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Abstract—Lithium ion conducting poly(ethylene oxide) (PEO):poly(vinyl pyrrolidone) (PVP) polymer blend
electrolytes have been prepared by solution casting technique. The XRD and FTIR analysis confirm the com-
plexation between salt and polymers. The conductivity of the samples is analyzed by impedance spectroscopy
technique within the frequency range of 42 Hz to 1 MHz in the temperature range of 303 to 363 K. The con-
ductivity of polymer electrolytes increases up to 20 wt % of lithium acetate concentration and the higher con-
ductivity is found to be 2.56 x 10~° S/cm at room temperature. The transference number measurements are

also carried out using Wagner polarization technique.
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INTRODUCTION

In the recent years, polymer electrolytes are
broadly considered because of their potential electro-
chemical applications in batteries, energy units, super
capacitors, electro-chromic sensors [1]. Polymer elec-
trolytes have numerous points of interest such as
adaptability, simplicity of processing into thin films,
electrochemical strength and sealing nature [2]. There
are few procedures used to prepare polymer electro-
Iytes, for example, blending of polymers [3], co-
polymerization, addition of plasticizers and ceramic
nanofillers [4] to enhance the ionic conductivity of
Polymer electrolytes. PEO has both crystalline and
amorphous nature at room temperature [S5]. In 1972,
Wright detailed about the lonic conductivity of PEO
with soluble alkali metal salt complexes [6]. The main
short-comings of PEO based solid polymer electro-
lytes are poor ionic conductivity (1078—10"7 S/cm) at
surrounding temperature [7] and low cation transfer-
ence number (<0.3) [7—10]. As of late, PEO has been
easily formed as films and has good lithium ion stabil-
ity. So that, it has been widely contemplated as an
electrolyte and separator materials. The coordination
bonds have been formed by wrapping the lithium ion
with the polymeric chain of PEO [11, 12].

To improve the amorphous nature and conductiv-
ity, the blending of polymers is one of the viable ways.
Blending of polymers frequently display improved
properties that are better than the single polymer [13].
Among the conjugated polymers, PVP is unique

organic one because of its high amorphous nature that
allows quicker ionic mobility. The development of var-
ious complexes with diverse inorganic salts is possible
by using PVP because of the existence of the carbonyl
group (C=0) in the side chain. PVP is exceedingly
solvable in polar solvents, for example, alcohol, water,
etc. And also having high glass transition temperature
T, with great eco-friendly, thermal and mechanical
stability [14]. The another preferred point of PVP is
that the formation of thermally cross connected poly-
mer chain and accordingly, it has extraordinary ther-
mal stability and high mechanical strength of blend
materials [15, 16]. On account of its exceptional attri-
butes, Poly(vinyl pyrrolidone) (PVP) was chosen as
another polymer to prepare polymer blends with PEO.

In last couple of years, ion based strong polymer
electrolytes have been prepared. Lithium batteries
have high energy density because of high polarizing
energy of lithium ions and little cationic size. The
interesting points like no-spillage of electrolyte, higher
energy density, adaptable geometry and enhanced
well-being perils attract the researchers to work on
lithium polymer batteries [17—19]. In the current
work, the solid polymer blend electrolytes based on
the PEO/PVP in addition of different ratios of lithium
acetate have been prepared by solution casting tech-
nique and characterized by various techniques.
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EXPERIMENTAL

PEO (Molecular weight 4 x 10° g/mol) is pur-
chased from Aldrich chemicals USA, PVP (molecular
weight, M, = 9 x 10°) is purchased from (S-d fine
chem-Ltd), India and lithium acetate of molecular
weight M, = 102.02 is purchased from Merck, India.
The solution casting technique is simple and flexible
method to prepare polymer electrolyte. Double dis-
tilled water is used as solvent. PEO, PVP and lithium
acetate are taken in the ratios of (67.5 : 27.5 : 5)
(65:25:10) (62.5:22.5:15) and (60 : 20 : 20). Ini-
tially the polymers PEO, PVP and lithium acetate are
dissolved in distilled water separately. Then it is mixed
and stirred well. The resultant homogeneous solution
is poured into Petri dish and allowed for solvent evap-
oration.

