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Abstract

Graphene quantum dots (GQDs) are a promising electrode material for the advancement of energy
storage devices due to their fast-moving charge carriers, high surface area to volume ratio and
controllable bandgaps. However, the differences between the electronic properties of zigzag and
armchair-edged graphene quantum dots (GQDs) have not yet been well defined and are explored in

detail in this work.

Nitrogen-doped GQDs with zigzag (ZZ) and armchair (AC) edges were synthesised hydrothermally
and electrochemically, respectively. Surface (XRD, TEM, UV-Vis) characterisation was conducted on
the synthesised GQDs. It was found that the bandgap of ZZ GQDs is controllable through pH
variation and size variations dictated by synthetic reaction times, while this is not the case for AC
GQDs. ZZ and AC GQDs were electrodeposited on the surface of carbon fibre electrodes.
Electrochemical characterisation (cyclic voltammetry, electrical impedance spectroscopy) was
carried out on these electrodes. The specific capacitance of all carbon fibre electrodes increased
upon the deposition of GQDs, with the greatest increase observed to be a 275 % improvement in
specific capacitance upon the addition of 5 nm zigzag GQDs. Carbon fibre electrodes with deposited
ZZ GQDs display a more significant increase in capacitance values (specific capacitance, electrical
double layer capacitance, pseudocapacitance and quantum capacitance) due to a greater affinity for
edge site doping and a larger surface area compared to AC GQD carbon fibre electrodes. ZZ GQDs

are therefore more beneficial for energy storage devices than AC GQDs.
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1. Introduction

The fabrication of sustainable high-performance energy storage devices is more important than ever
amid the Global Energy Crisis. Environmental pollution and the rapid depletion of fossil fuels have
turned attention to renewable energy sources, including solar, wind and geothermal. These energy
sources provide energy intermittently, meaning the generated energy needs to be stored for later
release. Furthermore, the increased popularity of electric vehicles demands improvement in energy
storage technologies. Electrochemical energy storage devices such as batteries and supercapacitors
are thus being heavily researched to develop new, high-performance devices to meet these energy

storage needs.

The development of high-performance energy storage devices requires a careful selection of
electrode materials. Conductivity, stability, surface area etc. are all essential considerations for the
performance optimisation of energy storage devices. One with great potential to improve the
performance of these devices is zero-dimensional graphene quantum dots (GQDs), which can be
used to modify electrodes. GQDs are nanometre-sized semiconductor particles consisting of only
one or a few layers of graphene[1l]. GQDs were first synthesised by Ponomarenko and Geim in
2008[2]. They possess discrete energy levels which can be precisely controlled by altering the
nanoparticles' size, shape and edges, resulting in tuneable electronic and photoluminescence

properties.

GQDs display the same highly crystalline structure as graphene sheets. They are allotropes of carbon
that exist as hexagonal lattice structures. Each carbon atom is covalently bonded to three others and
establishes a trigonal planar geometry, resulting in sp? hybridisation. The fourth electron (in the p
orbital) is unbonded, leading to the delocalisation of the m electrons perpendicular to the plane of
the particle [3] and consequently high conductivity due to the high mobility of these delocalised

electrons. GQDs typically contain a few layers of graphene held together by Van der Waals forces.

Despite the recent increase in research on GQDs[4]-[6], the practical implications of altering the
shape and structure of the nanoparticles on the devices into which they are integrated have not
been investigated in detail. Additionally, little is known about the chemical kinetics of GQDs on
electrode surfaces. This information is essential for optimising the performance of the devices and is

investigated in this work.

To understand why GQDs are an optimal material for furthering the development of energy storage
devices, it is worth mentioning some of their important properties. GQDs maintain several of

graphene’s unique properties, such as high charge carrier mobility, thermal conductivity, and



physical and chemical resistance[7]. GQDs, however, also display additional electronic and

photoluminescence properties due to the quantum confinement effect.
1.1. Quantum Confinement Effect in GQDs

2D graphene is a zero-bandgap semimetal as a result of the six Dirac points in the material[8]. The
emergence of a bandgap can be achieved through the quantum confinement effect in graphene
guantum dots, whereby discrete energy levels form when the particle’s size reaches the nanoscale.
Quantum confinement effects become evident when the particle’s lateral radius is comparable to or
smaller than the Bohr radius of an exciton, and the excitons are therefore confined in all three

dimensions. For this reason, GQDs are known as a zero-dimensional material[9].

The exact size at which bulk graphene begins to display confinement properties is not well defined.

The bulk exciton Bohr radius (ag) is typically calculated using:

my (|)
ap = AgE—
B 0

where ag is the Bohr radius of a hydrogen atom, € is the dielectric permittivity of the bulk material,
mpg is the mass of a free electron and u is the exciton reduced mass[10]. Issues arise when applying
this model to bulk graphene. The charge carriers in bulk graphene behave as massless Dirac fermions
due to the linear intersection of its conduction and valence bands[11]. The zero effective mass of
these particles thus results in graphene displaying an infinite Bohr radius and so graphene can
theoretically display confinement properties at any finite size[9]. Despite this, it has previously been
observed that quantum confinement effects only become prevalent when the particle reaches
around 100 nm[2]. GQDs are thus defined to be graphene particles with a lateral dimension of less
than 100 nm. As a note, a small energy gap can be seen in bilayer graphene, however these are not
considered to be quantum dots since the bandgap is induced by an applied bias rather than through
3D spatial constraints, and the material is 2 dimensional[12]. Similarly, a bandgap is observed in
graphene nanoribbons, however the charge carriers in these are only confined in 2 dimensions, and

are again separate from quantum dots[13].

Quantum confinement in GQDs is size, shape, and edge dependent[14]; altering these causes the

particle’s bandgap to widen or narrow and therefore affects its electronic properties.

GQDs can possess zigzag (ZZ) edges, armchair (AC) edges, or a combination of these (Figure 1). Z2Z
edges are carbene-like, where each carbon atom at the edges of the particle contains two unshared
valence electrons. AC edges have triple bonds between the carbon atoms at the edges of the GQD, a

carbyne-like structure[3]. This therefore results in sp hybridisation at the edges of armchair GQDs.
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Figure 1:  Zigzag and armchair GQD edges

The ground state of a conventional quantum dot is localised in the centre of the particle, while the
ground state of the conduction and valence band localise in the centre of each edge for hexagonal
ZZ GQDs[15]. This results from the charge carriers behaving as confined photons in a cavity, where
the eigenmodes of the photons that propagate azimuthally around and are confined to the cavity
(whispering gallery modes) localise at its boundary. As a direct result of this phenomenon, the
bandgap of hexagonal ZZ quantum dots decays to zero rapidly as the size of the GQD increases. This
is only the case for hexagonal ZZ GQDs since each carbon atom contributes differently to the edge
state of the GQD. This does not occur in hexagonal AC GQDs, meaning the density distribution of the
ground state conduction and valence bands for these structures is more evenly distributed over the

whole particle.

In most GQDs, the bandgap changes according to the relation:

1
Egap(xﬁ (2)

where N is the number of atoms in the GQD (both carbon and hydrogen)[16]. This is also the case for
square GQDs with a combination of ZZ and AC edges[17]. The bandgap of GQDs is typically between
~1.9 and 3.4 eV[18], [19]. The bandgap will not reach zero for any dimension of GQDs since, as
mentioned above, quantum confinement doesn’t become dominant until the particle is under 100
nm. In addition to this, the bandgap will not become extremely wide as the minimum size of GQDs is

~2 nm[20].

Synthesising GQDs is unlikely to result in uniform hexagonal-shaped GQDs; however, it should be
noted that AC-edged GQDs have a wider bandgap than ZZ GQDs of the same size[21]. Since the
energy gap relation in equation (2) is true for most GQD shapes, knowledge of the overall shape of

the GQDs is of low concern but should be acknowledged.
1.2. Density of states

The hexagonal structure of graphene can be thought of as two superimposed triangular sublattices

(Figure 2), which are similar by inversion symmetry.



Figure 2:  Graphene lattice structure. The red and blue represent the different sublattices.

AC and ZZ-edged GQDs will display a different density of states at their Fermi level. This is a result of
the sublattice geometry at their edges. The atoms at the edges of ZZ GQDs are all the same
sublattice type, whereas AC GQDs terminate with an atom from each sublattice, resulting in non-
identical boundary conditions describing the Hamiltonians of each edge shape. For a ZZ GQD, the
wavefunction will vanish for a single sublattice at its edge, resulting in its lowest Landau level
supporting two types of edge states (current carrying and dispersionless)[22]. One of these edge
states (dispersionless) does not pass through the Fermi level for any non-zero doping. For AC edges,
the wavefunction will vanish for both sublattices and only current carrying edge states are observed.
Consequently, ZZ GQDs will always display a larger density of states at their Fermi level[23].
Simulated DOS profiles for both armchair edged and zigzag edged GQDs are displayed in Figure 3.
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Figure 3:  Simulated DOS diagrams for a) zigzag edged GQDs and b) armchair edged GQDs. N represents the

number of hexagonal rings in the quantum dot[24].

Despite the noted difference in the bandgap and density of states of GQDs with different edge
shapes, little work has been done to determine how these differences impact electronic devices upon

GQD embedding.



2. Energy Storage in Graphene Quantum Dots
2.1. Energy storage mechanisms of GQDs

The addition of GQDs to energy storage devices can increase their overall storage capability. GQDs
store energy through two processes, namely electrical double layer capacitance and

pseudocapacitance. The total capacitance, however, is limited by the quantum capacitance[25].
2.1.1. Electrical Double Layer Capacitance

An electrical double layer (EDL) is the interface between a charged surface (electrode) and an
electrolyte across which an electric field exists[26]. It consists of an immobile layer of ions in the
electrolyte, which remains fixed to the oppositely charged electrode. The layer is approximately one
ion thick and is known as the Helmholtz layer. This layer is split into two sublayers: the inner
Helmholtz plane (IHP) and the outer Helmholtz plane (OHP). The IHP passes through the centres of
specifically adsorbed ions, whereby ions that have partially or fully lost their solvation shells are
adsorbed close to the surface of the electrode. The OHP passes through the centre of the solvated
ions closest to the surface of the electrode[27]. The remaining charges are mobile in a diffuse layer
(or Gouy-Chapman layer), beyond the OHP[28]. It was demonstrated by Bockris et al. [29] that in the
IHP, the solvent molecules orientate under the influence of an electric field in the direction of the

field. In contrast, in the OHP, the solvent molecules orientate towards the solvated ion.

This model results in a linear decrease in electric potential across the Helmholtz layer and a quasi-
exponential drop in potential from the beginning of the diffuse layer into the bulk solution. The
overall differential capacitance is:

1 1 1 (3)

_ — —

G Gy Cac
where Cy is the Helmholtz capacitance, and Csc is the Gouy-Chapman capacitance. At dilute
electrolyte concentrations, the double layer is essentially all diffuse and so Cs = Csc, while at high

concentrations, the double layer is virtually all fixed and C4 = Cq.
For completeness, it should be noted that the Helmholtz capacitance is given by:
&€
= (4)
H

where &, is the relative permittivity, o is the permittivity of a vacuum and H is the double layer

distance, while the Gouy-Chapman capacitance is given by:

2zeN, c A ze
Gc=—A D sinh( (’bD) ()
1/ 2kgT



where e is the elementary charge, Nais Avogadro’s number, z is the charge of the electrolyte, cis
the molar concentration of the electrolyte in the bulk solution, o is the electric potential in the
diffuse layer, T is the temperature of the system, kg is the Boltzmann constant, and Ap is the Debye

length[30].

