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a b s t r a c t

Solid polymer electrolytes (SPE) based on poly (vinyl alcohol) (PVA) and sodium bromide (NaBr)
complexed with sulfuric acid (SA) at different weight percent ratios were prepared using solution
cast technique. The structural properties of these electrolyte films were examined by XRD stud-
ies. The XRD data revealed that sulfuric acid disrupt the semi-crystalline nature of (PVA)0.7(NaBr)0.3

and convert it into an amorphous phase. AC conductivity and dielectric spectra of the elec-
trolyte were studied with changing sulfuric acid content from 0.87 to 3.4 moles l−1 (M). The

−6 −1

olid polymer electrolyte
onic conductivity
ielectric properties
agnesium battery

highest conductivity of (PVA)0.7(NaBr)0.3 matrix at room temperature was 1.12 × 10 S cm and
this increased to 6 × 10−4 S cm−1 with doping by 2.6 M sulfuric acid. The electrical conductivity
(�) and dielectric permittivity (ε′) of the solid polymer electrolyte in frequency range (100 Hz to
100 kHz) and temperature range (300–400 K) were carried out. The electrolyte with the highest
electrical conductivity was used in the fabrication of a magnesium battery with the configuration
Mg/SPE/MnO2. The fabricated cells give capacities of 4.85 mAh g−1 and have an internal resistance of
900 �.
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. Introduction

In view of negligible hazards and enhanced safety, studies
n rechargeable magnesium batteries are expected to have a
ide scope in the future. Magnesium metal possesses a number

f characteristics which make it attractive as a negative elec-
rode material for rechargeable batteries; highly negative standard
otential (−2.375 V versus SHE), relatively low equivalent weight
12 g Faraday−1), high melting point (649 ◦C), low cost, relative
bundance, high safety, ease of handling, and low toxicity which
llows for urban waste disposal [1–3].

Studies on the electrical properties of polymer electrolyte have
ttracted much attention in view of their application in electronic
evices like fuel cells, solar cells and solid-state batteries. Electri-
al conduction in polymers has been studied aiming to understand
he nature of the charge transport prevalent in these materials. The
lectrical properties of polymer can be suitably modified by the

ddition of dopants. Poly (vinyl alcohol) (PVA) is an exceptional
olymer; PVA is a potential material having high dielectric strength,
ood charge storage capacity and dopant-dependent electrical and
ptical properties. It has a carbon chain backbone with hydroxyl

∗ Corresponding author. Tel.: +20 10741 4705; fax: +20 133222 578.
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roups attached to methane carbons. These OH-groups can be a
ource of hydrogen bonding and hence assist the formation of poly-
er electrolytes [4–9]. Rao and co-workers [6] have a solid polymer

lectrolyte (SPE) development of PVA complexed with NaBr sys-
ems. They have got the conductivity of up to 1.12 × 10−6 S cm−1,
rom PVA:NaBr wt.% ratio of 70:30.

Sulfuric acid (SA) H2SO4, is a strong mineral acid has a high
lectrical conductivity due to an intra-molecular proton-switch
echanism, its incorporation in a polymer system may be expected

o enhance its electrical performance [9]. We propose to develop
radically new, alternative ionic-conducting electrolyte (or mem-
rane) that is based on compounds whose chemistry and properties
re intermediate between those of a normal acid, such as H2SO4,
nd a normal salt, such as NaBr and not a hydrated polymer. Thus,
omposite membranes will be developed, in which a solid acid is
mbedded in an inert polymer matrix, with the polymer providing
echanical support and enhancing chemical stability. Hence the

urrent work is aimed at improving the electrical and electrochem-
cal properties of (PVA)0.7(NaBr)0.3 through doping in different
roportions of sulfuric acid. Structure and ionic conductivity stud-
es are performed on the solid polymer electrolyte. With a SPE of
ptimum composition, solid-state Mg/SPE/MnO2 cell is assembled,
nd its cycling performances will be briefly examined to evalu-
te the applicability of the solid polymer electrolyte to solid-state
agnesium batteries.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:e_sheha@yahoo.com
dx.doi.org/10.1016/j.jpowsour.2008.09.046
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cell were monitored under a constant load of 100 k�. Current drains
Fig. 1. Mg/polymer electrolyte/MnO2 cell.

