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Abstract Effect of fumed silica dispersion on poly(vinylidene
fluoride-co-hexafluoropropylene)-based magnesium ion-
conducting gel polymer electrolyte has been studied using
various physical and electrochemical techniques. The composite
gel electrolytes are free-standing and flexible films with enough
mechanical strength. The optimized composition with 3 wt.%
filler offers a maximum ionic conductivity of ~1.1x10 Sem
at ~25 °C with good thermal and electrochemical stabilities.
The Mg*" ion conduction in the gel nanocomposite film is
confirmed from the cyclic voltammetry, impedance spectros-
copy, and transport number measurements. The space-charge
layers formed between filler particles and gel electrolyte are
responsible for the enhancement in ionic conductivity. The
applicability of the gel nanocomposite to a rechargeable
battery is examined by fabricating a prototype cell consisting
of Mg [or Mg-multiwalled carbon nanotube (MWCNT)
composite] and MoOs as negative and positive electrodes,
respectively. The discharge capacity and the rechargeability of
the cell have been improved when Mg metal is substituted by
Mg-MWCNT composite. The discharge capacity of the
optimized cell has found to be ~175 mAhg " of MoOs for
an initial ten charge—discharge cycles.
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Introduction

Polymer-based electrolytes are materials of technological
interest due to their use in various electrochemical
applications [1-4]. Various combinations of salts, plasti-
cizers, and polymers have been investigated with a
particular attention to the systems for lithium battery
application [1-6]. A family of electrolytes, specifically
referred as gel polymer electrolytes, has recently found
global interest due to their specific electrochemical proper-
ties, which make them suitable for various technological
applications including rechargeable batteries, supercapaci-
tors, fuel cells, etc. [1-6]. These materials are formed by
immobilizing the salt solutions (for example, LiClO,4 in
propylene carbonate) in the host polymers such as poly
(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP),
poly(methyl methaacrylate) (PMMA), polyacrylonitrile
(PAN), etc. [1-4, 7-10]. The gel electrolytes have some
important advantages over liquid electrolytes in that the risk
of leakage is reduced, and electrode-electrolyte interfacial
contact can be maintained during volumetric changes
associated with charge and discharge cycling of the
batteries. However, the main drawbacks associated with these
materials are their poor dimensional stability, reduction in the
electrical conductivity with time, interfacial instability
towards electrode materials, which are deleterious in terms
of poor reliability and safety of the devices.

In order to improve the mechanical, electrical, and
electrochemical properties of the gel polymer electrolytes
and their integrity during operation and storage, various
approaches are adopted. The dispersion of micro- or nano-
sized ceramic fillers, e.g., Al,O3, SiO,, MgO, TiO,, etc. is
one of the most reported approaches to improve the
dimensional as well as the electrical and electrochemical
properties of polymer/gel electrolytes [2, 11-15]. Such
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composite gel electrolytes preserve a porous structure due
to dispersion of fillers, which lead to maximize the
adsorption of liquid electrolyte and to reduce the risk of
leakage [12-15].

Presently, global attention is devoted to develop
advanced battery technologies based on lithium, though
rechargeable lithium metal batteries with high specific
capacities are still commercially unavailable. To date, the
rechargeable lithium-ion battery has been one of the best
choices in view of its specific capacity and cycle stability
[16]. Nevertheless, lithium-ion batteries are relatively
expensive and suffer from some safety limitations.
Recently, the magnesium-based rechargeable battery sys-
tem has attracted attention due to its performance
capabilities that are close to those of lithium-based
alternatives [17-19]. Magnesium is an attractive anode
material for high energy density batteries as it has high
charge density (low electrochemical equivalence ~12.15 g
eq ') and considerably negative electrode potential
(=2.356 V vs. NHE). Also, the material is cost effective
due to natural abundance and safer than lithium that is
presently used in practical high energy density batteries.
Recently, Aurbach and coworkers have developed a
prototype high-capacity rechargeable magnesium battery
using electrolyte solutions based on Mg organohaloalumi-
nate salts [17]. They have shown that Chevrel phases
MogSg can insert Mg ions reversibly and can be used as
practical cathode materials for rechargeable Mg batteries
[20, 21]. Despite these studies, however, the rechargeable
Mg batteries are still in the developing stage mainly due to
the poor reversibility of the Mg-negative electrode and
lack of suitable non-aqueous electrolytes. It has been
reported that the poor behavior of Mg electrode is caused
by passivation phenomena and surface film formation
processes at the electrode-electrolyte interfaces [18, 22].
Surface films effectively block the electrodes, as the
mobility of the Mg”" ions in the passivating films is
extremely low [23]. From the electrolyte point of view, gel
polymer electrolytes may be useful to overcome different
problems and solid-state rechargeable Mg batteries can be
realized using the solid-state Mg>" ion-conducting gel
polymer electrolytes [19, 24].

