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bstract

A new Na+ ion conducting polymer electrolyte, based on poly(ethylene oxide) (PEO) and sodium meta phosphate (NaPO3) is investigated.
PEO)n:NaPO3 polymer metal salt complexes with different [ethylene oxide]/Na ratios (n = 3, 4, 6, 8 and 10) are prepared by the solution casting
ethod. Dissolution of the salt into the polymer host is confirmed by X-ray diffraction, differential scanning calorimetry (DSC) and scanning

lectron microscopy. Further, interaction of the polymer chains with the metal salt is substantiated by Fourier transform infrared spectroscopy. The
lectrical conductivity of the samples is measured over the temperature range 322–351 K. The temperature dependent conductivity exhibits two
ifferent activation energies, below and above the softening point of the polymer. The composition (PEO)6:NaPO3 is found to exhibit the least
rystallinity but the highest conductivity 2.8 × 10−8 S cm−1 at 351 K. The electronic transport number, measured by the dc polarization technique,

hows that the conducting species are ionic in nature. The effect of ethylene carbonate on the best conducting composition is investigated by DSC
nd impedance spectroscopy. The addition of 20 wt.% ethylene carbonate, increases the amorphous phase and enhances the conductivity by two
rders of magnitude.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Solvent-free, metal salt complexes belong to the class of supe-
ionic materials known as polymer electrolytes. These materials
ave been studied extensively in recent years, not only because
f their ideal features as a solid electrolyte, but because of the
ransport mechanism which differs sharply from that of con-
entional fast-ion conductors. Polymer electrolytes have many
dvantages, such as flexibility, ease of processing into thin films
f large surface area, electrochemical stability, leak-proof nature
nd volumetric stability over repeated charge–discharge cycles
n a given device. These features are highly preferable for elec-
rolytes used in numerous solid-state electrochemical devices,
uch as secondary batteries, electrochromic display devices,
upercapacitors and specific ion sensors.
A large number of Li+, Na+ and H+ conducting polymer
lectrolytes, formed by the dissolution of alkali metal salts in
arious polymer hosts have been reported in literature [1]. In
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rder to achieve a well-complexed polymer–metal–salt system,
he choice of polymer as well as the metal salt plays a key role.
evertheless, only a few common guidelines are available for

hoosing the polymer host and the metal salt [2–4]. The choice
f polymer host depends mainly on factors, such as: (i) the pres-
nce of a sequential polar group with large sufficient electron
onor power to form coordination with cations; (ii) a low hin-
rance to bond rotations, there by favouring easier segmental
otion; (iii) a suitable distance between coordinating centres,

n order to form multiple intrapolymer ion bonds. In this con-
ext, a variety of polymers, such as poly(ethylene oxide) (PEO),
oly(propylene oxide) and poly(ethylenimine), poly(ethylene
uccinate), have been examined as host polymers [1]. The poly-
er poly(ethylene oxide) has received much attention as a host

olymer because of its ability to dissolve high concentrations of
wide variety of metal salts, and its good electrochemical sta-
ility and mechanical properties compared with those of other
olymer hosts [1,5,6].
In order to achieve complete dissolution of salt into the poly-
er host, the lattice energy of the salt has to be compensated by

he exothermic ion-solvation energy. This condition contributes
o the reduction in the change of free energy that is involved
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n the solvation process. The choice of cation is restricted to a
roup of small ions, because of the requirements for the elec-
rolyte in the given application, and hence the size of the anion
lays important role in fulfilling the criterion of lattice energy. A
omparison of the anions, according to the size and cation–anion
ables, with respect to solubility in PEO has been well reviewed
3,7]. It is found that anions with larger radii possess least lat-
ice energy, and those with low charge density have the least
endency to form tight ion-pairs. Therefore, the most common
nions that aid complexation are I−, SCN−, ClO4

−, CF3SO3
−,

F4
− and AsF6

−. The coordination of the cations and the func-
ional groups of the polymer and the stability of the complex
epends on the Hard Soft Acid Base (HSAB) principle [1,4]. The
ecent developments in the filed of polymer ionics are directed
owards finding a new polymer host or optimizing the ionic con-
uctivity of well-known polymer electrolytes by several routes,
uch as the incorporation of nanosized inert particles and plas-
icizers and the blending of polymers [8].

