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Abstract

NiO-SDC (samaria-doped ceria) composite powders were synthesized using a urea-combustion technique. The structure, electrical conducting,
thermal expansion and mechanical properties of the Ni—samaria-doped ceria (Ni-SDC) cermets have been investigated with respect to the volume
contents of Ni. No chemical reaction product between the two constituents was detected for the cermets sintered at 1200—1300 °C for 4 h in air and
reduced at 800 °C for 2h in a 60%N; +40%H, atmosphere. A porous microstructure consisting of homogeneously distributed Ni and SDC phases
together with well-connected grains was observed. It was found that the open porosity, electrical conductivity, thermal expansion and bending
strength of the cermets are sensitive to the volume content of Ni. The Ni-SDC cermets containing 50-60 vol.% Ni were ascertained to be the
optimum composition. These compositions offer sufficient open porosity of more than 30%, superior electrical conductivities of over 1000 S/cm
at intermediate temperatures (600-800 °C), a moderate average thermal coefficient of 12.6-13.5 x 107 between 100 and 800 °C and excellent

bending strength of around 100 MPa.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices
with high efficiency and various environmental advantages.
Conventional SOFCs based on yttria-stabilized zirconia (YSZ)
electrolytes have to operate between 950 and 1000 °C, because
of the lower ionic conductivity of the YSZ solid electrolyte at
lower operating temperatures. However, these high operating
temperatures often lead to serious problems such as chemical
reactions and thermal expansion mismatch between the SOFC
components.! Current research efforts are aimed at reducing
the operating temperatures to 600-800 °C or less. Sm>* doped
CeO, (SDC) has been regarded as the most promising elec-
trolyte for intermediate temperature SOFCs (IT-SOFCs) because
of its excellent ionic conductivity compared to YSZ.% The most
suitable anode for SDC electrolyte-based SOFCs is generally
thought to be Ni—samaria-doped ceria (Ni-SDC cermets).!*
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Over the past few years, Ni-YSZ cermet anode has been
successfully applied to YSZ electrolyte-based single cells.>®
Comparatively, the Ni-SDC cermet anode has various advan-
tages derived from the extraordinary properties of the SDC
compositions. SDC is an ion-and-electron mixed conductor in
hydrogen, which can increase the length of triple phase bound-
ary (TPB) within the anode.” Moreover, SDC also exhibits
oxidation-catalytic properties and high anodic activities due
to its rapid electrochemical oxidation of hydrocarbon gas.?
Therefore, Ni-SDC cermets can be considered as a promising
candidate for IT-SOFC anode. However, most of the previous
works related to Ni-SDC anodes were concentrated on their
electrical conducting and electrochemical properties, regarding
the Ni-SDC cermet as an excellent hydrogen oxidation cata-
lyst as well as a effective ion-and-electron mixed conductor at
intermediate temperatures.®~!! For their application in SOFCs, a
prominent design for the cell stacks is the anode-supported one,
which sustains mechanical stress in the single cell and allows the
thickness of the electrolyte to be reduced.'? In view of the long-
term stability required for SOFCs during their operation and
movement, it is necessary to investigate the thermal expansion
and mechanical properties of Ni—samaria-doped ceria cermets.
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Considering that the traditionally mechanical mixing pro-
cess, in which the separately prepared NiO and SDC powders
are simply mixed together by ball milling to act as anodic initial
powders, cannot result in the reliable uniform distribution of Ni
particles in the Ni-SDC matrix,*'? a urea-combustion technique
was employed in our study to fabricate the NiO-SDC composite
powders in one step. The urea-combustion technique had been
successfully employed to produce the initial powders for SOFC
materials, such as SDC electrolytes and Ni—YSZ anodes.'3!*
High temperatures could reach in a short reaction time by the
self-generated heat of reaction, yielding nanopowders or loose
agglomerate of nanocrystallites. Given the above considerations,
in this work, NiO-SDC composite powders were produced by
the urea-combustion technique and the structure, electrical con-
ducting, thermal expansion and mechanical properties of the
Ni—SDC cermets were investigated with respect to the volume
contents of Ni (Ni vol.%).

