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This study reports on the production of graphene quantum dots (GQDs) suspension using a
simple electrochemical setup which involved an electrolyte solution, consisting of citric acid and
sodium hydroxide (NaOH) mixture, and pristine graphite rods for the electrode without any
heating treatment (calcination), thus avoiding any high energy consumption. The balanced
reaction mixture of citric acid and NaOH was used to investigate the effects of reaction time and
voltage used towards the production of GQDs. UV-Vis spectroscopy analysis revealed
significant UV absorption around 240-255 nm which depicted n—n* transition of aromatic sp?
C-C bonds while FTIR analysis showed the significant C=C stretching band around 1635 cm™!
attributed by the aromatic ring. The exfoliation of the GQDs was increased as the concentration
of NaOH in the electrolyte, time taken and voltage were increased. The optimum GQDs
suspension can be obtained using a balanced ratio of citric acid and NaOH with a voltage of 10
V for 2 hours reaction time. TEM analysis confirmed the presence of the GQDs obtained with
an average size of ~5 nm for the optimum GQDs suspension. The exfoliation of GQDs via the
electrochemical technique may pave the way towards upscale and sustainable production of the

nanomaterial.

Key words: Graphene; graphene quantum dots; suspension; electrochemical; exfoliation

Received: November 2020; Accepted: January 2021

Since the discovery of graphene by the Nobel winners,
Geim and Novoselov [1], scientists, academia,
industries and government agencies have been
actively involved in exploring graphene, with
innumerable number of fundamental, theoretical and
experimental studies reported. Graphene, a two-
dimensional monolayer of sp? bonded carbon atoms
that are arranged in hexagonal lattice form [2] is an
exceptional and emerging carbon-based nanomaterial
with superior properties and versatility. A chopped
fragment of graphene sheets is called graphene
guantum dots (GQDs) and it represents a zero-
dimensional member in the graphene family, with
unique features of edge effects and quantum
confinement properties [3,4]. GQDs can be
synthesized using graphene-based precursors or
materials with graphene-like structure including
carbon nanotubes (CNTs) and polycyclic aromatic
hydrocarbons [5]. Nanoscale size range of graphene is
considered as graphene nanoflakes and usually
appeared with arbitrary shape and lateral dimension.
Much smaller particle derived from the graphene
flakes produce a quasi-zero-dimensional nano-
structures, known as GQDs [5].

In the last few years, extensive efforts had been
devoted to investigate the properties and strategy of
preparing high-quality and monodisperse GQDs. The
strategies for the preparation of GQDs fall into two
major categories, which are the top-down and bottom-
up approach. The top-down approach refers to GQDs
that are obtained using precursors of graphite,
graphene or graphene-like structure materials. In other
words, it involves the exfoliation of the raw bulk
material or graphitic materials into GQDs, thus the
GQDs produced will be high graphitic in nature. Some
reported literatures under this category of top-down
procedure include hydrothermal (chemical) cutting
[6], acid treatment and chemical exfoliation [7],
microwave irradiation [8] and electrochemical
exfoliation [9]. These top-down approaches usually
resulted in a high density of functional groups at the
edges as the methods involved the fragmentation
through a chemical oxidation-reduction process and
the solubility of the GQDs favoured due to the
functional groups present. The latter category
(bottom-up strategy) of GQDs synthesis is through a
step-wise chemical synthesis using a molecular
precursor. Some examples of the bottom-up synthesis
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of the GQDs are citric acid pyrolysis [10], substituted
benzene derivatives precursor oxidation and stepwise
solution chemistry [11], fragmentations of fullerenes
[12] and others. Despite the fact that the bottom-up
approach requires a more challenging step-wise
chemical synthesis from a molecular precursor with
rigorous experimental conditions, this approach offers
a better control of shape and size of the GQDs.

