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Abstract
A solid polymer electrolyte composed of poly(ethylene oxide) and sodium hexafluorophosphate has been synthesized with a
varying fraction of succinonitrile via solution cast technique. Impedance spectroscopy, transference number measurements, and
linear sweep voltammetry were used to study the electrochemical properties. The 10 wt.% succinonitrile system exhibited the
highest ionic conductivity of ~ 2 × 10−5 S cm−1 which is two orders of magnitude higher than the pristine polymer salt system.
The high ionic transference number (~ 1) confirms that ion conduction is dominated by ions and displays the voltage stability
window of about 4 V. The dielectric permittivity and the relaxation time (τε0 ; τM; τh ) values corresponding to the segmental
motion of the polymer chain varies with the variation of succinonitrile content. The relaxation time and double-layer capacitance
are in good agreement with the conductivity. Finally, an ion transport mechanism has been proposed to provide a better
understanding of ion migration.
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Introduction

The lithium-ion batteries (LIB) are the most fascinating can-
didate for the portable electronics, electric vehicles since its
commercialization in 1991 by SONY corporation. The LIB
possess advantages such as high energy density, long cycle
life but some drawback restricts its use, i.e., high cost, less
abundant, and environmental impact. Sodium ion battery
(SIB) is an excellent alternative to the LIB and conveys sub-
sequent advantages over LIB; (i) Na is highly abundant, (ii)
l ow c o s t , a n d ( i i i ) s u i t a b l e r e d o x p o t e n t i a l
(Eo

NaþþNa ¼ −2:71 V versus standard hydrogen electrode; on-

ly 0.3 V above that of lithium) [1–4]. The development of
polymer electrolyte (PEs) in order to substitute the traditional
liquid electrolyte for energy storage devices (e.g., battery and
supercapacitor ) has attracted the widespread attention of sci-
entific community due to advantages such as safety, flexibil-
ity, varied shape geometry, good interfacial and compatibility.

So, new materials were developed by incorporating low
molecular weight plasticizers in the polymer salt matrix
known as gel polymer electrolytes (GPEs). Although the
GPEs have comparable ionic conductivity (10−3 S cm−1) to
the liquid electrolyte, the poor mechanical strength/safety and
liquid plasticizer prevent their use as an electrolyte in the
commercial applications. To overcome the above issues, a
solvent-free system was, i.e., solid polymer electrolyte (SPE)
was launched and has gainedmomentous research interest and
has potential to replace liquid/gel polymer electrolyte which
has drawbacks such as flammability, leakage issue, and bulky
in size. One key advantage with SPE is that it plays a dual role,
(i) works as a separator as well as electrolyte and (ii) acts as a
binder to improve the interfacial contact with electrodes.
However, SPE possesses lower ionic conductivity at ambient
temperature. To overcome the poor ionic conductivity, various
approaches are manifested to develop new materials such as
polymer blending, nanofiller dispersion, and incorporation of
ionic liquids/plasticizer [5–16].

Poly (ethylene oxide) is the most popular candidate among
all polymers due to its interesting characteristics, low glass
transition temperature (Tg), attached electron rich ether group
(−O−) in polymer backbone (−CH2 −CH2 −O−), desirable
dielectric constant (~ 4–5), and a broad range of salt complex-
ation [17]. But the semi-crystalline nature of PEO results in
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lower ionic conductivity. It is well-known that the amorphous
phase supports fast ion transport in case of polymer electro-
lytes [18]. The sodium hexafluorophosphate (NaPF6) was
chosen as salt to provide ions due to advantages, (i) weak
interaction between cation and anion, (ii) large anion size,
and (iii) greater salt dissociation, hence reduce the chance of
ion pair formation [19–21].

The incorporation of the plastic crystals in the polymer
matrix is an interesting approach for conductivity enhance-
ment which is interpreted by assuming the effective role of
the plasticization effect. Succinonitrile (SN; N≡C–CH2–CH2–
C≡N) is an interesting candidate as compared to the traditional
plasticizer and is chosen due to high polarity, high dielectric
constant (~ 55). The role of abovesaid characteristics property
is interpreted in three ways, (i) the presence of polar nitrile
group in SN will improve the salt dissociation and number of
free charge carriers, (ii) SN penetration between polymer
chain will provide more free volume for ion migration, and
(iii) disruption of covalent bonding between polymer chains
will promote the faster chain segmental motion. The simulta-
neous presence of the above properties will enable a favorable
ion migration, and hence high ionic conductivity [22].

In our present study, free standing solid polymer electrolyte
based on PEO as a host polymer, sodium hexafluorophosphate
(NaPF6) as salt, with different SN content are prepared by
solution cast technique. The structural, morphological, micro-
structural, and electrochemical investigations are carried out.
Then, the dielectric study covering the complex permittivity,
complex conductivity, and the modulus formalism were ex-
plored in the frequency range 1 Hz-1 MHz. The dielectric
plots were fitted to evaluate the dielectric strength, relaxation
time, hopping time, and dc conductivity. Finally, we proposed
an interesting interaction scheme to understand the role of
constituents of solid polymer electrolytes in enhancing the
ion transport.

Methodology

Materials

The polymer PEO (av. mol. wt. 600,000 g/mol), sodium
hexafluorophosphate (NaPF6), succinonitrile (SN), and anhy-
drous acetonitrile were purchased from Sigma Aldrich. The
polymer and salt are dried under vacuum at 50 °C for 24 h
before use.

Electrolyte preparation

PEO-NaPF6 (O/Na = 8) + x wt.% SN polymer electrolytes
were prepared by the standard solution cast technique. In this
process, the appropriate amount of PEO and NaPF6 were dis-
solved separately followed by stirring of combined solution

until a homogenous and viscous solution is obtained. Then,
varying content of SN was added in the polymer salt complex
and stirred again till a viscous solution is obtained. The ob-
tained solution is poured into Petri dishes and left at room
temperature to evaporate the solvent. After solvent evapora-
tion, the films were kept in a vacuum oven to completely
remove the solvent. Finally, the thin dry film was peeled off
and kept in a vacuum desiccator for further investigations. The
samples were designated as PE-x where x = 1, 2, 3, 4, 5. PE 1
designates the pure PEO and PE 2 designates the polymer salt
complex (PEO-NaPF6); PE 3 to PE 5 is designated for the
x wt.% of SN added (10, 15, 20%) in PEO-NaPF6 sample. It
may be noted that the further increase of SN content in poly-
mer salt complex results in poor quality of the films, hence not
investigated.

