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lon conducting polymer electrolyte films having high salt concentrations have been studied.
The system studied is PEO: NHyl, dispersed with «-Al,0;. Mechanically stable films with
NHJ /EO ratio > 0.13 have been obtained by dispersal of Al,O;. The films have been
characterized using various techniques such as X-ray diffraction (XRD), differential thermal
analysis (DTA), polarization and complex impedance spectroscopy. Intercorrelation between
polymer matrix crystallite size, conductivity, and «-Al,O3 particle size is established.

1. Introduction

Some of the PEO based polymer electrolytes are
limited by poor mechanical properties, in spite of their
reasonably high electrical conductivity and thereby
the possibility of their use in a large number of practi-
cal applications. Recently, it has been realised that
developing proton (H™") conductors have vast techno-
logical applications, particularly in fuel cells and
sensors. Some of the reported PEO based proton
conductors are, PEO: NH,SCN, PEO: NH,SO;CF,
[1], PEO: NH,HSO, [2], PEO: NH,CIO, [3.4],
PEO: H;PO, [5], PEO: (NH,) ,80, [6], PEO: NH,I
[7].

For most polymer electrolytes the conductivity de-
creases at higher concentrations due to ion-association.
However, Maurya et al. [7] have reported in their
studies on the PEO: NH,I system that its conductivity
keeps on increasing until 70:30 wt% ratio is reached.
Beyond this weight percent ratio (NH4/EO > 0.13), the
films become mechanically unstable and “glue-like”.
The motivation of this study was to prepare mechan-
ically stable films (i.e. films which could be handled with
ease and were non-sticky) with higher NH,I content in
PEO with the hope that a higher conductivity will be
obtained. To achieve this goal, we dispersed a-Al,O5 in
PEO and studied the following:

(i) Differential thermal analysis (DTA) for obtaining
phase diagrams.

(i) X-ray diffraction (XRD) for d-values and crystal-
lite size.

(i) o versus Al,O3 content for different films.

(iv) o versus Al,O; particle size.

(v) Correlation between o and polymer matrix crys-
tallite size (i.e. Scherrer length).

(vi) o versus 1/T for different films.

We have found that Al,O; forms a dispersed phase
system with the polymer electrolyte and also affects
the crystallinity (and hence the conductivity) of the
polymer electrolyte.
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2. Experimental procedure

The experimental methods used to obtain and charac-
terize the PEO: NH,I ( + Al,O3) polymer films are
given below:

2.1. Film preparation

Polymer films were prepared by the well known solu-
tion cast technique. PEQO (MW = 6 x 10°) and NH,I
were weighed for different NH; /EO ratios (0.034,
0.076, 0.13, 0.20, 0.30) and were dissolved in distilled
methanol. To this mixture Al,O; was added in differ-
ent weight percentages (1, 5, 10, 15, 20, 30, 40, 50) and
the solution was stirred for ~8-10h at 40°C. The
highly viscous solutions thus obtained were poured
into polypropylene dishes and the solvent was allowed
to evaporate in dry ambient air. These films were then
vacuum dried at ~0.013 Pa for 24 h to remove traces
of solvent. Aluminium was vacuum coated onto both
sides of the films (using masks of known area) to take
clectrical contacts.

2.2. Complex impedance plots

Complex impedance plots of PEO: NH,I ( + Al,O3)
polymer films were obtained using a Solartron (1250
frequency response analyser and 1286 electrochemi-
cal interface) coupled to a HP-computer. The
measurements were taken in the frequency range
6.5Hz-65 KHz.

2.3. X-ray diffraction

XRD patterns of the polymer films were taken on
a Rigaku Rotaflex unit with scan speed of 2°min~".
The size of the PEO crystallites (L) have been cal-

culated using the Scherrer formula, given as

09
~ Bcosby

(1)
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where A is the wavelength of the X-rays used, B is the
full width at half maximum intensity (in radians) of the
XRD peak at 0,

2.4. Differential thermal analysis
DTA of the PEO: NH,I ( + Al,O3) films was carried
out with a Linseis’s unit (Model 2045). The measure-
ments were done from room temperature (~ 30°C) to
200°C at a heating rate of 5°C min~>.

