Open Access Article. Published on 09 June 2020. Downloaded on 1/14/2026 10:39:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2020, 10, 22102

Received 3rd May 2020
Accepted 4th June 2020

DOI: 10.1039/d0ra03985¢

rsc.li/rsc-advances

1 Introduction

Solution-processed graphene oxide electrode for
supercapacitors fabricated using low temperature
thermal reductiont

Hye-Jun Kil,* Kayoung Yun,? Mak-Eum Yoo,® Seungchul Kim @°
and Jin-Woo Park (& *

We present a low temperature and solution-based fabrication process for reduced graphene oxide (rGO)
electrodes for electric double layer capacitors (EDLCs). Through the heat treatment at 180 °C between
the spin coatings of graphene oxide (GO) solution, an electrode with loosely stacked GO sheets could
be obtained, and the GO base coating was partially reduced. The thickness of the electrodes could be
freely controlled as these electrodes were prepared without an additive as a spacer. The GO coating
layers were then fully reduced to rGO at a relatively low temperature of 300 °C under ambient
atmospheric conditions, not in any chemically reducing environment. Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) results showed that the changes in oxygen functional groups of GO
occurred through the heat treatments at 180 and 300 °C, which clearly confirmed the reduction from
GO to rGO in the proposed fabrication process at the low thermal reduction temperatures. The
structural changes before and after the thermal reduction of GO to rGO analyzed using Molecular
Dynamic (MD) simulation showed the same trends as those characterized using Raman spectroscopy
and XPS. An EDLC composed of the low temperature reduced rGO-based electrodes and poly(vinyl
alcohol)/phosphoric acid (PVA/HzPO,) electrolyte gel was shown to have high specific capacitance of
about 240 F g~! together with excellent energy and power densities of about 33.3 W h kg~* and 833.3 W
kg~? respectively. Furthermore, a series of multiple rGO-based EDLCs was shown to have fast charging
and slow discharging properties that allowed them to light up a white light emitting diode (LED) for 30 min.

significant attention to replace CVD synthesized graphene

Graphene is known as an excellent candidate material used as
an electrode for electric double layer capacitors (EDLCs)
because it has chemical stability, excellent electrical and
mechanical properties, and high surface area.' Electrodes of
EDLCs need a high surface area due to their charging and dis-
charging mechanism that stores and consumes the charge
generated by the electrochemical reaction occurring through
the adsorption and desorption of electrolyte ions at the inter-
face between the electrode and electrolyte.>* Chemical vapor
deposition (CVD) is the most extensively used method to
synthesize graphene sheets.” However, CVD is an inefficient
technique to produce large-area or large-volume graphene
sheets.® Hence, reduced graphene oxide (rGO) has gained
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sheets.” rGO with similar functional properties to graphene can
be easily and inexpensively produced from graphene oxide (GO)
in a large quantity using solution processes.®

The problem that appears during the solution process using
GO aqueous suspension is restacking of GO sheets. The GO
sheets exfoliated by sonication are re-stacked as they are coated
on the substrate. As a result, the surface area of GO sheets
contacting with electrolyte ions diminish and this becomes
a critical factor that deteriorates charging capacity of EDLCs.’
Recently, studies related to avoiding the restacking through
widening the interval of the GO sheets have been carried out by
including the additives as spacer in electrodes.'®* However,
supplementary processes are needed to combine GO sheets and
additives. Furthermore, the weight and the electrical resistivity
of these electrodes increase and electrode thickness is difficult
to control.">"?

These can impede the implementation of ideal EDLCs that
has the high specific capacitance and low internal resistance.*
Because the specific capacitance is the amount of charge per the
weight or volume of total electrodes, the weight or volume of
electrodes are important parameters that determine the specific
capacitance of EDLCs.” Fast charging is also one of the ideal

This journal is © The Royal Society of Chemistry 2020
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EDLCs features.'® Since the charging and discharging rate
increases as the electric charge moves faster, the resistance of
the electrode itself should be small."”

