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Abstract Mixed oxides in the binary Y,03-CeO, (YC)
and ternary Y,03—CeO,-TiO, (YCT) systems as well as
the corresponding Ni cermets were evaluated in terms of
application as anodes in solid oxide fuel cells (SOFCs)
between 650 and 900 °C. X-ray diffraction (XRD) analysis
of the YCT powders calcined up to 1,400 °C showed the
cubic fluorite structure of YC and also the formation of an
additional phase with pyrochlore structure. The thermal
expansion of the ceramics measured in air and Ar/4% H,
showed no significant differences in the temperature range
of 25-800 °C. The absolute values of the total electrical
conductivity of the ceramics measured between 450 and
900 °C in Ar/4% H, increased by about 1-2 orders of
magnitude compared to those measured in air. Ni/
Y0.20Ce0.8001.9 and Ni/Y ¢ 20Co.75Tip.0501.9 cermets with 40
vol% Ni exhibited improved long-term stability regarding
their electrical conductivity after annealing at 1,000 °C.
The diffusion coefficient of Ce in the 8YSZ electrolyte was
measured by compatibility tests. Electrochemical mea-
surements on single SOFCs showed high polarization
resistance at the anode/electrolyte interface.
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Introduction

Reduction of the operating temperature of solid oxide fuel
cells (SOFCs) from 900-1,000 to 650-800 °C is of great
importance because it means both prolonged stack lifetime
and cost reduction, since the use of low-cost metallic
components for interconnects and balance-of-plant mate-
rials becomes possible.

For the anode an attractive alternative to the “state of
the art” Ni/8YSZ cermet is the use of CeO,-based mate-
rials. The use of ceria in the vicinity of the electrolyte/
anode interface has been shown to reduce polarization
losses [1, 2]. However, the chemical compatibility between
8YSZ and CeO,-based materials is not without problems,
since the two materials diffuse into each other by prefer-
ential migration of Ce ions into the zirconia lattice during
the sintering process usually used in SOFC technology [3].
In addition, reduction of Ce*" to Ce® in the fuel gas
atmosphere causes chemical expansion in the CeO,/8YSZ
interdiffusion zone and consequently leads to thermal
expansion mismatch and stresses inside the electrolyte due
to the larger ionic radius of Ce** (1.14 A) compared to
Zrtt 0.84 A) [4]. Partial substitution of CeO, by TiO, in
ceria-based ceramics is expected to suppress the chemical
expansion of such ceramic constituents of the anode cermet
[5, 6].

In the present work, oxides with the general formula
YO.Z()CGO.go_XTiXO].g with x = O, 005, 0.10 and Y0.10C60_80
Tig.1001.05 were synthesized and examined with respect to
their crystal structure, thermal expansion and electrical
conductivity. The long-term stability of the electrical con-
ductivity of the corresponding cermets with 40 vol% Ni as
well as the chemical compatibility of NiO-containing
ceramics in contact with 8YSZ electrolyte was investigated
for their application as anodes in an SOFC. Finally
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electrochemical tests were performed on single cells with
an anode cermet composed of Ni(40 vol%)/Yy.15Cep.75
Tio.1002—x-

Experimental

All ceramic compositions were synthesized by co-precipi-
tation with a diluted ammonia solution using the starting
materials Y(NO3); - 5SH,O, Ce(NO3); - 6H,O and TiCl; in
HCI in the appropriate amounts dissolved in nitric acid.
The precipitates were filtered and carefully washed with
distilled water until no chloride ions could be detected with
a silver nitrate solution. Subsequently the powders were
dried overnight at 120 °C and calcined at 700 °C. Parts of
the ceramic powders were mixed with the appropriate
amounts of NiO (J.T. Baker, >99%) to achieve Ni contents
of 40 vol% after reduction at 900 °C in Ar/4% H, atmo-
sphere for 5 h. All mixtures were wet-milled with ethanol
in a centrifugal ball mill for 50 h for homogenization and
reduction of the mean grain size.

