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Abstract

Oxygen permeation measurements were performed onldayered bismuth based
oxide ceramics: a rhombohedral phase belongintheéoBrOs-CaO system, (BDs)o.7s
(CaO)..7 (BICAO) and a BICOVOX phase. Oxygen permeability these systems was
compared to permeability of the cubic fluorite typsructure with composition
(Bi203)0.74Er03)0.25 (BE25). Low oxygen permeability was observed fog pure ceramic.
As for BE25, permeability was considerably increage40 vol% of silver was added to
BICAO. In contrast, permeability was not improvey dddition of gold to BICOVOX. For
this latter phase, the oxygen molecular exchandbeasurface is clearly the limiting step in

the oxygen transfer.

PACS codes : 68.35F, 66.30D, 81.05M, 84.32F
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1. Introduction

Bismuth oxides exhibit high oxide ion conductivit%. conductivity of 1 S/cm was
observed for BiOs itself in itsd form at 800°C. However, these exceptional propsrtre
limited by the melting point of the material at 880 and by a dramatic phase transition at
730°C, characterised by a large volume change wleialis to mechanical strains. Several
studies have been performed to stabilise this tegiperature form at room temperature. By
partial substitution with erbium, a #s);1-x(Er-O3)x solid solution with 0.17% x < 0.455
was evidenced [1]. Rhombohedral phases with higidectivity at high temperature were
obtained in the BDs-CaO, BpOs-BaO or BpOs-SrO systems [2-5]. The best properties at
moderate temperatures were observed for BIMEVOXenads which derive from BV,0;;
by partial substitution for vanadium with a me#®j. |

Because of their conductivity at moderate tempeeatu400-700°C, these materials
could be developed as membranes for oxygen separfatm air [7, 8] or as catalysts in a
Catalytic Dense Membrane Reactor (CDMR) [9]. Thame two concepts of oxygen
separators using an oxide ion conductive membreaumeent driven membranes and pressure
driven membranes. In the first case, under anraatfield, molecular oxygen is dissociated
at the cathode into oxide ions which migrate thfotlge membrane and recombine gsa®
the anode. This allows the production of given am®wf oxygen under pressure. In the
second case, a difference of oxygen partial predsetwween an oxygen rich compartment and
an oxygen poor compartment is the driving forcetfa migration of @from the rich to the
oxygen poor compartment. There is no need for &ereal current but the membrane must be
a mixed conductor to allow the reverse flow of takectrons needed for the oxygen

dissociation. This mixed conductive membrane camrbéntrinsically mixed conductor or a



mixture of an oxide ion conductor and an electrgghase. The expected oxygen permeation
flux in such membranes depends therefore on thierdifce of oxygen partial pressure

between the two compartments, on the membranenissk(the thicker the membrane, the
lower will be the flux, due to diffusion limitatigrand on the ionic and electronic conductivity

of the membrane. Assuming the oxygen transfer is lmoited by transfer of oxygen

molecules at the surface, the oxygen permeationislgiven by the Wagner equation:

Jo.= RT Jambj|p pQ(h)
"y LT pG()

(1)
where pQ(h) and p&(l) stand for the oxygen partial pressure in thghbr and lower
oxygen partial pressure compartment, respectivelys the sample thickness, T is the
temperature, R is the universal gas constant aml the faraday constant. The ambipolar

conductivity is defined as:

o - Ueal'
amb —
Ue + 0-/

(2)

where o¢ IS the electronic contribution anat is the ionic contribution to the total
conductivity.

In the case of extrinsic mixed conductors, peramadf the oxide ion conducting and
the electronically conducting phases is neededawduLiu found the percolation threshold to
be 1/3 volume fraction and the ambipolar condutstiwas relatively high when the volume
fraction of each phase was within the range 1/&3d10]. This was confirmed by Chen et al.

who showed the oxygen permeability of a YSZ-Pd cositp containing 40 vol% Pd was



much larger than that of a non-percolative composiintaining 30 vol% Pd [11]. When the
electronic conduction is high as compared to thecioonduction, the oxygen flux is mainly a
function of the ionic conductivity.

High oxygen permeability was evidenced for peroesknaterials that are intrinsic
mixed conductors at high temperatures (800-1100464, for ByOs-Er,O3 and BpOsz-Y 03
systems mixed with silver, at lower temperaturé¢800°C) [12-15].

