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ABSTRACT: The solid polymeric nanocomposite electrolyte (SPNE) films based on the blend of amorphous poly(methyl methacrylate)

(PMMA) and semicrystalline poly(ethylene oxide) (PEO) (PMMA:PEO 5 80:20 wt %) doped with lithium perchlorate (LiClO4) salt

and montmorillonite (MMT) clay nanofiller were prepared by classical solution cast, ultrasonic assisted solution cast and ultrasonica-

tion along with microwave irradiated solution cast followed by melt-pressing methods. The X-ray diffraction study of these electro-

lytes revealed the amorphous behavior with intercalated MMT structures. The suppressed crystallinity of PEO in the blend electrolyte

complexes confirmed the existence of single discrete PEO chains confined within the PMMA domains. The dielectric relaxation spec-

troscopy of these materials was performed over the frequency range 20 Hz to 1 MHz, at ambient temperature. The presence of a sin-

gular relaxation peak in the loss tangent and electric modulus spectra of these electrolytes confirms a coupled cooperative chain

segmental dynamics of the blend polymer owing to their miscible amorphous morphology. The behavior of transient complexes

formed between the polymers functional groups, lithium cations and the intercalated MMT nanoplatelets was explored. The ambient

temperature ionic conductivity of these electrolytes depends on the structural dynamics and the sample preparation methods. It is

revealed that the presence of PEO in the PMMA matrix mainly governs the structural, dielectric, and ionic properties of these SPNE

films. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41311.
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INTRODUCTION

In the last one decade, the solid polymeric electrolytes (SPEs)

have been a topic of great technological interests because of

their uses in the high power and high energy density storage

lithium-ion batteries.1–44 These batteries are the promising

power sources for the modern portable electronic equipments

and the electrical vehicles. In addition to the batteries, the SPEs

are also used in fabrication of various ion conducting electro-

chromic devices.13,15 The main characteristics of the SPEs are

their light weight, leak proof, flexible and compact in size and

longer life span with improved safety and electrochromical per-

formances, which make them superior over the liquid and

ceramic electrolytes. Poly(ethylene oxide) (PEO)1–4,6–12 and pol-

y(methyl methacrylate) (PMMA)5,20–22,35–44 are better consider-

ations among the polymers host for preparation of the SPE

materials. Owing to the environmental friendly, high solvating

power in the solid state for alkali metal salts and highly flexible

type film forming ability of the PEO, it has become the first

choice of the investigators for preparation of SPEs both by the

solution–cast as well as melt compounding methods. The only

disadvantage of PEO is its semicrystalline structure, which

results the low ionic conductivity of the SPEs based on it, at

ambient temperature. Because in regards to the SPEs, it has

been established that the effective ion transport can be the best

achieved in an amorphous phase of the host polymer.22 On the

other hand, PMMA is an amorphous, light weight and transpar-

ent polymer, and it has highly active electron donating carbonyl

(C5O) functional group for the cations coordination of the

alkali metal salts.5,20–22 But the electrolyte film based on PMMA

matrix is always found highly brittle in nature which restricts its

suitability for the fabrication of different shapes and flexible

type ion conducting devices.

For better ion conducting performances along with the tailor-made

physico-chemical properties of the PMMA and PEO-based electro-

lytes, the investigators adopted several strategies, viz. different

methods of preparation1–5,7,9,10,12,19 (solution–cast, melt com-

pounding, ultrasonic assisted, microwave irradiated, ion irradiated

methods, etc.), addition of liquid plasticizers,4,15,23,26,30,37 disper-

sion of inorganic nanofillers,9–12,21,23–29,32–36,38 use of different

salts,1,5–7,20,22,27,30 and their blending with other polymers.17,22,39–44

These studies revealed that the addition of plasticizers always

increased the degree of salt dissociation and the amorphous phase
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of the SPE materials, which resulted in the increase of their ionic

conductivity. But the mechanical, thermal and dimensional stabil-

ity of the plasticized solid polymer electrolytes (PSPEs) are

adversely affected as compared to the electrolytes having no plasti-

cizer. On the other hand, the dispersion of inorganic nanofillers

significantly improves the physico-chemical properties, and simul-

taneously increases the amorphous phase which is needed to

enhance the ionic conductivity of the solid polymer nanocompo-

site electrolytes (SPNEs).

In the last several years, the preparation and studies established

that the blending of PMMA and PEO is an effective and eco-

nomic way of creating high performance material to overcome

the drawbacks of the individual polymer.45–53 The blending of a

small amount of PEO in the PMMA matrix results in a large

increase of PMMA flexibility and reduces its brittleness, and

simultaneously the PMMA environment increases the amor-

phous phase of semicrystalline PEO. These tailored physico-

chemical properties recognized the PMMA–PEO blend as a new

novel material for the preparation of SPEs.22,39,41,42,54,55

Recently,22 the PMMA–PEO blend (50:50 wt %) with varying

concentration of LiClO4 has been studied in order to confirm

their structural and ion conduction behavior with temperature

variation. This study revealed that the increased amorphous

phase of the electrolyte enhances the ionic conductivity, but it

significantly reduces at high salt concentration due to the ion-

pairing effect.

