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Abstract

The transport and catalytic properties of mixed conducting composites prepared from Gd,-Cag3;C00; _ s (GCC) and
Ceo.8§Gdg 2019 (CGO) were determined. In total, three compositions with 43, 60 and 75 vol.% CGO have been prepared. The
composites have potential applications as oxygen permeable membrane in an amperometric sensor for NO, detection in
exhaust gases.

At all compositions, three different phases were found in the annealed composite as a result of solid state reactions
during annealing. The gadolinium content of the CGO phase was increased. The GCC was transformed into a phase with
K,NiFs-structure and an additional CoO phase appeared.

Electron conductivities were determined in the range 100 to 750 °C. The oxygen ion conductivities were measured by a
microelectrode technique between 650 and 750 °C. Permeation measurements were carried out between 850 and 1000 °C.
Effective ionic conductivities were calculated from the permeation results. The latter agreed well with the microelectrode
data extrapolated to higher temperatures. The composition dependence of the conductivities was explainable by a statistical
percolation model.

The investigated composites exhibit good oxygen ion conductivities. Typical ionic conductivity values for a composite
with 75 vol.% CGO increased from 4 x 10 ™% (Q cm) ~ ' at 650 °C to 4.2 x 102 (Q cm) ! at 1000 °C.

The heterogeneous catalysis of surface gas reactions was tested by exposing powdered samples to various gaseous
mixtures with O,, N,, CO, CO,, H,0, SO, and propene at temperatures up to 800 °C. No conversion of NO to oxygen and
nitrogen as well as no extensive formation of N,O was detected. It is concluded that the composite membranes are suitable for
the intended applications. © 2002 Elsevier Science B.V. All rights reserved.
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oxygen in order to distinguish it from the one order
of magnitude lower NO, concentration. One way to
achieve this is to cover the oxygen reducing elec-
trode by a mixed ionic and electronic conducting
(MIEC) membrane that is permeable to oxygen, but
at the same time does not catalyse the decomposition
of NO, or reaction of O, with other gases at its
surface.

This paper describes the results of our efforts to
find a composite material with high chemical stability
under exhaust gas conditions which meets the
demands of efficient oxygen permeation combined
with a minimised interference by NO decomposition
or reaction with other gas components at the surface.

Cey.3Gdy 0, was chosen for the composite
Ceg 3Gd(,0,/Gdj 7Cag3C005 system as the oxygen
ion conducting phase, because doped ceria shows
high stability and good oxygen ion conductivity [1—
5]. The use of Gdy,Cag3C00;, on the other hand,
ensures electronic conductivity of the mixed con-
ducting composite. In this article, we will use the
following abbreviations for the starting materials:
CGO= CeoAngoAzolig, GCC= Gd047CaO,3CoO3. An
important aspect of using GCC is its low catalytic
activity towards decomposition of NO [6]. For the
combination CGO/GCC, we therefore expect a
membrane material with high selectivity towards
oxygen and a minimised interference with NO,.
Gadolinium, as a common component of both phases,
further limits the number of possible reaction prod-
ucts during sintering of the membranes.

2. Experimental
2.1. Preparation

The composite membranes were prepared in sev-
eral steps: the starting materials CGO and GCC were
obtained by calcining and sintering of suitable pre-
cursor materials. The resulting powders were either
intimately mixed in a mortar or ball-milled on a
rollerbench using zirconia balls and ethanol as milling
media. Finally, the powders were pressed to pellets
and sintered. Three compositions were prepared with
molar ratios GCC/CGO of 1:1, 1:2 and 1:4. These
compositions correspond to 43, 60 and 75 vol.%
CGO in the initial starting mixture.

Two methods, EDTA and spray-freezing/freeze-
drying, were used to prepare the precursors. Empha-
sis was laid on low reaction temperatures for the
final formation of the oxides as well as on small
particle size and good dispersion in the final compos-
ite.

In the EDTA-route, solutions of the metal ions for
each compound were mixed in stoichiometric pro-
portions with EDTA. Excess water was removed
from the solution of the metal complexes by evapo-
ration on a hot plate until a gel like product was
formed. The product was decomposed in a furnace at
400 °C and the resulting powder was subsequently
calcined in air at 950 °C for 10 h. A good complex-
ation of the ions is necessary in order to prevent
agglomeration or a premature precipitation [7].

