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Abstract

The limiting parameter for the application of various thin film organic conductors is their conductivity value. Because of
strong interfacial effects, which cause nonohmic voltage drops, impedance spectroscopy is one of the best methods of
measuring their conductivity. This technique was used with both blocking and in a three electrode cell for in situ
measurements of synthetic metals. Results allow calculation of the conductivity and also permit a study of the properties of

the phase boundary between the electrode and the electrolyte.

1. Introduction

Thin films of organic conductors have already
been applied to a few electrochemical devices such
as fuel cells, lithium batteries and electrochromic
windows. In the last two cases both electronically
conductive materials (synthetic metals, SMs) and
ionically conductive materials (polymeric elec-
trolytes, SPEs) or liquid electrolytes are used. The
limiting value of ionic conductivity of the thin film
used for these applications is equal to 107* S/cm.
The observed values of long-time current densities of
lithium batteries are about one order of magnitude
lower than the values predicted on the basis of the
ohmic drop in the electrolyte layer. This phe-
nomenon can be explained by the formation of a
passivation layer at the interface between the poly-
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meric electrolyte and the lithium anode. Similar
problems are observed with interfaces between thin
films of electronically conductive materials (poly-
aniline polypyrrole, etc.) and electrolytes. These ma-
terials are often used as cathodes for lithium batteries
and counterelectrodes in electrochromic windows.

2. Experimental

Thin films of solid polymeric electrolytes were
obtained by the solvent-casting technique from an
acetonitrile solution. The solvint was then removed
in vacuum and finally the film was annealed for
about 20 days to allow time for recrystallization. The
resulting films were sandwitched between two stain-
less steel electrodes to measure their impedance. For
some films (those used in lithium batteries) measure-
ments were also carried in symmetric Li /polymer /Li
and cathode foil/polymer/cathode foil cells. The
cathode foil was prepared by hot pressing a mixture
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of MnO, and graphite powders suspended in a poly-
mer matrix with powder ratios of 55% and 25%
respectively. The thickness of the resulting foils was
450 pm,

Data registered both for blocking and transporting
electrodes were analyzed according to the nonlinear
least square technique to calculate the parameters of
the equivalent electrical circuits, i.e. resistance R,
capacitance C and constant phase element Q [1-3].
The time and temperature dependence of these pa-
rameters were also studied. For some samples the
results obtained in the blocking electrode system
were analyzed according to Jonsher’s universal power
law of dielectric response and Almond—West formal-
ism. The basis of these calculations has been de-
scribed in a publication by our group [4,5].

3. Results and discussion

The impedance spectrum of the solid polymeric
electrolyte registered in the blocking electrode sys-
tem consists of a high frequency arc and a low
frequency spur. It is well known that these two
phenomena correspond respectively to dielectric re-
laxation in the bulk of the material and to the
response of the electrode—electrolyte interface. The
DC response of the system is observed for the
middle frequencies and is represented on the Nyquist
plot by the point at which the arc and spur intersect.
The same data can be plotted in log(o) = fllog(w))
(see Fig. 1). In this representation the Nyquist arc
corresponds to the high frequency slope; the DC
response is represented as the mid-frequency plateau
and the Nyquist spur corresponds to the low-
frequency slope. Fig. 1 shows also that the curves
are shifted to higher frequencies by an increase of
the sample temperature and, thus, of the sample
conductivity. From an analysis of the high frequency
slope according to the Almond—-West formalism [6,7]
the activation energy of conduction, the activation
energy of charge carrier migration and the activation
energy of charge carrier generation can be found.
Parameters for samples of different mixed-phase and
blend-based electrolytes are given in Tables 1 and 2.
One should observe significantly lower value of the
generation term for blend-based systems. This is also
related to differences in the temperature dependence
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Fig. 1. Conductivity data for (PEO),,Nal +20%®-Al,0, mixed-
phase electrolyte as a function of the frequency. Solid curves are
fits to the experimental data.
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Fig. 2. The variation of parameter K with temperature for
(PEO),,Nal + 20%6-Al,0, mixed-phase electrolyte.
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Fig. 3, The variation of parameter X with temperature for PEO-
PMMA 8:2 blend.




