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Two polymer electrolyte systems (unplasticized and plasticized) based on starch-
chitosan blend doped with ammonium bromide (NH,Br) were prepared. The conductivity
was found to be influenced by the number density (n) and mobility (i) of the ions. The
highest conducting plasticized electrolyte had n and p values of 8.75 x 108 cm=3 and
1.03 x 1073 cm? V=1 571, respectively. Ionic transference number for the highest con-
ducting plasticized electrolyte was found to be 0.92. An electrochemical double layer
capacitor (EDLC) using the highest conducting plasticized electrolyte was cycled for
500 times at 0.048 mA cm™>.

Keywords Polymer electrolyte; starch-chitosan blend; ammonium bromide; transfer-
ence number; EDLC

1. Introduction

Electrochemical devices such as batteries, solar cells, fuel cells, and electrochemical dou-
ble layer capacitors (EDLCs) are constantly being investigated for energy storage [1-8].
The device performance depends strongly on the electrolyte employed [9-13]. Liquid
electrolytes are preferred to be used in electrochemical devices due to their high ionic
conductivity [14, 15]. However, the use of a liquid electrolyte in electrochemical devices
suffers from problems, e.g. leakage, corrosion and solvent evaporation at high tempera-
ture [16—18]. Hence, researchers have turned their attention to solid polymer electrolytes
(SPEs) which offer advantages such as thermally stable, the ability to eliminate corrosive
solvents and harmful gas formation, and low volatility with easy handling [19]. However,
the conductivity obtained by SPEs still needs to be improved.

The polymer blending method has been reported to be able to increase the conductivity
of electrolytes [20-22]. According to Buraidah and Arof [21], blending two polymers can
provide more complexation sites at which ion hopping and exchange can take place leading
to an increase in conductivity. The conductivity of starch-ammonium nitrate (NH4NO3)
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increased from 2.83 x 107> S cm™! to 3.89 x 1073 S cm™! by using a starch—chitosan
blend [23, 24]. From our previous works, the conductivity of chitosan-ammonium bromide
(NH,4Br) increased from (4.38 & 1.26) x 1077 S ecm™' to (9.72 + 0.95) x 10> S cm™!
when using a starch-chitosan blend as the polymer host [25, 26]. The blend of starch
and chitosan was reported to form mechanically stable films due to the inter- and intra-
molecular hydrogen bonding that formed between the hydroxyl and amino groups of
starch and chitosan [27]. Plasticization is another approach to enhance the conductivity
of the electrolyte. According to Ismail et al. [28], the addition of plasticizer can soften
the polymer backbone, enabling the coordination sites to become closer to each other.
Hence, the ions require less energy to hop over to the next site. The plasticization method
also can dissociate more salt to become ions which contributes towards ionic conduction
[29]. The conductivity of ~ 10~7 S cm™! of a chitosan-lithium acetate (LiOAc) electrolyte
was increased to 5.5 x 107 S cm~! when plasticized with palmitic acid [30, 31]. The
addition of ethylene carbonate (EC) to chitosan-ammonium iodide (NH4I) increased the
conductivity from 3.7 x 1077 S em™! to 7.6 x 107 S cm™! [32]. In this work, EC was
chosen as plasticizer since its dielectric constant value (¢gc = 89) is high compared to other
plasticizers such as propylene carbonate (PC) (¢pc = 64) and dimethyl phthalate (DMP)
(epmp = 8.5). The transport analysis of unplasticized and plasticized starch-chitosan blend
based electrolytes doped with NH4Br is reported and the highest conducting plasticized
electrolyte is used in the fabrication of an electrochemical double layer capacitor (EDLC).

2. Experimental

For preparation of an unplasticized system, 0.8 g starch (Brown and Polson) was dissolved
in 100 ml of 1% acetic acid (SYSTERM) at 80°C for 20 min. After the solution cooled to
room temperature, 0.2 g chitosan [viscosity: 800-2000 cP, 1 wt% in 1% acetic acid (25°C),
Sigma-Aldrich] was added. Different amounts of NH4Br (Bendosen) were added and stirred
until homogenous solutions were obtained. For preparation of a plasticized system, different
amounts of EC (Merck) were added to the highest conducting unplasticized electrolyte
solutions. All homogenous solutions were cast on plastic Petri dishes and left to dry at
room temperature. The dry films were kept in a desiccator filled with silica gel dessicants
for further drying.