2.5. lonic transference number

Wagner’s polarization method was used to find out
the total 1onic transference number. The polarization
was performed by applying a d.c. bias of 200 mV and
the current was measured by a Keithley source
measure unit (Model 236).

3. Results and discussion

The structural and ion transport studies carried out
on the PEO: NH,I (+ Al,O,) systems are given
below.

3.1. Differential thermal analysis (DTA)
DTA is reported by Maurya et al. [7] for PEO: NH,I
for different NH; /EO ratios but with no alumina.
Here, we wanted to study the effect (if any) caused in
the phase diagram of PEO: NH,I on the dispersal of
Al,O;. Therefore, DTA was carried out for PEO:
NH,J films with NH{/EO=0.13 with
0,1,10,20, 30,40 and 50 wt% of Al,05. The results are
shown in Fig. 1. A comparison of all the DTA curves
shows that the dispersal of Al,05 introduces only the
following minor changes:

(a) The PEO: NH,I complex T, “peak” corres-
ponding to melting of PEO in the crystalline phase, at
66°C for a sample with no Al,O3, shifts slightly to the
lower temperature side by < 3°C as Al,O; content is
increased.

(b) The broad peak at ~86°C in 0% Al,O; film
(identified as T, for the crystalline complex of PEO,
abbreviated as (PEO),, splits into two peaks. The
split peak (at ~ 78 °C) on the lower side of the original
peak (at 86°C) shows a similar shift to T,, (66°C)
given above with the addition of Al,O;. The other
split peak is tentatively assigned to (PEO)c. a1,0, as-
suming that the Al,O; dispersal affects the energetics
of (PEO). by distorting the PEO helical chain.

Fig. 2 is the phase diagram of the PEO: NH,I
polymer film (NH; /EO = 0.13) based on DTA curves
for different weight percentages of Al,O; given in
Fig. 1. In this figure, Region I is marked by the co-
existence of PEQ in the crystalline form (PEO),, PEO
in the crystalline complex form (PEO).., and PEO
crystalline complex distorted due to Al,Oj
(PEO),c, a1,0,, Region II contains the (PEO). and
(PEO)c, a1,0,- Region IIT has only the (PEO) a1,0.-
Region IV is the liquidus phase.
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Figure 1 DTA curves for PEO: NH,I ( + Al,Q,) films with differ-
ent wt % of a-Al,O, ( < 10um).
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Figure 2 Phase diagram for PEO: NH,I ( + AL, O,).

3.2. X-Ray diffraction

In PEO: NH,I films without Al, O, it is observed that
for NH; /EO ratio equal to 0.13, there are no well-
defined peaks. Instead there are a few overlapping
peaks indicative of a low degree of crystallinity. Fig. 3
gives the XRD patterns of PEO: NH,I films (with
NH;/EO =0.13) with 0,10,20 and 50 wt% of
a-Al,O;. From these figures it is obvious that an
addition of a-Al,Oj5 increases the crystallinity in the
otherwise low crystallinity films. From this figure it is
also clear that the addition of a-Al,O; modifies the
lattice, changing the “d” and 20 values. The shifts in
“d” and 20 values are given in Table I. It may be
remarked here that the enhancement in the crystal-
linity (and changes in “d-values™) are likely to affect
the conductivity of these films (actually found by us
and discussed later). Further, it should also be noted
that a-Al,O; is forming a dispersed phase with PEO:
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Figure 3 XRD patterns of PEO: NH_I ( + Al,O,) films with differ-
ent wt % of Al,O, ( < 10um).

TABLE I Changes in “d” and 20 values due to dispersal of a-
Al,0, in PEO: NH_I films (NH; /EO = 0.13)

d-values for films 20° for films with

with ALLO, wt % ALO, wt%
0%  20% 50% 10% 0%  50%
707 - - 125 -
47 - - 1871 -
463 461 4.62 19.14 1921 19.19
378 376 - 235 2358
357 346 3.46 24.91 2567 2572
330 - 332 26.92 - 26.76
310 31 3.10 28.75 2879 2877

NH,I system as characteristic reflections of a-Al,O;
were found to be present in the XRD patterns.

