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Abstract
Ion-conducting thin nanocomposite polymer electrolyte films were prepared by solution casting technique using poly (ethyl-
ene oxide) (PEO) and sodium lauryl sulfate  (NaC12H25SO4) salt complexation in the ratio 30:1. Fine nanoparticles of iron(III) 
oxide  (Fe2O3) were incorporated into the polymer matrix at various weight percentages. The XRD pattern exhibited the 
amorphous nature of the novel nanocomposite polymer electrolyte thin films, and FTIR studies showed the complexation 
and the incorporation of the nanoparticles in the polymer matrix. The maximum ionic conductivity of 3.76 ×  10−6  Scm−1 
was obtained for the sample with 5 wt.% of  Fe2O3. Thermal and morphological studies showed a reduction in the degree of 
crystallinity of the polymer material. The electrochemical cell was fabricated at room temperature (304 K) using the chosen 
best conducting thin nanocomposite polymer film with an open circuit voltage (OCV) of 1.255 V and a short circuit current 
(SCC) of 648 µA.
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Introduction

In the era of scientific advancements, there is always room 
for more and more improvements in the currently available 
resources that make our lives much simpler and easier. Ion-
conducting thin film batteries find their way into mini port-
able electronic devices such as supercapacitors, smart cards, 
and cellular telephones [1, 6]. Their applications may be fur-
ther extended in the fabrication of high-energy batteries, fuel 
cells, photochemical cells, electrochemical display devices, 
and chemical sensors [2, 3]. Polymer electrolyte films have 
promising applications in the above-discussed fields, due to 
their relative ease in fabrication, high ionic conductivity, and 
almost zero electronic conductivity accompanied with high 
energy density [4, 5]. Polymeric electrolytes form compact 
and flexible solid-state structures devoid of leaks and come 
with different geometries to meet the desired requirements 
[1]. PEO has been a major subject of interest in polymer 
electrolytic applications, where the transient cross-links 

between the cations and ether oxygen of PEO play a signifi-
cant role in facilitating ion dissociation. A good electrolyte 
is characterized by effective electrode–electrolyte contacts, 
wide electrochemical stability, and electrochemical compat-
ibility with electrode material [2].

For an appreciable conductivity of the polymer elec-
trolyte, it is necessary to increase the volume fraction of 
the polymer’s amorphous phase. This may be obtained by 
the incorporation of plasticizers, ceramic fillers like  SiO2, 
ZnO, etc., and the addition of salts in order to reduce the 
crystalline nature of the polymer electrolyte, facilitating an 
improved conductivity [5].

PEO is chosen as the polymer host due to its high die-
lectric constant, solvating ability, compatibility with elec-
trodes, ease of processing, and relatively cost-effective. It 
has excellent thermal and mechanical stability and a high 
electrochemical window. However, the high crystallinity of 
PEO at room temperature can restrict chain mobility and 
limit ionic conductivity, which is addressed by adding salts, 
nanofillers, or modifying its structure to increase the amor-
phous nature [6]. Sodium lauryl sulfate is chosen as a salt 
dopant for the fabrication of sodium-ion batteries. When 
compared to other sodium salts, Sodium lauryl sulfate pro-
vides a favorable combination of the large sulfate anion and 
small sodium cation, which creates an ionic environment 
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that enhances the mobility and transport of charge carriers 
in the solid polymer electrolyte system.  Fe2O3 is chosen as 
a nanofiller. Incorporating  Fe2O3 nanoparticles can reduce 
the level of crystallinity in the polymer, hence impacting the 
glass transition temperature (Tg) and improving the ionic 
mobility and overall conductivity of the polymer electrolyte 
system [7].

In the present investigation, ion-conducting nanocompos-
ite polymer electrolyte films were obtained by the incor-
poration of sodium lauryl sulfate salt into PEO along with 
different weight percentages of nanoparticles of iron(III) 
oxide. Various characterization techniques such as X-ray 
diffraction (XRD), Fourier transform infrared spectroscopy 
(FTIR), complex impedance spectroscopy, temperature 
study, differential scanning calorimetry (DSC), and scan-
ning electron microscopy (SEM) were carried out to sup-
port the discussion. Furthermore, the dielectric properties 
of the best-conducting nanocomposite polymer electrolyte 
were determined.

