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Abstract New solid polymer blend electrolyte films based

on biodegradable polymer blend comprising of polyvinyl

alcohol (PVA) and poly (N-vinyl pyrrolidone) (PVP) doped

with different wt% of lithium carbonate (Li2CO3) salt have

been prepared by solution casting method. The resulting

PVA/PVP/Li2CO3 polymer blend electrolyte films have

been characterized by various analytical techniques such as

FTIR, UV–vis, XRD, TGA, polarized optical microscopy

and scanning electron microscopy. The FTIR and XRD

analysis confirmed the complex formation between PVA/

PVP blend and Li2CO3 salt. The ionic conductivity and the

dielectric properties of PVA/PVP/Li2CO3 polymer blend

electrolyte films were investigated using an impedance

spectroscopy. It was observed that the ionic conductivity of

PVA/PVP/Li2CO3 electrolyte system increases as a func-

tion of Li2CO3 concentration. The highest ionic conduc-

tivity was found to be 1.15 9 10-5 S cm-1 for polymer

blend electrolyte with 20 wt% Li2CO3 content. On the

other hand, the dielectric results revealed the non-Debye

type of behaviour. The dielectric constant values indicate a

strong dielectric dispersion in the studied frequency range

which increases as the Li2CO3 content increases. The

dielectric constant as high as 1200 (e = 1201.57, 50 Hz,

150 �C) and the dielectric loss well below 4 (tan d = 3.94,

50 Hz, 150 �C) were obtained for polymer blend elec-

trolytes with 25 wt% Li2CO3 salt. Thus, the results

obtained in the present study suggest that the PVA/PVP/

Li2CO3 polymer blend electrolyte system seems to be a

promising candidate for solid state battery applications.

1 Introduction

Solid polymer electrolytes have received scientific and

technological importance in the last few decades because

of their potential applications in various fields such as

electrochromic displays, fuel cells, solar cells, sensors,

supercapacitors and most importantly rechargeable solid

state lithium batteries [1–4]. Lithium batteries have

attracted a great deal of attention because of their high

energy density, good processability and improved safety

[5, 6]. The batteries comprising of solid polymer elec-

trolytes have proven to be cost effective, safe under harsh

conditions, environmentally acceptable, provides limitless

design flexibility and high performance [7, 8]. It is well

known that solid polymer electrolytes have several

advantages such as light weight, easy fabrication of thin

films of desired shape and size, elimination of leakage

current, good mechanical strength, excellent physical and

chemical stability and tremendous flexibility in design over

their liquid counterparts [9]. However, there are few

technical problems with solid polymer electrolytes which

include low ambient temperature conductivity, cationic
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transport number, inadequate thermal stability and poor

electrochemical performance of lithium cells below ambi-

ent temperature [10, 11]. One of the most important

properties of the high-performance solid polymer elec-

trolyte system is their ionic conductivity which depends on

the dissociation of ionic conductor and the structure of the

polymer matrix [12]. Therefore, the main objective of the

research on the solid polymer electrolytes is to enhance

their ambient temperature ionic conductivity, mechanical

and thermal stability [13]. This is because the solid poly-

mer electrolytes with good ionic conductivity at ambient

temperature and excellent mechanical flexibility are very

promising candidates for lithium-ion batteries [10]. The

ionic conductivity of polymer electrolytes has been

attributed to amorphous phases and the interlinking of

polymer chains. One of the methods to obtain amorphous

phase is by dissolving inorganic acids or lithium salts into

suitable polymer matrix using common solvent [14].

Polymer blending is an economical and alternative

method for obtaining solid polymer blend electrolyte with

optimized physical properties for a wide range of appli-

cations [15, 16]. In recent years, blends of polyvinyl

alcohol (PVA) and polyvinyl pyrrolidone (PVP) [17],

PVA/Chitosan (CN) [18] and PVA/polyethylene glycol

(PEG) [15] have been studied by various researchers for

the preparation of lithium ion conducting blend polymer

electrolytes using various lithium salts such as LiPF6,

LiCF3SO3, LiClO4 and LiBF4. These studies revealed that

the blend polymer electrolyte with different lithium salts

exhibit desirable conductivity but poor mechanical and

electrochemical stability. In addition to the blending of

polymers several other techniques such as cross-linking,

the addition of ceramic fillers, block copolymers and

plasticizers into the polymer matrix have been employed

to enhance the ionic conductivity of solid polymer elec-

trolytes [19]. Among them, polymer blending is very

useful and convenient method to develop new materials

with desirable electrical conductivity and mechanical

stability [20]. The main advantages of polymer blend

systems are the easy preparations and the control of

physical properties which depends on their miscibility and

can be achieved simply by changing the blend composi-

tions [21, 22].

