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bstract

Non-aqueous proton-conducting polymer electrolytes in the film form are synthesized through the complexation of oxalic acid (OA) and
olyvinylidenefluoride-co-hexafluoro propylene (PVdF-HFP). Interestingly, the addition of a small amount of the basic component dimethylac-
tamide (DMA) gives rise to a three-order increase in conductivity. The value is found to depend on the concentrations of the weak acid and
MA in the electrolytes. A maximum conductivity of 0.12 × 10−3 S cm−1 has been achieved at ambient temperature for electrolytes containing
0 wt.% OA with DMA. The observed increase in conductivity is considered to be due to interactions taking place between the high dielectric
olymer media, the acid and the basic plasticizer. These interactions are confirmed from fourier transform infra red (FTIR) studies and supported

y differential scanning calorimetry (DSC) measurements. Apart from providing acid–base interaction, the base DMA also improves the surface
orphology and reduces the pore volume, both of which help to retain the acid–base complex within the membrane.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Polymer electrolytes obtained by the complexation of metal
alts with polyethylene oxide (PEO) have been widely studied
or their application in solid-state batteries and other devices
1–6]. Nuclear magnetic resonance (NMR) and thermal studies
how that PEO-based polymer electrolytes are multiphase
aterials with an amorphous phase responsible for high ionic

onductivity [7]. An increase in the amorphous content of such
olymer electrolytes by the addition of different plasticizers has
een reported to result in an increase in conductivity [8–10].
xcessive use of plasticizer, however, decreases the dimen-
ional stability of the membrane. Although much of the initial

ork was performed with different alkali metal salts due to

heir suitability as electrolytes in high-energy lithium polymer
atteries, proton-conducting polymer electrolytes containing

∗ Corresponding author. Tel.: +91 183 2711098; fax: +91 183 2258820.
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olymer electrolyte; Solid-state battery

ifferent proton conductors also received attention [11–14]. The
nterest in these materials is mainly to develop non-aqueous
roton-conducting membranes suitable for use in polymer
lectrolyte membrane fuel cells (PEMFCs). The low proton
onductivity in these electrolytes generally limits their use in
ractical applications and an increase in conductivity to a value
pproaching 10−3 S cm−1 at room temperature is desirable
15].

The most widely used membranes in fuel cells today are
ased on a perfluorinated backbone with sulfonated side chains,
.g., Nafion. Despite its good performance in practical fuel cell
onditions, Nafion has several disadvantages such as a work-
ble temperature below 100 ◦C, a high cost, and cross-over of
ethanol at high methanol concentration. Improved membranes

hould provide a wide-temperature workability, good stability
owards harsh fuel cell environments and, above all, enhanced

roton conductivity. An acid–base approach is one such attempt
o realize high conductivity in the non-aqueous (polymer) form.
trongly bonded acid–base systems lead to brittle film for-
ation, whereas weakly-bonded acid–base complexes display



ower Sources 158 (2006) 1472–1479 1473

fl
t
i
a
w
t

t
(
w
a
D
t
b
p
c
t
o
b
i
(
t

2

H
A
(
p
m
P
w
s
i
o
s
o
t
T
a
c
p
t
w
F
s
P
r
o
a
(
S
a
m
a
3

F
c

3

m
p
d
r
p
d
c
l
d
t
a
i
i
c
l

h
a
F
e
t
i
A
a
i
t
e
H
i
a
c

H.P.S. Missan et al. / Journal of P

exural properties and can be employed to circumvent the brit-
leness issue [16–19]. The objective of the present work is to
nvestigate the synthesis of the membranes based on a weak
cid–base system and to understand the effect of the addition of
eak base on the electrical, morphological and thermal proper-

ies.
The present study examines polymer electrolyte membranes

hat contain polyvinylidenefluoride-co-hexafluoropropylene
PVdF-HFP), which is an amorphous polymer, and oxalic acid,
hich is a weak dicarboxylic acid (COOH COOH) (OA) with
dissociation constant of 5.4 × 10−2 (in aqueous solution).
imethylacetamide (DMA) with a dielectric constant (ε = 37.8)

hat is higher than that of PVdF-HFP (ε = 7.8) is used as a
asic plasticizer. Weak acid–base interaction is essential for
roton conduction in a non-aqueous medium. The variation of
onductivity of non-aqueous electrolytes with acid concentra-
ion, plasticizer and temperature is presented. The various levels
f structural characteristics resulting from the addition of the
asic component are also examined by use of fourier transform
nfra red spectroscopy (FTIR), differential scanning calorimetry
DSC), thermogravimetric analysis (TGA) and scanning elec-
ron microscopy (SEM).

