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a b s t r a c t

Experimental investigations are performed on novel magnesium ion-conducting gel polymer electrolyte
nanocomposites based on poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP), dispersed with
nanosized magnesium oxide (MgO) particles. The nanocomposite materials are in the form of free-
standing films. Various physical and electrochemical analyses demonstrate promising characteristics of
these films, suitable as electrolytes in rechargeable magnesium batteries. The optimized material with
3 wt.% MgO offers a maximum electrical conductivity of ∼8 × 10−3 S cm−1 at room temperature (∼25 ◦C)
with good thermal and electrochemical stabilities. The ion/filler–polymer interactions and possible con-
formational changes in host polymer PVdF-HFP due to the liquid electrolyte entrapment and dispersion
anocomposite

agnesium ion conductor
agnesium batteries

C impedance spectroscopy
yclic voltammetry

of nanosized MgO are examined by Fourier transform infrared (FTIR), X-ray diffraction (XRD) and scan-
ning electron microscopic (SEM) methods. The Mg2+ ion conduction in the gel film is confirmed from
the cyclic voltammetry, impedance spectroscopy and transport number measurements. The Mg2+ ion
transport number (t+) is enhanced substantially and found to have a maximum of ∼0.44 for the addi-
tion of 10 wt.% MgO nanoparticles. The enhancement in t+ is explained on the basis of the formation of

to th
space-charge regions due

. Introduction

The research and development of polymer electrolyte based bat-
eries with high specific energy, good reliability and safety has
een an active area for the past three decades [1–3]. Advances in
icroelectronic industry, especially mobile phones and portable

omputers, have created a demand for new and improved power
ources. Presently, world-wide efforts are directed towards the
evelopment of advanced battery technologies based on lithium
egative electrodes (anode). To date, the rechargeable lithium ion
attery has been one of the best choices in view of specific capac-

ty and cyclic stability [4]. However, rechargeable lithium metal
atteries with high specific power or energy are still unavailable

n the market. These batteries are relatively expensive and suffer
rom some safety limitations. Hence, new rechargeable battery sys-
ems are required which can be made of cheap and environmental
riendly materials.
Recently, the magnesium-based rechargeable battery system
as attracted attention due to its performance capabilities, which
re expected to be close to those of lithium-based rechargeable bat-
eries [5–7]. Magnesium is one of the ideal materials for the negative

∗ Corresponding author. Tel.: +91 1127604881; fax: +91 1127667061.
E-mail address: sahashmi@physics.du.ac.in (S.A. Hashmi).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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e presence of MgO:Mg2+-like species, that supports Mg2+ ion motion.
© 2009 Elsevier B.V. All rights reserved.

electrode for practical batteries because it has low electrochem-
ical equivalence (∼12.15 g eq−1), considerably negative electrode
potential (−2.3 V vs. SHE), low cost due to natural abundance,
and greater safer than lithium. Aurbach et al. [8] have devel-
oped a prototype high-capacity rechargeable magnesium battery
using electrolyte solutions based on Mg organohaloaluminate salts.
The same group reported that Chevrel phases Mo6T8 (T = S, Se)
can insert Mg ions reversibly and can be used as practical cath-
ode materials for rechargeable Mg-batteries [9]. Despite these
studies, however, development of rechargeable Mg-batteries has
not be accelerated mainly due to the lower reversibility of the
Mg electrode/electrolyte charge transfer and the lack of suitable
Mg2+ ion-conducting non-aqueous electrolytes [10,11]. Recently,
the development of solid-state Mg2+ ion-conducting electrolytes
has become one of the important issues to realize rechargeable,
solid-state Mg-batteries.

Gel polymer electrolytes, an excellent substitute for liquid elec-
trolytes, continue to attract research interest due to properties
which make them suitable for application in solid-state electro-
chemical devices, e.g., rechargeable batteries, supercapacitors, etc.

[12,13]. Such gel electrolytes are examined mostly for use in lithium
systems. Mg2+ ion-conducting gel polymer electrolytes are not
widely reported except a few systems [14–16]. Few solid-state
rechargeable magnesium batteries using polymer gel electrolytes
have been reported in literature [17,18]. Gel polymer electrolytes

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.2009.01.057
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ave some important advantages over liquid electrolytes in that
he risk of leakage is reduced, and electrode interfacial contact can
e maintained during volumetric changes associated with charge
nd discharge cycling of the battery. The ability of gel electrolytes
o act as both the separator and the electrolyte leads to easy fabri-
ation and allows the possibility of miniaturized devices. However,
he main drawback associated with these materials is the tendency
o flow, which is deleterious in terms of decay in conductivity and,
articularly, in battery reliability and safety. This is obviously a lim-

tation with present gel polymer electrolyte systems and various
pproaches are under consideration to assure membrane integrity
uring operation and storage.