In this article, the PMMA–PEO blend matrix with lithium

perchlorate (LiClO4) as ion conducting salt and montmoril-

lonite (MMT) clay as inorganic nanofiller has been used for

the preparation of SPNE materials through different process-

ing methods. It is well established that the dispersions of

nano-meter sized MMT clay platelets (lamellar layered silicate)

in the PEO matrix (PEO–MMT nanocomposites),56–58 and

also in the PMMA matrix (PMMA–MMT nanocompo-

sites)59–61 increase their mechanical, thermal, gas barrier, cor-

rosion protection, UV resistance and nonflammable properties.

Therefore, the consideration of MMT layered sheets as inor-

ganic nanofiller in the PMMA–PEO blend is reasonable in the

present study. Further, the MMT filled PEO-based

SPNEs11,12,19,25–29,62 and the MMT filled PMMA-based

SPNEs5,21,35,36 are gaining a lot of interest from both the

technological and academic point of view. Mostly, the electro-

chemical properties of these SPEs and SPNEs are investigated

by the impedance spectroscopy. The detailed dielectric proper-

ties and relaxation behavior of such materials are rarely

explored using dielectric relaxation spectroscopy (DRS).

Although, the dielectric properties of the electrolytes have the

technological importance in fabrication of the ion conducting

devices.3,5–7 The knowledge of the ionic polarization and

molecular relaxation mechanism of the composite system is a

prerequisite for their successful applications. The study on

(PMMA–PEO)–LiClO4–MMT nanocomposite electrolytes hav-

ing a very low concentration of the salt with varying compo-

sition of PEO in the PMMA matrix infers that the ionic

conductivity of such materials is influenced by the MMT con-

centration and also the blend composition.22,54,55

Considering all the above mentioned facts on the polymeric

electrolytes, in the present study (PMMA–PEO)–LiClO4–x wt %

MMT electrolyte films (x 5 0–10) were prepared by three differ-

ent processing methods, viz. “classical” solution cast melt-

pressed, ultrasonicated solution cast melt-pressed and the ultra-

sonication along with microwave irradiated solution cast melt-

pressed. The aims of this study are, firstly to explore the effects

of material preparation methods on the dielectric properties,

ionic conductivity and the molecular relaxations in the polymer

blend-based complexed SPNE films. The comparative dielectric

and electrical parameters of the samples prepared by three dif-

ferent methods are analyzed in order to confirm the most effec-

tive method of sample preparation for the enhancement of

ionic conductivity of PMMA–PEO blend-based electrolytes. Sec-

ondly, it is intended to confirm the effect of MMT concentra-

tion on the dielectric properties and ionic conductivity of low

salt concentration SPNE materials. Thirdly, it is aimed to reveal

the intercalated/exfoliated MMT structures in these electrolytes

using X-ray diffraction (XRD) measurements. Finally, an

attempt is also made to explore the correlation between MMT

structures, dielectric relaxation and ionic conductivity of the

PMMA–PEO blend-based SPNE materials, which is so far to

our best knowledge, has not been studied.

EXPERIMENTAL

Sample Preparation

PMMA (Mw 5 3.5 3 105 g mol21), PEO (Mw 5 6 3 105 g

mol21), LiClO4 (battery grade, dry, 99.9% metal basis),

sodium-montmorillonite (MMT) clay (Nanoclay, PGV, a prod-

uct of Nanocor
VR

) and acetonitrile were obtained from Sigma-

Aldrich. All the chemicals were vacuum dried at the standard

temperatures before their use in preparation of the electrolytes.

For the preparation of (PMMA–PEO)–LiClO4–x wt % MMT

films, the 80 : 20 wt % ratio of PMMA:PEO in the blend was

used. The average molar ratio of [(C5O)1EO] : Li1 5 15:1

was used for the electrolytes, where C5O is the carbonyl group

of PMMA monomer unit, EO is the ether oxygen of PEO

monomer unit and Li1 is the lithium cation concentration in

the electrolytes. The salt concentration is kept low for the prep-

aration of these electrolytes in order to avoid the ion-pairing

effect, which usually occurs at high concentration of the salt in

polymer matrix. The required amounts of MMT for x 5 0, 1, 3,

5, and 10 wt % with respect to the weight of PMMA–PEO

blend were added as nanofiller for the preparation of the poly-

mer blend-based nanocomposite electrolytes.

Three different processing methods as described below were

used for the preparation of (PMMA–PEO)–LiClO4–x wt %

MMT electrolyte films.

1. “Classical” solution casting (SC) method: Initially, the poly-

meric electrolyte solutions consisted of the required amounts

of PMMA, PEO, LiClO4, and MMT for different MMT, con-

centrations were prepared in acetonitrile solvent in the sepa-

rate glass bottles. These solutions were blended using

magnetic stirrer to achieve the homogenous solution of each

MMT concentration sample. After that they were cast onto

Teflon petri dishes and by slow evaporation of solvent at
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room temperature, the solution cast (SC) prepared

(PMMA–PEO)–LiClO4–x wt % MMT films were achieved.

2. Ultrasonic (US) processed solution casting method: In this

method, initially the polymeric electrolyte solutions of dif-

ferent MMT concentrations were prepared as discussed

above. After that each electrolyte solution was sonicated by

ultrasonicator (250 W power, 25 kHz frequency) for 10 min

duration with ON-OFF step of 15 s. In this processing the

stainless steel sonotrode was directly immersed into the elec-

trolyte solution for strong dose of the ultrasound. These

ultrasonicated electrolyte solutions were cast to make the US

processed prepared electrolyte films.

