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a  b  s  t  r  a  c  t

Organic–inorganic  nanocomposites  are  gaining  importance  in the recent  times  as  polymer  electrolyte
membranes.  In the  present  work,  composites  were  prepared  by combining  nano  sized  Co3O4 and
poly(vinyledene  fluoride)  (PVDF),  using  spin  coating  technique.  The  surface  of  the  PVDF/Co3O4 system
characterized  through  field  emission  scanning  electron  microscopy  (FESEM)  revealed  a  porous  struc-
ture of the  films.  The  nanoparticles  tend  to aggregate  on  the  surface  and  inside  the  pores,  leading  to
a  decrease  in the  porosity  with  an  increase  in Co3O4 content.  Co3O4 nanoparticles  prohibit  crystalliza-
tion  of  the  polymer.  Differential  scanning  calorimetry  (DSC)  studies  revealed  a  decrease  in crystallinity
eywords:
anocomposites
VDF
o3O4

rystallinity
agnetic properties

onductivity

of  PVDF/Co3O4 system  with  an  increase  in  the  oxide  content.  Magnetic  property  studies  of the  com-
posite  films  revealed  that  with  an  increase  in Co3O4 content,  the  saturation  magnetization  values  of  the
nanocomposites  increased  linearly,  showing  successful  incorporation  of the  nanoparticles  in  the  polymer
matrix. Further,  ionic  conductivity  of  the  composite  films  was  evaluated  from  electrochemical  impedance
spectroscopy.  Addition  of  Co3O4 nanoparticles  enhanced  the  conductivity  of  PVDF/Co3O4 system.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Polymer nanocomposites are a result of the combination of
olymers and organic/inorganic fillers at the nanometer scale. The
xtraordinary versatility of these new materials springs from the
arge selection of polymers and fillers available to researchers. The
nique electronic, magnetic and optical properties of nano-fillers
nhance the thermal and mechanical properties of the macro-
olecular material [1].
In the recent years, there is a thrust for solid polymer elec-

rolytes (SPEs) with high ionic conductivity, good electrochemical
tability, large transport number and good mechanical strength.
oly(ethylene oxide) (PEO)-based polymer electrolytes are exten-
ively studied in this regard with lithium salts as fillers [2–4]. Lately,
olyvinylidene fluoride (PVDF) has become a favorable choice as
olymer matrix for SPEs and gel polymer electrolytes (GPEs) due
o its appealing properties such as high dielectric constant (ε ≈ 8.4)
nd strong electron withdrawing functional groups (–C–F) [5–8].
n addition, PVDF is stable against most corrosive chemicals and

rganic compounds including acids, alkalines, strong oxidants and
alogens [9,10].

∗ Corresponding author. Tel.: +91 824 2474000x3202; fax: +91 824 2474033.
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There are reports on the addition of metal oxides like tita-
nia (TiO2) [11], BaTiO3 [12,13] and several lithium salts [6] to
understand the electrochemical properties of SPEs. However, the
electrochemical and magnetic interactions of cobalt oxide (Co3O4)
nanoparticles on PVDF matrix have been studied rather rarely. It
will be interesting to study what happens when the properties of
Co3O4 nanoparticles and PVDF blend together.

Here, we  make an attempt to examine the effect of Co3O4
nanoparticles on the porosity and crystallinity of PVDF matrix and
how these two factors help in improving the magnetic property and
overall conductivity of PVDF/Co3O4 system.

2. Experimental

PVDF (Mw = 275,000) was purchased from Sigma Aldrich and
was used in a pellet form. 2% Acetic acid solution was used as a
solvent. All chemicals used in the synthesis of Co3O4 were used as
received. Distilled water was  used throughout the experiment.

2.1. Synthesis of Co3O4

Co3O4 naoparticles were synthesized by microwave method.