Materials and methods

Stand-alone nanocomposite polymer electrolyte thin films 
were prepared by the solution casting technique. Commer-
cially available salt of sodium lauryl sulfate  NaC12H25SO4 
(Mw = 288.38 g/mol) was added to poly (ethylene oxide) 
of molecular weight (Mw = 5 ×  106  kg   mol−1, Aldrich). 
 Fe2O3 nanoparticles (NP size < 50 nm, Mw = 159.69 g/mol, 
Aldrich) were dispersed into the polymer matrix without 
any further chemical treatments. Using a magnetic stirrer, a 
stoichiometric amount of PEO was made to dissolve in the 
solvent of acetonitrile until it formed a uniform homogenous 
medium. The calculated amount of sodium lauryl sulfate 
was then added to the homogenous PEO solution and stirred 
well at the room temperature of ~ 303 K to form a salt com-
plexation. Once the homogeneity was achieved, iron(III) 
oxide nanoparticles  (Fe2O3) at different weight percentages 
were dispersed into the matrix and stirred uniformly until it 
became homogenous. The homogenous mixture was then 
transferred onto vacuum-treated borosilicate glass Petri 
dishes which were dried at 328 K.

Characterization techniques

The thin films were analyzed to determine the ionic conduc-
tivity using a Hioki IM 3536 LCR meter. The impedance 
was measured over frequencies ranging between 100 Hz and 
4 MHz by applying the magnitude of 0.5 V. The electri-
cal conductivity values were obtained using the following 
formula:

where “t” is the thickness of the sample, Rb is the bulk resist-
ance of the material that is determined from the intercept 
formed at the real axis of the impedance plot, and “A” is 
the surface area of the sample that makes contact with the 
sample holder.

Temperature studies using the same setup were carried 
out to study the variation in the conductivity from room 
temperature (~ 304 K) up to 328 K for every 5 K rise in 
temperature. The nanocomposite polymer electrolyte thin 
films were studied using X-ray diffraction spectroscopy 
(XRD) (Rich Seifert, GE XRD 3000TT, operating at a volt-
age of 40 kV and a current of 30 mA in the range between 
10 and 90° with a step size of 0.1°) to obtain the peaks of 
PEO in order to confirm its presence and to explain the 
reduction in the intensity of the peak due to the increased 
amorphous nature of the polymer electrolyte. FTIR meas-
urements on a SHIMADZU IRAffinity-1 spectrometer in 
the range 400–4000   cm−1 with a spectral resolution of 
2   cm−1 were done to study the interaction between the 
polymer–salt–nanoparticles and to provide information on 
cation–oxygen interactions in a wide range of PEO-metal 
salt systems. Differential scanning calorimetry (DSC) 
thermogram was recorded using NETZSCH DSC 214 at a 
heating rate of 5 °C/min in the temperature range from 20 
to 90 °C under nitrogen atmosphere instrument was done 
in order to determine the phase transition and the decrease 
in the degree of crystallinity which plays a major role in 
the enhancement of ionic conductivity. The structural mor-
phology of the best conducting polymer-based thin film 
was obtained using the FEI-Quanta FEG 200F scanning 
electron microscopy (SEM) with × 10 k magnification at 
30 kV electron beam.

The best conducting nanocomposite polymer electrolyte 
was employed in the making of miniature sodium-ion bat-
teries. The battery was fabricated using the sodium metal 
made in the form of a small pellet of thickness ~ 1 mm as 
the anode and a mixture of iodine  (I2) + carbon (C) + the 
obtained electrolyte taken in the ratio 3:3:1 made into a pel-
let of thickness ~ 2 mm as the cathode.

X‑ray diffraction analysis

Qualitative identification of the complexation of sodium 
lauryl sulfate salt in pure PEO matrix was determined using 
the X-ray diffraction studies, along with various magnitudes 
of dispersion of  Fe2O3 nanoparticles at room temperature.

