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A novel blended solid polymer electrolyte comprising polyethylene oxide and
polyvinylpyrrolidone polymers for blending and sodium nitrate (NaNO3) as ion

29 January 2019 conducting species has been optimized via standard solution-cast technique.

XRD, FESEM, and FTIR were performed to obtain the information about the
© Springer Science+Business structural changes, morphology, and microstructural changes (polymer—ion and
Media, LLC, part of Springer ~ ion—ion interactions) of the solid polymer electrolyte films. The electrochemical
Nature 2019 impedance spectroscopy, linear sweep voltammetry, and i—f characteristics were

performed to evaluate the ionic conductivity, voltage stability window, and ion
transference number. The impedance study was done in a broad temperature
range (40-100 °C). The DSC and TGA were used to obtain information about the
thermal transitions and thermal stability of prepared films. The ion dynamics is
further investigated by analyzing the complex permittivity, loss tangent, and
complex conductivity. All the plots were fitted through established theoretical
model/expressions in whole frequency window to obtain dielectric strength, ion
conduction path behavior, and relaxation time. Transport parameters such as
number density (1), mobility (x), and diffusion coefficient (D) of mobile ions
were obtained by three methods and compared satisfactorily. Lastly, a coherent
mechanism for the migration of charge transport carriers within the solid
polymer composites has been proposed based on the performed experimental
outcome.

Introduction application in the transport and portable electronic

sectors. The most appropriate energy source is the Li-
In view of collective demand of energy worldwide  ion battery (LIB) technology, which is chosen due to
and exhaustion of the traditional energy resources  its high specific energy density, broad electrochemi-
(fossil fuels, coal, etc.), it becomes mandatory to cal potential window, a prolonged service life, and no
develop the clean and renewable (C&R) resources for ~ memory loss. However, the limited availability of the
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lithium metal and high price force the researchers to
develop its alternative. Therefore, research in the
field keeps trying parallel development of secondary
batteries which could be able to fulfill the desire of Li-
associated energy storage device and could be able to
eliminate the hurdle associated with it. In this line,
the most feasible and competitive element that has
the potential to replace lithium (Li) is sodium (Na). It
could be possible due to its high abundance (1000
times more than Li), low toxicity, lower price, voltage
versus SHE (2.7 V), and no geographical boundaries.
Recently, again there is huge work carrying on all
over the world to develop sodium-ion batteries (SIB)
[1-4].

As any rechargeable battery consists of four com-
ponents as (1) cathode, (2) anode, (3) electrolyte, and
(4) separator, during the transportation of charge
carrier, ions are shuttled between the two electrodes
via the electrolyte and separator prevents the physi-
cal contact of electrodes to avoid from short-circuit-
ing. Electrolyte provides the path for conduction and
plays a tremendous role during charging/discharg-
ing operation. It seems that electrolyte is a crucial
component of any rechargeable battery system. The
existing battery technology is based on the electrolyte
consisting of organic/inorganic separator pored with
ionic liquids (like LiPF¢) that challenges the safety
issues on every step in terms of volatility, leakage,
reaction with electrodes, and flammability. In this
way, it becomes mandatory to eliminate the above-
said issues to fulfill the dream of a safe/stable sec-
ondary battery system [5].

Research and development of polymer electrolytes
(PEs) have gained the interest of the scientific com-
munity as an alternative of the traditional liquid-
based electrolytes due to advantages such as light-
weight, flexibility, geometric stability, improved
safety, and no leakage [6, 7]. Firstly, the gel polymer
electrolyte (GPE) was developed by the addition of
organic solvent as a plasticizer (such as EC, PC, DEC)
in polymer salt matrix and displayed improved
properties as compared to the liquid electrolyte. But,
poor mechanical property and interfacial issues pre-
vented their use for the safe battery system. Solid
polymer electrolyte (SPE) films seem to be the best
alternative and have the potential to eliminate all the
above-said issues of the traditional and gel polymer
electrolyte system. The major advantage with the SPE
is simple and low-cost design strategy, flexibility, and
miniaturization of devices that automatically lowers
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both cost and weight. As no liquid part is used, so all
solid-state battery guarantees great safety with
respect to existing one. The desirable properties for
SPE are high ionic conductivity, broad operating
voltage, and desirable mechanical, thermal and
interfacial properties. One more important advantage
of SPE become essential to mention here that it could
be able to serve the dual purpose of electrolyte and
separator in any such energy storage/conversion
devices [7-12].

Some recently published works reported the
exploration of SPEs for the application in battery to
employ various compositions, i.e., poly (vinylidene
fluoride-hexafluoropropylene) [P(VdF-co-HFP)] [13],
polyethylene oxide (PEO) [14], polyvinylpyrrolidone
(PVP) [15], PAN [16, 17], poly (vinyl alcohol)/poly
(vinylpyrrolidone) (PVA/PVP) [18], PVA-PMMA
[19], and PEO-PAN [20-22]. In aforementioned sys-
tem combination, polyethylene oxide (PEO) gains
more attention as a host polymer due to its wide
range of properties like the good capability of com-
plex formation with many salts, high ionic conduc-
tivity, and the presence of electron-rich ether group
in polymer backbone (CH,-O-CH;). However, its
semicrystalline nature results in low ionic conduc-
tivity and prevents its use in such application. In
order to remove this drawback of PEO, there are
various approaches (like polymer blending, cross-
linking, etc.) have been adopted to suppress its
crystallinity. In adopted approaches, polymer
blending seems more convincing and effective, as
polymer blending combined and improved the
properties as compared with individual host poly-
mer. The most common interaction existing in poly-
mer blends is (1) hydrogen bonding, (2) dipole-
dipole interactions, and (3) ionic interactions [23]. The
best polymer for blending is the poly (vinylpyrroli-
done) (PVP) due to high amorphous content and
presence of rigid pyrrolidone group and carbonyl
group (C=0). The former one promotes faster ion
dynamics, while latter one promotes the possibility of
complex formation with various inorganic salts
[24-27].

Recently, a few investigations have been carried
out to prepare solid polymer electrolyte using dif-
ferent sodium salts [26, 28-33]. Our group also
investigated the blend of solid polymer electrolyte
based on PEO-PVP + NaPFq. It demonstrated the
improved electrochemical properties as compared to
the other sodium salts [27]. To the best of our
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knowledge, there is no report on the preparation and
characterization of blend solid polymer electrolyte
with sodium nitrate salt in a wide range of compo-
sition. Hence, the present investigation is the exten-
sion of the investigation of different sodium salts in
view of the exploration of appropriate and compati-
ble solid polymeric separator required for such
devices. Herein, we report the simple preparation of
blend solid polymer electrolyte (BSPE) based on
polyethylene oxide (PEO), polyvinylpyrrolidone
(PVP)-blended matrix complexes with sodium nitrate
(NaNOs3) as aprotic salt. The structural, microstruc-
tural, morphological, electrochemical, transport and
dielectric properties are investigated in detail fol-
lowed by the correlation between the above results.
On the basis of the experimental results, an ion-
transport mechanism has been proposed to visualize
the obtained results in a simple and logical manner.

