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a b s t r a c t

A homogeneous dispersion of fine CuO in a gadolinia-doped ceria (CGO) ceramic matrix by the polymeric
organic complex solution method has been achieved. Highly sinterable powders were prepared by this
method after calcining the precursor at 600 ◦C and attrition milled. The powders consist of individual
particles of few tens of nanometer in size with a low agglomeration state. The isopressed compacts were
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sintered in air at 1000 C and reducing in N2 90%–H2 10% atmosphere to form Cu–CGO cermets. The
microstructures showed a uniform distribution of porous metallic Cu particles surrounded by microp-
orous spaces. The influence of Cu content in Cu–CGO cermets on the electrode performance has been
investigated in order to create the most suitable microstructure. The electrical properties of Cu–CGO cer-
mets have been also studied using impedance spectroscopy, in the temperature range form 150 to about
700 ◦C in argon atmosphere. These measurements determined a high value of electrical conductivity at

respo
hemical synthesis 700 ◦C, similar to that cor

. Introduction

The development of economically competitive solid oxide fuel
ells (SOFCs) required lowering the operation temperature and the
tilization of novel anode materials and microstructures capable
f efficiently utilizing hydrocarbon fuels [1]. Ni-cermets have been
ommonly used as anode material for SOFCs due to its high catalytic
ctivity for the dehydrogenation of hydrocarbons as well as a high
lectronic conductivity. However, Ni forms carbon fibers above
00 ◦C, a serious problem since these fibers can completely fill the
node compartment [2,3]. Cu is found to be one possible anode
aterial used for direct utilization of hydrocarbon fuels in SOFCs,

ecause it is relatively inert to hydrocarbon reactions, particularly
oking, compared to Ni, and also Cu exhibit a high electronic con-
uctivity and relatively low cost [4–6]. It is essential to develop
ompatible electrodes with the electrolyte and with high perfor-
ance [7]. Given that CeO2-based materials, i.e., those doped with
d2O3 (CGO) are an upcoming alternative solid electrolyte to yttria

tabilized zirconia (YSZ) in IT-SOFC applications [8], then, Cu–ceria
ermets would be a much recommended electrode in order to
ealize a practical solid oxide fuel cell which operates at low tem-
eratures and with the possibility of utilizing hydrocarbon fuels.

∗ Corresponding author. Tel.: +34 917355853; fax: +34 917355843.
E-mail address: jtartaj@icv.csic.es (J. Tartaj).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.10.102
nded to pure metallic cupper.
© 2009 Elsevier B.V. All rights reserved.

The important functions of the ceria particles in the Cu-doped ceria
cermet would be to (a) supply oxide ions to the TPB, (b) suppress the
sintering of Cu, and (c) match the thermal expansion coefficients
between the cermet and the doped ceria electrolyte.

The main problem is that Cu has a low melting point that makes
it difficult to apply conventional ceramic processing methods to
fabricate cermets containing Cu. With Ni–CGO, the usual method
for producing the cermet involves calcining mixed powders of NiO
and CGO and then, after forming, the sintering process. Given that a
good densification of CGO is necessary to ensure the stability of the
composite during the reduction process, then heating to at least
1500 ◦C is required and, because Cu2O melts at 1235 ◦C, it is not
possible to prepare a Cu–CGO cermet using this approach. There-
fore, a good powder preparation method, in order to achieve much
more reactive and sinterable powders, becomes necessary. Gorte
et al. [4] have successfully prepared Cu-cermet anodes by adding
Cu after preparing a porous layer of YSZ on a dense YSZ electrolyte
layer. Cu is added by aqueous impregnation with a concentrated
solution of Cu(NO3)2, followed by calcination to decompose the
nitrate and form the oxide. As an alternative, Sin et al. [9] propose an
anodic cermet of Ni/Cu alloy and gadolinia-doped ceria with advan-

tages respect to typical Ni–YSZ anode for the direct electrochemical
oxidation of hydrocarbons.