The exact procedure is described elsewhere [14]. In brief, Co3O4
nanoparticles of average diameter 6 nm were prepared by subject-
ing the cobalt salt solution to microwave irradiation. The surfactant
trioctyl phosphine oxide (TOPO) was used to control the size.

dx.doi.org/10.1016/j.mseb.2011.09.036
http://www.sciencedirect.com/science/journal/09215107
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Table 1
Porosity, enthalpy, % crystallinity and magnetization values for PVDF/Co3O4 films.

Sample Porosity (%) Enthalpy (J g−1) Crystallinity (%) Ms  (emu/g)

PC0 62.39 71.54 100.00 –
PC1 52.37 64.20 61.32 0.022
PC2 49.52 64.05 61.17 0.046

[27] and ceramic additives [28] on PEO-based electrolyte systems.
Also, there may  be some complicated interactions between cobalt
28 A.S. Bhatt, D.K. Bhat / Materials Scien

.2. Preparation of PVDF–Co3O4 nanocomposite films

Desired amounts of PVDF polymer pellets were added to DMF
nd subjected to vigorous shaking to ensure thorough wetting of
he polymer pellets. The mixture was kept in a sonicator main-
ained at 60 ◦C. After complete dissolution of polymer pellets,
equired amount of Co3O4 additive was added and sonication was
ontinued till the nanoparticles dispersed homogeneously in the
olymer solution. The solutions were then spin coated (Spin-Coater
CE-1020 Series) on a glass substrate at 500 rpm, 1000 rpm and
000 rpm for 60 s sequentially. The glass substrate was  then imme-
iately immersed in distilled water for 24 h to ensure complete
emoval of residual solvent. Under similar condition, a blank PVDF
lm was also prepared. The films were labeled as PC0, PC1, PC2, PC3
nd PC4 for Co3O4 content of 0, 0.3, 0.5, 0.7 and 1 wt.%, respectively.
ddition of Co3O4 content higher than 1 wt.% leads to a heteroge-
eous solution.

.3. Characterization

A Zeiss SUPRA 40VP Gemini field emission scanning electron
icroscope (FESEM) was used to analyze the surface morpholo-

ies of the polymer electrolytes. The films were gold coated using
 sputter coating operated under vacuum. The porosity of the
olymer electrolyte membranes were measured by immersing the
embrane in n-butanol for 2 h after which the membrane surface
as dried with a filter paper. The polymer sample of dimension

 cm × 1 cm and thickness in the range of 80–100 �m were taken.
he membranes were weighed before and after the absorption of
-butanol. The porosity was calculated using the following equa-
ion:

% = Mb/�b

(Mp/�p) + (Mb/�b)
(1)

here P% is the porosity of membranes, Mp is the mass of the
embrane, Mb is the mass of the absorbed n-butanol, �p is the

ensity of the membrane and �b is the density of n-butanol. The
embrane density was determined by measuring the volume and

he weight of membrane. Differential scanning calorimetry (DSC)
ata was obtained in the temperature range of 35–250 ◦C (DSC-
0, Shimadzu, Japan). The samples, sealed in an aluminum pan,
ere heated at a rate of 10 ◦C/min under nitrogen atmosphere. An

mpty pan was used as reference. The magnetic properties were
ssessed with a Vibration Sample Magnetometer (ADE-DMS EV-
VSM). Electrochemical impedance measurements were carried
ut using an electrochemical work station, AUTOLAB 30. The films
ere placed in between two circular stainless steel electrodes of

ength 2 cm and the whole set up was held tightly with a plastic
lamp (refer Supplementary Material 1). 1 M KOH solution was used
s electrolyte. The measurements were carried out using a small
mplitude AC signal of 10 mV  over a frequency range of 100 kHz to
.01 Hz at room temperature. In order to ensure the conductivity
ata, the impedance measurements were taken thrice.

. Results and discussions

.1. Morphology

The porous surface of the blank film and composite films was
emonstrated by FESEM images (Fig. 1). As can be seen from the
ESEM images, addition of Co3O4 particles higher than 0.5 wt.%,
ed to an aggregation on the surface and inside the pores of the

olymer membranes. Although a polymer membrane with uniform
istribution of Co3O4 particles was intended, aggregations of Co3O4
articles could not be avoided due to their increasing quantity and
anosize effect. The presence of TiO2 particles also influenced the
PC3  44.75 57.82 55.22 0.109
PC4  36.54 55.53 53.04 0.139

pore size of PVDF/LiClO4/TiO2 membrane films in a similar fashion
[11]. The influence of Co3O4 nanoparticles on the pore size of the
polymer membranes was  further quantified from porosity results.

