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Abstract.  Electrochemical double-layer capacitors (EDLCs) based on solid polymer electrolytes (SPEs) have
gained an immense recognition in the present world due to their unique properties. This study is about preparing and
characterizing EDLCs using a natural rubber (NR) based SPE with natural graphite (NG) electrodes. NR electrolyte
was consisted with 49% methyl grafted natural rubber (MG49) and zinc trifluoromethanesulfonate ((Zn(CF3SOs),-
ZnTF). It was characterized using electrochemical impedance spectroscopy (EIS) test, dc polarization test and linear
sweep voltammetry (LSV) test. NG electrodes were made using a slurry of NG and acetone. EIS test, cyclic
voltammetry (CV) test and galvanostatic charge discharge (GCD) test have been done to characterize the EDLC.
Optimized electrolyte composition with NR: 0.6 ZnTF (weight basis) exhibited a conductivity of 0.6 x 10* Scm! at
room temperature. Conductivity was predominantly due to ions. The electrochemical stability window was found to
be from 0.25 V to 2.500 V. Electrolyte was sandwiched between two identical NG electrodes to fabricate an EDLC.
Single electrode specific capacitance was about 2.26 Fg™! whereas the single electrode discharge capacitance was about
1.17 Fg!. The EDLC with this novel NR-ZnTF based SPE evidences its suitability to be used for different applications
with further improvement.

Keywords: electrochemical double-layer capacitors; natural graphite; natural rubber; single electrode
specific capacitance; solid polymer electrolytes

1. Introduction

Electrochemical double layer capacitor (EDLC)s belong to the family of energy storage devices
and they can store relatively higher energy density than that of conventional capacitor. Their key
advantages include fast charging/discharging (high power density), long charge-discharge cycles,
broad operating temperature ranges etc. They have found wide applications in hybrid and electric
vehicles, electronics, aircrafts, and smart grids etc. (Libich et al. 2018, Abrufia et al. 2008). They
can be fabricated using two identical electrodes (known as ‘symmetric EDLCs) as well as two
different types of electrodes (known as ‘asymmetric EDLCs). A typical symmetric EDLC is
composed of a suitable electrolyte with two carbon based electrodes (Yu et al. 2012). Often the

*Corresponding author, Professor, E-mail: kumudu31966@gmail.com
2Ph.D. Student, E-mail: nanditharajapaksha2@gmail.com
®Professor, E-mail: kamalpv41965@gmail.com

Copyright © 2022 Techno-Press, Ltd.
http://www.techno-press.org/?journal=eri&subpage=7 ISSN: 2287-6316 (Print), 2287-6324 (Online)



42 Nanditha Rajapaksha, Kumudu S. Perera and Kamal P. Vidanapathirana

electrolyte has been an aqueous or non-aqueous liquid electrolyte. However, challenges of
practically handling a liquid electrolyte in an EDLC, have led to search for solid electrolytes with
promising features.

Solid polymer electrolytes (SPEs) are one such solid electrolyte category employed for batteries,
fuel cells, sensors and electrochromic displays (Simon et a/. 2008, Nimah et al. 2015, Pal and Ghosh
2018). Polymers such as poly(ethylene oxide) (PEO), poly vinylidenefluoride (PVdF) and poly
vinylidenefluoride co heaxafluoropropylene (PVdF-Co-HFP) have been used in SPE formulations.

