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Abstract
The present manuscript represents the comprehensive studies of the poly (ethylene oxide)-based sodium ion-conducting 
solid polymer electrolyte (SPE) and nano-composite polymer electrolyte (NCPE) membranes dispersed with different wt. 
(%) of ZnO nano-filler that have been synthesized by the hot-press method. This novel method gave rise to flexible, uniform/
thin polymer electrolyte films which can be achieved in any desired shape/size. X-ray diffraction (XRD) was used to analyze 
the structural properties of the SPE host and the NCPE optimum conducting composition (OCC) film. Scanning electron 
microscopy (SEM) confirmed the smoother surface and energy-dispersive spectroscopy (EDAX) confirmed the presence of 
all key elements. Thermo-gravimetric analysis (TGA) and differential scanning calorimetry (DSC), respectively, indicated 
good thermal stability and an improved amorphous phase. The dispersion of the ZnO nano-filler particles has enhanced 
the ionic conductivity, thermal stability, and also mechanical integrity. Ion transport properties have been characterized 
by assembling symmetric cells: SS||SPE/NCPE||SS (SS stainless steel), the NCPE OCC membrane exhibits the maximum 
ionic conductivity (σrt) ~ 1.45 × 10−5 S/cm at room temperature, low activation energy (Ea ~ 0.35 eV), and ionic transference 
number (tion ~ 0.99) close to unity and also the cyclic voltammetry (CV) curve shows the good electrochemical stability so 
electrolyte has been found more suitable for device fabrication.

Keywords  Solid polymer electrolyte · Nano-composite polymer electrolyte · Ionic conductivity · A.C. impedance 
spectroscopy · Thermal properties · Cyclic voltammetry

Introduction

In the era of advanced technology, the development of 
renewable energy sources, such as wind, solar, and nuclear 
energy sources, has become necessary due to the limited 
availability of traditional fossil fuels [1]. However, with the 
advancement of renewable energy sources, we have to focus 
on portable electrical energy storage devices to smooth the 
intermittency of the energy sources. Battery devices have 
the potential to provide a solution, especially as they can 
store energy from renewable energy sources such as wind 
and solar power. The rechargeable battery can store chemical 

energy as well as it can convert it into electrical energy with 
high efficiency [2, 3]. In the latest technology of electrical 
energy storage devices, lithium-ion battery (LIB) has been 
dominating the market of portable electronic devices, elec-
tric vehicles, and hybrid electric vehicles due to their high 
output voltages, high energy densities, and long durabil-
ity. But due to very high cost, less abundance and the toxic 
nature of lithium are inhibiting the application of LIB in 
large-scale energy storage [4–9]. Therefore, many research-
ers are trying to develop sodium-ion secondary batteries 
parallelly which could be able to replace Li-ion associated 
energy storage devices successfully. The most believable and 
competitive element with comparable performance and very 
close chemical insertion properties that have the potential 
to replace lithium (Li) and eliminate the hurdles is sodium 
(Na). The abundance of sodium resources (1000 times more 
than Li), low price of starting materials, voltage versus SHE 
(2.7 V), and low toxicity are favorable for sodium-ion bat-
tery (SIB) technology enhancement in industrial applica-
tions, viz., portable electronic devices and for electric road 
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vehicles [10–14]. The energy density of the SIBs is compar-
atively low; however, the energy density would not be con-
sidered the crucial issue for large-scale grid support, where 
the low cost of synthesis and the battery durability includ-
ing long cycle life are the most important parameters [15, 
16]. Based on all merits over LIBs, all-solid-state SIBs are 
regarded as the next-generation battery. Sodium-ion-based 
solid-state electrolytes should employ rather than the liquid 
organic electrolytes, which exhibit better thermal/mechani-
cal integrity, superior durability, and enhanced electrochemi-
cal stability with desirable shape/size [13, 17–19].