In the second method, spray-freezing/freeze-dry-
ing [8,9], aqueous solutions of the desired metals
were prepared by dissolving the corresponding ace-
tates or nitrates controlling the correct stoichiometric
composition by complexometric titration. The aque-
ous solutions were sprayed into liquid nitrogen
(spray-freezing step). Subsequently, the finely di-
vided particles of the frozen solution were freeze-
dried under vacuum. Finally, the resulting powder
was decomposed and calcined in air in the same way
as in the EDTA route.

For ionic conductivity measurements, pellets with
various GCC/CGO contents were uni-axially pressed
at 560 MPa and subsequently sintered in air at 1250
°C for 16 h. The relative density was p"™ ~94%
(£ 2%). For permeation measurements the powders
were uni-axially pressed to pellets at 10 MPa and,
subsequently, isostatically pressed at 400 MPa. The
resulting samples were sintered at 1200 °C for 10 h.
After sintering, the relative density was p™ ~96%
(£ 2%). Prior to the ionic conductivity measure-
ments, the pellets were polished extensively with 1
pm diamond paste to ensure a minimised surface
roughness for the polarisation measurements. The
samples for permeation were polished with 1000
MESH SiC.

2.2. Measurement of the electronic conductivity
The van der Pauw method was applied to cylin-

drical pellets of the composite materials [10]. The
pellets had 6 mm diameter (d) and 3 mm height. Four
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small area CrNi contact lines were sputtered sym-
metrically around the pellets (thickness 500 A). The
CrNi layers were non-porous. If oxygen exchange
occurs at the CrNi contacts, the results would yield
the total conductivity of ions and electrons. However,
in the low temperature region below 750 °C, the
CrNi contacts showed no catalytic activity towards
the oxygen electrode reaction and therefore were
blocking for the oxygen ions. Accordingly, the oxy-
gen ion current in the sample pellets was suppressed
and the measured conductivities corresponded to the
electronic conductivities.

The electronic conductivities were evaluated from
the measured DC currents and voltages in the temper-
ature range from 100 to 750 °C using:
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— (1)
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where the four peripheral contacts are numbered
subsequently from 1 to 4, e.g. 54 means the current
via the neighbouring contacts 3 and 4.

2.3. Measurement of the oxygen ion conductivity

The oxygen ion conductivity was determined from
steady state current—voltage curves at electron block-
ing microcontacts according to the Hebb—Wagner
technique. Yttria-stabilised zirconia (YSZ, 20 mol%
Y) was used for the microcontact in the form of
ceramic needles. Theory and experimental details of
the microelectrode technique have been described at
length elsewhere [9,11—13]. Thus, we only present
the experimental parameters and equations used for
the evaluation of current—voltage curves.

The electrochemical cell is schematically shown
in Fig. 1. The contact radius a of the microcontact
ranged between 70 and 110 £ 10 pm. The measure-
ments were performed inside a shielded furnace in a
temperature range between 650 and 750 °C. The
current was monitored during slow triangular voltage
sweeps with a stepwise voltage change (10 mV
steps) at a rate of 0.25—-0.1 mV/s or lower. The
voltage between the microelectrode and the reference
contact (i.e. the Pt paste at the YSZ needle in air)
varied between +0.080 and —0.150 V. The maxi-

Ozg O2g)

glass encapsulation

Fig. 1. Set-up for the measurement of the oxygen ion conduction
based upon the use of microcontacts (YSZ=yttria stabilised
zirconia).

mum possible sweep velocity is limited by the oxy-
gen diffusion rate in the mixed conducting mem-
brane material around the microcontact after voltage
changes. If the sweep rate is too fast, a large hystere-
sis is observed in the current—voltage curves. The
time duration of a complete voltage sweep should be
at least 10 times the diffusion time constant a*/2D
(D—chemical diffusion coefficient of oxygen) in
order to ensure nearly steady state conditions of
the concentration profiles at the microelectrode and
minimal hysteresis.

Figs. 2 and 3 show typical current—voltage curves
as a function of temperature. Fig. 2 demonstrates the
necessity of a gas tight encapsulation of the sample
surface around the microcontact. Compared to encap-
sulated samples, at a given potential the resulting
current is 1.5 to 2 times larger if no encapsulation is
applied, indicating that the surface oxygen electrode
reaction is fast. This parallel electrode reaction
results in a parasitic contribution to the oxygen ion
conductivity, which leads to an overestimate of this
conductivity. Therefore, in order to measure accu-
rately, we have to exclude the electrode reaction by a
careful glass encapsulation.

