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Abstract

Research based on solid polymer electrolytes (SPEs) has been improved extensively over the past few decades owing to
their abundance in nature, non-toxicity, low cost, and biodegradability. In this study, natural microbial polymer Xanthan
gum (XG) and biodegradable synthetic polymer polyvinylpyrrolidone (PVP)-based SPEs are synthesized by the solution
casting method. The improvement in the amorphous nature of the blend electrolytes is investigated using X-ray diffraction
(XRD). The complex nature of the blended electrolytes is analyzed using Fourier Transform Infrared Spectroscopy (FTIR).
The conductivity of the 2 XG/98PVP polymer complex is found to be maximum, with a value of 1.01 x 10 Scm™" at room
temperature observed by electrical impedance spectroscopy (EIS). Using a temperature-dependent plot, activation energy
(E,) is found to be minimum with a value of 0.21 eV for the higher conducting sample. From the Argand plot, the non-Debye
nature of the polymer electrolytes is confirmed. The lowest relaxation time () of 6.2 107 s is observed for the 2 XG/98PVP
electrolyte by using the loss tangent spectra. Transference number analysis (TNA) is observed for the confirmation of con-

ductivity due to ions by Wagner’s polarization method.

Keywords Xanthan gum - PVP - XRD - FTIR - AC impedance - Activation energy

Introduction

Energy production, storage, and distribution are the criti-
cal requirements for companies and society in general.
Low-cost solid-state batteries are essential in electronic
industries for the growing equipment such as sensors,
lightweight electrochemical devices [1-3]. In many
electrochemical devices, electrolytes play an important
role. The most popular electrolytes used in electrochemi-
cal devices are liquids, but they can pollute or harm
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the environment since they are difficult to handle dur-
ing device construction and are prone to leak when the
device is damaged. So, for device applications, solid or
gel electrolytes are preferred. The solid polymer electro-
lytes (SPEs), which have several benefits including non-
leakage, volumetric stability, and solvent-free conditions,
are well recognized to be quite alluring. Additionally, they
offer high mechanical and adhesive qualities to a variety
of substrates, a broad electrochemical stability window,
and ease of synthesis in many forms. The extensive use
of synthetic polymer as an electrolyte in materials endan-
gers ecosystems [4-6]. As a result, biodegradable poly-
mers are needed for electrical applications because of its
environmental friendliness [7]. Biopolymers are naturally
found in living organisms and are naturally decomposed
and reabsorbed. Biopolymers are superior alternatives to
synthetic polymers because they are cheaper, environmen-
tally benign, and have specialized functional groups that
require little alteration to change their characteristics [8].
Biopolymers such as starch [9], cellulose [10], agar—agar
[11, 12], pectin [13], alginate [14], carrageenan [15], chi-
tosan [16], and natural gums [17] are generally used in
the preparation of solid polymer electrolytes. The major
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drawback of individual bio-polymer electrolyte is low
conductivity. Biopolymer based SPE consists mostly of a
salt dissolved in a polymer matrix that results in an ioni-
cally conducting solid solution. However, the addition of
salts can also increase the crystalline phase in SPE, which
is not desirable because in such systems the amorphous
phase is mainly responsible for high ionic conduction. The
blending of polymers is the most optimistic and signifi-
cant method that is generally used for synthesizing SPEs
[18-24].

In recent years, many researchers focused on biopoly-
mer-based environmentally friendly SPEs membranes to
be used in electrochemical devices. Now a day, Gum based
polymers are widely used in energy applications. Gums
derived from plants, animals, and microorganisms are also
polysaccharides. The majority of readily accessible gums
have a propensity to gel when water is added; therefore,
they have found use in the oil drilling, pharmaceutical, culi-
nary, and cosmetic sectors.

