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The aim of this work was to investigate the electrochemical performance of yttria-zirconia-titania-ceria
(Y0.15Zr0.57Ti0.13Ce0.15O1.925) and its metal composites in hydrocarbon fuels. The materials were prepared by the ceramic method,
and characterized by X-ray diffraction~XRD! thermogravimetry and dilatometry. DC conductivity measurements, at 900°C, were
performed as a function ofpO2

. The electrochemical performance on its own or as cermets with nickel or copper was investigated

using a two-electrode, symmetrical cell format. Experiments were performed in air, 5% H2 ~wet! and 5% CH4 ~wet! to investigate
the electrochemical processes, utilizing the AC impedance spectroscopy technique in the temperature range 500-900°C. The
material is found to retain its cubic fluorite structure on reduction despite all the Ce41 being reduced to Ce31. The thermal
expansion coefficient is close to that of yttria-stabilized zirconia~YSZ! and the conductivity is largely dominated by oxide ionic,
with a small electronic contribution. The copper-based cermets perform well at 600°C, but microstructural degradation due to Cu
migration decreases performance at higher temperatures. Surprisingly the electrode performance in air, for CuO/YZTC6, is
reasonable. Overall, however, problems with Cu migration indicate that this composite is only an interesting anode for low
temperature use~,600°C!. Nickel-based cermets did not show such good performance at low temperatures; however, their
performance was the best at higher temperatures, but still an order of magnitude lower than Ni/YSZ cermets with optimized
microstructure.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1584437# All rights reserved.
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ide fuel cells~SOFCs! are a very promising technology
eneration, because SOFCs are thermodynamically more
n competing heat-engine power plants and with lower

of NOx , CO2 , and unreacted hydrocarbons than other
l generators.1 Many researchers have investigated the
action to improve the cell performance. Since hydrogen,
ethanol, etc. are used as fuel for SOFCs it is important to
in detail the electrode reaction on the anode side.

objective is the development of SOFC anodes capable of
natural gas, without suffering from carbon build up due

cracking; this objective is still far from being achieved.
s of the nickel/yttria stabilized zirconia~Ni/YSZ! are the
only used anode material, since they are inexpensive and
catalytic activity for hydrogen oxidation.2 Despite ex-

erties for operation in hydrogen, the Ni-based electrode
some disadvantages related to the volume instability

cycling and detrimental carbon formation caused by the
hydrocarbon reactants.3 The rapid deposition of carbon
ts means that direct oxidation of methane is not techni-
in Ni-containing SOFCs. Cracking is even more prob-
higher hydrocarbons, which are also present in natural

ixtures of CH4 and H2O, the catalytic properties of Ni
p thermal gradients over the first few millimetres from

fuel gas into the cell. The endothermic nature of the
ming process can thus cause steep thermal gradients po-
able of mechanically damaging the cell stack.4

el loading is generally chosen to be slightly in excess of
percolation electronic conduction.5 At higher Ni load-

are problems with thermal expansivity mismatch between
the zirconia electrolyte substrate.6

to utilize natural gas as fuel in this type of SOFC, the
lly externally or internally reformed with steam.3 Internal

attractive; however there are potential difficulties due
radients as reforming is endothermic and oxidation exo-

ternal reforming is currently the method of choice; how-
would be cost benefits and considerable scope for im-
ineering design if the external reforming stage could be

eliminated. Direct oxidation is a very attractive alternative and some
important advances have been achieved utilizing ceria-containing
anodes at temperatures of operation below that at which methane
cracks.7 Work is also underway to develop new materials that cata-
lyze direct oxidation so that it can compete effectively with cracking
at higher temperatures.

Underlying the electrochemical activity of an electrode material
is the ability of charged species to migrate from the electrolyte to the
surface and their availability at the surface to perform electrochemi-
cal reactions. If an electrode is able to transport both electrons and
ions from electrolyte to the surface then it will allow electrochemi-
cal reactions to occur across the complete electrode surface, not just
at three phase boundaries between electrode, electrolyte, and gas
phase.8 This affords much better activity and may be viewed as a
catalytic effect. Zirconia-mixed conductors are good candidates to
replace the state of the art in SOFC cermets anodes. Ceria- and
titania-doped YSZ mixed conductors could be good candidates as
the fuel electrode matrix.9-20

The importance of this mixed conductivity has recently been
demonstrated in work at St Andrews focused upon titania-doped
YSZ21 showing that poor electronic conductivity can be compen-
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Figure 1. A typical X-ray diffractogram of Y0.15Zr0.57Ti0.13Ce0.15O1.925 after
firing in air, a 5 5.1673 Å for the cubic fluorite.
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od ionic conduction. This material exhibits good com-
th zirconia, excellent ionic conduction, but poor elec-
uction. Because electronic conduction is probably the
tant consideration for a fuel cell electrode, this material

ed exceedingly well delivering power densities ap-
0 mWcm22.22

hemical impedance spectroscopy~EIS! is one of the
techniques in the investigations of various electrolyte and