The Powder X-ray Diffraction pattern of the poly-
mer blend electrolytes is detailed using Bruker make
X-Ray diffractrometer using Cu Ko radiation (A =
1.540 A) with scanning rate 5° per minute in the range
of 10°—80°. The FTIR transmittance spectra of the
films are detailed using “SHIMADZU IR Tracer 100”
Spectrometer with a resolution of 4 cm~! in the wave
number range of 400—4000 cm~'. The impedance
measurements are done by the computer controlled
HIOKI 3532-50 LCR Hi-tester within the frequency
range of 42 Hz—1 MHz in the temperature range of
303—363 K. Wagner’s polarization technique is used
to determine the ionic and electronic transference
numbers.

RESULTS AND DISCUSSION
X-Ray Diffraction Studies

X-ray diffraction is a main technique to define the
amorphous nature of the blend polymers. Figure 1 dis-
plays the X-ray diffraction pattern of various composi-
tion of lithium acetate complexed with PEO/PVP
polymer electrolytes. The sharp diffraction peaks
appeared at 18° and 23° corresponding to PEO indi-
cates the crystalline nature [20]. After blending PVP
with PEQ, the peak intensity decreases. As increasing
the concentration of salt with the polymer blend, the
sharp diffraction peaks become, reducing that indi-
cates the increase in amorphous nature in whole poly-
mer system. There is no peak corresponding to lithium
acetate were observed that specifies the nonexistence
of extra salt in the blend polymer films and the broad
dispersion of salt with the polymer system. The char-
acteristic peaks of PEO/PVP/20 wt % lithium acetate
have decreased to a maximum amount than the other
prepared blend polymers.

FTIR Analysis

FTIR investigation is performed to determine the
interaction between the salt and polymers in the elec-
trolytes. The distinctions in the spectral features have
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been seen on looking at the spectra of PEO/PVP with
various concentration of lithium acetate are exhibited.
FTIR spectra of different compositions of
(PEO/PVP/lithium acetate) are given in Figs. 2a and
2b. It is conceivable to ascribe the transmittance bands
of lithium acetate mixed blend polymer complex. The
diverse vibrational modes of interaction strengths and
the occurrence of specific groups may possibly affirm
the presence of different element of the electrolyte
films.

The bands appearing at 3500—3000 cm~' demon-
strates the OH vibration, the band increases by
increasing the concentration of lithium acetate. A
peak at 2885 is seen owing to the asymmetric (CH)
bending of CH, of PEO [21]. The band at 1343 cm~!is
because of CH, bending of PEO. The robust interac-
tion in PEO is CH, twisting at 1282 ¢cm~!, which is

moved to 1278 cm~!, may be because of the bonding of
CH;COO-Liwith PEO/PVP. The slight band at about
1238 cm™! is allotted to CH, symmetric stretching of
PEO [21]. The vibration band at 1099 cm~' is fixed to
C—0O—-C (symmetric and asymmetric) stretching of
PEO [23] that is moved somewhat in all the com-
plexes. The mode in charge of the band at 845 cm™! is
essentially owing to the CH,-rocking through a slight
commitment from C—O stretching movement of PEO
while band at 947 cm™! starts fundamentally in the
C—O stretching with some CH,-rocking [22].

The vibrational band at 1020 cm~! might be
because of the stretching of C—O in PEO. The inten-
sity of the peak increases by increasing the salt con-
centration. These outcomes form the coordination
bonds between Li* particle and ether units (—O—) of
PEO. So that the spectral changes are probable in the
C—O—C stretching and deformation ranges. The band
around 1463 cm™! are ascribed to C=O stretching and
CH, wagging of PVP of the all complexes respectively.
Conversely, for pure PVP, a vibration band observed at
2885 cm~! may possibly be ascribed to aliphatic C—H
stretching of PVP [23]. The bands around 1463 cm™!
are ascribed to C=O0 stretching and CH, wagging of
PVP of all complexes respectively. Consequently, the
spectral analysis approves the complexation of poly-
mer blend and lithium salt. Table 1 shows the vibra-
tional frequencies of PEO/PVP/lithium acetate poly-
mer electrolytes.

