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Electrode materials critically influence the performance of energy storage devices such as supercapacitors
and batteries. Graphene quantum dots (GQDs) are a promising material for next-generation systems due to
their high surface-to-volume ratio, tunable bandgaps, and stability. Their nanoscale size creates numerous
edge sites with zigzag (ZZ) or armchair (AC) configurations. Yet, the role of edge shape in electrochemical
behavior remains largely unexplored. Likewise, the correlation between synthesis methods and edge
configurations is unclear, hindering the development of targeted fabrication approaches. In this study,
nitrogen-doped GQDs (N-GQDs) with ZZ and AC edges were synthesized via hydrothermal and
electrochemical methods. They were subsequently characterized using physical methods (XRD, TEM,
UV-Vis,
electrochemical properties were analyzed (CV, EIS). We examined the N-GQD size, edge configuration,

Raman spectroscopy). They were then electrodeposited onto carbon fibers and their

bandgap, charge transport, and process parameters such as pH and electrolyte choice. The results show
that ZZ-edged N-GQDs outperform AC-edged counterparts in capacitance (double-layer,
pseudocapacitance, quantum capacitance) due to a higher density of states originating from
dispersionless edge states, which are absent at AC edges. Additionally, pH variations affect ZZ N-GQDs

by modulating their energy bandgap, informing electrolyte selection and material tuning to deliver target
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Accepted 12th March 2026 applications such as batteries or supercapacitors. This work establishes performance differences

between ZZ and AC edged N-GQDs, enabling precise nanoparticle design for optimized energy storage,
DOI: 10.1039/d5ta09677d and opens opportunities in bandgap-engineered applications such as solar cells, LEDs, lasers, and

rsc.li/materials-a photodetectors.

either zigzag or armchair edges on GQDs. This is with the
exception of nanolithography where each nanoparticle is indi-

Introduction

The fabrication of sustainable high-performance energy storage
devices, including supercapacitors and batteries, is more
important than ever amid the Global Energy Crisis. In recent
years, there has been a growing interest in the development of
electrochemical energy storage devices." It is accepted that their
performance is significantly affected by the electrode materials
employed. One electrode material with great potential to
improve the performance of these devices is zero-dimensional
graphene quantum dots (GQDs). The benefits of integrating
GQDs into supercapacitors and batteries are already well
known.” However, optimizing the nanoparticles specifically for
their use in energy storage would allow greater improvements in
the devices' performance.

After synthesis of the GQDs, the edge shapes of the inte-
grated graphene quantum dots are not commonly determined.
As a result, it is not known which synthetic methods result in
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vidually cut, which is extremely time-consuming and is not
scalable for use in electronic devices.® Previous work on the
variation in the bandgaps of GQDs typically focuses on the
influence of nanoparticle size or doping concentration due to
the straightforward controllability of these parameters.*
However, these factors do not lead to changes in the density of
states due to variations in the edge states of GQDs. These edge
states will directly influence the GQDs' ability to store energy.
Due to the uncertainty in synthesizing the required edge
shapes, the impact of GQD edge shapes is mainly studied
computationally, often without their use in energy storage
devices in mind.® Therefore, gaining a better understanding of
the influence of edge properties, both in GQDs themselves and
in electrodes incorporating them, is essential for accelerating
the development of high-performance energy storage devices.
The work presented in this paper aims to bridge the existing
knowledge gap by systematically investigating the properties of
ZZ and AC edges through experimental methods. The resulting
insights are then utilized to recommend tailored GQDs

J. Mater. Chem. A, 2026, 14, 15845-15858 | 15845


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta09677d&domain=pdf&date_stamp=2026-04-25
http://orcid.org/0009-0009-9562-3967
http://orcid.org/0000-0002-0546-6278
http://orcid.org/0000-0001-9091-7362
http://orcid.org/0000-0002-6596-5490
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta09677d
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA014025

Open Access Article. Published on 17 March 2026. Downloaded on 6/14/2026 4:43:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

==--~ Amchair r----~

Fig. 1 Schematic representation of zigzag (left) and armchair (right)
GQD edges.

expected to provide the greatest enhancement in energy-storage
performance when integrated into devices.

Quantum confinement effect in GQDs

2D graphene is a zero-bandgap semimetal due to the six Dirac
points in the material. The emergence of a bandgap is achieved
through the quantum confinement effect in graphene quantum
dots, whereby discrete energy levels form when the particle's
size reaches the nanoscale. Quantum confinement effects
become evident when the particle's length scale is comparable
to 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.®

Quantum confinement in GQDs is size, shape, and edge
dependent.” Altering these parameters causes the particle's
bandgap to widen or narrow, affecting its electronic properties,
as a result.

GQDs can possess zigzag (ZZ) edges, armchair (AC) edges
(Fig. 1), or a combination of these. ZZ edges are carbene-like,
where each carbon atom at the edges of the particle contains
two unshared valence electrons. In contrast, AC edges contain
triple bonds between the carbon atoms at the edges of the GQD,
a carbyne-like structure.® The bandgap on AC-edged GQDs will
always be larger than that of ZZ-edged GQDs of the same size.®

The bandgap of GQDs changes according to the relation:
Eyp< 1 1)
gap R

where R is the radius of the nanoparticle. Evidently, the smaller
the GQD, the larger the bandgap.

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

15846 | J Mater. Chem. A, 2026, 14, 15845-15858

View Article Online

Paper

Density of states

The hexagonal structure of graphene can be thought of as two
superimposed triangular sublattices (Fig. 2), which are similar
by inversion symmetry.

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). 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. As a conse-
quence, ZZ GQDs will always display a larger density of states at
their Fermi level."

Energy storage mechanisms of GQDs

Adding GQDs to energy storage devices can increase their
overall storage capability. GQDs store energy through two
processes, namely electrical double layer capacitance, resulting
from the carbon lattice, and pseudocapacitance. Oxygen-rich
functional groups are introduced to GQDs synthesized from
oxygen-containing precursors and are present on almost all
GQDs, resulting in pseudocapacitance. The total capacitance,
however, is limited by the quantum capacitance."