. Experimental

.1. Preparation of SPE

PVA with molecular weight ∼1800 was obtained from Qua-
iKems chemical company (India). The PVA-based membranes were
repared by dissolving 0.7 g of PVA in distilled water, to get a 10 wt.%

olution. The solution was left for 24 h at 50 ◦C in order to obtain a
ransparent low-viscous liquid. At this point approximately 0.3 g of
aBr (SIGMA) was added to the solution. The solution was left to

tir for 20 min. Then x M (x = 0.87, 1.7, 2.6 and 3.4 M) of H2SO4 (GPR-

r
(
a
a

Fig. 2. XRD pattern of (PVA)0.7(NaBr)0
er Sources 185 (2008) 1509–1513

DWIC) solution was gradually added to the beaker. The solution
as left to stir for 24 h. The transparent solution was then cast on
Petri-glass dish for 2 weeks. The final product was vacuum dried

horoughly.

.2. Characterization

In order to investigate the nature of these polymer electrolyte
lms, X-ray diffraction studies were carried out using Bruker X-ray
iffractometer. The diffraction system based with Cu tube anode
f wave length K�1 = 1.5460 Å and K�2 = 1.54439 Å. The start angle
2�) was 4◦ and the end angle was 50◦.

Samples of diameter 1 cm were taken and silver was deposited
n both surfaces of the film to ensure good contacts in electrical
easurements. Silver coated samples were sandwiched between

he two similar brass electrodes of a spring-loaded sample holder.
he whole assembly was placed in a furnace monitored by a
emperature controller. The rate of heating was adjusted to be
K min−1. Dielectric and electrical measurements were carried out

n the temperature range 303–373 K using PM 6304 programmable
utomatic RCL (Philips) meter. The measurements were carried out
ver a frequency range 100 Hz to 100 kHz.

.3. Mg/SPE/MnO2 cell

Magnesium battery was fabricated from the film PVA–NaBr–x M
SA) that gave the highest electrical conductivity. 0.4 g �-MnO2
owder (domestic source) and 0.1 g of graphite (QualiKems) pow-
er were mixed with 10% PVA solution as binder to form an cathode
ellet of the battery, while 0.25 g magnesium powder (Aldrich) was
sed to form the anode pellet. A hydraulic press (2 tons cm−2) was
sed to compress the pellets. The cells were then assembled by
andwiching the SPE between the two electrodes, Fig. 1. The open-
ircuit voltage (OCV) was measured for the batteries stored at an
pen-circuit condition for 24 h. The discharge characteristics of the
anging from 20 to 500 �A were used to plot the current–voltage
I–V) and current density–power density (J–P) curves. The aver-
ge of each battery’s voltage was monitored for each current drain
fter 10 s of operation. The internal resistance of the cell was then

.3:x M (SA) polymer electrolyte.
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alculated by using equation:

= E − Ir

here V is the voltage, E the electromotive force, I the current and
is the internal resistance.

. Results and discussion

.1. XRD analysis

The crystallinity of the polymer film with respect to pure
nd H2SO4 (SA)-doped (PVA)0.7(NaBr)0.3 complexes has been
xamined by X-ray diffraction. The diffraction pattern for pure
PVA)0.7(NaBr)0.3 is shown in Fig. 2. The sample is partially crys-
alline with a broad peak at 2� = 19.5◦. The broad peak becomes less
ntense as the SA content is increased to up 2.6 M. This could be due
o the disruption of the (PVA)0.7(NaBr)0.3 semi-crystalline structure
y SA. XRD shows that the sample with (PVA)0.7(NaBr)0.3:2.6 M SA
s the least crystalline as shown in Fig. 2. In the film with 3.4 M
A, Fig. 2, the peaks at 2� = 33◦ and 44◦ can be attributed to some
rystalline phases due to high concentration of H2SO4.

.2. AC conductivity studies

The conductivity of pure (PVA)0.7(NaBr)0.3 is ≈10−6 S cm−1

6] and it increase sharply to ≈10−4 S cm−1 on complexing the
PVA)0.7(NaBr)0.3 with SA. Fig. 3 shows the variation of conductivity

with the amount of SA added. It can be seen that the conductiv-
ty increases with the amount of SA added up to 2.6 M after which
he conductivity decreases. The results depicted in Fig. 3 seem to
gree with the results obtained from XRD analysis. The degree of
rystallinity affects the electrical conductivity of the samples. The
morphous nature produces greater ionic diffusivity in accordance
ith the high ionic conductivity, which can be obtained in amor-
hous polymers that have a fully flexible backbone [10]. On further
ddition of SA to 3.4 M, the conductivity begins to decrease. This is
ttributed to the crystallinity of the sample as indicated by XRD.