AC Impedance Analysis

The characteristic impedance plots (Z' vs. Z") for
PEO/PVP/X wt % lithium acetate polymer electro-
lytes at ambient temperature are shown in Fig. 3.
There exists a depressed semicircular portion in all the
polymer systems. In the complex impedance, repre-
sentation, by increasing the salt concentration, there
exists a spike. The appearance of the spike is mainly
because of the typical jamming double-layer capaci-
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Fig. 1. XRD Pattern of different ratios of lithium acetate doped PEO/PVP polymer systems: (/) 0, (2) 5, (3) 10, (4) 15, and

(5) 20 wt %.

tance. The bulk response of the films in high fre-
quency region is indicated by the semicircle. In the
equivalent circuit, the semicircle is noted by the paral-
lel combination of resistance and capacitance and this
combination produces the impedance effect due to the
passage of ions and the polarization of immobile poly-
mer chains [24].

The intercept of the spike on X-axis of the complex
impedance plot gives the bulk resistance. The ionic
conductivity is calculated by the formula:

o =1/RA, (1)

where /—thickness of the film, A—area of the film and
R,—bulk resistance of the material. By increasing the
salt concentration, the conductivity increases due to the
raise in number of movable charge carriers and a drop in
the crystallinity nature of polymer electrolytes. The
polymer electrolyte PEO/PVP/20 wt % lithium acetate
shows the higher conductivity of2.56 x 10-¢S/cm. The
ionic conductivity demonstrates the effective collabo-
ration among oxygen atoms and Li* cations in the
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electrolytes [25, 26]. From Fig. 4, it is detected that the
conductivity is increasing by increasing the tempera-
ture, indicating the raise in amorphous nature of the
polymer electrolytes. The polymer electrolytes have
more flexible chain that promotes the segmental
motion of polymer that encourages higher mobility
[27].

Temperature Dependent Conductivity

Figure 5 exhibits the linear dependence of log 6T
with respect to inverse temperature (1000/7) for blend
and lithium acetate complexed films. The direct devi-
ation in log 6T versus 1000/ T plot prescribes an Arrhe-
nius-type of thermally started process denoted by

6 =0, exp(—£,/KT), 2)

where o, is the pre-exponential factor, £,—activation
energy, K—Boltzmann constant and 7—absolute tem-
perature. In all the compositions of the polymer blend
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Fig. 2. FTIR spectra of PEO/PVP/lithium acetate blend polymer electrolytes: (/) 0, (2) 5, (3) 10, (4) 15, and (5) 20 wt %.

(a) 4000—600 cm ™', (b) 1800—600 cm™".

electrolytes, ionic conductivity is found to increase
with increase in temperature [28—30].

At the point, when the temperature increases, there
is a creation of little measure of space encompassing its
specific volume because of the vibrational energy of a
fragment of polymer chain. The vibrating energy
winds up adequate to thrust against the hydrostatic

POLYMER SCIENCE, SERIES A Vol. 61

pressure forced by its nearby atoms in this manner
making free volume [31]. In this manner, the free vol-
ume all over the polymer chain creates the movement
of the ions and the segmental movement of polymer
chain and along these builds the conductivity. The
expansion in amorphous nature of the polymer blend
electrolyte gives a more free volume in the polymer
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Table 1. Vibrational frequencies of different concentrations of lithium acetate with PEO : PVP
PEO/PVP/ | PEO/PVP/ | PEO/PVP/ | PEO/PVP/ | PEO/PVP/
Vibrational mod 0wt % 5wt % 10 wt % 15wt % 20wt %
forationat mode oflithium | oflithium | oflithium | oflithium | oflithium
acetate acetate acetate acetate acetate

