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In this study, NiO/YSZ composite powders were synthesized using hydrolysis on two solutions, one con-
tains YSZ particles and Ni2* ion, and the other contains NiO particles, Zr**, and Y3* ions, with the aid
of urea. The microstructure of the powders and sintered bulks was further characterized using X-ray
diffraction, scanning electron microscopy, and transmission electron microscopy. The results indicated
that various synthesis processes yielded NiO/YSZ powders with different morphologies. The NiO precur-
sors would deposit onto the surface of YSZ particles, and NiO-deposited YSZ composite powders were

IS((e)‘Jl/i‘é‘l}?)rxdiii:e fuel cell obtained. Alternatively, it was not observed that YSZ precursors deposited onto the surface of NiO parti-
Anode cles, thus, a uniform powder mixture of fine NiO and fine YSZ particles was produced. After sintering and
Urea hydrolysis subsequent reduction, these powders would lead to the variations of Ni distribution in the YSZ matrix

and conductivity of cermets. Owing to the core-shell structure of the powders and the higher size ratio
of YSZ and NiO particles, the conductivity of cermet with NiO-deposited YSZ powders containing 23 wt%

Electrical conductivity

NiO is comparable to those with a NiO/YSZ powder mixture containing 50 wt% NiO.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells (FC) can offer clean and pollution-free technology to
generate electricity at high efficiencies by an electrochemical com-
bination of fuel with an oxidant [1,2]. Meanwhile, an intermediate
temperature solid state oxide fuel cell (ITSOFC), which is operated at
700-800 °C and compatible with other forms of hydrocarbon fuels,
has attracted the interest of many researchers [3-5]. Currently, a
nickel/yttria-stabilized zirconia (Ni/YSZ) cermet is used as SOFC
anode material due to its high performance and low cost [6-8].
Many alternative materials have been developed as a replacement
for the improvement of SOFC performance [5,7,9]. In the develop-
ment of SOFCs, the optimization of an anode microstructure, which
achieves a low overpotential, has been the subject of studies in
recent years.

Generally, the performance of Ni/YSZ cermets is thought to
be strongly affected by the Ni content, the characteristics of the
starting powders, and the processing method. In other words, the
optimized microstructure of Ni/YSZ cermets also further improved
cell performance by increasing the number of triple phase bound-
aries (TPB) composed of the metal Ni, YSZ grains, and fuel gases.
However, the structure of TPB in Ni/YSZ cermets significantly
depends on the initial conditions of the processing of powders.
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It is expected that both Ni and YSZ phases form 3D continuous
networks resulting in a high TPB. In addition, it is essential to dimin-
ish the degradation of anode during long-term SOFC operations.
Minimization of nickel content could not only enhance the sta-
bility of Ni/YSZ cermets, but also decrease the thermal expansion
coefficient (TEC) of an anode to match that of YSZ. To achieve a
homogeneous mixing of NiO and YSZ particles, and prevent the
agglomeration/coarsening of Ni particles during long-term SOFC
operations, various powder synthesis methods have been studied,
such as citrate/nitrate combustion synthesis [10,11], mist induced
coating [12], gel-precipitation [13,14], coating precipitation [15,16],
electroless coating [17,18], ball milling [19,20], mechanical alloying
[21], and heterocoagulation [22].

Moreover, it is well known that electrical conductivity and sta-
bility of Ni/YSZ anodes are affected by the size ratio between YSZ
and Ni particles. For a fixed Ni content and porosity of an anode, the
higher the ratio, the higher the electrical conductivity tends to be
[6,7,19]. Itoh et al. [19,23] fabricated a novel conceptual microstruc-
ture which is composed of coarse YSZ, fine YSZ, and NiO, and stated
that the electrical conductivity largely increased with an increas-
ing amount of coarse YSZ powders. Therefore, it would be likely to
develop a powder synthesis process to prepare NiO/YSZ compos-
ite powders with a minimum NiO content, and yield a controlled
microstructure, which consists of a continuous NiO network and a
rigid YSZ framework.

