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Abstract

Sulphonated polysulphone (SPS) has been synthesized and subsequently applied as binder
for graphene oxide (GO)-based electrodes for development of electrochemical supercapaci-
tors. Electrochemical performance of the electrode was investigated using cyclic voltam-
metry in 1M Na,SO, and 1M KOH solution. The fabricated supercapacitors gave a specific
capacitance of 161.6 and 216.8 F/g with 215.4 W/kg and 450 W/kg of power density, in IM
Na,SO, and 1M KOH solutions, respectively. This suggests that KOH is a better electrolyte
than Na,SO, for studying the electrochemical behavior of electroactive material, and also
suggests SPS is a good binder for fabrication of a GO based electrode.
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1. Introduction

Population growth, industrialization, and continuous decline of traditional fuel reserves
have induced serious concern over natural energy production and, for the last few decades,
has drawn attention towards prudent ways of storing energy. The present and future demand
for production of energy, and efficient systems for its storage, are greater than ever [1,2]. It is
also being demanded that that these novel energy sources should involve environmental pro-
tection and the judicious replacement of fossil fuels. The energy stored by electronic gadgets
requires smooth release with high current delivery whenever conditioned, which is possible
only with a high power density device. Supercapacitors, also known as ultracapacitors or
electrochemical capacitors, seem to be the best possible contender to meet this requirement
because they possess power densities much higher than conventional batteries and much
higher energy densities than conventional capacitors [3].

Carbonaceous nanomaterials are among the most promising candidates for applications
as supercapacitors owing to their abundance, chemical stability, low cost, fine conductiv-
ity, relative environmental friendliness, and the number and variety of allotropic and other
forms [1,4]. Among, such carbon based nanomaterials is graphene, a one-atom thick, 2D
material composed of sp* hybridized carbon. It is a good candidate for energy storage
materials due to its superior electrical conductivity, mechanical properties, thermal con-
ductivity, high surface area, and minimal cytotoxicity. Graphene nanosheets were first
obtained by mechanical exfoliation of bulk graphite [5,6]. Further developments have led
to graphene, and more generally to graphene oxide (GO). These are synthesized by several
chemical methods, like chemical vapor deposition, micro mechanical exfoliation, epitaxial
growth, the creation of colloidal suspensions, and inorganic reactions. Chemical means of
creating graphene/GO are more viable as these methods are more effective for large-scale
manufacturing, leading to the development of devices on a commercial scale [5-7]. GO,
existing as individual layered sheets, can be an ideal electrode material as the graphene
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sides could be exposed to electrolyte with a potentially large
surface area and thus result in high specific capacitance (Cs). It
has been also observed that few-layered GO has high electrical
conductivity [8,9]. This high conductivity can also be obtained
by an electrochemical method. Chemically modified graphene
exhibits numerous active edges and functional groups based on
oxygen. It has good electrochemical and mechanical properties
and that makes them suitable for energy storage devices [7,10].

The preparation and development of stable electrodes
needs a binder, which should possess low electrochemical
activity, have high electrode stability in the potential range
against the reference electrode, exhibit strong adhesion to
the current collectors, should prevent possible dendrite for-
mation during cycling, and should also be environmental
friendly and non-flammable. In this paper, we describe a new
polymeric binder sulphonated polysulphone (SPS) for use in
conjunction with GO cathodes. Membranes of SPS have been
used successfully in fuel cells due to their very low ion ex-
change capacity (0.5-1.2 mmol SO;H/g) and proton conduc-
tivities (10°and 102S cm™) [11,12]. This low ion exchange
capacity has motivated the authors to use SPS membranes in
electrochemical electrodes.

The composite cathode materials were fabricated by depo-
sition of a mixture (W/w) comprising binder (25%) combined
with GO (65%), and graphite (10%) over 316 SS. These were
subjected to cyclic voltammetry (CV) tests in IM KOH and 1M
Na,SO, electrolyte. Capacities of 216.79 and 161.62 F/g, and
power density of 450 and 215.4 W/Kg, respectively, was ob-
tained for the two electrolytes. The formation of such synthe-
sized materials has been ascertained using their Fourier-trans-
form infrared spectroscopy (FT-IR) spectra, microscopy, and
X-ray diffraction (XRD). This work was performed to identify
the impact of the electrolyte on the electrochemical behavior of
GO. The results show that 1M KOH is a much better electrolyte
for GO-based electrodes.

2. Experimental
2.1. Starting materials

Polysulphone (PSO; M, 26,000, p=1.24 g/cc) and chloro-
sulfonic acid (bp., 152°C + 1°C/755 mmHg, p = 1.753 g/cc at
25°C) were purchased from Aldrich Chemical Company (St.
Louis, MO, USA) and graphite (98.0%, surface area 500 pum)
was purchased from Otto Chemicka-Biochemica Reagents
(Mumbeai, India). All other chemicals and solvents used were
obtained from SD Fine Chemicals (Mumbai, India).