. Experimental

Polyvinylidenefluoride-co-hexafluoropropylene (PVdF-
FP) (Fluka, Mw = 1.3 × 105), oxalic acid (OA) (Qualigen,
R), dimethylacetamide (DMA) (Merck) and tetrahydrofuran

THF) (Merck) were used as the starting materials in the
reparation of polymer electrolytes by a solution-casting
ethod. Films of PVdF-HFP-OA were obtained by dissolving
VdF-HFP and OA in stoichiometric quantities (expressed as
eight percentage of the polymer) in THF to obtain a uniform

olution. To obtain acid–base based electrolyte films, DMA
n different proportions (expressed as the weight percentage
f the polymer electrolyte) was also added. The mixture was
tirred and a clear, homogenous and viscous solution was
btained that was then poured into polypropylene dishes and
he solvent was allowed to evaporate slowly in a vacuum oven.
he films so prepared were found to be mechanically stable
nd transparent with a thickness ∼100 �m. The electrical
onductivity of the films was measured by means of a HP4284A
recision LCR meter in the frequency range 20 Hz–1 MHz by
he method described earlier [14]. The FTIR measurements
ere carried out at room temperature using a Perkin-Elmer
TIR spectrometer in the 400–4000 cm−1 range. Differential
canning calorimetry (DSC) experiments were carried out using
erkin-Elmer (DSC 7 series) equipment in the temperature
ange −60 to 200 ◦C at a scan rate of 10 ◦C min−1 in a flow
f nitrogen gas. The weight of the sample was maintained
t 3–5 mg for all experiments. Thermal gravimetric analysis
TGA) studies were performed with Perkin-Elmer (TGA 7
eries) equipment over the temperature range 20–900 ◦C and

t rate of 10 ◦C min−1 in a flow of nitrogen gas. The surface
orphologies of these electrolytes were studied by means of
LV-Scanning Electron Microscope (LV-SEM) model Hitachi
500N.

i

i
i

ig. 1. Variation of conductivity of (PVdF-HFP)-OA polymer electrolytes with
oncentration of OA.

. Results and discussion

The variation of the conductivity of (PVdF-HFP)-OA poly-
er electrolytes with OA concentration (expressed as wt.% of

olymer) is given in Fig. 1. At low OA concentrations, the con-
uctivity increases with increase in acid concentration. After
eaching the maximum value of 2.2 × 10−7 S cm−1 (i.e., for a
olymer electrolyte containing 10 wt.% oxalic acid), the con-
uctivity appears saturated with further increase in acid con-
entration. The low value of conductivity may be due to the
ow dissociation constant of OA. The initial increase could be
ue to the dissociation of the acid that arises from the interac-
ion between the acid and the polymer. The saturation observed
t higher acid concentrations could be due to the formation of
on aggregates, which do not contribute to the conductivity. The
ncrease in acid concentration also leads to an increase in vis-
osity due to the interactions between acid and polymer. This
owers mobility and the conductivity decreases.

The formation of ion aggregates in polymer electrolytes at
igher acid concentrations has been substantiated by: (i) mass
ction considerations [20]; (ii) impedance spectroscopy; (iii)
TIR measurements. According to simple mass action consid-
rations, the presence of ion aggregates can be estimated from
he nature of a log σ versus log C plot, where σ is the conductiv-
ty and C is the concentration of salt or acid in the electrolyte.

linear plot implies that ion aggregation is unimportant, while
ny deviation from linear behaviour indicates the presence of
on aggregates. This method has been successfully used earlier
o study the presence of ion aggregates in PEO-based polymer
lectrolytes [21–22]. The plot of log σ versus log C for (PVdF-
FP)-OA polymer electrolytes is given in Fig. 2. A linear plot

s clearly observed at low acid concentrations (0–10 wt.%) but
large deviation from a straight line occurs at higher acid con-

entrations (15–40 wt.%). Clearly, this suggests the presence of

on aggregates at higher acid concentrations.

