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Abstract In this work, cornstarch-based electrolytes are
doped with ammonium bromide (NH4Br) and plasticized with
glycerol. Starch-NH4Br complexation is evidenced from the
Fourier transform infrared (FTIR) spectroscopy results. A
room temperature conductivity of (5.57+1.88)x107° S cm ™!
obtained by 70wt% starch-30 wt% NH4Br electrolyte is
enhanced to (1.80£0.26)x10> S cm ' with the addition of
30 wt% glycerol. All electrolytes exhibit Arrhenius behavior.
The conduction mechanism of 70 wt% starch—30 wt% NH4Br
electrolyte and 49 wt% starch-21 wt% NH4Br-30 wt% glyc-
erol electrolyte follows overlapping large polaron tunneling
(OLPT) and correlated barrier hopping (CBH) models, respec-
tively. The transference number of ion (#,,) and proton (f,) is
found to be 0.98 and 0.35, respectively, for 49 wt% starch—
21 wt% NHy4Br-30 wt% glycerol electrolyte. The decompo-
sition voltage of 49 wt% starch-21 wt% NH4Br-30 wt%
glycerol electrolyte is 1.66 V.

Keywords Solid polymer electrolyte - Starch - Ammonium
bromide - Glycerol - Conductivity - Transference number

Introduction

Ionic conductors are regarded as key components in electro-
chemical devices since the ionic conduction has a strong
influence on the devices performance [1, 2]. Liquid electro-
lytes as ionic conductors are preferable because of their high
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ionic conductivity [3, 4]. However, the use of liquid electro-
lyte in electrochemical devices suffers a lot of problems such
as leakage, corrosion, and solvent evaporation at high temper-
ature [5, 6]. Hence, researchers have turned their attention on
solid polymer electrolytes (SPEs) which offer advantages,
e.g., thermally stable, ability to eliminate corrosive solvent
and harmful gas formation, and low volatility with easy han-
dling [7]. Synthetic polymers have been widely used as poly-
mer host in SPEs but most of them are insoluble in solvents
[8]. Besides, most of synthetic polymers are non-
biodegradable which can cause environmental problems [9].
Natural polymers have been used as polymer host in elec-
trolyte due to their chemical structure differences, richness in
nature, and they’re economical and principally biodegradable
[10]. In this work, cornstarch is of interest. Starch is composed
of a mixture of linear polysaccharide, amylose and branched
polysaccharide, and amylopectin [11]. Figure 1 shows the
structure of both amylose and amylopectin [12]. Both poly-
saccharides composed of D-glucose units joined by o-1,4'-
glucosidic linkages while amylopectin also contains «-1,6'-
glucosidic linkages [12]. According to Khiar and Arof [12],
the cations of salt would be more easily attached to the
amylose compound rather than the amylopectin because the
«-1,4'-glucosidic linkages of amylose are more stable and less
steric than the «-1,6’-glucosidic linkages of amylopectin.
Thus, in this work, the polymer—salt interaction is expected
to occur at the functional groups in amylose, which will be
discussed in the “Results and Discussion” section.
Proton-conducting SPEs have been recognized for their
suitability in the application of low-energy density devices
[13, 14]. Strong inorganic acids such as phosphoric acid
(H3POy) [15] and sulfuric acid (H,SO,4) [16] have been used
as proton donor for SPEs. However, polymer-inorganic acid
complexes suffer from chemical degradation and mechanical
integrity causing them unsuitable for practical applications
[17]. Therefore, a lot of ammonium salts have been used to
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act as the proton donor, for example, ammonium thiocyanate
(NH4SCN) [18], ammonium nitrate (NH4NO3) [19], and am-
monium chloride (NH4C1) [20]. In the present study, a proton-
conducting SPE system based on starch-NH4Br was prepared.
Glycerol was added as plasticizer to enhance the conductivity
of the electrolyte. The electrical characteristics of starch—
NH,4Br and starch-NH4Br—glycerol electrolytes were studied
and compared.

Experimental
Preparation of SPEs

For preparation of starch—-NH4Br (salted) system, 2 g of
cornstarch (Brown & Polson) were dissolved in 50 mL of
1 % acetic acid (SYSTERM) at 80 °C. The dissolved starch
solutions were left to cool down to room temperature before
different amounts of NH4Br (Bendosen) were added to the
solutions and stirred until homogenous solutions were obtain-
ed. For preparation of starch—NH,Br—glycerol (plasticized)
system, different amounts of glycerol (SYSTERM) were
added to the highest conducting salted electrolyte solutions
and stirred until homogenous solutions were obtained. All
solutions were cast onto plastic Petri dishes and left to dry at
room temperature. The dry samples were then kept in a
desiccator filled with silica gel desiccants for further drying
process.