Xanthomonas campestris is a plant-pathogenic bacte-
rium (Gram-negative bacterium) that produces Xanthan
gum (XG),a complex exo-polysaccharide [25]. XG is a nat-
ural anionic antioxidant biopolymer with a high molecular
weight and high viscosity and is widely utilized in various
industries, including the petrochemical, biomedical, and
cosmetics sectors [26]. In the previous work, XG is used
as a gel polymer electrolyte in many energy storage device
applications such as supercapacitor and batteries [27-29].
The preparation of XG as a solid polymer electrolyte is
quite difficult because of its superior rheological proper-
ties, such as the highly viscous nature of XG [30]. To pre-
pare Xanthan-based solid polymer electrolytes, blending
of two polymers is preferred. For environmental concern,
a biodegradable polymer polyvinylpyrrolidone (PVP) is
chosen for blending. PVP has good absorbency, film form-
ing capacity, water solubility, biocompatibility, and less
electrical conductivity, easily blends with biopolymers, and
has rich physics in the charge transport mechanism [31,
32]. Besides that, plasticizers are usually added to enhance
the amorphous phase of polymer matrix and, consequently,
the ionic conductivity of the electrolyte.

Izabel Caldeira et al. [33] prepared the XG/Polyvinyl
alcohol/ acetic acid based polymer electrolytes by vary-
ing the concentration of acetic acid. The acetic acid acts
as the principal source of protons to obtain the good con-
ductivity. G. S. Guru et al., (2010) reported blending of
Xanthan gum with Poly (vinyl pyrrolidone) at different
temperatures in 0.1 M NaCl solution. The semi-compat-
ible nature of the blend was discussed [34]. Research
articles related with the XG based SPEs in energy storage
applications are very rare.

In this work, a new trial has attempted to blend the XG
and PVP by using ethylene glycol (EG) as a cross-linker to
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improve the mechanical and thermal stability and the con-
ductivity of the polymer electrolyte [35-37].

Materials

The biopolymer XG (C55H,90,9: monomer) with molecu-
lar weight 933.74 g/mol was purchased from Otto Che-
mie, PVP (K90) LR grade (monomer: C;HoNO molecular
weight—111.142 g/mol) was bought from Sd Fine Chem.
Ltd. (SDFCL) and EG (C,H0,) with 99% purity (GC) and
molecular weight of 62.07 g/mol was procured from Merck
Specialities Private Limited.

Preparation method

XG is represented by its high rheological and viscous
properties. The molecular weight of XG is much higher
than PVP. For the preparation of SPEs, XG can be taken
at a small amount compared with PVP. XG and PVP are
water-soluble. Polymer electrolytes were prepared using a
simple solution-casting method. XG and PVP were taken
as 0.5 wt.% XG/99.5 wt.% PVP, 1 wt.% XG/99 wt.%
PVP, 1.5 wt.% XG/98.5 wt.% PVP, 2 wt.% XG/98 wt.%
PVP, and 2.5 wt.% XG/97.5 wt.% PVP, and 0.65 ml of
crosslinker EG was mixed with the blend. For the synthe-
sis of the polymer matrix, a total of 1 g of blend polymers
was taken. XG was dissolved in 40 ml of distilled water at
80 °C for 4 h by vigorous stirring. PVP was dissolved in
30 ml of distilled water at room temperature for 1 h. After
the complete dissolution, the two polymers were mixed
and stirred. Consequently, EG was added drop by drop
with the compound solution. A homogenous solution was
obtained after 24 h of steady stirring at 50 °C. The pre-
pared solution was poured into Petri dishes with 7.2-cm
diameter and placed in an oven at 50 °C for 24 h. The
prepared films were peeled from the Petri dishes and kept
in desiccators for further studies. Table 1 gives the nota-
tion for the prepared polymer electrolytes. The schematic
illustration of preparation is shown in Fig. 1.

