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Abstract

Dense, mixed-conducting ceramic membranes can be used for separation of oxygen from air. Dual-phase composites are an interesting
way to obtain mixed conductivity because it is easy to tailor the electrical and transport properties by varying the fractions of the ionic
and electronic components. In this study, mixed-conductingGe,,0,_s (CGO)—-Ca0,_s composites were fabricated with density about

95% theoretical values. The solubility of gy, s in CGO was found to be lower than 1 mol% (or 1.6 vol.%). The total conductivity of the
CGO-C@g0,_; composites increased with increasingsOg_s content. A microstructure with two interconnected phases was obtained for a
Co;0,4_5 content above 10 mol% (or 15 vol.%). Isotopic exchange depth profiling (IEPD)/secondary ion mass spectrometry (SIMS) method
was used to investigate the oxygen diffusion and surface exchange reaction in the composites. The diffusivities of the composites were almost
constant within the experimental error with significantly enhanced surface exchange kinetics by ad@ng @oCGO.
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1. Introduction conductivity, mixed in such proportions to give an inter-
connected pathway for each component. There have been
In recent years there has been a great interest in developinvestigations on such dual-phase mixed-conducting mate-
ing mixed conductors, which have both high ionic and elec- rials, such as Zr@-Mn,03,6 ZrO,—NiO,” ZrO,—In,03,8
tronic conductivity, for a wide range of applications, such as and ZrQ-TiO,,° as the properties can be easily tailored
solid oxide fuel cells (SOFCs) and oxygen separation mem- for a composite. However, a high concentration of such
branes, eté=2 It has been found that using a mixed conduc- metal oxide (above 30 mol% for Zg3Mn,O3 composite)
tor as a cathode material for SOFCs significantly improved is required in order to produce a three-dimensionally in-
performance as it promoted a high oxygen permeation flux terconnected microstructure. These may compromise the
and a fast surface exchange rafe. oxygen ion conductivity of the composite, as the elec-
Both single-phase ceramics and dual-phase compos-tronically conducting phase will act as a block to oxygen
ites can be used to produce such a mixed conductor. Thetransport.
single-phase pervoskite oxides, such ag L& TyO3 In this study, the electronic conductor €Ly s was
(Tm = Co, Mn, Fe, Cr, etc.) system, have been studied the added to CGO to produce a mixed-conducting material
most and their transport properties are well documented.for an oxygen separation membrane application. CGO
However, it is difficult to fulfil all the potential require- (gadolinia doped ceria) is one of the most promising ma-
ments with a single-phase material. An alternative is to terials used in solid electrochemical devices. The solubility
produce a composite having one component with oxide of Co in CGO has been reported to be as low as 0.5¢8t%.
ionic conductivity and a metal oxide with high electronic Also, for practical applications it is important to evalu-
ate the transport properties, particularly its surface oxygen
- , exchange, in order to extend the understanding of mecha-
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fax: +44-20-75946736. nisms at solid/gas interface. There have been many inves-
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data on the oxygen diffusivity, especially data on metallic
oxide doped CGO, are sparset? Therefore, the oxy-
gen diffusion property of the CGO-@0D4_s composites
were investigated by an isotopic exchange depth profiling

(IEPD)/secondary ion mass spectrometry (SIMS) methods 0

in this study.

2. Experimental

Gadolinia doped ceria (GgGdy 202_s) (Rhdne Poulenc)
and cobalt nitrate (Co(Ng)2-6H,0) (Aldrich, purity:

99.999%) powders were used as starting materials. CGO

powder and cobalt nitrate with the desired amount of
Co0304_s in the final product were mixed in ethanol for
24 h with Zr& milling media. The powder mixtures were
then oven dried at 70C and subsequently reground. Fol-
lowing calcination at 650C for 1h, the powder blends
were milled in ethanol again. After drying, they were
sieved through a 53m sieve. The powders were uniax-
ially pressed into pellets (13mm diameter) at a pressure
75MPa, then followed by isostatic pressing at 300 MPa.
The green bodies were then sintered in air at different
temperatures.

