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Abstract 
 
Solid Polymer Electrolyte (SPE) films based on a mixture of two polymers 

poly (ethylene oxide) (PEO) and poly (vinylidene fluoride) (PVDF) 
complexed with sodium perchlorate (NaClO4) salt (i.e., (80PEO/20PVDF) + 

xwt%NaClO4; where x = 2.5, 5, 7.5, and 10) were synthesized and 

characterized as potential candidates for battery (energy storage) 

applications. Effect of NaClO4 salt concentration on the structural, ionic 
conductivity, and dielectric relaxation has been studied. Electrochemical 

Impedance Spectroscopy (EIS) has been utilized between the frequencies 100 

Hz and 4 MHz to investigate conductivity spectra, impedance spectra, 
dielectric spectra, and electrical modulus spectra. The AC conductivity of the 

SPE films at high frequencies obeys the Jonscher’s power law. In two 

different methods, the Direct Current ionic conductivity was found. In the 
first method, it was calculated by fitting the AC conductivity spectra to the 

best fit of Joncher’s power law. In the second method, it was calculated from 

the bulk-resistance (Rb) of the SPE film. The DC ionic conductivity values 

computed by the two methods are almost consistent. The DC ionic  
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conductivity enhances with salt concentration (wt%) up to 7.5wt% and then 

the ionic conductivity decreases with an enhancement in salt wt%. The ionic 

conductivity that depends on temperature follows the Arrhenius rule between 
the temperatures 303 K and 333 K. The maximum ionic conductivity 

5.94x10-5 S/cm at 303 K was obtained for blend matrix 80PEO/20PVDF 

with 7.5wt%NaClO4. Analysis of dielectric constant and electric modulus 
shows the strong coupling between polymer and ion segmental motion. 

 

Key words: PEO/PVDF blend, Electrochemical Impedance Spectroscopy, 

Ionic conductivity, SEM, XRD. 
 

1 Introduction 
 

SPEs have important technical significance in manufacturing 

supercapacitors, fuel cells, batteries, smart windows, and sensing devices [1-

7]. SPE materials are unique and have advantages over liquid electrolytes 
mainly associated with applications for batteries because of their attractive 

characteristics, such as lightweight, wide operating range of temperature, 

high energy density, long shelf life, no leakage, easy preparation, low 

toxicity, excellent stability during charge and discharge cycles, and 
considerable mechanical and thermal stability [8-11]. However, the main 

limiting factor for SPEs is poor conductivity at ambient temperature. The 

polymer blend is considered to be the most promising polymer matrix for 
preparing SPE films, which can effectively improve the conductivity at room 

temperature [12-16]. The mixture of two or more polymers that forms a 

polymer blend at the matrix level opens up the roots for the combination of 
different properties. 

Solid-state lithium-ion batteries (LIBs) have made incredible progress in 

various types of energy storage devices because of their excellent 

commercial applications [17-19]. But Lithium-based compounds are very 
hazardous, and the adequate sources of lithium metal are not enough [20]. 

Among established alkali metal salts, sodium ion conductive salts have many 

advantages, such as being available at low cost, and are likely to be used in 
industrial applications [21-23]. Sodium-ion batteries (SIBs) have numerous 

exceptional advantages. Therefore, as a viable alternative to LIBs, more and 

more researches have been conducted on them [24]. Compared with LIBs, 
SIBs are low in cost due to their rich sodium metal content and simple 

manufacturing process.The current study involves a blend of polymers PEO 

and PVDF. PEO has excellent performance due to its exceptional 

characteristics such as highly flexible segments of ethylene oxide, high 
dielectric constant and the capability to dissolve various inorganic salts, so it 

is a suitable polymer for basic research and used for technical applications. 