In the present study, the effect of dispersion of fumed
silica in a PVdAF-HFP-based Mg>" ion-conducting gel
polymer electrolyte is investigated by means of various
physical techniques, namely, X-ray diffraction, thermal
analysis, infrared spectroscopy, complex impedance analy-
sis, cyclic voltammetry, and transport number measure-
ments. A prototype Mg cell is fabricated using the
optimized composite gel polymer electrolyte. The charge
and discharge characteristics of the cell have been exam-
ined to evaluate the applicability of the composite gel
electrolyte to solid-state rechargeable Mg batteries.
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Experimental
Materials

The copolymer, PVdF-HFP (~Mw 400,000, pellets), ethyl-
ene carbonate (EC), propylene carbonate (PC), magnesium
perchlorate [Mg(ClOy),], and fumed silica (particle
size ~7 nm) were obtained from Sigma-Aldrich. The
intermediate solvent tetrahydrofuran (THF) was purchased
from Merck, India. Magnesium salt and fumed silica were
vacuum dried at 100 °C before use. A solution cast method
was used to prepare composite gel polymer electrolyte
films. In this process, the liquid electrolyte was first
prepared by dissolving 1.0 MMg(CIO,), in a mixture of
EC and PC (1:1 volume/volume). The host polymer PVdF-
HFP was separately dissolved in THF by stirring it
magnetically at ~50 °C and its different amount was mixed
in liquid electrolyte. To prepare composite gel polymer
electrolyte, fumed silica in different weight ratios (from 0 to
25 wt.% with respect to the polymer weight) were
dispersed. In the composite gel polymer electrolyte, the
ratio of polymer with respect to the liquid electrolyte was
maintained to 1:4. The mixtures were then stirred thor-
oughly for ~10 h and the proper filler dispersion was
ensured by keeping the mixture in an ultrasonic bath
for about half an hour. Finally the mixtures were poured
in glass Petri dishes and allowed to evaporate THF to
obtain solid-like free-standing composite gel films of
thickness ~300—400 um.

Circular discs (area=1.3 cm?) of magnesium electrodes
were obtained by palletising the magnesium powder
(Aldrich). These discs were polished with successive grades
of emery paper to a smooth finish then washed thoroughly
in acetone and dried. The cathode sheets were prepared
using molybdenum oxide (MoQ3) (Aldrich). A mixture of
MoOj; (65 wt.%), graphite powder (25 wt.%), and 10 wt.%
of the gel electrolyte as the binder was thoroughly mixed in
a mortar and spread on flexible graphite sheets (15x
15 mm). The cathode sheets were heated at ~100 °C
before cell fabrication. Mg-multiwalled carbon nanotube
(MWCNT) composite anode was prepared by palletising
the mixture of magnesium powder and MWCNT (Aldrich)
in the ratio 4:1. A Mg or Mg-MWCNT]|gel polymer
electrolyte|MoOs cell was assembled by sandwiching
the respective electrodes and the gel electrolyte film in
a specially designed sealed container. Several cells
were fabricated to ensure reproducibility of their various
characteristics.

Instrumentation

The morphological studies of the gel polymer films were
carried out using Scanning Electron Microscope (JEOL,
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JSM 5600). The SEM micrographs were taken at low
vacuum after sputtering the samples with gold to prepare a
conductive surface. The X-ray diffraction (XRD) patterns
of the gel polymer electrolyte films were recorded using
Philips X-ray diffractometer at Cu-K« radiation in the
Bragg angle (20) range from 10° to 60°. The FTIR spectra
of the thin composite gel polymer films were recorded with
the help of Perkin-Elmer FTIR Spectrophotometer over a
wavenumber range from 400 to 4,000 cm ' at ambient
temperature. The thermal stability of composite gels was
tested by thermo-gravimetric analysis (TGA) and differen-
tial scanning calorimetry (DSC). TGA was carried out for
the temperature range from room temperature to 475 °C
under dynamic dry nitrogen atmosphere with a heating rate
of 10 °Cmin"" using Perkin-Elmer TGA system (TGA7).
DSC was performed from —85 to 100 °C at a heating rate of
10 °Cmin” " in the static nitrogen atmosphere with the help
of DSC system of TA Instruments (Model: Q100).

