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Abstract Solid-state electric double-layer capacitors
(EDLCs) based on corn starch biodegradable polymer electro-
lytes are fabricated. Silica is added into the corn starch poly-
mer electrolytes to improve the ionic conductivity and capac-
itance of the EDLCs. The ionic conductivity as a function of
temperature obeys the Arrhenius equation indicating ionic
hopping mechanism in the polymer electrolytes. Linear sweep
voltammetry shows that the prepared corn starch-based bio-
polymer electrolyte is stable in the range from —2.5 to 2.5 V.
Electrical capacitance performances of these capacitors are
studied by cyclic voltammetry, galvanostatic charge—dis-
charge, and AC impedance spectroscopy. The discharge char-
acteristics have been found to be almost linear, which con-
firms the capacitive behavior of the EDLC cell. The fabricated
EDLC cells perform good cyclability up to 500 cycles with
more than 90 % of coulombic efficiency.

Keywords Polymers - Electrical properties - Transport
properties

Introduction

Biodegradable materials have captured much interest in view
of'their applications in industrial and biomedical sectors [1, 2].
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Employment of biodegradable polymers from renewable
sources can reduce environmental problems and at the same
time reduce the usage of synthetic polymers. The effort
to promote green materials in polymer electrolytes has
been widely supported by scientists worldwide. The car-
bonaceous material from natural resources shows good
potential to be used as electrode in EDLC application as
reported by Arof and co-workers [3]. Li and co-workers
reported that starch-derived activated carbon electrodes
showed promising results for EDLCs [4]. According to
Kumar and Brat, there is a trend towards the production of
degradable polymers and the use of natural polymer blends in
electrochemical devices [5].

Electric double-layer capacitors (EDLCs) are assembled in
this present work because of their attractive properties.
EDLCs have attracted numerous interests as alternative ener-
gy storage systems compared with conventional capacitors
and secondary batteries. EDLCs have been widely used be-
cause of their advantages such as large capacitance, free of
maintenance, toxic-free, higher specific power, and longer cy-
cle life compared with batteries [6—8]. In addition, EDLCs
have been widely used as memory back-up devices in many
fields of electric equipment. EDLCs with liquid electrolyte
have many disadvantages such as being leak-prone, self-
discharging, corrosive, and bulky. Therefore, solid or gel poly-
mer electrolytes have been attracting numerous attentions as
they can overcome the leakage and safety issues [9].
Therefore, fabricating solid-state EDLC using solid polymer
electrolytes is an alternative approach to improve the safety
performance of EDLC.

However, the ionic conductivity of polymer-salt based
solid-state electrolytes is low and is not applicable in any
electrochemical device. Therefore, there are several ways to
enhance the ionic conductivity of polymer electrolytes such as
mixed-salt system, addition of plasticizers and ionic liquids,
doping of fillers, and polymer blending. The method of
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dispersion of fillers is selected because they can increase cat-
ionic diffusivity by altering the transport properties in polymer
electrolyte, improve the physical properties of polymer elec-
trolytes, and increase the mechanical strength of polymer elec-
trolytes [10—12]. In addition, they enhance the thermal stabil-
ity of polymer matrix, increase interfacial stability between
electrode and electrolyte, and improve the long-term electro-
chemical stability [11, 13, 14]. Addition of filler into the poly-
mer electrolyte results in the formation of composite polymer
electrolytes.

Corn starch-based composite polymer electrolytes are pre-
pared and studied in this present work. The effect of adding
nano-sized silica (SiO,) onto biopolymer electrolytes based
on corn starch and lithium perchlorate (LiCIO,) is investigated
in this study. Corn starch is chosen due to its low cost, renew-
able nature, and good mechanical properties [15]. It is a semi-
crystalline polymer composing of a mixture of linear amylase
and branched amylopectin polysaccharide chain [16].
Lithium perchlorate exhibits lesser electronegativity
compared with other fluoro-type lithium salts.
Moreover, LiClO4 is chosen due to its good conductiv-
ity and ease of complex formation in the preparation of
solid polymer electrolytes [17]. The performances of the
fabricated EDLC cells have been evaluated by impedance
spectroscopy, linear sweep voltammetry, cyclic voltammetry,
and galvanostatic charge—discharge techniques. To date, there
is no literature reporting the EDLC fabrication using corn
starch-LiC104-SiO,.

