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Graphene is an excellent candidate as an electrode material for supercapacitors due to its
exceptional properties. Among the many synthesis routes, reduced graphene oxide (rGO)
synthesised through modified Hummers’ method followed by reduction has been the preferred
route to obtain graphene due to its flexibility. Depending on the reaction condition, the degree
of oxidation present on rGO will differ and affect its overall charge storage capability. But,
the use of toxic reagents or harsh conditions will introduce environmental concerns. Herein,
an environmental-friendly KCl was introduced to modify the degree of oxidation on rGO using
a simple aggregation method. In this study, graphite oxide obtained through modified
Hummers’ method was modifiedwith KCI followed by reduction using ammonia to produce
chemically-modified rGO (S-rGO).S-rGO obtained was then characterised using UV-Vis and
FT-IR while its electrochemical behaviourwas studied with cyclic voltammetry. The UV-Vis
and FT-IR analyses showed that the oxidationlevel of S-rGO increased linearly with the mass
of KCI used. Specific capacitance calculated from the CV curves revealed that a 3.5 times
enhancement was observed. The results revealed the possible modification on S-rGO using
environmental-friendly KCI and its potential use as an electrode material for supercapacitors
application.
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Historically, the theory of nanotechnology was first
conceived by Richard Feynman in the 1960s [1],
which Norio Taniguchi later defined in 1974, the term
nanotechnology as "...the processing of separation,
consolidation, and deformation of materials by one
atom or one molecule" [2]. In 2004, the successful
extraction of 2-dimensional graphene layers via
repeating micromechanical exfoliation revitalised and
sparked a golden age of research and development for
advanced nanomaterial with promising breakthroughs
in various fields and applications [3], [4].

Graphene is a unique carbon allotrope with out-
standing properties such as high electrical conductivity
and optical transparency [5], attributed to its one-
atom-thick layer and sp?-hybridised hexagonal lattice
arrangement. Research on graphene as an electrode
material in electrical energy storage systems has
been lively over the past two decades. However,
the commercial implementation of graphene-based
technology is almost non-existent due to several

limitations such as; 1) impractical top-down synthesis
pathways e.g., micromechanical exfoliation can only
produce small amounts of graphene as well as, 2)
expensive and complex bottom-up synthesis pathways
via chemical vapour deposition (CVD) still hinder the
upscale production of graphene [6].

Reduced graphene oxide (rGO) is a cost-effective
substitute that shares similar physical, chemical and
electrical traits with graphene. This material can be
easily synthesised through the oxidation of bulk graphite
material, forming GO precursor which can be reduced
to minimise the presence of surface oxygen groups
(hence the term reduced GO) [7]. Alternatively, recent
findings on the use of rGO with varying degrees of
oxidation as an active material for electrodes in electrical
energy storage systems such as supercapacitors [8],
redox flow batteries [9], [10], and lithium-ion batteries
[11], showed improvements towards their electro-
chemical and capacitance performances.
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Various techniques have been introduced to
tune the amounts of oxygen functionalities on rGO.
Previously, Chen et al. successfully synthesised partially
reduced GO via microwave irradiation [8]. The material,
rich with surface oxygen groups, exhibited a hybrid
behaviour of pseudo-capacitance (due to faradaic redox
reaction) and electric double-layer capacitance which
improved its overall electrochemical performance.
Chemical reduction is another cost-effective parameter to
control the degree of oxidation on rGO. Morimotoet al.
studied the effect of different ratios between hydrazine
and GO during reduction and concluded that
synthesised rGO with an oxygen content of 20-40wt%
was the most practical for energy storage, catalyst
support and biosensor applications [12]. Similarly,
chemical modification has been commonly utilised to
preserve surface oxygen groups or introduce heteroatoms
such as nitrogen or phosphorus on rGO to improve its
electrochemical performances [13], [14]. Additionally,
Cao et al. studied the effect of oxygen functionalities
on the capacitance performance of thermally-reduced
graphene oxide [15]. Further oxidation of GO was done
via acid treatment prior to the thermal reduction.
The authors recorded a decreasing trend in the
capacitance performance of the electrode as the
reduction temperature increased which supports the
positive role of oxygen groups in improving capacitance
on rGO. However, these treatments required the use of
harmful and toxic reagents such as acid/basic and harsh
conditions (e.g., high temperature) to manipulate the
surface heteroatom functionalities which may raise air
and water pollution concerns during the upscaling
production of rGO.

