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A solid polymer electrolyte system based on poly(vinyl alcohol) (PVA) and poly(3,4-Etylenedi-

oxythiophene):poly(styrenesulfonate) (PEDOT:PSS) complexed with magnesium bromide

(MgBr2) salt was prepared using solution cast technique. The ionic conductivity is observed

to increase with increasing MgBr2 concentration. The maximum conductivity was found to

be 9.89 · 10�6 S/cm for optimum polymer composite film (30 wt.% MgBr2) at room tempera-

ture. The increase in the conductivity is attributed to the increase in the number of ions as

the salt concentration is increased. This has been proven by dielectric studies. The increase in

conductivity is also attributable to the increase in the fraction of amorphous region in the elec-

trolyte films as confirmed by their structural, thermal, electrical and optical properties.

ª 2014 Production and hosting by Elsevier B.V. on behalf of Cairo University.
Introduction

Electrolytes are ion conducting materials formed by dissolving

ions in a host substance. They are used in a multitude of
electrochemical devices such as batteries, fuel cells, super
capacitors, and electrochromic smart windows [1–5]. Blending

of polymers is an economical technique to develop new poly-
meric materials with properties that are superior, intermediate,
or just different from those of individual component polymers,
it has been reported that the polymer electrolytes developed
using polymer blends exhibited higher conductivity. The

enhancement of conductivity has been attributed to the
increase in amorphous region in the blend based electrolytes
[6]. These polymers have been complexed with various salts

to provide the ions for conduction [7].
PVA has excellent film forming, emulsifying, and adhesive

properties. It is also resistant to oil, grease and solvent. It is

odorless and nontoxic. It has high tensile strength and flexibility,
as well as high oxygen and aroma barrier properties. However
these properties are dependent onhumidity, in otherwords, with
higher humidity more water is absorbed. PVA is fully degrad-

able and is a quick dissolver. PVA has a melting point of
230 �C and 180–190 �C for the fully hydrolyzed and partially
hydrolyzed grades, respectively. It decomposes rapidly above

200 �C as it can undergo pyrolysis at high temperatures [8].
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Fig. 1 XRD patterns of (PVPS)1�x0(MgBr2)x0 polymer

composites.

0

20

40

60

80

100

120

0 100 200 300 400 500

Temperature (oc)

W
ei

gh
t l

os
s 

(%
)

(a)x’=0 wt.%
(b)x’=10 wt.%
(c)x’=20 wt.%
(d)x’=30 wt.%

0 100 200 300 400 500

Temperature (oc)

d/
dT

 ((
Δ

m
/m

o %
)) 

(a
.u

.)

(a)x’=0 wt.%
(b)x’=10 wt.%
(c)x’=20 wt.%
(d)x’=30 wt.%

(a)

(c)

(a)

(b)

(d)

(d) 

(b) 

(c) 
(a) 

(b)

Fig. 2 Thermal analysis, (a) TGA thermograms and (b) differ-

ential TGA, for (PVPS)1�x0(MgBr2)x0 polymer composites.
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PEDOT:PSS is one of the most promising conducting poly-
mers for industrial applications [9–11]. PEDOT:PSS has at-
tracted considerable attention because of its superior

electrical and good thermal stability, it could be used in organ-
ic devices as a hole transport layer (HTL) and has the potential
to substitute for metal electrodes due to its high conductivity

[12–16]. It is a bio-compatible, easily processed and non-toxic
material, which is widely used in electronic, optical, electro-
chemical and biomedical applications [17,18]. Other advanta-

ges of PEDOT:PSS such as high transparency in the visible
range, long-term stability, and solution processability [19].
Earlier studies in PEDOT:PSS indicated that the enhancement
in conductivity is due to screening effect of the solvents, in-

creased hopping transport, improved connectivity among con-
ducting grains, etc. [20–23].

Magnesium bromide (MgBr2) is the fast conducting salt in

a number of crystalline and amorphous materials, its incorpo-
ration in a polymeric system may be expected to enhance its
electrical performance.

PVA/PEDOT:PSS (PVPS) has been developed to obtain
high conductivity equal to 2.79 · 10�7 S/cm for the optimum
concentration 1.6 wt.% [24]. This PVPS blend has been consid-

ered to get PVPS/MgBr2 by adding MgBr2 nanoparticles to
optimize polymer electrolyte membrane through studying its
structural, thermal, electrical and optical properties.

