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ABSTRACT

Organic solvents are commonly used as commercial electrolytes in supercapacitors, but they have several
drawbacks, such as high volatility, toxicity, and environmental issues. To overcome these problems, ionic liquids
are used though their high costs hamper commercial applications. In this study, a novel and low-cost ionic liquid
based on triethylammonium cation and thiocyanate anion were synthesized and used as the electrolyte in a low-
cost supercapacitor fabricated using electronically conducting activated carbon derived from cleaned coconut
shells as electrode material. The temperature dependence of electrolyte conductivity was investigated, in the
frequency range of 1 Hz-500 kHz, using AC impedance analysis, in the temperature range from 30 °C - 90 °C in
ten-degree increments and found to be in the range of 4.5 to 14.4 mS cm ™. The ion transport kinetics behaves
according to the Vogel-Tammann-Fulcher (VTF) model with an activation energy (E,) and the pre-exponential
factor (A,7) of 0.0158 eV and 114.9 S m~! K2, respectively. The activated carbon material developed has a
high porosity and high electronic conductivity. The electrode fabrication methodology was optimized by varying
the polyvinylpyrrolidone (PVP) binder amount with respect to the mass of activated carbon on a titanium sheet
as a function of heat treatment temperature. The supercapacitor that gives the highest specific capacitance is
based on the electrode constructed using 5 % w/w PVP in 0.50 g of activated carbon deposited on a titanium
sheet by heat treating at 200 °C for 20 min. At the scan rate of 5 mV s, two-electrode CV studies revealed a
specific capacitance of 36.8 F g~! for the optimized supercapacitor assembly. The electrolyte triethylammonium
thiocyanate (TAT) demonstrated good electrochemical stability and a large operating voltage window of 1.8 V
and high stability, with 94.4 % capacity retention after 1000 cycles. The AC impedance studies also gave
comparable results.

Prime novelty statement: The manuscript describes a method to prepare a novel and low-cost ionic liquid material
triethylammoniumthiocyanate starting from triethylamine and ammonium thiocyanate, and its application as
the ionic liquid electrolyte in a low-cost supercapacitor. The electrode material used in the supercapacitor was
fabricated using electronically conducting activated carbon derived from cleaned coconut shells, which were
deposited firmly adhering to titanium sheets using polyvinylpyrrolidone binder under optimized heat treatment
conditions. As such, both the ionic liquid electrolyte and the activated carbon electrode material are novel and
attractive materials for the commercial production of low-cost supercapacitors.
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1. Introduction

The whole world is gradually moving into renewable power sources
due to the depletion of fossil fuel resources and adverse environmental
effects associated with their usage [1]. As such, novel, cost-effective, and
highly efficient electrochemical power sources, such as secondary bat-
teries, fuel cells, and supercapacitors are to be developed to make use of
renewable energy in a more effective manner [2,3]. Supercapacitors can
be identified as a promising alternative to secondary batteries and
conventional capacitors.

This consists of two strategies for storing energy, namely, static
double-layer capacitance and electrical pseudo-capacitance [4,5].
Supercapacitors have higher capacitance values than standard capaci-
tors and higher power densities and lower energy densities when
compared to those of batteries [6]. Supercapacitors typically require a
very short charging time compared to that of secondary batteries, and
they have a significantly large number of life cycles along with high
capacitance retention, which are the characteristics of a good power
source [7]. A recent study found that a unique quasi-solid-state super-
capacitor maintained 98.6 % of its capacity after 50,000 cycles [8]. As a
result, improving supercapacitor performance and reducing their cost of
production can have a significant impact on future energy storage
technologies.

Several factors influence the performance of a supercapacitor; most
notably the type and the nature of electrode material, separator, elec-
trolytes, and binders used to fabricate the electrode [9-12]. When it
comes to activated carbon-based supercapacitors, the process of acti-
vation can have an impact on their performance [13]. The synthesis
method of the electrode plays a crucial role when it comes to the
structural and electrochemical properties of the supercapacitor. In
recent studies electrode synthesis methods such as, electro-
polymerization (electro-deposition), direct coating, chemical vapor
deposition (CVD), vacuum filtration, and hydrothermal/solvothermal
technique have been commonly used. They have shown a significant
improvement in the structural and electrochemical properties of
supercapacitors [14-17].