Moreover, the power sources that operate these electronics
should be light and small due to the increased utilization of the
miniaturized and portable electronics. Consequently, the
method that preserve the high surface area of electrode without
the additives is required for the EDLCs as the power source.
Therefore, we designed the fabrication method using heat
treatment between the GO spin coatings to control the thick-
ness freely maintaining the large surface area, light-weight and
resistance of the electrode.

When the electrode is manufactured through solution
process using GO, the conversion of GO to rGO involves either
chemical or thermal reduction. The chemical reduction process
needs to use harmful and toxic hydrazine reductants and strong
acids. Hence, thermal reduction approaches are generally
preferred as they are safe and eco-friendly.*** Thermal reduc-
tion to produce rGO involves heat treatment of the GO to
remove its oxygen functional groups and regain the conjugated
bonding structure of the carbon atoms.” To achieve the
complete reduction of GO to rGO, previous works by others
mostly use very high temperature about 1000 °C inside an inert
argon gas or under reducing hydrogen gas environment.”

As CO, CO, and H,0 molecules are generated from the
oxygen functional groups of GO at high reduction temperatures

GO spin coating (first)

Step 4  Final reduction at 300 °C

Step 1
(@)
Assembly
Identical
PVA/H;PO, electrodes
electrolyte gel (top and
(middle) bottom)
(b)

Fig. 1
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Table 1 Thickness and electrical properties of the rGO-type EDLC
electrodes reduced using in part and the complete fabrication steps
illustrated in Fig. 1(a)

Electrode The number Thickness Sheet resistance Conductivity
type of coatings  (nm) @O (Sem™)
O-rGO 1 102 794 123

C-rGO 2 222 237 190

PR-rGO 2 226 128 346

under reducing atmosphere, oxygen functional groups are
removed and carbon honeycomb structures are broken in GO
structure during reduction.”*® Holes or structural defects in
the honeycomb structure of the rGO are formed during the very
high temperature thermal reduction resulting in non-desirable
electrical conductivities and mechanical properties of the
rGO.**** Thus, the removal of carbon atoms should be pre-
vented during thermal reduction.

In this study, to solve the problems which are restacking of
GO and structural defects of rGO as mentioned above, the low
temperature heat treatment of 180 °C between the spin-coatings
of GO was investigated and the final reduction of GO was
carried out at low temperature 300 °C. By utilizing the heat
treatments between the spin-coating steps of GO aqueous
suspension, the resulting rGO electrodes with significantly

Step 2 Partial reduction at 180 °C

GO sheet

Step 3 GO spin coating (second)

GO sheet

rGO sheet N
multi-layer

2222
oL
2z

Structure of sheet

(a) Schematic illustration of the fabrication process of the PR-rGO electrodes of the EDLC using intermediate heat treatment. FE-SEM

images and structure illustration of the GO sheets (b) before and (c) after partial reduction (step 2 in (a)).
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Fig.2 Raman spectra of the GO coatings processed at different stages
of the multi-step fabrication of PR-rGO as shown in Fig. 1.

enhanced electrical conductivity were shown to have effective
spacing between their component sheets without the additives.
The morphology of GO sheets after partial reduction were
observed by field emission scanning electron microscopy (FE-
SEM). The occurrence of the reduction reaction of GO to rGO
induced through our multi-coating step and low temperature
processing was confirmed through Raman spectroscopy and
XPS analyses. The structural change of GO induced during the
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thermal reduction was predicted through molecular dynamic
(MD) simulation. The electrical conductivity of the low
temperature processed rGO electrodes was measured using
a four-point probe. The conductive rGO electrode was then
effectively used to fabricate EDLCs with poly(vinyl alcohol)/
phosphoric acid (PVA/H3;PO,) electrolyte gel. The charge
storage capacity of EDLCs were measured using cyclic voltam-
metry and galvanostatic charge/discharge analysis, digital
multimeter (DMM) and electrometer.