Experimental

PVA (98–99% hydrolyzed, Alfa Aesar, average M.W. 88,000–
97,000), PEDOT:PSS (solid concentration 1.2% and conduc-

tivity = 1 S/cm), MgBr2 were received from Sigma. The solu-
tion casting method that is used to prepare the PVPS
samples could be found in Ref. [24]. The complex electrolytes

were prepared by mixing PVPS with MgBr2 at several ratios in
distilled water to get (PVPS)1�x0(MgBr2)x0 complex electrolytes
(x0 = 0, 10, 20, 30 wt.%). The mixture was then poured into

Petri dishes and left to dry for four weeks in dry atmospher.
X-ray diffraction has been accomplished to investigate com-

posite samples crystallinity using SHIMADZU diffractometer

type XRD 6000. The diffraction system based with Cu tube
anode with voltage 40 kV, current 30 mA & wavelength
Ka1 = 1.5418 Å. The start angle (2h) was 5� and the end angle
was 70�. Bragg’s Law (nk ¼ 2d sin h) was used to compute

the crystallographic spacing. The surface morphology of these
polymer electrolytes was examined by scanning electron
microscopy (SEM, JOEL-JSMModel 5600). Thermogravimetric

analysis were carried out by using Shimadzu thermal analyzer
with heating rate 10 �C/min, under N2 (20 ml/min) flow in
the range up to 0–400 �C. AC measurements were carried out

in the temperature range 303–373 K using PM 6304 program-
mable automatic RCL (Philips) meter. The measurements were
carried out over a frequency range 100 Hz to 100 kHz. The
absorption spectra of the PVPS/MgBr2 colloidal were recorded

in the wavelength range (400–1100 nm) using a UV–VIS
spectrophotometer (PG, T80+).

Results and discussion

Fig. 1 shows XRD patterns of (PVPS)1�x0(MgBr2)x0 polymer
composite. It is clear from the figure that the pure PVA shows

the presence of a semi-crystalline phase with the characteristic
diffraction peak located at 19.4�. This peak becomes less

intense and more broadening as the MgBr2 content is increased
due to transference of PVA from semicrystalline to amorphous
structure. This is in agreement with previously obtained data [25].

Fig. 2a shows the TGA curves for (PVPS)1�x0(MgBr2)x0

polymer composite. It is clear that the weight loss of composite
samples occurred in different ranges of temperature has been
obtained and plotted in Fig. 2b. The first maximum weight loss

appeared at Tp = 150 �C which can be attributed to the dehy-
dration of the inorganic salt (MgBr2) in the polymer composite
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matrix where the bigger peak of weight loss appear in the range
218.5 and 333.4 �C which shifts to relatively temperature range
with increasing MgBr2 concentration. The weight loss in men-

tioned range of temperature can be attributed to the release of
compound water in the composite matrix. The shift of such
peak to lower temperature range can be attributed to the in-

crease of matrix porosity which enhances the water release.
The activation energy for the thermal decomposition of the

samples can be calculated using the first order integral equa-

tion of Coates and Redfern [26],

log
� logð1� aÞ

T2

� �
¼ log

R

DE
1� 2RT

E

� �
� E

2:304RT
ð1Þ

where T is the absolute temperature, E is the activation energy

in J/mol, R is the universal gas constant (8.3136 J/mol K), n is
the order of reaction, and a is the fractional weight loss at that
particular temperature is calculated as

a ¼ wi � wt

wi � wf

ð2Þ

where wi is the initial weight, wt is the weight at given temper-

ature and wf is the final weight of the sample. By plotting
� log � logð1� aÞ=T2

� �
against 1000/T for each sample as

shown in Fig. 3, we obtain straight lines. Then, the apparent

activation energies are calculated from the slopes of these lines
using the expression:

E ¼ 2:303R� slope ð3Þ
Table 1 Extracted parameters of TGA, electrical and optical meas

MgBr2 x
0 (wt.%) Thermal parameters

Tp, �C Ea kJ/mol s

0 333.4 133 0.30

10 244.4 159 0.16

20 238.5 189 0.18

30 218.5 178 0.07
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Fig. 3 Temperature dependence of weight loss fraction for

(PVPS)1�x0(MgBr2)x0 polymer composites.
Values of the apparent activation energy (Ea) of the samples
are listed in Table 1. From this table, it is clear that the activa-
tion energy values lie in the range 132–189 kJ/mole which are

less than the binding energy for the PVA/PEDOT:PSS essen-
tial bonds CAO, C‚O, C„O and HAO (=358, 799, 1072
and 459 kJ/mole respectively). Therefore the weight loss of

the polymer composites can be attributed to compound water
release. In addition the maximum weight loss temperature is
shifted to lower temperature range which can be attributed

to the moisture on salt release.
Fig. 4 shows SEM images of the (PVPS)1�x0(MgBr2)x0 poly-

mer composite. A comparison of the surface morphology
shows marked changes by adding MgBr2 to PVPS. The film

at x0 = 10 wt.% contains some tiny pores at surface morphol-
ogy relative to pure PVPS.