2. Experimental procedure

Reagent grade Ni(NO3);-6H,0, Ce(NO3)3-6H>0,
Sm(NO3)3-6H,O and CO(NHj); (urea) were used as
starting materials and dissolved into deionized water to form
a solution. The nitrates were weighted in suitable proportion
for the Ni vol.% in the Ni-SDC cermets to be in the range
of 30-70vol.%. Hereafter, the Ni—-SDC composites were
designated as x%Ni—-SDC (x=30-70). The amount of urea
for the formation of the NiO-SDC composite powders can be
calculated according to the following equations:

3Ni(NO3)2:6H,0 + 5CO(NH3)»
= 3NiO + 8Nj +5C0O; +28H,0 @))

8Ce(NO3)3-6H,0 + 2Sm(NO3)3-6H,0 + 30CO(NH>),
= 10Cen.gSmp 2019 + 45N> 4+ 30CO; + 120H,O 2)

In this case, 1 mol NiO and 1 mol SDC stoichiometrically require
5/3 and 3 mol urea, respectively. If we designate the total metal
cation content in each composition to be 0.05 mol, the amount
of urea can be subsequently determined using the density of Ni
(8.90 g/cm3) and SDC (7.15 g/cm?’),ls’16 as presented in Table 1.
It can be noticed that the amount of urea is around 0.1 mol, which
is almost twice the total metal cation content in each composi-
tion. Therefore, the mole ratio of urea to the total metal cation
content was selected as 2.0 in this study. Once it was prepared,
the solution was stirred for 1h and heated on a hot plate until

Table 1

The amount of urea for the formation of NiO-SDC composite powders
Compositions NiO (mol) SDC (mol) Urea (mol)
30%Ni-SDC 0.0305 0.0195 0.1093
40%Ni-SDC 0.0355 0.0145 0.1029
50%Ni-SDC 0.0396 0.0104 0.0972
60%Ni-SDC 0.0423 0.0077 0.0936
70%Ni-SDC 0.0448 0.0052 0.0903

auto-ignition and self-sustaining combustion occurred. The ash
was subsequently ground for 48 h in ethanol medium using a
ball milling process with zirconia balls. After the slurry was
dried, the as-synthesized powders were uniaxially pressed into
disks (10 mm in diameter and 1 mm in thickness) and rectangu-
lar bars (40 mm x 4 mm x 4 mm) under a pressure of 100 MPa,
followed by sintering at 1200—1300 °C for 4 hin air and reducing
at 800 °C for 2 h in a 60%N; + 40%H; atmosphere.

The phase identification of the as-synthesized powders and
reduced specimens was examined by a Rigaku D/MAX-111A
X-ray diffractometer using Cu Ka radiation. The morphology
of the as-synthesized powders was observed using a Jeol JSM-
6400 scanning electron microscope (SEM) and a Hitachi S-4700
field emission scanning electron microscope (FESEM) at dif-
ferent magnifications. The microstructure of the sintered and
reduced specimens was investigated by means of SEM combined
with back scattering electron (BSE) microscopy. The density
and open porosity of the Ni-SDC cermets were measured by
the Archimedes method using disk-type cermets, in accordance
with China standard no. GB/T 1966-1996.

The rectangular cermets were polished to ensure their sur-
face flatness and painted with platinum paste for the purpose
of measuring the electrical conductivity. The electrical con-
ductivity of the specimens was measured by a dc four-probe
method at 350-800 °C in a 60%N, +40%H, atmosphere. The
thermal expansion measurement was conducted using rectan-
gular cermets upon heating in an Ar atmosphere at a heating
rate of 5°Cmin~! between 100 and 800°C by a Netzsch
DIL 402C dilatometer with alumina as a calibration stan-
dard. The three-point bending strength of the Ni-SDC cermets
(30 mm x 2.5mm x 2.5 mm) was evaluated using a universal
testing machine (5802 Engineer Dr., United Calibration Corp.)
with a fixture of 25 mm span and crosshead speed of 1 mm min~!
at room temperature. The highest value and the lowest value
were excluded from the calculations of the average value and
the standard deviation of the bending strength.

3. Result and discussion

Fig. 1 shows the XRD patterns of the as-synthesized powders
with various Ni vol.%. Both NiO and SDC phases were certified
for the powders and no other phase could be found within the
sensitivity of XRD. Fig. 2 shows the typical morphology of the
as-synthesized powders, consisting of homogenous and weakly
agglomerated particles around 40—150 nm.

Fig. 3 shows the XRD patterns of the Ni-SDC cermets pre-
pared by sintering at 1300 °C for 4h in air and reduction at
800 °C for2hina 60%N; +40%H; atmosphere. As can be seen,
the peaks presented in the XRD patterns are assignable to the two
constituents and the relative intensity of the peaks correspond-
ing to the Ni phase increases with increasing Ni vol.%. Namely,
no remarkable reaction product between the Ni and SDC can be
detected within the sensitivity of XRD after the sintering and
reducing process.