2 Experimental
2.1 Preparation of rGO electrodes

Square glass substrate (2.5 cm by 2.5 cm in dimensions) were
coated with the 100 nm-thick Indium Tin Oxide (ITO) current
collector using a direct current magnetron sputter. The surface
of the ITO current collector was oxygen plasma treated and then
the Cu tape connectors were attached at the edge of the
substrate as illustrated in Fig. 1(a). GO sheets (Sigma-Aldrich)
were dispersed in deionized (DI) water at the weight ratio of
2 : 1 GO sheets to DI water through sonication for 20 min. The
GO aqueous solution was then coated on the substrates using
a spin-coater at 100 rpm for 30 s. The DI water was then dried
from first GO coating at 90 °C for 15 min. The dried first GO
coating was partially reduced using the intermediate heat
treatment step at 180 °C for 15 min prior to the coating of the
final GO coating. The sequentially applied GO coatings were
then reduced to rGO at 300 °C for 30 min.

® .
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Fig. 3 Cls core level XPS analysis results showing the changes in oxygen functional groups during electrode preparation depicted in Fig. 1(a).
Oxygen functional groups listed in the graphs are hydroxyl (C-0), epoxy (C—O-C), carbonyl (C=0) and carboxyl (O=C-0).
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2.2 Characterization of rGO electrode

Three types of rGO-type electrodes enumerated in Table 1 were
initially prepared according to the partial and full application of
the fabrication steps presented in Fig. 1(a) in order to find the
ideal fabrication process to prepare the electrodes of EDLCs. The
O-rGO electrode in Table 1 was prepared by thermally reducing
a single GO coating at 300 °C by doing only step 1 and 4 in
Fig. 1(a). C-rGO in Table 1 was prepared by thermally reducing two
GO coatings at 300 °C without applying the intermediate heat
treatment at 180 °C or all of the processing sequence in Fig. 1(a)
was performed except for step 2. PR-TGO in Table 1 was prepared
following all the fabrication steps shown in Fig. 1(a). The thick-
ness and sheet resistance of the rGO-type electrodes presented in
Table 1 were measured using a surface profiler (DektakXT, Bruker,
Co.) and a four-point probe, respectively. The conductivities of the
rGO-type electrodes were calculated according to Ohm's law using
the thickness and sheet resistance data.

The surface morphology of GO sheet was observed using FE-
SEM (JSM-7001F, JEOL, Ltd.). The extent of the reduction of the
GO coatings to rGO was determined using Raman spectrometry
(using ND:Yag laser with 532 nm light wavelength in LabRam
Aramis from Horriba Jovin Yvon, Inc.) and XPS (K-alpha from
Thermo U.K., Ltd. using a monochromatic Al Ko 1486.6 €V X-ray
source).

2.3 Computational details

In atomic-level simulations such as molecular dynamics (MD), the
reliability of the simulation results depends on the accuracy of the
force field or the interatomic potential, which describes interac-
tions between atoms in a system. The reactive force field (ReaxFF)
can dynamically show complex chemical reactions or phase
transformations of hydrocarbons.”* We investigated the initial
evolution of thermal reduction of GO by using the ReaxFF
parameters optimized by Chenoweth et al® and large-scale
atomic/molecular massively parallel simulator (LAMMPS) code.?®
We used periodically repeated graphene sheet, of which size is
4.3 nm in x- and 3.7 nm in y-axes, and functional groups were
randomly placed to model GO. The initial GO structure contains
approximately 30 atomic percent (at%) of oxygen contents
composed of 77 at% hydroxyl, 15 at% carbonyl and 8 at% epoxy
molecules based on our XPS results (Fig. 3). Before simulating
reduction process at high temperature, we first relaxed a GO sheet
at room temperature during 6.25 ps (Fig. 4(a)) to make the
structure more realistic. In the annealing simulations, the
temperature of system was heated from 300 K to target tempera-
ture (600 and 1300 K) with heating rate of 26.7 K ps™*, and then
maintained the temperature during 1 ns. Finally, the reduced GO
sheet was annealed at room temperature during 6.25 ps after
quenching. All MD simulations were performed under a constant
volume and temperature condition (canonical ensemble) with
a Berendsen thermostat, and a time step of 0.25 fs.

2.4 Fabrication of the solid-state EDLC with electrolyte gel

3 M H;PO, aqueous solution was stirred at 80 °C for 5 min. PVA
(M, 89 000-98 000, 99+% hydrolyzed, Sigma-Aldrich) was added

This journal is © The Royal Society of Chemistry 2020
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into the H;PO, aqueous solution and then, the stirring was
carried out until the electrolyte gel became transparent. The
electrolyte gel was drop on a rGO electrode and were covered
with another rGO electrode. The three types of rGO electrode/
electrolyte gel/rGO electrode EDLCs based on the electrodes
presented in Table 1 were then dried at 60 °C for about 24 hours.