Urea hydrolysis is a kind of homogeneous precipitation and
is often employed to synthesize monodispersed fine particles
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Table 1
The nominal and measured NiO content of NiO/YSZ composite powders employed
in this study.

Sample designation Nominal NiO (wt%) EDX technique

NiO (wt%) Ni (wt%)
NiO-YSZ-1 10 9.4 7.5
NiO-YSZ-3 30 22.7 18.8
NiO-YSZ-5 50 344 29.2
NiO +YSZ-5 50 49.3 433
YSZ-NiO-5 50 53.8 47.8

and uniform coated particles [24-27]. This study focused on the
characteristics of NiO/YSZ composite powders produced by urea
hydrolysis, and explored the influence of various processing proce-
dures on the distribution of the NiO phase within an YSZ matrix.
A series of experiments, including compositions, phase analysis,
microstructure, and electrical conductivity of Ni/YSZ cermets were
conducted.

2. Experimental procedures

This study aimed to explore the effect of various synthesis pro-
cesses on the distribution of Ni phase within an YSZ matrix for
Ni/YSZ cermets. A urea hydrolysis process was applied to produce
YSZ powders, NiO powders, and NiO/YSZ composite powders [28].
Raw materials of ZrOCl,-8H,0, and Y(NOs3)-5H,0 (Aldrich, USA)
with a composition of 16 mol% Y3* and 84 mol% Zr** were used
to prepare the stock solution with a cation concentration of 0.1 M.
Moreover, a stock solution containing NiCl,-6H,0 (Showa, Japan),
with a concentration of 0.1 M, was used to produce NiO powders.
The precipitates were washed with D.I. water and alcohol (~95%),
then calcined at 800°C for 1.5 h. The calcined powders were ball-
milled in alcohol for 24 h, and subsequently dried by an infrared
lamp. The resultant YSZ powders or NiO powders were used in the
following processes. The sample designation employed in this study
is listed in Table 1.

Two various procedures were used to prepare the NiO/YSZ
composite powders. The first method was to disperse the YSZ
powders into the stock solution containing Ni?* and urea. Then

the suspension solution was heated and stirred at 100°C for 6 h.
Finally, a green precipitate was obtained (NiO-YSZ-X, X=1, 3, 5).
The second method was based on the hydrolysis of the stock solu-
tion, which contains Y3* ion, Zr** ion, NiO particles, and urea,
performed at 100°C for 6h (YSZ-NiO-5). For comparison, the
NiO/YSZ mixture powders were prepared using the ball-milling
process for NiO and YSZ powders in alcohol for 12h (NiO+YSZ-
5).

An excess addition of urea with a concentration of 0.42 M was
introduced for improving the hydrolysis reaction. The solutions
were boiled continuously for 6 h in a flask, and a white colloidal
suspension was formed after about 1 h. The precipitates produced
by urea hydrolysis were washed with D.I. water and alcohol (~95%),
and then calcined at 800°C for 1.5 h. The calcined powders were
dried by an infrared lamp, and subsequently sieved with #200 mesh
screen. The powders were uniaxially pressed into pellets at 80 MPa.
Finally, the green body was sintered at 1350°C for 3 h, at a heating
rate of 600°Ch-1.

The density of the sintered bulk was measured by the
Archimedes method. The compositions and microstructure of the
NiO/YSZ composite powders and sintered bulk were examined
by field emission scanning electron microscopy (FE-SEM, S-4700,
Hitachi, Japan) combined with an energy dispersive X-ray analyzer
(EDX, EMAX, 7200-H, HORIBA, England). The phase analysis was
measured by the XRD powder method (PANalytical X’PERT PRO,
Holland, 45 kV, 40 mA).