For the crystal structure investigations small amounts of
the ceramic powders calcined at 700 °C were heated up to
1,400 °C for 5 h in air in steps of 100 °C and subjected to
X-ray diffraction (XRD). The experiments were performed
at room temperature using a Philips PW 1830/40 diffrac-
tometer and Cu K, radiation.

For the thermal expansion and electrical conductivity
measurements, samples of the ceramics and the NiO/YCT
mixtures were uniaxially pressed to rectangular bars
(3 x 3 x 25 mm?) and sintered at 1,400 °C for 5 h in air.
The density of the specimens was about 95% of the theo-
retical density. The thermal expansion measurements were
carried out in air and Ar/4% H, atmosphere with a push-
rod dilatometer 402E from Netzsch (Selb, Germany) in
the temperature range of 25-1,000 °C at a heating rate of
3 K/min. Electrical conductivity was measured up to
900 °C using a four-probe DC technique with Ag wires
wrapped around the samples. Current and voltage were
measured with a Keithley multimeter and automatically
recorded using the Test Point software package.

For the chemical compatibility measurements, thick
films of a selected NiO/YCT paste were coated on compact
8YSZ pellets made of Tosoh powder, ball-milled for 50 h
and sintered at 1,400 °C for 5 h. The paste was prepared by
mixing the oxide powders with a binder consisting of 6%
ethylcellulose in terpineol. The specimens were sintered at
1,400 °C and different time intervals in air and Ar/4%H,.
The interdiffusion across the anode/electrolyte interface
was investigated using SEM-EDS analysis on metallo-
graphically prepared cross-sections of the samples.

The electrochemical tests were performed on anode-
supported single cells with 8YSZ as electrolyte and LSM
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as cathode. The integration of Ni/YCT anode layers and the
details of the cell tests are described elsewhere [7, 8].

Results and discussion
Crystal structure characterization

X-ray diffraction analysis of the air-calcined powders
indicates that Y(20Ceg.g001.9 (YC) crystallizes in the cubic
fluorite-type structure while in the Ti-containing YCT
ceramics an additional phase (Y,Ti,O;) with cubic
pyrochlore structure was formed. Figure 1 presents the
diffractograms of the investigated oxides after calcination
at 1,400 °C for 5 h as well as the corresponding lattice
parameters, o, of the cubic fluorite structures. The
observed small deviations of the lattice parameter values
(Fig. 1) indicate limited solubility of Ti in the fluorite
matrix. The calculated value, ¢, = 540.0 & 0.3 pm, for the
Y0.20Ce0.8001 .0 ceramic lies between the reported values of
540.5 [9] and 539.5 pm [10].

As can be seen from the diffractograms of
Y0.20Ce0.70Tip 10010 powder, calcined for 5h in air
between 700 and 1,400 °C in steps of 100 °C (Fig. 2a), the
pyrochlore structure appears in a detectable quantity at
900 °C. The ratios of the 100%-intensity peaks of the
fluorite to the pyrochlore structure, i.e., (111) at 20 = 28.5°
and (222) at 20 = 30.5°, respectively, decrease with
increasing temperature (Fig. 2b), indicating that the higher
reaction rate for pyrochlore formation restrains the solu-
bility limit of TiO, in the fluorite phase. The same behavior

Yo.10C€0.80Ti0.1001.95
J 0=540.3 pm
— Y0.20C0.70Ti0.1001.9
S 0:=539.7 pm
: JL_J\,A
>
i Joa A 1§
9 Y0.20Co.75 Ti0.0s01.0
£ “ 0:=539.5 pm
YD.ZUCO.EDO1 9
a.=540.0 pm
L A A
T T T T T
20 30 40 50 60 70 80
20

Fig. 1 XRD patterns and lattice parameter, o, of the cubic fluorite
structure for the YC and YCT ceramics after calcination at 1,400 °C
for 5 h in air (arrows indicate the additional peaks of the pyrochlore
phase)