We have attempted to explain the variation in conductivity
ith SA content in terms of the preparation of the films, where
ifferent amounts of SA were added to each solution. Hence, the
olume of the host matrix ((PVA)0.7(NaBr)0.3) was the same for all
lms. Two characteristic regions can be easily distinguished. The
nitial low concentration region (I) in which an increase in con-
uctivity is observed has been attributed to triple ion formation
r re-dissociation effect [11]. The second high concentration region
II) in which more and more SA was added, the host matrix became

ore crowded with dopant ions. Such overcrowding reduces the

ig. 3. Variation of ionic conductivity of (PVA)0.7(NaBr)0.3:x M (SA) polymer elec-
rolyte system as a function of SA concentration.
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ig. 4. Temperature dependent conductivity at 10 kHz of (PVA)0.7(NaBr)0.3:x M (SA)
olymer electrolyte.

umber of charge carriers due to the limitation of ionic mobility.
hus, the conductivity decreases after 2.6 M SA [12].

Fig. 4 represents the temperature dependence of ionic conduc-
ivity for all compositions of ((PVA)0.7(NaBr)0.3):x M (SA) polymer
lectrolytes at frequency 10 kHz. The temperature dependence of
onductivity of polymer electrolytes follows many patterns, as
idely discussed by Ratner [7]. However, in the present study the
lot shows two kinds of patterns:

1. For the PVA:NaBr:SA system containing low SA concentration,
the ionic conductivity of the membranes increases with increas-
ing temperature but with two regions (region I and region II) with
different activation energies, indicating Arrhenius type ther-
mally activated process given by the relation.

�ac = �0 exp
(−Ea

kBT

)

where �0 is the pre-exponential factor, Ea the activation energy
and k is the Boltzmann constant.

. For the PVA:NaBr:SA system containing high SA concentration,
the ionic conductivity of the membranes increases with increas-
ing temperature through the first region. While, the second
region follows the liquid-like behavior. Thus, as the addition of
SA increased, the conductivity behavior changed from Arrhenius
to liquid-like behavior [7].

The calculated activation energies (combination of the energy of
efect formation and the energy for migration of ion) as a function
f SA concentration in the polymer electrolyte are listed in Table 1.
t has been found that the highest conductivity polymer electrolyte

PVA:NaBr:2.5 M (SA)) has the lowest activation energy (0.41 eV).
t is noteworthy that the polymer electrolytes with low values of
ctivation energies are desirable for practical applications.

Druger et al. [8] have attributed the increase in conductivity with
emperature in solid polymer electrolyte to segmental (i.e. polymer

able 1
ctivation energies (Ea), and conduction index (n) values of (PVA)0.7(NaBr)0.3:x M

SA) polymer electrolyte films.

M (SA) Activation energy n

Region I Region II

0.68 0.23 0.05
.87 0.83 0.16 0.11
.7 0.67 – 0.13
.6 0.41 – 0.22
.4 0.48 – 0.22
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ig. 5. Frequency dependent conductivity at 303 K of (PVA)0.7(NaBr)0.3:x M (SA)
olymer electrolyte.

hain) motion, which results in an increase in the free volume of the
ystem. Thus, the segmental motion either permits the ions to hop
rom one site to another or provides a pathway for ions to move.
n other words, the segmental movement of the polymer facili-
ates the translational ionic motion. From this, it is clear that the
onic motion is due to translational motion/hopping facilitated by
he dynamic segmental motion of the polymer. As the amorphous
egion increases the polymer chain acquires faster internal modes
n which bond rotations produce segmental motion to favor inter-
nd intra-chain ion hopping, and thus the degree of conductivity
ecomes high.

The variation of AC conductivity with frequency for different
oncentrations of SA-doped (PVA)0.7(NaBr)0.3 at 303 K is shown in
ig. 5. The AC conductivity �ac shows little increase with frequency
beying the power relation [13]:

ac˛ωn

here ω is the angular frequency and n is the index which is
haracteristic of the type of conduction mechanism/relaxation
echanism dominant in amorphous materials. The value of n eval-

ated from Fig. 5 to (PVA)0.7(NaBr)0.3 is around 0.05 both at lower
nd higher temperatures. The calculated values of n as a function
f SA concentration in the polymer electrolyte are listed in Table 1.
t can be seen that the value of n increases with the amount of SA

dded. This behavior can be interpreted in light of the fact that dop-
ng of sulfuric acid increases the number of chain segments that are
esponsive to the external electric field frequency.

ig. 6. Variation of dielectric constant with temperature at frequency 10 kHz of
PVA)0.7(NaBr)0.3:x M (SA) polymer electrolyte.

t
ε
o

F

ig. 7. Variation of dielectric constant with frequency at temperature 303 K of
PVA)0.7(NaBr)0.3:x M (SA) polymer electrolyte.