For the evaluation of oxygen ion conductivities as
a function of oxygen partial pressure, the following
basic equations were applied, which in principle
correspond to the Hebb—Wagner model of polarisa-
tion at blocking electrodes [14—16].

Assuming a hemispherical contact surface at the
microcontact, the local oxygen ion conductivity in
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Fig. 2. Steady state /-U curves at 750 °C for a GCC/CGO
composite (43 vol.% CGO) contacted with a YSZ microcontact:
demonstration of the difference between glass encapsulated and free
microcontact. The surface exchange of oxygen with the surrounding
gas phase leads to higher current due to the additional electronic
current in the mixed conducting sample.

the sample at the microcontact is proportional to the
slope of the steady state current—voltage curve:

111.C. 1 dI
oo (P) = ma AU (2)

po. represents the effective oxygen partial pressure
at the interface between sample and microcontact
which is determined by the cell voltage U in the
steady state:

RT 1m.C.
U= 1nP0
4F  po,

(3)

po, denotes the constant reference oxygen partial
pressure at the counter electrode.

2.4. Measurement of oxygen permeation

The oxygen permeation of the composite materi-
als was measured for three different CGO contents
(43, 60 and 75 vol.%) in the temperature range 850—
1000 °C. Disk samples with a diameter of 15 mm
and a thickness of 1.5 mm were used. Prior to the
measurements, the samples were polished with 1000
Mesh SiC. The membrane was subsequently sealed
in a quartz reactor at 1100—1150 °C in air using

Supremax glass rings (Schott Nederland). Air and
high purity helium gas were used as feed and sweep
gas on the two sides of the membrane disk, respec-
tively. A Varian 3400 gas chromatograph was used to
monitor the composition of the sweep. A detailed
description of the set-up is given elsewhere [17]. The
oxygen permeation flux was calculated from:

perm

) 1 Iycy
Joo = (4)

in which 7 is the flow rate at the outlet of the
reactor (m>/s (STP)), c&™ the oxygen concentration
in the permeate stream (mol/m’) and A the geometric
surface area at the He-side of the membrane (m?). G
is a dimensionless factor of the order of one that
corrects for the effect of non-axial diffusion. This
non-axial diffusion is caused by the sealing into the
reactor, which leads to different surface areas for the
feed and permeate side of the membrane.

In order to compare the permeation rates with
values of the oxygen ion conductivities, we derived
oxygen ion conductivities from the permeation rates
according to the following model. Ambipolar trans-
port of oxygen in the form of oxygen ions and
electrons through a MIEC membrane can be de-
scribed using the Wagner theory. To simplify the
notation, we define an ambipolar effective conduc-
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Fig. 3. Compositional dependence of the steady-state /—U curves
at 750 °C (glass encapsulated microcontact).
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tivity @.mp, Which for a homogeneous membrane
material is given by:
02-0¢

amb — — . __ 5
Famb 02~ + 0e ( )

where go: - denotes the oxygen ion conductivity and
o, the electronic conductivity (S/cm).

Assuming that surface exchange is fast compared
to bulk diffusion and that the partial conductivities are
independent of oxygen partial pressure, the oxygen
flux can be expressed by [18]:

GambRT p?;r
=———In—*. 6

10 =g T i (©)
Here, jo, is the oxygen flux in mol/(m? s), R the gas
constant, T the absolute temperature in Kelvin, F the
Faraday constant, L the thickness of the membrane
in m, péizr and pgf are the oxygen partial pressures at
the feed and permeate side of the membrane, respec-
tively.

In the case of composite membranes consisting of
separate phases with exclusive ionic or electronic
conductivity, there is no locally coupled movement
of electrons and ions, but a separate transport in
distinctive phases. However, if an intimate mixture
of the two phases exists, it is also possible to define
an effective ambipolar conductivity to be applied in
Eq. (6) under these circumstances [19]:

Por- agfﬁ, q)eagff

Oamb = fF .
P00 + Pl
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The superscript “eff” denotes a correction of the
conductivity for geometrical effects (percolation) and
@02~ and @, are the volume fractions of the oxygen
ion conducting and the electron conducting phase,
respectively.

2.5. Measurement of catalytic activities

Temperature programmed reaction (TPR) experi-
ments were used to evaluate the catalytic activity of
these materials. A powdered sample, with a BET-
surface area of approximately 1.2 m?/g, was placed
inside a flow reactor consisting of a U-shaped quartz
glass tube. Prior to use, the powders were annealed
at 1200 °C for 12 h and ball milled (12 h) using
zirconia balls on a roller bench.