The ionic conductivity of the gel films was evaluated by
AC impedance spectroscopic technique over the frequency
range from 1 Hz to 100 kHz using LCR Hi-Tester (Model:
3522-50, HIOKI, Japan). The signal level was kept at
10 mV. The ionic conductivity measurements were carried
out by sandwiching the gel polymer films between two
stainless steel (SS) electrodes over the temperature range
from 25 to 80 °C. The area of SS-foils was 1.3 cm?®. A
comparative cyclic voltammetric studies were carried out
on the symmetric cells, sandwiching the composite gel
polymer films between SS and Mg electrodes at a scan rate
of 5 mVs ' using an Electrochemical Analyzer (Model:
CHI 608 C, CH Instruments, USA). The electrochemical
stability of the gel polymer films was evaluated by means
of linear sweep voltammetry using SS as the working
electrode and Mg disc as combined counter and the
reference electrodes. Total ionic transport number (Z,,)
was evaluated by the polarization technique [25]. In this
technique, the cell SS|gel polymer film|SS was polarized by
applying a step potential of 1.0 V and the resulting
potentiostatic current was monitored as a function of time.
The stainless steel (SS) acted as blocking electrodes for the
above cell. The “#,,” was evaluated using the formula:

tion:lT._le (1)
IT
where it and i, are total and residual current respectively.
The Mg?" ions transport number (z.) of the composite gel
electrolytes was evaluated using the combination of AC
impedance spectroscopy and DC polarization technique
proposed by Evans et al. [26]. In this technique, the cells
Mg|gel polymer films|Mg were polarized potentiostatically
applying a voltage, AV=0.3 V for 3—4 h and subsequently
initial and final currents were recorded. The cells were
subjected to AC impedance measurements also prior to and

after the polarization, as a part of the technique. The values
of electrode-clectrolyte contact resistances were obtained
from the impedance plots. The £ values were obtained
using the expression:

I (AV — Roly
Iy = % (2)
I(AV — RIy)

where [y and [ are the initial and final currents. Ry and R,
are cell resistances, before and after the polarization,
respectively. The performances of Mg cell was investigated
by a charge—discharge cycling test at room temperature
(~25 °C) using Arbin instrument (model: BT 2000, USA)
under different constant current conditions. The cut-off
charging and discharging voltages were kept at 2.7 and
0.8 V, respectively.

Results and discussion
Structural properties

The morphology of the undispersed gel polymer electrolyte
and composite gel polymer electrolyte film (with 10 wt.%
fumed silica) has been examined by SEM, and the images
are shown in Fig. 1. The undispersed gel polymer
electrolyte film is observed to have uniform small pores at
microscopic level (Fig. 1a). In the composite gel polymer
electrolyte dispersed with fumed silica, slightly larger in
size and uniformly distributed pores are observed (Fig. 1b).
The uniformly dispersed pores in the polymer microstruc-
ture lead to the retention of liquid electrolyte and formation
of their better connectivity through the polymer, giving rise
to have possibility of high ionic conductivity.

XRD patterns of the PVAF-HFP (pure), undispersed
polymer gel electrolyte and composite gel polymer electro-
lytes are shown in Fig. 2. The pattern of pure PVdF-HFP
shows the typical characteristic of a semi-crystalline
microstructure, i.e., the coexistence of mixed crystalline
and amorphous nature of the material with predominant
peaks at 20=14.6°, 17°, 20°, 26.6°, and 38°. The diffracto-
gram of filler free gel polymer electrolyte shows a
broadened peak between 10° and 30°. The PVdF-HFP
peak at ~26.6° is masked in the broad peak and the intense
peak at ~38° disappears (Fig. 2b). These changes reveal
that the gel polymer electrolyte is predominantly amor-
phous and its crystallinity is depressed due to the
immobilization of liquid electrolyte in PVAF-HFP. This
indicates that the liquid electrolyte solution most likely
blends with the PVdF-HFP at molecular level and functions
as a plasticizer for the polymer. The diffractogram of
composite gel polymer electrolyte dispersed with fumed
silica shows the characteristic peaks of silica, observed at
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Fig. 1 SEM images of gel polymer electrolyte films containing fumed
silica of: a 0 wt.% and b 10 wt.%

25.5° along with some PVdF-HFP peaks. These observa-
tions confirm the composite nature of the gel films.