23 powder X
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ay diffraction, showing a single phase of fluorite type
cell of 5.167~1! Å, Fig. 1. Unit cell parameters were
ing the transmission Stoe Stadi-P X-ray diffractometer

step size 0.5° 2u, Cu Ka1 radiation!.

ravimetric analysis (TGA) of YZTC6.—TGA measure-
performed by holding the temperature of the sample at
min, followed by heating at 50°C min21 to 350°C and

21

pendence of electrical conductivity upon partial pressure of
symbols measured on slow oxidation after equilibration in 5%

nd~b! open symbols on slow oxidation from Ar.
0 min. Then heating again at 50°C minto 950°C and
ious electrode processes are separated in the frequency

ork we have combined the good properties of the titania-
system with the good catalytic behavior of ceria

i0.13Ce0.15O1.925, YZTC6). The electrochemical proper-
6 on its own in composites with NiO or CuO have been

ng EIS. From this data it is observed that YZTC6 is a
uctor under reducing conditions. We have also compared
ies of the traditional anode material~NiO composite!
perties of CuO composite, given that copper is an ex-

tronic conductor and inert to hydrocarbon activation.

Experimental and Results

l properties of YZTC6.—The

0.13Ce0.15O1.925 ~YZTC6!, sample 1, is a material taken
s on the Y2O3-ZrO2-TiO2-CeO2 system. It was prepared
tate reaction of Y2O3 ~Alfa Aesar!, ZrO2 ~Fluka!, TiO2
d cerous nitrate~Alfa Aesar!. These oxides were previ-
at 300°C and mixed in the appropriate ratios according
la to obtain about 20g of YZTC6, by heating at 1400°C
intermittent grinding. The phase purity was checked by

obtained
~10-90° 2
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40 min. The atmosphere used was 5% H2/argon flowing
min21. Studies were carried out on a Rheometric TGA2
ument. Figure 2 shows the TGA plot for the reduction of

ounting for buoyancy, the mass losses were 0.0934% at
and 0.9995% from 350-950°C. The first mass loss~up
s attributed to moisture and the second mass loss~350-
due to the reduction of the material. The mass loss of

n line with the prediction of how much mass would be
the cerium in the material were reduced from Ce41 to
%!. X-ray diffraction ~XRD! analysis of the reduced
wed that the structure was still cubic, although the unit
ed to 5.1854~7! Å, from 5.167~1! Å.

nace reduction of YZTC6.—Qualitative reduction in-
ing up pellets of YZTC6 placed in an alumina boat in a
ube furnace in 5% H2/argon at 1000°C, with a piece of
used as an oxygen scrubber. The first reduction run in-
ing at 1000°C for 46 h in ‘‘wet’’ 5%H2/argon~bubbled
ter!. The result was that the sample lost 0.88% of mass
d color from light brown to dark brown/black. The unit
ed from 5.1673 to 5.1799 Å. The sample was reoxidized
t 1000°C for 48 h and the oxidized material was pale

e the unit cell shrunk back to 5.1670 Å.
cond reduction run, another pellet was reduced in 5%
r 88 h. This time, the amount of mass lost was 1.00%
it cell expanded to 5.1828 Å. The appearance of the
mple was as for the first reduction run.

quivalent circuit used for data fitting.L: inductance element
s.Rseries: include all ohmic losses. R-CPE elements: charge

esses.Ws : diffusion element.
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ermal expansion of YZTC6 measured in oxygen. (Thin line
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mV, f 5 1
expansion coefficient (TEC) of YZTC6.—In determining
of the material, a pellet 9.219 mm thick was heated up
om ambient to 1100°C at 5°C min21 and cooled at the
o ambient. Prior to that, a background measurement was
an alumina cylinder of similar size run under the same

Fig. 3.a was measured between 200 and 1025°C to be
6 K21. This lies between a for YSZ (;10.3

1) and for CeO2 (12.13 1026 K21) in that tempera-

uctivity studies of YZTC6.—DC conductivity studies in-
ermal measurements at 900°C, where conductivity was
s a function ofpO2

, which was investigated using two

periments. The first one started from 5% H2/argon and
allowed to reoxidize, Fig. 4a, and the second starting
and again allowed to reoxidize with a slow air leak, Fig.