3. Ultrasonicated followed by microwave irradiation (US–MW)

processed solution casting method: In this processing, firstly

the ultrasonicated electrolyte solutions were prepared as

mentioned above, and subsequently these solutions were

irradiated by microwave energy using domestic microwave

oven (600 W power and 2.45 GHz frequency) for 2 min

duration of 10 s irradiation step with intermediate cooling.

After that these US and MW irradiated electrolyte solutions

were cast to obtain free standing US–MW processed pre-

pared (PMMA–PEO)–LiClO4–x wt % MMT electrolyte

films.

These electrolyte films prepared by different methods were vac-

uum dried at 40�C for 24 h. After that each film was melted at

130�C in polymer film making unit and pressed under 2 tons

of pressure per unit area. Cooling the material slowly up to

room temperature, the smooth surfaces SPNE films were

obtained for their dielectric and structural characterizations.

The details of various steps followed during the processing of

polymeric electrolyte solutions in different methods and the

preparation of their films are depicted in Scheme 1.

Characterizations

The X-ray diffraction (XRD) patterns of the SPNE films and

their constituents were recorded in reflection mode using a

PANalytical X0pert Pro MPD diffractometer of Cu-Ka radiation

(1.5406 Å) operated at 45 kV and 40 mA with a scanned step

size of 0.05�/s. The powder samples of LiClO4 and MMT were

tightly filled in the sample holder, whereas the pristine PMMA,

PEO and the SPNE films were placed on the top of the sample

holder during their XRD measurements in the 2h range 3.8–

30�, at room temperature.

The dielectric and electrical spectra of the SPNE films were car-

ried out using an Agilent technologies 4284A precision LCR

meter and 16451B solid dielectric test fixture over the linear fre-

quency f range from 20 Hz to 1 MHz, at ambient temperature

(27 6 1�C). Frequency dependent values of parallel capacitance

Cp, parallel resistance Rp and loss tangent (tan d 5 e00/e0) of the

SPNE films were measured for the evaluation of their dielectric/

Scheme 1. Schematic illustration of different steps followed during the preparation of (PMMA–PEO)–LiClO4–x wt % MMT nanocomposite electrolyte

films by SC, US, and US–MW methods.
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electrical spectra. Prior to samples measurement, the open cir-

cuit calibration of the cell was performed to eliminate the effect

of stray capacitance of the cell leads. The spectra of intensive

quantities, namely complex dielectric function e*(x) 5 e0 – je00,
real part of alternating current (ac) electrical conductivity

r05 xe0e00 and electric modulus M*(x) 5 M01 jM00, and the

extensive quantity i.e. complex impedance Z*(x) 5 Z0 – jZ00 of

the SPNE films were determined using the expressions described

in detail elsewhere.5,63,64

RESULTS AND DISCUSSION

Structural Analysis

The XRD patterns of LiClO4, MMT, PEO, and PMMA over the

angular range 3.8–30� are shown in Figure 1, which are in

agreement with their earlier reported patterns.5,20,65 The LiClO4

has major crystalline peaks at 2h 5 21.02� and 23.04�,20 whereas

the MMT has reflection peaks at 2h 5 7.03� and 19.79� which

are corresponding to its 001 and 101 reflection planes.65 The

pure PEO has major crystalline peaks at 2h 5 19.22� and 23.41�

corresponding to the crystal reflections 120 and concerted

112,032 planes which reveal its semicrystalline behavior.7,19,65

The observed broad and diffused peak around 16� of pure

PMMA confirms its predominantly amorphous phase.5,20

Figure 2(a–c) shows the XRD patterns of (PMMA–PEO)–

LiClO4–x wt % MMT films prepared by SC, US, and US–MW

methods. The crystalline peaks of LiClO4 and PEO are not

found in the XRD patterns of these electrolytes, which infer

that the added LiClO4 amount is completely dissociated into

cations Li1 and anions ClO2
4 , and the crystallinity of blended

PEO with the PMMA matrix is fully suppressed. In these elec-

trolytes the salt dissociation occurs due to ion-dipolar coordina-

tion formed between the functional groups of the polymers and

the cations of salt. From these observations, it can be concluded

that the 80/20 wt % blend of PMMA/PEO forms the complete

miscible complexed structures of single discrete PEO chain con-

fined within the PMMA domains, which are in consistent with

earlier results.45–48,55 In case of PEO–LiClO4 electrolytes,10 the

crystallinity of PEO decreased due to its complexes with Li1

but the materials is not changed completely into an amorphous

structure, as observed for these PMMA–PEO blend-based elec-

trolytes. Further, the PMMA-based PMMA–LiClO4–x wt %

MMT electrolytes of MMT low concentration have complete

amorphous behavior with exfoliated MMT structures.5

Figure 2. The XRD patterns of (PMMA–PEO)–LiClO4–x wt % MMT

nanocomposite electrolyte films prepared by (a) SC, (b) US, and (c) US–

MW methods. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 1. The XRD patterns of pristine PEO and PMMA films, and the

