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Abstract: Polymer composite films based on PVA-PVP with AICl; as the dopant at different concentrations were
prepared using solution casting technique. XRD patterns reveal the increase in amorphousity of the films with AlCl;
doping. Optical absorption studies exhibit that the values of optical absorption coefficient, direct and indirect optical band
gaps are found to decrease with increase in AlCl; concentration. It confirms the charge transfer in complexes between the
polymer and the dopant. The dielectric studies show the increase in dielectric constant at low frequency with increasing
AICl; concentration and temperature. The ac conductivity and ionic conductivity increase with the AlCI; content and the
maximum value at room temperature is found to be 6.89 x 10~* and 8.05 x 10> S/cm for higher AICl; doped PVA-PVP
film. The estimated ionic conductivity value is three or four orders of magnitude greater than those obtained in the certain
representative polymer-salt complexes as reported earlier. Electrical modulus plots confirm the removal of electrode
polarization and the low conductivity relaxation time with Al doping. The activation energy estimated from the temper-
ature dependent dc conductivity plot is agreed well with the migration energy calculated from the temperature dependent
electric modulus plot.
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1. Introduction

Electrical conductivity studies on polymer films 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. [1-4]. The low cost and facile preparation
of polymer films make them as the promising candidates
for wide variety of applications. However, the low ionic
conductivity of polymer films at ambient temperature has
limited their potential applications. The major efforts in
this field have remained concentrated in developing new
polymer electrolytes with high ionic conductivity and high
mechanical, thermal and electrochemical stability. In
recent years, studies on the electrical and optical properties
of polymer composites have attracted much attention in

*Corresponding author, E-mail: gvshanmugamphysics@ gmail.com

view of their potential applications in electronic and optical
devices. The main advantage of the polymer composites is
that they are able to dissociate the ion-pairs into free
cations and anions. The dissociation of ions leads to overall
conductivity enhancement, simplicity of preparation and
ease of control of physical properties by compositional
change [5-10]. Polymer composites 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 composites
help to reduce the crystalline content and enhance the
amorphous content. Also the film formability with desir-
able mechanical, thermal and electrochemical stability
makes polymer composites more attractive than the con-
ventional materials [11, 12].

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

© 2017 IACS
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a semi-crystalline polymer which contains both amorphous
and crystalline phases at room temperature. Moreover it
has a carbon chain backbone with hydroxyl 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 [13—15]. For preparing poly-
mer composite with PVA, poly vinyl pyrrolidone (PVP)
was chosen as second polymer. PVP is an amorphous
polymer and it forms a variety of complexes with various
salts, due to the presence of carbonyl group (C=O) in the
side chain of PVP, 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 [16, 17]. Both PVA and PVP are industrially
most important water soluble polymers which are miscible
in all proportions and their composites have potential
applications in the fabrication of electrochemical devices.

The structural, optical, and electrical properties of
polymer composites 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 [13—17]. In this
regard, a target for the next generation is to develop a
trivalent ion conducting polymer composites. Among the
trivalent cations, AI** is the most abundant metal ion and
the third most abundant element in the earth’s crust. This
metal ion also involves three electron transfers during the
electrochemical charge/discharge reactions, provides
competitive storage capacity relative to the single-electron
Li metal ion. A" ion has consequently long attracted
attention because of its high specific energy, low atomic
mass and small ionic radius as well as its low cost [18, 19].
Furthermore, the literature survey surprisingly indicated
that there is no report on the complete study of ion trans-
port properties of anhydrous aluminium chloride (AICl3)
doped solid polymer composite films exists. In view of the
above factors, for first time we report the PVA-PVP
polymer composites doped with the various concentrations
of AICl; prepared using solution casting technique. The
influence of AICI; dopant on structural, optical and elec-
trical properties of PVA-PVP polymer composite films
over a wide range of frequency and temperature has been
studied in detail.

