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a b s t r a c t

Experimental studies are carried out on novel sodium ion conducting, gel polymer electrolyte nanocom-
posites based on poly(methyl methacrylate) (PMMA) and dispersed with silica nanoparticles. The
nanocomposites are obtained in the form of free-standing transparent films.

A gel electrolyte with ∼4 wt.% SiO2 offers the maximum electrical conductivity of ∼3.4 × 10−3 S cm−1 at
∼20 ◦C with good mechanical, thermal and electrochemical stability. Physical characterization by X-ray
diffraction, Fourier transformed infra-red and scanning electron microscopy is performed to examine
ion/filler-polymer interaction and the possible changes in the texture of the host polymer due to liq-
anocomposite
oly(methyl methacrylate)
ilica
odium ion conduction

uid electrolyte entrapment and the dispersion of SiO2 nanoparticles. The temperature dependence of
the electrical conductivity is consistent with an Arrhenius-type relationship in the temperature range
from 25 to 75 ◦C. Sodium ion conduction in the gel electrolyte film is confirmed from cyclic voltamme-
try and transport number measurements. The value of the sodium ion transport number (tNa+ ) of the
undispersed gel electrolyte is ∼0.23 and it is almost unaffected due to the dispersion of SiO2 nanopar-
ticles. The effect of SiO2 dispersion on ionic conduction is described in terms of anion–filler surface

interaction.

. Introduction

Gel polymer electrolytes are materials of considerable inter-
st worldwide, as an excellent substitute for liquid electrolytes
n applications such as rechargeable batteries, supercapacitors,
nd other electrochemical devices [1–4]. These gel electrolytes are
omprised of high dielectric constant plasticizers/solvents or their
olution with different salts of lithium, sodium, etc. immobilized
ith a matrix of polymer host such as poly(methyl methacry-

ate) (PMMA), poly(vinylidene fluoride) (PVdF), poly(vinylidene
uoride-co-hexafluoropropylene) (PVdF-HFP), and poly(ethylene
xide) (PEO) [1–10]. The most advantageous features of these elec-
rolytes are their free-standing consistency, high ionic mobility, and
igh concentration of charge carriers. In gel polymer electrolytes,
he solvent/salt solutions are retained in a polymer matrix and con-
ribute to the ionic conduction process, whereas the host polymer

rovides mechanical/dimensional stability to the gel electrolyte
ystem [1–4].

Apart from various attractive properties, the gel polymer
lectrolytes suffer from few drawbacks such as (i) poor dimen-
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sional stability, (ii) interfacial instability towards cathode materials
and (iii) lower liquid retention capacity. In order to improve
their performance characteristics, various approaches have been
adopted including the dispersion of micro- or nano-sized ceramic
fillers (e.g., Al2O3, TiO2, SiO2, BaTiO3, etc.) to form compos-
ite/nanocomposite gel polymer electrolytes [11–22]. Such fillers
have been incorporated into gel electrolytes to preserve a porous
structure that maximizes the adsorption of liquid electrolyte [23]
and to reduce the risk of leakage [11,24,25].

Many research groups have reported various gel polymer elec-
trolytes based on lithium, magnesium and zinc salts to realize their
respective battery systems. Rechargeable lithium batteries suffer
from some safety limitations and other problems. Thus, alterna-
tives in the form of magnesium, zinc and sodium batteries have
been reported, but not extensively studied [18,26,27]. In particular,
sodium ion conducting gelled polymers may have the potential to
be used as electrolytes in rechargeable sodium batteries. Sodium
metal may be considered as an alternative to lithium as a nega-
tive electrode (anode) to fabricate gel polymer electrolyte based

batteries due to its low cost, natural abundance, non-toxicity, low
atomic mass (23.0) and high electrochemical reduction potential
(−2.71 V vs. SHE) [28]. The combination of low mass and high volt-
age leads the possibility of employing sodium as an anode material
in a rechargeable battery of high specific energy. When coupled

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sahashmi@physics.du.ac.in
dx.doi.org/10.1016/j.jpowsour.2010.02.026
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ith an appropriate electropositive material, it would be capable
f giving a cell of voltage > 2 V [28].