J Mater Sci (2008) 43:7057-7065 7059
(a) °
10 ° Y 2
| | z '
‘E A
1400°C = .
1__ﬁ J \ l A A M g 8
= (] A
[3]
iy J k 1300°C 9> 6 " u
g A Ji A Joa A M o A
> J\ 2 s = -
= 1200°C c 4 A
2 A ﬁ A A\ Mo A M g -
o £
£ | R <ol
A A I’ A A A_J\ -
Aoy ﬂ f1000°c A 800 1000 1200 1400
900°C Temperature [°C]
A ‘ A TO0C
20 30 40 50 60 70 80 Fig. 3 Temperature dependence of pyrochlore formation (wt%) in
20 the YCT ceramics with nominal compositions:Y,0Ceo70Ti0.1001.9
(®),Y0.20Ce0.75Tig.0501.9 (M), and Y 10Ceo.80Ti0.1001.95 (A)
(b)
J Tig.1001 .9 the above result is supported by SEM-EDS point
analysis, which showed that the cubic fluorite structure
~ )M contains 14.3 0.5 at% Y, 83.0 £ 0.6 at% Ce, and
2.7 £0.2 at% Ti. From the lattice parameters of the
1300°C fluorite phases given in Fig. 1 and for Y,Ti,O; as
=] A A 1008.0 pm [11], the densities as well as the volume frac-
‘g tions of pyrochlore formed in the YCT ceramics can be
5 p 1200°C calculated. According to these calculations, the Y,Ti,O;
_§ content (Ppyrochiore = 3.0 g/cmB) can be given as 7.7, 13.4,
£ Y N\ 11o0°e and 13.9 vol% for Y0.20C60V75Ti00501.9 (pﬂuorite = 6.84 g/
/\ tooo%e em?®), Y0.20Ce0.70Ti0.10019  (Phuorite = 6%2 g/lem’), and
e 900°C Y0.10C€0.80Ti0.1001.95 (Pivoriee = 7-12 g/cm’”), respectively.
RN N ‘ ‘ 700°C
25 30 30 30 30 30 Thermal expansion
20

Fig. 2 a XRD patterns of Y20Ceq70Ti0.1001.0 powder after calci-
nation for 5 h in air between 700 and 1,400 °C in steps of 100 °C
(arrows indicate the additional peaks of the pyrochlore phase). b The
100% intensity peaks of fluorite (111) and pyrochlore (222)

was also observed in the diffractograms of the other YCT
powders.

Figure 3 shows the temperature dependence of the amount
of pyrochlore phase (in wt%) formed in the YCT ceramics,
calculated from the ratio of peak areas of the reflections with
highest intensity (111)guorice and (222)pyrochiore-

The formation of the pyrochlore phase (Y,Ti,O;) results
in the alteration of the exact composition of the fluorite
phase in the ceramics. In particular, considering the XRD
results the composition of the fluorite phase after calcina-
tion at 1,400 °C for 5 h in air is Y 1690Ce0.8207T10.00401.916,
Yo.143Ce0.833Ti0.02401.920, and Yo,020Ce0.06T10.0401.99 for
Y0.20Ce0.75Ti0.0501.9, Y0.20C€0.70Ti0.1001.9 and Yo 10Ceo.80
Tip.1001.05, respectively. In the case of Y(,0Cep70

The thermal expansion coefficient (TEC) is an important
factor in SOFC design. A significant degree of mismatch in
TEC values between the anode and the electrolyte can
result in large stresses causing cracks in the electrolyte or
delamination either during fabrication or under operating
conditions.

The TEC values of the tested YC and YCT oxides
measured in air between 25 and 1,000 °C (Table 1) were
found to be about 20% higher than the corresponding value
of 8YSZ (10.5 x 107° K™") [12], showing a slight trend
towards smaller values with increasing Ti content. This is
due to the smaller TEC of Y,Ti,O, (11.21 x 107® K1)
[13]. Comparative measurements on the same oxides in air
and Ar/4% H, show no significant changes of thermal
expansion in the temperature range 25-800 °C, whereas for
the cermets with 40 vol% Ni the corresponding values
increase by about 15% due to the presence of Ni (Table 1).