X-ray diffraction (XRD) measurements were carried out on a Siemens D5000 X-ray
diffractometer where X-rays of 1.5406 A wavelengths were generated by a Cu Ka source.
The 20 angle was varied from 5° to 80° at a resolution of 0.1°. The degree of crystallinity
(x ) of the electrolytes was calculated using:

Ac 100% (1)
c=—X
X Ar 0
where A, and A7 are the areas of crystalline and total hump, respectively. The areas of
crystalline and total hump were determined using OriginPro8 software.

The conductivity (o) of the electrolytes was calculated using:

d

"= Ra @

where d is the thickness of the electrolyte, R;, is bulk resistance and A is the electrode- elec-
trolyte contact area. The value of R, was determined from the Cole-Cole plot obtained from
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impedance measurements of the electrolytes. The electrolytes were sandwiched between
two stainless steel electrodes of a conductivity holder. The impedance measurements were
conducted using HIOKI 3532-50 LCR HiTESTER from room temperature to 348 K in the
frequency range of 50 Hz to 5 MHz.

The ionic transference number was measured using Wagner’s DC polarization method
[33]. The cell consisted of the highest conducting plasticized electrolyte sandwiched by two
stainless steel (SS) blocking electrodes (SS/SPE/SS), which was polarized using a V&A
Instrument DP3003 digital DC power supply at 0.80 V. The DC current was monitored as
a function of time. The measurement was undertaken at room temperature.

The electrochemical stability window of the highest conducting plasticized electrolyte
was studied using linear sweep voltammetry (LSV). The LSV measurement was performed
using a Digi-IVY DY2300 potentiostat at a scan rate of 5 mV s~! at room temperature.
The highest conducting electrolyte was sandwiched between two stainless steel electrodes,
where one of the electrodes was used as the working electrode while the other one was
used as counter and reference electrodes. The voltage range is from O to 2.4 V.

For the preparation of the EDLC electrode, 13 g activated carbon (RP20, manufactured
by Kuraray, Japan), 2 g polyvinylidene fluoride (PVdF) and 1 g carbon black (Super P)
were mixed together in 60 ml of N-methyl pyrrolidone (NMP) (EMPLURA) and stirred
until homogenous. The mixture was doctor-bladed on an aluminum foil and heated at 60°C
for drying. The dried electrode was kept in a desiccator containing silica gel. Cyclic voltam-
metry (CV) of the EDLC at room temperature was carried out using a Digi-IVY DY2300
potentiostat from 0 to 0.85 V at various scan rates. The charge-discharge characteristics of
the EDLC were performed using a Neware battery cycler at a constant current density of
0.048 mA cm~2 for 500 cycles. The discharge capacitance (C) of the EDLC was calculated

using
i (1
m\'s

where i is the constant current, m is mass of active material and s is the slope of the discharge
curve. The specific capacity (Q) was evaluated using Eq. (4), where ?, is the discharge time.

Q= “4)

tai
m

3. Results and Discussion

From the XRD study by Zhai et al. [34], the blend of 80 wt% corn starch and 20 wt%
chitosan was the most amorphous and the blend exhibited a better tensile strength than
the other blend ratios. Since the amorphous structure is an important criterion for ionic
conduction, in the present work, the blend of 80 wt% starch and 20 wt% chitosan was
chosen to host the protonic conduction. The addition of salt to the polymer host is expected
to increase the amorphous phase of the electrolyte. The X-ray diffractogram of selected
electrolytes in unplasticized system is shown in Fig. 1(a). From our previous work [26], the
room temperature conductivity of the electrolyte increases as NH4Br content increases to
35 wt%. This result is evidenced by the value of y . as shown in Table 1. The percentage of
the crystalline phase decreased when NH4Br content increased up to 35 wt%. As the ion
concentration in the electrolyte increased, both the fraction of amorphous phase and charge
carriers increased simultaneously [35]. It was reported that ions are favorably mobile in
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Figure 1. (a) X-ray diffractogram of pure starch-chitosan blend film (i), starch-chitosan blend with
5 wt% NH4Br (ii), 35 wt% NH4B4 (iii), 45 wt% NH4Br (iv) electrolytes, and pure NH,Br salt powder
(v). (b) X-ray diffractogram of unplasticized starch-chitosan-NH,4Br (i), starch-chitosan-NH4Br with
10 wt% EC (ii), and 30 wt% EC (iii) electrolytes.
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Table 1. Degree of crystallinity of selected electrolytes in
unplasticized system

Sample (wt% NH4Br) Xc (%)