The main disadvantage of sodium metal as a negative electrode
s its incompatibility with aqueous electrolytes, which is a potential
re hazard. All alkali metal batteries require non-aqueous elec-
rolytes [29]. It is therefore necessary to develop high sodium ion
onducting non-aqueous electrolytes suitable for the fabrication of
echargeable sodium batteries [28]. The development of sodium ion
onducting, non-aqueous, gel polymer electrolyte nanocomposites
hould be preferred in view of their higher conductivity values,
echanical and electrochemical properties compared with liquid

lectrolytes and pure (undispersed) gel polymer electrolytes.
Poly (methyl methacrylate) (PMMA) has been chosen in the

resent work as a host polymer to prepare gel polymer electrolyte
anocomposites due to its good affinity with organic electrolytes,

ts amorphous nature, and its ability to exhibit high room tem-
erature ionic conductivity values after the entrapment of liquid
lectrolytes [30,31]. In the present study, novel sodium ion con-
ucting, gel polymer electrolyte nanocomposites are presented.
hese are comprised of a 1.0 M solution of NaClO4 in ethy-
ene carbonate (EC) and propylene carbonate (PC) immobilized in
MMA, dispersed with nano-sized fumed silica particles. In order
o characterize the gel nanocomposites and to study ion trans-
ort behaviour within them, various physical techniques, have
een employed, namely, X-ray diffraction (XRD), Fourier trans-
ormed infra-red (FTIR) analysis, scanning electron microscopy
SEM), thermal analysis, impedance spectroscopy, ionic conduc-
ivity versus composition and temperature, cyclic voltammetry,
nd transference number measurements. The nanocomposites are
ound to be in the form of mechanically stable, free-standing
lms that are suitable as electrolytes for rechargeable sodium
atteries.

. Experimental

.1. Preparation of gel polymer electrolytes

Poly (methyl methacrylate) (PMMA, average molecular weight
350,000), ethylene carbonate (EC), propylene carbonate (PC),

odium perchlorate (NaClO4) and nano-sized fumed silica powder
ere obtained from Sigma–Aldrich. The EC and PC solvents, silica
owder and sodium perchlorate were dried at ∼100 ◦C for ∼12 h
rior to use.

In order to prepare the gel polymer electrolyte
MMA–EC–PC–NaClO4 and its nanocomposite films, the fol-
owing procedure was adopted. A liquid electrolyte solution of
.0 M NaClO4 in a 1:1 (volume:volume) mixture of EC and PC
as first prepared by stirring the mixture thoroughly for ∼8 h

t room temperature. This liquid electrolyte mixture was then
dded to PMMA powder in glass petri-dish. A 3:1 (weight:weight)
atio of liquid electrolyte and PMMA powder was maintained.
he PMMA–EC–PC–NaClO4 mixture was then kept in oven at
0–80 ◦C for ∼12 h for gelling followed by slow cooling. The gel
olymer electrolyte was finally obtained in the form of a trans-
arent free-standing film (thickness ∼300 �m). To prepare the
el nanocomposites, different amounts of silica nanopowder were
ixed with PMMA separately by making slurries using methanol.

hese slurries were subjected to proper mixing in an agate mortal
nd pastel, and then dried at room temperature to obtain the
ixtures in powdered form. The liquid electrolyte solution was

hen immobilized in these powder mixtures to obtain gel poly-

er electrolyte nanocomposites by following the same process,
entioned above. These nanocomposites are also obtained in

he form of free-standing thick films of thickness ∼300–400 �m.
photograph of a typical nanocomposite film is shown in

ig. 1.
Fig. 1. Typical photograph of gel polymer electrolyte nanocomposite film
EC–PC–NaClO4 + PMMA dispersed with 10 wt.% SiO2.

