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Abstract
A sodium ion conducting polymer electrolyte based on poly (vinyl chloride) (PVC) complexed with NaIO4 was
prepared using a solution-cast technique. Optical properties such as direct and indirect optical energy gap, and
optical absorption edge were investigated in pure and doped PVC ﬁlms from their optical absorption spectra in the
200–600 nm wavelength region. The direct optical energy gap for pure PVC lies at 3.14 eV while it ranges from 2.60
to 3.45 eV for diﬀerent composition doped ﬁlms. Similar behavior was observed for the indirect optical energy gap
and absorption edge. It was found that the energy gaps and band edge values shifted to higher energies on doping
with NaIO4 up to a dopant concentration of 10 wt%. Measurements of ionic conductivity and transference number
were made to investigate the order of conductivity and charge transport in this polymer electrolyte. Transference
number values show that the charge transport in this polymer electrolyte is predominantly due to ions (tion = 0.93).
The conductivity increases with increase in concentration of the salt and with temperature. Using this electrolyte,
cells were fabricated and their discharge proﬁles were studied under constant load. Miscibility studies were performed using X-ray diﬀraction (XRD) and Fourier Transform Infrared analysis (FT-IR) measurements.

1. Introduction
In recent years, the electrical and optical properties of
polymers have attracted much attention in view of their
applications in optical devices with remarkable reﬂection, antireﬂection, interference and polarization properties [1–5]. The optical properties of polymers can be
suitably modiﬁed by the addition of dopants depending
on their reactivity with the host matrix. As NaIO4 is a
fast-ion conducting salt in a number of crystalline and
amorphous materials, its incorporation in a polymeric
system may be expected to enhance the electrical and
optical performance [6].
Polymer electrolytes are currently of interest owing to
their advantageous mechanical properties, ease of fabrication of thin ﬁlms of desired sizes and suitability for
electrode–electrolyte contacts in different electrochemical devices. Interest in this ﬁeld followed studies of
materials based on alkali metal salts complexed with
polyethylene oxide (PEO) reported by Wright et al. [7,
8] and Armand et al. [9, 10]. PEO/metal–salt complexes
exhibit high ionic conductivities at (or) near ambient
temperature and thus are attractive candidates for
electrochemical applications. The poor mechanical
strength of PEO electrolytes in the high conduction
region is, however, a severe drawback.

Poly (vinyl chloride) (PVC) is a commercially available, inexpensive polymer and is compatible with many
plasticizers such as dibutyl phthalate (DBP), dioctyl
adipate (DOA), dioctyl phthalate (DOP), poly carbonate (PC) and ethylene carbonate (EC). The resulting
plasticized PVC has good mechanical strength and is
widely used in the form of ﬁlms, sheets, and moldings
for plastic leather and curtains, lead–wire coating,
ﬂooring, wallboard, etc.
In the present paper, we report solid polymer electrolyte ﬁlms of PVC and (PVC + NaIO4) systems. Several
experimental techniques, such as optical, electrical,
XRD, IR and transport number measurements, were
performed to characterize these polymer electrolytes.
Based on these electrolytes, electrochemical cells were
fabricated with the conﬁguration anode/polymer electrolyte/cathode. The discharge characteristics of the cell
were studied for a load of 100 kW.

2. Experimental
Films
of
(thickness
100–200 lm)
PVC,
(PVC + NaIO4) (90:10), (80:20) and (70:30) were
prepared by the solution-cast technique using tetrahydrofuran (THF) as solvent. The mixture of these
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solutions was stirred for 12 h, cast onto polypropylene
dishes and evaporated slowly at room temperature. The
ﬁnal product was vacuum dried thoroughly at
10)3 mbar.
The optical absorption studies of PVC and
(PVC + NaIO4) systems were performed by means of
a JASCO spectrophotometer, model V-570 in the
wavelength range 310–450 nm. The XRD patterns of
the ﬁlms were made with a HZG4/B-PC X-ray diﬀractrometer with CoKa radiation and graphite monochrometer. The IR spectra were recorded using a 60-SXB
FTIR spectrophotometer in the range 400–4000 cm)1.
The conductivity was studied as a function of temperature using a conductivity cell designed in house. The
total ionic transport number (tion) was measured using
Wagner’s polarization technique [11]. In this technique
the freshly prepared polymer electrolyte ﬁlms were
polarized in the conﬁguration C/polymer electrolyte/C
under a dc bias (step potential 1.5 V). The resulting
current was monitored as a function of time. After
polarizing the electrolyte, the transport number, tion,
was calculated from the initial current, Ii, and ﬁnal
residual current, If, using the formulae
tion ¼ ðIi  If Þ=Ii ;