A good conductivity, stability, environmental compatibility (eg. low toxicity, natural abundance)
and affordability are key desirable properties of successful electrolytes. However, the typical
conductivity of most SPEs is still in the order of 10~ Scm™ which is significantly lower than that of
desired conductivity range (e.g., 10°-10* Scm™) and hence, various methodologies have been
launched to improve conductivity of SPEs. One method is replacing PEO with other suitable
polymers. Salleh et a/ have reported about a study on a SPE based on methyl cellulose biopolymer
in place of PEO (Salleh et al. 2016). Having ammonium iodide as the salt, it had exhibited a
conductivity of 5.08x10* Scm!'. Another approach to improve the conductivity of SPEs is blending
several polymers to get use of characteristics of each polymer. Chandra, A. has synthesized a
poly(ethylene oxide) and poly(vinylpyrrolidone) blended SPE with a good conductivity (Chandra
2013). Nevertheless, there are some detriments in commercial polymers, such as toxicity,
environmental impacts and high cost. To avoid these facts, natural polymers have been emerged as
a prospective class of alternatives.

It is in this context that the choice of natural rubber (NR) as a polymeric media for SPE becomes
attractive (Aziz et al. 2018). NR is obtained as a milky white fluid known as latex from the tropical
rubber tree (hevea brasiliensis). Monomer of NR is isoprene (2-methyl-1,3-butadiene) which is a
conjugated diene hydrocarbon. Most of the double bonds in the NR polymer chain give rise to
natural rubber's elastomer qualities. As NR is an electric insulator, suitable modifications are
required for the polymer chain to make it conducting up to the desired level to be able to use for a
SPE in a diverse range of applications (Glasse ef al. 2002, Idris ef al. 2001, Silakul and Margaraphan
2013). Modified natural rubber (MNR) has a low glass transition temperature (T,), soft elastomer
characteristics at room temperature, good elasticity and possess adhesive properties which favor
device fabrication.

One of the widely used modifications is the graft polymerization with methylmethacylate
(MMA) monomer (Idris et al. 2001). According to the number of monomers grafted to the NR
polymer chain, such methyl grafted NR samples are named. As an example, if the number of MMA
monomers incorporated to NR polymer chain is 49, it is labeled as MG49 (MG means methyl
grafted). Such MG NR bears the combined properties of polymethylmethacrylate (PMMA) as well
as NR. Provision of ion conduction is assumed to be due to PMMA whereas NR is responsible for
elastic properties (Mohamed ef a/. 2008).

This paper is intended to report the preparation, optimization and characterization of a SPE based
on MGNR and its performance in an electrochemical double layer capacitor (EDLC) having two
identical graphite electrodes. The reporting SPE consists with MG49 NR and zinc
trifluoromethanesulfonate ((Zn(CF3S03),-ZnTF). Compositions of SPEs were optimized to get the
highest conductivity. Investigations were carried out to identify conduction mechanism, mobility of
charge species and electrochemical stability. EDLCs were fabricated using the SPE with the
optimized composition and two identical natural graphite (NG) electrodes. They have been
investigated using electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) tests.
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2. Materials and methods
2.1Materials

MG49 NR was received from Associated Speciality Rubber (PVT) Ltd in Kegalle, Sri Lanka and
zinc trifluoromethanesulfonate (Zn(CF3;SO3),-ZnTf, 98%) was purchased from Sigma-Aldrich.
Tetrahydrofuran (THF) purchased from Sigma-Aldrich was used as the solvent in the SPE. Well-
cleaned fluorine-doped tin oxide (FTO) glass plates (Sigma-Aldrich) were used for the fabrication
of EDLC. Natural graphite (NG) which was received from Bogala Graphite Lanka Ltd., Bogala, Sri
Lanka was used without any prior treatment. Acetone (Sigma- Aldrich) was used as the solvent for
preparing electrodes.

2.2 Preparation of SPEs

Selected amount of MG49 sample was minced into smaller pieces and mixed in THF. It was kept
for 24 hours without stirring and then magnetic stirring was done for 24 hours. ZnTF solution was
prepared separately in THF and stirred well. The two solutions of MG49 and ZnTF were then mixed
together and stirred further to form a homogenous electrolyte solution. The final solution was then
poured into a petri dish and left to slowly evaporate the solvent for 24 hours. Thereby, a thin
electrolyte film could be obtained. SPEs having different salt concentrations were prepared keeping
the amount of NR constant.