Based on the previous studies, it has been identified 
that solid polymer electrolyte (SPE) film is suitable for 
the development of all solid-state SIB [20]. Solid polymer 
electrolytes have gained tremendous attention in the past 
four decades due to their potential applications in electro-
chemical/electrical power generation, energy storage, and 
conversion systems such as electrochromic displays, sen-
sors, supercapacitors, and rechargeable batteries [21–23]. 
Later, many polymers have been used for the synthesis of 
polymer electrolytes. Mainly in the synthesis of the SPEs, 
high molecular weight polar polymer, viz., poly (ethylene 
oxide) PEO, has been used as a polymeric host. The rea-
son behind that is, that PEO gains relatively higher elec-
trochemical stability also an exceptionally high ability to 
complex/dissolve a variety of ionic salts containing larger 
anions as compared to other polymers. PEO has a mixed 
semicrystalline/amorphous phase at room temperature. The 
degree of crystallinity depends upon temperature and the 
amorphous region increases gradually when the tempera-
ture gets increases. The characteristic structure transition on 
PEO from semicrystalline to amorphous phase is at ~ 69 °C. 
PEO is a semicrystalline polymer; it contains ether oxygen 
in its main chain, which coordinates with the cations of the 
complexed salt and works as a solid solvent. The segmental 
motion of the polymer chains, in PEO-based electrolytes, 
is responsible for ion transport, which mainly depends on 
the amorphous phase of the system [24–26]; unfortunately, 
the crystalline nature of PEO limits the ionic conductiv-
ity of these electrolytes and exhibits low ionic conductiv-
ity (σrt < 10−4 S/cm) at room temperature, which limits the 
practical applications in electrochemical devices. However, 
for the improvement of the electrochemical properties of 
such systems, various techniques have been adopted, which 
can reduce the crystallinity of PEO-based electrolytes and 
enhance the ionic conductivity at room temperature. The 
addition of plasticizers is the most common procedure, viz., 
propylene carbonate (PC), ethylene carbonate (EC), dibutyl 
phthalate (DBP), dimethyl carbonate (DMC), and diethyl 
carbonate (DEC) [27–29]. The addition of plasticizers will 
encourage deterioration of the mechanical properties and 
increase their reactivity towards the metallic anode. The 
recent techniques we are using for the increment of ionic 

conductivity of solid polymer electrolyte at room tempera-
ture is the dispersion of nano-sized inorganic ceramic filler 
particles, viz., Al2O3, SiO2, TiO2, SnO2, ZnO, and ZrO2 into 
the system [21, 25, 30, 31].

In this manuscript, the binary system of NaI-Na3PO4 
which is already reported by Ahmad et al. in 2014 [32] 
and also revised in the present study has been complexed 
with PEO as complexing salt. The reason behind this is 
iodide systems are the most common solid electrolyte/
superionic solids, having very good ionic conductivity, 
but these are hygroscopic in nature. Alkali phosphate is 
commonly added to iodide-containing systems to reduce 
hygroscopicity and improve electrical conductivity [33]. 
Polymer electrolyte samples have been prepared by a 
novel hot-press method, which is a more rapid, cost-
effective, completely dry/solvent-free, and less time-
consuming method as compare to the conventional solu-
tion cast method [34–37]. In the present investigation, 
Na+-conducting nano-composite polymer electrolyte 
(NCPE) membranes, (70PEO: 30 [50NaI + 50Na3PO4] + y 
ZnO), in varying filler concentration (y) have been 
synthesized using SPE film composition, (70PEO: 30 
[50NaI + 50Na3PO4]), as 1st-phase host matrix and ZnO 
nano-filler as 2nd-phase dispersoid from filler particle 
concentration-dependent conductivity measurements on 
different NCPE films. Organic fillers are more expensive 
than inorganic fillers; hence we employed inorganic filler 
(ZnO) in our study, and ZnO is a metallic oxide that is 
also used to improve the chemical stability of the electro-
lyte system [38, 39]. Optimum conducting composition 
(OCC) NCPE film has further been identified and sub-
jected to various characterization studies, viz., ion trans-
port/structural/thermal properties in order to evaluate its 
applicability in potential all-solid-state electrochemical 
devices, viz., batteries.

Experimental section

Materials

AR grade precursor chemicals, poly (ethylene oxide) PEO 
(6 × 105 Mw, purity > 99%, Aldrich, USA), NaI (99%, Loba 
chemie, India), Na3PO4 (99%, Loba chemie, India), and ZnO 
nano-powder (< 100 nm, Aldrich, USA), were used as received.

Preparation of SPE and NCPE film membrane

The electrolyte membranes have been prepared by a novel 
solvent-free/dry hot-press technique. NCPE films, (70PEO: 
30 [50NaI + 50Na3PO4] + y ZnO), in varying filler con-
centrations, viz., y = 0, 1, 2, 3, 4, 5, and 6 wt. (%), have 
been synthesized. Based on a composition-dependent 
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conductivity study, an SPE composition of (70PEO: 30 
[50NaI + 50Na3PO4]), 70:30 wt. (%), was identified as the 
optimum conducting composition (OCC) and was chosen as 
a polymer electrolyte host for dispersal of nano-sized ZnO 
particles to prepare nano-composite polymer electrolyte 
(NCPE) membranes. All the precursor chemicals were under 
vacuum dried (Meta-Lab vacuum oven, India), PEO at 50 °C 
and remaining at 100 °C for overnight, and the dry powders 
of SPE film composition, (70PEO: 30 [50NaI + 50Na3PO4]), 
were selected as 1st-phase host and ZnO in different wt. (%) 
ratios as 2nd-phase were mixed physically for ~ 45 min by 
an agate mortar pestle. The physically mixed, homogeneous 
mixture was heated close to the melting/softening point of 
PEO, i.e., ~ 70 °C, and applied hot mixing for ~ 30 min con-
tinued. As a result, a soft lump/slurry is obtained, and then 
it is pressed (~ 1–2 ton/cm2) between two pre-heated stain-
less steel (SS) blocks by KBr press machine (Techno Search 
Instruments Ltd., India) which give rise to a uniform and 
flexible thin film of thickness on the order of ~ 100–200 μm 
and placed in vacuum-sealed desiccator.