Nanostructured materials suffer from an intrinsic limiting
factor to their total capacitance, known as quantum capaci-
tance." Quantum capacitance (Cq) acts in series with traditional
electrostatic capacitance according to eqn (2):

1 1 1

- = 4+ — 2
Clolal C‘dl Cq ( )

where Cia is the total capacitance, and Cy is the double layer
capacitance.” The phenomenon results from poor screening,
leading to a depolarizing field effect opposite to the dielectric
polarization resulting in a reduction in field line cancellations,
ultimately limiting the electrode's ability to accumulate charge
on its surface in response to the electrode's potential.
Graphene-based materials undergo imperfect screening due to
their low density of free electrons.” The quantum capacitance is
directly related to the material's density of states by eqn (3):

Cq = e\/eggD(EF) (3)

where Cq is the quantum capacitance, e, ¢ and ¢, are the
elementary charge, the dielectric permittivity of the material,
and the vacuum permittivity, respectively, and D(Er) is the
density of states.™

The limiting effects of quantum capacitance in GQDs can be
mitigated by heteroatom doping and functionalization, as
explained in the following two sections, and by introducing
defects into the lattice structure.

This journal is © The Royal Society of Chemistry 2026
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Heteroatom doped GQDs

Carbon atoms in the GQD lattice structure can be replaced by
heteroatoms (atoms other than carbon or hydrogen) through
heteroatom doping, altering the structure and electronic prop-
erties 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, causing a shift in the Fermi level position and 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.™*
Energy storage capability is typically improved upon increasing
doping concentration. 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 can also provide more ion diffusion channels for adsorp-
tion, alongside a higher number of active sites, improving
wettability and decreasing charge transfer resistance."
Furthermore, heteroatom doping increases the charge-carrier
density, thereby enhancing the volumetric capacity of GQDs.
Higher charge carrier density also improves conductivity
through faster electron transport in the nanoparticles,®
increasing the quantum capacitance and introducing pseudo-
capacitance through the redox-active heteroatoms, therefore
increasing the doped GQDs' specific capacitance.’”

GQDs are most commonly doped with nitrogen, sulfur, or
phosphorus. These heteroatoms have all been shown to
increase the capacitance of GQDs due to the reasons outlined
above, but each has its drawbacks. For instance, 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.”® Phosphorus doping can broaden the
electrochemical window of the electrode. However, phosphorus
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." Since nitrogen is
similar in size to carbon, it causes minimal distortion to the
graphene lattice when doped into the nanoparticles. Nitrogen-
doped graphene quantum dots will therefore be explored in
this work.

Energy storage in functionalized GQDs

Further to edges, shape and particle size, chemical functional-
ization of GQDs affects quantum confinement. Functionaliza-
tion occurs through covalent bonding through reactions with
residual groups present on the GQDs or, more commonly,
noncovalent bonding via hydrogen bonding, van der Waals
force, m-m stacking, electrostatic interaction or chemisorp-
tion.?® Functionalization differs from heteroatom doping since
functionalized groups are not part of the GQDs lattice structure.
The functionalization of GQDs can narrow their bandgap by
increasing the relative nanoparticle size.

This journal is © The Royal Society of Chemistry 2026
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Functionalization can occur on the surface of GQDs or
between the graphite layers. It can improve solvent di-
spersibility, 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.”™ Furthermore, the functional groups are faradaic
and lead to a pseudocapacitive contribution to the total capac-
itance of the GQDs.

The introduction of functional groups 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).>* When these hydrogen atoms are replaced by func-
tional 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.”> The largest changes in energy gap will occur for
functionalized 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 localization within
the structure.?® The steric effects of functionalization of GQDs
have only been studied through DFT simulations thus far and
have not been investigated for synthesized GQDs with random
shapes and uncontrollable locations of functional groups. For
this reason, the changes in planarity of the nanoparticles due to
functionalization are beyond the scope of this work and are
therefore not mentioned further. As a note, while it has not been
explicitly investigated in this work, 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.

GQDs as a supercapacitor electrode material

The presence of both electrical double layer capacitance and
pseudocapacitance in GQDs contributes to a high capacitance
and boosts the rate capability of the supercapacitors into which
they are integrated. The GQDs regulate electrode structure
during the charge/discharge process, improve kinetics, and
increase electrode surface area.

GQDs have previously been investigated as an electrode
material for supercapacitors in order to overcome the limita-
tions to their energy density.* GQDs cannot be used alone as an
electrode material due to their tendency to agglomerate, driven
by their strong m-7 interactions. The aggregation results in
a decreased surface area, thereby reducing the electrochemi-
cally active sites of the material. Furthermore, nanoparticle size
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will increase, decreasing the bandgap width. Upon excessive
agglomeration, the GQDs will restack into graphene.** Instead,
GQDs are deposited or embedded onto existing electrodes.

In all reports of GQD-enhanced supercapacitors, to the best
of the authors' knowledge, the edge shapes of the GQDs used
are not mentioned.* As discussed earlier, knowledge of the
edges of GQDs used as an electrode material is extremely
important to the optimization of the devices. The differences in
density of states and bandgap width arising from the edge type
will impact the extent to which the nanoparticles improve the
device's performance.

Additionally, it has been reported that pH conditions affect
quantum confinement of GQDs, with high pHs narrowing their
bandgap, and low pHs widening it,*® therefore the pH of the
electrolyte in the supercapacitor must be taken into account.
Reports of device fabrication in the literature do not appear to
consider pH of the electrolyte, making it an important subject
requiring further investigations.

Here, we aim to determine the optimal edge configurations
of nitrogen-doped GQDs that yield the greatest enhancement in
energy storage performance when incorporated into electro-
chemical energy storage systems. To this end, the synthesis of
GQDs and the influence of edge structure on their surface and
electrochemical characteristics are presented and examined.
The changes resulting from depositing the GQDs onto carbon
fiber electrodes are also reported and discussed based on
detailed electrochemical characterization.