The density of the composite was determined by the
Archimedes’ method. Phase identification was performed
using X-ray diffractometry (XRD) on a Philips PW1710
X-ray diffractometer. A Cu I& target with a monochroma-
tor was used with a voltage of 40 kV and a current of 40 mA.

A least squares refinement method was used to determine
the lattice parameters of the composites. Using a four-probe

dc technique, the electrical conductivity of dense ceramic
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Table 1

Properties of the (3X)CGO-xCo304-5 composites

x (mol%)  x (vol.%)  Sintering Sintering Density

temperature°C) time (h) (% TD)

0 1400 4 98.8

0.05 0.08 1000 2 96.7

0.1 0.15 1200 2 96.2

0.2 0.29 1200 2 94.5

3. Results and discussion
3.1. Densification behaviour

The dense (£X)CGO—K)Co304_s composites with in
the range of 0—20 mol% were fabricated. The compositions
of samples studied, together with densities, are listed in
Table 1 The pure CGO sample achieved 98.8% theoretical
density by sintering at 140@. Composites with density
above 95% could be achieved at lower sintering tempera-
tures by adding certain amount of cobalt to CGO.

XRD study shows that the CGO is a single-phase
material of cubic fluorite-type structure and that all the
CGO-Ca@04_5 composites with Cg0,4_5 content from 1
to 20% are dual-phase materidfsg. 1shows the lattice pa-
rameter of CGO and CGO-1, 2 and 5 mol%g30g_s com-
posites. It is seen that the solubility of gy 5 in CGO is
lower than 1%. This low solubility would promote €04
segregation as a separate phase in the samples fabricated.

3.2. Electrical conductivity

The conductivities of CGO and the {X)CGO—-§k)Cos

bar samples was measured as a function of temperatur
in air.

The diffusion of oxygen ions in this study was investi-
gated by introducing®O tracer isotope of oxygen followed

e ; .

04_s composites X = 0.05, 0.1, 0.2 and 1, respectively)
were measured by a four-probe dc technique. An Arrhenius
plot of the total conductivity as a function of reciprocal tem-

by SIMS depth profiling. Prior to the annealing experiment perature is shown ifig. 2 Mgasurements were conducted
the samples were all ground flat and polished with successivebeIOW the phase transiarmatmn temper.afcure frOf’Q@ng
diamond paste down to 0.28n. They were then annealed to CoOro7 (909_950.)0 ) The conductivity of CGO-5%
in research grade oxygen (99.996% purg & 800°C for Co0304-5 specimen is similar to that of pure CGO. The
a long enough time to ensure thermodynamic equilibrium.
After cooling down to room temperature, the specimens

were annealed in ak?O isotope enriched gas for the re- 4

quired time. The exchanged samples were then cut perpen- 5.4228 +

dicular to the diffusion surface and the cross-sections were <

mechanically polished to 0.2&m finish. The isotope con- S 54226 4

centration was measured by secondary ion mass spectrom- £

eter (ATOMIKA 6500) using an 8 keW¥2Xe* beam. In all 2 samad

cases, the primary ion beam was at normal incidence to the ki

sample. To prevent electrical charging on pure CGO sample 5.4222

during analysis, it was co-bombarded with a 2 keV electron

beam. 5.422 ; f ; ; ; ; T f

2 3

A non-linear least squares regression based upon the so-
C0304_5 (mol%)

lution of the diffusion equation for isotope tracer diffusion
in a semi-infinite mediurt? was used to fit the oxygen dif-
fusion coefficientDt, and surface exchange coefficiekt,

