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Abstract Composite polymeric electrolytes of PEO-
LiClO4-Al,03 and PEO-LiCIO4-EC were prepared and
the ionic conductivity by a.c. impedance was calcu-
lated using four different methods, and three kinds of
representations of a.c. impedance spectra were adopted.
The first is based on the Nyquist impedance plot of the
imaginary part (Z”) versus the real part (Z’) of the
complex impedance. The second and the third corre-
spond to the plots of imaginary impedance Z” as a
function of frequency ( /), and the absolute value (|Z])
and phase angle () as a function of f, respectively. It was
found that the values of the ionic conductivity calculated
using the three representations of a.c. impedance spectra
are basically identical.
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Introduction

Since the discovery of ionic conductivity in polymers
containing inorganic salts, studies on solid polymeric
electrolytes (SPEs) have been conducted all over the
world because of the potential applications in batteries,
electrochromic devices, sensors, and photoelectrochem-
ical cells [1, 2, 3, 4]. These works are usually active in
national projects such as USABC in the USA, NEDO in
Japan, and JOULE in Europe [5]. Among these efforts
of research and development, poly(ethylene oxide)
(PEO) is commonly used as the polymer because of its
chemical and electrochemical stability and the ability to
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dissolve high concentrations of salts to form a homo-
genous SPE [6]. The major drawback of PEO-based
SPEs is that PEO shows a high tendency to crystallize or
to form crystalline complexes and lower its ionic con-
ductivity at room temperature. Various attempts have
been made to improve the room temperature conduc-
tivity. One method of overcoming this problem is to use
polymers in modified forms, such as polymer blends,
copolymers, network polymers, and comb-like polymers
[2, 7, 8]. Another method is to form composite SPEs by
the addition of inorganic or organic additives [9, 10].
These methods may suppress the crystalline phase and
the glass transition temperature (7,) and enhance the
amorphous phase, which will promote the ionic con-
ductivity.

The investigation of the ionic conductivity of SPEs
can be accomplished with the help of impedance spec-
troscopy. In fact, a.c. impedance spectroscopy has been
a strategic analytical method employed in basic and
applied electrochemistry as well as in the general field of
materials science [11]. In the impedance measurements, a
sinusoidal potential is applied and the impedance and
the phase shift of the current are measured. The Nyquist
impedance plot (Z’-Z” plot) can be used to determine
the appropriate equivalent circuit and to estimate the
values of the circuit parameters which reflect the carrier
transport properties and the reaction in the electrode
interface [12]. Many authors have used the Nyquist
impedance plot to elucidate the mechanisms of ionic
processes taking place on the polymeric films and to
obtain the bulk resistance of SPEs [13, 14, 15, 16, 17].
Besides the use of the equivalent circuit to estimate the
bulk resistance of SPEs, there are several approaches to
also determine the ionic conductivity of the SPEs, es-
pecially under situations when the impedance spectra
become deformed.

In this paper, Al,O;5 particles and ethylene carbon-
ate (EC) were used as the additives to increase the
room temperature ionic conductivity of PEO-based
SPEs. With the changes of the additive concentration
and the experiment temperature, the impedance spectra



change to a shape different from an ideal one. To
obtain the rational value of the ionic conductivity,
different methods were used to estimate the bulk re-
sistance. It is found that the values of the ionic con-

ductivity calculated from different methods are
identical.
Experimental

Preparation of (PEO),(LiClO4-Al,O3
and (PEO,)sLiClO4-EC samples

PEO with different molecular weights [PEO, (M, = 10*) and PEO,
(M, =5%10")], ALO; (d=300 nm), EC, and LiClO, were from
Aldrich and were used as received. PEO and LiClO4 were dried in a
vacuum oven for 48 h at 50 °C and 72 h at 120 °C, respectively.
Acetonitrile (Beijing Chemcal Plant) was dried by the addition of
4 A molecular sieves before use and then was used to dissolve PEO.
Pt and stainless steel (SS) were cut into specified plates that were
used as collecting electrodes.