2.3 AC conductivity measurements of SPEs

AC conductivity measurements of a sample are connected with impedance data gathered
throughout a range of frequencies. Using impedance data, conductivity can be calculated for
different sample compositions at different temperatures. A circular shape sample was cut from the
electrolyte film and it was assembled in between two stainless steel (SS) electrodes in a spring-
loaded sample holder. Impedance data were gathered in the frequency range from 0.1 Hz to 400 kHz
by using a computer controlled Metrohm Autolab Impedance Analyzer M101 from room
temperature to 55°C. Thickness of the films was measured using a micrometer screw gauge.

2.4 Transference number measurements

Transference number measurements are recognized as finger prints for the contribution of
different charge species on the conductivity. In the present study, it was evaluated by the mobility of
each charge species using the DC polarization test. In general, total ionic transference number ()
and cationic (#+)/anionic (.) transference numbers can be measured by performing DC polarization
tests using appropriate electrodes. Electrodes which are blocking ions and permit electrons to move
across under the effect of a DC potential are known as ion blocking electrodes. Using them,
determining ion and electron contribution for conductivity can be done. Using anion blocking (or
cation non-blocking) electrodes, cationic transference number, 7+ can be calculated. In DC
polarization test, current variation with time across a SPE sandwiched between two electrodes is
measured under the effect of a DC voltage.

A circular shaped sample was cut from the film with the optimized composition. It was
sandwiched between two stainless steel (SS) electrodes and assembled in a spring-loaded sample
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holder. A DC potential of 1 V was applied and the drop of current was measured as a function of
time by using a computer controlled Metrohm Autolab Potentiostat M101. Another electrolyte film
was sandwiched in between two identical Zn electrodes and assembled in a spring-loaded sample
holder. Variation of the current with respect to time was measured under a DC potential of 0.1 V.

2.5 Determination of electrochemical stability window

Electrochemical stability window is a measure to indicate the safe potential window of a sample

through which it has a resistance for reductive oxidative reactions. Accurate determination of
electrochemical stability window of a SPE is a vital requirement from a practical point of view. It
hints about a SPE to resist oxidative and reductive decomposition on electrodes.

Potential applied across a sample sandwiched in between two suitable electrodes is varied while
measuring the current in order to determine the electrochemical stability window. This technique is
known as linear sweep voltammetry (LSV) test. A constant current plateau in a linear sweep
voltammogramme that results from LSV test shows the endured potential range of an electrolyte.

In the present study, a SPE sample was assembled in between a SS electrode and a Zn electrode
and loaded in side a sample holder sealed by an O ring. LSV test was done in the potential range
0.005 V-3.000 V at the scan rate of 10 mV s™! for the assembly of SS/ SPE / Zn. In the three-electrode
electrochemical setup, SS electrode served as the working electrode while Zn electrode was used as
counter and reference electrodes. A computer controlled Metrohm Autolab Potentiostat M101 was
used to obtain the current variation with potential.

2.6 Preparation of graphite electrodes

At room temperature, acetone and graphite were mixed in the ultrasonic homogenizer (Athena-
Technology) to form a graphite paste. This paste was applied on the surfaces of two FTO glass plates
which were cleaned and dried well before use. Surface area of the graphite electrode was 1 cm?.

2.7 Fabrication of EDLCs

EDLCs were of the configuration, graphite/SPE/graphite. In terms of real world applications,
there are some special performance indicators to be determined. Single electrode specific
capacitance (Csc) is of utmost importance since it indicates the storage capacity. In addition, its
ability to withstand for continuous cycling is very useful in relation to long term applications. Insight
into continuous charge discharge patterns is required to identify the rate of storing and dissipating
charges. Three characterization tests namely electrochemical impedance spectroscopy (EIS) test,
cyclic voltammetry (CV) test and galvanostatic charge discharge (GCD) test were carried out to
investigate the performance of the EDLC fabricated under the present study.

