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Abstract Polymer blend electrolytes comprising of poly

(vinyl acetate), poly(vinylidene fluoride-co-hexafluoropropylene),

LiClO4, and EC-based plasticizer combinations (EC ? PC,

EC ? GBL, EC ? DMP, EC ? DBP, EC ? DEC) are

prepared by solvent casting technique. Ionic conductivities

of the electrolytes are determined by ac impedance studies in

the temperature range 303–363 K. Among the various

combinations of plasticizers, EC ? PC added complex

exhibits maximum ionic conductivity of the order of

10-4 S cm-1 and the temperature-dependent ionic con-

ductivity plots seem to obey the VTF relation. The structural

and complex formations of the prepared samples have been

confirmed by X-ray diffraction analysis. DSC technique is

used to study the thermal behaviour. The surface images of

the sample having maximum ionic conductivity are ana-

lyzed with the help of SEM and AFM techniques.

Keywords Poly(vinyl acetate) � Ionic conductivity �
Plasticizers � Atomic force microscopy � Scanning electron

microscopy

1 Introduction

In recent years, the requirement of polymer electrolyte

increases due to their wide applications in solid state cells,

electro chromic devices, super capacitors, gas sensors, etc.

The solid polymer electrolytes are mainly used in

fabrications of secondary Li-ion battery because of the

desirable properties such as high energy density and easy

packaging properties [1, 2]. Initially, the polymer electro-

lytes based on PEO–Li salt complexes were most widely

studied by Wright et.al [3]. However, they showed poor

ionic conductivity of the order of 10-7 S cm-1 at ambient

temperature. Further, efforts have been made to enhance

the ionic conductivity of the polymer matrix with the help

of various processes such as blending of two polymers [4],

addition of plasticizers with the polymer electrolytes to

form the plasticized polymer electrolyte [5–8], addition of

fillers to make the composite polymer electrolytes [9–12],

etc. Among these approaches, plasticized polymer elec-

trolytes have been proved to be promising for the electro-

lytes of the lithium batteries owing to their high ionic

conductivity [13]. Generally, the gel polymer electrolytes

are prepared by addition of plasticizers to the polymer host

along with the lithium salt in low boiling solvent such as

tetrahydrofuran (boiling point 60 �C), and the resultant

solution is cast as film after the evaporation of the solvent.

However, the plasticized electrolytes also show off draw-

backs, such as reactivity of polar solvents with lithium

electrode, poor mechanical properties at high degree of

plasticization, and solvent volatility [14, 15]. Recently,

several works have been made to improve the ionic con-

ductivity of the blend-based polymer electrolytes such as

PVC/PEMA [16], PVdF–HFP/PMAML [17], and PVC/

PAN [18]. Baskaran et al. [19] reported that PVAc-based

polymer electrolytes have conductivity in the range

10-5 S cm-1. The conductivity of PVAc polymer com-

plexes exhibit high values by blending PVAc with other

suitable polymers. Ionic conductivity of PVAc with

poly(methyl methacrylate) (PMMA) and poly(vinylidene

fluoride) (PVdF)-based blend electrolytes were first

reported by Baskaran et.al. [20, 21] and they have good
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compatible nature. Here, we have chosen a co-polymer of

vinylidene fluoride and hexafluoropropylene (PVdF:HFP)

which contains an amorphous phase capable of trapping

large amount of electrolyte and a crystalline phase that acts

as a mechanical support for the formation of a free standing

film. PVdF-co-HFP exhibits high anodic stability and it

shows compatible nature with other polymers [22, 23].The

choice of choosing LiClO4 is due to its smaller ionic radius,

smaller dissociation energy and the high solubility in most of

the organic solvents. The interest on PVAc-based systems

increases because PVAc offers good mechanical stability,

low glass transition temperature, and easy film formation

properties. Poly(vinyl acetate) films also have high tensile

strength (29.4 ± 49.0 MPa) [24] and abrasion resistance.