Gas with a constant initial composition of O,
NO, C,H, in N, was fed to the reactor with a
constant flux of the order of 1000 cm® min ™'
Typical concentrations were 850—1000 ppm NO,
850—-1000 ppm CsHg, 0-5% H,O and 2% O, in
N,. Calibrated mass flow controllers were used to
generate the required gas-mixture from high purity
grade gases. The high flow rate was required by the
analytical equipment. Nevertheless, with adequate
powder volumes, catalytic effects occurring at the
material surface in contact with the simulated exhaust
gas mixture were easily detectable.

For each of the applied gas compositions, the
reactor was continuously heated from 25 up to
950 °C with a rate of 5 °C min ~'. During the fol-
lowing cooling process, pure nitrogen was applied to
guarantee the same initial conditions for the next run.

The gas composition was analysed before and
after passage through the reactor tube. Because in
the presence of oxygen the ratio NO/NO, cannot be
held constant due to conversion of NO to NO, in the
cooler parts of the system, only the total amount of
NO,=NO+NO, was determined using an equip-
ment based on a chemoluminescence detector (Rose-
mount 951A). C,H,-components were detected using
a FID analyser (Tesata FID 123). Carbon oxides
were measured using a non-dispersive infrared ana-
lyser (NDIA, Uras 10E Hartmann and Braun). An
electrochemical cell was used to measure the oxygen
content in the gas.

To exclude any interference by catalytic effects of
the reactor wall on the results, additional measure-
ments without any powder load were carried out. No
conversion of NO to oxygen and nitrogen or N,O
was detected within the chosen temperature range
under these conditions.

2.6. SEM—-EDX

SEM—-EDX measurements were performed on the
three samples, which were also used for the perme-
ation rate experiments (CGO contents: 43, 60 and 75
mol%). The results served also as background infor-
mation concerning the estimation of the percolation
thresholds in the permeation measurements.

The samples were examined by back-scattered
electron imaging using SEM (JEOL JSM5800) oper-
ating at 20 kV. The composition of the samples was
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determined by SEM—-EDX using a Hitachi S-800
Field Emission Microscope operating at 15 kV,
which was coupled to a Kevex Delta Range EDX
system for surface element analysis.

3. Results and discussion

3.1. Microstructure and phase distribution of the
composites

An example of a SEM observation is given in
Fig. 4 for the composite with 43 vol.% CGO in the
starting mixture. To enhance the differences in phase
composition, back scattered electrons were used. At
least three different phases can be distinguished. A
topographic surface scan revealed that the dark
phases are situated somewhat beneath the surface.

The brightest phase in Fig. 4 (denoted as phase 1)
contained mainly Ce and Gd (see Table 1a) and
therefore corresponds to the oxygen ion conducting
doped ceria phase. Semiquantitative analysis showed
that almost equal concentrations of Ce and Gd are
present which means that the Gd concentration
increased significantly as compared to the 80% Ce
and 20% Gd of the starting CGO material. The
additional Gd must be attributed to a decomposition
of the perovskite phase with initial composition
Gd0_7C30.3COO3.

M. O

Fig. 4. SEM observation of the surface of a GCC/CGO composite
with 43 vol.% CGO in the starting mixture (Magnification
5000 x ; composition of phases denoted as 1, 2, 3: see Table 1).

Table 1
Composition of the different phases detected in GCC/CGO
composites

Element 1 (bright) 2 (grey) 3 (dark) Intended Overall
(a) 43 vol.% CGO

Ce 53 — — 27 26
Gd 43 37 - 30 30
Ca 2 30 — 10 11
Co 2 33 + 33 33
(b) 60 vol.% CGO

Ce 65 5 2 40 38
Gd 32 30 1 28 27
Ca 1 33 2 8 8
Co 2 33 95 25 26
(c) 75 vol.% CGO

Ce 63 6 3 53 46
Gd 33 29 3 25 25
Ca 1 31 13 5 7
Co 3 33 81 17 22

1 is the brightest phase, 3 the darkest (see the indicated phases
denoted 1, 2, 3 in Fig. 4). Values in each column are given in
mol% for the respective phase (1, 2, 3) in each composite.