Results and discussion
Hydrothermal synthesis of N-GQDs

Nitrogen doped GQDs (N-GQDs) were synthesized in a single
step process and were selected because nitrogen is more elec-
tronegative than carbon and is an electron acceptor, thereby
attracting ions from the electrolyte, and improving electro-
chemical performance. The introduction of nitrogen via doping
induces defect energy levels, which decreases the bandgap in
GQDs. In addition to doped nitrogen, nitrogen groups can also
be present on the nanoparticles as amine groups functionalized
on the edges or basal plane. Further to the doped nitrogen,
these amine groups will increase the specific capacitance, since
they are highly ionizable and contribute to pseudocapacitive
energy storage.

Fig. 3 HT1-4 (from left to right), corresponding to 150, 165, 180 and
195 s irradiation times, respectively; (a) under standard lighting and (b)
under a 295 nm UV torch.
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Fig. 4 XRD graph of (a) hydrothermally synthesized N-GQDs (HT1)
and (b) electrochemically synthesized N-GQDs (EC1).

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 neighboring precursor molecules,
followed by aromatization through aldol condensation and
cycloaddition reactions. When a critical point of the concen-
tration aromatic clusters in the reaction mixture has been
reached, a burst nucleation occurs, forming N-GQDs. Tri-
ethanolamine is both a solvent and a nitrogen source in this
reaction.”

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 with
a large amount of unreacted sodium citrate. It is assumed that
the microwave irradiation was not powerful enough to suffi-
ciently dehydrate the 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 reached allowed for
the agglomeration of the nanoparticles.

Varied irradiation times were tested (150 s, 165 s, 180 s and
195 s) to identify the effect the reaction time has on the

This journal is © The Royal Society of Chemistry 2026
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properties of the resulting GQDs. From here on, N-GQDs
synthesized 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.”” It was observed that
a pale-yellow solution was formed for HT1, and the solutions
darkened upon increasing the reaction time (Fig. 3). Samples
were illuminated with a 395 nm UV torch upon synthesis to
ensure fluorescence was present, as further proof of the GQDs
formation.

Electrochemical synthesis of N-GQDs

The electrochemical synthesis of N-GQDs from graphite rods is
a top-down synthetic method. The electrolyte for the reaction
was a solution of sodium citrate, triethanolamine and water
since utilizing the same reagents for both the hydrothermal and
electrochemical GQD synthesis was likely to create comparable
GQDs across synthetic methods, particularly ensuring tri-
ethanolamine is present in both reactions since a nitrogen
source is required to synthesize N-GQDs. The decision was
made to electrolyze 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. Through experimentation, it was
found that dissociation of triethanolamine and sodium citrate
into free OH™ ions is unlikely under the reaction conditions
used, and therefore, 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 oxidize 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.*®
This electrochemically synthesized sample will now be referred
to as EC1.

Physical analysis

XRD. XRD analysis was carried out for each solution to
confirm the presence of graphitization and crystallinity in the
structures. The XRD patterns for all studied N-GQDs showed the
expected trend with two features, d,,, in-plane lattice spacing of
graphite and d,, diffraction peak. The XRD graphs of samples
HT1-4 displayed a diffraction peak at 26 = 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. A typical XRD graph for
a hydrothermally synthesized N-GQD is shown in (Fig. 4a),
noting that all HT1-4 N-GQD specimens displayed XRD peaks in
the same locations. 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.

This journal is © The Royal Society of Chemistry 2026
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Furthermore, this diffraction peak (26 = 23.89°) corresponds to
a dyo, 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 functionalization
on the basal plane, forcing the graphene layers further apart.”

The smaller peak at 20 = 37.34° corresponds to the djgo
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 emphasizing the graphitic nature of the
nanoparticles.

The XRD graph of EC1, shown in Fig. 4b, is similar, di-
splaying a Bragg diffraction peak at 26 = 28.82°, corresponding
to a doo, spacing of 0.31 nm, slightly smaller than the interlayer
spacing of graphite (0.334 nm). This decrease in the interlayer
spacing compared to graphite is likely a result of curvature at
the edges of the N-GQDs on EC1 due to the sp bonds, as out-
lined in the introduction. Since the edge-to-core ratio is
extremely high for small N-GQDs, X-rays interact with a high
proportion of distorted nanoparticle edges, thereby yielding
a reduced dy, spacing.

Furthermore, the interlayer spacing of EC1 does not display
an increase in interlayer spacing due to basal plane function-
alization. Synthesizing GQDs using a bottom-up technique (HT
GQDs) is more likely to result in extensive basal plane func-
tionalization since smaller organic molecules must pyrolyze
and stack to form the GQDs under high temperatures. In
contrast, the top-down synthetic technique from graphite rods
(EC1) 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 have few remaining hydroxyl groups between
the layers of the synthesized GQD, since if enough 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 functionalization with
oxygen-containing or amine groups is thus primarily located on
the external basal plane (i.e. on the top and bottom of the GQD)
and edges of the nanoparticle.