When a potential is applied to the electrodes, the Helmholtz layer assembles at the surface of the
electrode with opposite polarity to that of the electrolyte (Figure 4). The Helmholtz layer consists of
an electrical space charge from the electrode side and an ion space charge from the electrolyte
side[31], allowing electrical energy to accumulate in this layer and acting as a charge storage
mechanism. EDLCs store energy electrostatically, meaning no chemical reactions occur (energy is

stored in a static state).
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Figure 4:  Electrical double layer (EDL) structure[32]
2.1.2. Pseudocapacitance

For an electrode possessing Faradaic materials on its surface, fast and reversible redox reactions
occur at the electrode-electrolyte interface under applied potential. Energy is stored electrostatically

through these redox reactions[33].

2.1.3. Quantum Capacitance

Nanostructured materials suffer from an intrinsic limiting factor to their total capacitance, known as
quantum capacitance. Quantum capacitance (Cy) acts in series with traditional electrostatic

capacitance according to the equation:

1 1 1 (6)

= —+
Cotal Cai Gy

where Ciotal is the total capacitance, and Cqy is the double layer capacitance[25]. The phenomenon

results from poor screening, leading to a depolarising field effect opposite to the dielectric



polarisation. This then leads to a reduction in field line cancellations due to the subdued
polarisation[34], ultimately limiting the electrode’s ability to accumulate charge on its surface in

response to the electrode’s potential[35].

Graphene-based materials undergo imperfect screening due to their low density of free
electrons[36]. The quantum capacitance is directly related to the material’s density of states by the

equation:

Cy= ey/egoD(Er) (7)
where Cy is the quantum capacitance, e, € and € are the elementary charge, the dielectric

permittivity of the material, and the vacuum permittivity, respectively, and D(E) is the density of

states[25].

The limiting effects of quantum capacitance of GQDs can be improved by heteroatom doping,

functionalisation and the introduction of defects to the lattice structure.

2.2. Defects in GQDs

GQDs can possess point or line defects to their lattice structure. Defects cause breakage of the
electron-hole symmetry, leading to changes in the electronic structure of the nanoparticles while
increasing their chemical reactivity. A defect-induced increase in the density of states of the GQDs
increases the quantum capacitance of the material, reducing the limitations to the total capacitance
it causes. Moreover, the defects in the structure can be zigzag or armchair like, whereby the removal
of atoms in the centre of the graphene lattice leaves behind defect structures that terminate in
either carbene or carbyne-like bonds (Figure 5). Due to the presence of dispersionless edge states,
zigzag edge-type defects will increase the density of states of the nanoparticles to a greater extent

than armchair edge type defects[37], further increasing the quantum capacitance.

Defects have further benefits for energy storage devices since they provide increased diffusion
channels, more vacancies and edges for ion access, and a larger surface area upon which the double

layer can form[38].
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Figure 5: A GQD with defects in its lattice structure. Carbon atoms have been removed from the centre of the

structure, leaving zigzag and armchair-type defects.

2.3. Heteroatom Doped GQDs

Carbon atoms in the GQD lattice structure can be replaced by heteroatoms through heteroatom
doping, altering the structure and electronic properties of the nanoparticles. The configuration of
the doped atoms, particularly whether they are doped on their basal plane or edge sites, influences
the electronic properties to different extents. The doping of heteroatoms introduces defect energy
levels and causes a shift in the Fermi level position, thereby altering the bandgap of the GQDs.
Depending on whether the doped atoms are electron withdrawing or donating, the bandgap may be

widened or narrowed by heteroatom doping [39].

Electrical conductivity is typically improved upon increasing doping concentration[40]. However, this
is only up to a point since the insertion of an extremely large number of heteroatoms will

compromise the inherent graphene structure.

The heteroatom sites are defects in the crystal structure. They can provide more ion diffusion
channels for adsorption, alongside a higher number of active sites, improving wettability and
decreasing charge transfer resistance. Heteroatom doping also leads to a higher charge carrier
density, increasing the volumetric capacity of the GQDs. Furthermore, higher carrier density
improves conductivity through faster electron transport in the nanoparticles, increasing the
quantum capacitance and introducing pseudocapacitance through the redox-active heteroatoms,

therefore increasing the doped GQDs’ specific capacitance[41].

GQDs are most commonly doped with nitrogen, boron, sulfur, or phosphorous. These heteroatoms
have all been shown to increase the capacitance of GQDs due to the reasons outlined above, but

each has its drawback. The extent of nitrogen doping is difficult to control, and the configuration of



the doped nitrogen has a significant impact on the capacitance of the nanoparticles[40] and will be
explored in section 4.1. P doping can broaden the electrochemical window of the electrode;
however, phosphorous doping of GQDs typically reduces their conductivity due to the large atomic
size of P compared to C, alongside its vacant 3d orbital. Similarly, doping GQDs with sulfur can
decrease the conductivity of the nanoparticles. This results from the different bond lengths of C-S
compared to C-C, which can cause a curvature in the graphene plane[42]. Boron doping is promising
for improving the electrochemical performance of the nanoparticles[43]; however the doping
process is considerably more complex than doping with other heteroatoms, and B-doped GQDs are

therefore less investigated.
2.4. Functionalised GQDs

Further to edges, shape and particle size, chemical functionalisation of GQDs affects quantum
confinement. Functionalisation occurs through covalent bonding through reactions with residual
groups present on the GQDs or, more commonly, noncovalent bonding via hydrogen bonding, van
der Wals force, m-mt stacking, electrostatic interaction or chemisorption[44], [45]. Functionalisation
differs from heteroatom doping since functionalised groups are not a part of the lattice structure of
the GQDs. The functionalisation of GQDs can narrow their bandgap due to the increase in relative

nanoparticle size.

To add to the electronic benefits of functionalisation, the functionalisation of GQDs also provides
several chemical benefits when integrated into energy storage devices. Functionalisation can occur
between graphite layers in GQDs and improve solvent dispersibility, shorten ion diffusion distances
and increase the number of active sites present. The functional groups increase the wettability of
the electrode, leading to enhanced electrolyte adsorption and promoting the formation of the
electrical double layer[46]. Furthermore, the functional groups are Faradaic and lead to a

pseudocapacitive contribution to the total capacitance of the GQDs.

Oxygen-rich functional groups are introduced to GQDs synthesised from oxygen-containing
precursors and are present on almost all GQDs. Carbonyl and quinone groups primarily contribute a
pseudocapacitive effect in acidic electrolytes, while carboxyl groups provide Faradaic reactions in

basic electrolytes[47].

The introduction of functional group to edge sites of GQDs causes steric effects. When the edge sites
of zigzag GQDs are passivated only by hydrogen atoms, steric effects caused by hydrogen are
negligible since the carbon carbon distance (2.46 A) is more than double the van der Waals radius of
hydrogen (1.10 A)[48]. When these hydrogen atoms are replaced by functional groups, steric

hindrance begins to take place and rippling occurs at the edges of the particle, becoming more



prevalent as the size of the functional group increases. The proximity of functional groups to other
functional groups on the edges of the particle will evidently make a large difference to the extent of
geometric changes of the GQD; the closer the functional groups are to each other, the greater the
steric hindrance. The changes in planarity of the GQD affect its bandgap, decreasing its size by up to
~0.3 eV[49]. The largest changes in energy gap will occur for functionalised GQDs where the
functional groups are located on the GQD in such a way that molecular symmetry is preserved (e.g. a
triangular GQD with a functional group on each corner) as these particles will retain zero energy
state degeneracy of planar GQDs, while still increasing exciton localisation within the structure[50].
The steric effects of functionalisation of GQDs have only been studied through DFT simulations thus
far, and have not been investigated for synthesised GQDs with random shapes and uncontrollable
locations of functional groups. For this reason, the changes in planarity of the nanoparticles due to
functionalisation are beyond the scope of this thesis and are therefore not mentioned further. As a
note, while it has not been explicitly investigated, armchair edge terminated pristine GQDs likely
exhibit some form of steric effect due to the sp carbon triple bond at their edges, which is shorter
than the sp? bonds at the edges of pristine zigzag GQDs and therefore likely distorts the outermost

rings to some extent. This is, again, beyond the scope of this thesis.

2.5. GQDs as an Electrode Material

GQDs are an ideal material for integration into the electrodes of electrochemical energy storage
devices since they have high conductivity, a large active surface area to volume ratio, rich active
sites, and high thermal and chemical stability[51]. Their two energy storage mechanisms enhance
the capacitance of the devices and boost rate capability. The addition of GQDs to electrodes
improves their performance by increasing conductivity, number of active sites, and ion diffusion.
They regulate electrode structure during the charge/ discharge process, improve kinetics, and

increase electrode surface area.

GQDs cannot be used alone as an electrode material due to their tendency to agglomerate due to
their strong m-m interactions. The aggregation results in a decreased surface area, thereby reducing
the electrochemically active sites of the material. Furthermore, nanoparticle size will increase,
decreasing the bandgap width. Upon excessive agglomeration, the GQDs will restack into graphene

or graphite.

Instead, GQDs are deposited onto or embedded into other materials to form nanocomposite
electrodes. Deposition methods include stirring attachment, chemical vapour deposition and
electrophoretic deposition[46], while embedding is usually carried out through hydrothermal

processes [52].
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2.5.1. GQDs as a Supercapacitor Electrode Material

Supercapacitors are electrochemical energy storage devices which store charge through electrical
double layer capacitance, pseudocapacitance, or both. They consist of an anode, a cathode, an
electrolyte, and a separator between the electrodes, which prevents the occurrence of a short
circuit. Since no chemical reactions take place, the energy is stored electrostatically. Further to redox
pseudocapacitance outlined above, there are two other pseudocapacitive storage mechanisms
through which supercapacitors can store charge (Figure 6). The first type is underpotential
deposition (adsorption pseudocapacitance) [53]. This involves the adsorption of a monolayer on the
surface of the electrode due to the reduction of a different metal ion, leading to a lowering of the
potential in comparison to the equilibrium potentials of the metals [54]. The final type of
pseudocapacitance is intercalation pseudocapacitance, displayed by some layered materials.
Electrolyte ions are intercalated between layers of the material, causing the material to undergo
Faradaic charge transfer, allowing fast and reversible charge storage [55]. Pseudocapacitors
generally possess a higher capacitance than electrical double layer capacitors (EDLCs); however, the
electrodes of pseudocapacitors increase in size during the charging process and decrease in size

upon discharging, resulting in a shorter cycle life than EDLCs [56].
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Figure 6:  Different types of pseudocapacitance [53]

Supercapacitors have gained attention in recent years for their potential as high-performance
energy storage devices due to their long cycle lives (since electrode degradation is limited as no
chemical reactions occur on their surfaces), short charging times, and high power densities.
However, applications have been found to be somewhat limited due to their low energy density
[57]. The energy density of supercapacitors can be boosted by increasing either the voltage window
or their specific capacitance[58]. The specific capacitance of the devices can be increased by
modifying the supercapacitor electrode materials. One way to achieve this is to deposit or embed
GQDs onto/ into the electrodes. GQDs have therefore been investigated as an electrode material for

supercapacitors to improve limitations to their energy density[52], [59]-[65].
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Metal oxides and hydroxides are commonly used as pseudocapacitor electrodes. Ni(OH); is a
Faradaic material with a high theoretical capacitance, high stability in alkaline electrolytes, and is
very abundant. However, Ni(OH), has poor electrical conductivity in practice in contrast to its
theoretical value as a result of discrepancies in its crystal structure, resulting in low rate capability
and poor cycle stability due to structural changes during the charging/ discharging process. To
counter this, Hong et al. [62] created binder-free electrodes using hydrothermal methods to embed
GQDs in Ni(OH), grown on a carbon cloth current collector. The GQDs were synthesised via a
hydrothermal method using an autoclave from citric acid. The highly conductive GQDs stabilised the
structure of the electrodes while also allowing fast transport of charge carriers. The GQDs also
promoted ion diffusion of the electrolyte into the nanostructure of the electrode and prevented
damage during the cycle process. The specific capacitance of the GQD-Ni(OH), electrode was
measured using a galvanostatic charge-discharge curve at 1 A/g in 2 M KOH electrolyte and was
found to be 1825 F/g. Ni(OH), on carbon cloth (i.e. the same electrode without embedded GQDs)

has a specific capacitance of 545 F/g at 1 A/gin 2 M KOH electrolyte.

