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Abstract PVC—PEMA polymer blend based electrolyte films complexed with NalOy4
were prepared by solution—cast technique. The complexation of the blend with the salt
was confirmed from XRD and SEM studies. DC conductivity was measured in the
temperature range 303-398 K. The electrical conductivity increased with increasing
dopant concentration. Which is attributed to the increase in amorphous nature of the
complexes on dopining.. Transference number measurements were carried out to
investigate the nature of charge transport. The discharge characteristics of the cells
were studied under a constant load.
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Introduction

Solid polymer electrolytes have been extensively studied in the past decades due to
their excellent mechanical and thermal stability and high ionic conductivity. To achieve
high ionic conduction, flexibility and good mechanical strength, polymer blends are
most promising as reported by many research groups [1-7]. A few attempts have tried
electrolytes based on sodium complexed films. Apart from the scientific interest, the
use of sodium has several advantages over their lithium counterparts. Sodium has
available in abundance at a cheaper cost than lithium. It may be possible to obtain solid
electrolyte of sufficiently high conductivity because sodium does not form an alloy
with aluminium, making it possible to use this metal as current collector instead of the
costlier and heavier nickel. Furthermore, the softness of these materials makes it easier
to achieve and maintain contact with other components in the battery. Investigations
have also been made on sodium ion conducting polymer electrolytes based on PEO,
PPO, PVP, PVA and PVC complexed with Nal, NaBr, NaCl, NaNO3, NaClO,, and
NaSCN [8-14].
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In the present study, the authors have directed their attention to polyvinyl chloride
(PVC) as a host polymer as it is commercially available, inexpensive and is compatible
with a large number of plasticizers such as ethylene carbonate (EC), propylene carbonate
(PC), dibutyl phthalate (DBP) and dioctyl adipate (DOA). The second host polymer
polyethyl methacrylate (PEMA) also has excellent chemical resistance, high surface
resistivity and mechanical strength. Its high elongation strength makes it an important
candidate for the formation of blends with other polymers [15, 16]. In this paper we
report detailed studies on the synthesis and characterization of a new SPE consisting of
PVC, PEMA and NalO, using XRD, SEM, and ionic conductivity techniques.

Experimental

Films of (thickness 100-200 um) PVC + PEMA and (PVC + PEMA + NalQy,) (50:50),
(47.5:47.5:5), (45.0:45.0:10); (42.5:42.5:15) and (40:40:20) were prepared by solution-
cast technique using tetrahydrofuran (THF) as a solvent. The mixture of these 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— mbar.

X-ray diffraction studies were performed by means of SEIFERT X-ray diffractom-
eter. The surface morphology of these polymer blend films was observed using JEOL
JSM 840A scanning electron microscope (SEM). The DC conductivity was studied as a
function of temperature using a conductivity cell designed in our laboratory. The total
ionic transport number (t;,,,) was measured using Wagner’s polarization technique [17].
In this technique the freshly prepared polymer electrolyte films were polarized in the
configuration C/polymer electrolyte/C under a dc bias (step potential of 1.5 V). The
resulting current was monitored as a function of time time using Keithly programmable
electrometer (Model 617) and the transference numbers were evaluated. Electrochem-
ical cells were fabricated with a configuration Na/ (PVC +PEMA +NalO4)/(I, +C).
Details regarding the electrochemical cell are given in ref [18]. The discharge charac-
teristics of these cells were monitored for a constant load of 100 kf2.

Results and discussion
XRD measurements

To investigate the complexation of sodium periodate salt with the polymer blend, XRD
studies were performed. Figure 1(a—h) shows the XRD patterns of pure PVC, PEMA
and PVC/PEMA-based composite polymer electrolytes and NalO, salt respectively.
Comparison of the XRD patterns of complexed polymer blend films with those of pure
PVC, PEMA, and NalO, reveals the following differences. The amorphous nature of
PVC and PEMA and crystalline nature of NalO, salt were observed. Peaks observed
for 260 values around 21° are less intense and slightly displaced in complexed polymer
blend films compared to those in pure PVC film. This indicates that the addition of
NalO, salt causes a decrease in the degree of crystallinity and a simultaneous increase
in the amorphicity of the complexed films. The crystalline peaks for 26 values at 14°,
32°,43 and 61° corresponding to NalO, (Fig. 1h) are absent in polymer complexes.

