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Abstract

Thick ®lms of [(ZrO2)0�92(Y2O3)0�08]0�9(TiO2)0�1/
Ni (35 vol%) have been deposited onto yttria stabi-
lized zirconia (YSZ) substrates. The cermets were
prepared by mixing a YSZ commercial powder,
TiO2, NiO and a controlled amount of carbon.
Thixotropic slips with a solids content of 60wt%
were obtained. After sintering at 1300�C in air,
without introduction any reducing atmosphere, the
thick ®lm cermets show good adherence and chemi-
cal and mechanical compatibility with YSZ electro-
lyte. The hydrogen oxidation on the cermets, using a
three-electrode cell, has been studied. The polariza-
tion resistance is consisted of two separated con-
tributions, one might be associated to the typical
proton charge transfer, and the second one, might be
originated from the adsorption reaction of electro-
active species. The anodic polarization curve exhib-
ited a maximum of current density for an
overpotential close to that of the Ni±NiO system,
which could be associated to the oxidation of hydro-
gen on NiO. # 1998 Published by Elsevier Science
Limited. All rights reserved
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1 Introduction

The attempts to ®nd, develop or manufacture a
material, which incorporates most of the desirable
properties of both ceramics and metals, have been
widely encouraged,1 specially for structural high-
temperature high stress-resistant applications. The
interest in cermets has become much broader with
respect to applications, but their high cost, brittle-
ness, nonuniformity, etc., makes di�cult to use

these materials in engines or other structural
applications.
Fortunate, the appearance nowadays of other

technologies as ceramic-metal joining,2 reaction
bonding of aluminum oxide (RBAO),3,4 solid oxide
fuel cells (SOFCs) and gas separator membranes,
the attempts to combine ceramics and metals make
this aim a practical and reliable idea.
On the other hand, nickel is widely known for its

excellent response as metal electrocatalyst, parti-
cularly in hydrogen oxidation, the combination of
both metallic Ni and yttria stabilized zirconia
ceramic in di�erent proportions yields a cermet
material which is currently use as anode in electro-
chemical devices (i.e. in SOFCs).
The anodes for solid oxide fuel cells (SOFCs)

have been studied by many researchers in order to
improve overvoltage characteristics and long-
term reliability.5±8 These properties are strongly
dependent on the anode material and its morphol-
ogy. This cermet is usually prepared by a powder
mixing process followed by ®ring in a controlled
atmosphere. NiO is reduced to metallic Ni by
heating the samples in a reducing atmosphere at
high temperature5±8 or by an electrochemical vapor
deposition process (EVD).9 The cermet Ni±YSZ
electrical conductivity depends strongly on Ni
content. Dees et al.5 and Kawada et al.7 have
reported that to enhance the electronic conductivity,
the cermet should have a Ni concentration higher
than 30 vol%. Below this Ni content, which corre-
sponds to the percolation limit, the cermet con-
ductivity is similar to that of zirconia matrix.
Zirconia-mixed conductors are good candidates

to replace the state of the art in SOFC cermet
anodes. Ceria- and titania-doped YSZ mixed con-
ductors could be good candidate materials as fuel
electrode matrix.10±21 It is expected that mixed
conductivity will originate an increase in the surface
area available for the electrochemical reaction,
reducing polarization losses.22 These mixed con-
ductors based on stabilized zirconia are usually
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obtained if a signi®cant amount of Ce4+ or Ti4+

cations are introduced in solid solution. The data
reported in the literature suggest that the titania-
doped YSZ materials exhibit a higher electronic
conductivity than those of ceria-doped YSZ, for
the same dopant concentration, and under the
same working conditions.10,11 For this reason, in
this work, titania has been chosen as dopant.
Swider and Worrell23 prepared thin ®lms of yttria
(12mol%) stabilized zirconia±titania (8mol%)
using metal±organic deposition (MOD) whereby
metal±organic solutions of Zr-, Y-, and Ti-2-ethyl-
hexanoates. This method implies to use of quite
expensive precursors. Colomer et al.24 developed a
new processing method to prepare [(ZrO2)0�92
(Y2O3)0�08]0�9(TiO2)0�1/Ni 35 vol% thick ®lm cermets.
In addition, there is no information on reviewed
literature about the electrochemical behavior of
titania-doped YSZ as matrix for cermet-anode.
The electrochemical response, anodic and catho-

dic polarizations, have been studied by several
authors.5±8,25±29 At present, it has still not been
established the exact nature of the anodic reaction
kinetic, further, there are a lot of discrepancies due
to the experimental problems. Recently, Mogensen
et al.30 reported a critical overview of the SOFC
literature and they established a main recommen-
dation to overcome the large number of these dis-
crepancies. One possible alternative is to prepare a
cermet near the Ni percolation limit (�30±
35 vol%) with a total Ni particle dispersion avoid-
ing inhomogeneous current conduction paths, Ni
particle sintering, etc. In this way, it is obtained a
correct overpotential versus low density current
polarization curves and the overpotential values
are not a�ected by the high current e�ects.
By using a new cermet synthesis method, Colo-

mer et al.24 obtained a cermet with a thickness as
low as (�5�m) and high Ni particle dispersion,
and then no nickel-particle percolation was
observed. In these conditions, an actual anodic
polarization response might appear at low current
density. Therefore, the objective of the present
work is to develop a three-electrode assembly,
which consists of a 5�m thick ®lm cermet with
composition [(ZrO2)0�92(Y2O3)0�08]0�9(TiO2)0�1/Ni
(35 vol%) deposited onto YSZ substrate and plati-
num as counter and reference electrodes, in order
to measure the anodic polarization under low cur-
rent density regime.