Characterization

The field emission scanning electron microscopy (FESEM)
was used to investigate the surface morphology of prepared
polymer electrolyte. The structural investigations were record-
ed by the X-ray diffraction (XRD) (Bruker D8 Advance) with
Cu-Kα radiation having a wavelength (λ) 1.54 Å in the Braggs
angle range (2θ) from 10 to 60°. The Fourier transform infra-
red (FTIR) spectra (Bruker Tensor 27) was performed in the
wavenumber region 600–3500 cm−1 to confirm the various
interactions between constituents of the polymer electrolyte.
The ionic conductivity was measured by electrochemical im-
pedance spectroscopy (EIS) using electrochemical analyzer
(CHI 760; USA) over a frequency range of 1 Hz to 1 MHz
and an AC signal of 10 mV is was applied to the cell config-
uration SS|SPE|SS. The ion transference number was mea-
sured by i-t characteristics by applying a dc voltage of
10 mV. The electrochemical voltage stability window was
measured by linear sweep voltammetry technique (LSV) and
cyclic voltammetry (CV) with cell configuration SS|SPE|SS.
To investigate the dielectric properties, the impedance data
was used to obtain the dielectric parameters such as complex
permittivity and complex conductivity which are further trans-
formed into the real and imaginary parts of the modulus.

Results and discussion

Field emission scanning electron microscope (FESEM)
analysis

The FESEM micrographs of the pure PEO (Fig. 1a) display
the rough morphology with some smoother surface due to
semi-crystalline nature. Then, the addition of salt alters the
surface morphology significantly which is noticeable clearly
from Fig. 1b and is comparatively smoother than Fig. 1a. This
may be due to complexation between the polymer host with
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the cation (Na+) of salt. Addition of SN in the polymer salt
matrix results in the smoother and homogenous surface (Fig.
1c). The smooth surface is associated with the ease of ion
migration and will be analyzed in the forthcoming section.
The addition of very high SN content results in the insulating
effect of SN due to improper mixing as visible in Fig. 1d [23].

X-ray diffraction (XRD) analysis

To examine the effect of SN addition on the crystallinity, in-
terchain separation, and inter-planer spacing, we performed
the XRD analysis. Figure 2 shows the comparison of XRD
diffractograms of the pure PEO, PEO-NaPF6, and PEO-
NaPF6- containing x wt.% SN (x = 10, 15, 20). It may be
noticed from the diffraction pattern of pure PEO, two peaks
are located at 19.03° and 23.1° corresponding to the (120) and
(112/032) reflection planes. These peaks are primarily due to
the crystalline nature of PEO and agree with the literature [24].
Figure 2b shows the reduction in peak intensity of PEO peaks
that confirm the disruption of polymer chain arrangement ow-
ing to the interaction between the polymer matrix and salt. It
indicates the complex formation between the cation of salt and
the ether group of the polymer host. This interaction enhances
the amorphous content. Although, with the addition of salt,
some additional peaks are observed, that are not of pure PEO
and NaPF6. These peaks are attributed to the presence of ion-
multiplets (as Na2X

+, NaX2
−) [21, 25, 26]. Further, the ab-

sence of any NaPF6 peak reveals the complete dissociation
of salt and complex formation is confirmed [27–29]. After
addition of SN in the polymer salt matrix, the lowering in
the intensity of the PEO peak located at 19.03° and 23.1°

evidences the effective role played by SN. The addition of
SN having polar nitrile group in its structure promotes the salt
dissociation and disruption of the crystalline arrangement of
the PEO chains. The reduction of peak intensity clearly indi-
cates that the addition of SN enhances the amorphous content
and promotes the faster segmental motion, hence the increase
of ionic conductivity in the polymer matrix [30].

Fig. 1 FESEM surface
morphology of a PEO, b PEO-
NaPF6, c PEO-NaPF6-10% SN,
and d PEO-NaPF6-20% SN

Fig. 2 XRD patterns of the PEO, PEO-NaPF6, and PEO-NaPF6- x wt.%
SN (x = 10, 15, 20)
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To support the above results, the d-spacing, crystallite size
L of the PEO, and interchain separation were calculated using
the 2dsinθ = nλ, L = 0.94λ/βcosθ, and R = 5λ/8sinθ, respec-
tively. The increase in the d and R value on the addition of
plasticizer indicates the plasticizer penetration in between
polymer chains. This weakens the covalent bonding between
polymer chains and makes easier polymer chain motion that
facilitates the cation migration. The reduction of the crystallite
size corresponding to (120) reflection plane confirms the com-
plex formation. The crystallinity values of all the prepared
sample have been calculated using the formula; XC

(%) = (AC/(AC + AA)) × 100, where AC and AA are the areas
for the crystalline peaks of PEO and amorphous peak areas
respectively. It has been calculated using the standard Origin8
software. The crystallinity value is summarized in Table 1 and
it decreases with addition of SN [12]. This evidences that
incorporation of SN affects the polymer Skelton, and reduc-
tion of crystallinity indicates the availability of favorable vol-
ume for faster ion migration. This was confirmed by the
Table 1, which shows the increase in the interchain separation
(R) for all polymer electrolyte with SN addition and compar-
atively large R is noticed than pure PEO and polymer salt
complex.

Fourier transform infrared (FTIR) spectrum analysis

The interactions of salt and SN with the polymer host are
investigated by the FTIR spectra. The FTIR absorbance spec-
tra of the solid polymer electrolyte with salt and with x wt.%
(x = 0, 10, 15, 20) SN are shown in Fig. 3 and band assignment
is summarized in Table 2. It is found that the pure PEO spec-
trum shows the C–O stretching vibration mode at 956 cm−1.
The fundamental peak of the PEO is the C–O–C stretching
mode located at 1106 cm−1. The CH2 symmetric twisting,
CH2 asymmetric twisting, CH2 bending mode, and CH2 wag-
ging mode are observed at 1236 cm−1, 1282 cm−1, 1347 cm−1,
and 1465 cm−1 respectively [31]. It may be noted from the
FTIR spectrum that all the groups of PEO, salt, and SN are
present; it indicates the complex formation of PEO, NaPF6,
and SN. After the addition of the salt, the CH2 twisting and