Characterization of electrolytes

FTIR spectra were recorded using Spotlight 400 PerkinElmer
spectrometer in the transmission mode 0f 450—4,000 cm ' ata
resolution of 1 cm ™. Electrochemical impedance spectrosco-
py (EIS) measurements were performed using a HIOKI 3532—
50 LCR HiTESTER from room temperature to 343 K in the
frequency range of 50 Hz to 5 MHz. The electrolytes were
sandwiched between two stainless steel electrodes of a con-
ductivity holder. The value of bulk resistance (R,) was deter-
mined from the Nyquist plots obtained. Conductivity (o) is
calculated using:
t

7= Red (1)

Here, ¢ is the thickness of the electrolytes and A is the
electrode—electrolyte contact area. From the impedance data,
the dielectric properties of the electrolytes were analyzed. The
dielectric constant (¢,) and dielectric loss (¢;) are defined as:

Z.
€ = — (2)
wCo(Z} +Z})
Z;
g = (3)

wCo(Z} + Z7)

where C, is the vacuum capacitance, w is the angular frequen-
cy, Z; is the imaginary part of impedance, and Z, is the real part
of impedance.

Fig. 1 Structure of a amylose
and b amylopectin [12]
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X-ray diffractograms were recorded using Siemens D5000
x-ray diffractometer. X-ray of 1.5406 A wavelengths were
generated by a Cu K« source. The 26 angle is varied from 5
to 80 © at a resolution of 0.1 °. The degree of crystallinity ()
of the electrolytes was calculated using:

A
Xo = A—; x 100% (4)

where 4. and Ay are the areas of crystalline and total hump,
respectively. The areas of crystalline and total hump were
determined using OriginPro8 software.

The ionic transference number was measured using
Wagner’s DC polarization method [21]. A cell consists of
the highest conducting electrolyte sandwiched by two stain-
less steel (SS) blocking electrodes (SS/SPE/SS) was polarized
using V&A Instrument DP3003 digital DC power supply at
0.20 V. The DC current was monitored as a function of time.
Measurement was done at room temperature. A combination
of Wagner’s DC polarization method and Watanabe’s AC
impedance method [22] was used to measure the proton
transference number. To prepare the non-blocking electrodes,
a mixture of 0.40 g manganese (IV) oxide (MnO,) (Sigma-
Aldrich), 0.04-g activated carbon (RP20, manufactured by
Kuraray, Japan) and 0.08-g polytetrafluoroethylene (PTFE)
was grounded and pressed using hydraulic pressing for
15 min. A cell consists of the highest conducting electrolyte
sandwiched by two MnO, non-blocking electrodes (MnO,/
SPE/MnO,) was polarized using V&A Instrument DP3003
digital DC power supply at 0.20 V. Impedance measurement
for the MnO,/SPE/MnO, cell was performed using HIOKI
3532-50 LCR HIiTESTER at room temperature in the fre-
quency range of 50 Hz to 100 kHz.

The electrochemical stability window of the highest
conducting plasticized electrolyte was studied using linear
sweep voltammetry (LSV). The LSV measurement was per-
formed using Digi-IVY DY2300 potentiostat at a scan rate of
10 mV s~ at room temperature. Stainless steel was used as
working, counter, and reference electrodes. The potential
range is from 0 to 2.5 V.

Results and discussion
FTIR analysis

According to Hema et al. [23], the cations of salt are expected
to coordinate with the polar groups in the polymer matrix
resulting in the polymer—salt complexation and certain infra-
red active modes of vibration will be affected. To investigate
the complexation between polymer and salt, FTIR analysis
was performed for pure starch film and starch-NH,4Br electro-
lytes. Figure 2a shows the FTIR spectra of selected samples in