315 nm ——HT1
319 nm —HT2
0.8+ 327 nm HT3

329 nm

Absorbance (a.u.)
° °
- £
1 1

e
[
1

0.0 4

T T T T T
200 300 400 500 600 700 800
Wavelength (nm)

Fig. 5 Effect of the reaction time on the UV-Vis spectra of hydro-
thermally synthesized N-GQDs.
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Table 1 Comparison of synthesized N-GQDs to published works

Sample Synthesis time/s Particle size/nm Bandgap/eV
HT1 150 5 2.47

HT2 165 18 2.30

HT3 180 27 2.02

HT4 195 40 1.96

EC1 3600 6 2.58
N-GQDs derived from coal®* Reflux 24 h followed by N doping 5.86 2.05
N-GQDs derived from graphene oxide®” Hydrothermal (autoclave) 10 h 3.2 2.36
N-GQDs derived from carbon cloth®® Electrochemical cutting 24 h 3.1 2.83

The second peak at 26 = 40.07° (Fig. 4b) corresponds to the
di00 plane index and is equivalent to 0.22 nm. Whilst this is,
again, slightly smaller than that of graphite (0.246 nm), the
value aligns with the previously reported lattice constant of
nitrogen-doped graphene (0.227 nm).*

The variation in relative peak intensity between Fig. 4a (HT1)
and Fig. 4b (EC1) was not unexpected, as the preparation
method of GQDs is known to influence diffraction peak inten-
sity. GQDs prepared by top-down methods (EC1) are known to
have a more intense (100) peak than GQDs prepared via bottom-
up methods (HT1).*

UV-Vis. The increase in the size of the hydrothermally
synthesized nanoparticles with reaction times is supported by
UV-Vis spectra (Fig. 5). The peaks between 315 and 329 nm are
a result of the 7t-7t* transition in C=C within the sp> region of
the graphene lattice. The redshift seen in the spectra indicates
a narrowing of the bandgap, as is expected upon increasing
nanoparticle size® (eqn (1)). The increase in particle sizes can be
explained as follows; the longer heating times allowed more
dehydration reactions to occur, enlarging the synthesized
quantum dots. The shoulder at ~410 nm in HT?2 is likely due to
n-7 transition of oxygen or nitrogen containing functional
groups.

It has previously been demonstrated that nitrogen-enriched
carbonaceous quantum dots possess adsorbed anionic water
clusters ([OH(H,0),] ") on their surface in solution,** which will

084 293 nm

Absorbance (a.u.)
< =
Y >
1 1

e
[N
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Fig. 6 UV-Vis spectrum of sample EC1. The peak at 293 nm results
from C=C bonds.
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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 con-
ducted 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 the N-
GQD structure. Instead, the absorption coefficient was esti-
mated by diluting samples relative to each other and plotting
a graph of the peak absorption coefficient against the relative
concentration of each sample. The best linear fit 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.
Based on these approximated absorption coefficients, Tauc
plots were graphed (Tauc plot for HT1 shown in Fig. S1). The
best-fit line of the linear section of the graph was then extrap-
olated down to the x-axis, giving the value of the bandgap.

The bandgaps for HT1-4 were 2.47, 2.30, 2.02 and 1.86 eV,
respectively (Table 1). These values are within the reported
bandgap ranges for GQDs.** 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.

The UV-Vis spectrum of the electrochemically synthesized N-
GQDs (EC1) is shown in Fig. 6. The peak at 293 nm, is a result of
the m-m* transition in C=C. From the Tauc plot, the bandgap
for EC1 was found to be 2.58 eV. This bandgap is within the

Fig. 7 TEM images of (a) HT1 and (b) HT3.
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Fig. 8 TEM images of sample EC1. The sample showed increased
polydispersity compared to hydrothermally synthesized N-GQD
samples, with an average size of 6 nm.

expected range for N-GQDs?** and will be discussed in relation to
the UV-Vis spectra of hydrothermally synthesized N-GQDs, as
shown in Table 1.

Due to the high variability of GQD bandgaps, there are no
fixed bandgap values that are expected to be seen. For instance,
different synthetic methods produce nanoparticles of similar
sizes, but varied bandgaps (Table 1). The data from published
works (Table 1) include N-GQDs synthesized both hydrother-
mally and electrochemically for comparison to this work.

TEM. The TEM images (Fig. 7) support the increase in the
lateral dimension of the N-GQD size upon increased microwave
reaction time (~5 nm for HT1, ~18 nm for HT2, ~27 nm for
HT3, ~40 nm for HT4, Fig. S2 and Table 1).

The TEM image of EC1 (Fig. 8) showed that the average size
of the nanoparticles was 6 nm, meaning they are comparable in
size to HT1 nanoparticles and will be compared directly against
them. However, some variability in the dimensions of EC1
nanoparticles compared to HT1 was observed, with diameters
between 5 and 7 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
synthesized nanoparticles. For this reason, only samples HT1
and EC1 were taken forward to the next step of the study.

Raman spectra. The edge shapes of the synthesized quantum
dots were confirmed by the Raman spectra shown in Fig. 9. The
spectra have been fitted using a Lorentzian function. In
previous papers, there has been some variability in the Raman
spectra for GQDs.*”*® In the work presented here, the authors
aim to provide an in-depth analysis of the origin of the vari-
ability and its explanation with respect to the edge shapes of the
nanoparticles.

The D band in GQDs originates from the intervalley double
resonance processes arising from the scattering of electrons by
the combination of a defect and a phonon, where the particle's
edge behaves as the defect.* In N-GQDs, the D band is closely
associated with the quantum confinement effect due to the
influence of edge states. For intervalley resonance in graphene,
the scattering occurs between two inequivalent points in the
Brillouin zone. The orientation of the AC edges allows their
associated wavevectors to connect points in the K + g region
surrounding these points, however, the laser power used in this

This journal is © The Royal Society of Chemistry 2026
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Fig. 9 Raman spectra of (a) HT1 (ZZ N-GQDs) and (b) EC1 (AC N-GQDs).

work would not have allowed this to occur for ZZ edges.*® This
results in the prominence of a D band for AC N-GQDs. For this
reason, it is clear that sample HT1 contains ZZ edges, while
sample EC1 contains AC edges (Fig. 1). The occurrence of a weak
D band for ZZ N-GQDs (Fig. 9a) arises due to imperfections in
the atomic structure of the ZZ N-GQDs, likely resulting from the
presence of doped and/or functionalized groups on their edges.

