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Abstract : Polymer electrolyte films based on PVA-PEG with AI(NOs); as the dopant at
different concentrations were prepared using solution casting technique. The structural
properties of the samples were examined by optical microscope and FTIR studies. FTIR spectra
confirm the complexation of the dopant with the polymer blend. AC conductivity and complex
impedance of the samples were performed in the frequency range of 100 Hz to 1 MHz at
different temperatures. The ionic conductivity increases with the AI(NO3); content and the
maximum value at room temperature is found to be 1.0706 10®° S/cm for 5 mol% AI(NOs)s
doped PVA-PEG film. This value is three or four orders of magnitude greater than those
obtained in the certain representative polymer-salt complexes as reported earlier. The results
suggest that the AI(NO3); doped PVA-PEG polymer blend electrolytes are good candidates for
future electrochemical devices.
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1. Introduction

Polymer electrolytes have been extensively studied due to their potential applications in various
electrochemical devices such as sensors, solid state batteries, fuel cells, electro chromic display devices, super
capacitors, etc. On the other hand, the low cost and facile preparation of electrolytes make them as a promising
candidate for wide variety of applications. However, the low ionic conductivity of polymer electrolytes at
ambient temperature has limited their potential applications. Recently, the polymer blends often exhibit special
properties that are superior compared to the properties of each individual component polymer. The main
advantages of the blending of polymers is that they are able to dissociate the ion-pairs into free cations and
anions and leads to overall conductivity enhancement, simplicity of preparation and ease of control of physical
properties by compositional change. Polymer electrolytes usually contain both crystalline and amorphous
phases but conductivity occurs only in the amorphous phase. In order to increase the conductivity at ambient
temperature, polymer blending helps to reduce the crystalline content and enhance the amorphous content. Also
the film formability with desirable mechanical, thermal and electrochemical stability makes polymer blend
electrolytes more attractive than the conventional electrolyte materials [1-9].
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Among the polymers, poly vinyl alcohol (PVA) is most interesting polymer because of its high
dielectric strength and thermal stability, good charge storage capacity and dopant-dependent electrical and
optical properties. PVA is a semi-crystalline polymer, possessing both amorphous and crystalline phases at
room temperature. Moreover it has a carbon chain backbone with hydroxy! groups attached to methane carbons.
These -OH groups can be a source of hydrogen bonding and hence of assistance in the formation of polymer
blends [3-9]. For preparing polymer blend with PVA, Poly ethylene glycol (PEG) was chosen as second
polymer. PEG is an amorphous polymer and it forms a variety of complexes with various salts, due to the
presence of -OH group in the chain of PEG, which can permit faster ionic mobility. It also deserves a special
attention because of its good environmental stability, easy processability, moderate electrical conductivity and
rich physics in ionic transport mechanism [3, 4, 9]. Both PVA and PEG are industrially most important water
soluble polymers which are miscible in all proportions and their blends have potential applications in the
fabrication of electrochemical devices.

The structural, optical, and electrical properties of polymer blends can be suitably modified by the
addition of the migrating ion species depending on their reactivity with the host matrix. Until recently most of
the migrating ion species had been only limited to mono- and divalent ions, and some of them have been
already brought to the market in many industrial fields. In this regard, a target for the next generation is to
develop a trivalent ion doped electrolytes. Among the trivalent cations, AI(NO3); is a well known metal ion
which is extremely attractive on the grounds of high specific energy, stemming from the low atomic mass and
small ionic radius, three-free electron reaction, as well as its low cost. Although a series of AI(NO;); ion
conducting solid electrolytes have been reported [10-14], a literature survey indicated that surprisingly no report
on trivalent Al(NO3); ion doped polymer electrolyte films exists. Hence it is quite interesting and important to
gain an understanding of ion transport mechanism of PVA-PEG blends with AI(NOs)s. In view of the above
factors, for first time we report the PVA-PEG polymer blend electrolytes doped with the various concentrations
of aluminium nitrate (Al(NO3)3) which have been prepared by solution casting technique. The influence of
AI(NO3)3 ion on structural, optical and electrical properties of PVA-PEG polymer blend electrolyte films over a
wide range of frequency and temperature have been studied in detail.