2.5 Electrochemical measurements of the EDLCs

To evaluate the inherent electrical capacity of the EDLCs with
electrodes described in Table 1, cyclic voltammetry (CV) and
galvanostatic charge and discharge (GCD) were measured using
an electrochemical measurement equipment (IviumStat, Ivium
Technologies B.V.). The voltage variations in the EDLCs when

(c)

rGO
(1300 K) |
§ T
(@ (M 0 Kk M m (@ (o ()
' o Carbon o Oxygen Hydrogen .

Fig. 4 Snapshots of GO and rGO structure during predicted using MD
simulation. (a) Morphology of GO sheets containing 30% of oxygen
residues after relax at room temperature. Morphology of rGO sheets
annealed at (b) 600 K and (c) 1300 K. (d), (e), and (f) depict the carbon
arrangements of (a), (b), and (c), respectively. Note that oxygen and
hydrogen atoms are not drawn in (d), (e), and (f) to show carbon
network clearly. (g)-(p) Oxygen functional groups formed during
relaxation or thermal reduction: (g) epoxy, (h) hydroperoxyl, (i)
hydroxyl, (j) OHO radical, (k) oxygen molecule, (1) carbonyl, (m) pyran,
(n) pyron, (o) furan, (p) oxete. Carbon, oxygen and hydrogen are in
grey, red and white, respectively. The number of atoms: (a) 600 C, 178
O, and 137 H, (b) 600 C, 161 O, and 113 H, (c) 596 C, 86 O, and 24 H.
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they were charged using a 9 V battery and discharged by pow-
ering a white LED were identified using a digital multimeter
(DMM 6500, Tektronix, Inc.) and electrometer (Keithley 6514,
Tektronix, Inc.). The specific capacitance (C;) of the EDLCs
expressed in the unit of F g~* were calculated from the GCD
graph according to following equation,*

Ixt

Cs = (1)

V xm

Iis the discharge current in the unit of A, ¢ is the discharge time
expressed in sec, V is the potential window in the unit of V, and
m is the electrode mass expressed in g.> The energy density (E
in W h kg™" unit) and power density (P in W kg™ " unit) of the
EDLCs were then obtained using the equations,*

CoxV
E=——— 2
. @
P:E><3600 3)

t

3 Results and discussion

The schematic diagram of the fabrication process of the rGO-
based electrodes and EDLC prepared in this study is shown in
Fig. 1(a). As depicted in Fig. 1(a), a multiple-step coating of the
GO solution with an optimized concentration was used to
prevent the agglomeration of the GO sheets. In step 2 shown in
Fig. 1(a), the intermediate heat treatment at 180 °C after the
coating of the first layer of GO sheets was used as the partial
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reduction procedure that is supported by the Raman spectros-
copy and XPS data presented later in Fig. 2 and 3, respectively.
According to the FE-SEM analysis of the as-coated and partially
reduced GO sheets shown in Fig. 1(b) and (c), respectively, the
partial reduction at 180 °C resulted in the crumpled and loosely
stacked sheets.

If multiple layers of GO sheets are continuously coated on
top of each other without the intermediate heat treatment
shown in Fig. 1(a), the dense restacking of the GO sheets will
automatically occur due to the strong van der Waals interaction
between the sheets.*' The dense restacking of the GO sheets will
then decrease the effective surface area of the rGO electrodes.®
rGO electrodes with closely stacked sheets have significantly
reduced the diffusion pathways for the electrolyte ions in the
EDLC and thus, decrease the capacitive properties of the
EDLC.* According to Fig. 1(b), the GO sheets were almost flat
and densely stacked in step 1. The intermediate heat treatment
or partial reduction at 180 °C (step 2 in Fig. 1(a)) was confirmed
to loosen the stacking of the crumpled GO sheets as shown in
Fig. 1(c). The loosely stacked and crumpled morphology of the
GO sheets (step 2 in Fig. 1(a) and (c)) then decreased the
probability of the second GO coating (step 3 in Fig. 1(a)) to
densely stack on the first GO layer.