Carbon-based materials are often used as EDLC electrodes. Activated carbons are low-cost materials
with a high surface area but are limited in performance by their porous structure. The structure
disrupts the conductive networks, leading to a reduction in conductivity. Moreover, the micropore
structure hinders electrolyte ion transport and storage. Qing et al. [63] took advantage of the
nanometre size of GQDs to intersperse the activated carbon structure to construct overall
conductive networks. The GQDs were synthesised by chemical oxidation using coal powder as a
precursor. The GQDs enhanced the electrode structure and improved conductivity while additionally
increasing the surface area of the electrodes, thus increasing the surface area on which the electrical
double layer can form. Activated carbon was measured to have a specific capacitance of 246 F/g at 1
A/g in 6 M KOH electrolyte. In comparison, the GQD-activated carbon electrodes displayed a specific
capacitance of 388 F/g at 1 A/g in 6 M KOH electrolyte.

In all reports [52], [59]-[65], the addition of GQDs benefits supercapacitor electrodes, improving

their specific capacitance and therefore their energy density.

2.5.2. GQDs as a Battery Electrode Material

Lithium-ion batteries (LiBs) are currently the leading energy storage technology for portable
electronic devices, electric vehicles, and global grid battery storage. Modern lithium-ion batteries
encompass many different chemistries. The basics of their functionality, however, are generally the
same. All batteries include an anode, a cathode, an electrolyte, and a permeable separator between

the electrodes. During charging, Li* ions generated from either the cathode or the electrolyte are
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transported through the device and inserted into (intercalation) or adsorbed onto the anode. The
discharging process is the opposite, whereby ions are extracted from (deintercalation) or
spontaneously desorbed from the anode and move to the cathode. The movement of ions in the
devices creates free electrons, which are then able to pass through the external circuit, generating

the electrical current[66]. Through these mechanisms, energy is stored chemically.

Lithium-ion batteries are extensively used due to their high electrochemical performance. Their
advantages include low self-discharge rates, high volumetric and gravimetric energy density, and
high cell voltage. They do, however, present several issues. Due to their ageing process, lithium-ion
batteries have relatively low power density, low theoretical capacity, sluggish kinetics, and poor life
cycle stability [67]. Battery ageing is the process in which materials in the battery degrade over time,
generally due to irreversible structural changes which result in a capacity decrease and power fading
over time[68]. This can be due to several factors, including dendrite formation, swelling and
shrinking of the electrode material over time upon charging and discharging, and unwanted
reactions between the electrodes and the electrolyte. Ageing mechanisms occur at both the anode

and cathode [68].

GQDs can be integrated into the anode or cathode of LiBs to improve device performance[69]-[74].
VO, can be used as a cathode in LiBs owing to its abundance, high capacity and low cost. Despite VO,
possessing a high capacity compared to other cathode materials, its specific capacity is still much
lower than that of common LiB anodes, thereby limiting the performance of the device.
Furthermore, it suffers from fast capacity fading and poor high-rate performance. Therefore, Chao et
al. [73] coated binder-free VO, nanobelts grown on graphene foam with GQDs to enhance their
electrochemical properties. Functionalised GQDs were deposited on the surface of the VO, arrays via
electrophoretic deposition. The measured specific capacity increased from 391 to 421 mAh/ g at 1/3
C upon GQD deposition. The GQDs homogeneously covered the surface of the nanobelts, acting as a
structure regulator by preventing VO, agglomeration and minimising electrode damage during the
cycling process, increasing the life cycle of the electrodes. Upon deposition of the GQDs, the cycle
stability of the VO, electrodes improved from 85 to 94 % after 1500 cycles at 60 C. The increased
number of active sites on the VO; electrodes due to the addition of the GQDs provides extra lithium-
ion storage venues and increases the electron/ ion transport kinetics due to the increase in

electrochemical activity.

MoS; is a promising anode material for LiBs. Its layered structure allows for Li* intercalation and
provides numerous accessible active sites for ion storage. To reduce the limitations of MoS; resulting

from internal pulverisation, poor rate capability and poor cycle stability, Guo et al. [74] doped the
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material with hydrothermally synthesised GQDs via a solvothermal method. The GQDs enhanced ion
transport, increased conductivity, regulated the structure during cycling, and widened the interlayer
spacing in comparison to pristine MoS,, promoting Li* intercalation. The cycle stability increased
from 81 to 94 % after 80 cycles, and the capacity increased from 472 to 1099 mAh/ g at 0.1 A/ g
upon GQD addition.

In all reports of GQD-modified electrodes for energy storage devices[52], [59]-[65], [69]-[74], to the
best of my knowledge, the edge shapes of the GQDs used are not mentioned. For the reasons
outlined in sections 1.1 and 1.2, knowledge of the edges of GQDs used as an electrode material is
critical to the optimisation of the electrodes and device performance. The difference in the density
of states and bandgap width resulting from the edge type will impact the extent to which the

nanoparticles improve the device.

Additionally, it has been reported that pH conditions affect the quantum confinement of GQDs, with
high pHs narrowing their bandgap and low pHs widening it[75]. This becomes a problem when
considering the electrolyte to be used in the energy storage devices containing the nanoparticles.
Since its pH will affect the conductivity and capacity of the electrode itself. Reports of device
fabrication in the literature do not appear to consider this, and it therefore requires further

investigation.

The aim of the project is thus to identify the effects of edge shapes on the properties of GQDs and
carbon fibre electrodes onto which GQDs have been deposited. Additionally, to investigate the
impact of electrolyte selection on the energy storage capability of the carbon fibre electrodes. To
achieve this aim, GQDs were synthesised hydrothermally and electrochemically, and the effects of
reaction conditions on their size, structure and properties were studied. GQDs with differing
structures were deposited onto carbon fibre electrodes before analysing their surface and

electrochemical properties.
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3. Experimental

Triethanolamine (85 %) (CsH1sNOs3), monosodium citrate (NaCgH;07:2H,0) and sodium hydrogen
carbonate (NaHCOs) were purchased from Mistral Industrial Chemicals, Ltd. NI. Nitric acid (70 %)
(HNOs3) was purchased from Thermo Fisher Scientific, Ltd. Sulfuric acid (1 M) (H.SO4) was purchased
from Rapid Electronics, Ltd. Isopropyl alcohol ((CHs),CHOH) was purchased from Sigma Aldrich. All
chemicals used were of technical grade and were used as received. Carbon fibres (plain weave
Pyrofil TR 30S 3K, 210 gsm, 300 um thick) were obtained from EasyComposites. Graphite rods (70
mm length, 3 mm diameter, 99.9 % purity) were obtained from Redoxme and were HP-IIl grade. A
platinum rod counter electrode (85mm length, 6mm diameter, platinum content 50 g/m? coated on
type 2 titanium) was obtained from Spa Plating, Ltd. An Ag/ AgCl reference electrode (aqueous, filled
with 3M saturated KCl) was obtained from Ossila, Ltd. A PTFE copper electrode holder (10x10 mm
copper plate conductive substrate, PTFE body and gold-plated copper rod terminal) and an

electrochemical cell (50 ml, borosilicate glass, PTFE lid) were obtained from Stonylab.
3.1. Hydrothermal synthesis of NGQDs

Nitrogen-doped GQDs were synthesised using a microwave-assisted hydrothermal method based on
the work published by Ren et al.[76]. 2 g of sodium citrate were added to 12 ml of triethanolamine.
The solution was stirred for 3 hours and was then placed in a domestic microwave oven (COMFEE,
700 W) at 33% power for times varying from 150 s to 195 s. After cooling, the resulting solutions
were centrifuged at 8000 rpm for 15 mins, and the top layer was collected using a syringe for

subsequent analysis and processing.
3.2. Electrochemical synthesis of N-GQDs

N-GQDs were synthesised by the electrochemical exfoliation of graphite rods. A modified version of
the work by Ahirwar et al.[77] was used. Graphite rods were first heated at 200°C in an oven for 30
minutes, then manually exfoliated using an abrasive pad (grit number 150) to remove any external
oxide layer formed upon cooling and washed with deionised water to remove any larger surface
particles. 2 g of sodium citrate, 12 cm? triethanolamine and 25 cm? deionised water were added to
an electrochemical cell. The solution was allowed to electrolyse for 20 minutes using a platinum and
a nickel electrode by applying chronoamperometry at 10 V (VersaSTAT 3 Potentiostat Galvanostat).
The graphite rods were then used as both the working and the counter electrodes, and
chronoamperometry at 10 V was applied for 1 hour. The resulting solution was filtered through a

450 nm syringe filter to remove any graphite particles.
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3.3. Deposition of GQDs on Carbon Fibre Electrodes

Electrophoretic deposition was used to attach N-GQDs to carbon fibres[78]. Carbon fibres were first
prepared by ultrasonicating 0.5 g carbon fibres with 0.5 cm?® of concentrated nitric acid for 10
minutes to increase hydrophilicity, followed by twice ultrasonicating with 0.5 cm? of deionised water
for 10 minutes. The washed carbon fibres were screwed into a copper electrode holder. The carbon
fibres in the electrode holder were used as the working electrode, and a platinum rod was used as
the counter electrode in a 2-electrode half-cell with a GQD solution as the electrolyte
(hydrothermally synthesised GQDs were diluted in a 60/ 40 ratio with deionised water, while
electrochemically synthesised GQDs were used as made since the solution was already dilute). 10 V
was applied to the cell using a DC power supply (Keithley 2200) for varied deposition times. The
modified carbon fibres were removed from the cell and rinsed with deionised water for further

testing.
3.4. Physical Characterisation

UV-Vis spectra of the N-GQD samples were measured using a UV-Vis spectrophotometer (Shimadzu
UV-Vis UV 1800, 190-1100 nm scan range). The samples synthesised hydrothermally were diluted in
a 1:50 ratio with deionised water. In contrast, the electrochemically synthesised GQDs were diluted
in a 1: 20 ratio with deionised water to ensure all samples had a similar peak absorbance value.
Samples were placed in a 3.5 ml UV quartz cuvette with a 1 cm path length and measured in a range

of 190-700 nm.