3.3. lonic transference number

The ionic transference number for the films with differ-
ent wt% of Al,O; has been determined using the
Wagner’s polarization method. The cell configuration
used is

Al[PEO: NH,I + (AL,O,) |Al ©)

A d.c. bias of 200 mV has been applied across the cell
and the current has been monitored with time. Two
typical plots between time and current are shown in
Fig. 4 for PEO: NH,[: + Al,O; films with
NH. /EO = 0.13; alumina contents Swt% (curve (a))
and 30 wt% (curve (b)). The corresponding values of
tLion are 0.99 and 0.97. The ionic transference number
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Figure 4 d.c. polarization (Wagner’s polarization) curves for (a)
PEO: NH,I (+ALO,), NH,/EO =013 5wt% «-AlO,,
=0.99. (b) PEO: NH,I ( + AL,O,), NH; /EO =0.13, 30 wt %
= 0.97.
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(tion) has been calculated employing the relation

Linitia1 — I .
tign _ u;l final t3)
initial
where I; 01 and Ign, are the total initial and the final
residual current respectively.

3.4. Dependence of conductivity on Al,O;
content

The bulk electrical conductivity was evaluated by
complex impedance/admittance plots. Films for five
different weight percentages of NH,I in PEO
(NH; /EO = 0.034, 0.076, 0.13, 0.2 and 0.3) were pre-
pared. In each of these compositions, different weight
percentages of o-Al,O; was dispersed (1, 5, 10,20, 30,
40 wt%). Two temperatures (70 °C and 100 °C) were
chosen for this study. Fig. 5(a) and (b} show the
variation of bulk conductivity with wt% of Al,O; for
different NH /EO ratios at 70 °C and 100°C, respec-
tively. In these figures it is seen that there is a broad
minimum in each ¢ versus % Al,O3 curve, approxim-
ately corresponding to 10-30 wt% value of Al,O;
content. The variation in conductivity is possibly re-
lated to the fact that the materials are dispersed phase
systems and their crystallinity changes. The correla-
tion between crystallinity and conductivity is dis-
cussed later in this paper.

3.5. Dependence of conductivity on Al;O;
particle size
Several workers [8, 9] have reported that the size of
the particle dispersed has a significant role in the
change of conductivity. Fig. 6 shows the effect of
dispersoid particle size on conductivity for the films of
the same composition; (NH; /EOQ = 0.13), 20 wt% of
Al,O3. Conductivity isotherms at 60 and 110°C are
shown in Fig. 7. It is obvious that (a) conductivity
enhancement is higher for smaller particle size
(100 pm < 38 pm < 10 um, and (b) particle size effect
is more pronounced below T (~60°C) than above
T.(~110°C). The conclusion (a) has been drawn by
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Figure 5 Variation of conductivity with wt % of o-Al, O, for films
with different NH /EO ratios at (a) 70°C and (b) 100°C. Ratios:
® 0.034; x 0.076; x 0.13; ® 0.2; A0.3.
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Figure 6 Temperature dependence of conductivity for three films
with different particle sizes of the dispersed «-Al,O,. The composi-
tion of PEO: NH,I (+ Al,O,) films is NH,/EO = 0.13, with
20 wt% of 0-Al,0,. A < 10 pm; © < 38um; ® < 100 pm.
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Figure 7 Conductivity isotherms exhibiting the effect of dispersoid
particle size at ~60°C (below T ) ® and ~110°C (above T }(®).

earlier workers on many dispersed phase systems and
explained on the basis of relative grain boundary
region and percolation difficulties. Above melting
temperature T, the host PEO matrix is amorphous
and the intergrain connection can be obtained with
greater ease, and hence, the particle size effect is not
shown up prominently.