Experimental
Nanocomposite polymer electrolyte preparation

Corn starch with a linear formula of C¢H;yOs was obtained
from Sigma-Aldrich. Lithium perchlorate salt, LiClO,4, with
99.99 % purity and less than 100 ppm total metallic purities
was obtained from Aldrich. Fumed silica (SiO;) with 7 nm
particle size was obtained from J.T. Baker. The nanocompos-
ite polymer electrolyte films were prepared by solution-
casting technique with distilled water as solvent [18]. The
ratio of polymer to salt used is 60:40 as this is the polymer
electrolyte ratio that achieved the highest ionic conduc-
tivity as reported in our published work [19].
Appropriate amounts of corn starch and LiClO,4 are ini-
tially dissolved in 20 ml of distilled water. 4 wt.% of
silica is then added into polymer—salt solution. The mix-
ture was then stirred for 24 h to ensure homogeneity
and complete dissolution. The mixture was cast in a
Petri dish and allowed to evaporate slowly inside an
oven to produce free-standing nanocomposite polymer elec-
trolyte films. This procedure yields mechanically stable and
free-standing films.
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Nanocomposite polymer electrolyte characterization
Impedance measurements

The impedance of the prepared films was measured using the
HIOKI 3531 Z HI-TESTER in the frequency range of 50 Hz—
5 MHz from 25 °C to 70 °C. The films were sandwiched
between two stainless-steel blocking electrodes. A micrometer
screw gauge measured the thickness of the film. The ionic
conductivity, o, was measured using the equation below:

where [ is thickness of film, R, is bulk resistance obtained
from nyquist plot, and 4 is area of the film.

Linear sweep voltammetry

Linear sweep voltammetry (LSV) is used to determine the
electrochemical stability window of the electrolyte. The CH-
Instrument Model 600D electrochemical analyzer was used.
The electrolytes were sandwiched between two stainless steel
electrodes, and the measurements were performed from —4 to
4V at a scan rate of 10 mVs ™.

EDLC preparation

The electrodes for EDLC were prepared by mixing a ratio of
8:1:1 of activated carbon (BP20) (purchased from SANWA
Components, Inc), carbon black (Super P), poly(vinylidine fluo-
ride) (PVdF) in N-methylpyrrolidone (NMP) solvents. The mix-
ture was allowed to stir until homogeneous slurry was obtained.
The slurry was doctor-bladed on aluminum foil current collec-
tors. Carbon cloth electrodes are eventually produced. EDLC
was then constructed by sandwiching the polymer electrolyte
film between two activated carbon cloth electrodes. The con-
structed EDLC cells were pressed under 200 mbar pressure to
ensure good contact between electrode and polymer electrolyte.

EDLC characterization

The performances of the EDLC cells were tested using cyclic
voltammetry (CV) measurements, galvanostatic charge—dis-
charge studies (GCD), and low-frequency electrochemical im-
pedance measurements (EIS). CV was carried out using
Autolab PGSTAT12 potentiostat—galvanostat from 0 to 1 V
at 10 mVs . Galvonostatic charging—discharging tests were
performed in the voltage range between 0 and 1 V at a constant
current of 0.5 mA by using Neware battery cycler. Low-
frequency impedance measurements were carried out using
the HIOKI 3532 Z HI-TESTER in the frequency range from
10 mHz to 100 kHz at room temperature.
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Results and discussion
Ionic conductivity studies

The ionic conductivity behavior was investigated by im-
pedance spectroscopy. Table 1 shows the composition of
biopolymer electrolytes in the system. Addition of
4 wt.% silica into the system increases the ionic con-
ductivity of the biopolymer electrolyte significantly. The
ionic conductivity is increased about two orders of mag-
nitude from 1.55x107° S em™' to 1.23x107* S em™ at
ambient temperature. Incorporation of silica promotes
the salt dissociation and weakens the Li'/polymer bond
[20]. It is believed that the charged nature of the surface
of fumed silica facilitates the dissociation of aggregate
ions and salt into free-moving ions. As a result, the
ionic conductivity of biopolymer electrolytes is im-
proved abruptly. Other than that, silica acts as a solid
plasticizer that can soften the polymer backbone of the
polysaccharide chain of the corn starch. Therefore, an
increase in ionic conductivity is observed upon addition
of silica. Figure 1 shows a comparative Arrhenius plot
of the ionic conductivity in the temperature range be-
tween 25 °C and 70 °C. The linear variation in
temperature-dependent ionic conductivity is suggestive
of an Arrhenius-type thermally activated process. The
theory infers that the ionic conductivity increases with
increasing temperature because of ion hopping mecha-
nism [21]. Activation energy, E,, was calculated using
the slope obtained by linear fitting the curves from log
o versus 10°/T graph. This is based on the Arrhenius
rule as shown below:

o) o2

where o is the pre-exponential factor, £, is the activation
energy, k is the Boltzmann constant, and 7'is absolute temper-
ature. The calculated activation energy for Si-0 and Si-4 is
0.64 and 0.25 eV, respectively. The higher activation energy
value signifies more energy is required to promote the disso-
ciation of Li'/polymer bond in silica-free sample.
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Fig. 1 Plot of log ionic conductivity versus 1,000/T for a Si-0 and b Si-4
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LSV results