LiClO4 and MMT powder samples. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The XRD patterns of these MMT filled electrolyte films (except

1 wt % SC and US processed prepared films) have 001 reflec-

tion peaks of MMT in the range 5 to 6� which are at lower

angle side as compared to the peak position 7.03� of pristine

MMT. These 001 peaks positions confirm the formation of

intercalated MMT structures in the PMMA–PEO blend-based

nanocomposite electrolytes. From the intercalated structural

behavior of PEO–MMT nanocomposite65 and the exfoliated

MMT structures of PMMA–LiClO4–x wt % MMT electrolytes,5

it can be concluded that the formation of intercalated MMT

structures in these PMMA–PEO blend-based electrolytes is due

to the presence of PEO in the composite. The values of d-spac-

ing corresponding to 001 crystalline peak d001 are determined

by the Bragg’s relation k 5 2dsinh, where k is the wavelength of

X-ray radiation (k 5 1.5406 Å), d is the spacing between diffrac-

tional lattice planes and h is the diffraction angle of the peak.

The values of d001 of these electrolytes are found in the range

1.56–1.77 nm which vary with the MMT concentration and also

the sample preparation methods.

In the formation of intercalated nanocomposites, the galleries of

MMT layers are occupied by the polymeric structures.14,65 The

intercalation occurs mainly due to favorable interactions com-

patibility between the functional group of polymer and the sur-

face charge of MMT nanoplatelets. Scheme 2 shows the

schematic representation of the nanocomposites formed due to

the intercalation of PMMA–PEO blend complexes into the

MMT galleries. The first one structure [Scheme 2(a)] shows

that the complexes of PEO molecules confined within PMMA

domain enter between the MMT platelets and increase the clay

gallery spacings (d001), which result in the intercalated nano-

composites. But the adsorption of polymers on the MMT surfa-

ces also delaminates (exfoliates) the MMT nanoplatelets and

form the exfoliated nanocomposites. The Lewis acid-base inter-

actions of the polymers/Li1/MMT in these nanocomposites are

depicted in Scheme 2(b). The Li1 has four to six sites of coor-

dination with the electron donating groups of polymers and

also the negatively charged MMT nanoplatelets.5,21,25,28,29 Due

to the EO���Li1, C5O���Li1, MMT���Li1, and C5O���Li1���EO

types of possible interactions can result in a variety of transient

complexes of these nanocomposites. In these complexes, the

anions ClO2
4 mostly remain un-coordinated somewhere in the

polymer backbone as shown in Scheme 2(b). In these materials,

the Li1���MMT interactions also facilitate the intercalation of

polymer–cations complexes into the MMT galleries, but the

material preparation processing methods alter the intercalated

amount of the polymers blend. The exfoliated MMT nanosheets

no longer display the 001 reflection peak,5 and therefore the 1

wt % MMT filled SC and US processed prepared electrolytes

have completely exfoliated MMT structures, whereas the US–

MW processed prepared electrolyte film of 1 wt % MMT con-

centration has some amount of intercalated structures beside

the exfoliation.

Figure 2(a–c) shows that the intensity values of 001 peak have

an increase with the increase of MMT concentration for the SC

and US–MW processed prepared electrolyte films, but these val-

ues are found nearly same for the US processed prepared elec-

trolytes having 3 to 10 wt % MMT. The comparative peak

intensities infer that the amount of intercalated polymers blend

significantly varies with the change of MMT concentration and

also with the samples preparation methods. The values of MMT

clay gallery width Wcg of these SPNE films is determined by the

relation Wcg 5 d001 – Wcl, where Wcl is the MMT clay layer

width in c-axis, which is 0.96 nm.11 The d001 spacing value for

the MMT powder is 1.257 nm and its Wcg value is found

0.297 nm. The observed Wcg values of the electrolytes (range

from �0.6 to 0.8 nm) reveal that the intercalated complexes of

PMMA–PEO blend have the flattened-type morphological

arrangements in the swelled MMT galleries, because the trans

conformation of PEO chain increases the MMT gallery expan-

sion of about 0.4 nm.65,66

Dielectric Behavior

The real part of complex permittivity e0 and dielectric loss e00

spectra of (PMMA–PEO)–LiClO4–x wt % MMT electrolytes

prepared through SC, US and US–MW methods are shown in

Figure 3(a–c). The e0 values of these electrolytes have decrease

with increase of frequency and finally attain the steady state

near 1 MHz, which are corresponding to the high frequency

limiting permittivity e1 values.5–7 These e1 values of the inves-

tigated electrolytes are found in the range �2 to 4. A close look

on the e0 spectra reveals that the frequency dependent e0 values

of an electrolyte film significantly vary with the sample prepara-

tion methods and also with the concentration of MMT nanofil-

ler. Comparatively less variations in e0 values with change of

MMT concentration of the US–MW processed prepared electro-

lyte films infer that similar type of dipolar ordering are formed

Scheme 2. Schematic representation of; (a) intercalated and exfoliated MMT

structures, and (b) ion-dipolar and ion-ion interactions in cations coordi-

nated polymers blend intercalated MMT structure in the (PMMA–PEO)–

LiClO4–x wt % MMT nanocomposite electrolyte film. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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due to microwave irradiation, which are not the case of SC and