5 37.40
35 30.70
45 35.90

the amorphous phase since their motion is assisted by polymer segmental motion [36-38].
The XRD results explain the increasing conductivity value with increasing NH4Br content
up to 35 wt%. The room temperature conductivity decreases with addition of more than
35 wt% NHyBr [26]. From the X-ray diffractogram of the electrolyte with 45 wt% NH4Br
in Fig. 1(a) (iv), three crystalline peaks appear at 31.1°, 50.2°, and 55.4°. These three peaks
are the characteristic peaks of NH4Br salt as shown in Fig. 1(a) (v). From Table 1, the x.
value of the electrolyte with 45 wt% NH4Br was higher than the electrolyte with 35 wt%
NHyBr. This result shows that the ions have recrystallized on addition of 45 wt% NH,4Br,
leading to a decrease in conductivity. The conductivity enhancement due to plasticization
can also be explained by the XRD patterns as shown in Fig. 1(b). From a previous report
[26], the addition of 30 wt% EC increases the conductivity to (1.44 £ 0.51) x 1073 S
cm™!. The addition of EC as a plasticizer promotes ion dissociation [39]. This is because
the plasticizer has a high dielectric constant that can weaken the Coulombic force between
the anion and cation of the salt so that the salt can be easily dissociated, thus increasing the
ion concentration and the amorphous phase within the electrolyte [40]. From Table 2, the
X value decreases as EC content increases to 30 wt%. This result verifies the conductivity
result as reported previously [26].

The influence of temperature on conductivity is depicted in Fig. 2. The conductivity of
all electrolytes increased linearly with increasing temperature, hence obeying the Arrhenius
rule. Therefore, there is neither a phase transition in the polymer matrix nor a domain
formed by the addition of salt [41]. The Arrhenian conductivity—temperature relationship
has been observed for starch-NH4NOj3 [23], chitosan-NHy4I [32] and polyvinyl alcohol
(PVA)-NH,4Br [42] electrolytes. The activation energy (E,) of each electrolyte is calculated
from the following Arrhenius equation:

E,

0 = 0,€exp |:_k_T] 5)

where o, is the pre-exponential factor, k is the Boltzmann constant and 7 is the absolute
temperature. The value of E,, for each unplasticized and plasticized electrolyte is tabulated in

Table 2. Degree of crystallinity of selected electrolytes in
plasticized system

Sample (wt% EC) Xe (%)
0 30.70
10 28.02

30 26.63
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Figure 2. Variation of conductivity as a function of temperature for unplasticized system (a) and
plasticized system (b).

Tables 3 and 4, respectively. The value of E, was found to be 0.22-0.37 eV for unplasticized
electrolytes and 0.17-0.20 eV for plasticized electrolytes. The higher conducting electrolyte
had the lower E, value. This is in agreement with the fact that the conductivity increases
with the increase in number density of ions as shown in Tables 3 and 4. Thus the energy
barrier for the proton transport decreases leading to a decrease in the E, value [43].

Transport parameters of each electrolyte were obtained using Rice and Roth model
[44]. In this model, conductivity can be expressed as:

_ 2[(Ze) E —E, 6
(r_gl:kTmi|n arexp<kT) ©)

where Z is the valency of conducting species, e is electron charge, m is mass of the charge
carrier, n is number density of ions and 7 is the traveling time of ions. The value of T was
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Table 3. Transport parameters of each electrolyte in unplasticized system at room

temperature
Sample n
(wWt% NH,4Br) o (Sem™h) E, (eV) 7 () n(cm™3) (ecm?V~!s™h
5 (453 +£1.61) x 1077 037 1.24 x 10713 4.49 x 10'® 6.28 x 1077
10 (1.30£0.38) x 1078 036 125 x 107" 8.87 x 10'® 9.15 x 1077
15 (6.83+£0.41) x 1077 033  1.31 x 10713 1.51 x 10'7 2.82 x 107
20 (1.71 £0.25) x 107 029 1.42 x 107" 587 x 107 1.82 x 1073
25 (3.524+0.35) x 107 027 1.45x 107" 833 x 107 2.64 x 1073
30 (5.59+£0.81) x 1075 023 1.57 x 10713 3.02 x 10" 1.16 x 107*
35 (9.724+£0.95) x 107> 022 1.60 x 10713 3.64 x 10" 1.67 x 107*
40 (5.5440.99) x 1075 023 1.57 x 10713 2.99 x 10" 1.16 x 10~*
45 (3434+£0.89) x 1075 024 1.53 x 10713 2.68 x 10" 7.99 x 1073
50 (258 +£0.42) x 1075 024  1.53 x 107" 2.01 x 10" 7.99 x 1073
obtained using the equation:
l
T = — (7)
v

where [ is the jump distance between two complexation sites. In this work, [ is the distance
between two repeating units of amylose fiber in starch, which is 10.4 A [23]. The velocity
(v) of mobile ions was obtained using:

2E,

v = (8)
m
The ionic mobility, u was calculated using the value of n.
o
p=— ©
ne

The transport parameters for unplasticized and plasticized electrolytes are tabulated in
Tables 3 and 4, respectively. The values of n and p increased with increasing conductiv-
ity. For the unplastcized system, the highest conducting electrolyte with incorporation of
35 wt% NH4Br had the highest n and p values of 3.64 x 10'® cm™ and 1.67 x 10~* cm?

Table 4. Transport parameters of each electrolyte in plasticized system at room temperature

Sample "

(wt% EC) o (Scm™h) E, (eV) 7 (3) nm™) (em?V~ls™h
10 (3.93+£0.85) x 107*  0.19 1.72 x 10713 492 x 10'® 498 x 10~
20 9.584226) x 104 017 1.82x 1073 582 x 108 1.03 x 1073
30 (1444+051) x 103 017 1.82x 10-13 875 x 108 1.03 x 10-3
40 (108 +0.15 x 103 017 1.82x 10°'3 6.56 x 108 1.03 x 10-3
50 (4.03+1.20) x 107*  0.19 1.72 x 1071 5.05 x 10'® 498 x 10~
60 (2.06 £0.53) x 107*  0.20 1.68 x 10713 371 x 10'® 3.46 x 1074
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Figure 3. Transference number of the highest conducting electrolyte in plasticized system at room
temperature using stainless steel electrodes.

V~! 57!, respectively. The values of n and p for the highest conducting chitosan-NH4Br
electrolyte were 4.81 x 10'7 cm™3 and 5.69 x 107® cm? V~! 57!, respectively [25]. It
is known that blending two polymers can provide more complexation sites at which ion
hopping and exchange can take place [21]. For starch-chitosan blend, hydrogen bonding
interactions occurred between the hydroxyl groups of starch and the amino groups of chi-
tosan [26, 45]. This hydrogen bonding interaction created more complexation sites for ions
to transport [46]. This phenomenon increases the number density and mobility of ions. For
the plasticized system, the highest conducting electrolyte with incorporation of 30 wt%
EC had the highest n and u values of 8.75 x 10'® cm™ and 1.03 x 1073 cm?> V~! 571,
respectively. Other reports also show that the increasing conductivity of the electrolyte is
influenced by the increase in n and p values [23, 39, 47-50].

The contribution of ions to the total conductivity of an electrolyte can be determined
from the transference number measurement [51]. From the plot of polarization current
against time in Fig. 3, the transference numbers of ion (%,,,) and electron (¢,) for the highest
conducting plasticized electrolyte were calculated using:

Ii - Iss
tion = —— 10
2 (10)
t, = Ls (11)
e — Il

where [; is the initial current and I, is the steady state current. The steady state is achieved
when the movement of mobile ions is balanced by diffusion process, which is due to the
ion concentration gradient [52]. The concentration gradient is ascribed to the non unity
transference number of ions in the polymer electrolyte, which cause a decay in current to
a lower steady state value [53]. It was found that #;,, was 0.92 and ¢, was 0.08, indicating
that the charge transport in the polymer complex is predominantly due to ions. Hema et al.
[54] reported that £;,, for all the compositions of the PVA-NH,Br electrolyte systems lies
between 0.93 and 0.96 at 303 K. The ionic transference number for potato starch-ammonium
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Figure 4. Linear sweep voltammogram of the highest conducting electrolyte in plasticized system
at5mVsL

iodide (NH4I) electrolyte was reported to be >0.95 [55]. Aziz et al. [56] showed that ¢;,, for
the highest conducting phthaloyl chitosan-ammonium thiocyanate (NH4SCN) electrolyte
was 0.912. The results from the literature are comparable with the present work.

