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Abstract An ion conducting polymer nanocomposite

electrolyte (PNCE) series of film based on an amorphous

polymer host (PMMA)–lithium salt (LiClO4) complex

dispersed with nanocrystalline yttria stabilized zirconia

(n-YSZ) is reported. X-ray diffraction (XRD) and Fourier

transform infrared (FTIR) analysis have confirmed feasi-

bility of interaction among composite components (i.e.

polymer–ion–filler). Ions in the PNCE matrix are present in

the form of both free cations/anions as well as contact ion

pairs and their concentration depends on filler loading in

the matrix. Electrical conductivity enhancement on n-YSZ

dispersion occurs by *2 orders of magnitude at 30 �C and

by *5 orders of magnitude at 100 �C when compared with

room temperature conductivity of the undispersed polymer

salt (PS) film. The highest achieved conductivity value is

*1.3 9 10-4 S cm-1 at 100 �C for 2 wt% n-YSZ. An

excellent correlation between variation of d.c. conductivity

and free mobile charge carriers versus filler loading has

been observed. This correlation has been attributed to filler-

induced polymer–ion–filler interaction. These evidences

have formed the basis to propose a mechanism for ion

transport.

Introduction

Recently, there has been significant focus on pollution free/

green sources of energy. Conversion of chemical energy

into electrical energy is one such alternative. The efficient

storage of electrical energy needs high energy density

batteries having large self-life, high electrochemical

potential stability towards electrodes and better conversion

efficiency. One of the key components in successful

development of high energy density solid state batteries is

polymer electrolytes where it serves the dual purpose of a

solid electrolyte as well as a separator. However, high ionic

conductivity (*10-3 S cm-1) at ambient temperature,

acceptable mechanical, thermal, interfacial and voltage

stabilities are the essential ingredients for device applica-

tion. A number of approaches have been adopted to

develop solid polymeric electrolytes to satisfy the above-

mentioned requirements. Literature reports indicate that the

homogeneous dispersion of ceramic fillers in the polymer

salt (PS) complexes results in an improvement in ionic

conductivity and stability properties of polymer electrolyte

systems based on poly(ethylene oxide) (PEO)–salt com-

plexes dispersed with inert fillers like Al2O3, BaTiO3, TiO2

and SiO2 [1–4], etc. Further, the fillers also cause addi-

tional improvement in the interfacial stability, rate capa-

bility and cyclability [5].

It, therefore, appears that the properties of an ion con-

ducting polymer electrolyte film can be tailored by

changing the volume fraction, shape and size of the filler

particles [6–8]. There are few reports in literature sug-

gesting desirable improvement in mechanical electrical and

thermal properties of solid polymer electrolytes (SPEs) by

using nanocrystalline filler with larger aspect ratio [9]. The

fillers with dimensions in nanometric level have very large

aspect ratio and can be expected to produce desirable

enhancement in the conductivity, stability, cyclability and

rate capability of the SPEs. In addition, it promotes

acceptable improvement in lithium transference number

[10, 11], which is one of the important issue for applica-

tion. This new class of SPE’s referred to as polymer

nanocomposite electrolytes (PNCEs). The enhancement in
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lithium transference number has been explained by the

Lewis acid–base interaction of the ceramic filler surface

with the ions (cation/anion) and polymer segment [12–14]

in the PNCE matrix. However, the role of nanoceramic

fillers as a solid plasticizer or dissociation promoter cannot

be ruled out.

Till now, most of the studies on the effect of filler

particles have been reported on crystalline-polymer-based

SPEs [15]. In this case, a relative decrease in crystallinity

on filler addition is believed to be the main reason of

conductivity enhancement. On the other hand, the reasons

of conductivity enhancement on filler addition in amor-

phous-polymer-based SPEs is still not well understood.

In the present article, we aim to investigate the role of

amorphous polymer host on changes in the conduction and

stability properties of ion conducting film based on poly

(methyl-methacrylate) (PMMA). The effect of nanocrys-

talline yttria stabilized zirconia (n-YSZ) dispersion on

tailoring of d.c. conductivity and stability properties of the

PNCE series of film is analyzed. A systematic study of

filler-induced ion–ion and ion–polymer interaction has

provided significant basis to propose a model for ion

transport behaviour in the PNCE films. The concept of the

model appears to be consistent with the experimental

results.

Experimental

PNCE films were prepared by means of a standard solution

cast technique over a range (0–20 wt%) of nanofiller

(n-YSZ) dispersed in PMMA–LiClO4 matrix.

PMMA (Aldrich M.W. ^ 2 9 105) was used as the

polymer host matrix, LiClO4 (Acros organics USA) as the

salt for complexation and yttria stabilized zirconia (Aldrich),

having average particle size ^50 nm and appreciably high

specific surface area ^60 m2/g, as the filler for dispersion.