US assisted prepared electrolyte films. Further, the anomalous

behavior of the e0 values with increase of MMT concentration

suggests the existence of randomly oriented exfoliated MMT

nanoplatelets in the polymer blend matrix which alters the total

dielectric polarization. Some samples have relatively high e0 val-

ues at low frequencies, which is owing to the contribution of

electrode polarization (EP) effect.5–7,19,27–29 The low frequency

e0 values of PEO–LiClO4 and PEO–LiClO4–x wt % MMT elec-

trolytes6,7,10 were found of the order of 1032105, whereas

PMMA–LiClO4 and PMMA–LiClO4–x wt % MMT electrolytes5

had the e0 values only of one order of magnitude. But the

Figure 4. Frequency dependent real part of ac conductivity r0 and loss

tangent (tand) of (PMMA–PEO)–LiClO4–x wt % MMT nanocomposite

electrolyte films prepared by (a) SC, (b) US, and (c) US–MW methods.

The continuous solid lines in r0 spectra represent the fit of experimental

data to the Jonscher power law r0(x) 5 rdc 1 Axn. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. Frequency dependent real part e0 and loss e00 of the complex

dielectric function of (PMMA–PEO)–LiClO4–x wt % MMT nanocompo-

site electrolyte films prepared by (a) SC, (b) US, and (c) US–MW meth-

ods. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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(PMMA–PEO)–LiClO4–x wt % MMT electrolyte films have the

low frequency e0 values of the order of 1012102, which are

much lower than the e0 values of PEO-based electrolytes. This

behavior is expected because in the prepared blend electrolytes

the PMMA amount is four times more as compared to that of

the PEO.

Figure 3(a–c) shows that the e00 values of these polymer blend-

based electrolyte films at fixed frequency are in the same order as

that of their corresponding e0 values i.e. the electrolyte film of

high e0 value also has relatively high e00 value, and vice-versa. Fur-

ther, the e00 spectrum of the electrolytes at each MMT concentra-

tion has either one inflexion point or a broad peak related to

singular molecular dielectric relaxation process which is influ-

enced by the sample preparation methods. The peaks are

observed in the e00 spectra for few samples only, which are corre-

sponding to the most probable molecular reorientation relaxation

time se. But for comparative study of the molecular dynamics

(polymer segmental motion) in these electrolytes with variation

of MMT concentration and the sample preparation methods, the

value of each sample relaxation time is needed. Therefore, the loss

tangent (tan d) and electric modulus spectra of these SPNE mate-

rials were considered and analyzed in order to evaluate the relaxa-

tion times for the confirmation of the behavior of molecular

dynamics and its correlation with ion transport mechanism.

The r0 and tan d spectra of the SC, US and US–MW methods

prepared (PMMA–PEO)–LiClO4–x wt % MMT electrolytes are

depicted in Figure 4(a–c). It is found that the r0 values of these

electrolytes increase non-linearly with the increase of frequency

on logarithmic scale. The large decrease of r0 values with

decrease of frequency below 10 kHz of these electrolytes are due

to EP effect, which commonly occurs in SPE materials.7,10,19 To

find out the values of dc ionic conductivity rdc, the high fre-

quency r0 spectra of these electrolytes are fitted to conventional

Jonscher’s power law67 r0(x) 5 rdc 1 Axn, where A is the pre-

exponential factor and n is the fractional exponent ranging

between 0 and 1. The evaluated values of rdc and n for these

electrolytes are given in Table I. The n values are found in the

range 0.70 to 0.82, which suggest that the ions transportation in

the electrolytes takes place through hopping mechanism.7,10,63,68

The variation in n values confirms that the hop of ion motion

is also influenced by the sample preparation methods. Further,

the n values of these PMMA–PEO blend-based electrolytes are

also found consistent of the n values (0.74–0.83) of PEO–

LiClO4 electrolyte films.10 Recently, it has been derived and

experimentally established that the complex conductivity spectra

over the entire frequency range for the ion conducting materials

can be correctly represented by the generalized Jonscher’s law

(GJ’sL),69,70 which involves the universality of all types of dielec-

tric polarization of a heterogeneous material. It is interesting

here to report that the GJ’sL69,70 is verified using our experi-

mental results on the complex conductivity and permittivity of

the polymeric electrolyte materials.28 The aim of the present

paper is to determine the dc conductivity and the ion conduc-

tion behavior, and therefore the conventional Jonscher’s law67 is

fitted to the high frequency experimental values of r0 spectra

which cover only the frequency range of dc plateau and the dis-

persion of dc to ac ion transportation as shown by solid lines

in Figure 4.7,11,29

Figure 4(a–c) shows that the tand spectra of these PMMA–PEO

blend-based electrolytes prepared by different methods have sin-

gle relaxation peak at all the MMT concentrations. Earlier, the

broadband DRS measurements established that the pristine

Table I. Values of Loss Tangent Relaxation Time stand, Electric Modulus Relaxation Time sM, dc Ionic Conductivity rdc and Fractional Exponent n of