2.2. Instrumentation

The X-ray diffraction pattern of the gel polymer electrolyte
nanocomposite films was recorded with a Philips X-ray diffrac-
tometer using Cu K� radiation in the Bragg angle (2�) range from
5◦ to 65◦. FTIR spectra of the composite films were taken with the
help of a PerkinElmer FTIR spectrophotometer over a wavenum-
ber range from 400 to 4000 cm−1 at room temperature. The FTIR
experiments were performed in a dynamic nitrogen atmosphere
by averaging 16 scans per sample, keeping an optical resolution of
4 cm−1 for all the spectra. The morphology of the gel electrolyte
films was observed by means of scanning electron microscopy
(SEM) using a JEOL JSM 5600 system. The SEM measurements were
performed at low vacuum after sputtering the samples with gold
to prepare a conductive surface.

Thermal analysis of the gel electrolyte nanocomposites was car-
ried out using differential scanning calorimetry (DSC). The tests
were performed with a TA Instruments (Model: Q100) system in
which the samples were put in a sealed aluminum pan and the
measurements were carried out from −80 to 200 ◦C at a heat-
ing rate of 10 ◦C min−1 in a static nitrogen atmosphere. The ionic
conductivity measurements of the gel electrolyte films were car-
ried out by impedance spectroscopic analysis of a cell, in which
the electrolyte films were sandwiched between two symmetrical
stainless-steel (SS) electrodes. The impedance measurements were
performed using a LCR Hi-Tester (HIOKI-3522-50, Japan) over the
frequency range from 1 to 100 kHz with a signal level of 10 mV. The
temperature dependence of the ionic conductivity was recorded
over a range from 25 to 75 ◦C.

The total ionic transport number (tion) was evaluated using the
d.c. polarization technique [32]. In this technique, a cell SS| elec-
trolyte |SS was polarized by applying a step potential of 0.75 V and
the resulting potentiostatic current was monitored as a function of
time. The value of ‘tion’ was evaluated using the formula:

tion = iT − ie
iT

(1)

where iT and ie are total and residual current, respectively. The
cationic (i.e., sodium ion) transport numbers of the gel polymer
electrolyte nanocomposite films were estimated using a combina-
tion of a.c. impedance and d.c. polarization techniques, as proposed
by Evans et al. [33]. Using an electrochemical analyzer (Model 608C,

CH Instruments, USA), voltammetric studies were carried out to
evaluate the ‘electrochemical potential window’ of the gel polymer
electrolyte nanocomposites and to confirm their ability to conduct
the sodium ions.
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. Results and discussion

.1. Structural and morphological characterization

SEM images of the gel polymer electrolyte and its nanocom-
osites with silica are shown in Fig. 2. An almost flat surface

s observed for the PMMA gel electrolyte. Although on careful
nspection, a regular pattern of polymer alignments of 2–3 �m

idth, showing wave-like wrinkles, is detected (Fig. 2a). This pat-

ern may develop due to the stress field on the polymer surface
hile gelling PMMA in liquid electrolyte at ∼70–80 ◦C followed

y slow cooling at room temperature. This pattern drastically
hanges and is distinctly observable on addition of nano-sized

ig. 2. SEM images of (a) EC–PC–NaClO4 + PMMA gel polymer electrolyte and its
anocomposites dispersed with SiO2 of (b) 10 wt.% and (c) 25 wt.%.
Fig. 3. XRD patterns of (a) pure PMMA, (b) EC–PC–NaClO4 + PMMA gel polymer elec-
trolyte and its nanocomposites dispersed with SiO2 of (c) 10 wt.%, and (d) 25 wt.%.

silica powder to the gel electrolyte (Fig. 2b and c). On disper-
sion of ∼10 wt.% of silica nanopowder, it appears that the silica
particles organize themselves in the form of highly aligned fine
strands, around which the gelled polymer is wrapped. The width of
these strands is about 400–500 nm. On further dispersion of silica
nanopowder (∼25 wt.%), the wrapping of polymeric gel around the
self-organized silica becomes more prominent (Fig. 2c).