CH2 bending group show modification in the peak shape and
shift in peak position. The band located at 1465 cm−1 is as-
cribed to CH2 wagging mode and displays reduction of peak
intensity with the addition of the salt. The peaks in the wave-
number region 2800 to 2950 cm−1 are ascribed to the symmet-
ric and asymmetric vibration of C–H stretching mode of CH2

group in PEO. The spectrum shows the change in peak inten-
sity that evidences the polymer-salt interaction [32, 33].
Further addition of SN alters the peak shape as well as position
and indicates the complexation between the constituents of
solid polymer electrolytes. Although the characteristics peak
still remains in the spectrum, some alterations are noticed. The
peak of C–O–C stretching mode located at 1106 cm−1 is
strongly affected after SN addition and get broadened with
the addition of SN; also, peak intensity gets reduced. The
obtained reduction in the peak intensity is attributed to the
cation (Na+) coordination with the lone pair of electrons (ether
group) on PEO [34]. So, from the FTIR analysis, it can be
concluded that the complexation of the salt and polymer oc-
curs and the result is in absolute agreement with the XRD and
FESEM results.

Impedance study

The ionic conductivity of the solid polymer electrolytes (SPE)
has been investigated at room temperature by sandwiching the
polymer electrolyte membrane in the cell configuration
SS|SPE|SS. Figure 4 shows the impedance plot (Z′′ vs. Z′) in
the log-log presentation. The advantage of log-log representa-
tion is summarized somewhere [21]. It may be noted that the
impedance plot shows two arcs, (i) toward lower frequency
and (ii) toward high frequency [35, 36]. The second arc at
high-frequency side suggests the ion migration in the amor-
phous phase of the polymer matrix, and the first arc toward
lower frequency side is associated to the double layer capac-
itance effect formed at the electrode-electrolyte interface
[37–40]. With the addition of SN, the high-frequency arc dis-
appears and indicates that total conductivity is owing to the
cation only (σ = neμ). The same feature has been reported
earlier also [41, 42]. Although, the nature of the plot is the
same for all solid polymer electrolytes with some change in
the arc shape. The solid red line is the fitted plot using soft-
ware (ZSimpWin). The experimental and fitted data are in good
agreement with each other. The equivalent circuit is shown in
the inset. It comprises of a resistance in series with the parallel
combination of constant phase element (Q) and another resis-
tance. The first resistance is the electrolyte resistance while the
second resistance is associated with the transfer of ions at the
electrode/electrolyte surface. The presence of constant phase
element infers the presence of non-ideal capacitive behavior
[43, 44].

The ionic conductivity (σ) of the prepared polymer electro-
lyte has been determined using the equation: σ = L/(Rb × S);

Table 1 Values of 2θ (o), d-spacing (Å), R (Å), and crystallite size L,
and crystallinity of PEO-NaPF6 with x wt.% SN (10, 15, 20)

Sample (120) diffraction peak Crystallinity (%)

2θ (degree) d-spacing (Å) R (Å) L (nm)

PE 1 19.03 4.66 5.82 24.60 43

PE 2 18.87 4.69 5.87 11.94 43

PE 3 18.73 4.73 5.91 16.08 42

PE 4 18.58 4.76 5.94 16.40 38

PE 5 18.36 4.82 6.02 15.76 40

Ionics



were, L is the thickness of the polymer electrolyte (100–
125 μm), S is the area of the blocking electrode (1.43 cm2)
and Rb is the bulk resistance of polymer electrolyte films. The
dip observed in the impedance plot (corresponds to minima in
Z′′) gives an estimate value of the bulk resistance, and addition
of salt in pure PEO shows decrease of bulk resistance. As bulk
resistance is inversely proportional to conductivity value, so a
decrease in the bulk resistance indicates the increase in the
conductivity of prepared SPE. Therefore, the enhancement
in the ionic conductivity is due to the following reasons, (i)
availability of more number of ion charge carriers due to better
salt dissociation after SN addition, (ii) faster ion mobility, and
(iii) increase in the free volume and amorphous phase for the
ion migration. It may be concluded from the above results that
the addition of SN in the polymer salt complex promotes the
migration of the cation via polymer chain segmental motion.
While, at higher SN-content decrease in conductivity is evi-
denced that may be associated with the increased crystalline
arrangement (dense structure). This prevents the easier ion
migration due to disruption of continuous path owing to small
amorphous phase, and overall negative consequence on con-
ductivity is witnessed. Another reason may be the loss of
contact with electrodes owing to the sample stiffness [45,
46]. The above analysis suggests the correlation between the
structure of electrolyte and electric properties. This is also in
agreement with the XRD results that show the decrease of
crystallinity evidenced by reduction of intensity.

The polymer electrolyte system PE4 is an optimized sam-
ple and exhibits the highest conductivity 1.92 × 10−5 S cm−1,
which is three orders higher than the pure polymer, two orders
higher than the polymer salt complex. Another important pa-
rameter is, double layer capacitance that is calculated using the

formula,Cdl ¼ − 1
ωZ

0 0 ;w hereω is the angular frequency and Z′
′ is the imaginary part of impedance at low frequency. It is
interesting to note that the SPE system with the highest value
of the ionic conductivity possesses the highest double layer
capacitance (Cdl). The increase in the conductivity is further
investigated in terms of dielectric properties in the forthcom-
ing section.

Transference number

In the case of solid polymer electrolytes, both ions and elec-
trons are active species. So, to completely understand the en-
hancement of the ionic conductivity, it is important to separate
out the ionic and electronic contribution [47, 48]. Ionic trans-
ference number was measured by Wagner’s DC polarization
technique at a fixed applied voltage (20 mV) across the cell
SS/SPE polymer electrolyte/SS (@ RT). The variation of po-
larization current is plotted against the time for the polymer
salt complex (PE 2), and SN-incorporated polymer electro-
lytes (PE 3, PE 4, PE 5::10, 15, 20 wt.% SN) at room temper-
ature are shown in Fig. 5. For all systems, the initial current
decreases with time followed by a steady with the passage of
time. The initial current is the contribution of both the ions and
the electrons (It = Ie + Ii) while the later one is the contribution
of electrons only because of blockage of ions at the electrode-
electrolyte interface [49–51]. The obtained ion transference
number is 0.99 (close to unity). This infers that the total con-
ductivity is mainly due to the flow of ions and electron con-
tribution to total conductivity is negligible, which is desirable
for the solid state ionic conductor (Table 3). Also, the trans-
ference number close to unity eliminates the issue of concen-
tration polarization during cell operation [52].