X-ray diffraction pattern of pure PEO and nanocomposite 
polymer electrolyte,  PEO30NaC12H25SO4–x wt.%  Fe2O3 are 
shown in Fig. 1. From the XRD pattern, it can be inferred 
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that peaks occurring between 2θ = 18° and 25° refers to the 
characteristic peaks of the host polymer PEO [5, 8].

A slight shift in the characteristic peaks of PEO was 
observed in the addition of sodium lauryl sulfate salt. Further-
more, no new significant peaks were observed on the incor-
poration of sodium lauryl sulfate salt (which has two major 
peaks at 2θ = 21° and 22° and a minor peak at 2θ = 28°) to the 
PEO host. This reveals that a good complexation was achieved 
between PEO and the sodium lauryl sulfate salt [9]. From 
Fig. 1, it is evident that salt complexed polymer electrolyte 
exhibits a decrease in the peak intensity, indicating a decrease 
in the crystalline nature of pure PEO. The intensity was further 
abridged by the incorporation of  Fe2O3 nanoparticles, thereby 
increasing its amorphous nature.

Gradual change in the characteristic peaks may be observed 
for higher weight percentages (10 wt.%, 15 wt.%) of  Fe2O3 nan-
oparticles. This implies that the degree of crystallinity increased 
due to the aggregation of nanoparticles, thereby decreasing its 
amorphous nature. This may create a major hindrance to the 
mobility of Na.+ ions, narrowing down its electrical conduc-
tivity [5, 10]. The crystallite size (L) of the PEO samples was 
calculated using the Debye–Scherrer equation [11]

(2)L =
0.94�

�����

where λ is the wavelength of the X-ray (1.540 Å), � is the 
full-width half minimum of the peak, and � is the Bragg dif-
fraction angle. The calculated values are listed in Table 1.

Fourier‑transform infrared spectroscopic analysis

High spectral resolution data over a wide range of spec-
tra offered by FTIR spectroscopy is used to study the 
interactivity between the polymer, salt, and nanoparti-
cles. A comparison graph showing the FTIR results of 
 (PEO30NaC12H25SO4–x wt.%  Fe2O3) is shown in Fig. 2.

The strong absorption band occurring between 2962 
and 2800  cm−1 characterizes the strong asymmetric C–H 

Fig. 1  X-ray diffraction pattern of pure PEO,  NaC12H25SO4 salt, and 
 PEO30NaC12H25SO4–x wt.%  Fe2O3 nanocomposite electrolyte films

Table 1  The value of Braggs’ angle, full-width half maxima, and 
crystalline size for pure PEO and  PEO30NaC12H25SO4–x wt.%  Fe2O3 
electrolytes

x wt.%  Fe2O3 �(°) �(°) L (nm)

PEO 19.11 0.250 33.6
23.36 0.53 15.9

0 19.28 0.26 32.3
23.44 0.54 15.5

4 19.2 0.28 29.2
23.68 0.58 14.5

5 18.67 0.29 28.3
22.87 0.61 13.7

10 18.85 0.26 31.3
23.05 0.568 14.8

15 19.44 0.25 33.1
23.72 0.565 14.9

Fig. 2  FTIR spectrum corresponding to pure PEO, salt, and 
 PEO30NaC12H25SO4–x wt.%  Fe2O3 nanocomposite electrolyte films
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stretching vibrations of the  CH2 group of PEO [5, 12]. The 
peaks occurring between 1520 and 1400  cm−1 correspond to 
the  CH2 scissoring mode. The peak appearing at 1342  cm−1 
corresponds to the  CH2 bending. The characteristic peak of 
 CH2 symmetric twisting occurs at approximately 1238  cm−1. 
The peak at 1100  cm−1 of pure PEO corresponds to the 
C–O–C stretching mode [5, 13]. Such well-resolved bands 
of ether oxygen groups (C–O–C) in the chemical structure 
of the polymer chain indicate that PEO is compatible or 
soluble with other materials [13]. The peak at 1146  cm−1 
corresponds to the C–C stretching. The peak at 840  cm−1 
corresponds to the C–O stretching in PEO. The peaks occur-
ring between 800 and 1000  cm−1 correspond to the rocking 
modes of  CH2. The spectral lines occurring between 960 
and 840  cm−1 for all nanocomposite polymer electrolytes 
including pure PEO correspond to the symmetrical and 
asymmetrical rocking mode of  CH2, which is unaltered by 
complexation with salt as well as the dispersion of  Fe2O3 
nanoparticles [13]. This indicates the gauche confirmation 
of O–[(CH2)2]–O [5, 13].