Because of its fascinating electrochemical and mechanical properties, PVDF 
was chosen as a co-polymer.  
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NaClO4 salt has been the critical inorganic compound in the preparation 
of blended polymer electrolytes. Different experimental methods such as 

SEM and XRD were meticulously applied to explore the surface-morphology 

and complexation of PEO and PVDF polymer blend system complexed with 
NaClO4 salt, respectively. EIS is used to explore conductivity, complex 

impedance, dielectric properties, loss tangent, and electrical modulus 

spectrum within the bandwidth of 100 Hz to 4 MHz. 
 

2 Experimental 
 

2.1 Materials 
 

Polymers PVDF (Avg. MW=2,75,000 g/mol), PEO (Avg. MW=2,00,000 
g/mol) and salt sodium perchlorate (NaClO4, AR, >=98.0%) were taken from 

Sigma Aldrich. Common solvent DMF (N, N- Dimethylformamide,99.5%) 

was procured from MERCK. 

 

2.2 Preparation of SPE Films 
 

The making of SPE-films used the solution cast technique that comprises 
the blend of polymers PEO/PVDF and salt NaClO4. The necessary quantity 

of PEO plus PVDF by a composition weight ratio of PEO/PVDF = 80/20 

wt/wt% was used to prepare SPE films of varying salt concentrations. The 

blend of polymers has been dissolved in the common solvent DMF at 70 °C 
by the help of a hot plate magnetic-stirrer for 1 h. After that, the required 

amount of NaClO4 relative to xwt% of the total amount of the polymers used 

for the blend (i.e. x = 2.5, 5, 7.5, and 10) is mixed with the polymer blend 
solution. Then again, the polymer blend electrolyte solution of 

80PEO/20PVDF-xwt%NaClO4 is further magnetically stirred at ambient 

temperature till the solution becomes a clear, viscous, homogeneous solution. 
The glass petri dish was used in the casting of obtained solution which is 

dehydrated in temperature-regulated vacuum-oven for 36 hat 60 °C. Moisture 

less SPE films were the outcome of the above procedure. These SPE films 

were stored in a desiccator. In the present study, four samples were prepared 
according to 80PEO/20PVDF wt/wt%-xwt% NaClO4, where x= 2.5, 5, 7.5, 

and 10. 

 

2.3 Structural Characterizations 
 

The complexation of NaClO4 with the blend of polymers PEO/PVDF 
was investigated using Shimadzu XRD-7000with Cu-Kα radiation of energy 

8.04 keV and wavelength 1.5406 A
0
 between Bragg’s angles 10° and 80°. 

The surface-morphology of SPE films has been studied using Hitachi S-
3700N SEM. 
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2.4 Dielectric and Electrical Measurements 
 

The N4L-PSM1735 Impedance Analysis Interface was considered to 
ascertain the conductivity spectra, impedance spectra, dielectric spectra, and 

electrical modulus spectra in the bandwidth of 100 Hz to 4 MHz between the 

temperatures 303 K and 333 K. The values of the DC ionic conductivity were 
found using two different methods. In the first method, its value has been 

found by fitting the AC conductivity spectra to the best fit of Joncher’s 

power law. In the second method, its value has been found from the bulk 
resistance. 

 

3 Results and Discussion 
 

3.1 XRD Analysis 
 

The XRD patterns of salt NaClO4 powder, pristine polymer PEO film, 

pristine polymer PVDF film, and 80PEO/20PVDF-xwt%NaClO4 SPE films 

were depicted in Fig. 1. The pristine polymer PEO XRD pattern exhibits the 

existence of crystalline segment with two distinctive diffraction maxima at 
19.24°, and 23.35° and these two maxima are attributed to the crystal planes 