An environmental-friendly technique was first
proposed by Chen et al. who introduced KCI salt during
the chemical reduction of GO [16]. The authors found
that the KCl-assisted rGO had improved dispersion
stability in an aqueous medium which contributed
to its improved capacitance. However, no study has
investigated the effect of KCI concentration on the
degree of oxidation of rGO. In the present study, rGO
with varying degrees of oxidation was successfully
synthesised by adding different amounts of KCI salt
during the chemical modification step. This preliminary
study confirmed the successful reduction of GO using
ammonia and the presence of oxygen functional groups
on chemically modified rGO using UV-Vis absorbance
and FT-IR analyses. The electrochemical performance
of the as-synthesised rGO was also analysed using
cyclic voltammetry (CV) analysis.

EXPERIMENTAL
1. Chemicals and Materials

All chemicals and reagents were commercially
purchased from Merck, Sigma-Aldrich, R&M
Chemicals, HmbG Chemicals and Bendosen. The
materials were directly used without additional
purification.
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2. Preparation of Chemically Modified Reduced
Graphene Oxide

2.1.  Synthesis of Graphite Oxide

Graphite oxide was synthesised using the modified
Hummers' method [17], which involved two reaction
steps; pre-treatment and oxidation of graphite precursor.
The synthesised product will be abbreviated as GO.

Initially, graphite powder (4.00 g; size < 50
um; 99.5%) was dissolved in concentrated H2SOa,
followed by the addition of P2Os (6.00 g) and K>S;0s
(6.00 g). The mixture was refluxed at 80 °C for 6 hours
and cooled before it was diluted in distilled water. The
treated graphite was filtered under vacuum and
thoroughly washed to neutral pH before it was left to
dry under reduced pressure.

Next, the pre-treated graphite (2.00 g) was
dissolved in concentrated H,SO4and stirred in an ice
bath until it homogenised. KMnO4 (17.50 g) was
then added slowly to the mixture. It was refluxed at 35
°C for 4 hours and cooled before the mixture was
transferred into a clean beaker. Distilled water (450.0
mL) was added in small portions to the mixture with
constant stirring to maintain a temperature of ~90 °C.
H20, solution (50.0 mL; 30%) was added drop by
drop to the suspension and left to cool overnight. The
reaction mixture was filtered under vacuum, followed by
several washing with 1:10 HCI solution, distilled water,
ethanol and diethyl ether. The final product was left to
dry under reduced pressure [18].

2.2. Chemical Modification of Graphite Oxide

The chemical modification of graphite oxide was
modified based on Rajagopalan and Chung [14].
Graphene oxide suspension (2.00 mg mL*) was prepared
by dissolving dried GO (0.20 g) in distilled water,
followed by exfoliation in an ultrasonic bath for 25
minutes. KClI salt (3.00 g and 5.00 g) was dissolved
and the mixture was stirred at ambient temperature for
16 hours. The graphene oxide aggregates were filtered
under vacuum and rinsed with small amounts of distilled
water and ethanol before it was dried under reduced
pressure. The final products will be abbreviated as 3SGO
and 5SGO respectively.

2.3.  Synthesis of Reduced Graphene Oxide

The chemical reduction of graphite oxide was modified
based on Pham et al. [19]. Graphene oxide suspension
(1.00 mg mL-?) was prepared using similar steps
described in subsection 2.2 and the suspension
was transferred into a round-bottomed flask.
Ammonia solution was added to the flask and the
reaction mixture was refluxed at 80 °C for 12 hours.
The mixture was filtered under vacuum and rinsed
with distilled water and ethanol. The solid product was
oven-dried at 80 °C for 12 hours. Similar steps were also
repeated for 3SGO and 5SGO. The reduced products
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will be abbreviated as rGO, 3S-rGO and 5S-rGO
respectively.

3. Electrode Preparation

The glassy carbon electrode (GCE) was treated by
sequential polishing with alumina powders of different
sizes (1.0 pm, 0.3 pm and 0.05 pm) and rinsed with
deionised water before it was dried under reduced
pressure. The electrode ink was prepared by dissolving
rGO samples (2.0 mg/mL) in ethanol, followed by
sonication for 1 hour to form a homogeneous mixture.
The ink (20 uL) was drop-casted onto the pre-polished
GCE and dried under reduced pressure before analysis.