2.8 Electrochemical impedance spectroscopy (EIS) test
EIS test for the fabricated EDLC was performed with the use of Metrohm Autolab Impedance
Analyzer M101 at ambient temperature. Impedance data were gathered in the frequency range from

0.01 Hz-400 KHz.

2.9 Cyclic voltammetry (CV) test
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Fig. 1 Variation of conductivity of prepared SPEs with salt concentration at different temperatures

Potential window within which an EDLC is charged and discharged as well as the scan rate at
which the EDLC is being cycled act as two determining facts of C.. Hence, by varying those, Ci.
can be optimized. It addition, its durability for continuous operation can be assessed by continuously
cycling under the corresponding potential window and the scan rate.

CV tests were done with the aid of a three electrode setup where one graphite electrode was used
as the working electrode and the other electrode was used as counter and reference electrode. A
computer controlled potentiostat module was used (Metrohm Autolab M101) to gather current and
potential measurements. Continuous scanning was done for 1500 cycles.

2.10 Galvanostatic charge discharge (GCD) test

The ability of continuous functioning under a controlled current but within specific potential
limits is also important for an EDLC to be employed for practical applications.

For GCD test, continuous charging and discharging was done under a constant current of 15 A
using a charge discharge unit (MTI Corporation, USA). Performance was observed for continuous
1000 cycles.

3. Results and discussion

3.1 Determination of the optimized composition of the electrolyte at different
temperatures

The key role played by an electrolyte in any device is serving as the medium for ion conduction
between the electrodes while assuring zero electronic conduction. Under this scenario, high ionic
conductivity triggers the potential candidacy of an electrolyte for applications. Due to that,
measuring as well as optimizing ionic conductivity is of pressing importance. The most widely
accepted method to determine conductivity is via impedance measurements.

Conductivity, o can be calculated with the equation given in Eq. (1).

o= (1/R,)t/A (D
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where R; is the bulk electrolyte resistance, # is the thickness and 4 is the area of cross section of SPE
(Balamurugan and Ganesan 2020). R is sought via Nyquist plots drawn using impedance data.

Fig. 1 illustrates the conductivity variation at different temperatures for different salt
concentrations of the SPEs prepared in the present study.

In general, ois deeply integrated with mobility and concentration of ionic species according to
the relationship

o =neu 2)

where n, e and u are the charge concentration, charge and mobility of charge species respectively.
Hence, o increases with increasing charge concentration as well as mobility. As per Fig. 1, o has
increased with temperature for all salt concentrations. Upon increasing temperature, charge species
become thermally energized and as a result, their mobility rises. This improves o of the samples.
Another important feature in Fig. 1 is the presence of the maximum o at the salt concentration of 0.6
ZnTF irrespective of temperature. The increasing and discreasing trend of o before and after that
concentration hints that there are some factors which govern the conductivity values with the salt
concentration.

Fig. 2 illustrates a schematic diagram for the conductivity variation with the salt concentration.

As illustrated in Fig. 2, initial enhancement of conductivity with the salt cocnentration can be
due to increase of mobile charge species population as reported by several studies (Kamisan et al.
2011). The reduction of oupon further increase of salt concentration after 0.6 ZnTF may be due to
formation of neutral ion clusters as well as decrease of mobility. A similar observation has been
made for a MG49 NR based SPE. At high salt concentrations, the population of charge species is
high and the mean distance among them is very short. This facilitates conducive environment for
ion association leading to form neutral ion clusters. On the other hand, due to avalanche of charges,
a noticeable reduction of mobility takes place. Both these factors lower the conductivity further
(Ramesh ef al. 2011, Ravindran and Vickraman 2012).