The dispersion of nanosized ceramic filler particles, e.g., Al2O3,
iO2, TiO2, is one of the most reported approaches to improve the
echanical as well as the electrochemical and transport proper-

ies of polymer/gel electrolytes [19–21]. In general, the ceramic
llers are broadly classified into two categories, namely, active
nd passive fillers. The active component materials participate in
he conduction process, e.g., Li2N, LiAl2O3 are active fillers for
i+ ion-conducting systems. Passive fillers such as Al2O3, SiO2
r TiO2 are not directly involved in the ion transport process.
uch fillers have also been incorporated into gel electrolytes in
rder to preserve a porous structure that maximizes the adsorp-
ion of liquid electrolyte [22] and to reduce the risk of leakage
23–25].

In the present study, the effect of adding of a nanosized active
ller MgO to a PVdF-HFP based Mg2+ ion-conducting gel polymer
lectrolyte is investigated by means of various physical techniques,
amely, X-ray diffraction, thermal analysis, infrared spectroscopy,
omplex impedance analysis, cyclic voltammetry, and conductivity
nd transport number measurements. The gel polymer electrolyte
anocomposite is found to be a thermally and electrochemically
table material for application in power sources such as magnesium
atteries.

. Experimental

.1. Materials

The copolymer, poly(vinylidene fluoride-hexafluoropropylene)
PVdF-HFP; average molecular weight 400 000), ethylene car-
onate (EC), propylene carbonate (PC), magnesium perchlorate
Mg(ClO4)2] and the nanosized filler magnesium oxide (MgO;
article size <100 nm) were obtained from Aldrich and used with-
ut further purification. The intermediate solvent tetrahydrofuran
THF) was purchased from Merck, India. A solution cast method
as used to prepare gel polymer electrolyte nanocomposite films.

n this process, the liquid electrolyte was first prepared by dis-
olving 1 M Mg(ClO)4 in a mixture of EC and PC (1:1, v/v). The
ost polymer PVdF-HFP was separately dissolved in THF by stirring
agnetically at ∼50 ◦C and an appropriate amount (∼20 wt.% with

espect to the liquid electrolyte for all samples) was mixed in liquid
lectrolyte. To prepare a gel polymer electrolyte nanocomposite,
gO nanoparticles in different weight ratios from 0 to 20 wt.%
ith respect to polymer weight were dispersed. The mixtures
ere then stirred thoroughly for ∼10 h and proper filler disper-

ion was ensured by keeping the mixture in an ultrasonic bath
or about 30 min. Finally, the mixture was poured into glass petri
ishes and allowed to evaporate the intermediate solvent, THF, to
btain solid-like, free-standing, nanocomposite films of thickness
300–400 �m.
Circular discs (area = 1.1 cm2) of magnesium electrodes were
btained by palletising the magnesium powder purchased from
ldrich. These discs were polished with successive grades of emery
aper to a smooth finish then washed thoroughly in acetone and
ried.
Sources 190 (2009) 563–572

2.2. Instrumentation

The thermal stability of gel polymer electrolyte nanocomposites
was tested by thermo-gravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC). TGA was carried out from room
temperature to 475 ◦C under a dynamic dry nitrogen atmosphere
at a heating rate of 10 ◦C min−1 using a PerkinElmer TGA system
(TGA7). DSC was performed from −90 to 85 ◦C at a heating rate of
10 ◦C min−1 in a static Nitrogen atmosphere with the help of a DSC
system of TA Instruments (Model: Q100). Morphological studies of
the gel nanocomposite films were carried out with a scanning elec-
tron microscope (JEOL, JSM 5600) and an atomic force microscope
(VEECO, USA, model: DI-CP-II). The SEM micrographs were taken
at low vacuum after sputtering the samples with gold to prepare
conductive surfaces. X-ray diffraction patterns of the films were
recorded using a Philips X-ray diffractometer with Cu K� radiation
in the Bragg angle (2�) range from 10 to 60◦. The FTIR spectra were
recorded with a PerkinElmer FTIR spectrophotometer.