Polyvinyl alcohol (PVA) is one of the most important

synthetic polymers because of its low cost, high dielectric

strength, good charge storage capacity and dopant

dependent physical properties [23, 24]. PVA is non-toxic,

biocompatible polymer having good transparency and fast

charge transfer at the electrode–electrolyte interface. PVA

has been chosen as one of the host polymers for the

present study because of its excellent hydrophilic prop-

erties, high mechanical strength, good resistance to vari-

ous chemicals and excellent film forming ability [25, 26].

Several reports are available on organic/inorganic salts

complexes with PVA to enhance the ionic conductivity

[27, 28] and various PVA-based polymer electrolytes

have been reported for electrochemical cell applications

[29, 30]. However, PVA-based solid polymer electrolytes

exhibit relatively low ionic conductivity. Hence, blending

of PVA with other polymers can be a promising and

feasible approach to improve ionic conductivity of PVA-

based solid polymer electrolytes. Keeping this in mind,

polyvinyl pyrrolidone (PVP) was chosen as a second

polymer for blending with PVA. PVP is an amorphous

polymer which exhibits high glass transition temperature

(Tg) owing to the presence of the rigid pyrrolidone group

[19, 31]. These rigid pyrrolidone groups can permit faster

ionic mobility as compared to other semi-crystalline

polymers. Another advantage of using PVP is that it can

be thermally crosslinked resulting in the improved ther-

mal stability and mechanical strength of the blend mate-

rial [19]. It has been reported that the addition of salt to PVP

with conducting species such as silver and potassium has a

marked influence on its conductivity [32, 33]. Also, PVP has

been reported to be the best candidate for humidity sensor in

the presence of iodine and cobalt [34]. The presence of

hydroxyl (OH) and carbonyl (C=O) groups in the side chains

of PVA and PVP acts as the electron pair donors and enables

complexations with lithium ions. Moreover, PVA and PVP

form miscible blends because of the good compatibility

between them. Both PVA and PVP are soluble in water and

show a high degree of complexations with the wide range of

inorganic salts [19].

The present work aimed at developing a new type of

lithium ion conducting polymer blend electrolytes based on

PVA and PVP complexed with lithium carbonate (Li2CO3)

salt using solution casting method. The PVA/PVP/Li2CO3

polymer blend electrolytes films have been characterized

by FTIR, XRD, UV–vis, TGA, polarized optical micro-

scopy (POM) and scanning electron microscopy (SEM).

The impedance spectroscopy and dielectric studies were

carried out in the frequency range 50 Hz–20 MHz and

temperature range 40–150 �C. The influence of Li2CO3 salt

on the structure, morphology, ionic conductivity and

dielectric properties of polymer blend electrolytes have

been investigated.

2 Experimental

2.1 Materials and methods

Poly (vinyl alcohol) of average molecular weight

125,000 g/mol with 86–89 % degree of hydrolysis was

purchased from S. D. Fine Chemicals, Mumbai, India.

Poly(N-vinyl pyrrolidone) of average molecular weight
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40,000 g/mol was purchased from Sigma-Aldrich, India.

Lithium carbonate (Li2CO3) of LR grade with the molec-

ular weight of 73.89 g/mol was purchased from S.D. Fine

Chemicals, Mumbai, India. Double distilled water was

used as solvent throughout the study.

2.2 Preparation of PVA/PVP/Li2CO3 polymer blend

electrolyte films

A series of PVA/PVP/Li2CO3 electrolyte films were pre-

pared via traditional solution casting method with differ-

ent concentrations of Li2CO3 salt varying from 0 to 25

wt% as shown in Table 1. PVA solutions were prepared

separately by dissolving predetermined quantity of PVA

powder in double-distilled water at 75 �C for 4 h. The

required quantity of PVP was dissolved separately in

double distilled water by continuous stirring for 2 h. PVA

solution was added to PVP solution and stirred for 4 h. A

required quantity (0–25 wt%) of Li2CO3 salt was also

dissolved in distilled water by continuous stirring for 2 h

and added to the PVA/PVP blend solution. PVA/PVP/

Li2CO3 electrolyte solution was further stirred for 6 h

until the homogeneous mixer was achieved. The resulting

PVA/PVP/Li2CO3 electrolyte solution was poured into a

glass Petri dish and dried at 60 �C for 8 h. The dried

PVA/PVP/Li2CO3 polymer blend electrolyte films were

peeled off from the Petri dish and kept in the vacuum

desiccators before using them for further study. The

detailed protocol for the synthesis of PVA/PVP/Li2CO3

polymer blend electrolyte films is represented in Fig. 1

and the possible interaction mechanism between the PVA/

PVP blend and Li2CO3 salt is depicted in Fig. 2.