As DMA has a basic nature and a dielectric constant that
s higher than that of PVdF-HFP, it was used as a plasticizer
n a blend with polymer electrolytes containing 30 wt.% OA.
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ig. 2. Variation of log σ with log C for (PVdF-HFP)-OA polymer electrolytes.

his composition was chosen because it contains ion aggre-
ates/undissociated acid as evident from the data given in
igs. 1 and 2. The variation of conductivity of (PVdF-HFP)-OA
s a function of DMA concentration (expressed as wt.% of poly-
er electrolyte) was also studied and the results are presented in
ig. 3. It can be seen that the conductivity increases continuously
ith an increase in DMA concentration and reaches a maximum
alue of 4.2 × 10−5 S cm−1. The amount of DMA was limited
o 43 wt.% since the film suffers degradation in its mechanical
roperties and becomes sticky above this concentration. This
bservation is in sharp contrast with the traditional understand-
ng that an acid with a higher acidity constant or a large amount
f acid in the electrolytes is required to raise the proton con-
uctivity as it increases the number of free ions for conduction.
n present study, we have used a weak acid, whose dissociation

onstant is substantially lower than unity and upon the addition
f a small amount of basic plasticizer, a three-fold increase in the
onductivity is observed. As will be demonstrated, the increase

ig. 3. Effect of addition of DMA on conductivity of (PVdF-HFP)-OA polymer
lectrolytes.
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ig. 4. DSC thermograms of (PVdF-HFP)-OA polymer electrolytes ((a) 0, (c)
0 and (e) 40 wt.% OA), and (PVdF-HFP)-OA-DMA polymer electrolytes with
b) 0, (d) 20 and (f) 40 wt.% OA and containing 36 wt.% DMA.

ould be accountable by improved proton dissociation due to the
ormation of acid–base interactions.

The polymer (PVdF-HFP) used in the present study is highly
morphous so that the addition of DMA as a plasticizer does not
ubstantially increase the amorphous content. This was checked
xperimentally from DSC thermograms in the temperature range
f −60 to 200 ◦C and is shown in Fig. 4. The characteristics eval-
ated from DSC measurements are listed in Table 1. Usually,
he addition of plasticizer leads to the interruption of poly-

er crystallization and an increase in the amorphous content.
n the present investigation, however, the DSC results indicate
here is no substantial change in the crystallinity of the polymer
lectrolytes with the addition of DMA, but a large decrease in
rystallinity is found with the addition of 20–40 wt.% OA. By
ontrast, there is a substantial increase in the conductivity with
he addition of DMA, but not with the OA. Therefore, it can be
oncluded that the increase in ion conductivity must be due to
mproved dissociation that results from acid–base interactions
aking place between OA and DMA, and not due to a change of
rystallinity. In accord with this conclusion is the observation

hat a greater increase in conductivity with the addition of DMA
s found at higher concentrations of OA, since the amount of
ndissociated acid will increase as the OA content is increased.
he trends in the change of crystallinity also suggests a more

able 1
ummary DSC data

ample codea Tc (◦C) Tm (◦C) �H (J g−1) Crystallanity (%)

H 113.6 140.2 23.06 100
HD 112.8 139.9 13.09 98
H20A 113.1 140.6 9.90 81
H20AD 112.9 140.6 9.14 74
H40A 113.1 139.9 6.97 55
H40AD 112.7 139.9 6.93 57

a PH: PVdF-HFP; 20A and 40A: 20 and 40 wt.% oxalic acid, respectively; D:
6 wt.% DMA.
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ig. 5. Scanning electron micrographs for (PVdF-HFP)-OA polymer electroly
PVdF-HFP)-OA-DMA polymer electrolytes with (b) 0, (d) 20 and (f) 40 wt.%

ntimate interaction of OA with PVdF-HFP which is sufficient
o interrupt PVdF-HFP crystallization. This is less than between
MA and PVdF-HFP. The difference can be easily justified by

he formation of hydrogen bonding between OA and the fluorine
n PVdF-HFP (vide infra).