Fig. 4 shows the open porosity of the Ni-SDC cermets pre-
pared by sintering at 1200—1300 °C for 4 h in air and reduction at
800 °C for 2 hin a 60%N; +40%H; atmosphere as a function of
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Fig. 1. XRD patterns of the as-synthesized powders with various Ni vol.%.

the Ni vol.%. The open porosity of each composition decreases
with elevated sintering temperatures as expected. In the case of
the samples sintered at the same temperatures, the open poros-
ity of the specimens displays an identical variation with the Ni
vol.%, increasing with Ni vol.% up to a maximum value and
then decreases. As is well known, the pores in the Ni-SDC cer-
mets are mainly formed by the reduction of NiO. Therefore, it
is not surprising that the open porosity of the cermets increases
with increasing Ni vol.%. However, for the 70%Ni—SDC spec-
imen, the open porosity decreased, which may be due to the
microstructural changes. Regarding an open porosity of 30% as
a criterion for gas transport inside the anode,' !’ the cermets
prepared by sintering at 1300 °C should be excluded, due to
their lower values of the open porosity. Besides, during the pro-
cessing of an anode-supported single cell, the anode material is
always co-sintered with the electrolyte material. In our previous
research, the SDC materials were able to be sintered to a relative

Fig. 2. SEM and FESEM micrographs of the as-synthesized powders containing
50vol.% Ni.
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Fig. 3. XRD patterns of the Ni-SDC cermets with various Ni vol.%.

density of 95.8% at a sintering temperature of 1250 °C. However,
when the samples were sintered at 1200 °C, the relative density
of the SDC ceramics was around 90%, which is not suitable for
an SOFC electrolyte, because of the resulting gas leak. Hence, to
facilitate the co-sintering of the Ni-SDC anode and SDC elec-
trolyte, the cermets prepared by sintering at 1250 °C for 4 h in air
and reduction at 800 °C for 2 hin a 60%N> + 40%H, atmosphere
(abbreviated as 1250Ni-SDC) were selected for investigation in
our following research.

Fig. 5 shows the BSE images of the NiO-SDC ceramics sin-
tered at 1250 °C with various Ni vol.%. The SEM images of the
corresponding specimens are presented in the insets. A dense
microstructure consisting of homogeneously dispersed NiO and
SDC phases can be observed, where the black domains corre-
sponding to the NiO phases gradually expand with increasing
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Fig. 4. Open porosity of the Ni—-SDC cermets prepared by sintering at
1200-1300 °C for 4 h in air and reduction at 800 °C for 2 h in 60%N; +40%H,
atmosphere as a function of Ni vol.%.
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Fig. 5. BSE and SEM images of the NiO-SDC ceramics sintered at 1250 °C with (a) 30 vol.% Ni, (b) 50 vol.% Ni, (c) 70 vol.% Ni.

Ni vol.%. One can also see that both the dark domains and
white domains are continuous, indicating the presence of well-
connected grains of NiO-NiO and SDC-SDC in the cermets.
Fig. 6 shows the SEM micrographs of 1250Ni—SDC cermets
with various Ni vol.%. When the Ni vol.% is from 30% to 60%,
the good connection among the grains as well as the uniform
distribution of the submicron-sized grains and pores can be seen
in the cermets. These characteristics of the microstructure would
contribute to optimize the length of the Ni-SDC—gas triple phase
boundary (TPB) and, thus, improve the anodic performance.’
However, the microstructure of the 70%Ni—SDC cermet is dif-
ferent from that of the other compositions, displaying a lot of
clusters together with weakly connected small grains. As is gen-
erally recognized, SDC components play an important role in
suppressing the sintering of Ni during the preparation of the
Ni—SDC cermets.'8 Hence, it can be imagined that if the SDC
content is as lower as 30 vol. %, as in the case of the 70%Ni—SDC
cermet, the function of the SDC as a secondary phase would
become relatively weak, resulting in the appearance of aggre-
gated Ni grains and weakly contact among the SDC grains. This
is assumed to be responsible for the reduced open porosity in
Fig. 4. The performances of SOFC anodes are governed by the
electronic conductivity of the electrocatalysts such as nickel, the
overpotentials associated with the charge-transfer at the TPB,
the ionic conductivity of the electrolytes and the rate of gas

transport through the porous electrodes. Furthermore, the rate
of electronic and ionic transport is a function of microstructural
variables such as the grain size and continuity of the grains.'® As
shown in Fig. 6(d), the cermet consisted of many large grains
due to the Ni aggregation and weakly connected SDC grains,
which may induce the deterioration of the anodic performance.