The optimum conductivity achieved at room temperature is 0.6x10 S cm™. This is a desirble
value from a practical point of view. A higher conductivity value (7.55x102 S ¢m™') has been
reported for a SPE based on MG49 NR:0.7 M ammonium trifluoromethanesulfonate:propylene

Conductivity

Salt Concentration

Fig. 2 Schematic representation illustrating the relationship between the salt concentration and the
conductivity
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Fig. 3 Variation of Ln ¢ with 1000/T for the optimized composition, MG49 NR:0.6 ZnTF of the SPE

carbonate:8% silicon dioxide (Kamisan et al. 2011). Conductivity of the present SPE is
commendable compared to that system because the former contains a plasticizer as well as a nano
filler which assist conductivity very much.

3.2 Conductivity mechanism

Ion conductivity mechanism of SPEs is usually explained as per the variation of conductivity
with the temperature. Fig. 3 illustrates the plot of In o vs. 1000/T for the optimized SPE in this
investigation.

Linear behavior of the graph confirms that the o mechanism of the SPE obeys the Arrhenius
model explained by Eq. (3)

o = Aexp(E,/kgT) 3)

Here, A4 is a pre-exponential factor, £, is the activation energy, kz is Boltzmann factor, 7 is the
temperature.

When a conductivity behaviour of a system is due to jumping of ions into neighboring vacant
sites, it follows Arrhenius behaviour (Zhang et al. 2017). Hence, the conductivity is assumed to be
taken place via jumping of ions. That highly discloses the fact that ion mobility is a crucial
requirement for satisfactory conductivity of the present system.

3.3 DC polarization test with ion blocking electrodes

Fig. 4 shows the DC polarization graph which exhibits the variation of current with time. As soon
as the bias potential is applied, ions get polarized as they are blocked by SS electrodes. Due to that,
a sudden drop of current occurs. A more or less constant current could be observed due to electrons.
Here, it is to be noted that as a result of some reversible reactions, current due to electrons exhibit
slight variations which are negotiable.

The total contribution of ions for conductivity which is defined as the ionic transference number,
tion can be calculated using the Eq. (4).
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Fig. 4 DC polarization graph for the symmetric cell with SS electrodes under a DC bias potential of 1 V
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Fig. 5 DC polarization graph for the symmetric cell with Zn electrodes under a DC bias potential of 0.1 V

tion = (It = Le)/1; 4)
where [, is the total current due to ions and electrons and /. is the current due to electrons. /, and /.
were found to be 4.2x10° A and 0.21x10° A respectively.

According to the above equation, #,, of the optimized sample was approximately 0.95. This
predicts that overall conductivity of the SPE is predominantly ionic. In other words, this well proves
the suitability of this SPE to be used as an electrolyte in devices due to dominant contribution of
ions for conductivity. The electronic contribution is negligible. A near similar value has been

reported for a SPE based on PEO, epoxidized NR and ammonium trifluoromethanesulfonate system
(Khoon et al. 2016).

3.4 DC polarization test with cation non-blocking electrodes

Resulting DC polarization graph is shown in Fig. 5.
Cationic transference number, ¢+ can be calculated using the Eq. (5)

ty =1c/1; (%)
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Fig. 6 Linear sweep voltammogram for the configuration, SS/SPE/Zn at the scan rate of 10 mV s

where /. and [, are the steady state current due to cations and initial current due to both cations and
anions respectively.

The value obtained for ¢+ was 0.29 with I. and I, at 3.4x10° A and 11.62x107A respectively.
Contribution of cations on conductivity is seemed to be smaller than anions. This can be due to
divalent nature of the cation, Zn.

3.5 Linear sweep voltammetry (LSV) test

Fig. 6 shows the linear sweep voltammogramme for the cell with SS/SPE/Zn at the scan rate of
10 mVs™'. It can be clearly seen here that the tolerable operating potential range of SPE is 0.25 V to
2.50 V where the current stays rather constant. The width of the stability window is about 2.25 V.
This value of the working potential range appears to be sufficient enough to use in the EDLC. After
2.50 V, an abrupt increase of current exists. This can be due to decomposition of the electrolyte or
the electrodes (Khoon et al. 2019, Ruschhaupt et al. 2020). An electrochemical stability window of
3.0 V has been reported by Khoon et al for a SPE based on polyvinylidenefluoride, MG49 NR and
lithiumtrifluoromethaensulfonate. This is comparable to the obtained value in the present system as
the latter contains a Li salt which inherently gives a wider stability window (Khoon et al. 2016).