2. Materials and methods
We used PVA (Myw = 14,000, Kemphasol, India), PVP

(Mw = 40,000, HiMedia Laboratories Pvt. Ltd, India) and
anhydrous AICl; (Nice Chemicals Pvt. Ltd, India) to

prepare PVA-PVP and AICl; doped PVA-PVP polymer
composite films. All the chemicals were used as received.
PVA and PVP (50:50 wt%) were dissolved in the doubly
distilled water with stirring at 80 °C. Required quantity (0,
10 and 20 mol%) of AICl; was also dissolved in doubly
distilled water and added to the polymeric solution with
continuous stirring. Then the mixture solution of PVA,
PVP and AICl; was stirred continuously at the room tem-
perature for several hours to obtain a homogeneous solu-
tion. The resulting solution was poured onto cleaned petri
dishes and then dried in vacuum oven at 120 °C for 24 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. X-ray diffraction (XRD) of the films
was carried out using the Rigaku Miniflex-II desktop X-ray
diffractometer in the range of 10-50° using CuKa radiation
(. = 1.5406 A). The room temperature optical absorption
spectra were studied using the PerkinElmer LAMBDA 35
UV-Vis-NIR spectrometer over the wavelength range of
200-800 nm. The dielectric, impedance and electric mod-
ulus 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 discussion
3.1. XRD studies

Figure 1 shows the XRD patterns of AICl; doped PVA—
PVP films. As shown in Fig. 1(a), pure PVA-PVP film
exhibits three characteristic diffraction peaks at around
14°, 17° and 20° due to the semi-crystalline nature of PVA
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Fig. 1 XRD patterns of (a) PVA-PVP, (b) 10 mol% and
(¢) 20 mol% Al doped PVA-PVP polymer blend electrolyte films
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[20]. No such peaks attributable to PVP could be observed.
It confirms that the present polymer composite films pos-
sess both crystalline and amorphous phases. From the
Fig. 1(b) and (c), it can be observed that the intensity of the
peaks decreases gradually, with increase of AICl; con-
centration, which is attributed to the interaction between
the polymer composite and AICl; salt. This interaction
leads to decrease in intermolecular interaction between the
polymer chains which causes the decrease in the degree of
crystallization of PVA-PVP polymer composite films with
AICl; dopant concentration. Hodge et al. have been cor-
related a relationship between the intensity of the diffrac-
tion peaks and the degree of the crystallinity [21]. They
have reported that the intensity of the XRD peaks decreases
while amorphous increases with the addition of dopant
concentration. For higher concentrations of AICl; in the
PVA-PVP blend, no sharp peaks were observed in the
XRD pattern (Fig. 1(c)) which attributes the dominant role
of amorphous in the complex. It also results the greater
ionic diffusivity with high ionic conductivity due to
amorphousity of polymers [22].

3.2. UV-Visible optical absorption studies

The UV-Visible optical absorption spectra of pure and
AICl; doped PVA-PVP polymer blend electrolyte films are

shown in Fig. 2(a). It is clear that the spectrum of PVA—
PVP polymer blend exhibits an absorption band around
287 nm which may be attributed to m-m" transition. It
comes from unsaturated bonds (C=0 and/or C=C), mainly
C=0 [23]. Furthermore, the optical spectra of AICl; doped
polymer blend films show that the absorption band position
shifted towards the higher wavelength side and is found to
be within the range from 293 to 298 nm as the concen-
tration of AICl; increases from 10 to 20 mol%. The
absorption also increases with increase in salt concentra-
tion which implies that the increase of absorbance is
approximately proportional to the AICI; concentration
based on the effective mass approximation. In order to
determine the optical band gap of the films, the absorption
coefficient (o) was determined from the following formula:

A
=2303 x (1)
where A is the absorbance and 4 is the film thickness. The
optical energy band gap of the films was determined from
the absorption spectra near the absorption edge. The
absorption coefficient dependence on photon energy is
expressed as:

(ahv)" = B(hv — Eg) (2)

where B is a constant, Av is the photon energy and E, is the
optical energy band gap, r is an exponent which can take
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values of 1, 2, 3, 1/2, 3/2 depending on the nature of the
electronic transitions responsible for the optical absorption
[15]. The best straight line can be determined from the
slope of the linear part of («hv)? versus hv and (chv)'?
versus hv. This suggests that the transition energy for
electrons may account for direct and indirect allowed
transitions. The absorption coefficient, direct and indirect
optical band gaps were estimated by extrapolating the
linear portion of their curves as shown in Fig. 2(b—d). The
obtained values are given in Table 1. It is clear from the
Table 1 that the absorption coefficient, direct and indirect
band gap values decrease with AlCl; doping which is due
to the fact that the salt concentration significantly decreases
the optical energy gap in the way of producing some
defects in the polymer blend films. These defects cause the
localized states which reflect the increase in the degree of
disorder in films [24].

