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Abstract 

 

Oxygen permeation measurements were performed on two layered bismuth based 

oxide ceramics: a  rhombohedral phase belonging to the Bi2O3-CaO system,  (Bi2O3)0.73-

(CaO)0.27 (BICAO) and a BICOVOX phase. Oxygen permeability for these systems was 

compared to permeability of the cubic fluorite type structure with composition 

(Bi2O3)0.75(Er2O3)0.25 (BE25). Low oxygen permeability was observed for the pure ceramic. 

As for BE25, permeability was considerably increased if 40 vol% of silver was added to 

BICAO. In contrast, permeability was not improved by addition of gold to BICOVOX. For 

this latter phase, the oxygen molecular exchange at the surface is clearly the limiting step in 

the oxygen transfer.   

 

 

PACS codes : 68.35F, 66.30D, 81.05M, 84.32F 

Keywords: bismuth erbium oxide, bismuth calcium oxide, BIMEVOX, oxygen permeation 
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1. Introduction 

 

Bismuth oxides exhibit high oxide ion conductivity. A conductivity of 1 S/cm was 

observed for Bi2O3 itself in its δ form at 800°C. However, these exceptional properties are 

limited by the melting point of the material at 830°C, and by a dramatic phase transition at 

730°C, characterised by a large volume change which leads to mechanical strains. Several 

studies have been performed to stabilise this high temperature form at room temperature. By 

partial substitution with erbium, a (Bi2O3)1-x(Er2O3)x solid solution with 0.175 ≤ x ≤ 0.455 

was evidenced [1]. Rhombohedral phases with high conductivity at high temperature were 

obtained in the Bi2O3-CaO, Bi2O3-BaO or Bi2O3-SrO systems [2-5]. The best properties at 

moderate temperatures were observed for BIMEVOX materials which derive from Bi4V2O11 

by partial substitution for vanadium with a metal [6].  

Because of their conductivity at moderate temperatures, 400-700°C, these materials 

could be developed as membranes for oxygen separation from air [7, 8] or as catalysts in a 

Catalytic Dense Membrane Reactor (CDMR) [9]. There are two concepts of oxygen 

separators using an oxide ion conductive membrane: current driven membranes and pressure 

driven membranes. In the first case, under an electrical field, molecular oxygen is dissociated 

at the cathode into oxide ions which migrate through the membrane and recombine as O2 at 

the anode. This allows the production of given amounts of oxygen under pressure. In the 

second case, a difference of oxygen partial pressure between an oxygen rich compartment and 

an oxygen poor compartment is the driving force for the migration of O2 from the rich to the 

oxygen poor compartment. There is no need for an external current but the membrane must be 

a mixed conductor to allow the reverse flow of the electrons needed for the oxygen 

dissociation. This mixed conductive membrane can be an intrinsically mixed conductor or a 
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mixture of an oxide ion conductor and an electronic phase. The expected oxygen permeation 

flux in such membranes depends therefore on the difference of oxygen partial pressure 

between the two compartments, on the membrane thickness (the thicker the membrane, the 

lower will be the flux, due to diffusion limitation) and on the ionic and electronic conductivity 

of the membrane. Assuming the oxygen transfer is not limited by transfer of oxygen 

molecules at the surface, the oxygen permeation flux is given by the Wagner equation: 

 

 

   

          (1) 

where pO2(h) and pO2(l) stand for the oxygen partial pressure in the higher and lower 

oxygen partial pressure compartment, respectively, L is the sample thickness, T is the 

temperature, R is the universal gas constant and F is the faraday constant. The ambipolar 

conductivity is defined as: 

  

 

          (2) 

 

where σe is the electronic contribution and σi is the ionic contribution to the total 

conductivity.  

In the case of extrinsic mixed conductors, percolation of the oxide ion conducting and 

the electronically conducting phases is needed. Wu and Liu found the percolation threshold to 

be 1/3 volume fraction and the ambipolar conductivity was relatively high when the volume 

fraction of each phase was within the range 1/3 to 2/3 [10]. This was confirmed by Chen et al. 
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much larger than that of a non-percolative composite containing 30 vol% Pd [11]. When the 

electronic conduction is high as compared to the ionic conduction, the oxygen flux is mainly a 

function of the ionic conductivity.  

High oxygen permeability was evidenced for perovskite materials that are intrinsic 

mixed conductors at high temperatures (800-1100°C), and for Bi2O3-Er2O3 and Bi2O3-Y2O3 

systems mixed with silver, at lower temperatures (500-800°C) [12-15].  