The tremendous interest in GQDs by the
scientific communities and its remarkable properties
and unique structures, has interested us to explore
GQDs fundamentally, including its eco-friendly
preparation. To avoid a rigorous experimental
condition and a challenging step-wise chemical
synthesis, a facile top-down preparation was adopted
in this work. The GQDs was produced using an
electrochemical technique with ion-intercalation and
exfoliation mechanisms. Top-down approaches are
simpler, more efficient and affordable as compared
to bottom-up which require special equipment and
are time-consuming. Hence, in this study, top-down
approach was chosen to prepare the GQDs, by using
electrochemical exfoliation of graphite rod. Several
works have been reported on the electrochemical
exfoliation of graphite into GQDs using various
electrolyte precursors such as potassium persulfate
[13], sodium methoxide [14], sodium phytate [15]
and, sodium hydroxide and semicarbazide mixture
[9]. In this work, the mixture of sodium hydroxide
and citric acid was used as the electrolyte for the
electrochemical exfoliation of GQDs, similar to
previous work by Ahirwar et al. [16], except that the
electrode was used without any heating treatment
(calcination) to avoid any high energy consumption
in order to promote and ensure sustainable
production of the nanomaterial. It is expected that the
formation of citrate ions in the electrolyte, would be
sufficient and responsible for an efficient production
of the GQDs. This can hopefully be achieved via
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active ions interaction and intercalation with the
graphite electrode due to the presence of multiple
anionic oxygen moieties in the citrate molecule as
compared to other electrolyte precursors. A
schematic diagram of the electrochemical exfoliation
process is illustrated in Figure 1. Among the
advantages of electro-chemistry are that it is a
simple, economic and non-hazardous method
compared to the chemical oxidation method which
alse suffers from a complicated washing procedure.
The effects of concentration of the electrolytes and
electrochemical reaction time on the prepared GQDs
were also investigated. The synthesized GQDs were
characterized using transmission electron
microscopy (TEM), attenuated total reflection
Fourier transform infrared spectrometry (FTIR), and
UV-Vis spectroscopy.

MATERIALS AND METHODS
Materials

All the chemicals in this research were used
without any pre-treatment. Sodium hydroxide
(NaOH) and citric acid (CsHgO7) were supplied by
Merck and Sigma-Aldrich respectively. Graphite
rods were purchased from Yinxuan Carbon while
the DC power supply was purchased from
Hitechrons Sdn. Bhd.

Electrochemical preparation of GQDs

The electrochemical exfoliation of graphite method
involved the use of a simple two-electrode system
using a DC power supply, two graphite rods and an
electrolyte solution. The setup for the electrochemical
method is as shown in Figure 1. The method used in
this work was adapted from Ahirwar and his co-
worker [16], except that the electrodes were used
without any heating treatment (calcination) to

Aunlons, OH- or
* citrate ions
b LAY

—

Intercalation

Oxidation
Exfoliation * . G
7. a " — LA
o——35— ¢

Figure 1. Schematic illustration of electrochemical exfoliation of graphite rod at anode.
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introduce surface defects, thus avoiding high energy
consumption. The concentration of citric acid was
maintained at 0.1 M while the concentration of
NaOH was varied te (0.15 M, 0.2 M, 0.3 M and 0.4
M). A 100 ml of electrolyte solution was used with
two graphite rods as the electrodes with diameters of
0.8 cm and lengths of 10 cm. The graphite rods were
washed with distilled water before used. A constant
voltage of 10 V was applied for two hours of
electrolysis time. The exfoliation of graphite rod can
be observed by the changing of a colourless
electrolyte solution to a yellow solution. The
experiment was repeated using a mixture of 0.1 M
citric acid and 0.3 NaOH under 10 V voltage but with
different electrolysis time of 1 hour and 3 hours to
investigate the effect of electrolysis time on GQDs
production. The experiment was also repeated using
different voltages of 8 V and 12 V using the same
mixture concentration for 2 hours of electrolysis
time. The parameters used in preparing the GQDs are
summarized in Table 1. Theoretically, the
preparation of GQDs from graphite rod was obtained
by the intercalation of anions into the graphite rod,
which lead to exfoliation as generally summarized in
Figure 1.
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Characterization

UV-visible absorption spectra were recorded on a
double beam UV-visible spectrophotometer (Perkin
Elmer) for all GQDs samples. The functional groups
on the GQDs samples were confirmed and analyzed
using an attenuated total reflection Fourier transform
infrared spectrometer (Perkin Elmer Frontier) at
4000-500 cm wavelength. The morphological
information of the GQDs were analyzed by
Transmission Electron Microscopy (TEM, Zeiss).