Linear sweep voltammetry is carried out to show the electro-
chemical stability window of the corn starch-based biopoly-
mer electrolytes. The electrochemical stability window is used
to determine the working voltage of EDLC. Figure 2 portrays
the LSV responses of Si-0 and Si-4. From the voltammogram
shown in Fig. 2, the stability window was —2.5 and 2.5 V for
both Si-0 and Si-4 as observed in anodic and cathodic cycles,
respectively. It can be observed that there are no appreciable
current flows in the biopolymer electrolytes in the range of
—2.5 to 2.5 V. Thus, both these biopolymer electrolytes are
stable up to 2.5 V for EDLC cell analysis.

Performance studies of EDLCs
The capacitance of the assembled EDLCs is determined by

1. Cyclic voltammetry (CV)
2. Galvanostatic charge-discharge (CGD)
3. EIS at low frequency

The results obtained from these three studies are tabulated
and compared in Table 2. Figure 3 depicts the cyclic voltam-
mograms for the capacitors with Si-0 and Si-4 and room tem-
perature. The observed behavior approaches a rectangular
shape where no redox peaks are observed. This can be attrib-
uted to the formation of a homogenous and ideally polarizable
double layer formed at the interface [22]. The slow scan rate
voltammograms exhibited almost perfect horizontal plateau

Table 1  Designation, ionic conductivity, and activation energy of (corn starch—LiC10,4)-SiO, biopolymer electrolyte films
Designation Composition of corn starch-LiCl04—SiO, Ionic conductivity, ¢ Activation energy, £, (eV)
S/em
Weight (g) Weight percent (wt.%) Weight (g) Weight percent (wt.%) 25 °C 70 °C
Corn starch  LiClO4 SiO,
Si-0 0.600 0.400 100 - 1.55%107° 4.22x107° 0.64
Si-4 0.576 0.384 96 0.040 1.23x107* 5.02x107* 0.25-
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Fig. 2 Linear sweep 0.006 1

voltammetry curves of sample a
Si-0 and b Si-4 with stainless steel
blocking electrodes
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indicating ion diffusion occurs at a fairly constant rate with
minor impact from ohmic resistance [23]. The CV curves
discrepancy from a box-like shape is assigned to the internal
resistance and carbon porosity, which produces a current de-
pendence of potential [24, 25]. The specific capacitance of
single electrode in EDLC is calculated according to equation
below [3]:

o 2
Sp_sm

where C;), is specific capacitance (farads), i is average current
(amps), s is scan rate (volts per second), and m is the weight

Table 2 Main EDLC results for devices with Si-0 and Si-4

Electrochemical performance Si-0 Si-4

CV GCD EIS CV GCD EIS

Specific capacitance (F g') 542  7.09 5.59 8.71 9.83 9.88
Energy density (W h kg ™" 067 — - 0.90 —
Power density (W kg ") - 107 - - 135 -

@ Springer

Voltage (V)

(grams) of electrode. Si-4 depicts higher current peak com-
pared with Si-0, which eventually shows higher calculated
capacitance value as in Fig. 3. The specific capacitance of
EDLC containing silica-free polymer electrolyte is 5.42
Fg'. The specific capacitance of EDLC consisting of silica-
based polymer electrolyte is increased about 61 % to 8.71
Fg'. The increase in specific capacitance is because of higher
ionic conductivity of silica-doped polymer electrolyte. Silica
can promote the ion dissociation and soften the polymer back-
bone as aforementioned in ionic conductivity studies.
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Fig. 3 Cyclic voltammograms of EDLCs containing a Si-0 and b Si-4
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Therefore, more mobile ions can be transported from electro-
lyte towards electrode with high ionic mobility.

The charge—discharge characteristics of the EDLC cells are
evaluated galvanostatically. Figure 4 shows the charge—dis-
charge profile of EDLC cells containing Si-0 and Si-4 at con-
stant current of 0.5 mA in the range of 0 and 1 V. The dis-
charge characteristics have been found to be almost linear,
which confirms the capacitive behavior of the EDLC cell.
The initial jump/drop in the voltage while charging and
discharging each cell has been observed, which is due to ohm-
ic resistance (Ry), referred to as equivalent series resistance
(ESR) of the cells. ESR of EDLC can be calculated from the
voltage drop or /R, during the discharging process as shown
by the equation:

_ L Rdrop
i

ESR

Here, IRy is the voltage drop upon discharge while i is
the discharge current.