(1 2 0) and (1 1 2) of the monoclinic crystal structure of PEO [15]. The 

pristine polymer PVDF XRD pattern exhibits the most prominent peak at 
20.2° (β phase) corresponding to the plane (0 2 0) of PVDF [25]. The 

crystalline peaks at 22°, 25°, 32° and 36° belong to NaClO4 were not found 

in the SPE films, which confirms that NaClO4 is completely complexed in 

the blend of polymers PEO and PVDF. Compared to the original polymer 
blend film, the addition of 7.5wt%NaClO4 to the host 80PEO/20PVDF blend 

matrix resulted in a completely different XRD pattern for the SPE film. It 

was observed from the XRD pattern of 80PEO/20PVDF–7.5wt%NaClO4 
SPE film that the peak intensity decreases at 19.24° and 23.35°, which is 

closely related to the reduction in crystallinity. 
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Fig. 1 XRD patterns of NaClO4 powder, pure PEO, pure PVDF, and 

80PEO/20PVDF- xwt%NaClO4 films (a) x = 2.5; (b) x = 5; (c) x = 7.5 and (d) x = 10 

 

3.2 SEM Analysis 
 

The morphological study is a significant element, where exterior 

appearance is considered to be extremely important in product design and 
deformity investigation. The SEM images of 80PEO/20PVDF–xwt%NaClO4 

SPE films have been displayed in Fig. 2. It can be meticulously noticed from 

Fig. 2(a) that the surface morphology of 80PEO/20PVDF-2.5wt%NaClO4 
SPE film has a grain-like spherulite structure of different micro sizes. When 

the salt concentration increases to 7.5wt%, the roughness of the SPE films 

decreases, which is closely associated with a reduction in crystallinity, and it 
can be meticulously noticed from Fig. 2(c) that the PEO/PVDF- 

7.5wt%NaClO4 SPE film has the smooth surface morphology. It is directly 

connected with an increase in the amorphous region and a reduction in 

crystallinity of SPE film.  
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The maximum ionic conductivity was attained for 80PEO/20PVDF- 

7.5wt%NaClO4 SPE film at 303 K, which is due to an increase in the non-

crystalline nature of the SPE film [26-27]. As the salt concentration (wt%) 
further get enhanced, the surface becomes relatively porous and rough 

spherulite structure, as shown in Fig. 2(d). 

 
Fig. 2 SEM images of 80PEO/20PVDF - xwt%NaClO4 SPE films 

(a) x = 2.5; (b) x = 5; (c) x = 7.5 and (d) x = 10 

 

3.3 Conductivity and Activation Energy 
 

The effect of NaClO4 salt concentration (NaClO4wt%) in SPE films on 

the frequency-dependent conductivity (AC conductivity) between the 

temperatures 303 K and 333 K was studied. In the shorter frequency region, 
the conductivity values do not depend on the frequency, and the change in 

conductivity is because of the piling up of charge at the electrolyte-electrode 

interface and produces a polarization-effect. In the upper-frequency-region, 
the conductivity rises swiftly by growth of frequency. The conductivity in the 

upper-frequency is demonstrated by the well-known AC power law assumed 

through the expression. 

 
here  is the conductivity at a certain frequency,  is the 

conductivity at low frequencies,  is the frequency-exponent, and A is 
constant.  
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According to Jonscher, the above relation is also said to be the Universal 
power law of AC behavior. In the shorter frequency region, conductivity 

does not depend on the frequency and named as DC conductivity. The DC 

ionic conductivity values were calculated by fitting the graph to the best fit of 
Jonscher’s power law using the origin 8.5 program. The values computed 

using Jonscher’s power-law fit were denoted as dc(σ’).  

 
Fig. 3 Frequency-dependent AC conductivity (  of 80PEO/20PVDF -

xwt%NaClO4 films (a) x = 2.5 (b) x = 5 (c) x = 7.5 and (d) x = 10 between the 

temperatures 303 K and 333 K. Solid lines represent the Jonscher’s power law fit of 

the experimental data 

 