In the temperature range of 800-1,000 °C in Ar/4% H,
the YC and YCT samples revealed considerable
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Table 1 TEC values (x107® K™') of YC and YCT oxides in air and Ar/4% H, and of the corresponding Ni cermets with 40 vol% Ni

Nominal composition TEC/107% K~ in air

TEC/10~® K~ ! in air

TEC/107® K~ in TEC/107° K~! in Ar/4% H,

(25-1,000 °C) (25-800 °C) Ar/4% H, (25-800 °C) (25-800 °C)
Cermet with 40 vol% Ni
Y0.20Ce0.8001.9 12.6 12.3 12.6 14.8
Y0.20Ce0.75Tip.0501 .9 12.6 12.3 12.5 14.7
Y0.20Ce0.70Ti0.1001 .9 12.3 12.0 12.3 14.3
Y0.10Ce0.80Ti0.1001 .95 12.4 12.1 12.6 14.9

dimensional changes with increasing TECs (Fig. 4). This
behavior is caused by the reduction of Ce*t (r = 097 A) to
Ce*t r=1.14 A), which led to a significant degree of
chemical expansion at elevated temperatures. Comparing
the Yo 10Ce0.80Ti0.1001.05 and Y 20Ce0.70Tig.1001.0 sam-
ples, with about the same Y,Ti,O; content, the latter
composition shows a lower relative expansion (Fig. 4) due
to the higher degree of substitution with Y in the fluorite
phase. According to the combination of dissolution of
Y,0;5 in CeO, (Eq. 1) and the reduction reaction of Ce ions
(Eq. 2), the low Y content of the fluorite phase shifts Eq. 2
to the right side resulting in a more reduced system.

v,0,522v., 4303 + vy, (1)
2Cece + Op = 2Cel, + Vi + 1/20; (2)

Similar results have been reported in the literature for
CaO- and Gd,0s5-containing CeO, [14].

A higher Y,Ti,O; concentration in samples with a
similar Y content in the fluorite structure also suppresses
the chemical expansion.

2.5
--O-- Y0_200e0_8001 goin Ar/4% Ho
0 Y0.20C€0,75Ti0.0501.90 in Ar/4% Hyp
2.0 9 2 Y 200e070Tio. 1001.90 In Ar/4% Hy
Y ,10Ce0.80Ti0.1001.95 in Ar/4% Hy

——YC and YCT oxides in air E

Relative Expansion [%]

r T T T T T T T T
0 200 400 600 800 1000

Temperature [°C]
Fig. 4 Relative thermal expansion of YC and YCT ceramics in air

and Ar/4% H, atmosphere between 25 and 1,000 °C
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Electrical conductivity of ceramics

The Arrhenius plots (log (¢T) versus 1,000/T) of the total
conductivity of the tested ceramics measured in air as well
as for 8YSZ [15], are illustrated in Fig. 5. The straight lines
obtained in the temperature range of 450-900 °C indicate
that the conductivity is almost entirely ionic. This is in
accordance with studies which specify that the electrolytic
domain (#; > 0.99) of Y-substituted ceria exists up to
p(0,) = 107" bar at 600 °C and p(O,) = 10~* bar at
900 °C [16]. Table 2 includes the conductivity values at
800 °C and the corresponding activation energy in the
range of 450-900 °C.

The ionic conductivity values of the ceramics containing
20mol% YO;s (Yo20Ceo80_xT1xO19) are higher than
those of 8YSZ in the whole temperature range examined
and decrease with increasing Ti content. The lowering of
the conductivity can be attributed on the one hand to the
substitution of small amounts of CeO, with TiO, and the
associated trapping of oxygen ions in the vicinity of Ti
ions. On the other hand, the main factor leading to the

900 800 700 600 500 °C
T T T T T T T T T T
2 .
§ 11
™3
L,
—~ 0 -
l—
o
8 1] —esvsz D\ ¢
1| =™ Yo.20€€0.8001.90 a
o —A—Y0.20C€0.75T0.0501.90 \
—9—Y0.20C€0.70Ti0.10C1.90 o,
1 2 Yo.10%®0.80Ti0.1001.95
-3 T T T T T T T T T T