The electrical conductivities of the gel films were evaluated
by means of AC impedance spectroscopy using a LCR Hi-Tester
(Model: 3522-50, HIOKI, Japan) over the frequency range from
1 Hz to 100 kHz at a signal level of 10 mV. Conductivity mea-
surements were obtained by sandwiching the films between two
stainless-steel (SS) foils over the range of 0–80 ◦C. Comparative
cyclic voltammetric studies were performed on symmetric cells, in
which the gel nanocomposite was sandwiched between SS and Mg
electrodes, using an electrochemical analyzer (Model: CHI 608C, CH
Instruments, USA) at a scan rate of 5 m V s−1. The electrochemical
stabilities of the electrolyte films were evaluated by means of linear
sweep voltammetry using stainless steel as the working electrode
and a Mg disc as combined counter and the reference electrodes.

The total ionic transport number (tion) was obtained by
the polarization technique [26]. In this technique, a SS|gel
nanocomposite|SS cell was polarized by applying a step potential
of 1.0 V and the resulting potentiostatic current was monitored as
a function of time. Stainless steel (SS) acted as blocking electrodes
for the above cell. The ‘tion’ was evaluated using the formula:

tion = iT − ie
iT

(1)

where iT and ie are total and residual current, respectively. The Mg2+

ions transport number (t+) of each gel electrolyte was evaluated
using a combination of AC impedance spectroscopy and DC polar-
ization studies on a Mg|gel nanocomposite|Mg cell according to the
method of Evans et al. [27].

3. Results and discussion

3.1. Structural studies

The XRD patterns of the PVdF-HFP, filler-free polymer gel elec-
trolyte and the gel polymer electrolyte nanocomposite films are
shown in Fig. 1. The XRD pattern of the PVdF-HFP film shows
the typical characteristic of a semi-crystalline microstructure, i.e.,
the co-existence of mixed crystalline and amorphous regions with
predominant peaks at 2� = 14.6, 17, 20, 26.6 and 38◦ (Fig. 1a).
The X-ray diffractogram of the filler-free gel polymer electrolyte
shows a broadened peak between 10 and 30◦ (Fig. 1b). The PVdF-
HFP peak at ∼27◦ is masked in the broad peak and the intense
peak at ∼38◦ disappears. These changes reveal clearly that the
gel polymer electrolyte is predominantly amorphous and its crys-

tallinity is depressed due to the addition of liquid electrolyte. This
indicates that the liquid electrolyte solution most likely blends
with the PVdF-HFP at the molecular level and functions as a
plasticizer for the polymer. The diffractogram of the gel polymer
electrolyte nanocomposite film shows the characteristic peaks of
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flat and uniform without pores or any phase separation, which is
ig. 1. XRD patterns of PVdF-HFP film (a) and gel polymer electrolyte films contain-
ng: 0 wt.% MgO (b) and 10 wt.% MgO (c).

gO, observed at 38.6 and 44.4◦, along with some PVdF-HFP peaks
Fig. 1c). This confirms the composite nature of the film.

The morphology of the undispersed gel polymer electrolyte and
el nanocomposite polymer electrolyte (with 10 wt.% MgO) film

as examined by SEM and the images are shown in Fig. 2. The
ndispersed gel polymer electrolyte film is seen to have uniform
mall pores at the microscopic level (Fig. 2a). In the gel polymer
lectrolyte nanocomposite film, a uniform dispersion of nanosized

Fig. 2. SEM images of gel polymer electrolyte films co
Fig. 3. AFM images of polymer gel electrolyte films containing: (a) 3 wt.% MgO and
(b) 10 wt.% MgO.

MgO particles is observed whereas the pores are indistinct (Fig. 2b).
To examine further the surface morphology at the microscopic level,
AFM images were recorded on the surface of a nanocomposite poly-
mer electrolyte film and are presented in Fig. 3. The surface is almost
indicative of the high affinity of the polymer host, PVdF-HFP with
the liquid electrolyte.

In order to investigate ion-polymer interaction and possible
conformational changes in the host polymer due to the Mg-salt

ntaining (a) 0 wt.% MgO, and (b) 10 wt.% MgO.
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Table 1
Assignment of important FTIR bands of PVdF-HFP and perchlorate anion (ClO4)− .

IR bands (cm−1) Assignment

PVdF-HFP 484 �-Phase
528 (very weak)

�-Phase762
976
839

Amorphous phase

in the range of 650–600 cm−1 has been probed to obtain the
information on the degree of salt dissociation in the gel poly-
mer electrolyte. The expanded portion of the spectra in the
range 650–600 cm−1 is shown in Fig. 5. The peaks at ∼628 and
ig. 4. FTIR spectra of (a) PVdF-HFP (pure) film and gel polymer electrolyte films
ontaining MgO nanoparticles of: (b) 0 wt.%, (c) 3 wt.%, (d) 7 wt.%, (e) 10 wt.%, (f)
5 wt.% and (g) 20 wt.%.

ontaining liquid electrolyte entrapment and dispersion of MgO
anoparticles, FTIR spectroscopic analysis was conducted. The com-
arative FTIR spectra of the host polymer PVdF-HFP and the gel
olymer electrolyte films with different MgO content (0–20 wt.%)
re given in Fig. 4. The following distinctive features have been
xtracted from this spectral response.