Symmetric C—H stretching 2885 2887 2885 2885 2887
C—H bending of CH, 1463 1460 1463 1460 1461
CH bending 1342 1342 1342 1340 1340
C—H second overtone 1278 1280 1278 1280 1278
CH, twisting 1238 1238 1238 1238 1238
C—C stretching 1147 1147 1147 1145 1147
Symmc.:trlc and asymmetric C—O—C 1099 1099 1099 1101 1099
stretching
C—Q stretching with some CH, asymmetric 957 960 962 956 962
rocking
CH, ro.cklr.1g in PVP and with some C—-O 847 840 47 240 840
stretching in PEO

electrolyte framework on expanding temperature [32].

By using the linear fitting of Arrhenius plots, the acti-
vation energy values are calculated for the prepared
polymer electrolytes and are listed in Table 2. By
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increasing the concentration of lithium acetate, the
value of activation energy is found to be decreased
steadily. Figure 6 shows the composition dependent
conductivity of polymer electrolytes.
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Fig. 3. Cole-Cole plot of different weight percentage of lithium acetate doped with PEO/PVP: (a) 0, (b) 5, (c) 10, (d) 15, and

(e) 20 wt %.

POLYMER SCIENCE, SERIESA  Vol. 61

No.5 2019



570 SUNDARAMAHALINGAM et al.

Z",Q
1600

1200

800

ok $ADOMN
N AW~

Il
3000

Fig. 4. Cole-Cole plot of PEO/PVP/20 wt % lithium acetate at different temperatures: (/) 303, (2) 313, (3) 323, (4) 333, (5) 343,

(6) 353, and (7) 363 K.
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Fig. 5. (Color online) Temperature dependent behavior of PEO/PVP/lithium acetate polymer electrolytes: (1) 0, (2) 5, (3) 10, (4)

15, and (5) 20 wt % lithium acetate.

Dielectric Studies

The dielectric constant of the polymer blends with
different concentrations of lithium acetate is denoted
in Figs. 7a and 7b.

The complex dielectric constant of a system is
defined by,

e¥=¢' — je", 3)

POLYMER SCIENCE, SERIES A Vol. 61

where €' and €" denotes the real (dielectric permittiv-
ity) and imaginary (dielectric loss) part of dielectric
constant.

Figure 7a illustrates the deviation of the dielectric
permittivity € through frequency for the
PEO/PVP/20 wt % lithium acetate polymer electro-
Iyte at different temperatures. The plot obtained for
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Table 2. Conductivity and activation energy of PEO/PVP/lithium acetate solid polymer electrolytes

Composition Conductivity, S/cm Activation energy, eV
PEO/PVP 1.01 x 10~° 0.76
PEO/PVP/5% lithium acetate 8.36 x 1079 0.67
PEO/PVP/10% lithium acetate 1.47 x 10~ 0.62
PEO/PVP/15% lithium acetate 1.72 x 10~° 0.56
PEO/PVP/20% lithium acetate 2.56 x 10~ 0.51

dielectric permittivity denotes the monotonic dimin-
ish in the permittivity with low frequencies and
achieves a steady rate at higher frequencies [39—45].
However by raising the electric field, the dipoles in the
polymer electrolytes are not having the capacity to
take after the field variations at high frequencies and
there is an impact due to the electrode polarization.
The dielectric permittivity begins to go down [47]. The
occasional inversion of the field happens so quick at
higher frequencies and there is an absence of over
abundance ion dissemination towards the field.

Argand Plot Analysis

The Argand plot analysis gives the nature of relax-
ation processes present in the polymer electrolytes at
different temperatures. Figure 8 shows the Argand plot
of 20 wt % lithium acetate doped PEO/PVP polymer
matrix at different temperature. The figure shows
incomplete semicircle which explains the non Debye

nature of the polymer electrolytes. So that two relax-
ation processes occur in polymer electrolytes. One is
due to the dipolar relaxation and the other is occurred
because of the existence of permanent dipoles on the
side chains of the polymer backbone. The existence of
relaxation time is because of the hopping of ions,
space charge polarization and inhomogenetic of the
material [48]. The semicircle with diameter below the
axis indicates that the motion of ions and the polymer
segmental motion are strongly coupled. The radius of
the arc in the Argand plot is highly related to the elec-
trical conductivity. The larger arc relates to the lower
conductivity [49].