Preparation of BSPE films

Blended solid polymer electrolyte has been prepared
by the solution-cast technique. First of all, the poly-
ethylene oxide (PEO; 0.4 g) and polyvinylpyrrolidone
(PVP; 0.1 g) (Aldrich) are added with methanol
(Aldrich) in the required wt%, and the solution is
stirred till a homogenous solution is obtained. Fig-
ure la shows the interaction between the two poly-
mers. Then, the salt is added in the stoichiometric
ratio (O/Na = 2,4, 6, 8,10, 12, 14, 16, 20) to the blend

Figure 1 a Blend polymer (a)
electrolyte formation and PEO
b polymer salt complex
formation.
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polymer solution, and solution is stirred again till a
transparent solution is obtained. Then the solution is
cast in the Teflon Petri dishes and allowed to evap-
orate slowly followed by vacuum drying. Finally, a
freestanding polymer film is obtained and kept is
vacuum desiccator (with silica gel) for further char-
acterization. The average thickness of the films was
~ 100 to 120 pm measured using micrometer (Digi-
matic Micrometer, Mitutoyo). Figure 1b shows the
interactions between the blend polymer and salt.

Characterization techniques

The structural investigations were obtained by X-ray
diffraction (XRD) (Malvern Panalytical) with CuK,
radiation (1 = 1.54 A) in the Braggs angle range (20)
from 10° to 60°. The morphological properties are
obtained using the field emission scanning electron
microscopy (FESEM) (Carl Zeiss product). The
microstructural and presence of interaction among
the different component of the PNC are obtained
through Fourier transform infrared (FTIR) spec-
troscopy (Model: Bruker Tensor 27, Model: NEXUS-
870) recorded in absorbance mode in the wavenum-
ber region 600-3000 cm™~' with a resolution of
4em.

The impedance spectroscopy has been performed
using the electrochemical analyzer (CHIZ760, USA) in
the frequency range of 1 Hz-1 MHz and temperature
range of 40-100 °C (Temperature Controller; Marine
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India). An AC signal of 20 mV is applied across the
cell configuration SSIBSPEISS. Here, SS refers to
stainless-steel electrodes. The activation energy (E,)
for ionic transport is estimated from the slope of the
linear fit of the Arrhenius plot (log (¢/S cm™) vs.
1000/T plot) represented by o = gpexp (— E,/kT),
where oy is the constant pre-exponential factor and E,
is the activation energy. The parameter T stands for
the absolute temperature and k for the Boltzmann
constant. Thermal properties are investigated by
differential scanning calorimetry (DSC; Sirius 3500)
and thermogravimetric analysis (TGA—SHI-
MADZU-DTG-60H). The ion transference number
(tion) has been obtained by i—t characteristics by
applying a fixed DC voltage of 10 mV across the
SSIBSPEISS cell. The linear sweep voltammetry
(LSV) was performed to obtain the voltage stability
window.

The impedance data is transformed into the
dielectric format. Dielectric properties of the synthe-
sized BSPEs are investigated in terms of the complex
dielectric permittivity, loss tangent plot, and complex
conductivity. We have also simulated the complex
permittivity, loss tangent and complex conductivity
plot via established theoretical expression in the
complete frequency window to get a proper insight
of the dielectric relaxation and its influence on the ion
dynamics in the blend polymer matrix. The detail of
the transformation is given in our previous report
[34].

Results and discussion
X-ray diffraction (XRD) analysis

The XRD pattern of the PEO-PVP blend and with
different salt contents over the range 20 = 10°-60° is
shown in Fig. 2. The fundamental peaks of the PEO
are at 19° (corresponding to 120 planes) and at 23°
(corresponding to 112, 032 planes) associated with
the semicrystalline nature of PEO (Fig. 2a). The peaks
are in good agreement with the previous reports.
Several low-intense peaks of PEO are also observed at
14°, 21°, 27°, 29° [37]. The broad characteristics peaks
of PVP are observed at 13° and 21°, and the absence
of this in the blend polymer electrolyte confirms the
blend formation [35-38]. Further addition of salt
alters the peak position and intensity of the crys-
talline peaks (Fig. 2b—j). This indicates the
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Figure 2 XRD patterns of pure PEO-PVP blend polymer with
different NaNOj salt concentrations: (a) PEO-PVP, O/Na = (b) 2,
(c) 4, (d) 6, (¢) 8, () 10, (g) 12, (h) 14, (i) 16, (j) 20.

complexation between the salt and blended polymer
of the prepared thin polymeric separator. The peak
broadening of PEO peak infers the enhancement of
the amorphous content in it. The absence of any salt
peak indicates the complete salt dissociation and is in
agreement with the previous literature [36]. Addition
of salt shifts the peak toward the lower angle side
that infers the suppression of the crystalline part and
is beneficial for the fast ion migration. From the XRD
spectra, structural parameters interlayer d-spacing,
and interchain separation (R) are obtained for getting
insights into polymer salt complex formation. The
interlayer d-spacing is obtained by Braggs law
2dsin0 = /4 and (R) using the equation R = 51/8sin0
[27]. The increase in interchain separation and
d-spacing for both the planes indicates the enhance-
ment of the amorphous content owing to the struc-
tural modification (Table 1). It suggests (1) polymer
blend formation, (2) polymer salt complexation and
enhanced amorphous content, and (3) disruption of
the crystalline arrangement of the polymer chain.
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Table 1 Diffraction parameters for BSPE Field emission scanning electron
Sample (O/Na) 120 plane 112/032 plane microscopy (FESEM) analySIS

200y d(A) R(@A) 20() d(A) R(A)  The surface morphology of the prepared polymer
films has been investigated by the FESEM. Figure 3

;’EO_PVP 1313 22; 2;3 ;igg ig? :;2 shows the FESEM micrographs for the pure PEO
4 1923 461 576 2335 380 475 (Fig. 3a), PEO-PVP blend (Fig. 3b), PEO-PVP + O/
6 1913 463 579 2325 382 477 ~ Na=14 (Fig.30), and PEO-PVP +O/Na=4
8 19.13 4.63 5.79 2325 3.82 4.77 (Fig. 3d). Pure PEO shows the rough morphology
10 19.13 463 579 2325 382 477 that is the characteristic of the crystalline nature of
12 19.15 4.63 578 2326 3.81 477 the polymer, while after polymer blending, mor-
14 19.12 463 579 2324 382 477 phology get drastically changed and disappearance
16 19.16 462 578 2328 3.81 4769  of the rough nature reveals the enhancement of the
20 19.19 462 577 2332 381 4760

amorphous phase. The smooth surface is favorable
for fast ionic transport, and it depicts that polymer
blending has occurred as anticipated in the premise.
Figure 3¢ shows the morphology of the optimized
polymer salt matrix, and changes in the morphology
confirm that complexation has been occurred in
between the salt and polymer. It also suggests the

Figure 3 FESEM
micrographs of a pure PEO,
b blend PEO-PVP, ¢ PEO-
PVP + NaNO; (O/Na = 14),
d PEO-PVP + NaNO3 (O/
Na = 4), e EDS spectra, and
f elemental mapping for PEO-
PVP + NaNO; (O/Na = 14).

| 10 pm

N
0 — . -

2 3
Energy (keV)
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good miscibility between the polymer and salt. This
is also in agreement with the XRD results. This
smooth morphology and enhanced amorphous con-
tent could promote the faster ion migration [27, 39].
Figure 3d shows the morphology of the polymer salt
system with higher salt content (O/Na =4). The
smooth nature of the film and overlapped nature
suggests the complex formation which will support
in lowering the interfacial resistance. However, the
polymer film is seen to have an inhomogeneous
morphology with some salt agglomeration (shown by
a yellow circle) that reveals the inhomogeneous salt
distribution and indicates the presence of an ion pair.
Figure 3 e confirms the presence of salt in the poly-
mer matrix (O/Na = 14) investigated in terms of EDS
spectra. Further, to check the homogeneity of salt in a
blend polymer matrix, elemental mapping of the Na,
O, N is performed for polymer salt matrix (O/Na =
14) and confirmed the uniform salt dispersion in the
complete polymer salt matrix. In brief, FESEM anal-
ysis discloses the (1) polymer blend formation, (2)
polymer salt complexation occurrence, and (3) uni-
form dispersion of salt in an optimized system.