The SPE samples were prepared according to a procedure de-
scribed elsewhere [10]. The additives Al,O; and EC are the weight
percent of PEO;+ LiClO4 and PEO,+ LiClO4+ EC, respectively.
An appropriate amount of Al,O; particles (W=25%) was firstly
dispersed in acetonitrile solution in an ultrasonic cell for 20 min.
For the preparation of (PEO;)(LiClO4-Al,O3 (O:Li=10:1) and
(PEO,),4LiClO4-EC (O:Li=16:1) samples, stoichiometric amounts
of PEO; + LiClO4 + Al,03 and PEO, + LiClO4 + EC were mixed in
two small glass reactors, and then acetonitrile was added to form
about 5 mass% suspensions. The mixtures were stirred magneti-
cally for about 10 h until a homogenous suspension was obtained.
For the SPE thin films, the suspension obtained was dropped into a
home-built cell [18], and then the solvent was left to evaporate
slowly at room temperature. The resultant films were then dried in
a vacuum oven at 30 °C for 48 h. The dry films were cut to the
required size as samples and then were sandwiched between Pt or
SS blocking electrodes. All samples were evaporated under vacuum
for 24 h prior to measurements.

A.c. impedance spectra measurements

The impedance measurements were carried out using a Solartron
1250 frequency analyzer coupled to a 1286 electrochemistry in-
terface over the frequency range 0.1 Hz to 65,535 Hz. The im-
pedance data were then transferred to the Z-polt/Z-view software
package (Scribner Associates, Southern Pines, NC, USA). For
(PEO,),6LiClO4-EC samples the conductivity measurements were
performed from room temperature to about 100 °C. The samples
were kept in a temperature-controlled oven with a flow of dry N,.
Before each impedance measurement the cell was kept at
the testing temperature for at least 30 min to allow thermal
equilibration.

Results and discussion

The ionic conductivity of the SPE can be calculated by
the following equation:

1d
0=—— 1
where ¢ is the ionic conductivity, d is the thickness of
the SPE thin film, S is the area of electrodes contacting
with the SPE film, and Ry, is the bulk resistance.

Tonic conductivity calculated
from the equivalent circuit

In a Nyquist impedance plot, the real part of the im-
pedance is plotted against the imaginary part for data
collected at a series of frequencies. To analyze the
characteristics of the Nyquist impedance plot, an
equivalent circuit is often used because it is simple, fast,
and can provide a complete picture of the system [19].
The bulk resistance of the SPE is one of the quantities
that can be derived from the equivalent circuit.

Figure 1 shows the Nyquist impedance plots for the
Pt/(PEOl)10L1C104/Pt and Pt/(PEOl)l0L1C104-A1203/Pt
structures. It is clearly seen that there is a compressed
semicircle in the high-frequency range and an inclined
straight line in the low-frequency range for each sample.
These diagrams deviate from an ideal impedance spec-
trum that usually exhibits a standard semicircle at the
high-frequency section and a vertical line at the lower-
frequency section. The deformed semicircle and the in-
clined line for the polymeric film/electrode system may
result from the irregular thickness and morphology of
the polymeric film and the roughness of the electrode
surface [20, 21]. To analyze the phenomenon a ‘“‘constant
phase element” (CPE) [22] was used in the equivalent
circuit, which was designed as shown in Fig. 2. Ry, and
C, denote the bulk resistance and the geometry capacity
of the SPE, respectively, CPE; represents the charac-
teristics of the double layer between the electrolyte/
electrode interface, and CPE, represents the effects of
dipolar relaxation. The high-frequency semicircle reflects
the combination of R, C,, and CPE,, while the straight
line after the semicircle can be explained with CPE,
corresponding to the double layer capacity of an inho-
mogeneous electrode surface [20].
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Fig. 1 Nyquist impedance plots for (a) Pt/(PEO,);,LiClO4/Pt and
(b) Pt/(PEO);oLiClO4-Al,O5/Pt structures at room temperature
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Fig. 2 An equivalent circuit to interpret the Nyquist impedance
plots in Fig. 1