Fig.3 (a-d) shows the frequency-dependent AC conductivity ( ) of 
80PEO/20PVDF–xwt%NaClO4 SPE films between the temperatures 303 K 

and 333 K. Solid lines denote the Jonscher’s power law fit of the observed 

values. The calculated DC ionic conductivity values of 80PEO/20PVDF–
xwt%NaClO4 SPE films at 303 K were reported in Table 1. Fig. 4 depicts the 

change in DC conductivity values of 80PEO/20PVDF–xwt%NaClO4 SPE 

films with temperature between the temperatures 303 K and 333 K. 
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The temperature-dependent ionic conductivity exhibits activation energy 

that increases with decreasing temperature. At higher temperatures, the ions 

of the SPE film move from 1 empty site towards other overcoming the 
energy-barrier, also known as the activation energy (Ea), that occurs between 

the neighboring sites, resulting in the ions transport in the SPE films. This 

leads to the hopping mechanism of ions. Fig. 4 shows the one-to-one 
relationship between ionic conductivity and temperature. It can be clearly 

experimental from the fig that the conductivity rises linearly by temperature. 

Therefore, the system follows the Arrhenius rule, i.e., σ = σ0exp(-Ea/kT) 
between the temperatures 303 K and 333 K, where σ0 is the exponential pre-

factor, k is the Boltzmann constant, and Ea is the activation energy. The 

values of Ea of various SPE films were deduced from the slope of the log (σ) 

vs 1000/T graph [28] and reported in Table 1.  
 
Table 1 Values of dc-ionic conductivity σdc(σ′) calculated from σ′ spectra by power-

law fit, σdc (Rb) using Rb values from impedance spectra, and activation energies of the 

80PE0/20PVDF–xwt% NaClO4 SPE films 

 
 

 

 

 
 

 

 
 

 

 
Fig. 4 Temperature-dependent ionic conductivity of 80PEO/20PVDF-xwt%NaClO4 

films (a) x = 2.5 (b) x = 5 (c) x = 7.5 and (d) x = 10 at various temperatures from 303 

K to 333 K 

 

SPE films 

80PEO/20PVDF

-xwt%NaClO4 

 

dc(σ’) (S/cm) dc (Rb) (S/cm) 
Activation 

energy (eV) 

X 

2.5 1.10 X 10-6 1.47 X 10-6 0.17 

5 2.84 X 10-6 3.31 X 10-6 0.24 

7.5 5.94 X 10-5 6.80 X 10-5 0.13 

10 1.00 X 10-5 1.23 X 10-5 0.21 
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Fig. 5 DC ionic conductivity at 303 K and activation energy of 80PEO/20PVDF –x 

wt%NaClO4 SPE films 

(a) x = 2.5 (b) x = 5 (c) x = 7.5 and (d) x = 10 

 
Fig. 5 shows the change in activation energy and DC ionic conductivity 

with NaClO4wt%. The lowest activation energy 0.13 eV was attained for 

80PEO/20PVDF–7.5wt%NaClO4 SPE film, which has the highest DC ionic 
conductivity 5.94x10

-5
 S/cm at 303 K. From the Fig. 4, it could be observed 

that the 80PEO/20PVDF–7.5wt%NaClO4 SPE film yields good ionic 

conductivity results; hence, it is the optimization ratio for the system under 

investigation. 
 

3.4 Impedance Spectra 
 

The frequency-dependent impedance spectra between the temperatures 

303 K to 333 K has been recorded to find out the impact of salt concentration 

(NaClO4wt%) on ionic conductivity in 80PEO/20PVDF-xwt%NaClO4 SPE 

films.  Fig. 6a reflects complex impedance graph of 80PEO/20PVDF-
xwt%NaClO4 at 303 K. From the plot it can be seen clearly that 

80PEO/20PVDF–7.5wt%NaClO4 SPE film has the lowest bulk resistance 

(Rb) among all the prepared SPE films. 
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Fig. 6 (a) Impedance spectra of 80PEO/20PVDF –x wt%NaClO4 SPE films at 303K, 

Inset shows the magnified view of Fig. 6a at x=2.5 and 5. 