.3. Dielectric studies

From Fig. 6 it is evident that dielectric permittivity increases
ith the increase of temperature for PVA:NaBr:x M (SA) polymer

lectrolyte system. The variation of ε′ with temperature is different
or non-polar and polar polymers. In general for non-polar poly-

ers ε′ is independent of temperature. But in the case of polar
olymers the ε′ increases with the increase of temperature. This
ehaviour is typical of polar dielectrics in which the orientation of
ipoles is facilitated with the rising temperature and thereby the
ermittivity is increased [14].

The frequency dependence of ε′ for different values of SA con-
entration in the (PVA)0.7(NaBr)0.3 system at room temperature
re shown in Fig. 7. From the plots it is clear that the permittivity
ecreases monotonically with increasing frequency. Similar behav-

or was observed in other materials [7]. This is because, for polar
aterials, the initial value of the dielectric permittivity is high, but

s the frequency of the field is raised the value begins to drop which
ould be due to the dipoles not being able to follow the field vari-
tion at higher frequencies and also due to the polarization effects
14]. The low frequency dispersion region is attributed to the charge
ccumulation at the electrode–electrolyte interface. At higher fre-
uencies the periodic reversal of the electric field occurs so fast that
here is no excess ion diffusion in the direction of the field. Hence

′ decreases with the increase of the frequency in all the samples
f PVA polymer electrolytes.

ig. 8. Open-circuit voltage (OCV) of Mg/SPE/MnO2 cell during 24 h of storage.
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Fig. 9. Discharge characteristic for Mg/SPE/MnO2 cell at a constant load of 100 k�.
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[13] S. Saravanan, C. Joseph Mathai, M.R. Anantharaman, S. Venkatachalam,
P.V. Prabhakaran, Journal of Physics and Chemistry of Solids 67 (2006)
Fig. 10. I–V and J–P curves for Mg/SPE/MnO2 cell.

.4. Battery characterization

The open-circuit voltage characteristic of the Mg/SPE/MnO2 bat-
ery at room temperature is shown in Fig. 8. There seems to be

voltage delay at the time of assembly when the voltage was
bserved higher in the first 2 h and later stabilized at 2.37 V. The
CV remained constant at 2.37 V until the 24 h of storage. The OCV
alue obtained in the present study using PVA:NaBr:SA polymer
lectrolyte system was more than values documented [1]. Fig. 9
hows the discharge characteristic of the battery at a constant load
= 100 k�, which gave a flat discharge plateau at 2.22 V. It shows

hat the discharge voltage V(t) was sustained for 86 h until the
ut-off voltage of 1.9 V. The value of the discharge capacity C was
valuated from the equation [15]:∫

= 1

R

t

0

V(t) dt

by integrating the area under curve of Fig. 10. The discharge
apacity estimated by 4.85 mAh g−1 for the limited electrode

[

[

er Sources 185 (2008) 1509–1513 1513

MnO2). Fig. 10 shows the I–V and J–P characteristics for the
g/SPE/MnO2 battery at room temperature. The I–V curve had a

imple linear form which indicates that the polarization on the
lectrode was primarily dominated by ohmic contributions. The
lot of the operating J–P suggests that the contact between elec-
rolyte/electrodes was good. The voltage of the battery dropped to
short circuit current density of 0.42 mA cm−2 and the maximum
ower density was determined to be 0.74 mW cm−2. The internal
esistance of the battery was obtained from the gradient of the I–V
raph, which was 900 �.

. Conclusion

The H2SO4-doped (PVA)0.7(NaBr)0.3 solid polymer electrolyte
as characterized physicochemically and electrochemically in

his study and applied to all solid-state magnesium battery.
he information obtained is summarized as follows: Electrical
nd electrochemical properties of (PVA)0.7(NaBr)0.3 solid poly-
er electrolyte have been improved due to doping by sulfuric

cid. The highest conducting film can be used to fabricate solid-
tate magnesium battery. Although, the capacity obtained is
ess than the theoretical value (308 mAh g−1 of MnO2 for one-
lectron reduction), the studies suggest (PVA)0.7(NaBr)0.3:SA a
romising solid polymer electrolyte for magnesium cells. Further
xtensive investigations are required, however, to raise the per-
ormance of the magnesium-based rechargeable cells to practical
evels.
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