Fig. 5a shows the complex impedance spectra of

(PVPS)1�x0(MgBr2)x0 polymer composite at 303 K. The com-
plex plot shows semicircle does pass through the origin, and
the equivalent circuit consisting of the parallel resistance (bulk

resistance, Rb) and the capacitance (bulk capacitance, Cb) net-
work showed in Fig. 5a (inset). Symbols Z0 and Z00 refer to the
real and imaginary components, respectively. The bulk resis-

tance was used subsequently for evaluation the bulk
conductivity,

rb ¼
1

Rb

ðL=AÞ ð4Þ

where Rb is the bulk resistance, A is the cross sectional area of

the sample and L is the thickness of the sample.
The extracted values of rb for the different MgBr2 concen-

trations have been plotted versus the concentration, Fig. 5b. It

is observed that bulk conductivity rb obeys the following
relation:

rb ¼ roe
C
CO ð5Þ

where rb is the bulk conductivity at C= 0 and CO is a charac-
teristic MgBr2 concentrations. Both ro and CO have been ex-
tracted using the least square fitting of Eq. (5) which is equal

to 2.74 · 10�7 S/cm and 9.35 wt.%.
Fig. 6a shows the variation of the ac conductivity as a func-

tion of inverse temperature for (PVPS)1�x0(MgBr2)x0 polymer

composite at 1 kHz. This behavior follows Arrhenius relation:

r ¼ roexp
�Ea

KT

� �
ð6Þ

where ro is the pre-exponential factor, Ea is activation energy,
K is Boltzman constant and T is absolute temperature. As
shown in Fig. 6a, the data are fitted well into two different
thermal regions. Activation energy at different concentrations

of MgBr2 was obtained using fitting of Eq. (6). The activation
urements for (PVPS)1�x0(MgBr2)x0 films.

Electrical parameters Optical parameters

Activation energy (eV) Eg (eV) kmax (nm)

Region I

0.38 1.2 918

0.33 1.82 866

1.13 1.9 864

1.10 2.3 894



Fig. 4 SEM micrographs of (PVPS)1�x0(MgBr2)x0 polymer composites for (x0 = 0 and 10 wt.%).
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energy data are shown in Table 1. The increase in conductivity
with temperature has been explained in terms of the free vol-
ume model [27]. When the temperature increases, the polymer
can expand easily and then produce free volume (i.e., when the

temperature increase, the free volume increase) [27]. When the
free volume increased the mobility of ions increased leading to
increase in the conductivity. The activation energy for 0 and

10 wt.% are equal to 0.38 and 0.33 eV (nearly unchanged)
whereas its value for higher concentrations of MgBr2 20 and
30 wt.%, illustrates bigger increase 1.18 and 1.1 eV for 20

and 30 wt.% which reflects the significant effect of inorganic
nanoparticles of MgBr2 in the structure network. The remark-
able increase of conductivity with bigger activation energy can

be explained as follows. The increase of salt concentration
leads to an increase of both ionic and protonic components

contributing in the conductivity. Whereas the addition of the
inorganic MgBr2 to the polymer matrix may suppress the com-
posite structure relaxation (it reduces ionic diffusion through

structure network and subsequently charge carriers mobility).
In addition the conductivity attenuation can be mainly attrib-
uted to the decrease of protonic contribution in conductivity

due to water dehydration. Therefore, the competition of the
activated part (mobility activation, region 1) and the decreas-
ing of protonic component in conductivity results in the ob-

served turnover in conductivity.
Fig. 6b shows the frequency dependence of the total

conductivity of (PVPS)1�x0(MgBr2)x0 polymer composite at
303 K, The behavior follows a universal power law [28],
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racðxÞ ¼ rdc þ AxS ð7Þ

where rdc is the dc conductivity (the extrapolation of the pla-
teau region to zero frequency), A is frequency independent

pre-exponential factor, x is the angular frequency and s is
the frequency exponent. In addition the relation of rtotal
against frequency shifts upward with increasing MgBr2 frac-

tions and the kink shifts toward higher frequency range due
to the domination of ionic conductivity in the polymer electro-
lyte. The values of the exponent s have been obtained using the

least square fitting and listed in Table 1. The values of s for
(PVPS)1�x0(MgBr2)x0 films lie in the range 0 < s < 0.3 which
s decreases with increasing MgBr2 concentrations.

