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Kitchen sea salt or table salt is used every day by cooks as a food seasoning. Here, it is introduced into a gel
polymer (poly(vinyl) alcohol (PVA)-table salt) for use as an electrolyte, and an electrode was constructed
from graphene nanosheets for use as symmetrical solid-state supercapacitors. The graphene sheets are
prepared by a pulse control plasma method and used as an electrode material, and were studied by X-
ray diffraction (XRD), Raman spectroscopy, as well as scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). A specific capacitance of 117.6
Fgtat5mV s ! was obtained in a three electrode system with table sea salt as an aqueous electrolyte.

For a symmetrical solid-state supercapacitor: graphene/PVA-table sea salt/graphene gave a good
Received 22nd October 2021 if it £3167F alat 025A gt with d ity of 6.33 W h ka1 at
Accepted 9th December 2021 specific capacitance of 31. g~ ato. g~ with an energy density of 6. g~ at a power
density of 600 W kg™, with good charge—discharge stability, which was 87% after 8000 cycles. Thus,

DOI: 10.1039/d1ra07820h the development of table sea salt as an environmentally friendly electrolyte has a good potential for use
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1 Introduction

In addition to rapidly growing demands for green resources and
clean energy, it is required that the modern energy storage for
the next generation of batteries, fuel cells, and supercapacitors
should use high quality carbon electrode materials—in partic-
ular 2D structures—for high conductivity, good working
stability, easy to make flexible electrodes, and a strong
mechanical ability.*

Supercapacitors are considered to be the energy storage
devices that can fill the energy gap between electrolytic capaci-
tors and batteries with many advantages, such as fast charge-
discharge, high energy density, and a long cycling life.®® Typi-
cally, the symmetrical solid-state supercapacitor has a sandwich
structure including one layer of a gel polymer electrolyte (GPE)
between two electrode layers. In this condition, the GPEs are
one of the most important keys for supercapacitor devices due
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to their many excellent functions. The GPE can not only be used
as the protection cover for the electrode which avoids the
leakage problem but also makes a strong mechanical and flex-
ible center-layer which improves the mechanical ability and also
the stability of the solid-state supercapacitor.®™*

During the last decade, the studies of solid-state super-
capacitors based on a graphene electrode have enabled
dramatic improvements in operation due to various excellent
properties, such as high electrical conductivity, a strong
mechanical ability, and a large surface area.'”** Moreover, the
supercapacitors using graphene electrodes have a very low
intrinsic resistance and good excellent stability."> Based on
various types of synthesis to obtain thin layers of graphene,**"”
cathodic plasma is one of the best ways to synthesize thin layer
graphene nanosheets with high purity, and large volume in
a short time.”™ Based on that, in this study an improved
cathodic plasma method is introduced, which can be used to
obtain graphene nanosheets with a higher purity.

Currently, many groups focus on GPEs for solid-state
supercapacitors that use water-soluble polymers, such as PVA,
PEO, and PVP as the matrix frame with a supporting acid, base,
or salt as an ionic source. In the past few years, the GPE using
various types of supporting inorganic and organic salts have
been developed.*** Although, these supporting salts have faced
some serious problems with their environmentally friendliness,
recycling processes, and high cost. For this reason, it is
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necessary to find a new GPE which is environmentally friendly
and ata reduced production cost. Ionic GPEs, normally use pure
liquid salts which are added to gel polymers, which are
considered one of the most popular GPEs. The reasons for this
are that the ionic GPEs are not only cost-effective but they also
have high ionic conductivity, and they can act as both ionic
sources and also as a separator. In general, the acceptable cost
and favorable environmentally friendliness of the ionic GPE are
promising and have attracted much interest.