(PMMA–PEO)–LiClO4–x wt % MMT Nanocomposite Electrolyte Films Prepared by SC, US, and US–MW Methods

x wt % MMT stan d (ms) sM (ms) rdc 3 107 (S cm21) n

Classical SC prepared SPNE films

0 3.25 0.33 3.98 0.76

1 82.75 4.96 0.20 0.70

3 6.91 2.48 0.22 0.72

5 17.66 4.99 0.03 0.70

10 29.24 6.98 0.03 0.77

US processed prepared SPNE films

0 343.29 59.60 0.03 0.77

1 29.54 2.04 0.53 0.71

3 63.06 4.68 0.05 0.80

5 53.08 6.16 0.09 0.74

10 23.67 2.66 0.15 0.75

US–MW processed prepared SPNE films

0 52.61 5.82 0.08 0.80

1 58.77 16.00 0.07 0.81

3 145.90 16.60 0.07 0.81

5 59.36 2.92 0.10 0.82

10 41.04 6.06 0.05 0.82

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2015, DOI: 10.1002/APP.4131141311 (7 of 12)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


PMMA and PEO have multiple relaxation processes correspond-

ing to their different dynamical phases.71–76 Dielectric measure-

ments on the frequency and temperature scale reveal that the

amorphous PMMA has three relaxation processes corresponding

to main chain segmental motion (cranckshaft or micro Brown-

ian motion), the ester group rotation and the methyl group

rotation, and they also merge to each other at different temper-

atures.45,47,71,72 The recent study on the dielectric properties of

PMMA/bentonite nanocomposite76 also reported the tand peaks

corresponding to the chain segmental dynamics of PMMA,

which are found in agreement with the molecular dynamics of

these PMMA–PEO blend electrolytes. The semicrystalline PEO

has three main dielectric relaxation processes, which are associ-

ated with chain segmental motion separately in crystalline and

noncrystalline phases, and the local twisting in the main chains

of the amorphous phase.73 But the observed single relaxation

peak in the tan d spectra of these polymers blend electrolytes at

room temperature can be assigned to the coupled chains seg-

mental dynamics in the amorphous phase of miscible PMMA–

PEO blend. The values of dielectric loss tangent relaxation time

stand corresponding to the molecular segmental dynamics in the

complex polymers blend electrolytes is determined using the

relation stand 5 1/2p fp(tand), where fp(tand) is the frequency of

tand peak, and these values are given in Table I. The stand values

are of the order of �1026 s, which are found nearly equal to

that of the PEO–LiClO4 electrolytes.10 The recent study on

PMMA–LiClO4–x wt % MMT electrolytes have confirmed the

fluctuating relaxation processes in these electrolytes with the

variation of MMT concentration and the sample preparation

methods.5 The appearance of single relaxation peak in tand
spectra of the PMMA–PEO blend-based electrolytes also con-

firms the miscible blend behavior of cooperative polymers

dynamics in which the fluctuating relaxations of the PMMA are

suppressed.

Figure 5(a–c) shows the electric modulus (real part M0 and loss

M00) spectra of the PMMA–PEO blend-based electrolyte films

prepared through SC, US, and US–MW methods. These spectra

are commonly plotted and analyzed for the solid dielectric

materials, because they are free from the contribution of EP

effect at low frequencies, and also independent of the type of

electrodes material, the electrode/dielectric specimen contact

and the adsorbed impurities in the sample.5–7,28,29,63 It is

observed that the shapes of the M0 and M00 spectra of the stud-

ied SPNE films change with the sample preparation methods

and the MMT concentration. At low frequency side of the spec-

tra, the M0 values are close to zero, whereas in the high fre-

quency region they increase non-linearly with increasing

frequency. Similar to the tan d spectra, the sharp singular relax-

ation peak is appeared in the M00 spectrum of each electrolyte

sample. But these peaks are found at higher frequency side as

compared to the corresponding tan d peaks. Using the M00 peak

frequency values fp(M00), the electric modulus relaxation time sM

of the electrolytes is determined by the relation sM 5 1/2pfp(M00),

and the observed sM values are recorded in Table I. The sM is

also referred as conductivity relaxation time sr for the solid

electrolyte materials, because in many cases it has direct correla-

tion with the ionic conductivity which is governed by the cati-

ons coordinated polymer chain segmental dynamics.3–7,10 Table

I shows that the stand value is higher than the corresponding sM

value of the same composition material. It is expected because

the sM is related with stand by the relation sM 5 (e1/es)stand,

where es is the static permittivity and it is always greater than

the e1 value.

Figure 5. Frequency dependent real part M0 and loss M00 of complex elec-

tric modulus of (PMMA–PEO)–LiClO4–x wt % MMT nanocomposite

electrolyte films prepared by (a) SC, (b) US, and (c) US–MW methods.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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Figure 6 shows the variation of stand, sM, and rdc values with

MMT concentration of the (PMMA–PEO)–LiClO4–x wt %

MMT electrolytes prepared through different methods. It has

been observed that the values of these parameters change anom-

alously with the increase of MMT concentration and also the

electrolyte preparation methods. The anomalous variation of

relaxation times with MMT concentration reveals that the coop-

erativity of PMMA and PEO chains dynamic is influenced by

the amount of loaded MMT. The comparative values of relaxa-

tion times also infer that the dynamics of complex transient

structures of the nanocomposite electrolytes vary with their

preparation methods. These results are also favored by the

structural properties of the electrolytes as revealed from their

XRD measurements.