The final thermal reduction of the multiple-step coated GO
was achieved at 300 °C (step 4 in Fig. 1(a)). As described in Table
1, the PR-rGO electrode (Table 1) prepared using the combined
intermediate heat treatment at 180 °C and relatively low
reduction temperature at 300 °C showed a sheet resistance of
about 128 Q sq ™. or equivalent to the electrical conductivity of

(b)
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08l At 1 A/lg
ey C-rGOo
% 0.6 ~ At 1A/g
[=2]
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S .
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Fig.5 (a) Cyclic voltammetry (CV) curves at 100 mV s~ and (b) galvanostatic charging and discharging (GCD) graph showing the performance
of EDLCs with electrodes described in Table 1. PR-rGO (c) CV curves at varying scan rate conditions, and (d) GCD graph at the current density of

17AgL
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346 S cm . Having these electrical properties, the PR-rGO
electrode was shown to be appropriate for EDLC applications
as discussed in Fig. 5-7. The PR-rGO as the electrodes to the
EDLC was fabricated without the use of very high temperature
treatment reaching 800 to 1000 °C for complete reduction of GO
to rGO.

Fig. 2 shows the Raman spectroscopy analysis of the spin-
coated and heat-treated at 180 °C layers of GO and rGO sheets
in relation to the processing stages presented in Fig. 1(a). The
changes in the carbon bonds of the GO structure and reduction
level of the GO coatings induced by the heat treatment steps in
Fig. 1(a) were analyzed using Raman spectroscopy. The D band
peak at 1360 cm ' in Fig. 2 was related to the defects in
honeycomb structure pertaining to the sheet edges, vacancies,
and amorphous carbon. The increasing presence of the oxygen
functional groups in the GO sheets will induce higher D peak
intensity in the Raman spectrum.

The G band appearing at about 1600 cm™
spectrum relates to the sp2 carbon bonds.**

The Raman spectrum ratio of the D band intensity (I) to the
G band intensity (Ig) (In/Ig) gives the qualitative comparison of
the defect density in the GO structure with the number sp”
carbon bonds.** Therefore, the decrease in Ip/Ig indicates the
increase in the removal of the oxygen functional groups.*®
Furthermore, the decrease of Raman spectrum intensity is
closely related to the decrease in the number of material
impurities, voids, and the destruction of symmetry.*>3¢

As shown in Fig. 2, the Ip/I of step 2 was similar to that of

! in the Raman

step 1 but the D and G band peak intensities of step 2 were
significantly lower than that of step 1. These results indicate
that the sheet became symmetric through structural changes
associated with the release of the oxygen functional groups and
the absence of hole formation in the sheet during the inter-
mediate heat treatment at 180 °C. After the second GO coating
was applied, the Raman spectrum of step 3 shows the increase
of D and G band peak intensities in connection with the addi-
tion of GO sheets containing oxygen functional groups.
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The Ip/I acquired after the step 4 of the fabrication process
in Fig. 1 was the lowest among the measurements presented in
Fig. 2, which confirms that the significant removal of the oxygen
functional groups occurred during the 300 °C heat treatment
compared to the previous stages of the fabrication process of
the PR-rGO. Furthermore, the decreased Raman intensity in
step 4 implies that the sp” carbon bonds were maintained and
impurities were removed during the low temperature reduction
of GO to rGO resulting in sheets having structures very close to
those of graphene.

Fig. 3 shows the XPS C1s spectra measured at the different
stages of the PR-rGO electrode fabrication illustrated in
Fig. 1(a). The XPS C1s spectra allow the determination of the
binding state of the sample surface and presence of oxygen
functional groups.* According to Fig. 3(a) and (b), the inter-
mediate heat treatment of the GO coatings at 180 °C resulted in
the decrease in the intensity of C-O-C peak at 286.8 eV and
disappearance of the C=0 peak at 287.3 eV suggesting that step
2 in Fig. 1(a) results into the partial reduction of the GO coating.
As shown in Fig. 3(c), the C=0 peak appeared again, and the
C-O peak intensity increased due to the second GO coating
added in step 3. The significant changes in the XPS C1s spectra
in Fig. 3(d) indicated the reduction of GO to rGO in step 4 of the
fabrication process. The C-C sp” peak intensity was signifi-
cantly increased and the C-O-C peak disappeared after the
thermal reduction at 300 °C.