Accordingly, the second phase (grey phase, de-
noted phase “2” in Fig. 4), although it contained all
three cations of the starting material Gdg;Cag3Co0Os3,
did not correspond to that intended composition.
Indeed, it showed an increased Ca content and a
considerably decreased Co content. The actual metal
stoichiometry in the grey phase (“2” in Fig. 4)
approaches a ratio near (Gd+Ca):(Co)=2:1. This
phase composition was found in all three investi-
gated composites which gives a strong indication for
the presence of a phase with K,NiF, structure, which
recently also was detected in membranes of initially
single-phase GCC (Gdg;Cag3C003) after sintering
[6,20]. Although the calcium content is slightly
higher, quantitative EDX-analysis of the grey phase
as given in Table la—c is consistent with that. In our
previous study, GCC with a starting composition of
Gdy.7Cag3Co0, was found to disintegrate during
sintering in air into a three-phase mixture, i.e.
(Gdp ¢Cag 4),Co0, with K,NiF, structure, which con-
tained almost all of the original Ca, and two addi-
tional decomposition products, i.e. CoO and (in a
minor amount) the perovskite GdCoOj; [6]. Our
composites, however, did not show a remaining
GdCoOj; phase. This may be explained by the
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presence of ceria which dissolves additional Gd and
thus enhances decomposition of GdCoOs.

The third phase (denoted as phase 3 in Fig. 4) is
Co0. An overview of the results of the EDX analysis
of all investigated composite materials is given in
Table la—c. The data from SEM—EDX clearly show,
that a solid state reaction has occurred during sinter-
ing: A considerable amount of gadolinium is extracted
from the initial GCC starting composition increasing
the gadolinium content in the CGO phase. For
instance, the following approximate reaction stoichi-
ometry may explain the observed changes after sinter-
ing of a CGO/GCC mixture with 60 vol.% CGO
corresponding to a molar ratio CGO/GCC of 2:1 [cf.
Table 1b:

phasel ~ “Ce.65Gd0.3502 — 57,
phase2 ~ *“(Gdy.5Cag.5),C004 .7,
phase3 =~ “Co0O”].

2 Cep3Gdo201.9 + Gdg7Cag3Co0s_,
— x phasel +y phase2 + z phase3 +w Oj).

(8)

The stoichiometric coefficients x, y, z of the product
phases in Eq. (8) are approximately x=2.35, y=1.13,
z=0.61, if the conservation of mass is accounted for
in the reaction and the analytical results of Table 1 are
used. Only the result for the overall Ca content is
higher than expected indicating local inhomogenities
with respect to Ca. Accordingly, the percentage of the
oxygen ion conducting phase in the composite is
slightly larger than the intended concentration in the
starting mixture.

The driving force of this reaction seems to be the
instability of Co®* at high temperature in the initial
GCC (as well known from other cobaltates such as
La; _ (Ca,Co0Oj3 _ ;) and probably a higher stability of
the K,NiF, phase relative to that of the perovskite
structure. As argued above, the loss of gadolinium in
favour of the doped ceria phase may further increase
the driving force towards decomposition yielding
CoO as a third phase. Fig. 4 shows dark isolated
CoO particles being always in contact with doped
ceria particles.

The observed solid-state reactions are presumably
diffusion limited and should depend on the sintering
time as well as on the particle size and the degree of

dispersion of the different phases. Therefore, it is
explainable that the turnover of the reaction is
reduced, if the powders are not milled before, i.e.
larger regions with homogeneous composition occur.
As can be seen in Fig. 5, omitting the milling step
resulted in larger areas with Ce and Gd (bright areas)
and areas consisting of several phases containing the
metals Co, Gd, Ca (dark areas). In this case, the ratio
between Ce and Gd in the bright phase of Fig. 5
(corresponding to “1” in Fig. 4) was closer to the
molar ratio Ce:Gd=80:20 of the CGO starting mate-
rial and amounted to Ce:Gd=68.2:31.8.

3.2. Transport of electrons and oxygen ions

Fig. 6 presents the Arrhenius plots of the elec-
tronic conductivity (van der Pauw method) as a
function of the CGO content. The temperature de-
pendence of pure (sintered) GCC and the two GCC
rich mixtures corresponds to an average activation
energy of 0.28 £0.02 eV. In general, the observed
magnitudes and the temperature dependence are typi-
cal for a semiconducting compound.

