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Electrical characteristics of Fe-substituted sodalites were analyzed and equivalent circuits of samples were designed 

using impedance and admittance data. Internal components of resistances (/?„ R), and RQ and capacitances ©,(為 

and Cd) could be extracted by changing the frequency of measurement at three different temperatures. Upon increasing 

the temperature, electrical properties of the samples could be elucidated in detail by equivalent circuit The substitution 

of Fe on Al site was indirectly confirmed by ESCA and the results explain the lower polarity in Na-0 bond of 

Fe 10 mole %-substituted sodalite.

Introduction

Isomorphous substitution of Al by Fe up to 25 mole % 

in sodalite framework has been carried out and its ionic 

semiconducting property has been studied.1 For a conducti

vity measurement of polycrystalline materials, it is well 

known that AC method has many advantages because inter

facial polarization between the blocking electrode-material 

(electrolyte) and grain boundary effects can be sorted out 

at proper frequencies. This method has been used by many 

scientists, especially for various solid electrolytes.2-9

The complex method originates from Cole and Cole com

plex permittivity diagrams.10 The complex admittance (Y) can 

be expressed as the sum of the conductance (G) and the 

susceptance (B).

Y=G+iB

Again, the complex impedance (Z) which is reciprocal of co

mplex admittance (Y-1) separates into real and imaginary 

components, i.e.

Z 드 R+jX

Where R is resistance and X is reactance. From the plot 

of B vs. G (Scheme 1), the resistance value can be derived 

from the circular arc intercept on the G-axisr and the capaci

tance value from the expression involving the frequency at 

the peak of the circular arc. When the admittance plot gives 

a circular arc, a series R-C circuit is dominant, whereas a 

straight line indicates more characteristic parallel R-C circuit 

as can be seen in Scheme 1.

Here we report new results on polycrystalline solids in 

extension of our previous work.1 And we designed equivalent 

circuits of Fe-substituted sodalites by analysing the electrical 

data; the contribution of electronic resistance, resistances 

of grain and grain boundary, bulk capacitance, capacitance 

of electrode-material (electrolyte) interface, and dipole capa

citance. These interpretations will facilitate the understanding 

of electrical characteristics and applications. ESCA analysis 

was also carried out to obtain relative compositions of samples 

and compare the bond polarity. Results were discussed in
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Table 1. Conductivity and Electronic Contribution of Samples (Numbers in the parenthesis represent X10-w)

Fe m이 e % 

t CO
Conductivity (fl cm)"1, Electronic Contribution (%)

0% 5% 10% 15% 20% 25%

205 t

325 t

450 °C

4.8(-7), 96 5.5(-7), 100 9.0(-6), 10 5.5(-7), 91 5.1(-7), 100 4.5(-7), 100

2.0(-6), 23 22(-6), 25 1.8(-4), 2 3.4(-6), 15 3.5(-6), 15 3.5(-6), 14

1.7(-5), 4 2.8(-5), 4 1.5(-3), 1 4.2(-5), 2 5.5(-5), 2 5.3(-5), 7

Table 2. ESCA Binding Enegies of each elements in the Fe- 

substituted Sodalites (unit: eV)

Fe % Al 2p Si 2p Na Is

Zero 74.1 102.3 1072.5

5 73.9 102.2 1071.0

10 73.9 102.2 1071.0

15 73.7 102.1 1071.1

20 73.4 101.8 1071.2

connection with the electrical characteristics of the samples.

Experimental

Sodalite and Fe-substituted sodalites were synthesized ac

cording to our previous report.1 The pellets of the powdered 

samples were prepared by pressing and sintering at reaction 

temperatures. Blocking Au electrodes were applied to both 

sides of the pellets using vacuum deposition. The conductivi

ties were measured by pulse, DC, and AC methods11 at 205 

t, 325 t, and 450 fc in a predried nitrogen atmosphere. 

Then the results obtained by pulse and AC method were 

compared to find out whether those are in good agreement.

In pulse measurement, voltage pulse of 0.8 V, pulse width 

100 卩sec, and pulse duration time 500 psec were utilized 

with PG 1990 Pulse Generator of ED Engineering Company 

and Trio Oscilloscope CS-1040. In DC measurement, 0.5 V 

from a constant source was applied. Pulse method measures 

the instantaneous current by putting a short DC voltage pul

se across a circuit contaning the sample in series with a 

known resistor. When the circuit is closed, the instantaneous 

current and voltage is used to measure the total current. 

On the other hand, DC method measures final stabilized 

current which is related to the electronic conductivity, where 

blocking electrodes are used. Thus, from the two measure

ments the ionic conductivity and electronic conductivity can 

be sorted out, i.e.

^toial — ^ion + ^electronic

The complex impedance and admittance were measured 

in frequency range 5 Hz to 13 MHz keeping 0.1 V across 

the sample by using Hewlett-Packard 4192 LCR meter. The 

experimental data were selected in the frequency range 500 

Hz to 2 MHz (5 Hz to 2 MHz at 450 t) because the cell 

impedance was not negligible at high frequency and the re

liable accuracy of the LCR meter was in that frequency ran

ge.