The polymer host (PMMA) was vacuum-dried and the salt

(LiClO4) was dried at a temperature ^150 �C for 24 h to

remove surface absorbed moisture content prior to sample

preparation. An appropriate stoichiometric ratio of PMMA

was dissolved in acetonitrile (Merck) and the solution was

stirred for 12 h. Subsequently, calculated amount of LiClO4

was added and stirred for 12 h to facilitate homogeneous

mixing and complexation. Finally, the stoichiometric ratio of

n-YSZ (x), expressed as

x% ¼ wt: of n� YSZ

wt: of PMMA

� �
� 100;

has been added to the PS solution and again stirred for

12 h. The resulting composite solution, comprising of

polymer–salt–filler components, for each filler concentra-

tion was cast into films in polypropylene dishes and the

solvent was allowed to evaporate slowly at room temper-

ature (27 �C). The solvent evaporated free standing

polymer nanocomposite (PNCE) films were finally vac-

uum-dried at 40 �C to remove residual solvent, if any, and

stored in an inert medium for further analysis.

The X-ray diffraction (XRD) pattern were recorded at

room temperature using Philips X’Pert Pro PANalytical

diffractometer (Model: PW 3040/60) with Cu Ka radiation

(k = 1.5418 Å) over a range of diffraction angles; 10� B

2h B 60� at a scanning rate *4� min-1. Fourier Trans-

form Infrared (FTIR) Spectrum were collected in the mid-

frequency range (4000 to 400 cm-1) at an average scan

rate of 32 using Thermo Nicolet Spectrophotometer

(Model: NEXUS–870). Complex impedance spectrum

(CIS) measurements on the PNCE series of films were

performed using a computer interfaced impedance analyzer

(HIOKI LCR Hi-Tester, Model: 3532, Japan) in the fre-

quency range of 100 Hz to 1 MHz. The sample cells

having a configuration; SS|PNCE|SS were placed in a self-

designed sample holder for electrical measurements (SS

stands for stainless steel blocking electrodes). An a.c. input

signal of *200 mV (peak to peak) was applied across the

cell prior to start of the electrical measurements. Sample

microstructure has been studied by high resolution trans-

mission electron microscopy (HR-TEM) analysis using

JEOL-JEM (model: 2100, Japan).

Results

XRD analysis

Figure 1 shows the XRD pattern of n-YSZ dispersed PNCE

films. The XRD pattern of PS complex has low intensity

diffused (weak) peaks at diffraction angles (2h) * 16.2�,

30.6� and 41.2�. All the peaks are diffused suggesting highly

amorphous nature of the samples [16]. On filler dispersion,

additional peaks appear at 2h * 30�, 34.8�, 50.2� and 60�.

They are indexed as (111), (200), (220), and (311), respec-

tively, and indicate the presence of filler as a separate phase

in the composite matrix. In addition, polymer peaks undergo

drastic modification in their intensity at higher filler con-

centration. The effect of filler concentration on PS complex

has been observed by analyzing the changes in the main

profile of PMMA peak (2h = 16.2�) and main ZrO2 peak

(2h * 30�). The d-spacing and interchain separation of the

PMMA peak has been calculated using the following rela-

tions considered to be valid for non-crystalline solids:

d-spacing d ¼ k
2Sinh

Interchain separation R ¼ 5k
8Sinh

;
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where k and h are wavelength of X-rays (1.5418 Å) and

angle, respectively. The effect of n-YSZ dispersion on the

position, width and intensity of PMMA main peak are shown

in the Table 1. The peak position is almost the same over a

range of filler concentration varying from 0 to 7.5 wt% (w/w

of PMMA). However, for n-YSZ [7.5 wt% the peak

appears to shift towards lower angle (2h) side of the XRD

pattern. The d-spacing as well as the interchain separation of

the polymer host remains almost unaffected when the filler

concentration is increased up to 10 wt%. However, for

x C 10 wt% a mild increase in d-spacing as well as the

interchain spacing has been observed. It can be considered to

be well within the limit of experimental errors.

The changes in the diffraction profile of the (d111 peak)

of n-YSZ on dispersion in the PS matrix is shown in Fig. 2

and compared with that of the n-YSZ powder. A compar-

ison indicates that the n-YSZ d111 peak position undergoes

a small shift towards low angle side on addition of small

amount of filler (*1 wt%). Beyond this concentration

limit, the n-YSZ peak position remains unaffected with

further increase in the filler concentration ([1 wt%).

Although the d-spacing of n-YSZ remains almost invariant

with filler loading, the full width half maxima (FWHM)

shows significant variation with the concentration of n-

YSZ filler (Table 2).The above result provides convincing

evidence for mutual interaction between the PS complex

matrix and nano-YSZ filler.