Material characterization

The structural property studies have been performed by 
X-ray diffraction (XRD) analysis. Using a Siemens diffrac-
tometer and Cu-Kα radiation (D2 phaser model: 08 discover, 
Bruker, Germany; Cu-Kα radiation: λ = 1.54 Å), the XRD 
data were obtained from thin-film samples at room tempera-
ture. XRD patterns were collected with 2θ varying from 10° 
to 60°. The surface morphological study was analyzed using 
an SEM (JSM-IT300, In TouchScope™ Scanning Electron 
Microscope) and energy-dispersive spectroscopy (EDS or 
EDAX) (Ametek EDS system).

The thermal properties of synthesized SPE host and 
NCPE OCC film were characterized by thermogravimetric 
analyzer (TGA) (STARE SYSTEM TGA1 SF/1100) and dif-
ferential scanning calorimetry (DSC) (STARe, SW 13.00, 
METTLER) techniques. From the TGA plot, the thermal 
stability of the sample can be observed, and by DSC ther-
mograms, the degree of crystallinity (Xc) can be studied with 
the help of the following equation [40]:

where ΔHm is the melting enthalpy estimated experimentally 
from the peak area and ΔH0

m
 (~ 213.7 J g−1) is the literature 

value of melting enthalpy for 100% crystalline PEO [41].
The bulk resistance (Rb) of the polymer electrolyte film 

has been obtained by the complex impedance plot (Nyquist 
plot). In the complex impedance spectroscopy method, 
the SPE and NCPE films were sandwiched between two 

(1)Xc =

(

ΔHm

ΔH0

m

)

× 100%

stainless steel electrodes, i.e., SS||SPE/NCPE||SS, and the 
frequency-dependent impedance data was obtained by LCR 
meter [42]. The graph depicts two arcs, one at a lower fre-
quency region and the other at a higher frequency region. 
The electrode–electrolyte interface phenomenon is linked 
to the low-frequency arc and the arc at the higher frequency 
region contains data on bulk phenomena, particularly ion 
conduction. The capacitive nature is demonstrated by the 
low-frequency arc [43, 44]. The bulk resistance correspond-
ing to the minima in the imaginary part of impedance (Z″) 
is extracted using the dip in the figure. With the addition of 
salt, the dip becomes more frequent and indict.

Ionic conductivity measurements were performed by 
impedance spectroscopy (IS) method with varying the fre-
quency in the range of 1 mHz–200 kHz using an LCR meter 
(HIOKI IM 3533, Japan). In this study, the ionic conductiv-
ity is calculated by the following equation [25]:

where “Rb” is the bulk resistance (Siemens−1, S−1), “d” is 
the thickness (cm), and “A” is the known cross-sectional 
area of the electrolyte–electrode (cm2). The temperature-
dependent conductivity measurement was performed on SPE 
host and NCPE OCC films to understand the ion-transport 
mechanism and calculate activation energy (Ea) by linear 
least square fitting method of “log σ − 1/T” Arrhenius plot. 
Ea is calculated by the following equation:

In the above equation “σ0” is the pre-exponential fac-
tor, “K” represents the Boltzmann constant, and “Ea” is the 
activation energy. The total ionic transference number (tion) 
of NCPE OCC film was calculated by the dc polarization 
Transient Ionic Current (TIC) method. The film sample was 
kept between SS (stainless steel) (blocking) electrodes, was 
subjected to a constant dc polarizing potential (V) ~ 1 V, and 
the variation in current is monitored as a function of time. 
tion was calculated from

obtained from the “current vs time” TIC plot.
Also, dielectric behavior has been studied for prepared 

NCPE OCC membranes. The complex dielectric behavior 
of a polymeric sample is illustrated as

where �′ and �′′ are the real and imaginary parts of dielectric 
constant, respectively, and these dielectric constants can be 
given by the following equation [45, 46]:

(2)� =
d

RbA

(3)log� = log�
0
−

Ea

KT

(4)tion =
Iion

IT

�
∗ = �

�

− i���
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where “Cp” is the parallel capacitance, “d” is the thickness 
of the polymeric electrolyte film, “ �

0
 ” is the permittivity 

of free space, “σ” is the ionic conductivity of the polymer 
electrolyte, and “⍵” is the angular frequency, where ⍵ = 2πf 
presents the frequency in Hertz (Hz). The frequency range 
is 1 mHz to 200 kHz, over the temperature region from 303 
to 373 K.

