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Abstract

Graphene based sulfonated polyvinyl alcohol (PVA) hydrogel was synthesized and its
performance as nanocomposite gel polymer electrolyte was investigated for application
in quasi solid-state flexible supercapacitors. Hydrothermally reduced graphene (HRG) was
synthesized through hydrothermal reduction of graphene oxide (GO). Sulfonated PVA
hydrogel (SPVA) was synthesized with predetermined quantities of HRG to obtain
nanocomposite gel polymer electrolytes coded as SPVA-HRG-x (x = content (wt.%) of HRG).
The amorphous nature of SPVA-HRG-x was determined using X-ray diffraction (XRD)
technique. The electrochemical performance of SPVA-HRG-x was evaluated using
techniques like cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical spectroscopy (EIS) studies of a lab scale supercapacitor cell, fabricated
using hydrothermally reduced carbon cloth (CCHy) current collectors coated with HRG
(HRG-CCHy). In SPVA-HRG-0.5 electrolyte, HRG-CCHy exhibited specific capacitance of
200 F gt at 1 A g and specific energy of 6.1 Wh kg™ at specific power of 1 kW kg and
retained 93 % of its initial capacitance even after 5000 GCD cycles. The incorporation of
SPVA with 0.5 wt.% of HRG-CCHy can be attributed to the increase in amorphous nature
of SPVA-HRG-0.5, which in-turn lowers its impedance. This contributed to the remarkable
supercapacitive behaviour of HRG-CCHy, demonstrating its potential as gel polymer
electrolyte (GPE) for application in quasi solid-state flexible supercapacitors.
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Electrochemical double-layer capacitors; gel polymer electrolyte; carbon cloth; cyclic
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Introduction

In recent years, there has been sharp increase in the development of flexible supercapacitors
(FSCs) for electronic devices as power sources, which have to be ultra-thin and flexible in-order to
serve their purpose [1-4]. FSCs with high specific energy, specific power and excellent cycle life are
much desirable to supply the rising market of flexible and wearable electronic devices in the near
future [5,6].

To increase the performance of supercapacitors, the usage of various types of carbons,
mixed/binary metal oxide and sulfide-based electrode materials like nanochains [7], nanoflowers
[8] and other nanostructures [9-11] has been widely reported. Carbon based materials are most
widely used electrode materials in supercapacitor application, due to their high surface area and
capability of storing charge in the form of an electric-double layer [12,13]. Currently, reduced
graphene oxide (RGO), a graphene-based material with high ionic conductivity and surface area, has
emerged as a potential electrode material in FSCs and alternative to activated carbon [14]. The main
components of a FSC are flexible electrodes, solid or quasi-solid-state electrolyte and a porous
separator to prevent short-circuit [15]. The synergy between the electrolyte and the electrode
material creates a significant impact on the properties of a supercapacitor, like charge-discharge
capabilities, cyclic stability, energy storage in the form of charge, and power delivery [16].

The rate performance and specific power of a supercapacitor can be increased by increasing ionic
conductivity of the electrolyte [17]. Most of FSC assemblies use gel polymer electrolytes (GPEs) to
prevent leakage and packaging issues, as in the case of liquid electrolytes [18,19]. GPEs contain a
discontinuous phase of solvent entrapped inside a continuous phase of three-dimensional polymer
network [20]. Hydrogels of polyvinyl alcohol (PVA) contain hydroxyl groups which contribute to its
hydrophilic nature by absorbing large amounts of water, in-turn enhancing the conductivity of
electrolyte ions [26] and establishing stable contact at the interface of electrode and electrolyte [21].

Sulfonation of PVA hydrogels using proton donor like sulfuric acid (H2SO4) enhances their ionic
conductivity [22,23]. In the past, extensive usage of PVA-H,S04 (SPVA) as GPE in supercapacitors has
been reported alongside electrode materials like activated carbon [24], carbon nanotubes (CNTs)
[25] and graphene [26-29]. Incorporation of nanofillers and redox-active materials into GPEs leads
to rise in amorphous nature thereby improving ion conductivity [30, 31]. Recently, redox-additives
like NaMoO. [5], hydroquinone [32], alizarin red [33] and indigo carmine [34] have been
incorporated into PVA-H,SO4 for application in supercapacitors.