Herein, we report on an idea of using salt as an ionic source,
which is used daily as a food seasoning: this seasoning is table
salt (also called kitchen salt). For, thousands of years, table salt
has been used daily as a food additive, which is made from sea
water using a green production process with abundant sources,
low-cost and is safe to the skin. Amazingly, table salt can
dissolve completely in water to make an excellent aqueous salt
electrolyte with good conductivity and thus, it makes
a wonderful natural, environmentally friendly electrolyte. This
paper introduces, a low-cost and safe idea of adding table salt to
a gel PVA polymer to obtain a GPE PVA-table salt with a high
ionic conductivity of 54 mS em™" and excellent mechanical
stability. Moreover, the graphene nanosheets used are synthe-
sized by a cathodic plasma method, which give a high quality,
pure nanosheet, high electrical conductivity, and excellent
stability. So far, a graphene electrode in a three electrode system
using 10% aqueous table salt can reach a specific capacitance of
117.6 F ¢! at 5 mV s~ '. The symmetrical solid-state super-
capacitor (graphene/PVA-table salt/graphene) had a good energy
density of 6.33 W h kg™ " at a power density of 600 W kg™ . The
solid-state supercapacitor has a good retention of 87% after
8000 charge-discharge cycles. It is demonstrated that PVA-table
salt will have potential prospects in energy storage device
applications.

2 Experimental
2.1 Materials

Table sea salt (natural product) made in Vietnam was purchased
from a local supermarket. Poly(vinylidene fluoride) (PVDF, MW:
534 000), 1-methyl-2-pyrrolidinone (NMP, C;HoNO) and
graphite powder (<20 pm, MW: 12.01) were obtained from
Sigma-Aldrich. Activated charcoal powder (MW: 12.01) was
purchased from Showa. Carbon black acetylene (100%
compressed) and graphite foil (10 x 10 cm, 2 mm thickness)
were purchased from Alfa Aesar. Poly(vinyl alcohol) (PVA, 95%
hydrolyzed, MW: 95 000) was obtained from Acros.

2.2 Preparation of exfoliated graphene nanosheets and
a graphene electrode

The exfoliated graphene nanosheets used in this research were
prepared by a cathodic surface-plasma exfoliation method
under a regulated DC power supply (GR-15H10H, GITEK model,
Taiwan). Graphite foil (1 x 3 cm) was used as a negative elec-
trode and platinum (Pt) foil (2 x 8 cm) was used as a positive
electrode. The graphite foil electrode was contacted at the
surface of the electrolyte, and the Pt electrode was immersed
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deeply (about 6 cm) in 200 ml of aqueous electrolyte (1 M KOH)
and the reaction was carried out under a voltage of 80 V at ~0.1
A for 0.5 h (Video 1, ESIT). After 30 min of cathodic surface-
plasma exfoliation, the resulting mixed solution was collected
and kept stable over night to obtain a black precipitate. This
precipitate was collected by filtration and washed several times
with 1 M HC], deionized water and then dried overnight at
100 °C in a vacuum oven overnight to obtain the graphene
material.

Graphene electrodes were prepared by a solution casting
method: 8 mg of graphene (80 wt%), 1 mg of activated carbon
(10 wt%) and 1 mg of PVDF (10 wt%) were dissolved in solution
of NMP, with stirring over 3 d, to obtain black slurry. Then, this
black slurry was coated on to a carbon paper substrate in an
area of 1 x 1 cm and then dried at 80 °C for one week. Finally,
one graphene electrode had a weight 1 mg cm 2. For compar-
ison, a carbon black and graphite commercial electrode were
also prepared by the same steps.

The structure and morphology of the graphene nanosheets
and table salt were studied by Raman spectroscopy (Horiba
Jobin Yvon, using an Ar laser source with an excitation wave-
length of 520 nm), XRD (Bruker D2 PHASER with a Cu Ka tube),
SEM (Hitachi SU8000, using an accelerating voltage of 15 kV),
TEM (Joel JEM-2100F, with an accelerating voltage of 200 kV),
XPS, and auger electron spectroscopy (Microlab 350).

2.3 Preparation of aqueous and gel polymer electrolyte

The aqueous electrolyte in this study was prepared from table
sea salt (10%). The salt (20 g) was added to 200 g of deionized
water with constant stirring for 20 min until a clear solution was
obtained. The GPE was prepared using a solution mixing
method. Table salt (1 g) and 1 g of PVA were dissolved in 20 ml
of deionized water with stirring at 80 °C for 3 h to obtain
a homogeneous gel solution.