Table 1 Composition of polymer and their labels

Composition of polymers XG(g) PVP(g) Notations

0.5 wt.% XG/99.5 wt.% PVP  0.04050
1 wt.% XG/99 wt.% PVP 0.07820
1.5 wt.% XG/98.5 wt.% PVP  0.11342
2 wt.% XG/98 wt.% PVP 0.14636
2.5 wt.% XG/97.5 wt.% PVP  0.17724

0.95949
0.92177
0.88657
0.85363
0.82275

0.5 XG/99.5 PVP
1 XG/99 PVP
1.5 XG/98.5 PVP
2 XG/98 PVP
2.5 XG/97.5 PVP
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Fig. 1 Schematic illustration of
the experimental method

Xanthan gum

24 hours of steady
stirring at 50 °C

. 1 hourat room
temperature

Blend electrolyte

'M_Z.S‘XG/ 97.5 PVP

Table2 FTIR band assignments of Pure XG, Pure PVP, Pure EG,
and prepared blend electrolytes

M —— 2 XG/98 PVP
NXG/98.5 PVP

— 1XG/99 PVP

— 0.5 XG/99.5 PVP
N ure PVP

Intensity(a.u)

Assignment Wave number (cm™)
Pure Pure PVP Pure XG/PVP/EG
Xanthan ethylene  blend electro-
gum glycol lytes

O-H stretching 3308 3393 3294 3363

C-H stretching 2917 2951 2938 2942

C=0 stretching 1607 1638 - 1645

C-H bending 1405 1437 1478 1435

C-N stretching - 1292 - 1286

C-O stretching 1025 - 1036 1039

Pure XG

10 15 20 25 30 35 40 45 50 55 60
20 (Degree)

Fig.2 XRD pattern of prepared blend electrolytes

Result and discussion
X-ray diffraction analysis

XRD diffraction patterns of all the prepared polymer elec-
trolytes are shown in Fig. 2. Pure XG has a semicrystalline
structure and shows a noticeable hump at 260 =20° and
a small peak at 20 =28.2°, 31.4°, and 45.1° [37]. PVP
is an amorphous polymer and has a hump at 26 =21.1°,
29.1°, and 40.4° [38]. By increasing the concentration of
XG, the intensity of the hump decreases for all the blend
electrolytes. While increasing the concentration of XG,

there exhibits a small peak at 20 =28.2° for 1 XG/99 PVP.
By increasing the concentration of XG, the peak is disap-
peared and reappears for 2.5 XG/97.5 PVP. The intensity
of the hump is reduced for the samples 1.5 XG/98.5 PVP
and 2 XG/98 PVP and there are no peaks correspond-
ing to XG. This confirms the more amorphous nature of
blended polymers. The variations in polymer wt.% affect
the ordered arrangement inside the polymer membrane and
reduce the semicrystalline nature of SPEs.

FTIR analysis

FTIR is an important analysis used to know about the
interactions between the polymers. The wave numbers
and their corresponding assignments for the prepared
electrolytes are given in Table 2. Pure XG shows peaks at
3308 cm™', 2917 cm™, 1720 em™',1607 cm™, 1405 cm™,
and 1025 cm™', which represent the OH, CHs, and CH,
functional groups, C =0 stretching and bending vibrations
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respectively [39]. The FTIR spectrum of PVP is observed
in the region 3393 cm™'(O-H groups), 2951 cm™~! (C-H),
1638 cm™! (C=0), 1437 cm~}(C =0 stretching), and
1292 cm™! (C-N stretching) [40]. The FTIR spectrum of EG
shows transmittance peaks at 3294 cm™! (vibration of the
O-H group), 2938 cm~! and 2875 cm™~! (C—H stretching),
1478 cm™! (C=0 stretching), and 1084 cm™! and 1036 cm™!
(C —O stretching) [41, 42]. The FTIR spectrum of the XG/
PVP/EG-blended polymer electrolytes is shown in Fig. 3a.
The vibrational peak at 3363 cm™! confirms the interaction
of the O—H groups between XG/PVP/EG. The prominent
peaks of XG/PVP/EG at 2942 cm~! and 2870 cm™! are
observed in all the blend electrolytes which are attributed
to C—H stretching. The significant evidences of cross-linker
EG in the solid electrolyte are observed by analyzing the
2000-800 cm™! spectral region. The major changes in the
FTIR spectrum are highlighted and shown in Fig. 3b. The
peak corresponding to the C=O stretching and C—O bending
mode of molecules is observed at 1645 cm™" [27, 43]. The
peak at 1645 cm™ reflects the interaction between the XG
and PVP [44]. The ester group linkages are formed during
the interaction of XG with EG at 1435 cm™, indicating the
symmetrical C= O stretching vibration [36, 45]. The peak
at 1286 cm™! is attributed to C-N stretching vibrations. The
anhydro glucose ring is identified by peaks in the range of
1026-1056 cm™!, which is a part of the molecular structure
in XG [28]. There is a significant decrease in the intensity
of the peak at 1039 cm™~! which is due to C—O stretching on
the polysaccharide skeleton [46] for sample 2 XG/98 PVP.
The intensity variations at 1039 cm™! show the interaction
between carbonyl groups and the complex nature of the
blend electrolyte.

