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Abstract. In this work, the effect of gel polymer electrolytes (GPE) containing polyvinyl alcohol/polyethylene oxide
(90/10, wt%) blend and different contents of sodium salt mixture (sodium acetate (CH3COONa)/sodium sulphate
(NapSO4) = 50/50 wt%) on the performance of solid-state supercapacitor was investigated. The active electrode of the
solid-state supercapacitor was made from graphene nanoplatelets and carbon black. The results indicate that the sodium salt
mixtures were easily mixed in polymer blend gel to make excellent GPE with large concentration of ionic liquid. At the
sodium salt mixture content of 30%, the solid-state supercapacitor showed the best performance of electrode-specific capaci-
tance of 93.768 F g~ ! at current density of 1 A g~!, energy density of 3.25 Wh kg~! and power density of 586.166 W kg~

These results highly recommend the good potential of GPE for developing solid-state supercapacitor in the future.
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1. Introduction

Solid-state supercapacitors have recently attracted much
research attention in modern technology because they pro-
vide many advantages than the original capacitors, such
as higher charge—discharge, avoid leaking electrolyte lig-
uid and good mechanical stability. To further improve the
specific capacitance and energy density, many gel polymer
electrolytes (GPE) were developed by using new polymer
or polymer blends as host polymer frame of the electro-
lyte to avoid the leaking of liquid. Additionally, there are
many different types of metal salt systems added into poly-
mer to provide higher conductive ionics, such as lithium
salts (Li» SOy, LiCl, LiClOy, LiBr, LiTFSI), sodium salts
(Na,SOy4, NaClOy4, NaBr, Nal, CH;COONa), which were
studied widely [1-6].

Polyvinyl alcohol (PVA) is widely used in GPE for superca-
pacitors. The main advantages of PVA in GPE are their ability
to solvate large amount of alkali-metal salts, their high ionic
conductivities below the glass temperature, high mechanical
strength and reduction of electrolyte leakage risk. However,
GPE using PVA, faced a problem of low ductility as well as
inherently brittle and easily precipitate due to the breakage
of OH bonding in the presence of organic and inorganic ions,
such as CH;COO™, Na't and K* [7-12]. To fill up this draw-
back, the appearance of polyethylene oxide (PEO) as doping
mediator is considered good idea to make strong GPE. Both
PVA and PEO are non-toxic, water-soluble polymer, low-cost,
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which are used widely in industry. The blending of PVA-PEO
provides hydroxyl group and hydrogen bond and good charge
storage capability [13—15].

In this paper, a solid-state supercapacitors with the GPE
consisting of PVA/PEO blend as polymer host frame and mix-
ture of sodium acetate (CH3COONa) and sodium sulphate
(Na,SOy) as ionic liquid were fabricated and investigated.
In the best of our knowledge, this is the first report on the
use of two sodium salts as ionic liquid by the fabrication of
solid-state supercapacitor. The two sodium salts could pro-
vide different sizes of anions, which could diffuse deeply in
the graphene/carbon black electrode network. Thus, the use
of sodium salt mixture will increase the ionic conductivity
of the GPE and also will improve the specific capacitance as
well as the energy storage. In addition, the partly replacement
of Na,SO4 by CH3COONa is desired for environmental pro-
tection [18]. All electrochemical properties of the solid-state
supercapacitors were investigated via three electrodes testing
cell to determine their performance.

2. Experimental

2.1 Materials

Poly(vinyl alcohol) (PVA, 95% hydrolysed, average M,, =
95,000 g mol~!) was from Across company. Poly(vinylidene
fluoride) (PVDF, M,, = 534,000 gmol"), CH3;COONa,
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Table 1. Compositions of gel polymer electrolytes.

PVA/PEO (9:1) CH3COONa/Na;SO4

Sample name blend (wt%) (1:1) mixture (wt%)
PCNI1 90 10
PCN2 80 20
PCN3 70 30

sodium sulphate tetrahydrate (Na;SOy4 - 4H,O) were from
Sigma Aldrich. Poly(ethylene oxide) (PEO, M, =
1,000,000 g mol™!), 1-methyl-2-pyrrolidinone (CsHoNO)
(NMP) and carbon black acetylene (100% compressed) were
purchased from Alfa Aesar company. Graphene nanoplatelets
(6—8 nm thick, x5 um wide) were from Strem Chemicals.