4, Characterisation Methods

4.1. UV-Vis Spectrophotometer

All samples were prepared into 125 ppm suspensions
using similar steps described in subsection 2.2. The
suspensions were analysed using Thermo Scientific
Genesys 10s Ultraviolet-Visible (UV-Vis) spectro-
photometer in the wavelength range of 200 to 800 nm.
4.2.  Fourier-transform Infrared Spectrometer
All samples were prepared using the KBr pellet
technique. Before the quantitative analysis, a fixed
mass of GO was accurately weighed and added to a
constant mass of KBr (FT-IR grade). The sample
pellets were analysed using Perkin Elmer Spectrum
100 Fourier-transform Infrared (FT-IR) spectrometer
in the wavenumber region of 4000 to 400 cm™.

5. Electrochemical Analysis

A three-electrode system composed of a Pt wire
electrode (counter; CH instrument), Ag/AgCl electrode
(reference; CH instrument) and glassy carbon electrode
(working; CH instrument) was constructed for the
electrochemical analysis. 2 M H,SO4 was used as the
electrolyte solution. All electrochemical measurements
were performed on Metrohm Autolab PGSTAT M101
potentiostat/galvanostat.

CV analysis is a useful technique commonly
used to identify the electrode behaviour and evaluate
the specific capacitance of a given sample. The
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three-electrode system was used to analyse the CV
measurements of rGO, 3S-rGO and 5S-rGO ina 2
M H,SO4 solution. The formula to calculate the

value of specific capacitance from a CV curve is
shown below:

f;lz (V) av

ifi i 1 —
Specific Capacitance, F g™ = ———

@
Where vy, v2, m and k represent the value of initial
potential (V), final potential (V), the mass of active
material (g) and the scan rate (V s™) respectively. 4V
represents the potential range (V), and the integration
of 1(V)dV in the potential range gives the area of the
CV curve. The CV analysis was performed within the
potential window of 0.0 — 1.0 V at different scan rates,
ranging from 5 mV s to 75 mV s for all rGO samples.

RESULTS AND DISCUSSION

1. Chemical Modification of Graphene Oxide
using KCI

GO suspension was chemically modified with KCl salt
which aggregated GO from the stable suspension.

Figure 1 shows the condition of GO suspension
before and after KCI was added and the suspension
was left to mix overnight at room temperature. The
GO suspension was initially stable in an aqueous
solution due to its hydrophilic nature, attributed to
the presence of oxygen functional groups on GO.
However, the addition of KCI triggered a change in
dispersion stability which caused the GO particles to
aggregate and sediment.

Hu et al. studied the hydrophilicity of GO and
found that it is heavily influenced by parameters such
as pH, zeta potential and size of the particle [20]. In
this case, it is believed that the instability of GO was
influenced by the change in zeta potential for GO
dispersion. Typically, GO suspension has a negative
zeta potential value due to partial deprotonation of
acidic groups [21]. The aggregation of GO particles
upon the addition of positive K* ions could have been
triggered by the reduction in negative charge on GO,
causing a shift in zeta potential value which disrupted
its dispersion stability.

i J

Figure 1. The aggregation of GO after KCI was added.
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Figure 2. The UV-Vis absorbance spectra of GO (a) and rGO (b) samples.

2. Material Characterisation

2.1.  UV-Vis Absorbance Analysis

The UV-Vis absorbance spectra for GO, SGO, rGO
and S-rGO samples are shown in Figure 2. GO and
SGO samples showed maximum peaks at ~229 nm
and moderate shoulders at ~300 nm. The peaks at 229
nm and 300 nm correspond to n-n* transition due to
the formation of aromatic C-C bond and n-z* transition
due to the C=0 bond respectively as graphite precursor
was oxidised [18]. Absorbance intensity is a useful
indicator to estimate the relative abundance of chemical
species present in a sample. From Figure 2(a), the
absorbance intensities at both wavelengths were
significantly more intense for SGO than GO, indicating
greater formations of C-C and C=0 bonds. This finding
can be attributed to further surface oxidation by KCI
during the aggregation of GO. 5SGO had the highest
intensity at both peak wavelengths, demonstrating that
the amount of KCI added can affect the degree of
oxidation on the GO surface. In addition, the peak
value at ~230 nm can also illustrate that the synthesised
GO and SGO samples had a similar hydrodynamic
particle size of ~1.5 pm based on work done by Zhang
et al. who studied the relationship between UV-Vis
peak absorbance and particle size of GO [22].