Results and discussions

Figure 1a shows the XRD patterns of the various polymer 
electrolyte membranes. In XRD of pure PEO, two major 
peaks have been observed at Bragg’s angles 2θ ~ 19.3° 
and ~ 23.3°, respectively. It exhibits the semicrystalline 
nature of pure PEO. After the complexation of the sodium 
binary system, no peaks of the sodium binary system have 
been observed separately in the diffractogram, which sug-
gests that the salt is completely dissociated and is consistent 
with prior research [47]. However, it is clearly observed that 
the intensity of the peaks is reduced with the complexation 
of the sodium binary system; also with the dispersion of ZnO 
nano-filler particles, the intensity of two main peaks of PEO 
got suppressed significantly [25, 48, 49] and some small 
additional peaks are observed due to ZnO which can be 
confirmed by XRD of pure ZnO. Figure 1b shows the XRD 
patterns with expanded regions: (a) pure PEO, (b) SPE host 
film, and (c) NCPE OCC film, and also exhibits the shift-
ing and the splitting of the XRD crystalline peaks, which 
points towards the formation of a new crystalline ordering in 
the polymer electrolytes occurs due to the complexation of 
binary sodium system and ZnO nano-filler. In SPE host and 
NCPE OCC films, the reduction in the XRD peak’s inten-
sity is due to the destruction of crystalline phases [24]. The 
addition of a binary sodium system and dispersion of ZnO 
nano-particles may be responsible for creating polycrystal-
line phases. These types of solids are made up of numerous 
small grains. The grains are separated by grain boundaries, 
which have random crystallographic orientations and serve 
as pathways between grains. Due to the small grain size, 
the activation energy (Ea) (which is the minimum required 
energy for ion hopping) should also be reduced, which sup-
ports the easily ion migration and enhancement of ionic 
conductivity [50, 51]. Also, the SEM (Fig. 2a, c) and DSC 
study (Table 2) support a reduction in the degree of crystal-
linity for SPE host and NCPE OCC film in comparison with 
pure PEO.

(5)�

�

=
Cpd

�
0
A

(6)�

��

=
�

��
0

Figure 2 shows the SEM images of the surfaces of pure 
PEO, SPE host, and NCPE OCC films. The ionic conduc-
tivity of the electrolyte is affected by the surface morphol-
ogy as well as with crystallinity of the polymer electrolyte 

Fig. 1   a XRD pattern for (i) NaI salt, (ii) Na3PO4 salt, (iii) com-
posite: (50NaI: 50Na3PO4), (iv) pure PEO, (v) SPE host: (70PEO: 
30 [50NaI + 50Na3PO4]) film, (vi) NCPE OCC: (70PEO: 30 
[50NaI + 50Na3PO4] + 4 ZnO) film, and (vii) pure ZnO filler. b XRD 
pattern with expanded regions: (i) pure PEO, (ii) SPE host film, and 
(iii) NCPE OCC film
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membrane. Polymer electrolytes with smooth surfaces 
exhibit superior ionic conductivity [52]. In the pure PEO 
film, the rough morphology of compact spherulitic struc-
tures is observed, and the spherulite structure indicates the 
semicrystalline nature of pure PEO (spherulitic structure 
marked in Fig. 2a). Binary system of NaI-Na3PO4, which 
SEM image already reported [32], complexed with PEO 
with 30 wt. (%); the size of the spherulites has been reduced, 
which means crystalline nature of the PEO decreases. The 
surface morphology of the polymer-salt matrix evolving 
from rough to smooth after the addition of ZnO nano-filler 
suggested that the filler is dispersed uniformly through-
out the polymer-salt matrix (smooth surface morphology 
marked in Fig. 2c). Spherulites have been reduced signifi-
cantly, which confirms the enhancement of the amorphous 
phase in the polymer electrolyte films, as observed in XRD 
as well DSC thermograms. It is clear from the figure that 
with 4 wt. (%) of ZnO, the surface becomes significantly 
smooth with few cracks, confirming that a gradual increase 
in the amorphous phase supports the fast ion transportation 
in the polymer electrolyte system [52, 53]. Furthermore, by 
rolling the film, the flexibility of the thin film is demon-
strated in Fig. 3a, b.

Figure 4 shows the EDAX and element mapping of the 
pure PEO, SPE host, and NCPE OCC film. The existence 
of all key elements in the prepared system is confirmed 

by the EDAX spectrum. Carbon (C), oxygen (O), sodium 
(Na), phosphorus (P), iodine (I), and zinc (Zn) elements 
are clearly visible without any substantial contaminants. 
The obtained results indicate a uniform (70PEO: 30 
[50NaI + 50Na3PO4] + 4 ZnO) film formation.

Figure 5 shows the thermogravimetric (TG) curves of the 
pure PEO, SPE host, and NCPE OCC films. The dynamic 
thermogravimetry investigation, for the weight loss of the 
samples as a function of temperature, was performed under a 
nitrogen atmosphere in the temperature range of 25–600 °C 

Fig. 2   SEM images of a pure 
PEO, b SPE host film, and c 
NCPE OCC film

Fig. 3   Digital photograph of prepared films: a and b films are flexible

1617Journal of Solid State Electrochemistry (2022) 26:1613–1626
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Fig. 4   EDAX spectrum of a pure PEO, b SPE host film, and c NCPE OCC film
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[47]. The TGA curves of the PEO, SPE host, and NCPE 
OCC films present the three major weight loss regions:

(a)	 The first region is at a temperature below 100 °C. At 
this temperature range weight loss has been observed 
for all samples due to the evaporation of absorbed 
moisture.