The time required for charge or discharge for the two capac-
itors was nearly identical. This reflects similar ultimate charge-
storage capacities. The capacitance of an EDLC cell is deduced
from the discharge curve using the equation below [26]:

2
m(dv/dt>

where Cj), is the specific capacitance of cell (farads per gram),
1 is the applied current (amps), m is the average mass of elec-
trode materials (including the binder and carbon black), dV’
represents the potential change of a discharging process ex-
cluding the internal resistance drop occurring at the beginning
of the cell discharge, and dt is the time interval of discharging
process. The dV/dt is determined from the slope of the dis-
charge curve. The energy stored in a capacitor is calculated as
follows [27]:

Cy

E="/, cr?

Voltage (V)

0 50 100 150 200 250 300 350
Time (second)

Fig.4 Charge/discharge curves for EDLC composed ofa Si-0 and b Si-4
in the range of 0-1 V

where C is the specific capacitance and V'is the working volt-
age. The power density (P) is calculated as below:
V2
P =
4ESR

where V'is the working voltage and ESR is equivalent series
resistance. Calculated results are presented in Table 2. Si-0-
based EDLC illustrates specific capacitance of 7.09 Fg™', en-
ergy density of 0.668 W h kg™ ' and power density of
106.9 W kg . On the other hand, EDLC based on Si-4 depicts
specific capacitance of 9.83 Fg™!, energy density of
0.902 W h kg ' and power density of 135 W kg '. EDLC
containing Si-4 shows higher specific capacitance, energy
density, and power density obtained from charge—discharge
test compared to that of Si-0. EDLC containing the nano-
sized SiO,-added polymer electrolyte has higher capacitance,
energy density, and power density mainly due to the higher
ionic conductivity of the nanocomposite polymer electrolyte
in comparison to SiO,-free polymer electrolyte. The ion ad-
sorption at the electrode—electrolyte interface is favorable in
the nanocomposite polymer electrolyte.

Long cycling test is performed to evaluate cycle durability.
Here, we summarize the dependence of coulombic efficiency
on cycle number. Coulombic efficiency (7)) is calculated as
below [28]:

n="1 % 100%

where #; and 7, are the times for discharging and charging of
EDLC in each cycle, respectively. Figure 5 indicates the mod-
el cells containing Si-0 and Si-4. Both cells maintain their
coulombic efficiency at ~90 % throughout 500 cycles because
of good interfacial contacts between electrode and both elec-
trolytes. We suggest that the EDLC cells are stable under these
charge—discharge conditions as the cells show reduced voltage
drops in the first 100 cycles and then maintain its stability up
to 500 cycles.

Complex impedance spectra for both fabricated Si-0- and
Si-4-based EDLC cells are shown in Fig. 6. Impedance spec-
troscopy enables the evaluation of various parameters associ-
ated with the bulk properties of electrolytes and electrode—
electrolyte interactions. The Nyquist plots of the impedance
spectra analyses show a semicircle nature at high-frequency
region (100 kHz—1 Hz) and a line inclined to the real axis in
the low-frequency region (1 Hz—10 mHz). The specific capac-
itance for EDLCs from impedance spectra can be calculated
by using the following relationship [28]:

1

Coai = ————
cell 27TfZ"

where Z" is the imaginary impedance (£2) and f'is the frequen-
cy (hertz). The specific capacitance of EDLC-based Si-4
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Fig. 5 Variation of coulombic (a)
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polymer electrolyte is expected to be higher than Si-0 polymer
electrolyte. The specific capacitance obtained from EIS for
EDLC comprising Si-0 and Si-4 are 5.59 and 9.88 Fg ', re-
spectively. The results obtained from this study are compara-
ble with the findings in CV and GCD studies.