Fig. 3 FTIR spectra of pure PEO
(PE 1), polymer salt (PE 2), and
with xwt.% of SN (x = 10, 15, 20)
(PE3-PE5)
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The ionic and electronic conductivity are also calculated
through suitable equations, it = ii + ie , σionic = σelectrical × ii,
σelectronic = σelectrical × ie. The high value of ionic conductivity
and negligible electronic conductivity evidence that the charge
transport in the investigated system is due to ions only.

Electrochemical stability window

The electrochemical voltage stability window or working
voltage range of SPE has been measured by linear sweep
voltammetry (LSV) and cyclic voltammetry (CV) technique
which is sandwiched in cell assembly SS (blocking elec-
trodes)/SPE polymer electrolyte/SS (blocking electrodes) at
RT (scan rate 10 mV/s) [53]. The LSV and the CV curves
are shown in Fig. 6 and Fig. 7, respectively. Figure 6 shows
the steady current up to 3 Vand after that rapid increase in the
current flows which is due to the electrolyte decomposition
[54]. The voltage stability window of the SPE containing SN
displays improved stability (3.5–3.9 V) as compared to poly-
mer salt system (3.3 V). It suggests that there is no decompo-
sition of the electrolyte at least up to this range (~ 4 V). The
enhancement in the voltage stability window suggests the use
of SPE in the high voltage practical applications within a safe
limit.

The enhancement in the electrochemical stability window
(ESW) is further supported by the cyclic voltammogram (Fig.
7). The ESW is the region where no faradic current flows and
is evaluated by the cathodic/anodic component where the
oxidation/reduction of solid polymer electrolytes is observed
[55]. The absence of any oxidation-reduction peak in CV con-
firms the better electrochemical stability of the prepared solid
polymer electrolyte. The solid polymer electrolyte with
highest ionic conductivity shows ESW in the range − 2 and
2.1 V. This gives ESW of about 4.1 V. It may be noted that
after SN addition, broadening in ESW is evidenced and all
solid polymer electrolyte shows ESW of about ~ 4 V. From
the results, it may be concluded that the prepared SPE

possesses desirable voltage stability window for the practical
applications.

Dielectric analysis

Real (ε′) and imaginary (ε′′) part of complex permittivity (ε∗)

The complex permittivity (ε∗) investigations of solid polymer
electrolyte are crucial to understanding the polarization effect
at the electrode-electrolyte interface [56–58]. The frequency
dependent complex dielectric permittivity comprises of two
parts, real part (ε′) designates polymer electrolyte polarizing
ability that indicates charge storage capacity or storage capac-
ity of a material on application of field. The imaginary part,
i.e., dielectric loss (ε′′) is a measure of the energy required to
align the dipoles. The complex permittivity (ε∗) is expressed
as ε∗ = ε′– jε".The real and imaginary part of complex permit-
tivity are used to simulate the experimental data [58, 59].

The complex dielectric permittivity is expressed by Eq. 1:

ε* ¼ ε
0
– jε}; ε

0 ¼ −Z}

ωCo Z
02 þ Z}2

� � and ε
0 0

¼ Z
0

ωCo Z
02 þ Z}2

� � ð1Þ

Where, where ε′ and ε′′ are the real and imaginary parts of
the dielectric permittivity respectively. The real and imaginary
parts of dielectric constant can obtained by separating above
equation and can be given as Eq. 2 a and b [55, 57, 58].

ε
0 ¼ ϵ∞ þ

Δε 1þ xαcos
απ
2

� �

1þ 2xαcos
απ
2

þ x2α
2 að Þ

ε
00 ¼ Δε

xαsin
απ
2

1þ 2xαcos
απ
2

þ x2α
2 bð Þ

8>>>>>>><
>>>>>>>:

Table 2 FTIR spectral data of PEO, PEO-NaPF6, and SN-added PEO-NaPF6-based solid polymer electrolyte

Wavenumber (cm−1) Band assignment

PE 1 PE 2 PE 3 PE 4 PE 5

845 842 827 831 824 C–O stretching in PEO and PF6
¯ vibration

956 938 933 933 935 C–O stretching vibration

1106 1107 1044/1139 1050/1134 1047/1143 Symmetric and asymmetric C–O–C stretching

1236 1246 1251 1251 1249 CH2 symmetric twisting

1282 1294 1291 1287 1292 Asymmetric CH2 twisting

1347 1356 1354 1354 1354 CH2 bending

1465 1465 1467 1464 1464 CH2 wagging

2877 2882 2864 2858 2858 Symmetric C–H stretching

2948 2922 2956 2960 2962 Asymmetric C–H stretching
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Here, εs is static dielectric constant (x →0), ε∞ is dynamic
dielectric constant (x →∞), x = ωτ; ω is angular frequency of
applied field and τ is average Debye relaxation time. Here, α
is distribution exponent of the material sample. All these pa-
rameters are evaluated by fitting the experimental data with
these equations and are summarized in Table 4.

The variation of the dielectric constant (ε′) against frequen-
cy for different solid polymer electrolyte is shown in Fig. 8a
and solid red line is fit to experimental data. All the SPE
shows good agreement between the experimental and fitted
curve.

In Fig. 8 a, it may be noticed that at low-frequency rapid
increase in ε′ is observed attributed to the accumulation of the
charge at the electrode/electrolyte interface due to the

availability of sufficient time for orientation on the application
of the field [60]. While at the high frequency, a decrease in
dielectric constant is observed with the increase of frequency.
This may be due to the blockage of ion diffusion or migration
because of fast periodic reversal of the electric field. Now, the
dipoles are unable to orient themselves in the applied field
direction. This eliminates the electrode polarization and dom-
inance of relaxation mechanism occurs, which leads to a
steady state at high frequency [27, 61–64]. The absence of
peak confirms the increase in conductivity which is due to
enhanced ion mobility [65–67].