Fourier transform infrared spectroscopy analysis

FTIR spectroscopy is a powerful tool to probe the possibility

of nanoceramic filler-induced interaction among composite

components, i.e. ion–ion and ion–polymer interaction. The

internal mode of the salt, LiClO4, is particularly sensitive to

the local anionic (ClO4
-) environment [17, 18]. In free

(uncoordinated) state, the ClO4
- ion exhibits 9 (3N - 6;

Fig. 1 XRD pattern of PMMA4–LiClO4 ? x wt% nano-YSZ-based

PNCE films

Table 1 Changes in the preliminary structural parameters of the host polymer (PMMA) with increase in n-YSZ loading

n-YSZ

Concentration variation (x wt%)

Peak position XRD main peak of PMMA

d-Spacing

d = k/2sinh (Å)

Relative intensity (IComp/IPS) R (interchain separation)

R = 5/8(k/sinh) (Å)

0 16.2 5.5 100 6.8

1 16.2 5.5 95 6.8

2 16.2 5.5 94 6.8

5 16.1 5.5 92 6.8

7.5 16.2 5.5 88 6.8

10 16.0 5.5 90 6.8

15 15.8 5.6 90 7.0

20 15.8 5.6 90 7.0

4238 J Mater Sci (2010) 45:4236–4250

123



N = 5) fundamental vibrational modes arising out of its

tetrahedral symmetry (Td). All the modes including the

degenerate (i.e. T2 * 625 cm-1, T2 * 1,100 cm-1 and

E1 * 460 cm-1) and the nondegenerate (i.e. A1 *
910 cm-1) are Raman active. On the other hand, the modes

observed at T2 (*625 cm-1), T2 (*1100 cm-1) are IR

active. They are attributed to uncoordinated ClO4
- anion

[19, 20]. The free ClO4
- anion symmetry undergoes drastic

changes from Td ? C3m or Td ? C2m on interaction with

the counter ions. The simple ion pairs (Li?ClO4
-) and

higher ion aggregates/multiples [Li2ClO4
-/Li? (ClO4)2] give

rise to symmetry lowering from Td ? C3m and Td ? C2m,

respectively.

Figure 3 shows the FTIR spectra of PNCE films with

different filler concentration. A detailed assignment of

the experimentally observed FTIR bands attributed to the

vibrational modes of various molecular groups in the

composite film is shown in Table 3. The characteristic

bands of PMMA appearing at 760, 1140, 1270, 1732 and

2845 cm-1 are due to c(CH2) [21], d(CH2), ma(C–O),

m(C=O) and m(CH2) [22], respectively. On addition of salt

in the host polymer (PMMA), additional peaks appear at

487, 625 cm-1 and a weak shoulder at 1665 cm-1. The

peaks at 487, 625 cm-1 are attributed to ds(ClO4
-) and

da(ClO4
-), respectively [23]. Further the spectral pattern

shows noticeable changes in the vibrational modes of

PMMA and LiClO4 in terms of shift in their band positions,

band width and intensity on addition of filler (Table 3).

These changes in the vibrational modes provide pre-

liminary evidence of PMMA, LiClO4 are clear evidence of

polymer–salt–filler interaction. A detailed analysis of such

polymer–ion–filler interaction is discussed in the following

section.

Polymer–ion interaction

It appears from the FTIR spectrum (Fig. 3) that the

vibrational bands of PMMA at 760, 1192, 1271, 1492 and

1732 cm-1 appear to be affected on salt addition to the

Fig. 2 Shifting of YSZ (111) XRD peak in PMMA4–LiClO4 ? x
wt% nano-YSZ-based PNCE films

Table 2 Changes in the diffraction peak profile of (111) peak in the

PNCE films on comparison with n-YSZ powder

Filler concentration

(x wt%)

Peak position

(2h�)

FWHM 9 103

(rad)

d-Spacing

(Å
´

)

Nanopowder-YSZ 30.1 4.2 2.9

1 30.0 4.4 3.0

2 30.0 4.4 3.0

5 30.0 5.1 3.0

7.5 30.0 4.7 3.0

10 30.0 4.7 3.0

15 30.0 4.7 3.0

20 30.0 4.5 3.0

Fig. 3 Fourier transform infrared (FTIR) pattern of PMMA4–

LiClO4 ? x wt% nano-YSZ-based PNCE films
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PMMA matrix. The changes in the band position suggest

possibility of polymer interaction with cations of the salt

due to PS complex formation. On complexation with salt,

the polymer (PMMA) peaks at 760, 1492 and 1732 cm-1

have shifted towards lower wavenumber side (751, 1485

and 1728 cm-1) while the peaks at 1192 and 1271 cm-1

have shown opposite trend with a shift towards the higher

wavenumber side (1197 and 1280 cm-1). Appearance of

new shoulder at 1665 cm-1 in addition to the noticeable

asymmetry in the m(C=O) (Fig. 4a) band suggests clear

evidence of polymer–ion interaction in the PS film due to

cation (Li?) coordination at C=Ö site of the polymer chain

[24]. Hence, the changes in the FTIR band of the host

polymer PMMA evidently support the possibility of Cou-

lombic interaction between the cation and highly reactive

group (–COO–) of PMMA suggesting strong polymer–ion

interaction. This result on polymer–ion interaction appears

to be consistent with previous reports in literature [25].