The aim of this paper is the characterisation of oxygen permeability in layered bismuth 

oxides. Two compositions were selected:  a rhombohedral phase belonging to the Bi2O3-CaO 

system whose structure can be described as the stacking of hexagonal layers [3, 4], with 

(Bi2O3)0.73-(CaO)0.27 composition (further referred to as BICAO) and a BICOVOX phase 

belonging to the BIMEVOX family of materials whose structure is built from Bi2O2
2+ layers 

interspaced with oxygen deficient VO3.5 slabs. The cubic fluorite type structure with 

composition (Bi2O3)0.75(Er2O3)0.25 (referred to as BE25) which had been previously studied by 

the group of Bouwmeester et al. [12, 13] was also investigated for the sake of comparison. In 

a first step, sintering conditions were optimised to obtain dense ceramics. In a second step, 

oxygen permeation fluxes were measured between 600°C and 700°C on pure ceramic 

membranes and 40 vol% of metal cermet membranes. Silver was added to BE25 and BICAO. 

In the case of BICOVOX cermet membranes, the gold was added because silver reacts with 

BIMEVOX phases. The temperature of measurements was limited to 700°C because of the 

use of pyrex rings for sealing. This paper is divided into two parts. In part I, results of oxygen 

permeation are presented. Part II will deal with 18O/16O isotope exchange experiments which 

were performed to define the limiting step in the oxygen transport for these materials. 
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2. Experimental 

 

Dense ceramic membranes were prepared from attrition-milled powders of BE25, 

BICAO and BICOVOX. BE25 and BICAO powders were prepared by solid state reaction 

from the stoichiometric mixture of the corresponding oxides, Bi2O3 (Riedel de Hahn, 99.6%, 

previously decarbonated at 600°C), Er2O3 (Merck, 99%), and calcium carbonate CaCO3, 

(Prolabo, > 99%). The mixtures were heated at 600°C for 12 hours and then at 800°C for 

BE25 and 700°C for BICAO with intermediate grinding between each temperature. 

BICOVOX was prepared by co-precipitation and provided by Pharmacie Centrale de France 

(P.C.F.). Its actual composition was Bi2.02Co0.13V0.85Oz. The purity of each phase was checked 

by means of X-ray diffraction. The as-prepared powders were too coarse to be densified. They 

were ball milled by attrition for 4 hours using 1-2 mm diameter zirconia balls with a 1000 rpm 

speed in ethanol. Silver (Aldrich, 2-3.5µm, 99.9+%) or gold powders (Heraus, Type 200-03, 

BET 0.40m2/g, < 2.5µm) were used for the cermets. They were mixed with the ceramic 

powder in ethanol which was evaporated using a rotary evaporator. The sintering conditions 

were optimised using dilatometry. Green membranes, 5 mm diameter, 5-6 mm thick, were 

uniaxially pressed and then isostatically pressed under 700 bar. Dilatometric experiments 

(Linseis 75/1550) were performed with a 4°C/min heating rate, up to a maximum temperature 

defined as a function of the materials melting point. Cylindrical pellets for oxygen 

permeation, 15 mm diameter, about 1 mm thick, were prepared in the same way and sintered 

according to the dilatometry results. Their surfaces were mirror-polished using successive SiC 

papers up to 4000 grit. Their microstructures were characterised using a Jeol 5300 

microscope.  

Oxygen permeation measurements were performed on both pure ceramics and cermets. 

Measurements were also performed on BE25 and BICAO ceramics coated with silver paste 
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(Aldrich, 2-3.5 µm, 99.9+%) on the surface. The experimental set-up described by Fouletier 

in [15] was used for the measurements. A schematic of this set-up is given in Fig. 1. The 

cylindrical membrane, 15 mm diameter, 1 to 2 mm thick, was introduced between two mullite 

tubes and sealed by pyrex glass rings. Experiments were carried out between 600°C and 

700°C. Leakage was controlled by measuring the trace oxygen content  in the isolation 

chamber. Pure oxygen was introduced in the lower chamber and argon in the upper one. The 

oxygen partial pressure in the argon stream was about 2 x10-6 atm. The oxygen concentration 

in the inlet and outlet were measured by means of zirconia electrochemical oxygen gauges. 

The gas flows were fixed at 2.5 cm3/sec. The permeation fluxes were calculated by dividing 

the permeation rates by the effective surface area of the disks. 

