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Abstract Polyvinyl alcohol (PVA) complexed with dif-
ferent weight percent ratios of Nickel Bromide (NiBr,)
salt were prepared by using solution cast technique. X-ray
diffraction analysis confirmed the complexation of the salt
with the polymer. Differential scanning calorimetry was
used to determine the glass transition and melting tem-
peratures of pure PVA and PVA:NiBr, complexed films.
Electrical conductivity was measured using ac imped-
ance analyzer in the frequency and temperature range
1 Hz-1 MHz and 303-373 K respectively. It was observed
that the magnitude of electrical conductivity increases with
NiBr, salt concentration as well as temperature. Frequency
dependence electrical conductivity of the complexed poly-
mer electrolyte films follows the Jonscher’s equation. The
dielectric behavior was analyzed using dielectric permittiv-
ity(e’ ) and loss tangent (tan §) of the samples. Relaxation
time was determined from the variation of loss tangent with
frequency at different temperatures. The modulus spectra
indicated the non-Debye nature of the material.
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1 Introduction

Solid polymer electrolytes (SPEs) are extensively studied
in the last two decades because of their numerous techno-
logical advantageous such as special mechanical properties,
ease of fabrication in thin films of desirable sizes and suita-
bility for electrode—electrolyte contacts in different electro-
chemical devices such as high-performance solid-state bat-
teries, smart windows, chemical sensors, microelectronic
and electrochromic devices [1, 2]. Among different SPEs,
PEO is one of the best polymer electrolytes, but it has poor
ionic conductivity and mechanical strength at ambient
temperature [3]. The development of polymer electrolyte
system with high electrical conductivity at ambient tem-
peratures is one of the main objectives in recent polymer
research. The conduction in polymer electrolyte takes place
in two different ways: one is the charge migration of ions
between the coordinate sites of the host polymer and the
second is associated with the polymeric chain segmental
motion [4].

Efforts have been made to improve the performance of
existing polymer electrolytes and find new polymer electro-
lytes with better electrical and dielectric properties. Vargas
and coworkers [5] investigated polyvinyl alcohol (PVA)-
based polymer electrolyte for the Vogel-Tamman—Fulcher
(VTF) behavior. PVA is a polar polymer having good charge
storage capacity, high dielectric strength and it has dopant-
dependent electrical properties. PVA has carbon chain back-
bone with hydroxyl groups attached to methane carbons,
these O—H groups can be a source of hydrogen bonding and
therefore, assist the formation of polymer complexes [6, 7].
The higher film forming ability, inexpensive and good elec-
tronic properties of PVA has some technological advan-
tages in electrochromic devices and fuel cells because of its
superior mechanical properties and better ionic conduction.
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Hence, in the present study PVA has been chosen as host
polymer material for preparation of complexed polymer
electrolytes.

Polymeric materials forms complexes in combination
with suitable metal salts are useful for the development
of advanced high-energy electrochemical devices, display
devices, and photoelectrochemical cells. Divalent systems are
now receiving attention [8, 9] because their charge distribu-
tion may produce electrolyte structure different from monova-
lent systems. Therefore, the NiBr, salt is chosen as a dopant
material to enhance electrical conductivity properties of host
PVA matrix. In the present study, we focused our attention
on investigating the effect NiBr, addition on the structural,
electrical and dielectric properties of host PVA matrix. In this
work, the effect of nickel bromide addition on PVA proper-
ties is reported.

2 Experimental

Films (thickness 150 pm) of pure PVA and various composi-
tions of complexed films of PVA with NiBr, salt were pre-
pared by solution casting technique using double distilled
water as a solvent. The solution was vigorously stirred for
10-12 h to get a homogeneous mixture and was cast onto
polypropylene dishes and allowed to evaporate at room tem-
perature to remove all traces of solvent. The dried polymer
electrolyte films were carefully removed from the polypropyl-
ene dishes and stored inside a dry vacuum box. In the pre-
sent study, X-ray diffraction spectra were recorded at room
temperature in the Bragg angle 26 range from 10° to 70° by
a SEIFERT X-ray diffractrometer. CuK, radiation was used
along with Zr filter for monochromatic radiation. Differen-
tial scanning calorimetry (DSC) measurements were carried
out to determine the glass transition and melting tempera-
tures of pure and PVA:NiBr, complexed polymer electrolyte
films. The impedance measurements were carriedout by a
computer controlled phase sensitive multimeter (PSM 1700)
in the frequency range 1 Hz—1 MHz and temperature range
303-373 K. For electrical measurement the complexed poly-
mer electrolyte films were cut into circular pieces and sand-
wiched between a pair of stainless steel foils with the config-
uration SS/polymer electrolyte/SS. The total setup was kept
inside a furnace and recorded the electrical measurements
with rising temperature upto 373 K, and the temperature was
measured by copper—constantan thermocouple.