2.3 Characterizations

FTIR spectra of PVA/PVP/Li2CO3 polymer blend elec-

trolyte films in a transmittance mode were recorded using

Fourier Transform Infrared Spectrophotometer (Shimadzu,

IRAffinity-1, Japan) at room temperature. Sixty-four scans

of each sample were recorded in the spectral region of

400–4000 cm-1 with an optical resolution of 4 cm-1.

UV–vis absorption spectra of PVA/PVP/Li2CO3 poly-

mer blend electrolyte solutions were recorded using a

Shimadzu UV-2401PC, UV–vis spectrophotometer in the

wavelength range of 190–400 nm at room temperature.

X-ray diffraction patterns of PVA/PVP/Li2CO3 polymer

blend electrolyte films were recorded using Bruker AXS

D8 focus advanced X-ray diffraction meter (Rigaku, Japan,

Tokyo) at room temperature in the 2h range from 10� to

80� using Cu Ka radiation of wavelength k = 1.54060 Å

generated at 40 kV and 20 mA. The samples were scanned

with a scanning speed of 3�/min and the scanning step size

of 0.005�/s.
Thermal stability of PVA/PVP/Li2CO3 polymer blend

electrolyte films was evaluated using Mettler Toledo, TGA/

STDA851, thermogravimetric analyzer under N2 atmo-

sphere with a-alumina as reference material. The samples

were heated from room temperature to 700 �C at the rate of

10 �C/min.

The surface morphology and the microstructures of

PVA/PVP/Li2CO3 polymer blend electrolyte films were

examined using crossed polarizing optical microscope

(Olympus BX-53, Singapore) at room temperature at a

magnification of 109 and scanning electron microscope

(Carl Zeiss EVO/18SH, UK) operated at an accelerating

Fig. 1 Protocol for the

synthesis of PVA/PVP/Li2CO3

polymer blend electrolytes films
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voltage of 15 kV. Before SEM characterizations, the

samples were sputtered with a layer of gold using a sputter

coater in order to minimize sample charging effect due to

an electron beam.

Contact angles of water droplets on the surfaces of PVA/

PVP blend and PVA/PVP/Li2CO3 polymer blend elec-

trolyte films were measured at room temperature using

sessile drop method on contact angle goniometer (Rame-

Hart 21 AC) equipped with a camera and monitor. Water

drops of 5 ll were carefully placed on the films using a

micro-syringe and the contact angle measured at left and

right sides of the drop. The obtained contact angle was the

average value of ten readings.

The impedance spectroscopy and the dielectric studies

of PVA/PVP/Li2CO3 polymer blend electrolyte films were

recorded using Wayne Kerr 6500B (Chichester, West

Sussex, UK) Precision Impedance Analyzer in the wide

range of frequencies from 50 Hz to 20 MHz and temper-

ature in the range 40–150 �C.

3 Results and discussions

3.1 FTIR spectroscopy

FTIR spectroscopy is a very useful technique for the

investigation of polymer structures which provides infor-

mation about the interactions and complexations between

the various constituents of polymer electrolyte films. These

interactions can induce changes in the vibrational modes of

the polymer electrolytes [35]. The FTIR spectra of PVA/

PVP blend and PVA/PVP/Li2CO3 polymer blend

electrolyte films are shown in Fig. 3a–f. The FTIR spec-

trum of PVA/PVP blend (50/50) film is depicted in Fig. 3a

which shows the broad FTIR band around 3400 cm-1

which is attributed to –OH stretching vibration and a weak

band at 2935 cm-1 corresponding to –CH stretching

vibration. A characteristic band at 1082 cm-1 in the FTIR

spectrum of PVA/PVP blend corresponds to the stretching

vibration of C–O group. A strong band at 1654 cm-1 is

attributed to the stretching vibration of C=O group of PVP

[36]. The bands at 842 and 1415 cm-1 correspond to CH2

bending and wagging vibrations respectively. The band at

1565 cm-1 attributed to C–N stretching vibrations of PVP
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Fig. 2 Schematic representation of the possible interaction between polymers and the salt

Fig. 3 FTIR spectra of PVA/PVP/Li2CO3 polymer blend electrolyte

films. (a) PVA/PVP blend (b) 5 wt% Li2CO3, (c) 10 wt% Li2CO3,

(d) 15 wt% Li2CO3, (e) 20 wt% Li2CO3, (f) 25 wt% Li2CO3
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is also observed in the FTIR spectrum of PVA/PVP blend