3.6 Characterization of EDLC

3.6.1 Electrochemical Impedance Spectroscopy (EIS)

A typical Nyquist plot of an EDLC has a semi-circle at high frequency region denoting the bulk
electrolyte resistance. Features at mid-range frequency region are being assigned to resistance for
ion transport from the bulk electrolyte to the electrode interphase caused by non-uniform electrode
pore size and electrode roughness (Yang et al. 2017). In the low frequency region, a spike appears
as a result of the frequency dependence of ion diffusion at the electrolyte/electrode interface. This
spike which should nearly parallel to the imaginary axis, reflects the capacitive nature (Fang and
Binder 2006). Commonly, this spike appears as a tilted spike due to some factors like surface
roughness of electrodes and problems at the interface.

Fig. 7 illustrates the Nyquist plot recorded for the graphite/ZnTF based SPE/graphite EDLC
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Fig. 7 Nyquist plot of the EDLC with ZnTF-MG49 NR based SPE and natural graphite electrodes

fabricated in this study. The insert highlights the high and mid frequency regions mainly. There is
no semi-circle appearing in the high frequency region probably due to unavailability of required
high frequency values for the measurements. Mid frequency semi- circular arc can be seen
showcasing the electrode-electrolyte resistance. Absence of a complete semi-circle can be due to
problems in the interface or the electrodes. However, the diameter of that arc which attributes to the
charge transfer resistance (R,) at the interface of the electrode and electrolyte is quiet small. This is
beneficial for electrolyte ion diffusion and charge transfer. The spike at low frequency range is not
perfectly vertical and that can be due to the surface roughness as well as non-uniform active layer
thickness (Abdulhakeem et al. 2014).

AC impedance measurements can be used to investigate the capacitive properties of the EDLC
further. The real part of the complex capacitance (C'(w)) and the imaginary part of the complex
capacitance (C"(w)) are calculated based on the real (Z’(w)) and imaginary (Z"(w)) parts of the
impedance using the Egs. (6)-(7).

C'(w) = =Z"(w)/[w|Z(w)]?] (6)
C" () = Z'(w)/[w|Z(w)I?] (7

where Z is the complex impedance (Tey et al. 2016).

By plotting graphs of C'(w) and C"(w) with frequency (Bode plots), single electrode specific
capacitance, relaxation time and variation of capacitance with frequency can be determined.

Figs. 8(a) and 8(b) show the bode plots of C'(w) and C"(w) of the complex capacitance as a
function of frequency.

Csc obtained from Fig. 8(a) was 1.80 Fg'. There is a drastic drop of C'(w) upon increasing
frequency. It reaches close to zero with further increase of frequency. This well evidences the fact
that capacitive properties become dominant at lower frequencies whereas resistive properties
override capacitive properties with increase in frequency.

Relaxation time constant, 7y is a quantitative measure of reversible charge-discharge rate of the
EDLC. It is hence the characteristic of the dynamic behavior of the EDLC (Kroupa et al. 2016). 7o
can be calculated with the frequency fy, where maximum C"(w) occurs (Fig. 8(b)) using the Eq. (8).

79 = 1/21f, )
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the potential window of 0.005 to 0.45 V for different variation with respect to the scan rates
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fo value obtained was 0.45 Hz. According to the equation, relaxation time constant is 0.35 s
indicating fairly fast ion transfer. This is very much lower than the value reported for a gel polymer
electrolyte based EDLC (Pal and Ghosh 2018). With that, it is noted that ion transfer is quite faster
in the present NR based SPE.