(b) Impedance spectra of 80PEO/20PVDF –7.5wt%NaClO4 SPE film at different 

temperatures 

(c) Impedance plot of 80PEO/20PVDF –7.5 wt%NaClO4 SPE film at 303 K, fitted in 

circle for calculating bulk resistance 

 
Fig. 6(a-b) shows the complex impedance plot of 80PEO/20PVDF–

7.5wt%NaClO4between the temperatures 303 K and 333 K, which shows the 

semicircles at all the temperatures indicate that the sample is partially 

capacitive and resistive. The impedance spectra can be used to calculate Rb 
of the SPE film. Rb can be determined through extrapolating the complex 

impedance-plot to connect it to the real Z-axis ( axis). The attained 
impedance graphs have been fitted in circles using origin8.5 program. The 

intercept of a fitted circle on the axis helps us to find the bulk resistance 

(Rb) of the SPE film [29-30]. Fig. 6c shows the fitted graph of 
80PEO/20PVDF–7.5wt% NaClO4 at 303 K.  
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Now the DC ionic conductivity values between the temperatures 303 K 

and 333 K were extracted from the relation σ = , where Rb is the bulk 

resistance in ohms (Ω), A is the area of the cross-sectional surface in cm
2
, 

and t is the width in cm. The resulting DC ionic conductivity values using 

impedance spectra were reported in Table 1. These values are in consonance 
with the values calculated from the AC conductivity spectrum using 

Jonscher’s power law fitting. 

 

3.5 Dielectric Spectra 
 

The dielectric constant of a material is a property used to measure the 

energy it stores. The following relation gives the frequency dependent 
complex dielectric function (ε*) of SPE films 

 
where  and  are the real and imaginary-parts ofthe complex permittivity 

respectively, 0 s the capacitance of the material in vacuum,  is the 

angular-frequency, and Z* is the complex impedance. The values of   and 

 were taken from EIS data. Fig. 7a exhibits the frequency-dependence of 

the real part( ), imaginary part(  of the dielectric permittivity and tangent 

loss of 80PEO/20PVDF–xwt%NaClO4 SPE films at 303 K and Fig. 7b 

showcases the frequency-dependence of the real part ( ), imaginary part 

(  of the dielectric-permittivity and tangent loss of 80PEO/20PVDF–
7.5wt%NaClO4 SPE film between the temperatures 303 K and 333 K. From 

the Fig. 7a, it can be observed that 80PEO/20PVDF–7.5wt%NaClO4 SPE 

film has the maximum values of  and  and equally  and  show the 
analogous behaviour through frequency at various temperatures. As 

frequency increases  deceases and reaches saturation at upper frequencies. 
The value of the dielectric-constant is higher at low frequencies, which is 

because of the orientation of the ions, polar groups and space charge 

polarization near the electrodes. In contrast, the dielectric-constant is lower at 
high frequencies due to dielectric relaxation [31-33]. There are no relaxation 

maxima in both , indicating the rise in ionic conductivity is 
primarily because of increased mobile ions. Energy dissipation due to charge 

transfer and electrode polarization effects can be measured by dielectric loss. 

From the Fig. 7, it can be inferred that the loss tangent ( ) is 
proportional to frequency and reach a peak at a specific characteristic 

frequency.  
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Fig. 7 (a) Frequency-dependence of real part ( ), imaginary part (  of the 

dielectric permittivity and tangent loss of 80PEO/20PVDF–x wt% NaClO4 SPE 

films at 303 K 

(b) Frequency-dependence of real part ( ), imaginary part (  of the 
dielectricpermittivity and tangent loss of 80PEO/20PVDF–7.5wt% NaClO4 SPE 

films at different temperatures 

After reaching the peak value, the  value drops with a growth in 
frequency. As the temperature rises, the peak moves towards the right. The 

peaks obtained at particular frequencies are due to the polarization of the 

electrode. If f is the frequency related towards the relaxation-peak, then the 

relaxation-time ( ) is specified as . Therefore, as the relaxation 

time decreases, the ionic conductivity increases [34]. From Fig. 7a, it can be 
observed that 80PEO/20PVDF–7.5wt%NaClO4 SPE film has the highest 

relaxation peak among all the prepared SPE films, and it has the peak ionic 

conductivity. At higher temperatures, because of heat generation defects in 

the polymer electrolyte, the relaxation time got decreased, and a higher 
conductivity is obtained, which is consistent with Arrhenius behavior. 