Conductivity measurements as a function of oxygen partial pressure were carried out in 

the 500-600°C range on BE25 and BICAO pure ceramics. The pellets were 8 mm diameter 

and 3 mm thick. A zirconia oxygen pump was used to introduce a given amount of oxygen 

which was controlled by means of a zirconia electrochemical oxygen gauge. Impedance 

measurements were performed with Solartron 1260 impedance analyser with a 50 mV 

amplitude signal over the 1 Hz to 1 MHz frequency range. A gold paste (6440 DMC2 France) 

was used as the electrode material. It was deposited by painting and treated at 650°C for 1 

hour with a 5°C/min heating-cooling rate. 

 

3. Results and discussion 

 

a) Sintering conditions 

 

To prepare dense ceramics, the sintering conditions of each ceramic were optimised. 

Dilatometry was performed on both pure ceramics and cermets. The corresponding shrinkage 
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curves are given in Fig.2. In general, cermets with silver exhibit a lower melting point than 

pure ceramics. The rate of shrinkage and temperature of maximum shrinking rate, and the 

temperature above which grain growth is expected, are reported in table 1. While close critical 

temperatures were found for BICAO and BICOVOX, a higher critical temperature was 

observed for BE25 which exhibits a higher melting point. The addition of silver led to a 

higher sintering rate. After several attempts, BE25 membranes were sintered for 1 hour at 

900°C, BICAO for 2 hours at 720°C and BICOVOX for 1h at 750°C with a 4°C.min-1 heating 

and cooling rate. Membranes with a relative density higher than 95% were obtained in all 

cases.  

Secondary electron and back scattering electron micrographs of BICOVOX pure 

ceramic and BICOVOX-Au and BE25-Ag cermets are reported in Fig. 3. For BE25-Ag 

cermet, the ceramic appears as white and silver as black on the micrographs, in contrast to 

BICOVOX-Au for which ceramic is black and gold is light grey. These micrographs revealed 

dense membranes with grain sizes of 5 µm for pure BICOVOX and smaller grains in the case 

of the cermets. An homogeneous distribution of the ceramic and metal was generally 

observed. 

 

b) Conductivity of pure ceramic 

 

In their study of oxygen permeability at various oxygen partial pressures, Boukamp et 

al. [12] evidenced a p-type electronic conductivity for BE25 and evaluated the electronic 

transference number to be less than 1% at 650°C. Guillodo et al. [17] evidenced a low p-type 

conductivity for BICOVOX at temperatures higher than 550°C. An electronic transport 

number of 3% was calculated at 650°C. Conductivity was measured by impedance 

spectroscopy for the three pure ceramics. Arrhenius plots are given in Fig. 4.  BE25 and 
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BICOVOX exhibit similar conductivity values at temperatures higher than 600°C and 

therefore a similar rate of oxygen permeability should be expected for these two 

compositions. BICAO conductivity at 600°C is one order of magnitude lower than BICAO 

and BE25. It exhibits a phase transition at 730°C. The high temperature form (β1) is a pure 

oxide ion conductor whereas a p-type semi-conduction was evidenced in the low temperature 

domain (β2) [4]. This was confirmed by the evolution of the conductivity as a function of the 

oxygen partial pressure (Fig. 5). Measurements were performed at 500, 550 and 600°C. In the 

whole domain of temperature, an increase of the conductivity was observed when the oxygen 

partial pressure increased, indicating a p-type semi-conduction. At 600°C, the electronic 

conduction under air was at least 15% of the total conduction.  

 

c) Oxygen permeation fluxes 

 

Oxygen permeation fluxes were measured between 600°C and 700°C. Values at 

selected temperatures are given in table 2 together with membrane thickness and 

corresponding oxygen partial pressures. Their evolution versus temperature is reported in Fig. 

6. Oxygen permeation fluxes obtained on BE25 and BE25-Ag membranes are in good 

agreement with values reported by Bouwmeester [12, 13]. Although the conductivity of  

BICAO was lower, similar oxygen permeation fluxes were observed for BE25 and BICAO 

pure ceramics. Similar fluxes were measured on membranes silver coated on the surface but 

fluxes were increased by at least one order of magnitude when 40 vol % of silver was added. 

In contrast, very low oxygen permeation fluxes were obtained for BICOVOX, which could 

not be increased by addition of gold. 
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It is notable that oxygen permeation fluxes measured for the BICAO-Ag cermet are of 

the same order of magnitude than those reported by Lee and Wu for BiBaO-Ag [18] and 

BiSrO-Ag [19] for β2 rhombohedral forms. These authors showed that the oxygen permeation 

fluxes were increased by one order of magnitude in the β1 domain, so that higher fluxes 

should be expected for BICAO in the β1 domain. Unfortunately, our experimental set-up 

being limited to 700°C, we were not able to measure the oxygen permeation for BICAO in its 

β1 form which is stable only above 730°C. The higher semi-conduction of BICAO as 

compared to BE25 explains oxygen permeation fluxes in the same order of magnitude for 

these two compositions although BICAO is less conductive in this domain of temperature. 