FTIR spectroscopic investigation have been carried out
to study the ion—polymer interaction and possible confor-
mational changes in the host polymer due to the Mg salt
containing liquid electrolyte entrapment and dispersion of
fumed silica, Fig. 3 shows the comparative FTIR spectra of
the host polymer PVdF-HFP and gel polymer electrolyte
films dispersed with different amount of fumed silica (from
0 to 20 wt.%). Following distinctive features have been
observed from these spectral responses:

1. The conformational changes in the semi-crystalline host
polymer PVAF-HFP due to the addition of liquid
electrolyte have been monitored. The Peaks at 528,
762, and 976 cm ™" are due to a non-polar trans-gauche-
trans-gauche' conformation (i.e., x-phase) of the semi-
crystalline PVdF-HFP [27-29]. The peak at 484 cm '
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is due to an intermediate polar TTTGTTTG' conforma-
tion (y-phase), occurring when the polymer is moder-
ately stressed [30]. Other bands are very weak and/or
overlapped with the band associated with the EC-PC or
Mg salt. It may be noted that the band at 762 cm™'
(assigned to x-phase) disappears due to the addition of
liquid electrolyte. Furthermore, the bands at 839 and
879 cm ', assigned to amorphous phase, appear as a
symmetrical peak. Both the bands shifted slightly and
become sufficiently broad, appearing as the sum of two
peaks, as shown in Fig. 3 (inset). These observations
indicate the substantial conformational changes in the
crystalline texture of the host polymer PVdF-HFP due
to the interaction with liquid electrolyte. The disap-
pearance of some bands associated with crystalline o-
phase and appearance of the bands of amorphous phase
of the polymer indicate the reduction of crystallinity
and dominance of the amorphous phase in the
composite gel polymer electrolyte.

2. The stretching vibration mode (v4) of ClO4 anion

observed in the range of 650-600 cm ' has been

probed to get the information associated with the
degree of salt dissociation in the composite gel polymer
electrolyte. The expanded portion of the spectra in the
range 650-600 cm ™" is shown in the Fig. 4a. The peaks
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(a)
10 20 30 40 50 60

2 ¢ /degree

Fig. 2 XRD patterns of a pure PVAF-HFP, & EC-PC-Mg(ClO4),+
PVdF-HFP gel polymer electrolyte and its composite film dispersed
with ¢ 10 wt.% of SiO, nanoparticles
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Fig. 3 FTIR spectra of a PVAF-HFP (pure) film and gel polymer
electrolyte films containing fumed silica of b 0 wt.%, ¢ 5 wt.%, d 7 wt.%,
e 10 wt.%, f'15 wt.%, and g 20 wt.%. Expanded representation of the
band of 839 and 879 cm ™! is shown in the inset

at ~628 and ~623 cm ' are attributed to the ion-paired
and the free anions (ClO,4) , respectively [31]. In the
undispersed gel polymer electrolyte, the peak ~626 cm ™'
appeared as the sum of two nearby peaks associated with
the free and paired (ClO4) ions. The dispersion of
fumed silica in the gel polymer electrolyte influences
this band, the peak becomes broader and two peaks
appear well separated. This indicates the filler—anion
interaction in the composite gel polymer electrolytes.
The dispersion of fumed silica in the gel polymer
electrolyte affects the O-H stretching bands. These
bands in the region 3,660-3,230 cm™' get broadened,
creating asymmetric wings toward lower frequency, as
shown in the expanded portion of Fig. 4b. This indicates
that hydroxyl groups adsorbed with fumed silica powder
are involved in band interactions [32]. It is also likely
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Fig. 4 Expanded representation of FTIR spectra of gel electrolyte
nanocomposite films containing fumed silica of a 0 wt.%, b 5 wt.%, ¢
7 wt.%, d 10 wt.%, e 15 wt.%, and /20 wt.% in a 600—650 cm ! and
b 3,000-4,000 cm ' spectral regions
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Fig. 5 DSC traces of a PVAF-HFP (pure) film and gel polymer
electrolyte films containing b 0 wt.%, ¢ 3 wt.%, d 5 wt.%, e 10 wt.%,
and /20 wt.% of fumed silica

that the surface hydroxyl groups on different fumed
silica particles could be hydrogen bonded to one another
[33]. These significant changes clearly indicate the
substantial modifications in the lattice environment due
to dispersion of fumed silica, which in turn affect the ion
conduction in the composite gel polymer electrolytes
significantly.

