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Non aqueous polymer gel electrolytes based on polyethylene oxide (PEO) and ammonium
hexafluorophosphate (NH4PFg) show high conductivity above 1072 S/cm at 25°C. The addition
of PEO to liquid electrolytes has been found to result in an increase in free ion concentration by
dissociating ion aggregates present in these electrolytes at higher concentrations ( > 0.4 M) of
NH4PFs alongwith an increase in viscosity. The free ion concentration and viscosity play a
dominant role on the conductivity behaviour of these polymer gel electrolytes at low and high
concentrations of PEO respectively. The presence of ion aggregates and their dissociation with
the addition of PEO has also been checked by FTIR and the results are in agreement with the
conductivity behaviour. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Polymer gel electrolytes obtained by immobilizing the
salt solution with the addition of a suitable polymer ma-
trix are important materials due to their high conductivity
(1072-10=* S/cm), good chemical and thermal stability,
ease of preparation, wide range of compositions allowing
a wider control of properties etc. [1, 2]. Although initial
work concentrated mainly on gel electrolytes containing
various lithium salts [3—5] yet proton conducting polymer
gel electrolytes are also being studied [6-9] to explore
their possible use in devices including proton exchange
membrane fuel cells. The addition of different polymers
enhances the viscosity (1) of the electrolytes which will
lower ionic mobility (u = ¢/6m nr) resulting in a decrease
in conductivity (o = nqu) [10] which is generally small
and is by a factor only not by an order which suggests that
the polymer plays the role of a stiffener only [4, 10-12].
However it has recently been reported [13—16] that poly-
mer addition can also result in an increase in conductivity
and gels have conductivity higher than the corresponding
liquid electrolytes. This is generally explained to be
due to an increase in free ion concentration with the
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addition of polymer but the exact mechanism is not
clearly understood. Recently “breathing polymeric chain
model” has been proposed to explain this conductivity
behaviour in non aqueous proton conducting polymer
gel electrolytes containing different aromatic carboxylic
acids and aliphatic dicarboxylic acids [13]. Polyethylene
oxide (PEO) which is widely used in polymer salt
complexes type polymer electrolytes has been reported
to result in conductivity enhancement in lithium ion
conducting polymer gel electrolytes [15]. However the
role of PEO on the conductivity behaviour of proton con-
ducting polymer gel electrolytes has not been studied in
detail.

In present study, PEO based non aqueous polymer
gel electrolytes containing ammonium hexafluorophos-
phate (NH4PFg) have been synthesized and the role of
PEO in conductivity modification has been investigated.
The variation of viscosity and pH of gel electrolytes
as a function of PEO concentration has been corre-
lated with the conductivity results and the presence of
free ions and ion aggregates has been analysed by FTIR
studies.
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2. Experimental

Ammonium hexafluorophosphate (NH4PFg) (Aldrich),
polyethylene oxide (PEO) (Aldrich, M,, = 5 x 10%) and
propylene carbonate (PC) (Merck) were used as the start-
ing materials in the preparation of various liquid and gel
electrolytes. Polymer gel electrolytes containing NH4PFg
and PEO in different concentrations were prepared by
adding PEO to the solutions of NH4PFg in PC alongwith
continuous stirring [9, 13]. The conductivity was mea-
sured by complex impedance spectroscopy with computer
interfaced Hioki 3532-50 Hi Tester and HP 4284 A pre-
cision LCR meter using a cell with platinum electrodes.
pH of electrolytes was measured by Systronics 335 pH
meter and viscosity was measured by Fungilab rotating
viscometer (Visco Basic L) and temperature of samples
was maintained by Julabo water circulator (F-12EC) with
an accuracy of £0.1°C. FTIR spectra of all samples was
recorded at 25°C with a computer interfaced Shimadzu
FTIR 8400S spectrometer.