The G band results from the in-plane vibrational mode of sp*
carbon atoms. The typical G band of graphene appears at
~1580 cm ™ .*° Here, the G band for HT1 (ZZ N-GQDs) appears at
1553 cm ', compared to that for EC1 (AC N-GQDs) at
1569 cm~'. The G mode is polarization-dependent due to the
two doubly degenerate phonon modes, longitudinal optical
(LO) and in-plane transverse optical (iTO) phonons at the Bril-
louin zone center. However, it has previously been shown that
the LO mode is only active at AC edges.** This allows the Kohn
anomaly to occur at AC edges, whereby anomalous behavior in
the dispersion of phonons is observed, leading to a redshift of
the G mode, accounting for its decreased Raman shift.*" The
redshift observed in the Raman shift of ZZ N-GQDs, on the other
hand, is most likely due to functionalization on the edges of the
nanoparticles. The larger G peak Raman shift of the AC edges
compared to the ZZ edges observed in Fig. 9 agrees with the
work of Kim et al.**
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AC edges contain triple bonds between the carbon atoms at
the edges of the GQD. The peak at 2190 cm ™' in EC1 (AC N-
GQDs) (Fig. 9b) is indicative of the effective conjugation coor-
dinate (ECC) mode, a vibrational parameter whereby the bond
length alteration parameter oscillates.* The ECC consists of the
simultaneous stretching of the C=C bonds and contraction of
their neighboring C-C bonds, a direct consequence of trans-
lational symmetry at the edges of the lattice structure. This
symmetry is satisfied by the shrinking of the C-C bonds when
the two attached C=C bonds stretch in phase, preventing the
atomic displacements of the phonons, in the Brillouin zone
center, from modifying the cell volume.** This peak therefore
demonstrates the presence of sp-sp” carbon bonds at the edges
of EC1 (AC N-GQDs), which do not exist in HT1 (ZZ N-GQDs).
Suganya et al. similarly found a Raman band at 2198 cm ™" as
a result of C=C bonds.*

The 2D band is an overtone of the D band. The 2D band can
occur without the presence of a D band since the 2D double
resonance processes involve two phonons, specifically two
transverse optical phonons near the K point. This differs to the
D band where a defect and a phonon are required, and hence
a 2D band is observed in both ZZ and AC N-GQDs. The 2D bands
are low in intensity compared to the G bands, as the probability
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of recombination occurring before two electron-phonon scat-
tering processes can occutr, is high.*

pH variation. The effects of the pH on the bandgap of N-GQD
samples synthesized through both methods were studied using
UV-Vis spectroscopy (Fig. 10). The pH of the N-GQD solutions
was adjusted with 70% nitric acid and sodium bicarbonate salt.
It was found that the N-GQDs produced by hydrothermal
microwave-assisted synthesis exhibit changes in their wave-
length absorption with pH variation, whereas the N-GQDs
produced electrochemically (EC1) display no changes in peak
position.

Many reports in the literature state that the bandgap of
GQDs is pH-dependent.”® However, based on the obtained UV-
Vis spectra (Fig. 10), it has been found that this is not the
case for all GQDs. An explanation for this result is provided by
considering the edge structure of ZZ and AC edged GQDs. ZZ
GQDs contain a carbene-like double bond at their edges and
possess a dangling bond that 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 (Fig. 10a). 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.

GQDs with AC edges are only slightly influenced by varia-
tions in the pH of their surrounding environment (Fig. 10b).
This is because armchair-edged GQDs have a carbyne-like triple
bond. Hence, have no free bonds available to protonate/
deprotonate. The slight bandgap variations likely result from
some basal plane functionalization on defect sites due to the
additional oxygen-containing groups available upon acid/base
addition. Therefore, these results support the Raman results
in demonstrating that hydrothermally synthesized N-GQDs
contain ZZ edges, while electrochemically synthesized N-GQDs
contain only AC edges (Fig. 1).*

Furthermore, the synthesized EC1 N-GQDs are of a similar
size to HT1, the ZZ N-GQDs with the smallest lateral

This journal is © The Royal Society of Chemistry 2026
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Table2 Comparison of electrodes modified by GQDs. Initial capacitance is the specific capacitance of the electrode before GQD addition, final

capacitance is the specific capacitance after their addition

Scan rate/current

Electrode material density Initial capacitance/F g~* Final capacitance/F g~* Reference
CF/HT1 5mvs’ 16 60 This work
GQDs/3D graphene 1.25Ag " 136 268 51
Carbon nanofibers/GQDs 0.5Ag" 252 332 53
GQDs/activated carbon 1Ag! Not available 388 54
S, N-GQDs/PANI 05Ag" 177 645 55

dimensions, and it is known that AC N-GQDs display a larger
bandgap than ZZ N-GQDs of the same size (Table 1). This is
a direct consequence of the dispersionless edge states present
in ZZ N-GQDs that are not observed in AC N-GQDs.’ The
degenerate zero energy edge states in the ZZ N-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.

The implications of the bandgap changes upon pH variation
are of extreme significance to the electrolyte selection of any
electrochemical device containing ZZ N-GQDs. If an acidic
electrolyte is selected, it will narrow the particles’ bandgap,
while a basic electrolyte will widen it. For this reason, small ZZ
N-GQDs combined with an acidic electrolyte will provide the
greatest increase in specific capacity of supercapacitors. It has
previously been reported by Liu et al*® 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 N-GQDs also possess a higher surface area to
volume ratio, increasing the surface area of the electrodes to
a greater extent than larger nanoparticles, providing a greater
area upon which the electrical double-layer can form. Further-
more, smaller N-GQDs contain the largest ratio of edge to core,
increasing the benefit of the edge shapes in each nanoparticle.
Although smaller nanoparticle size results in a wider band gap,
which can negatively affect specific capacitance, the doping of
GQDs with nitrogen narrows the bandgap and provides a fara-
daic energy storage component to the specific capacitance.
Therefore, it mitigates some of the adverse effects on capaci-
tance. These factors, combined with further narrowing of the
bandgap due to the acidic electrolyte, provide ideal conditions
for maximizing energy storage in the ZZ N-GQDs.