In the present work, a new polymer electrolyte system, viz.,
odium metaphosphate salt complexed with the well-known
olymer host PEO, has been attempted. Though lattice energy
ata are not available for NaPO3, the PO3

− ion has a radius
0.204 nm) comparable with that of BF4

− ion (0.205 nm), the
lkali salt of which is known to form complexes with PEO
9]. (PEO)n:NaPO3 polymer metal salt systems (n = 3, 4, 6,
, 10) have been prepared and characterized by means of X-
ay diffraction (XRD), differential scanning calorimetry (DSC),
ollowed by scanning electron microscopy (SEM) and Fourier
ransform infrared spectroscopy (FTIR) techniques. The con-
uctivity of these systems and transport number measurements
re also studied by ac impedance spectroscopy and dc polar-
zation techniques. The effect of ethylene carbonate plasticizer
n one of the above polymer compositions has been evaluated
hrough DSC and ac impedance spectroscopy.

. Experimental

Poly(ethylene oxide) (mol. wt. 4 × 106, Aldrich) was dried
nder vacuum at 60 ◦C for 8–10 h and NaPO3 salt was pre-
ared on slow cooling a melt of Na2CO3 and (NH4)H2PO4
rom 900 ◦C to room temperature. The salt was kept in an oven
t 150 ◦C for 24 h prior to use. Polymer electrolyte films with
:Na ratios of 3, 4, 6, 8 and 10 were prepared by the solution-

asting method. Appropriate quantities of PEO and NaPO3 were
issolved in acetonitrile, and then thoroughly mixed and stirred
or 24 h using a magnetic stirrer. The resulting homogeneous
olution was poured into a PTFE Petri dish and vacuum dried at
0 ◦C for 48 h to remove all traces of solvent. The thin polymer
lms thus obtained had a thickness of about 150 �m and were
reserved in a vacuum desiccator.

X-ray diffraction patterns of the NaPO3 salt, PEO and poly-
er electrolytes in the form of films were obtained with a by
hilips X-ray generator (PW140) in the range 10–60◦ using Cu

� radiation. All the measurements were taken under identical

onditions for unambiguous comparison. The thermal behaviour
f the complexes was studied using a NETZSCZ DSC (200
hox), over a range of −100 to 100 ◦C. Polymer samples of

t
o

t
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bout 5–6 mg were sealed in aluminum pans and experiments
ere performed under a nitrogen gas atmosphere. The sam-
les were first heated from room temperature to 100 ◦C (run
), cooled to −100 ◦C (run II), then again heated to 100 ◦C (run
II) at a heating rate of 5 ◦C min−1. The surface morphology
f the gold coated polymer films was investigated with a JEOL
canning electron microscope (JSM 840), and FTIR absorption
pectra were recorded with a Perkin-Elmer spectrometer in the
requency range of 3000–500 cm−1 at a resolution of 2 cm−1.

Impedance measurements were taken with a Keithley 3330
mpedance analyzer in the frequency range 40 Hz to 100 kHz
nd the data was collected through a IEEE-488 interface bus.
he polymer films were cut into a circular shape of 10 mm
iameter, and the silver electrodes were coated on both sides
or good electrical contacts. The sample was kept between a
air of finely polished silver electrodes and the cell assembly
as maintained under a constant spring load in a quartz sam-
le holder. The temperature of the sample was maintained by a
hromel–alumel thermocouple, which was kept close to the sam-
le, with an accuracy of ±1 K. The measurements were carried
ut over the temperature range of 322–351 K under a nitrogen
tmosphere. The electronic transference number of the poly-
er electrolyte was determined by means of the dc polarization
ethod. In this method, a constant dc voltage of 200 mV was

pplied across the sample, which was placed between a pair of
locking silver electrodes, and the current flowing through the
ell was monitored as a function of time with a Keithley 614
igh impedance electrometer.