y smooth changeover from the data obtained on starting
drogen to that obtained starting from argon indicated
rmediatep(O2) conductivity values were fairly close to
To a first approximation, conductivity was independent
artial pressure, with only small deviations from a value
Scm21 as partial pressure was varied. This would be

with dominant oxide ionic conductivity. Two regions
decreases in conductivity as oxygen partial pressure was
The slopes associated with these regions are much
np(O2)21/6 also indicative of dominant oxygen ion con-
e changes are thought to indicate two regions of de-
ctronic contribution to the overall conductivity.

producibility measurements, for~a! sample 1, ac perturbation 5
Hz, and~b! sample 2a, ac perturbation 5 mV,f 5 100 kHz.
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preparation.—Four cermets have been prepared by mix-
with NiO ~Aldrich! and CuO ~Aldrich! in different

os ~sample 2a, YZTC6:CuO5 40:60; sample 2b,
5 80:20; sample 3a, YZTC6:NiO5 40:60 and

YZTC6:NiO5 80:20).
and CuO were previously dried at 500°C for 2 h. The

tures for the cermets with the corresponding weight ra-
lanetary ballmilled in acetone for 1 h using a zirconia
ith zirconia balls. Then, the powders were fired at
air, for 24 h, and the purity was checked by powder
. For NiO cermets, the peaks corresponding to reflec-
and YZTC6 are shown in Fig. 5c and d, but for CuO

w peaks, surrounding the major YZTC6 peaks, have been
5a and b. Probably, in the YZTC6-CuO system, tetrag-
ia was formed due to reaction of CuO at 1000°C, and

was fully converted to monoclinic zirconia on cooling and grinding,
but the cubic was still the main phase.

Slurries of samples 1, 2a, 2b, 3a, and 3b were prepared, mixing
with a binder~Decoflux VB41!. These slurries were used to paint
two identical and symmetrical layers on each side of
YSZ-20%Al2O3 electrolyte plates from CeramTec AG~Germany!.

Electrochemical studies of cermets.—The symmetrical cells with
an anode of area 0.95 cm2, and about 125mm thickness of the
electrodes were sintered onto the 300mm thick electrolyte at
1200°C, in air, for sample 1 and 3, and 1000°C, in air, for sample 2.
The electrode materials were coated with an organoplatinum paste
on each face, dried at 100°C for 1 h and fired at 1000°C for 1 h.

The samples were mounted in a ‘‘compression jig’’ with Pt wire
electrodes, in a horizontal tube furnace. Temperature dependent re-

mmetrical-cell measurements for: sample 1~YZTC6! at ~a! 500°C, ~b! 700°C, ~c! 900°C; sample 2a (YZTC61 20% CuO!, at ~d! 500°C, ~e!
°C; sample 2b (YZTC61 60% CuO!, at ~g! 500°C,~h! 700°C,~i! 900°C; sample 3a (YZTC61 20% NiO!, at ~j! 500°C,~k! 700°C,~l! 900°C;
ZTC61 60% NiO!, at ~m! 500°C,~n! 700°C,~o! 900°C, in air, 5% H2 ~wet! and 5% CH4 ~wet!.
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perature dependence ofRseries, symmetrical cell:~a! YZTC6,
20% CuO, ~c! YZTC6 1 60% CuO, ~d! YZTC6 1 20%

YZTC6 1 60% NiO, on heating.

Figure 9.
~a! YZTC
YZTC6 1
perature dependence ofRpolarization1 diffusion , symmetrical cell:
~b! YZTC6 1 20% CuO, ~c! YZTC6 1 60% CuO, ~d!
% NiO, and~e! YZTC6 1 60% NiO, on heating.
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rrections have previously been determined for the jig.
nts were also corrected for lead inductance. The ac im-
easurements on symmetrical cells were performed se-
air, 5% hydrogen~wet! and 5% methane~wet! in 50°C
en 500 and 900°C, cooling back to 500°C before chang-
ere. For each temperature sufficient time was allowed to
al equilibrium and the reproducibility of the measure-

chieve this, we monitored the sample, performing mea-
at only one high frequency against the time, if there is no
nt artifact at high frequency, the value ofZ8 must corre-
the value of the series resistanceRs element. So plotting
.time provided a tool to assess the reproducibility of the
nts, Fig. 6. From this plot, it was possible to point out
d different waiting-times for each sample and for each
sition, for example: for sample 1, in air, Fig. 6a, the
is the same for each temperature, but for sample 2a, in

ig. 6b, the waiting time can be as long as 3 h at550°C, or
h at temperatures above 750°C.
edance measurements were performed with a Solartron
ency response analyser, at OCP, with a 15 mV of a.c.

perturbation. Measurements were carried out in the 1 MHz to 0.1 Hz
frequency domain. Typical ac impedance measurements for each
sample are shown in Fig. 7, at three different temperatures and in
three different gas compositions.