The sample with initial 75 vol.% CGO shows a
small slope at lower temperatures and a steeper one
above 400 °C. The steeper slope indicates a transition
to a predominating electron transport in the ceria
derived phase comparable to pure ceria (lowest curve
in Fig. 6). Data are clearly indicating that electronic
conductivity is enhanced by addition of GCC as

Fig. 5. SEM observation of a 43 vol.% GCC/CGO composite.
Powders were not milled prior to pressing. Magnification 400 x .
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Fig. 6. Electronic conductivity of GCC/CGO as a function of the
CGO content and the temperature in air.

electron conducting phase. We conclude that for
samples with less than 75 vol.% CGO the electronic
conductivity is dominated by electron transport in the
GCC derived phases of the composites.

Fig. 7 shows the oxygen ion conductivities of the
composites as a function of oxygen partial pressure at
750 °C measured with the microcontact technique.
Table 2 lists the oxygen ion conductivities together
with the activation energies for the temperature range
650 to 750 °C as obtained from microcontact meas-
urements. As expected, the oxygen ion conductivity
increases with increasing ceria content of the compo-
site. Besides that the ionic conductivities of 60 and 75
vol.% CGO composites are independent of oxygen
partial pressure. On the other hand, comparable to
pure GCC, the values of the sample with 43 vol.%
ceria are slightly dependent on the oxygen partial
pressure. We assume that the oxygen ions are pre-
dominantly transported along the ceria rich particles in
the samples. A high ceria content and a good dis-
persion of the particles (see Fig. 4) guarantee a
sufficient number of continuous paths. However, no
continuous paths of the ceria phase are present in the
sample with 43 vol.% CGO. Therefore, it can be
stated that this composition is not percolative with
regard to the ion conducting phase. The slight partial
pressure dependence of this composite, as illustrated
in Fig. 7, suggests that oxygen ion movement is
limited by the passage through GCC derived particles.

The data on oxygen ion transport were completed
towards higher temperatures (850—1000 °C) by per-

meation measurements. In Table 3, the results of
these measurements are presented. Table 4 lists the
effective mean oxygen ion conductivities as calcula-
ted from the measured permeation data using Eq. (6).

An Arrhenius plot of the oxygen ion conductivity
data of both permeation and microcontact measure-
ments is given in Fig. 8. The data for the three
composites match reasonably well. However, for
pure GCC a large gap between the results from
permeation and microcontact measurements is appa-
rent. It seems likely that the slow surface kinetics of
oxygen exchange for GCC is responsible for this
difference, because the microcontact technique in-
volves direct transfer of oxygen ions which is less
hindered than the oxygen reduction occurring in the
permeation experiment.

At temperatures below 800 °C, the activation
energy of the oxygen conductivity of the composite
with 43 vol.% CGO is comparable to that of pure
GCC (see Fig. 8). This gives additional support for
the assumption that oxygen ion transport in the 43
vol.% sample is slowed down due to the low ion
conductivity of GCC and the lack of continuous ion
conducting CGO paths. Furthermore, the temperature
dependence of the composites with 60% and 75%
CGO is very similar to that of pure CGO.

The obtained electronic and ionic conductivity
data as a function of the CGO content were com-
pared with a recently published percolation model for

T T T T T

-2 7]
T=750°C
- 75 vol % CGO
£ =
5]
» 3. 60 vol % CGO
‘© v
© TYVVYvyy wv""'ﬂ"““""
. VYV VY YVYVYYVYYY 43 vol 0/0 CGO
()]
o
-4

-4 -|2 l 6 2
log,, [ P(O,) ™ / (bar)]

Fig. 7. Double logarithmic plot of the oxygen ion conductivity
versus the oxygen partial pressure at a temperature of 750 °C for the
three investigated composites (results from the microcontact
technique).
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Table 2

Oxygen ion conductivities of GCC/CGO-composites as a function of initial CGO content and temperature as derived from the

microelectrode technique

x [vol.% CGO] — 0 (pure GCC) 43% 60% 75% 100% (pure CGO)
T [K] 002~ [S/cm]

650 32x107¢ 1.9%x10~° 26x10* 62x10"* 84x1073

700 9.0x10"° 9.0x 1077 55%x10° % 12x10°3 1.3 %102

750 8.0x107° 43x10°* 1.0x 1073 22x1073 20x 1072

Ex [eV]— 1.9 1.7 1.1 1.0 0.9

The last row shows the average activation energies (+ 0.1 eV) calculated from the temperature dependence of the ionic conductivities at a

constant partial pressure of 0.209 bar (i.e. in air).