film. The FTIR spectrum of PVA/PVP blend film indicates

the miscibility of both polymers which is due to hydrogen

bonding interaction between hydroxyl groups of PVA and

carbonyl group of PVP. The FTIR spectra of PVA/PVP

blend films doped with different wt% of Li2CO3 salt is

shown in Fig. 3b–f. The band around 3400 cm-1 shifts

towards lower wavenumbers (3361, 3354, 3348, 3334 and

3305 cm-1) with the addition of Li2CO3 salt (5–25 wt%),

indicating the interaction between Li? ions with hydroxyl

groups of PVA and carbonyl groups of PVP. In addition,

the bands at 2935 cm-1 which is attributed to –CH

stretching vibrations shifts towards lower wavenumbers

with an increase in Li2CO3 doping. This indicates the

variations in the anion confirmations and coordination

bond lengths to the Li? cations [19]. The band at

1565 cm-1 which is attributed to C-N stretching vibrations

of PVP was disappeared when Li2CO3 doping was

increased to 25 wt%. Thus, the changes in the existing

peaks or their disappearance in the FTIR spectra of PVA/

PVP/Li2CO3 polymer blend electrolyte films are the direct

evidence of complex formation between the polymers and

Li2CO3 salt [37].

3.2 UV–vis spectroscopy

UV–visible spectroscopy is one of the most important

techniques to study the optical absorption and in particular

absorption edge which gives information about the band

structure and the optical band gap energy for both crys-

talline and amorphous samples [38]. The UV–vis absorp-

tion spectra of PVA/PVP blend and Li2CO3 doped PVA/

PVP blends are given in Fig. 4a–f. The UV–vis absorption

spectrum of PVA/PVP blend shows an absorption band at

197 nm which arises due to carbonyl group containing

segments and are assigned to localized n–p* transitions. It

was also observed that the Li2CO3 doped PVA/PVP blends

showed higher absorption than pure PVA/PVP blends

which means that the absorption of PVA/PVP/Li2CO3

polymer blend electrolyte has increased with increasing the

Li2CO3 content [39]. In addition, the absorption band is

shifted towards higher wavelength for PVA/PVP/Li2CO3

polymer blend electrolyte with 25 wt% Li2CO3 content.

The shift of the absorption bands towards higher wave-

length is due to the formation of charge transfer transitions

via inter and intra-molecular hydrogen bonding between

Li? ions, hydroxyl groups of PVA and carbonyl groups of

PVP [40].

3.3 X-ray diffraction studies

The X-ray diffraction (XRD) patterns of pure Li2CO3 salt,

PVA/PVP blend and PVA/PVP/Li2CO3 polymer blend elec-

trolyte films are displayed in Fig. 5a–g. The XRD pattern of

Li2CO3 salt (Fig. 5a) exhibits sharp peaks at 2h angle of 21.30�
(d = 4.16 Å), 23.39� (d = 3.79 Å), 29.39� (d = 3.03 Å),

30.54� (d = 2.92 Å), 31.71� (d = 2.81 Å), 34.03�
(d = 2.63 Å), 36.02� (d = 2.49 Å), 36.89� (d = 2.43 Å),

39.53� (d = 2.27 Å) and48.68� (d = 1.86 Å)which indicates

crystalline nature of the salt [41]. The XRD pattern of PVA/

PVP blend film (Fig. 5b) shows two amorphous halos at

2h = 19.28� and2h = 30.45�which are attributed to the (101)
and (020) crystal planes respectively. The XRD pattern of

PVA/PVP/Li2CO3 polymer blend electrolyte films also shows

two amorphous halos similar to the XRD pattern of PVA/PVP

blend film. The XRD patterns of PVA/PVP/Li2CO3 polymer

Fig. 4 UV–vis spectra of PVA/PVP/Li2CO3 polymer blend elec-

trolyte films. (a) PVA/PVP blend, (b) 5 wt% Li2CO3, (c) 10 wt%

Li2CO3, (d) 15 wt% Li2CO3, (e) 20 wt% Li2CO3, (f) 25 wt% Li2CO3

Fig. 5 X-ray diffraction pattern of PVA/PVP/Li2CO3 polymer blend

electrolyte films. (a) Li2CO3 powder, (b) PVA/PVP blend, (c) 5 wt%

Li2CO3, (d) 10 wt% Li2CO3, (e) 15 wt% Li2CO3, (f) 20 wt% Li2CO3,

(g) 25 wt% Li2CO3
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blend electrolyte films infer that lithium salt has a significant

effect on the ordered arrangement of the polymer chainswhich

can result in the enhancement of ionic conductivity [3]. The

sharp peaks corresponding to Li2CO3 salt were almost disap-

peared in the polymer blend electrolytes films which indicate

that Li2CO3 salt was completely dissolved in the PVA/PVP

blendmatrix.However, at higher doping concentration (20and

25 wt%) of Li2CO3 salt, the PVA/PVP/Li2CO3 polymer blend

electrolyte films shows less intense diffraction peak at 21.30�
corresponding to d-spacing of 4.16 Å for Li2CO3 salt. The

absence of sharp diffraction peak in the electrolyte films sug-

gest that the amorphous phase is dominant which can results in

a greater ionic diffusivity with high ionic conductivity

[28, 42, 43]. Thus, the XRD results indicate the complex for-

mation between the Li2CO3 salt and PVA/PVP blend matrix

[44]. Similar results were obtained for other polymers upon

addition of salts as well as inorganic fillers [45, 46].

