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Abstract In the present work, a novel polymer electrolyte
based on poly(methyl methacrylate) (PMMA )/layered lithium
trivanadate (LiV30g) nanocomposite has been investigated.
X-ray diffraction (XRD) study shows that d-spacing is
increased from 6.3+0.1 A to 12.8+0.1 A upon intercalation
of the polymer into the layered LiV30g. Room temperature
ionic conductivity of the obtained nanocomposite gel
polymer electrolyte is found to be superior to that of
conventional PMMA-based gel polymer electrolyte. En-
hancement in ionic conductivity of the nanocomposite gel
electrolyte is attributed to the formation of a two-dimensional
channel as a result of decreased interaction between Li" and
V30g layers as confirmed by FTIR. SEM results show
aggregation of nanocomposite particles resulting from
extension of some of the polymer chains from interlayer to
the edge providing paths for Li" ion transport. Interfacial
stability of nanocomposite gel electrolyte is also found to be
better than that of the conventional PMMA-based gel
polymer electrolyte.

Keywords Layered compounds - Polymers -
Impedance spectroscopy - lonic conductivity - Intercalation
Introduction

The development of new polymer electrolytes has been an
important research area in the last three decades for
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applications in various electrochemical devices particularly
in solid-state rechargeable lithium batteries [1]. Compared
with the liquid electrolytes, polymer electrolytes offer
flexibility and shape versatility, which provides a compelling
rationale to use them in rechargeable lithium batteries.
However, the archetypal PEO-based polymer electrolytes
offer poor ionic conductivity (10°® S cm™') at room
temperature, which excludes them from practical applica-
tions [2]. In order to enhance the room temperature ionic
conductivity of the polymer electrolytes several strategies
have been developed that include incorporating organic
solvents (plasticizers) to form plasticized or gel polymer
electrolytes [3—5], doping with inorganic fillers to make
composite polymer electrolytes [6] and synthesizing new
polymers [7]. A common approach is to allow the polymer
network to swell in presence of solvents or plasticizers such
as cthylene carbonate, propylene carbonate (PC), diethyl
carbonate (DEC), etc. to develop polymer gel electrolytes.
Due to the presence of the solvent, the overall ionic
conductivity reflects the conductivity of the solvent(s) rather
than that of the solid polymer electrolytes [8]. These gelled
or plasticized polymer electrolytes can exhibit ionic conduc-
tivity as high as 102 S ecm ! [8]. One of the gel polymer
electrolytes, that have been extensively investigated, is that
containing poly(methyl methacrylate) (PMMA) [9-13].
However, reasonable conductivity achieved using such
plasticized film is offset by poor mechanical properties at
high plasticizer content. Rajendran et al. [14, 15] reported the
improvement in the mechanical properties of PMMA by
blending with poly(vinyl alcohol) (PVA). However, a
decrease in ionic conductivity was observed at higher PVA
content due to increased viscosity. The increase in viscosity
at higher PVA content is ascribed to the polymer-solution
interaction, which decreases the ionic mobility resulting in
decreased ionic conductivity [15]. On the other hand nano-
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composite gel polymer electrolytes based on addition of
nanosized ceramic fillers has proved to give high ionic
conductivity coupled with better electrochemical and inter-
facial stability [16, 17]. The addition of inorganic fillers can
prevent the polymer chain reorganization, which promotes
the ion transportation and improves the interfacial and
electrochemical stability.

Polymers intercalated into low-dimensional host lattices
form an attractive class of compounds [18], since interca-
lation can combine properties of both the guest polymer
and the inorganic host in a single material. These
compounds also serve as model systems for understanding
the effect of confinement on properties of the guest in
relation to those in bulks [19, 20]. These are known as
“intercalation nanocomposites”. Many recent studies reveal
that intercalation of ion conducting polymers into layered
materials such as montmorillonite (¢=3.81), hectorite (e=
2.95), etc. can lead to the improvement of properties in
terms of ionic conductivity and other electrochemical
performances [21-23]. In most studies, intercalation of
polymer chains in the galleries of layered materials appears
to suppress their tendency to crystallize, resulting in higher
ionic conductivity.