Inorganic fillers like nano SiO; [35], nano TiO; [36], Sb203 [37] and graphene oxide (GO) [38] have
been incorporated for improving performance in PVA based GPEs. Several reports have mentioned
the usage of GO as a nanofiller in GPEs in various electrochemical devices [39-41]. Yang et al. [42]
reported that incorporation of GO into polyvinylidene difluoride (PVDF) based GPE-enhances its ionic
conductivity by forming 3D network structures in the polymer matrix facilitating the transport of ions.

The current paper deals with incorporation of hydrothermally reduced graphene oxide (HRG) into
SPVA hydrogels, performed for the first time to obtain nanocomposite GPEs and evaluate their
electrochemical performance for application in quasi solid state flexible supercapacitors. GO was
synthesized using a modified Hummer’s method and reduced hydrothermally to obtain HRG. Carbon
cloth (CC) was modified using a hydrothermal method to obtain hydrothermally reduced carbon
cloth (CCHy) and use it as a flexible current collector. Nanocomposite GPEs were prepared by
sulfonating PVA hydrogel using H,SOa, followed by addition of calculated amounts of HRG ranging
from 0.1 to 1.0 wt.% to obtain HRG incorporated SPVA GPEs, hereafter referred as SPVA-HRG-x
(x = content (wt.%) of HRG). Electrochemical performance of developed SPVA-HRG-x was evaluated
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using an in-house fabricated supercapacitor single cell with electrodes of HRG coated CCHy
(HRG-CCHy).

Experimental

Materials

Graphite powder (particle size <20 um) and sodium nitrate (NaNOs) were obtained from Sigma-
Aldrich Inc. and Merck Specialities Pvt. Ltd., India, respectively. Carbon cloth was obtained from
Avcarb, USA. Ethanol 99.9 % was procured from Changshu Hongsheng Fine Chemicals Co. Ltd.,
China. Poly (vinyl alcohol) (PVA) (M.W.~125,000), polyvinylidene difluoride (PVDF) (homopolymer
powder, M.W. ~320,000), N-methyl-2-pyrrolidone (NMP), sodium hydroxide (NaOH) pellets,
sulphuric acid (H2504) 98 %, hydrogen peroxide (H202) (30 % w/v), hydrochloric acid (HCI) 35-38 %,
and propan-2-ol (Isopropanol/IPA) were purchased from S D Fine-Chem Ltd., India. Potassium
permanganate (KMnO,) was obtained from Loba Chemie Pvt. Ltd., India. Whatman® qualitative filter
paper: grade 1 (circles, diameter 125 mm) purchased locally was used as a separator in two
electrode studies. An in-house fabricated lab scale two electrode cell assembly made up of acrylic
plates was used to carry out full-cell studies. Always deionized (DI) water was used in preparing
various solutions.

Method

Synthesis of HRG

HRG was synthesized following the procedure reported in our previous work [43]. Firstly, a
modified Hummer’s method was followed for synthesizing GO. In 50 mL of conc. H2SO4, 1 g of NaNOs3
was added and stirred for few minutes, followed by dispersing 1 g of graphite powder into it. The
above dispersion was stirred at <5 °C in an ice bath for 4 h continuously, followed by slow addition
of 6 g of KMnQ4. The above mixture was stirred uninterruptedly for 48 h at room temperature (RT).
92 mL of DI water was slowly added to the above mixture and stirred for two more hours. Later,
10 mL of 30 % H,0, was added to the mixture leading to change in dispersion color from brown to
yellow, indicating the formation of GO. The collected GO precipitate was washed with 1 M HCl and
DI water and centrifuged. The resultant precipitate was finally washed using ethanol and vacuum
dried at 70 °C for 12 h. Later, the sample was finely crushed to obtain GO powder. 200 mg of GO
powder was dispersed in 200 mL through ultrasonication. The pH of the dispersion was maintained
at 11 using NaOH pellets. The dispersion was then transferred into a Teflon® lined hydrothermal
reactor (300 mL) and autoclaved for 14 h at 180 °C. The precipitate collected after the reaction was
washed several times using DI water and dried under vacuum for 12 h at 60 °C. The dried sample
was crushed to obtain a fine powder of HRG.