The impedance of the CPE is given by an empirical
formula [23]:

Zcpg = A(jo) ™" (2)
o= (1— n)g (3)

where A is the inverse of the capacitance only when
n=1, and n is related to o (the deviation from the ver-
tical line in Nyquist impedance plot); n=1 indicates a
perfect capacitance, and a lower n value directly reflects
the roughness of the electrode used [23, 24, 25]. In the
software used in this paper the CPE is defined by two
parameters, CPE-T and CPE-P. CPE-P is a parameter
that equals n in Eqgs. 2 and 3, while CPE-T indicates the
value of the capacitance of the CPE element. If CPE-P
equals 1, then Eq. 2 is identical to that of a capacitor. If
CPE-P equals 0.5, a 45° line is produced on the Nyquist
impedance plot. When a CPE is placed in parallel to a
resistor, a depressed semicircle is produced.

Using the equivalent circuit shown in Fig. 2, the
impedance data for Pt/(PEO;);(LiClO4/Pt and
Pt/(PEO,),(LiCl04-Al,O5/Pt were fitted as shown in
Fig. 1 (solid line). As can be seen, the theoretical line
calculated from the estimated values shows good
correlation with the experimental data. The extracted
parameters for the circuit elements are summarized in
Table 1. Sample I is (PEO),(LiClO,4 and sample II is
(PEOl)loLiClO4-A1203. CPEl-T and CPEz-T indicate
the capacitance of CPE; and CPE,, respectively. CPE-P
and CPE,-P are the parameters of CPE; and CPE,,
respectively; its value is equal to n shown in Egs. 2 and
3. oy indicates the deviation of the lower-frequency
inclined line from the vertical, and o, indicates the
change of the phase angle of CPE,, which shows the

compressed high-frequency semicircle; € is the standard
deviation between the original data and the calculated
spectrum. The bulk resistance of Pt/(PEO;),oLiClO4/Pt
and Pt/(PEO,);(LiClO4-AlLO5/Pt is 723,700 Q and
120,960 Q, respectively. The bulk resistance allows us to
obtain the ionic conductivity using Eq. 1. It is clear that
the ionic conductivity of the (PEO;);(LiClO, system is
increased by the addition of Al,O5 particles.

Bulk resistance obtained from Nyquist
impedance plot directly

In the Nyquist impedance plot, the low-frequency
straight line and the high-frequency semicircle corre-
spond to the electrolyte/electrode interface impedance
and bulk electrochemistry impedance, respectively [26].
At higher frequencies, Bellucci et al. [21] considered that
the total capacitance (C) becomes the total of Cy and the
capacity fraction of CPE,. The equivalent circuit of
Fig. 2 is symbolized by the parallel combination of Ry
and C, and the impedance corresponding to the bulk
electrolyte is expressed as Eq. 4:

Ry

z 1 +iwR,C (4)

The locus of Eq. 4 is a semicircle centered at Ry,/2 on
the real axis with a radius of Ry/2. At low frequencies,
C, and CPE; are considered to be open. The equivalent
circuit of Fig. 2 can be reduced by R} in series with
CPE,. The impedance (Z) of the reduced equivalent
circuit can be written as Eq. 5:
Z = Ry, + ZcpE, (5)

Many authors have obtained the bulk resistance Ry, in
the Nyquist impedance plot directly [27, 28, 29]. The
low-frequency end of the semicircle and the high-
frequency end of the straight line coincide with Ry,
From Fig. 1, Ry, values for (PEO;);(LiClO; and
(PEO)9LiClO4-Al,O5 are 721,960 Q and 120,009 Q,
respectively. Using Eq. 1, the ionic conductivities for Pt/
(PEO])]OLICIO4/Pt and Pt/(PEO|)|0L1C104-A1203/Pt
are 9.065x107 Q'em ' and 4.804x10°Q "cm !, re-
spectively, which is almost the same as the values ob-
tained above.

