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Effect of Graphite Precursor Flake Size on
Energy Storage Capabilities of Graphene Oxide
Supercapacitors

S. Perumal, A.L.L. Jarvis, and M.Z. Gaffoor

Abstract— In this research supercapacitors were fabricated
using graphene oxide (GO) as the electrode material. GO was
synthesized using natural graphite precursor with varying flake
sizes. GO was characterized by High-Resolution Transmission
Electron Microscopy (HRTEM), Elemental Analysis, Fourier
Transform Infrared (FTIR) spectroscopy and Raman
spectroscopy. Cyclic voltammetry was carried out at different
scan rates to determine the specific capacitance and energy density
of the electrode material. An increase in specific capacitance was
seen with an increase in graphite precursor flake size. A specific
capacitance and energy density of 204.22 F.g"! and 102.11 kJ.kg™!
respectively at scan rate 10 mV.s™' was obtained for the GO sample
synthesized from graphite precursor with an average particle size
of 0.45 mm. This sample also had the highest specific capacitance
for all scan rates.

Index Terms— Energy density, Flake size, Graphene oxide,
Supercapacitor

I. INTRODUCTION

SKOM, South Africa’s primary electricity provider, cannot

meet the energy demand with their current non-renewable
energy-based power plants [1]. In 2018, the Department of
Energy pledged to get more renewable energy across the
country, and especially to rural areas[2]. The intermittent
nature of renewable energy sources, however, creates many
challenges in energy storage. Therefore, there has been
considerable interest in finding efficient energy storage devices
for renewable energy [3]. A promising candidate is a
supercapacitor due to its high power density, and excellent rate
capability, which is desirable in energy storage devices [4].
There are other possible candidates that include batteries, fuel
cells, and flywheels.

This promising candidacy of supercapacitors has resulted in
the supercapacitor technology having undergone considerable
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research and development in recent years. Supercapacitors have
a high power density and a low energy density as compared to
lithium-ion batteries [5]. For supercapacitors to realize their
potential, their energy density must be improved [6]. A
meaningful way to address this is to develop advanced electrode
materials. One of the unusual materials to use as the electrodes
of the supercapacitor is graphene oxide (GO). GO acts as a
cathode and separator in batteries due to its insulating nature
thus avoiding short circuit in the battery [7]. GO has also been
shown to improve battery performance [8] [9] [10] [11] [12].

GO is a two-dimensional (2-D) material made from oxidizing
graphite. Graphene oxide research is important considering the
abundance of carbon sources in South Africa. GO is
hydrophilic meaning it is readily dispersible in water.
Therefore, it is easy to work with, no expensive solvent or
binders are required. GO was first reported as an electrode
material for supercapacitors in 2011 by Bin Xu et al. [13]. GO
had a specific capacitance of 189 F.g"!, higher than that of
graphene. This result was attributed by an additional
pseudocapacitance effect of attached oxygen-functional groups
on the basal plane [14]. In 2018, GO proved to be an excellent
electrode material when combined with conductive electrode
bulk ink with a specific capacitance of 423 F.g"! [15]. The
properties of GO can be tailored by varying the graphite
precursor used for synthesis. By using graphite precursors with
different flake sizes, the size and structure of GO are
affected [16]. Oxidation of GO 1is greater when graphite
precursor with shorter crystallite sizes was used [17]. So if GO
were synthesized with a graphite precursor of smaller flake size,
it would be better oxidized and therefore have more oxygen
functional groups. This more significant amount of oxygen
functional groups would give more pseudocapacitance effect
and therefore have a higher capacitance than GO synthesized
from graphite precursor with larger flake size. When purchasing
commercially available natural graphite, the only difference in
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choice of natural graphite is varying flake sizes.

In this paper, an investigation into the link between the flake
size of the graphite precursor used to synthesize GO, and the
energy storage characteristics of the GO supercapacitor is
presented.