Silver addition to BE25 led to a higher increase of  oxygen permeation compared to BICAO 

cermet, in agreement with the higher ionic conductivity of BE25. Two parameters govern the 

oxygen transport in such membranes: i) the bulk diffusion controlled by the ambipolar 

conductivity (oxide ion conduction and electron hole conduction) and ii) the rate of exchange 

of O2 molecules at the surface of the membrane. Ten Elshof et al [20] characterised the 

oxygen permeation properties of dense BE25-Ag cermet membranes with different silver 

contents. Under the percolation threshold, they evidenced an increase of oxygen flux when 

silver content increased and attributed this to faster kinetics of surface oxygen exchange in the 

presence of silver. In the present study, similar oxygen fluxes were measured on pure ceramic 

membranes and membranes with a silver layer painted on the surface. In contrast, as observed 

by ten Elshof on BE25-Ag, oxygen permeation was considerably increased by addition of 40 

vol% silver in the bulk. This indicates that, in the case of BE25 and BICAO pure ceramics, 

the electronic conduction is limiting the oxygen transfer whereas for cermets, above the 

permeation threshold, the electronic conduction is no longer limiting. However, for the 

BICAO-Ag cermet at 600°C and assuming bulk diffusion as the limiting step in the oxygen 

transfer, a theoretical permeation flux of 4.10-8 mol.cm-2.s-1 would be expected by considering 
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the conductivity of pure BICAO (σi = 8.10-3S.cm-1 at 600°C) and taking into account the 

volume fraction of silver. A lower flux of  9.92.10-9 mol.cm-2.s-1 was measured. The same 

feature was observed for BIBAO-Ag cermet by Lee [18], who suggested that the flux was at 

least partly limited by the surface reaction rate. One technique allowing the characterisation of 

the kinetics of transfer is the 18O/16O Isotope Exchange Depth Profile Technique based on 

Secondary Ion Mass Spectrometry. This technique was applied to BE25 and BICAO ceramics 

and cermets. It confirmed slow kinetics of oxygen transfer at the surface of pure ceramics. 

The rate of oxygen surface exchange is increased by a factor of almost 100 for cermets.  The 

results will be described in part II.     

In the case of BICOVOX, oxygen permeation was not improved by addition of gold. 

The 18O/16O Isotope Depth Profile Technique based on Secondary Ion Mass Spectrometry 

was performed on BIMEVOX membranes and confirmed that the kinetics of exchange at the 

surface of these materials are very slow [21].  

 

 

4. Conclusion 

 

Oxygen permeation measurements were performed on two layered bismuth-based 

oxides: a  rhombohedral phase belonging to the Bi2O3-CaO system,  (Bi2O3)0.73-(CaO)0.27 

(BICAO) of β2 type, which is a p-type semiconductor and a BICOVOX phase, which exhibits 

a small p-type semi-conductivity. Oxygen permeation fluxes were compared to those obtained 

on the cubic fluorite type structure with composition (Bi2O3)0.75(Er2O3)0.25 (BE25). Low 

oxygen permeability was observed for the pure ceramic. It was considerably increased when 

40 vol% of silver was added to BE25 or BICAO. In contrast, the permeability was not 

improved by addition of gold to BICOVOX. In this case, the oxygen molecular exchange at 
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the surface is clearly the limiting step in the oxygen transfer. The kinetics are not improved by 

addition of gold which confirms the poor activity of this metal for oxygen dissociation. The 

characterisation of oxygen transfer in BICAO and BE25 by the 18O/16O Isotope Exchange 

Depth Profile Technique will be described in part II. Thanks to their high conductivity, 

bismuth based oxides allow oxygen permeation at moderate temperature which makes them 

promising catalytic materials in Catalytic Dense Membrane Reactors for selective oxidation 

[9].    
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Figure captions 

 

Fig. 1. Scheme of the experimental set-up for permeation measurement. 

 

Fig. 2. Shrinkage curves of (a) BE25 and BE25-Ag (40 vol%) (b) BICAO and BICAO-Ag (40 

vol%) (c) BICOVOX and BICOVOX-Ag (40 vol%). 

 

Fig. 3. Secondary electron (left) and back scattering electron (right) micrographs of (a) 

BICOVOX pure ceramic, (b) BICOVOX-Au (40 vol%) cermet, (c) BE25-Ag (40 vol%) 

cermet.  

 

Fig. 4. Conductivity of BICAO as a function of the oxygen partial pressure. 