salted system in the hydroxyl band region. The hydroxyl band
in the spectrum of pure starch film in Fig. 2a(i) is located at
3,280 cm ™. The strong and wide absorption in the hydroxyl
band region of pure starch film indicates that there are plenty
of hydroxyl groups in starch [24]. The hydroxyl band of pure
starch film shifts to 3,275 cm ™' in the presence of 10 wt%
NH,Br in Fig. 2a(ii). On addition of 25 wt% NH,4Br, the
hydroxyl band has shifted to 3,260 cm™ " in Fig. 2a(iii) and
further shifted to 3,251 cm ' with the addition of 30 wt%
NH,4Br in Fig. 2a(iv). It is reported that the increasing salt
content in the polymer matrix has shifted the hydroxyl band of
pure polymer film to lower wavenumbers [19, 25]. It has been
reported that in polymer—-ammonium salt complexes, the
conducting charge species is H' ion [19, 26]. The oxygen
atom of O-H carries lone pairs of electron. From the FTIR
results in Fig. 2a, it can be inferred that the interaction has
occurred between the H' ions and the oxygen atom.
Appearance of new peaks can be observed with further addi-
tion of 40 wt% NH,Br at 3,105 and 3,010 cm ™' in Fig. 2a(v).
Those peaks are attributed to v,,(NH") and v{(NH") modes of
NH,Br, respectively, which appear at 3,091 and 2,995 cm ™" in
the spectrum of pure NH,Br salt in Fig. 2a(vi). This result
indicates that more salt aggregates have been formed which
limit the conduction of ions. According to Stygar et al. [27],
although polymer—salt interaction mainly occurs at the oxygen
atom, other bands can also be affected. The FTIR spectra of
selected samples in the salted system in the region of 2,890—
2,970 cm™ ! are shown in Fig. 2b. A peak which is assigned to
C—H stretching mode of starch appears at 2,926 cm ' in the
spectrum of pure starch film in Fig. 2b(i). The increasing
NH,4Br content has shifted the peak to higher wavenumbers.
From Fig. 2b(iv), on addition of 30 wt% NH4Br, the peak has
shifted to 2,931 cm ™' and further shifted to 2,932 cm ! with
the addition of 35 wt% NH4Br in Fig. 2b(v). Report by
Ramesh et al. [7] shows that C—H stretching mode of starch
is shifted from 2,923 to 2,931 cm ' on addition of LiPFg
which is comparable with our result. No peak is observed in
the spectrum of 60 wt% starch—40 wt% NH4Br electrolyte in
Fig. 2b(vi) indicating the increase in crystallinity of the elec-
trolyte. From Fig. 2¢(i), a peak appears at 1,078 cm ' in the
spectrum of pure starch film. Ning et al. [28] observed a peak
at 1,080 cm ™ in the spectrum of starch film which is attributed
to C-O bond stretching of the C—O—C group in starch. Their
result is almost similar with the present work. In Fig. 2¢(ii), on
addition of 25 wt% NH4Br, the peak shifted to 1,077 cm L.
Further shifting can be observed with increasing salt content.
On addition of 40 wt% NH4Br, the peak is located at
1,074 cm™'. According to Ramesh et al. [7], cations interact
with oxygen atoms in the C—O—C group. All these results
conclude that starch has interacted with NH4Br salt in the
present work.

Figure 3a depicts the FTIR spectra for the selected samples
in plasticized system in the hydroxyl band region. Due to its
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multi-hydroxyl moiety structure, glycerol possesses the strong
ability to interact with the polysaccharide matrix through
hydrogen-bonding interactions [29]. The hydroxyl band has
shifted to 3,275 cm ' on addition of 10 wt% glycerol in
Fig. 3a(ii). The hydroxyl band has further shifted to
3,308 cm ' on addition of 30 wt% glycerol in Fig. 3a(v).
This result indicates that the addition of glycerol promotes
the hydrogen bonding interactions between the electrolyte
components [30]. Liu et al. [31] reported that the hydroxyl
band of unplasticized starch—chitosan film at 3,328.36 cm '
has shifted to higher wavenumbers after the glycerol was
added. According to the authors, the addition of glycerol
promoted the hydrogen bonding interactions among polymers
and plasticizer [31]. Figure 3b shows the FTIR spectra for the
selected samples in plasticized system in the region of 955—
1,055 cm . The peak at 1,002 cm' in the spectrum of
70 wt% starch-30 wt% NH4Br—0 wt% glycerol electro-
lyte in Fig. 3b(i) could be associated with C—O—H bond
vibration or solvation [32, 33]. According to Vicentini
et al. [33], the band at around 1,015 cm ! in starch
spectrum is characteristic of amorphous material. As
glycerol content increases to 30 wt%, the peak shifts
to higher wavenumber of 1,017 ¢cm™' as shown in
Fig. 3b(iv). Bergo et al. [32] also observed that the
peak at 1,011.8 cm ! in the spectrum of unplasticized
starch film has shifted to higher wavenumbers with the
increase in glycerol content.