The aim of this paper is the characterisation ofgex permeability in layered bismuth
oxides. Two compositions were selected: a rhomih@hghase belonging to the,Bs-CaO
system whose structure can be described as thkirgjasf hexagonal layers [3, 4], with
(Bi203)0.73(Ca0) 7 composition (further referred to as BICAO) and ECBVOX phase
belonging to the BIMEVOX family of materials whosgucture is built from BiO,** layers
interspaced with oxygen deficient ¥© slabs. The cubic fluorite type structure with
composition (BiOzs)o.79Er03)0.25 (referred to as BE25) which had been previousldistd by
the group of Bouwmeester et al. [12, 13] was atsestigated for the sake of comparison. In
a first step, sintering conditions were optimisedobtain dense ceramics. In a second step,
oxygen permeation fluxes were measured betweenG@ifd 700°C on pure ceramic
membranes and 40 vol% of metal cermet membranker 8ras added to BE25 and BICAO.
In the case of BICOVOX cermet membranes, the gad added because silver reacts with
BIMEVOX phases. The temperature of measurementsliwgied to 700°C because of the
use of pyrex rings for sealing. This paper is ddddnto two parts. In part |, results of oxygen
permeation are presented. Part Il will deal Wwib/*°0 isotope exchange experiments which

were performed to define the limiting step in txggen transport for these materials.



2. Experimental

Dense ceramic membranes were prepared from attntiled powders of BE25,
BICAO and BICOVOX. BE25 and BICAO powders were @egdl by solid state reaction
from the stoichiometric mixture of the correspordoxides, BiO; (Riedel de Hahn, 99.6%,
previously decarbonated at 600°C),.@y (Merck, 99%), and calcium carbonate CaCO
(Prolabo, > 99%). The mixtures were heated at 60@tCL2 hours and then at 800°C for
BE25 and 700°C for BICAO with intermediate grindingetween each temperature.
BICOVOX was prepared by co-precipitation and preddy Pharmacie Centrale de France
(P.C.F.). Its actual composition was BICo 13V0.850;. The purity of each phase was checked
by means of X-ray diffraction. The as-prepared persdvere too coarse to be densified. They
were ball milled by attrition for 4 hours using I¥in diameter zirconia balls with a 1000 rpm
speed in ethanol. Silver (Aldrich, 2-3u\, 99.9+%) or gold powders (Heraus, Type 200-03,
BET 0.40m2/g, < 2/m) were used for the cermets. They were mixed with ceramic
powder in ethanol which was evaporated using aya@aaporator. The sintering conditions
were optimised using dilatometry. Green membraBesym diameter, 5-6 mm thick, were
uniaxially pressed and then isostatically pressedeu 700 bar. Dilatometric experiments
(Linseis 75/1550) were performed with a 4°C/minthmgarate, up to a maximum temperature
defined as a function of the materials melting poi@ylindrical pellets for oxygen
permeation, 15 mm diameter, about 1 mm thick, vpeepared in the same way and sintered
according to the dilatometry results. Their surfaaere mirror-polished using successive SiC
papers up to 4000 grit. Their microstructures welaracterised using a Jeol 5300
microscope.

Oxygen permeation measurements were performed ¢m fnare ceramics and cermets.

Measurements were also performed on BE25 and BlI€&@mics coated with silver paste



(Aldrich, 2-3.5um, 99.9+%) on the surface. The experimental sedegeribed by Fouletier
in [15] was used for the measurements. A schenwdtibis set-up is given in Fig. 1. The
cylindrical membrane, 15 mm diameter, 1 to 2 mmkhwas introduced between two mullite
tubes and sealed by pyrex glass rings. Experimerte carried out between 600°C and
700°C. Leakage was controlled by measuring theetacygen content in the isolation
chamber. Pure oxygen was introduced in the lowamtier and argon in the upper one. The
oxygen partial pressure in the argon stream wastgba10° atm. The oxygen concentration
in the inlet and outlet were measured by meansrobria electrochemical oxygen gauges.
The gas flows were fixed at 2.5 disec. The permeation fluxes were calculated bydiigj
the permeation rates by the effective surface afréiae disks.

Conductivity measurements as a function of oxygamiad pressure were carried out in
the 500-600°C range on BE25 and BICAO pure ceraniibe pellets were 8 mm diameter
and 3 mm thick. A zirconia oxygen pump was usethtaduce a given amount of oxygen
which was controlled by means of a zirconia elextttemnical oxygen gauge. Impedance
measurements were performed with Solartron 1260edapce analyser with a 50 mV
amplitude signal over the 1 Hz to 1 MHz frequeneyge. A gold paste (6440 DMErance)
was used as the electrode material. It was dejpobitepainting and treated at 650°C for 1

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

3. Resultsand discussion

a) Sintering conditions

To prepare dense ceramics, the sintering condittdrnsach ceramic were optimised.