The electronic transference number was calculated using the
elation:

e = Is

I0
(1)

here I0 and Is represent the instantaneous current on application
f voltage and the resultant current at the end of polarization,
espectively.

. Results and discussion

.1. Characterization of polymer electrolytes

A comparison of the XRD patterns of NaPO3 salt and
olution-cast films of pure PEO and polymer salt complexes with
ifferent O:Na ratios are presented in Fig. 1. The XRD pattern of
aPO3 was compared with standard JCPDS data (11-0650) and

he phase was confirmed. PEO shows two broad peaks at around
0◦ and 23◦, which indicates the semi-crystalline nature of the
olymer [6]. On addition of the salt into the polymer host, the
RD pattern of the complexes showed broadening and reduc-

ion in the intensity of the PEO peaks. This can be attributed
o destruction of the ordered arrangement of the polymer side
hains, and hence an enhancement in the amorphous phase. In
ddition, the XRD of complexes display peaks of low intensity

hat correspond to strong lines of NaPO3. No new peaks are
bserved.

The DSC traces of pure PEO and a typical polymer elec-
rolyte with a O:Na ratio of 6:1 are shown in Fig. 2. These were
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ig. 1. X-ray diffraction patterns of PEO, NaPO3 and (PEO)n:NaPO3 elec-
rolytes.

ecorded over a thermal cycle, in which the samples were heated
rom room temperature to 100 ◦C, cooled to −100 ◦C and then
eheated to 100 ◦C. Thermal parameters, such as the glass tran-
ition temperature (Tg), the melting temperature and the degree
f crystallinity obtained during the heating process from −100
o 100 ◦C (run III), are listed in Table 1 for pure PEO and poly-
er electrolyte films with different O:Na ratios. The value of Tg

ncreases with increase in salt concentration and reaches a max-
mum for O:Na = 6; it then decreases. The increase in Tg can
e attributed to a reduction in polymer chain flexibility due to
nteraction of ether oxygens in the polymer chain and Na+ ions.
his confirms complexation of the polymer and the metal salt.
imilar types of variation have been observed in other systems

10]. The melting points of the polymer electrolytes are found
o vary by a few degrees from that of pure PEO (63.7 ◦C). This
eflects the presence of crystalline regions at various degrees of
erfection in the complexed samples [11]. The endothermic peak

able 1
omparison of thermal parameters of (PEO)n:NaPO3 systems

omposition O:Na ratio Tg (◦C) Tm (◦C) Crystallinity (%)

ure PEO −61.1 63.7 63.1
0 −58.8 67.2 54.7

−55.4 66.8 44.5
−53.1 62.3 37.4
−54.1 67.1 40.5

p
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p
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Fig. 2. DSC traces of pure PEO and (PEO)6:NaPO3.

bove 60 ◦C corresponds to the melting point of the pure PEO
rystalline phase. The polymer–salt interaction caused by the
ddition of salt causes disorder in the oriented crystalline-rich
hase. The crystallinity of a complex is calculated from:

C = �Hm

�H0
PEO

(2)

here �Hm is the enthalpy of melting of the sample and �H0
PEO

s the enthalpy of melting of 100% crystalline PEO, namely
13.7 J g−1 [12]. The crystallinity of the composition with the
owest salt concentration (O:Na ratio 10) is found to be least
ffected. On increasing the salt content, however the crystallinity
educes to a minimum of 37% for a O:Na ratio of 6, com-
ared with 63% for the polymer host. On further increase in
he salt concentration, the crystallinity increases and this can be
ttributed to either a crystalline-rich phase or a uncomplexed
alt-rich phase.