Therefore, the development of a process as simple as possible
leading to produce CuO–CGO at very low temperature is an objec-
tive intensively investigated. The preparation of complex metal

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jtartaj@icv.csic.es
dx.doi.org/10.1016/j.jpowsour.2009.10.102
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agglomeration state and consequently highly sinterable.
Fig. 4 shows the FTIR spectra of the as prepared EG–metal

nitrate–water–nitric acid solution (50/50) and of its decomposi-
tion products at selected temperatures. The IR spectrum of the
J. Tartaj et al. / Journal of Pow

xides by the combustion synthesis has become an important area
f research because of promising results of this technique compared
o the conventional method [10]. Currently, powders with good
interability have been obtained using mixtures with carboxylate,
rea and/or glycine [11] with the additional advantage of obtaining
he complex oxide powders directly from the precursor solution.
herefore, the combustion synthesis could be, in principle, a good
ethod leading to prepare the composite powder of Cu–CGO. How-

ver, this uncontrolled synthesis temperature may be the cause for
btaining relatively poor sinterable powders [12]. As a low cost and
imple alternative, with excellent results, is that based on the chela-
ion of complex cations leading to the formation of an intermediate
esin, which, on charring and calcining, leads to a sinterable powder
13]. This method generates less carbon residues than other similar
echniques of synthesis [14].

In this work, metal–ceramic composite (Cu–Ce0.9Gd0.1O1.95)
ixed conductor prepared by the polymeric organic complex solu-

ion method has been studied. The influence of Cu content in
u–CGO cermets on the electrode performance has been investi-
ated in order to create the most suitable microstructure. Electrical
roperties of Cu–CGO cermets have been also determined.

. Experimental procedure

CuO–Ce0.9Gd0.1O1.95 powders (CuO–CGO) with two different
roportions (40/60 and 50/50 wt%) were prepared by the polymeric
rganic complex solution method. Aqueous solutions of corre-
ponding nitrates were mixed by stirring with nitric acid (65%)
10 ml) and ethylene glycol (80 ml) to make a gel. The as-obtained
olutions were treated thermally in three steps, 80 ◦C for 2 h, 120 ◦C
or 3 h to obtain a syrup-like gel, and finally 150 ◦C to obtain a
lack resin which is heated around 230 ◦C and up to a vigorous
xothermic reaction occurred which converted the resin into an
xpanded porous solid. After combustion the material had a black
olour which remained throughout all the powder processing. After
illing in an agate mortar, the as-obtained powder (around 20 g)
as calcined at 600 ◦C for 5 h and then attrition milled for 2 h

n ethanol with zirconia ball media. The powders were charac-
erized by differential thermal (DTA) and thermogravimetric (TG)
nalysis (Perkin-Elmer 7), X-ray diffraction (Siemens D5000 with
u K�), and Field Emission Microscopy FE-SEM (Hitachi S-4700).
he complex polymeric gel, resin and derived powders were also
nalysed by Fourier transform infrared (FTIR) spectroscopy (model
erkin-Elmer 1760X) and SEM in a Zeiss Microscope (model DSM
50, Oberkochem, Germany). For sintering, the powder was iso-
ressed in pellets at 200 MPa. Pore-size distributions of compacts
ere obtained by nitrogen adsorption measurements at 77 K (Accu-

orb 2100, Micromeritics). Shrinkage during sintering, at a heating
ate of 10 ◦C min−1 without holding, was followed in a dilatometer
Netzsch 402E of Geratebau, Bayern, Germany). Density of sintered
odies was measured by the Archimedes method with distilled
ater. After sintering pellets in air at 1000 ◦C for 1 h, the sam-
les were reduced using a N2/H2 (90/10%) atmosphere at 700 ◦C
or 4 h. After polishing and thermal etching, the microstructures of
he sintered samples (non-reduced and reduced) were examined
y scanning electron microscopy. Impedance was measured from
50 up to 700 ◦C in argon using a LF Impedance analyser (model
P-4294A, Hewlett-Packard).

. Results and discussion
.1. Powder characterization

The simultaneous TG/DTA curves for the 50/50 wt% CuO–CGO
olymeric gel heated at 150 ◦C is shown in Fig. 1. From 200 up
o about 400 ◦C a strong and wide exothermic effect is present in
Fig. 1. TG and DTA curve corresponding to the gel precursor of the CuO–CGO
(50/50 wt%) composition.

the DTA curve. Such an exothermic effect is associated with the
decomposition–oxidation of the metal-chelates and the evolved
gases. The TG curve shows a total weight loss of about 60% up to
1000 ◦C, due to evolution of carbon compounds (CO or CO2) and
elimination of nitrates (N2, NO and NO2). Fig. 2 shows XRD pat-
terns of 50/50 CuO–CGO resin, after combustion and that calcined
at 600 ◦C. After the probable formation of an EG–metal polymerized
complex is produced, the auto-combustion leads to the crystalliza-
tion of CuO and CGO powders. In fact this X-ray diffraction pattern
is very similar to that corresponded to the same powder calcined
at 600 ◦C.