Layered lithium trivanadate (LiV3;Og) is an inorganic
material having structure of VOg octahedrons and VOs
trigonal bipyramids, with the lithium ions arranged between
octahedral sites [24]. This material is generally used as
cathode in rechargeable lithium batteries, which shows
significant electronic conductivity. However, it has been
reported that upon intercalation of non-conducting polymers
in these kinds of materials leads to decrease in electrical
conductivity due to the increase in spatial separation of the
conductive layers which increases the barrier for electron
transport through the material [25, 26]. Intercalating polymer
in the layered host can produce a polymer nanocomposite
electrolyte with huge interfacial area. A higher interfacial
area not only sustains the mechanical properties of PMMA-
based gel polymer electrolytes but also increases the
solubility of lithium salts due to higher dielectric property
[21]

To the best of our knowledge, this work reports for the
first time on the ion conducting behavior and interfacial
stability of nanocomposite gel polymer electrolytes based
on PMMA, LiV;0g, PC, DEC, and salt LiClO,.

Experimental

Layered lithium trivanadate (LiV3Og) was prepared via solid-
state reaction. The starting material LiV30g was prepared via
a solid-state reaction of lithium hydroxide monohydrate
(LiOH.H,0O, E-merck) and vanadium pentoxide (V,0s, E-
merck). Stoichiometric LIOH.H,O and V,Os (atomic molar
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ratio Li/V=1:5) were mixed and finely ground in an agate
mortar. The mixture was then heated at 500 °C in air for
16 h as previously described [27]. 0.5 gm of PMMA (M=
15,000, Aldrich) was completely dissolved in 50 ml of
acetone and 2 g of LiV30g was dissolved in 80 ml of
ethanol. Both the solutions were mixed, stirred at 60 °C for
3 h, and then the mixed slurry was sealed in a Teflon-lined
stainless steel autoclave at 100 °C for 1 d. The precipitate
thus produced was filtered, washed with de-ionized water,
and finally dried under vacuum at room temperature. The
final powdered sample thus obtained was pressed to obtain a
pellet at a pressure of 50 MPa.

The nanocomposite gel polymer electrolyte was prepared
by immersing the pellet into a liquid electrolyte solution
containing 1 M LiClO,4 in PC/DEC=1:1 (v/v), for a period
of 20 h. The pellet swells quickly, and the percentage of
solution uptake was calculated by the relation

Uptake(%) = (W, — W)/ Wy x 100 (1)

where W, and W, are the weight of the wet and dry pellets
respectively. The nanocomposite gel polymer electrolyte
used in this study was denoted as PMMA-LiV;0x-(PC+
DEC)-LiClO,.

The ionic conductivity of the sample was determined
from the complex impedance plots obtained by using a
Hioki 3532-50 LCR HiTester in the frequency range 42 Hz
to 5 M Hz. The electronic conductivity of LiV3;0g and
PMMA-LiV;0g were measured with Keithley 2400 LV
source meter. The electronic conductivity of pure LiV30y is
of the order of 107* S cmfl, whereas after intercalation of
PMMA the electronic conductivity was measured to be of
the order of 107 S ¢cm '. This confirms the insulating
nature of the obtained composite material to use as
electrolyte. X-ray diffractograms were taken by Rigaku
miniflex diffractometer. Surface morphology of the com-
posite electrolyte was studied by using scanning electron
microscope (SEM; Jeol model JSM 6390 LV). FTIR was
conducted using Nicolet Impact 410. The nature of the
ionic conductivity after soaking with 1 M LiClO4 in (PC+
DEC) solution was measured by Wagner’s polarization
technique with nanocomposite polymer electrolyte between
two silver (Ag) blocking electrodes. A fixed small dc
potential (300 mV) was applied across the blocking
electrodes and current passing through the cells was
measured as a function of time for five hours to allow the
samples to become fully polarized. The experimental values
of the total current (/1), which is the sum of ionic (/;) and
electronic (/) currents on immediate voltage application
and saturated electronic current (/) give an estimate of
ionic and electronic transport numbers in accordance with
relation

tion = ([T — ]e)/]T and t. = [e/[T (2)
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Results and discussion
X-ray diffraction analysis