Fig. 2 a FTIR spectra for
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Conductivity at room temperature

Conductivity at room temperature for salted system is
depicted in Fig. 4a. It is observed that the ionic conductivity
achieves the maximum value of (5.57+1.88)x10> S cm
with incorporation of 30 wt% NH4Br. The increase in con-
ductivity as salt concentration increases to 30 wt% can be
attributed to the increase in number of charge carriers [12, 13].
As more than 30 wt% NH,4Br are added to the electrolyte, the
conductivity is observed to decrease. When too much ions are
provided, the possibility of ion recombination to become
neutral ion pair increases which decrease the number of free
mobile ions [13]. Furthermore, the formation of ion aggre-
gates blocks the movement of the free mobile ions [34]. These
phenomena decrease the conductivity. The room temperature
conductivity for plasticized system is shown in Fig. 4b.
Glycerol was chosen as plasticizer because glycerol was report-
ed to be a good plasticizing agent for starch based film [35].
The addition of 30 wt% glycerol enhances the conductivity to
(1.80+0.26)x 107> S ecm ', Glycerol has high dielectric con-
stant value (€giyceroi=42.5) which weaken the Coulombic force
between the cations and anions of salt. Hence, more undisso-
ciated salt become ions to assist the conductivity enhancement.
The addition of more than 30 wt% glycerol decreases the
conductivity of the electrolyte. This is attributed to the forma-
tion of linkages between the plasticizer itself and causing it to
recrystallize resulting in the decrease in conductivity [36].

b
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Fig. 3 a FTIR spectra for electrolytes comprise of i 70 wt% starch—
30 wt% NH4Br—0 wt% glycerol, ii 63 wt% starch-27 wt% NH4Br—
10 wt% glycerol, iii 56 wt% starch-24 wt% NH4Br-20 wt% glycerol,
iv 52.5 wt% starch-22.5 wt% NH4Br-25 wt% glycerol, and v 49 wt%
starch-21 wt% NH4Br-30 wt% glycerol in the region of 2,920—
3,700 cm™'. b FTIR spectra for electrolytes comprise of i 70 wt%
starch—30 wt% NH4Br-0 wt% glycerol, ii 66.5 wt% starch-28.5 wt%
NH4Br-5 wt% glycerol, iii 63 wt% starch-27 wt% NH4Br—-10 wt%
glycerol, and iv 49 wt% starch-21 wt% NH4Br-30 wt% glycerol in the
region of 955-1,055 cm '

Conductivity at elevated temperature

Conductivity of SPE depends strongly on the temperature.
Figure 5 shows the effect of temperature on conductivity for
salted and plasticized systems. It is found that the conductivity
increases with temperature for all electrolytes which follows
Arrhenius rule. It can be assumed that the transport of cation is
quite similar to that occurring in ionic crystals, where ions
jump into neighboring vacant sites [37]. Similar behavior has
been reported for other polymer electrolyte systems [36—38].
Hence, the conductivity can be expressed as:

—~

E,
0 = 0,eXp [_k_T] 5)

where o, is the pre-exponential factor, E, is the activation
energy, k is the Boltzmann constant, and 7 is the absolute
temperature. The activation energy can be ascribed as the
combination of energy of defect formation and energy of
defect migration [39]. In the present work, the activation
energies were evaluated from the plots in Fig. 5 and tabulated
in Tables 1 and 2. For the salted system, 70 wt% starch—
30 wt% NHyBr electrolyte has the lowest activation energy
of 0.56 eV while 49 wt% starch-21 wt% NH4Br—30 wt%

glycerol electrolyte has the lowest activation energy of
0.11 eV for the plasticized system. It can be inferred that the
higher conducting electrolyte requires lower activation ener-
gy. Polymer electrolytes are the mixture of crystalline and
amorphous regions and the conductivity behavior of such
electrolytes may be dominated by the properties of the amor-
phous region [40]. The addition of salt forms charge transfer
complexes in the host lattice which increases the conductivity
by providing additional charges in the lattice resulting a de-
crease in activation energy [40, 41].