Fourier transform infrared spectroscopy
(FTIR) analysis

Figure 4 depicts the FTIR absorption bands of PEO-
PVP and PEO-PVP + NaNOj in the wavenumber
region 600-3000 cm™~'. The variation in the charac-
teristics groups of the polymer blend and with the
addition of salt is shown by the dotted line. The band
located at 842 cm ™' is assigned to the CH, rocking
mode of PVP, and a minor contribution from the C-O
stretching mode is associated with PEO. The band
located at 952 cm ™" is associated with C-O stretching
vibration mode of PEO. The C-C stretching mode is
located at 1060 cm™'. The fundamental band of the
PEO is observed at 1120 cm™" associated with the C—
O-C stretching mode. The three important bands are:
(1) at 1282 cm™' associated with CH, asymmetric
twisting, (2) at 1348 cm ™! CH,;, bending mode, and (3)
at 1461 cm™' associated with CH, wagging mode.
Two strong absorption bands are located at
1348 cm ™' and 1687 cm™' which correspond to C-N
stretching and C=O stretching, respectively. Then
two important bands associated with the C-H
stretching (symmetric and asymmetric) mode of PEO
are located in the wavenumber range of 2700-
3000 em ™! [27, 32, 40, 41]. The characteristics IR mode
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Figure 4 FTIR absorbance spectrum in the wavenumber region
6003000 cm™" for: (a) PEO-PVP, and O/Na = (b) 2, (c) 4, (d) 6,
(e) 8, (H) 10, (g) 12, (h) 14, (i) 16, and (j) 20.

of anion (NOJj) is located at 680, and 1350 cm ™' in
the polymer salt matrix [42]. To explore the interac-
tions between the polymer and salt, the FTIR spectra
are explained in the forthcoming section (Table 2).

Polymer—ion interaction

Figure 5 shows the magnified view of the (1) finger-
print region, 600-1500 cm ™}, and (2) C-H st. mode,
2700-3000 cm ™. (1) fingerprint region Fig. 5 a shows
the major absorbance bands at 842, 952, 1120, 1282,
1348, 1461 cm ™! associated with the CH, rocking/C-
O stretching, C-O stretching, C-O-C stretching, CH,
asymmetric twisting, CH, bending mode, and CH,
wagging mode, respectively. It can be observed that
even the addition of small amount of salt in all the
blend polymer peaks shows a change in the peak
intensity and shape [15, 26, 27, 29, 32]. This evidences
that salt plays an effective role in altering the polymer
blend system and interactions. The characteristics
band of the PEO located at 1120 cm ™" shifts toward
lower wavenumber side, and asymmetry in peak is
observed. It suggests that the cation get coordinated
with this and complexation between the polymer



J Mater Sci (2019) 54:7131-7155

Table 2 Band assignment and peak position of the functional group of blend solid polymer electrolyte
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PEO- o/ O/ O/ o/ o/ o/ o/ o/ o/ Band assignment

PVP Na = Na=4 Na=6 Na=8 Na=10 Na=12 Na=14 Na=16 Na=20

Wavenumber (cm ™)
842 842 844 844 844 846 842 845 842 845 CH, rocking
952 954 955 951 950 951 950 951 950 950 C-O stretching vibration
1061 1067 1072 1065 1060 1064 1051 1059 1061 1059 C—C bending mode

vibration

1120 1118 1136 1109 1119 1111 1110 1105 1111 1105 Symm and asymm. C-O—
1146 1141 1139 1147 1151 1147 1155 1151 1152 1145 C st.
1238 1241 1239 1239 1239 1242 1241 1244 1239 1241 CH, twisting/wagging
1284 1284 1272 1285 1282 1283 1280 1280 1282 1282 CH, asymmetric twisting
1464 1458 1457 1465 1469 1464 1464 1466 1466 1461 CH, wagging
1659 1657 1653 1656 1661 1659 1665 1667 1662 1658 C=0 stretching
2890 2878 2862 2878 2880 2882 2885 2890 2890 2892 C—H stretching

salts is confirmed. With the further change of salt
content, this peak clearly shows the splitting in three
peaks (Fig. 5b—j). This strongly evidences the poly-
mer salt complexation, and peak broadening suggests
the enhancement of the amorphous content. A new
peak is observed with the addition of salt near
1240 cm ™" and is associated with the CH, symmet-
ric/asymmetric twisting mode of PEO which also
shows noticeable changes with the addition of salt.
The peaks located at 1348 and 1461 cm™' show a
reduction of the intensity and confirm that salt plays
an effective role in alerting the interactions between
the polymer and salt. (2) C-H st. mode; 2700-
3000 cm™' Addition of salt in the blend polymer
matrix changes the peak shape located in
wavenumber region of 2700-3000 cm~'. The
appearance of shoulder peak (indicated by arrow)
evidences the polymer salt complex formation. With
the change of salt content, peak broadening is
observed and PEO structure is altered due to the
interaction of salt with the polymer.

It may be concluded from the above discussion and
analysis that the addition of salt results in a reduction
of intensity and peak broadening which infers the
increase of disorder in the polymer matrix. This
indicates the formation of a favorable environment
for the cation migration which will be further con-
firmed by the impedance and the transport studies.

lon—ion interaction

To further explore the present system, ion—ion inter-
actions are studied by exploring the anion vibration
mode (NO;3) which is IR active, while the cation (Na™)
is IR inactive. The NO; mode exhibits the D3j, point
group and four fundamental modes are observed, i.e.,
vi (A, va (A)), v3 (E), vq4 (E'). The v; (symmetric
stretching mode at 690/1049/1355 cm™') mode is
Raman active, v, mode (out-of-plane symmetric
deformation mode at 830 cm™') is IR active, and v,
(antisymmetric stretching or degenerate mode at
1350 cm™") + v, (antisymmetric deformation mode at
680 cm™ ") are IR 4 Raman active [42]. So the peak
located near the most intense band at 1350 cm ™' is
deconvoluted due to the presence of dominant asym-
metry using the Voigt area function (in Peak Fit soft-
ware) to examine the free anion (NO;) and ion pair
(Na*"-NO;) contribution. The baseline correction was
done prior to deconvolution. The deconvolution pat-
tern gives two types of vibration modes due to asym-
metry: one at lower wavenumber side is attributed to
‘free anion’ vibration (NOj3 ), while the other at higher
wavenumber side is attributed to the ‘ion pairs’ mode
(Na™-NO;) (Fig. 6). A quantitative estimation of the
fraction of free anion (FFA) and fraction of ion pair
(FIP) was examined from the area of deconvoluted
peaks assigned to specific ions using the following

FFA(%) = 52— and FIP(%) = 22—
Here, Afre is the area representing free ion peak and
Apair area of the peak representing as ion-pair peak
[43, 44]. Table 3 summarizes the corresponding free

equation,
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Figure 5 FTIR absorbance (i)
spectrum in the wavenumber

region i 6001500 cm ™', and

ii 2700-3000 cm™" for O/Na

(a) PEO-PVP, and

O/Na = (b) 2, (¢) 4, (d) 6,

(© 8, () 10, () 12, (h) 14,

(i) 16, (j) 20.