In this study, novel polymer electrolytes based on

PVAc/PVdF–HFP/LiClO4/EC ? X (where X = PC, GBL,

DMP, DBP, and DEC) were prepared for different com-

binations of plasticizers.

2 Experiment

2.1 Materials

The PVAc and PVdF–HFP with average molecular weights

of 14 9 104 and 4 9 105 (Aldrich), respectively, were used

as received. LiClO4 anhydride was purchased from Aldrich,

USA, and it was dried in vacuum at 100 �C for 24 h before

use. The plasticizers and the solvent THF used in this study

were purchased from Aldrich, USA and E-Merck, Germany,

respectively, and they were used as received. PVAc/PVdF–

HFP (6.25:18.75 weight ratio) and LiClO4 (8 wt%) were

dissolved in anhydrous tetrahydrofuran separately. These

solutions were mixed together and the mixture was contin-

uously stirred for 24 h with the help of a magnetic stirrer and

67 wt% mixture of the plasticizers EC ? PC, EC ? GBL,

EC ? DMP, EC ? DBP, and EC ? DEC were added with

the complex system. Then the solvent in the mixture was

allowed to evaporate slowly until a homogeneous gel solu-

tion was obtained and it was degassed to remove air bubbles.

The solution thus obtained was cast on a clean glass plate

and PVAc/PVdF–HFP/EC-X-based gel electrolyte films

containing LiClO4 was obtained by heating at 60 �C to

remove any trace of solvent. Finally, the gel polymer elec-

trolytes of constant ratio of PVAc (6.25):PVdF–HFP

(18.75):LiClO4 (8)/EC-X (67 wt%) were prepared with a

view to identify the suitable combination of plasticizers for

high ionic conductivity and good mechanical stability.

2.2 X-ray diffraction analysis

The structural and complex formation of the electrolytes

were confirmed by X-ray diffractometer of model X’pert

PRO PANalytical using Cu-Ka radiation as source and

operated at 20 kV. The sample was scanned in the 2h
ranging from 10 to 80� for 2 s in the step mode.

2.3 Thermal analysis

The thermal behaviour of the prepared samples was studied

using a differential scanning calorimeter (DSC) (Mettler

Toledo DSC 822e apparatus). The samples were heated

from -50 to 450 �C at a heating rate of 10 �C/min.

2.4 Surface analysis

The electrolyte film exhibiting maximum ionic conduc-

tivity was subjected to atomic force microscopy (AFM)

and the topography image of the film was depicted using

Veeco-diCP-II microscopic model over a scanned area of

2 9 2 lm. The pore size and the rms roughness of the film

are measured from the topography image. The surface

image of the maximum conductivity film has also been

studied using scanning electron microscope (SEM) of

model JOEL, JSM-840A.

2.5 Conductivity measurements

The AC conductivity measurements were carried out on

PVAc/PVdF–HFP/LiClO4/EC-X systems of about 50–70 lm

thickness and 1 cm2 area. Polymer films were sandwiched

between two stainless steel (SS) electrodes under an oscilla-

tion potential of 10 mV from 1 Hz to 500 kHz using com-

puter controlled micro auto lab III Potentiostat/Galvanostat

impedance analyzer in the temperature range of 303–363 K.

The conductivity value was determined using the bulk resis-

tance value obtained from the complex impedance plot. The

temperature of the cell was controlled using a thermostat and

the ionic conductivity was calculated using the relation

r = t/(RbA), where Rb is the bulk resistance, t is the thickness

of the film, and A is the area of the film.

3 Results and discussion

3.1 Conductivity studies

The typical room temperature complex impedance plot of

the sample exhibiting maximum ionic conductivity is

shown in Fig. 1. The room temperature conductivity of the

prepared samples is found to be *10-4 S cm-1. It is

evident from Table 1 that the conductivity values increase

with increasing temperature. The complex impedance plot

shows the depressed spike which corresponds to the lower

frequency region and the bulk resistance Rb value has been

obtained from the intercept on the real axis of the
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impedance plot. It is observed that the semicircular portion

(due to bulk electrolyte impedance) corresponding to

higher frequency does not appear in Fig. 1. It is quite

reasonable since the facile mobility in liquid and gel

electrolyte systems, when compared with solid polymer

electrolytes, indicates that ions possess dielectric relaxation

times and hence the inconsequential capacitive effect of the

electrolytes in the spectrum [25].