Next, the peaks redshifted from 229 nm to 257
nm and 251 nm for rGO and 3S-rGO respectively as
shown in Figure 2(b), indicating successful restoration
of m-conjugation on the graphene layer. No other
significant peaks were seen at any other wavelength
region which confirms the successful reduction of
rGO and 3S-rGO samples using ammonia [18], [23].
Variation in peak wavelengths between rGO and 3S-
rGO is believed to have been caused by the difference
in the degree of conjugation on the graphene layer. It
is reasoned that the degree of reduction on the rGO

layer was greater than 3S-rGO which resulted in higher
conjugation levels (hence higher wavelength peak
value). On the other, 5S-rGO did not show a similar peak
shift; instead, the peak at 229 nm was significantly
reduced after reduction. It is possible that the positive
K* ions affected the reduction process by protecting
some of the negatively-charged oxygen functionalities
through weak interaction, preventing the chemical
reaction with ammonia, and affecting the overall degree
of reduction [14]. The absorbance intensity for rGO
was also higher than 3S-rGO which supports the claim
of higher conjugation in the former sample.

2.2.  Fourier-Transform Infrared (FT-IR) Analysis
FT-IR analysis was used to detect the
presence of functional groups; specifically, the
oxygen functionalities on GO and rGO, as well as to
support the successful reduction of GO
precursors. The interaction between K* ions and
GO during the chemical modification was evaluated
by quantitative analysis of the oxygen functional
groups on GO and S-GO samples. The peak area
was calculated by integrating the area under the
curve for three different peaks; O-H (hydroxyl), C=0
(carbonyl/carboxyl) and C-O (epoxy) as shown in
Table 1. As the amount of KCI increases, the
integrated peak areas for O-H, C=0 and C-O
decreased with 5SGO having the lowest calculated
peak areas for all three oxygen functional groups.
The carbonyl/ carboxyl C=0 groups had the most
drastic change in peak area between GO and SGO
samples, nearly halved after GO was modified with
KCI. This finding may suggest that K* ions have a
more significant affinity to the C=0 group over
other oxygen functionalities. The FT-IR spectra
of the GO and rGO samples are illustrated in
Figure 3.
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When comparing the GO and rGO curves, it
can be established that significant amounts of oxygen
functional groups had been successfully removed by
ammonia solution for all samples except for 5S-rGO.
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Considerable reduction in transmittance intensity can
be observed for O-H (hydroxyl), C=0 (carbonyl/
carboxyl), C-O (epoxy) and C-H stretching (carbonyl)
in rGO and 3S-rGO.

55-rGO
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Figure 3. FT-IR spectra of GO and rGO samples.

Table 1. The quantitative peak area of GO, 3SGO and 5SGO.

Functional Groups

Calculated Integral Peak Area

Wavenumber Range

(cm™)
GO 3SGO 55GO
O-H (Hydroxyl) 3430 - 3450 3838.42 3364.96 2832.49
C=0 (carbonyl/carboxyl) 1700 - 1735 100.06 53.18 49.81
C-O(epoxy) 1070 - 1050 291.62 266.45 203.67

Table 2 summaries the different wavenumber
readings with respect to the corresponding functional
groups. There are notable differences between the
functional groups that existed on rGO and 3S-rGO,
namely that the latter had more types of oxygen
functionalities present in the reduced form. It can be
reasoned that K* ions could preserve specific oxygen
functional groups such as hydroxyl, carbonyl and
epoxy groups through weak intermolecular interaction
between positive K* ions and negatively-charged

oxygen groups [14]. This protection mechanism could
have also affected the degree of reduction on SGO
samples, forming oxygen-rich S-rGO. This is especially
true for 5S-rGO as shown in the spectra which
revealed that a significant amount of different oxygen
functionalities still existed after the chemical reduction.
Hence, increasing the amount of KCl salt added during
the modification step can influence the degree of
reduction in the products.
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Table 2. Summary of FT-IR spectra of rGO, 3S-rGO and 5S-rGO.

Wavenumber (cm)

Functional Groups

rGO 35-rGO 55-rGO
O-H (hydroxyl) 3439 3418 3434
C-H stretching (carbonyl) 2847 2853 2853
C-C stretching (aromatic) 1620 _ 1626
O-H bending (carboxylic) 1398 1403 1403
O-H stretching 1229 1240,1208 1218
C-O stretching (epoxy) _ 1180,1131,1099,1055 1104
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Figure 4. The CV curves for rGO, 3S-rGO and 55-rGO at 5 mV s™.

