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electrolyte led to lower activation energy.

INTRODUCTION

Due to their excellent ionic conductivity, extended life-
time, high mechanical strength and short time period for film
formation, solid polymer electrolytes (SPEs) have played a
crucial role in the development of contemporary electrochemical
energy storage and conversion systems in recent decades [1].
A widespread interest can be attributed to the fact that these
materials open the door to exciting new applications such fuel
cells, electrochemical cells, rechargeable batteries, sensors and
photoelectrochemical solar cells [2,3]. There are a number of
methods that can be used to improve the mechanical, electrical
and electrochemical properties of polymer electrolytes, which
can be done by combining two polymers, adding salts and fillers
[4]. The host polymer most frequently used by the researchers
are polyethylene oxide (PEO) [5-7], poly(vinyl alcohol) (PVA)
[8-11], chitosan (CS) [12-14] and Nafion membranes [15]. Ionic
conductivity intensifiers are generated in the polymer blends
through the incorporation of inorganic salts. In proton conduc-
ting polymer electrolytes, hydrogen ions serve as the charge carriers,
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which may be generated through the dissociation of a variety of
ammonium salts [16].

Some ammonium compounds have been employed as
dopants since they are good proton (H") donors [17,18], which
include ammonium thiocyanate (NH,SCN), ammonium nitrate
(NH4NOs3), ammonium chloride (NH,Cl), ammonium iodide
(NH;I) and ammonium bromide (NH;Br). This study generated
a proton-conducting polyethylene by employing an NH.SCN
salt with low-lattice energy as proton source. In this research,
ammonium thiocyanate (NH,SCN) salt was doped into a poly-
vinyl pyrrolidone (PVP) and polyacrylonitrile (PVP-PAN)
blended system at varying concentrations. For a full under-
standing of the structure-property interactions, the structural
and electrochemical properties of PVA-PAN-based blended
polyethylenes (PEs) have also been studied.

EXPERIMENTAL

Preparation of solid polymer blend electrolyte films:
In this work, the polymer blend was prepared from the poly-
vinylpyrrolidone (PVP), polyacrylonitrile (PAN) containing
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ammonium thiocyanate salt (= 99%) as dopant and dimethyl-
formamide as solvent. All chemicals were procured from
Sigma-Aldrich and used without further purification. The PVP/
PAN/NH4SCN solid polymer blend electrolyte (SPE) films
were prepared through the solution casting technique. Initially,
PVP was added to the solvent (DMF) at room temperature
and stirred continuously until the complete dissolution of the
polymer. Then, PAN was added separately into solvent and
heated at 60 °C in order to dissolve PAN and stirred for 48 h.
It was allowed to stir continuously to obtain homoge-nous
mixture. Separately in various beakers, PVP-PAN mixture
solutions were stirred continuously for 6 h while varying amount
of NH4SCN dopant salt, with weight percentages of salts ranging
from 10 to 50 wt.% were added (Table-1). The resulting solution
were transferred into uncovered Petri dishes and kept in a
vacuum oven at 60 °C for 48 h to remove the presence of solvent
in the sample and to obtain completely dry SPE films. Mecha-
nically stable and free standing membrane was obtained from
this procedure. The films were allowed to dry at ambient tempe-
rature in order to obtain films free of solvents and then placed
in a desiccator containing silica gel for 24 h.

TABLE-1
DESIGNATION AND COMPOSITION OF
PVP-PAN WITH NH,SCN SOLID POLYMER
BLEND ELECTROLYTE (SPE) SYSTEMS

Sample code Composition NH,SCN (wt.%)
PPA@10 80PVP:20PAN 10
PPA@20 80PVP:20PAN 20
PPA@30 80PVP:20PAN 30
PPA @40 80PVP:20PAN 40
PPA@50 80PVP:20PAN 50

RESULTS AND DISCUSSION

Structural (XRD) analysis: The XRD analysis was carried
out on PVP:PAN system at various salt concentration (10-50
wt.%) of NH,SCN. Fig. 1 illustrates the X-ray diffraction pattern
of 80PVP:20PAN and 8OPVP:20PAN:NH,SCN blend systems
at room temperature. There was an increase in the amorphous
area in the blended system, as evidenced by a broadening of
the peaks and a decrease in their intensities in the XRD pattern
as the salt content was increased [19]. The peaks of the SPE film
decrease some of their strength when the concentration of
NH.SCN increases up to 30 wt.%. This implies that the strong
crystalline peaks of NH,SCN were eliminated as a result of an
unambiguous interaction between the dopant salt and the
polymer blend. The emergence of certain noticeable peaks at
a salt concentration of 50 wt.% may be attributed due to the
recrystallization of salt. The increases in the intramolecular
and intermolecular hydrogen bondings are responsible for the
expansion of the amorphous phase when NH.SCN concentra-
tion increases [20]. Therefore, the interaction between the blended
polymer and the dopant salt is revealed by the decrease in the
peak level and the broadening in the XRD pattern of PPA@30
electrolyte. The amorphous nature offers higher ionic conduc-
tivity and increased ionic diffusivity. The maximum DC ionic
conductivity was observed in the PPA @30 electrolyte.
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Fig. 1. XRD pattern of blend polymer electrolyte 80PVP:20PAN:NH,SCN
for various salt concentrations at room temperature