Polymer–filler interaction

Figure 4a, b shows changes in the position of m(C=O) band

and changes in the profile of ms(OCH3), vibrational mode of

the polymer chain, respectively. The changes in m(C=O)

band position as a function of filler has been shown in

Fig. 4a. The band attributed to m(C=O) is present at

1728 cm-1 in the PS film. On addition of 1 wt% of the

filler a shift in the band position occurs from 1728 to

1722 cm-1. With increase the n-YSZ loading higher than

1 wt%, the new position appears at 1723 cm-1 and it

remains unaffected for the remaining PNCE (2–20 wt%

filler) films. In addition to shifting, a broadening of m(C=O)

peak of the PS film is also observed. The shifting of

m(C=O) towards lower wavenumber side on addition of

filler demonstrates that the polymer carbonyl ([C=O)

groups are affected due to direct interaction with the nano-

YSZ filler. A similar result has also been reported previ-

ously [26]. It seems that addition of filler has drastically

changed intensity profile of the shoulder 1665 cm-1. Dis-

persion of even 1 wt% filler causes the shoulder to shift

towards lower wavenumber side (*1644 cm-1) (Fig. 4a).

This change occurs in a systematic fashion on subsequent

change in filler concentration and suggests clear evidence

of ion–filler interaction.

Figure 4b shows the FTIR spectral bands, attributed to

ms(O–CH3) mode of the host polymer PMMA. On addition

of filler, the band position of ms(O–CH3) mode undergo

shift towards higher wavenumber side and also exhibit

broadening. The changes in the FTIR spectral bands,

attributed to ms(O–CH3) and m(C=O) modes of the host

polymer, with nanofiller concentration provide convincing

evidence for strong polymer–filler interaction in the PNCE

film.

Ion–ion interaction

Figure 5 shows the spectral pattern of perchlorate (ClO4
-)

group in the wavenumber region of 600–650 cm-1. The

peak profile is observed to change considerably indicated

Table 3 Fourier transform infrared band identification and assignment for PNCE films based on PMMA4–LiClO4 ? x wt% nano-YSZ

PMMA x = 0 x = 1 x = 2 x = 5 x = 7.5 x = 10 x = 15 x = 20 Assignment

487 488 488 489 489 489 489 491 ds(ClO4
-)

– 626 626 626 626 626 626 626 626 da(ClO4
-)

760 751 753 753 753 753 753 753 753 c(CH2)

844 846 849 849 849 848 849 849 849 ca(CH2) ? ms(C–O–C)

989 986 985 985 984 984 984 984 983 c(CH2–CH) ? mS(C–C)

1112 1112 1115 1112 1113 1113 1116 1117 ma(ClO4
-)

1150 1153 1155 1155 1155 1155 1155 1155 1154 d(CH2)

1192 1197 1197 1197 1197 1197 1197 1197 1196 mS(C–H), C–O–C bending

1242 1242 1251 1252 1251 1251 1251 1252 1252 mS(OCH3) C–C–O stretch

1271 1280 1280 1280 1280 1280 1280 1280 1279 ma(C–O) in –COO– group

1387 1387 1388 1388 1388 1388 1388 1388 1388 s(CH2) C–CH3 bending

1444 1444 1446 1446 1446 1447 1447 1447 1448 C–O–C and ma(O–CH3)

1492 1485 1483 1483 1483 1483 1483 1483 1482 da(CH2)

1732 1728 1722 1723 1723 1723 1723 1723 1723 m(C=O)

2845 2845 2847 2847 2847 2848 2847 2847 2848 m(CH2)

2951 2954 2954 2954 2954 2954 2954 2954 2954 ms(C–H) of C–CH3

2999 2999 2998 2998 2999 2999 2999 2999 2999 ma(C–H) of O–CH3

4240 J Mater Sci (2010) 45:4236–4250
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by changes in the intensity and peak profile with filler

loading. The asymmetry in the band profile arises due to

resolved degeneracy of the da(ClO4
-) mode in both the PS

and PNCE films. This resolved degeneracy in the pattern of

da(ClO4
-) reveals the coordination of ClO4

- group with

counterion to form the ion pair (solvent separated/contact

ion pairs, i.e. M?X-) and higher ion aggregate (M2
?X-).

In general, any possible interaction of free ClO4
- group

with counter ions that causes formation of ion pair or

higher ion aggregate, results in band asymmetry or

appearance of additional peaks in the spectral band region

for T2 vibrational modes (624/1100 cm-1) [27]. Decon-

volution of the ClO4
- bands occurring at 624 cm-1 may

give three degenerate bands appearing at 624, 635 and

637 cm-1. They are attributed to the free ion, contact ion

pair and ion aggregates, respectively. In the present studies,

the last possibility could not be witnessed. The presence

of E1 vibrational mode of ClO4
- anion observed at

*481 cm-1 is the clear evidence of change of symmetry

of ClO4
- from Td ? C3m, i.e. the presence of uncoordi-

nated ClO4
- free anion and ion pairs [28].