3.4 Thermal analysis

Thermal stability of polymer blend electrolytes is one of the

key parameters for their practical applications in lithium ion

batteries. In order to determine the thermal stability of the

prepared electrolyte films, the thermogravimetric analysis

(TGA) was carried out. The TGA thermograms of PVA/

PVP blend and PVA/PVP/Li2CO3 polymer blend electrolyte

films doped with the various mass fraction of Li2CO3 salt

are depicted in Fig. 6a–e. It can be seen that the decom-

position of PVA/PVP blend and PVA/PVP/Li2CO3 polymer

blend electrolyte films occur in three steps. The first step of

decomposition was observed at the temperature slightly

below 100 �C which could be attributed to the evaporation

of superficial or residual moisture in the sample [3]. The

second step of decomposition was observed in the

temperature range 100–240 �C which can be attributed to

the decomposition of the main chain of polymers [35]. The

third step of decomposition was observed in the region

240–350 �C which could be attributed to the decomposition

of Li2CO3 salt. With the incorporation of Li2CO3 salt in the

PVA/PVP blend matrix, less weight loss was observed in

the PVA/PVP/Li2CO3 polymer blend electrolyte films

indicating the enhanced thermal stability of polymer blend

electrolytes. The observed thermal stability (*240 �C) of
polymer blend electrolytes is sufficient enough for their

potential application as electrolyte material in lithium ion

rechargeable batteries.

3.5 Surface morphology

Polarized optical microscopy (POM) and scanning electron

microscopy (SEM) was employed to elucidate the

microstructure and the surface morphology of PVA/PVP/

Li2CO3 polymer blend electrolyte films. The POM and

SEM micrographs of PVA/PVP blend and PVA/PVP/Li2
CO3 polymer blend electrolyte films are given in Figs. 7

and 8 respectively. For pure PVA/PVP blend film, a

smooth uniform surface morphology can be seen in both

optical and scanning electron micrographs. The addition of

Li2CO3 salt in PVA/PVP blend results in a typical

spherulitic texture of PVA/PVP/Li2CO3 polymer blend

electrolyte films. The spherulitic texture in the electrolyte

film represents the lamellar crystalline nature and the dark

boundaries between them indicate the amorphous content

in the sample [3]. The amorphous phase occupied the

regions between the lamella so that the spherulites are

embedded in the amorphous matrix [31, 47]. Also, the

XRD analysis infers that the amorphous region is more

dominant in the polymer blend electrolytes. Thus, the

optical and scanning electron microscopy results are in

concordance with FTIR and XRD results.

3.6 Contact angle measurements

The surface characteristics of PVA/PVP blend and PVA/

PVP/Li2CO3 polymer blend electrolyte films were further

Fig. 6 TGA thermograms of PVA/PVP/Li2CO3 polymer blend

electrolyte films. (a) PVA/PVP blend, (b) 5 wt% Li2CO3, (c) 10

wt% Li2CO3, (d) 15 wt% Li2CO3, (e) 20 wt% Li2CO3

Table 1 Feed compositions for PVA/PVP/Li2CO3 polymer blends

electrolyte films

PVA (wt%) PVP (wt%) Li2CO3 (wt%)

50 50 0

45 50 5

40 50 10

35 50 15

30 50 20

25 50 25
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evaluated by measuring their water contact angles. The

water contact angles on the surfaces of PVA/PVP blend

and PVA/PVP/Li2CO3 polymer blend electrolyte films

were measured at room temperature and the results are

shown in Fig. 9. Table 2 summarizes the results (surface

energy and work of adhesion) obtained from contact angle

measurements. The contact angle of water for PVA/PVP

blend film was found to be 57.08 ± 0.04� (Fig. 9a) while

that of PVA/PVP/Li2CO3 polymer blend electrolyte film

with 25 wt% Li2CO3 salt content (Fig. 9f) was found to be

24.30� ± 0.52�. This indicates that the hydrophilicity of

electrolyte film has increased which could be due to the

hydrophilic nature of polymers and Li2CO3 salt. On the

other hand, the surface energy for PVA/PVP blend film

was found to be 49.59 ± 0.02 mJ/m2 (Table 2) while that

of PVA/PVP/Li2CO3 polymer blend electrolyte film with

25 wt% Li2CO3 salt content was found to be

67.01 ± 0.22 mJ/m2. This indicates that the surface energy

of PVA/PVP blend films has improved with an increase in

the Li2CO3 salt content. In addition, the work of adhesion

Fig. 7 Optical microscopy images of PVA/PVP/Li2CO3 polymer blend electrolyte films. a PVA/PVP blend, b 5 wt% Li2CO3, c 10 wt% Li2CO3,