It is quite difficult to directly observe the structures of rGO
sheets and their defects such as holes. The transmission elec-
tron microscopy (TEM) requires a monolayer sheet difficult to
produce. Also, the electron beam of TEM can generate defects
during the operation. The series of MD simulations, therefore,
was performed to predict the evolution of the reduction process
of rGO and the atomic structures after reduction at 600 K and
1300 K. The initial structure of GO (Fig. 4(a)) contains epoxy,
carbonyl, hydroxyl, hydroperoxyl and OHO radicals. During the
600 K reduction, oxygen functional groups are removed from
the sheet by forming H,O or H,0,. There is no change in the

G
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Fig. 6 SC performance of devices with carbon material-based electrodes and aqueous electrolyte. (a) Specific capacitance of EDLCs published
in literature since 2006 +34917.323338-47 () Ragone plot of the energy and power densities of SC reported over the last three years (since 2017).48-58
The black solid square represents the SC made of rGO electrode reduced at very high temperature around 900 °C (ref. 48) while the data for
green solid circles are from of SCs with electrodes made from rGO-based nanocomposite electrodes with CNT or activated carbon.**=>3 The
blue solid triangles represent performances of hybrid SCs that used both electric double layer capacitance and pseudocapacitance struc-
tures.>*=>8 The red solid star in both (a) and (b) represents the performance of the PR-rGO-type EDLC.
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number of carbon atoms, and the sheet is maintained as the
honeycomb structure. During the 1300 K reduction; however,
oxygen contents are detached by producing not only H,0, H,0,,
but also CO, CO,. The number of carbon atoms have decreased,
and then defects such as hole, pyran, pyron, furan and oxete
have increased. Although high temperature reduction can
remove a lot of oxygen contents, broken honeycomb structure
will degrade the sheet performance. Low temperature reduction
can recover sp” bonding and electrical conductivity. Similar to
the Raman and XPS results, our simulation results confirmed
that the reduction occurred at the low temperature of 300 °C. In
addition, we found out that the mechanism of thermal reduc-
tion of rGO at low and high temperature is different.

Fig. 5(a) and (b) show the CV and GCD measurement results,
respectively, used to compare the performance of the EDLCs
with O-rGO, C-rGO, and PR-rGO electrodes described in Table 1.
The EDLC performance was expected to be affected by the
changes in the carbon structure and oxygen functional group
bonding in the GO induced during the electrode fabrication
using the low temperature thermal reduction. As shown in
Fig. 5(a), the area enclosed by the CV curve of the O-rGO-type
EDLC was predominantly above the zero-current level in the

(a) (b)
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0 to 1 V applied voltage range. As the area of the CV curve above
and below the current of 0 mA are related to the amount of
electrical energy charge and discharge, respectively, O-rGO-type
EDLC showed unbalanced charging and discharging perfor-
mance, and thus, it cannot function effectively as an EDLC.

The area enclosed by the CV curve of the O-rGO-type EDLC in
the 0.8 to 1 V voltage range follows the Ohm's law In the O-rGO
electrode, the GO solution was only coated once and that the GO
coating did not cover the entire surface of the ITO current
collector. Hence, in the O-rGO-type EDLC, the ITO current
collector and the electrolyte formed undesirable electrical
contacts, which resulted in electrical shorts and ineffective
charging of the EDLC.