%
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Absorbance (a.u.)

Absorbance (a.u.)

A

(ii)

600 750 900 1050 1200 1350 1500 2700 2800 2900 3000
Wavenumber (cm'1)

ion area and ion-pair area along with peak position and
value of correlation coefficient close to unity confirms
the best fit.

It may be observed that the fraction of free ions
varies with salt concentration and increases with salt
concentration initially. Then at high content salt is not
dissociated properly and ion-pair area is more as

@ Springer
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P22

Wavenumber (cm”)

compared to the free ion area. As a high value of free
ion area indicates the availability of more free ions for
conduction, this directly infers the higher ionic con-
ductivity which could be realized as discussed in the
forthcoming discussion. The highest fraction of free
anion is for the salt concentration which exhibits
maximum conductivity (O/Na = 14). It evidences the
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Figure 6 Deconvolution of the NOj vibration mode in the wavenumber range 1330-1370 cm™' for PEO-PVP + NaNO; (O/Na™) a2,
b4,c6,d8, el0, f 14, g 16, h 20, and f variation of FFA and FIP against salt content.

Table 3 Peak position of

deconvoluted free ion and ion- O/Na  Free ion Ton-pair Corr. coff. (%)
pair peak of SPE films Area (%)  Wavenumber (cm™')  Area (%)  Wavenumber (cm ')

2 36.86 1340 23.20 1358 0.99

4 37.41 1340 22.07 1358 0.99

6 38.19 1340 24.19 1358 0.99

8 36.11 1340 25.48 1357 0.99

10 38.92 1340 22.02 1358 0.99

12 28.05 1338 30.46 1351 0.97

14 41.08 1340 20.16 1358 0.99

16 35.03 1340 25.71 1358 0.99

20 35.09 1340 26.46 1358 0.99
proper salt dissociation and is attributed to the cre- salt. It may be noted that corresponding to this con-
ation of the most favorable environment that pro- centration ion pair exhibits a minimum.

vides balanced interactions between polymers and
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Electrochemical analysis
Impedance spectroscopic analysis

The effect of salt stoichiometric ratio on the polymer
blend (PEO-PVP) has been investigated on the ionic
conductivity via the complex impedance spec-
troscopy method in the temperature range 40-100 °C.
(Cell assembly SSISPEISS is shown in inset.)

(a) Oz
OINa=4

L)
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100k 4  ones —Q
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10 L} L) L} L} L}

10 12 14 16 18 20
O/Na

0 2 4 6 8

Figure 7 a Room-temperature log—log fitted complex impedance
plot for different salt concentrations (O/Na). b Log-log fitted
impedance plot of O/Na =14 at a different temperatures of
40-100 °C. ¢ Variation of electrical conductivity with temperature
variation 40-100 °C for different salt concentrations.
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Figure 7a shows the plot of imaginary part of impe-
dance (Z") against the real part of impedance (Z') for
varied salt concentrations in log-log presentation
(Nyquist plot). The plot comprises two arcs: one lying
at low-frequency region corresponds to the elec-
trode—electrolyte interface and high-frequency region
arc to the bulk phenomena. The dip in the plot cor-
responding to the minima in the imaginary part of
impedance indicates the bulk resistance (R,) value
(real part of impedance on the x-axis). It may be
noted that with the addition of salt nature of arc
changes. The lowering in length of high-frequency
arc suggests the lowering of resistivity with salt
concentration. The low-frequency arc increases in
length and indicates the enhanced contribution of the
electrode polarization owing to the ion accumulation
on the blocking SS electrodes [45-50]. It may be
noticed from the inset plot that the minima in the
imaginary part of the plot is lowest for O/Na = 14
based system (inset in Fig. 7a). The solid line in the
plot is the best fit performed with Zgimpwin software,
and perfect agreement between the experimental and
fitted result is obtained. (The fitted circuit is shown in
inset.) It suggests that this is the optimum system and
exhibits the faster ion transport and also provides
approximately evidence of the highest ionic conduc-
tivity. It is discussed further in the following section.

Electrical conductivity spectrum evaluation analysis

The electrical conductivity (¢) has been obtained from
the CIS spectra using the equation ¢ = t/Rb X A,
where ‘t’ is the thickness of the SPE thin film and Ry,
is bulk resistance, A is the contact electrode surface
area of SPE. The Ry, has been obtained from the dip in
the plot. It is noticed from the plot that bulk resis-
tance decreases with varying salt contents and is
lowest for the O/Na =14 salt concentration. The
electrical conductivity is summarized for different
salt concentrations in Table 4. The decrease in the
bulk resistance implies the highest conductivity for
this concentration (~ 3 x 10°°Scem™") and is
attributed to the effective interaction between the
ether group and Na™ cations in the polymer matrix.
A variation of electrical conductivity is shown in
Fig. 7b for the optimum concentration. It shows the
disappearance of the high-frequency arc with tem-
perature and the low-frequency arc is more domi-
nating. It is indicated the thermal activation of charge
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Table 4 Bulk conductivity, ion transference number, ionic/electronic conductivity contribution, voltage stability window and activation

energy for the prepared blend solid polymer electrolyte

O/Na Bulk conductivity (S cm™") Transport number Conductivity (S cm™") ESW (V)
(at 40 °C) (at 100 °C) tion felec Gionic O clectronic

PEO-PVP 321 x 1078 1.63 x 107° - - - - -

2 459 x 107° 9.15 x 107° 0.994 0.006 456 x 107° 275 x 1078 3.72
4 202 x 107° 3.63 x 107* 0.991 0.009 201 x 107° 1.82 x 1077 4.16
6 9.83 x 107° 1.39 x 107* 0.982 0.018 9.65 x 107° 1.77 x 1077 3.99
8 6.35 x 107° 826 x 107° 0.986 0.014 6.26 x 107° 8.89 x 1078 4.02
10 4.74 x 107° 1.05 x 107* 0.999 0.001 473 x 107° 474 x 107° 3.93
12 1.18 x 107° 226 x 107* 0.995 0.005 1.17 x 1073 5.92 x 1078 4.15
14 292 x 107° 332 x 107* 0.998 0.002 291 x 107° 584 x 1078 4.14
16 2.18 x 107° 257 x 107* 0.985 0.015 2.15 x 1072 327 x 1077 4.10
20 6.98 x 107° 7.07 x 107° 0.999 0.001 6.97 x 107° 6.98 x 1077 4.13

carriers that trigger salt dissociation, and lowering of
the bulk resistance infers the enhancement of the
electrical conductivity. This is attributed to the
enhanced polymer chain flexibility that facilitates the
faster ion migration [49]. Figure 7c shows the varia-
tion of electrical conductivity for different salt con-
centrations and in the broad temperature range. The
electrical conductivity increases with the temperature
for all salt concentrations and evidences the faster ion
migration in the polymer matrix.