Before interpretation of rdc values of the (PMMA–PEO)–

LiClO4–x wt % MMT electrolytes, it is worthy here to report

the conductivity behavior of individual polymer-based electro-

lytes. Recently,7,10 authors studied the PEO–LiClO4 electrolytes

of varying salt concentrations [EO/Li1 5 8, 12, 16, and 20] and

prepared by SC, US, and US–MW methods. It was found that

the rdc values of these electrolytes almost increase linearly from

�1028 to 1025 S cm21 with the increase of salt concentration,

at room temperature. Further, it was confirmed that the same

method of sample preparation may not be always effective to

increase the ionic conductivity of the electrolytes having differ-

ent salt concentrations. Further, it was also revealed that in

some cases the MMT nanofiller increases the rdc values of the

PEO–LiClO4–MMT electrolytes.19,29 But the dispersion of

organo-modified MMT mostly increases the rdc values of the

PEO–LiClO4 electrolytes11 and also the PMMA–LiClO4 electro-

lytes21,25,35,36 by about 2 order of magnitude. At low salt con-

centrations, the rdc values of PEO–LiClO4 and PMMA–LiClO4

electrolytes are found of the order of �1029 to 1027, at room

temperature, which may increase by two to three orders of mag-

nitude with the addition of inorganic nanofillers and the liquid

plasticizers.11,21,25,32,34,39,77 Figure 6 shows that the rdc values of

the (PMMA–PEO)–LiClO4 electrolyte films of fixed salt concen-

tration and without MMT vary by two orders of magnitude

(�102721029 S cm21) with the sample preparation methods.

As compared to the rdc values of the US and US–MW proc-

essed prepared electrolyte films, the classical SC prepared elec-

trolyte film has high rdc value. These rdc values of without

MMT electrolyte films show a direct correlation with their relax-

ation time values. The high rdc value of the electrolyte film has

low relaxation time, and vice versa. This observation reveals

that the cations mobility is governed by the chain segmental

dynamics of the polymers blend in these electrolyte films, which

is in agreement with the conclusions drawn on the other solid

polymeric electrolytes when they were investigated by the dielec-

tric relaxation spectroscopy.3,5–7,27–29,63 These studies revealed

that the fast polymer chain dynamics (low relaxation time)

increases the cations mobility, and hence there is increase of

ionic conductivity of the solid polymeric electrolytes.6,7,27–29

The observed rdc values of these polymer blend electrolytes of

low salt concentration are also found of the order of their con-

stituents polymer-based electrolytes of normal salt concentra-

tion. Recently,55 the study on (PMMA–PEO)–LiClO4 electrolyte

having 80:20 wt % PMMA and PEO with 1 wt % LiClO4

revealed its ambient temperature ionic conductivity value of

2.51 3 1029 S cm21. This conductivity value is low as com-

pared to the electrolytes investigated in the present study, which

is expected because of very low salt concentration. Further, it

has also been established that the polymer blend electrolyte of

the equal amount of PMMA and PEO have the conductivity

value �1028 S cm21.22

When only 1 wt % MMT is loaded in the polymeric blend elec-

trolyte material, it significantly changes the relaxation times and

the rdc values (Figure 6). A clear correlation is also found

between the relaxation times and rdc values of the 1 wt %

MMT filled polymer blend electrolyte films prepared through

different processing methods. In case of SC prepared electrolyte

film, the s (stand and sM) values have an increase by more than

one order of magnitude, which results a decrease of its rdc value

by the same order. The increase of s values suggest the increase

in confinement effect on the polymer blend dynamics.54,64 A

relatively small increase in the s values is observed for the US–

MW prepared electrolyte film and therefore its rdc values shows

a little decrease as compared to that of without MMT film (Fig-

ure 6). In case of US prepared electrolyte, the s values have a

decrease of about one order of magnitude and simultaneously

the rdc increases by the same order. When the MMT concentra-

tion in these electrolytes increases above 1 wt %, the observed

rdc values of the electrolyte films also have the correlation with

their relaxation times. Figure 6 shows that there is less varia-

tions in the rdc values with increase of MMT concentration for

the electrolyte films prepared through US–MW processing

method. This result suggests the formation of some uniform

structural properties in regards to the ion conduction paths

when the films are prepared using US–MW processed solutions.

This fact is also favored by the MMT concentration dependent

Figure 6. MMT concentration dependent loss tangent relaxation time

stand, electric modulus relaxation time sM and dc ionic conductivity rdc of

(PMMA–PEO)–LiClO4–x wt % MMT nanocomposite electrolyte films

prepared by SC, US, and US–MW methods. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]
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linear increase of the 001 peak intensity in the XRD patterns.

Further, the rdc values of these electrolytes as determined by

power law fit of the r0 spectra are found close to the earlier

reported conductivity values of the (PMMA–PEO) blend-based

nanocomposite electrolytes determined by the electrochemical

impedance spectroscopy, at room temperature.54,55 For these

electrolytes of 80/20 wt % PMMA–PEO blend with 2 and 5 wt

% MMT, their rdc values were 2.51 3 1028 S cm21 and 1 3

1028 S cm21, respectively.55

The complex impedance plane plots (Z00 vs. Z0) of the (PMMA–

PEO)–LiClO4–x wt % MMT electrolyte films prepared through

SC, US, and US–MW methods are shown in Figure 7(a–c).