2 Experimental

The matrix cermet powder [(ZrO2)0�92(Y2O3)0�08]0�9
(TiO2)0�1/Ni (35 vol%) was processed via ceramic
solid state reactions, from YSZ (Tosoh Corporation,

Tokyo Japan) and TiO2 (Merck Darmstadt, Ger-
many). The detailed experimental is described
elsewhere.24 Carbon black (Raven Industries, Lat-
robe, PA) was added not only as reducing agent
but also as controlling and porosity nucleating
agent. The slurry, for aerographic deposition
method, was prepared by mixing the cermet pow-
der with �-terpineol dispersant and solvent (8250,
Dupont, Wilmington, DE). Then, it was ball
milled for 2 h and after this, a binder (ethyl-cellu-
lose) and a plasticizer 2-(2-ethoxy-ethoxy) ethanol
were added.
Aerographic method was used to deposit the

slurry as a cermet-anode layer onto sintered YSZ
electrolyte substrate with high uniform surface
quality. The dried cermet was sintered in two steps,
®rstly it was heat-treated at 500�C for 10min and
subsequently ®red at 1300�C for 30min. After sin-
tering, the adherence of the deposited layers was
assayed by the tape-test. Crystal evolution was
recorded by X-ray di�raction (XRD) (Model D-
5000 di�ractometer, Siemens). Cermet porosity
was determined by mercury porosimetry (Model
Autopore II 9220, Micromeritics.) The residual
carbon content in the sintered cermet was analyzed
by Leco WR-112 analyzer. The microstructure of
the as-sintered samples and transverse cross sec-
tions were examined by scanning electron micro-
scopy and energy-dispersive X-ray analysis
(SEM±EDX), Model DSM 950, Karl Zeiss.
In order to measure its conductivity, a pellet

cermet was sintered in a controlled atmosphere
furnace (10ÿ18 atm). Samples were electroded with
platinum paste and the electrical conductivity
measurements were performed in a controlled
atmosphere furnace using a YSZ sensor and a YSZ
electrochemical pump.31,32 The temperature range
was 900±1100�C and a ®xed frequency of 10 kHz
was used.
Anodic polarization measurements were carried

out at 900�C in a potentiostatic mode using the
three-electrode con®guration shown in Fig. 1 The
solid electrolyte is a dense YSZ (8mol% yttria)
rod, 20mm in diameter and 2mm in thickness. The
working electrode (WE) is a cermet square of 7mm
side deposited onto YSZ substrate. The counter
(CE) and reference electrodes (RE) were painted
out onto the opposite side of the working electrode
(WE) using platinum paste, and subsequently heat-
treated at 900�C. A platinum grid current collector
was pressed onto the cermet to assure a homo-
geneous distribution of the current lines. By means
of an Autolab Impedance Analyzer equipped with
a PG stat 20 Potentiostat (ECOCHIMIE), a set of
voltages versus H2 (0, 50, 100, 150, 200, 300, 400
and 500mV) were applied. The resulting current was
recorded after reaching the steady-state condition.
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Impedance spectrum was also drawn under polar-
ization in the frequency range 10ÿ2ÿ5�104Hz
using an amplitude of 30mV. All experiments were
carried out under one single atmosphere of H2/N2

10/90 gas mixture saturated with water vapor at
25�C, i.e. pO2=10ÿ18 atm.
The overpotential, �, was calculated from the

applied voltage Vapp and from the resulting cur-
rent, I, using the following expression:

�air � Vapp=air ÿ R0I �1�

where R0 is the electrolyte resistance, I is the cur-
rent and Vapp=air is given by:

Vapp=air � Vapp=H2
� RT

4F
ln
10ÿ18

0�21 �2�

In this work, [(ZrO2)0�92(Y2O3)0�08](TiO2)0�1/Ni
(35 vol%) will be labeled YSZ±TiO2/Ni.

3 Results and Discussion

3.1 XRD, microstructural characterization and
electrical conductivity
XRD patterns of the thick-®lm cermet were made
before and after sintering. YSZ±TiO2 solid solution
and metallic nickel di�raction peaks were observed
for the sintered cermet, neither NiO nor Carbon
peaks were detected. Furthermore by Leco test the
residual carbon was also negligible.
The deposited layers adhered well to the YSZ

substrate after sintering. In fact, the layers were not
removed from the substrate using the tape-test.
Figure 2 shows the cermet microstructure obtained

after sintering. The white, grey and dark areas
represent the nickel, titania doped zirconia and the
pores, respectively. Good homogeneity and uni-
form distribution of Ni in the matrix can be
observed. Cross section of thick ®lm cermet illus-
trates (Fig. 3) a clean and uniform interface mor-
phology between the cermet (anode) and the YSZ
(electrolyte). The layer thickness was �5�m. The
average porosity value was about 52% and the
average pore diameter was 2.5�m. The porosity
achieved can be attributed to an intergranular
porosity, such a porosity ranging between 10 and
0.1�m, which corresponds to macropore forma-
tion. The porosity value is an appropriated one for
anode morphology, and adequate optimization for
anodic polarization measurements. No Ni-particles
percolation was observed.