Effect of the edge type of the N-GQDs on the electrochemical
performance of CF electrodes

GQDs have previously been integrated into various electrode
materials for supercapacitor applications, including metal
hydroxides,*® disulfides,* and various carbon-based materials.>*
In all cases, the addition of GQDs enhances the supercapacitor
electrodes performance, most notably by increasing the specific
capacitance. To demonstrate the benefits of depositing N-GQDs
and establish the influence of the edge shapes of the GQDs on
the performance, carbon fiber electrodes were used. Carbon

This journal is © The Royal Society of Chemistry 2026

fibers were chosen due to their inherently low specific capaci-
tance in the unmodified state, allowing the improvements
arising from N-GQD incorporation to be more -clearly
distinguished.

Cyclic voltammetry (CV) was carried out on carbon fibers (CFs)
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. It was found that the ideal deposition time was 30 minutes;
shorter times resulted in fewer deposited N-GQDs and therefore
the specific capacitances of the doped carbon fiber electrodes were
lower, while at longer deposition times the deposited N-GQDs
began to agglomerate on the surface of the fibers, lowering the
surface area of the N-GQDs and consequently also reducing the
capacitance (cyclic voltammograms for 10 min, 30 min and 60 min
shown in Fig. S3).

The voltammogram of the CFs modified with HT1 N-GQDs
displayed (Fig. 11) an expected increase in redox peaks
compared to unmodified and pre-treated carbon fibers due to
the faradaic groups present 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 for HT1
modified CFs. It is worth noting that the increase in specific
capacitance for the pretreated-only CFs is due to pseudo-
capacitive reactions arising from the addition of oxygen groups
to their surfaces during ultrasonication in concentrated nitric
acid. Some redox peaks are also visible on the voltammogram of
unmodified carbon fibers. It has previously been demonstrated
by Gulyas et al.>* that neat carbon fibers contain faradaic groups
on their surface, including phenolic OH, carboxyl, carbonyl
and/or adsorbed water, which would contribute to redox
reactions.

The specific capacitance of CF/HT1 has been compared with
other GQD-modified electrodes in Table 2, where all electrodes
were tested using 1 M H,SO, as the electrolyte. A direct
comparison of different GQD-based electrodes is challenging
due to the many variables that influence electrochemical
performance, e.g., synthesis route, size distribution, and GQD
functionalization. Nonetheless, in all reported cases, the
incorporation of GQDs resulted in at least a 60% increase in
specific capacitance.

The specific capacitance of the CFs doped with HT1 (ZZ N-
GQDs), calculated from CV curves in 1 M H,SO, electrolyte,
was 60 F g~ ', compared to 31 F g~ for CFs doped with EC1 (AC

J. Mater. Chem. A, 2026, 14, 15845-15858 | 15853
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N-GQDs). To note, the bandgap of the ZZ N-GQDs during
electrochemical testing was 1.98 eV due to the use of the acidic
electrolyte (calculated using the Tauc method). Evidently, this is
smaller than the measured bandgap of 2.47 eV of the same
nanoparticles in a neutral environment.

The dangling bonds present at the edges of ZZ N-GQDs
increase their affinity for edge site doping, allowing faradaic
groups to attach and thus improving their pseudocapacitive
storage capability. The cyclic voltammograms for carbon fiber
electrodes with HT1 and EC1 deposited on their surfaces are
shown in Fig. 12, demonstrating the increased quantity of redox
reactions for HT1 compared to EC1.

The redox capabilities demonstrated by EC1 (AC N-GQDs),
albeit somewhat limited, originate from the functionalization
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 during electrodeposition. Moreover, the
electrochemical cleaving of carbon bonds during synthesis
created edge defect sites for functionalization on the N-GQD
edges. This introduced faradaic groups to the nanoparticles,
allowing some pseudocapacitive charge storage to occur.
Despite the presence of the defects, the functionalization of the
AC N-GQDs was more limited than HT1 (ZZ N-GQDs) due to the
lack of dangling bonds.

The specific capacitance of carbon fibers with AC N-GQDs
deposited (31 F g~') is lower than that of pretreated-only CFs
(37 F g7") (Table 3). This can be explained by the faradaic
processes which take place on the electrodes during the
measurements. The oxygen-containing functional groups that
are introduced to carbon fibers through pre-treatment are able
to participate in redox reactions. However, these active sites are
effectively ‘used up’ during N-GQD deposition (N-GQDs bond to
the oxygen groups), and the deposited AC N-GQDs have fewer
available redox sites than the oxygenated CFs, resulting in
a lower specific capacitance.

Four cyclic voltammetry cycles were performed at 5 mV s~
for both CF/HT1 and CF/EC1 electrodes. No change in specific

1
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Table 3 Specific capacitances obtained from cyclic voltammetry for
carbon fiber-based electrodes

Specific capacitance

Electrode (Fg™)
Unmodified carbon fibers 16
Pretreated only carbon fibers 37

Carbon fibers with HT1 (ZZ N-GQDs) deposited 60
Carbon fibers with EC1 (AC N-GQDs) deposited 31

capacitance was observed across cycles, indicating good
electrochemical stability under the tested conditions. However,
since this study serves as a proof of concept, more extensive
experiments are required to evaluate the long-term stability of
these electrodes. Such long-duration cycling tests were beyond
the scope of this work. Future studies will focus on assessing
degradation mechanisms and the retention of performance
over time.

The Nyquist plots (recorded between 50 mHz and 10 kHz) for
the CF electrodes modified with N-GQDs (Fig. S4) exhibit
semicircles, which are characteristic of charge-transfer
processes or faradaic reactions. The internal resistance of the
system incorporating ZZ N-GQDs was found to be 22.13 Q,
compared with 44.71 Q for electrodes containing AC N-GQDs.
This reduction in resistance is attributed to the higher density
of faradaic functional groups present on the ZZ N-GQDs. The
equivalent circuit used for fitting, shown in the inset of Fig. S4,
corresponds to a classic Randles circuit. As expected, electron-
transfer kinetics dominate over diffusive processes in these
systems due to the pseudocapacitive behavior introduced by the
N-GQDs.