Tangent Spectra Analysis

Dissipation of energy takes place during the ionic
transport and polarization of a dipole and it can be
explained by the tangent loss. The morphology of the
polymer, crystallinity level and molecular weight are
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Fig. 6. Salt concentration (/) vs. activation energy and (2) vs. conductivity.

POLYMER SCIENCE, SERIESA Vol.61 No.5 2019



572 SUNDARAMAHALINGAM et al.

(a) m ]/
1.2x10°F o2
o3
v 4
* 5
8.0x105}F B 6
o 7
4.0x105F
0_
2 log®
o
1.5%10%F
1.0X10°F
5.0x105 F
0_
2 4 6 log®

Fig. 7. (a) Dielectric constant and (b) dielectric loss for PEO/PVP/6 wt % lithium acetate at different temperatures: (/) 303,

(2) 313, (3) 323, (4) 333, (3) 343, (6) 353, and (7) 363 K.

the influencing factors of loss tangent or dissipation
factor. In Fig. 9a, the peak in the loss tangent plot
demonstrates the event of phase transition when the
temperature changes. From the XRD, it is clear that
the intensity of PEO peak declines by increasing lith-
ium acetate concentration and further-more the
expansion in amorphous nature.

In Fig. 9b, the peaks observed tends to move in the
direction of the higher frequency region with the rise

POLYMER SCIENCE, SERIES A Vol. 61

in temperature that move ahead to decrease in relax-
ation time of polymer systems. The swiftness of the
polymer chain segmental motion motivates the amor-
phous nature of the polymer blend electrolytes while
rising the temperature [48]. In this figure, it is
observed that all the scaled tangent loss spectrum dis-
integrate into a single curve. Thus, dissipation of
energy is temperature independent. From this, the
scaling property of the tangent spectra is determined

No.5 2019
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Fig. 8. Argand plot analysis of 20 wt % of lithium acetate doped PEO/PVP polymer blend electrolyte at different temperature:

(1) 303, (2) 313, (3) 323, (4) 333, (5) 343, (6) 353, and (7) 363 K.

from the potency of the Coulomb interaction between
movable particles. The relaxation frequency and the
relaxation time of the prepared blend polymer electro-
lytes are presented in the Table 3.

Transference Number Studies

For the characterization of polymer electrolyte
materials, transference number is considered as the
utmost significant parameter. The transference num-
ber is used to relate the dispersion phenomena to the
conductivity behavior of prepared polymer electro-
lytes. Wagner’s polarizing technique is used to deter-
mine the Transference number [49]. In this method,
the prepared polymer -electrolyte is sandwiched
between the two silver electrodes. By applying the
fixed dc voltage (1.5 V) and observing the value of cur-
rent by increasing the time, the transference number
can be calculated.

The current consequently begins decreasing with
time. The cell gets polarized by the passage of ions due
to the electric field and thereby introduces a concen-
tration gradient. Electrons or holes then only convey
the polarization current. The transference numbers 7,
and t,,,, are computed by the equations.

tion :(It _Ie)/lis (4)

Figure 10 denotes the graph between the polariza-
tion current versus time for different polymer electro-
Iytes. From Table 4, transference number of polymer
electrolytes are in the range of 0.86—0.96. From this, it
is confirmed that the charge transport of the investi-
gated polymer electrolytes is predominately due to ions.
POLYMER SCIENCE, SERIESA  Vol. 61
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The electron contribution is highly negligible in all the
samples as suggested by the other workers [50, 51]. The
transference number (#,,,) of the prepared polymer elec-
trolyte films is closed by unity and denotes the conduc-
tivity is mainly due to lithium ions. So that, these kinds
of polymer electrolytes are appropriate for solid-state
electrochemical cells applications.

