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The cathodic current blackening of Bi203-based oxide ion conductors was examined for the Bi2Oa-Y203 
electrolyte at low oxygen pressure. In air, more than 500 mA cm -2 d.c. could be passed at 600 ~ C with- 
out causing changes in the electrolyte itself. However, in argon gas, a limiting current of 3 mAcm -2 was 
observed and the electrolyte was blackened at the cathode side. The limiting current was ascribed to 
control by the diffusion of oxygen gas at the cathode. The blackened oxide was found to consist of a 
mixture of Bi metal and Bi203-Y203 solid solution and to exhibit the equilibrium oxygen partial pres- 
sure almost corresponding to that of the Bi, Bi203 mixture. 

1. Introduction 

Takahashi and co-workers have reported the high 
oxide ion conduction in the sintered oxides based 
on Bi203 [1-4]. For example, 
(Bi203)o.Ts(Y2Oa)o.2s shows an oxide ion conduc- 
tivity of 6.0 x 10 -2 ~- lcm-1  at 600~ and its 
ionic transport number is close to unity in air [2]. 
This conductivity value is one order of magnitude 
higher than that of the yttria-stabilized zirconia at 
the corresponding temperature [5]. Therefore, 
many applications at lower temperatures are 
expected using this high conductivity conductor, 
e.g. in oxygen pumps and the like. However, on 
the basis of the thermodynamic properties of 
Bi203, Bi203-based conductors should be easily 
reduced at low oxygen pressures [6, 7]. This will 
lead to the cathodic decomposition of the electro- 
lyte and subsequent colour change (current 
blackening) on applying high current densities at 
low oxygen partial pressures. In order to investi- 
gate the conduction behaviour under low Po2, we 
have examined this current blackening of the 
oxide ion conductor of the system Bi203-Y203. 

2. Experimental 

The preparation method for polycrystalline speci- 
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mens is the same as the technique reported pre- 
viously [2, 3]. The specimen containing 27 mol% 
Y203 was mainly used in this experiment. This 
was sintered at 1100 ~ C in air; the resulting speci- 
men had a 93% density. X-ray analysis (CuKa 
radiation) showed it to consist of a fcc single phase. 
In order to measure the current-voltage characteris- 
tics, rod (13 x 5 mm diameter) and disc samples 
(1 x 12 mm diameter) were used. The latter had a 
reference electrode of Ag, pasted on the sample 
laterally to measure the cathode potential (Fig. 3). 
The d.c. voltage was applied galvanostatically at 
600 ~ C under each equilibrium oxygen partial pres- 
sure to the sample between silver electrodes pro- 
vided on the both ends, and the terminal voltage 
and the cathode potential against the reference 
electrode were measured by the high impedance 
recorder. 

The equilibrium oxygen partial pressures (Po~, 
eq) of the current-blackened specimen and the 
other oxide systems were measured by the follow- 
ing cells using 10 tool% yttria-stabilized zirconia 
(YSZ) disks as the electrolytes. 

The blackened sample I YSZI Ag, air (I) 

M, MOx I YSZ I Ag; air. (II) 

The cell assembly is shown schematically in Fig. 1. 
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Fig. 1. Schematic cell assembly. (1) Glass packing (2) 
Electrolyte (3) Metal-metal oxide mixture (4) Alumina 
crucible (5) Heater coil (6) Ag lead (7) CA thermo- 
couple 

Judging from the reasonable e.m.f. 's of  the cells 
using Cu, Cu20 and Ni, NiO as M, MOx, the glass 
gasket softened at 800 ~ C in Fig. 1 was found to 

be satisfactory to seal high and low P o :  chambers. 
For  the examination of  the blackened sample, 
X-ray diffraction analysis, microscOpic observation, 

DTA and TG were also employed.  