Figure la—c shows the XRD patterns of pure LiV3Og, pure
PMMA and PMMA-LiV;0g. It is observed that LiV;0g
exhibits (100) diffraction peak at an angle 20=14° (Fig. 1a)
corresponding to the interlayer spacing (d;o0) of 6.3+0.1 A.
Upon addition of PMMA, the diffraction peak of (100)
plane of LiV3Og shifts to lower angle side corresponding to
the interlayer spacing of 12.8+0.1 A (Fig. 1c). This
suggests the successful intercalation of PMMA into the
nanometric layers of LiV3;Og confirming the formation of
nanocomposites [21]. The change in interlayer spacing can
be expressed with the help of Bragg’s equation

2d sin@ = ni (3)

where d is the distance between crystallographic planes, 6 is
half of the angle of diffraction, »n is an integer and A is
the wavelength of X-ray. It is clear from Eq. 3 that with the
increase of interlayer spacing the 6 will decrease and the
corresponding diffraction peak will shift towards the lower
angle side. It is observed that the diffraction peaks of
LiV30g become wider and weaker after intercalation. This
widening of peaks indicates that LiV3;Og has been partially
intercalated and exfoliated in PMMA matrix [28]. More-
over, the diffraction peaks corresponding to the planes
(202) and (111) of LiV3;0g are completely absent in the
nanocomposite. This could be attributed to the fact that the
intercalation of PMMA has caused the LiV;Og lattice
structure to collapse and intercalated product is relatively
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Fig. 1 X-ray diffraction patterns of a Pure LiV30g, b pure PMMA
and ¢ PMMA-L1V308

poorly crystalline ascribed to the limited short-range order
[29].

Swelling behavior of nanocomposite

The dynamic swelling behavior of both PMMA film and
PMMA-LiV;0g nanocomposite pellet in 1M LiClO,
electrolyte solution containing 1:1 (v/v) ratio of plasticizers
PC and DEC at room temperature is shown in Fig. 2. It can
be observed from the figure that the percent of swelling or
solvent uptake for both PMMA film and PMMA-LiV;0g
nanocomposite pellet increases with increase in soaking
period up to 11 h, but the increase in percent of swelling for
nanocomposite is more as compared with that of PMMA
for the same time scale. The result suggests that the solvent
uptake in PMMA-LiV;0g4 nanocomposite pellet is enhanced
possibly due to the higher affinity of the layered LiV;Og
towards (PC+DEC)-LiClOy liquid electrolyte.

Transport number measurements

Table 1 shows the experimental values of f,, and f. for
samples PMMA-(PC+DEC)-LiClO,4 gel polymer electrolyte
and PMMA-LiV;04-(PC+DEC)-LiClO4 nanocomposite gel
polymer electrolyte in the overall electrical transport in
accordance with Eq. 2. The calculated values of ion transport
number (%,,) are found to be almost same (98.5%) in both
the electrolytes confirming that the conductivity in both the
electrolytes is essentially ionic in nature.

FTIR spectroscopy

FTIR is a powerful tool to characterize the chain structure
of polymers and has led the way in interpreting the
reactions of multifunctional monomers including rearrange-
ments and isomerizations [30, 31]. FTIR spectra of pure
LiClOy4, pure PMMA, pure LiV3;05, PMMA-LiV;0g nano-
composite and PMMA-LiV;04-(PC+DEC)-LiClO4 nano-
composite gel polymer electrolyte is shown in Fig. 3a—e.
The vibrational peaks of pure LiClO, are observed at
1,463 cm ™' and 1,087 cm™' (Fig. 3a). For pure PMMA
(Fig. 3b), the C=0 symmetric stretch gives a sharp peak at
1,725 cm L. The peaks at 1,246 em ! and 1,151 cm ! are
assigned to asymmetric stretching vibration of C-O-C
bond. Absorption of vV(C-0O) of OCH; group and symmet-
rical stretch of C—O bond of PMMA appear at 1,187 cm ™’
and 984 cm ', respectively [32]. The frequency 734 cm '
for pure LiV30g (Fig. 3c) can be assigned to V-O-V
stretching vibration, which arises because of the motion of
the corner sharing oxygen atom among the VOg, VOs
polyhedra and Li" ions [33]. However the band of (V-O-V)
show shifts towards lower frequency in PMMA-LiV;0g
nanocomposite. The shifting of peaks towards lower fre-
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Fig. 2 Swelling behavior of a PMMA and b PMMA-LiV;Og
nanocomposite