ð1Þ

tele ¼ 1  tion

ð2Þ

Electrochemical cells were fabricated with a conﬁguration Na/(PVC + NaIO4)/(I2 + C). Details regarding
the electrochemical cell were given elsewhere [12]. The
discharge characteristics of these cells were monitored
for a constant load of 100 kW.
3. Results and discussion
3.1. XRD measurements

Fig. 1. XRD
patterns
of
NaIO4
complexed
PVC:
(PVC + NaIO4) (90:10), (b) (PVC + NaIO4) (80:20),
(PVC + NaIO4) (70:30), and (d) Pure NaIO4.

(a)
(c)

salt vibrational peaks, some other peaks were observed
at the frequencies 1976 and 1483 cm)1 and these peaks
were assigned to CH3 asymmetric stretching and bending vibrations of PVC. The appearance of new peaks
along with changes in existing peaks in IR spectra
directly indicates the complexation of PVC with NaIO4.
3.3. Optical studies
Optical absorption studies on pure PVC and NaIO4
doped PVC ﬁlms were carried out to determine the
optical constants such as optical band gap (Eg) and the
position of the fundamental band edge. The absorption
coeﬃcient was determined from the spectra using the
formula
a ¼ A=d

ð3Þ

where A is absorbance and d is ﬁlm thickness.
Figure 1 shows the XRD patterns of pure NaIO4 and
NaIO4 doped PVC polymer electrolyte ﬁlms. The
patterns of complexed PVC indicate low crystallinity.
By contrast, NaIO4 is found to be crystalline. No peaks
corresponding to pure NaIO4 are observed in complexed
PVC. This indicates the absence of excess salt in the
complexed polymer ﬁlms.
3.2. FTIR studies
IR spectra of NaIO4 + PVC electrolytes of diﬀerent
compositions were shown in Figure 2(a–c). The vibrational peaks of complexed polymer electrolytes were
shifted towards higher wavenumbers with the increased
NaIO4 concentration. Figure 2(d) shows IR spectra of
NaIO4 salt which shows the peaks at wavenumbers
3415, 3227, 1616 and 843 cm)1. The absence of vibrational peaks of pure NaIO4 salt in the complexed
systems and also peak shifts with NaIO4 concentration
indicates the miscibility of the salt in the prepared
electrolyte systems. In addition to the PVC and NaIO4

Fig. 2. IR spectra of NaIO4 complexed PVC: (a) (PVC + NaIO4)
(90:10), (b) (PVC + NaIO4) (80:20), (c) (PVC + NaIO4) (70:30),
and (d) Pure NaIO4.
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Fig. 3. (ahm)2 vs. hm(photon energy) of (a) pure PVC, (b) (PVC +
NaIO4) (90:10), (c) (PVC + NaIO4) (80:20), (d) (PVC + NaIO4)
(70:30).

value. For pure ﬁlm, the absorption edge lay at 3.40 eV
and for 10, 20 and 30% wt. ratios of NaIO4 doped ﬁlms
values are given in Table 1.
It is clear from Table 1 that the band edge, direct
band gap and indirect band gap showed an increase on
doping with NaIO4 salt up to a doping concentration of
10 wt%. Similar behaviour can also be seen in the
activation energies obtained from the ionic conductivity
data as shown in Table 1. This type of behaviour has
also been observed in many polymer ﬁlms [15–19]. The
magnitude of the activation energies obtained from
conductivity data is small in comparison with optical
band gap energies. This is due to the fact that their
nature is diﬀerent. While the activation energy corresponds to the energy required for conduction from one
site to another, the optical band gap corresponds to
inter band transition [20].
3.4. Conductivity studies