(i) The conformational changes in the semi-crystalline host poly-
mer PVdF-HFP due to the addition of liquid electrolyte were
monitored. Peaks corresponding to the bands at 484, 528 (very
weak), 762, 839, 879 and 976 cm−1 are observed and assigned
in Table 1. The peaks at 528 and 976 cm−1are due to a non-polar
trans-gauche-trans-gauche′ (TGTG′) conformation (i.e., an �-
phase) of the semi-crystalline PVdF-HFP [28–30]. The peak at
484 cm−1 is due to an intermediate polar TTTGTTTG’ conforma-
tion (�-phase), which occurs when the polymer is moderately
stressed [31]. Other bands are very weak and/or overlap the
band associated with the EC–PC or Mg-salt. It may be noted

that the band at 762 cm−1 (assigned to the �-phase) disappears
due to the addition of liquid electrolyte. Further, the bands at
839 and 879 cm−1, assigned to the amorphous phase, appear
as a symmetrical peak. The band at 879 cm−1 becomes suffi-
ciently broad, and appears to be the sum of two peaks. These
879

(ClO4)− 623 �4 (ClO4)−

628 Ion pairs/aggregates

observations indicate the substantial conformational changes
in the crystalline texture of the host polymer PVdF-HFP due
to the interaction with liquid electrolyte. The disappearance of
some bands associated with the crystalline �-phase and the
appearance of the bands of the amorphous phase of the poly-
mer indicate the reduction of crystallinity and dominance of
the amorphous phase in the gel nanocomposite polymer elec-
trolyte.

(ii) The stretching vibration (�4) mode of the ClO4
− anion observed
Fig. 5. Expanded representation of FTIR spectra of gel composite polymer electrolyte
films containing MgO nanoparticles of: (a) 0 wt.%, (b) 3 wt.%, (c) 7 wt.%, (d) 10 wt.%,
(e) 15 wt.% and (f) 20 wt.% in 600–650 cm−1 region.



G.P. Pandey et al. / Journal of Power Sources 190 (2009) 563–572 567

F ntaini
a

(

3

m
T
P
e
s
t

ig. 6. Expanded representation of FTIR spectra of gel polymer electrolyte films co
nd (b) 2800–3100 cm−1.

∼623 cm−1 are attributed to the ion-pair and the free (ClO4)−,
respectively [32]. In the undispersed gel polymer electrolyte,
the peak at ∼626 cm−1 appears to be the sum of two nearby
peaks associated with the free and paired (ClO4)− ions (Fig. 5a).
The dispersion of MgO nanoparticles in the gel polymer elec-
trolyte influences this band; the peak becomes broader and
the two peaks appear well separated (Fig. 5). This is associated
with the filler–anion interaction in the gel polymer electrolyte
nanocomposite.

iii) The dispersion of MgO nanoparticles in the gel polymer elec-
trolyte also affects the ring stretching and breathing mode of
PC at ∼932 cm−1(expanded portion shown in Fig. 6a) [33]. This
band shifts downward with increasing MgO content. The inten-
sity of the broad bands between 2850 and 3050 cm−1 (the
–CH– stretching mode of the main polymer chain) changes
substantially due to the MgO dispersion. The shifts in these
bands are distinctly observed (Fig. 6b). These changes indicate
a substantial modification in the lattice environment, that has
a significant influence on ion conduction in the gel polymer
system.

.2. Thermal studies

The DSC thermograms of pure PVdF-HFP, filler-free gel poly-
er electrolyte and gel nanocomposites are shown in Fig. 7a–g.
he glass transition temperature (Tg) is observed at −65 ◦C for pure
VdF-HFP film. After the gel formation due to the addition of liquid
lectrolyte in host polymer, the Tg values generally decrease, pos-
ibly below −90 ◦C in the present case, which is not observable due
o the limitation of equipment. A step change is observed between
ng different amounts of MgO nanoparticles for spectral regions: (a) 920–940 cm−1

0 and 5 ◦C due to the dispersion of nanosized MgO in nanocom-
posite gels (Fig. 7d–g). This step change is possibly attributed to
the glass transition temperature of a separate nanocomposite phase
formed through interaction of MgO nanoparticles with the gel poly-
mer electrolyte. This step change is not clearly observed for lower
contents of filler, MgO nanoparticles (Fig. 7b and c). Further, no
endothermic peak is found and the electrolyte film remains stable
in the same gel phase over a substantially wide temperature range
from −70 to 80 ◦C, which is advantageous for potential applications
in electrochemical devices.