Lateral size measurements of the GQDs were recorded using a transmission electron microscope
(TEM) (JEOL JEM-2100). Hydrothermally synthesised samples were diluted in a 1:4 ratio with
isopropyl alcohol (IPA), while electrochemically synthesised samples were diluted in a 1:2 ratio with
IPA. Samples were drop cast (2 drops) onto 200 mesh carbon-coated copper grids, allowed to dry,

and viewed under the TEM with acceleration voltage 200 kV at a resolution of 5 nm.

Crystallographic measurements of the GQDs were taken using X-ray diffraction (XRD) analysis
(Bruker D8 Advance) with monochromatic CuKa radiation. Samples were drop cast onto a glass
substrate and allowed to dry. Graphs were obtained between 10 and 90° (26) at 40 kV and 35 mA

with a 0.02 °/s scan rate.
3.5. Electrochemical Characterisation

Electrochemical measurements were carried out in a 3-electrode half-cell configuration. Carbon
fibres held in a copper electrode holder were used as the working electrode, a platinum rod was

used as a counter electrode and an aqueous Ag/AgCl electrode was used as the reference. The
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electrolyte used was 1 M H,S0,. Cyclic voltammetry, electrical impedance spectroscopy, open cell

Galvanostat).

Electrode connections

voltage and Mott Schottky plots were all measured using a potentiostat (VersaSTAT 3 Potentiostat
Holes for degassing

L S E—
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or reagent addition
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——— Electrolyte solution
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\ \_4 Reference electrode

_ Counter elctrode

Figure 7:  Schematic of a 3-electrode half-cell configuration[79]

3.5.1. Cyclic Voltammetry and Electrical Impedance Spectroscopy

Cyclic voltammetry (CV) was performed to confirm the presence of N-GQDs on the surface of the
carbon fibres after electrodeposition and determine their energy storage capabilities. Scans used to
calculate the specific capacitances of the electrodes were taken at 5 mV/s scan rate in a voltage

window of -0.5 to 0.8 V with 1M H,SQO, as the electrolyte.

Cyclic Voltammetry measures the current in a cell when the applied voltage exceeds that predicted
by the Nernst equation. The potential of the working electrode is measured against a reference
electrode with a known constant potential. The voltage is swept (cycled) between two limit
potentials, and the current that flows through the cell is plotted. It is commonly used as a tool to
investigate electron transfer reactions through oxidation and reduction processes[79]. A standard

cyclic voltammogram is displayed in Figure 8.
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Figure 8:  Standard shape of a cyclic voltammogram displaying the peak representations[79]
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The specific capacitance (Cs) of the working electrode at a given scan rate can be determined by:

B [1dv (8)
" 2umAV

where [ I dV is the closed polygon area of the voltammogram, v is the scan rate, m is the mass of

the electrode, and AV is the potential range [80].

Electrochemical measurements were conducted on unmodified and modified carbon fibre
electrodes. One modified carbon fibre electrode had hydrothermally synthesised GQDs deposited,
while the other had electrochemically synthesised GQDs deposited. The double layer capacitance
was separated, i.e. deconvoluted from the total capacitance, by calculating the values separately
from pseudocapacitive and quantum capacitive contributions for each electrode by following a

method by Morales and Risch[81].

To accurately determine the double layer capacitance, it is important only to investigate the regions
in which pseudocapacitive contributions are negligible. Faradaic reactions have relatively slow
kinetics; therefore, lower scan speeds are necessary to provide time for oxidation and reduction
reactions. Cyclic voltammograms recorded at low scan speeds can thus provide a window between
the reduction and oxidation peaks in which no pseudocapacitive reactions can interfere with total
capacitance measurements. Therefore, cyclic voltammograms were obtained between -0.5 V and 1.2
V at slow scan speeds (1 mV/s — 10 mV/ s) with a 1M H,SO, electrolyte to determine the voltage

range in which redox reactions do not occur.
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Figure 9:  Cyclic voltammograms of electrochemically synthesised N-GQDs: a) between -0.5 V and 1.2 V at a
scan speed of 0.005 V/s. The non-Faradaic region is highlighted, and b) between 0 V and 0.3 V at a
scan speed of 1 V/s. The rectangular shape of the voltammogram is indicative of purely double

layer capacitance.
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Performing CV at high scan speeds ensures no charge transfer reactions can occur, even if the
window determined through the method above has been slightly miscalculated. It should be noted
that the window should contain the open circuit potential for the electrode. Voltammograms at
higher scan speeds (0.5 V/s — 1 V/s) limited to the voltage window in which Faradaic reactions are
negligible (0 V — 0.3 V) were thus produced to view the purely double layer contribution to

capacitance (Figure 9).

Voltammograms were adjusted by eliminating the contribution of unmodified carbon fibre
electrodes to the capacitance measurements, so all results reflect only the GQDs. iR errors were
then determined. The potentiostat is able to compensate for any resistance between the working
and counter electrode; however it is unable to compensate for resistance encountered between the
working and reference electrode. Since the measurement between the working and reference
electrode is the the potential difference of interest, it is necessary to adjust the electrochemical
measurements to negate the associated error. The potential difference of interest (Vimportant) Can be

determined from the equation:

Vimportant= Vimeasured™ lcelr” Ru= Voc (9)

where Vimeasured is the voltage measured by cyclic voltammetry, I is the measured current, Voc is the
open circuit potential, which is measured using the potentiostat, and R, is the uncompensated
resistance. Ry, can be determined from the EIS bode representations of the electrical impedance
spectroscopy measurements. Nyquist plots were recorded at a frequency range of 50 mHz - 10 kHz
at 10 points per decade with an alternating current amplitude of 10 mV RMS and a DC potential of
0.15V (since it is at the centre of the measured potential range). The bode plots displayed a negative
gradient before reaching a flat baseline (i.e. a gradient of zero) starting at ~1000 Hz. For frequency
values falling on this baseline, the measured impedance is R.. The value of R, was thus taken to be
the measured impedance at 10 kHz. Open cell potential for the electrochemically synthesised and
hydrothermally synthesised GQD electrodes were found to be 88.6 mV and 90.2 mV, respectively. R,
for the electrochemically synthesised GQDs was 1.46 Q, and 1.01 Q for the hydrothermally
synthesised GQDs.

To determine the double layer capacitance for the GQDs, graphs were plotted of current against
scan rate for currents at the open circuit potential (i.e. corrected values of the current obtained at
the open circuit potentials for the electrodes at scan speeds of 0.5 V/s — 1 V/s) and the best fit lines
were determined. The best fit lines were found to be power functions, and their gradients are the Cy
for each electrode. The indices in the fitting equations were found to be close to 1, suggesting the

determined double layer capacitive values were reasonably valid.
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Mott Schottky analysis was conducted between -0.5 and 0.8 V at 100 Hz. Flat band potential can be

obtained from Mott Schottky analysis by extrapolating a linear line of best fit to the x-axis.

3.5.2. Bandgap Determination

Optical bandgap calculations were conducted by graphing Tauc plots using measured UV-Vis data.

The Tauc method is based on the equation:

( -hv)% = B(hv-E,) (10)

where a is the absorption coefficient for the sample, h is Planck’s constant, v is the photon
frequency, B is a constant of proportionality, E; is the bandgap energy and y is equal to % for a direct

bandgap transition, or 2 for an indirect bandgap transition [82].

To obtain the absorption coefficient, the concentration of aqueous samples is required, and the

coefficient is calculated based on the Beer-Lambert law:

A=ebC (11)
where A is the absorbance, € is the molar absorbance coefficient, b is the path length, and C is the
sample concentration [83]. The molar absorption coefficient and molar absorbance coefficient are

related by the equation:
dne (12)

[84]. It has previously been demonstrated that nitrogen-enriched carbonaceous quantum dots
possess adsorbed anionic water clusters ([OH(H,0).]") on their surface in solution[85], which will
therefore affect the bandgap of the nanoparticles due to changes in size/ surface area of the
particles upon their addition. Since all other structural and electrochemical testing was conducted in
solution, either diluted or with an aqueous electrolyte, drying the samples to determine their
concentration was not worthwhile since the absence of water clusters will alter their structure. It
was instead decided to estimate the absorption coefficient by diluting samples relative to each other
and plotting a graph of the peak absorption coefficient against relative concentration for each
sample. A linear best fit line was then plotted, and its slope was determined. The slope of this line is
equal to the product of the extinction coefficient and path length. The path length for the UV-Vis

measurements was 1 cm.

1
Based on these approximated absorption coefficients, Tauc plots were graphed of (a - hv)¥ against

hv, where v is determined from the standard equation:

-5 (13)
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with ¢ the speed of light and the wavelength, A, obtained directly from the UV-Vis plots. Graphs were
plotted for both y equal to % and 2 to determine if the bandgap transitions are direct or indirect for
the nanoparticles. The linear part of the graph was subsequently fitted with a straight line, and the
equation was determined. The best fit line was then extrapolated down to the x-axis. The point at

which the best fit line intercepts the x-axis gives the bandgap value, shown in Figure 10.
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Figure 10: Tauc plot of hydrothermally synthesised N-GQDs. The linear part of the plot is extrapolated to 2.5
eV, which is equal to the bandgap.

From these plots, the bandgap for all GQDs was determined to be direct (as plots for indirect
bandgap transitions resulted in negative bandgap values). This agrees with previously simulated data

demonstrated through density functional theory (DFT) calculations that all GQDs displayed a direct
bandgap transition [86].
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4. Results and Discussion
4.1. Hydrothermal Synthesis of N-GQDs

A synthetic method to produce doped GQDs was selected over pristine GQD synthesis for the
reasons outlined in section 2.4. Nitrogen-doped GQDs were specifically chosen as nitrogen is more
electronegative than carbon and is an electron acceptor, thereby attracting electrons from the
electrolyte, and improving electrochemical performance. Furthermore, the difference in
electronegativity leads to improved wettability of the nanoparticles, decreases work function and
leads to higher surface energy. The additional atoms increase the surface area of the nanoparticles,
providing a larger area on which the electrical double layer can form, increasing their energy storage

potential[87].

The introduction of nitrogen through doping introduces defect energy levels which serve to decrease
the HOMO-LUMO gap in GQDs. This results from the hybridisation of the p, orbitals of N and C
atoms. The 1t bonds in N-GQDs have a lower energy of formation than o bonds, and therefore their

formation contributes to decreasing the bandgap [88].

NH Pyrrolic N

Pyridinic N Graphitic N

Figure 11: A nitrogen-doped GQD demonstrating the different configurations the doped N atoms can take

(pyrrolic, pyridinic or graphitic).