R. Borkowska et al. / Applied Surface Science 92 (1996) 44 7-451 449

of the charge carrier concentration term (compare
Figs. 2 and 3). For mixed-phase systems, the most
intense change occurs in the region of crystalline
phase melting, The blend-based samples do not ex-
hibit such a temperature dependency.

The properties of the electrode—electrolyte inter-
face have been studied for some electrolytes. The
impedance spectra are plotted in the Z,, against Z
form. The measurements were made in the frequency
range from 5 Hz-500 kHz. Figs. 4 and 5 present the
impedance spectra of P2 and P3 [8] electrolytes in
lithium symmetrical cells. Two or three semicircles
can be observed. The equivalent circuit consists of a

number of series connected parallel (RQ) subcir-
cuits. With regard to frequency range, the semiarcs
are termed HFA, MFA and LFA (high, medium and
low frequency arcs respectively). In general, HFA
tends to disappear at elevated temperatures and its
value decreases as temperature increases. HFA repre-
sents the response of the bulk of the electrolyte
(dielectric relaxation). The LFA becomes evident at
higher temperatures. The corresponding R value
decreases quickly as the temperature increases. the
time dependence is different for each electrolyte. For
P2 the resistivity increases with time (at constant
temperature), and it remains constant for P3. The

Table 1
Conduction parameters calculated on the basis of the Almond—West formalism for various mixed phase polymeric electrolytes
Type of the electrolyte Oy E, E, E, n K
(S/cm) (kJ /mol) (kJ /mol) (kJ /mol)
0.70 1.9%x107°
-8
(PEO),oNal 1.1X10 86.2 419 443 0.3 255 10-8
(PEO),,Nal + 10%6-Al,0, _q 0.78 35%107°
erain size 4 um 32X10 53.7 17.8 35.9 1.00 10X 10-8
(PEO)(Nal + 10%6-A1,0, -8 0.63 20X 1077
orain size 7 pm 20X 10 92.1 54.6 37.5 1.00 24 10~°
(PEO),oNal + 5%0-AL,0 065 HEXI107P
orain sli;c Sum Vs 1.5%x1077 57.9 19.4 385 1'00
& B ' 12X 1078
(PEO), Nal + 10%6-Al,0, —8 0.75 1.4%107°
arain size 5 wm 9.5X 10 59.4 19.4 40.0 1.00 L4% 10-8
(PEO),gNal + 20%6-Al,0, —7 0.48 13x107°
grain size 5 pm 1.5X 10 69.6 16.6 53.0 0.88 31% 10~
(PEO),oNal + 30%6-Al,0, _7 0.81 1.7x10°°
grain size 5 um 1.8 X 10 73.9 9.4 64.5 1.00 59% 10~7
(PEO),,Nal + 50%6-A1,0, -8 0.77 23X 107°
orain size 5 pm 1.2X 10 147.2 79.0 68.2 0.85 5.0% 10-8
8.8x 10710
(PEO),oNal + 10%a-Al, 0 20% 1077 75.0 18.4 566 077
grain size 5 pm 1.00
58%107°

(PEOY,,Nal + 20%a-Al, 0, s 0.74 3.5%107°
orain size S pm 15X 10 176.8/ 124.0 52.8 0.91 20% 108
(PEO),,Nal + 30%a-Al,0, -8 0.80 24%107°
erain sive 5 pm 1.6 X 10 131.9 117.2 147 085 61 10-°
(PEO),(Nal + 50%a-Al,0, -8 0.68 27x107°
grain size 5 pm 3310 140.9 130.6 10.3 1.00 45% 1078
(PEO),,Nal + 5%a-Al,0, s 0.61 6.1%x107°
orain size 4 pm 55X 10 124.4 86.4 38.0 1.00 33 % 10~
(PEO),(Nal + 10%a-Al, 0, -7 0.65 1.8x107°
grain size 4 pm 23X10 52 10.0 421 0.84 1.7% 1078

g, is the ambient temperature conductivity of the electrolytes; other symbols have the same meanings as in the text. Upper values of n and