ESCA spectra were recored on a VG ESCALAB MK-II 

spectrometer with a monochromatic Mg Ka X-ray source. 

For ESCA analysis, powder samples were pressurized into 

pellet (8 10 mm, thickmess 2 mm) with a pressure of 1 

ton/cm2. ESCA spectra were obtained after Ar+ ion sputter

ing to remove surface contaminations for 5 minutes in a 

vacuum chamber. Charge compensation is accomplished by 

setting the binding energy of internal C Is peak to 284 eV, 

which is always detected in an ESCA chamber.

Results and Discussion

Table 1 lists the total conductivity and percentage of elec

tronic contribution obtained by pulse and AC measurements. 

At 205 t, the electronic contributions are more 난｝an 90% 

and the ionic portions are small, which means that thermal 

energy for the ionic movement is not enough below 205 t 

except Fe 10 mole %-substituted sodalite.

According to the quantification data of ESCA, atomic per

centage of sodium of Fe 10 mole %-substituted sodalite was 

lower than those of other samples although the synthetic 

conditions of all the samples were the same. Samples have 

theoretical composition of NasSiGALrFexO^CL (x : 0-1.5). Con

sidering the magnitude of quantification error of ESCA, es

pecially large error for the minor component, compositions 

of synthetic samples fit quite well with the theoretical value, 

except for Fe 10 mole %-substituted sodalite in which so

dium was detected as 5.9 not as 8. This discrepancy in so

dium composition and conductivity can be explained as fol

lows : sodium itself is v이atile at high temperature. When 

10 mole % Al ions are replaced by Fe ions, Na ion shows 

the maximum flexibility1 by weakening the bonds with the 

oxygen ions and neighboring sodium ion. Thus the sodium 

is vaporized easily and the increment of flexibility of sodium 

ion can induce lower activation energy for the conductivity.

ESCA binding energies of some elements are listed in 

Table 2. Binding energies of all metallic elements shifted 

to higher level than those of pure metal, so chemical states 

of these elements are assumed to be in the form of oxide.11
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Rgure 1. Plots of impedance and admittance for sodalite at 

(a) 205 t, (b) 325 t, and (c) 450 t.

Rgure 2. Plots of impedance and admittance for 10 m시e % 

Fe-sodalite at (a) 205 t, (b) 325 为,and (c) 450 t.

From the data of Table 2 and XRD patterns which has been 

reported in the previous paper? it is reasonable that Fe 

atoms are substituted on the Al sites.

As the contents of substituted Fe atom increase, binding 

energies of Si 2p and Al 2p electron shifted gradually to 

the lower level, while binding energy variance of Fe 2p and 

O Is was negligible. This trend can be understood in terms 

of bond polarity : Binding energies of O k in pure FH2O3, 

AI2O3, and SiQ are known as 530, 531.6, and 533 eV respec

tively.12 So, electron density around O atoms can be assumed 

in order of FeQ^ALO^SiQ, and bond polarity as Fe-0 

>Al-O>Si-O. Al (or Fe), Si atoms which are placed on the 

edge of sodalite unit cell are bonded tc^ether in the form 

of O-bridge, that is, Al (or Fe)-O-Si. When Fe atom is substi

tuted on Al site, Fe atom neighbored O atom withdraws 

more electrons from the Fe atom, and releases some elect

rons to the adjacent Si or Al atom. Thus, Al-0 and Si-0 

bonds are less polarized, and binding energies of Al and 

Si shift to the lower level.

Binding energies of Na atoms which are placed on the 

inner side of sodalite unit cell showed the minimum value 

at 5-10% Fe-substituted sodalite. It means that electron den

sity around Na atom is in a maximium, and polarity of 

Na-0 bond is in a minmum state at that condition, weakning 

the Na-0 bond.

The plots of reactance (-X) vs. resistance (R) and susceptan

ce (B) vs. conductance (G) of each sample at three tempera

tures are drawn in Figure 1-4. All the samples except Fe 

10 mole %-subtituted sodalite show similar patterns at 205 

t. They had electronic conductivity mainly and the magni

tudes were very low (10-7 Q-1 cm-1). Long range charge 

migration did not occurr and the capacitances were almost 

independent on the change of frequency. Electrical double 

layer was not formed at the interface of blocking electrode

material so the capacitance observed at 205 t? came from 

the bulk (=grain 4-grain boundary) capacitance, Cb (about 

45 pF) of the material. The equivalent circuits can be propo

sed as in Figure 5(a).