2.4 Electrochemical characterization

The three electrode system used a graphene or a carbon black
electrode as the working electrode, Pt foil as the counter elec-
trode and Ag/AgCl as the reference electrode and aqueous table
sea salt (10%) as the electrolyte.

The symmetrical solid state supercapacitors were fabricated
with a sandwich structure. The electrodes (1 x 1 cm) were
immersed into gel electrolyte and allowed to dry naturally at
room temperature. Then, one piece of filter paper (1 x 1 cm)
was immersed deeply into the gel electrolyte and kept between
two electrodes. The outside was covered with Scotch tape to
make the devices (Video 2, ESIT). The electrochemical studies of
the supercapacitors (cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and galvanostatic charge-
discharge (GCD)) were carried out on an electrochemical work
station (Zahner Zennium (Z 2.23), Germany).

The specific capacitance was calculated from the CV curve
using the following equation:*>"

[5 1(E)dE

€= m(E—E) @
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where E; and E; are the initial and final voltages of CV curves,
respectively, v is the scan rate (V s '), m is the weight of the G =4C (3)
active material in the working electrode, and (E; — E;) is the
width of the potential window.

Moreover, the specific capacitance of the supercapacitor (C;,
F ¢ ') and the symmetrical supercapacitor (SSC) device (Cs, F

The energy density (£, W h kg~ ') and the power density (P, W
kg™") of the three electrode system and also the symmetrical
devices were examined using the following equations:*>'*

g ') were calculated from the charge-discharge cutve, using the G x (A V)2 1000
following equations:*>'* E= 2 " 3600 @
I x At
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Fig.1 (a) The cathodic plasma exfoliation process for obtaining graphene nanosheets, (b) Raman spectra, (c) XRD pattern, and XPS spectra: (d) C
1s, (e) O 1s of graphene nanosheets.
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where I (A) is the discharge current, At is the discharge time, AV
is the potential voltage, m,. is the weight of active materials
(including the binder), C; is the capacitance of the working
electrode in the three electrode system or the total capacitance
in the symmetrical device system.

3 Results and discussion

3.1 Graphene nanosheets prepared by a cathodic surface-
plasma exfoliation method

Herein, the graphene nanosheets were prepared using cathodic
surface-plasma exfoliation and this method gave excellent
quality material for use in the supercapacitor electrodes. Fig. 1a
shows the cathodic plasma exfoliation process for producing
graphene nanosheets in a short time at room temperature and
under a low power supply. The Raman spectra of the graphene
nanosheets (Fig. 1b) clearly show three peaks: D, G and 2D
bands. The D band at 1350 cm ™" is related to the sp> mode of
the carbon atom which corresponded to the lattice disorder,
functional group bonding and defects in the structure.>*>® The
G band at about 1570 ecm ™" originated from the phonon E,,
vibration mode which indicates the degree of graphitization.>”*
Moreover, a high and symmetrical 2D band at 2696 cm
confirmed that the presence of a few layers of graphene nano-
sheets left after the cathodic surface-plasma exfoliation
process.”**” The exfoliated graphene nanosheets demonstrate
a broad XRD peak at 20 = 26.5° (Fig. 1c) which indicates the
efficacy of the exfoliation process, which originated from the
corrugation of the stacked graphene nanosheets.*

To determine the chemical bonding and functional groups
of graphene nanosheets, the XPS spectra of C 1s and O 1s are
shown in Fig. 1d and e, respectively. The deconvoluted XPS
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spectra of C 1s show four peaks which correspond to the func-
tional groups of C-C (284.8 V) of carbon sp?, the C-0 (285.2 €V)
of the alkoxy group, the C=0 (286.1 eV) of the carbonyl group,
and the COO (289.5 eV) of the carboxyl group.?**”* The O 1s
spectra of the graphene nanosheets shows two peaks of C-OH
(532.3 eV) and C-OOH (533.5 eV), which indicate the existence
of oxygen in the carbon matrix after surface-plasma exfoliation
in 1 M KOH electrolyte solution.