TGA curves of pure PVdF-HFP, undispersed gel polymer elec-
trolyte and gel nanocomposite dispersed with 10 wt.% MgO are
shown in Fig. 8. As observed from Fig. 8a, the host polymer PVdF-
HFP is highly thermally stable as almost no weight loss occurs up
to ∼400 ◦C. A marginal weight loss (∼5 wt.%) has been observed
up to ∼90 ◦C for both the undispersed and dispersed gel poly-
mer electrolytes, which may be due to surface adsorbed moisture.
Thereafter, a substantial weight loss occurs due to the evaporation
of the EC and PC solvents. A slightly better retentivity for EC and PC
has been observed due to the addition of MgO nanoparticles in the
nanocomposites, as shown in Fig. 8c.

3.3. Electrical properties

3.3.1. Electrical conductivity

The variation of room-temperature electrical conductivity of gel

polymer electrolyte nanocomposites with respect to the content
of dispersed MgO nanoparticles is given in Fig. 9. The addition of
MgO particles results an initial increase in the conductivity followed
by two maxima observed at ∼3 and ∼10 wt.% MgO (Fig. 9). Such
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suggests an Arrhenius-type thermally activated process following
ig. 7. DSC curves of gel polymer electrolyte films: (a) PVdF-HFP (pure) film and gel
olymer electrolyte films containing (b) 0 wt.%, (c) 7 wt.%, (d) 10 wt.%, (e) 12 wt.%, (f)
5 wt.% and (g) 20 wt.% MgO nanoparticles.
wo maxima have recently been reported for an ion-conducting
el polymer electrolyte composite [34] and solvent-free compos-
te polymer electrolytes [35–37]. The first conductivity maximum
s possibly due to the dissociation of ion aggregates/undissociated

ig. 8. TGA curve of (a) pure PVdF-HFP film and gel polymer electrolyte films con-
aining: (b) 0 wt.% and (c) 10 wt.% MgO nanoparticles.
Fig. 9. Room-temperature conductivity of gel composite polymer electrolyte films
as function of nanosized MgO content.

salt into free ions with the addition of nanosized MgO parti-
cles, whereas the second conductivity maximum is related to the
composite effect and explained on the basis of the formation of
a conducting interfacial space-charge double-layer between the
nanosized MgO particles and polymer gel electrolytes [38,39]. The
decrease in conductivity after the second conductivity maximum
is generally related to the blocking effect of filler particles, which
hinders the motion of mobile ions [40]. The optimum conductiv-
ity value at room temperature (∼25 ◦C) of the gel nanocomposite
is ∼8 × 10−3 S cm−1 at 3 wt.% MgO. An approximate three-fold
enhancement in ionic conductivity is observed on dispersion of
MgO nanoparticles in the gel polymer electrolytes along with a
substantial improvement in their mechanical strength.

Fig. 10 shows the temperature dependence of the conductiv-
ity of gel polymer electrolyte nanocomposite films. The ‘� vs. 1/T’
curves for gel nanocomposites are linear up to ∼60 ◦C, thereafter
no conductivity enhancement is observed. The linear relationship
the expression:

� = �0 exp
(−Ea

kT

)
(2)

Fig. 10. ‘� vs. 1/T’ plots of gel polymer electrolyte nanocomposite films. ‘� vs. 1/T’
plot of filler-free gel polymer electrolyte is shown in inset.
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Table 2
Different parameters (�0 and Ea) for gel polymer electrolyte nanocomposites
obtained by linear fitting of conductivity to Arrhenius equation.

MgO content in gel polymer
electrolyte (wt.%)

�0 (S cm−1) Ea (eV)

3 4.59 × 101 0.235
5 4.64 × 101 0.237
7 6.82 × 103 0.383
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cell resistances before and after the polarization. A typical DC polar-
ization current vs. time plot and AC impedance plots are shown
in Fig. 12a and b. The values of t+ at room temperature, evaluated
for gel polymer electrolyte films with different values of nanosized
MgO content, are listed in Table 3. The Mg2+ ion transport num-
10 6.6 × 101 0.252
2 2.43 × 103 0.364

15 1.02 × 103 0.350

here Ea is activation energy, �0 is a pre-exponential factor, and k
s the Boltzmann constant. These parameters have been evaluated
nd are listed in Table 2. The temperature dependence of the filler-
ree gel polymer electrolyte shows non-linear behaviour (inset of
ig. 9), and follows the Vogel–Tammen–Fulcher (VTF) equation:

= AT−1/2 exp
( −B

T − T0

)
(3)

here the parameter B is associated with the rate at which vis-
osity changes with temperature, A is a pre-exponential factor, i.e.,
he conductivity at infinitely high temperature, and T0 is the equi-
ibrium glass transition temperature close to the Tg values. These
arameters have been evaluated and found to be: B = 0.46 eV,
= 1.21 S cm−1 K1/2 and T0 = 179 K. From the temperature-
ependent electrical conductivity measurements, it may be
oted that the optimized Mg2+ gel polymer electrolyte nanocom-
osite (i.e., with 3 wt.% MgO content) exhibits ionic conductivity of
he order of ∼2 × 10−3 S cm−1 at 0 ◦C and 1 × 10−2 S cm−1 at 80 ◦C,
howing promise for potential application in Mg-batteries over a
ubstantially wider temperature range.

.3.2. Transport number
The total ionic (cationic and anionic) transport number (tion) has

een evaluated using polarization method, as described in Section
. Fig. 11 shows the variation of polarizing current through a typ-

cal cell: SS|gel nanocomposite with 10 wt.% MgO|SS as a function
f time on applying a voltage of 1.0 V. The value of t is deter-
ion
ined using Eq. (1) and found to be >0.99 for all the gel films. This

hows that the overall conductivity of the pure gel electrolyte and its
anocomposites is predominantly ionic. No electronic conductiv-

ty is expected in the gel-like electrolytes where liquid electrolytes

ig. 11. DC polarization curve of symmetric SS|gel nanocomposite with 10 wt.%
gO|SS cell at room temperature on applying a voltage of 1.0 V.
Sources 190 (2009) 563–572 569

are entrapped in the almost inert network of polymer hosts and
liquid-like charge transport takes place in such systems.

The cationic transport number at room temperature is a key
parameter to evaluate the performance of the electrolytes. In the
present case, the transport number (t+) of Mg2+ ions in the gel
electrolyte films is obtained from a combination of AC and DC
techniques, as proposed by Evans et al. [27]. In this technique, the
Mg|gel nanocomposites|Mg cells were polarized potentiostatically
by applying a voltage, �V = 0.3 V for 3–4 h and subsequently the ini-
tial and final currents were recorded. As a part of the technique, the
cells were subjected to AC impedance measurements prior to and
after the polarization. Values of the electrode–electrolyte contact
resistances were obtained from the impedance plots. The t+ values
were calculated using the expression:

t+ = Is(�V − RoIo)
Io(�V − RsIs)

(4)

where Io and Is are the initial and final currents; Ro and Rs are the
Fig. 12. (a) DC polarization curve of a typical symmetric Mg|gel nanocomposite
with 10 wt.% MgO|Mg cell at room temperature, and (b) AC complex impedance
plot before and after DC polarization of cell.
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er increases substantially with increase in the amount of MgO
anoparticles up to a maximum value of t+ = 0.44 for 10 wt.% disper-
ion. Thereafter, the t+ value slightly decreases due to the further
ddition of MgO particles to the gel electrolyte system.

The enhancement in cationic transport number with addition
f nanosized inorganic fillers in the PEO-based composite poly-
er electrolytes has been reported [41–43]. Scrosati et al. [42,43]

xplained this behaviour in terms of the Lewis acid–base reac-
ion between the ceramic surface states and the PEO segments
ased on the theory proposed by Wieczorek et al. [44,45]. Accord-

ngly, ceramic fillers promote surface conducting pathways due
o Lewis acid–base type interaction with PEO segments, through
hich ions (Li+ ions) move freely and hence enhancement of the

ationic transference number is observed. Further, Kumar et al.
39,40] has explained systematically the transport mechanism in
he colloidal phase of liquid and polymer electrolytes on the basis
f space-charge double-layer formation between ceramic particles
nd polymer electrolyte surface based on the theory originally pro-
osed by Maier [38] for the ionic conduction in solid composites.
ccordingly, the space-charge regions formed due to the addition
f ceramic particles in gel electrolytes are localized sources of elec-
ric fields, which influence the movement of charged species. Due
o the introduction of ceramic fillers in the gel-like electrolytes, the
ations may either be transported through the liquid phase of the
el polymer electrolyte or through the double-layer formed due to
he ceramic fillers. The space-charge regions (double-layers) facil-
tate the ionic motion and hence transport number enhancement
s observed. This enhancement effect is observed up to a certain
olume fraction of the space-charge region. As the volume fraction
ncreases beyond a certain point, space-charge regions start giving
blocking effect that leads to a possible lowering of the transport
umber [40].