II. BACKGROUND

A supercapacitor is an energy storage device with high
surface area porous electrodes, and a thin dielectric
(electrolyte) [18]. The interface between the electrolyte and the
electrode is the electric double layer. The capacitances gained
from this type of architecture are orders of magnitude higher
than conventional capacitors. Supercapacitors are categorized
as per Fig. 1, initially by the charge storage mechanism (type),
thereafter, by the electrode material used, i.e. Electrochemical
Double Layer Capacitor (EDLC) and GO respectively.
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Fig. 1. Categorization of supercapacitors

EDLC’s mechanism for storing charge is non-faradaic,
which means charges are distributed on surfaces by physical
processes that do not involve the making or breaking of
chemical bonds [19]. The double-layer in name
‘electrochemical double-layer capacitor’ refers to the double
layer of charge. One layer of charge accumulates on the
electrode surface due to the voltage applied. The other layer of
charge is the ions from the electrolyte that diffuse across the
separator into the pores of the electrode of the opposite charge,
as seen in Fig. 2. The capacitance gained from this mechanism
is known as double-layer capacitance.
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[
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Porous electrode  Current collector ——
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Applied Voltage
Fig. 2. Schematic diagram of supercapacitor showing EDLC

The capacitance of porous carbon materials like GO is
mainly contributed by double-layer capacitance from
electrostatic charge accumulation, and about 1-5 % is
contributed by pseudocapacitance [20]. This
pseudocapacitance comes from the high content of oxygen
functional groups [21] which is inherent in GO.
Pseudocapacitance charge storing mechanism is faradaic,
unlike double-layer capacitance, and occurs as quick surface
reduction and oxidation (redox) reactions.

The critical parameters for supercapacitors are specific
capacitance, equivalent series resistance (ESR), energy density,
and power density. Specific capacitance is the capacitance
normalized by electrode mass (in grams), volume (in cm?), or
area (in cm?). ESR is the internal resistance of the
supercapacitor. Energy density is the amount of energy the
supercapacitor can store and is presented as a specific energy
density measured in Jkg'[22]. The process in which
supercapacitor stores its energy is shown in Fig. 3 demonstrated
with a simple Gouy-Chapman Electric Double Layer
Model [23] [24] (the second earliest supercapacitor model) of
the supercapacitor. There are more recent complex
supercapacitor models which include Bockris-Miiller-
Devanathan (BMD) model [25] formulated in 1963 by John
O’Mara Bockris, a South African electrochemist together with
Klaus Miiller a German chemist, and Michael Angelo Vincent
Devanathan a Sri Lankan chemist.
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Fig. 3. Process of energy storage in supercapacitor

Vol.112 (2) June 2021



Vol.112 (2) June 2021

Obtaining the supercapacitor characteristics are most
commonly done by cyclic voltammetry (CV). CV can be
performed to evaluate capacitance of the as-prepared active
electrode material GO and the operating voltage window of the
electrolyte. CV is an analytical technique in which current
produced via a redox reaction is monitored as a function of the
scanned potential applied to an electrode [26]. The
instrumentation used in CV analysis consists of a signal
generator, potentiostat, working electrode (WE), reference
electrode (RE), and counter electrode (CE). CV can either be
done wusing a two-electrode system or three-electrode
system [27]. Three-electrode system is accurate in controlling
the voltage at the WE while measuring the current flowing from
the WE to CE since it uses a RE that is ideally non-polarizable
proving to be consistent and reliable [20]. Three-electrode
system is also advantageous due to the quick electrode
preparation.

Graphene oxide is synthesized from oxidizing graphite with
a strong oxidizing agent such as potassium chlorate (KClO3),
and potassium permanganate (KMnO,) [28]. GO has good
wettability since it is hydrophilic which is a desirable property
for supercapacitor electrode material [29] [30]. Having good
wettability is essential for electrode materials in supercapacitors
as it can soak up the electrolyte easily and thus improving ion
transport within the supercapacitor. The structure of GO is a
single sheet of graphite which is graphene with oxygen
functional groups which include carbonyl, carboxyl and
hydroxyl on the sheet edge, and epoxide on the basal plane as
shown in Fig. 4 [31].
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Fig. 4. Structure of GO showing carbonyl, carboxyl and hydroxyl on the sheet
edge, and epoxide on the basal plane

III. EXPERIMENTAL

The GO supercapacitor is comprised of three parts viz.
electrode material, current collectors, electrolyte. The current
collector and electrolyte were kept constant for all samples, and
the electrode material was varied.