Quantum capacitance

Quantum capacitance is a factor often overlooked when
selecting electrode materials for supercapacitors. Increasing the
quantum capacitance of an electrode material is known to
increase the energy density of the supercapacitor.*® This is due
to the close relationship (direct proportionality) between
quantum capacitance and density of states of the electrode (eqn
(3)). An increased number of states for electron occupation
results in increased energy storage.

From here on, the electrodes will be referred to as ZZCF
(carbon fibers with HT1 electrodeposited) and ACCF (carbon
fibers with EC1 electrodeposited). The double layer capacitance
(Ca) values were found to be 0.65 F g~ " and 0.49 F g~ * for ZZCF
and ACCF, respectively. The higher Cq4 value observed for the
ZZCF electrodes can be attributed to the fact that EDL capaci-
tance increases with increasing accessible material surface area.

The Cy values were subsequently used to calculate the
quantum capacitance (Cq). Ciorar Values were obtained from the
EIS plots described in the experimental section, but were con-
ducted at different potentials, as is explained below, and the Cq
values were calculated using eqn (2). Capacitance values are
frequency-dependent due to localized dielectric polarization

This journal is © The Royal Society of Chemistry 2026
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Fig. 13 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.

effects. The quantum capacitance was therefore calculated for
the frequency range 10 kHz to 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 (Vg,) 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 di-
splayed in the Mott-Schottky graphs (Fig. S5). Pristine GQDs
have been found to be p-type semiconductors.”” However, the n-
type nature of the N-GQDs can be attributed to the electron-
donating effects of the doped nitrogen atoms. The flatband
potentials were determined to be 0.21 and 0.29 V vs. Ag/AgCl
standard reference electrode for ACCF and ZZCF, respectively.
These values align with that for nitrogen-doped graphene,
where a flat band was shown to appear at 0.35 V.®

EIS plots were obtained at the flat band potential for each
electrode. The lowest frequency was selected to be 100 Hz as the
N-GQDs displayed electric field reversal at lower frequencies,
resulting from nonsynchronicity between the phases of the scan
and internal accumulated carrier state in the N-GQDs.*® Fig. 13
displays the quantum capacitance variation over the given
range for both electrodes. It can be seen that C, is larger for
ZZCF than ACCEF for all frequencies at its flatband potential.

To note, 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 at these frequencies at the flatband
potentials. A van-Hove singularity can be seen in the profile for
ZZCF at ~8000 Hz and is indicative of the presence of edge
states.® The singularity is only present for ZZCF since ZZ N-GQDs
display dispersionless edge states, while AC N-GQDs do not.

The increased quantum capacitance of ZZ N-GQDs
compared to AC N-GQDs in the studied frequency range,

This journal is © The Royal Society of Chemistry 2026
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shown in Fig. 13, further explains their increased performance
in energy storage devices.

Conclusions

Graphene quantum dots (GQDs), with their high surface-to-
volume ratio, tunable bandgaps, and exceptional stability, are
promising materials for the next-generation energy storage
systems. Yet, the influence of edge configuration (zigzag (ZZ)
versus armchair (AC)) on electrochemical performance has
remained largely unexplored, leaving a critical gap in under-
standing. This study addresses that gap by synthesizing
nitrogen-doped GQDs (N-GQDs) with controlled ZZ and AC
edges via hydrothermal and electrochemical methods, followed
by their electrodeposition onto carbon fiber -electrodes.
Comprehensive characterization using XRD, TEM, UV-Vis,
Raman spectroscopy, and electrochemical techniques (CV,
EIS) revealed that, for GQDs of similar sizes, ZZ-edged N-GQDs
consistently outperform AC-edged counterparts in capacitance,
encompassing double-layer, pseudocapacitance, and quantum
contributions. This superior performance stems from the
higher density of states associated with dispersionless edge
states unique to ZZ configurations.

Moreover, we demonstrate that environmental pH selectively
modulates the bandgap of ZZ-edged N-GQDs (unlike that of AC-
edged N-GQDs), offering a practical strategy for electrolyte
selection and fine-tuning device properties. These findings
underline the importance of ‘edge engineering’ in optimizing
energy storage performance and demonstrate that precise
nanoparticle design is achievable through controlled synthesis.

Beyond identifying a cost-effective route to synthesize stable
ZZ-edged GQD fabrication of desired nanoparticle size, this
work establishes a fundamental baseline for targeted device
development, enabling high-performance supercapacitors and
batteries. Furthermore, the demonstrated edge-dependent
electronic behavior opens new opportunities for broader
applications in optoelectronics, including solar cells, LEDs,
lasers, and photodetectors, where bandgap control (‘bandgap
engineering’) is critical.

By linking synthesis methods, edge structure, energy
bandgap and electrochemical behavior, this study provides
practical insights for the development of sustainable, high-
efficiency energy storage devices and opens innovation routes
in nanomaterial design.

Experimental

Materials

Triethanolamine (85%) (TEA, Ce¢H;sNO;), trisodium citrate
(NazCgH505-2H,0) and sodium hydrogen carbonate (NaHCOj)
were purchased from Mistral Industrial Chemicals, Ltd NI.
Nitric acid (70%) (HNO;) was purchased from Thermo Fisher
Scientific, Ltd. Sulfuric acid (1 M) (H,SO,) was purchased from
Rapid Electronics, Ltd. Isopropyl alcohol (IPA, (CH;),CHOH)
was purchased from Sigma-Aldrich. All chemicals were of
research grade. Carbon fibres (plain weave Pyrofil TR 30S 3K,
210 gsm, 300 pm thickness) were obtained from Easy
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Composites. Graphite rods (70 mm length, 3 mm diameter,
99.9% purity) were obtained from Redoxme and were HP-III
grade. A platinum rod counter electrode (85 mm length,
6 mm diameter, platinum content 50 g m 2 coated on type 2
titanium) was obtained from Spa Plating, Ltd. An Ag/AgCl
reference electrode (aqueous, filled with 3 M saturated KCI)
was obtained from Ossila, Ltd. A PTFE copper electrode holder
(10 x 10 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 Stony-
lab. All chemicals were used as received.

