image and the identification of few-layer MoS2 platelets using
ImageJ is shown in Figure 5.3. A binary image was created from the SEM
micrographs, as this allowed the platelets to be differentiated from the filter
membrane beneath. This approach ensured that the program only detects
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(a) Typical SEM Image of a
shear exfoliated MoS2 sample.

(b) Example from ImageJ show-
ing platelet outlines.

Figure 5.3: An example of image analysis using ImageJ.

the platelets and not the structure of the underlying substrate and other
small particles observed in the SEM, such as dust and foreign matter (it was
not possible to undertake both sample preparation and imaging in a clean
room environment). Once identified, the area, circularity and diameter of
the platelets could be measured by creating a macro that applied the same
set of parameters to multiple images acquired for the various shear rates.
Figures 5.4-5.11 summarise the correlation between shear rates and platelet
characteristics.

From 5.4, 5.5, 5.6 we can see that as shear rate increases the average area of
the platelets initially decreases, with a greater distribution of platelets lying
in the range 0-0.2 µm. It can also be seen that the number of larger platelets
decreases rapidly. Note that for Figure 5.6 it would be inappropriate to
use the width of the distribution as a measure of the estimated error since
this variation is intrinsic rather than a result of random measurement error.
In order to determine error bars it would be necessary to repeat sample
production and measurement multiple times, which would require timescales
beyond those available within this project.

Contrary to expectations [108], the average area of the platelets appears to
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Figure 5.4: Distribution of platelet areas for few-layer MoS2 samples shear
exfoliated at 3000, 4000 and 5000 RPM.

Figure 5.5: Distribution of platelet areas for few-layer MoS2 samples shear
exfoliated at 6000, 7000 and 8000 RPM.

increase at shear speeds of 7000 and 8000 RPM. It should be noted that a
limitation of analysis using ImageJ is that it is not able to differentiate be-
tween individual platelets that have aggregated during the filtration process.
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Figure 5.6: Average platelet areas for few-layer MoS2 as a function of shear
speed. The line is a guide to the eye.

Therefore, it registers these clusters of platelets as one enlarged platelet.
This may explain the unexpected increase in apparently larger platelets ap-
parent at higher shear speeds, where the concentration of the suspensions is
larger. The observed behaviour requires further investigation in future work,
for example by developing image analysis approaches capable of differentiat-
ing between individual platelets and aggregates or, more straightforwardly,
by decreasing the density of the MoS2 platelets on the filter membranes still
further.

The general ‘shape’ of the few-layer MoS2 platelets may be determined from
their circularity, defined as

fcirc =
4πA

P 2
(5.1)

where A is the area of the object and P is its perimeter. In the limit of a
perfect circle fcirc = 1 and for a one-dimensional line fcirc = 0.

As the shear speed during the exfoliation process is increased, the circularity
of the platelets is found to remain constant with minimal changes in its
distribution, as shown in Figures 5.7, 5.8 and 5.9, although once more there
is some scatter in the data. The average circularity of the platelets is around
0.2, indicating a high degree of anisotropy. The observed elongation of the
exfoliated platelets can be readily explained by the nature of the exfoliation
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Figure 5.7: Circularity of MoS2 platelets produced at shear speeds of 3000,
4000 and 5000 RPM.

Figure 5.8: Circularity of MoS2 platelets produced at shear speeds of 6000,
7000 and 8000 RPM.
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Figure 5.9: Average platelet circularity for few-layer MoS2 as a function of
shear speed.

process – the shear forces generated by the motion of the rotor with respect
to the stator in the mixing head are highly directional and the resulting
anisotropic strain within the MoS2 particles will lead to a preferential fracture
directions during the exfoliation process.

Figure 5.10: Feret diameter of MoS2 platelets produced at Shear Rates 3000,
4000 and 5000 RPM.
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Figure 5.11: Feret diameter of MoS2 platelets produced at Shear Rates 6000,
7000 and 8000 RPM.

