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bstract

he influence of Ni content in Ni–CGO cermets on their electrical conductivity was investigated in order to create the most suitable microstructure.
i–CGO (50/50, 45/55 and 40/60 wt%) powder mixtures were prepared by the polymeric organic complex solution method using ethyleneg-

ycol as a polymerized soluble alcohol in water. By heat treatment a composite of ultrafine nickel oxide homogeneously dispersed in the
GO ceramic matrix was attained. After sintering of NiO–CGO composites in air at 1350 ◦C for several times and reducing treatment in N2

0%–H2 10% atmosphere, the microstructures showed a uniform distribution of porous metallic Ni particles surrounded by microporous spaces
ith total porosity (closed and opened) of ≈20–25%. The electrical properties of Ni–CGO cermets sintered at 1350 ◦C for 2 h were studied

sing impedance spectroscopy in the temperature range from 500 to about 700 ◦C in argon atmosphere. The Ni–CGO cermets showed metallic
ehaviour over all the range at temperatures studied, indicating a uniform and fine-grained microstructure in which the Ni–Ni particle contacts were
redominant.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The CeO2-based materials are an upcoming alternative solid
lectrolyte to yttria stabilized zirconia (YSZ) in solid oxide fuel
ell (SOFC) applications. They have higher ion conductivity
nd lower ohmic losses than YSZ, and can also operate at lower
emperatures (600–800 ◦C). These electrolytes based on ceria
equire special electrodes with a high performance and thermo-
echanically and chemically compatible.
Ni has been commonly used as anode material for SOFCs

ue to its high catalytic activity for the dehydrogenation of
ydrocarbons as well as a highly electronic conductivity. The
ntroduction of Ni into the doped ceria matrix would be a way
o acquire sufficient electronic conductivity in order to pre-
ent lateral electrical losses, therefore cermets based on doped

eria may be preferred for a high performance of the elec-
rodes. The important functions of the CGO particles in the
i–CGO cermet would be to: (a) supply oxide ions to the
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PB, (b) suppress the sintering of Ni, and (c) match the ther-
al expansion coefficients between the cermet and the CGO

lectrolyte.
The electrical properties of a Ni–CGO cermet can be

xplained by percolation theory where the role of the microstruc-
ure it is very important for a satisfactory behavior of the anode

aterial. Ni particles in the cermet should be connected to
GO particles (oxide ion supplier) and also exposed to H2
as. Kawada et al. 1 have demonstrated that the preparation
rocess is of importance in controlling the electrode stability
nd performance and it has been shown that optimization of
he anode microstructure by decreasing the particle size of the
i phase would increase the length of Ni–CGO triple phase
oundaries, and thus improve the anodic performance. Recent
tudies2–4 on Ni/rare-earth-doped ceria cermet preparation are
ocused towards achievement of a uniform distribution of fine
i particles in the ceramic matrix using different preparation

echniques. In the present work, a polymeric organic com-

lex solution method was used to prepare NiO/Ce0.9Gd0.1O1.95
NiO–CGO) composites and the influence of Ni content in elec-
rical conductivity was studied in order to identify the most
uitable microstructure.

mailto:vanesa@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.119
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. Experimental

NiO/Ce0.9Gd0.1O1.95 powders with three different propo-
tions5 (50–50, 45–55 and 40–60 wt%) were prepared by
he polymeric organic complex solution method. Aqueous
olutions of corresponding nitrates were mixed by stirring with
itric acid and ethylenglycol. The as-obtained solutions were
reated thermally in three steps, 80 ◦C for 24 h, 120 ◦C for 4 h
nd 220 ◦C for 24 h in oven to obtain a black resin embedding
he NiO–CGO particles. After milling in an Agatha mortar, the
esin was calcined at 800 ◦C for 1 h and attrition milled for 2 h in
thanol with zirconia ball media. X-ray analysis was performed
n order to identify the present phases using a diffractometer
iemens (model D-5000, Erlangen, Germany), with Cu K�
adiation and Ni filter, and the BET surface area of the calcined
owder was measured using a Quantachrome Accusorb instru-
ent. Thermal analysis (TG/DTA, Netzsch model STA-409,
ermany) was used for further characterization of the powders.
After attrition milling, the powder was pressed in pellets

t 200 MPa and the shrinkage behaviour was studied using
dilatometer Netzsch (model 407/E, Selb-Bayern Germany)

p to 1550 ◦C with a heating rate of 2 ◦C/min and a cooling
ate of 5 ◦C/min. After sintering pellets in air at 1350 ◦C for
h, the samples were reduced using a N2/H2 (90–10%) atmo-

phere at 700 ◦C for 2 h. After polishing and thermal etching,
he microstructures of the sintered samples (non-reduced and
educed) were examined by scanning electron microscopy in a
eiss Microscope (model DSM 950, Oberkochem, Germany).

mpedance was measured from 150 up to 700 ◦C in argon using
LF Impedance analyser (model HP-4294A, Hewlett-Packard).

