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lonic conductivity of PEO-NH ,CIO, films by admittance spectroscopy:
Correlation with crystallinity and morphology
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In this paper we present a study of ionic conductivity versus salt fraction for PEQGENS films. Films
with salt concentratiow in the range 0 — 0.35x(is the weight fraction of the saltvere prepared for the study.
X-ray diffraction and differential scanning calorimetry were done to detect the different species present and to
estimate the crystallinity of the films. The films have a wide variety of structures and exhibit a transformation
from fractal to nonfractal morphology asis increased. We attempt a correlation of ionic conductivity with
crystallinity and morphology of films with varying and find that the fractal to compact crossover region has
the highest ionic conductivity.S0163-182€09)12825-X]

I. INTRODUCTION tial scanning calorimetry are presented in Sec. Ill. The mor-
phology variation withx for PEO-NH,CIO, studied earliét
Solvent free polymer electrolytes are a class of superioniés discussed briefly in Sec. Il D. In Sec. IV we try to corre-
solids which are formed by dissolving an ionic salt in a highlate ionic conductivity to crystallinity and morphology, and
molecular weight 1) polymer!~3 These materials have in Sec. V we summarize our conclusions.
tremendous potential applications as solid electrolytes in
electrochemical devicés? Research interest on such mate-
rials began with the pioneering studies based on alkali metal Il. EXPERIMENTAL PROCEDURE
salt complexes with polyethylene oxid®EO by Wright*
and Armand. Since then a wide variety of solvent free poly-
mer electrolytes have been prepared. Apart from the use of A detailed account of the preparation of the films has been
different polymers and salts, solvent free polymer electrodiscussed in Ref. 6. For this study, we prepared films of both
lytes have also been prepared by varying polymempure PEO(BDH, England; M.W=600000 and PEO com-
architecturé (e.g., from linear polymer host to branched or plexed with ammonium perchlorat€luka, 99.5% purg by
network polymer host solution casting technigue with metharibplc grade as the
The polymer itself is an insulator, but when a suitable saltsolvent. Films with a weight fractionx=0-0.35 of
is complexed with it, the salt may supply ions to act asNH,CIO, were prepared for the study. For each concentra-
charge carriers. The polymer-salt complex in this case acts d®n three sets of samples were prepared for reproducibility.
a good ionic conductor with the polymer host providing easyThe thickness of a typical film was approximately 150m
paths for diffusion of the ions. and the diameter was 7.5 cm.
Many polymer electrolytes are biphasic in nattiréj.e.,
both amorphous and crystalline phases are simultaneously
present in the same sample. This influences physical proper- B. Characterization methods

ties like ionic conductivity, crystallinity, etc. of the polymer  tha conductance was measured from the admittance plots
electrolyte. The study of variation in ionic conductivityX  jpiained using HP4274A LCR metét00 Hz—100 KHZ
with salt fraction(x) is an interesting but formidable problem between temperatures (35-62)°C. The films were held be-

for both expgnmental and theoretical research. tween spring-loaded brass electrodes and conductivity was
In a previous work we showed that the morphology of . . : .
measured in the cooling cycle. The heating cycle did not

PEO-NH,CIO, films undergoes a drastic change, from tree- rod reproducible results presumably due to lack of d
like aggregate structures in a featureless matrix to compa oduce reproducibie results presumably due to fack of goo
contact with the electrodes.

polygonal regions. In the present work we show that the . _ . .
crossover region has the highest ionic conductivity and cor- @y diffraction was done by using an x-ray diffracto-
respondingly the lowest crystallinity. meter Philips PW 1730/10 with Traces v3.0 diffraction soft-