quency in PMMA-LiV;0gy is a strong evidence of interaction
among the lithium ions, PMMA molecules and V;0g layers
[34]. The bands at 990 cm™', 1,005 cm ' and 972 cm ™' in
Fig. 3c are assigned to the stretching vibration of three types
of V=0 groups in LiV;0g crystal cell [35]. On the other
hand PMMA-LiV;0g nanocomposite shows only two peaks
at 990 cm ' and 1,025 cm ' and the peak at 972 cm’
disappears. This can be attributed to the decreased interaction
of Li" ions present in the interlayer with V3;Og and
increased interaction between Li" ions and PMMA molecules
[33]. A small peak at 1,700 cm™ ' appears in FTIR spectra for
the nanocomposite (Fig. 3d) near the strong C=0 stretching
peak at 1,725 cm ', which can be ascribed to the interaction
between Li" and the oxygen atom (a strong electron donor)
of the carbonyl group of PMMA [21]. In the nanocomposite
gel polymer electrolyte (Fig. 3¢), frequencies 1,750 cm ' and
1,644 cm ' are assigned to >C=0 stretching vibration of
plasticizer (PC+DEC) and >C=C< bonding, respectively
[36]. The v(ClO, ) internal mode of LiClO,4 shows one peak
at about 624 cm ' which is assigned to the free anion which
does not interact with lithium cation.

The assigned peaks of PMMA (1,725, 1,246, 1,187, and
1,151 cm_l) are shifted to (1,710, 1,225, 1,172 and
1,143 ¢cm ') in the nanocomposite gel polymer electrolytes.
The shifting of peaks in the IR spectra suggests the interaction
among the constituents of the polymer electrolyte [34].
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Fig. 3 FTIR spectra of a pure LiClO4, b pure PMMA, ¢ pure LiV;Og,
d PMMA-LiV;0g nanocomposite and e PMMA-LiV;04-(PC+DEC)-
LiClO,4 nanocomposite gel polymer electrolyte

Conductivity measurements

The Nyquist plots for LiV;0g, PMMA-(PC+DEC)-LiClO4
and PMMA-LiV;05-(PC+DEC)-LiClO4 are presented in
Fig. 4a—c. The impedance spectra comprise a distorted
semicircular arc in the high frequency region followed by a
spike in the lower frequency region [36]. The high
frequency semicircle is due to the bulk properties and the
low frequency spike is due to the electrolyte and electrode
interfacial properties. The bulk electrical resistance value
(Ry,) is calculated from the intercept at high frequency side
on the Z' axis. The ionic conductivity is calculated from the
relation o=//Ry*m; where [ and r are thickness of polymer
electrolyte membrane and radius of the sample membrane
discs and Ry, is the bulk resistance obtained from complex
impedance measurements.

The ionic conductivity value for pure LiV3;0g at room
temperature is found to be 3.1x10°® S cm™' whereas for
PMMA-(PC+DEC)-LiClO,4 electrolyte system it is 5.1x
107* S cm™'. This value is consistent with that reported in
the literature obtained by Appetecchi et al. [37]. On the
other hand, the nanocomposite gel polymer electrolyte
show a maximum ionic conductivity of 1.8x107> S cm™ ' at
room temperature, which is superior to that of PMMA-(PC+

Table 1 Experimental values of

ionic (,,) and electronic (z.) Samples

Ionic transport number (%) Electronic transport number (%)

transport number
PMMA-(PC+DEC)-LiClO,

PMMA-LiV;04-(PC+DEC)-LiClO,

98.5 1.5
98.5 1.5
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Fig. 4 Nyquist plots of a LiV;0g, b PMMA-(PC+DEC)-LiClO,4 gel

polymer electrolyte and (¢) PMMA-LiV;0g-(PC+DEC)-LiClO4 nano-
composite gel polymer electrolyte.