3.3. Dielectric properties

Figure 3 presents the plot of (a) real (¢) and (b) imaginary
(&) parts of dielectric constant as a function of frequency
for PVA-PVP and AICl; doped PVA-PVP films. From the
figure, the highest dielectric constant has been observed at
lower frequencies and its value decreases with increase in
frequency. It shows that the low frequency dispersions are
very strong and can be associated with space charge
polarization effects arising from the electrodes. In the high
frequency region, due to high periodic reversal of the field
at the interface, the contribution of charge carriers towards
the dielectric constant decreases with increasing frequency.
Hence, the dielectric constant decreases with increasing
frequency [25]. It is also noticed that the dielectric constant
increases with the increase in AlCIl; dopant concentration
which proves that the introduction of AlICl; would increase
the dielectric constant of PVA-PVP film. The maximum
dielectric constant at low frequency is found for 20 mol%
AICl; doped polymer composite film. Figure 3(c) and
(d) show the dielectric plots of 20 mol% AICl; doped
polymer film at different temperatures. It can be seen that
the dielectric constant increases with increasing tempera-
ture. This behavior is due to the fact that dipole orientation

is facilitated by increasing the temperature, thus increasing
the dielectric contsant. [26, 27].

3.4. Ac conductivity studies

The frequency dependent ac conductivity of various con-
centrations of AlCl; doped with PVA-PVP polymer blend
electrolyte films at room temperature is shown in Fig. 4.
The ac conductivity increases with increasing salt con-
centration, as shown in Fig. 4, which is due to an increase
in the number of mobile charge carriers by the addition of
AICl;. Hence, it confirms that the mobility of anions has
been restricted and the conductivity of polymer blend is
enhanced by mobility of aluminium cations. It is also
noticed that the ac conductivity of AICl; doped PVA-PVP
polymer blend electrolyte films is higher than that obtained
in undoped PVA—PVP film. The maximum conductivity is
found to be 6.89 x 10™* S/cm at 1 MHz for 20 mol%
AICl; doped PVA-PVP 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:

Tac(®) = 09 + A" (3)

where ¢, is the dc conductivity of bulk material, A is the
pre-exponential factor and n is the power law exponent.
The values of gy, A and n can be obtained by fitting the
above equation and they are given in Table 1. 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 AICl; doping
shows that the long range drift of ions may be one of the
main reasons of ionic conduction. Figure 5 represents the
frequency dependent ac conductivity of 20 mol% AICl;
doped PVA-PVP polymer blend electrolyte film at differ-
ent temperatures. The conductivity increases with
increasing temperature which is common in solid polymer
electrolytes. It is due to the tremendous increase of the

Table 1 Absorption edge, band gaps, 6, 0o, A, n and g4, values of PVA-PVP polymer electrolyte doped with various concentrations (x mol%)

of AICl; films at room temperature

X Absorption Edge Band gaps (eV) Oue X 10~ (S/cm) 6o x 1075 (S/cm) A x 1078 n 64e X 1073 (S/em)
Direct Indirect

0 5.14 5.19 5.10 2.88 0.0364 0.0148 0.78 0.46

10 4.95 5.02 491 4.20 0.1235 0.2125 0.88 2.03

20 4.89 4.92 4.70 6.89 0.9041 0.9871 0.94 8.05
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Fig. 3 Dielectric plots (a) € J
and (b) &” of pure and Al doped
PVA-PVP polymer blend
electrolyte films at room 4
temperature. (c) €and (d) &”
plots of 20 mol% Al doped
PVA-PVP polymer electrolyte
film at different temperatures
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Fig. 4 ac conductivity of PVA-PVP polymer blend doped with
different concentrations of AlICl; at room temperature

mobile charge carriers which contributes the transport of
ions in polymer composite films [28].