(b)	 The second region of around 200 °C PEO starts irre-
versible degradation and is due to the decomposition of 
weak poly (ethylene oxide) chains and no remarkable 
weight loss is observed after 400 °C for pure PEO [46].

(c)	 The third region of around 350–450 °C is due to the 
decomposition of the PEO-salt-filler membrane.

Based on the keen observation of TGA curves and from 
Table 1, it is clear that by the complexation of salt and dis-
persion of filler particles, the thermal stability of polymer 
membrane increases up to ~ 350 °C and the mass loss (Δm) 
decreases [25]. The thermal stability of SPE and NCPE films 
got enhanced due to the shielding effect provided by the 
binary sodium system and ZnO nano-particles, which pro-
vides a remarkable barrier effect to the polymer electrolyte 
from thermal degradation [54].

Figure 6 shows that the DSC curves for the pure PEO; 
SPE host, (70PEO: 30 [50NaI + 50Na3PO4]); and NCPE 
OCC, (70PEO: 30 [50NaI + 50Na3PO4]) + 4ZnO films, over 
the temperature range of 25 to 150 °C were performed under 
a nitrogen atmosphere. It can be clearly seen that the sharp 
endothermic peaks at the melting temperatures of the films 
have been presented, and in the case of the SPE host and 
NCPE OCC, the degree of crystallinity (Xc), which is cal-
culated using Eq. (1), and the melting enthalpy (ΔHm) are 
both reducing. It may be noted from Table 2 that the melt-
ing temperature (Tm) is located at 71.09 °C for pure PEO 
and slightly shifted towards a lower temperature region for 
both the SPE host and NCPE OCC films. The shifting of 
endothermic peaks is due to the complexation of the binary 
sodium system and the dispersion of ZnO nano-filler in the 
polymer network. In PEO-based solid polymer electrolytes, 
sodium-ion conduction increases in the amorphous phase in 
comparison to the crystalline phase, which is also in perfect 
agreement with the XRD, A.C. impedance spectroscopy (IS) 
study [47, 55].

Figure 7 shows the Nyquist plot for SPE and NCPE films,  
which shows the imaginary component (Z″) vs the real part 
(Z′). The ionic conductivities of solid polymer electrolyte 
(SPE) and nano-composite polymer electrolyte (NCPE) films 

Fig. 5   TGA traces of a pure PEO, b SPE host film, and c NCPE OCC 
film

Table 1   The percentage values of weight loss of pure PEO, SPE host 
film, and NCPE OCC film at different temperatures

Sample Weight loss %

100 °C 200 °C 300 °C 400 °C 500 °C

Pure PEO 0.26 0.39 69.09 93.16 96.25
SPE OCC 5.29 5.48 5.69 52.59 74.18
NCPE OCC 3.28 3.69 4.06 50.31 71.09

Fig. 6   Differential scanning calorimetry curves of a pure PEO, b SPE 
host film, and c NCPE OCC film

Table 2   The values of Tm, ∆Hm, and Xc for pure PEO, SPE host film, 
and NCPE OCC film

Film sample Tm (°C) Hm (J/g) Xc (%)

Pure PEO 71.09 175.15 81.90
SPE OCC 64.26 68.57 32.09
NCPE OCC 62.25 53.05 24.82
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are calculated using Eq. (2), and the bulk resistance “Rb” is 
obtained from the Nyquist plot. Figure 7a shows the obtained 
ionic conductivities of solid polymer electrolytes (1 − x) 
PEO: x (50NaI + 50Na3PO4) for the different concentrations 
of binary sodium system (50 NaI: 50 Na3PO4), where x = 5, 
10, 15, 20, 25, 30, and 35 wt. (%), and Fig. 7b represents the 
NCPE (70PEO: 30 [50NaI + 50Na3PO4]) + y (ZnO), where 
y = 1, 2, 3, 4, 5, and 6 wt. (%). It is clear that when the con-
centration of the binary sodium system (50NaI: 50Na3PO4) 
is increased, the ionic conductivity increases. The maxi-
mum ionic conductivity (σrt) ~ 4.89 × 10−6 S/cm is obtained 
at room temperature for (70PEO: 30 [50NaI + 50Na3PO4]) 
confirms as SPE host film. However, by the dispersion of 
ZnO as 2nd-phase insulating nano-particles/passive filler 
into the 1st-phase SPE host matrix, an ionic conductivity 
increases by approximately an order of magnitude, which 
exhibits the room temperature conductivity (σrt) ~ 1.45 × 10−5 
S/cm (Table  3) for the composition of (70PEO: 30 
[50NaI + 50Na3PO4]) + 4 ZnO. The addition of filler parti-
cles may facilitate ionic transport and polymer segmental 
mobility, increasing conductivity [56]. Table 4 compares the 
ionic conductivity values, reported in the literature with other 
polymer electrolyte systems. The conductivity enhancement 
can also be explained in two ways based on the changes in 
XRD patterns and DSC results. Firstly, in the PEO-ZnO-
binary sodium system, crosslinking reduces the crystallin-
ity of the films, resulting in more amorphous regions being 
available for transporting the charge carriers. In another way, 
the combined effects of PEO and ZnO nano-particles break 
the binary sodium system into ion pairs, releasing more free 
cations and anions in the polymer electrolyte, which are the 
free charge carriers [57]. The ionic conductivity of a poly-
mer electrolyte membrane containing multiple ionic species 
can also be given by σ = nqμ, and the composition-dependent 
conductivity of polymer electrolytes can vary due to the num-
ber of charge carriers (n), ion mobility (μ), or both. The low 
activation energy value (Table 3) with the enhanced amor-
phous phase confirms faster ion migration which supports 
the faster segmental motion of polymer chains. It is clear 
that the overall increase in ionic conductivity of NCPE OCC 
is the result of a moderate increase in mobility (μ) and/or 