A. Synthesis of GO

Four different graphite precursors from Asbury Carbons
were used viz. Grade 230U, 3243, 3160, and 3061 which was
called ANI-GO, AN2-GO, AN3-GO, and AN4-GO
respectively for easy identification. The average particle sizes
for AN1-GO, AN2-GO, AN3-GO, and AN4-GO are 0.045 mm,
0.105 mm, 0.1250 mm, and 0.4500 mm respectively. These
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graphite precursor average particle sizes were obtained from the
graphite precursor datasheets received from Asbury Carbons.
Graphite precursors were used as received. GO was
synthesized by oxidizing the graphite precursor using the
Hummers method with additional potassium
permanganate [32]. The GO powders obtained at the end of the
synthesis process is shown in Fig. 5.

Fig. 5. GO Samples (a) AN1-GO, (b) AN2-GO, (c) AN3-GO, (d) AN4-GO

B. Fabrication of current collectors

The design of the current collector was drawn using
SolidWorks software, as shown in Fig. 6. The active electrode
area on the stainless steel current collector, 24 mm x 24 mm,
which was arbitrarily selected does match previously reported
supercapacitor electrode sizes [33]. The current collectors were
fabricated using stainless steel with 0.5 mm thickness.
Symmetric current collectors were made by laser cutting.
Stainless steel was chosen due to its low corrosion rate. This
property is a requirement due to the use of an acidic electrolyte.
Stainless steel has been used as a current collector in many
commercially available supercapacitors.

10
St

24
34

Fig. 6. Stainless steel current collector with dimensions

C. Preparation of GO electrode

GO solution with 0.1 %wt. concentration was made by
adding 0.03 g of GO powder to 30 ml of deionized water. This
concentration is considered to be low, and along with an initial
1-hour sonication and 10 minutes sonication before each coat,
mitigated agglomeration of GO [34]. The solution was
drop-casted onto stainless steel substrate (Fig. 7) and left to dry
in air overnight at room temperature. In order to attain a
homogenous GO deposit on the substrate, five separate
individual coats were applied [34].
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Fig. 7. Drop-casting of GO on stainless steel current collectors

D. Synthesis of electrolyte

The hydrogel polymer electrolyte was made using poly
(vinyl alcohol) (PVA) as a host matrix, water as a plasticizer,
and phosphoric acid (H3POs) as the electrolyte solution. The
preparation of the hydrogel polymer electrolyte began with
mixing with a magnetic stirrer, 1 g of PVA powder, and 10 ml
of deionised water into a 50 ml beaker [35] [36]. The mixture
was then heated up to ~80 °C until it turned from white to
transparent. This solution was cooled down to 50 °C and then
0.03 mol (2.94 g) of H3PO, electrolyte was added to the
solution. The viscous solution was mixed thoroughly for
one hour. After that, the clear, viscous solution was drop-cast
into a glass Petri dish left overnight in the air to allow the excess
water to evaporate.

Previous research has shown the capacitance properties
increase as H3POy electrolyte concentration increases in the
range 0.01 mol to 0.09 mol and became steady from
0.09 mol to 0.15 mol [36]. During synthesis of electrolyte in
this research, we had found that at low concentration
(0.01 mol to 0.02 mol) the electrolyte consistency was too stiff
to practically work with; and at high concentrations
(0.04 mol to 0.09 mol), the electrolyte consistency was too
“runny”. At 0.03 mol concentration, the electrolyte gel had a
suitable gel consistency and fell in the applicable electrolyte
concentration range [36].

E. Assembly of GO supercapacitor

PVA gel electrolyte is applied to the GO coated electrodes.
The electrodes are then sandwiched together using a die-press
that was manufactured from soft steel, as seen in Fig. 9. A
pressure of ~1 MPa was applied to encapsulate the
supercapacitor structure. A load of 90 kg was used to achieve
this pressure.

1 +———Punch

l' l l l Pressure ~1 MPa
Hydrogel polymer .
electrolyte #%;%Dm
(H;PO,-PVA) |
F—Base

Stainless steel Stainless steel
current collector current collector

GO electrode

GO electrode

Fig. 8. Soft steel die-press sandwiching electrodes

F. GO characterisation

The morphology of the GO samples was characterized using
High-Resolution ~ Transmission  Electron  Microscopy
(HRTEM). Elemental analysis was used to determine the
carbon (C), hydrogen (H), sulphur (S), nitrogen (N), and
oxygen (O) content in each GO sample. The chemical bonds
in the graphite precursors and GO samples were determined by
Fourier Transform Infrared (FTIR) spectroscopy.