The XRD patterns for pure PMMA, the polymer gel electrolyte
and its nanocomposite films are presented in Fig. 3. The pattern
for pure PMMA shows a predominant and broad peak with a max-
imum at 2� ∼13.8◦ along with broad but low-intensity peaks at
30◦ and 43◦ (Fig. 3a). These broad peaks indicate the amorphous
nature of PMMA film. After immobilization of the liquid electrolyte
EC–PC–NaClO4, these three peaks are suppressed and a single and
broad peak appears between 8◦ and 30◦ with a maximum at 19.5◦.
This indicates an increase in the amorphous nature of the gel poly-
mer electrolyte. The addition of nano-sized SiO2 particles to a
gel polymer electrolyte leads to further increase in the width of
the broad amorphous peak (Fig. 3c and d). Thus the addition of
nano-sized SiO2 particles may induce a significant increase in the
amorphicity of nanocomposite materials.

The FTIR spectra for pure PMMA, the gel polymer electrolyte

and its nanocomposites recorded for the wave number range 400
to 4000 cm−1 are presented in Fig. 4. A comparison of the spectra
for the pure PMMA film and the gel polymer electrolyte (obtained
after immobilization of liquid electrolyte EC–PC–NaClO4 in PMMA
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tion/pairing with cations. Hence, a decrease in free anions has been
observed after the first maximum. The second maximum is related
with the composite effect on the further addition of SiO2 nanopar-
ticles and is explained on the basis of the formation of space-charge
ig. 4. FTIR spectra of (a) pure PMMA film, (b) EC–PC–NaClO4 + PMMA gel polymer
lectrolyte and its nanocomposites dispersed with SiO2 of (c) 5 wt.%, (d) 10 wt.%, (e)
5 wt.%, and (f) 20 wt.%.

atrix) shows almost no change in the spectral features of PMMA
n terms of shifts in peak positions or peak intensities, This indicates
hat the bulk of liquid electrolyte is trapped in the swollen polymer

atrix without showing any significant ion–polymer interaction.
n dispersion of SiO2 nanoparticles, significant changes in the spec-

ral features in terms of the appearance of new peaks and the
isappearance of existing peaks are not observed. This shows that
he SiO2 nanoparticles are present in the gel electrolyte matrix as
separate phase. On close inspection, however, the band in the

egion 600–650 cm−1 corresponding to �4 (ClO4
−) is found to be

ffected due to the dispersion of SiO2 nanoparticles, as shown in
he expanded representation of the spectra (Fig. 5). The �4 (ClO4

−)
s well-separated into two peaks at 622 and 629 cm−1 for the undis-
ersed gel polymer electrolyte (Fig. 5a). The appearance of the two
eaks indicates the presence of two types of ClO4

− anion. The peak
orresponding to band position ∼622 cm−1 is attributed to free
nions and that at ∼629 cm−1 to paired anions. For quantitative
stimation of the fraction of these free anions and ion pairs, the
orresponding spectra of the gel nanocomposites with different
iO2 contents have been de-convoluted and two distinct peaks have
een obtained. A typical de-convoluted spectral pattern is shown

n Fig. 6 for a gel nanocomposite dispersed with 10 wt.% SiO2. The
raction of free anions and ion pairs is calculated as the ratio of the
rea of the peak attributed to free anions and ion pairs to the total
rea under the �4 (ClO4

−) envelope. The variation in the fraction
f free anions and ion pairs as a function of the concentration of
he filler SiO2 nanoparticles in the EC–PC–NaClO4 + PMMA system
s presented in Fig. 7. The fraction of ‘free anions’ increases initially

ith the addition of even a very small quantity of filler nanopar-

icles and shows a maximum at ∼5 wt.%, followed by a downward
rend. Another maximum appears at ∼10 wt.% of filler particles, fol-
owed by a decreasing trend. It may be noted that the variation of
he fraction of ion pairs as a function of filler concentration shows
Fig. 5. Expanded representation of FTIR spectra of (a) EC–PC–NaClO4 + PMMA gel
polymer electrolyte and its nanocomposites dispersed with SiO2 of (b) 5 wt.%, (c)
10 wt.%, (d) 15 wt.% and (c) 20 wt.% in 600–650 cm−1 spectral range.