The materials in the present study, in which MgO nanoparticles
re dispersed in Mg2+ ion-conducting gel polymer electrolytes, are
lmost similar to those examined by Kumar et al. [39,40]. The MgO
anoparticles are slightly electronegative in nature and hence there

s a possibility of the following reversible reaction when these fillers
re dispersed in the gel electrolyte system:

gO + Mg2+ � MgO : Mg2+ (5)

The MgO:Mg2+ species form space-charge regions and induce
local electric field. This local field is possibly responsible for the

nhanced Mg2+ ion motion and hence enhanced transport number
p to the addition of certain extent of filler amount, e.g., ∼10 wt.%
gO. The decrease in the transport number (Table 3) is explained

n the basis of the blocking effect of the space-charge region due
o the further addition of MgO nanoparticles [40].

.4. Electrochemical properties

In order to confirm Mg2+ ion conduction in the gel polymer

lectrolyte nanocomposite films, complex impedance spectroscopy
nd cyclic voltammetric studies were performed on symmetri-
al SS|gel nanocomposite|SS (Cell-I) and Mg|gel nanocomposite|Mg
Cell-II). In Cell-I, the gel film was in contact with a stainless

able 3
g2+ ion transport number of gel polymer electrolyte containing different amount

f MgO nanoparticles.

gO (in wt.%) Mg2+ ion transport number

0 0.22 ± 0.02
3 0.30 ± 0.02
5 0.36 ± 0.02

10 0.44 ± 0.02
15 0.33 ± 0.02
Fig. 13. Complex impedance plots for (a) Cell-I: SS|gel nanocomposite|SS, and (b)
Cell-II: Mg|gel nanocomposite|Mg recorded at room temperature. High-frequency
region is expanded and shown in inset.

steel (SS), a blocking electrode, whereas foils of Mg were used
as reversible electrodes in Cell-II. Fig. 13 gives the comparative
complex impedance plots for Cell-I and Cell-II recorded at room
temperature (∼25 ◦C). The impedance response of Cell-I (with
SS electrodes) shows the steep rising behaviour of an imaginary
impedance in the low-frequency range, indicating the ion blocking
nature of the SS electrodes (Fig. 13a). On the other hand, almost
well-defined semicircular dispersion curve is observed for Cell-II
(with Mg electrodes), as shown in Fig. 13b. The appearance of a well-
defined semi-circle for the Mg|gel nanocomposite|Mg cell clearly
indicates that the Mg metal attains equilibrium with the Mg2+

ions in the gel polymer electrolyte nanocomposite. Such behaviour
has recently been reported for a Li|gel electrolyte|Li cell [46]. The
bulk resistance of the gel film (Rb) was obtained from the high-
frequency intercept of the complex plane plots and the interfacial
resistance (Ri) was calculated from the low-frequency intercept. The
values of Rb measured for both the cells are almost in the same
range (∼15–40 � cm2) (Fig. 13, inset). The value of Ri for the Mg/gel
nanocomposite is ∼7 k� cm2, whereas for the SS/gel nanocompos-
ite it is ∼100 k� cm2. The substantially lower value of Ri for the
Mg/gel nanocomposite interface further demonstrates that equi-
librium has been established between Mg metal and Mg2+ ions.
These observations further confirm Mg2+ ion conduction in the gel
polymer electrolyte nanocomposite.

Fig. 14 shows cyclic voltammograms (CVs) for cells containing
gel electrolyte films with different amounts of MgO nanoparticles
sandwiched between two symmetrical Mg electrodes at a scan rate
of 5 mV s−1. The CV for the cell with symmetrical SS electrodes is
also shown for comparison. The cathodic and anodic current peaks
are distinctly observed for the cells with Mg electrodes, whereas no
such features are present in the case of the cell with SS electrodes
in the same potential range (Fig. 14). This suggests the following
reversible reaction:

Mg2+ + 2e− � Mg0 (6)

i.e., the cathodic deposition and anodic oxidation of Mg are facile
at the Mg|gel electrolyte interface. This it is the indicative of