. Results and discussion

.1. Characteristics of NiO–CGO powder
The simultaneous TG/DTA curves for the different prepared
owders during heating of the dried polymeric gel between room
emperature and 1000 ◦C, revealed the same thermal features in

ig. 1. TG and DTA curves corresponding to the gel precursor of the NiO–CGO
0 wt% composition.
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ig. 2. XRD patterns of NiO–CGO 50 wt% (a) resin, (b) calcined at 800 ◦C/1 h
nd (c) alter reduction in 90% N2–10% H2 at 700 ◦C for 2 h.

ll cases and, for clarity, only that corresponding to the compos-
te NiO–CGO 50 wt% is shown in Fig. 1. The TG curve shows
total weight loss of about 50% up to1000 ◦C, due to evolution
f carbon compounds (CO or CO2) and elimination of nitrates
N2, NO and NO2). According to DTA curve it is found that in a
mall range of temperature of about 280 ◦C takes place an abrupt
xothermal peak, which is due to the autocombustion reaction
rom the decomposition of the polymeric gel. After combustion
he material had a black colour which remained throughout all
he powder processing.

Fig. 2 shows XRD patterns of NiO–CGO resin, calcined and
educed composite powder. It is possible to appreciate that the
olymeric resin is a composite organic matter that should con-
ain metallic cations and this resin stayed like this up to 280 ◦C,
hose XRD analysis is not shown here. After calcination the

ynthesized powder was a composite consisting of NiO and
e0.9Gd0.1O1.95 crystalline phases and after reduction only Ni
etal and Ce0.9Gd0.1O1.95 phases were present, i.e., NiO traces
ere not identified.
The powders calcined at 800 ◦C for 1 h were highly sinterable

nd in all cases showed high specific surface areas, especially
n the composition NiO–CGO 50 wt%. In all cases an aver-
ge agglomerated particle size calculated by BET (D = 50%)
as ∼1.5 ± 0.7 �m. The calculated equivalent particle diame-

er, taking into account the BET analysis and using the equation
BET = 6/Sρ, where ρ is theoretical density and S specific sur-
ace area, are smaller in all cases, ≈0.04 ± 0.02 �m. These
esults indicate: (a) a certain agglomeration level of particles, and

b) powders obtained are nanometric and consequently highly
interable. Specific surface and particle diameter of powders
ontaining 50, 45 and 40 wt% NiO after calcination at 800 ◦C
or 1 h in air are shown in Fig. 3.
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Fig. 4. (a) Shrinkage rate spectra and (b) linear shrinkage behaviour of
NiO–CGO composites vs. sintering temperature.
ig. 3. Particle size and specific surface evolution as a function of NiO content
ithin NiO–CGO powders calcined at 800 ◦C in air.

.2. Sintering behaviour and microstructure developing

As it can be observed in Fig. 4a, the shrinkage rate curves
f samples were similar for composites NiO–CGO 45–55 and
0–60%, in these cases the sintering process takes place with
he appearance of two maximum shrinkage peaks: a small one
t about 875 ◦C, and a higher at about 1350 ◦C. Between them
n inflexion point at approximately 1000 ◦C occurred, i.e., the
ensification of the composites NiO–CGO takes place in a two-
tage process. When the NiO content increases up to 50 wt%, the
rst peak slightly shifted to higher temperatures with broader
istribution, indicating a more gradual densification, although
eaches the maximum of densification rate (second peak) at a
imilar temperature, 1350 ◦C. Although that temperature corre-
ponding to the maximum densification rate does not depend
f NiO content, the shrinkage rate is dependent and increases
ith the NiO content by a factor of 4–6. The linear shrinkage
f the samples as a function of the temperature as well as rela-
ive density is shown in Fig. 4b. The sintering shrinkage of all
amples begin at a relatively low temperature (800 ◦C), but a
ower end point temperature was achieved for the NiO–CGO
0 wt% samples, and a higher density was attained, 96.8% rela-
ive density versus 93.80 and 92.07% relative density, for 45
nd 40 wt% NiO, respectively. The difference in the shrink-
ge behavior between them, can be due to the higher sintering
haracteristics of the NiO powder, i.e., NiO particles have a
igher contraction and this phenomenon allow a normal sinter-
ng process of the CGO ceramic phase with trapped NiO particles
nto.5

Fig. 5 shows the evolution of the density and grain size of
GO phases for the samples sintered at 1350 ◦C in air as a func-

ion of the sintering time. The relative density increases with

intering time. The grain size of CGO does not depend on sinter-
ng time (CGO grain size increased only up to about 0.3–0.4 �m
t 1350 ◦C for 2 h), these results indicate that the presence of NiO
rains intergranularly located retard the grain growth of CGO

Fig. 5. Relative density and average grain size as a function of the sintering time
for NiO–CGO composites sintered at 1350 ◦C in air.
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Fig. 6. SEM micrographs of composite NiO–CGO 50 wt% sintered in air at 1350 ◦C for 2 h (a) before reduction and (b) after reduction.