Fig. 2 shows the morphology of graphene nanosheets ob-
tained using SEM and TEM. Fig. 2a and b show typical SEM
images of surface-plasma exfoliated graphene nanosheets
coated on a Si substrate, showing high yield graphene nano-
sheets with various large sizes from 2 to 10 um. These data
suggest that the surface-plasma exfoliation method can be
a good strategy for preparing highly uniform graphene with
a large size. Furthermore, the TEM images (Fig. 2c-e) show thin
graphene sheets with random curving of the sheets which
indicates that the exfoliated graphene nanosheets were
comprised of a few layers which overlap with each other. A clear
high-resolution TEM shows the lattice spacing of about 0.17 nm
that confirms the crystalline structure and low level of defects of
graphene nanosheets.***> In summary, the SEM, TEM and AFM
(Fig. S3, ESIt) results confirm the excellent preparation process
of high quality few layered graphene nanosheets.

3.2 Environmentally friendly gel polymer electrolyte

As is demonstrated in Fig. 3, the GPE PVA-table salt was drop
coated on to a glass disc and a glass tube and then dried at room
temperature to form circles of dried thin film and dried thin
film ribbon GPE samples. Here, the GPE (PVA-table salt) had
a flexible form with a strong mechanical ability. Furthermore,
Fig. 3c shows that the GPE (PVA-table salt) ribbon can be rolled

Fig. 2
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(a and b) SEM images and (c—e) TEM images of graphene at various magnifications.
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Fig.3 (a—c) Photos were taken at room temperature of the PVA-table
salt GPE.

and stretched, which indicates excellent mechanical properties.
This result suggests the SSC devices have a stable electrolyte
layer and also have a protected cover layer on the outside of the
electrode. In this study the aqueous table sea salt (10%) gave
ionic conductivity until an ionic conductivity of 128 mS em™"
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was reached, and the PVA-table salt GPE also reached a high
ionic conductivity of 54 mS cm ™" which was an excellent value
for the preparation of the supercapacitor electrolyte.

3.3 Electrochemical studies

3.3.1 Testing different electrode materials in the aqueous
table salt electrolyte. Herein, three different electrodes: carbon
black, graphite and graphene sheets in aqueous table salt
electrolyte (10%) were studied. Fig. 4 shows the CV properties of
three different electrodes used as the working electrode with
aqueous table salt electrolyte in a three electrode system. Firstly,
the CV curves of all three different working electrodes were
measured from 5 to 100 mV s~ * with a potential window of —0.6
to 0.6 V. The CV curves showed a rectangular shape which
indicated the electrochemical double layer capacitive behavior
and fast ion transport behavior.**** It can be seen that, the CV
curves still have an increase in linearity with the increase of the
scan rate which indicates the excellent stability of the working
electrode in aqueous electrolyte, without any decomposition.
Fig. 4d shows the specific capacitance at various scan rates
following eqn (1). The graphene electrode demonstrates the
highest specific capacitance when compared with graphite and
carbon black. The highest capacitance of the graphene elec-
trode was a value of 118 F g~ " at a scan rate of 5 mV s~ which
was better than that of graphite (80.3 F ¢~ *) and carbon black
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Fig. 4 The CV curves of (a) a carbon black electrode, (b) a graphite electrode, and (c) a graphene sheet electrode in agueous table salt elec-
trolyte. (d) The specific capacitance (F g~%) at various scan rates (mV s %).
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(81 F g 1). Moreover, the linearity of the increasing ratio of the
specific capacitance with the increase of the CV curves indicated
the excellent ion diffusion at the interface of the electrode/
electrolyte during the CV measurement.?**

The EIS of three different working electrodes in aqueous
table salt electrolyte were carried out in the frequency range
from 100 mHz to 100 kHz at an amplitude of 5 mV (see Fig. 5a).
In comparison, the graphene electrode has the lowest equiva-
lent series resistance of 3.2 Q which was lower than graphite (4.8
Q) and carbon black (9.4 Q). Herein, the equivalent resistance
was not only the charge-transfer resistance but was also
combined with the electrolyte resistance, electrode material
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resistance, and the resistance of the interface electrode—elec-
trolyte.**** The different equivalent series resistance values of
three different working electrodes in one type of aqueous table
salt electrolyte, suggest that there is a different contact resis-
tance of the electrode-electrolyte, and a different electrode
material resistance.*>** All the linear lines in the low frequency
EIS plots indicate the capacitive effect of ion diffusion,™
whereas the Warburg impedance arose at a high frequency as
a result of the ion diffusion resistance in the electrode layer.*
Fig. 5b-d show the charge-discharge curves with a similar
triangular shape showing good capacitive behavior which was
attributed to the excellent ion diffusion during the charge-
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Na»SO, and (c) Na,COs aqueous electrolyte. (d) Specific capacitance (F g~3) at various scan rates (mV s™4).