The powders were dispersed into alcohol with the aid of an ultra-
sonic cleaner. A drop of suspension solution was deposited on a
carbon-coated copper grid (200 mesh) and subsequently dried. A
high resolution transmission electron microscope (FEI Tecnai G2 20
S-Twin, Philips, Holland), with an energy dispersive X-ray analyzer
(EDAX, Tecnai 20ST, METEK, Holland), was used to investigate the
microstructure and compositions of the powders. The rectangular
samples (20 mm x 2 mm x 3 mm) for conductivity measurements
were sintered at 1350°C for 3 h, and reduced in a forming gas
atmosphere at 1000 °C for 3 h. The DC four-probe electrical con-
ductivity of Ni-YSZ cermets was measured from room temperature
to 1000 °C using a source meter (2100, Keithley, USA) as a function
of temperature in a forming gas atmosphere (5% H,-95% N, flow
rate: 150 sccm) at 1000°C for 3 h.

1 Hm

Fig. 1. SEM micrographs of NiO and YSZ powders: (a) as-derived YSZ precursors; (b) YSZ powders after calcination at 800 °C for 1.5 h; (c) as-derived NiO precursors; and (d)
NiO powders after calcination at 800 °C for 1.5 h. Inset is the corresponding image at higher magnification.
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3. Results and discussion
3.1. Powders synthesis

SEM micrographs of the urea-derived NiO and YSZ precursor par-
ticles, before and after calcination at 800°C for 1.5 h, are indicated
in Fig. 1. The NiO precursor particles have a mesoporous feature.
Table 1 summarizes the nominal and measured NiO content by an
EDX technique. As the NiO content of NiO-YSZ-3 and NiO-YSZ-5
powders increases, the discrepancy between nominal and mea-
sured NiO content increases. On the other hand, the NiO content
of the YSZ-NiO-5 powders is slightly more than the nominal value.
When urea is used as the precipitating agent, the Zr** and Y3* ions
in stock solution can be easily coprecipitated due to their similar
solubility product value, and the actual content is closer to the nom-
inal one [28]. However, the precipitation of Ni?* ions is significantly
influenced by the formation of nickel-ammonia complexes [29,30].
After calcination at 800 °C for 1.5 h, the SEM image contains YSZ par-
ticles with two drastically different size ranges, which reflect the
bimodal size distribution, namely, 2-6 and 0.1-0.3 wm, as shown
in Fig. 1(b). It is observed that the morphology of large YSZ parti-
clesisirregular and plate-like shaped with clear faceting, while that
of smaller NiO particles is roughly oval shaped with smooth edges.
The NiO powders exhibit agglomerated particles with primary par-
ticles of about 200-400nm in size, as shown in Fig. 1(d). This
corresponds to an agglomerated growth mechanism for Ni(OH);
for the precipitation process [31]. Thus, it is relatively easy to
differentiate between NiO and YSZ particles according to SEM
micrographs.

3.1.1. The deposition of NiO precursors on YSZ powders
YSZ particles were dispersed into a stock solution containing

Ni2* and urea, and then the solution was heated at 100°C for 6 h.
The NiO precursor would be formed and preferentially deposited
on the surface of the YSZ particles due to the negative zeta poten-
tial of YSZ particles and a heterogeneous effect [31,32]. Fig. 2 shows
the SEM micrograph of NiO-YSZ-5 powders in an as-derived state,
after calcination, and after reduction in forming gas, respectively.
As the content of NiO increases, the coverage percentage of NiO
on YSZ particles increases. It is observed that the as-derived and
calcined composite particles exhibit a rough surface layer with
an approximate thickness of 100 nm. This is different from the
morphology of pure YSZ particles. Each individual YSZ particle is
coated with nanometer sized Ni(OH); particles and NiO particles, as
shown in Fig. 2(a) and (b), respectively. The morphology of Ni(OH),
deposited on the YSZ particles is similar to that of pure urea-derived
Ni(OH),, which exhibits a micro-plate shape and mesoporous struc-
ture [33,34].