3 Results and discussion

3.1 XRD analysis

The XRD profiles of pure and doped PVA with differ-
ent weight percentages of NiBr, complexed polymer

electrolyte films are shown in Fig. 1. As can been seen
from the figure, the NiBr, salt XRD pattern exhibits well
defined peaks, which indicate its crystalline nature. Pure
PVA shows a well defined broad peak centread at 20° and
less intensive peak at 23.7°, which attributed to the crys-
talline phase in the PVA and associated crystalline planes
are (101) and (200), respectively [10, 11]. With the addi-
tion of salt, the intensity of this peak decreases suggest-
ing a decrease in the degree of crystallinity of the host
polymer matrix [12]. This could be due to the disruption
of the PVA polycrystalline structure by NiBr, salt as sug-
gested by Hodge et al. [13]. Hodge et al. reported that
the intensity of XRD pattern decreases as the amorphous
nature increases with the addition of dopant. This amor-
phous nature results in greater ionic diffusivity and high
ionic conductivity, which can be observed in amorphous
polymers having flexible back-bone [14]. In addition to
this, the peak at 20° is slightly shifted and the peak at
23.7° is almost disappeared in the NiBr, doped polymer
films, which indication the complex formation. No peaks
corresponding to NiBr, salt were observed in complexed
polymer films, indicating the complete dissolution of the
salt in the polymer matrix.
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Fig.1 XRD patterns of pure PVA and NiBr, doped PVA polymer
electrolytes
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3.2 DSC analysis

Differential Scanning Calorimetry (DSC) is a best tech-
nique to study the thermal transitions of a polymer matrix.
Using this technique the glass transition temperature (T,),
melting temperature (7},) and the degree of crystallinity (y,)
of the material can be identified. Figure 2 shows the DSC
curves of pure PVA and PVA: NiBr, complexed polymer
electrolyte films in the temperature range 300-550 K. From
DSC thermo grams it is clear that an endothermic peak was
observed around 315-355 K, associated to the glass tran-
sition temperature (7,) of the polymer electrolytes. With
the addition of NiBr, salt the Tg decreases, this may be due
to structural disruption of the host polymer i.e., when the
NiBr, is incorporated into the PVA matrix it will interact
with the host polymer and reduces the intermolecular inter-
action between the polymer chains. The 70PVA:30NiBr,
complexed polymer electrolyte exhibits the low glass tran-
sition temperature, which causes the higher segmental
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— PVA: NiBr, (90:10)
PVA: NiBr, (80:20)
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Fig. 2 DSC spectra of pure and NiBr, doped PVA polymer electro-
lytes

motion of the complex polymer electrolyte system. In this
system the ions can easily move throughout the polymer
matrix i.e., ionic mobility is high. This can help to enhance
the ion transportation and 70PVA:30NiBr, complex system
exhibits high electrical conductivity. Further, the observed
shift in 7, values of the polymer electrolytes in DSC ther-
mograms indicates that the interaction between the polymer
and the salt i.e., confirms the complexation [15]. Another
endothermic peak was observed around 498-520 K cor-
responding to the melting point of PVA based polymer
electrolytes. Melting temperatures and enthalpies were
determined at the endothermic peak and from peak areas
respectively. The relative percentage of crystallinity (%)
was estimated using the equation [16].

AH

m

AHO

%X =

where AHS1 is the melting enthalpy of pure PVA and AH,,
is melting enthalpy of related NiBr, complexed PVA. The
measured values of glass transition temperature (T,), melt-
ing temperature (7,,) and relative percentage of crystallinity
(% yx.) values are listed in Table 1.

From the Table 1 it is clear that 7,, values and relative
crystallinity (y,) decrease with the increase of salt con-
centration. In addition, the melting endotherm is found to
broaden with increase of salt concentration .The decrease
in melting temperature and the broadening of the melting
endotherm are clear indications of decrease in the degree of
crystallinity and dominant presence of amorphous phase.
The glass transition temperature (T,) and y. have been
found to be low for 30 wt% NiBr, doped polymer electro-
lyte system. The lower values of T, and , represents the
high amorphous nature of the above mentioned polymer,
which is good consistent with the XRD results.