In the case of solid polymer electrolytes, two sources
of dipoles exist, (i) salt dissociation produce cation-anion
and (ii) polar groups of the polymer chain. The increased
charge accumulation on the blocking electrodes in the
low-frequency window is mainly due to cation/anion mi-
gration (first source) toward electrodes on the application
of the field. The second source of dipoles in the polar
group of the polymer chain makes conformational chang-
es [68]. So, both phenomena together result in the en-
hancement in the dielectric constant of about ~ 104, and
comparatively higher dielectric constant is observed for
SN-based SPE (~ 30 × 104) as compared to polymer salts
system (~ 4 × 104). Now, after the addition of salt in the
pure PEO, dielectric constant increases due to the en-
hancement of the amorphous content. Further addition of
SN in the polymer salt matrix increases the dielectric con-
stant. This is evidenced from Table 4, which shows in-
crease dielectric strength (Δɛ = εs − ε∞) after SN addition
(Fig. 8b). This may be due to three reasons, (i) disruption
of the crystalline arrangement of host polymer chains, (ii)
enhancement of amorphous content, and (iii) decrease of
viscosity of polymer chain due to disruption of covalent
bonding between polymer chains after SN penetration.
Figure 9 shows the dependence of dielectric strength and
dc conductivity on the concentration. The increase of the
dielectric strength reflects the increase in the number of
the charge carriers that increases the ion polarization.
Also, the solid polymer electrolyte having the highest
ionic conductivity possesses highest dielectric strength.
This suggests that the increase in the ionic conductivity
is due to increase in number of charge carriers and is
associated with dielectric constant [69, 70]. In polymer
electrolytes, the number of charge carriers depends on
the dissociation energy and the dielectric constant by
equation n ¼ noexp − U

ε0 kT

� �
[14–20, 71]. Here, k is

Boltzman constant, T is absolute temperature and no is
pre-exponential constant. This confirms the direct relation
of the free ions and dielectric constant. The enhancement
of the dielectric constant also evidences the presence of
high amorphous content and increase in polarization.
High dielectric constant value also promotes the ion dis-
sociation which lowers ion aggregation tendency [72].

Fig. 5 Ion transference number plots for the prepared solid polymer
electrolytes at room temperature

Fig. 4 Log-log plots of the complex impedance (Z′′ vs. Z′) for the pure
PEO (PE 1), polymer salt complex (PE 2), and xwt.% SN (x = 10, 15, 20);
(PE3, PE 4, PE 5)
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This evidences the perfect correlation between the dielec-
tric constant and amorphous content, and hence the ionic
conductivity. It suggests that the dielectric constant plays
an effective role in the enhancement of the dc conductiv-
ity, and dielectric spectroscopy is an important technique
to explain conductivity behavior [73, 74].

Another important parameter is the relaxation time. The
low value of relaxation time results in the faster ion migration
via chain segmental motion. The relaxation time (τε′) was
extracted from the fitting of experimental data, and the opti-
mized sample shows the lowest value of relaxation time [73,
75–77]. Another relaxation time, i.e., molecular relaxation
time (τM) was obtained using the equation, τM ¼
2εs þ ε∞ð Þ=3εs½ � � τε0 : It is interesting to note that, the

molecular relaxation time is also lowest for the optimized
system and is in proper agreement with the relaxation time
(τε′), dielectric strength (Δ ε), and ionic conductivity. It is
observed from the previous results that the highest dc conduc-
tivity, dielectric constant, and lowest relaxation time are ob-
tained for the 15% SN, which is in perfect agreement with the
XTD and FTIR results.

The frequency dependent imaginary part of the dielectric
permittivity or dielectric loss (ɛ′′) is shown in Fig. 8c. The high
value of the dielectric loss is due to the dc conductivity (free
ion migration) that is associated with the electrode/electrolyte
interface region. It is observed that the dielectric loss (ɛ′′) value
decreases with the increase of frequency for all solid polymer
electrolytes owing to the absence of ion diffusion in field
direction [78]. This also results in conductivity dispersion at
high frequency owing to the absence of the electric polariza-
tion. The experimental data are in good agreement to the fitted
data shown by a red solid line. As at high frequency, periodic
reversal of field occurs that generates internal heat due to
friction. Besides this, the dipoles are insufficient to orient

Fig. 6 Linear sweep voltammetry for the a PE 2, b PE 3, c PE 4, and d PE
5 in the configuration SS||SPE||SS

Fig. 7 Cyclic voltammetry of the a PE 1, b PE 2, c PE 3, d PE 4, and e PE
5 in the configuration SS/SPE/SS

Table 3 Different contributions of electrical, electronic, ionic conductivity, transference number, and voltage stability window of SPE

Sample code Transference number Electrical conductivity
(S cm−1)

Electronic conductivity
(S cm−1)

Ionic conductivity
(S cm−1)

Voltage stability window (V)

PE 1 – 4.95 × 10−8 – – –

PE 2 0.98 1.95 × 10−7 3.90 × 10−9 1.91 × 10−7 3.37

PE 3 0.97 2.80 × 10−6 8.40 × 10−8 2.71 × 10−6 3.92

PE 4 0.98 1.92 × 10−5 3.84 × 10−7 1.88 × 10−5 3.79

PE 5 0.99 1.44 × 10−5 1.44 × 10−7 1.42 × 10−5 3.40
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along field direction and contribute to dielectric loss dielectric
loss [79, 80]. This dielectric loss increases with an increase in
a number of charge carriers as evidenced from Fig. 8b and
becomes frequency independent at high frequency. The de-
crease in both dielectric constant (ε′) and dielectric loss (ε′′)
reflects the non-Debye behavior shown by present solid poly-
mer electrolyte system [81].