DEC)-LiClO4 and host material LiV30g. This dramatic
increase in ionic conductivity in PMMA-LiV;0g-(PC+
DEC)-LiClOy electrolyte system is a combined result of
many respects. First, it is well known that electrolytes with
high dielectric constant and low viscosity can yield very
high ion transport [8, 38]. In our case, the negative V3;O0g
layers in the nanocomposite with high dielectric constant
(e=4.5) could help to dissolve electrolyte salt (LiClOg4)
more, and then increase ion conduction through the solvent
domain surrounding the polymer matrix. Second, due to the
extension of some polymer chains from interlayer to the edge
of the nanocomposites, aggregation of nanocomposite
particles takes place, which in turn provides the conduction
paths for Li" ions to transfer between the adjacent nano-
composite grains. Third, FTIR spectra show that the
interaction between lithium cations and negative V;0g
layers in the interlayer is weakened due to the increase in
interaction between Li" ions and inserted PMMA molecules.
This decrease in interaction between Li" ions and PMMA
molecules may provide a two-dimensional channel for Li"
ion transition [33]. In addition to the above, as discussed in
“X-ray diffraction analysis”, higher uptake of liquid electro-
lytes by PMMA-LiV;0g nanocomposite than by PMMA
may also result in higher ionic conductivity. The value of
ionic conductivity obtained in this work at room temperature
is better than that reported in literature for PMMA/clay
systems [21, 23], where conductivity values were found to
be of the order of 10™*S/cm. According to the literature the
residual cations present in the clay layers do not contribute to
the ionic conductivity. However, the IR results described in
“FTIR spectroscopy” suggest a possible strong interaction
occurring between the interlayer cations and PMMA
molecule and hence interlayer cations play an important role
in enhancing ionic conductivity.

Figure 5 presents the plots of the logarithm of conduc-
tivity versus inverse temperature for LiV;0g, PMMA-(PC+
DEC)-LiClO4 and PMMA-LiV;04-(PC+DEC)-LiClO, in
the temperature range from 30 to 100 °C. The figure shows
that the ionic conduction in nanocomposites polymer
electrolytes obeys the Arrhenius relation

o = opexp(—E,/kT) 4)

where E, is the activation energy, T is the temperature on
Kelvin scale, o is the pre-exponential factor, and k is the
Boltzmann constant. The activation energy for PMMA-
LiV3;0g nanocomposite gel electrolyte is found to be
0.19 eV where as for pure LiV;0g it is 0.25 eV. This
decrease in activation energy in the nanocomposite could
be attributed to the weaker columbic attraction of the layers
to the Li" ions [39]. The decreased interaction between
V305 layers and Li" ions is also corroborated by the FTIR
results.
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Fig. 5 log o vs. temperature inverse curves for a LiV;0g, b PMMA-
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by Eq. 4

Fig. 6 Scanning electron micrographs of a pure LiV3;0g and b
PMMA-LiV;0g nanocomposite
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Fig. 7 Linear sweep voltammetry plots of a PMMA-(PC+DEC)-
LiClO4 gel electrolyte and b PMMA-LiV;04-(PC+DEC)-LiClO4
nanocomposite gel polymer electrolyte

Scanning electron microscopy studies

Scanning electron micrographs of pure LiV;0g and
PMMA-LiV;0g nanocomposite are shown in Fig. 6a, b. It
is observed from the Fig. 6a that LiV3;Oyg has particle size
less than 8 um (many of them are less than 3 um). On the
other hand SEM micrograph for PMMA-LiV;0g exhibits
aggregated particles having dimension greater than 20 pm
(Fig. 6b). It is worth mentioning here that PMMA chains
intercalate into the 6.3 A channels of layered LiV;Og
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Fig. 8 Interfacial stability of a PMMA-(PC+DEC)-LiClO4 gel

electrolyte and b PMMA-LiV;04-(PC+DEC)-LiClO4 nanocomposite
gel polymer electrolyte
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increasing the interlayer spacing to 12.8 A giving rise to
nanoscale mixing of PMMA and LiV;Og forming a
PMMA-LiV3;0g nanocomposite, which is confirmed by
XRD results. Aggregation of particles could be attributed to
the fact that some PMMA chains extend from interlayer
spacing of a LiV3;0g particle and intercalate into the
interlayer spacing of the other LiV3Og particle.