The configurations of the C-N bonds in the GQDs will play a role in the energy storage capability of
the N-GQDs. The possible configurations are pyrrolic nitrogen, pyridinic nitrogen and graphitic
nitrogen, shown in Figure 11. All configurations introduce midgap states to the bandgap[89].
Pyridinic and pyrrolic nitrogen lead primarily to pseudocapacitive energy storage in the N-GQDs,
while graphitic nitrogen can enhance conductivity resulting from electronic couplings between
carbon and nitrogen, which is favourable for electron transport in the nanoparticles[40]. Pyrrolic
nitrogen has previously been shown to increase the density of states of the GQDs to the greatest
extent, thereby reducing the limiting effects of quantum capacitance the most effectively[39].

Nitrogen groups can also be present on the nanoparticles as amine groups functionalised on the
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edges or basal plane. These groups will further increase specific capacitance as they are highly

ionisable and contribute to Faradaic energy storage[90].

There are two types of approach to synthesising GQDs, namely top-down synthesis and bottom-up
synthesis. Top-down synthesis involves the cutting and exfoliation of larger, readily available carbon
sources, while bottom-up synthesis synthesises the quantum dots from smaller carbon-containing

compounds[91].

The microwave-assisted hydrothermal synthesis of GQDs from monosodium citrate and
triethanolamine is a bottom-up synthetic technique. The rapid microwave heating leads to pyrolysis
of the precursor molecules. At high temperatures, condensation and esterification occur between
the hydroxyl and carboxylic acid groups on neighbouring precursor molecules, followed by
aromatisation through aldol condensation and cycloaddition reactions. When a critical point of the
concentration aromatic clusters in the reaction mixture has been reached, a burst nucleation occurs,

forming N-GQDs. Triethanolamine is both a solvent and a nitrogen source in the reaction[20].
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Figure 12: Part of the mechanism for the synthesis of N-GQDs from sodium citrate and triethanolamine. The
scheme displays an esterification mechanism between sodium citrate and triethanolamine,
demonstrating how nitrogen doping of the GQDs takes place. The ester molecules are now free to

react further to form GQDs.

A microwave power setting of 33% was found to result in the most controllable synthesis. A lower
(10 %) power setting resulted in the formation of a dilute solution of N-GQDs, and a large amount of
sodium citrate residue remained. It is assumed that the microwave irradiation did not heat the
solution rapidly enough, or to a high enough temperature, to dehydrate a sufficiently large quantity
of precursor citrate molecules to allow the formation of many N-GQDs. A higher (100 %) power
setting resulted in the formation of a solid substance, presumed to be graphene oxide, as the higher
temperatures allowed for extensive aromatisation and agglomeration of the nanoparticles. It has
previously been shown that graphene oxide can be formed via microwave irradiation from graphite
particles[92], and a similar mechanism is thought to have occurred here; however further

characterisation would be necessary to confirm this.
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Varied irradiation times were tested (150 s, 165 s, 180 s and 195 s). All reactions were conducted
with the precursor solutions placed in the centre of the microwave, and the heating was continuous
for the entire reaction duration. From here on, N-GQDs synthesised hydrothermally for varying
reaction times will be referred to as HT1, HT2, HT3 and HT4 for reaction times 150 s, 165 s, 180 s,
and 195 s, respectively. The literature reports the formation of a pale-yellow solution of the reaction
mixture, indicating the formation of N-GQDs[76]. It was observed that a pale-yellow solution was
formed for HT1, and the solutions darkened upon increasing reaction time (Figure 13). Samples were

illuminated with a 395 nm UV torch upon synthesis to confirm the presence of fluorescence.

Figure 13: HTI1-4 (from left to right) a) under standard lighting and b) under a 395 nm UV torch.

XRD analysis was carried out for each solution to confirm the presence of graphetisation and
crystallinity in the structures. The XRD graph of sample HT1 (Figure 14a) displayed a diffraction peak
at 20 = 23.89° due to the C (002) crystal plane index, indicative of an aromatic structure with a high
degree of parallel and azimuthal orientation, thus confirming the structure is graphene. The
unsymmetrical nature of the peak suggests the presence of aliphatic structures doped on the surface
of the N-GQDs, as was expected due to the introduction of nitrogen and oxygen-containing groups
during synthesis. Furthermore, the diffraction peak corresponds to a doo; spacing of 0.37 nm. This is
slightly larger than the interlayer spacing of graphite (0.334 nm); however this increase can be
attributed to the presence of functional groups on the basal plane, forcing the graphene layers

further apart[93].

The smaller peak at 26 = 37.34° corresponds to the digo plane index. This represents the length of
the unit cell and is equivalent to 0.24 nm, close to the dioo spacing in graphite (0.246 nm), further

emphasising the graphitic nature of the nanoparticles[94].

The XRD graphs for samples HT2-4 were extremely similar to that for HT1. The XRD graph for sample
HT4 is displayed in Figure 14b for comparison. The sample has identical doo2 and dioo spacing as the
other samples, with the only difference being the increase in intensity of the peaks, along with the

peaks being slightly wider which is a result of the larger size of the nanoparticles in the sample[95].
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Figure 14: XRD graph of hydrothermally synthesised N-GQDs a) sample HT1) and b) sample HT4
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Figure 15: TEM images of GQD grown via hydrothermal synthesis a) HT1; b) HT2; c) HT3 displaying structural

defects; d) HT3 and e) HT4 with a visible lattice structure.

TEM images (Figure 15) show an increase in the lateral dimension of the GQD size upon increased
microwave reaction time (~ 5 nm for HT1, ~ 18 nm for HT2, ~27 nm for HT3, ~40 nm for HT4). More
than 15 GQDs were imaged per sample using TEM, all displaying similar lateral sizes. HRTEM should
be carried out for complete size distribution analysis in the future. It should, however, be noted that
the shapes of the nanoparticles were considerably less uniform for HT4 compared with the smaller
nanoparticle sizes. For smaller nanoparticles, the overall shape was generally relatively circular, but
for HT4 some particles were somewhat ovular/ oblong-shaped. This is likely due to the increased
reaction times resulting in the aggregation of multiple nanoparticles in one plane (i.e. all attached

vertically or horizontally).

The larger size of the nanoparticles upon increasing reaction times is supported by spectra obtained
through UV-Vis (Figure 16). The redshift seen in the spectra indicates a narrowing of the bandgap,

which is expected as particle size increases. The particles likely increased in size upon increasing
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reaction as the longer heating times allowed more dehydration reactions to occur, enlarging the

synthesised quantum dots[96].

The peaks between 219 and 233 nm are a result of the n-t* transition in C=C, and the peaks at ~270
nm are due to the m-m* transition in C=N[93], indicating that the nanoparticles have been

successfully doped with nitrogen. The nitrogen peak is most prominent in HT1, suggesting that these

particles had the largest ratio of nitrogen present in their structure.
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Figure 16: Effect of the reaction time on the UV-Vis spectra of N-GQDs showing the peak positions of interest,
which result from C=C bonds. The peaks at ~270 nm are a result of N- bonds in the molecules,

confirming the presence of nitrogen in the N-GQDs.

The size of the optical bandgaps was determined from the UV-Vis spectra by Tauc plots. The
bandgaps for HT1-4 were 2.50, 2.18, 2.12 and 2.06 eV, respectively. These values are within the
reported bandgap ranges for GQDs[97]. Furthermore, these values confirm that the redshift seen in
the UV-Vis spectra is representative of a narrowing of the bandgap upon increasing particle size. This
is due to a weakening of the quantum confinement effect upon increasing nanoparticle size as a
larger number of atomic orbitals are involved in bonding in the particles, decreasing the distance

between the empty and filled states and thus decreasing the bandgap.

Semiconductor quantum dots are typically modelled by the Brus equation, where the bandgap

energy is given by:

f E h? ( 11 ) 1.8¢2 (14)
= + — —*+ = -—_—

glad)™ "ouk™ g2 \m*, " m")  aneye, R?

Here, Egqq) is the bandgap energy of the quantum dot, Epuk is the bandgap energy for the bulk

material, R is the radius of the quantum dot (or alternatively the length of its edges, if it is not
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round), m*, and m*,, are the relative mass of an excited electron and a hole, respectively, g, is the
permittivity of a vacuum, and ¢, is the relative permittivity[98]. The second term in the equation
represents the confinement energy, and it can be seen from this that Egqq) is inversely proportional

to the square of the radius of the nanoparticle.

Graphene quantum dots, however, do not follow this relation. Due to the Dirac like quasiparticles in

graphene, the energy gap instead follows the relation:

(15)
Egapoc Z

with L the length of its edges[99]. This is an expected trend for confined Dirac fermions due to the
correlation shown in equation (16).

2 (16)

L

where kmin is the minimum Fermi wavenumber[16]. This relation is equivalent to that shown in

E gap x kmin:

equation (2), since the length an edge of the GQD is directly proportional to the square root of the
total number of atoms in the quantum dot. This is easiest to see from a basic example; Figure 17
shows three simple GQDs of increasing dimensions. Using the dioo spacing obtained from the XRD
measurements (Figure 14) (0.24 nm), the dimensions of each particle can be obtained. For ease, it is
assumed each edge is passivated with a hydrogen atom. It can be seen from Figure 18 that a linear
relationship exists between L and VN with an R? coefficient is 0.9974, where the value is slightly less
than 1, likely arising from the standard experimental error in calculating the dioo spacing. This

therefore confirms that both equations are equivalent for GQDs.

a)

36 atoms 72 atoms 120 atoms

Figure 17: Basic examples of zigzag GQDs. The length of each side was calculated based off XRD d1ioo spacing
obtained from the this work (0.24 nm). The calculated number of atoms includes the total number

of carbon and hydrogen atoms, where hydrogen atoms are assumed to passivate each edge.
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Figure 18: Graph showing the correlation between L and \/N for the GQD examples shown in Figure 17. The R?

coefficient is 0.9974, demonstrating the strong linear relationship between the variables.

Table 1: Comparison of hydrothermally synthesised GQDs. Samples HT1-4 were synthesised in this work and

are described above, while the final three samples are data obtained from literature.

Sample name Synthesis method/ time Particle size/ nm Bandgap/ eV
HT1 Hydrothermal (microwave) 150 s 5 2.50
HT2 Hydrothermal (microwave) 165 s 18 2.18
HT3 Hydrothermal (microwave) 180 s 27 2.12
HT4 Hydrothermal (microwave) 195 s 40 2.06

N-GQDs derived Reflux 24 hours followed by N doping via a 5.86 2.05

from coal [100] solvothermal technique

N-GQDs derived Reflux 8 hours 35 3.09

from sucrose [101]
N-GQDs derived Hydrothermal (autoclave) 10 hours 3.2 2.36
from graphene
oxide [102]
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Figure 19: Graph of bandgap vs. 1/ radius of the nanoparticle for samples HT1-4, showing the strong linear

relationship between the two variables.