Fig.3 a FTIR spectrum of 0.5 a

AC impedance analysis
Cole-Cole plot

The ionic conductivity of the blended electrolyte is calcu-
lated using AC impedance spectroscopy. Figure 4 shows
the Nyquist plot of the blended polymer electrolytes. A
semicircle can be seen in the Cole—Cole plot because of
both mobile and immobile ions [38]. A semicircle with a
spike is observed for all the prepared samples. The Z-view
software is used for fitting the semicircle by the construc-
tion of an equivalent electrical circuit [47]. In an equiva-
lent circuit, the parallel combination of bulk resistance
(R,) and Constant Phase Element-1 (CPE 1) denotes the

100000
R1 R2 CPE2
75000 - S
= 0.5XG/99.5 PVP
e 1XG/99PVP
~ A 1.5XG/98.5 PVP
S 00004 v 2XG/98 PVP
N * 2.5XG/97.5 PVP
25000 ettt
gm““:‘ \
04

25000 50000

z'(Q)

7 5000 100000

Fig.4 Cole—Cole plot of Xanthan gum and PVP blend polymer electrolyte

XG/99.5 PVP, 1 XG/99 PVP,
1.5 XG/98.5 PVP, 2 XG/98
PVP, and 2.5 XG/97.5 PVP.
b FTIR spectrum of 0.5 XG/
99.5 PVP, 1 XG/99 PVP, 1.5
XG/98.5 PVP, 2 XG/98 PVP,
and 2.5 XG/97.5 PVP in the
range 2000-800 cm. ™!

—12.5 XG/97.5 PVP

72 XG/98 PVP u
1.5 XG/98.5 PVP u
—1 XG/99 PVP u
(.5 XG/99.5 PVP H

Transmittance(%)

Transmittance(%)

4000 3500 3000 2500 2000
Wavenumber (cm")
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Tab.le?a. Conductivity and Samples Bulk resist- Constant phase element Conductivity (S/cm) Activation
activation energy values of XG/ ance (Ohm) energy (eV)
PVP blend electrolytes CPE-1 CPE-2
0.5 XG/99.5 PVP 76220 59x1071°  5.7x10° 1.18x 1077 0.35
1 XG/99 PVP 66801 2.5x%x10710 1.4x107 1.69%x 1077 0.32
1.5 XG/98.5PVP 37250 551071 7.7%x10°  3.03x107 0.29
2 XG/98 PVP 11861 3.1x107'°  3.0%x107 1.01x107° 0.21
2.5 XG/97.5 PVP 16610 1.7x107'° 14%x10°  7.26%x107 0.27
18000 -3.5
! —=— 0.5 XG/99.5 PVP
L S G 404 —e—1XG/99 PVP
e— 313K
| s 38K —4—1.5XG/98.5 PVP
e 459 —+v-2XG/98 PVP
LK o 328K B g0 T 25XCOISPVE
o 1 —<4- 33K S 77
= 9000+ » 338K £ sl
N | —e—-343K b ™
—%— 348K g
6000- _—m— e 353 K -6'0- e 00000000000000000000000044
1 y f!ff]:]'ztm\.;'\.\ o
30004 VYTV 4, % "n 6.59  sssssssssssssssssasasse
1 7.0
0+ T v T v T v T v s T = T = T v T v T
0 3000 6000 9000 12000 15000 18000 2 3 4 5 6 7
Z'(Q) log ® (Hz)