Fig. 7 shows the electrical conductivity of the 1250Ni—-SDC
cermets as a function of measuring temperature. At the same
measuring temperature, the electrical conductivities increase
with increasing Ni vol.% as expected. Also, a monotonous
decrease in the electrical conductivities can be observed with
increasing measuring temperature in the range of 350-800 °C.
Such conducting behavior is similar to that of a metallic elec-
tronic conductor and to the previously reported results,®!!
indicating that the Ni component dominates the electrical con-
ducting properties of the Ni-SDC matrix. Moreover, it was noted
that all of the compositions provide electrical conductivities over
600 S/cm at intermediate temperatures (600-800 °C), exceeding
the electrical conductivity requirement for the anode material of
SOFCs.?” This result is in agreement with the continuous NiO
grains and Ni grains observed in Figs. 5 and 6, respectively, even
when the Ni vol.% is as low as 30%.

It can also be noticed that the electrical conductivity at
600-800 °C in this study is superior to that of the Ni-SDC cer-
mets with the same Ni vol.% prepared by other processes, such
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Fig. 6. SEM micrographs of 1250Ni-SDC cermets with (a) 30%Ni-SDC, (b) 50%Ni-SDC, (c¢) 60%Ni-SDC, (d) 70%Ni-SDC.

as mechanical mixing, co-precipitation and gel-casting,*!!?!

whereas comparable with Ni-YSZ cermets.?? According to the
percolation theory, in a binary composite consisting of conduc-
tive and insulating phases, coarse particles are expected to be
surrounded by finer insulating particles and inhibit the contact
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Fig. 7. Electrical conductivity of the 1250Ni—SDC cermets as a function of
measuring temperature.

among conductive particles.”> As regards the NiO-SDC com-
posite powders, SDC can be considered as an insulating phase,
because of its low ionic conductivity (~0.08 S/cm at 800 OC),24
while NiO was known as conductive phase due to its superior
electronic conductivity after being reduced to Ni. In the case
where the coarse NiO particles and fine SDC particles were
prepared by other processes, the coarse NiO particles appeared
to be covered by fine SDC particles. The isolated Ni grains
after reduction would not contribute to the electrical conduc-
tivity of the Ni-SDC cermets. However, if fine NiO particles
can be dispersed well with SDC particles, as in the case of our
research, then well-connected Ni grains can be obtained after
reduction. Based on the above analyses, we can conclude that
fine and uniformly distributed NiO-SDC composite powders
can be fabricated through the urea-combustion technique. This is
presumably responsible for the excellent electrical conductivity
of the Ni-SDC cermets in this work.

Fig. 8 shows the linear thermal expansion curves (LTECs)
of the 1250Ni-SDC cermets. For each specimen, the LTEC
seems to be a straight line except for the anomalous variation
between 350 and 400 °C. To characterize this anomaly in a more
accurate way, the differential coefficients of the corresponding
LTECs were resolved, as shown in the inset of Fig. 8. The peaks
marked as 7* appear in the temperature range of 360—400 °C,
as expected. This behavior is also typical for Ni-YSZ cermets
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Fig. 8. Linear thermal expansion curves of the 1250Ni—SDC cermets with var-
ious Ni vol.%.

and can be explained by the large anomaly of the Young’s
modulus of Ni near 7, (Curie point), due to the ferromagnetic-
to-paramagnetic phase transition.'®> One can also notice that
there is tendency for T* to increase with increasing Ni vol.%.
This phenomenon can be qualitatively interpreted by the evolu-
tion of Ni grains in the Ni-SDC cermets. As shown in Fig. 6, it
is unfeasible to distinguish the Ni grains from the SDC grains
in the 30-60%Ni—SDC cermets, owing to their similar grain
size. However, as for the 70%Ni—SDC specimen, aggregated Ni
grains with a large size can be clearly observed. Compared with
the large Ni grains, the small Ni grains are under higher pressure
due to their intense surface extension, which would promote the
phase transition of Ni at a lower temperature.?® The shift of T*
toward higher temperatures may reflect the growth of the Ni
grains with increasing Ni vol.% in the cermets.