3.6.2 Cyclic Voltammetry (CV) test

Figs. 9(a), 9(b) illustrate the cyclic voltammogrammes obtained for the fabricated EDLC at
different scan rates and Ci. variation with different scan rates within the potential window, 0.005 to
0.45 V.

All cyclic voltammograms which have been obtained at different scan rates are having near
mirror image symmetry for the current response about the zero current line. This result indicates the
capacitive behavior and evidences the charge-discharge responses of the electric double layer are
highly reversible (Fang and Binder 2006, Tey et al. 2016). Cyclic voltammograms of rectangular
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Fig. 10 Cyclic voltammograms obtained at the scan rate of 10 mV s™! within different
potential windows (Minimum potential-0.005 V)

shape is one of the typical distinctive features of an EDLC. The resulting cyclic voltammograms
show that characteristic with the almost rectangular shape. These carbon-based electrodes are not
involved with the redox reactions and there is a rapid accumulation of charges at the electrode-
electrolyte interface and within the electrode. This is evidenced with the absence of peaks in the
curves (Yu et al. 2012). If redox reactions were present, peaks are appearing at potentials where such
reactions occur.

C;. can be calculated using the Eq. (9).

Cse = 2019 /mSAS )

where /Idv is the area under cyclic voltammograms, m is the mass of an electrode. S and AV are the
scan rate and width of the potential window respectively (Kroupa ef al. 2016).

Value of C,. decreased with the increasing scan rate. This indicates the fact that reactions leading
to charge storage in EDLC are highly dependent on the scan rate (Arslan et al.). At slow scan rates,
there is an ample time to complete the reactions. In addition to that, charges have adequate time to
travel through the pores of electrode materials at slow scan rates. These all contribute for higher Ci..
In contrast, reactions may not be completed at the high scan rates (Romanitan et al. 2018, Pandey
and Rastogi 2012). As a result low C. values are present at high scan rates. Similar observations
have been made by Pal et al. and Das et al. for EDLCs fabricated with ionic liquid based electrolytes
(Pal and Ghosh 2018, Das and Ghosh 2017). They suggest that loss of energy increases at high scan
rates lowering the charge stored on the surface electrode and ultimately resulting decrease of Ci..
The scan rate of 10 mV s was chosen as the suitable scan rate for further investigations.

For proper charge storage mechanism, presence of the required potential window is also very
important. However, a higher potential window than the electrochemical stability window destroys
the EDLC. It is due to decomposition of electrodes and/or electrolyte itself (Kroupa et al. 2016).
Hence, selection of the most suitable potential window is very essential to get the proper charge
storage function.

The cyclic voltammograms obtained for the different potential windows and at the scan rate of
10 mV s™! are illustrated in Fig. 11.
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Peaks are not seen in all windows due to lack of redox reactions in the EDLC. When the width
of the potential window was increased beyond the 0.45 V, the shape started to distort. This can be
due to undesirable reactions which might cause the degradation of EDLC. Therefore, 0.005-0.450
V was selected as the optimized potential window for further cycling (Kroupa et al. 2016, Lu et al.
2006).

Fig. 12 illustrates Cs variation for 1500 continuous cycles.

The potential window was 0.005-0.45 V and the scan rate was 10 mVs™. Initial C,. of the EDLC
was about 2.26 F g!. It decreased with the cycle number and after 1500 cycles, Cs. was about 2.10
F g!. This can be occurred due to loss of interfacial contacts between the electrode and electrolyte
and also due to degradation of electrolyte and or electrodes. But, the rate of reduction of Cys was
rather low which is a good sign for practical applications.