We present a study of ionic conductivity versus salt frac-Ware. For differential scanning calorimet(erkin Elmer
tion x of polyethylene oxidePEO films complexed with DSC 2 samples weighing approximately 5 mg were heated
ammonium perch|orate (|\u-ﬂ:|o4) X_ray diffraction at a rate of 5 °C/min from 40-140 °C in Nitrogen gas flow.
(XRD) and differential scanning calorimetfDSC) were  The melting enthalpy has been estimated by comparing the
done to detect the different species present in the films and tarea under the melting curve of the samples with that of
estimate the crystallinity of the films. The method of samplelndium (AH,,=6.8 cal/gmT,,=156.60 °C). For crystallin-
preparation is given in the next section, and experimentalty estimation, the melting enthalpy for 100% crystalline
results on ionic conductivity, x-ray diffraction and differen- PEO was taken to be 45 cal/gm.

A. Preparation of the films
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FIG. 1. Plot of conductivityo versus salt fractiorx at (a) FIG. 2. Plot of conductivityoc versus temperatur€l) at x
35°C(x), (b) 40 °C (O), (c)47°C ™), (d)55°C (¢), and(e) =0.10 for two different regions of the same filita) Tree region
62 °C (+). The error bars are of the order of the symbol size.  (O) and(b) no tree growth {J).

. EXPERIMENTAL RESULTS o for the region with DLA growth is slightly higher than for

A. lonic conductivity measurement the region without any tree growth.

The ionic transference number was estimated using Wag-
ner's polarization metho®l.Our apparatus being manually
controlled, the value cannot be determined very accurately Figure 3 shows the diffraction patterns for pure PEO (
but it is not less than 0.94. This suggests that the charge0), NH,CIO,(x=1) and PEO complexed with N{€IO,
transport in PEO-NKCIO, system is principally ionic with for x=0.04, 0.10(tree regions and no tree region$.18,
negligible electronic conduction. 0.20, and 0.35. The peaks corresponding to pure crystalline

The ionic conductivity is estimated at different tempera-PEO at approximately 2=19.3°, 23.1°, 23.5°, 26.5°, and
tures and salt fraction. Figure 1 shows variation of ionic27.3° are present nearly in all samples but with varying in-
conductivity (o) with salt fraction(x) at temperatures 35°C, tensities. The pure PEO peaks seem to be more intense for
40°C, 47 °C, 55°C, and 62 °C, respectively. At all tempera-Hower values ofx (x=0.04). With increase irx (x=0.18)
tureso increases with, with a maximum at~0.18. lines corresponding to PEO-NBIO, complex become

In polymer electrolytesr depends on both temperature dominant. Broad peaks obtained for §213.8°,
and salt fractiono increases with temperature and usually14.3°,17°,18.9°, and 21.5° are attributed to the formation of
the results ofo- versus temperature can be fitted to the wella polymer salt complex in the intermediate range and signify
known Arrhenius or VTF forms® depending on the host that the samples are of low crystallinity.
polymer. On the other hand, the variation @fwith X is For samples containing DLA growth & 0.10) we show
nontrivial. In Ref. 2 it is proposed that the behavior can bethe XRD patterns for two regions one with tree groyMtig.
approximated as parabolic. But experiments indicate that thg(c)] and the other withoufFig. 3(d)]. Figure 3d) showed
behavior may be more complex in general. predominantly lines corresponding to crystalline phase of

In our study we see that as temperature is increased forpure PEO at 2=19.4°,22.6°,23.9°. It also showed lines of
particular x, o increases as expected. At the highest temypolymer salt complex(ess intense compared to PE@t
perature studied 62 °C, the sample is above the melting ten26=14° and 17°. But the spectrum in Fig(cB was quite
perature for PEQ58 °C). There is an enhancement of ionic different. In this case pure PEO lines were stunted and the
conductivity from~10"* S/cm atx=0.04 to~10"2 S/cm lines at 20=14° and 17° were highly intens@ven more
atx=0.18-0.20. than that of pure PEO lines for the region with no tree