The structure of the graphite precursors and GO samples
were characterized by Raman spectroscopy at laser line
wavelength of 514 nm. The intensities, full width at half
maximum (FWHM), positions and integrated areas of the
D band (Ip), G band (Ig), and 2D band (I.p) were measured on
the Raman spectrum for each sample. The ratio of Ip, and Ig
(In/lg) gives the degree of disorder or number of defects in the
graphite and GO structure. The estimated crystallite size is
determined from the Raman spectrum using (1) [37].

-1
Lo = (24 x 10710)2,* (£2) (1)
G

where,
— L, = Estimated Crystallite size (nm)
— M = Laser line wavelength (nm)
— Ap = Integrated intensity (area) of D band
—  Ag = Integrated intensity (area) of G band.

The Raman spectra were baseline corrected by subtracting
the baseline with baseline mode asymmetric least squares
smoothing. Fitting of the Raman spectra was attained using the
multi-peak Gaussian method by (2) for two peaks. Scaling was
done by Levenberg-Marquardt algorithm with a tolerance of
0.0001.

(x—x¢1)?
2 _A —2x——4 2 _A
y=}’0+<\[;><w—1xe w1? >+<\Exw—2x
1 2
(x=xc2)?
i, JQ il o TN
e w2 ) (2)

where,
— Al = Area of First Peak
— w1 = Width of First Peak
— x4 = Centre of First of Peak
— A2 = Area of Second Peak
— w2 = Width of Second Peak
— X = Centre of Second of Peak.

G. GO supercapacitor electrochemical measurement

CV was performed on the GO samples using a
three-clectrode system at typical scan rates [38] [39] of
10 mV.s!, 20 mV.s!, and 100 mV.s'. Since the electrolyte is
inorganic and comprises of water (H,O) which splits into
hydrogen (H>) and oxygen (O») gases at a voltage of 1.23 V, the
supercapacitor was operated between 0 V and 1V to avoid
decomposition of the electrolyte.

Vol.112 (2) June 2021
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To evaluate the energy storage capabilities, gravimetric (per
mass) capacitance can be calculated using (3).

Ej .
_ glu®)aE

- 2vm(E;—E1) (3)
where,
- EEl ?i(E)dE = Total Voltammetric Charge
— E;=Low Potential Limit (V)
— B> = High Potentials Limit (V)
— v =Scan Rate (V.s)
— m = Active Mass of the Sample GO (g).
Energy density was calculated using (4).
1-y2
E=; cv “4)
where,

—  E=Energy density (J.g'")
—  C = Specific Gravimetric Capacitance (F.g")
— V= Potential Difference (V)

IV. RESULTS AND DISCUSSION

The circular holes in Fig. 9 are the holes in the carbon grid.
In all samples, a sheet-like structure is seen, which is typical of
GO. Another critical characteristic of GO 1is its minimal
thickness regarded as 2D. All samples are highly transparent in
the HRTEM images showing that the GO is exceptionally thin.

200 nm

Fig. 9. HRTEM of (a) AN1-GO, (b) AN2-GO, (c) AN3-GO, (d) AN4-GO

The graphite precursors had some impurities of oxygen,
sulphur, and nitrogen as seen in the elemental results shown in
Table I. These impurities are inherent in natural occurring

SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

graphite. AN1-GO sample has the highest oxygen content as
compared to the other GO samples as seen in Table I. This
means that AN1-GO had achieved the highest oxidation and
therefore had a more significant number of oxygen functional
groups than the other GO samples. This result was expected
since AN1-GO was produced using natural graphite precursor
with the smallest flake size (0.045 mm).

There is a trend with the GO samples where the increase in
flake size of their graphite precursor increases sulphur content.
Sulphur has been shown to increase capacitance in
supercapacitors by enhancing conductivity, wettability and
overall performance [40] [41] [42].