Fig. 1. Lattice parameter of the CGO—4{_; composites as a function
of the CgO4_s content.
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Fig. 2. Arrhenius plot of electrical conductivity in air of the
CGO-Ca04_5 composites. . o . . .
composite could be indicative of porosity or inhomogeneity

in the sample. It is in agreement with the slightly lower
density of this sample. For CGO tH&0 surface concen-
tration is lower than the two CGO-@04_s composites.
This suggests a low oxygen surface exchange rate at the
CGO surface and improved values for the composites.
The tracer diffusion coefficienDf) and surface exchange
oT — Aexp(—é> ) coefficient k) of composites are plotted ifrig. 4 The
KT tracer diffusion coefficients of CGO-g04_s compos-

ites were comparable to the CGO within experimental
error. Adding Cg0O4_;s to the CGO, however, increased
the surface exchange coefficient significantly. Data on the
pure CGO are in agreement with the literatlifdyowever,
there are no such data available on CGO matrix compos-
ites. This is the first set of such data on CGOsCg_;
composites.

It is known that the diffusion of oxygen ions through flu-
orite structure is via a vacancy mechanism. Therefore, the

conductivity of the CGO-CgD4_s composites increases
with increasing CgO4_s when the CgO4_s content is
higher than 5% in the final product.

The conductivity of CGO and CGO-5% €10,_; follows
an Arrhenius behaviour, i.e., the data obey the equation

Therefore, the activation enerdy, was calculated using
the slopes of the lines and was 75 and 73 kJ/mol, respec-
tively, for CGO and CGO-5% G®,_s ceramic. Adding

up to 5% C@04_s to CGO does not seem to change the
electrical properties of the matrix. However, curvature is ap-
parent for pure Cg0s_s and CGO-CgO4_s composites
with Co304_s content more than 10%. The conductivity of
composites increases greatly when adding 10%0z0;5 to
CGO. The highest conductivity was achieved by CGO-20%
Co304_s ceramic among the composites studied.

When 5% CgO4_s phase is present in the ion-conducting 1.0E-06 -
CGO matrix, the CgO4_s phase exists as discrete particles ]
without three-dimensional percolation, which would block 1
ionic transport and thus behave as an insulator for the con- |
duction of oxygen ions. Therefore, a decrease in the con-
ductivity is expected. A greatly increased conductivity was
observed at 10% G@4_s addition to the CGO and the con-
ductivity increased further with increasing £y s content.
This suggests the interconnection of thesOg_s phase and
that the conductivity is mostly determined by the electronic 1.0E-08
conducting phase of G@4_s. 1

Oxygen diffusion and surface exchange on pure CGO,
CGO-10 and 20mol% G®4_s composites with two in-
terconnected phases were investigated by the IEPD/SIMS
method Fig. 3shows typical®O depth profiles measured for
CGO and CGO-CgD4_s composites exchanged at 80D
for approximately 5400 s at 100 mbar. The diffusion profiles
are in general accurately described by the non-linear re-gig. 4. Trace diffusion and surface exchange coefficient of the
gression. The irregularities seen in the CGO-20% {0 CGO-Ca04_s as a function of the GfD4_s content.
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concentration of vacancies plays an important role in the dif- composites increases with increasingOg_; content when

fusivity of oxygen. CGO is a good oxygen ionic conductor more than 5mol% CsD4_s is present. A three-dimensional

in normal temperature and oxygen partial pressure range.interconnection is formed when the §@y_; is greater than

Co304_s is an electronic conductor. The connectivity of the 10mol% which was confirmed by conductivity measure-

two phases is crucial to produce a mixed-conducting com- ment. The oxygen diffusion behaviour of the composites

posite. It is shown that the interconnection started to form was measured by isotope exchange/SIMS. Adding330;

when 10 mol% CgO4_s is added to CGO. Below that point to CGO increased the surface exchange coefficient effec-

Co304-5 particles would block the conduction of oxygen tively which indicates that the availability of electrons is

ions. Thus, the oxygen transport properties were only inves- rate-limiting reaction for surface exchange in the CGO

tigated on the composites with an interpenetration network. materials.

It is seen fromFig. 4adding CaO4_s to the CGO produced

similar diffusivities as that of the pure CGO. It suggests that

the oxygen diffusivity of the composite materials may be Acknowledgements

determined by the volume fraction and connectivity of the
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