XRD analysis

The variation of conductivity with salt or plasticizer concen-
tration can be verified by the XRD analysis, where the con-
ductivity trend can be related to the amorphousness of the
electrolytes. Three crystalline peaks are observed at 20=17.3,
19.9, and 21.9 ° in the x-ray diffractogram of pure starch film
as shown in Fig. 6a. The presence of both sharp and diffuse
diffraction peaks in its diffractogram demonstrates that the
pure starch film shows two phase morphology, i.e., crystalline
and amorphous states. The amorphousness of the starch film
increases with the incorporation of 5 and 15 wt% NH,4Br, as
the degree of crystallinity decreases as shown in Table 3. As
ion concentration in the electrolytes increases, both fractions
of amorphous phase and charge carriers increased simulta-
neously [42]. The intensity of the three crystalline peaks of
pure starch film decreases as shown in Fig. 6b, ¢, which
proves that the addition of salt decreases the crystalline phase
of the electrolyte. On addition of 30 wt% NH,4Br, the crystal-
line peaks disappear as shown in Fig. 6d and the degree of
crystallinity further decreases. Since ions are preferably mo-
bile in the amorphous phase, these results explain the increas-
ing conductivity value with increasing NH4Br content up to
30 wt%. The presence of glycerol in the electrolyte further
increases the amorphousness of the electrolytes. From Fig. 4b,
the conductivity is maximized with addition of 30 wt% glyc-
erol. From Table 3, 49 wt% starch-21 wt% NH4Br—-30 wt%
glycerol electrolyte has the lowest value of the degree of
crystallinity, indicating that the electrolyte has the highest
amorphous content which is consistent with the conductivity
result.

Impedance analysis

A typical AC impedance plot consists of a semicircle curve at
the high-frequency region and a tilted spike at the low-
frequency region. The semicircle part is related to ionic con-
duction in the bulk of the sample [38]. According to Malathi
et al. [43], the bulk conductivity is due to the parallel combi-
nation of bulk resistance and bulk capacitance of the polymer
electrolytes. The tilted spike is attributed to the effect of
electrode polarization which is characteristic of the diffusion

@ Springer



116

Ionics (2015) 21:111-124

(a) 1.E-04 ; ;
4 § 1
~ 1.E-05 3 $ +
g 7
@ - ?
5 1.E-06 4
= E
= ] ©
E  1.E-07 4 3
= E
= ]
=
=) 4
“  1.E-08-
1 ¢
1-E-09 T T T T T T T T
0 10 20 30 40
NH,Br concentration (wt%)
(b) 1.E-02 5
= ] 3
(5]
@ 1.E-03 -
S ] L |
> ] ¢
£ : |
B 1 t
S 1.E-044 t
S 3 ¢
1-E-05 T T T T T T T
0 10 20 30 40

Glycerol concentration (wt%)

Fig. 4 Conductivity at room temperature for a salted system and b
plasticized system

process [38]. Figure 7 shows the Nyquist plots of 49 wt%
starch—21 wt% NH4Br—30 wt% glycerol electrolyte at various
temperatures. It is observed that the Nyquist plot for each
temperature consists of only a tilted spike. The disappearance
of semicircle at high-frequency region suggests that only the
resistive component of the polymer prevails [17]. The tilted
spikes inclined at an angle less than 90 ° with the real axis.
According to Wu et al. [44], the inclination of the spike at an
angle less than 90 ° with the real axis is attributed to the non-
homogeneous or roughness of the electrode-electrolyte
interface.

The electrical equivalent circuit representation is common-
ly used in impedance analysis because it is fast, simple, and
provides the complete picture of the system [45]. In the
present work, since the Nyquist plot of 49 wt% starch—
21 wt% NH4Br-30 wt% glycerol electrolyte at all
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Fig. 5 Conductivity at elevated temperature for a salted system and b
plasticized system

temperatures consists only the tilted spike; the equivalent
circuit can be represented by a combination of Ry, and constant
phase element (CPE) in series [46]. In general, a CPE is used
in a model instead of a capacitor to compensate for inhomo-
geneity in the system [47]. The impedance of CPE (Zcpg) can
be expressed as [46, 48]:

Table 1 Conductivity and E, values for salted system

Sample (wt% NH4Br) o(Scem™") E, (eV)
5 (3.18+0.91)x107° 0.97
10 (1.18+0.30)x 1077 0.96
15 (2.27+0.23)x1077 0.93
20 (2.18+0.80)x10°¢ 0.76
25 (1.07£0.30)x10°° 0.58
30 (5.57+1.88)x107° 0.56
35 (1.82+0.44)x107° 0.57
40 (1.32+0.32)x107° 0.57
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Table 2 Conductivity and £, values for plasticized system Table 3 Degree of crystallinity of selected electrolyte samples
Sample (wt% glycerol) o(Sem™) E, (eV) Electrolyte Xe (%)
5 (6.5440.90)x107° 0.52 Pure starch 30.36
10 (1.13£0.22)x 107 0.44 95 wt% starch—5 wt% NH,Br 28.80
15 (1.74+0.35) 107 0.37 85 wt% starch—15 wt% NH4Br 26.23
20 (3.04+0.45)% 107 0.29 70 wt% starch-30 wt% NH,Br 25.57
25 (7.41£1.00)x 107 0.23 63 Wt% starch—27 wt% NH,Br—10 wi% glycerol 25.44
30 (1.80+0.26)x 107 0.1 49 wt% starch-21 wt% NH,Br—30 wi% glycerol 22.42
35 (6.17£1.06)x10~* 0.27
40 (4.34+0.87)x10°* 0.28