TABLEI
ELEMENTAL ANALYSIS RESULTS
SAMPLE C(%) | O(%) | S(%) | N(%) | H(%)
ANI1-Graphite | 97.180 1.139 1.268 0413 0.000
AN2-Graphite | 93.815 1.182 1.127 3.876 0.000
AN3-Graphite | 94.297 1112 0.994 3.597 0.000
AN4-Graphite | 95.342 0.925 0.145 3.588 0.000
ANI-GO 4180 | 53.095 1.881 0.05 3.174
AN2-GO 5791 | 35.733 3314 0.01 3.033
AN3-GO 61.63 | 30573 4.576 0.01 3211
AN4-GO 58.98 | 32.699 5213 0.00 3.108

In order to confirm oxidation was not affected by flake size,
FTIR analysis was conducted on the smallest (AN1) and
largest (AN4) flake sizes. In Fig. 10, the FTIR spectra of
ANI1-Graphite and AN4-Graphite has a noticeable variation.
The significant variation is that the O—H bond of AN4-Graphite
sample is broader (3700 cm™' to 2200 ¢cm™') than AN1-Graphite
(3700 cm™ to 3000 cm™). This bond is attributed to the water
that naturally occurs in graphite. Therefore, it can be deduced
that the large flake sized (0.450 mm) graphite precursor has
more water content than the small flake sized (0.045 mm)
graphite precursor. The vibration mode of C-H bonds at
2934 cm™ and 2860 cm’!' are attributed by the aldehyde
functional group are seen in AN1-Graphite sample but not in
AN4-Graphite sample.
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Fig. 10. FTIR spectra of AN1-Graphite and AN4-Graphite

In Fig. 11, a broad O—H is seen for AN1-GO. This result
means that after synthesis, AN1-GO was significantly oxidized.
This observation agrees with the elemental analysis results of
AN1-GO having a high oxygen content. AN1-GO, and
AN4-GO have similar FTIR spectra with AN1-GO with

n
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marginally broader peak for the O—H bond as seen in Fig. 11.
The bonds C=0O (1880cm’' to 1680cm'), C=C
(1680 cm™' to 1500 cm™"), and C—O (1150 cm™! to 890 cm!) are
attributed to the vibration modes of ketonic, sp2-hybridized
aromatic, and ether more specific epoxide species respectively.
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Fig. 11. FTIR spectra of AN1-GO and AN4-GO

The results obtained from the Raman spectra for graphite
precursors are shown in Table II. Raman spectra for natural
graphite precursor samples shows two prominent bands i.e., the
G band, and 2D band, as seen in Fig. 12. The G band is
attributed to vibration of the sp2 hybridization in the graphitic
structure.

G band
Loy
=
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ﬁ f
t /' \ AN1-Graphite
- A \ AN4-Graphite
A AN2-Graphite
_________________ — T —— -AN3-Graphite
0 500 1 000 1500 2 000 2 500 3 000 3 500

Raman Shift (cm™)
Fig. 12. Raman spectra of graphite precursors

The D band was not observed for graphite precursors
therefore their crystallite sizes were not estimated, and disorder
could not be determined. The D band is due to out of plane
vibration caused by defects in the graphitic structure. This
factor does not mean that the natural graphite precursors’
structure had no defects but minute defects that can be
negligible. These minor defects could be from the little oxygen,
sulphur and nitrogen content in the graphite precursors, as
shown in Table I.

—_AN1-GO
AN4-GO
/ANZ-GO
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3500
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Fig. 13. Raman spectra of GO samples
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In Fig. 13, the Raman spectra for GO samples showed only
D band, and G band with no 2D band being observed. GO

samples show a high amount of defects, as seen in Table III
with the average Ip/Ig ratio of 0.87. The defects are due to sp3
hybridization caused by oxygen functional groups. The
crystallite sizes are relatively small, with an average of
11.11 nm. This result means that GO produced from natural
graphite has low crystallinity.