d 15 wt% Li2CO3, e 20 wt% Li2CO3, f 25 wt% Li2CO3
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was also calculated from contact angle values using the

formula given in our previous work [48]. The work of

adhesion for PVA/PVP blend film was calculated to be

111.08 mJ/m2 while that of PVA/PVP/Li2CO3 polymer

blend electrolyte film with 25 wt% Li2CO3 salt content was

calculated to be 137.56 mJ/m2. Thus, from the contact

angle measurements, it can be concluded that the addition

of Li2CO3 salt in PVA/PVP blends have the notable effect

on the surface characteristics of polymer blend electrolyte

films.

3.7 Impedance spectroscopy

Impedance spectroscopy is a very powerful and widely

used technique to study electrical properties of electrolyte

materials and their interfaces with electronically conduct-

ing electrodes. The shape of impedance spectra of a

material gives information about the electrode polarization

and about the current carriers, whether they are electrons or

ions. The complex impedance plots (plots between real (Z0)
and imaginary (Z00) parts of impedance) for PVA/PVP/

Fig. 8 SEM micrographs of PVA/PVP/Li2CO3 polymer blend electrolyte films. a PVA/PVP blend, b 5 wt% Li2CO3, c 10 wt% Li2CO3, d 15

wt% Li2CO3, e 20 wt% Li2CO3, f 25 wt% Li2CO3

J Mater Sci: Mater Electron (2016) 27:11410–11424 11417

123



Fig. 9 Contact angles of water

on PVA/PVP/Li2CO3 polymer

blend electrolyte films. a PVA/

PVP blend, b 5 wt% Li2CO3,

c 10 wt% Li2CO3, d 15 wt%

Li2CO3, e 20 wt% Li2CO3, f 25
wt% Li2CO3

Table 2 Contact angle, surface

energy and work of adhesion for

PVA/PVP blend and PVA/PVP/

Li2CO3 polymer blends

electrolyte films

Li2CO3 content

(wt%)

Contact angle h (�) Surface energy (mJ/m2) Work of adhesion (mJ/m2)

0 57.08 ± 0.04 49.59 ± 0.02 111.08

5 41.24 ± 0.48 58.70 ± 0.26 126.08

10 37.40 ± 0.14 60.76 ± 0.07 129.14

15 31.20 ± 0.25 63.06 ± 0.25 132.87

20 29.79 ± 0.31 64.58 ± 0.15 134.42

25 24.30 ± 0.52 67.01 ± 0.22 137.56
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Li2CO3 polymer blend electrolyte films at different tem-

peratures is shown in Fig. 10a–f. A typical Cole–Cole plot

of PVA/PVP/Li2CO3 polymer blend electrolyte films with

0, 5, 10, 15 and 25 wt% of Li2CO3 consist of a broadened

semicircular portion in the high-frequency region which is

mainly due to a parallel combination of geometrical

capacitor (Cg) and the bulk resistor (R) [49]. For PVA/

PVP/Li2CO3 polymer blend electrolyte film with 20 wt%

Li2CO3 salt the Cole–Cole plots (Fig. 10e) shows a

depressed semicircular portion in the high frequency region

which can be related to charge transfer process and a spike

in the low frequency region which is a characteristic of

Fig. 10 a Cole–Cole plot for PVA/PVP blend film. b Cole–Cole plot

for PVA/PVP/Li2CO3 polymer blend electrolyte film with 5 wt%

Li2CO3. c Cole–Cole plot for PVA/PVP/Li2CO3 polymer blend

electrolyte film with 10 wt% Li2CO3. d Cole–Cole plot for PVA/PVP/

Li2CO3 polymer blend electrolyte film with 15 wt% Li2CO3. e Cole–
Cole plot for PVA/PVP/Li2CO3 polymer blend electrolyte film with

20 wt% Li2CO3. f Cole–Cole plot for PVA/PVP/Li2CO3 polymer

blend electrolyte film with 25 wt% Li2CO3
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diffusion process [44, 50, 51]. The depressed semicircle

indicates that the relaxation of ions is non-Debye in nature.

The low-frequency spikes indicate the presence of double

layer capacitance at the electrode/sample interface [52].