3.6.3 Galvanostatic Charge Discharge test
Galvanostatic charge discharge (GCD) test of an EDLC allows tracing some important features
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Fig. 13 Single electrode specific discharge capacitance (Csq) variation for 1000 cycles for the EDLC

such as the reversibility of the device, capacitive nature and presence of any decomposition
reactions. Fig. 13 exhibits the initial charge discharge curves obtained under the GCD test. Discharge
behavior is linear as observed by Das et al for an EDLC based on an ionic liquid electrolyte (Arslan
and Hur 2021). This evidences the presence of non-faradic capacitive charge storage mechanism.
Theoretically, shapes of the charge discharge cycles indicate the reversibility of the device.
Triangular shapes are normally present for EDLCs and equilateral triangle shapes symbolize good
reversibility during charge/discharge cycles. However, the resulted charge discharge shapes are
having triangular shape to some extent but they are not perfect equilateral triangles. This implies the
presence of some issues with reversibility. Due to possible problems in the structure of SPE as well
as the graphite electrodes, unique ion movement may not take place. As a result, reversibility
problems may arise. This observation is further confirmed with the non-equal charge discharge times
at each cycle. Generally, charge discharge time periods should be equal for each cycle if there is a
good reversibility. Investigating the continuous cycling ability of any electrochemical device is
extremely important from a practical point of view. It assists to obtain a guarantee about the active
life time.

There is a distinct potential drop about 50 mV at the beginning of each discharge process. This
drop is ascribed to the internal resistance of the electrodes accompanied with resistance in electrical
connection and the resistance due to the migration of ions in electrodes.

The single electrode specific discharge capacitance (Css) was calculated using the Eq. (10).

Coq = IAt/mAV (10)

where / is the constant current, m is the mass of the single electrode and A V/A¢ is the rate of drop of
potential excluding /R drop during discharge (Fletcher et al. 2014).

Fig. 14 presents the variation of Css for 1000 cycles. Initially, a slight increase of Css could be
observed. Soon after fabrication, EDLC does not have well formed interfaces. Upon initiation of
cycling, it can attain maturity and due to that, an initial increase of Cy; can arise. However, further
cycling has caused a reduction of Cq followed by a constant state. While charging and discharging
the EDLC continuously, some decomposition may take place lowering Cy. With time, a passivation
layer may be formed resulting a constant Csq. Pandey et a/ have reported a fast initial decrease of
C,q for an EDLC based on activated charcoal electrodes (Pandey et al 2012). According to them,
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that is due to either consumption of some charges for irreversible reactions or filling of micro-pores
of electrodes during charging. Absence of fast reduction of Cy in the present study reveals the
absence of such irreversible reactions as well as filling of any pores in the electrodes. For the first
cycle, Csa was 1.17 F g'!. After 1000 cycles, it was found to be 1.10 F g! and hence, the reduction
was 5.9 % which is quite small.

4. Conclusions

NR based SPE was prepared with 49% methyl grafted natural rubber (MG49) and zinc
trifluoromethanesulfonate (ZnTF). Different compositions of electrolytes were prepared using the
solvent casting technique. The highest room temperature conductivity of 0.6x10° S cm™” was
obtained with the composition NR:0.6 ZnTF (by weight basis). The resulting electrolyte film was a
mechanically stable, free standing film. Variation of conductivity with temperature follows
Arrhenius behavior suggesting ion conduction takes place via hopping mechanism. Type of charge
which contributes for conductivity was traced by DC polarization test. Sample was predominantly
an ionic conductor. Electrochemical stability window of the SPE was about 2.495 V according to
LSV test.

The EDLC with configuration NG/NR-ZnTF based SPE/NG was fabricated successfully at room
temperature. Capacitive features are dominant at low frequency range. Continuous CV test was done
between the optimized potentials of 0.005 V and 0.45 V at a scan rate of 10 mV s™'. C;. of the EDLC
was about 2.26 F g'!. The initial Cs, at the first cycle was found to be 1.17 F g, After about 1000
charge discharge cycles, the value reduced down to 1.10 F g'. A low reduction of Cy, assures the
suitability of the fabricated EDLC for long term applications.
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