Fig. 7   a Nyquist plots of SS||SPE host||SS with different concentra-
tions of (1 − x) PEO: x (50NaI + 50 Na3PO4), where x = 5, 10, 15, 20, 
25, 30, and 35 wt. (%). b Nyquist plots of SS||NCPE OCC||SS with 
different concentrations of (70 PEO: 30[50NaI + 50 Na3PO4]) + y 
(ZnO), where y = 1, 2, 3, 4, 5, and 6 wt. (%)

Table 3   The values of σrt, tion, 
and Ea for SPE host and NCPE 
OCC films along with σrt of 
pure PEO

Film sample σrt (S/cm) tion Ea (eV)

Pure PEO 3.2 × 10−9 - -
SPE OCC: (70PEO: 30 [50NaI + 50Na3PO4]) 4.89 × 10−6 0.99 0.39
(70PEO: 30 [50NaI + 50Na3PO4]) + 1ZnO 4.87 × 10−6 - -
(70PEO: 30 [50NaI + 50Na3PO4]) + 2ZnO 9.64 × 10−6 - -
(70PEO: 30 [50NaI + 50Na3PO4]) + 3ZnO 4.62 × 10−6 - -
NCPE OCC: (70PEO: 30 [50NaI + 50Na3PO4]) + 4ZnO 1.45 × 10−5 0.99 0.35
(70PEO: 30 [50NaI + 50Na3PO4]) + 5ZnO 3.55 × 10−6 - -
(70PEO: 30 [50NaI + 50Na3PO4]) + 6ZnO 2.89 × 10−6 - -

1620 Journal of Solid State Electrochemistry (2022) 26:1613–1626



1 3

number of charge carriers (n) [58]. However, excess filler 
concentration in the solid polymer electrolyte may lead to ion 
pairs and ion aggregation, which blocks ionic conduction and 
decreases ion mobility (μ), in an amorphous phase, which 
could explain the decrease in ionic conductivity with increas-
ing filler concentration. In the case of NCPE films for 2 wt. 
(%) ZnO, a modest increase in ionic conductivity is noticed 
before. The existence of two conductivity maxima has been 
reported earlier in various composite and nano-composite 
polymer electrolytes and has been explained by two percola-
tion models suggested by Lakshmi and Chandra [59]. It has 
been suggested that the two types of conductivity maxima are 
caused by transport mechanisms in these systems. The first 
maxima, according to this model, are caused by the dissocia-
tion of ion aggregates and/or un-dissociated salt, resulting in 
the formation of free ion carriers as a result of the addition of 
nano-sized ZnO particles. The second conductivity maxima 
are linked to the well-known two-phase composite phenom-
enon, which may be explained using a space charge and/or 
percolation model [60].

Figure 8 shows time-dependent conductivity study on 
NCPE OCC membrane at room temperature (σrt ~ 1.45 × 10−5 
S/cm). It is well known that the re-crystallization process of 
host polymer PEO-based electrolytes can result in a decrease 
in conductivities, limiting the use of PEO for solid-state bat-
teries, particularly at room temperature [61]. However, the 
conductivity of the NCPE OCC membrane remains stable 
for 15 days and then starts gradually decaying from 10−5 to 
10−6 S/cm after 3 weeks.