RESULTS AND DISCUSSION

From the experimental results, it was observed that a
stable GQDs suspension was obtained via the
electrochemical process as a result of intercalation of
anionsonto the graphite electrode (anode) followed by
electrochemical exfoliation of the intercalated
graphite electrode due to expansion of the Van der
Waals spacing of the graphite rod leading to
exfoliation. The electrochemical reaction resulted in
the colourless electrolyte solution changing to yellow,
indicating the successful exfoliation of the graphite in
producing GQDs.

Table 1. Parameter used in preparing GQDs.

Sample Concentration of citric acid:NaOH (M) Time (H) Voltage (V)
GQD1 0.1:0.15 2 10
GQD2 0.1:0.2 2 10
GQD3 0.1:0.3 2 10
GQD4 0.1:.04 2 10
GQD5 0.1:0.3 1 10
GQD6 0.1:0.3 3 10
GQD7 0.1:0.3 2 8
GQDs8 0.1:.0.3 2 12

Figure 2. Digital image of the GQDs samples produced using various NaOH concentrations (a) GQD1, (b)
GQD2, (c) GQD3 and (d) GQD4.
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The effect of different electrolyte concentration
was investigated by varying the concentration of
NaOH in the electrolyte for various formation of
anions functional groups. Different concentrations of
NaOH in the electrolyte resulted in different
concentrations of GQDs as observed by the degree of
colour changes shown in Figure 2. The higher the
concentration of NaOH used, the darker the resulting
solution which marked the increase in exfoliation of
the graphite. Both samples of GQD and GQD?2
produced yellowish solutions while GQD3 and GQD4
produced brownish solutions (Figure 2). The usage of
various NaOH concentrations results in different
anion distribution in the electrolyte, thus producing
the different exfoliation rate. Sample GQD3 with a
ratio of 1:3 citric acid:NaOH is designated as the
balanced ratio which resulted in optimal anions
intercalation for the formation of GQDs as proposed
by Ahiwar et al. [16].

Figure 3a shows the comparison of colour
changes of the electrolyte after one hour, two hours
and three hours of electrochemical reaction. It was
observed that the colour became darker as the time
was increased. This indicate that the longer the
electrolysis time, the higher is the concentration of
GQDs produced. Based on this observation, longer
electrochemical reaction time may be required to
produce higher quantity of GQDs. Based on previous
studies [17], the amount of exfoliated product is
proportional to the voltage applied. This can also be
observed in Figure 3b, which shows the colour of the
electrolyte solutions becoming darker from 8 V to 12
V. This showed that increasing the voltage lead to an
increase in the production of GQDs exfoliated from
the graphite rod. Based on these three parameters, it
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can be deduced that increasing the concentration of
NaOH in the electrolyte, time taken for the electrolysis
process and the voltage applied will increase the
production of GQDs. Increasing the time taken and the
voltage applied is preferred for the large scale
production of GQDs.

UV-vis Spectroscopy

The GQDs samples were characterized using UV-vis
spectroscopy for qualitative and quantitative analyses.
As shown in Figure 4a, a prominent absorption peak
is observed for each GQD1-GQD4 between 240-255
nm which depicts n—m* transition of the aromatic sp?
C-C bonds [18]. The n—=* transition absorption peak
of sp? C-C aromatic bonds for GQD4 is observed to be
broader as compared to that of the others. The broader
peak obtained was due to a broader distribution of
particle sizes of the GQDs produced [19]. The
absorption peaks were also observed to increase from
GQD1-GQD4; as the concentration of NaOH in the
electrolyte was increased indicating that increasing the
concentration of NaOH would result in increasing-the
exfoliation of GQDs.