discharge process at the interface of the electrode-electro-
lyte.*>*” Following eqn (2), (4), and (5), Fig. 5e and f show the
specific capacitance at various current densities, and the
Ragone plots, respectively. The graphene electrode shows the
highest specific capacitance of about 61 F g~ which was higher
than that of the graphite electrode (55 F g~ ') and carbon black
(54 F g ") at the same current density of 0.75 A g~ . At a high
current density of 4 A g™, the graphene electrode still gave
a good specific capacitance of 50 F g~ ', whereas the graphite
and carbon black electrode gave values of 33.3 F g~ ' and 36.7 F
g™, respectively. From the Ragone plots, the graphene working
electrode with aqueous table salt electrolyte gave the highest
energy density value of 12.125 W h kg™ " and then the values
obtained for graphite and carbon black working electrodes
were: 11 W h kg™ and 10.75 W h kg™, respectively, at a power
density of 450 W kg™ .

The results of the electrochemical studies of the three
different working electrodes (graphene nanosheets, graphite,
and carbon black) indicated that the electrochemical capacitive
behavior was good and also that there was excellent ion diffu-
sion at the interface of electrode-electrolyte. These results also
show the high ionic conductivity and electrochemical stability
of the aqueous table salt electrolyte.

© 2022 The Author(s). Published by the Royal Society of Chemistry

3.3.2 Effect of different aqueous electrolytes on a surface-
plasma exfoliation derived-graphene nanosheet electrode. For
a more extensive study of the electrochemical properties of table
salt as a promising candidate for a supercapacitor electrolyte,
the use of three different aqueous electrolytes with a graphene
working electrode was studied and compared. Fig. 6 shows the
CV properties of a graphene working electrode in aqueous table
salt electrolyte, compared with the same electrode 1 M Na,CO;
and 1 M Na,SO,. The electrode in table salt showed larger CV
curves than the electrodes in Na,CO5; and Na,SO, at a scan rate
of 100 mV s *. All the CV curves display a quasi-rectangular
shape without redox peaks, indicating the good double-layer
capacitive behavior with high linearity.** The specific capaci-
tances of graphene in table salt electrolyte had the highest
values at various scan rates from 5 to 100 mV s~ *. The Ciaple salt
at 100 mV s~ ' reached a value of 81.54 F ¢~ " which was higher
than that of Na,SO, (74 F ¢~ ') and Na,CO; (32 F g~ '), and at
5 mV s, the table salt had the highest specific capacitance of
118 F g~ when compared with those of Na,SO, (104.7 F g™ %)
and Na,CO; (76 F g ).

In addition, galvanostatic charge-discharge characteriza-
tions of the graphene working electrode in aqueous table salt
electrolyte, Na,SO,, and Na,CO; were carried out at various
current densities, and the results are shown in Fig. 7a and b.
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The symmetrical triangular shape of the GCD curves at all scan
rates indicated good electrochemical reversibility as well as
a stable charge-discharge process.*>*° The specific capacitances
were calculated from the GCD curves and are shown in Fig. 7c,
a high capacitance of the graphene working electrode in
aqueous table salt electrolyte of up to 61 F g~ at 0.75 A g~ ' was
higher than those for Na,SO, and Na,CO; (54 and 34 F g,
respectively). The energy density and corresponding power
density shown in the Ragone plots in Fig. 7d, demonstrate
a high energy density of 12 W h kg " at a power density of 450 W
kg ', which far exceeded those of Na,SO, (10.75 W h kg™ ) and
Na,COj; (6.9 W h kg™ ). Even at a high power density of 2400 W
kg™, the graphene working electrode in the aqueous table salt
electrolyte delivered a good energy density value of 10 W h kg™*
when compared with those in Na,SO, (9.3 W h kg™') and
Na,CO; (4 W h kg "). In summary, the electrochemical prop-
erties of the graphene working electrode in an aqueous table
salt electrolyte when compared with Na,SO, and Na,CO;
confirmed the excellent chemical stability of the graphene
nanosheets which were prepared by a surface-plasma exfolia-
tion method. Moreover, these results showed that the table salt
electrolyte had better ionic conductivity and ion diffusion than
Na,SO, and Na,CO;.