After sintering and subsequent reduction at 1000°C for 3 h in
forming gas, the Ni(OH), phase is transformed into NiO and Ni
phases, respectively. According to Fig. 2, it is apparent that the
morphology of the deposited Ni(OH), particles first changes into
NiO with a roughly oval shape, and then Ni with a spherical shape.
Because of the poor wetting characteristics of Ni on YSZ substrates,
the Ni particles indicate a nearly spherical shape [35]. Fig. 3 shows
the TEM micrographs of NiO-YSZ-5 powders after reduction where
the spherical Ni particles with a size range of 0.1-0.2 m are tightly
attached to the YSZ particles, with a size range of 5-10 wm. The
selected area electron diffraction pattern (SAED) indicates a reg-
ular pattern with strong diffraction spots, thus, it can be expected
that each individual Ni particle consists of the same grain, as shown
in Fig. 3(d). In particular, on the basis of EDX analysis and SAED
results, the Ni particles in NiO-YSZ-5 powders mainly concentrate
on the surface of YSZ particles and a core-shell structure is formed.
In summary, NiO-YSZ-5 powders consist of coarse NiO-coated YSZ
particles, fine YSZ particles, and fine Ni particles.

Fig. 2. SEM micrographs of NiO-YSZ-5 powders: (a) as-derived state; (b) calcination
at 800°C for 1.5 h; and (c) reduction at 1000°C for 3 h in forming gas.

3.1.2. The deposition of YSZ precursors on NiO powders

Some studies attempted to deposit the YSZ coating on the sur-
face of NiO particles, and further prevented the coalescence of NiO
particles during SOFC operation [15,16]. Therefore, for comparison
with NiO-YSZ-5 powders, the YSZ-NiO-5 powders were synthe-
sized by the addition of NiO particles into the YSZ stock solution. The
SEM images of YSZ-NiO-5 powders are shown in Fig. 4. It is different
from the NiO-YSZ-5 powders, the YSZ-NiO-5 as-derived powders
exhibit smaller primary particles with a size around 100 nm. TEM
micrographs of YSZ-NiO-5 powders, as shown in Fig. 5, indicate that
these powders consist of a mixture of nanosized NiO and nanosized
YSZ particles. Because the NiO particles exhibit a smooth surface
and sharp edge, NiO particles can be recognized from YSZ particles
in YSZ-NiO-5 powders. This reveals that the smooth surface of the
NiO particles of YSZ-NiO-5 powders is similar to that of pure NiO
powders. There exist a few YSZ agglomerates, composed of nano-
sized primary particles, that range from approximately 30 to 50 nm
in diameter, as shown in Fig. 4.
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Fig. 3. TEM micrographs of NiO-YSZ-5 powders after reduction at 1000°C for 3 h in forming gas: (a) bright-field image; (b) EDX spectrum taken from the area indicated in
(a); (c) the marked area in (a) at higher magnification; and (d) diffraction pattern taken from the area indicated in (c) corresponding to Ni phase.

As a result, the majority of YSZ precursor particles do not
deposit on the surface of NiO particles with a size range of about
200-400 nm. However, in the case of NiO-YSZ-5 powders, the NiO
precursors could grow from the surface of YSZ particles. At a tem-
perature above 75 °C, the hydrolysis of urea occurs and the release
of OH~ ions makes the pH value of the stock solution rise to 7-9 in
this study. The zeta potentials of the nanometer-sized NiO particles
in this range of pH values are approximately +30 to +60 [22]. This
means that the NiO particles in the stock solution will repel Zr#*
and Y3* ions, resulting in the YSZ precursor particles precipitating
as an individual particle.

3.1.3. The mixture of NiO and YSZ

The NiO+YSZ-5 powders were fabricated by the ball-milling
process of urea-derived NiO particles and urea-derived YSZ parti-
cles in alcohol. The larger and plate-like particles are from the YSZ

phase, whereas the smaller particles could be either NiO particles
or fine YSZ particles.