The average thermal expansion coefficient (TEC) values were
calculated in the whole temperature range of 100-800 °C, the
lower temperature range of 100-7* and the high temperature
range of 7%-800 °C. The calculated results are listed in Table 2.
For each specimen, the average TEC in the high temperature
range is always slightly lower than that in the lower temperature
range. This result implies that the LTEC of the 1250Ni—SDC cer-
mets can be approximated by two straight lines, with a decrease
in the slope occurring at 7*. In the same temperature range, the
average TECs of the cermets seem to be dominated by the Ni con-
tent, increasing monotonously with increasing Ni vol.%, which
can be explained by the large TEC of Ni metal (16.9 x 107/K)

Table 2
Average TEC values in various temperature ranges for 1250Ni—-SDC cermets
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Fig. 9. Bending strength and porosity of the 1250Ni—SDC cermets as a function
of Ni vol.%.

compared with that of SDC (12.8 x 107%/K).1%27 Moreover, in
the overall temperature range, the TEC value difference between
the 1250Ni—SDC anode and SDC electrolyte is within the limits
acceptable to thermodynamic compatibility (15-20%),%” with
the composition of 30-60%Ni—SDC showing the most promis-
ing performance in terms of the thermal expansion matching.

The bending strength and porosity of the 1250Ni—SDC cer-
mets is plotted as a function of Ni vol.% in Fig. 9. The cermets
with Ni vol.% of 50-70% offer excellent bending strengths of
93-154 MPa, satisfying the requirement of the mechanical prop-
erties for an anode-supported material. Moreover, the bending
strength was found to increase with the increasing Ni vol.%. As
is well known, the relationship between strength (o) and porosity
(p), can be described by:

o = o exp(—bp), (3)

where oy is the strength of the non-porous structure and b is
a pre-exponential coefficient related to the pore structure.'? If
non-porous Ni—-SDC cermets could be obtained, it is reasonably
to suggest that the value of o would increase with increasing
Ni vol.%, thus affecting the value of o in a positive way. This
deduction can be explained by the mechanism of strengthening
and toughening. Generally speaking, the bending strength and
fracture toughness of ceramics are much lower than those of
metals. When pressing the cermets under an external force, the
metallic grains undergo plastic deformation by absorbing plastic
energy. During the spreading of the cracks, the plastic deforma-
tion of the metallic grains could induce the passivation on the tip
of the cracks and the decrease of the stress intensity factor. As

Low temperature range (°C) High temperature range (°C)

Compositions Average TEC (x 107/K)
Whole temperature range (°C)

30%Ni-SDC 11.1 (100-800)

40%Ni-SDC 11.9 (100-800)

50%Ni-SDC 12.6 (100-800)

60%Ni-SDC 13.5 (100-800)

70%Ni-SDC 14.0 (100-800)

11.9 (100-360)
12.2 (100-370)
13.1 (100-390)
14.0 (100-390)
14.5 (100-400)

10.6 (360-800)
11.7 (370-800)
12.3 (390-800)
13.2 (390-800)
13.7 (400-800)
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the interface between metal and ceramic starts to split, the cracks
would turn around and branch off by means of absorbing frac-
ture energy, which prevents the further extension of the crack.?®
On the other, the porosity of the cermets in Fig. 9 generally
increases with increasing Ni vol.% except for the 70%Ni—-SDC
sample, resulting in a negative effect on the value of 0. Based on
the above analyses, we can conclude that the bending strength
of the Ni-SDC cermets is mainly dependent on two competi-
tive factors: Ni vol.% and porosity, with the effect of Ni vol.%
predominating the variation of the bending strength.

4. Conclusions

The urea-combustion technique was shown to be an advan-
tageous route to produce NiO-SDC composite powders.
The structure, electrical conducting, thermal expansion and
mechanical properties of the resulting Ni-SDC cermets were
investigated with respect to the Ni vol.%. No chemical reaction
product between the two constituent phases was detected for the
cermets sintered at 1200—1300 °C for 4 h in air and reduced at
800°C for 2h in a 60%N; +40%H; atmosphere. The cermets
with 30—-60Ni vol.% showed a porous microstructure composed
of uniformly distributed and well-connected constituent grains.
However, further increasing the Ni vol.% induced the gener-
ation of aggregated grains derived from the Ni sintering. For
each specimen, the electrical conducting and thermal expansion
properties seem to be competent for anode materials. Never-
theless, the open porosity and bending strength are sensitive
to the Ni vol.%. Adequately controlling the composition in the
cermets allows them to benefit from the superior electrical con-
ductivity, bending strength and open porosity of Ni, together
with low TEC of the SDC. The trade-off among the structure,
electrical conducting, thermal expansion and mechanical prop-
erties results in the optimum composition being obtained for the
cermets containing 50-60 vol.% Ni.
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