Sigma (σ′′ vs. σ′) representation

The sigma representation is crucial for getting an insight of the
dispersion region at a high frequency in the Cole-Cole plot
and is the plot of imaginary part (σ′′) vs. real part (σ′) conduc-
tivity [82]. The complex conductivity is expressed as
σ(ω) = σ′ + iσ′′,where, σ′, σ′′ are the real parts of conductivity,
imaginary part of conductivity (Fig. 10a–e). As the complex
electrical conductivity can be written using following expres-
sion (Eq. 3);

σ ωð Þ ¼ σ
0 þ iσ

0 0 3 að Þ
σ∞ ¼ σo þ εv εo−ε∞ð Þ

τ
¼ σo þ δ 3 bð Þ

σac ¼ σ
0 ¼ ωεvε

0 0 and σdc ¼ σ
00 ¼ ωεv ε

0
−ε∞

� �
¼ ωεvε

0
3 cð Þ

r ¼ δ
2
¼ εv εo−ε∞ð Þ

2τ
3 dð Þ

8>>>>>>><
>>>>>>>:

Here, σ′ is the real part of conductivity, σ′′ is the imaginary
part of conductivity, ω is the angular frequency, r is the radius
of the semicircle. And, when σ′′ = 0 then low frequency x-
intercept gives dc conductivity (σo) and high frequency x-in-
tercept gives σ∞. The radius of the semicircle (r) is inversely
proportional to the relaxation time (τ). In the sigma represen-
tation, the radius of the semicircle (r) is inversely proportional
to the relaxation time (τ). Table 5 summarizes the various
parameters obtained from the plot. It is apparent from the
Table 5 and Fig. 10 that the diameter of the semi-circle in-
creases with addition of SN in the polymer salt complex. This
implies the decrease of relaxation time (r ∝ 1/τ), as r value is

Table 4 Various parameters obtained from fitting of ɛ′ (ɛ∞, Δɛ, τɛ′, α) and ɛ′′ (Δɛ, τɛ′′,α) plot at room temperature

Sample code ɛ′ ɛ′′

ɛ∞ Δɛ (× 103) τɛ′ (μs) τM (μs) α Δɛ (× 103) τɛ′′ (μs) α

PE 1 20 10.27 1.69 1.12 0.83 19.93 1.82 0.78

PE 2 189 91.16 0.57 0.37 0.64 401.70 1.08 0.63

PE 3 1152 124.47 0.20 0.13 0.48 430.74 0.87 0.42

PE 4 1865 940.54 0.09 0.05 0.53 3998.57 0.26 0.52

PE 5 75 116.82 0.61 0.40 0.52 3356.01 0.52 0.56

Fig. 8 Frequency dependence of
the a dielectric constant (ɛ ′) for
the polymer salt + x wt.% SN, b
variation of Δɛ with for various
SPE, c frequency dependence of
the dielectric constant (ɛ ′′), and d
polarization mechanism. Solid
lines are the best fit to the
experimental data in a and b
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highest for the PE 4 system which exhibits the highest ionic
conductivity also. It suggests that Sigma representation pro-
vides sufficient evidence of the faster ion migration for PE 4
system, and decrease in relaxation time follows the trend of
relaxation time (τ ε′) and molecular relaxation time (τM).

The real part of the complex conductivity

The complex conductivity of the solid polymer electrolytes is
expressed as; σ∗(ω) = σ′(ω) + iσ′′(ω), where real part is
expressed as σ′ = σac = ωεoε

′′ = ωεoε
′ tan δ, and imaginary part

as σ′′ = ωεoε
′ = ωεoε

′′ tan δ. Here ω, εo, ε
′′ are the angular fre-

quency, dielectric permittivity of the free space, and dielectric
loss. In case of polymer electrolytes ion migration occurs

through two phenomena, (i) ion migration via the coordinat-
ing sites provided by polymer chain and (ii) segmental motion
of polymer chain [83, 84]. To obtain further information about
the ion migration and dielectric parameters, the real part of the
conductivity has been simulated with a model proposed by
Roy et al. [85, 86]. One advantage with this model is that it
provides information in the whole frequency window, as
Jonscher power law is limited to high frequency only.
According to this model, the effective complex conductivity
can be written as

σ*
eff ¼

1

σb
þ 1

iωCdl

� �−1

þ iωCb ð4Þ

Now, considering the Eq. 4, the real part of the conductivity
can be written as

σ
0
ωð Þ ¼

σ2
bCdlωαcos

απ
2

� �
þ σb Cdlωαð Þ2

σ2
b þ 2σbCdlωαcos

απ
2

� �
þ Cdlωαð Þ2

ð5Þ

Fig. 9 Plot of dielectric strength and dc conductivity for different SPE
system

Fig. 10 Sigma representation (σ′′ vs. σ′) of the a PE 1, b PE 2, c PE 3, d PE 4, e PE 5, and f comparative plot of all solid polymer electrolyte

Table 5 Themeasured parameter, σo, σ∞, δ, and r from the plot of σ′′ vs.
σ′ for various SPEs at RT

Sample code σo (S cm−1) σ∞(S cm−1) δ (×10−7) r (×10−7)

PE 1 6.12 × 10−9 7.03 × 10−8 0.64 0.32

PE 2 1.59 × 10−8 2.01 × 10−7 1.85 0.92

PE 3 1.27 × 10−7 2.75 × 10−6 26.23 13.11

PE 4 0.63 × 10−6 1.62 × 10−5 155.82 77.91

PE 5 0.13 × 10−6 1.21 × 10−5 119.71 59.85
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The high-frequency Jonscher power law expression is also
included in the real and imaginary part of conductivity

σ
0
ωð Þ ¼ σb 1þ ω

ωh

� �n� 	
ð6Þ

Here, both n and s have a value less than unity. For com-
plete frequency window analysis, we replace the σb in Eq. 5
by Eq. 6, and this final equation is used for fitting the exper-
imental results. Where, Cdl is frequency independent double
layer capacitance, ω is the angular frequency, s and α are
exponent terms with value < 1 and Cb is the bulk capacitance
of solid polymer electrolyte.

The variations of real (σ′) and imaginary part (σ′′) of the
complex conductivity as a function of frequency for PEO
electrolyte with varying content of SN are shown in Fig. 11a
and b. The plot infers the increase of ac conductivity with
frequency and three distinct regions are identified, (i) low
frequency electrode-polarization region, (ii) frequency inde-
pendent plateau region in intermediate frequency, and (iii)
high-frequency dispersive region. In the low frequency, ac
conductivity increases with frequency and is the result of
dominance of the electrode polarization phenomena due to
sufficient time to dipoles for orientation. The intermediate
frequency plateau region is associated with the dc conductiv-
ity and implies the long-range ion migration. This indicates
that the impedance spectroscopy is powerful technique to un-
derstand the ion transport in polymer electrolytes [87]. Then,
the high frequency dispersion region is observed

corresponding to the ion migration by hopping mechanism,
i.e., short-range ion migration. This switch from the interme-
diate region to dispersive region occurs at particular frequen-
cy, i.e., hopping frequency (ωh). It may be noted that for pure
PEO, all three regions appears, but after addition of SN, the
high frequency dispersive region disappears. This implies that
the ωh shifts toward the higher frequency with addition of SN
[88–91]. The high frequency dispersion region is associated
with the short-range ion migration due to charge carrier’s con-
finement in the potential wells. This is in correlation with the
impedance plots which shows the disappearance of the high
frequency arc (associated with bulk properties) with addition
of SN in polymer salt complex. This suggests that the ac
conductivity is a bulk property of material and provides evi-
dence of the type of conduction mechanism in polymer elec-
trolytes. It reflects that the ion migration in solid polymer
electrolyte is the combined effect of the hopping process and
segmental motion of polymer chains [92]. To obtain more
crucial information, the complex conductivity plot is fitted
by the equation proposed by Roy et al. [85] which also includ-
ed the universal Jonscher power law which provides details
only of the high frequency region. So, we have fitted the ac
conductivity plot in the whole frequency window, shown by
solid line in the plot [58, 85].