M.V. Leena Chandra, reported that charge carrier
of the prepared polymer electrolytes are calculated
using the following equation [54]:

n = N,px (molar ratio of the 5)

salt/molecular weight of the salt),

where N,—Avogadro’s number, p—density of the salt.

Table 3. Relaxation time for 20 wt % of lithium acetate with
PEO/PVP polymer blend at various temperatures

Temperature, K fri?f; 1;)1 icr;gw Relaxation time T
303 24322 4.11 x 1073
313 55335 1.80 x 1073
323 102565 9.74 x 107>
333 147570 6.77 x 107°
343 259417 3.85x 107
353 457088 2.18 x 107°
363 920449 1.08 x 10~
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Fig. 9. (a) Tangent analysis and (b) tangent master curve of PEO/PVP/20 wt % of lithium acetate at different temperatures:

(1) 303, (2) 313, (3) 323, (4) 333, (5) 343, (6) 353, and (7) 363 K.

Table 4. Transference numbers, mobility and carrier concentration of different wt % of lithium acetate with PEO/PVP poly-

mer blend

c i Transference ¢ D 2 D 2 2/0v 2,y

omposition number 7, ele '+, cm?/s _,em/s |uy, cm”/(Vs)u_, cm”/(Vs)
PEO/PVP 0.95 0.05 - - - —
PEO/PVP/5% lithium acetate 0.86 0.14 3.05%x10721497x 1078 | 1.17x 10719 | 1.9 x 10~
PEO/PVP/10% lithium acetate 0.94 0.06 2093x 10710 1.87x 107" | 1.12 x 10798 | 7.17 x 10~10
PEO/PVP/15% lithium acetate 0.95 0.05 23110710 | 1.22x 10711 | 8.86 x 10799 | 4.66 x 10~10
PEO/PVP/20% lithium acetate 0.96 0.04 261 x1071°] 1.09 x 107" [ 9.99 x 1079 | 4.16 x 10~10
POLYMER SCIENCE, SERIES A Vol. 61 No. 5 2019
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Fig. 10. Current vs. time for various wt % lithium acetate based PEO/PVP polymer electrolytes: (/) 0, (2) 5, (3) 10, (4) 15, and

(5) 20% lithium acetate.

From the charge carrier and transference number,
diffusion coefficient and mobility of both anion and
cations are calculated by the following formula by Arof
et al. [30]:

D=0D, +D =KTo/ne’, (6)

and

Uw=u, +U_=0/ne, 7
Charge carrier and carrier concentration and

mobility of both anion and cations are tabulated in
Table 4.

CONCLUSIONS

PEO/PVP/lithium acetate polymer membranes
are prepared in different compositions. In the X-ray
spectrum, there is a decrease in the peaks correspond-
ing to PEO by increasing the lithium acetate concen-
tration. The increase in the amorphous nature point
out the absolute dissolvation of the salt with the blend
polymer matrix. The complexation between the poly-
mer and the salt is confirmed by the FTIR spectro-
scopic analysis. There exists an ever-changing bands
by changing the concentration of salt. The conductiv-
2019

POLYMER SCIENCE, SERIESA  Vol.61 No.5

ity of the polymer blend electrolytes improved by
increasing the concentration of lithium acetate as well
as temperature. The blend polymer electrolyte
PEO/PVP/20 wt % lithium acetate is having the
higher conductivity as 2.56 x 10~¢ S/cm. From the
dielectric analysis, obviously the dielectric consistent
and loss diminishes monotonically with expanding
frequency and accomplishes a steady value at higher
frequencies. The field variation is coupled with the
creation of electric dipoles. From the tangent plot, the
variation of temperature shifts the peaks towards the
higher frequencies and thereby diminish the relaxation
time. The acquired transference number for the pre-
pared polymer blend electrolytes are in the range of
0.86—0.96 which means that the conductivity is fun-
damentally because of ions. Thus the prepared poly-
mer electrolytes can be employed for electrochemical
applications.
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