Thermal activation energy measurement

Figure 8 shows the plot of log ¢ versus 1000/T for
different salt concentrations. It shows an Arrhenius-
type behavior, and it implies that the ion dynamics is
linked with the thermal activation of charge carriers.
The activation energy has been obtained by fitting the
plot with Arrhenius equation; ¢ = gpe F+/¥r where ¢
is ionic conductivity, o, is a pre-exponential factor, E,
is activation energy, and ‘k’ is Boltzmann constant.
The lowering of the activation energy suggests the
highest ionic conductivity. The higher ionic conduc-
tivity is attributed to the reduction of polymer vis-
cosity and hence increase in polymer flexibility. The
thermal activation of charge carriers makes it easier
for cation to jump to the next coordinating site, and
simultaneous presence of enhanced free volume
promotes faster ion migration. It also suggests the
enhancement of the amorphous phase that is desir-
able requirement for the solid-state ionic conductor.

The solid red line in the plot is the fitted Arrhenius
plot [51-53].

The electrical conductivity is higher as compared to
the other existing systems as summarized in Table 5.
It confirms the suitability of the present system for
the application in energy storage/conversion devices.

Ion-transport number analysis

The ion-transport number measurement for the blend
solid polymer electrolyte is examined using Wagner’s
DC polarization technique. Figure 9 shows the plot of
polarization current against the time. Initially, the
higher current is total current which is the totality of
the ionic and electronic currents. This is followed by
the steady state with the passage of time and corre-
sponds to the electronic current. The SS electrodes
prevent the flow of ions across the external circuit, and
this blockage of ions only permits the flow of electronic
current. The ion-transport number has been obtained
using the equation, tion = (It —I)/I; x 100, and
tion + te = 1. The high value of ion-transport number
(close to unity) confirms the ionic nature of the poly-
mer films and is summarized in Table 4 [56-58].

Electrochemical stability window analysis

Figure 10 shows the linear sweep voltammetry mea-
surement, and electrochemical stability window
(ESW) is obtained. ESW enables us to obtain safe
operation limit of the electrolyte in the application
[59]. The voltage stability window is improved with
the addition of salt and is higher than 4 V for the
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Figure 8 Arrhenius plot for
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Table 5 Comparison of ionic

conductivity with the literature Serial no.  Polymer Salt Tonic conductivity (S ecm™')  Temperature ~ References
1 PEO/PVP NaF 1.19 x 1077 RT [26]
2 PEO/PVP NalOy4 1.57 x 1077 RT [31]
3 PEO/PVP NaBr 1.90 x 107° RT [29]
4 PEO/PVP NaPF¢ 592 x 107° 40 °C [27]
5 PEO/PVP NaCl 1.66 x 1077 RT [54]
6 PEO/PEMA  NaClO, 6.67 x 1077 30 °C [55]
7 PEO/PVP NaNO; 292 x 107° 40 °C Our work
8 PEO/PVP NaNO; 2.90 x 107* 100 °C Our work

optimized system that is in the desirable limit for the
energy storage devices application [60, 61]. Table 4
summarizes the voltage stability window for BSPE.

Differential scanning calorimetry (DSC)
analysis

Figure 11a-h shows the differential scanning calori-
metric pattern of the blended polymer without salt
and with different stoichiometric salt ratio free-
standing solid films. It is important to note here that
the lower value of the melting point (T,,) and crys-
tallinity (X.) clearly imply the enhanced polymer
flexibility and favor the ion dynamics in terms of
faster ion migration via coordinating sites of the
polymer chain. It may be noted from Fig. 11a that the
blended polymer without salt shows the melting

@ Springer

peak located at 71.71 °C and with the addition of
small amount of salt peak shifts toward lower tem-
perature (Table 6). This evidences the polymer salt
complex formation which is attributed to the inter-
action between the Lewis base ether group and Lewis
acid cation. This also suggests the disruption of
polymer chain arrangement and disorder produced
in matrix enhances the ion mobility. With further
addition of salt, peak shifts toward lower tempera-
ture and suggests the complexation between polymer
and salt. The melting peak is lowest for the blend
polymer system with the highest ionic conductivity
(Fig. 11f). However, at high salt content again some
shift toward high temperature is observed that may
be associated with the poor polymer salt complexa-
tion [62].
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Figure 10 Linear sweep voltammetry measurement for PEO-
PVP + NaNO; in O/Na (a) 2, (b) 4, (c) 6, (d) 8, () 10, (f) 12,
(g) 14, (h) 16, (i) 20.

In order to further corroborate the DSC analysis
with the above-analyzed XRD results, the crys-
tallinity of the without and with different content of
salt, freestanding solid polymeric films has been
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Figure 11 DSC thermograms for the solid polymer electrolytes
PEO-PVP + NaNOj in (a) PEO-PVP, O/Na = (b) 2, (c) 4, (d) 6,
(e) 12, (f) 14, (g) 16, (h) 20.

Table 6 Thermal properties

of the blend polymer with O/Na T °CO)  Xe (%)

different salt contents

PEO-PVP 71.71 56.11

2 66.23 32.51
4 65.45 21.79
6 66.78 40.06
10 66.65 30.18
12 68.12 39.66
14 65.13 20.72
16 69.17 36.79
20 69.20 54.36

analyzed and recorded systematically. It is very
important and endorsement of the recorded XRD
results in terms of the percentage amorphous content
in the polymer after polymer salt complexation, as
the evaluation of the percentage of crystallinity (%X.)
is so crucial. Therefore, the percentage of crystallinity

has been calculated using equation; X, = ﬁgg‘ x 100,
where AH,,, is the melting enthalpy obtained from the
DSC measurement and AH?, is the melting enthalpy
of pure 100% crystalline PEO (188 J/g) [63].

It is noticed from Fig. 11 that the area of the peak is

the lowest (Fig. 11f) for the polymer salt system
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exhibiting highest ionic conductivity (Table 6). It is
also clear that the crystallinity with the addition of
salt decreases as compared to the polymer blend
which infers the enhanced free volume. This incre-
ment of free volume size in the films certainly
improves segmental motion of polymer chains that
infers the faster cation migration from one coordi-
nating site to another. The calculated results of all the
samples are recorded in Table 6 confirming that the
addition of salt plays an effective role in the
enhancement of the amorphous content and polymer
flexibility both (Fig. 11f). The simultaneous presence
of both the achievement overall promotes the faster
ion dynamics in the matrix. The above results are also
in perfect agreement with the XRD, fraction of free
ion, impedance study, and ion-transport parameters.

Thermogravimetric (TG) analysis

For safe operation of energy device, thermal stability
checking is crucial before its use. The thermogravi-
metric (TG) curves of the blend polymer with and
without salt are shown in Fig. 12. The initial weight
loss is about 7.3%, 3.4% for the blend polymer (PEO-
PVP, i.e., O/Na = 0) and blended polymer with salt
(O/Na = 14), respectively. This is attributed to the
evaporation of solvent and moisture content in BSPE
films. At higher temperature, further weight loss is
observed and at high temperature, (at 370 °C) weight
loss is 10.33%, 8.22% for the blend polymer (without
salt) and blend polymer with salt (O/Na = 14),
respectively. It may be noted that the blend polymer
electrolyte with salt shows the improved thermal
stability inferred by low weight loss (shown by the

100 - 822%) @0_33 %
80 )
105 °C 370 °C

g 60-
it
<
3 40
w -
= |

20

—— O/Na=0
041 —o0/Na=14

100 200 300 400 500 600
Temperature (°C)
Figure 12 TGA thermograms of blend polymer without salt
(PEO-PVP) and with salt for the optimized system (O/Na = 14).
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arrow). Addition of salt slows down the process of
polymer decomposition and reflects the enhanced
stability range. After this temperature (i.e., 370 °C),
rapid weight loss is observed that is associated with
the polymer matrix decomposition followed by
steady plot after 450 °C. It may be concluded that the
high thermal stability of BSPE films (~ 400 °C) is
suitable for the application in sodium-ion batteries
operating at high temperature (than room tempera-
ture) [64].