a minimum corresponding to each maximum in the free anions
vs. composition plots. Such variations of free and paired anions
have been reported earlier in PEO-based solvent-free polymer elec-
trolyte composites [34]. An initial addition of SiO2 nanoparticles
(4–5 wt.%) leads to the dissociation of undissociated salt/ion aggre-
gates into free ions (anions) in the gel polymer matrix. A greater
number of free anions, generated due to the addition of a greater
amount of SiO nanoparticles, have the tendency of ion associa-
Fig. 6. Typical lorentzian fit and its de-convoluted spectral pattern for nanocom-
posite EC–PC–NaClO4 + PMMA dispersed with 10 wt.% SiO2 nanoparticles.
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EC–PC–NaClO4 + PMMA, when different amounts of silica nanopar-
ticles are dispersed, is shown in Fig. 9. There is an initial sudden
increase by almost one order of conductivity on the dispersion of
SiO2 nanoparticles, followed by two maxima at ∼4 and 10 wt.%
ig. 7. Variation of fraction of (a) free anions (ClO4
−) and (b) ion pairs with respect

o dispersion of SiO2 nanoparticles.

ouble-layers between fillers and the conducting gel polymer elec-
rolyte [15,16]. Such effect predominantly occurs in the diffuse
ayer of the space-charge region, which can be quantitatively esti-

ated in terms of zeta potential [35]. The SiO2 particles, being acidic
n nature, provide sites for anions (ClO4

− ions in the present case).
ence, there is a possibility of the following reversible reaction:

iO2 + ClO4
− ↔ SiO2: ClO4

− (2)

The SiO2:ClO4
− species form space-charge regions and induce a

ocal electric field. This local electric field has the possibility to dis-
ociate the salts/ion aggregates further and enhance the number of
ree anions. The decrease in number of anions after the second max-
mum is again due to possible ion association, or the formation of

ultiplets/aggregates. These interactions play a crucial role in gov-
rning the ion conduction behaviour in the gel polymer electrolyte
anocomposites. The local electric field due to the space-charge
egions will also enhance the mobility of conducting ions in the
omposite material, as discussed later in Section 3.3.

.2. Thermal studies

Thermal studies of the gel polymer electrolyte and its nanocom-
osites were performed using differential scanning calorimetry
DSC); the thermograms are shown in Fig. 8.

The glass-transition temperature (Tg) of pure PMMA film is
127 ◦C. PMMA is a thermoset polymer with a backbone that is
ot very flexible and hence its Tg value lies at a higher tempera-
ure range. After immobilization of ∼70 wt.% of liquid electrolyte
C–PC–NaClO4 in PMMA, the gel polymer electrolyte film becomes
ighly flexible, which indicates the high flexibility of the poly-
eric chain backbone and hence a drastic lowering in Tg value

s expected. In the present case, no characteristics of glass tran-
ition in the DSC curve of the gel polymer electrolyte have been
bserved between −80 and 200 ◦C, which indicates the possible
owering of the Tg value to below −80 ◦C. The glass-transition fea-
ure is also not observed in the above temperature range for gel
olymer electrolyte nanocomposites (Fig. 8c and d).

Further, the onset of endothermic peak occurs at ∼145 ◦C
Fig. 8b) and is attributed to the decomposition of electrolyte, which
s possible due to fast evolution of the EC–PC mixture. This fea-
ure of EC–PC evolution has also been observed for silica-dispersed

anocomposites (Fig. 8c and d). An interesting aspect is that these
lectrolyte films remain stable in the gel-phase over a substantially
ide temperature range of −80 to 140 ◦C (showing featureless DSC

urves), which is advantageous for their potential application in
lectrochemical devices, e.g., rechargeable sodium batteries.
Fig. 8. DSC curves of (a) pure PMMA, (b) EC–PC–NaClO4 + PMMA gel polymer elec-
trolyte and its nanocomposites dispersed with nano-sized SiO2 of (c) 10 wt.% and
(d) 20 wt.%.