The use of a suitable electrolyte has a significant impact on super-
capacitor performance. Aqueous electrolytes have several significant
disadvantages, and one such drawback is their low operating voltage
windows (OPWs) [18]. This problem can be circumvented by using an
organic electrolyte, gel polymer electrolyte, or an ionic liquid electrolyte
[8,19,20]. In particular, ionic liquids have impressively broad OPWs.
When a supercapacitor is made with these electrolytes, the device's
maximum operating potential window (OPW) is always less than the
expected voltage stability window of the electrolyte. This is especially
true for ionic liquid electrolytes, which are stable in the 5-6 V range
when platinum electrodes are used, but rarely work beyond 3.5 V in
supercapacitors [20]. One of the primary reasons for lower working
potentials is parasitic reactions in the cell, which are usually caused by
impurities in the electrode material as well as by the electrochemically
active surface functional groups [21,22].

The specific energy (E) and power (P) of supercapacitors are defined

by E = 1CV?and P = %, respectively, where C, V and R are the
capacitance, the operative voltage, and the equivalent series resistance
(ESR) of the electrochemical double-layer capacitor [23]. The above
equations show how voltage influences the energy and power of a
supercapacitor. It is, therefore, important to have a large OPW for an
electrolyte to attain high voltages and thereby achieve a high energy
density and power of a supercapacitor. Since ionic liquids offer rela-
tively large OPW, focusing research on using them will enable to
develop supercapacitors with high E and P values [14]. The use of ionic
liquid, triethylammonium thiocyanate (TAT), as an electrolyte material
for the electrochemical double-layer capacitor (EDLC) is demonstrated
in this paper.

Our previous studies used TAT as a crystal growth inhibitor for

Journal of Energy Storage 55 (2022) 105628

cuprous iodide hole conductors used in dye-sensitized solid-state solar
cells (DSSCs). This enabled pore filling of interconnected TiO2 nano-
particles to improve the efficiencies of DSSCs [24]. The thiocyanate ion
possesses ubiquitous properties. It is readily adsorbed on surfaces,
improving pore filling. When alkali metal halides are compared with
thiocyanate in aqueous electrolytes of supercapacitors, thiocyanate is
found to yield higher capacitance. This has motivated us to examine
ionic liquids based on thiocyanate. In addition, the electrode material
also has an impact on the supercapacitor's specific capacitance. Carbon-
based materials are often used as an electrode material for super-
capacitors as well as an anode electrode material for lithium-ion batte-
ries (LIBs) because of their unique thermal, structural and
electrochemical properties. In LIBs, a carbon coating functions as an
anode material. This has the ability to slow down the deterioration of the
active electrode material and the electrolyte. A similar procedure can
also be applied to lengthen the life of the supercapacitors [25]. A variety
of electrode materials such as carbon nanotubes, graphene, activated
carbon, templated porous carbon, functionalized porous carbon, and
carbon aerogels were most used [26-31].

There are some reports on using ionic liquids as electrolytes for SC
but, to the best of our knowledge, there is no reports in the literature on
using TAT in supercapacitor applications. In addition, this innovative
study reveals that a relatively high specific capacitance can be achieved
by using low-cost carbonaceous electrodes prepared using active carbon
derived from coconut shells. Interestingly, this SC can be operated at a
voltage window as high as 1.8 V and it exhibits high stability, along with
94.4 % capacity retention after 1000 cycles.

2. Experimental
2.1. Materials used

Coconut shell, which is abundant in Sri Lanka, was used to make
activated carbon as an electrode material. As a current collector, tita-
nium plates with dimensions of 2 cm x 1 cm x 0.45 mm (length x width
x thickness) were used. Ammonium thiocyanate (NH4SCN, 98.0 % (m/
m) assay) and dichloromethane (CHyCly, 99.5 % (m/m) assay) were
purchased from Fujifilm Wako Pure Chemical Corporation, Osaka,
Japan. Triethylamine (CgH;sN, 99.0 % purity) was purchased from
Daejung Chemicals, Siheung-si, South Korea. Hexane (CgHp4, 99.0 %
purity) was procured from Sigma-Aldrich, St. Louis, Missouri, United
States. Medium retention filter papers (model-F1001, retention range
10-13 pm) were obtained from Chmlab, Barcelona, Spain.

2.2. Methods

2.2.1. Preparation of the triethylammonium thiocyanate ionic liquid
electrolyte

For the preparation of the TAT ionic liquid electrolyte, the mixture of
ammonium thiocyanate and triethylamine (triethylamine in 25 % excess
of the stoichiometric amount) was slowly heated up to 120 °C on a
hotplate under anhydrous conditions and allowed to heat at this tem-
perature for 2-3 min [18]. This has resulted in the formation of TAT with
the expelling of ammonia gas, as shown in Eq. (1).