For samples ak=0.10 andx=0.12 diffusion limited growth. This suggests that the region with tree growth con-
aggregat®(DLA) patterns were obtained unlike the higher tains the PEO-salt complex in crystalline form.
samples which formed polygonal regions. To understand From optical microscopy and variable temperature polar-
more fully the effect of morphology variation, regions with izing microscopy (VTPM) it was confirmed that forx
and without trees were cut out from the same samplesand =0.30 all of the salt does not form complex and the excess
was measured in both cases. Figure 2 shewsersus tem- remains as separate crystals in the film. A highly intense
perature forx=0.10 for regions with and without DLA peak corresponding to the complex4217°) was obtained
growth. At temperatures below the melting point of the PEO here. Probably the crystallinity of the complex has increased

B. X-ray diffraction studies
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FIG. 3. X-ray diffraction patterns fofa) pure PEO,(b) x=0.04, (c) x=0.10 (tree growth, (d) x=0.10 (no treg, () x=0.18, (f) x
=0.20,(g) x=0.35, and(h) pure NH,CIO,.

compared to the intermediate range. No lines for pure D. Study of morphology by polarizing microscopy and

NH,CIO, are however observed. It is possible that the por- photographs
tion of the film studied did not contain any crystallite of
excess salt. We discuss here briefly the various types of morphology

obtained for films of PEO complexed with NBIO,. The
_ ' . . transition from fractal to nonfractal structures obtained by
C. Differential scanning calorimetry varying weight fraction of NHCIO, (x=0-0.35) has been

Figure 4 shows the melting endotherm for pure PEO andliscussed in detail in Bhattacharyyst al® The detailed
PEO-salt, complexes for=0.04, 0.10, 0.18, 0.20, 0.22, and structure of the films were observed through a polarizing
0.35. Crystallinity variation withx as inferred from DSC microscopeg(Leitz Ortholux 2 and by photography.
results is shown in Fig. 4. The morphology obtained can be strictly divided into

For DSC study of the films with DLA growth, it is seen three broad classes: Lowregime (0<x=<0.15), intermedi-
from Fig. 4c) that the sample with no tree growth was ate x regime (0.18x=<0.27), and highx regime. Table II
slightly less crystalline than that with tree growtFig. 4(d)]. summarizes the various characteristics of the films obtained
Table | shows the melting and crystallinity at differeat for varying x.
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TABLE |. Melting enthalpy and crystallinity at different salt

fractions.

Salt fraction(x) Melting enthalpy(cal/gm Crystallinity % (@
0 43.50 96.7 o
0.04 32.00 71.1

0.10 (no tree growth 10.30 22.9 @
0.10 (with tree growth 12.06 26.8 : (c)
0.18 1.61 3.6

0.20 12.36 41.8

0.22 17.88 60.47

1. Low X regime

Spherulites of pure PEO are fornfdd the lowx regime
(x=0.04,0.08). They are small, irregular, and somewha
rounded. Atx=0.10 and 0.12 fractal DLA patterns are ob-
tained as shown in Figs(& and 8b). The Hausdorff dimen-
sion (by box counting methgds ~ 1.8[Fig. 5a)] for length
scales(0.4—11.4 mm which is typical of DLA. Increase ir
results in more nucleating islands and smaller sized tree

(b)

[Fig. 5(b) and Table Il, distributed densely. ()
For small length scales of the order of the thickness of ¢ . , . )
branch of the trees, the trees are no more mass fractal b 0% 60C 80'C 100 120 140°c

Temperature

surface fractal, dimension of the boundary ~sl.5 (esti-

mated ny the _diVider_Step method . FIG. 4. Differential scanning calorimetry curves f(@ pure
On slightly increasing from 0.15 to 0.18, there is a dras- PEO, (b) x=0.04, (c) x=0.10(no tred, (d) x=0.10 (tree growth,

tic change in morphology. (6) x=0.20, (f) x=0.22, and(g) x=0.35.
2. Intermediat i _ _ L .