@ Springer



Int J Plast Technol (December 2013) 17(2):139-148 141

N 5 M
(9)

()

/\__(_ei

(d)

/\/\ (c)

— N —

— (b)
—~— (@)

10 20 30 40 50 60 70 80
20 (degree)
Fig. 1 XRD patterns of a Pure PVC b Pure PEMA, ¢ PVC +PEMA (50 : 50), d PVC +PEMA + NalO, (47.5

: 47.5:05), e PVC +PEMA + NalOy (45 : 45 : 10), f PVC +PEMA + NalOy4 (40 : 40 : 20), g PVC +PEMA +
NalOy4 (42.5 : 42.5 : 15), h NalOy salt

Intensity (au)

This indicates the absence of any excess (uncomplexed) salt in the complexed polymer
blend electrolyte films. Absence of sharp peaks at higher concentrations of NalO, salt
indicates the dominant presence of amorphous phase. This amorphous nature is
responsible for greater ionic diffusivity resulting in high ionic conductivity. This
observation confirms that complexation has taken place in the amorphous phase.

Salt concentration and temperature dependence of d.c. conductivity

The variation in dc conductivity as a function of the NalO, salt composition in PVC+
PEMA blend at various temperatures is given in Fig. 2. The conductivity of polymer blend
(PVC+PEMA) is~10-9 Scm ™" at room temperature and its value increased to ~10-8 Sem™!
on complexing it with 5 wt.% of NalOy. The increase in conductivity becomes slower on
further addition of NalOy salt to the polymer which may be explained on the basis of ion
association and charge multiplets formation [19, 20]. In general, it is believed that the
conductivity increases as the degree of amorphous phase increases. In the present study the
continuous increase in conductivity with increasing NalO, salt concentration is attributed to
the increase in amorphous phase as supported by XRD and SEM analysis.

The variation of conductivity as a function of temperature for pure PVC+PEMA and
for different compositions of (PVC+PEMA+NalO,4) polymer electrolyte over the
temperature range 303-398 K is shown in Fig. 3. The conductivity increases with
temperature in pure PVC+PEMA and also in all the compositions of the (PVC+PEMA
+NalO,4) polymer electrolyte system. The increase in ionic conductivity may be
interpreted on the basis of a hopping mechanism between coordinating sites, local
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Fig. 2 Variation of conductivity as a function of salt concentration for PVC+PEMA + NalO, films

structural relaxations and segmental motions of the polymer chains, which are essential
to ensure high conductivity to the electrolytes [21, 22]. The variation of conductivity
was found to follow the Arrhenius relation

o = o.exp(—Ea/kT) (1)

where oy is a pre-exponential factor, £, , the activation energy of the system and £, the
Boltzmann’s constant.
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Fig 3 Temperature-dependent conductivity of a PVC+PEMA (50:50), b PVC+PEMA + NalO,4 (47.5 :
47.5:05), ¢ PVC+PEMA + NalOy, (45 : 45 : 10), d PVC+PEMA + NalO4 (42.5 : 42.5 : 15), e PVC+PEMA
+ NalOy (40 : 40 : 20)
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Table 1  Activation energies of Polymer blend electrolyte system (wt %) Activation energy (eV)

pure polymer blend and

(PVC+PEMA +NalO,4) doped . .

polymer films Region —I  Region -II
PVC+PEMA (50:50) 0.29 0.26
PVC+PEMA +NalOy (47.5:47.5:05) 0.27 0.24
PVC+PEMA +NalO, (45:45:10) 0.24 0.20
PVC+PEMA +NalO, (42.5:42.5:15) 0.23 0.16
PVC+PEMA +NalOy (40:40:20) 0.20 0.12

~
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Fig. 4 SEM images of a PVC +PEMA (50:50), b PVC +PEMA + NalO, (47.5 : 47.5:05), ¢ PVC +PEMA +
NalOy4 (45 : 45 : 10), d PVC +PEMA + NalO, (42.5 : 42.5 : 15), e PVC +PEMA + NalO, (40 : 40 : 20)
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Fig 5 Current vs time plots of a PVC+PEMA + NalO, (47.5 : 47.5:05), b PVC+PEMA + NalOy, (45 : 45 :
10), ¢ PVC+PEMA + NalO, (42.5 : 42.5 : 15), d PVC+PEMA + NalOy (40 : 40 : 20)

As temperature increases, the polymer expands and produces free volume in
which ions, solvated molecules or polymer segments can move easily. The
increase in free volume leads to an increase in ion mobility. This assists ion
transport and hence increases the conductivity of the system [23-25]. The
activation energy (a combination of the energy of defect formation and the
energy for ion migration) of the system, determined from the slopes of log o
versus 1000/7 plots, was found to be 0.29 eV for pure (PVC+PEMA) and in the range
0.27-0.20 eV for complexed (PVC+PEMA). The activation energies for both the

regions are given in the Table 1.