Thermal properties

Thermal studies have been carried out to find out a
temperature stability range in which the gel electrolyte
can be used safely in the electrochemical applications. For
this purpose, DSC and TGA studies have been performed.
Figure 5 shows the comparative DSC curves of pure PVdF-
HFP film and the fumed silica containing composite gel
polymer electrolytes. The glass transition temperature (7})
has been observed at —65 °C for pure PVdF-HFP film
(Fig. 5a). After the gel formation due to the addition of
liquid electrolyte in host polymer, 7, value generally
decreases, possibly below —90 °C in the present case,
which is not observable due to the limitation of the

@ Springer

equipment used. A peak corresponding to melting of the
crystalline phase of host polymer PVAF-HFP has been
observed ~90 °C and peak position is almost unaffected
due to fumed silica dispersion. Furthermore, the composite
gel polymer electrolytes remains stable in the same gel
phase over a wide temperature range from —70 to 80 °C,
which is substantial for their potential applications in the
devices like batteries, etc.

Typical comparative TGA curves of pure PVAF-HFP,
undispersed gel polymer electrolyte and composite gel
polymer electrolyte (with 10 wt.% fumed silica) are shown
in Fig. 6. The host polymer PVdF-HFP exhibit high thermal
stability as almost no weight loss has been observed
upto ~400 °C. A marginal weight loss (~5 wt.%) has been
observed up to ~90 °C for both the undispersed and
composite gel polymer electrolytes, which may be due to
the surface adsorbed moisture. Thereafter, a substantial
weight loss has started due to the evaporation of the
solvents EC and PC.

Electrochemical characterization
lonic conductivity

The composition of PVdF-HFP/EC/PC+1.0 MMg(ClOy),-
based gel polymer electrolyte (without fillers) was opti-
mized to get highly conducting and dimensionally stable
material. For this purpose, the liquid electrolyte comprising
of EC/PC (1:1v/v)+1.0 MMg(ClO,4), was immobilized
with different amount of PVAF-HFP. Figure 7 shows the
variation of room temperature (~25 °C) ionic conductivity
(o) as a function of PVdF-HFP content in liquid electrolyte.
The conductivity of liquid electrolyte has been observed to
be ~3x10> Sem™'. On addition of host polymer PVdF-

100 A
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= b)
20
0 : . : . : . . .
100 200 300 400 500
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Fig. 6 TGA curves of a pure PVAF-HFP film and gel polymer
electrolyte films containing b 0 wt.%, and ¢ 10 wt.% of fumed silica
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Fig. 7 lonic conductivity of gel polymer electrolytes as a function of
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HFP, the conductivity initially increases (slightly), shows a
maxima (~1x107% Sem™') at ~10 wt.% of polymer and
then it decreases on further addition of PVdF-HFP. Such
conductivity variation in the gel polymer electrolytes has
been reported earlier by a few workers [34, 35]. The
distinct initial increase in the conductivity due to the
addition of host polymer in the liquid electrolyte can be
explained by the “breathing polymer chain model”, sug-
gested by Chandra and coworkers [35, 36]. According to
this model, the polymer gel is considered to consist of
dissociated ions, ion pairs, the solvent and polymer chains
(folded or partially/fully unfolded chains). The polymer
chains are assumed to breathe while they open or fold
occupying different volume in the process. This leads to the
localized pressure changes or fluctuations assisting either in
breaking the ion pairs or unblocking of the viscosity
controlled mobility, both resulting into a conductivity
enhancement. It is interesting to note that the conductiv-
ity of the gel electrolyte with 20 wt.% of PVdF-HFP has
been found to be almost same as that of the liquid
electrolyte. Such composition is obtained in the form of
free-standing film, dimensionally stable enough to han-
dle. Therefore, this composition [EC/PC (1:1v/v)+1.0 M
Mg(ClOy4),+20 wt.% PVdAF-HFP] has been chosen to
make composite gel polymer electrolytes dispersing fumed
silica powder.