Fig. 3(a)–(d) shows representative SEM photographs of the
50/50 polymeric gel calcined at different temperatures. The syrup-
like gels obtained after heating the solutions at 120 ◦C showed a
black resin at 150 ◦C formed by large agglomerates which embed-
ding all the cations. Heating the resin up to combustion, it is
converted into an expanded porous solid. In a general sense, these
powders showed the morphology of agglomerates containing pores
and voids caused by the escaping gases during the violent combus-
tion process. The powders calcined at 600 ◦C for 5 h and attrition
milled for 2 h, show the microstructure of the spherical agglomer-
ates surfaces, in which the primary particle can be observed. The
individual particles were a few tens of nanometer in size with a low
Fig. 2. XRD patterns of 50/50 wt% CuO–CGO resin after combustion and calcined at
600 ◦C for 5 h. (�) CGO; (�) CuO.
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Fig. 3. SEM micrographs of the 50/50 wt% polymeric gel precursors heate

olution heated at 80 and 120 ◦C was quite complex but a broad
bsorption band at about 3400 cm−1 attributable to the stretch-

ng vibration of the hydrogen-bonded OH groups, was present. The
bsorption band at 2950–2875 cm−1 is attributed to the stretching
ibrate ion mode of the CH2 group of which low intensity can be
ttributed to a probable partial oxidation of ethylene glycol. The

ig. 4. FTIR transmission spectra of the 50/50 wt% CuO–CGO polymeric gel heated
t the indicated temperatures.
20 ◦C (a), 150 ◦C (b), up to combustion (c) and that calcined at 600 ◦C (d).

carboxylate anion (COO−) stretching and the C O groups, are also
shown by the appearance of a strong absorption band at 1570 cm−1

and around 1380 cm−1. The bands located at 1300 cm−1 are asso-
ciated to the stretching vibration of the C–O bonds. Those bands
detected at 1440, 1060–1030 and 880 cm−1 indicate the presence
of nitrate ions in the polymeric gel. In this process, firstly proposed
by Anderson et al. [15] it is believed that during the preparation
of the polymeric gel at 80 ◦C and further drying at 130 ◦C, the
ethylene glycol is, at least, partially oxidized by the nitrate ions
leading to the formation of carboxylic acid groups (HCOO–) and/or
(–COO–COO–) which can then act as the chelating end groups. The
polymeric gel heated at 150 ◦C showed, in addition, the presence
of an absorption band at 770 cm−1 attributable to the existence of
some formate and/or oxalate ions. Chen et al. [16] and Wang et al.
[17,18] reported that the heat treatment of the polymeric gel at
80 and 130 ◦C show the presence of crystalline peaks correspond-
ing to the formation of formate or oxalate salts. For determining
more precisely its composition it was analysed by XRD confirming
the existence of oxalate salt. Finally, the absorption band at about
660 cm−1 can be attributed to the presence of metal–oxygen bonds
in the complex gel structure. Heating up to ≈230 ◦C and promot-
ing the combustion, all the previously mentioned absorption bands
have practically disappeared in similar way to that corresponded to
the powder heated at 600 ◦C. It seems to be that an auto-combustion
process accompanied by a strong exothermic reaction in a very nar-
row temperature range, takes place during the decomposition of
the partially oxidized ethylene glycol–metal dried polymeric gel.
It is also assumed that such auto-combustion was catalysed by

the nitrate ions, and took place as consequence of the reaction
between the metal nitrate and the formed carboxyl groups through
an oxidation–reduction process. Considering these first showed
results it can be assumed that the method here used constitute a
simple and low cost preparation process, comparatively with other
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ig. 5. Pore-size distributions of 50/50 wt% (- - -) and 40/60 wt% (—) CuO–CGO green
ompacts prepared from powder calcined at 600 ◦C for 5 h.

hemical preparation methods, leading to the low-temperature
ormation of a composite CuO–CGO by using cheap organic and
norganic reagents as metal nitrates, nitric acid, and ethylene glycol.