3.2. Sintering of powders

Three different composite powders with nominal compositions
of 50wt% NiO/YSZ were employed to fabricate Ni/YSZ cermets.
The morphology of powders would significantly influence the
microstructure of cermets. At first, the YSZ-NiO-5 powders, after
sintering at 1350°C for 3 h, can yield the highest density and the
highest shrinkage, as compared with others and shown in Table 2.

Generally, it is difficult to recognize the NiO phase from the YSZ
phase in an SEM micrograph of an as-sintered surface or a fractured
surface. By reducing NiO into Ni, it is relatively easier to identify the
Ni grains by their spherical shape due to the poor wettability of Ni
on the YSZ substrate. The EDX element mappings of the fracture sur-
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Table 2
The sintering characteristics of various powders after sintering at 1350°C for 3 h.

Sample designation Shrinkage (%)

Theoretical density (gcm—3)

Bulk density (gcm—3) Relative density (% T.D.)

NiO-YSZ-5 146 £ 0.4 6.30
NiO +YSZ-5 10.1 £ 0.2 6.41
YSZ-NiO-5 16.8 + 0.5 6.45

513 +£0.21 814+ 33
4.97 + 0.21 774 £33
557 2= @il G2l 2 2.3

face after reduction for three Ni/YSZ cermets are shown in Fig. 6.
In this study, an H, plasma treatment was also used to reduce the
NiO into a Ni phase. The fracture surface of NiO/YSZ composites was
treated by H, plasma at 600 W for 10 min, as shown in Fig. 7. These
SEM images look similar to those in Fig. 6. Compared with conven-
tional reduction in H, gas atmosphere, the H, plasma treatment
can reduce the NiO phase of the surface into Ni at lower temper-
atures for a short time and the YSZ framework can be revealed in
detail.

The above results suggested that the NiO-YSZ-5 cermet mainly
consists of large YSZ particles with a size range of about 5-10 pum,
and small Ni particles of around 0.1 wm in size. The Ni particles
of NiO-YSZ-5 cermet are mostly concentrated on the surrounding
regions of coarse YSZ particles and a continuous Ni network can
be formed. On the other hand, the YSZ-NiO-5 cermet shows a uni-
form fine microstructure, which is composed of fine NiO and YSZ
particles with a size range of around 200-500 nm. In the case of an
YSZ-NiO-5 cermet, NiO and YSZ particles were nearly the same size.
Particularly the YSZ phase of a NiO-YSZ-5 cermet exhibits a similar
shape to that of the composite powders, while that of a NiO +YSZ-5
cermet was sintered into a porous framework. According to SEM
images and EDX mappings of the three samples, the distribution
and size of the Ni phase in these Ni/YSZ cermets are different. The
Zr and Ni elemental distribution mappings show the Ni phase of

200 nm

1 —_——
R—

Fig. 4. SEM micrographs of YSZ-NiO-5 powders: (a) as-derived powders and (b)
after calcination at 800 °C for 1.5 h. Inset is the corresponding image at higher mag-
nification.

NiO +YSZ-5 cermet evidently agglomerated, whereas the fine Ni
phase of the YSZ-NiO-5 cermet uniformly dispersed within the YSZ
matrix.