2.2, Synthesis of SPS

PSO resin (7.2 g) was poured into a thermostatically con-
trolled, two neck flask maintained at 20°C + 1°C, equipped with
mechanical stirrer and a dripping funnel. Then dichloromethane
(DCM; 75 mL) was added to it, the contents were stirred at 100
r/min until the PSO dissolved into the DCM. The funnel was
charged with a solution of chlorosulfonic acid in DCM (0.110
g/dL). A solution of chlorosulfonic acid was dripped into the
solution of PSO in DCM with constant stirring over 2 h, until
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SPS was precipitated. SPS was then filtered out and repeatedly
washed with aqueous solution of sodium hydroxide (10%, w/v)
for the removal of unreacted chlorosulfonic acid. The SPS was
finally washed with de-ionized water and dried at 80C° + 1°C
overnight [13].

2.3. Preparation of GO

GO was prepared according to literature reports via the mod-
ified Hummers method. In a typical synthesis, graphite (5 mg,
60 mesh) was subjected to sulfuric acid (120 mL, p = 1.84 g/
cc at 25°C £ 1°C) at —10°C over 10 min. To this was slowly
added potassium permanganate (15 g) under continuous stirring,
and maintaining the temperature at 5°C + 1°C. After 30 min, the
ice-bath was removed and the temperature of the contents was
allowed to increase to 35°C + 1°C. De-ionized water (200 mL)
was then slowly added to the contents, causing an increase in
temperature to 98°C + 1°C. After that, hydrogen peroxide (30%,
50 mL) was added to the contents to reduce the residual KMnO,.
The contents were further diluted with warm de-ionized water
(450 mL) and treated with hydrochloric acid (5%, 50 mL). The
mixture was then filtered and the residue was washed with de-
ionized water, until the filtrate became neutral and free from salt
impurities. The GO was dried at 45°C £+ 1°C and 400 mmHg
(53.329 kPa) over 48 h.

2.4. Fabrication of electrodes

The working electrodes were fabricated by mixing the elec-
troactive material along with graphite and SPS binder in N-
Methylpyrrolidone (NMP) in the percentage ratio (65:10:25),
over a 1 cm? SS substrate. Prior to the application of content (50
pL) over SS, they were ultrasonicated for 15 min. The treated
substrate was dried at room temperature for 4-5 h, followed by
100°C at 400 mmHg for 48 h. The result was creation of cath-
odes with mass thickness of 0.5 mg electroactive materials over
the SS substrate.

2.5. Characterization

Scanning electron microscope (SEM) images of the gold
coated GO were recorded using a JEOL (JSM-6610 LV,
JEOL, Japan) with beam voltage 5 kV at 2.7 KX, 5 um. XRD
patterns of the powdered samples were recorded at room tem-
perature using a Rigaku-Geigerflex X-Ray Diffractometer
(Japan) with Cu-Ka radiation. FT-IR spectra were recorded
on a Thermo Nicolet FT-IR Spectrophotometer (USA) using
KBr pellets. All electrochemical measurements were scanned
using an IVIUM potentiostat-galvanostat (Netherlands BV)
at current compliance 10 mA, and ranges of voltage compli-
ance —0.2 to 0.2 V and —0.3 to 0.2 V for 1.0M Na,SO, and
1.0M KOH respectively, at scan rate of 0.001 to 0.15 V/s us-
ing a three-electrode cell assembly with reference to a Ag/
AgCl electrode. Pt foil with 1 cm? area was used as counter
electrode and a commercially available 316-SS electrode as
a working electrode. Specific capacitance (Cs) of the active
material was calculated from the voltammetric charges by the
CV curve, by means of the relation:
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where q, and g, are the voltammetric charges on the anodic and
cathodic scans, in the capacitive potential region (AV), and with
m being the mass of active material.

3. Results and Discussion
3.1. FT-IR spectra

The various functional groups that enhance the pseudocapaci-
tance behavior of the oxidized material were analyzed employ-
ing the FT-IR spectra shown in Fig. 1. GO consists of covalently
attached oxygen-containing groups such as hydroxyl, epoxy,
carbonyl, and carboxyl groups. Considering the structure of
GO, it is generally accepted that the epoxy and C-OH functional
groups are attached above and below each carbon layer (the bas-
al plane), while the COOH groups are bound to the edges of the
basal planes. It has been reported [10] that the functional groups
and heteroatoms on the carbon sheets improve the wettability
of electrodes due to an increased number of hydrophilic polar
sites and thus enhances the overall capacitance of the electrodes.