.2. Sintering behaviour and microstructure developing

In spite of the different composition of the CuO–CGO powders,
he green compacts pore-size distribution, Fig. 5, was very sim-
lar. We can divide the pore-size distribution in two well-defined
egions: (1) pores with size smaller than the particle-size; (2) pores
ith size between 40 and 100 nm. The first ones can be considered

hermodynamically unstable, and those larger than the particle-
ize are thermodynamically stable. At the early stages of sintering
he smaller pores will be rapidly eliminated due larger driving force
nd the shorter diffusion distances and that occurs at very low tem-
erature. Pore-size higher than the particle-size will needs higher
emperatures to eliminate the pores. These results clearly affect
he sintering process as it can be observed in Fig. 6. The shrink-
ge rate curves of CuO–CGO composites, 50/50 and 40/60, indicate
hat the sintering process takes place with the appearance of two

aximum shrinkage peaks: a small one at about 750 ◦C, conse-
uence of the very small pores detected in the porosimetry, and
higher one at 1000 ◦C for the composition containing 50% of CuO
nd around 1100 ◦C for the composite with lower CuO content. The
econd peak of the shrinkage rate shifted to lower temperatures
hen the CuO content increases up to 50 wt%, could be explained

n base to the CuO content. In the same way, while the shrinkage
urve, Fig. 6b corresponding to the CuO–CGO 50/50 remain almost
onstant at temperatures higher than 1050 ◦C, indicating an almost
ully densification at this temperature; this curve continues drop-
ing even at temperatures higher than 1100 ◦C for the composite
ith lower CuO content. The difference in the shrinkage behaviour

etween them can be due to the higher sintering characteristics
f the CuO powder, i.e., CuO particles have a higher contraction
nd this phenomenon allow a normal sintering process of the CGO

eramic phase with trapped CuO particles into. In fact, the curve
orresponding to the sample with higher CuO content is quite sim-
lar to that corresponding with the pure CuO, also shown in this
gure. Ran et al. [19] explain that the addition of CuO enhance the
intering activity of 3Y–TZP, resulting in an extremely fast densi-
Fig. 6. (a) Shrinkage rate spectra and (b) linear shrinkage behaviour of CuO–CGO
composites vs. sintering temperature.

fication between 750 and 900 ◦C. A similar effect could be applied
for CGO ceramics.

Fig. 7 shows the microstructure after sintering in air at tem-
peratures between 950 and 1000 ◦C for 1 h. Although the contrast
between CuO and CGO is low because of the small difference in
average atomic weight, it was possible to distinguish with rela-
tive clarity between two kinds of grains, by using back-scattered
electrons, darkish and brighter. EDX analysis revealed that the
darkness grains were CuO, and brighter-looking grains were CGO.
Although the densification process is initiated a very low tem-
perature (≈700 ◦C), samples sintered at 950 ◦C, Fig. 7a for both
compositions showed microstructures with low densification. The
sintering necks between the ceramic particles were not well formed
and that could affect negatively the consistence of the ceramic. Also,
it must be mentioned the different particle-size of the CuO and CGO
particles. CuO exhibited a particulate size from 1 to 4 �m and the
CGO phase remains almost in a nanometric range. The poor struc-
tural stability of the samples heated at 950 ◦C caused the rupture
of the sample during the reduction process inciting an increase of
the sintering temperature up to 1000 ◦C, always below the melt-
ing temperature of CuO. As it can observed in Fig. 7b, at 1000 ◦C
samples containing 50 wt% of CuO exhibited better microstructures
than samples with the lower CuO content, that is, a homogeneous
distribution of CuO phase and higher density (≈94.5%). The grain
size of CGO does not depend on sintering temperature (CGO grain
size increased only up to about 0.3 �m at 1000 ◦C for 1 h), these
results indicate that the presence of CuO grains intergranularly
located retard the grain growth of CGO grains, it is the phenomenon
namely known as pinning effect. Clearly the CuO phase showed a
better sintering behaviour at low temperatures in compare with the
CGO phase. CuO sinters quite early, thus the sintering behaviour of

the mixture moves closer to that of pure CuO and that agree the
results observed from the dilatometric analysis in which only the
curve corresponding to the sample with higher CuO content is quite
similar to that corresponding with the pure CuO.
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ig. 7. SEM micrographs of composite 50/50 CuO–CGO (5/5) and 40/60 (4/6) sinter
hen reduced (c), XRD is included. (�) CGO; (�) Cu.

For all of that, the microstructure corresponding to composites
ith 50/50 content seems to be adequate for preparing Cu–CGO

ermets by an appropriate reduction process (700 ◦C for 4 h using a
2/H2 (90–10%) atmosphere), see Fig. 7c. The micrograph showed
u–CGO cermets, as proved by the XRD analysis, with a uni-

orm distribution of porous/spherical Cu particles surrounded by
GO particles. The Cu particles present a similar average grain
ize as before reduction, which indicate that a grain growth pro-
ess does not take place during reduction process. The observed
icrostructures could enhance significantly the performance char-
cteristics of Cu–CGO anode cermets, because, as it is known, that
epends strongly of the Cu particles distribution in the ceramic
atrix, increasing the number of active sites at the boundary

etween Cu (electronic conductor), CGO (ionic conductor) and
uel.
air at 950 ◦C for 1 h (a), 1000 ◦C for 1 h (b) and (5/5) sintered at 1000 ◦C for 1 h and