Dielectric spectroscopy
Complex dielectric permittivity

The complex dielectric permittivity is expressed as
¢t =¢ —j¢”, where ¢ is the real part and ¢” is imagi-
nary part of the dielectric permittivity. The former
one is associated with the polarizing ability or storage
capacity of material and latter one corresponds to the
energy loss [65]. The real part and imaginary part are

_gn v
o zrrzmy and & =

Wm. Here, Z' is real part of impedance, Z” is
imaginary part of impedance, w = 6.28 x f is angular
frequency, and C, = &,A/d is capacitance. The real
and imaginary parts are also written in extended

from as Eq. 1
Ae(1 + x* cos %)
1+ 2% cos G+ x>

expressed by the equation as &' =

g =c€ (1a)
x* sin

/"
g = Ae
1+ 2x*cos 4 + x>

(1b)

where & is dielectric constant for x —» 0, &y is
dielectric constant for x — o0, x = wt; ® is angular
frequency of applied field and 7 is average Debye
relaxation time. Here, o is distribution exponent of
material sample.

Figure 13a shows the frequency-dependent real part
of the dielectric permittivity against the frequency. The
plot shows the decrease in dielectric constant with an
increase in the frequency for all SPE systems. On close
examination, it is noticed that the dielectric constant is
higher for the polymer salt system as compared to the
salt-free blend polymer films. This enhancement of the
dielectric constant indicates the salt dissociation into
cations and anions owing to the interactions between
polymer and salt. The high value of the dielectric
constant in the low-frequency window is due to the
dominance of the electrode polarization region when a
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Figure 13 Frequency-dependent a real part and b imaginary part of complex permittivity for PEO-PVP + NaNOj; in O/Na (= 0 (PEO-
PVP), 2, 4, 6, 8, 10, 12, 14, 16, 20). The solid red line is the fitted plot.

time-dependent electric field isapplied. It results in the
accumulation of the ions on the electrode—electrolyte
interface due to the availability of sufficient time for ion
diffusion [59, 65-67]. Now, when we move from left to
right in the plot (low frequency to high frequency), the
decrease in dielectric constant and change in slope at
an intermediate frequency is observed. The funda-
mental reason behind this is the dominance of the
dielectric relaxation processes in the polymer matrix.
This results in the decrease in a number of ion accu-
mulation which directly reduces the dielectric con-
stant. Actually, in the high-frequency window, the
rapid switching of field direction generates a negative
environment for the dipole alignment and dipoles due
to lack of the sufficient time for rotation/orientation on
the application of field are unable to contribute in
polarization or ion accumulation. The overall effect is
blockage of ion diffusion and hence decrease in
dielectric constant [68-72]. The high value of dielectric
constant indicates the enhancement of the ionic con-
ductivity and follows the relation ¢; = > giniyt;. The
1

effective interactions between the polymer and salt
result in better salt dissociation and higher ionic
conductivity.

Figure 13b shows the frequency-dependent imagi-
nary part of the complex dielectric permittivity, and
solid lines in the plot are the best fit. It also shows the
same trend as real part of complex permittivity. As in
the polymer electrolytes, ions are the diffusion spe-
cies that responds on the application of the field.
When the field direction changes, the ion dynamics is
as follows; when field direction is changed, the ion
gets de-accelerated, followed by a steady state.

Thereafter again ion gets accelerated in the opposite
direction. This results in the generation of heat inside
a matrix that is known as a dielectric loss. The
decrease in dielectric loss at high salt content is due
to ion association owing to the strong Coulomb
interaction [73, 74].

Loss tangent analysis

The loss tangent plot shows the variation of the loss
tangent against the frequency and is the ratio of
imaginary part of permittivity to the real part of
permittivity. The plot shows an increase in the loss
with frequency, followed by a maximum at any
particular frequency, and then again decrease in the
high frequency (Fig. 14). The low-frequency region

15.0

10° 10
Frequency
OOMNa=2 © O/Na=12
O OMNa=4 © OMNa=14
3.0 4 O OINa=6 © O/Na=16
OONa=8 O OINa=20
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Figure 14 Tangent delta loss (tand) versus frequency-dependent
curve for PEO/PVP 4+ NaNOs-based blend polymer electrolyte.
The solid red line is the fitted plot.
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(left side of the peak) is associated with the domi-
nated Ohmic component and maxima at a particular
frequency (relaxation frequency) are observed where
the frequency of applied electric field matches with
the frequency of molecule rotation. At this frequency,
maximum power transfer occurs. This is the high-
frequency region which is associated with the domi-
nated capacitive behavior [72, 75, 76].

The effect of salt concentration is investigated on the
loss tangent peak. It is noticed that the addition of salt
shifts the peak toward the high-frequency side. This
indicates the lowering of relaxation time owing to the
faster ion migration through the coordinating sites
provided by polymer backbone. The highest frequency
relaxation is corresponding to the polymer salts sys-
tem which exhibits the highest conductivity. The
reduction of relaxation time is attributed to the
enhanced polymer chain flexibility which makes easier
cation migration associated with the segmental motion
of the polymer chain. Further to obtain more insights,
the loss tangent plot is fitted with the proposed equa-
tion in our previous report [77]. The proposed equation
is obtained by modifying the Debye equation which
fails to fit the plot in low-frequency window [78]. The
proposed equation agrees well with experimental
results in whole frequency window. The equation is
(=1)

r+x2

o
expressed as, tand = ( x) , where r is the relax-

ation ratio (e/ex), & is static dielectric constant
(x = 0), &, is dielectric constant (x —» o), x = wT; ®is
the angular frequency of applied field and 7 is Debye
relaxation time (reciprocal of jump frequency in the
absence of external electric field). The solid line is the
best fit to the experimental results, and all shows per-
fect agreement with experimental results. The relax-
ation time obtained from the fitting is used to obtain
transport parameters as summarized in the forth-
coming section.

Complex conductivity analysis

The complex conductivity is expressed as,
o(w) = ¢ +is”, where ¢'(= we,e”) is the real part of
conductivity, ¢” (= we,e’) is the imaginary part of

conductivity.
Sigma representation

Sigma representation plot comprises the imaginary
part of complex conductivity (¢”) against the real part
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of complex conductivity (¢') with frequency as the
variable parameter. The ideal plot shows a semicircle
with two intercepts as: ¢,, 05 on x-axis, respectively
[79]. The diameter of the semicircle shows inverse
relationship with the relaxation time and is expressed
as D = % . When imaginary part of conductivity
approaches to zero corresponding to two intercepts,
(1) low-frequency intercept depicts DC conductivity
(6,) and (2) high-frequency intercept provides oy
(Fig. 15). The presence of semicircle in the plot con-
firms the Debye nature of the investigated system.
The nature of plot remains same, but the spike in the
plot and diameter changes with variations of salt
concentrations are clearly visible. The diameter of the
semicircle is highest for the optimized system having
highest ionic conductivity. The highest diameter
value deduces the lowest relaxation time for this
concentration, which is in good agreement with the
impedance results and loss tangent analysis
[27, 80-82]. It may be concluded that the polymer salt
matrix with O/Na = 14 concentration is optimized
concentration for the further study for device
applications.