3. Results and discussion 

3.1. Current blackening 

Fig. 2 shows the measured current density versus 
terminal voltage relations for a rod sample at 
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Fig. 2. Current density versus terminal voltage relations at 
600 ~ C. 
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Fig. 3. Current density versus cathode potential relations 
at 600 ~ C. (1)Po 2 = 2.1 • 10 -1 atm (2)5.1 X 10 -2 arm 
(3) 1.1 X 10-2atm (4) 3.7 • 10-3atm (5) 
1.3 X 10 -3 atm 

600 ~ C. An ohmic relation is observed in air up to 
500 mA cm -2 at least. In argon gas, however, a 
limiting current and the subsequent decomposit ion 
voltage are observed at about 3 m A c m  -2 and 
600 mV, respectively. Using a disc specimen with 

the reference electrode ment ioned above, the 
limiting current was shown to be associated with 
the cathode. The cathode potential  versus current 
density relation, measured at 600 ~ C under various 
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Fig. 4. Po2 dependence of limiting current density (i L) at 
600 ~ C. 



CONDUCTION IN Bi2Oa-BASED OXIDE ION CONDUCTOR. PART I 301 

Fig. 5. Microstructure of blackened sample. 

Po: ,  is given in Fig. 3. The potential values were 
corrected for the 1R drops. The lower the Po~, the 
smaller and the more obvious, is the limiting 
current density (it.). Fig. 4 indicates the Po:  
dependence of the i L shown in Fig. 3. Apparently, 
the cathodic limiting current density is propor- 
tional to the P o c  This indicates that the limiting 
current is due to control by the rate of diffusion 
of oxygen gas at the cathode, since the it. is related 
to Po2 by Fick's law in the case of diffusion con- 
trol i.e. 

/ 'o: 
i L = 4 F D - - -  (1) 

where F is the Faraday constant, D the diffusion 
coefficient and ~ the thickness of the diffusion 
layer. 

Further application of d.c. voltage beyond the 
limiting current in each case made the slope of the 
i-  V curve steep as shown by a broken line in Fig. 
3, and the resultant specimen was blackened from 
the catholyte surface towards the bulk, except 
for the sides. The blackened part was electrically 
conductive even at room temperature. Microscopic 
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Fig. 6. X-ray diffraction patterns of an unblackened and a 
blackened sample and Bi metal. 

analysis showed that every part of the sample was 
not completely blackened even at the catholyte 
surface (Fig. 5). Fig. 6 represents the X-ray diffrac- 
tion patterns of an unblackened and a blackened 
oxide, and of Bi metal (from the ASTM card). The 
blackened part was found to consist of two phases, 
a fcc solid solution of the Bi203-Y20a system and 
Bi metal. The diffraction pattern, corresponding to 
a lower valence oxide such as Bi20 or BiO, was not 
observed in any case. The results of DTA or TG 
for the blackened oxide examined in air are indi- 
cated in Fig. 7. The mass of the sample increases 
as an exothermic reaction proceeds. As an endo- 
thermic peak at 271 ~ C corresponds to the melting 
point of Bi metal, the exothermic reaction is due 
to the oxidation of Bi metal. 

As a result, it is concluded that the oxide is 
partially reduced to Bi metal by applying a high 
d.c. voltage under lowPo2. From TG data, in 
particular, only about 30% of the Bi203 of the 
Bi203-Y2Oa solid solution was found to be 
decomposed into Bi metal even in the catholyte. 
The reason why Bi metal (271 ~ C m.p.) is retained 
in the blackened oxide at high temperature is 
explained as follows: (1) the side of the sample is 
not electrolysed in argon gas; (2) the matrix of the 
fcc phase remains in the blackened region as men- 
tioned above. 

The current blackening condition of the oxide 
ion conductor has been examined for stabilized 
zirconia by several investigators [8, 9]. According 
to these authors, the current blackening was not 
accompanied by significant variations in the fcc 
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Fig. 7. DTA and TG charts of blackened sample. 
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lattice and, moreover, no evidence of reduction 
to free Zr metal was obtained, although the 
zirconia electrolyte exhibited a considerable 
colour change. The reduction to metal is considered 
to be a characteristic property of the oxide elec- 
trolyte based on Bi2Oa which has a small free 
enthalpy of formation I A G ~  I. 