Scanning election micrographs of uncomplexed PEO and
olymer metal salt complexes with O:Na ratios of 4, 6, 8 and
0 are presented in Fig. 3a–e. The micrograph of pure PEO
hows only bright and dark regions in the form of stripes, which
orrespond to the crystalline and amorphous phases of the poly-

er film. On addition of the salt, the dark area corresponding

o the amorphous phase increases, which indicates a reduction
n crystallinity of the polymer electrolytes. The polymer elec-
rolyte with a O:Na ratio of 10, i.e. the least salt concentration,
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Fig. 3. Scanning electron micrographs: (a) pure PEO

as a distinct, uniformly arranged, spherulite-like structure. On
ncreasing the salt concentration, the weak fibrillar branches
ound in the spherulitic structure are markedly diminished and
ppear to be spherulitic nuclei. At the maximum salt concentra-
ion, i.e. O:Na = 4, micrograph shows a zone of uncomplexed
alt, together with crystalline and amorphous regions of the
olymer. These morphological studies substantiate the results
btained by XRD and DSC techniques with regard to complex-
tion and enhancement of the amorphous phase of the polymer.

On addition of salt to the polymer host, the cation of the metal
alt becomes coordinated with ether oxygen of the polymer back-
one and give rise to in complexation. This type of interaction
ill influence the local structure of the polymer backbone and

ertain infrared-active modes of vibration will become affected.
n this context, various groups have confirmed the complexation
f alkali metal salts in polymer hosts, by the FTIR technique

13–16]. The FTIR spectra of NaPO3 and thin films of PEO and
PEO)n:NaPO3 polymer metal complexes with different O:Na
atios are shown in Fig. 4. The spectra of the complexed systems
isplay some spectral features that are similar to those of pure

(

O:Na = 4, (c) O:Na = 6, (d) O:Na = 8, (e) O:Na = 10.

EO. Prominent changes have been observed in the following
pectral regions, due to the polymer–metal salt interaction.

(i) In the spectral range 1050–1160 cm−1, significant changes
are observed in the width and the intensity of the vibra-
tional bands of PEO, on the addition of NaPO3 at dif-
ferent concentrations. These conformal changes corre-
spond to C O C symmetric vibrational modes. In addi-
tion, a few low intense bands are observed in the range
800–1000 cm−1. The conformal changes, which corre-
spond to those of IR active vibrational bands involving ether
oxygen, indicate the complexation of alkali metal ion to the
ether oxygen [13,14].

(ii) The width of the strong absorption band of the C H stretch-
ing modes seen in the region 2800–2950 cm−1 decreases
with increasing salt concentration.
iii) The rest of the bands in the above range are found to be sim-
ilar to those of PEO. This confirms that the guche CO CO
conformation of pure PEO remains unaffected on complex-
ation. Similarly, the vibrational bands seen in the range



1454 A. Bhide, K. Hariharan / Journal of Power Sources 159 (2006) 1450–1457

F

3

s
T
c
(
t
s
t
n
n
t
T
d
c
I
f
h
q
h

F
F

n
l
p
a
i
t
t
s
r
A
p
t
m
T
i
s
p
t
P
t

σ

u
t
T
d
s
e
t

3

ig. 4. FTIR spectra of PEO, NaPO3 and (PEO)n:NaPO3 polymer electrolytes.

1242–1280 cm−1, which are assigned to CH2 wagging
modes, and those observed between 992 and 1012 cm−1,
which are assigned to CH2 rocking remain unchanged [13].
Though a detailed analysis has not been carried out because
of the poor resolution of the spectra, the above observations
confirm the complexation.

.2. Conductivity studies

Conductivity measurements of the above polymer electrolyte
amples have been carried out as a function of temperature.
he samples were heated to 351 K and measurements were
arried out while cooling the sample. Impedance plots of the
PEO)6:NaPO3 polymer electrolyte system as a function of
emperature are given in Fig. 5. The plots show a depressed
emicircular nature and an increase in radius with decrease in
emperature, which indicates an activated conduction mecha-
ism. The plots have been analyzed by means of the EQUIVCRT
on-linear least-squares fitting program [17] and the bulk resis-
ance has been extracted in order to determine the conductivity.
he same procedure was adopted for determination of the con-
uctivity of different compositions. The inset of Fig. 5 shows the
onductivity as a function of frequency at various temperatures.
n the low-frequency range, the conductivity is independent of

requency. By contrast conductivity dispersion is observed at
igher frequency ranges. As the temperature increases, the fre-
uency at which the dispersion becomes prominent shifts to a
igher frequency region.

e
d
n

ig. 5. Impedance plots of (PEO)6:NaPO3 polymer electrolyte system. Inset:
requency-dependent conductivity plot.