2. Experimental

We used PVA (My=14000, Kemphasol, India), PEG (Myw=40000, HiMedia Laboratories Pvt. Ltd,
India) and AI(NO3)3.9H,0 (Nice Chemicals Pvt.Ltd, India) to prepare undoped and Al(NO3); doped PVA-PEG
polymer blend electrolyte films. All chemicals were used as received. Polymer blending electrolyte films of
PVA:PEG (70:30, wt%) doped with various concentrations (x) of aluminium nitrate (x = 0, 2 and 5 mol%) have
been prepared by means of solution casting technique using distilled water as solvent. The appropriate weights
of PVA, PEG and Al(NO3); were dissolved in distilled water and then solution was stirred continuously for 5 h
until the homogeneous solution obtained. The resulting solution was poured onto cleaned petri dishes and then
dried in hot air oven at 70°C for 2 h to ensure removal of solvent traces. After drying, the films were peeled off
from the petri dishes and kept in vacuum desiccators until use. The surface morphology of the films was
examined using Euromex trinocular stereo zoom optical microscope. The Fourier transform infrared (FTIR)
spectra were recorded at room temperature using a Brucker Tensor 27 FTIR spectrophotometer with a
resolution of 2 cm™ in the wave number range of 400-4000 cm*. The complex impedance and electrical
conductivity measurements were performed using N4L Phase Sensitive Multimeter interfaced with Impedance
Analyzer with a cell with stainless steel electrodes in the temperature range of 303-423 K over a frequency
range of 100 Hz-1 MHz.

3. Results and discussions
3.1. Optical micrograph studies

Figure 1 (a-c) displays the optical micrograph of all the electrolyte films. In optical micrograph, the
white region indicates the non-porous crystalline nature of polymers whereas dark region indicates the
electrolyte-rich phases (amorphous) within the porous structures [15]. The area of the dark region increases (as
can been seen from Figure 1(a) to Figure 1(c)) with AI(NOs); doping, as would be expected, which indicates the
miscibility of dopant with polymer blend to increase content of carrier ion and enhanced the conductivity of the
electrolyte, accordingly.
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Fig. 1. Optical micrograph of PVA-PEG polymer blend doped with different AI(NO3); concentrations (a)
0 mol%, (b) 2 mol% and (c) 5 mol%.

3.2. FTIR studies

FTIR spectra of the samples are shown in Figures 2(a-c). The FTIR spectrum of pure PVA-PEG (Figure
2(a)) showed the peaks at 3442, 2927, 1716, 1663, 1435, 1366, 1085, 943 and 846 cm™ which could be
assigned to O-H stretching, C-H asymmetric, C=0 stretching, acetyl C=C group, wagging of CH,, C-H
wagging, C-O stretching, C-C stretching and CH, stretching respectively. These observed bands get shifted
towards higher wavenumber in comparison with those previously reported in FTIR spectrum of pure PVA [3, 5-
8]. The shift in the observed bands confirms a successful complex formation between PVA and PEG. This was
expected to take place through intermolecular hydrogen bonding between the hydroxyl group of PVA and of
PEG [3]. It can be observed that the FTIR spectrum (Figure 2(b)) of 2 mol% AI(NOs); doped film shows a
small shift in wavenumber with that of pure PVA-PEG film which indicates weak interaction between polymer
complex and salt concentration. However, in the Figure 2(c), the broadening of O-H stretching vibration with
C-H asymmetric vibration and C=0 stretching with acetyl C=C group vibration and disappearance of other
bands can be observed in the spectrum of PVA-PEG doped with 5 mol% Al(NO3); which indicates the breaking
of hydrogen bonding between the dopant and polymer complex by inducing charge transfer complexation
between the polymer composite and dopant [15].
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Fig. 2. FTIR spectra of (a) PVA-PEG, (b) 2 mol% and (c) 5 mol% Al(NO3); doped PVA-PEG polymer
blend films