The final characteristic that is of interest for this study is the diameter,
particularly the Feret Diameter (also known as maximum caliper). It is
defined, by ImageJ, as the maximum distance between any two points in
the selection boundary along a specific direction. By analysing the variation
of this characteristic with respect to shear rate, the length of platelets and
hence their overall size can be further determined. From 5.10 and 5.11 it is
observed that the diameter initially appears to decrease with an increase in
shear speed, but once again increases at the highest shear speeds in agreement
with the measurement of area discussed above.

5.2 Conclusions

An initial investigation into the influence of shear speed on the physical char-
acteristics of surfactant-stabilised aqueous suspensions of few-layer MoS2 has
been undertaken. Morphology analysis was developed with a high degree of
automation to enable the characterisation of a large number of platelets and
so obtain a statistically valid description, while UV-vis based determination
of thickness naturally sampled a large number of platelets.

It was found that increasing the shear speed, while keeping all other con-
ditions (such as initial precursor concentrations, shear time etc.) fixed, led
to a decrease in platelet thickness and area with no significant changes in
circularity, although aggregation of platelets due to increased concentrations
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at higher shear speeds complicate the measurements. A minimum average
platelet thickness of 2 ± 1 layers could be achieved and mean circularities
of around 0.2, indicating that a considerable degree of anisotropy still re-
mains. The general trends observed indicate that further increases in shear
speed may enable an average thickness of a single monolayer to be achieved,
although this would be at the expense of a further decrease of platelet dimen-
sions and, moreover, the anisotropic nature of the platelets would remain.



Chapter 6

Summary and Further work

6.1 Summary

This work has explored the use of shear exfoliation in the production of few-
layer graphene (FLG) and few-layer MoS2 and the use of the former to create
free-standing, binder-free electrodes for use in supercapacitors. Surfactant
stabilised aqueous suspensions of few-layer platelets of both materials have
been successfully produced.

Continuous films of FLG platelets were produced by vacuum filtration and
characterised by Raman spectroscopy, SEM and electrochemical analysis.
As expected, increased shear speed led to a reduction in platelet size and an
increase in boundary or edge defects, apparent in the evolution of the Raman
spectra. SEM showed some evolution in the morphology in films fabricated
from material produced with increasing shear speed. In particular, at low
shear speeds a number of large, poorly exfoliated flakes could be observed
and at high shear speeds the resultant films appears to be rougher. All films
showed a number of voids, the morphology of which precluded fracture as
their origin. Moreover, there is no evidence that they are associated with
sample contamination. It is suggested that the high shear rates and increase
in temperatures during the exfoliation process may lead to the formation of
large micellar structures consisting of Triton X-100 the molecules of which
are removed during electrode washing.

Free-standing, binder-free electrodes were successfully produced from the
FLG films. Cyclic voltammetry and galvanostatic charge/discharge cycles
demonstrated an increase in specific capacitance and decrease in effective
series resistance in electrodes fabricated from FLG produced at increasing
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shear speeds. This behaviour could be explained in terms of an increase in
doping of the electrodes with an increasing concentration of edge defects in
the FLG platelets. However, characterisation of the surface area and porosity
of the samples is required to eliminate these factors. Although the highest
reported values of specific capacitance are modest, the lack of binder or the
need for a current collector should be taken into account in evaluating the
utility of these electrodes.

In the case of graphene Raman spectroscopy was used in conjunction with
metrics developed in the literature to characterise the shear exfoliated mate-
rial. Such metrics cannot, however, be transferred from material to material
and there may be questions regarding their robustness against differing pro-
duction and measurement approaches. In order to address this issue the
first steps towards a (semi-)automated process of platelet characterisation
have been made. Low densities of MoS2 platelets were vacuum filtered on
to cellulose nitrate filter membranes and SEM micrographs obtained over
a macroscopic area of the sample using automated sample positioning and
focus. Batch techniques were developed using a readily available image anal-
ysis program, ImageJ, in order to rapidly evaluate the large number of mi-
crographs produced for each sample. The principle of this approach was
successfully demonstrated. Although issues were discovered with aggrega-
tion, it is expected that these would be relatively straightforward to address
if appropriate time is available.