composites consisting of a pure ionic and a pure
electronic conductor [21]. Although in our compo-
sites there are three instead of two phases, the basic
behaviour should be comparable, because we have a
composite of electronically and ionically conducting
particles which is the basic assumption of the applied
model [21]. The phases 2 and 3 in Table 1 are both
electron conducting. For a composite with statistical
distribution of electronically and ionically conducting
particles, the total effective ionic and electronic
conductivities each obey the following dependence
on the volume fraction:

ox = 3 Eulo)) + \/E2(01) + B

(suffix k stands for e~ or O?") 9)

with the following definition:

Ei(@1) = 3[p1010 + (1 — ¢)a20] — (010 + 020)
E, = 8019020

14

§01:V1+V27 @2:1_q)1

(10a — ¢)

1 and 2 denote the electronically and ionically con-
ducting phases in the composite and o,y and gy

Table 3
Measured oxygen permeation rates of GCC/CGO composites as a
function of temperature and composition

denote either the ionic of the electronic conductivities
of the respective pure phases.

Fig. 9 shows the experimental data for electronic
and oxygen ion conductivity as a function of com-
position. In addition, two fitting curves are plotted.
The two curves were fitted to the electronic and ionic
conductivities of the three composites. The experi-
mental values for the pure CGO and GCC do not fit
well. This can be explained by the considerable
changes in composition (and crystal structure of
GCC) during annealing of the composites. The con-
siderable increase of the Gd concentration in the
CGO phase (cf. Table 1) after the annealing step
causes a decrease of the oxygen ion conductivity as
the initial composition Ceg gGdg 01 ¢ corresponds to
a maximum oxygen ion conductivity for Gd doped
ceria [22,23]. Therefore, the oxygen ion conductivity
of pure CGO is expectedly higher than predicted by
the fit in Fig. 9. Within the applied percolation
model, the value for the oxygen ion conductivity of
pure GCC does not influence the fit to the three
conductivity values of the composites because they
lie above the percolation threshold. Within the limits
of accuracy, the above interpretation gives a consis-
tent picture for the composites. One concludes that

Table 4
Effective oxygen ion conductivities as calculated from the perme-
ation rates of Table 2 using Eq. (6)

x [vol.% j(O,) [mol/(cm? s)]
CGO]

x [vol% o ~ 68 [S/em]
CGOJ

1000 °C 950 °C 900 °C 850 °C 1000 °C 950 °C 900 °C 850 °C
0 876 x1071°2.79% 1071526 x 10~ 3.60 x 10~ ! 0 150 x 10™% 481x107° 526x107° 6.59%x10~°
43 404%x107% 240x10~% 1.44x10°% 831x10~° 43 176 x 1072 1.10x 102 685x 1073 4.12x1073
60 379%x 1078 229x 107 134x10% 738x10° 60 1.62x 1072 1.02x10°2 623x1073 3.58%x 103
75 833x107% 594x10~% 374x10% 2.00x10~8 75 417%x1072 3.10x 1072 2.04x1072 1.14x 102
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Fig. 8. Logarithm of the oxygen ion conductivities of the
composite materials as obtained from permeation measurements
(T>800 °C) and microcontact measurements (7<800 °C, oxygen
partial pressure of 0.209 bar) as a function of inverse temperature
for the three investigated composites and the pure single-phase
materials.

the best compositions for the application as oxygen
permeable membrane are those in the range 60 to 75
vol.% CGO.

3.3. Catalytic properties with regard to exhaust gases

The catalytic activity was analysed in non-equili-
brium gas mixtures simulating the exhaust gas com-
position of Diesel engines. The aim was to get a
mixed conducting membrane material that shows no
or minimal catalytic activity towards NO reduction.
The influence of surface oxygen vacancies of the
mixed conducting composite on the promotion of
the catalytic NO decomposition taking place on the
composite material can be described by the following
reaction steps [24]:

2 ¢ +NO g + V& =N + Oo (11)
N(ad) + Naay=Nag) (12)
Naa) + NO(ay®N20 ) (13)
2 e+ NyOpa) + Vi =Ny + Oo. (14)

The reaction scheme shown above includes the for-
mation of N,O. If no N,O is detected, the following

simpler reaction scheme applies for the decomposition
of NO:

2e + NO(ad> + VE). =>(N07 — V:)) (15)

2 (NO_ — VE)):NZ(g) +2 (O_ — VE)) (16)
1

(O Vz))=2 e +502(g) + Vg. (17)

White et al. [25] reported conversion rates up to 72%
using a flow of 1% NO in He at 800 °C over a series of
different perovskites. According to their data, pe-
rovskites containing Co® * on the B lattice-site, in ge-
neral, show high activity towards NO decomposition.