3.3. ac conductivity studies

The frequency dependent ac conductivity of pure and AI(NO3); doped PVA-PEG polymer blend
electrolyte films at room temperature is shown in Figure 3(a). The ac conductivity increases with increasing salt
concentration, as shown in Figure 3(a), which is due to an increase in the number of mobile charge carriers by
the addition of AI(NO3)s. Hence, it confirms that the mobility of anions has been restricted and the conductivity
is enhanced by mobility of aluminium trivalent cations. It is also noticed that the ac conductivity of AI(NO3);
doped PVA-PEG polymer blend electrolyte films is higher than those obtained in undoped PVA-PEG film. The
maximum conductivity is found to be 1.4833x10™ S/cm at 1 MHz for 5 mol% AI(NOs); doped PVA-PEG film.
The ac conductivity plots show a plateau at low frequency, which corresponds to the dc conductivity of bulk
material and exhibit dispersion at high frequency, which corresponds to the ac conductivity. The conductivity

increases as the frequency increases towards higher frequency side. This behavior obeys Jonchers’s power law
as follow: *°

o(w) =0, + A"

where o, is the dc conductivity of bulk material, A is the pre-exponential factor and n is the power law

exponent. The values of o, A and n can be obtained by fitting the above equation and they are given in Table
1.
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Fig. 3. AC conductivity of (a) PVA-PEG polymer blend doped with different concentrations of Al(NOs);
at room temperature and (b) 5 mol% AI(NO;); doped PVA-PEG polymer blend electrolyte film at
different temperatures.

For ideal ion conducting polymer electrolyte, n should be between 0 and 1 indicating the ideal long-
range pathways and tortuous pathway. The values of n are in the range of 0.78-0.94. As given in Table 1, the
increase in n with Al doping shows that the long range drift of ions may be one of the main reasons of ionic
conduction. Figure 3(b) represents the frequency dependent ac conductivity of 5 mol% AI(NO3); doped PVA-
PEG polymer blend electrolyte film at different temperatures. The conductivity increases with increasing
temperature which is common in solid polymer electrolytes [9, 16]. In the present work, the increase in
conductivity with increasing temperature can be related to the increase in the number of mobile charge carriers
contributing to the transport of ions [16].

3.4. Complex impedance analysis

The room temperature complex impedance plots of undoped and AI(NO3); doped PVA-PEG polymer
blend electrolyte films are shown in Figure 4. The plots obey the Cole-Cole type relaxation by exhibiting only
one semicircular arc over the entire frequency range which corresponds to the bulk properties of grain (dc
resistivity). The ionic conductivity (o4;) can be calculated using the standard relation, oqc = d/RpA, where d is
the thickness of the sample, A is area of the sample and Ry, is the bulk resistance derived from the intercept of
the impedance plot on real axis.
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Fig. 4. Room temperature complex impedance plots of pure and Al doped PVA-PEG polymer blend
electrolyte films

The ionic conductivity values of different complexes at room temperature are summarized in Table 1.
As seen in the Table.1, the ionic conductivity increases with increase in dopant concentration and found to be
high for 5 mol% AI(NO3); doped film. This might be attributed to increase in number of mobile charge carriers
which results in a dominant amorphous phase in the film. This would happen when the interaction between
polymer and salt takes place. It has been confirmed by FTIR spectra as discussed above. Also, the o4 value of 5
mol% AI(NO3)s doped film is three or four orders of magnitude larger than those previously reported in certain
representative metal salts doped polymer electrolytes [5-9, 17-19]. Hence, it confirms that the interaction of
trivalent Al(NO3)s with polymer blend could also improve the ionic conductivity which leads them as a superior
candidate against the other solid electrolytes.