The conductivity of the electrolyte increases with an

increase in temperature. The increase of conductivity with

the temperature is interpreted as being due to a hopping

mechanism between co-ordinating sites, local structural

relaxations, and segmental motions of the polymers [26]. In

fact, it is obviously noted from Fig. 2, that the temperature-

dependent conductivity plot obeys VTF relation, which

describes the movement of ions through the viscous matrix

i.e., the ions move through the plasticizers rich-phase

which involves the plasticizers, the host polymers, and the

salts. Finally, the plasticizers influence the degree of mix-

ing, the polymer plasticizer interaction by providing more

charge carriers and more mobile medium for the ions [27],

which results in enhancing the conductivity of the plasti-

cized-electrolyte system.

From Table 1, it is concluded that the electrolyte con-

taining EC, PC plasticizers exhibits maximum ionic con-

ductivity of the order of 5.033 9 10-4 S cm-1 which is

mainly due to the specific properties of the plasticizers such

as higher dielectric constant and lower viscosity. Among

the various plasticizers, EC and PC have higher dielectric

constants (89 and 64) and their viscosities are 1.90 and

2.53 cp, respectively. In addition, the higher ionic con-

ductivity is mainly attributed to the higher amorphous

nature of PVAc and the amorphous HFP phase in P(VdF-

co-HFP). This higher amorphicity provides more free

volume to the mobile Li? ions thereby increasing the over

all ionic conductivity.

3.2 X-ray diffraction analysis

X-ray diffraction pattern of pure PVAc, PVdF–HFP,

LiClO4, and PVAc/PVdF–HFP/LiClO4 complexes with

plasticizers are shown in Fig. 3a–h. The presence of broad

less intense characteristic peak in Fig. 3c reveals the

complete amorphous nature of pure PVAc. The charac-

teristic peaks appearing at 2h = 17, 19, and 38� confirm

the semi crystalline nature of P(VdF–HFP) (Fig. 3b). The

sharp peaks with high intensity confirm the crystalline

nature of LiClO4 salt as shown in Fig. 3a. The diffraction

pattern of the plasticized-electrolyte samples are shown in

Fig. 3d–h. A higher degree of amorphous phase has been

observed in all the complexes; hence, the conductivity is

higher which reveals that the ionic conductivity increases

only in amorphous phase. It is clearly observed from the

characteristic spectrum that the addition of plasticizer and

LiClO4 salt decreases the crystallinity of the GPEs. The

peaks corresponding to LiClO4 are not observed in the

electrolytes indicating that the salt is well complexed in

the polymer matrix, and it also confirms that the salt does

not contain any separate phase in the electrolytes.

3.3 Thermal analysis

The DSC plots of PVAc/PVdF–HFP/LiClO4/EC-X-based

GPE systems are shown in Fig. 4. All the systems exhibited

Fig. 1 Complex impedance plot of PVAc/PVdF–HFP/LiClO4/

EC ? PC electrolyte

Table 1 Temperature-dependent ionic conductivity values of the prepared samples

Sample

code

Complex compositions Ionic conductivity values of the prepared samples at different temperatures

910-4 S cm-1 (K)PVAc (6.25%)/PVdF–HFP (18.75%)/

LiClO4 (8 wt%)/X((33.5 ? 33.5) wt%)
303 313 323 333 343 353 363

D1 X = EC ? PC 5.033 5.643 6.413 7.314 8.225 8.810 9.015

D2 X = EC ? GBL 4.446 4.626 5.016 6.600 8.392 8.596 8.945

D3 X = EC ? DMP 4.048 4.135 4.430 4.887 5.842 6.880 6.953

D4 X = EC ? DBP 2.662 3.129 3.717 4.212 4.706 4.978 5.105

D5 X = EC ? DEC 3.211 3.430 3.909 4.314 4.904 5.508 5.734
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endothermic peaks around 140–150 �C which is attributed

to the melting of PVF–HFP [28] and the plots corre-

sponding to the samples D1, D2, D3, D4, and D5 show the

transitions at 36, 39, 39, 36, and 34 �C, respectively, which

indicate the melting of plasticizer EC (melting point of EC:

38 �C). In the case of EC ? DEC-based electrolytes (D5)

one broad endothermic peak is found in between 110 and

145 �C which may be due to the overlapping of boiling

point of DEC and melting point of PVdF–HFP [29]. The

broad exothermic peaks around 266, 288, 260, 276, and

252 �C indicate the complete decomposition of the samples

D1, D2, D3, D4, and D5, respectively. It is concluded that

the system based on the combination of EC ? GBL shows

higher thermal stability (288 �C) even though EC ? PC

exhibits maximum ionic conductivity.

3.4 Scanning electron microscopic analysis

The SEM image of the sample (D1) exhibiting maximum

ionic conductivity is shown in Fig. 5. It is observed that the

surface of the electrolyte has number of fine pores and

these are reasonable for ion hopping. The formation of

porous structure is a complex process that depends on the

interactions of the solvent and plasticizers with the host

polymers such as PVAc and PVdF-co-HFP. It is observed

that the numerous pores (dark region) with the size of

1–10 lm are responsible for the high conductivity of the

sample. This shows the porous structure of the membrane

leads to entrapment of large volume of the liquid in the

pores accounting for the increased conductivity [30]. The

interconnected micropores in the membrane help in

absorbing liquid electrolytes and hence the ionic conduc-

tivity of the membrane is enhanced. The presence of pores

in the microstructure is mainly due to solvent removal

[31, 32].

Fig. 2 Temperature-dependent ionic conductivity of the prepared

samples

Fig. 3 XRD patterns of (a) LiClO4; (b) pure PVdF–HFP; (c) pure

PVAc and their complexes with different combinations of plasticizers

(PVAc/PVdF–HFP/LiClO4/X); (d) X = EC ? PC; (e) X = EC ?

GBL; (f) X = EC ? DMB; (g) X = EC ? DBP; (h) X = EC ? DEC

Fig. 4 DSC analysis of the prepared complexes (a) PVAc/PVdF–

HFP/LiClO4/EC ? PC; (b) PVAc/PVdF–HFP/LiClO4/EC ? GBL;

(c) PVAc/PVdF–HFP/LiClO4/EC ? DMP; (d) PVAc/PVdF–HFP/

LiClO4/EC ? DBP; (e) PVAc/PVdF–HFP/LiClO4/EC ? DEC
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3.5 Atomic force microscopic analysis

Novel three dimensional topography image of the sample

D1 are shown in Fig. 6. From the topography image, the

pore size has been estimated of the order of 4 lm and

which is in close agreement with the pore size determined

from SEM photograph. In addition, the rms roughness of

the sample over the scanned area 2 9 2 lm has been

obtained and it is in the order of 40 nm [33]. The surface

roughness of the sample may play an important role in the

conductivity. The micropores and the chain segments of the

blended polymers are responsible for the enhancement of

ionic conductivity.

4 Conclusions

Polymer electrolytes comprising PVAc/PVdF–HFP/LiClO4

complexes with the different combination of plasticizers

are prepared by solvent casting technique. The ionic con-

ductivity of the polymer electrolytes has been obtained in

the range 303–363 K. The maximum room temperature

conductivity 5.033 9 10-4 S cm-1 has been estimated for

EC ? PC added complex because of their higher dielectric

nature and the temperature-dependent ionic conductivity of

electrolytes seems to obey VTF relation. The complex

formation of the samples has been confirmed from XRD

analysis. It is found that the sample D1 exhibits maximum

ionic conductivity and it is thermally stable up to 266 �C.
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