3. Results and discussion

The conductivity (o) of liquid electrolytes due to the mo-
tion of ions is related to the diffusion coefficient (D) of
the mobile species through the Nernst-Einstein relation
[17]

o =ne*D/kT (1)

where ‘n’ is the number density of charge carriers, k
Boltzmann constant, T absolute temperature and e is the
electronic charge. The diffusion coefficient (D) is related
to the viscosity (1) of the electrolyte through the Stokes-
Einstein equation

D = kT /6mtrn 2)

where r is the effective radius of the diffusing species.
Solving Equations 1 and 2, we get

o = e’n/6mrny 3)

which shows the dependence of conductivity (o) on the
concentration of charge carriers (n) and viscosity (1) of
the electrolytes [ 18, 19]. The variation of conductivity as a
function of reciprocal viscosity (1/1), also known as fluid-
ity, for electrolytes containing different concentrations of
NH4PFs in PC is given in Fig. 1a. With an increase in salt
concentration from 0 to 1 M, the viscosity of electrolytes
increases marginally from 3.8 to 5.1 cP whereas the free
ion concentration will increase by a large amount. The in-
crease in ‘n’ will increase the conductivity of electrolytes
whereas increase in viscosity will decrease conductivity.
As the increase in ‘n’ is much more than the increase in
viscosity, so there will be a net increase in conductivity
with an increase in salt concentration. However at medium
salt concentrations, the presence of a large number of ions
may also lead to the formation of ion aggregates which do
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Figure 1 Variation of (a) conductivity (o) with reciprocal viscosity
(1/n), (b) log conductivity with log concentration and (c) Walden prod-
uct (An) with salt concentration, for electrolytes containing NH4PFg
in PC.

not contribute to the conduction process [18] and as a re-
sult conductivity does not increase at the same rate as has
been observed at low salt concentrations. This is reflected
in a change in slope in ¢ vs. 1/5 plot in Fig. la. Simi-
lar behaviour has also been reported [18] for electrolytes
containing lithium salts.



3.7 -
leoe (@)
[ ]
[ ]
3.2 - .
B .
)
n
S 2.7
5 [ B .,
|
2.2 .
| |
|
1.7 : .
1.2
(b)
aoe
1 4 ] . ° .
o u ®
© o
® .
u [ ]
0.8 .
L}
0.6 .
48 2400
[ ]
(©)
>
43 - L 1600
| ]
a
I
S om L
° =
| ]
3.8 . L 800
° " .
[ ] i | |
* [ ] . .
334annl , 0
0 5 10

conc of PEO (wt%)

Figure 2 Dependence of (a) conductivity (o), (b) fractional change in
conductivity(o /o) where o and o, are the conductivity of gel and liquid
electrolytes respectively and (c) pH and viscosity (1) with the concentration
of PEO, for electrolytes containing 0.5 (ll) and 1.0 M (e) NH4PFg in PC.

The presence of ion aggregates was also studied (qual-
itatively) by mass action considerations [20] according to
which the plot between log o and log C (C is salt concen-
tration) should be a straight line if all the ions are present
as free ions and a deviation from straight line will indicate
the presence of ion aggregates which do not contribute to
conductivity. The plot between log ¢ and log C for PC-
NH4PF; electrolytes as given in Fig. 1b shows a deviation
from straight line behaviour above 0.4 M NH4PFg¢, which
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Figure 3 Variation of concentration of charge carriers (n) with salt concen-
tration by assuming the salt to be fully dissociated ( O ) and calculated from
pH data ((J). B, e-show the charge carrier concentration for gel electrolytes
containing 0.5, 1 M NH4PFg¢ respectively.

suggests the presence of ion aggregates above this salt
concentration and this is in agreement with the conduc-
tivity results discussed above.

If the effect of salt concentration ‘C’ is compensated by
calculating equivalent conductivity (A = ¢/C), then the
Walden product (An)should remain constant. However
the plot of A#n with salt concentration in Fig. 1c shows a
small decrease which suggests that all ions are not free
and hence do not contribute to conductivity, possibly due
to the formation of ion aggregates as proposed above [19].
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Figure 4 Dependence of log conductivity and log viscosity on reciprocal
temperature for polymer gel electrolytes having composition PC + 0.5 M
NH4PFs + 6 wt.% PEO.
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The variation of conductivity of polymer gel elec-
trolytes containing 0.5 and 1 M NH4PFg in PC as a
function of PEO concentration is given in Fig. 2a. The
conductivity does not decrease with the addition of PEO
but shows a marginal increase at very low concentrations
(~1wt.%) of PEO and then decreases by a small factor at
higher concentrations of PEO but still gels have conduc-
tivity of the same order (10~ S/cm) as observed for liquid
electrolytes. Due to the high molecular weight of PEO
used in the present study, the viscosity of gel electrolytes
is large and as a result PEO upto only 8 wt.% of liquid
electrolytes could be added. The variation of fractional
change in conductivity o/o, (where ¢ and o, are the
conductivity of gel and liquid electrolytes respectively)
with PEO concentration as given in Fig. 2b shows that the
conductivity of gel electrolytes containing 0.5 and 1 M
NHy4PF¢ decreases by ~ 30 and ~ 18% of the conduc-
tivity of starting liquid electrolytes. The small increase in
conductivity (Fig. 2a) at very low concentrations of poly-
mer is not generally observed as observations are nor-
mally taken at 0, 5, 10, . . .wt.% of polymer concentration
only.