08 09 1.0 11 12 13 14
1000/T [1/K]

Fig. 5 Arrhenius plots of the total electrical conductivity of YC and
YCT ceramics as well as of 8YSZ [15] measured between 450 and
900 °C in air
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Table 2 Ionic conductivity at 800 °C, ggo oc, of YC and YCT oxi- 90 - o
des as well as of 8YSZ [15] measured in air, and the corresponding 1
activation energies, E,, between 450 and 900 °C 80 7
o N
Nominal composition 0300 °c (mS cm™}) E, (eV) 70 | <D>
— 60
Yo.20Ce0.5001 62.9 0.91 T 50 - §
Yo.20Ce0.75Ti0.0501.9 51.8 0.85 o 40 1 ]
. U) .
Y0.20Ce0.70Ti0.1001.9 384 0.85 [= | o .
- = 30 -
Yo.10Ce0.80Ti0.1001.95 4.18 1.42 ] ] [}
8YSZ 21.6 1.05 20 1 g
10 + A
1 n
042

decrease of conductivity is the increasing amount of the
low-conductive Y,Ti,O; phase [11, 17], which induces a
reduction of the concentration of charge carriers (oxygen
vacancies). This assumption is confirmed by the significant
drop of the ionic conductivity observed for the YCT
ceramic containing 10 mol% YO,s with an activation
energy of 1.42 eV (Table 2), which approaches the corre-
sponding values for pure CeO, (1.70 eV) [18]. The
conductivity of 62.9 mS/cm for Y ,0Cegg0O;.9 at 800 °C
lies in the range of values (62.3-78.2 mS/cm) reported in
the literature [9, 19-22], for highly dense samples (>95%
of the theoretical density) and is about three times higher
than the corresponding value (21.6 mS/cm) for 8YSZ
(Table 2). The activation energy of E, = 0.91 eV between
450 and 900 °C agrees well with the value between 250
and 850 °C given by Zhang et al. (0.931 eV) [9].

The influence of Ti content in the YCT ceramics is
illustrated in Fig. 6 together with Ti-free ceria materials.
Without Ti, the yttria- and gadolinia-substituted cerias show
a maximum ionic conductivity at an oxygen vacancy con-
centration, c(Vy), of 10%, i.e., a substitution level of 20% Y
[9, 19-21] or Gd [23]. At higher or lower c(V{,), the con-
ductivity decreases nearly linearly with similar slope. In the
case of the materials investigated here, Y 20Ceg0O1.9
showed the highest conductivity as reported previously [9,
23]. The addition of Ti not only changes c(V) due to the
formation of Y,Ti,0O, it also decreases the conductivity to a
larger extent than expected. Therefore an additional influ-
ence of the Ti ions acts as a barrier for ionic conduction.
Since the three data points of the YCT ceramics give a
straight line with a different slope than that for the Ti-free
values it can be assumed that the mobility of the oxygen
vacancies is affected either by trapping of oxygen in the
vicinity of Ti ions or around the Y,Ti,O; grains.

In Ar/4% H, atmosphere the conductivity increases and
the activation energy significantly decreases at lower
temperatures compared to the corresponding values in air
indicating mixed ionic-electronic conduction (Fig. 7). This
is attributed to the reduction of Ce*" and Ti** to Ce*" and
Ti**, respectively, which leads to an additional electronic
n-type conductivity. The resulting smaller activation