Preparation of CCHy

CCHy was prepared following the procedure reported in our previous work [44]. Commercially
obtained carbon cloth (CC) (50 cm?) was oxidized via chemical route. An acidic mixture of 20 mL of
H,S04 and 10 mL of HNO3 was prepared into which a pristine CC was dropped and stirred at RT,
followed by slow addition of 3 g of KMnO4 and 100 mL of DI water, and stirred for 3 h. Later, 5-10 mL
of 30 % H,0, was added to the above mixture resulting in a clear solution with oxidized carbon cloth
in it. The oxidized CC was washed with DI water and transferred into a Teflon® lined hydrothermal
reactor (300 mL), filled with DI water and autoclaved for 14 h at 180 °C. Later, the reduced CC was
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vacuum dried at 70 °C for 6 h. The hydrothermally reduced CC (CCHy) thus obtained was used as a
current collector in the following two electrode cell studies.

Preparation of SPVA

To prepare SPVA, 270 ulL of H,SO4 was added to 4 mL of DI water. Then, 0.5 g of PVA was added
to this mixture, and stirred at 80 °C till all PVA gets dissolved, resulting in a transparent viscous liquid.

Preparation of SPVA-HRG-x

HRG based SPVA nanocomposite was prepared by adding predetermined quantities of HRG
ranging from 0.1 to 1.0 wt. % to SPVA, separately. The HRG was dispersed in IPA using
ultrasonication and added to the cooled SPVA and stirred continuously at 80 °C for 30 min, resulting
in dark coloured SPVA-HRG-x. The obtained SPVA-HRG-x were coded as SPVA-HRG-0.1, SPVA-HRG-
0.2, SPVA-HRG-0.5 and SPVA-HRG-1.0 for SPVA incorporated with 0.1, 0.2, 0.5 and 1.0 wt. % of HRG,
respectively. Figure 1 shows the optical images of prepared SPVA and SPVA-HRG-x.

Figure 1. Optical images of (a) SPVA; (b) SPVA-HRG-0.1; (c) SPVA-HRG-0.2; (d) SPVA-HRG-0.5;
(e) SPVA-HRG-1.0

Characterization studies

X-ray diffraction (XRD) technique (Rigaku Miniflex 600) was used to analyse all GPEs.
Electrochemical workstation (PARSTAT PMC 2000A) was used to evaluate the electrochemical
performance of prepared SPVA-HRG-x. HRG-CCHy was prepared by coating HRG (1 mg cm™2) over
CCHy. Ink of HRG was prepared by dispersing 1.8 mg of HRG in 100 puL of NMP along with 2 uL of
10 wt. % PVDF/NMP solution by ultrasonication. HRG ink was then deposited over flexible CCHy
current collectors, followed by drying under vacuum for 15 min at 120 °C. Strands of HRG coated
CCHy (HRG-CCHy) were placed on both sides of a GPE coated Whatman® filter paper and packed in
between acrylic plates tightly to fabricate a cell. Approximately, 100 uL of GPE was utilized during
fabrication each cell. The prepared cell was then tested in two electrode configuration using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) techniques to evaluate the performance of SPVA-HRG-x.

The specific capacitance (Cs), specific energy (E4) and specific power (Pg) of HRG-CCHy in all GPEs
were calculated from GCD data, using the equations (1) to (3) [45].

¢ =2 1AL (1)
mAV
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2
E,- CSi‘/ 2)
P, :Z_dt (3)

where I represent constant discharge current, At represents discharge time, AV represents discharge
potential window and m represents the mass of the active material on one electrode.

Results and discussion

XRD analysis

Figure 2 shows X-ray diffraction patterns of pure PVA, SPVA and SPVA-HRG-x. The diffraction
pattern of pure PVA shows a characteristic semi-crystalline peak at 28 value of around 19.6 [46]. In
the case of SPVA, H,SO4 addition disturbs the semi-crystalline nature of pure PVA, thereby increasing
its amorphous nature [47]. From diffraction patterns of all SPVA-HRG-x it can be inferred that by
increase in HRG concentration the intensity of peak around 268 value of 19.6 decreased, indicating
an increase in amorphous nature of GPEs [48]. The addition of HRG may contribute to the increase
in amorphous nature of the SPVA-HRG-x [42], thereby enhancing the rate of penetration and
conduction of ions [49].

== Pure PVA
— SPVA
s SPVA-HRG - 0.1

== SPVA-HRG - 0.2
== SPVA-HRG - 0.5
e SPVA-HRG - 1.0

Intensity, a.u.