Hydrothermal synthesis of nitrogen-doped GQDs

Nitrogen-doped GQDs (N-GQDs) were synthesized using
a microwave-assisted hydrothermal method, similar to that
published by Ren et al.*” 2 g of sodium citrate were mixed with
12 cm® of triethanolamine. The solution was stirred for 1 hour
and was then placed in a domestic microwave oven (COMFEE,
700 W) at 33% power for times varying from 150 s to 195 s.

Electrochemical synthesis of nitrogen-doped GQDs

N-GQDs were synthesized by the electrochemical exfoliation of
graphite rods. A modified version of the work by Bahadur et al.*®
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 the external oxide layer formed
upon cooling and washed with deionized water to remove any
larger surface particles. 2 g of sodium citrate, 12 cm® tri-
ethanolamine and 25 cm® deionized water were added to an
electrochemical cell. The solution was allowed to electrolyze for
20 minutes using platinum and nickel electrodes by applying
chronoamperometry at 10 V (using 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.

Physical characterization of GQDs

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 synthesized hydrothermally
were diluted in a 1:50 volume ratio with deionized water. In
contrast, the electrochemically synthesized GQDs were diluted
in a 1:20 ratio with deionized 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 synthesized samples were diluted in a 1:4
ratio with IPA, while electrochemically synthesized samples
were diluted in a 1: 2 ratio with IPA. Samples were drop casted
(2 drops) onto 200 mesh carbon-coated copper grids, allowed to
dry, and viewed under the TEM with an acceleration voltage of
200 keV at a resolution of 5 nm. More than 10 GQDs were
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imaged per sample using TEM, all displaying similar lateral
sizes.

Crystallographic measurements of the GQDs were taken
using X-ray diffraction (XRD) analysis (Bruker D8 Advance) with
monochromatic CuKa radiation. Samples were drop-casted
onto a glass substrate and allowed to dry. Curves were ob-
tained between 10 and 90° (26) at 40 kV and 35 mA with a 0.02°
per s scan rate.

Raman spectra were obtained using a confocal Raman
microscope (Horiba LabRAM HR Evolution) with an excitation
wavelength of 532 nm. Samples were spray-coated onto silicon
wafers and allowed to dry. Spectra were obtained between 100
and 300 cm™ " with an acquisition time of 800 s.

Deposition of GQDs on carbon fiber electrodes

Electrophoretic deposition was used to attach N-GQDs to
carbon fibers.®* Carbon fibers were first prepared by ultra-
sonicating 0.5 g carbon fibers with 0.5 cm® of concentrated
nitric acid for 10 minutes to increase hydrophilicity and remove
sizing, followed by twice ultrasonicating in 0.5 ecm? of deionized
water for 10 minutes. The washed carbon fibers were screwed
into a copper electrode holder. The carbon fibers were used as
the working electrode and a platinum rod was used as the
counter electrode in a 2-electrode half-cell with an N-GQD
solution as the electrolyte (hydrothermally synthesized N-
GQDs were diluted in a 1:2 ratio with deionized water, while
electrochemically synthesized N-GQDs were used as made since
the solution was synthesized using deionized water). 10 V was
applied to the cell using a DC power supply (Keithley 2200) for
times between 10 min and 1 hour. The modified carbon fibers
were removed from the cell and rinsed with deionized water for
further testing.

Electrochemical characterization

Electrochemical measurements were carried out in a 3-electrode
half-cell configuration. Carbon fibers 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 copper electrode holder was not
submerged in the electrolyte and therefore did not influence the
results. The electrolyte used was 1 M H,SO,. Cyclic voltammetry,
electrical impedance spectroscopy and open cell voltage, and
Mott-Schottky were all measured using a potentiostat (Versa-
STAT 3 Potentiostat Galvanostat).

Cyclic voltammetry was performed to confirm the presence
of N-GQDs on the surface of the carbon fibers after electrode-
position. Scans were taken at 5 mV s ' scan rate in a voltage
window of —0.5 to 0.8 V with 1 M H,SO, as the electrolyte and
each scan was taken 5 times.

Electrochemical measurements were conducted on unmod-
ified and modified carbon fiber electrodes. Carbon fibres with
deposited N-GQDs synthesized through hydrothermal and
electrochemical methods were tested. The double layer capaci-
tance was deconvoluted from the total capacitance by calcu-
lating the values separately from pseudocapacitive and
quantum capacitive contributions for each electrode by
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following a method by Morales and Risch.®” This method
involves obtaining cyclic voltammograms between —0.5 V and
1.2 V at slow scan rates (1-10 mV s~ ') with a 1 M H,SO, elec-
trolyte to determine the voltage range in which redox reactions
do not occur. Voltammograms at higher scan rates (0.5-1Vs™")
limited to a voltage range of 0-0.3 V were then produced to view
the purely double layer contribution to capacitance (Fig. S6). iR
errors (ohmic drop) were determined from the EIS Bode plot
(not shown) and the voltammograms were adjusted to negate
these. The contributions of unmodified carbon fiber electrodes
to the capacitance measurements were eliminated from the
voltammograms, so all results are reflective of only the GQDs.
Next, the open circuit potentials were obtained (via OCP
measurement), graphs were plotted of current against scan rate
for currents at the open circuit potential, and the best fit lines
were determined. The best-fit lines were found to be power
functions, and their gradients are the Cgq for each electrode.
Nyquist plots were recorded at a frequency range of 10 kHz to 50
mHz at 10 points per decade with an AC amplitude of 10 mV
RMS and a DC potential of 0.2 V.

Mott-Schottky analysis was conducted between —0.5 and
0.8 V at 100 Hz using EIS setup. Flat band potential can be
obtained from Mott-Schottky analysis by extrapolating a linear
line of best fit to the x-axis.
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