Fig.5 Cole—Cole plot of 2 XG/98 PVP electrolyte at different tem-
peratures

semicircle and series connection of Constant Phase Ele-
ment-2 (CPE 2) represents the spike at a lower frequency
[48]. The conductivity (o) of polymer electrolyte is calcu-
lated by the following equation,

o= "ar, (1)

Here, t is the thickness of the sample, A is the area of
the electrode/electrolyte interface, and R, represents the
bulk resistance [49, 50]. The conductivity of pure PVP is
reported by SK. Shahenoor Basha et al., as 2.32x 107 S/
cm [51]. With the addition of XG, there exists an improve-
ment in the conductivity and the R, value gets decreased.
Compared to the other blends, the 2 XG/98 PVP sample has
alow R, value and higher conductivity of 1.01x 107° S/cm.
Further addition of XG with PVP, 2.5 XG/97.5 PVP has an
increasing R, value. These values are listed in Table 3. While
increasing the temperature of the sample, the conductivity
is also increased owing to the reduction in viscosity. Con-
sequently, the free volume is produced around the polymer
chain which causes an increase in the movement of ions
[52]. The increase in conductivity with temperature in all
polymer electrolytes is shown in Fig. 5.

Fig. 6 Conductance spectra of XG/PVP blend electrolytes

Conductance spectra

The conductance spectra are plotted between the loga-
rithmic frequency (log ), and its conductivity (log o)
as shown in Fig. 6. The conductance spectra show two
regions, namely the plateau region as the low-frequency
region (frequency-independent region) and the high-fre-
quency region as a dispersion region [53]. The high-fre-
quency dispersion region is caused by the bulk relaxation
phenomenon [54]. Low-frequency region is occurred due
to the space-charge polarization at the electrode—electro-
lyte interface [55]. At high-frequency regions, the con-
ductivity of the polymer electrolytes is increased because
of the high oscillatory movement of ions [56]. Figure 7
depicts the temperature-dependent conductance spectra of
higher conducting sample 2 XG/98 PVP. A wide plateau
region has been observed by increasing the concentration
of XG and increasing the temperature of the higher con-
ductivity polymer electrolyte. As described by the free
volume theory, the mobility of ions and thereby free vol-
ume of the polymer matrix is increased while increasing
the temperature.

@ Springer



5152

lonics (2023) 29:5147-5159

48
5.0+
524
§ 5.4 = 308K
s ] e 313K
b X A 318K
5.6
2 7 2 v K
o ¢ 328K
=ik <« 33K
» 338K
6.0 e 343K
1 * 348K
-6.24 e 353K
b v b L J o L] b v b v b
2 3 4 5 6 7 8

log o (Hz)

Fig. 7 Conductance spectra of 2 XG/98 PVP sample at different tem-
peratures

Temperature-dependent conductivity

The thermally activated Arrhenius behavior is observed
in Fig. 8 which is plotted between 1000/T and log(c). By
increasing the temperature, the conductivity of the sample
is also increased. The activation energy (E,) can be obtained
from the linear fit of the Arrhenius plot. The slope value of
the fitted data is used to calculate the activation energy (E,)
by the given formula:

c= O'Oexp( _E"/KT) 2

In Eq. 2, o represents conductivity and o, is a pre-expo-
nential factor. “K” and “T”” denote Boltzmann constant and

-4.54 = 0.5XG/99.5 PVP
] e 1XG/99 PVP
A 1.5XG/98.5 PVP
-5.04 v 2XG/98 PVP
] ¢ 2.5XG/97.5PVP
554

log ¢ (S/cm)

L] v LJ

—
2.8 2.9 3.0 3.1 3.2 3.3
1000/T (K )

Fig.8 Arrhenius behavior of XG/PVP blend electrolytes
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temperature respectively [57, 58]. The polymeric system 2
XG/98 PVP has a minimum activation energy of 0.21 eV,
which is due to the increased segmental mobility within
the polymer chain. The variation in the value of activation
energy is due to the requirement of energy for the migration
of ions. The activation energies (E,) of the blended electro-
lytes are calculated and listed in Table 3.