The bandgaps obtained for HT1-4 are plotted in Figure 19. The particles are assumed to be spherical
and so the radius of the GQDs are used in place of the length of an edge. The results display the
expected a linear correlation between 1/R and the measured energy gap outlined in equation (15).
However, the relationship is not directly proportional since the best fit line will not pass through
(0,0). This is unsurprising since GQDs are particles with a lateral dimension of less than 100 nm, with
the minimum bandgap of an N-GQD being approximately 1.9 — 2.1 eV[19], depending on doping
quantities (i.e., 1/R will measure a minimum of 0.02 nm* and the minimum bandgap will be 1.9 -2.1

eV, so the best fit line will therefore never pass through (0,0)).

It should be noted that the final three samples in Table 1 do not fit this correlation when compared
to the samples synthesised in this work and have not been included in the graph. This is due to the
influence of the synthetic route utilised on the bandgap[103], meaning the correlation coefficient in
the bandgap relation will differ depending on the synthetic technique used. This is primarily due to
the effect of the synthetic method on the quantity of doped and functionalised atoms on the
nanoparticles. The examples are only included in the table for comparative purposes of bandgap

sizes.
4.2. Electrodeposition of N-GQDs on Carbon Fibres

It has previously been reported by Liu et al.[104] that smaller GQDs display higher rate capability and
faster frequency response times than larger GQDs. Smaller nanoparticles result in shorter ion
diffusion distances and therefore shorter ion diffusion times. Smaller GQDs also possess a higher
surface area to volume ratio, increasing the surface area of the electrodes to a greater extent than
larger nanoparticles and providing a greater area upon which the electrical double layer can form.

Although smaller nanoparticle size results in a wider HOMO-LUMO gap which can negatively affect
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specific capacitance, the doping of GQDs with nitrogen narrows the bandgap and provides a Faradaic
energy storage component to the specific capacitance, therefore mitigating some of the adverse
effects to capacitance. For these reasons, the GQDs with the smallest particle size (HT1) were

selected for initial capacitance testing.

Cyclic voltammetry was carried out on carbon fibres with N-GQDs electrodeposited for various times
(10 min, 20 min, 30 min, 40 min, 50 min, and 60 min). The specific capacitances of electrodes with
each deposition time were calculated from the CV curves using equation (8). It was found that the
ideal deposition time was 30 minutes; shorter times resulted in fewer deposited GQDs and therefore
the specific capacitances of the doped carbon fibre electrodes were lower, while at longer
deposition times the deposited N-GQDs began to agglomerate on the surface of the fibres, lowering

the surface area of the GQDs and consequently reducing the capacitance.

Cyclic voltammetry was carried out on carbon fibres with HT1 particles electrodeposited (Figure 20).
The voltammogram displayed an (expected) increase in redox peaks due to the oxygen and nitrogen
groups on the N-GQDs. The specific capacitances of the unmodified, pretreated-only, and CFs with
electrodeposited N-GQDs were 16, 37 and 60 F/g, respectively, showing a 275 % increase in the
specific capacitance between the unmodified fibres and the fibres with N-GQDs deposited. It is
worth noting that the increase in specific capacitance for the pretreated-only CFs is due to the
Faradaic reactions occurring due to the addition of oxygen groups to their surface by ultrasonication
in concentrated nitric acid. Some redox peaks are also visible on the voltammogram of neat carbon
fibres. This is a result of a small pre-existing oxide layer on the surface of the fibres since the
voltammograms could not be produced in an inert atmosphere and were therefore all conducted at

atmospheric pressure (in the presence of oxygen).
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Figure 20: Cyclic voltammograms at 5 mV/s of unmodified carbon fibres (blue), pretreated carbon fibres (red)

and carbon fibres with N-GQDs (HT1) electrodeposited (black) in 1M H2504 electrolyte

The addition of GQDs to carbon-based electrodes has been investigated in the literature. As
described in section 2.6.1., GQDs were embedded into activated carbon electrodes. The activated
carbon electrodes (without GQDs) had a specific capacitance of 246 F/g, and the activated carbon
electrodes with interspersed GQDs had a specific capacitance of 388 F/g[63], a 58 % increase in
specific capacitance. Tjandra et al. [78] electrodeposited GQDs on the surface of carbon cloth and
reported a specific capacitance of 70.7 mF/g for the GQD-enhanced electrode. The value of the
specific capacitance of neat carbon cloth was not reported in the paper, but has been found to be 1-
2 mF/g in other work[105]. The carbon cloth therefore displayed an increase in specific capacitance
of ~70%. Chen et al.[106] hydrothermally embedded GQDs into 3D graphene electrodes and

reported a 97 % increase in specific capacitance of the electrodes upon GQD addition.

The more significant increase in specific capacitance displayed in this work can be partially attributed
to the nitrogen doping of the GQDs used here, as the nitrogen present increases pseudocapacitance
of the nanoparticles and the literature results outlined above integrated undoped GQDs. Increases in
specific capacitances close to that reported in this work have been reported for other (non-carbon
based) electrodes upon doped GQD addition. Sulfur and nitrogen co-doped GQDs were embedded
into polyaniline electrodes. The specific capacitance was reported to increase from 177 F/g for
pristine polyaniline electrodes to 645 F/g upon GQD integration[65], a 264 % increase. It is also
worth considering that the inability to conduct cyclic voltammetry in an inert environment likely also
increased the measured specific capacitances in this work due to reactions with atmospheric oxygen

and may be a cause for the large increase in specific capacitance.

Table 2: Comparisons of percentage increase in specific capacitance of electrodes modified by the addition
of GQDs. Increase in specific capacitance is the increase in specific capacitance between

unmodified electrodes and the electrodes with integrated GQDs.

Electrode Material Electrolyte Scan Speed/ Current Increase in Specific Ref
Density Capacitance/ %
N-GQDs/ carbon fibres 1M H2S04 5mV/s 275 This work
GQDs/ activated carbon 6M KOH 1A/g 58 [63]
GQDs/ carbon cloth 1M H2S04 50 mV/s 70 [78]
GQDs/ 3D graphene 1M H2SO04 1.25A/g 97 [106]
S-N-GQDs/ polyaniline 1M H2SO4 0.5A/g 264 [65]
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4.3. Electrochemical Synthesis of N-GQDs

The electrochemical synthesis of N-GQDs from graphite rods is a top-down synthetic method. The
method proposed by Ahirwar et al. [77] begins by exposing graphite rods to high temperatures to
create surface defects. While equipment restrictions did not allow for heating temperatures of the
graphite rods to be as high as in this method, which used a heating temperature of 1050°C for 5
minutes, the heating of the graphite rods to 200°C for 30 minutes is assumed to have created
surface defects in the graphite. It has been shown that graphene oxide can be simultaneously
reduced and oxidised under temperatures as low as 95 °C, i.e., its structure can be altered at low
temperatures[107], and, while further investigation would be required to confirm, the results
suggest that structural defects could occur at 200 °C in graphite rods. Regardless of whether this is
the case, Hossain and Wang [108] exfoliated graphite rods at room temperature without first
inducing defects, and therefore heating the rods was not necessary, though it may have reduced the

reaction time required.

The electrolyte for the reaction was a solution of sodium citrate, triethanolamine and water since
utilising the same reagents for both the hydrothermal and electrochemical GQD synthesis was likely
to create comparable GQDs across synthetic methods, particularly ensuring triethanolamine is
present in both reactions since a nitrogen source is required to synthesise N-GQDs. The decision was
made to electrolyse the electrolyte solution before its use in the synthesis of GQDs to induce more
hydroxyl ions in the solution. Typical electrochemical synthesis of GQDs employs dilute NaOH as an
electrolyte due to its easy dissociation, resulting in high availability of OH™ ions. Since dissociation of
triethanolamine and sodium citrate into free OH" ions is unlikely under the reaction conditions used,
the electrolysis of water before the reaction began introduced a sufficient quantity of ions to the

electrolyte.

When a potential is applied to the graphite rod electrodes in the electrolyte, the OH" ions oxidise on
the defect sites on the surface of the graphite rod, producing oxygen which then forces the graphite
layers apart. Further ions then intercalate between the layers, widening the layer spacing further.
The electric field cleaves the C=C bonds, and ultimately the graphite rods are electrochemically

exfoliated, forming GQDs [77].
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Figure 21: Mechanism of the electrochemical synthesis of GQDs conducted by Ahirwar et al. [77). The
synthesis used was very similar to this and proceeded via the same mechanism, but the electrolyte

solution was composed of sodium citrate, water and triethanolamine instead of citric acid and

sodium hydroxide.

The UV-Vis spectrum of EC1 is shown in Figure 22. The peak at 243 nm is a result of the m-it*
transition in C=C, and the peak at 270 nm is due to the m-mt* transition in C=N, indicating that the
nanoparticles have been successfully doped with nitrogen[93]. From the Tauc plot, the bandgap for
EC1 was found to be 3.01 eV. This bandgap is within the expected range for N-GQDs and will be

discussed in relation to the UV-Vis spectra of hydrothermally synthesised GQDs in section 4.4.
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Figure 22: UV-Vis spectrum of sample EC1. The peak at 243 nm results from C=C bonds. The peak at ~270 nm

is a result of N- bonds in the molecules, confirming the presence of nitrogen in the N-GQDs.
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TEM images of the electrochemically synthesised N-GQDs were taken and are displayed in Figure 23.
The TEM images showed that the average size of the nanoparticles was 6 nm, meaning they are a
comparable size to HT1 nanoparticles and will be compared directly against them. There was a small
amount more variability in the dimensions of EC1 nanoparticles than HT1, but all nanoparticles seen

on the TEM were found to be between 5 nm and 7 nm.

Figure 23: TEM images of sample EC1. The sample showed increased polydispersity compared to

hydrothermally synthesised GQD samples, and the average size was 6 nm.

It should be noted that the electrochemical synthesis was less controllable than the hydrothermal
synthesis; altering the reaction time did not affect the size of the electrochemically synthesised
nanoparticles. Longer reaction times produced a more concentrated solution of nanoparticles but
had no noticeable impact on their structure. For this reason, only samples HT1 and EC1 will be

compared.

XRD analysis of the electrochemically synthesised N-GQDs (EC1) was carried out. The XRD graph,
shown in Figure 24, displays a Bragg diffraction peak at 26 = 28.82° due to the C (002) crystal plane
index. This corresponds to a dooz spacing of 0.31 nm, slightly smaller than the interlayer spacing of
graphite (0.334 nm) [93]. The smaller interlayer spacing may result from the introduction of oxygen-
containing groups between graphite layers during synthesis. Oxygen groups create active centres in
the nanoparticles, which may help to increase packing by forming strong bonds between carbon and
oxygen. Furthermore, lower do; spacing is indicative of a low quantity of defects in the lattice
structure, which further allows the layers to orient more tightly[109]. The interlayer spacing is
considerably smaller than that of hydrothermally synthesised GQDs, indicative of a lower degree of

basal plane functionalisation, the reasons for which will be explained later.

The second peak at 26 = 40.07° corresponds to the dig plane index (length of the unit cell) and is

equivalent to 0.22 nm, again slightly smaller than that of graphite (0.246 nm) [94]. Considering that
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both lattice parameters are ~0.025 nm smaller than graphitic values, it is entirely possible that the
values differ due to experimental error. The electrochemical synthesis resulted in a more dilute
solution of GQDs than hydrothermal synthesis, so the distribution of EC1 nanoparticles on the glass
substrate may not have been as even. Furthermore, fewer nanoparticles may have been present in

the sample. Both factors could affect the diffraction peak values, and further experimentation is

required for confirmation.
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Figure 24: XRD graph of electrochemically synthesised N-GQDs. Sample EC1 is shown in red and sample HT1 is

shown in black and is included for comparison between intensity and peak positions.