3.2. Porosity measurements

Porosity of polymer membranes has been reported as one of
the important parameters in lithium batteries as it dominates the
conduction properties of the carriers [15,16]. Moreover, the porous
structure of these membranes play an essential role in oil/water
separation [17], membrane absorption or stripping [18] and mem-
brane distillation [19]. The additive being here Co3O4, porosity is
expected to be one of the dominating factors in the conduction
properties of the membrane as a whole [20]. The porosity measure-
ments (Table 1) showed a decrease in the porosity of PVDF/Co3O4
system with an increase in the Co3O4 nanoparticles content. At a
Co3O4 content of 1 wt.%, the minimum value is 28.54%, while for
blank polymer film, the porosity has a maximum value of 52.37%.
The decrease in porosity of PVDF/Co3O4 system with increase in
Co3O4 content, suggests a possible interaction between Co3O4 and
PVDF [21,22]. Also, as seen in the FESEM images, the extrusion of
Co3O4 nanoparticles on the porous structure and the aggregation
of Co3O4 nanoparticles in the inside of the pores with increas-
ing Co3O4 content may  also influence the porosity of the polymer
membranes.

3.3. DSC analysis

The thermal behaviors of the PVDF/Co3O4 films were inves-
tigated by DSC and thereby, the percentage crystallinity was
evaluated. Fig. 2 displays the DSC thermograms for the blank PVDF
and PVDF/Co3O4 composite films. A main melting peak around
166 ◦C is observed for each system. By assuming that pure PVDF
is 100% crystalline, the relative percentage of crystallinity was cal-
culated using the following equation:

% crystallinity = �H

�H0
× 100% (2)

Here, PVDF being in � phase (as seen from infra-red spectroscopy,
Supplementary Material 2), heat of fusion, �H0, of pure PVDF was
taken as 104.7 J g−1 [23], �H  is the heat of fusion of PVDF/Co3O4
electrolyte membrane. The latter is obtained by the DSC data. �H
and % crystallinity for all the samples are listed in Table 1. From Fig. 2
and Table 1, it can be seen that �H  and % crystallinity decreased
with increase in Co3O4 content. This may  be attributed to the partial
inhibition effect of Co3O4 addition on the polymer crystal forma-
tion. Similar behavior was observed for systems with Fe3O4 on
PVDF [24] and TiO2 [4],  �-LiAlO2 [25], Sm2O3 [26], lithium salts
and oxygen in Co3O4 and fluorine in PVDF which may induce struc-
tural modifications in the polymer chain such as breaking of the
preformed crystals. This renders the polymer amorphous to some
extent, favoring the improvement in its conductivity [29].
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Fig. 1. FESEM images of (a) PC0

.4. Magnetic measurements

Cobalt oxide in its bulk form is antiferromagnetic and has zero
et magnetization. However, in the case of nano sized Co3O4 par-
icles, it may  happen that because of the uncompensated surface
pins and/or finite size effect, they exhibit ferromagnetism [30]. In
he present case too, Co3O4 nanoparticles displayed a ferromag-
etic behavior [14]. Taking advantage of the ferromagnetic nature
f these nanoparticles, they were incorporated into the nonmag-
etic PVDF polymer matrix. This rendered the composite films
agnetic to a certain extent. Fig. 3 shows the variation in mag-
etization for the composite films as a function of applied field.
he magnetization follows a hysteresis curve and gets saturated
t a higher field for each of the films (Fig. 3 inset). An unclosed
ysteresis loop for PC4 indicates a low magnetization of PC4 at
C1, (c) PC2, (d) PC3 and (e) PC4.