Table 2 Transference number data
of (PVC+PEMA +NalO,) polymer
electrolyte system

@ Springer

Polymer electrolyte system (wt %)

Transference numbers

PVC+PEMA +NalO, (47.5:47.5:05)
PVC+PEMA +NalO, (45:45:10)
PVC+PEMA +NalO, (42.5:42.5:15)
PVC+PEMA +NalO, (40:40:20)

tion tete

0.94 0.06
0.95 0.05
0.96 0.04
0.97 0.03
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Fig 6 Time vs voltage plots of a PEMA+PVC+NalO, (47.5 : 47.5 : 5), b PEMA+PVC+NalO, (45 : 45 : 10),
¢ PEMA+PVC+NalO, (42.5 : 42.5 :15), d PEMA+PVC+NalOy (40 : 40 : 20)

SEM Analysis

Figure 4 shows SEM photographs of polymer electrolytes at different blending ratios. From
the figure, it is clear that the morphology of the polymer electrolytes is uniform but with
different degrees of roughness. The micrograph of pure PVC +PEMA films exhibited no
features attributable to any crystalline morphology. The surface morphology of (PVC +
PEMA + NalO,) system showed salt aggregates or chunks on the top surface. But as a
whole, the compatibility of PVC +PEMA polymer matrix with NalO, was still uniform and
homogeneous. The appearance of several pores or craters on the surface is due to the rapid
evaporation of the solvent (THF). The difference in the pore size is related to the difference
in the driving force for phase separation [26]. When phase separation is less,
more homogeneous solutions tend to form because of which the conductivity
increases [Fig. 4(e)].

Transference numbers

The transference numbers, both ionic (t;,,) and electronic (t,) of PVC+PEMA and various
compositions of complexed films with NalO, salt with different weight ratios were
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Table 3 Various cell parameters for (PVC+PEMA+NalO,) electrolyte cell system

Cell parameters Na/( PVC+ Na/( PVC+ Na/(PVC+PEMA+ Na/( PVC+
PEMA+NalO,)/  PEMA+ NalO,)/ PEMA-+NalO,)/
L+C + electrolyte  NalO,)/I,+C+ I,+C+electrolyte L+C+electrolyte
(47.5:47.5:05) electrolyte (42.5:42.5:15) (40:40:20)
(45:45:10)
Open circuit voltage (OCV) 2.99 3.14 3.26 3.40
(%)
Short circuit current (SCC) 1156 1252 1318 1358
(HA)
Cell weight (gm) 1.42 1.40 1.43 1.40
Time for plateau region (h) 82 97 104 115
Power density 243 2.80 3.00 342
(WKg)
Energy density (Wh/Kg) 199 272 312 394
Current density (LA Jem®) 875 948 998 1075

evaluated using the Wagner’s polarization technique. In this technique, the dc current was
monitored as a function of time on application of fixed dc voltage of 1.5 V across the Na/
polymer electrolyte / C cell. Figure 5 shows the current versus time plots for different
compositions of NalO, doped polymer blend electrolyte films. The transference numbers
were calculated using the relation

tele = Is/It (2)

tion = 1-I5 /I (3)

where I is the total current (ionic + electronic) at the start of the time (i.e., when 7=0)
and I is the saturation current (electronic current only). The calculated transference
numbers are given in Table 2. The ionic transference numbers are in the range 0.94—
0.97. This suggests that the charge transport in these polymer blend electrolyte films is
predominantly ionic with negligible contribution from electrons.

Solid state sodium battery

Using this polymer electrolyte, electrochemical cells were fabricated in the configuration
Na / (PVC+PEMA+NalOy) / (I, +C electrolyte). Their discharge profiles are shown in
Fig. 6 at ambient temperature for a constant load of 100 kQ. The effective ara of the cell is
1.32cm?. The initial sharp decrease in the voltage and current may be because of the
polarization and/or formation of a thin layer of sodium salt at the electrode-electrolyte
interface. Various cell parameters like open circuit voltage (OCV), short circuit current
(SCC), power density, current density etc. were evaluated and are presented in Table 3.
The cells parameters were found to be comparable to those reported earlier [27—30]. On
the basis of these study it may be said that (PVC+PEMA +NalO,4) polymer electrolytes
are promising materials for solid state batteries. Further work, in the direction of
obtaining higher cell capacities and energy densites, is in progress.
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Conclusions

Free-standing, flexible polymer electrolyte films based on different compositions of
(PVC+PEMA+NalO,4) were prepared. The complexation behavior of polymer salt
matrices was confirmed from XRD and SEM studies. The increase in conductivity with
increasing dopant concentration is attributed to the increase in amorphous phase of the
complex. The Arrhenius plots show two regions having different activation energies.
Transference number data showed that the conductivity is mainly due to ions rather
than electrons. Cell parameters, evaluated for (PVC+PEMA+NalO,) polymer electro-
lyte cells, exhibited better performance, which indicates that these cells are suitable for
fabricating solid-state batteries.
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