(C,Hs);N(1, 25 mol%excess)) + NH,SCN(s, dissolved in trimethylamine)
€, (C,Hs);NH" (1) + SCN™ (1) + NH; (g)
(€)]

The reaction shown in Eq. (1) is accelerated by the removal of
ammonia from the liquid phase. However, to avoid the condensation of
ammonia and moisture and return to the reaction mixture as ammonium
hydroxide, it is necessary to maintain strict anhydrous conditions.
Therefore, the methyl ammine liquid used was dried with silica gel to
remove any water present in it. The NH4SCN solid used was dried in a
vacuum oven at 60 °C for 24 h to make sure that it was also anhydrous.
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The anhydrous NH4SCN was then dissolved in (CaHs)sN liquid in 1: 1.25
M ratio and heated slowly, under anhydrous conditions, until the tem-
perature reaches 120 °C, at which the heating continued for 2-5 min.
Then, the above reaction takes place and (CoHs)sNH (1) and SCN~(1)
ions separate from the remaining reaction mixture as the ions are not
soluble in (C2Hs)3N. Since the ionic fraction is the heaviest, it separates
out to the bottom of the reaction vessel. The ionic component and some
unreacted (CoHs)sN and NH4SCN were then separated using a sepa-
rating funnel. However, the ionic component still contains some trapped
(C2Hs)3N and NH4SCN. The product was then washed repeatedly with
hexane to remove excess (CoHs)3N. The ionic component was dissolved
in dichloromethane and any unreacted NH4SCN was separated by
centrifugation. The colorless and transparent ionic liquid of
(GHs)sNH'(I) 4+ SCN ()was obtained by evaporating dichloro-
methane, which was subsequently dried under vacuum, at 70 °C, for 1 h,
and subsequently at 30 °C for 5 days [32].

(2)

Thermocouple
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Electrochemical impedance spectroscopy (EIS) was used to deter-
mine the characteristics of the TAT electrolyte, at different temperatures
from 30 °C to 90 °C, in ten-degree increments, in the frequency range 1
Hz-500 kHz. The TAT ionic liquid electrolyte sample was sandwiched
between two small stainless steel cylinders, placed in a plastic tube as
shown in Fig. 1 (a) and placed in an empty beaker. The two stainless
steel cylinders were connected to the frequency response analyzer of the
Metrohm Autolab Potentiostat/Galvanostat using crocodile clip
attached copper wires. The whole setup was then placed in an oil bath
placed on a hot plate, and EIS measurements were performed at different
temperatures in the range from room temperature to 90 °C (Fig. 1 (b)).
For each measurement, the temperature of the sample was allowed to
stabilize for 10 min.

2.2.2. Activated carbon and suspensions of activated carbon
The activated carbon was prepared starting from coconut shells. To

Transparent
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Stainless steel

Connecting
Clips

cylinders Electrolyte layer
(b)
Electrochemical Thermometer
work station A —

]
=

\
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electrolyte
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-

Fig. 1. (a) A schematic representation of the cell made by sandwiching the trimethylammonium thiocyanate ionic liquid electrolyte between two stainless steel
cylinders which were placed in a plastic tube. (b) The set up used to measure electrochemical impedance data of the trimethylammonium thiocyanate ionic liquid

electrolyte at different temperatures.
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do so, the coconut shells were cleaned by scraping away their fibrous
materials. The cleaned coconut shells were burned in a metal chamber
until the flames emitted from the volatile matter became incandescent.
The burnt coconut shells were quenched by putting them into distilled
water. They were then heated, at 900 °C, for 20 min, in a box furnace.
The hot charcoal thus obtained was put into a distilled water tank to
quench it again and cool it down. They were then removed from the
tank, dried, and ground into a powder [13]. The grinding process was
continued for 10 min to obtain a fine powder sample, and a disc mill was
used in this step. A schematic diagram along with relevant photographic
images to illustrate the process of making activated carbon powder from
coconut shells is given in Fig. 2. The resulted samples were characterized
by X-ray diffraction (XRD; RigakuUltima IV X-ray powder diffractom-
eter), nitrogen adsorption measurements (Micromeritics 3Flex surface
characterization analyzer) and scanning electron microscopy (SEM-
SU6600 12.0 kV SEM).

The activated carbon and polyvinylpyrrolidone (PVP) suspensions
were prepared as follows. First, suspensions of activated carbon and
polyvinylpyrrolidone (PVP) in isopropanol were prepared. To do so, PVP
samples of 0.01 g, 0.025 g, 0.035 g, 0.05 g, and 0.75 g were mixed with
isopropanol (10.0 ml separately in a quartz mortar for 1-2 min with a
pestle). The activated charcoal (0.5 g) was then added to each sample
and stirred for a further 3 min to obtain the activated carbon with PVP
binder suspensions.