3.5. Complex impedance analysis

The room temperature complex impedance plots of PVA—
PVP and AICI; doped PVA-PVP polymer blend electrolyte
films are shown in Fig. 6. The plots obey the Cole—Cole
type relaxation by exhibiting only one semicircular arc

Fig. 5 ac conductivity of 20 mol% Al doped PVA-PVP polymer
blend electrolyte film at different temperatures

over the entire frequency range which corresponds to the
bulk properties of grain (dc resistivity). The ionic con-
ductivity (g,.) can be calculated using the standard rela-
tion, o4 = d/R,A, where d is the thickness of the sample,
A is the area of the sample and R, is the bulk resistance
derived from the intercept of the impedance plot on real
axis [15]. The ionic conductivity values of different com-
plexes at room temperature are given in Table 1. As seen in
the Table 1, the ionic conductivity increases with increase



610

G Shanmugam and V Krishnakumar

150000
—e— 0 mol% Al

—o—10 mol% Al
—+—20 mol% Al
120000 |

90000 -

Z"(©)

T
150000

T
100000 200000

Z(©Q)

T T
0 50000

Fig. 6 Room temperature complex impedance plots of PVA-PVP
and Al doped PVA-PVP polymer blend electrolyte films

in dopant concentration and found to be high for 20 mol%
AICl; doped film. This might be attributed to increase in
number of mobile charge carriers and it results the domi-
nant amorphous phase in the film. This would happen when
the interaction between polymer and salt takes place. Also,
the o, value of 20 mol% AICl; doped film is three or four
orders of magnitude larger than those previously reported
in certain representative metal salts doped polymer elec-
trolytes [15, 22, 29-31]. Furthermore, the obtained value is
about two orders of magnitude greater than the measured
value of Li*-poly ethylene oxide complex [32]. Hence, it
confirms that the interaction of AI’™ ions with polymer
blend could also improve the ionic conductivity which
leads them as the superior candidates against the other solid
electrolytes.

Figure 7 shows the complex impedance plots of PVA/
PVP/20 mol% AICl; electrolyte film at different
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Fig. 7 Complex impedance plots of 20 mol% AI** doped PVA-PVP
polymer blend electrolyte films at different temperatures

temperatures. The extrapolation of intercept of semicircu-
lar 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. Hence, the increase in tempera-
ture causes the conductivity to increase due to the increased
free volume and segmental mobilities [33]. The plot of log
04c versus inverse temperature (1000/T) of 20 mol% AICl;
doped PVA-PVP film is shown in Fig. 8. The plot showed
a straight line which suggests that the Arrhenius-type
thermally activated process and it is represented by

— Ea
Gic = 00 €XP (kB—T) (4)
where g is the pre-exponential factor, kz is the Boltzmann
constant, 7 is the absolute temperature and E,, is activation
energy which can be calculated from the slope of the
straight line fitted by the above equation to the experi-
mental data. The activation energy is found to be 0.24 eV
which is very small in comparison with E, of other solid
electrolytes. The low value of E, is due to the amorphous
nature of polymer blend that facilitates a higher free vol-
ume in the electrolyte on increasing temperature and allows
AP’ ions to hop from one site to another, thus increasing
the conductivity.

@ Experimental data
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Fig. 8 Plot of logay. versus 1000/T for 20 mol% Al doped PVA—
PVP polymer electrolyte film
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3.6. Electric modulus studies