2.2 Preparation of electrodes

Graphene nanoplatelets (8 mg), carbon black (1 mg) and
PVDF (1 mg) were dispersed in 0.2 ml NMP to make the
slurry. This slurry was pasted on two titanium substrates with
the area of cm? (1 cm x 1 cm) and dried at 60°C for 12 h in
air to obtain electrode. The weight of each electrode is about
1 mg.

2.3 Preparation of GPE

GPE was prepared by mixing the solution of polymer blend
and sodium salt in different weight ratios. Firstly, 1 g PVA/
PEO (9:1, wt%) was dispersed into 10 ml deionized water at
80°C and stirring for 8 h to obtain clear gel solution. Then,
different amounts of CH;COONa/Na; SO, (50:50 wt%) were
added in gel polymer solution (table 1). Then, the GPE was
stirred for 6 h to obtain homogeneous gel solution. The maxi-
mal weight ratio of polymer blend to sodium salt mixture was
7:3 to keep the form of GPE. In the case of higher sodium salt
ratios, the gel electrolytes transform to liquid form causing the
leaking problem by fabrication of solid-state supercapacitor.

2.4 Fabrication of testing cells and characterization of
electrochemical properties

The testing cells consist of a commercial reference electrode
Ag/AgCl, a working electrode, a counter electrode and the
GPE.

The electrochemical properties of supercapacitor were
examined by cyclic voltammetry (CV) from —0.5 to 0.5V,
electrochemical impedance spectroscopy (EIS) in the range of
10 mHz-10 kHz with 5 mV amplitude, and by galvanostatic
charge—discharge with different currents. All these electro-
chemical investigations were conducted at electrochemical
workstation system Zehner Zenium (Z 2.23).
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The specific capacitance (Ceep;, F g’l) of testing cell was
calculated via the following equations [10-13]:

I x At

Ceel = ————.
cell mx AV

ey

Note that for this condition, the cell used in the calculation
includes the active material on electrodes immersing in the
GPE.

And the electrode-specific capacitance (Cs, F g~!') was
described by the equation:

Cs = 4Cce11 . (2)

The energy density (E, Whkg™!) and the power density
(P, W kg !) were described in the following equations:
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where AV is the discharge voltage after Vip, 1(A) the
discharge current, A#(s) the discharging time, m the total
active material electrode including graphene nanoplatelet,
carbon black and PVDF.

The Raman spectrum and XRD pattern of the sample
were taken at Raman JOBIN WON, HORIBA and XRD D8
Brucker. The morphology of the sample was observed on
scanning electron microscopy (SEM) Hitachi SU8010. The
mechanical property of polymer films was tested by micro-
force testing systems (MTS, Tytron 250). The sample has the
dimension of 10 x 10 x 0.5 mm and the testing speed was

5mm min~!.

3. Results

Figure 1 shows the Raman spectrum (figure 1a) and XRD
pattern (figure 1b) of graphene nanoplatelet/carbon black
electrode. The D peak around 1350 cm™! of carbon bonding
and G peak around 1570 cm™! of phonon vibration of graphite
are clearly observed. In addition, the graphene 2D peak around
2700 cm~! from second phonon vibration mode is also seen
[17]. On the XRD pattern, strong peak at 20 = 26.6° corre-
sponding to the d-spacing between single graphene layers is
observed.

Figure 2 shows the SEM image of graphene nanoplatelet/
carbon black electrode. A network-like structure of graphene
nanoplatelets is seen. On this network structure of graphene
nanoplatelets, carbon black particles or clusters are attached.
The attachment of carbon black makes the carbon-based elec-
trode more compact to improve the electrical conductivity of
the electrode.
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Figure 1. (a) Raman spectrum and (b) XRD pattern of graphene nanoplatelet/carbon black electrode.
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Figure 2. SEM image of graphene nanoplatelet/carbon black elec-
trode.

By the solid-state supercapacitor, the flexibility of the poly-
mer host frame plays an important role. Figure 3 shows the
force—displacement diagrams of PEO, PVA, PVA-PEO (9/1)
blend. Generally, the elasticity module (E-module) of the
sample presents the stiffness of the materials. PVA has the
E-module of 2.48 MPa and it is much higher than that of
PEO (1.04 MPa). PVA/PEO (9/1) blend has the E-module
of about 1.15 MPa. This result indicates that the flexibil-
ity of PVA is strongly improved by the PVA/PEO (9/1)
blend.