 

Fig. 5. Arrhenius plot of the conductivity for BE25, BICAO and BICOVOX compared to 

YSZ. 

 

Fig. 6. Oxygen permeation fluxes in function of the temperature through BE25, BE25-Ag (40 

vol%), BICAO, BICAO-Ag (40 vol%), BICOVOX and BICOVOX-Au (40 vol%) ceramic 

membranes.  
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Table 2: Rate of shrinkage, temperature of maximum shrinking rate and temperature above 

which grain growth is expected for BE25, BE25-Ag, BICAO, BICAO-Ag, BICOVOX, 

BICOVOX-Au ceramics 

 

 Rate of shrinkage 
(µm/°C) 

Temperature of maximum 
shrinking rate (°C) 

Temperature of grain 
growth starting  (°C) 

BE25 5.5 771 950 

BE25-Ag 3.6 730 900 

BICAO 7.8 708 800 

BICAO-Ag 5.0 655 800 

BICOVOX 6.7 630 800 

BICOVOX-Au 6.7 636 800 

 

 

 

 

Table 1: Thickness, oxygen partial pressures and oxygen permeation fluxes measured at 

several temperatures for BE25, BE25-Ag, BICAO, BICAO-Ag, BICOVOX, BICOVOX-Au 

 

 thickness 
(cm) 

T 
(°C) 

low PO2 
(atm) 

high PO2 
(atm) 

JO2 
(µmole.cm-2s-1 

BE25 0.112 600 

650 

700 

1 

1 

1 

1.4.10-6 

1.4.10-6 

1.4.10-6 

0.71.10-3 

1.93. 10-3 

5.11.10-3 

BE25-Ag 0.129 650 

680 

1 

1 

2.0.10-6 

2.0.10-6 

97.4.10-3 

179.10-3 

BICAO 0.120 600 

650 

680 

1 

1 

1 

2.2.10-6 

2.2.10-6 

2.2.10-6 

1.23.10-3 

2.29.10-3 

3.30.10-3 

BICAO-Ag 0.075 600 

680 

1 

1 

2.5.10-6 

2.5.10-6 

9.92.10-3 

29.5.10-3 

BICOVOX 0.171 650 1 1.9.10-6 1.6.10-4 

BICOVOX-Au 0.114 610 

650 

690 

1 

1 

1 

2.0.10-6 

2.0.10-6 

2.0.10-6 

0.4.10-4 

1.6.10-4 

4.6.10-4 

 



Fig. 1. Scheme of the experimental set-up for permeation measurement.



200 400 600 800 1000

1

-4

-9

-14

-19

-24
200 400 600 800 1000200 400 600 800 1000200 400 600 800 1000

1

-4

-9

-14

-19

-24

(a)

200 400 600 800 1000

1

-4

-9

-14

-19

(a)

200 400 600 800 1000200 400 600 800 1000200 400 600 800 1000

1

-4

-9

-14

-19

1

-4

-9

-14

-19

200 400 600 800

5

0

-5

-10

-15

-20

-25

200 400 600 800

5

0

-5

-10

-15

-20

-25

(a)

(b)

(c)

200 400 600 800 1000

1

-4

-9

-14

-19

-24
200 400 600 800 1000200 400 600 800 1000200 400 600 800 1000

1

-4

-9

-14

-19

-24

(a)

200 400 600 800 1000

1

-4

-9

-14

-19

(a)

200 400 600 800 1000200 400 600 800 1000200 400 600 800 1000

1

-4

-9

-14

-19

1

-4

-9

-14

-19

200 400 600 800

5

0

-5

-10

-15

-20

-25

200 400 600 800

5

0

-5

-10

-15

-20

-25

(a)

(b)

(c)

Fig. 2. Shrinkage curves of (a) BE25 and BE25-Ag (40 vol%) (b) BICAO and BICAO-Ag (40 

vol%) (c) BICOVOX and BICOVOX-Ag (40 vol%). 
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Fig. 3. Secondary electron (left) and back scattering electron (right) micrographs of (a) 

BICOVOX pure ceramic, (b) BICOVOX-Au (40 vol%) cermet, (c) BE25-Ag (40 vol%) 

cermet.
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Fig. 4. Conductivity of BICAO in function of the oxygen partial pressure. 
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Fig. 5. Arrhenius plot of the conductivity for BE25, BICAO and BICOVOX compared to 

YSZ.
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Fig. 6. Oxygen permeation fluxes in function of the temperature through BE25, BE25-Ag (40 

vol%), BICAO, BICAO-Ag (40 vol%), BICOVOX and BICOVOX-Au (40 vol%) ceramic

membranes.