10 20 30 40
201°

Figure 2. X-ray diffraction patterns of pure PVA, SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2,
SPVA-HRG-0.5 and SPVA-HRG-1.0

Electrochemical studies

CV studies

The electrochemical performance of HRG-CCHy was evaluated by executing CV studies for all five
GPEs at various scan rates, ranging from 10 to 100 mV s, within potential window 0 to 1 V. The
area under near rectangular CV curve is proportional to the double-layer capacitance of the
electrode material [50]. Figure 3a compares CV curves of HRG-CCHy in all GPEs at the scan rate of
50 mV s, with HRG-CCHy showing comparatively superior double-layer capacitance in SPVA-HRG-
0.5 electrolyte. From CV curves of HRG-CCHy in all GPEs depicted in Figure 3a, an increase of the
area under near rectangular CV curve is observed by increasing HRG content in SPVA-HRG-x
electrolyte up to 0.5 wt.%. The decrease in CV curve area of HRG-CCHy in SPVA-HRG-1.0 compared
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to SPVA-HRG-0.5, indicates a decline in double-layer capacitance of HRG-CCHy in SPVA-HRG-1.0 due
to the excess concentration of HRG in SPVA-HRG-1.0, which could resist the flow of ions due to
formation of agglomerates by restacking of HRG layers [45,48]. The CV curves of HRG-CCHy in SPVA-
HRG-0.5 electrolyte at multiple scan rates ranging from 10 to 100 mV s! (Figure 3b), indicate better
rate capability and reversibility [51].
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Figure 3. (a) Comparative CV curves of HRG-CCHy in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2,
SPVA-HRG-0.5 and SPVA-HRG-1.0 at scan rate of 50 mV s, (b) CV curves of HRG-CCHy in
SPVA-HRG-0.5 at scan rates ranging from 10 to 100 mV s
GCD studies

The charge-discharge behaviour of HRG-CCHy in all five GPEs was evaluated by performing GCD
studies at various constant current densities ranging from 0.5 to 10 A g%, within the potential window
0 to 1 V. Figure 4a compares GCD curves of HRG-CCHy in all GPEs at 1 A g%. It is obvious that HRG-
CCHy shows better charging and discharging ability in SPVA-HRG-0.5 electrolyte, compared to the rest
of the GPEs, with an impressive specific capacitance of 200 F g at 1 A gt with lowest IR drop of around
0.07 V. Figure 4b shows GCD curves of HRG-CCHy in SPVA-HRG-0.5 electrolyte at multiple constant
current densities ranging from 0.5 to 10 A g*. Figure 4c represents the IR drop plot of HRG-CCHy in all
GPEs at various constant current densities ranging from 0.5 to 10 A g%, indicating the lower equivalent
series resistance (ESR) and superior conductivity of HRG-CCHy when SPVA-HRG-0.5 was used as
electrolyte [52]. Figure 4d represents the Ragone plot of HRG-CCHy in all GPEs, indicating superior
specific energy to power ratio of HRG-CCHy in SPVA-HRG-0.5, like 6.1 Wh kg? of specific energy at
specific power of 1 kW kg™. In SPVA-HRG-1.0 electrolyte, HRG-CCHy showed a sharp increase in IR
drop and decrease in specific energy at current densities >7 A g%, indicating an abrupt increase of ESR
of the cell. This distinct behavior of SPVA-HRG-1.0 electrolyte at higher current densities, could result
from the excess of HRG in SPVA-HRG-1.0, which could lead to restacking of HRG layers forming
agglomerates, in-turn resisting the flow of ions [39,42].