2.3. Fabrication of supercapacitors and characterization

Initially, the titanium current collector plates were cleaned by
ethanol, rinsed with de-ionized water, and dried in hot air. Then,
cleaned and dried plates were kept on the hot plate at 150 °C for 10 min
before spraying the suspension. Fig. 3. (a) shows a photograph of the
suspension prepared by dispersing activated carbon and poly-
vinylpyrrolidone (PVP) in isopropanol. Next, the activated charcoal in
PVP suspensions was sprayed separately onto the titanium current col-
lector plates using the spray coating process. The spray coating was
accomplished using a spray gun with a nozzle diameter of 1.5 mm. The
electrodes thus fabricated were then sintered in a furnace, at 300 °C, for
20 min. Fig. 3(b) shows the electrodes fabricated. The electrodes were
wetted with the TAT ionic liquid electrolyte and separated by the
membrane so that both surfaces of the membrane are in contact with the
electrolyte.

The supercapacitors were then assembled using TAT ionic liquid
electrolyte sandwiched between the two electrodes, where the assembly
of the different components is schematically illustrated in Fig. 3(c). The
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two current collector electrodes were then connected to the Metrohm
Autolab Potentiostat/Galvanostat and the cyclic voltammograms (CVs)
were recorded at 5, 10, and 15 mV s™! potential scan rates in the po-
tential range from 0 V to +1.0 V. EIS was performed using FRA module,
and the fitting to the most appropriate equivalent circuit was done using
built-in NOVA software. To investigate the cell's open voltage window,
CVs were done at 10 mV s ! in various potential ranges ranging from 0 V
(lower vertex) to +1.0 V (upper vertex), with the upper vertex
increasing by 0.2 V increments. In addition, 1000 CV cycles at a 100 mV
s~ 1 scan rate were done to test the cell's cycle life. Before and after 1000
cycles, EIS was done in order to check the losses during the cycling.

A computer-controlled Metrohm Autolab Potentiostat/Galvanostat
Electrochemical Analyzer was used to perform the CV, galvanostatic
charge/discharge (GCD) curves and EIS measurements. The potential
sweep rate was set to 10 mV s7! during CV testing. Eq. (2) was used to
calculate the cell capacitance.

1) 1dv
_ v @
2mAV 4
where m is the mass of activated carbon layer on the electrode surface, I
is the current, AV is the potential range used and ‘é—‘t’ is the potential scan
rate used in the CV experiments.

3. Results and discussion
3.1. Characterization of activated carbon

Fig. 4(a) depicts the SEM images of the activated carbon material
prepared which indicate particles with different sizes in the micrometer
range with high porosity. The P-XRD pattern of the resulting activated
charcoal sample shows no sharp diffraction peaks, as would be expected
in a highly crystalline material. Due to the very amorphous nature of the
charcoal, the peaks are broad. However, it shows two broad peaks at 26
= 24.655° and 43.705°, which correspond to diffractions from (002) and
(100) planes of the activated carbon standard P-XRD pattern (JCPDS
75-1621). There are no other diffraction peaks, indicating that the
generated activated charcoal sample is free of crystalline contaminants.

In the Raman spectra of activated charcoal, two bands are observed.
The band at 1350 cm ™! corresponds to the D band, while that at 1600
em ™! corresponds to the G band of activated charcoal [33]. The graphite
band (G band) relates to perfect graphitic vibration modes, whereas the
defect band (D band) refers to disordered graphite. When the intensities

J
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distilled water

——

Dried at 100 °C

Coconut shells Cleaned coconut shells

Burned coconut shells

Quenched in
distilled water

<=

Disc milled for 10 minutes

Activated carbon powder

Activated coconut shells

900 °C for 20 minutes

Fig. 2. Schematic diagram of the process of making activated carbon powder from coconut shells.



A.D.T. Medagedara et al. Journal of Energy Storage 55 (2022) 105628
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Fig. 3. (a) Photograph of the suspension made by dispersing activated carbon and polyvinylpyrrolidone (PVP) in isopropanol. (b) Titanium current collector plates
after depositing activated carbon in polyvinylpyrrolidone suspension by the spray method. (c) Schematic representation of the different layers in the super-
capacitor assembly.
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Fig. 4. (a) The SEM images at different magnification levels (i) 1500 (ii) 2500, (b) the powder XRD pattern of activated carbon and (c) the Raman spectrum of
activated carbon prepared.
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of the two bands are compared, it is possible to conclude that fabricated
charcoal contains both graphitic and amorphous carbon, resulting in a
larger surface area than pristine graphitic charcoal. This value can be
compared with other activated charcoal samples to gain a relative un-
derstanding of the disordered degree by taking the ratio of the band peak
area (Ip/Ig) [34]. The Ip/Ig value obtained for this sample is 0.83,
indicating that this compound has a lesser number of structural defects.