Figure 4a compares the CV curves of supercapacitor with
different GPEs at voltage scan rate of 100 mV s~!. The CV
curves have good cycles that explain the capacitance is stored
energy as double layer capacitance by an agglomeration of
ions at interface of electrodes. The increment of CV curves
was coincided with the increasing of sodium salt content
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Figure 3. Force—displacement diagrams of PEO, PVA and
PVA/PEO (9/1) blend.

in the GPE. Figure 4b, ¢ and d presents the CV curves of
supercapacitor with different GPE at different voltage scan
rates from 5to 100 mV s~!. It is clear to see that for all
supercapacitors with different GPEs, the current of the super-
capacitor increases with increase in voltage scan rate. In
addition, area under the CV curves strongly broaden with
increase in voltage scan rate.

To investigate the electrochemical behaviour at the
electrode/electrolyte interface, EIS measurements were
employed. The Nyquist plots of supercapacitors with differ-
ent GPEs are showed in figure 5. The supercapacitor with
the sodium salt mixture of 10% in GPE presents the highest
resistance around 27.04 Q. With increase in sodium salt mix-
ture in the GPE, the resistance of the supercapacitors strongly
decreases to 17.3 and 9.94 Q by the sodium salt mixture of
20 and 30%, respectively. This result indicates that the ionic
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Figure 4. (a) CV curves of the supercapacitors at voltage scan rate of 100 mV s~! and (b, ¢, d) CV curves of super-
capacitors with different GPEs at different voltage scan rates from 5 to 100 mV s~!,
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Figure 5. Niquist plots of supercapacitor with different GPEs.

conductivity and the ions transfer in GPE are significantly
improved at high content of sodium salt mixture.

Figure 6 shows the galvanostatic charge—discharge curves
of supercapacitors with different GPEs at current density

of 1 A g~!. Although the resistance of supercapacitors with
different GPEs decreases with increase in sodium salt content
in the GPEs, the charge—discharge time of the supercapacitors
do not behave in the same fashion (figure 6d). The reasons for
the behaviour of charge—discharge time of the supercapacitor
with different GPEs are that the diffusion of ion from gel elec-
trolyte to the electrode is time-dependent. Thus, the time of
charge—discharge was not changed suddenly, but the voltage
drop of charge—discharge of supercapacitors increases with
increase in sodium salt content in the GPE (figure 6d). These
factors influence the performance of supercapacitors with dif-
ferent GPEs.

The performance of the supercapacitor is determined
according to equations (1)—(4). By the supercapacitor PCN1
at current density of 1 A g~!, the electrode specific capaci-
tance, energy density and power density were 91.638 F g™ !,
3.18 Wh kg~ and572.73 W kg~ !, respectively. By the super-
capacitor PCN2 at current density of 1 A g~!, the electrode-
specific capacitance, energy density and power density
were 92.485F ¢!, 3.211 Whkg™! and 578.03 W kg~!,
respectively. By the supercapacitor PCN3 at current den-
sity of 1 A g!, the electrode-specific capacitance, energy
density and power density were 93.768 F g~!, 3.25 Wh kg~!
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Figure 6. Galvanostatic charge—discharge curves of the supercapacitor at current density of 1 A g~!: (a) PCNI1,
(b) PCN2, (¢) PCN3 and (d) comparison charge—discharge curves of the supercapacitors with different GPEs at current

density of 1 A g~ 1.

and 586.166 W kg~!, respectively. The electrochemical
properties of the solid-state supercapacitors are slightly
increased with increase in sodium salt content in the GPE.
One of the reasons for these electrochemical behaviours of
the solid-state supercapacitors at different sodium salt con-
tents is the quite-low ion transport in the ionic liquid-based
GPE [19].

4. Conclusions

The effect of GPE based on PVA/PEO blend and CH;COONa/
Na,SO4 mixture on the performance of double layer super-
capacitor was investigated. The results reveal that the sodium
salt mixture was easily dispersed in the PVA/PEO blend gel
until 30%. The performance of supercapacitor was signifi-
cantly improved by increasing the sodium salt mixture content
in the GPE. At the sodium salt content of 30%, the superca-
pacitor showed the good energy density of 3.25 Wh kg~! and
power density of 586.166 W kg~!. These results suggest that
the sodium salt-based GPE is promising environmental gel

electrolyte for double layer supercapacitor with low-cost and
it is easy to fabricate.
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