Figure 11 a shows the fitted plot of frequency dependent
conductivity in the whole frequency window (shown by solid
line) using σb, ωh, α, and n as variable parameters. It may be
noted that both the experimental and fitted plots are in good

Fig. 11 Frequency-dependent a
real part (σ′), and b imaginary part
((σ′′) of complex conductivity for
solid polymer electrolyte. Solid
lines are absolute fit to
experimental data points. The
dotted line shows the change in
ωmax and ωon with SN content

Table 6 Comparison of fitted parameters for real part of the complex conductivity for different PEs at RT.

Sample code Conductivity (× 10−6 S cm−1) ωh (×10
5) α n Cdl (μF) τh (μs)

ac Bulk

PE 1 0.05 0.04 0.52 0.57 0.48 0.02 19.1

PE 2 0.22 0.19 3.71 0.85 0.47 0.03 2.69

PE 3 0.95 2.80 8.13 0.38 0.77 1.66 1.23

PE 4 1.42 19.2 15.17 0.26 0.79 21.1 0.65

PE 5 1.12 14.4 9.13 0.31 0.98 14.2 1.09
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agreement with each other. The fitted parameters (σb, ωh, α, n)
are summarized in Table 6 at room temperature. It may ob-
served from Table 6 that, hopping frequency (ωh) increases
when salt is added in the pure PEO and increases further
addition of SN. The high hopping frequency for the PE4 sug-
gests the higher dc conductivity due to lowering of hopping
relaxation time (τh) for this system and is in agreement with
the impedance study [85]. The increase in the conductivity is
also related to increase in the disorder in the polymer chain
arrangement after SN addition. For further strengthening the
result, a correlation of various fitted parameters has been built
in the upcoming section with the ionic conductivity. This sug-
gests that addition of SN increases the polymer flexibility and
hopping of cation from one coordinating site is faster. For,
ω > ωh, the two processes may occur, (i) correlated forward-
backward-forward hopping (unsuccessful hopping) and (ii)
ion migration to the new coordinating site (successful hop-
ping) [93–95]. The correlated forward-backward-forward
hopping reflects the insufficient time to the cation to move
to next coordinating site and results in dispersion in the high
frequency window. It is also noted that value of both exponent
parameters is less than unity. Decrease in the value of α indi-
cates the ion migration via hopping process and is explained
by correlated barrier hopping (CBH) model [96].

The frequency dependent imaginary part (σ′′) of the com-
plex conductivity is shown in Fig. 11b. The plot is divided in
the region depending on two frequencies, onset frequency
(ωon) and maximum frequency (ωmax), (i) low frequency elec-
trode polarization (EP) region, (ii) intermediate frequency dc
conductivity region, and (iii) high-frequency dispersion re-
gion. It may be observed from the plot that as we move from

right to left on frequency axis, the decrease in the σ′′ occurs
and a minima σ′′ is associated with the onset frequency (ωon)
linked with onset of electrode polarization. At this frequency,
electrode polarization starts to build up and on moving toward
decreasing frequency, maxima in σ′′ is observed associated
with the maximum frequency (ωmax). It implies that, at this
frequency, maximum polarization is achieved [95, 97–100]. It
is also observed σ′ starts decreasing when the maxima in σ′′ is
observed as evidenced from Fig. 11a and b. Also, the polari-
zation region in Fig. 11b is wider for SN-doped polymer salt
matrix as compared to the SN free, i.e., polymer salts matrix. It
may be concluded that the addition of SN plays effective role
in enhancing the dielectric properties and cation migration in
the solid polymer electrolyte.

Modulus study

The suppressed electrode polarization region in the complex
permittivity is analyzed by using the modulus formalism in the
whole frequency window. The modulus data is expressed in
terms of reciprocal of complex permittivity and is expressed as
M∗ = 1/ε∗ =M′+jM^.

Real and imaginary part of Modulus

Figure 12a and b show the variation of the real (M′) and
imaginary (M′′) parts of complex modulus against the fre-
quency. In case of polymer electrolytes, the ion migration
via coordinating sites alters the electric potential of the sur-
rounding environment, which further influences the other
ions. This process results in the spread of the relaxation peak

Fig. 12 Frequency-dependent a
real part (M′), (b) imaginary part
of the modulus (M′′), c real part
(C′), and d imaginary part of
capacitance (C′′) for various PEs
at room temperature
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[101]. A long tail is observed in the low frequency window
corresponding to M′→ 0 , and increase in the length of tail
evidenced the large value of electrodes polarization capaci-
tance [101, 102]. A similar result has been reported by Arof
et al. [103]. At high-frequency sharp increase in Fig. 12a and
b indicates the dispersion region (presence of relaxation
time) owing to the low probability of ion responding to ap-
plied field [31, 104, 105]. Although there is small peak in the
pure polymer and disappears with addition of salt and SN,
this peak is corresponding to the transition from the long-
range migration (translation) to short-range ion migration
(dipolar) and lies beyond the measured range which evi-
dences the non-Debye type nature. There is no peak in the
dielectric loss spectra that evidences the coupled ionic and
segmental motion [106–108]. The rapid increase in Fig. 12b
at high frequency is attributed to the ion hopping from one
coordinating site to another. The lower value in modulus
spectra (M′′) as in Fig. 12 b is an indication of fast ion mi-
gration and is evidenced by the modulus relaxation time (τm)
that shows minima for the PE4 system. The lowering of the