In addition to the above characterizations, the specific surface area
and pore characteristics of the activated carbon sample are important to
determine the possibility of ion storing capacity of the sample. Nitrogen
adsorption-desorption analysis of the activated carbon sample showed
Brunauer-Emmett-Teller (BET) surface area and total pore volume, 636
m? g ! and 0.23 cm® g'b respectively.

3.2. Properties of the trimethylammonium thiocyanate ionic liquid
electrolyte

Fig. 5 depicts the Nyquist plots of the AC impedance studies of the
TAT ionic liquid electrolyte synthesized and used in this work. It is
interesting to note that the bulk resistance of the electrolyte decreases as
the temperature is increased. This can be due to the increase in ionic
mobility since, in general, charge transport kinetics increase with
increasing temperature and decrease in local viscosity of the electrolyte
as the temperature is increased. Table 1 depicts the bulk resistance data
and calculated bulk conductivity data together with resistance for ionic
transport data which were determined from the straight-line segment of
45° inclination describing the Warburg impedance portion of the
impedance. The ionic conductivity values are in the mS scale, showing
sufficient conductivity of the electrolyte for its use in the supercapacitor
assembled in this work.

The Eq. (3) describes the variation of the ionic conductivity of an
electrolyte as function of temperature [35].

arfT-y ([
— » _ R
o(T) = 7 exp Y, 3)
R
22 T
® 30°C 2
20 0, L ]
®  40°C . .
8 ® 50°C Py °
®  60°C °
o °
16| ® 70°C s 2
® 30°C » 7y i
14 ® 90°C P
o
_Q 12 . 5 ° °
- %o
N 10 Lt
o, ® o o »
8 °
¢ °® ° ° L
6 ° P ° .
4 ® ® ° L]
) ° ° °
[ ] (] [ [
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6 12 14 16 18 20 22 24 26 28
Z'/Q

Fig. 5. The Nyquist plots obtained from AC impedance data for the trimethy-
lammonium thiocyanate ionic liquid electrolyte at different temperatures.
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Table 1
Temperature dependence of the bulk resistance values and estimated ionic
conductivities.

Temperature Bulk resistance Ionic conductivity Ion transport
Q) Q) (mS cm’l) resistance (Q)

30 24.92 4.46 95.57

40 18.03 6.17 73.06

50 13.95 7.98 57.35

60 11.33 9.82 50.01

70 9.58 11.61 39.56

80 8.45 13.17 31.35

90 7.74 14.37 24.93

where, E is the bond energy between the mobile and the surrounding
ion, Z is the coordination number of the mobile ion Epand Z, are the
mean values of E and Z and AE and AZ are their fluctuations.T is the
absolute temperature, R is the gas constant, A, is the pre-exponential
factor.

Eq. (3) reduces to the Arrhenius-like Eq. (4) when T>>%.

E()ZO
RT ) C)]

o(T) = Anrexp( -

If Eq. (4) is applicable to the sample, then the plot of Ino(T) against

is a straight-line with —E"% as its gradient andIn(A,7) as the intercept on
the vertical axis.

As shown from Fig. 6 (a), the plot of Ino(T) against @ is not linear
and hence the ionic conductivity of the electrolyte does not follow
Arrhenius behavior. More sophisticated Equation for the temperature
dependence of the ionic conductivity of an electrolyte is given by the
Vogel-Tammann-Fulcher (VTF) relationship that is given in Eq. (5).

L } ®)

o(T) = A,,TT’%exp |:k73(T — 7

Here, E, is the pseudo activation energy for ionic transport and Ty is
the ideal glass transition temperature of the electrolyte. The Ty for tri-
methylammoniumthiocyanate is 235 K. As can be seen from Fig. 6 (b),
the plot of In(v/To(T) ) against = T 1yjis a linear. Therefore the electrolyte

obeys the VTF behavior. Then the plot of In(v'T 6(T) ) against ar; The
activation energy Ejand the pre-exponential factor A,7is 0.0158 eV and
114.95 m~! K2, respectively.

3.3. Characterization of supercapacitors fabricated

3.3.1. Optimization of polyvinylpyrrolidone in the preparation of activated
carbon suspension

Table 2 shows the specific capacitance of supercapacitors made with
0.50 g of activated carbon and containing different amounts of PVP
binder, studied at 300 °C. As revealed by the data, the highest specific
capacitance is obtained when the mass of PVP binder used is 5 % of that
of activated charcoal. When the binder amount is less than 5 %, the
binder used is insufficient for the mass of activated carbon used to fix
onto the titanium current collector surfaces. Therefore, the electrode
material tends to peel off, giving an inferior performance. When the
binder used is too much, the electronic conductivity of the activated
carbon electrode material decreases. This effect tends to increase the
shunt resistance of the device, again reducing the performance of the
supercapacitor fabricated. Therefore, the optimum performance of the
supercapacitor is obtained when the PVP binder used is 5 % m/m of the
activated carbon used in making the suspension for fabricating
electrodes.