Table 1 Parameters for the circuit elements evaluated by fitting the impedance data of Fig. 1 to the equivalent circuit show in Fig. 2

Sample® Fitted parameters Calculated
conductivity
CPE]'T CPE]'P o CPEz-T CPEz-P [25) (o) Cg Rb € d/S 0
(10°F) () ©) (10°8F) () 10°"°F) 10°Q) (10 (emH (10°Q'em™)
1 7.258 0.75 0.1257 4.5 0.625 0.187n 3.5 7.237 4.88 0.6545 0.904
11 7.1 0.73 0.1357 2.2 0.825 0.08757 5.0 1.2096 3.74 0.5769 4.77

4Sample I is (PEO,);(LiClO,4 and sample II is (PEO,),oLiClO4-Al,03



Bulk resistance obtained
from the imaginary impedance

From Eq. 4, the imaginary impedance is given by Eq. 6:

oCR?
"= > b2 2 (6)
1 + w*C*R;,
Figure 3 shows the Z”-f plots for the Pt/

(PEO])]0L1C104/Pt and Pt/(PEO1)10L1C104-A1203/Pt
structures. Taking a derivation of Z” with respect to
angular frequency, we obtain [30, 31, 32]:

dZ’  CR}(1 — w’R}C?)

i 7
do (1+ w?RiC?) @

Equation 7 is equal to zero when the following is met:
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Fig. 3 Imaginary impedance as a function of frequency for (a)
(PEO])10L1C104 and (b) (PEO])loLiC104-A1203 SPE at room
temperature
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By combining Eqs. 7 and 8, we obtain:
"o _ &

max ~ 2

©)

and thus the unknown resistance R, is obtained directly
from Z” ... However, the measured centers of the high-
frequency semicircle lie apparently below the Z’ axis in
the present study, as shown in Fig. 1. In order to analyze
this compressed semicircle, Watanabe [26] introduced a
phase angle f§ into Eq. 9:

-1y sin(fm/2)
~ 27" cosh(BIn wR,Cy) + cos(fm/2)

(10)

Equation 10 seems difficult to be understood. In fact
the compressed semicircle can be looked upon as a part
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Fig. 4 A schematic diagram of the rotated impedance spectrum for
the (PEO);(LiCIO4 sample

Table 2 Conductivity values calculated by different methods for (PEO,);(LiClO4 and (PEO,),oLiClO4-Al,O3 polymeric electrolytes

Method?® Sample® 7" hax Ry, (10° Q) d/S (ecm™) 5(10°Q " em™)
7" max (10°Q)  n(CPE,-P) o
Method 1 A - - - 7.237 0.6545 0.904
B - - - 1.2096 0.5769 477
Method 2 A - - - 7.2196 0.6545 0.9065
B - - - 1.20009 0.5769 4.804
Method 3 A 1.9509 0.626 0.187x 7.29487 0.6545 0.897
B 0.44585 0.825 0.08757 1.177 0.5769 4.901

“Method 1: bulk resistance calculated from the equivalent circuit.
Method 2: bulk resistance obtained from Nyquist impedance plots
directly. Method 3: bulk resistance obtained from the imaginary
impedance

bA represents (PEO;);(LiClOy4, and B represents (PEO;);oLiClOy4-
AlLO3
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of an ideal semicircle which has rotated a certain angle
clockwise, as shown in Fig. 4. In this figure, n has the
same meaning as f$ in Eq. 10, which is equal to the fitting
data of CPE,-P; o can be calculated using Eq. 3. The
length of A to B (shown in Fig. 4) denotes the value of
Z" nax shown in Fig. 3. It is clear that Z” . can be
expressed as Eq. 11 based on the analysis of Fig. 4:

Ry 1 —sino
Zr,rllax = 7

(11)

COoSs o

Then the calculation of Ry is straightforward since
the experimentally determined value of Z” ., is always
characterized by a distinct peak in the frequency range
[33, 34, 35]. From Fig. 3, the maximum of Z”,_ .. is
1.9509%x10° Q and Z”p_max 18 4.4585x10* Q, which indi-
cates that Rb for (PE01)10L1C104 and (PEO])10L1C104-
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Fig. 5 Nyquist impedance plots for A (PEO,);sLiClO4-EC with
different EC concentrations at room temperature, and B
(PEO,)4LiClO4-EC(10%) at different temperatures