Such plots are widely used for the electrochemical characteriza-

tion of solid electrolyte materials.5,9,11,22 These plots provide the

information regarding the nature of charge carriers (electrons or

ions), the frequency range over which the EP effect contribute

in bulk properties and the behavior of electrode-electrolyte con-

tact. Further, these plots are also used for the determination of

dc ionic conductivity of the electrolytes. The polymeric electro-

lyte materials, those have contribution of electrode polarization

phenomena in the bulk properties, result a spike in the low fre-

quency region of their Z00 vs. Z0 plot, whereas a semicircular

type arc is appeared in the high frequency region corresponding

to the bulk material properties.9–11,20–22,26,35,78 The experimental

data of the electrode/electrolyte/electrode cell of such electrolyte

materials can be represented by an equivalent electrical circuit

consisting a bulk resistance Rb in parallel with geometrical

capacitance Cg and a constant phase element (CPE) in their

series as depicted in the inset of Figure 7(a).78 The significance

of the frequency dependent total impedance of such equivalent

circuit of a polymeric electrolyte material has been recently

reported.78 Further, the impedance values of these electrolytes at

low frequencies are of several hundreds kX which decrease with

increase of frequency and finally approach to very low values

(few kX to hundreds of X) at 1 MHz.

The shapes of the complex impedance plane plots of the SC

and US processed prepared electrolytes differ by a large amount

with change of MMT concentration, whereas the US–MW proc-

essed prepared SPNE films have some symmetry in their plots.

The arc type shapes of some of these plots at high frequencies

[insets of Figure 7(a–c)] are due to bulk properties, and the

inclined straight line behavior at low frequencies confirms the

contribution of electrode polarization in the measured electrical

properties of the electrolytes. The Rb value of the SPNE films

can be obtained from common intercept of the semicircular arc

and the straight line on the real axis of these impedance plots.

Some plots of these electrolytes do not have arcs, which may be

above the upper experimental frequency limit. The rdc values of

such electrolytes can also be calculated by the relation rdc 5 ts/

RbA, where ts is the thickness and A is the surface area of the

film.5,11,22 In the present study, the rdc values of the SPNE films

have been determined by power law fit to the high frequency r0

experimental data, because the n values obtained by the power

law fit provide the information about the behavior of ion trans-

portation mechanism, which is hopping type mechanism for

these electrolytes as discussed above. However, there may be a

small difference in the conductivity values of the electrolytes

determined by power law fit of the r0 spectra and also from the

Rb value obtained from the impedance plots.

CONCLUSIONS

The comparative dielectric properties, relaxation times, ionic

conductivity, and the structural behavior of (PMMA–PEO)–

LiClO4–x wt % MMT nanocomposite electrolytes prepared by

three different methods (SC, US, and US–MW) were reported.

The variation of the dielectric parameters with the sample prep-

aration methods and the MMT concentration were explored.

The results of these PMMA–PEO blend-based electrolytes were

compared with the dielectric and structural properties of their

Figure 7. Complex impedance plane plots (Z00 vs. Z0) of (PMMA–PEO)–

LiClO4–x wt % MMT nanocomposite electrolyte films prepared by (a)

SC, (b) US, and (c) US–MW methods. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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individual polymer-based electrolytes. The ionic conductivity

values of these electrolytes are governed by the conductivity

relaxation times. The SC method has the advantage in regards

to the enhancement of the ionic conductivity for the electrolyte

film of without MMT, but in this method conductivity

decreases anomalously with MMT concentration. The US–MW

method verifies its suitability for maintaining almost same ionic

conductivity over the entire MMT concentration range for the

electrolytes. In these PMMA–PEO (80:20 wt %) blend-based

electrolytes, the PEO has the total miscibility with PMMA

domain due to which crystalline phase of the PEO is completely

suppressed. The presence of single relaxation peak in the dielec-

tric loss and electric modulus spectra of these electrolytes over

the frequency range 20 Hz to 1 MHz confirms the cooperative

molecular dynamics of the PMMA and PEO chains those have

the coupling through lithium cation coordination. Due to

PMMA–PEO chain dynamical cooperativity, the intercalated

MMT structures are formed in these SPNE films which are

influenced by the sample preparation methods. The structural

symmetry is less influenced with the increase of MMT concen-

tration when the electrolytes are prepared through US–MW

processing method. In the PMMA–PEO blend-based electro-

lytes, the presence of low amount of PEO in the PMMA matrix

mainly governs their structural and dielectric properties. The

ionic conductivity values of these polymer blend electrolytes of

low salt concentration are found of the order of their individual

polymer-based electrolytes having normal salt concentration.

The significant ionic conductivity values at room temperature

of these low salt concentration electrolytes confirm their poten-

tial applications for the electrochromic devices, and also as the

electrolyte material for lithium ion batteries. Further, the inter-

calated amorphous structures of the (PMMA–PEO)–LiClO4–x

wt % MMT electrolytes make them novel over the exfoliated

amorphous PMMA–LiClO4–x wt % MMT electrolytes and the

intercalated semicrystalline PEO–LiClO4–x wt % MMT

electrolytes.
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