The specific capacitance depends on the performance of the elec-
trode materials in addition to those of the electrolyte. The performance
of electrode materials depends on the extent to which they are bound to
the current collector surface, the porosity of the layer, the number of
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(b)
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Fig. 6. (a) the Arrhenius and (b) Vogel-Tammann-Fulcher (VTF) plots for the temperature dependence of ionic conductivity of the trimethylammonium thiocyanate

ionic liquid electrolyte.

Table 2

Specific capacitances of the supercapacitors made with different amounts of the
polyvinylpyrrolidone binder in the 0.50 g activated carbon layer at 300 °C;
cyclic voltammetry performed at 10 mV s~ scan rate.

Cell No. Binder% Area under the CV curve (V A) Cn (F g’l)
1 2 0.0059 18.4
2 5 0.0068 28.3
3 7 0.0023 23.0
4 10 0.0021 21.4
5 15 0.0031 19.4

active sites available, and the electronic conductivity of the electrode
material used. These properties depend on the parameters used in the
fabrication of the electrode material. Since the best performance is
observed for cell No. 2, which comprised 0.50 g of activated carbon with
5 % PVP binder used in the preparation of the electrode material, this
cell was used for the investigation of the specific capacitance of the
supercapacitor fabricated using the electrodes fabricated at different
temperatures from 100 °C to 300 °C. Table 3 depicts the data obtained.
As can be observed from the data given in Table 3, the specific capaci-
tance of the supercapacitor increases when the temperature of the
electrode is increased from 100 °C to 200 °C beyond which it progres-
sively decreases. This is possible since the temperature increases, the
binding of the electrode material to the current collector surface be-
comes better, thus giving rise to lowered electrical resistance between
the current collector/electrode material junction. However, when the
temperature is increased beyond 250 °C, the PVP binder tends to burn,
thus causing poor adhesion of the electrode material to the current
collector surface. As a result of this, the resistance at the junction

Table 3
Specific capacitance of the supercapacitor cell No. 2 at different temperatures;
cyclic voltammetry performed at 10 mV s~ scan rate.

T (°C) Area under the Cm (F g’l)
CV curve (V A)
100 0.0043 17.70
150 0.0021 20.95
200 0.0027 33.47
250 0.0070 29.30
300 0.0077 24.00
350 0.0041 20.50

increases. The maximum specific capacitance of 33.47 F g~ is obtained
at the optimum temperature of 200 °C, at which electrodes were
fabricated.

3.4. Electrochemical characterizations

3.4.1. Cyclic voltammetry (CV) characteristics

Fig. 7 shows the CV characteristics of the TAT-based supercapacitor,
at different scan rates, with optimized amounts of activated carbon and
binder composition (5 % m/m) used in fabricating electrodes, which
were treated at the optimized temperature of 200 °C that gave the
highest specific capacitance. The specific capacitance data calculated at
different scan rates are given in Table 4. As shown in Eq. (2), the increase
in the scan rate,’fi—‘t’, tends to decrease the specific capacitance, C, and the
behavior is confirmed by the CVs given in Fig. 7(a) and the data shown
in Table 4.

In Fig. 7(a), the rectangular shapes of the CVs and the absence of any
redox peaks in CVs measured at different scan rates illustrate the electric
double layer capacitance behavior of the SCs [36]. Aqueous acid or base
type electrolytes (HySO4, KOH) have higher conductivities (up to 1 S
cm 1) than those of organic/ionic electrolytes, but the operating voltage
is relatively low (below 1.1 V) due to water's low electrochemical sta-
bility window (1.23 V) [37]. Fig. 7 (b) shows seven CV curves for the cell
containing TAT ionic liquid electrolyte in different OPWS between 0 and
1 and 0-2.2 V at a scan rate of 10 mV s '. As shown in Fig. 7 (b), when
the voltage exceeds 2.0 V, the CV rectangular shape of the curves is
distorted, but no traces of side reactions were observed. Above 2.0 V, the
current increases quickly, which indicates the presence of a Faradic
reaction in the electrolyte [38]. However, as shown in Fig. 7 (b), 1.8 V is
a suitable operating voltage for the TAT electrolyte.