Theoretical fitting of complex conductivity analysis

Figure 16a, b shows the frequency-dependent real
and imaginary parts of complex conductivity. To
study the salt concentration effect in the whole fre-
quency, the corresponding expressions of the com-
plex conductivity are as follows [81].

. ! + ! 71+i C (2)
e = | —++ w
off o, 1wCq b

The real and imaginary parts of the conductivity
can be written as:

a2Cq* cos (%) + ab(Cdlw“)2

B o2 + 20,Caw* cos (%) + (Cdlw“‘)2

(3a)

o () = a2Cq* sin(%)
0'12) + ZO'de]CI)“ COS(%) + (Cdla)“)

5 + wCy (3b)

The high-frequency Jonscher power law is also
included in this equation as given. The real and
imaginary parts of the conductivity are expressed as:

() = oy [1 ; (wﬂh)] (4a)

and
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Figure 16 Frequency-dependent a real part of complex conductivity (¢’), and b imaginary part of complex conductivity (¢” for PEO—
PVP + NaNOs in O/Na (= 0 (PEO-PVP), 2, 4, 6, 8, 10, 12, 14, 16, 20). The solid red line is the fitted plot.

' (w) = Ao’ (4b)

Here, all parameters have their usual meaning as
earlier and both n" and ‘s’ have a value less than
unity. For complete frequency window analysis, we
replace oy, in Eq. 3a by Eq. 4a and Eq. 3b by Eq. 4b,
where Cg is frequency-independent double-layer
capacitance, o is the angular frequency, s and o are
exponent terms with value <1 and C, is the bulk
capacitance of solid polymer electrolyte. The

combined equations are used to fit the real and

imaginary parts with the corresponding equation.

The real part of complex conductivity

The real part of conductivity against frequency
comprises three regions: (1) low-frequency region
associated with the electrode polarization region, (2)
intermediate-frequency DC conductivity region, and
(3) high-frequency dispersion region (Fig. 16a). The
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low-frequency region shows the increase in the con-
ductivity with frequency, and at intermediate fre-
quency long-range ion migration occurs associated
with cation migration from one coordinating site to
another. The DC conductivity is extracted from this
region. At higher frequency, the ions possess short-
range path and at any particular frequency transition
from long range to short range, path occurs that is
termed as hopping frequency. In the high-frequency
window, two competitive phenomena occur: (1)
unsuccessful hopping (ion jumps back to the previ-
ous coordinating site) and (2) successful hopping
(coordinating site relaxation occurs when ion
achieves new site) [82-84]. The blend polymer with-
out salt comprises all three regions, and with varying
salt concentrations the high-frequency regions dis-
appear completely, while intermediate frequency
regions get shortened. This indicates the shifting of
hopping frequency toward the high-frequency win-
dow associated with faster ion migration. The real
part of the complex conductivity is also fitted with
the equations reported somewhere [81]. The solid red
line is the fitted plot and agrees well with the
experimental results in the whole frequency window.

The imaginary part of complex conductivity

Figure 16b shows the frequency-dependent imagi-
nary part of complex conductivity, and the solid red

I J Mater Sci (2019) 54:7131-7155

line is the fitted result which is in agreement with the
experimental result in whole frequency window. The
imaginary part of complex conductivity decreases
when we move from right to left and a dip in the plot
is obtained corresponding to onset frequency (won).
At this frequency, electrode polarization starts to
build up and conductivity increases. With further
decrease in frequency, peak in the plot is obtained
corresponding to maximum frequency (wmax). At this
frequency, maximum buildup of polarization occurs.
With further decrease in frequency, conductivity
decreases. The same has been reported in earlier
studies also [85-89]. It is important to notice here that
both onset frequency (w,,) and maximum frequency
(wmax) shift toward high-frequency side and are
highest for the polymer salt matrix having highest
ionic conductivity. This infers that for this concen-
tration comparatively faster ion migrations occur and
are in agreement with the loss tangent plot which
shows lowest relaxation time for this system.

Transport parameters

The improved electrochemical and voltage stability
properties on the addition of salt in blend polymer
matrix motivated us to evaluate the transport
parameters also. The transport parameters play a
crucial role in the smooth facilitation of the faster ion
dynamics. The fundamental transport parameters are

Table 7 Approaches to obtaining the number density (1), mobility (1) and diffusion coefficient (D)

Units Method
Bandara and Mellander (B-M) Impedance spectroscopy approach FTIR method
approach
2 —1 P KaeyeoAd)? _ pkgT
D (cm” s ) D_I27 D:(zé; ) D= 2}
— _ed  elkptr Ad) o
’u(sz v! s_l) ! K20 = ZkBTTZ H= e
-3 v) .
KT1,6 — _okeTrp _ _ MxN
N (cm™) n=4ls - (ekzgiqud)z n =74 x free ion area (%)
Parameters 1, is a time constant corresponding to  k, and k; are obtained from the trial M is the number of moles of salt used

the maximum dissipative loss curve,
0 =4d/2, ) is the thickness of the
electrical double layer, d is half-
thickness of the polymer electrolyte

and error on the Nyquist plot; the
value of 7, was taken at the
frequency corresponding to a
minimum in the imaginary parts of
the impedance, Z;, i.e., at Z; —

0, kg is the Boltzmann constant
(1.38 x 107> J K™ ") and T is the
absolute temperature

in each electrolyte, N4 is
Avogadro’s number (6.02 x 10%
mol_l), Vtotal 18 the total volume of
the solid polymer electrolyte, and o
is DC conductivity. e is the electric
charge (1.602 x 107"° C), kg is the
Boltzmann constant (1.38 x 1072
J K_l). T is the absolute
temperature
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number density of charge carriers (1), ion mobility
(1), and diffusion coefficient (D). The three methods
are there to evaluate transport parameters, (1) Ban-
dara and Mellander (B-M) approach, (2) impedance
spectroscopy approach, and (3) FTIR method
(Table 7). Till date, only one report is available that
explored the detailed investigations and compared
the transport parameters obtained by all three
methods [90]. So, to strengthen the present investi-
gation and to provide detailed analysis the transport
parameters are evaluated by all methods. The math-
ematical equations used in evaluating the parameters
are summarized in Table 7.

Figure 17 displays the variation of mobility (u),
viscosity (1) and diffusion coefficient (D) of charge
carriers against the different salt contents using three
different approaches (Table 8). The increase in
transport parameters is associated with the following
reasons: (1) reduction of crystallinity, (2) increase in
segmental motion of polymer chain, (3) decrease in
polymer chain viscosity, and (4) high ion conductiv-
ity. It may be noted that the transport parameters are
in correlation with the XRD, fraction of free ion and
impedance study. The comparison of transport
parameters is also in agreement with the literature. It
may be concluded that the ion dynamics is strongly
influenced by the addition of the salt.

Proposed mechanism
Two-peak percolation model/mechanism

An ion-transport mechanism is proposed on the basis
of the experimental evidence obtained from the
FESEM, FTIR, XRD and impedance results (Fig. 18).
The role of polymer and salt is explored to under-
stand the ion dynamics.

Stage-I As the polymer blending approach was
adopted to develop new polymer electrolyte. When
two polymers have dissolved, the presence of
hydrogen bending results in the blend formation. The
blend formation is also evidenced in the FESEM and
XRD analysis. Now, when salt is added in the blend
polymer matrix, the salt gets dissociated into cations
and anions. Now, cation has two possibilities for
coordination, (1) with electron-rich group of PEO and
(2) electron-rich group of PVP. But it has been con-
firmed in the FTIR spectra that cation is going to
coordinate with the PEO as the characteristics peak
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(-C-O-C-) of PEO shows noticeable changes. So, in
the further mechanism, only PEO chain is shown for
clear representation. So, the cation gets coordinating
sites from the ether group of PEO and on the appli-
cation of the field migrates via these coordinating
sites. However, anion due to its bulky size remains in
the immobilized state and attached with polymer
backbone.