0 0.04 0.08 0.12 0.16 0.20
¢(Vg) in Ln-substituted ceria

Fig. 6 Dependence of ionic conductivity at 800 °C on oxygen
vacancy concentration for ceria with different lanthanide substitu-
tions: Ce;_ YOz x2 (&) [9], Cei YOz yp (A) [19, 21],
Ce1_xGd,Oy_42 (O) [23], YC (O), and YCT (M), this work

energy under reducing conditions compared to the values
in air arises from the lower value of the activation energy
of electron hopping in ceria solid solutions [24, 25]. From
the results it is deduced that replacing CeO, with small
amounts of TiO; in Y ,0Ceggo_x1ixO1.9 does not signifi-
cantly influence the electrical conductivity at high temper-
atures. The electronic contribution to the total electrical
conductivity is more pronounced in the Y 0Ceqgo
Tig.1001.05 system. The reduced yttria concentration in the
fluorite phase suppresses the electrolytic domain by
increasing the electronic contribution to the conductivity
compared to Y20Cep.g0_x11xO1.9 systems. Similar results
have been published by Levy et al. [25] for nonstoichio-
metric Y-doped ceria solid solutions, while the same trend
is valid for Ca- and Gd-doped ceria systems [26, 27].

Electrical conductivity of Ni/YC and Ni/YCT cermets
with 40 vol% Ni

The temperature dependence of the electrical conductivity
of the cermets exhibited a metallic character. The long-
term stability of the electrical conductivity of the Ni/YC
and Ni/YCT cermets was examined after exposure at
1,000 °C in flowing Ar/4% H, atmosphere for up to
1,000 h. At fixed time intervals the annealing was inter-
rupted and the electrical conductivity of the samples was
measured in the temperature range of 25-900 °C.

Figure 8 illustrates the conductivity results at 800 °C as
a function of the exposure time. The scatter in electrical
conductivity values appearing at the beginning of the
experiments between the samples is attributed to the dif-
ference in porosity reflecting the final stage of cermet
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Fig. 7 Arrhenius plots of the total electrical conductivity of YC and

YCT ceramics as well as of 8YSZ [15] measured between 450 and
900 °C in Ar/4% H,
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Fig. 8 Electrical conductivity at 800 °C of Ni/YC and Ni/YCT
cermets with 40 vol% Ni as a function of the annealing time at
1,000 °C in Ar/4% H, atmosphere

preparation as well as to the structure configuration of the
metal network.

A significant parameter for the evaluation of the cermet
stability after long-term annealing is the difference
between the initial (0 h) and the final (1,000 h) electrical
conductivity values. The results (Fig. 8) show that for
cermets with high yttria and low titania content in the
ceramic phase the conductivity values remain practically
constant during annealing, whereas for low yttria and high
titania content the conductivity decreases significantly.
This behavior can be explained in terms of interfacial
interactions established at the metal/ceramic interface of
the cermet [28, 29].
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Wetting experiments in systems of liquid Ni in contact
with different ceramics, including pure CeO, performed at
1,500 °Cin Ar/4% H, atmosphere resulted in contact angle 6
values equal to 114°, 110°, 103°,99°, and 96° for the systems
Ni/Y2Ce0 5019, CeOs, Y02Ce.75Tip.0501.9, Yo.20Ce0.70
Tio']QO] 90> and Y0,10Ceo_80Ti0_|001 95, respectively (Flg 9)

The systems Ni/Y(,Ce 5019 and Ni/CeO, are nonw-
etted and nonreactive (0 > 110°) with limited solubility of
the ceramic phase in the liquid metal [28, 30]. Addition of
20 mol% YO, s of the high surface energy Yttria in ceria
increases the contact angle compared to pure CeO,,
enhances simultaneously the resistance to reduction of the
ceramic [14, 31].

In the case of the Ni/YCT systems, the observed lower
contact angle values are attributed to the enrichment of the
interface with titania-containing pyrochlore phase, as
revealed by SEM observations of sample cross-sections.
Furthermore, the high amounts of TiO, suppress the sub-
stituents content in the fluorite phase of the ceramics and
therefore their reduction resistance. The investigated

(a) Ni/Y.20Ce0.5001 .9

(b) Ni/CeO,

(¢) Ni/Y0.20Ce0.75Ti0.0501.9-x

(d) Ni/Y0.20Ce0.70Ti0.1001.9x

(e) Ni/Y¢.10Ce0.80Ti0.1001.95-x

Fig. 9 Sessile drop of liquid Ni on YC- and YCT-ceramics substrates
at 1,500 °C in Ar/4% H,
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Ni/YCT systems are nonwetted. However the decreasing
contact angle values far below 6 = 110°, indicate that a
reaction can be established across the metal-ceramic
interface even if this could not be proven in SEM-EDS
investigations.