Figure 4b shows the UV-vis spectra of the
GQDs produced under different electrochemical
reaction time. Similar to the case above, the strong UV
absorption between 246-255 nm observed-here can
also be attributed to the m—n" transition of the
aromatic sp? C-C bond. It was observed that the longer
the time taken for the electrochemical exfoliation to
occur, the broader are the absorption peaks obtained.
Therefore, an increase in electrolysis time will result
in the production of a broader range of the particle size
distribution, whereby the particles will absorb light at

Figure 3. Digital images of GQDs samples produced (a) under different reaction time of 1 H (GQD5), 2 H
(GQD3) and 3 H (GQD®6), and (b) under different voltage of 8 V (GQD7), 10 V (GQD3) and 12 V (GQD8).
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different wavelengths. However, a prominent
shoulder peak at 350 nm was observed for GQD6
which depicts an - =” transition of the C=0 bond or
other connected groups [18]. The presence of high
absorptivity of C=0 bond might be due to the longer
reaction time which resulted in a higher rate of
oxidation. Moreover, the absorbances also increased
from one hour to three hours, indicating the increased
in concentrations of the GQDs obtained. The
prominent shoulder peak of GQD6 at 350 nm which
can be ascribed to the transition of C=0 bond,
showed that the exfoliation of GQDs had reached its
optimum reaction at 2 hours. After 2 hours, the peaks
showed a significant presence of the C=0O bond
which can be attributed to the production of graphene
oxide quantum dots (GOQDs).

The UV-Vis spectra of GQDs in a 1:3 citric
acid:NaOH mixture with three different applied
voltages of 8 V, 10 V and 12 V are as shown in
Figure 4c. Based on the UV spectra, the prominent
absorption peaks were observed to appear between
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250-312 nm, attributable to z—=* transition of the
sp? aromatic C-C bonds. The GQD7 spectrum
showed similar UV absorption as compared to the
GQD3. However, the absorption peak of GQD8
was shifted to the right (bathochromic),
corresponding to the n —» =™ transition of the C=0.
This may be due to the higher degree of oxidation
occurring in GQD8 with the higher voltage applied
operation, resulting in poorer quality of the
spectrum as compared to GQD7 and GQD3. Due
to the poor quality of the GQDS8 spectrum and its
bathochromic shift, # this showed that the
exfoliation of GQDs in this work had reached its
optimum potential at ~10 V.

ATR-FTIR Spectroscopy

The functional groups of the GQDs samples
were analyzed and confirmed using an attenuated total
reflection FTIR spectrometer in the range of 4000-500
cm™. The FTIR spectra for all the GQDs samples
showed similar characteristic absorption bands which
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Figure 4. UV-Vis spectra of the GQDs produced using (a) various NaOH concentrations (b) different
reaction times, and (c) different voltages.
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consisted of the stretching and bending vibration of -
OH groups around ~3450 cm, C=C stretching band
at ~1635 cm, O-H deformation vibration at ~1365
cmt, and phenolic hydroxyl group stretching of the C-
OH groups at ~1265 c¢cm™ [20]. Briefly, the FTIR
spectra for GQDs prepared from various
concentrations of electrolytes as shown in Figure 5a,
exhibit absorption bands at ~3320 cm* corresponding
to the stretching and bending vibration of -OH group,
C=C stretching at 1635 cm™, O-H vibration at 1375
cm? and C-O groups stretching at 1217 cm™. The
GQDs obtained using various electrolyte
concentrations give similar spectra except those for
GQD1 and GQD2 which exhibit very weak
absorption bands at 1375 cm™ and 1217 cm™ as
compared to the spectra for GQD3 and GQD4, which
are attributed to the O-H vibration and C-O
stretching respectively. This may be due to the higher
concentrations of NaOH used in the production of
GQD3 and GQD4.
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The FTIR spectra for GQDs prepared from
various reaction times s are shown in Figure 5b for
GQD3, GQD5 and GQD6 where similar FTIR spectra
were observed. These spectra also exhibit absorption
bands at 3326 cm™* which corresponds to the stretching
and bending vibration of -OH groups and at ~1630 cm"
Lattributed to the stretching of C=C groups. The band
at 1375 cm represents O-H bending while the C-O
stretching of band was observed at 1217 cm™. Figure
5¢ shows the overlaid FTIR spectra for GQD7, GQD3,
and GQD8 with different applied voltages of 8 V, 10
V and 12 V respectively. From the FTIR spectra, no
significant difference in FTIR absorption bands were
observed for GQDs produced under various voltage
operations. Similar to GQD3, GQD7 and GQDS8
exhibit similar characteristic absorption bands. The
obtained FTIR spectra for all GQDs samples indicated
the presence of significant C=C stretching groups due
to the formation of C=C-C stretch groups (in the
aromatic ring) [21].
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Figure 5. FTIR spectra of the GQDs produced using (a) various NaOH concentrations (b) different reaction
times, and (c) different voltages.
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Figure 6. TEM images and size distribution of GQD1 (a — b), GQD2 (c —d), GQD3 (e — f) and GQD4 (g —
h), respectively.