The higher peak intensity of EC1 compared to HT1 is indicative of a differing morphology between

the nanoparticles[110], which will be discussed in detail in section 4.4.

Table 3: Comparison of synthesised N-GQDs. Samples HT1 and EC1 were synthesised in this work and are

described above, while the final sample data was obtained from literature for comparison of

electrochemical synthesis.

Sample name Synthesis method/ time Particle size/ nm Bandgap/ eV
HT1 Hydrothermal (microwave) 150 s 5 2.50
EC1 Electrochemical cutting 1 hour 6 3.01
N-GQDs derived from Electrochemical cutting 24 hours 3.1 2.83
carbon cloth [111]

4.4.Edge Shapes

UV-Vis spectra of N-GQD samples synthesised through both synthetic methods were produced for

samples with varied pHs (Figure 25). The pH of the N-GQD solutions were adjusted with nitric acid
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and sodium bicarbonate. It was found that the N-GQDs produced through the hydrothermal
microwave-assisted synthesis (HT1) exhibited changes in the wavelength absorption upon pH
variation. In contrast, the N-GQDs produced electrochemically (EC1) displayed no changes in peak

position.

Reports in the literature state that the bandgap of GQDs is pH dependent[75],[112]; however based
on the obtained UV-Vis spectra (Figure 25), it has been found that this is not true of all GQDs. An

explanation for this results from considering the edge structure of ZZ and AC-edged GQDs.

ZZ GQDs contain a carbene-like double bond on their edges and therefore possess a dangling bond
which can be readily protonated or deprotonated. When ZZ GQDs are exposed to a low pH, their
edges will protonate, increasing the size of the sp? domain and thus narrowing their bandgap. The
opposite will be true for ZZ GQDs suspended in basic media, whereby their edges will deprotonate,
decreasing the sp? domain and hence widening their bandgap. The shifts in wavelength absorption
upon changing pH of the ZZ GQDs (Figure 25a) are similar to previously reported shifts in UV-Vis
spectra of GQDs when the solution pH has been altered, whereby redshift is seen upon decreasing
pH[20]. This has been shown to correlate with bandgap size, with bandgap increasing as the solution

becomes more basic[112].

AC edges will not be affected by the variations in the pH of their solvent. Armchair-edged GQDs have
a carbyne-like triple bond and hence have no free bonds available to protonate/ deprotonate. This
therefore suggests that hydrothermally synthesised GQDs contain ZZ edges, while electrochemically
synthesised GQDs contain only AC edges. The differing morphology is supported by the variation in

the intensity of diffraction peaks in the XRD graphs of the samples (Figure 24).

The implications of the bandgap changes upon pH variation are of extreme significance to any
electrochemical device with zigzag GQDs integrated into their electrodes. The pH of the electrolyte
used in the cell will impact the performance of these GQDs. If an electrolyte that excessively widens
or narrows the bandgap is selected, it will hinder the performance of the device, whilst if an ideal

electrolyte is selected, the performance will be enhanced.
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Figure 25: UV-Vis spectra at varied pH levels of a) hydrothermally synthesised GQDs (ZZ GQDs; HT1) and b)
electrochemically synthesised GQDs (AC GQDs; EC1)

The wider bandgap of the AC GQDs compared to that for all sizes of ZZ GQDs is expected. The
synthesised AC GQDs are of a similar size to HT1, the ZZ GQDs with the smallest lateral dimensions,
and it is known that AC GQDs will always display a larger bandgap than ZZ GQDs of the same size.
This is a direct consequence of the dispersionless edge states present in ZZ GQDs that are not
observed in AC GQDs[21]. The degenerate zero energy edge states in the ZZ GQDs follow Hund’s rule
and allow additional energy level transitions that do not occur in AC GQDs. The bandgap difference
between ZZ and AC GQDs is more evident for smaller GQDs as the ratio of edge atoms to central
atoms is increased. Moreover, it has been demonstrated that the functionalisation of GQDs narrows
the bandgap of ZZ GQDs more than AC GQDs, and so the significant difference between the
bandgaps of HT1 and EC1 can be further attributed to the larger quantity of functional groups on
HT1[113].

The specific capacitance of the CFs with ZZ GQDs deposited was 60 F/g, compared to 31 F/g for CFs
with AC GQDs in 1 M H,S0, electrolyte. The dangling bonds present at the edges of ZZ GQDs
increase their affinity for edge site doping, allowing Faradaic groups to attach and thus improving
their pseudocapacitive storage capability. The cyclic voltammograms are shown for carbon fibre
electrodes with HT1 and EC1 deposited on their surfaces (Figure 26), demonstrating the increased

guantity of redox reactions for HT1 compared to EC1.

Furthermore, the ZZ GQDs possess a higher degree of functionalisation than AC GQDs, as can be
seen from the increased interlayer spacing given by XRD analysis when compared to AC GQDs
(Figure 24). The spacing suggests that AC GQDs have very limited, if any, basal plane
functionalisation between layers by oxygen and amine groups. Synthesising GQDs from a bottom-up

technique (ZZ GQDs) is more likely to result in defects to the lattice structure since smaller organic
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molecules must pyrolyse and stack to form the GQDs under high temperatures. Contrary to this, the
top-down synthetic technique from graphite rods (AC GQDs) only requires that electrochemical
exfoliation of high-purity graphite occurs. The layers will break apart where OH™ ions have
intercalated into the graphite rod, meaning the resulting nanoparticle will be unlikely to have any
hydroxyl groups between the layers of the synthesised GQD, since if penetration of OH" ions had
occurred between the layers, the particle would have been electrochemically cut at this position
under the influence of the applied potential. Any functionalisation with oxygen-containing or amine
groups is thus limited to the external basal plane (i.e. on the top and bottom of the GQD) and edges
of the nanoparticle. The wider interlayer spacing and increased functionalisation of the ZZ GQDs
results in increased wettability, alongside higher redox energy storage capabilities due to the larger

number of sites available for Faradaic reactions to occur compared to AC GQDs.

The redox capabilities demonstrated by the AC GQDs, albeit somewhat limited, originate from the
functionalisation of their edges with oxygen and amine groups, alongside nitrogen doping. Defects
were induced by heating the graphite rods during synthesis, which allowed nitrogen doping to occur
at these defect sites. Moreover, the electrochemical cleaving of carbon bonds during synthesis
created further sites for doping. This introduced Faradaic groups to the nanoparticles, allowing some

pseudocapacitive charge storage to occur.
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Figure 26: Cyclic voltammograms at 5 mV/s of carbon fibres with electrodeposited ZZ (black) and AC (red) N-
GQDs and unmodified carbon fibres (blue) in 1M H2S04 electrolyte.

The specific capacitance of carbon fibres with AC GQDs deposited (31 F/g) is lower than that of
pretreated-only CFs (37 F/g). This is explained by the Faradaic processes on the electrodes. The
oxygen-containing functional groups that are introduced to carbon fibres through pre-treatment are

able to participate in redox reactions. However, these active sites are effectively ‘used up’ during
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GQD deposition (GQDs bond to the oxygen groups), and the deposited AC GQDs have fewer

available redox sites than the oxygenated CFs, resulting in a lower specific capacitance.

Table 4:  Specific capacitances obtained from cyclic voltammetry for carbon fibre-based electrodes.

Electrode Specific Capacitance/ F/g
Unmodified carbon fibres 16
Pretreated only carbon fibres 37
Carbon fibres with HT1 (ZZ N-GQDs) deposited 60
Carbon fibres with EC1 (AC N-GQDs) deposited 31

Owing to the increased energy storage capability of ZZ GQDs in comparison to AC GQDs, it is
important to understand how ZZ GQDs interact with other components in energy storage devices. As
previously mentioned, the bandgap of ZZ GQDs is easily tunable and will be affected by the
electrolyte in use. Despite this, the selection of specific edge types of GQDs and considerations of
how they interact with electrolytes are often ignored during the development of energy storage
devices. Therefore, It is necessary to consider these factors and understand the chemical kinetics of

the system in which the GQDs are embedded to reach device optimisation.
4.5. Density of States and Chemical Kinetics Calculations

The density of states (DOS) profiles of GQD samples are of significant interest in determining which
size/ shape of GQDs will provide the best electrochemical properties to the electrode surfaces. The
DOS profiles of the GQDs at the Fermi level provide insight into the chemical kinetics of the systems
and their interaction with electrolytes since interfacial electron transfer is dependent on the
availability of donor and acceptor sites. Despite this, little work has been done to experimentally

determine the DOS profiles of GQD samples before device integration.

From here on, the electrodes will be referred to as ZZCF (carbon fibres with ZZ GQDs
electrodeposited) and ACCF (carbon fibres with AC GQDs electrodeposited). The double layer
capacitances were calculated according to the method described in section 3.5.1. The Cq for ZZCF
and ACCF were found to be 0.65 F/g and 0.49 F/g respectively. The higher Cy value for the ZZCF
electrodes can be explained by considering that EDL capacitance is increased upon increasing

material surface area.

While the ZZ GQDs and AC GQDs display similar lateral dimensions, that does not necessarily equate
to having an identical surface area. As a result of the acidic electrolyte used, it is likely that the ZZ

GQD edges protonated, while the AC GQDs did not (due to the lack of dangling bonds at their edges).
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This leads to a (slight) increase in the lateral dimensions of the ZZ GQDs via edge site doping, thus
increasing their surface area. A more impactful factor to the surface area of the nanoparticles is their
thickness, which was not measured directly. Based on previous reports, the thickness of GQDs is
typically between 1 nm and 5 nm, depending on how many graphene layers are present in the
particle[76]. Based on the TEM images of the nanoparticles, it is fairly likely that the ZZ GQDs (Figure
15) are thicker than the AC GQDs (Figure 23). On TEM images, thicker particles appear darker since
the electron beam interacts more strongly with them. The imaged AC GQDs were lighter in colour
than the ZZ GQDs, which may be indicative of particle thickness differences, further suggesting that
ZZ GQDs have a larger surface area. This may result from the synthetic processes used to create the
GQDs. Since the AC GQDs were synthesised by electrochemical cutting of graphite through hydroxyl
group intercalation, the particles were likely cleaved on a layer-by-layer basis, which may have
resulted in some polydispersity, leading to some single-layer GQDs and some GQDs with only a few
layers. However, The microwave-assisted hydrothermal synthesis of ZZ GQDs would not have been
restricted to few layered quantum dots. The nucleation process may have combined multiple single
or few-layered graphene nanoparticles to form a single GQD. Furthermore, as previously mentioned,
rapid heating during synthesis led to increased functionalisation with nitrogen, carboxyl and
hydroxyl groups, as can be seen from the increased interlayer spacing given by XRD analysis of HT1
compared to EC1 (Figure 24). Increased branching through functionalisation will result in a less
spherical particle, increasing surface area in comparison to particles with less functionalisation. The

defects induced by rapid heating would further increase the surface area.