The formation of GO was verified using FT-IR spectra. Fig.
1 shows FT-IR spectra of graphite (Fig. 1a) and GO (Fig. 1b).
Graphite revealed characteristic absorptions at 3447.28 (v O-H)
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Fig. 1. Fourier-transform infrared spectroscopy spectra of graphite (a),
graphene oxide (GO) (b), polysulphone (c), sulphonated polysulphone
(SPS) (d), and SPS/GO (e).
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and 1628.79 (8 O-H), which were attributed to the presence of
absorbed moisture [14]. GO indicated characteristic absorptions
at ~3333 (v O-H), 1723 (v COOH), 1613 (remaining sp>-char-
acter), 1378 (v COC), 1221.20 (C-O for oxirane), and 1033 (v
COH) [15,16]. Fig. 1c shows characteristic peaks at 1295 (S=O
str), 1411-1580 (C=C str) and 2870-2950 cm™ (C-H str) for
PSO. The sulfonation process of the polysulfone polymer was
confirmed qualitatively by FT-IR. The results indicated clearly
the presence of sulfonic groups in the polymer backbone after
the sulfonation reaction occurred. This can be observed at 1020
cm! in Fig. 1d, and is the evidence of the SO, stretching of the
sulfonic groups. However, the presence of a sulfonic acid group
peak can be seen clearly in the predicted region. The SO, sym-
metric stretching was clearly observed at 1160 cm™ and a para
in-plane aromatic C-H bend could be detected at 1100 cm™'[17].
In contrast, different trends of the spectra were observed when
the SPS was hydrated. A water absorption effect of the mem-
brane samples could be seen clearly in Fig. 1d where the O-H
stretching band of the SPS sample was detected at frequency
~3220 to 3560 cm™. SPS created a broad stretching band, in-
dicating greater amounts of water. This effect was presumed to
be associated with increasing hydrophilic behavior due to the
introduction of the sulfonate group in the polymer structure. The
results of FT-IR analysis clearly demonstrated the occurrence of
sulfonation by the presence of sulfonate groups after the reac-
tion in the polymer backbones [18]. Fig. 1e shows all the major
peaks corresponding to GO and SPS, and showing conjunction
between the two.

3.2. X-ray diffraction

Typical XRD patterns of as-synthesized GO (Fig. 2b) and
graphite (Fig. 2a) are shown in Fig. 2. The graphite shows an
intensive peak around 260 =26.427° (d =3.369 A), reduced to 20
=11.829° (d=7.473 A), which indicates greater interlayer spac-
ing in GO, and also exfoliation of the graphite into GO [19,20].
The oxidation process results in the insertion of hydroxyl and
epoxy groups between the carbon sheets, mainly at the centers
while the carboxyl groups are inserted on the terminal and lat-
eral sides of the sheets. The insertion of these groups leads to
decreased van der Waals forces between the graphene sheets in
GO.

Intensity (a.u.)

2 Theta

Fig. 2. X-ray diffraction spectra of graphite (a) and graphene oxide (b).
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Fig. 3. Scanning electron microscope images of bare SS (a), sulpho-
nated polysulphone (b), and graphene oxide over SS (c).

3.3. Scanning electron microscope

SEM revealed a characteristic polished surface of SS with the
emery paper at 50 KX at 0.5 um (Fig. 3a). The SS surface had a
rough texture due to emery paper treatment during preparation
of the electrode. The SPS microstructure is presented in Fig. 3b
at 2.7 KX at 5 um. The SPS showed fine distribution of grains,
with clogging due to phase separation during the evaporation
process of NMP in air. Such clogs in the SPS microstructure
might have formed due to the nucleation phenomena of SPS.
Blending of GO (%, w/w) with SPS produced a composite mate-
rial in which GO has a flaky appearance, with a rough surface
and non-uniform grain distribution (Fig. 3c).

3.4. Electrochemistry

The electrochemical properties of SPS over SS were stud-
ied via CV in a three-electrode cell configuration at room tem-
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Fig. 4. (a) Cyclic voltammetry (CV) of sulphonated polysulphone vs.

Ag/Ag" electrode at various scan rates in TM KOH. (b) CV of sulphonated
polysulphone vs. Ag/Ag” electrode at various scan rates in TM NaxSOa.

perature in 1M KOH and 1M Na,SO, at a common scan rate of
0.05, 0.1, and 0.15 V/s, in the potential region of —0.2 to 1.0
V vs. Ag/AgCl. The result suggests that SPS shows poor elec-
trochemical behavior, and exhibited its highest Cs of 0.31 F/g
and 0.29 F/g with KOH and Na,SO, electrolytes, respectively
(Fig. 4). The electroactive characteristics of GO was clearly ob-
served through redox reactions associated with GO, as shown
in CV. Redox transitions between a semiconducting state and a
conducting state are responsible for cathodic and anodic peaks.
The CV curves of the GO electrode clearly shows faradaic redox
reactions, which exhibit anodic peaks associated with the oxida-
tion of GO, and a cathodic peak corresponding to reduction of
GO. At this scan rate, all such I/V compliances were found to
consist of increasing peak current and a shift in the voltage to
higher values. The peak potential shift in CV is probably due to
slow ion diffusion or interfacial charge transfer processes. In a
CV, the higher the redox peaks, the greater the electrochemical
reaction activity [21,22].