The variation of room temperature ionic conductivity of
composite gel polymer electrolytes with respect to the
content of fumed silica particles is shown in Fig. 8. The
addition of fumed silica particles results an initial increase
in the conductivity of gel polymer electrolytes followed by
two maxima at ~3 and ~15 wt.%. Such two maxima
behavior has recently been reported by few workers for the

0.012 5

0.01 3

0.008

0.006 -

o /S cm
[ ]

0.004

0.002

0 5 10 15 20 25
Fumed silica /wt%

Fig. 8 Variation of room temperature ionic conductivity of gel
polymer electrolyte nanocomposite films as function of fumed silica
content

gel polymer electrolyte composites and solvent-free com-
posite polymer electrolytes [37—41]. The first conductivity
maxima is possibly due to the dissociation of ion
aggregates/undissociated salt into free ions with the
addition of filler particles whereas the second conductivity
maxima is related to the composite effect and explained on
the basis of formation of a conducting interfacial space-
charge double layer between the filler particles and polymer
gel electrolytes [42—44]. The decrease in conductivity after
the second conductivity maxima is generally related to the
blocking effect of filler particles, which hinders the motion
of mobile ions [45].

Figure 9 shows the temperature dependence of ionic
conductivity of composite gel films. The “o versus 1/7”

0.02
E ® o
0.015—: A a : °
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Fig. 9 Temperature dependence of ionic conductivity of gel polymer
electrolyte films containing different amount of fumed silica
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curves show the non-linear behavior, which follow the
Vogel-Tammen—Fulcher equation expressed as:

—-B
o:ATl/Zexp(T_T()) (3)

where the parameter B has the dimension of energy and is
related to the critical free volume for ion transport, 4 is a
pre-exponential factor, i.e., the conductivity at infinitely
high temperature and 7, is equilibrium glass transition
temperature close to the T, values. These parameters have
been evaluated by non-linear least square fitting of the data
and listed in Table 1. From the temperature dependent ionic
conductivity measurements, it may be noted that the
optimized Mg”>* composite gel polymer electrolyte exhibits
ionic conductivity of the order of ~107° Sem™' at 25 °C
and ~10% Scm ! at 80 °C, showing promise for potential
application in Mg batteries in a substantially wider
temperature range.

Transport number

The total ionic transport number (#,,) has been evaluated using
polarization method, as described in the “Experimental”.
In this method, a typical cell: SS|gel polymer electrolyte|SS
is polarizing through applying a voltage of 1.0 V across it
and current has been monitored as a function of time. The
value of f,, is evaluated using Eq. (1) and found to
be >0.99 for all the composite gel films. This shows that
the overall conductivity of the pure gel electrolyte and gel
composites is predominantly ionic. No electronic conduc-
tivity is expected in the gel like electrolytes where liquid
electrolytes are entrapped in the almost inert network of
polymer hosts and liquid-like charge transport takes place
in such systems.

In order to evaluate the contribution of cations (and
hence anions) to the overall conductivity, the cationic
transport number (z,) of Mg”" ions in gel electrolyte films
has been evaluated at room temperature using the combi-

Table 1 A4, B, and T, values for fumed silica dispersed gel polymer
electrolytes obtained by non-linear least square fitting of conductivity
data to VTF equation

Fumed silica content (wt.%) Parameters
ASem 'K B(V) Ty (K)
2.51 0.053 179
3 1.21 0.022 181
5 1.33 0.026 178
10 1.69 0.028 180
15 2.12 0.032 186

VTF Vogel-Tammen—Fulcher
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Fig. 10 DC polarization curve of a typical symmetric Mg|composite
gel with 10 wt.% SiO,[Mg cell, recorded at room temperature. AC
complex impedance plots before and after polarization of cell is shown
as inset

nation of AC and DC techniques, as described in the
“Experimental”. A typical DC polarization “current versus
time” plot for the cell Mg | composite gel | Mg is shown in
Fig. 10. The AC impedance plots of the cell taken before
and after polarization are also shown in Fig. 10 (inset). The
values of the 7., evaluated using Eq. 2 for the composite gel
polymer electrolyte films, are listed in Table 2. A slight (but
not very significant) increase in Mg®" ion transport number
has been observed due the dispersion of fumed silica. It
may be noted that in the same range of silica dispersion, the
ionic conductivity increases substantially, as described in
the “Ionic conductivity”. It is well established that the
chemistry of filler particle surface, which form electrical
space-charge double layer with gel electrolyte, plays an
important role in the ion—surface interaction and have
impact on ion conduction in composite electrolytes. As the
filler in the present case (i.e., fumed silica) belongs to acidic
oxides, it provides additional sites for anionic mobility in
the gel electrolyte and filler interfaces. Hence, the substan-
tial increase in conductivity is due to the combined effects
of slight enhancement in Mg®" transport number and

Table 2 Mg2+ ion transport number of gel polymer electrolyte
containing different amount of fumed silica

Fumed silica (in wt.%) Mg2+ ion transport number

0.22+0.02
0.28+0.02
0.26+0.02
10 0.28+0.02
15 0.30+0.02
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dominant enhancement in anionic mobility in the space-
charge regions.