Polymer–ion–filler interaction

The variation in the intensity, peak shape and position of

band profile of dS(ClO4
-), da(ClO4

-) (Fig. 6) and

ma(ClO4
-) with the variation in filler loading, provide clear

evidence for feasibility of interaction among polymer–ion

and filler components of the composite. The polymer–ion–

filler interaction in the nanocomposite films has been

revealed by asymmetry in the (ClO4
-) band in the spectrum

at wavenumber *624 cm-1. The observed asymmetry in

the FTIR band of 624 cm-1 requires deconvolution to

ascertain its origin. Deconvoluted pattern, shown in Fig. 6,

indicates two contributions at 624 and 635 cm-1. The bands

at 624 and 635 cm-1 are attributed to the free ion and

contact ion pairs, respectively. The deconvoluted ClO4
-

band can be used to quantify the fraction of free anion

Fig. 4 a Changes in the profile

of t(C=O) band of PMMA on

dispersion of x wt% nano-YSZ

filler. b Changes in vibrational

peak profile of ms(OCH3) band

of PS matrix on dispersion of x
wt% nano-YSZ filler
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(FFA) and ion pair (FIP) in accordance with the following

formula:

FFA ¼ Free anion peak area

Total peak area
FIP ¼ Ion pair peak area

Total peak area

The FFAs gives a direct measure of the free mobile

charge carriers (i.e. Li?) available for conduction, therefore,

provides significance information relating the ion transport

properties. A variation pattern of the FFA and ionic con-

ductivity as a function of filler (n-YSZ) concentration,

indicate that the FFA increases for PNCE films with low

filler concentration (1–2 wt%). The PNCE film with 2 wt%

filler loading has a highest value of free cations. The typical

variation of free anion fraction as a function of filler

(n-YSZ) is later compared with that of the d.c. conductivity.

Complex impedance spectroscopy analysis

Figure 7 shows CIS for the PS and PNCE films at room

temperature (30 �C). The CIS pattern of PS film comprises

of a depressed semicircular arc attributed to the bulk con-

tribution. The depressed semicircular arc is electrically

equivalent to a parallel arrangement of resistance (R),

capacitance (C) and constant phase element (CPE). The

impedance of CPE can be expressed mathematically as

ZCPE ¼
1

Q0 Jxð Þn;

where Q0 and n are the fitting parameters. Their values

determine the sample electrical response as an electrical

analogue of resistance, Warburg impedance, capacitance

and inductance for different values of n = 0, 0.5, 1 and -1,

respectively. The angle h by which the semicircular arc is

depressed below the real axis is related to the width of the

relaxation time distribution (a) and its value is given by

a ¼ 1� nð Þp=2: The true value of capacitance can be

calculated by the expression given by Hsu and Mansfeld

C = Q0(xmax)n-1 [29]. The CPE in a heterogeneous sam-

ple arises because of microstructural inhomogeneity,

presence of multiphase regions, local charge inhomoge-

neity and variation in phase composition/stoichiometry.

The inhomogeneity in the material indicates the nonuni-

form charge mobility through the sample due to different

mobility rates in various micro regions comprising of dif-

ferent local phases in the sample. This seems logical in

view of different values of impedance associated with CPE

and their exponents ‘n’.

On nanoscopic dispersion of n-YSZ filler particle in PS

matrix, a clear change in the evolution pattern of CIS spec-

trum is noticed. The PNCE films with nanodispersed filler

(2–7.5 wt% filler dispersion) shows a depressed semicircular

arc at high frequency followed by a small spike at low fre-

quency. The first depressed semicircular arc is due to the bulk

contribution whereas the small spike is due to the presence of

space charge polarization. Its electrical analogue represents a

more complex circuit comprising of one parallel arrange-

ment of resistance (R), capacitance (C) and CPE in series

with another CPE. The calculated value of capacitance from

this spike is *0.01 lF. It confirms the contribution of space

charge polarization at the material electrode interface. The

CPE values of bulk sample have relatively lower magnitude

of interfacial polarization. The presence of CPE in the

impedance response suggests marked departure from the

Debye like behaviour. The Q and n values indicate that

the CPE attributed to the bulk semicircle behaves more like

a capacitor. The fitted value of capacitance on electrical

equivalent circuit in the experimental impedance plot is of

the order of*pF. This suggests that capacitive component in

the circuit is a response from the bulk interior. The fitted data

appears to be consistent with the interpretation of the single

semicircular arc in the CIS pattern. On addition of the filler,

the resistance of the bulk sample decreases up to 7.5 wt%

filler loading. Further increase in the filler concentration

Fig. 5 Effect of n-YSZ concentration on changes in the absorption

band profile of d(ClO4
-) vibrational mode in PNCE films of com-

position PMMA4–LiClO4 ? x wt% nano-YSZ-based PNCE films

4242 J Mater Sci (2010) 45:4236–4250
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([7.5 wt%) increases the bulk resistance. As the amount of

filler increases from 7.5 wt%, the CIS pattern again shows

one single depressed semicircular arc and their electrical

equivalent agrees well with that of the PS film (i.e. it also

comprises of the parallel arrangement of resistance (R),

capacitance (C) and CPE. The faster ion dynamics causing

accumulation of charges at the interface of the PNCE sam-

ples with 2, 5 and 7.5 wt% n-YSZ loading. For PS and PNCE

films with higher filler loading (C7.5 wt%) charge transport

is relatively slower. Hence, accumulation of charge at the

interface is relatively not so effective.