The scanning of SPS-bound GO was performed in the volt-
age ranges of —0.2 t0 0.2 V and —0.3 to 0.2 V, in 1M Na,SO,
and 1M KOH solutions, respectively, at various scan rates
(0.001-0.15 V/s) for the capacitor cell (Fig. 5). The charg-
ing and discharging cyclic voltammograms were observed
to be close to a rectangular shape and there was no current
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Fig. 5. (a) Effect of scan rate on cyclic voltammetry (CV) of graphene
oxide (GO) vs. Ag/Ag”in 1M KOH. (b) Effect of scan rate on CV of GO vs.
Ag/Ag”in 1M Na,SOs.

peak caused by a redox reaction, indicating typical capaci-
tive behavior with good charge propagation. With this scan
rate, a regular increase in the peak currents was observed for
GO. The I/V characteristics of GO displayed a range for ca-
thodic and anodic currents (using calculations based on I/V
characteristics with scan rate), which revealed that the Cs of
GO ranged from 161.62 to 2.96 F/g, and 216.79 to 5.38 F/g,
in 1M Na,SO, and 1M KOH solutions, respectively. There
was no significant capacitance fading for the initial several
cycles. At a high scan rate, diffusion of electrolyte ions was
limited due to the time constraint, and only the outer active
surface was utilized for charge storage. The maximum Cs of
GO was 216.79 F/g at scan rate 0.001 V/s in 1M KOH solu-
tion. There was a capacitive decrease of ~2.5% during the
first 1000 cycles at a scan rate of 0.1 V/s (Fig. 6a). In 1M
Na,SO, solution, GO showed capacitive retention of ~99%
(Fig. 6b), indicating the excellent cyclic stability of GO for
supercapacitor applications.

The maximum energy density (E) and power density (P) at
0.001 V/s for GO in both electrolytes, were estimated (respec-
tively) using the following equations:

2
E(Wh/Kg) = % @)
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Fig. 6. (a) Cyclic voltammetry (CV) of graphene oxide (GO) vs. Ag/Ag" at
0.1 V/s up to 100 cycles in TM Na,SO.. (b) CV of GO vs. Ag/Ag" electrode at
various scan rates in 1M KOH.

It

P(W/Kg) = = 3)
where Cs is specific capacitance, AV is the applied initial volt-
age and ¢ is the corresponding discharge time in hours. The max-
imum energy densities in Na,SO, and KOH were 3.6 Wh/kg and
7.5 Wh/kg, while the corresponding power densities were 215.4
W/kg and 450.0 W/kg.

The Cs in 1M Na,SO, was relatively low, which could
be attributed to the nature of the electrolyte. To obtain the
maximum power performance for an electrochemical capaci-
tor, the internal electrical resistance in the capacitor must
be minimized. This could be achieved by maximizing the
conductance of the electrolyte, which provides the basis for
double-layer capacitance, or for the Faradaic processes as-
sociated with charge or discharge of pseudocapacitance. The
ionic conductivity of Na' is lower than that of K*; so the ionic
conductivity of 1M Na,SO, electrolyte is lower than that of
IM KOH. Another factor could be that the functional groups
attached to graphene nanosheets are more chemically active
in alkaline electrolytes where redox reactions occurred. In
1M Na,SO, and 1M KOH electrolytes, redox peaks are clear-
ly visible, indicating the participation of functional groups in
electrochemical activities and the contribution of pseudoca-
pacitance.
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4, Conclusions

GO synthesized via modified Hummers method was em-
ployed for a supercapacitance study using two different electro-
lytes. Studies based on SEM, FT-IR, and XRD spectra revealed
the perfect formation of GO. The electrochemical behavior of
GO in the two electrolytes (i.e., IM KOH and 1M Na,SO,)
was indicated using CV at a common scan rate in the range
0.001-0.15 V/s. The CV scan of GO in 1M KOH shows higher
Cs, energy and power densities in comparison to 1M Na,SO,
electrolyte at all the rates of scanning. This suggests that KOH
is a better electrolytic solution than Na,SO,. There was also a
~0.5% capacitive decrease after 1000 successive scans for 1M
KOH, providing stability to the electroactive cathode material
bound with SPS. The obtained results suggest that SPS shows
poor electrochemical behavior, with Cs 0.31 to 0.29 F/g. There
was also good adhesion to the current collectors, which pre-
vented possible dendrite formation during cycling. It was also
environmentally friendly and non-flammable, being kept for 48
h at 100°C.
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