 

3.6 Electric Modulus Spectra 
 

The dominant low-frequency electrode interface polarization arrests all 

other relaxation mechanisms. Therefore, it is necessary to use the 
formulation of electric modulus spectroscopy to study the dielectric 

properties further to suppress the influence of mobile ion-polarization or 

electrode-polarization.  
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Many researchers have studied electrical modulus towards investigate 
and understand electrical-relaxation facts in various materials. This 

formalism provides broad insights into the process of charge-transport, such 

as ionic dynamics and the relaxation device of conductivity with temperature 
and frequency [31, 35-36]. The electric modulus M* and complex dielectric 

permittivity Ɛ * in the electric modulus formalism are related as 

 
where  and  are the real andimaginary parts ofthe complex modulus M* 
respectively. 

 
Fig. 8 Frequency-dependent real part (M') and imaginary part (M") of complex 

electric modulus of (a) 80PEO/20PVDF–xwt%NaClO4 SPE films at 303 K (b) 

80PEO/20PVDF–7.5wt%NaClO4 SPE film at different temperatures. 

 

Fig. 8a shows the frequency dependent real part( ) andimaginary 

part(  of the electric-modulus of 80PEO/20PVDF-xwt%NaClO4 SPE 

films at 303 K and Fig. 8b shows the frequency-dependent  and  of the 
electric-modulus of 80PEO/20PVDF-7.5wt%NaClO4 SPE film between the 

temperatures 303 K and 333 K.  
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From the Fig. 8 infers that  shows an excellent dispersion with 

increasing frequency, and tends to attain high constant value at higher-

frequencies. The lower value of  inthe low frequency region allows ion 

conduction motion and   shows a relaxation peak, which confirms the 
ionic nature of the SPE films. The peak indicates ionic conductivity 

relaxation of the sodium ions in the system. The lower frequency side of the 
maximum suggests the long-range movement of charge carriers, while the 

higher frequency side of the maximum refers to the cage motion of moving 

ions. The movement of charge carriers gains with increasing temperature. 

This results in lower relaxation time, and as a result, the peak value of  
shifts towards higher frequencies [37]. This type of change recommends that 

reduction is thermally activated and charge carrier hopping takes place. 
 

4 Conclusions 
 

Solid Polymer Electrolyte (SPE) films of 80wt%PEO +20wt% PVDF-

xwt%NaClO4; (where x = 2.5, 5, 7.5 and 10) were synthesized utilizing 

solution cast system. The impact of NaClO4 concentration on the structural, 
morphological, dielectric polarization, and ionic conduction was studied. The 

XRD designs of the SPE-films confirm that the NaClO4 salt was totally 

dissolved in the SPE films and the degree of crystallinity decreased in the 

sample with 7.5wt%NaClO4. SEM studies show that the same sample has 
smooth surface morphology, which is directly correlated towards the 

decrease of crystallinity and a rise in the amorphous region. The DC ionic 

conductivity follows the Arrhenius rule between the temperatures 303 K and 
373 K. The lowermost activation energy (0.13 eV) was attained for 

80PEO/20PVDF–7.5wt%NaClO4 SPE film, which has the highest ionic 

conductivity 5.94x10
-5

 S/cm at 303 K and it was the optimization ratio for 
this study. Analysis of dielectric constant and electric modulus shows the 

strong coupling between polymer and ion segmental motion. 
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