3.3. Electrical conductivity

The electrical conductivity of a liquid electrolyte, i.e., 1.0 M
NaClO4 solution in a EC–PC mixture, has been found to be
∼9 × 10−3 S cm−1 at room temperature (∼30 ◦C). After immobi-
lization of the liquid electrolyte in ∼25 wt.% PMMA, the gel
polymer film offers a conductivity of 4.3 × 10−4 S cm−1. The vari-
ation in electrical conductivity of the gel electrolyte system
Fig. 9. Variation of room temperature electrical conductivity of gel polymer elec-
trolyte nanocomposite films as function of nano-sized SiO2 content.
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Table 1
Fitting parameters for gel electrolyte and gel electrolyte nanocomposites.

SiO2 content in gel polymer
electrolyte (wt.%)

Parameters

Ea (eV) �0 (S cm−1)

ite, cyclic voltammetry was performed on the symmetric cell:
Na–Hg| gel electrolyte nanocomposite |Na–Hg (Na–Hg being amal-
gam of sodium and mercury). A typical voltammogram, in which
reversible cathodic and anodic peaks are observed, is given in
Fig. 12(b). No such peaks in current are given by the SS| gel elec-
ig. 10. Temperature dependence of electric conductivity of (a) EC–PC–NaClO4

PMMA gel polymer electrolyte and its nanocomposites dispersed with SiO2 of (b)
0 wt.% and (c) 25 wt.%.

f SiO2. The conductivity decreases on further addition of silica
anoparticles (Fig. 9). Two such maxima feature in the conductivity
ariation with respect to filler content for gel polymer electrolyte
omposites [18,36] and solvent-free polymer electrolytes [37–39]
ave been reported. A maximum conductivity of 3.4 × 10−3 S cm−1

s observed for the gel polymer electrolyte nanocomposite dis-
ersed with ∼4 wt.% SiO2 nanopowder. It may be noted that a gel
anocomposite with even ∼25 wt.% of SiO2 offers a conductivity
f 8.2 × 10−4 S cm−1, which is higher than that for an undispersed
el polymer electrolyte. Such higher values of conductivity are
ttributed to the higher amorphicity of the materials and space-
harge defects generated around SiO2 nanoparticles in the polymer
atrix.
The two-maximum pattern in the conductivity variation can

e correlated with the variation of free anions/ion pairs (Fig. 7),
s observed in the FTIR studies discussed above. The first conduc-
ivity maximum, which is observed at a lower content (4–5 wt.%)
f SiO2 nanoparticles, is associated with the generation of free
ons followed by their pairing/re-association. The second con-
uctivity maximum is related to the composite effect and is
xplained on the basis of the formation of a high conducting
nterfacial layer between the SiO2 nanoparticles and gel poly-

er electrolyte due to the instantaneous presence of SiO2:ClO4
−

pecies. As discussed above, such charged layers (which induce
local electric field) are responsible for the generation of free

ons for conduction and their mobility, and hence enhance the
verall electrical conductivity. There are two possible reasons
ncreased for the decrease in conductivity after attaining the sec-
nd maximum. The space-charge layer may cause a blocking
ffect at high concentrations of SiO2 particles, which hinders the
otion of mobile ions [15,16]. The another possibility is that the

ree ions, generated under the influence of a local electric field,
ay be re-associated to form ion pairs or multiplets/aggregates,

nd hence the number of free ions for conduction may be
educed.