LSV measurement was carried out in order to determine the stability window of
the electrolyte as well as the maximum operational voltage of an electrochemical device
employing the electrolyte [40]. From the literature, there are many reports on studies of
the electrochemical stability of proton conducting polymer electrolytes using stainless steel
working, counter and reference electrodes [56—60]. In the present work, the linear sweep
voltammogram is shown in Fig. 4. It can be observed that the decomposition voltage of the

10
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£
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=
ﬂ.)
-
=
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Figure 5. Cyclic voltammogram of EDLC at different scan rates.
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Figure 6. Charge-discharge curves of the EDLC at selected cycles.
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Figure 7. Discharge capacitance and specific capacity versus cycle number.

highest conducting electrolyte in the plasticized system was 1.80 V. The breakdown voltage
of chitosan-NH4NO3-EC electrolyte with stainless steel working, counter and reference
electrodes was reported to be 1.80 V [57], which is comparable with our result. According
to Pratap et al. [61], the standard electrochemical window of proton batteries is ~ 1 V. Arof
et al. [51] reported that the decomposition voltage of polymethyl methacrylate (PMMA)-
lithium bis(oxalate borate) (LiBOB) electrolyte with stainless steel working, counter and
reference electrodes is 1.7 V and the electrolyte was used in the fabrication of EDLC. The
present result shows that the highest conducting electrolyte in the present work is suitable
for fabrication of an electrochemical device.

The cyclic voltammograms of the EDLC were recorded in the potential range of
0-0.85 V at different scan rates as shown in Fig. 5. The voltammograms of the EDLC at 20
and 50 mV s~! exhibited almost ideal horizontal plateaus inferring ion diffusion occurred at
fairly constant rate with little impact from ohmic resistance [51]. As the scan rate increased
to 100 and 200 mV s~!, the discrepancy from a perfect rectangular shape for the cyclic
voltammogram can be assigned to the internal resistance and the carbon porosity, which
produced a current dependence of the potential [62]. Since the fabricated EDLC is scan rate
dependent, it can be concluded that the EDLC showed the characteristic of a capacitor cell
[63]. From the voltammogram, it can be inferred that charge and discharge of the fabricated
EDLC was almost reversible at the electrode/electrolyte interface [64].

The cycle life performance is important for practical applications. Figure 6 shows the
typical charging and discharging performance of the EDLC at a constant current density of
0.048 mA cm~2 between 0 to 0.85 V for selected cycles. In the present work, the EDLC
charge-discharge curves were quite comparable to those reported in the literature [40, 41,
65, 66]. Using the slope of the discharge curves, the values of C were calculated using
Eq. (3) and are shown in Fig. 7. Towards the 70th cycle, the value of C was observed to
decrease to 1306 mF g~!. After the 70th cycle, the value of C remained constant at ~
1172 mF g~! until it completed 500 cycles. Shuhaimi et al. [66] reported that the value of
C of the EDLC using methyl cellulose (MC)-NH4NOjs electrolyte was 1.67 F g=! (1670
mF g~!) at the 15th cycle. According to Arof et al. [51], the C value of activated carbon
AC/PMMA-LiBOB/AC EDLC remains constant for almost 50 cycles at ~ 500 mF g~!. The
Q value of the present EDLC, calculated using Eq. (4), was also decreasing to 0.1484 mAh
g~ ! towards the 70th cycle and remained constant at ~ 0.1400 mAh g~! until it completed
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500 cycles. For the first 70 cycles, the decrease in C and Q values might be due to the
depletion of the polymer electrolyte, as the number of charge carriers within the polymer
was reduced with increasing cycle number [60].

4. Conclusions

Starch-chitosan blend based electrolytes doped with NH4Br and plasticized with EC were
prepared and characterized. From the XRD measurements, the electrolyte with 35 wt%
NH4Br is the most amorphous electrolyte in an unplasticized system, while the electrolyte
with 30 wt% EC was the most amorphous electrolyte in the plasticized system. This result
verifies our room temperature conductivity result from previous work. The conductivity-
temperature relationship for all electrolytes is Arrhenian. The number density and mobility
of ions for the highest conducting electrolyte in the unplasticized system were 3.64 x 10'8
cm™ and 1.67 x 10~* cm? V~! s7!, respectively. The highest conducting electrolyte in
the plasticized system had a number density and mobility of ions of 8.75 x 10'® cm~3 and
1.03 x 1073 ecm? V~! s71, respectively. The ionic transference number of the highest
conducting plasticized electrolyte was 0.92. LSV analysis shows that the highest conducting
plasticized electrolyte is suitable for EDLC application. The fabricated EDLC has been
cycled for 500 times. The discharge capacitance and specific capacity of the EDLC at the
500th cycle were ~ 1172 mF g~! and ~ 0.1400 mAh g~!, respectively.
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