Impedance analysis: Complex impedance measurements
of polymer electrolytes often show two major zones on a typical
plot. A semi-circle in the high-frequency region is caused by
the bulk action of electrolyte, while the spike in the low-frequ-
ency region is caused by the blocking effect of electrode [21-23],
since the polymeric electrolyte membrane carries ion species.
As an AC electric field is applied, ion diffusion takes place
through the polymer film. Fig. 2 shows the impedance plot of
blended polymer 8OPVP:20PAN:NH.SCN electrolyte films for
various salt concentrations at room temperature.
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Fig. 2. Cole-Cole plot of blend polymer electrolyte 80PVP:20PAN:
NH,SCN for various salt concentrations at room temperature

It is interesting that the impedance plot at low frequency
exhibit a spike inclined at an angle less than 90° indicate the
existence of a rough or inhomogeneous electrode/electrolyte
interface [24]. This inclination also clearly exemplifies the
polarization effect within the electrolytes and the effect of the
blocking electrodes [25,26]. The ionic conductivity of the blended
SPE membrane can be calculated using the following equation:
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TABLE-2
IONIC CONDUCTIVITY AT DIFFERENT TEMPERATURE FOR THE SPE 80PVP:20PAN:NH,SCN (10-50 wt.%)

Tonic conductivity (10° S/cm)

Sample

303 K 313 K 323 K 333K 343 K 353 K 363 K 373 K
PPA@10 0.0202 0.0291 0.0433 0.122 0.285 0.59 1.79 4.46
PPA@20 0.0935 0.2030 0.3860 0.809 1.780 3.82 9.32 17.8
PPA@30 0.6050 0.7850 1.2000 1.810 2.620 4.15 7.24 13.8
PPA@40 0.1080 0.1860 0.2590 0.406 0.798 1.72 4.50 10.60
PPA@50 0.0691 0.0936 0.1360 0.229 0.483 1.15 3.25 9.74

¢ increase in temperature obeys Arrhenius rule [28], which is
c= overned by the following relation:
R.A (D) g Y g

where t is the thickness of the electrolyte sample, A is the contact
area of the electrode, Ry is the bulk resistance of the sample.

The bulk resistance (Ry) values for all the blended SPE
membrane were determined from the interception of the spike
line with real axis (Z"). The DC conductivities were calculated
and tabulated as shown in Table-2. The highest DC conductivity
value of 6.05 x 10™ S cm™ is obtained for the polymer blend
electrolyte 8OPVP:20PAN:NH,SCN at 30 wt.% salt concen-
tration (PPA @30) with the lowest R, value. It is clear from the
impedance plot that R, was reduced with the increase of salt
concentration NH,;SCN upto 30 wt.%. However, bulk resis-
tance (Ry) is increased upon further addition of NH,SCN content
upto 50 wt.%. Itis due to the agglomeration of ions in the blended
polymer-salt mixtures, which reduces the number of mobile
charge carrier resulting to a decrease in ionic conductivity of
the system [27].

Temperature dependent of ionic conductivity: The
linear variation of ionic conductivity of the blended polymer
electrolyte for various salt concentrations with inverse of temp-
erature over the temperature range from 303 K to 373 K is
shown in Fig. 3. Least squares analysis has been used to fit the
experimental data for all the polymer blend electrolytes.
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Fig. 3. Arrhenius plot of blend polymer electrolyte 8OPVP:20PAN:
NH.SCN for various salt concentrations at different temperature

From Fig. 3, the ionic conductivity increases linearly with
the increase in temperature. It is evident that the temperature-
dependent ionic conductivity for the blended polymer electr-
olyte undergoes the enhancement in ionic conductivity with

_E,

o= Ae[KBT] 2)
where E, is the activation energy, A is a pre-exponential factor,
Ks is the Boltzmann constant and T is the absolute temperature.
The activation energies (E,) for the blended polymer samples
were calculated and tabulated in Table-3. It is apparent that as
the concentration of ions in the polymer electrolyte increases
which leads to a decrease in the energy barrier to ion transport
as aresult, the activation energy E, decreases. Hence, it is observed
that polymer electrolyte 80PVP:20PAN:30 wt.% NH4SCN has
a highest ionic conductivity of 6.05 x 10* S cm™ at 303 K and
lower activation energy of 0.1856 eV compared to other polymer
samples.