relaxation time reflects the highest ionic conductivity for this
system [109]. Further, the real (C′) and imaginary (C′′) part of
the capacitance are obtained using the equation; C′(ω) = Z′
′/ω(|Z(ω)|)2, C′′(ω) = Z′/ω(|Z(ω)|)2; here, Z′ and Z′′ are the real
and imaginary parts of impedance and ω is angular frequency
(=2πf). Real part of capacitance indicates the storage of ions
while imaginary part is associated with the energy loss in the
polymer electrolyte [110]. The variation of the real and imag-
inary part of capacitance is shown in Fig. 12c and d. For, all
the solid polymer electrolytes, the real and imaginary part of
capacitance decreases with frequency. Figure 12 c and d
depicts the plot of real and imaginary part of capacitance
against the frequency. It is observed that both component
show decreasing trend with an increase of the frequency.
The addition of SN in the polymer salt matrix increases the
ions in the polymer matrix that contributed to capacitance,
and highest capacitance is observed for the PE4 system. The
highest capacitance is associated with the polymer electro-
lyte with highest ionic conductivity and is in perfect correla-
tion with the dielectric constant value.

Fig. 13 Correlation of a ionic
conductivity (σ), b τε0 , c τM, d τh,
and e double-layer capacitance
(Cdl)
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Correlation of ionic conductivity (σ) with double layer
capacitance (Cdl), and various relaxation times
(τε0 ; τM ; τh )

It was concluded from the above discussion that the ionic
conductivity is linked with the relaxation time and number
of charge carriers. So, correlation of the ionic conductivity is
built-up with relaxation time (τε0 ; τM ; τh ) obtained by a
different process (Fig. 13). Figure 13a, shows the variation
of ionic conductivity with SN content and shows maxima
for 10 wt.% SN content. This maximum may be due to the
increase in the number of ions participating in the conduction.
It reflects the crucial role played by the SN on altering the
polymer matrix and the polymer flexible that promotes the
faster ion migration from one coordinating site to another.
While at high SN content decrease in the conductivity is due
to the dominance of the plastic nature which shows a negative
effect. At optimized content-enhanced polymer flexibility pro-
motes the faster ion migration from one coordinating site to
another.

While at high SN content decrease in the conductivity is
due to the dominance of the plastic nature which shows a
negative effect. Figure 13b and d show the variation of the
relaxation time (dielectric relaxation time, molecular relaxa-
tion time, hopping time) against the SN content. It may be
noted that the optimized system (PE4) shows minima in all
relaxation time. The lowering of the relaxation time implies

that at this content, maximum number of ions are available for
migration, as well as faster chain segmental motion is ob-
served due to reduced viscosity of polymer chains. The vari-
ation of the double layer capacitance with SN content is
shown in Fig. 13e and is maximum for the PE4 system. As
capacitance is related to the storage capacity of ions, so it
suggests that the present system has a large number of free
ions. In conclusion, it may be stated that the lowering of the
relaxation time and maxima in the ionic conductivity is a
result of the presence of the polar nitrile group in the SN.
All results are in absolute correlation with each other.

Ion transport mechanism

To understand the role of the SN in improving the proper-
ties of the polymer matrix, an ion transport scheme is pro-
posed. The constituents of the solid polymer electrolyte are
PEO, NaPF6, and SN. Figure 14 a shows the pure PEO
chains and are crystalline in nature. Now, when salt is
added in the pure PEO, then the salt get dissociated in
the cation (red circle) and anion (yellow circle). Two pos-
sible interactions exists here, (i) As cation (Na+) is Lewis
acid, it has tendency to coordinate to the ether group of the
polymer chain, and (ii) as anion (PF6

−) is bulky in size, it
remains in immobilized state and attached with the polymer
backbone (Fig. 14b). This makes polymer salt complexa-
tion as evidenced by the FTIR analysis. Now, when SN is

Fig. 14 Proposed scheme for the
cation transport. a Pure PEO
polymer chain. b Cation
coordination with PEO. c
Interaction between nitrile group
of SN, PEO, and cation. d Two
competitive interactions of cation
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added to the polymer salt matrix. Now, when the addition
of SN is done in polymer salt matrix, then the presence of
highly polar nitrile group (C ≡N) in the SN alters the sig-
nificant interaction between the polymer and salt. Two pos-
sibilities are (i) cation coordination with ether group of
PEO and (ii) cation coordination with nitrile group. But,
cation has more tendency to interact with ether group than
nitrile due to high electronegativity of oxygen as compared
to nitrogen. As another key effect of SN is that it may
penetrate in between the polymer chains and disrupt the
covalent bonding between them. It results in the enhanced
free volume for the ion migration and promotes the faster
ion migration (Fig. 14c, d) by reducing the viscosity of
polymer chains. Same has been evidenced by the XRD
analysis.

Conclusions

The effect of SN on the structural, electric, and dielectric
properties in PEO-NaPF6 + SN-based solid polymer electro-
lyte prepared by solution cast technique has been investigated.
The morphological, structural, electrochemical, and dielectric
properties were investigated in detail. The XRD analysis sug-
gests the enhancement of the amorphous content on the addi-
tion of SN and is supported by the FESEM analysis. The
complex formation was confirmed by the FTIR and interac-
tions between the polymer; salt is influenced by the SN addi-
tion. The highest ionic conductivity has been found to be 2 ×
10−5 S cm−1 (@RT) for the 10 wt.% SN-doped (PE4) solid
polymer electrolyte. The ion transference number was close to
unity for all systems (0.99), and voltage stability window was
about 4 V which is within the desirable limit for the solid-state
battery applications. The polymer electrolyte system with the
highest ionic conductivity (PE4) has the highest dielectric
constant and infers the high storage capacity. The lowering
of the relaxation time evidences the faster segmental motion
of the polymer chain. The real part of ac conductivity has been
analyzed in the whole frequency window including the low-
frequency electrode polarization region and high-frequency
dispersion region. The optimized system having high conduc-
tivity shows the lowest relaxation time (τε0 ; τM ; τh ) and is in
good agreement with double-layer capacitance and high di-
electric constant value. The modulus spectra evidence the
presence of single relaxation and increased capacitance. The
ionic conductivity shows one-to-one correspondence with the
relaxation time and double-layer capacitance and confirms the
PE4 as an optimized system. Finally, an ion transport scheme
has been proposed to highlight the role of SN inmodifying the
interactions between polymer and salt.
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