The temperature dependence of the electrical conductivity of
he gel polymer electrolyte and its nanocomposite films is pre-
ented in Fig. 10. In general, the � vs. 1/T plots for flexible gel
olymer electrolytes show the variation to have a curved nature

n a wider temperature range, the behaviour is well described by

he non-Arrhenius Vogel–Tammen–Fulcher (VTF) equation [40].

hereas, in the present case of PMMA-based gel nanocompos-
tes, almost linear � vs. 1/T plots are observed from 25 to 75 ◦C.
his linear relationship can be well represented by the Arrhenius
0 0.23 8.3 × 100

10 0.24 2.7 × 101

25 0.25 3.7 × 101

equation:

� = �0 exp
(−Ea

kT

)
(3)

where �0 is pre-exponential factor, Ea is activation energy; k
is the Boltzmann constant. The parameters have been evaluated
and listed in Table 1. The sodium ion conducting gel elec-
trolyte nanocomposite EC–PC–NaClO4 + 25 wt.% PMMA + 10 wt.%
SiO2, whose composition is optimized in term of conductivity and
mechanical integrity, has an electrical conductivity of the order of
10−3 S cm−1 at room temperature and 10−2 S cm−1 at 75 ◦C. These
conductivity values indicate that the nanocomposites are promis-
ing materials for potential application in, for example, sodium
batteries over a substantially wider temperature range.

3.4. Electrochemical studies

The electrochemical potential window, i.e., working voltage
range, for electrolytes is an important parameter to be evalu-
ated from their application point of view in ionic devices such as
batteries, supercapacitors, and other electrochemical devices. The
working voltage range for the gel polymer electrolyte nanocom-
posite was evaluated by cyclic voltammetry using stainless-steel
electrodes. Fig. 11 shows the typical cyclic voltammogram of the
optimized electrolyte EC–PC–NaClO4 + 25 wt.% PMMA dispersed
with 10 wt.% SiO2. The electrochemical stability is in the range from
about −2.5 to 2.5 V (i.e., a potential window of ∼5.0 V), which is an
acceptable working voltage range for device applications, particu-
larly as an electrolyte in sodium rechargeable batteries.

To confirm sodium ion conduction in the gel nanocompos-
Fig. 11. Cyclic voltammogram of gel polymer electrolyte nanocomposite,
EC–PC–NaClO4 + PMMA dispersed with 10 wt.% SiO2 using SS|electrolyte|SS cell at
scan rate of 5 mV s−1.
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Table 2
Na+ ion transport number of gel polymer electrolyte containing different amounts
of SiO2 nanoparticles.

SiO2 content in gel polymer electrolyte (wt.%) Na+ transport number

0 0.23 ± 0.02
5 0.22 ± .0.02
ig. 12. Comparative cyclic voltammograms of cells: (a) SS|gel electrolyte|SS and
b) Na–Hg|gel electrolyte|Na–Hg; recorded at room temperature at scan rate of
mV s−1. Typical gel electrolyte was PMMA + (EC + PC + 1 M NaClO4) + 10 wt.% SiO2

anocomposite.

rolyte nanocomposite |SS cell (Fig. 12a). These cathodic and anodic
eaks are attributed to highly reversible sodium plating/stripping
t the sodium|gel nanocomposite interface. This suggests that the
athodic deposition and anodic oxidation of sodium are facile at the
a|gel nanocomposite interface and hence it is indicative of Na+ ion
onduction in the gel polymer nanocomposite film.

.5. Transport number

The total ionic (cationic and anionic) transport number (tion)
as been evaluated using d.c. polarization technique, as described

n Section 2. The variation of current with time for a typical gel
anocomposite, EC–PC–NaClO4 + 25 wt.% PMMA + 10 wt.% SiO2, is
resented in Fig. 13. The value of tion is evaluated using Eq. (1) and
ound to be ∼0.99. The variation of current and the value of the
ransport number indicate that the total conductivity is predomi-

antly ionic. It may be noted that in gel polymer electrolytes or their
anocomposites, liquid-like ion transport takes place and hence no
lectronic transport is expected in such electrolytes.