Fig. 5(a) shows that C-rGO- and PR-rGO-type EDLCs with
electrodes formed using two coatings of GO (refer to Table 1)
had balanced charging and discharging regions as well as the
enhanced operation in the voltage range from 0.8 to 1 V as
compared with O-rGO-type EDLC. C-rGO- and PR-rGO-type
EDLCs did not exhibit any Ohm's law behavior in CV curve
from 0.8 to 1 V operating voltage since the two thicker GO
coatings of the their electrodes ensured the full coverage of the
ITO current collector and that the ITO current collector did not

30 sec

10+
< disconnect to battery
- 8-
% 6l —— 0G0
) —— GO sc o
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Fig. 7 (a) The voltage variation with time across the EDLCs with electrodes described in Table 1 during the charging (from a 9 V battery as the
power source for 10 s) and discharging measurements. (b) Photographs showing changes in the light emission of an LED connected to a series of
eight PR-rGO-type EDLCs charged by a 9 V battery as the power source for 10 s. The video of the LED light emission variation with time is
provided as the ESI.1 (c) The voltage variation with time during the discharging of eight EDLCs connected in series charged at varying duration
(10's,30's, 1 min, and 2 min) using a 9 V battery as the power source. (d) The enlarged graph of the data plot enclosed by the green broken line box
in (c). (e) The vertically transposed graphs of the voltage variation with time presented in (c) to show the elapsed time for the voltage to drop down
to 214 V.
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form any electrical shorts with the electrolyte of the EDLCs. The
PR-rGO-type EDLC showed a significantly wider CV curve area
than the C-rGO-type EDLC as presented in Fig. 5(a). This
enhanced charging and discharging performance of the PR-
rGO-type EDLC was attributed to the effective interaction of
the electrolyte ions and its electrodes brought by the loosely
stacked sheets of the electrodes prepared with the intermediate
heat treatment to induce partial reduction as discussed in
Fig. 1-4.

Fig. 5(b) shows the GCD graph of the EDLCs with the three
types of electrodes described in Table 1. It was only possible to
measure GCD of O-rGO-type EDLC at the maximum current
density of 0.3 A g~ ', while C-rGO- and PR-rGO-type EDLCs were
injected with current densities reaching up to 1 and 1.7 A g™,
respectively. This limited applied current density to O-rGO-type
EDLC implied that it had lower charge and discharge efficien-
cies as compared with the C-tGO- and PR-rGO-type EDLCs. As
shown in Fig. 5(b), although the discharge time of PR-rGO-type
EDLC when measured at the same current density of 1 Ag™" was
similar to that of C-rGO-type EDCL, the charging time of PR-
rGO-type EDLC was about 50 s shorter. This is because the
PR-rGO electrode was composed of loosely stacked sheets due to
intermediate heat treatment. The space between the sheets in
the PR-rGO electrodes allowed greater contact area between the
electrolyte ions and the electrodes ensuring faster electrical
charge flow as compared with that of the C-rGO electrode and
definitely with that of the O-rGO electrode.

Fig. 5(c) and (d) show the results from the detailed evaluation
of the PR-rGO EDLC performance due to the desired rGO
structure obtained using the process illustrated in Fig. 1(a).
According to Fig. 5(c), the increasing scan rate from 50 to
400 mV s~ did not vary the shape of the CV curve of the PR-rGO-
type EDLC. These narrow CV curves appear when the electrolyte
ions migrate quickly to and from the EDLC electrodes.*” Since
the electrodes and electrolyte gel of the PR-rGO-type EDLC were
very thin, very fast transport of electrolyte ions was possible.

The GCD graph of the PRrGO-type EDLC presented in
Fig. 5(d) was used to determine the its performance. As shown
in Fig. 5(d), PR-rGO-type EDLC had a discharging time of about
145 s at the current density of 1.7 A g~ '. Accordingly, PR-rGO-
type EDLC had the specific capacitance of 240 F g™, energy
density of 33.3 W h kg™ ", and power density of 833.3 W kg™ .

According to Fig. 6(a), the specific capacitance of the PR-rGO-
type EDLC at around 240 F g~ ' satisfies the expectation set by
the performance trend of EDLCs with carbon material-based
electrodes published in the literature since 2006.%%%%17:32:33,38-47
Previous studies have either used expensive equipment to
reduce GO to rGO at very high temperature of about 1000 °C
under an environment of hydrogen gas' or used toxic
substances to induce the chemical reduction of GO to rGO.*®
Others had improved the specific capacitance of the EDLCs
through the increase in the contact area between the electrolyte
and the electrode by first widening the space between the GO
sheets using additives.® It is then noteworthy to emphasize that
the approach presented in this study have resulted into EDLC
with high specific capacitance despite using very low reduction
temperature of 300 °C under ambient atmospheric conditions.