As the temperature rises, the CIS pattern undergoes

substantial changes and for all the samples (PS and PNCE),

the CIS spectrum profile comprises of a semicircular arc in

the high frequency region followed by a steep spike in low

frequency region. The CIS of PS and PNCE films at high

temperature (100 �C) is shown in the Fig. 8. A comparison

of the CIS spectrum and their corresponding electrical

equivalent circuit with that in Fig. 7 indicates that (i) for all

the samples (PS and PNCEs) the electrical equivalent cir-

cuit consists of one parallel arrangement of resistance (R)

and CPE is in series with another CPE. (ii) The resistance

value for all the samples is almost three orders of magni-

tude less than at room temperature. (iii) The double layer

capacitance (Cdl) value is higher at 100 �C. The latter is a

natural consequence of relatively higher mobility of the

charge carriers at elevated temperatures. It causes accu-

mulation of charge carriers at the electrode electrolyte

interface resulting in a decrease in resistance and conse-

quent increase in Cdl. At 100 �C, the estimated value of Cdl

is found 0.1 lF for PS film and 1–2 lF for the PNCE films

with 2–7.5 wt% filler loading. The magnitude of the double

layer capacitance (Cdl) has been calculated from the

equation:

Cdl ¼
1

2pfZ 00
;

where f is the frequency and Z00 is imaginary part of the

impedance. For all the samples, the CPE values of bulk

samples are invariably lesser than the CPE values due to

interfacial polarization. The value of n is near to 1 which

indicates that CPE due to bulk behaves like a capacitor.

Electrical conductivity

The electrical conductivity has been calculated using the

value of bulk resistance (Rb), estimated from the intercept

of the high frequency arc on the real axis of the CIS. The

variation of rdc as a function of filler concentration at 30

and 100 �C is shown in Fig. 9. The common features at

30 and 100 �C are: (i) the conductivity increases on

addition of even small amount of filler (1–2 wt%)

showing a maxima, (ii) electrical conductivity gets low-

ered on subsequent filler addition (5 wt%), (iii) another

maxima in the conductivity variation pattern occurs at

intermediate filler concentration (7.5 wt%) and (iv) a

Fig. 6 Deconvoluted profile of

perchlorate band displaying of

the individual contribution due

to free anion and ion pair in

PMMA4–LiClO4 ? x wt%

nano-YSZ-based PNCE films
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monotonous decrease in conductivity takes place for the

filler loading C7.5 wt%. At 30 �C, an enhancement in

conductivity occurs by two orders of magnitude at 2 and

7.5 wt% filler concentration when compared with that of

the undispersed PS film. At 30 �C, the PNCE films with

the filler loading 1–7.5 wt% show significantly higher

conductivity than the PS film. As the filler loading

increases ([7.5 wt%), the conductivity value decreases

and it becomes lower than the PS film. The highest value

of conductivity *2.6 9 10-7 S cm-1 has been observed

for low filler loading (2 wt%). At 100 �C, which equals

polymer glass transition temperature, the two maxima

features of conductivity occurring at 2 and 7.5 wt% of

filler dispersion are retained. However, a substantial

enhancement in conductivity by *1 order of magnitude is

observed in the composite films when compared with

undispersed PS film. The highest achieved conductivity

value is *1.3910-4 S cm-1. This drastic jump in con-

ductivity at 100 �C may be related to the combined effect

of flexibility of polymer chains as well as larger fraction

of free mobile charge carriers (free anion and hence free

cation) at specific filler concentration.

This change in conductivity agrees well with the FFA

versus filler concentration pattern (Fig. 9). On the basis of

this excellent correlation between the conductivity and

available free mobile charge carrier in the PNCE matrix at

specific filler loading, a mechanism of ion conduction has

been proposed. It is discussed later in this manuscript.

Ion transport properties

The ionic transport number ‘tion’ has been estimated using

Wagner’s d.c. polarization technique at a fixed applied

voltage (80 mV) across the sample cell. The variation in

the polarization current as a function of time is shown in

Fig. 10. The pattern of variation shows a high initial cur-

rent (It) followed by the attainment of saturation current

(Ie) after a few hours. The ionic and electronic contribution

to the conductivity has been estimated by the following

relation. It is shown in Table 4.