Fig. 7a and b shows the variation of the dielectric permittiv-
ity e0 and dielectric loss e00, for (PVPS)1�x0(MgBr2)x0 polymer
composite versus frequency at room temperature, 303 K. The
figure show that e0 and e00 a gradually decrease with increasing

frequency for all prepared samples. The decrease of e0 and e00

with frequency can be associated to the inability of dipoles
to rotate rapidly leading to a lag between frequency of oscillat-

ing dipole and that of applied field. The variation indicates
that at low frequencies the dielectric constant is high due to
the interfacial polarization and the dielectric loss (e00) becomes

very large at lower frequencies due to free charge motion with-
in the material [29]. This behavior can be described by the De-
bye dispersion relation [30],

e0 ffi e1 þ
es � e1
1þ x2s2

; e00 ffi ðes � e1Þxs
1þ x2s2

ð8Þ
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Fig. 7 Frequency dependence of (a) Dielectric constant e0, and
(b) dielectric loss e00 for (PVPS)1�x0(MgBr2)x0 polymer composites

at room temperature, 303 K.
where e1 and es are the static and infinite dielectric permittiv-

ity, s is the relaxation time and x is the angular frequency.
Fig. 8a and b shows the variation of e0 and dielectric loss e00

for (PVPS)1�x0(MgBr2)x0 polymer composite with temperature

at 1 kHz. The value of e
0
and e00 increases with temperature and

then decreases at (x0 = 20 and 30 wt.%), but it was increases
with temperature and then fixed at (x0 = 0 and 10 wt.%). At
lower temperature in the dielectric constant, as the dipoles

are rigidly fixed in the dielectric, the field cannot change the
condition of dipoles. As the temperature increases, the dipoles
comparatively become free and they respond to the applied

electric field. Thus polarization increased and hence dielectric
constant is also increased with the increase of temperature
[31], but The dielectric loss increase with temperature, particu-

larly at which dielectric loss due to chain motion of polymers
are more effective. However, the dielectric loss is decreased
with increasing temperature because the orientation polariza-
tion due to chain motion of polymer cannot keep phase with

the rapidly oscillating atoms.
The optical band gap is one of the most optical parameters

that explain the optical transitions. It could be defined as the

difference between the bottom of the conduction band and
the top of the valence band. The fundamental absorption,
which corresponds to the electron excitation from the valance

band to the conduction band, can be used to determine the
nature and value of the optical band gap. In the present study,
the optical band gap in the visible range can be estimated from

the following relationship [32]
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aðtÞht ¼ A0ðht� EgÞn ð9Þ

where a is the absorption coefficient, t is the frequency, h is the
Planck’s constant, A0 is a constant, Eg is the optical energy
band gap between the valence and the conduction bands and
n is the power that characterizes the transition process.

Fig. 9 illustrate the plot of the optical absorption against wave-
length in the UV–visible range for (PVPS)1�x0(MgBr2)x0 poly-
mer composite in the colloidal forms. The optical absorption

of (PVPS)1�x0(MgBr2)x0 illustrates, in general, one diffused
absorption peaks, their position has been determined by
smoothing of absorbance-wavelength relationship, peaks posi-

tion are listed in Table 1. Upon the above consideration, the
maximum wavelength (kmax) is decreased from 918 to
894 nm, which means that the absorption peaks make a blue

shift by increasing MgBr2 concentration, which may be attrib-
uted to the interaction between MgBr2 and conjugate bonds in
PVA. This is due to energy confinement as a result of MgBr2
particle surrounded with polymer which acts as core–shell

(nanoparticle-polymer core shell).
The type of transition has been tested by estimating the

power n which predicts direct allowed transition from which

the direct optical band gap Eg is obtained by the least square
fitting of Eq. (9) for colloidal films and listed in Table 1. It is
evident that the direct band gap Eg values are increased from

1.2 to 2.3 eV, so high energy is required to eject the electron
from valance to conduction band. This behavior can be under-
stood on the decrease of polymer shell thickness to the nano-

size which results in the increase energy confinement. The
reduction of polymer shell thickness will enhance absorption.
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In addition the decrease of the area under absorption curve
with increasing salt concentration may be attributed to the
light scattering.

Conclusions

We have succeeded to increase the ionic conductivity of PVPS

polymer electrolyte to be 9.8 · 10�6 S/cm by adding 30 wt.%
MgBr2. Improving the ionic conductivity by adding MgBr2 is
attributed to decrease in the degree of crystallinity and increase

in the charge carrier. The marked improvement of the electri-
cal conductivity with increasing content of doping salt makes it
possible to consider this electrolyte system as a potential can-

didate for electrochemical device applications.
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