For further analysis, a detailed FTIR study was done on 
sodium lauryl sulfate salt. The FTIR spectrum of sodium 
lauryl sulfate shows two prominent peaks at 1220   cm−1 
and 1108  cm−1, which corresponds to the asymmetric and 
symmetric stretching of the S = O, respectively [5, 14]. The 
peaks corresponding to the Fe–O stretching occur between 
627 and 476  cm−1 [15, 16]. The addition of various weight 
percentages of  Fe2O3 nanoparticles characterizes the 
decrease in the intensity of the spectral lines and the slight 
broadening of the bands were observed. Such observation 
suggests that the competition between  Fe2O3 and oxygen 
atoms with respect to  Na+ ions makes oxygen atoms act with 
H atoms, which relatively decreases the  CH2 and C–O–C 
absorptions. A slight shift in the prominent peaks confirms 
the interaction between PEO and  NaC12H25SO4 and  Fe2O3.

Differential scanning calorimetry analysis

DSC studies were carried out in order to acquire the thermal 
properties of PEO,  PEO30NaC12H25SO4–x wt.%  Fe2O3(x = 0, 
5) polymer electrolytes. The degree of crystallinity may be 
calculated using the melting enthalpy (ΔHm) of the polymer 
electrolyte and the melting enthalpy (ΔHm

φ) of the 100% 
pure crystalline material PEO from the following formula:

Table 2 gives the melting enthalpy ΔHm and the degree of 
crystallinity Xc of the polymer electrolytes [17]. The melt-
ing peak (Tm) of the pure PEO occurs at 65.2 °C which is in 
good agreement with the standard reported value [17–19]. 
The exothermic peak of salt complexed PEO electrolyte 
 PEO30NaC12H25SO4 occurs at 65.9 °C. Subsequently, the 

(3)X
c
=
(

ΔH
m
∕ΔH

m�

)

× 100%

degree of crystallinity is seen to decrease with the addition 
of sodium lauryl sulfate salt, from 98.2 to 58.4% [5].

The degree of crystallinity further drops to 15.53% with 
the addition of 5 wt.% of  Fe2O3 nanoparticles with a slight 
shift in the exothermic peak from 65.9 to 64.9 °C. Figure 3 
shows a considerable reduction in the intensity of the melt-
ing peaks of the polymer electrolytes. This may be attributed 
to the increase in the amorphous nature, which contributes 
to the enhancement in the ionic conductivity due to the 
increased flexibility of the polymer chains [5].

Electrical conductivity analysis

Figure 4 shows the AC electrical conductivity of the nano-
composite polymer electrolyte at room temperature (304 K), 
evaluated from the complex impedance spectrum. The semi-
circular regions at high frequencies provide information such 
as the bulk resistance (Rb) and bulk capacitance (Cb) of the 
nanocomposite polymer electrolyte. The vertical spike at 
lower frequencies may be due to dielectric relaxation and ion 
trapping in the complex network contributing to additional 
resistance and capacitance [5, 8].