3.2. Po=, eq in the blackened oxide 

One of the possible reactions during the above 
electrolysis is 

(Bi2Oa)l-x(Y2Oa)x -+ 2 (1 -- x)Bi 
(2) 

+ [3(1 - -x)] /2  O2 + xY2Oa. 

However, as free Y2Oa is not shown to be present 
by X-ray diffraction, the overall decomposition 
reaction may be 

(Bi2Oa)l-x(Y2Oa)x -+ (Bi20a)l-x-c~(Y2Oa)x 

+ 2~Bi + 3~/2 02. (3) 

The Po~, eq of a mixture of Bi metal and oxide in 
the blackened specimen was examined using tlae 
cell [I]. Fig. 8 shows that the measured e.m.f. 
coincides with the value calculated from the free 
enthalpy of formation (AG~) of Bi2Oa between 
580 and 700 ~ C within an accuracy of --- 5 mV. In 
order to evaluate the AG ~ value of Bi2Oa, we used 
the data given by Chatterji and Smith [7], which 
was obtained using the following cell, 
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Fig. 8. Electromotive force versus temperature relation of 
the cell (I); a solid line shows the value calculated from 
the AG~ of Bi20 a. 

Bi, Bi2Oa I CaO-stabilized ZrO2 tube I Pt, air. 

[III] 

The Po~, eq ofBi, Bi2Oa is, for example, 

10-1a. 1 atm at 600 ~ C. Therefore, the blackened 
sample has the same P% value at the correspond- 
ing temperature. A deviation from the calculated 
value was observed at lower temperatures. Such 
behaviour has been observed sometimes for solid 
state galvanic cells of high impedance at lower 
temperatures. 

The partially blackened specimen may be used 
as the low Po= standard for galvanic cells, since Bi 

metal does not escape from the blackened body at 
high temperature and the blackened oxide has the 
Po=, eq at each temperature. We will discuss this 
property in detail in the subsequent paper. 

4. Conclusion 

More than 500 mA cm -2 d.c. could be passed 
through the Bi2Oa-Y2Oa electrolyte at 600 ~ C 
in air without current blackening. However, a 
limiting current (~  3 mA cm -2) was observed at 
Po~ ~ 10-4 atm and the electrolyte decomposed 

and blackened. The limiting current was found to 
be caused by a cathodic reaction controlled by the 
diffusion of oxygen gas, and the blackening was 
due to the partial reduction of the electrolyte into 
Bi metal. The blackened specimen exhibited the 
equilibrium Po~ ( 10-x3" 1 atm at 600 ~ C) which 
almost corresponded to that of the Bi, Bi2Oa 
mixture. This may be used as a low Po 2 standard 
for galvanic cells. 

References 

[1] T. Takahashiand H. Iwahara, J. Appl. Electrochem. 
3 (1973) 65. 

[2] T. Takahashi, H. Iwahara and T. Arao, ibid 5 
(1975) 187. 

[3] T. Takahashi, T. Esaka and H. Iwahara, ibid 5 
(1975) 197. 

[4] Idem, J. Solid State Chem. 16 (1976) 317. 
[5] D.W. Strikler and W. G. Carlson, 9'. Amer. Ceram. 

Soc. 48 (1965) 286. 
[6] A.V. Ramana Rao and V. B. Tare, Scripta Met. 5 

(1971) 807. 
[7] D. Chatterji and J. V. Smith, J. Electroehem. Soc. 

120 (1973) 889. 
[ 8] T. Takahashi, H. Iwahara and I. Ito, Denki Kagaku 

38 (1973) 889. 
[9] R.E.W. Casselton, J. S. Thorp and D. A. Wright, 

Proc. Brit. Ceram. Soc. 19 (1971) 265. 