Dielectric spectra analysis

The dielectric properties of prepared electrolytes have inves-
tigated in the frequency of 42 Hz to 1 MHz. The real and
imaginary parts of complex permittivity (¢”) and (¢”’) are
expressed by the given equations,

e=¢ —¢" 3)

Here, €/, dielectric constant/real part of dielectric
permittivity.
€, dielectric loss/imaginary part of dielectric permittivity

el = < Z”/ wCy(2% 427 ) > @)
gl = <Z,/wC0(Z/2+Z"2)> 5)

Here, w represents the angular frequency, Z’ and Z" rep-
resent the real and imaginary parts of the impedance and C,
denotes the vacuum capacitance [59]. Dielectric constant (¢)
and dielectric loss are detected as a function of frequency
is shown in Figs. 9 and 10. &’ and €” values are significantly
diminished as the frequency increases. When the frequency
increases, the dielectric values gradually decreases, which
may be a result of polarization effects and the inability of

6000
v
5000 < —=— 0.5 XG/99.5 PVP
—e—1XG/99 PVP
v —4— 1.5 XG/98.5 PVP
4000 <
¢ —v— 2 XG/98 PVP
\y —4—2.5XG/97.5 PVP
5 30004
2000 <
1000 «
0=
v T v T v T v T =
2 3 4 5 6 7

log © (Hz)

Fig.9 Logarithmic frequency vs dielectric constant analysis of XG/
PVP electrolytes
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® » 338K w ]
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) 3 ]
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Fig. 10 Logarithmic frequency vs dielectric constant analysis of 2
XG/98 PVP sample at different temperatures

Fig. 12 Logarithmic frequency vs dielectric loss analysis of 2 XG/98
PVP sample at different temperatures

300004
| \ —=— 0.5 XG/99.5 PVP
\ o—1XG/99 PVP
25000+ v —4— 1.5 XG/98.5 PVP
1 v— 2 XG/98 PVP
20000 < —— 2.5 XG/97.5 PVP
% 150004
10000
5000
0
v J v L) v ] v )
2 3 4 5 6 7
log © (Hz)

Fig. 11 Logarithmic frequency vs dielectric loss analysis of XG/PVP
electrolytes

the dipoles to detect the field variation at higher frequen-
cies [60]. The real part of the dielectric permittivity is used
for the observation of dipole orientation or polarization.
The imaginary part refers to the dielectric loss which indi-
cates the energy required to align the dipoles [61]. At high
frequencies, the dielectric constant decreases because the
applied electric field is lower than the dipole rotation [62].
Polarization occurring at the electrode/electrolyte inter-
faces and the dipolar relaxation process is responsible for
the decrease in the dielectric constant with increasing fre-
quency [63]. Minimal polarization of the dielectric material
results from the sudden inversion of the electric field which
occurs at a higher frequency and prevents the diffusion of
ions along its path [64].

0.16 4 —=— 0.5 XG/99.5 PVP
—e—1XG/99 PVP
{1 —4-15XGI98.5PVP
012d 7 2XGuspve
: —4—2.5XG/97.5 PVP
= 0.08+
0.04 4
0.004
S
2 3 4 5 6 7

log o (Hz)

Fig. 13 Logarithmic frequency vs real part of dielectric modulus
analysis of XG/PVP electrolytes

Figures 11 and 12 show the variation of temperature with
the real and imaginary parts of the dielectric permittivity. It
is noticed that the value of £/ and £” significantly increase
at higher temperatures in the lower frequency range due to
electrode polarization and decrease at higher frequencies,
which is evidence of fast periodic reversal of the electric
field.