Electrochemical studies

Figure 7 displays the current-voltage response obtained for
both PMMA-based gel polymer electrolyte and nano-
composite gel polymer electrolytes using stainless steel as
a working electrode and lithium metal as a reference
electrode measured between the potential ranges from 2 to
6 V with a scan rate 0.1 mVs '. The sudden rise of current
identifies the anodic decomposition voltage of the electro-
lytes. It is observed that PMMA-based gel electrolyte
shows decomposition voltage at 4.5 V whereas after
intercalation value of decomposition voltage increases
significantly and sets at about 4.8 V. Thus, there is a clear
improvement in the voltage stability factor in the nano-
composite electrolyte. This value of working voltage range
(i.e., electrochemical potential window) appears to be high
enough to use the nanocomposite polymer electrolyte films
as a solid-state separator/electrolyte in Li-batteries.
Compatibility of polymer electrolytes with electrode
materials remains an acute problem for their application in
high power lithium batteries. Due to the reactivity of
electrode materials, most of the developed polymer electro-
lytes passivate lithium, which results in the formation of
thick and non-uniform surface layer [40]. This can in turn
encourage the formation and growth of lithium dendrites
during charging period leading to internal short circuiting
of the cell [41]. Therefore interfacial stability of polymer
electrolytes in contact with electrode materials is an
important factor for providing suitable performance in
rechargeable lithium batteries. In order to examine the
interfacial stability of PMMA-based gel polymer electrolyte
and PMMA-LiV;0g-based nanocomposite gel polymer
electrolyte, the ionic conductivity was measured by
fabricating stainless steel/polymer electrolyte/stainless steel
cells at room temperature and monitored for 18 days and
their results are shown in Fig. 8. It reveals that ionic
conductivity of both types of electrolytes decrease with
time, but the decrease of ionic conductivity of PMMA-
based gel polymer electrolyte is much larger as compared to
that of PMMA-LiV;0g-based nanocomposite gel polymer
electrolyte. Moreover the ionic conductivity of PMMA-
LiV;0g-based nanocomposite gel polymer electrolyte
becomes stable after 5 days whereas for PMMA-based gel
polymer electrolyte ionic conductivity goes on decreasing
up to 10 days. This confirms better interfacial stability of

PMMA-LiV;03-(PC+DEC)-LiClO,4 system over PMMA-
(PC+DEC)-LiCIO,4 system. It is well known that gel
polymer electrolytes exhibit highly porous structure with
interconnected pores to form continuous pathways between
the cathode and the anode, thereby facilitating the forma-
tion and growth of lithium dendrites [8]. The porous
structure of PMMA is disrupted in layered LiV30g which
results in decrease in propagation of lithium dendrites
leading to better interfacial stability than PMMA-based gel
polymer electrolyte.

Conclusions

PMMA-LiV;0g nanocomposite has been successfully
synthesized using solution intercalation technique. The
pellets obtained from synthesized nanocomposite have been
dipped into liquid electrolytes containing 1 M LiCIO,4 in
PC/DEC (1:1v/v) to synthesize PMMA-LiV;04-(PC+
DEC)-LiClO,4 nanocomposite gel polymer electrolyte. X-ray
characterization indicates that the polymer chains are interca-
lated into the layers of LiV;0g. FTIR results indicate that the
interaction between Li" ions and negative V3Og layers is
weakened due to increased interaction between Li" ions and
inserted PMMA molecules. This provides a suitable two-
dimensional path for Li" ion conduction. AC impedance
analysis shows that nanocomposite gel polymer electrolyte
exhibits room temperature ionic conductivity of 1.8x
10 S cm™', which is about seven times larger than that for
PMMA-(PC+DEC)-LiClO; electrolyte system. The enhance-
ment in ionic conductivity is mainly attributed to the higher
dielectric constant of layered host and aggregation of nano-
composites due to the extension of polymer chains from
interlayer to the nanocomposite edge, which provides
conduction paths for Li" ion transport. SEM results confirm
the aggregation of nanocomposite particles. The interfacial
stability of the nanocomposite gel polymer electrolyte is
found to be better than the gel polymer electrolyte. The
enhanced properties like higher ionic conductivity at ambient
temperature and improved electrochemical properties make
PMMA-LiV;04-(PC+DEC)-LiClO,4 polymer electrolyte sys-
tem particularly attractive for technological applications such
as for rechargeable lithium batteries.
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