This journal is © The Royal Society of Chemistry 2020
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This is because the dense restacking of GO sheets was prevented
through the intermediate heat treatment at 180 °C of the GO
coatings.

Fig. 6(b) is a Ragone plot comparing the performances of the
SCs including EDLC-only devices and hybrid SCs reported the
last three years since 2017.**°® A Ragone plot helps in the
visualization on how SCs have balanced performance in terms
of their energy and power densities, which generally have
a tradeoff relationship. Hence, significant number of research
works were aimed to increase both the energy and power
densities of the SCs. Inclusion of carbon material-based addi-
tives or nitrogen doping were then used to prevent the dense
restacking of the GO sheets to increase the surface area of the
EDLC electrodes and improved EDLC performance.*"* Other
studies have produced hybrid SCs by combining the electrodes
used in EDLCs and pseudocapacitors.’** On the contrary, the
PRrGO-type EDLC fabricated in this current work showed
excellent and balance performance in both energy and power
densities (red solid star data point in Fig. 6(b)) despite the fact
that the electrodes were only composed of rGO sheets and
reduced at low temperature.

Fig. 7(a) shows the charging and discharging performance of
the O-rGO-, C-rGO-, and PR-rGO-type EDLCs when attached and
disconnected from a 9 V battery acting the power source. The
initial internal voltage drop across the three type of EDLCs was
0.1 V before they were attachment of the battery power source.
The voltage across the rGO-, C-rGO-, and PR-rGO-type EDLCs
then remained at 9 V while they were being charged with a 9 V
battery. Consequently, the PR-rGO-type EDLC took the longest
time to fully discharge after being detached from the 9 V battery.
This result agrees very well with data presented in Fig. 5(a) such
that charge and discharge area of the CV plot of PR-rGO-type
EDLC was the largest among the EDLCs with electrodes
described in Table 1.

The photographs presented in Fig. 7(b) were taken from the
LED powered by eight PR-rGO EDLCs connected in series as
described by the circuit diagram. A ESI Videot is provided for
Fig. 7(b) showing the light emission of LED powered by the PR-
rGO EDLCs. The eight PR-rGO-type EDLCs were first charge
using a 9 V battery for 10 s and then, connected to the LED with
2.5 V forward voltage requirement. The eight PR-rGO-type
EDLCs were able to lit up the LED since there total voltage
after being charged and disconnected from the 9 V battery was
significantly higher than the 2.5 V forward voltage requirement
of the LED. As shown in Fig. 7(b), the LED showed very bright
light emissions for about 5 s after its initial connection with the
eight EDLCs. The LED emission then gradually faded with time
for 30 min Fig. 7(e) shows that the discharge time increased
with prolonged charging duration of the eight PR-rGO-type
EDLCs connected to the LED shown in the Fig. 7(b).

4 Conclusions

An intermediate heat treatment of the multiple GO coatings was
shown to prevent the dense restacking of the GO sheets coated
using solution-based method without the use of additives as
spacers. The intermediate heat treatment at 180 °C had partially
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reduced the base GO coating resulting into the GO sheets
forming crumpled shapes that promoted their loose stacking. It
was also shown through Raman spectroscopy and XPS analysis
that the low temperature thermal reduction at 300 °C have
removed significant amount of the oxygen functional groups
from the GO sheets while maintaining the sp* bonds of the
carbon atoms in the resulting rGO. These results correspond to
the MD structural simulation showing the removal of oxygen
atoms from the GO sheets and minimal formation of defects in
the sp® bonds at 300 °C. rGO-based electrode prepared using the
low temperature reduction of the loosely stacked GO sheets was
then successfully used in the fabrication of an EDLC with
excellent specific capacitance of about 240 F g~ ' with energy
and power densities of 33.3 W h kg™' and 833.3 W kg™,
respectively. A system of multiple rGO-based EDLCs fabricated
in this work was then shown to have fast charging and long
discharging characteristics allowing its successful usage as the
power source to light up an LED.
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