For the long-term annealing experiments at 1,000 °C the
interfacial reaction is the possible reason for decreasing
with time of the electrical conductivity of the anode cer-
mets, with high TiO, content (10 mol% TiO,) in the
ceramic phase (Fig. 8). SOFC operation at reduced tem-
peratures is expected to diminish this phenomena as well as
deviation from stoichiometry.

Chemical compatibility

High-temperature sintering for preparation and long-term
SOFC operation causes a cation interdiffusion zone at the
anode/electrolyte interface leading to the deterioration of
the cell performance [32, 33].

In the case of a layered sample of Y ,0Ceg 75T 0501.0
(YCT) + NiO/8YSZ, sintered at 1,400 °C for 5 h in air,
the EDS line scanning (Fig. 10) across the anode/elec-
trolyte interface shows the formation of an interdiffusion
zone. Emerging porosity can be recognized on the
YCT + NiO side resulting from the difference in diffu-
sion coefficients of the counter-diffusing cations (Ce*" in
8YSZ and Zr*" in YCT + NiO) causing Kirkendahl
voids.

Fig. 10 Line scan across the
YCT + NiO/8YSZ interface

after sintering at 1,400 °C for
5 hin air

Zilal, 1000

vvvvvvvvv

CeLal. 551

NiKa. 746

The results of SEM point analysis show high diffusivity
of Ce*" in 8YSZ, while the corresponding migration of
Zr*" is significantly lower. Figure 11 presents the com-
positional distribution of Ce*" in 8YSZ electrolyte for
different annealing times up to 50 h. In the same analysis,
after 50 h of sintering Zr*" appeared in the YCT + NiO
region in a detectable quantity at a depth of 2 pm from the
interface with an atomic concentration of about 1.5 at%.
Sintering of Y0.20CCOI75Ti0_0501_9 (YCT) + NiO/8YSZ
samples at 1,400 °C for 50 h in Ar/4% H, revealed reduced
diffusivity of cerium ions through the 8YSZ electrolyte
(Fig. 11) due to the reduction of Ce*" to Ce’* with larger
ionic radius. Additional experiments performed on sintered
NiO + YCT/8YSZ samples at 1,400 °C for 5 h in air and
following exposure at 900 °C for 200 h in Ar/4% H,
showed no shift of the diffusion curves of Ce ions towards
higher depths.

The effective Ce*" diffusion coefficient, D,
(bulk + grain boundary diffusion) in 8YSZ at 1,400 °C in
air (Fig. 11) was determined using the solution of Fick’s
law for low diffusion times and semi-infinite space:

c(x,)
Cco o exp( 4Deffl)

(3)

The calculated value Dy = 1.9 x 1077 m%s at
1,400 °C differs by more than one order of magnitude
compared to the value of 0.83 x 10~'® m?/s reported by
Bekale et al. [34], for Gd-doped ceria samples in contact
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Fig. 11 Diffusivity of Ce ions in the 8YSZ electrolyte across the
YCT + NiO/8YSZ interface, sintered at 1,400 °C in air for different
times (closed symbols) as well as in Ar/4% H, for 50 h (open
symbols)

with highly dense 8YSZ (99.5% of theoretical density),
under the same experimental conditions. This difference
can be attributed to the smaller grain size (¢ = 1.5 pm) of
8YSZ used in this work resulting in a stronger influence of
grain boundary diffusion on the effective diffusion, as well
as to the higher porosity (95% of theoretical density) of the
samples. The effective diffusion coefficient Deg can be
correlated with the bulk diffusion coefficient, Dy, and the
grain boundary diffusion coefficient, Dgp, through the
relationship [34].