Stage-II When there is lower salt content in the
polymer matrix, the salt gets dissociate completely
into cations and anions. So, cation migrates via the
coordinating sites and contributes to conduction.
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Figure 17 The diffusion coefficient, D, charge carrier mobility,
u, and charge carrier number density, n, with NaNOj salt
concentration O/Na by using three methods: FTIR, EIS, and B-
M methods for the PEO/PVP 4 NaNOs; electrolyte system.

@ Springer



7150

] Mater Sci (2019) 54:7131-7155

Table 8 Summary of number density (n), mobility (x) and diffusion coefficient (D) by three approaches

ONa K, (x107F") & @ 100kHz)  w(us) n(x10®em™>) pu(x10*em’V's) D (x107*) em®s™'

EIS method
2 4.52 1242.68 14.68 1.45 19.7 0.53
4 1.58 3553.95 12.12 25.09 5.05 0.12
6 2.96 1894.1 12.12 7.89 7.78 0.21
8 422 1332.85 17.76 45.11 0.9 0.02
10 451 1246.02 21.55 331 8.81 0.23
12 2.71 2070.08 14.68 21.17 3.48 0.09
14 0.99 5673.76 2.61 2.63 69.3 1.87
16 2.14 2625.86 14.68 72.95 1.85 0.04
20 1.8 3118.73 12.12 0.83 49.6 1.33

ONa 24 (x102cm) 1 (x107*s) & n(x10%em™)  p(x102em*V''s) D (x107%) em’ s

BM method
2 0.01 2.07 163.84 2.80 10.24 2.76
4 0.01 2.75 179.02 41.24 3.07 0.82
6 0.01 2.23 388.87 14.17 4.34 1.17
8 0.01 3.25 313.29 15.47 2.63 0.71
10 0.01 6.7 759.55 6.38 4.58 123
12 0.01 3.78 220.81 34.28 2.15 0.58
14 0.01 1.83 425.18 5.52 33.09 8.93
16 0.01 5.92 22620  112.09 121 0.32
20 0.01 4.4 583.70 1.42 29.2 7.88

ONa Vg (cm’)  FIA(%) 6 (x107%) Sem™ 1 (x10%*em™)  u(x10" em® V''s) D (x 1072) cm®s™!

FTIR method
2 0.02 36.86 0.45 5.01 0.57 0.15
4 0.02 37.41 2.02 2.54 4.98 1.34
6 0.02 38.19 0.98 1.73 3.55 0.95
8 0.02 36.11 0.63 1.22 3.23 0.87
10 0.02 38.92 0.46 1.05 2.76 0.74
12 0.02 28.05 1.18 0.63 11.65 3.14
14 0.02 41.08 2.92 0.79 23.08 6.23
16 0.02 35.03 2.16 0.59 22.85 6.17
20 0.02 35.09 0.68 0.47 9.03 2.44

With further addition of salt dissociation more
number of charges, carriers are available for con-

another maximum in the conductivity is evidenced.
This is associated with the additional contribution

duction that is reflected in the maxima in the con-
ductivity variation. This enhancement is in relation to
the ¢ = neu. This is also evidenced by the FTIR
deconvolution of free ions. Now, when salt concen-
tration is increased further (intermediate salt con-
tent), there is the tendency of the ion-pair formation
and salt is not dissociated completely (shown by the
green circle). This results in a decrease in the number
of free ions and a decrease in conductivity is
observed. With further increase in the salt content,

@ Springer

from the anions. As anion is attached with the poly-
mer backbone and due to increased salt content,
concentration gradient pushes the ion forward that
also contributes to the conductivity. The increased
disruption of the crystalline arrangement in the
polymer matrix allows the anion movement via
increased room for ion migration. Now, with the
further addition of salt (high salt content), there is
again a decrease in the conductivity. This decrease in
the conductivity is due to the following reasons: (1)
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Stage-1

Blend polymer electrolyte

Blend polymer salt complex
e €

Figure 18 Proposed ion-transport mechanism in the solid polymer electrolyte.

dominance of ion-pair formation as well as ion tri-
plets, (2) cation may trap in between the salt aggre-
gates (shown by the green circle), (3) polymer chain
reorganization tendency may enhance due to insuf-
ficient salt dissociation. The simultaneous presence of
these factors results in a decrease in the conductivity
and poor segmental motion. It hinders the ion
migration and is also evidenced by the FESEM which
shows salt agglomeration at high salt content. It may
be concluded that at an optimum concentration of
salt-polymer matrix is able to provide a favorable
environment for cation migration with balanced
interactions. The enhanced improved ionic conduc-
tivity and other desirable properties of an electrolyte
strengthen its candidature for the application in the
sodium-ion batteries.

Conclusion

A novel blend solid polymer electrolyte has been
synthesized using the blended polymer PEO and
PVP and sodium salt (NalNO3) via standard solution-
cast technique. The structural and microstructural
changes have been analyzed through XRD and
FESEM analysis. X-ray diffraction analysis indicates
the reduction of crystallinity and increase in inter-
chain separation evidence disruption of the covalent
bonding between polymers chain which is favorable
for faster ion migration. FTIR spectra confirm the
complex formation and fraction of free anion increa-
ses with the addition of salt that is associated with the
enhancement of a number of charge carriers. The
blend polymer matrix with salt ratio O/Na = 14

@ Springer
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exhibits the highest
x 107> Scm™! at room temperature and is the opti-
mized system. This enhancement in the conductivity
was attributed to the proper salt dissociation. The
temperature dependence of conductivity follows the
Arrhenius behavior, and conductivity increase with
temperature is associated with enhanced polymer
chain flexibility (290 x 107*Scm™! at 100 °C). The
ion transference number close to unity confirms the
ionic nature of electrolyte, and broad voltage stability
window (~ 4 V) is suitable for such applications.
The decrease in melting temperature and crystallinity
is evidenced from the DSC analysis which infers the
increase in polymer chain flexibility which is in cor-
relation with XRD and impedance analysis. The
transport parameters have been evaluated by three
methods: (1) Bandara and Mellander (B-M)
approach, (2) impedance spectroscopy approach, and
(3) FTIR method and are in good correlation with the
literature and impedance results. The enhancement
of the ion mobility and diffusion coefficient is in
correlation with the impedance study. The thermal
stability of the prepared film is up to 300 °C and is
within a safe limit. The complex dielectric permit-
tivity analysis evidences the enhancement of the
dielectric constant with the addition of salt and
indicates the enhancement of a number of free charge
carriers. The loss tangent peak shifts toward higher-
frequency side that implies the lowering of the
relaxation time that suggests the faster polymer chain
segmental motion. The sigma representation also
evidences the lowering of relaxation time that is in
correlation with time obtained from loss tangent
analysis. The AC conductivity analysis shows an
increase in DC conductivity with the addition of salt,
and imaginary part of complex conductivity suggests
the faster ion migration. The ion-transport mecha-
nism has been proposed that highlights the role of
polymer and salt. It may be concluded that the pre-
sent BSPE has the potential to be used as an elec-
trolyte for application in sodium-ion batteries.

ionic conductivity 2.92
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