Though the conductivity of the polycrystalline NaPO3 salt is
ot available, the conductivity of the palletized salt is found to be
ess than 10−9 S cm−1 under an inert atmosphere at room tem-
erature. On the other hand, the (PEO)6:NaPO3 system exhibits
maximum conductivity of 2.8 × 10−8 S cm−1 at 351 K, which

s above the softening point of the polymer electrolyte sys-
em. On further increasing or decreasing the salt concentration,
he conductivity decreases. In the case of polymer electrolyte
ystems, the elastomeric phase favours the migration of car-
ier ions via micro-Brownian motion of the polymer segments.
lso, the ions find easier pathways in interchain and intrachain
olymer segments, which favours an enhancement in conduc-
ivity [18,19]. The temperature dependent conductivity of poly-
er electrolytes with different O:Na ratios is shown in Fig. 6.
he graphs obey Arrhenius behavior with a clear distinction

n the slopes around 338 K, above which the polymer metal
alt complex starts to soften. This feature indicates that the
olymer–metal complex has a crystalline phase throughout the
emperature range. Similar features have been observed for a
EO-NaSCN system by Armand et al. [20]. The plots are fitted

o the relation

= σ0 exp

( −Ea

KBT

)
(3)

sing linear fit program, where σ0 is the pre-exponential fac-
or, Ea the activation energy, KB the Boltzmann constant and

is the absolute temperature. The activation energy and con-
uctivity values in the two regions are given in Table 2. All the
amples consistently show higher conductivity above the soft-
ning point with a low activation energy, which demonstrates
hat the amorphous phase is responsible for ionic conduction.

.3. Transport number measurement
The sample was placed between a pair of silver blocking
lectrodes and maintained at 351 K for 2 h. On application of a
c potential of 200 mV to the above configuration, the instanta-
eous initial current I0, is 0.13 �A. After a long interval of 18 h,
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Fig. 6. Temperature-dependent conductivity of different composition.

he cell because completely polarized and delivered a steady-
tate current of 1.8 nA.

There was no significant change in the above value even after
8 h. The decrease in the polarization current can be attributed
o the migration of ions due to the applied field and this is bal-
nced by diffusion due to the concentration gradient. Thus, the
esulting steady-state current is due only to electrons or holes
nd the electronic contribution is found to be 0.01. The ionic
ontribution is evaluated through the equation [21]:

i = 1 − Is

I0
(4)

nd is found to be nearly equal to unity.
. Effect of plasticizer on (PEO)6:NaPO3

The effect of plasticizer addition on the conduction character-
stics of the best conducting (PEO)6:NaPO3 polymer electrolyte

(
i
1

able 2
emperature-dependent conductivity and activation energy as function of compositio

omposition
:Na ratio

Conductivity at
322 K (S cm−1)

Ea (eV) regio
below 338 K

0 1.2 × 10−9 0.71
8 3.2 × 10−9 0.69
6 3.9 × 10−9 0.73
4 1.4 × 10−9 0.81
3 1.9 × 10−9 0.74
ig. 7. DSC traces of (PEO)6:NaPO3 polymer electrolyte and plasticized elec-
rolyte.

ystem has been investigated. Ethylene carbonate was chosen
ecause of its high dielectric constant and viscosity, which
avours ionic dissociation of the solute and easy ion migra-
ion [22]. 20 wt.% of ethylene carbonate (Aldrich, 98%) was
ncorporated while homogenizing a acetonitrile solution of PEO
nd NaPO3 at a O:Na ratio of 6. Thin films of the polymer
lectrolytes were obtained by the solution-casting method, as
xplained above.