3.3 Total conductivity analysis

The logarithmic plots of the electrical conductivity as a
function of angular frequency at different temperatures for
PVA: NiBr, (70:30) is shown in Fig. 3. The rise in conduc-
tivity on increasing frequency and temperature is common
for disordered semiconductor and polymeric materials [17].
From the figure it is clear that, the plot follows two trends.

Table 1 Activation energy, o,

R Polymer electrolyte ~ Activation energy a T,(K) T,XK x T at 303 K p

T,, Ty, X» telaxation time and e 8

values of pure PVA and NiBr, E, (eV) E, (V)

doped PVA polymer electrolytes
Pure PVA 0.45 0.44 0.86 3542 509.7 100 5.32x107*
PVA:NiBr,(90:10) 0.33 0.32 0.75 3417 501.4 81.3 1.90x107™*  0.64
PVA:NiBr,(80:20) 0.32 0.31 0.66 3334 491.7 762 9.22x107°  0.76
PVA:NiBr,(70:30) 0.30 0.30 0.63 3221 479.2 635 6.55x107°  0.83
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Fig. 3 Total conductivity of PVA:NiBr, (70:30) at different tempera-
tures

The first one is frequency independent conductivity i.e.,
low frequency plateau region. Another one is frequency
dependent i.e., high frequency dispersive region which is
attributed to the space charge polarization at the blocking
electrodes. Low frequency region is associated with the dc
conductivity (o4,) of the complexed polymer electrolyte.
In the high frequency dispersion, the ionic conductivity
increases with increasing frequency which is associated
with the ac conductivity (o,,) of the polymer electrolyte.
DC conductivity values were obtained by taking the inter-
cept of log at zero frequency. Activation energy values
(E,) are evaluated from log o versus 1000/T graphs. These
graphs follow the Arrhenius relation. Activation energy
values (E,) decreases with increase in salt concentration
and the values are given in Table 1.

The total conductivity of polymer electrolytes may be
expressed using Jonscher’s universal power law equation
[18].

o(w) =0y + 0,

o(w) =0, +Ax” M
where « is the temperature dependent frequency exponent,
A, is a temperature dependent parameter, o, the dc con-
ductivity and w=2xrf is the angular frequency. According
to the jump relaxation model reported by Funke [19] the
power law exponent relates the backhop rate to the site
relaxation time as

(back hope rate)

a = — ; ;
(site relaxation time)

The high frequency region of ac conductivity data was
fit to least square linear lines. The slopes of the least square
fit lines gave directly the frequency exponent a values.
The a values are almost less than unity and decrease with
temperature. This range of values suggests that the charge
carrier transport is predominantly due to ion hopping. The
evaluated a parameters are shown in Table 1. The low val-
ues of a(a < 1) suggests the formation of free sites for Ni>*
ion transport [20].

3.4 Frequency dependant loss tangent analysis

Figure 4 shows the variation of loss tangent with frequency
at different temperatures for PVA:NiBr, (70:30) complexed
polymer electrolyte film. Dielectric loss is the electrical
energy lost as heat in the polarisation process in the pres-
ence of an applied ac field. The dielectric loss is a function
of frequency and temperature and is related to relaxation
polarization, in which a dipole cannot follow the field vari-
ation without a measurable value because of the retarding
or frictional forces of the rotating dipoles. The dielectric
loss tangent (tan ) can be defined as tan & = &"/e’. The
tan O increases with frequency, reaches a maximum and
thereafter decreases with further increase in frequency.
The loss peaks and their shifts with temperature suggest a
dielectric relaxation process [21]. Relaxation times of the
complex polymer electrolyte films are obtained from the
relation wt ~ 1, where 7 is the relaxation time and w is the
angular frequency of the applied signal [22]. The relaxa-
tion parameters are calculated and are tabulated in Table 1.

|-=— 303K
s | ® 323K

tan §

Log o

Fig. 4 Loss tangent versus frequency plot for PVA: NiBr, (70:30)
polymer electrolyte at different temperatures. Inset plot shows log
fax versus 1000/T
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As the temperature increases, the charge carriers have been
thermally activated and the loss tangent peak shifts towards
higher frequency. This indicates that the relaxation time
decreases with increase of temperature, which results in
increase in the ionic conductivity.