Apart from contributing to acid–base interactions, DMA also
lays an important role in improving the morphology of the elec-
rolyte, as observed from SEM studies. Fig. 5 shows the electron

icrographs of PVdF-HFP-OA-based polymer electrolyte con-

aining (a) 0, (c) 20, and (e) 40 wt.% OA and their corresponding
olymer electrolytes with (b) 0, (d) 20 and (f) 40 wt.% OA and
ontaining 36 wt.% DMA. It is found that the films containing
0 wt.% OA shows an improved morphology. Moreover, still

f
t
i
c

ntaining (a) 0, (c) 20 and (e) 40 wt.% OA without DMA and corresponding
ontaining 36 wt.% DMA.

urther improvement in the morphology can be observed with
he addition of DMA. In fact, the film with 40 wt.% OA and
MA is the best homogeneously distributed system.
In order to provide further evidence of the interac-

ions/complexation between acid, polymer and DMA for poly-
er electrolytes with DMA and without DMA, FTIR spec-

roscopic studies were conducted at room temperature. For all
amples, the spectra were recorded in the 4000–400 cm−1 region
nder similar conditions. Spectra in the 400–1600 cm−1 range

or (PVdF-HFP)-OA (with and without DMA) polymer elec-
rolytes containing 0, 20 and 40 wt.% oxalic acid are given
n Fig. 6. These compositions have been chosen because they
ontain different levels of acid–base interaction as explained
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ig. 6. FTIR spectra of (PVdF-HFP)-OA polymer electrolytes containing (a)
lectrolytes with (c) 20 and (e) 40 wt.% OA and containing 36 wt.% DMA.
reviously in Figs. 1 and 2. It is clear that the spectrum of
VdF-HFP (Fig. 6(a)) in the 400–1000 cm−1 range contains
eaks at wavenumbers 489, 531, 613, 761, 796, 854, 877
nd 975 cm−1 that corresponds to vinylidene, C–F deforma-

t
a
t
(

20 and (d) 40 wt.% OA without DMA and (PVdF-HFP)-OA-DMA, polymer
ion, methylene rocking, CH2 wagging of the vinylidene band
nd out-of-plane C–H stretching, respectively [23–24]. With
he addition of 20 wt.% OA to PVdF-HFP, the FTIR spectrum
Fig. 6(b)) undergoes significant changes and the intensities of



ower Sources 158 (2006) 1472–1479 1477

a
t
p
6
a
w
t
f
e
H
a
C
t
4
s
a
a

o
a
4
t
t
i
A
t
v
t
c
H
t
w
w

e
h
+
a
(
o
q
4
w
i
a
b
a
t
b
b
f
m
a
t
t
p
t

F
O
t

t
m
b
o
w
c
h

c
t
c
T
p
(
m
a
d
p
i
a
t
(
m
o
a
σ

D
r
a
i

H.P.S. Missan et al. / Journal of P

ll the above-mentioned peaks decrease. When the OA concen-
ration is increased to 40 wt.% (Fig. 6(d)), the intensities of above
eaks decrease further so that the peaks at wavenumbers 531,
13, 796 and 975 cm−1 almost become shoulders while the peak
t 854 cm−1 disappears. Some new peaks are also observed at
avenumbers 512 and 840 cm−1 with the addition of OA and

heir intensities increase with an increase in OA concentration
rom 20 to 40 wt.%. Similarly the FTIR spectra of these polymer
lectrolytes in the 1300–1500 cm−1 region show that PVdF-
FP contains peaks at 1383, 1401, 1423 and 1453 cm−1 that

re associated with scissoring vibration of the vinyl group and
–H rocking vibrations. The intensity of these peaks changes on

he addition of 20 wt.% OA and polymer electrolytes containing
0 wt.% OA show that the peak at 1383 cm−1 becomes a weak
houlder whereas the intensity of other peaks decreases. The
bove results indicate that interactions of OA with PVdF-HFP
re taking place.