TABLE-3
ACTIVATION ENERGY (E,) AND RELAXATION
TIME FOR THE BLEND POLYMER ELECTROLYTES

Sample Activation energy (eV) Relaxation time (s)
PPA@10 0.3352 1.092 x 107
PPA@20 0.3196 4.115 x 107
PPA@30 0.1856 8.418 x 107
PPA@40 0.2712 5.935%10°
PPA@50 0.2959 1.418 x 10*

Dielectric analysis: The mechanism of ion transport in a
polymer-based electrolyte can be deduced from its dielectric
characteristics. Using this method, the polarization effect and
ion conduction behaviour in electrolyte films can be character-
ized. Dielectric characteristics were calculated from the dielectric
parameter plots for SPE electrolytes with varying salt concen-
trations using the following formulae [29]:

, z
="

oC, (22 +272) &)
e = 4

WC, (2 +27) )

where, m is the angular frequency of the applied filed; €’ is the
dielectric constant; £” is the dielectric loss and Cy is the capaci-
tance in vacuum.

Fig. 4a-b illustrates the frequency dependence of dielectric
constant (¢") and dielectric loss (€”) for the polymer blend
electrolyte sample 8OPVP:20PAN:NH,SCN with varying salt
concentrations of NH,SCN at room temperature. Clearly, the
dielectric permittivity parameters (€', €”) are at their maximum
in low-frequency areas due to electrode polarization and a high
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Fig. 4. Plot of (a) log f vs. ¢” and (b) log f vs. €” of blend polymer electrolyte for various salt concentrations at room temperature

density of charge carriers [30]. In the higher frequency zone,
however (> 10 kHz), the values of dielectric permittivity para-
meters (€', €”) are not considerably frequency dependant. Due
to the greater number of ions and the maximum ionic condu-
ctivity, the PPA @30 polymer blend electrolyte exhibits a high
value of the dielectric constant (¢”) at low frequencies. Fig. 4a
demonstrates that when the concentrations of doped salt grew
up to 30% NH,SCN, the value of the dielectric constant (€”)
increased steadily. However, over 30 wt.%, dielectric constant
(€") decreases due to the decrease in the concentration of mobile
charge carriers. In the high frequency zone, a rapid shift of
the applied electric field tends to limit ion diffusion due to the
relaxing of dipoles, as shown in Fig. 4b [31].

Tangent loss: The dielectric relaxation parameter of the
polymer blend electrolytes can be characterized by the loss
tangent spectra. The dielectric loss tangent (tan §) is defined as:

”

tand =" 5)
€

Fig. 5 shows the variation of tangent loss with angular
frequency of polymer blend films for different salt concentra-
tions of 80PVP:20PAN:NH,SCN at room temperature. It can
be observed that the peak at a characteristic frequency for
polymer blend electrolyte suggests the relaxation dipole. The
dielectric loss tangent peak is shifted towards the higher frequ-
ency with increasing concentration of doped salt thereby redu-
cing the relaxation time [32].

The relaxation time were calculated from the loss tangent
spectra by the relation:

ot=1 (6)

where 7 is the relaxation time and ® the angular frequency of
the applied external field. The relaxation time has been calcu-
lated for the polymer blend electrolytes of various NH,SCN
concentrations at room temperature and tabulated in Table-3.
It is evident that the relaxation time is short for PPA@30 due
to the increased mobility of ions in the polymer matrix, which
is consistent with the conductivity studies indicating that the
PPA @30 polymer electrolyte has a higher ionic conductivity.
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Fig. 5. Tangent loss spectra of blend polymer electrolyte 80PVP:20PAN:
NH,SCN for various salt concentration at room temperature

Transference number: Transference number measure-
ment technique to identify the type charge species responsible
for the conductivity was done by the Wagner’s DC polarization
technique. Fig. 6 shows the plot of polarization current versus
time at constant voltage of 1.5 V for the highest conducting
polymer electrolyte PPA@30 film.

Due to the decrease of ionic species in the electrolyte, it
can be observed that the initial current declines fast with time.
Once the cell reaches steady state, it is polarized and any remai-
ning current is generated by the migration of electrons between
the electrolyte-electrode surfaces [33].

The equations given below are used to determine the values
of both ionic (t;,,) and the electronic (t.) transference numbers.