−17,000 Oe. Saturation magnetization (Ms) is a characteristic prop-
erty of ferromagnetic materials and gives an idea on the extent of
ferromagnetism in the material. It is the maximum induced mag-
netic moment that can be obtained in a magnetic field beyond
which no further increase in magnetization occurs. Apparently, the
Ms values of the composite films increased with an increase in the
content of magnetic nanoparticles (Table 1). This showed that each
of the magnetic Co3O4 grain contributed to the overall magnetism
of the nanocomposite films.

3.5. Conductivity
A polymer electrolyte with high ionic conductivity is very
important in practical applications. Ion conduction has been
shown to take place in the amorphous phase. Hence, in many
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Fig. 2. DSC thermograms of PVDF/Co3O4 films.
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ig. 3. Room temperature magnetization curves of PVDF/Co3O4 films. Inset shows
he  magnification of the hysteresis loop.

olymer-based electrolytes, the main aim is to limit the crystallinity
f the system. One way of increasing the “amorphicity” of the poly-
er  system is to introduce small amount of nano-size particles
hich disturb the local crystal field and suppress the order [31].

In the present work, the conductivity of the prepared films

as studied by electrochemical impedance spectroscopy measure-
ents. Fig. 4 shows the Nyquist plots for PVDF films with Co3O4

ontent of 0 wt.% and 1 wt.%, wherein the dominance of oxide
anoparticles in the electrolyte can be clearly demarcated. The

ig. 4. Nyquist plots of PC0 and PC4. Inset shows the magnification of the Nyquist
lots.
 Engineering B 177 (2012) 127– 131

charge transfer resistance (Rct) values, obtained by fitting these
plots, are 3.154 × 103 � and 2.408 × 103 �,  respectively.

Further, the ionic conductivity of the polymer electrolytes were
estimated by the equation � = L/RA, where L, A and R are thick-
ness, area and bulk resistance of the composite films, respectively.
The bulk resistance was  calculated from the high frequency inter-
cept on the real impedance axis of the Nyquist plot [32]. The
conductivity of the blank polymer electrolyte film was calculated
to be 4.77 × 10−4 S cm−1. However, the conductivity increased to
9.56 × 10−4 S cm−1 for Co3O4 content of 1 wt.%. The commonly used
perfluorosonic acid membrane Nafion® is known to have con-
ductivity of 1.4 × 10−2 S cm−1 [33]. Nevertheless, the conductivity
obtained for the present composite is remarkable since, the conven-
tionally used PEO based electrolytes have a significant drawback
of low room temperature conductivity [2,4,34] and show satisfy-
ing ionic conductivity (� > 10−4 S cm−1) only at temperatures above
700 ◦C, when the polymer becomes amorphous. It is clear from
the impedance study, that Co3O4 nanoparticles, indeed, make the
conduction process easier between the solution and the electrode.
Similar to ferrites, Co3O4 is a spinel having Co2+ and Co3+ ions in
the lattice. In the presence of an applied electric field, Co2+ ↔ Co3+

electronic exchange takes place which results in local displacement
of charges. This behavior is similar to hopping conduction mecha-
nism which is generally observed in ferrites. Moreover, as seen in
Section 3.3,  there is a decline in the crystalline phase of the poly-
mer  with the addition of Co3O4. The restriction of crystallization as
well as the conduction process taking place in Co3O4 nanoparticles,
collectively favor the improvement in conductivity.

4. Conclusion

PVDF/Co3O4 nanocomposite films were prepared by spin-
coating technique. Electron microscopy micrographs showed
aggregations of Co3O4 on the polymer surface which affected the
porosity. An increase in magnetization values with increase in
Co3O4 content indicated that the nanoparticles are well incor-
porated within the PVDF matrix. A decrease in porosity and
crystallinity was observed with an increase in Co3O4 content. As
a result, PVDF/Co3O4 system showed better conductivity, nearing
the order 10−3 S cm−1, an order of magnitude higher than the blank
PVDF film. These nanocomposite films can be exploited in the field
of energy storage and electrochemical devices.
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