Figure 9 shows the temperature-dependent conductivity 
studies by Arrhenius plot between “log σ − 1000/T” for SPE 
host and NCPE OCC films in the temperature range of 303 
to 373 K. Conductivity increases linearly with temperature, 
exhibiting Arrhenius-like behavior. Increased ionic con-
ductivity is caused by a decrease in polymer viscosity and 
as a result, a rise in polymer flexibility. Thermal activation 
of charge carriers facilitates cation migration to the next 
coordinating site, while increased free volume promotes ion 
migration. It is obvious from both plots that conductivity 
rose linearly at first, then a minor upward change in slope, 

Table 4   The value of ionic 
conductivities for different 
ceramic nano-filler-based nano-
composite polymer electrolyte 
membranes

RT room temperature

Film sample Conductivity Temperature 
(°C)

Reference

PEO–LiClO4–10% ZnO 1.28 × 10−5 35 [39]
PEO–NaPF6–5% ZrO2 2.80 × 10−6 40 [68]
PEO–Cu(ClO4)2.6H2O–2% Al2O3 1.76 × 10−5 RT [25]
PEO–LiCLO4–10% Sio2 2.30 × 10−5 25 [69]
PEO–AgNO3–10% TiO2 1.10 × 10−6 RT [31]
(70PEO: 30 [50NaI + 50Na3PO4]) + 4 ZnO 1.45 × 10−5 RT Present study

Fig. 8   Time-dependent room temperature conductivity study for 
NCPE OCC film

Fig. 9   Arrhenius plot for SPE host and NCPE OCC film as a function 
of the various temperatures

1621Journal of Solid State Electrochemistry (2022) 26:1613–1626



1 3

which corresponds to the normal semi-crystalline to com-
pletely amorphous phase transition of pure polymer PEO, 
and that the conductivity became saturated at higher tem-
peratures. It also suggested that the amorphous phase be 
enhanced, as this is a necessary condition for a solid-state 
ionic conductor. The activation energy (Ea) was calculated 
using the Arrhenius straight-line equation, and the least 
square fitting of the linear component of the “logσ − 1000/T” 
plot using Eq. (3). Ea was computed at the lower temperature 
region of the log σ − 1000/T plot and found to be ~ 0.35 eV 
for NCPE (Table 3).

There could be several mobile species in the ion-conducting  
solids and there are free electrons in the system; they will 
participate in the conduction process as well. As a result, it is 
crucial to figure out whether the conductivity of the sample 
is caused by ions, electrons, or holes. If the conductivity of 
the system is only owing due to ions, the system is purely 
ionic, and the value of tion ~ 1 is obtained by the dc polariza-
tion TIC technique described in the  “Experimental section”; 
the total ionic transport number tion on the nano-composite 
polymer electrolyte (70PEO: 30[50NaI + 50Na3PO4]) + 4 
ZnO was also determined. The variation of current as a func-
tion of time when a dc voltage of 1 V is applied across the 

cell SS||NCPE||SS (SS: stainless steel) is shown in Fig. 10. 
Equation (4) was used to calculate the value of tion, which 
was calculated to be ~ 0.99 (Table 3). Based on the variance 
of current and the degree of transport number, the over-
all conductivity is primarily ionic. It means that ions are 
responsible for the majority of carrier transport and that 
electrons are playing a minor role. It signifies that those ions 
are the majority of carrier transport while electrons are only 
involved in a minor way.

The variation of dielectric constant and dielectric loss 
versus temperature is different for non-polar and polar poly-
mers. Basically, dielectric constant and dielectric loss both 
are independent of temperature for the non-polar types of 
polymers, but in the case of polar polymers like PEO [62], 
the dielectric constant, as well as dielectric loss, increases 
along with the increasing temperature as mentioned in 
Table 5. This behavior can be ascribed to the fact that the 
orientation of dipoles was facilitated by the temperature rise 
and thus, permittivity increased [63]. Dielectric constant and 
dielectric loss have been calculated using Eqs. (5) and (6).

Figure 11 shows the plot between �′ vs log f (Hz) of NCPE 
OCC film in the different temperature ranges. On clear 
observation, it has been found that the NCPE film shows 
the characteristics in which the dielectric constant decreases 
at a higher frequency region and increases at a lower fre-
quency region. The enhancement of �′ at lower frequency 
region is due to the alignment of dipoles together with the 
ionic and space charge polarization in the direction of the 
electric field, which is typical behavior of dielectrics; the 
dipole alignment becomes clear with raising the tempera-
ture. However, at higher frequency regions, discrete dipoles 
are no longer able to align sufficiently in the direction of 
the applied electric field; hence, their oscillation begins 
to lag, and the dielectric constant starts to decrease. This 
behavior is supported by the experimental result; �′ increases 
with lowering the frequency, and the same results are also 
observable when the temperature increases. In this study, 
�

′ is increased with temperature due to an increment in the 
number of charge carriers resulting from the segregation of 
ion aggregates [31].