3. Cyclic Voltammetry Analysis

Figure 4 illustrates the CV curves for all samples at 5 mV
st which behaved similar to a capacitor. The highest
calculated specific capacitance (Csp) value was 124.28
Fglat5mV st for55-rGO, followed by 104.10 F g
L and 35.61 F g for 35-rGO and rGO respectively.
The superior capacitive performance of S-rGO samples
can be attributed to a hybrid charge storage behaviour
that combines the electric double-layer capacitance
and pseudo-capacitance due to the rich presence of

oxygen functionalities on its surface [8]. This explains
the quasi-rectangular- shaped curves for S-rGO due to
the reversible faradaic redox reaction that took place on
the oxygen functional groups. In contrast, rGO had an
almost ideal rectangular shape which signifies a purely
electric double-layer capacitance.

Since an acidic electrolyte was used, the main
active sites for the redox reactions will take place on
the carbonyl and quinone groups as shown in the
following equation:
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This mechanism supports the superior capacitive
performance of 55-rGO as it is rich in oxygen functional
groups [24], [25].

Figure 5 shows the trend in Cs, values for all
samples at different scan rates. As the scan rate
increases, the calculated Cs, value decreases. This trend
was caused by the inability of the electrode to cope
with the fast electron exchange with electrolyte (due

HO
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OH

(3)

OH

to the high scan rate) which limited effective
electrode-electrolyte interaction to the outer electrode
surface [26]. Interestingly, the calculated Csp values
for S-rGO were more affected at the higher scan rate
than rGO. It can be suggested that pseudo-
capacitance is significantly affected by the
limitation of effective electron exchange at higher
scan rates which prevented faradaic redox reaction,
contributing to the loss of capacitance [27].
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Figure 5. The specific capacitance trend for rGO, 3S-rGO and 5S-rGO.

Table 3. Comparison of the different surface modifications on rGO.

Electrochemica

Material Synthesis Steps | Configuration Performance Reference
i. Modified Hummers’ At20 mV st
method. i. G-800:
ii. Thermal reduction in 2-electrode; 23Fg?
Thermally- argon at 800 °C for 1 hour  Ni foam ii. 0G-800:
reduced graphene (G_goq) electrode: 107 F g [15]
sheets (G-800) iii. Second oxidation with 5 M KOH iii. PG:
HNO; (OG-800). electrolyte 27F gt

iv. Metal etching with
cobalt acetate (PG).
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1. Modified Hummers’
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Hydrothermal N- ~ method. fée(;%t-rr(l):dé ;film- At10 mV s¥;
doped reduced ii. Sonication of GO: coated Pt wire i. rGO:
graphene oxide hydrazine suspension electrode: 45F g? (28]
(NrGO) iii. Hydrothermal reduction 6 M KOI-’l ii. NrGO:

at 180 °C for 12 hours 100 F g*

(NIGO) electrolyte

) . At10A g%

3D oxygen-doped i pommercial GO mixed élﬂfs?r(?;r%on i. GN:
graphene sheets with NaCl salt. electrode: 52.8F gt [29]
(3D-GN) ii. Thermal reduction at 1 M KOH ii. 3D-GN:

800 °C for 30 mins. electrolyte 1735F g

. . At5mV st

i. Modified Hummers’ ) . ) '
modified reduced ii. GO aggregation with iy : :

. glassy carbon ii. 3S-rGO: This work

? éag?ene oxide (S- :(S?IGg)room temperature o trode; 104.1F g

iii. Chemical reduction ZIM HZISO“ - 58469:

using hydrazine. electrolyte 1243 Fg

CONCLUSION 2. Taniguchi, N. (1974) On the Basic concept of

An oxygen-rich S-rGO was successfully synthesised
using the environmental-friendly KCI to chemically
modify the oxidation level on rGO. It was found
that S-rGO had richer oxygen functionalities after
the reduction step which observed the incomplete
reduction of 5S-rGO whereas 3S-rGO and rGO
achieved complete reduction. It was proposed that
K* ions can further oxidise the surface GO and
inhibit the removal of oxygen groups during chemical
reduction. From the CV analysis. 5S-rGO had the best
electrochemical performance with a calculated Csp
value of 124.28 F g-1 at 5 mV s which is about 3.5
times greater compared to the unmodified rGO. It is
believed that this simple modification technique should
be considered in large-scale production to manufacture
a more environmental-friendly rGO with superior
electrode performance for energy storage applications
such as supercapacitors or batteries.
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