Deit = (1 = f)Dy + faDg, 4)

where, o is the segregation factor, f = 36/¢ is the fraction of
atomic sites located on the grain boundaries, J is the grain
boundary width, and ¢ represents the grain size. Assuming a
diffusion coefficient ratio Dg,/Dy = 0.26531 X 10° at
1,400 °C given by Bekale et al. [34] and for o =1,
0=1nm and ¢ = 1.5 pum, it follows from Eq.4
Dy, =35 x 107" m*s and Dy, = 9.3 x 107" m%s.

Cell manufacturing and electrochemical tests

The possible use of Ni/YCT cermets as anode materials was
evaluated in anode-supported SOFCs. For this purpose, five
YCT materials were used as ceramics in composites with 40
vol% Ni and eight single cells were manufactured for each
YCT material, 90% of these cells showed a He leakage rate
of more than 8 x 10™* mbar 1 cm~2 s~ " applying a pres-
sure difference of 100 mbar as under stack operating
conditions. The lowest He leakage rate was 3.1 x
10~* mbar 1 cm™2 s~ '. This means that all the cells had a
higher leakage rate than the internal quality control
threshold at Forschungszentrum Jiilich. Despite this fact,
two single cells with Ni/Y( 15Ceq75Tig.1002_x anode
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Fig. 12 Current-voltage curves for 5 x 5 cm? anode-supported sin-
gle cells with Ni(40 vol%)/Y.15Ceq.75Ti0.1002_x and Ni(40 vol%)/
8YSZ anodes at 800 °C. For the cell tests 1,000 mL/min air as
oxidant and either 1,000 mL/min H, with 3% H,O or 330 mL/min
CH, with 670 mL/min H,O as fuel gas was supplied to the cells

functional layer were tested together with cells containing
the “state of the art” Ni/8YSZ anodes. The anode substrate,
electrolyte and cathode were fabricated in the same batch to
guarantee a reliable comparison of the cell test results.

Figure 12 illustrates the current-voltage curves of
5 x 5 cm? cells with Ni/Y( ;sCeq5Tig100,_x anode at
800 °C as well as the corresponding data of a cell with Ni/
8YSZ anode for H,/3% H,O and 33% CH4/67% H,O as
fuel gases.

The obviously poorer performance of the SOFC with the
Ni/YCT anode can be mainly attributed to the higher gas
leakage as indicated by the lower open circuit potential but
also to the higher polarization resistance. The latter
increases due to the presence of the gas leakage, because of
the partial deterioration of the cathode due to the pene-
trating fuel gas [35]. After the cell test, several small areas
of the cathode were detached from the electrolyte. The
reason for the higher gas leakage may be related, at least
partly, to the diffusion of Ce*" into the 8YSZ electrolyte.
In an SEM investigation after the cell test, no obvious
defects or increased porosity in the -electrolyte was
observed. The only difference compared to the conven-
tional 8YSZ electrolyte was a more facetted instead of a
smooth fracture surface.

Conclusions

YC and YCT ceramics as well as the corresponding Ni-
cermets were synthesized and investigated with regard to
their physical properties. The results showed: (a) limited
solubility of Ti in the fluorite lattice of YC, while higher
amounts of TiO, lead to the formation of Y,Ti,O; with
pyrochlore structure suppressing the thermal expansion of
the ceramic, (b) the electrical conductivity of the high
yttria- and low titania-containing ceramics in air is higher
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than that of 8YSZ and increases significantly in Ar/4% H,
due to the electronic contribution, (c) Ni cermets with high
yttria- and low titania-containing ceramic phase showed
excellent long-term stability of the electrical conductivity,
(d) the effective diffusion coefficient of Ce** in the 8YSZ
electrolyte was calculated as Deg = 1.9 % 1077 m%s at
1,400 °C in air, and (e) electrochemical tests on single cells
showed that the higher gas leakage through the electrolyte
is the main reason for the poorer performance of the
Ni/YSZ anode. More work is necessary to integrate
ceria-based anodes into anode-supported SOFCs.
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