Dilatometry was performed on both pure ceramics @rthets. The corresponding shrinkage



curves are given in Fig.2. In general, cermets wiltber exhibit a lower melting point than
pure ceramics. The rate of shrinkage and temperattimaximum shrinking rate, and the
temperature above which grain growth is expecterlreported in table 1. While close critical
temperatures were found for BICAO and BICOVOX, ghdar critical temperature was
observed for BE25 which exhibits a higher meltinginp. The addition of silver led to a
higher sintering rate. After several attempts, BE2&mbranes were sintered for 1 hour at
900°C, BICAO for 2 hours at 720°C and BICOVOX fdr &t 750°C with a 4°C.mihheating
and cooling rate. Membranes with a relative denkigher than 95% were obtained in all
cases.

Secondary electron and back scattering electrorrogniaphs of BICOVOX pure
ceramic and BICOVOX-Au and BE25-Ag cermets are rggub in Fig. 3. For BE25-Ag
cermet, the ceramic appears as white and silvédaak on the micrographs, in contrast to
BICOVOX-Au for which ceramic is black and gold ight grey. These micrographs revealed
dense membranes with grain sizes @ind for pure BICOVOX and smaller grains in the case
of the cermets. An homogeneous distribution of teeamic and metal was generally

observed.

b) Conductivity of pure ceramic

In their study of oxygen permeability at variousygen partial pressures, Boukamp et
al. [12] evidenced a p-type electronic conductivity BE25 and evaluated the electronic
transference number to be less than 1% at 658t@lodo et al. [17] evidenced a low p-type
conductivity for BICOVOX at temperatures higher th&50°C. An electronic transport
number of 3% was calculated at 650°C. Conductivitgs measured by impedance

spectroscopy for the three pure ceramics. Arrheploss are given in Fig. 4. BE25 and



BICOVOX exhibit similar conductivity values at temwatures higher than 600°C and
therefore a similar rate of oxygen permeability o be expected for these two
compositions. BICAO conductivity at 600°C is on@er of magnitude lower than BICAO
and BE25. It exhibits a phase transition at 730PRe high temperature fornf8) is a pure
oxide ion conductor whereas a p-type semi-condnatias evidenced in the low temperature
domain f3,) [4]. This was confirmed by the evolution of thenductivity as a function of the
oxygen partial pressure (Fig. 5). Measurements wermrmed at 500, 550 and 600°C. In the
whole domain of temperature, an increase of thewctivity was observed when the oxygen
partial pressure increased, indicating a p-typeisemduction. At 600°C, the electronic

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

c) Oxygen permeation fluxes

Oxygen permeation fluxes were measured between@G0fd 700°C. Values at
selected temperatures are given in table 2 togethiéh membrane thickness and
corresponding oxygen partial pressures. Their éviwversus temperature is reported in Fig.
6. Oxygen permeation fluxes obtained on BE25 an®®Kkg membranes are in good
agreement with values reported by Bouwmeester 182, Although the conductivity of
BICAO was lower, similar oxygen permeation fluxesre observed for BE25 and BICAO
pure ceramics. Similar fluxes were measured on manas silver coated on the surface but
fluxes were increased by at least one order of madgwhen 40 vol % of silver was added.
In contrast, very low oxygen permeation fluxes webgained for BICOVOX, which could

not be increased by addition of gold.



It is notable that oxygen permeation fluxes measioe the BICAO-Ag cermet are of
the same order of magnitude than those reportetieeyand Wu for BiBaO-Ag [18] and
BiSrO-Ag [19] for[3, rhombohedral forms. These authors showed thatxtiigen permeation
fluxes were increased by one order of magnitudéh&3; domain, so that higher fluxes
should be expected for BICAO in thy domain. Unfortunately, our experimental set-up
being limited to 700°C, we were not able to measlieeoxygen permeation for BICAO in its
1 form which is stable only above 730°C. The higlsemi-conduction of BICAO as
compared to BE25 explains oxygen permeation flurethe same order of magnitude for
these two compositions although BICAO is less catide in this domain of temperature.
Silver addition to BE25 led to a higher increasemfygen permeation compared to BICAO
cermet, in agreement with the higher ionic condutgtiof BE25. Two parameters govern the
oxygen transport in such membranes: i) the bulkusibn controlled by the ambipolar
conductivity (oxide ion conduction and electronéhobnduction) and ii) the rate of exchange
of O, molecules at the surface of the membrane. TenoEkshal [20] characterised the
oxygen permeation properties of dense BE25-Ag cemmambranes with different silver
contents. Under the percolation threshold, theglewed an increase of oxygen flux when
silver content increased and attributed this ttefasinetics of surface oxygen exchange in the
presence of silver. In the present study, similgen fluxes were measured on pure ceramic
membranes and membranes with a silver layer paonidtie surface. In contrast, as observed
by ten Elshof on BE25-Ag, oxygen permeation wassm®rably increased by addition of 40
vol% silver in the bulk. This indicates that, irethase of BE25 and BICAO pure ceramics,
the electronic conduction is limiting the oxygemrnsfer whereas for cermets, above the
permeation threshold, the electronic conductiomas longer limiting. However, for the
BICAO-Ag cermet at 600°C and assuming bulk diffusas the limiting step in the oxygen