Electrochemical properties

To confirm Mg®" ion conduction in the composite gel
polymer electrolytes, a complex impedance spectroscopy
and cyclic voltammetric studies have been carried out on
the following symmetrical cells:

Cell-A: SS|composite gel film|SS
Cell-B: Mg|composite gel film/Mg

In cell-A, the composite gel film was in contact with the
SS (a blocking electrode) whereas foils of Mg was used as
reversible electrodes in cell-B. Figure 11 shows the
comparative complex impedance plots for cell-A and cell-
B recorded at room temperature (~25 °C). The impedance
response of cell-A shows the steep rising behavior of
imaginary impedance at the lower frequency range,
indicating the ion blocking nature of the SS electrodes.
On the other hand, almost well-defined semicircular
dispersion curve has been observed in the case of cell-B.
The appearance of the well-defined semi-circle for the cell-
B clearly suggests that the Mg metal attains equilibrium
with the Mg?" ions in the composite gel polymer
electrolyte. Such behavior has also been reported for a
LilLi"-gel electrolyte|Li cell [46]. These observations
confirm Mg”" ion conduction in the composite gel polymer
electrolyte.

Figure 12 shows the cyclic voltammograms (CVs) for
the cells containing gel electrolyte films with different
amount of fumed silica sandwiched between two symmet-
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Fig. 11 Complex impedance plots for cell-A: SS|gel nanocomposite|SS
and cell-B: Mg|gel nanocomposite]Mg at room temperature. High-
frequency region is expanded and shown in inset
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Fig. 12 Cyclic voltammograms of cell: Mg|gel nanocomposite|Mg
with different amount of fumed silica, recorded at room temperature at
the scan rate of 5 mVs '. Cyclic voltammogram of cell: SS|gel
nanocomposite|SS is shown in inset

rical Mg electrodes at a scan rate of 5 mVs™'. The CV for
the cell with symmetrical SS electrodes is also shown for
comparison in Fig. 12 (inset). The cathodic and anodic
current peaks are distinctly observed for the cells with Mg
electrodes whereas no such features have been observed in
the case of the cell with SS electrodes in the same potential
range. This suggests the following reversible reaction:

Mg*" 42" =Mg° (4)

i.e., the cathodic deposition and anodic oxidation of Mg are
facile at Mg/gel electrolyte interface. This confirms Mg*"
ion conduction in the composite gel polymer electrolyte
films. Similar observation for the reversibility of Mg/Mg*"
couple in gel polymer has been reported by the other
workers [24]. The changes in the anodic/cathodic current
intensities are observed due to the different amount of fumed
silica dispersion in gel composite system (Fig. 12). However,
as the CV measurements have been performed in two-
electrode configuration, it is difficult to explain these current
variations distinctly. It may be noted that the cathodic/anodic
peak potentials are separated by several volts because the
experiments were carried out on the cells with two-electrode
geometry without using reference electrode [47].

The electrochemical stability of the composite gel films
has been tested using linear sweep voltammetry recorded
on the cell: SS|composite gel polymer film/Mg. As
observed from Fig. 13, the composite gel films are stable
up to ~3.5 V vs. SS electrode. This value of working
voltage range (i.e., electrochemical potential window)
appears to be high enough to use the composite gel
electrolyte films as solid-state-like separator/electrolyte in
Mg batteries and supercapacitors.
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Fig. 13 Linear sweep voltammograms of SS|gel nanocomposite|Mg
cells with different fumed silica content at the scan rate of 5 mV's '