Modulus spectra
The real and imaginary parts of the dielectric moduli (M’
and M"") are shown in Figs. 13 and 14, respectively. Modu-

lus spectra are plotted between logarithmic frequency and
dielectric modulus and the formulae are given below,
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0.10
—=— 0.5 XG/99.5 PVP
0.08+ ®—1XG/99 PVP
—A—1.5XG/98.5 PVP
0.06 v— 2 XG/98 PVP
*—2.5XG/97.5 PVP
0.044
= 0.024
0.004
-0.024
-0.04 v T v T v T v T v T
2 3 4 5 6 7
log » (Hz)

Fig. 14 Logarithmic frequency vs Imaginary part of dielectric modu-
lus analysis of XG/PVP electrolytes

M’ = < 6/[6,2+£,,2] > (6)
M = < e / et ) @)

In Egs. 6 and 7, M’ and M" represent real and imaginary
parts of the dielectric modulus values [50]. The long tail is
observed at nearly zero at low frequencies. The peak in the
modulus spectra is shifted from the low-frequency to the
high-frequency region while increasing the concentration
of XG. This is due to the large capacitance associated with
electrodes, which encourages the migration of ions for con-
duction [49, 65]. The bulk effect causes the modulus values
to increase gradually as the frequency increases. This proves
that the blended electrolytes exhibit non-Debye behavior
[48]. Electrode polarization is observed without any disper-
sion, and an extended tail is noted at a low frequency, which
reveals the capacitive behavior of the electrolytes [66]. At
higher frequencies, a maximum shift is observed for the
higher-conducting sample 2 XG/98 PVP.

Argand plot

For the confirmation of the non-Debye nature of the polymer
electrolytes, an Argand plot is plotted between the real and
imaginary parts of the modulus for all XG/PVP blend elec-
trolytes as shown in Fig. 15. A smaller semicircle arc radius
represents a shorter ion relaxation time in polymer electro-
Iytes. In the Argand plot, a sample with higher conductivity
has a small semicircle arc and a shorter relaxation time [40].
Various types of polarization and relaxation mechanisms,
as well as different interactions between ions and dipoles,
contribute to the non-Debye nature. The conductivity of a
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Fig. 15 Complex modulus spectrum of XG/PVP blend samples

polymer electrolyte is closely related to the arc radius [67].
The higher-conducting sample 2 XG/ 98 PVP shows a short
incomplete semicircle arc. It has recently been demonstrated
that conductivity relaxation, in which polymer chain motion
assists ions migration, and no coupling between polymer/
cation motion occurs. This may be responsible for the
Argand plot with a perfect semi-circular arc linked to the
relaxation process [68]. In Fig. 16, the incomplete semi-
circles in the argand plot curves at different temperatures
clearly show non-Debye behavior.

—m—308 K
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A 318K
—v—323K
1 ¢ 328K

<4—333K
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Fig. 16 Complex modulus spectrum of higher conducting sample at
different temperatures
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Dissipation factor (tand)

The dielectric loss factor (tand) is a frequency-dependent
variable used for analyzing the electrical characteristics of
polymers and represents the energy dissipation factor in the
dielectric. A tangent spectrum is drawn between the loga-
rithmic frequency and tand for all prepared electrolytes as
shown in Fig. 17. The interfacial polarization effect may be
responsible for the broad dispersion peak observed at low
frequencies, and dipolar relaxation may be responsible for
the dispersion observed at higher frequencies. Shifting of
the peaks toward a higher frequency represents the existence
of more ions for conduction, which minimizes the sample
resistivity [69]. The loss tangent can be expressed as,

tand = €' /€”, (8)

Here, £/ and €” denote the real and imaginary parts of
dielectric parameters [70]. The variation in the tangent loss
with log frequency for different temperatures is shown in
Fig. 18. The relaxation time () is calculated from tan o spec-
tra, and can be described by Kohlrausch—Williams—Watts
law.

wr =1 )
i\

o) = expl7) (10)

p=114/FWHM (11)

o represents the angular frequency, f represents Kohlrausch
exponent, and FWHM denotes full width half maximum
[49]. The relaxation time (z) of the higher conducting sam-
ple (2 XG/98 PVP) is minimum as 6.20x 107 s. As per the
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Fig. 17 Tangent spectra of XG/PVP electrolytes

tand

Fig. 18 Tangent spectra of 2 XG/98 PVP sample at different tempera-
tures

non-Debye model, the value of f is less than unity (0<f< 1)
[40, 71] for all the samples. The calculated values are given
in Table 4.