3.4.2. Capacitive and diffusive analysis

CV curves (Fig. 7 (a)) are further analyzed to determine the contri-
bution of capacitive and diffusive control processes to current density.
Eq. (6) illustrates the contribution of capacitive and diffusive control
process current to total current [39-41].

i(v) = kv 4k’ 6)
where, i(v) is the current response at a specific voltage, v is the scan rate,

and kj & ks are constants. Here, the kjv term relates to the capacitive
current and the kov*® term relates to the diffusive current [39]. Fig. 8
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Fig. 7. (a) The cyclic voltammograms, recorded at different scan rates, 5, 10, and 15 mV s71, of the supercapacitor made with the optimized dosage of the electrode

materials treated at the optimized temperature of 200 °C and (b) cyclic volumetric curves of the cell for different operating voltage windows at scan rate 10 mV s

Table 4
The specific capacitance data obtained from cyclic voltammograms recorded at
three scan rates.

Area under CV
curve (V A)

Potential scan
rate (mV s')

Mass of activated material
deposited on Titanium plate
(x107° g)

Specific
capacitance
Fg™h

36.8
335
29.5

4.00 5
4.00 10
4.00 20

0.00147
0.00267
0.00472

I piffusive [l Capacitive
100%
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80% -
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60% i
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Percentage (%)
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5 10 20

Scan rate (mV s™!)

Fig. 8. Capacitive and diffusive contributions to the total current at different
scan rates.

depicts the diffusive and capacitive behavior of a TAT supercapacitor at
different scan rates. The diffusive contribution decreases from 34 % to
20 % with an increase in scan rate. This implies that there is no sufficient
time to transport ions into electrodes at faster scan rates. The scan rate
doesn't seem to have any impact on the capacitive element.

—1

3.4.3. Galvanostatic charge/discharge (GCD) characteristics

The GCD curves measured under different current density ranges of
0.5, 1.0, 1.5, and 2.0 A g~ are shown in Fig. 9, which depicts a nearly
triangular shape and relatively fast current response that corresponds to
double-layer capacitive behavior [38]. During the charging and dis-
charging stages, a small sharp initial jump/drop in voltage is observed,
which relates to the internal resistance, ESR, of the cell [42].

3.4.4. Electrochemical impedance spectroscopy (EIS) characteristics

To determine the behavior of supercapacitor, it is important to
investigate the electrochemical impedance spectroscopic (EIS) data in a
wide frequency range. Fig. 10 shows the Nyquist plot for the optimized
cell and the inset shows the equivalent circuit used to fit data. The ion
diffusion process within the AC electrode can be understood by elec-
trochemical EIS data. The Nyquist plots show a relatively vertical spike
in the low-frequency region, indicating the primary contribution of
electrostatic ion adsorption and low diffusion resistance [36]. In addi-
tion, the low charge transfer resistance can be inferred from the small
semicircle in the high-frequency region.

The X-axis intercept indicates the bulk or series resistance, Ry that

1.2
—0.5Ag"!
% —— 1.0 Ag"!
: —1.5Ag"
—2.0Ag"
08
2
)
o0
g 06
S
>
0.4
0.2
00 1 1 1 1

0 S 10 1S5 20 25 30 35 40 45
Time (s)

Fig. 9. The charge-discharge curves of the optimized supercapacitor measured
at different current densities.
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Fig. 10. (a) The Nyquist plot and (b) the phase angle versus frequency Bode plot for the optimized supercapacitor. The equivalent circuit used to fit the Nyquist plot

is shown in the inset in Fig. 8. (a).

appears in the highest frequency range. It follows a semicircle part
appearing in the next highest frequency range of 1 MHz to 0.5 MHz. The
semicircle is caused by a parallel combination of charge transfer resis-
tance and capacitance, R, and the double layer capacitance Cgq. This
indicates that Faradic reactions are occurring in the supercapacitor due
to electro-active functional groups. It is implied in the curvature ob-
tained in the linearly decreasing phase angle with log(frequency) in the
Bode plot. It then follows a linear portion of approximately 45° incli-
nation known as the Warburg impedance, W, and is caused by the ionic
transport. The typical nearly constant phase angle demonstrated in the
Bode plot also accounts for this constant phase element used in the
equivalent circuit. At low frequencies, the electrodes' capacitance is
increased due to a greater number of ions moving, resulting in a decrease
in the capacitor's bulk resistance, which is typical of capacitive behavior
with a capacitance C. The fitted data reveals Ry, Ret, Cq;, W, and C are
9.09 Q, 1.81 Q, 57.3 pF, 81.3 mMho, and 127 mF, respectively. The bulk
(series) resistance value obtained is comparable to that obtained for the
electrolyte sandwiched between two stainless steel plates, as shown in
the data given in Table 1. The much lower charge transfer resistance and
typical double-layer capacitance in pF show that the Faradic reactions
occurring are fast. The mMho range of Warburg impedance indicates
fast ion transport within the electrolyte and within the pores of the
electrode material. The capacitance of the supercapacitor, 127 mF,