Figure 12 shows the plot between ε″ vs log f (Hz) of 
NCPE OCC film in the different temperature ranges; it 

Fig. 10   “Current–time” TIC plot for NCPE OCC film

Table 5   Values of dielectric 
constant and dielectric loss in 
different frequencies

Tem-
perature 
(K)

Dielectric constant Dielectric loss

1 Hz 100 Hz 1 kHz 200 kHz 1 Hz 100 Hz 1 kHz 200 kHz

303 2.30 × 106 6.55 × 104 4.12 × 103 2.11 × 101 4.63 × 104 2.27 × 103 2.75 × 102 1.64 × 100

313 2.73 × 106 9.14 × 104 6.00 × 103 2.24 × 101 5.54 × 104 2.95 × 103 3.64 × 102 2.19 × 100

323 3.50 × 106 1.50 × 105 1.05 × 104 2.55 × 101 7.19 × 104 4.44 × 103 5.59 × 102 3.39 × 100

333 4.62 × 106 2.92 × 105 2.29 × 104 3.47 × 101 9.58 × 104 7.63 × 103 1.00 × 103 6.31 × 100

343 7.22 × 106 7.23 × 105 6.94 × 104 5.96 × 101 1.51 × 105 1.60 × 104 2.31 × 103 1.52 × 101

1622 Journal of Solid State Electrochemistry (2022) 26:1613–1626



1 3

is indicated that the reduction of the ion diffusion in the 
polymer matrix is observed, and ion diffusion occurs due 
to the rapid change of the applied electric field [64]. Simi-
larly, same as the dielectric constant �′ , the dielectric loss 
ε″ starts to decrease when frequency starts to increase; it 
attains higher values at lower frequencies. Dielectric loss is 
decreasing with increasing frequency just because of the DC 
conductivity of the materials. The charge collection at the 
electrode–electrolyte interface also can increase the dielec-
tric loss at low frequency [48, 65]. The reason behind this, 
at the lower frequency region sufficient time, is available for 
the dipole to build up the interface before the alteration of 
the electric field, which provides a large apparent value of 

ε″. However, the frequency is increasing; there is not enough 
time for the build-up of dipoles at the interface which occurs 
at the boundaries of conducting species in the materials and 
at the ends of conducting paths. The enhancement in tem-
perature increases the degree of the dissociation process of 
ion pairs and affirms the enhancement of free charge car-
rier concentration at the interface. High temperature may 
interrupt the ion concentration and ion clusters in the poly-
mer matrix host; thus, the equivalent capacitance increases 
by forming a space charge region that is exhibiting a high 
dielectric constant [31, 45].

Figure 13 shows the cyclic voltammogram for the NCPE 
OCC, (70PEO: 30 [50NaI + 50Na3PO4]) + 4 ZnO electro-
lytes. The operating voltage range (i.e., electrochemical 
potential window) is in the range of − 3 to 3 V at various 
scan rates which appear to be rather high for device appli-
cation, particularly as an electrolyte in sodium rechargeable 
battery systems [66]. All of the CV curves exhibit more 
symmetrical peaks, indicating that the produced NCPE 
OCC film has good electrochemical behavior. The pseudo-
capacitance behavior of the membranes with the interaction 
between electrodes and electrolytes is reflected by the exist-
ence of peaks in the closed loop [48, 67].

Conclusion

In the present study, SPEs and NCPEs have been prepared by 
a novel hot-press method, which is fully flexible and mechani-
cally strong. However, due to the complexation of the binary 
sodium system and the uniform dispersion of the ZnO nano-
filler, XRD investigations show that the amorphous phase of 
the SPE host and NCPE OCC films have been enhanced in 
comparison to the host polymer PEO. The smoother surface 
morphology in NCPE OCC film is confirmed by the SEM 

Fig. 11   The dielectric constant of NCPE OCC film at different room 
temperatures

Fig. 12   The dielectric loss of NCPE OCC film at different room tem-
peratures

Fig. 13   Cyclic voltammetry of symmetry cell SS||NCPE OCC||SS
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analysis and elemental analysis (EDAX) confirms that all ele-
ments are present in the electrolytes. The NCPE OCC film 
exhibits excellent thermal stability of about 350 °C confirmed 
by TGA analysis. DSC supports conductivity enhancement 
of NCPE film which exhibits an improved amorphous nature 
(about 75.18%) that allows better ion transport; hence the 
Na+-ion conductivity increases. The room temperature con-
ductivity of SPE host, (70PEO: 30 [50NaI + 50Na3PO4]), 
is ~ 4.89 × 10−6 S/cm. However; the most striking finding of 
this research is that the outstanding effect is the dispersion of 
the ZnO nano-filler, significantly increasing the ionic conduc-
tivity of SPE films ~ 1.45 × 10−5 S/cm, and surface got uni-
form and thermal stability also significantly enhanced. Their 
suitability as an electrolyte/separator for the development of 
solid-state SIBs is also confirmed by their total ionic trans-
ference number ~ 0.99, which is close to unity. The dielectric 
constant and dielectric loss are both increasing along with the 
increasing temperature for NCPE OCC film. The excellent 
thermal stability of these NCPE films, combined with their  
high ionic conductivity and electrochemical stability win-
dow from −3 to +3 V observed in cyclic voltammetry stud-
ies, point to their potential use in the design of all-solid-state 
Na-ion cells capable of stable operation at temperatures well 
above room temperature.
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