The impedance spectra generally showed a well-resolved single
arc at low temperature. The high frequency intercept of this arc with
the real axis corresponds to the series resistance of the electrolyte
and electrode. The electrode can have two influences on this value,
first, a direct contribution from the series resistance of the electrode
itself and second, a reduction in effective contact area due to the
poor lateral connectivity of the thin electrode layer. At higher tem-
perature this arc is less well defined and becomes distorted at high
frequencies due to the inductance of the measuring circuit. The arc,
which has a capacitance of 1-10mF, is related to the electrode po-
larization phenomena as are the additional low frequency arcs and
diffusion features that may also be evident.

In all cases, both series and polarization resistances decreased at
high temperature. These resistances were much smaller in reducing
atmospheres. The performance in wet methane~5%! was very simi-
lar to that in wet hydrogen~5%!, at higher temperatures. But the

Figure 10. Cross-sectional SEM micro-
graphs,~a! YZTC6, ~b! YZTC6 1 20%
CuO, ~c! YZTC6 1 60% CuO, ~d!
YZTC6 1 20% NiO, and ~e! YZTC6
1 60% NiO.



performance was better in wet hydrogen~5%! at low temperature;
however it should be noted that these measurements were carried
out in sequence on the same samples. Thus part of the deterioration
in performance in CH4 at least can be attributed to events that occur
on heating in H2 .

The impedance has been analyzed in terms of equivalent circuit
theory. The best fitting to the curves such as those shown in Fig. 7,
can be obtained with the following model: a combination of a series
resistance and inductance element, at high frequencies; one or two
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Conclusions

The (YZTC6 1 60%CuO) composites at 500°C in reducing
conditions present the best behavior and it could be interesting to
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phase elements~CPEs! at intermediate frequencies re-
e charge transfer processes; and at lower frequencies a

pedance from the gas diffusion. Analysis of the imped-
as performed with the computer program ZPLOT v2.2

er.
e of these elements depends on both the material and the
sition. The typical value for the inductance is approxi-
1025 H at lower temperature and 33 1026 H at higher
. The exponent values of the CPE elements are usually

75 and 0.85 at lower temperature. The exponents of the
ment were around 0.45.
to obtain the series, polarization and diffusion resis-

e materials, we used the equivalent circuit corresponding
1.The Arrhenius plots for the series, polarization and

ntributions, shown in Fig. 8, 9 were obtained from the
rmined from the fitting of the experimental data, correct-

for the jig, electrolyte resistances and the geometrical

e samples, the performance in hydrogen and methane
at higher temperature, above 850°C. For the samples

Fig. 8b and c, the best performance with regard to the
tance was obtained with the sample of 60% CuO at
8c, but this relative performance decreased with tem-

th a transition around 650°C. Above this temperature the
in hydrogen and in methane was similar, indicating that

ce between these conditions relates to changes in micro-
initial heating to 650°C. There is probably a segregation

the anode material to the interface between the electro-
anode material at this temperature, decreasing perfor-

prisingly, the best performance above this transition tem-
s obtained in air; it seems that this composite works well
e material. However the sample with 20% CuO, Fig. 8b,

a similar performance in air and in methane after the
hydrogen, probably the segregation of metallic Cu to

e between the YSZ electrolyte and the anode material
the cell and for this reason the performance for methane
, Fig. 8b and 60% CuO, Fig. 8c, was similar to that of

6 in methane, Fig. 8a, after reduction in hydrogen.
amples with NiO, Fig. 8d and e, the behavior was nearly

r samples with 20 and 60% of NiO and there was an
the performance with respect to the YSZTC6 or its CuO
, with the lowest series and polarization resistances. The
sites, however, had the best performance at temperature

C, in hydrogen.
l conductivity from polarization and diffusion is usually
hydrogen than for methane as can be observed in Fig. 9.

onductivity is rather low. But at high temperature~700-
onductivity was similar for all the gas compositions. In

th 60% CuO, the Arrhenius plots were not so good, be-
e difficulties in fitting of the experimental data to the
circuit model, leading to some values with very large
composite with 20% NiO had a better conductivity that
onding CuO composite with the same weight composi-
the other hand, the total conductivity, for 20% NiO, was

t 500 and 1000°C, in methane.
and cross-sectional SEM micrographs have been ob-
aracterize the samples after the measurements, Fig. 10.
with 20% CuO had a very good distribution of porosity,
ple with higher content in CuO formed agglomerates.
contact between the anode material and the electrolyte
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