These observed changes in the FTIR spectra of PVdF-HFP
n the addition of OA can be explained as follows. The peaks
ssociated with the vinylidene group of the polymer at positions
89, 531, 613, 796, 875 cm−1 exhibit a slight change in position
ogether with a reduction in intensity. The relative intensities of
he PVdF-HFP peaks at 1383 and 1401 cm−1 (the 1383 peak
s more intense than the 1402 peak) reverses for 20 wt.% OA.
t 40 wt.% OA, the 1383 peak changes to a weak shoulder and

he 1401 peak dominates. These peaks are also related to the
inyl groups of PVdF-HFP and therefore suggests that interac-
ion takes place between the polymer and the acid. This result
oncurs with the DSC measurement. It is plausible that the free
+ ions interact with the electronegative fluorine of the trisubsti-

uted vinylidene (CF3) group in PVdF-HFP. These peaks appear
hen OA is added to PVdF-HFP and their intensity increases
ith increase in OA concentration, as shown in Fig. 6.
The conductivity enhancement of (PVdF-HFP)-OA polymer

lectrolytes by the addition of DMA (as demonstrated in Fig. 3)
as also been studied by FTIR. The FTIR spectra of PVdF-HFP
OA polymer electrolytes with 20 wt.% and with 40 wt.% OA

nd each containing 36 wt.% DMA are presented in Fig. 6(c) and
e), respectively. The data in Fig. 6 has shown that the spectrum
f a polymer electrolyte containing 20 wt.% OA with DMA is
uite similar to the spectrum of a polymer electrolyte containing
0 wt.% OA without DMA. In earlier section, it was noted that
ith an increase in OA concentration from 20 to 40 wt.%, the

ntensities of peaks at 489, 531, 613, 796, 1383 and 1401 cm−1

re decreased with some peaks reduced to a shoulder. This has
een explained in terms of the availability of more free H+ ions
t higher OA concentrations and that these ions interact with
he vinylidene group of the polymer. The same results have now
een obtained by keeping the concentration of OA at 20 wt.%
ut with adding DMA. The FTIR data also indicate that more
ree H+ ions are available on the addition of DMA and this is
ainly due to the improved dissociation of acid from the weak

cid–base interaction. The addition of DMA to polymer elec-

rolytes containing 40 wt.% OA results in a further decrease in
he intensity of the above-mentioned peaks and some of the
eaks almost disappear. At a high OA concentration (40 wt.%),
he amount of acid will be higher and dissociation with the addi-

c

D
i

ig. 7. Variation of conductivity with OA concentration for (©) (PVdF-HFP)-
A without DMA and (�) (PVdF-HFP)-OA-DMA polymer electrolytes con-

aining 36 wt.% DMA.

ion of DMA results in more free H+ ions, which contribute to a
ore pronounced enhancement in conductivity. Thus, a proba-

le mechanism for conduction in these electrolytes is the control
f the movement of ions by both DMA and the polymer. This
ill lead to dissociation of the acid and also to the provision of

hannels for conduction that will result in more mobility and
igher conductivity.

The effect of basic plasticizer (DMA) in improving the proton
onductivity was evaluated by undertaking impedance spec-
roscopy measurements on samples that contained different con-
entrations of OA, i.e., different level of acid–base interaction.
he same amount of DMA was added to the (PVdF-HFP)-OA
olymer electrolytes that had different concentrations of OA
0–40 wt.%). The conductivity of the polymer electrolytes was
easured as a function of OA concentration and the results

re given in Fig. 7. For comparison, the variation of the con-
uctivity of (PVdF-HFP)-OA electrolytes without DMA is also
resented in Fig. 7. It is found that the increase in conductiv-
ty with DMA addition also depends on the concentration of
cid present in the polymer electrolyte. The increase in conduc-
ivity with DMA addition is by one order of magnitude at low
0–10 wt.%) OA concentrations, by two orders of magnitude at
edium (20–30 wt.%) acid concentrations, and by three orders

f magnitude at higher (40 wt.%) OA concentrations. The rel-
tive increase in conductivity (expressed as σ/σo, where σ and
o are the conductivities of (PVdF-HFP)-OA-DMA containing
MA and (PVdF-HFP)-OA polymer electrolytes without DMA,

espectively) has been calculated and is presented in Fig. 8 as
function of OA concentration. It is seen that the conductivity

n the presence of DMA addition increases with increase in OA

oncentration.