increasing capacitance with increasing temperature sat-

| isfies the following equation:
™\ _. . (TP
Zcpg = —— [cos (—) —i sin (—)} 6
PET Cur 2 2 (6)

where C is the capacitance of CPE and p is related to the
deviation of the plot from the axis. The values of Z, and Z;
associated to the equivalent circuit can be expressed as:

p
Z—R+ C(g) ™)
. (TP
() .

The parameters of the circuit elements at various
temperatures are tabulated in Table 4. The value of
capacitance is observed to increase with increasing tem-
perature. According to Shuhaimi et al. [46], the increase
in capacitance with increasing temperature implies the
suitability for the use in electrochemical devices. The

WM%W
(e)
-~ (d)
=
s (©
=
g
E (b)
&)
5 20 35 50 65 80

20 (degree)

Fig. 6 X-ray diffractograms of a pure starch film, b 95 wt% starch—
5 wt% NH4Br, ¢ 85 wt% starch—15 wt% NH4Br, d 70 wt% starch—
30 wt% NH,4Br, e 63 wt% starch-27 wt% NH4Br—10 wt% glycerol,
and f 49 wt% starch-21 wt% NH4Br-30 wt% glycerol electrolytes

_ oA
T

C ©)
where ¢, is vacuum permittivity. Many reports [26, 37, 48]
have shown that the value of the ¢, of a polymer electrolyte
increases with increasing temperature, which in turn, increases
the capacitance. The result of ¢, in this work will be discussed
later.

Dielectric analysis

Dielectric constant is representative of stored charge in
a material while dielectric loss is a measure of energy
losses to move ions when the polarity of electric field
reverses rapidly [18, 26]. The frequency dependence of
g, and ¢; for 70 wt% starch-30 wt% NH4Br electrolyte
and 49 wt% starch-21 wt% NH4Br-30 wt% glycerol
electrolyte from 298 to 343 K are shown in Figs. 8
and 9, respectively. No relaxation peaks are observed
indicating that the increase in conductivity is mainly
due to the increase in number density of mobile ions
[12]. As the temperature increases, the values of ¢, and
¢; increase due to the total polarization that arises from
the dipole orientation and the trapped charge carriers
[49]. As reported by Ramesh et al. [37], the plasticized
electrolyte with higher conductivity value shows much
higher ¢, value. The higher ¢, and ¢; values obtained by
49 wt% starch-21 wt% NH4Br-30 wt% glycerol elec-
trolyte at low-frequency region indicates that the exis-
tence of plasticizer may result in more localization of
charge carriers along with mobile ions causing higher
ionic conductivity [50].

The decreasing ¢, and ¢; with increasing frequency is
attributed to the tendency of the dipoles in the polymer
chains to orient themselves in the direction of the ap-
plied electric field [49]. Towards higher frequencies, the
fast periodic reversal of the electric field occurs hence
the polarization due to charge accumulation decreases at
the electrode—electrolyte interface, which in turn,
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contributes to the decrease in ¢, and ¢; [37]. Dielectric
results imply that the electrolyte systems in the present
work confirm the non-Debye behavior.

Conduction mechanism

The AC conductivity (oac) is obtained using:

OAC = Eo&rwitand (10)

Table 4 The parameters

of the circuit elements for T (K) p (rad) C(F)

49 wt% starch-21 wt%
298 0.76 3.51x10°°
303 0.74 4.00x107°
308 0.72 4.74x107°
313 0.72 5.13x10°°
318 0.71 6.25x107°
323 0.71 6.80x107°
328 0.70 8.47x107°
333 0.70 9.62x107°
338 0.70 1.09x107*
343 0.70 1.26x107*

@ Springer

By substituting ¢, tan d=¢; into Eq. (10):
(11)

According to Jonscher’s universal power law [51], the total
conductivity (o(w)) is the sum of o5c and DC conductivity

(opC)-

OAC = Eo€iW

o(w) = oac + onc (12)

o(w) = Aw® 4 opc (13)

Here, Aw’=0ac. A represents a parameter dependent on
temperature and s is the power law exponent with 0<s<1. By
substituting Aw’'=04c into Eq. (11), the value of s was obtain-
ed by plotting Eq. (14).