_ _ " erme- atex regime ~film, with spherulites in the backgrouridThis is also con-
In the intermediate regime (0.£&=<0.27) the film is  firmed by variable temperature polarizing microscopy

marked by large compact polygonal spherulitesy. 6). Un-  (vTPM) where at 68 °C only grains of salt remain and the
der the cross polarizer, each polygonal spherulite has a Mabther phases have melted.

tese cross pattetrin the center and a directional texture is
clearly visible at the boundary between adjacent polygons.
The polygon size increases wity and then grows smaller
(maximum linear size is seen at0.20).

IV. CORRELATION BETWEEN IONIC CONDUCTIVITY,
CRYSTALLINITY, AND MORPHOLOGY

Let us now compare the information obtained from the
different characterization techniques and see what useful in-
For salt fractions higher thax=0.30, excess salt remains sight can be gained from this study.
uncomplexed and can be seen as separate crystals on theFigure 1 shows the measured versusx for different

3. Higher x regime

TABLE Il. Variation of morphology with different salt fraction.

Concn. of NHCIO, (x) Morphology Average spherulite/tree size
0 (Pure PEQ Small spherulites 36Qum
0.04 g 200 pwm
0.08 g 150 um
0.10 Large treesmicroscopic spherulites 1.3 cm
0.12 g 0.214 cm
0.15 " 0.15 cm
0.18 Large polygonal spherulites 0.242 cm
0.20 Largest polygonal spherulites 20cm
0.22 Polygonal spherulites 1.4 cm
0.25 " 0.9cm
0.27 Small sized spherulites 0.7 cm
0.30 Small amounts of salts

0.32 remain unreacted, polygonal spherulites 250—-350

0.35 in the background
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FIG. 6. Photograph PEO-NJ€IO, atx=0.22 showing polygo-
nal spherulitegavg. size~1.4 cm)(scale= 1 cm; magnification:
X2.2).

Shrivett and Vincent by the fact that the salt acts as a cross
linker between the polymer chains. We suggest an explana-
tion based on the morphology variation with

The crystallinity versusx and o versusx curves are
shown simultaneously in Fig. 7, and Fig. 8 shows spherulite
size versusx together witho versusx. The crystallinity
shows a dip asx increases, and the minimum coincides
clearly with the maximum iror. This shows that the amor-
phous regions allow much higher mobility for the charge
carriers. Figure 7 and Table Il show that the maximunarin
corresponds to the crossover region for DI(ke., fractal
pattern$ to compact polygonal spherulites. The sharp fall in
o occurs in the region where the largest polygons are
formed.

According to XRD and DSC results, the pure PEO is
highly crystalline ~90%. For very lowx PEO-NH,CIO,
complexes formas shown by the new XRD peakisut the
crystallites are very sparsely distributed in the PEO matrix.

.00 a.05 a.10 Q.15 0,20 0.26
v brrve v beve e g b v [ oggp

70.0

60.0

’g 50.0
B
2 ] 40.0 %
FIG. 5. Photograph of DLA pattern obtained for PEO-GHO, % I3
at x=0.10(scale= 1 cm; magnification:x 4.5). (b) As crossover ‘?j 0 o
region is approached trees become smaller and more closely spacec

as seen in the photograph far=0.12 (scalee1l cm; magnifica-

tion: X 3.3). e
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. . i i i - / 10.0
temperatures. Initially, there is a risednasx increases from N o
Zero.PurePE(')hasnOCh.argecaI"riel’S,increa&d!’]icreases LS o AR
the concentration of carriers, so increases, as expected. 000 005 ol0 018 o20 025

Salt Frac (x)

After reaching a peak at~0.18,0 falls sharply around
=0.22. Interpretation of this fall is not so straightforward, as FIG. 7. Plot of crystallinity versux () and o (at 35 °C)
x is still increasing. This has been explained by Ratner andersusx(O).
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o5 oo ons . concentration of charge carriers and the subsequent fall is
X . 3 .20 0.25 0.30 . . ™
pepvneere e e e b e g due to a decrease in their mob|||ty_