I -1,
Lion = T (7

te=1-t (®)

where [; is the initial current and I is the steady-state current.
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Fig. 6. Polarization curve of current vs. time for highest conducting blend
polymer electrolyte 80PVP:20PAN:30 wt.% NH,SCN

The ionic (t;,,) and electronic (t.) transference number for
the highest conductivity polymer electrolyte PPA @30 was found
to be 0.976 and 0.023. It indicates that the charge transport is
predominantly due to ions.

Linear sweep voltammetry (LSV): The electrochemical
stability is the crucial parameter to use SPEs in energy storage
device applications. By employing the linear sweep voltammetry
(LSV), the electrochemical stability window of the highest cond-
ucting polymer electrolyte SOPVP:20PAN:30 wt.% NH,SCN
was investigated at the scan rate of 5 mV/s.

The LSV plot of the highest conducting polymer electr-
olyte film PPA @30 at room temperature is shown in Fig. 7. For
the ready cell assembly with stainless steel electrodes, a decom-
position voltage was measured between 0 and 5 V at a scan
rate of 5 mV/s and found that the current did not increase until
reached 2.55 V. At room temperature, the breakdown voltage
of the polymer electrolyte was found to be 2.55 V. Above 2.55
V, current density increased dramatically because the polymer
electrolyte was being broken down on the surface of electrode
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Fig. 7. Linear sweep voltammetry for highest conducting blend polymer
electrolyte 80PVP:20PAN:30 wt.% NH4SCN at room temperature

[34]. The decomposition voltage of 80PVP:20PAN:30 wt.%
NH.SCN blend polymer electrolyte is high enough to make it
practical for usage in energy storage devices.

Primary proton battery: The best conducting polymer
blend electrolyte, PPA @30, is employed to construct the proton
battery with the cell configuration.

Zn+ZnS0O,-7H,0 (anode)|SPE|PbO, + V,0, (cathode)

Zinc is oxidized in proton batteries to generate Zn** ions
and electrons at the anode. While the electrons move in the
external circuit, Zn** ions are still present at the anode [35].
Thus, it is evident that hydrated zinc sulphate provides protons
to the battery during discharge. The anodic reaction is as follows:

nZn + ZnSO,7H,.O —
7Zn,,1(SO,)-(7-2n)H,0-2n(OH) + 2nH* + 2ne”

At the cathode (positive electrode), reduction of lead oxide
(PbO,) and vanadium pentoxide (V»Os) occurs in the cell
according to the following reactions:

PbO, + 4H" + 26— Pbs + 2H,0O

V,05 + 6H" + 26— 2VO3 + 3H,0

The highest conducting polymer blend electrolyte was
sandwiched between the anode and cathode; this fabricated
cell is placed in a suitable holder as shown in Fig. 8 and the
multimeter is connected across the cell to measure the open-
circuit voltage (OCV). Fig. 9 shows the voltage of cell as a
function of time at room temperature in open circuit condition.

Electrolyte

Anode Cathode

:ﬂmﬁl—

Fig. 8. Schematic assembly for battery configuration and OCV of the cell
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Fig. 9. Discharge characteristics of 80PVP:20PAN:30 wt.% NH4SCN blend
polymer electrolyte
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The open circuit voltage (OCV) has been measured and
found to be 1.57 V. Zinc has a standard oxidation potential of
-0.7618 V, while V,0Os has a standard reduction potential of
0.957V [36]. The cell’s OCV has a theoretical value of 1.7188 V.
Activation polarization may be to responsible for the difference
between the theoretical and experimental values of OCV [17].

Conclusion

A solid polymer blend electrolyte thin film based on poly-
vinyl pyrrolidone (PVP) and polyacrylonitrile (PAN) complexed
with ammonium thiocyanate (NH4SCN) has been successfully
prepared by solution cast technique. The XRD spectrum confirms
the amorphous nature of the solid polymer blend electrolytes.
The ionic conductivity increased to 6.05 x 10 S cm™ with
the addition of salt concentrations upto 30 wt.% has been
confirmed through EIS analysis. Temperature-dependent ionic
conductivity of the prepared polymer blend electrolyte obeys
the Arrhenius relationship. The transference number of ion
(tion) and electron (t) in the solid polymer blend electrolyte
system was found to be 0.976 and 0.023 respectively indicating
that the dominancy of ion is responsible for DC ionic condu-
ctivity in the polymer blend electrolyte. LSV analysis revealed
that the highest conducting SPE PPA @30 were electrochem-
ically stable which confirmed that the prepared SPE is suitable
for electrochemical devices. To ensure the maximum possible
conductivity, the proton battery was made with SPE PPA @30.
Their discharge characteristics were investigated and the open
circuit voltage (OCV) was found to be 1.57 V.
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