Fig. 1. Schematic diagram of the cell con®guration used for
polarization measurements.

Fig. 3. SEM micrograph of cross section of thick ®lm cermet
sintered at 1300�C.

Fig. 2. SEM micrograph of the cermet electrode after anneal
at 1300�C.
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3.2 EIC measurements
The impedance diagrams obtained under polariza-
tion conditions are shown in Fig. 4 Beside the high
frequency ohmic resistance (R0), two capacitive
loops, always overlapped, can be seen. Thus, all the
spectra were ®tted to two depressed semicircle arcs
in series with a pure resistance using the non linear
square ®t method and the equivalent circuit shown
in Fig. 5. It is commonly assumed in the literature
that the high frequency arc is related to concentra-
tion processes involving either adsorption or di�u-
sion of electroactive species.26 Bellow �=ÿ876mV
airÿ1, the charge transfer resistance (Rct) remained
almost constant. This is in agreement with the
classical Butler±Volmer theory that, in fact, pre-
dicts a constant value of the charge transfer reac-
tion resistance at a low polarization level. Above
�=ÿ823mV airÿ1, Rct increased twice and this

fact suggests a modi®cation in the charge transfer
mechanism which takes place when Ni starts to
oxidize. Simultaneously, the concentration impe-
dance decreased due to the promotion of adsorp-
tion/desorption of electroactive species. Under
higher anodic polarization a huge increase of the
impedance is observed suggesting a strong inhibi-
tion of hydrogen oxidation due to a total oxidation
of Ni particles to NiO.

3.3 Anodic polarization measurements
The anodic polarization measurements were car-
ried out keeping constant the pH2/pH2O ratio
equal to 14. The maximum overpotential (�)
applied was ÿ577mV airÿ1, in order to avoid a
possible damage caused by the modi®cation of
cermet microstructure during Ni oxidation. The
anodic curve was reproducible after several
cycling which means that the cermet was not
degraded. Figure 6 shows a typical curve of the

Fig. 4. Impedance spectra obtained on each point of the
polarization curve. Numbers shown on impedance diagrams

are the logarithms of frequencies.
Fig. 6. Polarization curve for a YSZ±TiO2lNi cermet at 900�C

in hydrogen atmosphere (PO2=10ÿ18 atm).

Fig. 5. Fitted equivalent circuits associated to the impedance
spectra obtained.
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anodic oxidation of hydrogen on the Ni/YSZ or
mixed conductor particles/YSZ interfaces. The
curve is divided into two domains of polarization
AB and BC in the same way than that reported by
Guindet et al.28

The �ÿ i curve exhibits a current density peak,
at a potential value close to the Ni/NiO system.33

The AB domain can be attributed to the oxidation
of hydrogen on nickel or on mixed conductor par-
ticle. In this domain, the variation of the over-
voltage, �, versus current density, i, is described by
the following Tafel-type law.

i � i0 exp
2F

RT
�

� �
�3�

with i0 1.28mAcmÿ2 and the reaction order is close
to 0.5.
The same behavior has been obtained by

Kawada et al.7,25 for hydrogen oxidation on a Ni/
YSZ cermet at 1000�C with a pH2/pH2O ratio
equal to 32.3 and by Guindet et al.27 for hydrogen
oxidation on a pure nickel ball as working elec-
trode at 960�C, with pH2/pH2O ratios equal to 3.6,
7.15 and 14.3.
The ®rst one domain (AB) reaches the current

density peak at ÿ730mV airÿ1, this overpotential
corresponds to the Ni oxidation potential.33 Same
result was reported by Guindet et al.28 being the
working electrode a pure nickel ball approximately
3mm in diameter.
In the BC domain, the current density is a

decreasing function of the anodic overvoltage. This
behavior is similar to those observed for the passi-
vation processes and may be explained by the pro-
gressive oxidation of the nickel of the cermet
leading to an increase in its overall resistance.
These results agree well with those of the Guindet
et al.28

4 Conclusions

A thick ®lm cermet of [(ZrO2)0�92(Y2O3)0�08]0�9
(TiO2)0�1/Ni (35 vol%) with a good adherence to
the substrate was obtained. Sintering was carried
out without introducing any reducing atmosphere,
which will allow the co-sintering of all components
in one unique stage.
In the working conditions, by using a low cur-

rent density regime, two processes are detected in
the H2 oxidation at Ni//YSZ and YSZ±TiO2//YSZ
interfaces: a typical charge transference and a sur-
face adsorption of electroactive species rather than
di�usion one. At overpotential values higher than
ÿ730mV airÿ1 the Ni oxidation takes place. Above
this � a passivation e�ect was observed.
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