Table 2  Melting enthalpy ΔHm and the degree of crystallinity Xc of 
the polymer electrolytes

Polymer electrolyte ΔHm (J/g) Xc (%) Tm (℃)

PEO 203.265 98.7 65.2
PEO30NaC12H25SO4 118.808 58.4 65.9
PEO30NaC12H25SO4–5 

wt.%  Fe2O3

31.5777 15.53 64.9

Fig. 3  DSC plot for PEO,  PEO30NaC12H25SO4, and 
 PEO30NaC12H25SO4–5 wt.%  Fe2O3 polymer electrolytes
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The EIS spectrum analyzer software has been used to 
estimate the bulk resistance (Rb) and other fitting param-
eters of the polymer electrolytes. The values of conductiv-
ity and fitted parameters for various weight percentages 
of  Fe2O3 nanoparticles in the salt-complexed PEO matrix 
 (PEO30NaC12H25SO4–x wt.%  Fe2O3) at room temperature 
are given in Table 3.

The electrical conductivity of pure PEO at observed room 
temperature is found to be σ(304 K) = 7.255 ×  10−9  Scm−1. A 
considerable increase in the electrical conductivity by two 
orders is observed on the incorporation of salt to the host 
PEO matrix σ(304 K) = 9.02 ×  10−7  Scm−1. Further enhance-
ment in the order of electrical conductivity is observed after 
the uniform dispersion of  Fe2O3 nanoparticles in the salt 
complexed polymer matrix σ(304 K) = 3.76 ×  10−6  Scm−1. A 
reduction in the conductivity is observed when the concen-
tration of  Fe2O3 nanoparticles is increased above the opti-
mum level (i.e., 5 wt.%  Fe2O3).

This may be ascribed to excessive nanoparticle concen-
tration in the solid polymer electrolyte, leading to ion pairs 
and ion aggregation, inhibiting ionic conduction and slowing 

down its mobility [20, 21]. Figure 5 shows the variation in 
ionic conductivity as a function of various wt.% of  Fe2O3 of 
solid polymer electrolyte.

Temperature studies and activation energy 
measurements

Impedance measurements of  (PEO30NaC12H25SO4–x wt.% 
 Fe2O3) at various temperatures (304–328 K) were studied. 
Table 4 gives the values of conductivity for various weight 
percentages of  Fe2O3 nanoparticles in the salt complexed 
PEO matrix  (PEO30NaC12H25SO4–x wt.%  Fe2O3) at tem-
peratures 308 to 328 K.

The dependence of ionic conductivity of the nanocom-
posite polymer electrolyte at various weight percentages 
of  Fe2O3 nanoparticles reveals that the ionic conductiv-
ity is thermally activated with an increase in temperature. 
Thereby, the conductivity of the nanocomposite polymer 
electrolyte tends to increase with the increase in temperature 

Fig. 4  Nyquist plot of various weight percentages 
 PEO30NaC12H25SO4–x wt.%  Fe2O3 at room temperature (304 K)

Table 3  The electrical conductivity values and fitting parameters for various weight percentages of  Fe2O3 nanoparticles in the salt-complexed 
PEO matrix  (PEO30NaC12H25SO4–x wt.%  Fe2O3) at room temperature

x wt.% Thickness (cm) Rb (KΩ) Electrical conductivity σ 
 (Scm−1) at 304 K

CPE1 (F) CPE2 (F) n1 (no unit) n2 (no unit)

0 0.015 25.1 9.02 ×  10−7 6.85 ×  10−9 3.46 ×  10−6 0.70 0.48
4 0.013 20.9 9.77 ×  10−7 7.08 ×  10−9 4.86 ×  10−6 0.69 0.52
5 0.016 6.68 3.76 ×  10−6 1.68 ×  10−8 5.80 ×  10−6 0.66 0.48
10 0.015 8.26 2.86 ×  10−6 1.11 ×  10−8 7.77 ×  10−6 0.68 0.56
15 0.012 12.83 1.47 ×  10−6 1.36 ×  10−8 4.41 ×  10−6 0.69 0.46

Fig. 5  Variation in ionic conductivity as a function of nanoparticle 
weight percentage
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following the Arrhenius-type thermally activated process 
[21].