The polymer spherulites are, of course different from per-
fect crystalline materials, and always have some amorphous
regions between the aligned polymer chains. &aoes not
drop to zero in the polygonal phase.
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V. DISCUSSION AND CONCLUSION

In this work we explain the nonmonotonic variation @f

in PEO-NH,CIO, through variation in morphology. It may

be noted however that for MEEP-AgSCF;, Blonsky

et all° have found nonmonotonic behavior for versusx

though the polymer is fully amorphous. This has been ex-

050 plained as being due to crosslinking at highkterAn earlier
work by Lee and Cridt investigated a similar problem for
PEO-NASCN films at different salt fraction and tempera-
tures. They assumed conduction only through the amorphous

o008 oto 018 og0 030 phase and calculated the ionic conductivity variation using

Salt Frac (x) the WLF relation.

FIG. 8. Plot of spherulite size versuas((J) and o (at 35 °C) The PEO-NHCIO, system has been previously studied

versusx (O). For x<<0.18, size of pure PEO spherulites are con- by Hashmlet al,”™ so it IS |nslt2ruc_t|ve to compare th_elr re-
sidered. sults with ours. Hashmet al.= did measurements in the

cooling cycle at six different ratios ¢fEO]/NH, ([EQ] is

We suggestthat they perform a random walk through the the monomer unit of the polymein the range 20:1 to 7:1.
still undried film and form the typical DLA type patterns The results are more or less in agreement with ours. How-
with Hausdorff dimension~1.8. The background of the ever they do not report occurrence of DLA structures for this
trees is mostly pure PEO which is highly crystalline. So thesystem. We have covered a wider rangexofalues 66:1
overall crystallinity in this region is high. (x=0.04) to 5:1 €=0.35), with closely spaced observa-

With increasingx, more PEO-NHCIO, complex crystal-  tions, and correlated the observations with morphology and
lites are formed and more nucleating centers develop, serystallinity variation.
densely distributed small trees are formed, rather than a few In conclusion, we have presented a qualitative picture of
widely separated large trees. The regions in the intersticeghe ionic conductivity variation of a typical polymer-salt sys-
between the small DLA aggregates are likely to be the mostem. We hope to explain our experimental results quantita-
amorphous. Such regions are most abundant in the crosgvely through ongoing computer simulation studies. Some
over region §=0.15-0.18) where the tree growth is about preliminary work has been reporté#'*We have also stud-
to change to compact spherulites. This is corroborated by thied the effect of dynamic disorder due to movement of the
DSC results for crystallinity. The measurementssofor the  polymer chain segments through computer simulations on a
sample ak=0.10 shows highes, for the region with DLA.  rearranging lattice in two dimensiofi$This effect is to be
This agrees with our suggestion. The lower crystallinity forincorporated into the study of temperature andhriation of
the sample with no DLA growth appears to contradict the ionic conductivity.
results. But the difference is very small. It must also be kept
in mind thato measurements are done on the cooling cycle,
and the local morphology may change during measurement.
So it may be misleading to attach too much importance to the Experimental work at Physics Department, J.U. was done
results for “with tree” and “without tree” samples at same with financial support from UGC. The authors wish to thank
X. Professor S. Chandra and the Solid State lonics group at

For higherx>0.18, the composition is such that most of B.H.U., Varanasi for cooperation and hospitality during a
the PEO goes into the complex phase. Regularly orderedisit to their laboratory. The authors also thank Inamur Ra-
circular spherulites grow and develop into polygons whichhaman Laskar, IACS for DSC and Geology department, J.U.
are seen in the micrograph and crystallinity increases. In gerfor XRD measurements. Finally A.J.B. thanks UGC for fi-
eral, we may say that the initial rise inis due to increase in nancial support.
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