From the above results it seems clear the success of prepar-
ing cermets Cu–CGO having appropriate microstructures for using
as anodes for SOFC. In this work, in which the requirements for
sintering are very hard, considering the low sintering tempera-
ture needed to avoid the melting of CuO phase, it is crucial the
development of a method, which permitting the preparation of
low-agglomerated and highly homogeneous CuO–CGO oxide nano-
sized powders, lead to the achievement of defect-free compacted
green bodies with a very narrow pore-size distribution. This allows
a strong densification process at temperatures much lower than

usual. The ratio pore-size to particle-size is an important parameter
in determining whether the pores can be completely removed after
sintering, leaving a full-dense ceramic body. The smaller the ratio,
the easier the pore can be eliminated. Less agglomeration in the
starting powder and associated with a smaller pore-size/particle-
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ig. 8. Arrhenius plot for the total electrical conductivity of the 50/50 wt% Cu–CGO
ermets.

ize ratio after consolidation ensure a better sinterability of the
eramic. In this way, it must be noted that the proposed syn-
hetic route based on the preparation of polymerized complex
olutions has result to be an excellent non-expensive method
or preparing nanosized powders exhibiting clear advantages in
ompare, i.e. with the conventional ones, or even wet chemi-
al processes as coprecipitation, in which the strong forces due
o dissolution–reprecipitation during synthesis form necks and/or
ubsequent solid necking due to sintering resulting in hard agglom-
rates or even aggregates. The powders as-obtained constitute by
ofter and looser agglomerates are crucial for succeed of the ulterior
ompacting and sintering process as mentioned.

.3. Electrical characterization

The function of metallic phase in the composite material is to
erve as an electrocatalyst for hydrogen oxidation and to provide
he anode with high electrical conductivity. To satisfy these condi-
ions, the metallic phase must become continuous. Kawada et al.
20] have demonstrated that the preparation process is of impor-
ance in controlling the electrode stability and performance and
t has been shown that optimization of the anode microstructure
y decreasing the particle-size of the Ni phase would increase the

ength of Ni–CGO triple phase boundaries, and thus improve the
nodic performance. Studies [21,22] on Ni/rare-earth-doped ceria
ermets preparation are focused towards achievement of a uniform
istribution of fine Ni particles in the ceramic matrix using differ-
nt preparation techniques. In our case cupper grains can act as
continuous metallic medium allowing the electrons to migrate

hroughout the material. The easiest way to verify the continuity
f the cupper phase is to measure the electrical conductivity of the
ermets. According to the impedance measurements, samples with
0 wt% of CuO are electronically conducting. The relatively high

alue of electrical conductivity at 700 ◦C which is close to the con-
uctivity of pure metallic cupper (70 S m−1 at 700 ◦C) proves that
he cupper phase is continuous. From the Arrhenius plot (Fig. 8),
t can be seen that the equation fits the data over the temperature
ange studied and that the electrical conductivity decrease with

[

[

[

rces 195 (2010) 2800–2805 2805

increasing temperature, which is characteristic from a pure metallic
electronic conductor. This behaviour verifies again the continuity
of the cupper phase, with predominant Cu–Cu contacts, demon-
strating that there is not sintering of Cu particles.

4. Conclusions

Nanometric powders of CuO–Ce0.9Gd0.1O1.95 with highly sin-
terizable characteristics were prepared by the polymeric organic
complex solution method. The sintering temperatures of compacts
are significantly reduced (1000 ◦C), specially considering that nor-
mal sintering of CGO ceramic powders require temperatures even
higher than 1500 ◦C. Besides, that sintering temperature is well
below the melting point of CuO and sufficiently low for controlling
the strong grain growth of the CuO particles in the ceramic matrix.
Cermets Cu–CGO obtained by reduction of the sintered composites
with 50 wt% of CuO presented a uniform distribution of Cu parti-
cles surrounded by a pore space and by the CGO particles. These
cermets have metallic-type electronic conductivity that confirms
a good percolation. Finally, this method constitutes an excellent
non-expensive alternative to conventional ceramics methods for
producing anodes for IT-SOFCs, and the intention is that all the
components were built up one by one, and then, the temperature
of sintering for each successive component must be lower than
that of the preceding component. Electrodes will be applied on the
sintered electrolyte and then sintered.
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