Figure 6 shows the Arrhenius plot of the nanocompos-
ite polymer electrolyte thin film  (PEO30NaC12H25SO4–x 
wt.%  Fe2O3) at various temperatures. Activation energy is 
the combination of defect formation energy and migration 
energy which is calculated from the slope of the conductiv-
ity against a 1000/T plot [22]. The values of the activation 
energy for  (PEO30NaC12H25SO4–x wt.%  Fe2O3) are listed 
in Table 5.

The activation energy at various weight percentages of 
 Fe2O3 nanoparticles were listed in Table 5, that the lowest 
value of activation energy (0.1288 eV) is obtained for 5 wt.% 
of  Fe2O3 which is the best-conducting nanocomposite poly-
mer electrolyte exhibiting high ionic conductivity [23, 24]. 
The activation energy tends to increase with the increase in 
the concentration of  Fe2O3 nanoparticles above the optimum 
concentration, indicating the aggregation of ions.

Scanning electron microscopy analysis

SEM micrograph showing the structural morphology of pure 
PEO is shown in Fig. 7.Ta
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Fig. 6  Arrhenius plot of the nanocomposite polymer electrolyte thin 
film  (PEO30NaC12H25SO4–x wt.%  Fe2O3) at various temperatures

Table 5  Values of 
activation energy (Ea) for 
 (PEO30NaC12H25SO4–x wt.% 
 Fe2O3)

x wt.%  Fe2O3 Activation 
energy Ea 
(eV)

0 0.1453
4 0.1400
5 0.1288
10 0.1342
15 0.1389
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It is observed from the figure that orderly arranged 
prominent spherulites of similar size are recorded in the 
SEM micrograph of pure PEO. This depicts the crystalline 
nature of the pure PEO thin film [25]. Figure 8 (magnifi-
cation of × 10 k), shows a considerable improvement from 
the crystalline to amorphous nature as an outcome of the 
addition of sodium lauryl sulfate salt into the PEO mem-
brane. The absence of crystalline spherulites in the salt-com-
plexed polymer electrolyte film  PEO30NaC12H25SO4 shows 

that the presence of salt inhibits the crystalline nature of 
PEO [5]. An enhancement in the structural morphology is 
observed with the addition of  Fe2O3 nanoparticles to the 
salt-complexed PEO electrolyte thin film. The intricately 
arranged spherulites, no longer appear in the micrograph of 
 PEO30NaC12H25SO4–5 wt.%  Fe2O3 film.

Figure 9a (magnification of × 10 k) SEM micrograph also 
shows that  Fe2O3 nanoparticles are randomly distributed 
within the salt-complexed polymer matrix, having no surface 
contact between them but with good interfacial bonding.

Figure 9b (magnification of × 8 k) shows the boundary 
separation of larger regions and the pores. This unique 
pattern is attributed to the amorphous nature of the nano-
composite polymer electrolyte thin film, which facilitates 
enhanced ionic conductivity.

Dielectric constant and dielectric loss analysis

In a given volume of the polymer electrolyte, the amount 
of dipole alignment can be calculated using the dielectric 
constant (ε′).

where Cp is the parallel capacitance, t is the thickness of the 
sample, εo is the permittivity of the free space and A is the 
area of the sample under study. The value of ε′ is higher at 
low frequency in comparison to the high-frequency region. 
This may be attributed to the space charge buildup near the 
electrode–electrolyte interface, which hinders the mobil-
ity of the charges. The value of ε′ is seen to decrease with 
increasing frequencies before reaching a constant value. This 
can be due to the inability of the dipoles in the macromol-
ecules to orient themselves in the direction of the applied 
electric field [21, 26].

The dielectric loss (ε″) is the loss of energy during the ion 
motion and dipole alignment when there is a rapid reversal 
in the polarity of the electric field. It is determined using the 
following formula:

where σ is the ionic conductivity, and ω is the angular 
frequency.

The higher and lower values of ε″ at lower and higher fre-
quencies depend upon the availability of time for the charges 
to build up at the interface. At lower frequencies, the charges 
are sufficiently built up at the interface before the polar-
ity reversal. However, at higher frequencies, the buildup of 
charges occurs only at the boundaries of the conducting spe-
cies and at the ends of the conducting path [21].