2+
Mg ion conduction in the gel polymer electrolyte nanocompos-
ite films. It may be noted that the cathodic/anodic peak potentials
are separated by several volts, similar to the other cases, e.g., the
Li|PEO + LiBF4 film|Li cell reported by Munichandraiah et al. [47].
This is possible because the experiments were carried out on cells
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Fig. 14. Cyclic voltammograms of cells: SS|gel nanocomposite|SS (a), and Mg|gel
n
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Fig. 16. Complex impedance spectra of Mg|gel nanocomposite with 10 wt.% MgO|Mg
cell at different intervals of ageing at room temperature.
anocomposite|Mg with MgO content of 0 wt.% (b), 10 wt.% (c) and 20 wt.% (d),
ecorded at room temperature at scan rate of 5 mV s−1. Variation of cathodic current
s function of MgO content is shown in inset.

ith two electrode geometry without using a reference electrode. A
ubstantial increase in the amount of anodic and cathodic peak cur-
ents has also been observed due to the addition of nanosized MgO
articles in the gel polymer electrolyte, as shown in Fig. 14 (inset).
his observation supports the role of active filler MgO nanoparti-
les dispersed in gel electrolyte for the reversible reaction (5) and
he formation of space-charge regions (double-layers), responsible
or enhanced Mg2+ ion conduction.

The electrochemical stability of the gel films has also been
ested using linear sweep voltammetry (LSV) recorded on a SS|gel
anocomposite|Mg cell. As seen in Fig. 15, the electrolyte films are
table up to ∼3.5 V. The stability is slightly enhanced due to the
ddition of nanosized MgO particles. This value of working voltage

ange (i.e., electrochemical potential window) appears to be high
nough to use the gel polymer electrolyte nanocomposite films as
solid-state-like separator/electrolyte in Mg-batteries and super-

apacitors.

ig. 15. Linear sweep voltammograms of SS|gel nanocomposites|Mg cells with dif-
erent MgO contents at scan rate of 5 mV s−1.
Fig. 17. Variation of (a) bulk resistance and (b) conductivity of Mg|gel nanocomposite
with 10 wt.% MgO|Mg cell with ageing time.

The electrode|electrolyte interfacial stability is an important
aspect to evaluate over a long duration from a battery applica-
tion point of view. For this purpose, a typical symmetrical Mg|gel
nanocomposite with 10% MgO|Mg cell was assembled and its AC
impedance spectra were recorded at different time intervals, as
shown in Fig. 16. The size of the semicircle increases with time,
as observed in Fig. 16. Such behaviour has also been observed for a
lithium system (i.e., Li/gel electrolyte interface) [46]. An almost sta-
ble value of the bulk resistance Rb (between 14 and 23 �) persists
for about 100 h (Fig. 17). The overall conductivity, �, is also found to
be almost constant (4 × 10−3 S cm−1) for quite long time (Fig. 16b).
This indicates that there is no loss of solvent (EC + PC) from the gel
on ageing. The charge-transfer resistance (Rct) increases initially
then becomes constant at around 12 k�. This result can possibly be
attributed to better interfacial stability due to the incorporation of
nanosized MgO particles in the gel polymer electrolyte.
4. Conclusions

The present work reports the characterization of a PVdF-HFP
based Mg2+ ion-conducting gel polymer electrolyte nanocompos-
ites dispersed with nanosized MgO particles. The results confirm
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hat the addition of nanosized MgO is beneficial in inducing consis-
ent improvements in liquid electrolyte retention as well as in the
verall chemical, physical and electrochemical properties. On the
asis of various structural, thermal, electrical and electrochemical
tudies, the following conclusions can be drawn.

(i) The composite nature of the gel electrolyte films due to dis-
persion of MgO nanoparticles is confirmed from XRD and SEM
results.

(ii) Substantial conformational changes in the crystalline texture
of the host polymer PVdF-HFP are observed due to immobi-
lization of the liquid electrolyte in the gel polymer electrolyte.
The existence of free anion and filler–polymer interaction is
confirmed from FTIR studies.

iii) The nanocomposite offers high ionic conductivity
(� ∼ 10−3 S cm−1 at room temperature) with a wider elec-
trochemical potential window and good thermal stability
having single-phase behaviour over a temperature range from
−70 to 80 ◦C.

iv) Studies based on AC impedance spectroscopy and cyclic
voltammetry indicate the existence of an electrochemical equi-
librium between Mg metal and Mg2+ ions and hence confirm
Mg2+ ion conduction in the gel nanocomposite polymer elec-
trolyte.

(v) The Mg2+ ion transport number is almost doubled due to
the addition of 10 wt.% MgO nanoparticles. The enhancement
is explained on the basis of the formation of space-charge
(double-layer) regions due to the presence of MgO:Mg2+-like
species, which support Mg2+ ion motion.

vi) The optimized gel polymer electrolyte nanocomposite appears
to be an excellent substitute for the liquid electrolyte in elec-
trochemical devices, particularly in rechargeable magnesium
batteries.
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