Al,O3 are 729,487 Q and 117,700 Q, corresponding to
the ionic conductivities of 8.97x107 Q 'ecm™' and
4.901x10°° Q" ecm™', respectively. The ionic conductivi-
ty is the same as that calculated from Eq. 10. Compared
with the calculation using Eq. 10, the estimation of Ry,
using Eq. 9 inferred in this paper is simple and easy. The
ionic conductivity values calculated from the above
three different methods for (PEO;);,LiClO; and
(PEO;),oLiClO4-Al,O5 polymeric electrolytes are sum-
marized in Table 2. It is clear that the value of the ionic
conductivity obtained from the different methods coin-
cide with each other. Although the methods for the es-
timation of Ry, from the Nyquist plot and the imaginary
impedance cannot determine the standard error of Ry,
they are still extensively used in the investigation of
polymeric electrolytes [21, 22, 26, 27, 28, 29, 30, 31, 32].

g 2.0

1.5

(PEQ,),,LiC10 Jx-EC

a(EC-0%)=22°C

b(EC-10%)=20°C
c(EC-20%)=21°C
d(EC-30%)=22"C

Frequency (Hz)

(FEO,),LiC10 /10%EC

a=20"C
b=25C
c=30°C
d=39°C
e=44°0
£=47°0
g=67°C
h=77°C
i=00°C

-2 (x105 Q)

.
.....

Y =gy e R e TR

Frequency (Hz)

Fig. 6 Imaginary impedance as a function of frequency for A
(PEO,)4LiClO4-EC with different EC concentrations at room
temperature, and B (PEO,),4LiClO4-EC(10%) at different temper-
atures



Tonic conductivity calculated from |Z| versus
frequency and phase angle versus frequency plots

Figure 5 shows the Nyquist impedance plots for
(PEO,)4LiClO4-EC plasticized polymeric electrolytes
using SS blocking electrodes. It is found that the high-
frequency semicircles disappear gradually with increas-
ing EC concentration and increasing temperatures. The
decreased bulk resistance indicates that the ionic con-
ductivity increases with the increasing EC concentration
and the experimental temperature. This change in the
Nyquist impedance plot makes it difficult to obtain the
bulk resistance value directly from the plots of the serial
samples.

Figure 6 shows the Z-f plots for the same samples as
in Fig. 5. It is clearly seen that the maximum of Z” in the
plot becomes indistinguishable with the increase of EC
concentration and the experimental temperature. This
plot, as well as Fig. 5, cannot give the exact bulk resis-
tance of these samples directly. As reported in the lit-
erature [29], the appearance of the high-frequency
semicircle and the imaginary maximum peak of these
samples with high plasticizer concentration or high ex-
perimental temperature should be higher than 100 kHz.
However, this frequency limitation is beyond the in-
strument used in the present study. In such a case, an
alternative method should be introduced to obtain the
bulk resistance.

The plots of |Z] versus f and 0 versus f are the other
representations of the complex impedance. These plots
for (PEO,);,LiClO4-EC samples with different EC con-
centrations and for (PEQO,);cLiCIO4-EC(10%) at differ-
ent temperatures are shown in Fig. 7 and Fig. §,
respectively. In Fig. 7 and Fig. 8A there is a plateau for
each sample in the |Z|-f plot. With increasing the EC

|Z] (€2)
{o) YL

Frequency (Hz)

Fig. 7 Plots of absolute impedance and phase angle as a function
of frequency for (PEO,),,LiClO4-EC with different EC concentra-
tions: (a) 0%, (b) 10%, (¢) 20%, (d) 30%
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concentration and the experimental temperature, the
value of the plateau intersect with the | Z|-axis decreases.
On the other hand, for the 0-f plot, there is a minimum
for each sample, which is shifted to higher frequency
with the further addition of EC plasticizer and the in-
creasing experimental temperature. The bulk resistance
can be calculated using the absolute impedance and the
phase angle as follows:

Ry =|Z|cos O (12)

|Z| is obtained from the intersection of the extrapolated
frequency-independent horizontal line and the |Z| axis
from Fig. 7 and Fig. 8A together with the phase angle
(0) corresponding to the minimum. The R, values of
each sample in Fig. 7 and Fig. 8 are shown in Table 3.