6.2 Further work

As discussed above, a key piece of further work would be to obtain a more
complete microstructural description of the FLG electrodes beyond that
which can be obtained by SEM and (indirect) metrics based on Raman spec-
troscopy. It is only with a full characterisation of surface area and pore
structure that significant changes in these parameters or otherwise can be
ascertained and the relative contribution of defects (and through them elec-
tronic doping) to the evolution of FLG electrode properties with preparation
conditions properly understood.

The characterisation of platelets of few-layer two-dimensional solids is still
underdeveloped, and is of key importance if these materials are to find
widespread application. Further development of the approach employed for
MoS2 in this thesis is required. This could, for example, involve the develop-
ment of more sophisticated image analysis approaches, taking into account
contrast to estimate platelet thickness and eliminate aggregates.
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The combination of two-dimensional materials into composite electrode ma-
terials is a highly attractive and logical step beyond the use of FLG alone.
There are a number of routes which could be explored to combine TMDCs
such as MoS2 with graphene, including direct mixing and CVD growth of
one material on the other. It is expected that there will be rich and unantic-
ipated physical and chemical behaviour in such structures of direct relevance
to electrochemical energy storage.
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Lupo, S. Lehtimäki, J. O’Mahony, D. T. Gethin, Energy 2017, 118,
1313–1321.

[5] B. Bolund, H. Bernhoff, M. Leijon, Renewable and Sustainable Energy
Reviews 2007, 11, 235–258.

[6] R. E. Hebner, J. H. Beno, W. A. Walls, IEEE Spectrum 2002, 39,
46–51.

[7] D. W. Gao in Energy Storage for Sustainable Microgrid. Academic
Press, 2015, pp. 1–34.

[8] M. Siebert, B. Ebihara, R. Jansen, R. Fusaro, W. Morales, A. Kas-
cak, A. Kenny in Proceedings of the Intersociety Energy Conversion
Engineering Conference. Vol. 1, American Society of Mechanical En-
gineers, 2001, pp. 125–132.

[9] P. P. Edwards, V. L. Kuznetsov, W. I. F. David, N. P. Brandon,
Energy Policy 2008, 36, 4356–4362.

[10] S. Vazquez, S. M. Lukic, E. Galvan, L. G. Franquelo, J. M. Carrasco,
IEEE Transactions on Industrial Electronics 2010, 57, 3881–3895.

[11] P. P. Kundu, K. Dutta in Compendium of Hydrogen Energy. Vol. 4,
Woodhead Publishing, 2016, pp. 111–131.

91



Bibliography 92

[12] R. M. Dell, P. T. Moseley, D. A. J. Rand in Towards Sustainable Road
Transport. Academic Press, 2014, pp. 260–295.

[13] I. Staffell, D. Scamman, A. V. Abad, P. Balcombe, P. E. Dodds, P.
Ekins, N. Shah, K. R. Ward, Energy and Environmental Science 2019,
12, 463–491.

[14] W. Buckles, W. V. Hassenzahl, IEEE Power Engineering Review
2000, 20, 16–20.

[15] X. D. Xue, K. W. E. Cheng, D. Sutanto in Fourtieth IAS Annual
Meeting. Conference Record of the 2005 Industry Applications Con-
ference, 2005. Vol. 2, IEEE, 2005, pp. 1524–1529.

[16] J. D. Boyes, N. H. Clark in 2000 Power Engineering Society Summer
Meeting. Vol. 3, IEEE, 2000, pp. 1548–1550.

[17] T. Ise, M. Kita, A. Taguchi, IEEE Transactions on Applied Supercon-
ductivity 2005, 15, 1915–1918.
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