In general, both cationic and anionic motions contribute signif-
cantly to the total ionic transport number in the liquid or polymer

ig. 13. d.c. polarization curves of symmetric cells : (a) SS|gel nanocomposite |SS
ith applied voltage of 0.75 V; (b) Na–Hg|gel nanocomposite |Na–Hg with applied

oltage of 20 mV, recorded at room temperature.
10 0.25 ± 0.02
15 0.28 ± 0.02
25 0.18 ± 0.02

or gelled polymer electrolytes. Hence, the cationic (Na+ ion in the
present case) transport number is an important parameter and
has been evaluated by means of a combined a.c. and d.c. tech-
niques as proposed by Evans et al. [33]. According to this technique,
Na–Hg|gel nanocomposites|Na–Hg cells are polarized by applying
a voltage, �V = 20 mV, for 2 h. The initial and final currents are sub-
sequently recorded. Further, as a part of the method, the cells are
subjected to a.c. impedance measurements prior to and after the
polarization, and the values of the electrode–electrolyte contact
resistances are estimated from the impedance plots. The sodium
ion transport values (tNa+ ) are calculated by using the expression:

tNa+ = Is (�V − R0I0)
I0 (�V − RsIs)

(4)

where I0 and IS are the initial and final current; R0 and RS are
the cell resistance before and after polarization. The substantially
higher value of residual current (Is) indicates the reversible nature
of the Na–Hg amalgam electrodes for the gel nanocomposites and
further confirms Na+ ion conduction in the material. The values of
tNa+ , evaluated at room temperature for gel polymer electrolyte
films with different amounts of SiO2 nanoparticles, are listed in
Table 2. There is a slight enhancement in the Na+ ion transport num-
ber with increase in the amount of SiO2 nanoparticles for ∼15 wt.%
dispersion. Thereafter, the tNa+ value decreases slightly on further
addition of SiO2 particles to the gel system (Table 2). It may be noted
that in the same range of SiO2 dispersion, there is a substantial
enhancement in the electrical conductivity of gel nanocomposites,
as discussed in Section 3.3. It is well understood that the chemistry
of the filler particle surface plays an important role in ion–surface
interactions and also has an impact on ion transport in composite
electrolytes. As mentioned in Section 3.1, the SiO2 filler particles
in the present case belong to acidic oxides. The surface charges
on these silica particles loosely bind anions (ClO4

−) and free up
cations. This is a possible reason for the slight enhancement in the
Na+ ion transport number. On the other hand, the surface charges
on silica particles also provide sites for the conduction of loosely
bound anions within the space-charge region formed between sil-
ica particles and the gel electrolyte. The enhancement in the overall
electrical conductivity is due to the slight enhancement in the
cationic charge carriers and a predominant increase in the anionic
mobility due to the presence of SiO2 nanoparticles.

4. Conclusions

PMMA-based, sodium ion conducting, gel polymer electrolyte
nanocomposite films dispersed with SiO2 nanoparticles have been
synthesised and characterized. From structural, thermal, electri-
cal and electrochemical studies, the following conclusions can be
drawn.
(i) SEM and XRD studies confirm the composite nature of the gel
polymer electrolyte films.

(ii) Ion–filler-polymer interactions play an important role in the
ionic transport of the gel polymer electrolyte nanocomposite
films, as found from FTIR spectroscopic studies.
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iii) Nanocomposites offer optimized conductivity
(� ∼ 3.4 × 10−3 S cm−1 at 20 ◦C) with a sufficiently wider
electrochemical potential window and good thermal stability
of the gel-phase over the temperature range of −80 to 140 ◦C.

iv) An electrochemical equilibrium between the sodium electrode
and the Na+ ion has been established from cyclic voltammetric
studies, and hence Na+ ion conduction in gel nanocomposite
has been confirmed.

(v) A slight enhancement in the sodium ion transport number
is observed due to the dispersion of SiO2 nanoparticles in
the gel system. The enhancement in electrical conductivity is
explained in terms of interaction between anions and the filler
surface.

vi) The optimized gel nanocomposite appears to be an excel-
lent substitute for liquid electrolytes in various ionic devices
that include rechargeable sodium batteries and supercapaci-
tors/ultracapacitors.
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