Fig. 7 Room temperature

(T = 30 �C) complex

impedance plot for PNCE films

of composition PMMA4–

LiClO4 ? x wt% nano-YSZ
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tion ¼
It � Ie

It

� �
� 100

tion þ te ¼ 1

The ionic transport number (tion) value obtained has

been found *99% which indicates that PS and PNCE films

are predominantly ionic conductor.

Voltage stability

A variation of the residual electronic current as a function

of applied d.c. bias for the PS and PNCE films are shown in

the Fig. 11. For PS film the residual current increases

gradually till the applied voltage is around *3.1 V.

Beyond this voltage limit, the current rises suddenly with

an increase of three orders of magnitude. The voltage at

which the residual electronic current shoots up to a very

high value is called the breakdown voltage and upper limit

of this voltage gives a measure of the ‘working voltage

limit’. The same behaviour is found in the case of nano-

composite films with relatively higher value of breakdown

voltage. PS film shows voltage stability limit *3.1 V. On

addition of small amount of filler (1–2 wt%) into the PS

matrix causes an increase in the voltage stability value

(4 V) and it goes on increasing with increase in the filler

concentration. The PNCEs with 7.5–10 wt% filler have the

highest value of voltage stability 4.5 V. However, the

reason for enhancement in voltage stability is not known

till date.

Discussion

The correlation between the variation in d.c. conductivity

and the changes in the FFA and FIP as a function of

nanoceramic filler (nano-YSZ) concentration provides

enough of evidence to propose a mechanism for filler-

induced conductivity enhancement and ion transport. The

essence of mechanism lies in a direct interaction of nano-

Fig. 8 Complex impedance

plot at high temperature

(T = 100 �C) for PNCE films of

composition PMMA4–

LiClO4 ? x wt% nano-YSZ
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YSZ with both the polymer host and the conducting species

(i.e. Li?/ClO4
-) in the composite matrix. This interaction,

evidenced from FTIR analysis, seems reasonable as well as

feasible in view of very high permittivity of nano-YSZ

(*25–30) [30] in comparison to er * 3–4 for the host

polymer holding cations at its electron rich carbonyl oxy-

gen sites (C=Ö). In addition, the hard Lewis acid character

of n-YSZ acts as a catalyst for filler interaction with the

polymer host at its electron rich site as well as the anion

ClO4
- in the matrix. The latter as a Lewis base. The overall

effect of interaction is release of charge carriers with

freedom of mobility. The various steps, via which this

process may be occurring, are presented schematically in

the Fig. 12a–e.

Fig. 9 A comparative plot

showing variation of free anion

fraction (%) and d.c.

conductivity at room

temperature and 100 �C

Fig. 10 Variation of

polarization current as a

function of time under a

constant applied voltage

(V = 80 mV) for PNCE films of

composition PMMA4–

LiClO4 ? x wt% nano-YSZ
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Step 1

The molecular structure of PMMA comprises of two

electronegative sites (C=Ö, O–CH3) with which the cation

(Li?) coordination is possible (Fig. 12ai). Since the car-

bonyl (C=Ö) group has stronger electron donicity than

O–CH3 within the PMMA structure, Li? ion form coordi-

nate bond with the Ö atom of the carbonyl group (C=Ö).

This possibility has been confirmed in the FTIR results and

reported by us [25]. Hence, the C=Ö is the only site in the

structure of PMMA monomer units where the Li? coor-

dination seems feasible. It is shown schematically in

Fig. 12aii. In case of pristine PMMA–LiClO4 (PS) matrix,

a Li? cation having coordination number *5 may be

expected to form coordinate bond with a maximum of five

electron rich carbonyl oxygen (C=Ö) sites in the polymer

host matrix. It seems a reasonable possibility in view of the

Lewis base character of the PMMA chain that favours

polymer–ion interaction [31]. This polymer cation (Li?)

interaction may occur in any of the following ways:

(i) Direct coordination of cation with C=Ö of the

polymer chain as depicted in (Fig. 12bi).

(ii) Cation (Li?) coordination in with the C=Ö group of

polymer chain via an anion in between two such

chains. This is shown in Fig. 12bii.

Step 2

The nanoscopic filler (n-YSZ) has a high (surface/vol) ratio

as well as an inherent Lewis acid group behaviour that

facilitates its interaction with the cation coordinated poly-

mer chain behaving like a Lewis base. As a consequence,

dispersion of the nanocrystalline YSZ filler into the PS

Table 4 Ionic transport

number, electronic transport

number, calculated values of

ionic and electronic

conductivity and voltage

stability for PNCE films

n-YSZ

(wt%)

Ionic transport

number (%)

Electronic transport

number (%)

Ionic conductivity

(S cm-1)

Electronic

conductivity

(S cm-1)

Voltage

stability

0 99.7 0.30 6.68 9 10-9 2.0 9 10-11 3.1

2 99.8 0.20 2.69 9 10-7 5.4 9 10-11 4.0

5 99.7 0.30 7.27 9 10-8 2.2 9 10-10 4.2

7.5 99.7 0.30 9.98 9 10-8 2.0 9 10-10 4.5

10 99.7 0.30 3.09 9 10-9 9.3 9 10-12 4.5

15 99.8 0.20 2.69 9 10-9 5.4 9 10-12 4.4

Fig. 11 Variation of residual

electronic current as a function

of applied d.c. voltage for

PNCE films of composition

PMMA4–LiClO4 ? x wt%

nano-YSZ
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matrix causes n-YSZ interaction with both Li? cations

attached to C=Ö group of PMMA or with ClO4
- anions.