3.6. Correlation between o and polymer

matrix crystallite size (Scherrer length)
The dispersal of Al,O; is expected to change the
crystallinity of the sample which subsequently would
effect the conductivity. An indirect method of estima-
ting crystallinity is to determine the linewidth of XRD
peaks of PEO. We have chosen three prominent PEO
peaks from the XRD pattern given earlier in Fig. 3 at
20 =19°(+0.5%,24°( £ 1°)and 28°( + 1°) for XRD
linewidth measurements. The measured linewidths are
given in Table II. The calculated values of L with wt%
of Al,0j; is given in Table II. The variation of Scherrer
length with alumina content is shown in Fig. 8(a). The
variation of conductivity versus wt% Al,Oj; is shown
in Fig. 8(b). It is obvious that there exists a correlation
between Scherrer length and . As the crystallite size
(L) increases, the conductivity decreases. Hence, it can
be said that, conductivity in PEO: NH,I ( + Al,O3)
system is greatly influenced by the wt% of dispersoid
through a consequential change in the crystallite size
of the host matrix.



TABLE II Calculated Scherrer length (L) and change in XRD
linewidth of three prominent peaks for PEO: NH,I (70: 30) films
with different amounts of a-Al,0O,

Peak Measured linewidth for L (nm) for films
position films with AL,O, wt % with AL,O,; wt %
26
(26 10% 20% 50% 10% 20% 50%
19°(+0.5)° 045° 0.27° 0465° 179 298 173
24°(+ 1)°  033° 0.27° 0.405° 246 302 235
28°(+1° 040° 0.3° 0.39° 201 275 236
30.0
__28.0r
E puof
o L
20.0 -
16.0 -
| 1 l‘ ] i | I 1 I I
0 5 10 15 20 25 30 35 40 45 50
(a) Wi % Al,0; (< 10 um)
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Figure 8(a) Variation of PEO matrix crystallite size (Scherrer
length, L) with wt% of 0-ALO,, ® 20a24°(4+1°) peak;
A20=27°( + 1°) peak; ©20~19°( + 0.5°) peak; (b) Variation of
conductivity with wt % of 0-AL,O, at 70°C (®) and 100°C (©®).

3.7. Temperature dependence of conduct-
ivity

Fig. 9 shows the temperature dependence of conduct-

ivity for films with NH; /EO ratio equal to 0.13 with

different weight percentages of Al,O; dispersed in

them. Two “apparent” Arrhenius type

¢ = coexp( — E/kT) (4)

linear regions can be identified in the log g versus 1/T
plots: one for temperatures T > T, and the other for
T < T, The conductivity changes on the addition of
Al,O; are more evident at T < T, while for T > T,
the changes are relatively less. Mechanically good
films with best conductivity are those for which
NH,/EO = 0.13, 5wt% Al,O3 and NH;/EO = 0.2,
30% of Al,O,. The values of o, for these films respec-
tively are: 3.1 x 10 scm ! and 1.83 x 10* sem ™! while
the values of E, are 043 eV and 0.38 eV. A general
conclusion (Poulsen et al. [107]) that higher conductiv-
ity is associated with a higher value of o, and lower

Log o ({Sem™)
=
T
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Figure 9 o versus 1000/T plots for NH /EO = 0.13, with different
wt % o-AlL,O,; @ 0; © 1; M 5; A10; E115; A 30; ® 50.

TABLE IIT The values of pre-exponential factor o, and activa-
tion energy E, above T'_ evaluated from In o versus 1/T plot for
PEO: NH,I films (NH /EO = 0.13) with different wt % of Al O,

wi % Al, O, o, (Scm™Y) E, (V)
1 42x1073 0.08
5 3.07 x 10? 043

10 6.12x 1073 0.23

E, is also borne out by our results. Typical values of
6o and E, for one of the best films (ie.
NH. /EO = 0.13 film) with different wt% of alumina
are given in Table 11

4. Conclusions

XRD,DTA, ¢ versus 1/T, o versus Al,O4 content and
o versus Al,Oj particle size have been studied for
PEO: NH,I films of many NH; /EO ratios in which
different amounts of a-Al,0; were dispersed. It is
shown that mechanically stable high conductivity
PEO: NH,I films with high NH; /EO ratios ( > 0.13),
which could not be obtained otherwise, can be ob-
tained by dispersal of a-Al,O; in the host matrix. The
addition of o-Al,O; changes the crystallinity and
polymer matrix crystallite size and hence the conduct-
ivity. The conductivity also depends upon Al,O, con-
tent and its particle size.
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