The XRD patterns for three kinds of calcined powders and the
sintered composites are shown in Fig. 8. The crystallite sizes of NiO
and YSZ phases for the calcined powders, after sintering, and after
reduction, are given in Table 3. Scherrer’s formula was employed to
calculate the crystallite sizes of NiO and YSZ phases. The NiO and
YSZ crystallite sizes of the calcined powders significantly vary for
these three powders. Generally, the result corresponds to the parti-
cle sizes measured from the SEM images. After sintering at 1350°C
for 3 h, the NiO-YSZ-5 composite shows the finest NiO crystallite
size in all samples, while YSZ-NiO-5 composite shows the finest
YSZ crystallite size. The crystallite sizes of NiO and YSZ phase in the
calcined powders are dependent on the history of heat treatment.
The YSZ phase of the NiO-YSZ-5 powders and the NiO phase of
the YSZ-NiO-5 powders are calcined at 800°C for 1.5 h twice, and
due to the fabrication processes, it is reasonable that these crys-
tallites become larger. After further sintering, the NiO phase of the
NiO-YSZ-5 composite and the YSZ phase of the YSZ-NiO-5 com-
posite exhibit finer crystallite size due to constraints of YSZ and
NiO phases, respectively. In addition, the finer particle size of start-
ing powders also results in the finer grains of the sintered samples.
However, this difference becomes less obvious after sintering and
subsequent reduction. Especially, the slowest growth rate of YSZ
phase in YSZ-NiO-5 is contributed to the uniform mixing of YSZ
and NiO, and the closer contact of YSZ particles to NiO particles.

3.3. Electrical conductivity

The change of electrical conductivity of these three NiO/YSZ
composites acts as a function of temperature during heating to
1000°C, in forming gas at a heating rate of 300°Ch~1, as shown
in Fig. 9. As the temperature was raised to 700 °C, the conduction
mechanism would change from ionic to electronic conduction, due
to the reduction completion of NiO. The electrical conductivity of
all samples, with the exception of NiO-YSZ-1, increased with the
increasing temperature, and reached the maximum value at about
850°C. It may be that the coalescence of Ni particles results in the
decrease of electrical conductivity. On the other hand, it is clearly
seen that the reduction rate of YSZ-NiO-5 composite is the slowest
in all samples. Since the YSZ-NiO-5 composite is relatively dense,
namely, 92% T.D., the reduction of NiO to Ni is more difficult, and
thus, the temperature of reduction completion is raised.

Table 3
Crystallites sizes of NiO and YSZ phases for three various powders and composites.

Sample designation Crystallite size (nm)

Powders After sintering Afterreduction

NiO? YSzP NiO YSZ Ni YSZ
NiO-YSZ-5 358 155 271 327 602 905
NiO +YSZ-5 286 151 324 498 662 760
YSZ-NiO-5 652 158 880 296 565 381
NiO 444 - - - - -
YSZ - 175 - 975 - -

2 Calculated from NiO (01 2) peak and Scherrer’s formula.
b Calculated from YSZ (11 1) peak and Scherrer’s formula.
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Fig. 5. TEM micrographs of YSZ-NiO-5 powders: (a) bright-field image; (b) the marked region in (a) at higher magnification; (c) diffraction pattern taken from the region
indicated in (a); (d) EDX spectrum taken from the region indicated in (a); and (e) dark-field image of (a) corresponding to YSZ phase.

After reduction at 1000°C for 3 h in forming gas, the conduc-
tivity of all samples with respect to temperature is plotted in
Fig. 10. At a lower NiO content (<10 wt%), conductivity increases
with increasing temperature, whereas the others with higher NiO
content show metallic behavior. The conductivity of NiO +YSZ-5
cermet prepared by mechanical mixing had the lowest value, while
those prepared by heterogeneous precipitation of urea hydroly-
sis had the higher value. The electrical conductivity difference
observed among these three Ni/YSZ cermets may be due to the
variations in Ni distribution and densification. At a temperature
above 700 °C, the conductivity of NiO-YSZ-3, NiO-YSZ-5, YSZ-NiO-
5, and NiO +YSZ-5 cermets is comparable. When the temperature
is less than 700°C, the NiO-YSZ-5 cermet can exhibit the high-
est conductivity. This is due to the NiO-deposited YSZ powders
having a core-shell structure and a larger ratio of Ni-Ni contacts,
resulting in a 3D Ni network. Many researchers have reported that
conductivity increases with an increase of size ratio of YSZ and Ni
particles [7,19,23]. In this study, the conductivity of a NiO-YSZ-3
cermet with 23 wt% NiO is comparable to that of an YSZ-NiO-5
cermet with 54 wt% NiO. In general, the percolation threshold for
conductivity is about 30vol% Ni (~33 wt% Ni), and the saturation
value is about 40vol% (43 wt% Ni) [6,7,23,36]. As compared with