1
tans =€ /s

The log (f;,.) versus 1000/T plot is shown inside the
Fig. 4, which follows the Arrhenius behaviour represented
by the equation

fmax = fo(e_Em/kT)

where f,.is the frequency at the relaxation peak, f, is a
constant, k is the Boltzmann constant, 7" is the absolute
temperature and E,, is the ion migration energy. From the
slopes, activation energy (Em) values were calculated and
presented in Table 1. Form the table it is observed that E,
values are comparable with the E, values, suggesting that
the charge carriers responsible for both relaxation and con-

ductivity are the same.

3.5 Temperature dependent loss tangent analysis

Figure 5 shows the variation of loss tangent (tan 6) with
temperature at different frequencies for PVA: NiBr, (70:30)
polymer electrolyte. From the plots, it is clear that a loss
peak was observed at 334 K. In general polymers possess
three dielectric relaxations, a, # and y in decreasing order
of temperature. For amorphous polymers a- peak is absent
and g and y peaks occur at temperatures less than the glass
transition temperature [23]. The relaxation peak observed
at 334 K in the present investigations may be attributed to
p relaxation because as it is below the glass transition tem-
perature (the glass transition temperature is about 354.2 K).
This relaxation peak may be due to the orientation of the
polar groups present in the side group of the polymer. This
type of relaxation is called a dipolar group relaxation [24].
In the amorphous phase, dipolar molecules are able to ori-
ent from one equilibrium position to another and contribute
to absorption over a wide frequency and temperature range
[25].

3.6 Modulus analysis

The dielectric modulus spectroscopy provides wider insight
on charge transport processes such as relaxation mechanism
and ion dynamics as a function of frequency and tempera-
ture. It suppresses the effects of electrode polarization to give
a clear picture of electrical property inherited in the poly-
mer electrolyte. Figure 6 shows the variation of the normal-
ized imaginary part of the electric modulus as a function of

@ Springer
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Fig. 5 Loss tangent versus temperature plot for PVA: NiBr, (70:30)
polymer electrolyte at different frequencies

frequency over a range of temperature for PVA:NiBr, (70:30)
polymer electrolyte films. The frequency region below
peak maximum determines the range in which charge carri-
ers are mobile on long-range distances and above the peak
maximum, the carriers are confined to potential wells being
mobile on short distances. The mobility of charge carriers
increases with increase in temperature leading to decreased
relaxation time with a consequent shift of the peak value in
M" toward higher frequencies. This behaviour suggests that
the relaxation is thermally activated, and charge carrier hop-
ping is taking place [26].

The frequency dependence of modulus exhibits non-
Debye behaviour defined by the stretched Kohlrausch—Wil-
liams—-Watts (KWW) function @ (t). This function represents
the distribution of relaxation times in ion-conducting materi-
als [27].

The dielectric modulus can be represented as:

(e8]

M =M 1—/exp(—ia)t)@
dt
0

@(t) = exp [t_]

(s
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Fig. 6 Normalized modulus versus frequency plot for PVA:NiBr,
(70:30) polymer electrolyte at different temperatures

where ¢, the conductivity relaxation time and is the Kohl-
rausch exponent respectively. Smaller the value of f, larger
the deviation of relaxation with respect to Debye type
relaxation (f = 1). The parameter § corresponding to all
compositions was calculated using the formula f=1.14/
FWHM, and is listed in Table 1. The f values indicate
the non-Debye nature of the material which corresponds
to long-time slow polarization and relaxation of hopping
charges. The increase in the value of g for increasing NiBr,
concentrations is due to an increase in charge—carrier con-
centration [28].

4 Conclusions

PVA doped with NiBr, complexed polymer electrolyte films
were prepared and their structural, thermal, electrical and
dielectric properties were studied by using different experi-
mental techniques. XRD analysis confirmed the complexa-
tion of salt with polymer. Thermal analysis indicates that
the glass transition temperature and crystallinity are low for
PVA:NiBr, (70:30) polymer electrolyte. Electrical conductiv-
ity values increases with increasing salt concentration as well
as temperature. The 70PVA:30NiBr, complexed polymer
electrolyte exhibits a low activation energy and high electri-
cal conductivity compared to the other complexed systems.
From conduction spectra, values are calculated. The val-
ues decrease with increase in salt concentration. From E,
and E,, values, it may be concluded that the charge carriers
responsible for both conductivity and relaxation are same.
Modulus analysis shows the non-Debye nature of the polymer

electrolyte films. From the observed results, we conclude that
the NiBr, addition will changes the host PVA properties sig-
nificantly, are useful for electronic devices applications.
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