The decrease in conductivity at higher concentrations
of PEO is due to the dominant role of viscosity which
shows an exponential increase at higher PEO concen-
trations as given in Fig. 2c. The large viscosity lowers
ionic mobility and as a result conductivity decreases.
However the small increase in conductivity at very low
concentrations of PEO is possibly due to the role of
PEO in enhancing free ion concentration by dissoci-
ating ion aggregates/undissociated salt present in these
electrolytes and the change in free ion concentration was
calculated from pH of gel electrolytes. Fig. 3 gives the
variation of free ion concentration (n) with NH4PF¢ con-
centration for electrolytes: (a) assuming the salt to be
fully dissociated and all ions are present as free ions and
(b) actual variation of ‘n’ determined from pH of elec-
trolytes containing NH4PF¢ in PC. An increase in free
ion concentration with the addition of PEO to electrolytes
containing 0.5 and 1 M NH4PFg has been observed and
the results are in agreement with similar results reported
for lithium gels [15]. From above, it appears that both
free ion concentration as well as viscosity affects the con-
ductivity behaviour of polymer gel electrolytes. The free
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Figure 5 FTIR spectra of PC (a), NH4PFg (b), liquid electrolytes containing 0.5 M (c) and 1 M (d) NH4PFg and polymer gel electrolytes containing 1 (e),

5 (f) wt.% PEO and of PEO (g).
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ion concentration plays a dominant role at low concentra-
tions of PEO whereas viscosity plays a dominant role at
higher concentrations of PEO. Similar behaviour has also
been reported for PMMA based polymer gel electrolytes
containing different nitrobenzoic acids [9].

The dependence of conductivity and viscosity on tem-
perature was also studied for polymer gel electrolytes and
the variation of log conductivity and log viscosity with
reciprocal temperature is given in Fig. 4. A decrease in
viscosity observed with an increase in temperature results
in an increase in conductivity.

Interactions between the salt, solvent and polymer; the
presence of ion aggregates and their dissociation with
the addition of polymer were also studied by FTIR and
spectra of some selected samples are given in Fig. 5.
The assignment of some important peaks is also given in
Table 1.

The spectra of solvent (PC) shows a doublet due
to Fermi resonance at 1800 cm™! (due to vc_g) and
1896 cm~! (due to overtone of ring breathing mode
at 950 cm_l) [18, 21, 22] and their positions shifts to
1789 cm~! and 1903 cm~! respectively with the addition
of NH4PFg which suggests the interaction of NH4 ™ with
the electronegative oxygen of C=0 group of PC. It has
been reported [23] that at low salt concentrations, the salt
is dissociated and the cations are solvated by the solvent
molecules via strong interactions between the cation of the

salt and the oxygens of the carbonate solvent. The broad-
ening of the 1789 cm~! peak with the addition of PEO is
due to its overlapping with the peak due to the ether oxy-
gen of PEO at 1793 cm™! [24] which suggests that PEO
chains also affect the Fermi resonance doublet of PC. An
increase in salt concentration from 0.5 to 1 M in PC also
results in an increase in intensity of peaks of PC at 711,
777 and 846 cm~! due to the interactions of NH4 T with
solvent molecules [18]. The appearance of new peak at
742 cm~! with the addition of salt is due to the stretching
vibrations of PFs™ [25]. The peaks at 1290 cm™! along-
with a shoulder at 1073 cm™! at high salt concentrations
is due to the presence of NH4PFg in these electrolytes.
However these peaks disappear with the addition of PEO
due to their overlapping with the peaks of PEO present in
this region. The peak at 1402 cm™! due to the asymmetric
H-N-H bending [26] interacts with the 1388 cm~! peak of
PC and shifts to 1392 cm~! in liquid electrolytes along-
with the appearance of a shoulder at 1428 cm~! which has
been assigned to be due to ion aggregates [ 18, 27]. The dis-
appearance of this shoulder with the addition of PEO due
to their overlapping with the peaks of PEO is possibly due
to the dissociation of ion aggregates as proposed above
while explaining conductivity results. Similarly a shoul-
der at 3029 cm ™! due to the presence of salt in electrolytes
containing 1 M NH4PFg is also not present in the spectra
of gel electrolytes. The peak at 3190 cm~! due to NH4PFg