Table 1
Main characteristics of the cermets sintered at 1350 ◦C for 2 h

NiO content (wt%) Ni content after reduction (wt%) Total porosity after reduction (%) σT (700 ◦C) (S/m) Ea (kJ/mol)

40 29.91 23.6 51.87 4.73
4 7
5 1
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phology and a threshold value of Ni content, from our studies
not presented here, is considered that the boundary between an
essentially ionic and essentially electronic conduction is located
5 34.37 24.
0 39.03 25.

rains, it is the phenomenon namely known as pinning effect.
similar suggestion was reported by Dees et al.6 for cermets

ased on Ni/YSZ.
In all cases microstructures were similar, for clarity, only the

orresponding to NiO–CGO 50 wt% is shown. Fig. 6a shows
he microstructure after sintering at 1350 ◦C for 2 h before
eduction. Although the contrast between nickel and CGO is
ow because of the small difference in average atomic weight,
t was possible to distinguish with relative clarity between
wo kinds of grains, by using back-scattered electrons, dark-
sh and brighter. EDX analysis revealed that the darkness
rains were NiO, and brighter-looking grains were CGO. The
icrostructures were dense and fine-grained, with a homo-

eneous distribution of the two NiO and CGO phases. After
eduction (700 ◦C/2 h using a N2/H2 (90–10%) atmosphere),
ig. 6b shows the fracture of Ni–CGO cermets with a uni-
orm distribution of porous/spherical Ni particles surrounded
y CGO particles. Such as microstructures present good con-
ections between Ni–Ni, CGO–CGO, and Ni–CGO grains and
igh-interconnected porosity, which is essential to improve
he triple phase boundary (TPB) area where reaction takes
lace, between gas, Ni and ceramic. The Ni particles present
similar average grain size as before reduction, which indi-

ate that a grain growth process does not take place during
eduction process. The obtained microstructures could enhance
ignificantly the performance characteristics of Ni–CGO anode
ermet, because, as it is known, that depends strongly of the
i particles distribution in the ceramic matrix, increasing the

umber of active sites at the boundary between Ni (elec-
ronic conductor), CGO (ionic conductor) and H2 gas (fuel).

similar phenomenon was observed in the case of Ni–YSZ
ermets.7

F
m

63.46 3.81
68.07 3.15

.3. Electrical properties

The function of nickel phase in the composite material is to
erve as an electrocatalyst for hydrogen oxidation and to pro-
ide the anode with high electrical conductivity. To satisfy these
onditions, the Ni phase must become continuous, in this case
ickel grains can act as a continuous metallic medium allowing
he electrons to migrate throughout the material. This requires
n appropriate microstructure which depends on cermet mor-
ig. 7. Arrhenius plot for the total electrical conductivity of the Ni–CGO cer-
ets.
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bout 29 vol.% NiO. The easiest way to verify the continuity
f the nickel phase is to measure the electrical conductivity of
he cermet. According to the impedance measurements, all sam-
les are electronically conducting. The relatively high value of
lectrical conductivity at 700 ◦C which is close to the conduc-
ivity of pure metallic nickel (70 S/m at 700 ◦C) proves that the
ickel phase is continuous (see Table 1). The temperature depen-
ence of the conductivity (σ) can be described by the Arrhenius
quation: σ = σ0 eEa/T . The activation energies (Ea) for the sam-
les are given in Table 1. From the Arrhenius plot (Fig. 7), it
an be seen that the equation fits the data over the temperature
ange studied and that the electrical conductivity decrease with
ncreasing temperature (besides for lower Ni content), which is
haracteristic from a pure metallic electronic conductor. This
ehaviour verifies again the continuity of the nickel phase, with
redominant Ni–Ni contacts, demonstrating that there is not
intering of Ni particles.

. Conclusion

Nanometric powders NiO–Ce0.9Gd0.1O1.95 with highly sin-
erizable characteristics were prepared by the polymeric organic
omplex solution method. Sintered composites NiO–CGO
xhibit adequate microstructures and after reducing Ni–CGO
ermets present a uniform distribution of spherical particles Ni
urrounded by a pore space and by the CGO particles. Such

icrostructures could improve the TPB area between gas (H2),
i (electronic conductor) and CGO (electrolyte with a high

onic conductivity). The mixed oxygen ion-electronic conduc-
ion with ≥40 wt% NiO content is governed by the electronic

7
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etallic conduction, suggesting predominant Ni–Ni connectiv-
ty. To enhance electronic conductivity, the cermet should have
NiO content higher than 50 wt%.
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