Performance of Mg cells

In order to examine the applicability of the composite gel
electrolyte to rechargeable magnesium battery systems, we
fabricated prototype cells consisting of a MoO; cathode,
Mg metal (or Mg-MWCNT composite) anode and opti-
mized composite gel electrolyte film (with 3 wt.% SiO,).
The electrochemical insertion of divalent Mg*" cations into
orthorhombic MoO; has been reported in the literature [18,
48]. The open circuit voltage (OCV) of the Mg/MoO; has
been observed to be around 1.85 V. The OCV has been
found to be slightly reduced to ~1.65 V, when Mg-
MWCNT composite anode was used instead of Mg anode.
The cells were allowed to equilibrate under open circuit
conditions for about 2 h before these were tested by
charge—discharge studies. Figure 14 shows typical dis-
charge and recharge curves of the Mg/MoOs; cells using
composite gel electrolyte under constant current condition
(0.2 mAcm™'). A potential plateau has been observed
at ~1.0 V during the discharge for only first two to three
cycles. The discharge capacity was about 200 mAhg
(MoO5) ! for the second cycle. However, the cell has low
capacity (~50 mAhg ' of MoO;) for recharging. This is
mainly due to the electrochemical irreversibility of metallic
Mg in nonaqueous media as reported earlier by other
workers [22, 49]. When the Mg metal anode has substituted
by Mg-MWCNT composite, the discharge capacity of the
cell (Mg-MWCNT/MoOs), at 0.1 mAcm™ ' constant current
condition, has been found 225 mAhg (MoO;)' for first
discharge cycle, as shown in Fig. 15. When charged by the
same magnitude of charge, the cell voltage increased up to
2.7 V and charge capacity has been found about 75 mAhg
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Fig. 14 Charge—discharge curves of the Mg|gel nanocomposite MoO5
cell at constant current of 0.2 mAcm 2. Numbers marked on the
curves represent the cycle numbers

(MoO5) ', The cycle life data of Mg-MWCNT|composite
gel electrolyte]MoOs cell is shown as inset of Fig. 15. An
average discharge capacity of about 175 mAhg ' of MoO;
is obtained during the initial ten charge/discharge cycles.
Subsequently, the discharge capacity starts decreasing and
cell voltage exceeded beyond the electrochemical potential
window of the composite gel (~3.5 V) during charging.
Therefore, further cycling of the cell could not be
continued. The lower discharge capacity and poor rechar-
geability of the cell were mainly due to the high impedance
at the interface between Mg metal and gel polymer
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Fig. 15 Charge—discharge curves of the Mg-MWCNT|gel nano-
composite|MoOs cell at constant current of 0.1 mAcm 2. Numbers
marked on the curves represent the cycle numbers. Discharge
capacity of the cell as a function of cycle number is shown in inset.
Charge—discharge cycling was conducted between 0.8 and 2.7 V
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electrolyte interface. Some improvement in the recharge-
ability (i.e., cyclic property) has been observed when Mg-
MWCNT composite anode is used. Further investigation
including a search of the suitable negative and positive
electrode materials is in progress.

Conclusions

The nanocomposites of PVAF-HFP-based Mg*" ion con-
ducing gel polymer electrolyte dispersed with fumed silica
powder have been synthesized and characterized using
various experimental techniques. The dispersion of fumed
silica in gel electrolytes has been found to be beneficial to
improve their mechanical and electrochemical properties.
On the basis of various physical and electrochemical
studies, the following conclusions are drawn:

1. The gel electrolyte nanocomposites are obtained in the
form of flexible and free-standing films with good
dimensional stability.

2. Immobilization of liquid electrolyte and dispersion of
fumed silica in gel polymer electrolyte lead to the
substantial conformational changes in the crystalline
texture of the host polymer PVdF-HFP and ion-filler-
polymer interaction as confirmed from FTIR studies.

3. The ionic conductivity of gel nanocomposites increases
significantly due to dispersion of fumed silica. The
optimized composition of gel electrolyte offers high
ionic conductivity of ~1.1x107% Scm™' at room
temperature with ~3 wt.% of silica.

4. The electrolytes show a wider electrochemical potential
window and good thermal stability having single-phase
behavior over a temperature range from —70 to 80 °C.

5. Studies based on AC impedance spectroscopy and
cyclic voltammetry indicate the existence of an elec-
trochemical equilibrium between Mg metal and Mg*"
ions and hence confirm Mg" ion conduction in the gel
polymer electrolyte nanocomposite.

6. Prototype solid-state Mg (or Mg-MWCNT composite)|gel
nanocomposite gelMoO; cells have been assembled and
characterized with charge—discharge tests for various
cycles. Discharge capacity of ~175 mAhg ' of MoOj; is
obtained for the cell with Mg-MWCNT composite anode
for more than 10 cycles. Efforts for further improvement
in discharge capacity and cycle life of the Mg batteries are
continued.
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