When the direct gap exists, the absorption coefﬁcient
has the following dependence on the energy of the
incident photon [13, 14].
ahm ¼ Cðhm  Eg Þ1=2

ð4Þ

where Eg is the band gap, C a constant dependent on
spectrum structure, m the frequency of the incident light
and h Plank’s constant. Thus, a plot of (ahm)2 vs. photon
energy hm as shown in Figure 3 should be linear. The
intercept on the energy on extrapolating the linear
portion of the curves to zero absorption value may be
interpreted as the value of the band gap. For pure ﬁlm
the direct band gap lies at 3.14 eV, while for doped ﬁlms
the values are given in Table 1.
For indirect transitions, which require photon assistance, the absorption coefﬁcient has the following
dependence on the photon energy [13, 14].
aht ¼ A½ht  Eg þ Ep 2 þ B½ht  Eg  Ep 2

ð5Þ

where Ep is the energy of the photon associated with the
transition, and A and B are constants depending on the
band structure. The indirect band gaps were obtained
from the plots of (ahm)1/2 vs. photon energy as shown in
Figure 4 and are given in the Table 1.
The position of the absorption edge values were
calculated by extrapolating the linear portions of the a
vs. h m plot as shown in Figure 5 to zero absorption

The ionic conductivity were determined from ac impedance analysis using the cell with blocking electrodes as
described in the experimental section. A typical impedance plot of (PVC + NaIO4) (90:10) at ambient temperature is shown in Figure 6. The bulk resistance was
measured from the high frequency intercept on the real
axis. The conductivity of the polymer electrolyte was
calculated from the measured resistance and the area
and thickness of the polymer ﬁlm.
The variation of the logarithm of ionic conductivity
with inverse absolute temperature for the polymer
ﬁlms is presented in Figure 7. The regression values
close to unity suggest that the temperature dependent
ionic conductivity for all the NaIO4 complexed ﬁlms
obeys the Arrhenius rule. From Figure 7, the conductivity plots of all polymer ﬁlms show no abrupt jump
with temperature, indicating that these electrolytes
exhibit a completely amorphous structure [21]. The
increase in conductivity with temperature can be
linked to the decrease in viscosity and, hence,
increased chain ﬂexibility [22]. Since the conductivity–temperature data follow Arrhenius behaviour, the
nature of cation transport is quite similar to that in
ionic crystals, where ions jump into neighbouring
vacant sites [23]. The activation energy (Ea) was
calculated from the log(r) vs. 1000/T plots and is
noted in the Table 1.

Table 1. Absorption edge, optical band gap, activation energy and transference numbers of (PVC + NaIO4) polymer electrolyte system
(PES)
PES/wt%
(PVC + NaIO4)

Absorption
edge/eV

100
90:10
80:20
70:30

3.10
3.40
2.70
2.98

Band gap/eV

Activation
energy/eV

Direct

Indirect

3.14
3.45
2.60
2.80

3.40
3.60
3.00
3.30

–
0.43
0.32
0.25

Transference numbers
tion

tele

–
0.93
0.87
0.90

–
0.07
0.13
0.10
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Fig. 4. (ahm)1/2 vs. hm(photon energy) of (a) pure PVC, (b) (PVC +
NaIO4) (90:10), (c) (PVC + NaIO4) (80:20), (d) (PVC + NaIO4)
(70:30).

Fig. 6. Impedance plot of (PVC + NaIO4) (90:10) polymer electrolyte at ambient temperature.

3.5. Transference numbers
The transference numbers corresponding to ionic (tion)
and electronic (tele) transport were evaluated in the
(PVC + NaIO4) electrolyte system using Wagner’s
polarization technique. In this technique, the dc current
is monitored as a function of time on the application of
ﬁxed dc voltage (1.5 V) across a C/(PVC + NaIO4)/C
cell. The plot for (PVC + NaIO4) of (90:10) is given in
Figure 8. The transference numbers (tion and tele) were
calculated from the polarization current vs. time plot
using equations given in (1) and (2). The resulting data
are given in Table 1. For all the compositions of the
(PVC + NaIO4) electrolyte system, the values of ionic
transference numbers (tion) are in the range 0.87–0.93
(see Table 1). This suggests that the charge transport in
these polymer electrolyte ﬁlms is predominantly due to
ions; only a negligible contribution comes from the
electrons.