These possibilities are shown in Fig. 12c (i and ii). The

FTIR results in the present studies have indicated feasi-

bility of n-YSZ interaction with the C=Ö group of PMMA.

As the addition of even a small amount of n-YSZ the peak

at 1728 cm-1 and also the shoulder at 1665 cm-1 shifting

towards lower side and also broadening (Fig. 4a). Hence,

the changes in the FTIR results suggest convincing evi-

dence for filler–polymer interaction. Further, the high

dielectric permittivity and hard Lewis acid character of the

n-YSZ filler affects weak coordinate bond between Li? and

C=Ö due to filler–polymer interaction. This causes release

of Li? ion as free mobile charge carrier resulting in

enhancement of the available free charge on immediate

addition of the filler particles (i.e. low concentration

1–2 wt%). The possible situations are shown in Fig. 12d

(i and ii). Such an ion–filler interaction has been evidenced

in the FTIR results (Fig. 9). It leads to an increase in the

number of mobile charges in the PNCE matrix.

The relative increase in the number of available free

mobile charge carriers has also been estimated from the

Fig. 12 a–e Scheme showing filler–ion interaction and proposed mechanism for ion transport in the PNCE films, TEM micrographs for PNCE

films with f x = 2 wt%, g x = 5 wt%, h 7.5 wt% and i 20 wt%
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FTIR profile of da(ClO4
-) shown in Fig. 9. This enhance-

ment of free mobile charge carriers causes a significant

increase in the electrical conductivity that appears to be

consistent and logical in accordance with the relation

r ¼ rcation þ ranion ¼ R
i
liqini;

where ni is the fraction of free anion/cation as proposed by

Kohlgaush for infinitely diluted electrolytes.

Step 3

As the filler concentration increases, the number of free

mobile charge carriers decreases due to a number of pos-

sibilities such as: (1) immobilization of anion (ClO4
-)

because of its interaction with nano-YSZ, (2) formation of

ion pair/higher ion aggregates, and (3) entrapment of free

ionic species in the localized clusters at high concentration

of n-YSZ (Fig. 12e (i and ii)). The clustering of nanofillers

has also been physically visualized in the TEM micrograph

for composite matrix with increase in the filler loading.

At 5 wt% n-YSZ, the distance of separation between

filler particle decreases (Fig. 12g). As the concentration

reaches 7.5 wt% cluster of nanofillers begin to be visible

(Fig. 12h). The effect of multiple clustering of nanofillers

is clearly seen in the TEM micrograph for composite

matrix at higher filler loading of 20 wt% (Fig. 12i). The

overall effect of nanocluster formation at higher filler

loading is immobilization of charge carriers leading to a

relative lowering in d.c. conductivity at higher filler

loading.

Conclusions

Dimensionally stable ion conducting PNCE series of films

based on PMMA4–LiClO4 dispersed with different con-

centration of nano-YSZ is reported. Dispersed phase

nanocomposite formation has been confirmed from the

XRD analysis. Effect of nano-YSZ dispersion in ion–ion

and ion–polymer interaction has been investigated using

FTIR. The result from FTIR agrees well with electrical

conductivity variation with n-YSZ concentration. The

evidences of ion dissociation have been observed at very

low concentration of the nanofiller, which, inturn, causes of

more number of free charge carriers. A higher fraction of

free mobile charge carrier at low filler loading appears to

be well correlated with the variation of electrical conduc-

tivity. Electrical conductivity enhancement on n-YSZ dis-

persion occurs by *2 orders of magnitude at 30 �C and by

*5 orders of magnitude at 100 �C when compared with

room temperature conductivity for the undispersed PS

film. The highest achieved conductivity value is *1.3 9

10-4 S cm-1 at 100 �C for 2 wt% n-YSZ. The ionic

transport number for all the PNCEs has been estimated to

be C99%. An improvement in voltage stability up to 4.5 V

has also been noticed with addition of filler. An ion con-

duction mechanism has been proposed to explain filler

concentration dependent conductivity variation in the

PNCE films. This approach seems logical in view of the

prevailing Lewis acid–base interaction which causes

the release of a fairly high amount of charge carriers at a

relatively lower concentration of the filler. However, at

high filler concentration (C7.5 wt%), a complex mecha-

nism occurs due to combined effect of filler–ion interac-

tion, ion pair formation and entrapment of the mobile

charges carriers due to local clustering of high surface area

filler. The concept of the proposed mechanism is supported

by experimental evidences from FTIR and TEM analysis.
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