transfer, a theoretical permeation flux of 42¥fol.cm?.s® would be expected by considering
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the conductivity of pure BICAOG{ = 8.10°S.cmi* at 600°C) and taking into account the
volume fraction of silver. A lower flux of 9.92.fanol.cm?s™ was measured. The same
feature was observed for BIBAO-Ag cermet by Leeg][#0 suggested that the flux was at
least partly limited by the surface reaction r@ae technique allowing the characterisation of
the kinetics of transfer is tH€O/*°0 Isotope Exchange Depth Profile Technique based on
Secondary lon Mass Spectrometry. This techniqueapped to BE25 and BICAO ceramics
and cermets. It confirmed slow kinetics of oxygesmsfer at the surface of pure ceramics.
The rate of oxygen surface exchange is increaseafagtor of almost 100 for cermets. The
results will be described in part Il.

In the case of BICOVOX, oxygen permeation was ngproved by addition of gold.
The 0/*°0 I1sotope Depth Profile Technique based on Secgnider Mass Spectrometry
was performed on BIMEVOX membranes and confirmexd the kinetics of exchange at the

surface of these materials are very slow [21].

4. Conclusion

Oxygen permeation measurements were performed onlaywered bismuth-based
oxides: a rhombohedral phase belonging to th®©BCaO system, (BD3)o.73(CaO) o7
(BICAO) of 3, type, which is a p-type semiconductor and a BICOMibase, which exhibits
a small p-type semi-conductivity. Oxygen permeaftlares were compared to those obtained
on the cubic fluorite type structure with compasiti (Bi,O3)o 79 Er203)0.25 (BE25). Low
oxygen permeability was observed for the pure ceralhwas considerably increased when
40 vol% of silver was added to BE25 or BICAO. Inntrast, the permeability was not

improved by addition of gold to BICOVOX. In thissig the oxygen molecular exchange at

11



the surface is clearly the limiting step in the gey transfer. The kinetics are not improved by
addition of gold which confirms the poor activity this metal for oxygen dissociation. The
characterisation of oxygen transfer in BICAO and2BEby the'®0/*°O Isotope Exchange
Depth Profile Technique will be described in pdrt Thanks to their high conductivity,
bismuth based oxides allow oxygen permeation ataratd temperature which makes them

promising catalytic materials in Catalytic Densenvigane Reactors for selective oxidation

9.
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Figure captions

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

Fig. 2. Shrinkage curves of (a) BE25 and BE25-A@\(dl%) (b) BICAO and BICAO-Ag (40
vol%) (c) BICOVOX and BICOVOX-Ag (40 vol%).

Fig. 3. Secondary electron (left) and back scaitemlectron (right) micrographs of (a)
BICOVOX pure ceramic, (b) BICOVOX-Au (40 vol%) ceety (c) BE25-Ag (40 vol%)
cermet.

Fig. 4. Conductivity of BICAO as a function of tbgygen partial pressure.

Fig. 5. Arrhenius plot of the conductivity for BE2BICAO and BICOVOX compared to
YSZ.

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

vol%), BICAO, BICAO-Ag (40 vol%), BICOVOX and BICOWX-Au (40 vol%) ceramic
membranes.
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Table 2: Rate of shrinkage, temperature of maxinstminking rate and temperature above

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

Rate of shrinkag

e Temperature of maximum

Temperature of grain

(um/°C) shrinking rate (°C) growth starting (°C)
BE25 55 771 950
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 angjex permeation fluxes measured at

several temperatures for BE25, BE25-Ag, BICAO, B{@T-Ag, BICOVOX, BICOVOX-Au

thickness T low PG, | high PQ JO
(cm) (°C) (atm) (atm) (umole.cni’s?
BE25 0.112 600 1 1.4.10° 0.71.10°
650 1 1.4.10° 1.93. 10
700 1 1.4.10° 5.11.10°
BE25-Ag 0.129 650 1 2.0.10° 97.4.10°
680 1 2.0.10° 179.10°
BICAO 0.120 600 1 2.2.10° 1.23.10°
650 1 2.2.10° 2.29.10°
680 1 2.2.10° 3.30.10°
BICAO-Ag 0.075 600 1 2.5.10° 9.92.10°
680 1 2.5.10° 29.5.10°
BICOVOX 0.171 650 1 1.9.10 1.6.10%
BICOVOX-Au| 0.114 610 1 2.0.10° 0.4.10*
650 1 2.0.10° 1.6.10°
690 1 2.0.10° 4.6.10*

16
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Fig. 1. Scheme of the experimental set-up for permeation measurement.
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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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