At 320 t?, magnitude of electronic resistance, Re was the 

same as that at 250 t?, but the relative contribution was 

about 20% of the tot지 conductivity. The other 80% 아lowed 

ionic conductivity. This long range migration causes capacitan

ce at the electrode-material interface which is designated 

as Cdi. Total capacitance was 1 nF at low frequency and 

Ca component could be eliminated at above 10 kHz. Analy

zing the plots, the overall behavior is dominated by the para

llel arrangement of Cbt bulk resistance R, and Re at high 

frequency with a series combination of (為 at low frequency 

as shown in Figure 5(b). Also separations of Rb of some sam

ples to Rg and R曲 were carried out using a simple method
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Figure 3. Plots of impedance and admittance for 15 mole % 

Fe-sodalite at (a) 205 t, (b) 325 °C, and (c) 450 t.

Figure 4. Plots of impedance and admittance for 25 m시e % 

Fe-sodalite at (a) 205 °C, (b) 325 t, and (c) 450 t.
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(b)

Cb : bulk cacpacitance

Rc : electronic resistance

Rg : resitance of grain

Rgb: resistance of grain boundary

Hgure 5. Equivalent circuits designed for 0, 5, 15, 20 and 25

Cd : dipole cacpacitance

Rb : b니 k resistance

Cdl: capacitance of electrode-material

Cg : capacitance of grain

Cgb : capacitance of grain boundary

mole % Fe-sodalite at (a) 205 °C, (b) 325 °C, and (c) 450 °C.

for the resolution of an overlapping situation.13 Magnitude 

of electronic resistance was calculated by extrapolating the 

plot of B vs. G as frequency goes to zero.

At 450 °C, Re was mush lower than Rb, s。the component 

Re was ignored. The conductivity was mainly ionic and feasi

ble long range migration by Na ion caused high C이 (about 

100 nF) 가 low frequency. However, C(u also could be 이imi- 

nated at high frequency resulting in Cb only. The magnitude 

of Cb at 325 °C and 450 °C were 5-10 pF higher than that 

of 205 °C because of the dipole reorientation process, which 

was formed by pairing of ions. The mobile Na ions in substi

tutional or interstitial sites carry effective charges from anio

nic group, forming dipoles. The capacitance by dipole relaxa

tion process, CD is assumed to be arranged in parallel with 

Cb? As frequency increased, Rg and 心 could be estimated 

separately from the data of impedance and admittance. At
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Figure 6. Equivalent circuits designed for 10 mole % Fe-sodalite 

at (a) 205 t, (b) 325 t, and (c) 450 t.

this temperature, the plot of B vs. G showed semicircle, 

which meant the components Rb and C* were arranged to 

series circuit at low frequency. The distorted semicircle was 

composed of two semicircles giving the information about 

Rg and R的 The equivalent circuit is drawn in Figure 5(c).

The exceptional electric character and sodium atomic per

centage of 10 mole % Fe sodalite were mentioned before. 

(方 was not formed in the overall frequency range except 

Cb (40 pF) at 205 t, and ionic migration was not active 

(1(厂& n1 cm-1) even though 90% ionic conducting property 

was observed. The experimental impedance and admittance 

plots in Figure 2(a) indicate parallel behavior among G, 90% 

contribution of Rb and 10% Re, As temperature increased, 

Re part was negligible and capacitance increased by the for

mation of Cdi at low frequency. The Cdi was also eliminated 

at above 10 kHz at 320 t?, but the trace of Cdi (about 0.05% 

of the total Cdi, but several hundreds times of Cj) and Cd 
were still remained at 450 °C. Figure 6 shows the equivalent 

circuits of Fe 10 mole %-substituted sod지ite.

Acknowledgment. We thank Korea Science and Engi

neering Foundation for financial support.

References

1. Kim, C. H.; Jung, C. S. Bull. Korean Chem. Soc. 1990, 

14, 215.

2. Bauerle, J. E. J. Phys. Chem, Solid 1969, 30, 2657.

3. Schouler, E.; Hammou, A.; Kleitz, M. Mater. Res. Bull. 

1976, 11, 1137.

4. Raistrick, I. D.; Chun Ho; Huggins, R. A. J. Electrochem. 

Soc. 1976, 123, 1469.

5. Bayard, M. L.; Barna, G. G. J. Electroanal. Chem. 1978, 

91, 201.

6. Bruce, P. G.; West, A. R. J. Electrochem. Soc. 1983, 130f 

662.

7. Casciola, M.; Fabiani, D. Solid State Ionics 1983, 11, 31.

8. Subramanian, M. A, Clearfield, A. Mater. Res. Bull. 1984, 

19, 1135.

9. Kim, C. H.; Kim, E. D. Bull. Korean Chem. Soc. 1989, 

10, 495.

10. Cole, K. S.; Cole, R. H. J. Chem. Phys. 1941, 9, 341.

11. Johnson, Jr., R. T.; Biefeld, R. M.; Knotek, M. L.; Moro- 

sin, B. J. Electrochem. Soc. 1976, 123, 680.

12. Wagner, C. D. ed.; Handbook of Photoelectron Spectroscopy', 

Eden Praire, 1979.

13. Kleitz, M.; Kennedy, J. H. ed.： Fast ion Transport in So

lids', Vashshita, Mundy and Shenoy: Elsevier North Hol

land Inc., 1979; p 185.