Cyclic stability

Figure 5a represents the cyclic stability of HRG-CCHy in all GPEs for 5000 GCD cycles at 2 A g*.
Even after 5000 GCD cycles, HRG-CCHy retained 82, 86, 89, 93 and 87 % of their initial specific
capacitances in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2, SPVA-HRG-0.5 and SPVA-HRG-1.0, respect-
tively. Figure 5b shows GCD curves of HRG-CCHy in SPVA-HRG-0.5 before and after cycling for 5000
cycles, which clearly establishes the notable charge-discharge stability of HRG-CCHy in
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SPVA-HRG-0.5. Table 1 represents the comparison of supercapacitive performances of some carbon-
based electrode materials in sulfonated PVA based GPEs.
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Figure 4. (a) GCD curves of HRG-CCHy in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2, SPVA-HRG-0.5 and SPVA-
HRG-1.0at 1 A g’*; (b) GCD curves of HRG-CCHy in SPVA-HRG-0.5at 0.5, 1, 2,4, 5, 7and 10 A g%; (c) IR drop
plot; (d) Ragone plot of HRG-CCHy in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2, SPVA-HRG-0.5 and SPVA-HRG-1.0
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Figure 5. (a) Cyclic stability of HRG-CCHy in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2, SPVA-HRG-0.5 and
SPVA-HRG-1.0 at 2 A g* for 5000 GCD cycles; (b) GCD curves of HRG-CCHy in SPVA-HRG-0.5 before and
after cycling for 5000 GCD cycles at 2 A g™*
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Table 1. Comparison of supercapacitive performances of carbon-based electrode materials in sulfonated
PVA based GPEs

Electrolyte Electrode material Specific capacitance Reference
PVA/H2S04 Graphene 190Fg'at0.5Ag? (28]
PVA/H2S04 RGO-PVA composite film 1846 Fglat1Ag? [53]
PVA/H2S04 N-doped porous carbon 232Fglat0.5Ag? [54]
PVA/H,S04/H3BO3 Poly carbon nanofibers 134Fglat1Ag? [23]
PVA/H2504/Na2Mo04 MoS,-NCNT 95.14Fglat1lmA [55]

PVA/H,S04/HRG-0.5 HRG 200Fgtat1Ag? Present work
EIS studies

The EIS studies were performed at ac amplitude of 5 mV and within the frequency range of
100 kHz to 0.1 Hz. Figure 6a represents Nyquist plots of HRG-CCHy in all five GPEs. For all
SPVA-HRG-x, the imaginary impedance part in the low frequency region was near perpendicular to
the real axis, indicating near ideal capacitive behaviour of the cell. From Nyquist plots, it is evident
that HRG-CCHy has low impedance in SPVA-HRG-0.5 compared to other GPEs [56]. The inset image
of Figure 6a exhibits the magnified image of Nyquist plots, where SPVA-HRG-0.5 electrolyte showed
lower electrolyte resistance compared to other GPEs [57]. Figure 6b represents the Nyquist plot of
HRG-CCHy in SPVA-HRG-0.5 before and after 5000 GCD cycles. The size of the semicircle in the high
frequency region of the Nyquist plot indicates charge transfer resistance [58,59]. The inset image of
Figure 6b exhibits the magnified image of Nyquist plots, where it can be inferred that diameter of
the semi-circle of SPVA-HRG-0.5 increased after cycling 5000 GCD cycles. This confirms the increase
of charge transfer resistance after cycling [57,58]. Near-vertical line observed in the low frequency
region of Nyquist plot for SPVA-HRG-0.5 indicates superior capacitive behaviour compared to other
GPEs [60].
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Figure 6. (a) Nyquist plots of HRG-CCHy in SPVA, SPVA-HRG-0.1, SPVA-HRG-0.2, SPVA-HRG-0.5 and
SPVA-HRG-1.0. Inset image represents the magnified high frequency part of Nyquist plots; (b) Nyquist
plots of HRG-CCHy in SPVA-HRG-0.5 before and after cycling for 5000 GCD cycles at 2 A g™.

Inset image represents the magnified high frequency part of Nyquist plots

Conclusion

SPVA-HRG-x were prepared by introducing HRG into SPVA and characterized using XRD
technique. Supercapacitor assembled by using HRG-CCHy and GPEs was characterized by CV, GCD
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and EIS. As confirmed by XRD measurements, SPVA-HRG-x may have induced amorphous nature,
improving thereby ionic conductivity and lowering impedance. HRG-CCHy in SPVA-HRG-0.5
exhibited a specific capacitance of 200 F g* at 1 A g with the lowest IR drop of around 0.07 V and
an impressive specific energy of 6.1 Wh kg at the specific power of 1 kW kg*. Even after 5000 GCD
cycles, HRG-CCHy retained 93 % of its initial capacitance in SPVA-HRG-0.5. The notable performance
of HRG-CCHy in SPVA-HRG-0.5 may be attributed to the relatively lower impedance in
SPVA-HRG-0.5. From the performed electrochemical studies, it can be inferred that SPVA-HRG-0.5
can be considered as a potential GPE for application in quasi solid-state flexible supercapacitors.
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