The intercept of the semicircle with the real axis (Z0) gives
the value of the bulk ionic resistance (Rb) of the polymer

blend electrolytes. From Cole–Cole plots, it can be seen

that as the temperature increases the diameter of the semi-

circle decreases which implies that the bulk resistance (Rb)

decreases. By knowing the bulk resistance (Rb) and the

sample dimensions, the ionic conductivity of polymer

blend electrolytes can be calculated using the equation:

r ¼ L=RbA ð1Þ

where r is the ionic conductivity, Rb is the bulk resistance,

L is the film thickness and A is the area of an electrode. It is

well known that the conductivity occurs only in the

amorphous region of the polymer electrolyte. Therefore,

the high ionic conductivity can be expected for highly

amorphous polymer electrolytes [3]. The ionic conductivity

as a function of Li2CO3 concentration at room temperature

(30 �C) is shown in Fig. 11. The dependence of conduc-

tivity on the salt concentration indicates the specific

interaction between the polymer matrix and the salt. It was

observed that the conductivity increases from

5.58 9 10-9 S cm-1 for PVA/PVP blend film to

1.15 9 10-5 S cm-1 for 20 wt% Li2CO3 in the polymer

electrolytes. The increase in ionic conductivity with

increase in Li2CO3 concentration can be attributed to an

increased ionic mobility and ionic charge carrier concen-

trations [38]. The increase in the ionic conductivity can be

attributed to the interaction of Li? ions with hydroxyl

group of PVA and carbonyl group of PVP which forms

charge transfer complexes and acts as hoping sites for Li?

ions to migrate into PVA/PVP blend and expected to

reduce the trapping sites to create path through the amor-

phous phase of the polymer matrix and this favours the

ionic conductivity [53]. Also, it can be seen that the ionic

conductivity decreases at higher salt concentration, i.e. at

25 wt% of Li2CO3. This could be due to the influence of

ion pairs, ion triplets and the ion aggregations which

reduces the overall mobility and the number of effective

charge carriers. These results are in concordance with

several other results reported by various researchers on

different polymer electrolyte systems [54, 55].

3.8 Dielectric properties

The dielectric measurements are very useful in obtaining

information about the ion-polymer interaction and con-

duction mechanism in polymer electrolyte systems. The

dielectric properties such as dielectric constant (e) and

dielectric loss (tan d) of PVA/PVP blend and PVA/PVP/

Li2CO3 polymer blend electrolyte films were evaluated

using impedance analyzer at various frequencies (50 Hz -

20 MHz) and temperatures (40–150 �C). Table 3 gives the

summary of dielectric data for PVA/PVP blend and PVA/

PVP/Li2CO3 polymer blend electrolyte films. Figure 12a–f

shows the dielectric constant plots for PVA/PVP blend and

PVA/PVP/Li2CO3 polymer blend electrolyte films with

different content of Li2CO3 salt. The high values of

dielectric constant were observed at the low-frequency

region which is mainly ascribed to the Maxwell–Wagner

ionic conduction and electrode polarization effect resulting

from the accumulation of ions at the electrode–electrolyte

interface [56, 57]. As the frequency increases, the dielectric

constant begins to decrease and attain a constant value at

higher frequencies. This is because the periodic reversal of

electric field is so fast that there was no excess ion diffu-

sion in the direction of an electric field [58] and most of the

ions are in the bulk of the sample, leading to decrease in the

dielectric constant value with increase in frequency [59].

These results imply that PVA/PVP/Li2CO3 polymer blend

electrolyte system show a non-Debye type of behaviour

where the space charge regions with respect to frequency

Fig. 11 Variation of ionic conductivity as a function of salt

concentration in PVA/PVP/Li2CO3 blend electrolytes

Table 3 Dielectric constant and dielectric loss tangent (tan d) of

PVA/PVP blend and PVA/PVP/Li2CO3 polymer blends electrolyte

films

Li2CO3 content

(wt%)

Dielectric constant

(e)
Dielectric loss

(Tan d)

0 18.22, 50 Hz, 150 �C 2.16, 50 Hz, 150 �C
5 99.55, 50 Hz, 150 �C 2.97, 50 Hz, 150 �C
10 128.98, 50 Hz, 150 �C 3.45, 50 Hz, 150 �C
15 139.84, 50 Hz, 150 �C 3.58, 50 Hz, 150 �C
20 628.34, 50 Hz, 150 �C 3.66, 50 Hz, 150 �C
25 1201.57, 50 Hz, 150 �C 3.94, 50 Hz, 150 �C
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are explained in terms of ion diffusion [60]. The dielectric

constant also increases with increase in the Li2CO3 content.