two others, the NiO-deposited YSZ powders possess the highest
size ratio of YSZ and NiO particles, resulting in the lower per-
colation threshold for Ni content than Ni/YSZ cermets prepared
by a NiO and YSZ powders mixture, and the core-shell structure
makes it easier to form the 3D continuous network of Ni. Owing
to the more uniform mixing of NiO and YSZ particles, the con-
ductivity of YSZ-NiO-5 cermet is higher than that of NiO +YSZ-5
cermet.

However, YSZ-NiO-5 powders show a higher shrinkage and
higher sinterability after sintering at 1350 °C for 3 h because of the
fine particle size. Higher shrinkage of anode cermets tends to cause
macrocracks and the rapid degradation of a cell [7]. Generally, the
more the Ni content, the higher the conductivity of Ni/YSZ cermets.
Although the YSZ-NiO-5 cermet contains higher Ni content, the fine
size and uniform distribution of Ni particles within the YSZ matrix
would lower the contact of Ni-Ni, which leads to a lower conduc-
tivity. This result also implies the impact of Ni distribution within
the YSZ matrix on conductivity of cermets. In summary, the method
based on the urea hydrolysis, as well as heterogeneous precipita-
tion, is suitable for the synthesis of composite powders because
it can yield a homogeneous mixture of NiO and YSZ or even the
NiO-coated YSZ composite particles.
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Fig. 7. SEM micrographs of fracture surface for NiO/YSZ composites after H, plasma treatment at 600 W for 10 min: (a and b) NiO-YSZ-5; (c and d) YSZ-NiO-5; and (e and f)
NiO +YSZ-5. Inset is the corresponding image at higher magnification.
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Fig. 10. The electrical conductivity of Ni/YSZ cermets after reduction at 1000 °C for
3hin forming gas as a function of temperature.

4. Conclusions

1. Composite powders with nominal compositions of 50wt%
NiO-YSZ were synthesized by hydrolysis of the stock solutions
containing YSZ particles and Ni2* ion or NiO particles, Zr#*, and
Y3+ ions with the aid of urea. It was found that the processing con-
dition largely affected the microstructure of composite powders
and conductivity of the cermets. The distribution status of Ni par-
ticles within an YSZ matrix would play a major role in deciding
the characteristics of the cermets.

2. In the presence of YSZ particles in a stock solution, the result-
ing NiO/YSZ powders exhibited the finest particle sizes of both
NiO and YSZ phases, as compared with others. After sintering
at 1350°C for 3 h, these powders could yield relatively higher
density and sinterability due to finer particle size. On the other
hand, the NiO-deposited YSZ powders were composed of coarse
YSZ, fine YSZ, and NiO particles. The NiO particles of such pow-
ders mainly concentrate on the surface of YSZ particles and a
core-shell structure was achieved. Based on the above results,
such a method based on the urea hydrolysis and heterogeneous
precipitation is suitable for the synthesis of composite powders
because it can yield a homogeneous powders mixture of NiO and
YSZ particles, or even NiO-deposited YSZ composite powders.

3. After reduction at 1000°C for 3 h, cermets with NiO-deposited
YSZ powders exhibited higher conductivity at temperatures
below 700 °Cbecause of the formation of a continuous nickel net-
work. Since the NiO-deposited YSZ powders possess the highest
ratio of YSZ to NiO particle size and have a core-shell struc-
ture, a continuous Ni network in Ni/YSZ cermet could easily be
achieved. Therefore, the electrical conductivity of cermets with
NiO-deposited YSZ powders containing 23 wt% NiO was com-
parable to that of the mixture of 50 wt% NiO and 50 wt% YSZ
powders.
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