The correlation between the increase in conductivity with
MA addition and the dissociation of acid was also examined

n terms of mass action considerations, as given in Fig. 2. A plot
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ig. 8. Variation of relative increase in conductivity (σ/σo) (where σ and σo

re conductivities of polymer electrolytes with and without DMA, respectively)
ith OA concentration.

f log σ versus log C for polymer electrolytes with DMA is given
n Fig. 9 together with the corresponding plot for polymer elec-
rolyte without DMA. A nearly linear plot is found for polymer
lectrolytes with DMA. For electrolytes without DMA however,
linear relationship is observed only at low (0–10 wt.%) OA con-
entrations. This suggests that ion aggregates and undissociated
cid are not present when DMA is added to the polymer.
Finally, TGA studies were carried out on samples contain-
ng 0, 20 and 40 wt.% OA with and without DMA; the results
re given in Fig. 10. There is only a very small initial weight

ig. 9. log σ vs. log C for (©) (PVdF-HFP)–30 wt.% OA without DMA and
�) corresponding (PVdF-HFP)-OA-DMA polymer electrolytes with 36 wt.%
MA.
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MA containing (a) 0, (c) 20 and (e) 40 wt.% OA and corresponding (PVdF-
FP)-OA-DMA polymer electrolytes with (b) 0, (d) 20 and (f) 40 wt.% OA

ontaining 36 wt.% DMA.

oss for electrolytes containing 0 wt.% OA and this is possibly
ue to the evaporation of the solvent left in the electrolytes. The
arge decrease in weight at temperatures around 450 ◦C is due
o decomposition of the polymer. With addition of 20 wt.% OA,
he behaviour of electrolytes with and without DMA is very
imilar. A 7–8% weight loss is observed up to temperatures of
50 ◦C and this is probably due to solvent remaining in the elec-
rolytes. The second weight decrease observed at temperature
round 180–200 ◦C is due to evaporation of DMA, while the
oss at around 450 ◦C results from decomposition of the poly-

er. A similar trend in behaviour is observed for electrolytes
ontaining 40 wt.% OA. In summary, TGA studies show that

hese electrolytes preserve their composition and are stable up
o 150 ◦C.

Conductivity cycling is a good indicator of the stability of the
lectrolyte. As shown in Fig. 11, the conductivity of polymer

ig. 11. Temperature dependence of conductivity of (©) (PVdF-HFP)–30 wt.%
A without DMA and (�) corresponding plasticized (PVdF-HFP)-OA-DMA
olymer electrolytes containing 36 wt.% DMA.
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lectrolytes with DMA is about two orders of magnitude
igher than that of polymers without DMA at all temperatures
n the 300–400 K range. The slope of the plot, which can
e described by a simple Arrhenius relationship, yields low
ctivation energies of 0.15 eV (with DMA) and 0.2 eV (without
MA). These values are much lower than those for most proton

onduction processes via vehicle mechanisms (0.3–0.4 eV) or
or those assisted by polymer libration (∼0.5 eV). Further work
s in progress to define the conduction mechanisms taking place
n the polymer systems that are being investigated here. The
inear relationship suggests that polymer segmental motion is
ot playing a role in ion conduction. Conductivity data during
ooling reproduces that found in the heating cycle (results of
ooling cycle not shown) and this also suggests that there is no
tructure or composition variation in the electrolytes for tem-
eratures up to 400 K. This feature is important for application
f the non-aqueous polymer electrolyte systems in fuel cells
hat are operated at elevated temperatures (i.e., above 80 ◦C).

. Conclusions

Polymer electrolytes containing PVdF-HFP and oxalic acid
ave been prepared and are found to have low conductivities.
he addition of DMA as a basic component (plasticizer) with
ielectric constant higher than PVdF-HFP results in an increase
n conductivity by nearly three orders of magnitude; a max-
mum conductivity of 0.12 × 10−3 S cm−1 has been obtained.
he increase in conductivity with DMA depends on the con-
entration of acid (OA) and plasticizer (DMA) in the polymer
lectrolytes. The effect is attributed to the dissociation of acid
y the polymer and DMA due to acid–base interactions tak-
ng place between these components. This proposition is sup-
orted by FTIR studies. It is concluded that DMA and the
olymer provide a combined conduction mechanism for pro-
on transport. Both DSC and TGA studies demonstrate that the
lectrolytes are stable up to 150 ◦C. The addition of the basic
omponent DMA is also found to change the morphology of the
lectrolytes.
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