Table 1. Absorption edge, band gaps, o, and oq. values of PVA-PEG polymer electrolyte doped with
various concentrations (x mol%o) of Al(NO3); films at room temperature.

X | 0acx10™ 0x107 64:x10°
(S/cm) (S/cm) Ax10® | n (S/cm)
0 | 0.5728 0.1364 0.0148 | 0.76 0.0533
2 | 0.9547 0.3435 0.2125 | 0.88 0.1360
5 1 1.4833 0.6041 0.9871 | 0.94 1.0706
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Fig. 5. Complex impedance plots of 5 mol% AI(NOs); doped PVA-PEG polymer blend electrolyte films at
different temperatures

Figure 5 shows the complex impedance plots of PVA/PEG/5 mol% AI(NOj); electrolyte film at
different temperatures. The extrapolation of intercept of semicircular arc on the real axis tends to lower values
with increasing temperature which is attributed to the enhancement in ionic conductivity. This may be
explained on the basis of free volume model. When the temperature increases the vibration energy of a segment
of polymer chain becomes sufficient to push against the hydrostatic pressure imposed by its neighbouring atoms
and create a small amount of space surrounding its own volume in which vibrational motion can occur.
Therefore, the free volume around the polymer chain causes the mobility of the ions to increase and the
segmental motion of polymer chain causes the conductivity to increase [5]. Moreover, the complex impedance
plots demonstrate the pronounced temperature dependence of the device impedance in low frequency range.
The electrical conduction of the films is represented using an equivalent circuit, as shown in the inset of Figure
6. The plots show a single semicircular arc over the temperature range of 323-403 K which suggests the
presence of grain interior (bulk) property of the material. The equivalent circuit for this case is showed as the
parallel combination of grain (bulk) resistance (Ry) and grain capacitance (Cy) with a series resistor (Rs) [19]. At
high temperature (>403 K), impedance plot exhibits two semicircular arcs. The high frequency arc corresponds
to the grain interior property whereas the low frequency arc indicates the grain boundary effect. Hence, the
equivalent circuit is given by the series of parallel combination of R,Cy, and RgCgy, Where Ry, is the grain
boundary resistance [1-2, 7].

Conclusions

Pure and AI(NO3); doped PVA-PEG polymer electrolyte films were prepared by solution casting
technique. FTIR spectra showed the certain changes in intensity and position of the peak with salt content
which confirm the formation of polymer-salt complexes. Frequency dependent ac conductivity of films obeys
Jonscher power law and its value is found to be increase with increasing dopant concentration. From the
complex impedance plots, the ionic conductivity was calculated and is higher for 5 mol% AI(NOs); doped
PVA-PEG polymer electrolyte film. The obtained ionic conductivity value is three or four orders of magnitude
larger than those previously reported on certain representative polymer-salt complexes. Temperature
dependence of ionic conductivity showed a single semicircular arc over the temperature range of 323-403 K
while the two semicircular arcs appeared at above 403 K temperature. The electrical conduction of the sample
was depicted using an equivalent circuit. These results suggest that the AI(NO3); doped PVA-PEG electrolyte
films are potential candidate for electrochemical device applications.



G.Shanmugam et a/ /International Journal of ChemTech Research, 2019,12(4): 150-157. 157

References:

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Watanabe M, Sanui K, Ogata N, Inoue F, Kobayashi T and Ohtaki Z., Temperature Dependence of
lonic Conductivity of Crosslinked Poly(propylene oxide) Films Dissolving Lithium Salts and Their
Interfacial Charge Transfer Resistance in Contact with Lithium Electrodes, Polym. J., 1984, 16, 711-
716.

Watanabe M, Sanui K, Ogata N, Inoue F, Kobayashi T and Ohtaki Z., lonic Conductivity and Mobility
of Poly(propylene oxide) Networks Dissolving Alkali Metal Thiocyanates, Polym. J., 1985, 17, 549-
555.

Ragab H. M., Spectroscopic investigations and electrical properties of PVA/PEG blend filled with
different concentrations of nickel chloride, Physica B., 2011, 406, 3759-3767.