A
Ingi = In— + (s—1)lnw

€o

(14)

The value of s was determined from the slope of the plots in
Fig. 10. In the present work, the slope is only taken in the
frequency range of 12.3<In w<13.0 since there is no or
minimal impact of electrode polarization at high-frequency
region [26]. At a higher frequency region, most of the ions are
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Fig. 8 Frequency dependence of dielectric constant at different temper-

atures for a 70 wt% starch-30 wt% NH4Br electrolyte and b 49 wt%
starch-21 wt% NH4Br-30 wt% glycerol electrolyte

static as the periodic reversal of electric field occurs so fast,
hence, decreasing the electrode polarization. There are a lot of
reports which suggest that the acceptable frequency range is
outside of the electrode polarization region [26, 52]. Figure 11
shows the variation of s with temperature for 70 wt% starch—
30 wt% NH4Br electrolyte and 49 wt% starch-21 wt%
NH4Br-30 wt% glycerol electrolyte. For 70 wt% starch—
30 wt% NH4Br electrolyte, the value of s decreases towards
308 K and increases thereafter. This may be due to the break-
ing of internal correlation between the sites and relaxing ions
and relaxing species become independent of each other which
results in tunneling process rather than hopping [53]. This
result infers that the conduction mechanism of 70 wt%
starch—30 wt% NH4Br electrolyte can be explained by the
overlapping large polaron tunneling (OLPT) model [54]. The
plot of s against temperature for 49 wt% starch-21 wt%
NH,4Br-30 wt% glycerol electrolyte shows a decreasing value
with increasing temperature and is best fitted by the equation

119
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Fig. 9 Frequency dependence of dielectric loss at different temperatures
for a 70 wt% starch-30 wt% NH,4Br electrolyte and b 49 wt% starch—
21 wt% NH4Br-30 wt% glycerol electrolyte

of s=—0.0027 7+0.948, where as T—0 K, the exponent s is
approaching ~1. This result implies that the conduction mech-
anism of the electrolyte follows the correlated barrier hopping
(CBH) model [55]. Buraidah et al. [26] reported that the
conduction mechanism for chitosan—NHyl occurs by way of
CBH model in which the plot of exponent s against 7 can be
fitted to the equation s=—0.0023 7+1.0281. Their result is
comparable with the present work. In this model, the ions
reside in a potential well. The ions are assumed to be
surrounded by several potentials such as the Columbic repul-
sive potential between the ions and the potential well. The ions
can hop from one site to another after they acquired enough
energy. The ions may hop back to the initial site or the
formation of a new absolute potential with an increase in the
back-hop barrier height and the ions continue to move in the
forward direction [26]. The hops are thermally activated.
According to Kufian et al. [56], the difference in conduction
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Fig. 10 Variation of In ; with frequency at different temperatures for a
70 wt% starch—30 wt% NH4Br electrolyte and b 49 wt% starch-21 wt%
NH4Br-30 wt% glycerol electrolyte

mechanism can be attributed to the different £, value of the
electrolytes. The E, for 70 wt% starch-30 wt% NH,4Br elec-
trolyte is 0.56 eV. Due to the higher E,, the ions prefer to
tunnel through the potential barrier rather than hop across it.
For 49 wt% starch-21 wt% NH4Br-30 wt% glycerol electro-
lyte, the E, is lower. Hence, the ions can easily hop across the
potential barrier giving rise to a higher conductivity.

Transference number analysis
The contribution of ions to the total conductivity of an elec-
trolyte can be determined from the transference number mea-

surement [57]. From the plot of polarization current against
time in Fig. 12a, the transference numbers of ion (¢,,) and
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electron (z,) for 49 wt% starch-21 wt% NH,Br-30 wt% glyc-
erol electrolyte were calculated using:

[i_lss
tion = 15
2 (15)
1
te = [lls (16)

where 7 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 [58]. The concentration gradient is
ascribed to the non unity transference number of ions in the
polymer electrolyte which causes decay in current to lower
steady state value [59]. It is found that 7, is 0.98 and ¢, is
0.02, indicating that the charge transport in the polymer com-
plex is predominantly due to ions. Hema et al. [17] reported
tion for all the compositions of the PVA-NH4Br electrolyte
system lies between 0.93 and 0.96 at room temperature. The
ionic transference number for potato starch-ammonium io-
dide (NHy4I) electrolyte is reported to be >0.95 [60]. The
results from the literature are comparable with the present
work.