The increase in the temperature facilitates the dis-
sociation of ion pairs which causes an increase in the 

(4)�� = Cpt∕�0A

(5)�
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Fig. 7  SEM micrograph of pure PEO thin film

Fig. 8  SEM micrograph of  PEO30NaC12H25SO4
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concentration of free charge carriers at the interface. High 
temperature also prevents ion aggregation and formation of 
ion clusters in the nanocomposite polymer electrolyte thus 
allowing it to retain its amorphous nature. It also increases 
the parallel capacitance by forming a space charge region, 
which exhibits a high dielectric constant [21]. It is evident 
from Figs. 10 and 11 that both ε′ and ε″ show similar 
behaviors with frequency at various temperatures. The 
absence of relaxation peaks indicates that the increase 
in conductivity was predominantly due to the increase in 
the number of mobile ions in  PEO30NaC12H25SO4–5 wt.% 
 Fe2O3.

Loss tangent analysis

The loss tangent analysis (δ) as a function of frequency is 
used to determine the dielectric relaxation parameter of the 
nanocomposite polymer electrolyte. It is the ratio of the die-
lectric loss (ε″) of the material to its dielectric constant (ε′).

It measures the ratio of the electric energy lost to the 
energy stored in an applied electric field. Figure 12 shows 
that δ increases for a particular range of frequencies before 
reaching the maximum after which it is seen to decrease 

(6)tan� = �∕��
0

Fig. 9  a and b SEM micrographs of  (PEO30NaC12H25SO4–5 wt.%  Fe2O3)

Fig. 10  Variation of the dielectric constant (ε′) for 
 PEO30NaC12H25SO4–5 wt.%  Fe2O3

Fig. 11  Variation in the dielectric loss (ε″) for  PEO30NaC12H25SO4–5 
wt.%  Fe2O3
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rapidly. The peaks acquired at various temperatures cor-
respond to the electrode polarization frequency. The peak 
frequency is inversely proportional to the relaxation time 
of the ions. The peak position is seen to shift toward the 
higher frequency as the temperature increases. This leads 
to an increased ionic conductivity due to the decrease in the 
relaxation time [21].

Electric modulus analysis

The dielectric behavior of the best-conducting nanocom-
posite polymer electrolyte was further studied with the help 
of electric modulus analysis. The conductivity relaxation 
process and the ion hopping mechanism may be determined 
from the electric modulus analysis spectra.

The real part of the electric modulus (Mʹ) is determined 
from the formula [21].

where ε′ is the dielectric constant, and ε″ is the dielectric 
loss.

From Fig. 13, it is quite evident that Mʹ approaches zero 
at lower frequencies indicating that there is a negligible 
contribution of the electrode polarization. Mʹ is found to 
increase gradually at higher frequencies and the dispersion 
observed in that region may be due to the spreading of the 
conductivity relaxation over the range of frequencies [26]. 
It is also evident that the modulus spectra overlap at vari-
ous temperatures which indicates that the distribution of the 
relaxation times is independent of temperatures. This also 

(7)M
� = �

�∕
(

�
�2 + �

��2
)

shows the brilliant electrochemical stability of the nanocom-
posite polymer electrolyte [21].

The imaginary part of the electric modulus (M″) is deter-
mined using the formula [21].

The values of Mʺ as seen in Fig. 14 seem to decrease as 
the frequency decreases, indicating the negligible contribu-
tion of the electrode polarization to the electric modulus 
[26].
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Fig. 12  Variation of the loss tangent (δ) as a function of frequency, 
for the best conducting nanocomposite polymer electrolyte from room 
temperature (304 K) to 328 K

Fig. 13  Variation of the real modulus (M′) as a function of frequency, 
for the best conducting nanocomposite polymer electrolyte from room 
temperature (304 K) to 328 K