Kiran Kumar K, Ravi M, Pavani Y, Bhavani S, Sharma A. K and Narasimha Rao V. V. R,
Investigations on the effect of complexation of NaF salt with polymer blend (PEO/PEG) electrolytes on
ionic conductivity and optical energy band gaps, Physica B., 2011, 406, 1706-1712.

Hirankumar G, Selvasekarapandian S, Bhuvaneswari M. S, Baskaran R and Vijayakumar M., Ag"* ion
transport studies in a polyvinyl alcohol-based polymer electrolyte system, J. Solid State Electrochem.,
2006, 10, 193-197.

Abdelrazek E. M., Spectroscopic studies on the effect of doping with CoBr, and MgCl, on some
physical properties of poly vinyl alcohol films, Physica B., 2008, 403, 2137-2141.

Awadhia A, Patel S. K and Agrawal S. L., Dielectric investigations in PVA based gel electrolytes, Prog.
Cryst. Growth Charact. Mater., 2006, 52, 61-68.

Hema M, Selvasekerapandian S, Sakunthala A, Arunkumar D and Nithya H., Structural, vibrational and
electrical characterization of PVA-NH4Br polymer electrolyte system, Physica B., 2008, 403, 2740-
2747.

Krishnakumar V and Shanmugam G., Electrical and optical properties of pure and Pb** ion doped
PVA-PEG polymer composite electrolyte films, lonics., 2012, 18, 403-411.

Kobayashi Y, Egawa T, Tamura S, Imanaka N and Adachi G., Trivalent AI(NO3)s lon Conduction in
Aluminum Tungstate Solid, Chem. Mater., 1997, 9, 1649-1654.

Imanaka N, Kobayashi Y, Fujiwara K, Asano T, Okazaki Y and Adachi G., Trivalent Rare  Earth
lon Conduction in the Rare Earth Tungstates with the Sc,(WQ,)z-Type Structure. Chem. Mater., 1998,
10, 2006-2012.

Imanaka N, Hasegawa Y, Yamaguchi M, Itaya M, Tamura S and Adachi G., Extraordinary High
Trivalent AI(NO3z)z lon Conduction in Solids, Chem. Mater., 2002, 14, 4481-4483.

Zhang L, Chen P, Hu Z and Chen C., Electrical Properties of NASICON-type Structured
Li;3AlpsTiy7(POg)s Solid Electrolyte Prepared by 1,2-Propylene glycol-assisted Sol-gel Method, Chin.
J. Chem. Phys., 2012, 25, 703-707.

Prajapati G. K and Gupta P. N., Comparative study of the electrical and dielectric properties of PVA-
PEG-Al,Os-MI (M=Na, K, Ag) complex polymer electrolytes, Physica B., 2011, 406, 3108-3113.
Abdelaziz M., Cerium (111} doping effects on optical and thermal properties of PVA films, Physica B.,
2011, 406, 1300-1307.

Sharma. P, Kanchan D. K., Effect of nanofiller concentration on conductivity and dielectric properties
of poly(ethylene oxide)-poly(methyl methacrylate) polymer electrolytes, Polym. Int., 2014, 63, 290-
295.

Watanabe M, Nagona S, Sanui K and Ogato N., Structure-conductivity relationsihp in polymer
electrolytes formed by network polymers from poly[dimethylsiloxane-g-poly(ethylene oxide)] and
litegum perchlorate, J. Power Sources., 1987, 20, 327-332.

Pradhan D. K, Choudhary R. N. P and Samantaray B. K., Studies of structural, thermal and electrical
behavior of polymer nanocomposite electrolytes, Express Polym. Lett., 2008, 2, 630-638.
Krishnakumar V and Shanmugam G., Structural, Optical and Dielectric Properties of PbS-PVA-PEG
Nanocomposite Film, Sci. Adv. Mater., 2012, 4, 1247-1253.

kK %k Xk %k k