Frequency (Hz)

Fig. 8 A Plots of absolute impedance and B phase angle as a
function of frequency for (PEO,);cLiClO4-EC(10%) at different
temperatures: (a) 20 °C, (b) 25 °C, (¢) 30 °C, (d) 39 °C, (e) 44 °C,
(f) 47 °C, (g) 67 °C, (h) 77 °C, (i) 99 °C
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Table 3 Conductivity values calculated from different methods for (PEO,);¢,LiClO4 and (PEO,),cLiClO4-EC polymeric electrolytes

Sample T (°C) d/S (cm™)  From [arrowvertex]Z[arrowvertex] vs. fand 0 vs. f plots From equivalent circuit
[arrowvertex]Z -0 (°) Ry (Q) 0 Ry 1
[arrowvertex] (Q) ao*qQ'tem™” (Q) 10°Q'tem™)

EC 0% 22 0.0075 57569 4.0402 57425 0.13 57474 0.13

EC 20% 21 0.012 389.49 2.9294 388.98 30.8 414.1 29

EC 30% 20 0.01 143.23 2.2732 143.117 69.87 143.23 69.8

EC 10% 20 0.02 72499 3.3432 22460.7 0.8904 22382 0.894

EC 10% 25 0.02 12282 3.0185 12265 1.63 12173 1.64

EC 10% 30 0.02 7914.3 3.2813 7901 2.53 7872 2.54

EC 10% 39 0.02 2731 2.7128 2728 7.33 2740 7.3

EC 10% 44 0.02 558.87 2.2717 558.4 35.8 533.9 32.5

EC 10% 47 0.02 189.47 3.4068 189.1 105.8 184.86 108

EC 10% 67 0.02 61.422 2.3793 61.36 325.9 61.1 327

EC 10% 77 0.02 22.102 3.4876 22.06 907 22 909

EC 10% 99 0.02 13.831 4.0475 13.797  1449.5 13.78 1450

For comparison with the other methods, the results
obtained from the equivalent circuit are also listed in
Table 3. The results have three characteristics:

1. The ionic conductivity increases with the increasing
EC concentration.

2. The ionic conductivity of (PEO,);sLiClO4EC(10%)
increases with the experiment temperature.

3. The values of the ionic conductivity obtained using
different methods are almost identical.

Comparing these four methods, the calculation of the
ionic conductivity from the equivalent circuit is the most
efficient way, but the other methods can also be used to
estimate the bulk resistance of the polymeric electrolyte
approximately.

Conclusion

Two kinds of composite polymeric electrolytes of PEO-
LiClO4-Al,03 and PEO-LiCIO4-EC were prepared and
their a.c. impedance spectra were measured using Pt or
SS blocking electrodes. Four methods were introduced
to calculate the ionic conductivity, based on the different
representations of the a.c. impedance spectra. The
equivalent circuit is an efficient tool to analyze the ex-
periment data, and the bulk resistance in the circuit
obtained from the fitting process can be used to calculate
the ionic conductivity of SPEs.

Compared with the method of using the equivalent
circuit, the bulk resistances obtained both from the
Nyquist impedance plot and the Z” versus f plot are
convenient and straightforward. However, when the
concentration of plasticizer and the experiment tem-
perature are increased, the shape of the high-frequency
semicircle changes gradually. In this case, the plot of |Z]
versus f can be used to obtain the value of the bulk
resistance, and then the ionic conductivity can be cal-
culated.

The results indicate that the ionic conductivity of the
PEO-LiClO,4 system is increased by the addition of

Al,O; or EC additives and it is also increased on
increasing the experimental temperature. The values of
the ionic conductivity calculated from the different
methods in the present study are almost identical.
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