Fig. 14  Variation of the imaginary modulus (M″) as a function of fre-
quency, for the best conducting nanocomposite polymer electrolyte 
from room temperature (304 K) to 328 K
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The increase in the values of Mʺ at higher frequencies 
corresponds to the long-range random hopping of the ions 
in the nanocomposite polymer electrolyte, which reaches a 
maximum at a particular frequency. The peaks so observed 
may be attributed to the ionic conductivity relaxation pro-
cess in the nanocomposite polymer electrolyte thin film, 
where the long-range motion is limited down to confined 
motion. The peaks also confirm that the nanocomposite 
polymer electrolyte is an ionic conductor [22]. The asym-
metry and the broadening of the peak may be attributed to 
the non-Debye behavior [21, 26]. Further decrease in M″ at 
much higher frequencies may indicate that the charge carri-
ers are mobile over only short distances [21].

The peak positions appear to be shifted toward the higher 
frequency side as the temperature is increased. This eluci-
dates the mobility of the charge carriers becoming rapid due 
to the increased flexibility of the nanocomposite polymer 
electrolyte at elevated temperatures.

Battery studies

The obtained nanocomposite polymer electrolyte possessed 
the maximum ionic conductivity and good thermal stability. 
These characteristics offer a promising candidate for replac-
ing lithium-ion batteries with sodium-ion batteries in port-
able electronic devices [27].

In order to evaluate the electrochemical performance of 
 PEO30NaC12H25SO4–5 wt.%  Fe2O3, a prototype battery was 
fabricated with the configuration of Na | PEO electrolyte 
|C +  I2 + polymer electrolyte as cathode and sodium metal 
as anode, as depicted by Fig. 15. Figure 16 shows the OCV 
and discharge through 1 MΩ of the electrochemical cell fab-
ricated with the same configuration. It is evident from the 
figure that a discharge plateau is observed for 33 h. The cell 
parameters including the open circuit voltage (OCV) short 

circuit current (SCC), and other evaluated cell parameters 
recorded at room temperature (304 K) are tabulated and pre-
sented in Table 6.

Conclusion

The interactions between  Fe2O3 nanoparticles, the polymer 
chains, and the ions produced as the result of the dissociation 
of salt were confirmed by several characterizations. Good 
complexation of sodium lauryl sulfate  (NaC12H25SO4) with 
the ether oxygen of PEO has been confirmed through FTIR 
studies. The reduced area of melting enthalpy in the DSC 
studies, in addition to  Fe2O3 nanoparticles, indicated the 
reduction in the crystalline nature of the nanocomposite 
polymer electrolyte. SEM analysis showed the absence of 
periodic spherulite structure in the nanocomposite polymer 
electrolyte which were quite prominently seen in the crys-
talline domains of pure PEO. The ionic conductivity of the 

Fig. 15  Schematic diagram of an electrochemical cell

Fig. 16  OCV and discharge plot of the fabricated battery

Table 6  Cell parameters of  PEO30NaC12H25SO4–5 wt.%  Fe2O3

Cell parameters 5 wt.%  Fe2O3

Weight (g) 1.15
Area  (cm2) 1.13
Open circuit voltage (V) 1.255
Short circuit current (µA) 648
Current density (µA/  cm2) 573.45
Power density (W/Kg) 0.719
Time of plateau region (h) 33
Discharge capacity (mAh) 21.38
Energy density (Wh/Kg) 23.73
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nanocomposite polymer electrolyte  PEO30NaC12H25SO4–5 
wt.%  Fe2O3 is 3.76 ×  10−6  Scm−1, which is three orders 
more than that of the pure polymer. Excellent dielectric 
properties along with other prominent characteristics make 
 PEO30NaC12H25SO4–5 wt.%  Fe2O3 a propitious material 
for the development of solid-state batteries for the applica-
tion on ambient temperature devices. A miniature electro-
chemical cell was fabricated at room temperature (304 K) 
using the best-conducting polymer electrolyte which gave 
an open circuit voltage of 1.255 V and short circuit current 
of 648 µA. The present investigation has thus demonstrated 
the development of a new  Na+-ion-conducting PEO-based 
novel nanocomposite polymer electrolytes appropriate for 
ambient temperature applications.
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