TABLE I Group frequencies and possible assignments of PC-(0.5, 1 M) NH4PFs-(1, 5 wt.%) PEO
Wavenumber (cm™!) Group/species/molecular ions with their possible assignments References
711 sym. ring (deformation + breathing) in PC (in liquid and gel electrolytes) 18
742 stretching vibrations of PF¢~ (in PC-NH4PFg interaction) 25
777 ring deformation mode in PC (in liquid and gel electrolytes) 18
840 PC-NH4PFg interaction
842 CH; asymm. rocking in PEO 24
845 free PF¢™ anions 30
846 vibration of methyl group of PC molecules 25
950 ring stretching and breathing modes in PC 18,21
957 CHj rocking sym., C—-O—C asymm. stretching in PEO 24
1100 C-O—C (sym. + asymm.) stretching in PEO 24
1190 CH wagging and sym. stretching (vCO) in PC 28
1224 CH wagging and sym. stretching (vCO) in PC (in liquid and gel electrolytes) 18
1236 CH; twisting sym. in PEO 24
1280 CH; twisting (asymm. + sym.) in PEO 24
1290 NH4PFg 31
1291 v(C-0) of -COO-in PC 28
1344 CH; asymm. wagging in PEO 32
1353 CH sym. bending in PC 32
1357 CH; sym. wagging, CC stretching in PEO 32
1388 CH wagging (out of plane) in PC 33
1392 asymm. H-N-H deformation in liquid and gel electrolytes
1402 asymm. H-N-H bending 26
1428 PC-1M NH4PFg (ion aggregates) 18,27
1789 vs (C=0) in PC (in liquid and gel electrolytes) 18,21
1793 (C-0O) group in PEO 24
1903 2 x ring breathing mode of PC (~ 950 cm™!) (in liquid and gel electrolytes) 18,21
2798 NH4PFg
3029 PC-1M NH4PFg (ion aggregates/undissociated salt)
3120 PC-0.5 M NH4PFg (free ions)
3190 NH4PFg
3210 PC-0.5 M NH4PFg (ion aggregates/undissociated salt)
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changes into the doublet (3120 cm~' and 3210 cm™!) in
liquid electrolytes containing 0.5 M NH4PF¢ which indi-
cates the presence of two different kinds of environment
for PF¢~ anions [28] in these electrolytes and splitting
of some bands of solvent may be due to the solvation of
salt. Similar behaviour has earlier been reported for elec-
trolytes containing LiPFg [29]. The formation of doublets
near 1200 cm ™! and 1350 cm ™! after the addition of poly-
mer is due to the strong electrostatic attraction between
the cation and ether oxygen of PEO.

Thus FTIR results also indicate that ion aggregates are
present in liquid electrolytes at high salt concentrations
alongwith the presence of free ions and some undissoci-
ated salt. The addition of PEO results in the dissociation
of some ion aggregates/undissociated salt leading to an
increase in free ion concentration which enhances con-
ductivity of the electrolytes. However due to the large
molecular weight of PEQO, there is a large increase in
viscosity also which plays a dominant role and results in
lower mobility and hence conductivity decreases at higher
concentrations of PEO. These results are in agreement
with the conductivity, viscosity and pH results discussed
above for these gel electrolytes.

4. Conclusions

PEO based non aqueous polymer gel electrolytes con-
taining NH4PFg possess high conductivity ~ 1072 S/cm
at 25°C. Ion aggregates present in these electrolytes at
high concentrations of salt gets dissociated with the addi-
tion of PEO and as a result a small increase in conductivity
is observed. The conductivity of polymer gel electrolytes
depends upon the free ion concentration and viscosity
which play a dominant role at low and high concentra-
tions of PEO respectively. A decrease in viscosity with an
increase in temperature is accompanied by an increase in
the conductivity of gel electrolytes. The presence of ion
aggregates and their dissociation with the addition of PEO
is also supported by FTIR results. Due to high conductiv-
ity, these polymer gel electrolytes are potential materials
for different devices.
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