Vol.112 (2) June 2021

TABLEII
RAMAN RESULTS FOR GRAPHITE PRECURSORS
SAMPLES ANI- AN2- AN3- AN4-
Graphite Graphite Graphite | Graphite
POSITION 1575.17 1579.24 1581.74 1581.74
G BAND
FWHM 17.52 16.03 14.94 14.71
2D POSITION 2705.84 2714.68 2707.58 2720.58
BanD FWHM 130.44 78.08 178.67 58.18
TABLE III
RAMAN RESULTS FOR GO SAMPLES
SAMPLES ANI1-GO AN2-GO AN3-GO AN4-GO
D POSITION 1361.13 1359.51 1362.82 1360.57
BAND | pwHM 135.64 141.61 130.02 153.16
G POSITION 1580.64 1585.00 1582.05 1588.14
BAND | pwhHMm 20.68 24.47 17.38 21.37
Ipn/Ig 0.85 091 0.87 0.86
L, (nm) 11.63 10.33 11.63 10.84

The cyclic voltammograms of the GO samples are shown in
Fig. 14, Fig. 15, and Fig. 16.
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Fig. 14. CV curves for GO samples at 10 mV.s™' scan rate

Fig. 14 shows a nearly symmetric curve for all samples
showing a typical electrical double layer capacitive behavior.
Even at a high scan rate of 100 mV.s™!, a similar shape is seen
for the CV curves as seen in Fig. 16.
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Fig. 15. CV curves for GO samples at 20 mV.s™!

The gravimetric capacitances for each sample were
calculated from the CV curves. AN4-GO has the highest
specific gravimetric capacitance of 204.22 F.g"! at a scan rate
of 10 mV.s™! almost four times higher than AN1-GO as shown
in Fig. 17.

0,00008
X
0000061  _a_ AN1-GO XY
—s— AN2-GO g e
0.00004 - 4 AN3-GO .
z —v—AN4-GO T * ™
E 0,00002 4 'l'i “ /:{"'b '
g © }'I—;_—l:r"’:‘{!-"“::/r
3 ,_’;f' . _‘_:,/y’ -
0.00000- .o % " ¥ _a
g ”.J.& o
{ ./J _.__-—I—'-::—
-0,00002 477 ¢,.§
/ e
pe
.,.,"
-0,00004 1~
T T T T T
0.0 02 04 08 08 10
Voltage (V)

Fig. 16. CV curves for GO samples at 100 mV.s!

AN4-GO specific gravimetric capacitance is of similar order
of magnitude than ultrahigh-level functionalized graphene
supercapacitor [43]. AN4-GO had a specific gravimetric
capacitance, almost double compared to nitrogen doped carbon
aerogel supercapacitor’s specific gravimetric capacitance of
115 F.g'! [44)].
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Fig. 17. Gravimetric Capacitance vs. Scan Rate CV

AN1-GO having higher oxygen content does not have higher
capacitance as expected due to more pseudocapacitance effect.
It is the changing of particle size of the precursor graphite that
influences the capacitance of the GO produced, as seen in
Fig. 19.
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Fig. 18. Energy Density vs. Scan Rate

The average particle size from 0.0405 mm to 0.1250 mm
has a steep almost linear increase in the specific capacitance,
but from 0.1250 mm to 0.4500 mm there is a gradual increase
in specific capacitance suggesting there is a limiting point for
the average particle size.
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Fig. 19. Specific capacitance as a function of average particle size at scan rate
10 mV.s

Fig. 20 shows the specific capacitance as a function of the
scan rate. It is clear that the specific capacitance values of
AN4-GO are higher than those of all other samples at scan rates
10 mV.s!, and 20 mV.s"!. AN4-GO produced from graphite
precursor with the larger flake size has the highest energy
density of 102.11 kJ .kg™! as shown in Fig. 18 meaning it is more
suitable for energy storage application. This energy density
achieved, is much higher than energy density of commercially
available carbon-based supercapacitors of 18 kJ.kg™!' [45]. The
energy density of AN4-GO is almost five times greater than
supercapacitors compared to other recent developments in
supercapacitor research [43] [46] [47].
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- AN3-GO
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Fig. 20. Specific capacitance as a function of the scan rate

V. CONCLUSION

We found that, in the particle size range 0.0405 mm to
0.4500 mm, GO produced from smaller flake size (0.0405 mm)
graphite precursor, has a more significant amount of oxygen
functional groups, and lower capacitance than larger flake size
(0.4500 mm) based GO. This observation implies that the
pseudocapacitance effect does not have a significant impact on
GO.

The energy density of GO samples synthesized from graphite
precursor of a larger flake size is higher than GO synthesized
from a smaller flake size graphite precursor, thus making it the
preferred flake size when fabricating GO electrodes for
supercapacitors for energy storage applications.
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