The electric modulus plots of three films are displayed in
Fig. 9. In general, the dielectric materials show a plateau at
lower frequencies and an abrupt increase in M’ spectra at
higher frequencies. The room temperature electric modulus
spectra of various compositions are shown in Fig. 9(a) and
(b). It can be observed from Fig. 9(a) that the values of M’
for electrolyte films at low frequencies are small, which
confirms the removal of electrode polarization. As shown
in Fig. 9(b), the values of M” show an asymmetric peak
approximately centered in the dispersion region of M'. The
peak shifts to higher frequency as the dopant concentration
increases, indicating that the relaxation time decreases with
increasing AICl; dopant concentrations. Temperature
dependent electrical modulus spectra as function of fre-
quency for the pure and AICl; doped PVA-PVP films are
shown in Fig. 9(c) and (d). It is obvious from Fig. 9(c) that
the asymptotic value of M’ at high frequency side shows
the dispersion tending towards to M,, due to conductivity
relaxation and indicates the presence of a relaxation time.
At the low frequency side, M’ approaches zero, indicating
that the electrode polarization gives a negligible low con-
tribution of M’ and can be ignored. In Fig. 9(d), the low
value of M” at the low frequency side might be due to the
large value of capacitance associated with the electrode
polarization effect, as a result of accumulation of a large
amount of charge carriers at the electrode-polymer elec-
trolyte interface. However, Fig. 9(d) shows only one peak

which is shifted towards higher frequency with increasing
temperature. This might be related to thermally activated
relaxation process, and charge carrier hopping takes place.
The frequency region on the pre-peak decides the range
whereas the mobility of charge carriers are on long dis-
tances while region to the post-peak is where the confine-
ment of carriers in potential wells, being mobile on short
distances which are consistent with conductivity studies as
mentioned above [34]. The frequency maximum (fi,.x),
which corresponds to the M” ..., gives the relaxation time
(1) from the condition, @7 = I. The migration energy
(E,,) can be calculated using the Arrhenius equation:

Jmax = foexp (;{?m) (5)

where f; is the pre-exponential factor, k is the Boltzman
constant and 7 is the absolute temperature [15]. As shown
in the Fig. 10, the E, was estimated using least square
fitting method to the experimental data and found to be
0.25 eV which is in good agreement with the E, value
obtained from the dc conductivity plot as discussed above.
This result implies that the charge carriers responsible for
both conductivity and relaxation are the same, and that the
enthalpy of carrier formation is negligible in this system.

Fig. 9 Modulus spectra (a) M’
and (b) M” of PVA-PVP and Al
doped PVA-PVP polymer blend
electrolyte films. (¢) M’ and
(d) M” plots of 20 mol% Al
doped PVA-PVP polymer
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Fig. 10 Inverse temperature dependence of relaxation frequency plot
of 20 mol% Al doped PVA-PVP polymer electrolyte film

4. Conclusions

Pure and AICl; doped PVA-PVP polymer electrolyte films
were prepared by solution casting technique. XRD patterns
revealed the amorphous domains of PVA-PVP polymer
blend electrolyte increased with increasing the AlCl;
dopant. Optical absorption spectra exhibited that the values
of absorption edge, direct and indirect band gaps are
decreased with increase in salt concentration. This result
indicates the formation of charge transfer complexes
between polymer and AlICl; dopant. The plots of dielectric
constant showed an increase in the dielectric constant at
low frequency with AlCl; concentration and are attributed
to the presence of space charge polarization phenomena at
the electrodes. Frequency dependent ac conductivity of
films obeys Jonscher power law and its value found to be
increase with increasing dopant concentration. From the
complex impedance plots, the ionic conductivity was cal-
culated and is higher for 20 mol% AICl; doped PVA-PVP
polymer electrolyte film. The obtained room temperature
ionic conductivity value is three or four orders of magni-
tude larger than those previously reported on certain rep-
resentative  polymer-salt  complexes.  Temperature
dependence of ionic conductivity showed a single semi-
circular arc over the temperature range of 323—403 K while
the two semicircular arcs appeared at above 403 K tem-
perature. The removal of electrode polarization was con-
firmed by the electrical modulus plots which exhibits the
decrease in conductivity relaxation time with Al doping.
The migration energy was estimated from the temperature
dependent electric modulus plot and is found to be
0.25 eV. This value is agreed well with the activation
energy estimated from the temperature dependent dc con-
ductivity plot. The electrical conduction of the sample was
depicted using an equivalent circuit. These results suggest

that the AICIl; doped PVA-PVP electrolyte films are
potential candidate for electrochemical device applications.
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