Transmission Electron Microscopy (TEM)

Based on the previous analysis, it was found that the
optimum GQDs was produced using a voltage of 10 V
with 2 hours of reaction time. Therefore, GQD1-
GQD4 samples were selected for imaging and
morphology analyses using transmission electron

microscopy (TEM). The TEM images and distribution
of diameter or size of the GQDs suspensions obtained
are shown in Figure 6. Figure 6a shows the TEM
image of the GQDs produced from the 1:1.5 ratio of
citric acid:NaOH electrolyte (GQD1), which are
circular in shape with sizes ranging from ~30 nm to
~110 nmThe size distribution is shown in Figure 6b
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which indicates that GQD1 possessed a broad range
and large particle sizes. The average size of the GQDs
was found to be around 67.5 nm and this imply that
the electrolytic ratio of 1:1.5 is not suitable for the
production of GQDs. The average size, however, is
still below 100 nm, which represents the production of
graphene nanoflakes instead of graphene quantum
dots. The observed large particle diameter could be
due to the agglomeration of the GQDs [22]. Figure 6¢
shows the TEM image of GQDs obtained from the
electrolytic ratio of 1:2 citric acid:NaOH. The particle
size was observed to range between 5 nm and 15 nm
(Figure 6d). Compared to GQD1, the particles in
GQD2 were observed to be irregular in shape but
smaller in size. Meanwhile, the TEM image of the
GQD3 sample shown in Figure 6e indicates that the
size of the GQDs particles produced range from 2 nm
to 9 nm, with an average size of ~5nm. Despite the
smaller size of GQDs obtained, aggregation of the
small dots can still be observed from the TEM image.
Based on Figure 6g, the size of the GQD4 obtained
ranging from 4 nm to 9 nm and the agglomeration is
nevertheless more accentuated. The particle size of the
GQDs can be affected by varying the ratio of citric
acid:NaOH, as observed by the reduction of particle
size from GQD1 to GQD3. The prominent
aggregation of GQD4 with similar size range as
compared to GQD3, showed that GQD3 could be the
optimum ratio (of the electrolyte) for the production
of GQDs.

CONCLUSION

In conclusion, GQDs were successfully exfoliated
from graphite rods via a facile one-step
electrochemical exfoliation method. The colour of the
electrolyte changed from a colourless solution to a
yellow or brown solution which indicated the
exfoliation and production of GQDs. The higher the
anion concentration of NaOH used in the electrolyte,
the higher the amount of GQDs produced and
exfoliated. Based on UV-Vis analysis, significant UV
absorption peaks were observed between 240-255 nm
which depicts the n—n* transition of the aromatic sp?
C-C bonds and shoulder peaks between 359-385 nm
corresponding to the n— x* transition of the C=0
bonds. FTIR analysis indicated that the GQDs showed
significant absorption around 1635 cm due to the
stretching of C-C bond (in the aromatic ring). The
morphology and the dots shape of the GQDs can be
observed under TEM analysis with size range varying
according to the combination ratio of citric acid and
NaOH as electrolyte. This study also revealed the
viability of the production of GQDs via the exfoliation
mechanism without the introduction of any heating
treatment of the electrode as previously reported using
the same electrolyte combination, thus allowing a
greener

approach by avoiding high energy consumption.
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