The double layer capacitance values were subsequently used to calculate the quantum capacitance.
Ciotal Values were obtained from the EIS plots described in section 3.5.1., but were conducted at
different potentials, as is explained below, and the C, values were calculated from equation (6).
Capacitance values are frequency dependent due to localised dielectric polarisation effects. The

guantum capacitance was therefore calculated for 10 kHz — 100 Hz.

To avoid errors relating to depletion and accumulation layers between the electrodes and the
electrolyte, Mott Schottky analysis was used to determine the flatband potential (V&) for the ZZCF
and ACCF electrodes in the half-cell configuration. This was necessary to determine a potential at
which to produce EIS plots for each electrode from which the values of C; were determined to
ensure that the charge carriers at the electrode-electrolyte interface were in similar states for both
electrodes, and differences in quantum capacitance measurements weren’t a result of surface
states. The N-GQD-modified electrodes were determined to be n-type based on the positive linear
slope displayed in the Mott-Schottky graphs. The Mott Schottky graph for the ACCF electrode is

shown in Figure 27. Pristine GQDs have been found to be p-type semiconductors[114], however the
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n-type nature of the N-GQDs can be attributed to the electron-donating effects of the doped
nitrogen atoms. The flat band potentials were determined to be 0.21 and 0.29 V vs. Ag/ AgCl
standard reference electrode for ACCF and ZZCF, respectively.

80 -

70 4

Linear extrapolation to
021V

T T T ¥ T T 1
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8

Potential (V)

Figure 27: Mott Schottky plot for AC GQDs (EC1) showing n-type conductivity with a flatband potential of
0.21V.

EIS plots were obtained at the flat band potential for each electrode. At sufficiently low frequencies,
the system can be modelled as a simple capacitor[115], whereby no kinetic limitations occur due to
dissipative or propagative effects[116], and so the applied frequencies were kept relatively low (100
Hz — 10 kHz) (i.e. the impact of quantum capacitance is more prominent at low applied frequencies
of the system [117] and therefore attention was paid to the low frequency capacitance values). The
lowest frequency was selected to be 100 Hz as the GQDs displayed electric field reversal at lower
frequencies, resulting from nonsynchronicity between the phases of the scan and internal
accumulated carrier state in the GQDs[118]. Figure 28 displays the quantum capacitance variation
over the given range for both electrodes. It can be seen that Cqis larger for ZZCF for all frequencies.
Quantum capacitance is directly proportional to the square root of the DOS, and the overall shape of
the quantum capacitance profile is therefore the same as the shape of the DOS profile for the
electrodes. A van-Hove singularity (peak) can be seen in the profile for ZZCF at ~8000 Hz and is
indicative of the presence of edge states[119]. The singularity is likely only present for ZZCF since ZZ

GQDs display dispersionless edge states, while AC GQDs do not.
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Figure 28: Quantum capacitance profile for ZZCF and ACCF samples. The peak in the ZZCF profile is a van-

Hove singularity, indicative of the presence of edge states.

The dielectric permittivity of each sample is required before the DOS values can be obtained. It can
be calculated from the surface area and thickness of the electrodes using equation (17).

cd (17)

£= —
AEO

where C is the capacitance, d is the sample thickness, A is the surface area and g, is vacuum

permittivity[120].

The sample surface area can be found by the Brauner-Emmett-Teller (BET) method. In the BET
method, the volume of gas adsorbed to the surface of the sample is measured as a function of the
relative pressure. BET isotherms are then produced, from which the monolayer capacity of the
adsorbed gas (nm) can be obtained from the BET equation (18).

P (18)

Py 1 B-1 ( P)

P\ B B \P,
n(1 Po)

where P is the pressure, Py is the saturation pressure of the adsorbed gas at the set experiment

temperature, n is the specific amount of adsorbed gas at the relative pressure, and B is a constant.
Volume-specific surface area (as) is subsequently determined from:

Nmlom (19)

with L, o,, and m Avogadro’s constant, the molecular cross-sectional area, and the mass of

adsorbate, respectively [121].
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Due to an inability to access a BET machine, the surface area measurements have yet to be carried
out, however the remainder of the procedure to calculate the dielectric permittivity of the GQDs will
be described. The surface area of the deposited GQDs is calculated by subtracting the surface area of
the bare carbon fibres. Atomic force microscopy (AFM) can be used to measure the thickness of the
deposited GQD layers, however care should be taken since the deposited layers on the surface of
the carbon fibres are inhomogenous (a homogenous layer would result in aggregation of GQDs into
graphene), and so some level of approximation and fitting of parameters may be necessary, i.e. it
will likely be required to obtain an average and assume a uniform thickness of GQDs across the

whole electrode surface.

Biswal et al.[122] directly measured the dielectric permittivity of GQDs using an Alpha-A high
performance frequency analyser. Based on the physical characterisation of their synthesised GQDs,
the obtained particles are comparable to sample HT1. Raman spectroscopy showed the presence of
a G band at 1590 cm™ and a D band at 1345 cm?, suggesting that the synthesised nanoparticles are
zigzag-edged GQDs[123]. Furthermore, the obtained GQDs had a bandgap of 2.52 eV, close to the
2.5 eV bandgap of HT1. The dielectric permittivity was measured to be 2.5 x 10*at 100 Hz, and this is
likely a ballpark figure for sample HT1. To note, the AC GQDs will have a different, presumably
smaller, dielectric constant than the ZZ GQDs due to their differing capacitance, likely lower surface
area, and possible differences in nanoparticle layer thickness on the electrode surface. The dielectric
permittivity will only be this high for low-frequency values as an interfacial region can form at low
frequencies, whereas at high frequencies relaxation processes do not occur as space charges do not
have sufficient time to align. Furthermore, dipolar polarisation will only occur at low frequencies,
whereby the permanent dipoles align under the applied electric field[122]. At frequencies of over
~10000 Hz, the dielectric permittivity becomes a relatively constant, low value. This is due to the
light atoms which make up the GQDs and the weak spin-orbit coupling of the nanoparticles, leading

to strong carrier-carrier interactions and well-defined spin multiplicity of electronic states[124].
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DOS calculations can then be carried out for each of the samples using the obtained dielectric
constant and equation (7), taking care to use the quantum capacitance value at the same frequency
for which the dielectric permittivity was calculated. Once this DOS value has been determined, the

rate constants for each GQD sample can be found using the calculated value:

ki= ki . W,eq - DOS (20)

ky =k . W,, . DOS (22)
with kr the oxidation rate constant, k, the reduction rate constant and k: the tunnelling probability
constant. Wieq and Wox are probabilities of finding the empty/occupied state of the ions in the

electrolytes and are calculated for the electrolyte in use:

(eV-eEq+A)? 22
WOX= € e(_ 41(?2 ) ( )
VA4kTA
(eV-eEq-A)? 23
Wred= c e(_TYOﬂ) ( )
V4kTA

where E, is the ion standard reduction potential (of the electrolyte), A is the reorganisation energy
associated with the redox process, k is the Boltzmann constant, T is the absolute temperature, e is

elemental charge, and Vis the voltage[125].

Using these calculations, the rate constants of GQD samples can be determined for any given
electrolyte based on values of their ion reduction values, which can be experimentally measured or
obtained from the literature. It should be noted that the double layer capacitance values will change
depending on the concentration of the electrolyte in use[126], so to compare electrolytes of
different concentrations the full procedure would have to be repeated for each electrolyte (but
electrolytes of similar concentration are comparable without redetermining double layer
capacitance). The electrochemical rate constants quantify the reversibility of the interfacial electron
transfer reactions, providing an indication of the longevity of the electrode lifecycle. Furthermore, it
has previously been discovered that increasing the rate constants at the active sites of the
electrodes by one order of magnitude results in a 4% improvement in the specific energy and power
of a lithium-ion battery[127], and will likely have similar effects on all electrochemical energy

storage devices.

It is, however, worth emphasising that the synergistic effects of composite electrode materials will
have a more significant impact than the lone GQDs deposited on electrode surfaces. This process of
establishing reliable electrode kinetics is therefore not worth considering for the GQDs alone, but

rather for the whole electrode. This method of establishing electrode kinetics is suitable. The
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dielectric of the composite electrode can be found by determining the thickness and surface area of
the electrode, and this can be used with the double layer capacitance for the composite electrode to
determine its density of states. The addition of GQDs to electrodes has previously been shown to

increase the dielectric constant of the material, alongside reducing dielectric loss[128].

Electrolytes for electrochemical energy storage devices are often selected on somewhat of a trial-
and-error basis, a time, resource, and labour-intensive process[129]. Considerations are typically
given to factors such as electrolyte conductivity, ion mobility, thermal stability, and dissociation
ability. However, other characteristics, including achievable capacitance, voltage window, and
cyclability are less reported [130]. Correct electrolyte selection is essential in the development of
optimised energy storage devices; the electrolyte directly impacts charge storage mechanisms at the
electrode-electrolyte interface. The process outlined above can be utilised to determine the
suitability of electrolytes for energy storage devices, giving specific attention to factors that are not
always considered. This will reduce trial-and-error-based testing, allowing easily obtained,
experimentally determinable values to be used alongside data available in the literature to predict

outcomes.

The knowledge of these values will allow for the effective selection of an electrolyte for a GQD-
based energy storage device. This will allow for the optimisation of synergistic energy storage
devices, whereby the GQD composite electrode materials and electrolytes can be successfully

coordinated with each other’s kinetic effects to create high-performance devices.
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5. Conclusions

Nitrogen-doped GQDs were synthesised hydrothermally and electrochemically. The synthetical
methods used were rapid, inexpensive, and scalable. UV-Vis spectra and electrochemical
measurements suggest the hydrothermally synthesised N-GQDs possessed zigzag edges, while the
electrochemically synthesised N-GQDs contained only armchair edges. The bandgap of ZZ-edged
GQDs is affected by the pH of the electrolyte used in the energy storage device and must be

considered in device fabrication, whereas this is not the case for armchair-edged GQDs.

Electrochemical measurements demonstrate that ZZ edged-GQDs display increased double layer
capacitance due to their higher surface area, an increased pseudocapacitance attributed to their
high affinity for edge-site doping with Faradaic groups, and a higher specific capacitance as a result
of both these factors combined when compared to AC GQDs. It was also shown that ZZ-edged GQDs
have a higher quantum capacitance, likely due to a higher density of states than AC GQDs, resulting
from dispersionless edge states on ZZ GQDs. The combination of these factors provides evidence of
the greater energy storage capability of ZZ-edged GQDs and verifies that they are the preferential

GQD shape for boosting energy storage device performance.

A method of determining rate constants for individual GQD shapes and composite GQD electrodes
has been highlighted. This can predict ideal electrolytes for electrochemical energy storage devices,
reducing the need for trial-and-error-based testing. This critical information will be used to optimise

the performance of energy storage devices utilising GQDs.

Further work should be carried out to ensure the smallest ZZ GQDs display preferential
electrochemical properties when compared to larger nanoparticle sizes. Investigation into the exact
degree of functionalisation and doping, alongside the exact nitrogen configurations, should also be

conducted to analyse the impact of differences between nanoparticles.
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