Proton transference number (#,) for 49 wt% starch-21 wt%
NH4Br-30 wt% glycerol electrolyte was determined using
Watanabe’s method. The value of #, was calculated using:

Ry
b= AV (17)
I ¢

where AV is the bias voltage from DC polarization and R, is
the charge transfer resistance. The phenomenon of R, is at-
tributed to the charging—discharging electrode—electrolyte in-
terface [58]. In this technique, the values of R, and R. were
measured from a complex impedance plot using non-blocking
reversible MnO, electrodes. Figure 12b shows the plot of
polarization current against time at applied voltage of 0.20 V
using MnO, electrodes. It is found that /i is 28.0 pA. The
impedance plot for MnO,/49 wt% starch-21 wt% NH4Br—
30 wt% glycerol electrolyte/MnO, cell is depicted in Fig. 13.
Using the obtained values of Ry, and R, the £, value is then
evaluated. The value of I, must be taken from the
region in which the I vs V plot is linear [58, 59].
Such plot is depicted inset of Fig. 13. The value of ¢,
is found to be 0.35. According to Watanabe and
Nishimoto [61], although the transference number is
affected by the phenomenon of ionic association, it
may still offer an insight into the ion transport process.
Other reports show that the cation transference num-
bers range from 0.21 to 0.46 at ambient temperature
[58, 59, 62].
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electrolyte
Electrochemical stability window
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
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Fig. 12 Transference number of 49 wt% starch-21 wt% NH,Br-30 wt%
glycerol electrolyte at room temperature using a stainless steel electrodes
and b MnO, electrodes

Fig. 13 Impedance plot for MnO,/49 wt% starch-21 wt% NH4Br-
30 wt% glycerol electrolyte/MnO, cell at room temperature. Inset is /g
as a function of voltage at room temperature

the electrolyte [63]. The corresponding voltammogram is
shown in Fig. 14. It can be observed that the decomposition
voltage of 49 wt% starch-21 wt% NH4Br-30 wt% glycerol
electrolyte is 1.66 V. According to Pratap et al. [14], the
standard electrochemical window of proton batteries is ~1 V.
Arof et al. [57] reported that the decomposition voltage of
PMMA-LIiBOB electrolyte is 1.7 V and the electrolyte was
used in fabrication of an electrical double layer capacitor
(EDLC). The present result shows that 49 wt% starch—
21 wt% NH4Br-30 wt% glycerol electrolyte is suitable for
fabrication of electrochemical devices.
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Fig. 14 Linear sweep voltammogram for 49 wt% starch-21 wt%
NH,Br-30 wt% glycerol electrolyte at 10 mV s~
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Conclusions

Polymer electrolytes based on corn starch and doped with
NH4Br have been prepared by solution casting technique.
From FTIR results, the shifting of hydroxyl, C—H stretching
mode, and C-O bond stretching bands of pure starch film
prove the interaction between starch and NH4Br salt. The peak
at 1,002 cm ' in the spectrum of 70 wt% starch—30 wt%
NH4Br electrolyte, as well as the hydroxyl band, shifts to
higher wavenumbers with the increase in glycerol content.
For the salted system, 70 wt% starch—30 wt% NH4Br electro-
lyte exhibits the highest room temperature conductivity of
(5.57+1.88)x107> S ¢cm™'. For the plasticized system,
49 wt% starch-21 wt% NH4Br-30 wt% glycerol electrolyte
exhibits the highest room temperature conductivity of (1.80+
0.26)x10> S cm . The temperature dependence of ionic
conductivity for all electrolytes exhibits Arrhenius behavior
and the activation energy values decreases with increasing
conductivity. XRD results verify the conductivity result.
Dielectric results imply that the electrolyte systems in the
present work confirm the non-Debye behavior. The conduc-
tion mechanism of 70 wt% starch—30 wt% NH,4Br electrolyte
follows the OLPT model and 49 wt% starch—21 wt% NH4Br—
30 wt% glycerol electrolyte follows the CBH model. The
ionic and protonic transference numbers of 49 wt% starch—
21 wt% NH4Br-30 wt% glycerol electrolyte are 0.98 and
0.35, respectively. LSV analysis shows that 49 wt% starch—
21 wt% NH4Br-30 wt% glycerol electrolyte is suitable for
devices application.
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