The DSC traces of (PEO)6:NaPO3 + 20 wt.% EC and
PEO)6:NaPO3 polymer electrolytes are given in Fig. 7. The
esults reveal a decrease in the degree of crystallinity to 34.1%
nd a lowering of the Tg to −66.7 ◦C, which can be attributed
o an enhancement in the amorphous phase and improved flexi-
ility of the polymer host.
A comparison of temperature-dependent conductivities of
PEO)6:NaPO3 and plasticized polymer electrolyte is shown
n Fig. 8. The plasticized electrolyte has a conductivity of
.6 × 10−6 S cm−1 at 351 K, which is two orders of magnitude

n

n Conductivity at
351 K (S cm−1)

Ea (eV) region
above 338 K

1.6 × 10−8 0.43
2.2 × 10−8 0.40
2.9 × 10−8 0.40
1.9 × 10−8 0.43
0.6 × 10−8 0.44



1456 A. Bhide, K. Hariharan / Journal of Pow

Fig. 8. Comparison of temperature-dependence of conductivity of (PEO)6:
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[
[

[
[19] C.A. Vincent, Chem. Brit. 25 (1989) 391–395.
[20] M.B. Armand, J.M. Chabango, M.J. Duclot, in: P. Vashishta, J.N. Munday,
aPO3 and plasticized (PEO)6:NaPO3 with 20 wt.% of ethylene carbonate.
nset: VTF plot of plasticized polymer electrolyte above softening point.

igher than that of the (PEO)6:NaPO3 system. In contrast to
he PEO–NaPO3 system, the temperature-dependent conduc-
ivity plot has exhibits curvature above the softening point.
his type of behaviour is often displayed by polymer metal
alt complexes with elastomeric-rich phase and is convention-
lly described by the empirical Vogel–Tammann–Fulcher (VTF)
quation [23–26], i.e.

(T ) = AT−1/2 exp

{
− B

T − T0

}
(5)

here T is the absolute temperature, and A, B and T0 are the
tting constants. The fitting constant A includes some terms

hat might show temperature dependence, B is considered as the
seudoactivation energy. T0 is the Vogel temperature or ideal
lass transition temperature, at which the free volume of the
olymer tends to zero.

The data has been fitted to the Eq. (5), following the fit-
ing procedure explained by Adamic et al. [27]. The inset of
ig. 8 shows a linear plot obtained by plotting log (σT1/2) ver-
us 1000/(T − T0), for the conductivity data above the softening
emperature. The pseudo activation energy determined from the
est fitting parameters at T0 ∼= Tg (205 K) is found to be 0.03 eV.

t is noted that the conductivity data below the softening temper-
ture exhibits an Arrhenius type behaviour, with an activation
nergy of 0.41 eV. [
er Sources 159 (2006) 1450–1457

. Conclusions

PEO-based polymer electrolytes complexed with NaPO3
ave been prepared by the solution-casting method. Polymer
etal salt complexes with different O:Na ratios have been char-

cterized by XRD, DSC and SEM studies. The broadening and
eduction in the intensity of the Bragg peaks confirms the dis-
olution of metal salt in the polymer host. The DSC results have
urther confirmed a reduction in the crystallinity and an increase
n the Tg of polymer electrolytes, compared with that of pure
EO. Also, scanning electron micrographs distinctly show the
orphology of both uncomplexed polymer and polymer com-

lexed with NaPO3. Conformal changes in the infrared-active
odes of the polymer side chains indicate the coordination of the

ther oxygen of PEO with the metal salt ion. The electrical con-
uctivity of the above electrolytes proceeds via an activated con-
uction mechanism with two different activation energies. The
PEO)6:NaPO3 system with an elastomeric-rich phase exhibits a
aximum conductivity of 2.8 × 10−8 S cm−1, with a negligible

lectronic transport number. Therefore, this material establishes
new polymer electrolyte system, (PEO)n:NaPO3. Incorpora-

ion of 20 wt.% of ethylene carbonate as the plasticizer increases
he amorphous phase and enhances the conductivity by two
rders. Thus, the plasticized (PEO)6:NaPO3 polymer electrolyte
ystem with an enhanced amorphous phase and conductivity
equires further investigation for device applications.
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