K are calculated at 20°C, lower at 70°C.
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Table 2
DC conductivity and the Almond—West parameters for blend-based electrolytes
Sample description T E, E, E, n

(S/cm) (kJ /mol) (kJ /mol) (kJ /mol)
PEO-PMMA 9: 1 10%Nal 1.8x 1077 105.4 99.4 6.0 0.7-0.8
PEO-PMMA 5:5 10%Nal 1.6x 1077 94.8 80.9 13.9 1.0
M = 90000 PEO-PMMA 8:2 10%LiCIO, 3.0%107¢ 83.3 69.3 14.5 0.6-1.0
M = 90000 PEO-PMMA 7:3 10%LiClO, 7.8 % 106 66.4 329 335 0.36-1.0
M = 38000 PEO-PMMA 8:2 10%LiCIO, 22X 1078 84.2 20.5 63.7 0.47-10
M = 28000 PEO-PMMA 8:2 10%LiCIO, 3.4%X 1078 81.2 67.4 13.8 1.0
M = 28000 PEO-PMMA 6:4 10%LiCIO, 22x 1077 86.7 59.2 275 0.65-1.0
M = 128000 PEO-PMMA 8:2 10%LiCIO, 6.6% 1072 115.2 98.8 16.4 0.8-1.0
Syndio PEO-PMMA 8:2 10%LiClO, 3.6X 1076 532 135 39.7 0.43-1.0
Syndio PEO-PMMA 6:4 10%LiClO, 1.9X 1076 63.0 57.8 5.2 0.84-1.0
Rolled (PEO-PMMA) 6: 4 10%LiC1O, 9.9% 1076 58.1 48.2 9.9 1.0
PEO-PC 8:2 10%LiClO, 2.5% 1077 823 71.4 109 1.0
PEO-PC 7:3 10%LiClO, 1.1X 1078 61.8 54.9 6.9 1.0
PEO-PC 6:4 10%LiClO, 3.8X107° 49.7 42.9 6.8 1.0
PEO-Polyacrylamide 8:2 10%LiCIO, 3.4% 1078 65.6 63.6 2.0 1.0
PEO-Polymetacrylamide 7:3 10%LiClO, 9.7X 1076 90.3 85.9 4.4 1.0
Thermally polymerized
PMMA in presence of PEO 20X 1077 83.8 70.0 13.8 1.0
39%LiCIO,
Vinyl acetate-SO, 10%LiClO, 3.8x 1077 41.4 17.2 242 0.9-1.0
Blend-PEO + Vinyl acetate -
~S0, 5:5 10%LICIO, 24%107¢ 29.6 22.5 7.1 1.0
PEO-PMMA 8:2 10%H,PO, 19% 1073 30.6 28.5 2.1 1.0
PEO-PEG 7:3 10%LiClO, 7.1x107¢ 92.6 82.6 10.0 0.78-1.0
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Fig. 4. Impedance spectra (Nyquist coordinates) of Li/P2/Li
cells at (a) 303 K, (b) 313 K, (c) 349 K.
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Fig. 5. Impedance spectra (Nyquist coordinates) of Li/P3/Li
cells at {a) 303 K, (b) 313 K, (c) 349 K.

that the process of layer formation is of chemical
rather than electrochemical nature. The additional
electric charge flow across the phase boundary does
not contribute to layer formation.

The impedance spectrum for the cathode/poly-
mer /cathode cell gives only one semicircle (RC) in
the high frequency range and one spur in the low
frequency range which is similar to the spectrum
registered in blocking electrode system.

Conclusion

As shown above, electrochemical impedance
spectroscopy (EIS) is a valuable tool for studying
transportation processes in various classes of organic
conductors of electricity. Different problems related
to their application, like the values of conductivity,
the presence and characteristics of interfacial layers
and even charge carrier transport mechanisms can be
studied using EIS.
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