The high value of dielectric constant for PVA/PVP/Li2CO3

polymer blend electrolyte film with 25 wt% Li2CO3 salt

can be attributed to the enhanced charge carrier density at

the space charge accumulation region, resulting in an

Fig. 12 a Dielectric constant plot for PVA/PVP blend film. b Di-

electric constant plot for PVA/PVP/Li2CO3 polymer blend electrolyte

film with 5 wt% Li2CO3. c Dielectric constant plot for PVA/PVP/

Li2CO3 polymer blend electrolyte film with 10 wt% Li2CO3.

d Dielectric constant plot for PVA/PVP/Li2CO3 polymer blend

electrolyte film with 15 wt% Li2CO3. e Dielectric constant plot for

PVA/PVP/Li2CO3 polymer blend electrolyte film with 20 wt%

Li2CO3. f Dielectric constant plot for PVA/PVP/Li2CO3 polymer

blend electrolyte film with 25 wt% Li2CO3
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increase in the equivalent capacitance value. The dielectric

constant also increases with the increase in temperature at

lower frequency region which indicates enhancement of

free ion motion within the polymer matrix and increase in

the mobility of the ions [53]. Another reason for the

increase in the dielectric constant would be the presence of

Fig. 13 a Dielectric loss (tan d) plot for PVA/PVP blend film.

b Dielectric loss (tan d) plot for PVA/PVP/Li2CO3 polymer blend

electrolyte film with 5 wt% Li2CO3. c Dielectric loss (tan d) plot for
PVA/PVP/Li2CO3 polymer blend electrolyte film with 10 wt%

Li2CO3. d Dielectric loss (tan d) plot for PVA/PVP/Li2CO3 polymer

blend electrolyte film with 15 wt% Li2CO3. e Dielectric loss (tan d)
plot for PVA/PVP/Li2CO3 polymer blend electrolyte film with 20

wt% Li2CO3. f Dielectric loss (tan d) plot for PVA/PVP/Li2CO3

polymer blend electrolyte film with 25 wt% Li2CO3
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amorphous and crystalline regions in PVA/PVP matrix

which acts as hopping centres for charge carriers. With an

increase in temperature, the crystalline phase of polymer

matrix dissolves progressively into amorphous phase with

the increase in temperature. This, in turn, influences the

hopping and thus increases the dielectric constant [53].

This behaviour is typical of polar dielectrics because dipole

orientation is facilitated by increasing the temperature, thus

increasing the dielectric constant [61]. The variation of

dielectric loss (tan d) with frequency and temperature for

PVA/PVP blend and PVA/PVP/Li2CO3 polymer blend

electrolyte films is shown in Fig. 13a–f. The dielectric loss

is the ratio of the loss factor to the relative dielectric

constant. It is a measure of the electric energy lost to the

energy stored in a periodic field. The samples showed high

dielectric loss values at low frequencies and as the fre-

quency increases the dielectric loss decreases. The high

dielectric loss at the low-frequency region is due to an

accumulation of free charge carriers at the interface

between the electrolyte and the electrodes [62]. In other

words, the high values of dielectric loss at low-frequency

region are due to conduction loss as well as electrode

polarization. At higher frequencies, the polar ionization

due to charge accumulation decreases leading to a decrease

in the dielectric loss value. The dielectric loss also

increases with increase in the Li2CO3 content which could

be attributed to the more localization of charge carriers

along with the mobile ions causing higher ionic conduc-

tivity [63, 64].

4 Conclusions

New PVA/PVP/Li2CO3 solid polymer blend electrolytes

with different compositions have been prepared by solution

casting method. The FTIR, XRD and UV–vis absorption

spectroscopy studies confirm the complex formation of

PVA/PVP blend matrix with Li2CO3 salt. The TGA results

indicate an enhancement in the thermal stability of polymer

blend electrolytes. The contact angle measurements reveal

that the addition of Li2CO3 salt in PVA/PVP blends have

the notable effect on the surface characteristics of polymer

blend electrolyte films. The complex impedance plots

(Cole–Cole plots) indicate that PVA/PVP blend can be

effectively doped with Li2CO3 to enhance its conductivity.

The ionic conductivity of polymer blend electrolytes

increases with increase in the Li2CO3 concentration. The

increase in conductivity with increase in salt concentration

can be attributed to the formation of charge transfer com-

plexes. The highest ionic conductivity of 1.15 9 10-5 S

cm-1 at 30 �C has been observed for PVA/PVP/Li2CO3

polymer blend electrolytes with 20 wt% Li2CO3 content.

The dielectric results revealed the non-Debye type of

behaviour. The dielectric constant as high as 1200

(e = 1201.57, 50 Hz, 150 �C) and the dielectric loss well

below 4 (tan d = 3.94, 50 Hz, 150 �C) were obtained for

polymer blend electrolytes with 25 wt% Li2CO3 salt. Thus,

the results obtained in the present study suggest that the

PVA/PVP/Li2CO3 polymer blend electrolyte system seems

to be a promising candidate for solid state battery

applications.
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