Fig. 5. a vs. hm(photon energy) of (a) pure PVC, (b) (PVC +
NaIO4) (90:10), (c) (PVC + NaIO4) (80:20), (d) (PVC + NaIO4)
(70:30).

Fig. 7. Plots of log of AC conductivity vs. 1000/T for (a) (PVC +
NaIO4) (90:10), (b) (PVC + NaIO4) (80:20), (c) (PVC + NaIO4)
(70:30).

Fig. 8. Plot of current vs. time for (PVC + NaIO4) (90:10) polymer
electrolyte.
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ture for a constant load of 100 kW are presented in
Figure 9. The initial sharp decrease in voltage may be
due to polarization and/or formation of a thin layer of
sodium salt at the electrode/electrolyte interface. The
open-circuit voltage (OCV) and short-circuit current
(SSC) and other cell proﬁles for these cells are given in
Table 2. Values for the above proﬁles of a number of
cells reported earlier along with data for the present
polymer electrolyte cells are given in Table 3.
It is clear that the proﬁles of cells with the
(PVC + NaIO4) electrolyte ﬁlms are comparable with
those reported earlier for various other cells. This
suggests a possible application of such cells as solidstate batteries.

4. Conclusions

Fig. 9. Discharge characteristics of solid-state electrochemical cell in
the conﬁguration Na/(PVC + NaIO4) (90:10)/(I2 + C).

Optical absorption edge and optical energy gap (both
direct and indirect) showed an increasing trend with
increased dopant concentration up to 10 wt% of the
dopant. The activation energy value obtained from
conductivity data decreases with increasing ionic conductivity and vice versa. Using (PVC + NaIO4) polymer electrolyte systems (PESs), electrochemical cells
were fabricated and discharge characteristics of these
cells were studied. The transference number data indicate that conduction in these electrolytes is predominantly ionic.

3.6. Discharge proﬁles
Using (PVC + NaIO4) polymer electrolyte ﬁlms, solidstate electrochemical cells were fabricated with the
conﬁguration Na (anode)/(PVC + NaIO4)/(I2 + C)
(cathode). Sodium metal was used as the negative
electrode, and a mix of iodine (I2) and graphite (C) in
the ratio of 5:5 as the positive electrode.
The discharge characteristics of the cells Na/
(PVC + NaIO4) (90:10)/(I2 + C) at ambient tempera-

Table 2. Various cell parameters for (PVC + NaIO4) polymer electrolytes cells
Na/(PVC + NaIO4) (X:Y)/(I2 + C)

Cell parameters

2

Eﬀective area of the electrolyte/cm
Cell weight/g
Open-circuit voltage (OCV)/V
Short-circuit current (SCC)/lA
Load/kW
Current density/lA cm)2
Discharge time for plateau region/h
Power density/mW kg)1
Energy density/mW h kg)1

X:Y = 90:10

X:Y = 80:20

2.00
1.50
2.62
115
100
57.50
640
18.18
11635

2.00
1.50
2.71
125
100
62.50
658
21.48
14133

Table 3. Comparison of present cell proﬁles with earlier reported data
Solid-state electrochemical
cell conﬁguration

Open-circuit
voltage (OCV)/V

Short-circuit
current (SSC)/lA

Discharge time for
plateau region/h

Reference

Na/(PEO + NaYF4)/
(I2 + C + electrolyte)
Na–Hg/(PEO + NaPF6)/
(V2O5 + C + electrolyte)
Na/(PEO + NaSCN)/
(I2 + C + electrolyte)
Na/(PVC + NaIO4)
(90:10)/(I2 + C)
Na/(PVC + NaIO4)
(80:20)/(I2 + C)

2.45

560

96

[24]

2.26

–

–

[25]

2.50

580

100

[26]

2.62

115

640

Present

2.71

125

658

Present
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