However, as can be seen from Fig. 10, if an air-sin-
tered-powdered sample (43 vol.% CGO) is exposed to
1000 ppm NO in N, no reduction of NO could be
detected in the observed temperature range.

CO coming from the partial oxidation of hydro-
carbon fuels is an important active reductant in the
exhaust gases of internal combustion engines. There-
fore, special attention has to be paid to its influence
on the nitrogen oxide conversion, which may further
influence the surface activity of the composite.
Therefore, in a second experiment, 950 ppm propene

=

£

[3)

w

Z

o]

T

o

S 64 ® , 0 o, measured

o, fitusing Egs. 9,10

W, 0O o, measured

o
o fit using Egs. 9,10

o

-8 T T T T T
0 20 40 60 80 100

Ce,,Gd,,0, ;; [vol. %]

027195

Fig. 9. Electron and oxide ion conductivities in the composite
material GCC/CGO as a function of the composition at 650 °C:
experimental results and fit according to the percolation model
Eqgs. (9) and (10a—c) [21]. Note that the phases in the composites
have different compositions as compared to the pure single-phases
CGO and GCC. The results on pure CGO and GCC (empty
symbols) are therefore shown only for comparison with the
composites (filled symbols).
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Fig. 10. Temperature dependence of NO, and N,O content in the measuring gas after passing over the GCC/CGO-sample (43 vol.% CGO;

initial concentration of the gas: 1000 ppm NO in Nj).

were applied as a typical hydrocarbon together with
3 vol.% O, in the simulated exhaust gas mixture.
In spite of the presence of reducing agents, no
indication for a reduction of nitrous oxide was ob-
served below 800 °C. According to the experimental
results presented in Fig. 11, the oxidation of the
propene occurs in the presence of an excess of oxygen
without any cross interference with the nitrous oxide
concentration. Above 800 °C, only moderate decom-
position of the nitrous oxide was observed. The
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Fig. 11. Temperature dependence of the resulting gas concentration
of NO,, C,H,, CO,, CO, N,O and O, in the measuring gas after
passing over the GCC/CGO-sample (43 vol.% CGO; initial
concentration of the gas: 1000 ppm NO+950 ppm C;Hg+3%
0, in Ny).

presence of oxygen seems to inhibit any reduction
of adsorbed NO at the composite surface.

If the initial oxygen partial pressure is increased,
the onset of the propene oxidation shifts to lower
temperatures. The high turnover rates for the oxida-
tion of hydrocarbons and CO are not exceptional and
well known for many perovskites based on La, Sr,
Co or Mn [26,27]. Like in Fig. 10, a small increase
in N,O concentration shows that the surface of the
composite material is interacting with the NO to a
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- 400
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Fig. 12. Temperature dependence of the resulting content of NO,,
C,H,, and N,O in the measuring gas after passing over the GCC/
CGO-sample. (43 vol.% CGO; initial concentration of the gas:
950 ppm NO+ 100 ppm C3Hg in Ny).
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minor degree. However, an increasing concentration
and oxidation rate of hydrocarbons at the composite
surface clearly increases the reduction of N,O (see
Fig. 11). Therefore, one can expect that strongly
reducing conditions, i.e. high concentrations of hy-
drocarbons in the exhaust gas, lead to an accelerated
reduction of NO at the composite surface. This is
indeed the result as seen in Fig. 12 where the oxygen
content of the gas mixture was reduced to zero. A
similar behaviour was found for pure Gdg ;Cag3C003
itself [24].

4. Conclusion

The investigated GCC/CGO are interesting oxy-
gen permeation membrane materials with high per-
meation rates and favourable surface kinetics for
oxygen exchange. Although the annealing of the
membranes during preparation leads to large changes
in the type and composition of the contained phases
with regard to their initial state, the membrane has
attractive properties. Besides the good permeation
rates of oxygen, the selectivity towards oxygen in the
presence of NO, is a property of interest for sensor
applications in exhaust gas sensors. On the other
hand, the results of the catalytic experiments clearly
limit an application of the composite GCC/CGO as
oxygen selective membranes only in lean oxidising
exhaust gas mixtures.
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