(a)
0.02 - — 1" cycle
: —— 100" cycle
——200" cycle
- ——300™ cycle
5 0.011 —— 400" cycle
= —— 500" cycle
o —— 600" cycle
; 0.00 - ——700™ cycle
© —— 800" cycle
—— 900" cycle
-0.01 1 —— 1000 cycle
_0.02 1 1 1 1
0.0 0.5 1.0 1.5
Voltage (V)

(b)

when divided by the mass of the electrode material, 4.0 mg, gives the
specific capacitance to be 28.0 F g_1 and is comparable to that obtained
from GCD experiments (29.6-36.8 F g~1). Therefore, the independent
methods used to determine the specific capacitance of the optimized
supercapacitor give reasonably close results indicating that the data
obtained are acceptable with a small error margin.

The cycle life of a supercapacitor is a significant factor to consider
when dealing with real-world applications. To analyze the cell's elec-
trochemical stability, 1000 CV cycles were performed (Fig. 11. (a)). The
specific capacitance of a supercapacitor with TAT electrolyte as a
function of cycle number is shown in Fig. 11. (b).

Fig. 11. (a) shows the cyclic voltammograms of the optimized
supercapacitor measured at a scan rate of 100 mV s~ for 1000 cycles.
Only the curves for every 100 cycles are shown since the curves were
crowded. In addition, two Nyquist plots were obtained before and after
1000 cycles to evaluate the changes that happened to the supercapacitor
during the continuous CV experiment. Fig. 12 shows the impedance
curves taken before and after taking 1000 CV curves. After 1000 cycles,
the Nyquist plot has shifted to the left side, indicating the reduction of
the resistance of the electrode and the electrolyte. This small shift can be
due to the slight increase in temperature. In other words, the ESR value
appears to be slightly lower than its initial value, indicating that the
internal resistance of the cell has decreased. This drop in resistance may

30

25

20+

15+

Specific capacitance (F/g)

400 600 800
Cycle number

0 1
0 200 1000

Fig. 11. (a) The cyclic voltammograms of optimized supercapacitor with TAT electrolyte at scan rate 100 mV s~ for 1000 cycles (curves are shown for each 100
cyclic) (b) cycling performance of the optimized supercapacitor for 1000 cycles (calculation were conducted for 100 steps).
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Fig. 12. The Nyquist plot of supercapacitor with triethylammonium thiocya-
nate electrolyte after 0 and 1000 cycles.

be due to the slight increase in temperature caused by the conduction of
large number of cycles continuously and the improved charge transport
between electrode and electrolyte.

The initial specific capacitance was 25.6 F g™, but after continuing
1000 cycles, it decreased slightly to reach 24.1 F g~! The results indicate
that the TAT-based supercapacitor exhibits extremely good capacity
retention of 94.4 %, which is indicative of the high stability of the ionic
liquid and activated carbon. The specific capacitance against cycle
number is shown in Fig. 11. (b) which also indicates the high stability of
the device as well as the components.

4. Conclusion

In conclusion, we made an activated charcoal supercapacitor with
polyvinylpyrrolidone (PVP) electrodes and trimethylammonium thio-
cyanate (TAT) ionic liquid as the electrolyte. This supercapacitor elec-
trolyte performs exceptionally well, and this is the first time the
activated  carbon/polyvinylpyrrolidone  binder/triethylammonium
thiocyanate ionic liquid electrolyte combination-based supercapacitors
were fabricated and characterized. The sintering temperatures of acti-
vated carbon and PVP electrodes, as well as the binder quantity per-
centage in activated carbon electrodes, were investigated. The optimal
binder percentage is 5 % of activated carbon quantity, and the specific
capacitance of the supercapacitor is 36.8 F g~'when the electrodes are
sintered at 200 °C for 20 min. The supercapacitor has been characterized
using a variety of approaches, and these observations have been shown
to be in good agreement with each other.

Furthermore, after 1000 cycles, the TAT-based supercapacitor
showed good electrochemical stability, with 94.4 % capacity retention.
The results reveal that TAT ionic electrolyte can successfully be used in
supercapacitor applications, which would eliminate the drawbacks of
aqueous electrolytes. There seem to be Faradic reactions due to electro-
active functional groups present on the activated carbon surface. These
functional groups have to be removed to minimize such undesired side
reactions.
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