1522 | RSC Adv, 2022, 12, 1515-1526

3.4 Symmetrical solid-state supercapacitor

Due to the outstanding electrochemical characterization of
both the graphene nanosheets for working electrode and use of
an aqueous table salt electrolyte, a symmetrical solid-state
supercapacitor was studied which had a sandwich structure:
graphene sheets/PVA-table salt/graphene sheets. The GPE was
prepared by mixing PVA and table salt to obtain a homogeneous
gel solution which was applied to the solid-state super-
capacitors. Fig. 8 shows the electrochemical properties of the
supercapacitor devices measured by CV, EIS, GCD, Ragone plots
and durability. All the CV curves of the symmetrical SSCs in
Fig. 8a show the nearly rectangular shape, which indicated that
the supercapacitor devices had a good double layer capacitive
behavior.> Fig. 8b shows the Nyquist plot of the supercapacitor
devices over a frequency range from 100 kHz to 100 mHz at an
amplitude of 5 mV. The equivalent series resistant Rs was found
to be 7 Q, which includes the intrinsic resistance of the gra-
phene nanosheet electrode, the contact resistance of the inter-
face electrode-electrolyte and the ionic resistance of the
electrolyte.”>** The Nyquist plot could be divided into three
parts: (i) the semicircle at high frequency related to the charge
transfer resistance, (ii) a slope at about 45° in the middle
frequency region related to ion diffusion from the electrolyte to
the electrode layer, and (iii) the vertical line at low frequency

© 2022 The Author(s). Published by the Royal Society of Chemistry
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corresponding to the capacitive behavior.***® Fig. 8c shows the
GCD curves of the supercapacitor devices, all have symmetrical
triangular shapes at various current densities (0.25-1.0 A g~ )
and this indicated the good electrochemical reversibility and
coulombic efficiency.””** The specific capacitance at various
current densities could be calculated from the GCD curves
based on charge-discharge time which followed eqn (3). It was
clear that the symmetrical SSCs devices using PVA-table salt as
a GPE exhibited a good electrochemical performance of 31.67 F
g lat0.25 Ag L

Moreover, the results of the Ragone plot satisfy the require-
ments for a supercapacitor (Fig. 8¢) when compared with other

© 2022 The Author(s). Published by the Royal Society of Chemistry

energy storage devices. The symmetrical SSCs devices based on
PVA-table salt deliver the highest energy density of
6.33 W h kg ! at a power density of 600 W kg™ '. Even at the
highest power density of 2400 W kg™, the energy density still
gives a good value of 3.33 W h kg ™'. To investigate the durability
of the symmetrical SSCs, the cycling stability was measured at
a current density of 0.25 A g~ *. Remarkably, the supercapacitor
device retained 87% of its initial value after 8000 cycles, which
indicated that it would have a long-life time. These data show
that PVA-table salt is a promising environmentally friendly GPE
system for electrochemical supercapacitor applications.
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4 Conclusions

In conclusion, an innovative, green and low-cost synthetic route
was used to prepare a GPE system based on table salt as the
ionic resource and graphene nanosheets as the electrode
material. Graphene nanosheets, with pure and uniform quality,
were prepared by a one-step of surface-plasma exfoliation
method and were found to be an excellent candidate for an
electrode material for supercapacitors. Moreover, a high ionic
conductivity of 54 mS em ™" of the GPE PVA-table salt could be
applied for the fabrication of symmetrical SSCs devices which
deliver a good specific capacitance of 31.67 Fg ' at 0.25 A g,
with strong durability after 8000 cycles (retention of 87%). This
study shows a new perspective for the use of a green material,
table salt as abundant green electrolyte for low-cost
supercapacitors.
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