The linearly rising pattern (or spike) in the impedance plot
reveals the ion adsorption at the electrode—electrolyte bound-
ary and hence indicates the capacitive behavior of EDLC. This
linear steep rising curve with the phase angle of ~45° indicates
the presence of Warburg impedance (/) in the equivalent
circuit as shown in Fig. 6. The Warburg resistance is related
to the ion diffusion into the porous carbon. This linearly rising
pattern denotes the ion adsorption at the surface between
carbon-based electrode and polymer electrolyte and leads to
the electrical double layer formation. This pattern further
proves the capacitive behavior of the EDLC represented by
the constant phase element of capacitor (CPE) in the Randles
equivalent circuit. The spike is then followed by a semicircle
in the high frequency range that reflects the bulk properties of
the electrolytes and the charge transfer process at the elec-
trode—electrolyte interface of the newly assembled EDLC.
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Bulk resistance, Ry, and charge transfer resistance, R, can
be determined by plotting a locus of the semicircle
intercepting the real axis at R and R+ R, in the Nyquist plot.
We found that the impedance plots do not start at the origin
point. This phenomenon is suggestive of the presence of a
bulk resistance (R),) as displayed in the equivalent circuit of
the cell. This resistance originates from the bulk resistance of
polymer electrolyte, series resistance (R,) of connector, and
internal resistance of electrode (R;) for the ion diffusion as
well as ohmic loss of the cell. The semicircle consists of a
capacitor and a resistor in parallel form as depicted in the
equivalent circuit. The capacitor is represented by the capac-
itance of double layer (C,;). The C,; comes from the formation
of electrical double layer at electrode—electrolyte due to the
ion accumulation between electrode and electrolyte when the
ions are diffused in the electrolyte and adsorbed into the po-
rous carbon electrode. The resistance is known as charge
transfer resistance (R.,) of ion transport from electrolyte to
the porous carbon, which is one of the bulk behaviors of
electrode—electrolyte interface to form the ion adsorption
(Wang et al. 2014). This resistance of ion diffusion is the
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Fig. 6 Nyquist impedance plot 900
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minimum energy required to form the electrical double layer
at the electrode—electrolyte boundary. The mobile charge car-
riers must overcome this resistance in order to perform the ion
diffusion and accumulation onto the pores of the carbon elec-
trode. The values of Ry, and R, for both cells are summarized
in Table 3. Si-4 shows lower value of R, and R, compared
with Si-0. Therefore, we imply that addition of silica can de-
crease both resistances of the devices. As a result, the capac-
itance of the EDLC containing Si-4 is higher than that of Si-0.

Shukur and co-workers also use corn starch-based biopoly-
mer electrolytes to prepare EDLC. Higher specific capacitance
of 33 Fg ! was observed because the corn starch-based poly-
mer electrolyte is plasticized by glycerol [29]. A similar ob-
servation is also obtained in our published work using corn
starch-based polymer electrolytes which are embedded with
ionic liquids [30]. The ionic liquid-added polymer electrolyte-
based EDLCs portray the specific capacitance of 3643 Fg '
in this study. Plasticization and addition of ionic liquids on the
polymer electrolyte could produce sticky behavior of the poly-
mer electrolytes. Therefore, the interfacial contact between
electrode and electrolyte is excellent in both works. Hence,
higher capacitance is observed in these two studies compared
with the present work which has poor contact at the electrode—
electrolyte boundary. Although the specific capacitance ob-
tained in this work is much lower than other existing biopoly-
mer electrolytes, it exhibits higher capacitance than studies
using non-biodegradable polymer as host polymer. EDLC
fabricated using ionic liquid—based poly(ethylene oxide)

polymer electrolytes and multi-walled carbon nanotubes elec-
trodes shows specific capacitance of 2.6-3 Fg ' which is al-
most two times lower than our current work [31].

Conclusion

Solid-state polymeric capacitors were successfully assembled
using corn starch—LiClO4—SiO, as biodegradable polymer
electrolyte. Addition of silica into the system improves the
ionic conductivity of polymer electrolytes and capacitance of
EDLC. Capacitance of the EDLC device is dependent on the
ionic conductivity of the polymer electrolyte and all the resis-
tances of the cell. High ionic conductivity of polymer electro-
lyte and low internal resistances of the EDLC enhance the
capacity of the cell. LSV confirms that the biopolymer elec-
trolyte prepared is stable in the range from —2.5 to 2.5 V. The
EDLC cells with Si-0 and Si-4 exhibit a specific capacitance
calculated from different methods in the range of 5.4 to 7.1
and 8.7 t0 9.9 F g ', respectively. The experimental data also

Table 3 The bulk

resistance (Ry) and EDLC cells Resistance (€2)
charge transfer resistance
(R of Si-0 and Si-4 Ry Ry
EDLC devices
Si-0 240 61.25
Si-4 187.5 275
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indicate that the EDLC prepared has rather stable and good
cycle-life characteristics up to 500 cycles. In view of that, it
can be concluded that biodegradable polymer electrolyte is a
promising material for solid-state capacitors.
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