Transference number analysis

For all compositions of polymer electrolyte systems, the
transference number corresponding to ionic (#,,) and elec-
tronic (%) transport are determined and shown in Fig. 19.
One of the fundamental techniques used for determining the
transference number is Wagner’s DC polarization method
[72]. The prepared polymer electrolyte is sandwiched
between the two-silver electrodes and fixed DC voltage of
2 V is applied. One silver electrode is coated with a graphite
that acts as an electronic transport barrier. In this method,
direct current (DC) is monitored by the function of time
[73]. The current value is decreased with time. The polariza-
tion current decreases rapidly over time if ions are the major
charge carriers, but it will not diminish over time if electrons
are dominant [74]. The transference number of the blend
electrolytes is calculated by the given equation,

Table 4 Relaxation time and Kohlrausch exponent parameter

Samples Relaxation time 7 (s) FWHM p

0.5 XG/99.5 PVP 5.9%x107* 1.78 0.63
1 XG/99 PVP 7.3x107* 1.67 0.68
1.5 XG/98.5 PVP 2.6x107* 2.02 0.56
2 XG/98 PVP 6.2x107 241 0.47
2.5 XG/97.5 PVP 4.1x107° 2.65 0.43
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Fig. 19 Transference number analysis of XG/PVP blend electrolytes

Table 5 Transference number analysis

Sample Lion tole

0.5 XG/99.5 PVP 0.9857 0.01428
1 XG/99 PVP 0.9866 0.01333
1.5 XG/98.5 PVP 0.9888 0.01111
2 XG/98 PVP 0.9909 0.00909
2.5 XG/97.5 PVP 0.9882 0.01176
tion = (L = 1;/1,) (12)
tae = (I;/1) (13)

Here, t,,, represents the transport number of ions, f,,
denotes the transport number of electrons, /; is the ini-
tial current, and I; represents the final current [50]. The
transference number of both ions (¢,,) and electrons (,.)
are tabulated for all the blends (Table 5). The value of ¢,
for all the blend electrolytes are above 0.98 and it is con-
firmed that the charge transport of the blend electrolytes
is due to hydrogen ions. The transference number value is
close to unity and confirms the domination of hydrogen

ions in a polymer electrolyte [75].

@ Springer

Conclusion

A blend polymer electrolyte using XG and PVP with
0.65 ml of EG as a cross-linker is synthesized by the
solution casting method. The amorphous nature of XG is
increased by blending with PVP, as confirmed by XRD
analysis. The FTIR observations demonstrate that the
interaction of XG and PVP is due to a slight change in the
wavenumber at 1645 cm™! due to pyrrolidone rings and
the stretching modes of the carbonyl bonds. The blending
of XG with EG at 1435 cm™! indicates the symmetrical
C-O stretching vibration. The maximum conductivity
is calculated as 1.01 x 107® S/cm for sample 2 XG/98
PVP using AC impedance analysis at room temperature.
Arrhenius behavior is observed for all the blends and
minimum activation Energy (E,) 0.14 eV is calculated for
the sample 2 XG/98 PVP from the temperature-depend-
ent plot. The dielectric properties of the frequency- and
temperature-dependent spectra are plotted and their char-
acteristics were studied. The non-Debye nature of the
blend polymer system is proved by the dielectric modu-
lus spectra, Argand plot, and tangent spectra. From the
tangent spectra analysis, the lowest relaxation time (7) is
denoted as 6.2 x 107 s, for the higher conducting sam-
ple. The non-Debye nature of the polymer electrolytes
is confirmed by the g (0 < f< 1), value observed from
the tangent spectra. TNA analysis is taken for the con-
firmation of the conductivity due to protons in all blend
electrolytes.
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