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Abstract  

To improve Ni network structure in Ni/YSZ 
cermet anode, the effect of particle sizes of Ni and 
YSZ on microstructural evolution, electrical 
conductivity, and porosity of Ni/YSZ cermets has 
been investigated. Ni particles with submicron order 
have been incorporated into YSZ matrix by using 
nickel nitrate as one of the starting materials. The 
formation of small-sized Ni particles not only 
promotes the development of a continuous Ni 
network in Ni/YSZ cermets and causes improvement 
in electrical conductivity, but also leads to increase 
in porosity. When pre-calcined coarse YSZ powder 
is incorporated into Ni/YSZ cermets, continuous Ni 
network is easily formed, which contributes to the 
improvement in electrical conductivity and porosity 
as well. 
 
 
1  Introduction 

A fuel cell is an energy conversion device that 
converts the chemical energy of gaseous fuels 
directly into electric energy via an electrochemical 
process. Solid oxide fuel cells (SOFCs) have 
attracted much attention for their high energy 
conversion efficiency, low emission of pollutants 
(chemical pollutants and noise), and fuel flexibility 
[1]. At present, yttria-stabilized zirconia (YSZ) and 
Ni/YSZ cermet are the most frequently adopted 
materials for electrolyte and anode, respectively. As 
an anode, it should have high electrical conductivity, 
good adherence to other cell components (especially 
YSZ electrolyte), high electrochemical or catalytic 
activity, and high porosity to provide diffusion paths 
for fuel and reaction products [2]. These require the 
formation of continuous network structures of both 
Ni and YSZ components, rich three-phase boundary 
(TPB) sites among Ni, YSZ, and micropores [3,4], 
and small differences in sintering shrinkage and 
coefficient of thermal expansion (CTE) between 

electrolyte and anode. Under essential prerequisite 
for high electrical conductivity, it is important to 
decrease Ni amount in Ni/YSZ anode to make the 
CTE of the anode compatible with YSZ electrolyte. 

It has been reported that powder size has a 
significant effect on microstructure, electrical 
behavior, and strength of Ni/YSZ anodes [5-8]. The 
electrical conductivity of a Ni/YSZ cermet depends 
not only on Ni content in the cermet, but also on 
morphology, size, and distribution of Ni and YSZ 
phases. The distribution of Ni particles in a cermet 
anode has an important effect on the amount of 
electrode reaction sites (or TPB length) and 
formation of current path [9].  

In order to improve Ni network structure in the 
cermets and obtain Ni/YSZ cermets with high 
performance, in the current work, small-sized Ni 
particles have been incorporated into the cermets by 
using nickel nitrate as one of the starting materials. 
Another approach was to incorporate coarse YSZ 
particles which were obtained by calcining 
commercial YSZ powder at a high temperature. The 
objective was to examine the effect of particle sizes 
of two constituent components, Ni and YSZ, on 
microstructure, electrical conductivity, and porosity 
of Ni/YSZ cermets. 

 
2  Experimental Procedure 

A powder metallurgy route was used to prepare 
Ni/YSZ cermets with different volume fractions of 
Ni (VNi=0.2-0.6). As the starting materials, comer-
cially available nickel nitrate (Ni(NO3)2·6H2O), 
nickel oxide with two different average particle sizes 
(1.6μm and 4.7μm, denoted as NiO(S) and NiO(L) 
respectively), and YSZ (0.54μm (YSZ(S))) powders 
were used. The as-received YSZ(S) powder was 
calcined at 1573K for 8h to obtain coarse YSZ 
powder (YSZ(L)) with an average size of 47.3μm. 
To adjust particle size distribution and improve the 
formability, the coarse YSZ(L) powder was mixed 
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Fig. 1.  Microstructures (backscattered electron images) of sintered NiO/YSZ composites, obtained from 
different powder combinations of (a) (b) NiO(L)/YSZ(S), (c) (d)  NiO(S)/YSZ(S), and (e) (f) 
Ni(NO3)2/YSZ(S). Upper: VNi = 0.3 and lower: VNi = 0.5. 

with fine YSZ(S) powder at different mixing ratios. 
The powders were mixed by ball-milling in ethanol 
for 24h and then dried. When nickel nitrate was used, 
the mixed powders were calcined in air at 723K to 
decompose nickel nitrate into NiO. The resultant 
powders were consolidated by uniaxially pressing at 
a pressure of 100-200MPa. The sintering was 
performed in air at 1673K, followed by reduction in 
H2 atmosphere at 1273K for 4h.  

The crystalline phases in powders, sintered, and 
reduced samples were identified by X-ray diffraction 
(XRD) with CuKα radiation, and the microstructures 
were characterized by scanning electron microscopy 
(SEM). The porosity in sintered and reduced 
samples was derived by measuring the dimensions 
and weights of the samples. The electrical resistivity 
of reduced Ni/YSZ cermets was measured at room 
temperature using a four-probe method. In addition, 
the linear shrinkage behavior during sintering was 
measured by a thermomechanical analysis (TMA) 
apparatus. Cylindrical specimens were heated in air 
at a heating rate of 10K min-1 to a soak temperature 
of 1673K and held for 2h. 
 
3  Results and Discussion  

3.1 Effect of Ni Particle Size 

XRD analysis showed that the nickel nitrate in 
Ni(NO3)2/YSZ powder mixtures was completely 
decomposed into NiO during calcining at 723K, and 
the sintered samples had almost the same XRD 
patterns as those of the calcined powders. 
Consequently, even though different Ni sources, 
NiO(L), NiO(S), and Ni(NO3)2, were used in the 
experiments, all sintered samples consisted of two 
phases, NiO and YSZ. Nevertheless, the sizes of 
NiO particles have a pronounced effect on 
microstructure of sintered NiO/YSZ composites, in 
particular, the distribution and morphology of NiO 
phase within the YSZ matrix. 

Fig. 1 shows the microstructures (SEM images 
in backscattered electron mode) of the sintered 
NiO/YSZ composites when different Ni sources 
were used. The light and gray phases in the 
micrographs correspond to YSZ and NiO, 
respectively, and the dark regions are pores 
remaining after sintering. For the sample from 
NiO(L)/YSZ(S) powder, the NiO was mainly 
distributed in YSZ matrix as discrete and isolated 
particles at a volume fraction (VNi) of 0.3 (Fig. 1(a)). 
Although some particles were connected each other, 
the degree of connectivity of NiO particles was low. 
With an increase in VNi, the continuity of NiO 
particles increased (Fig. 1(b)). When NiO(S) powder 
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Fig. 2.  Variation of electrical resistivity of Ni/YSZ 
cermets as a function of VNi. 

with a smaller average particle size (1.6μm) was 
used as one of the starting powders, the dispersion 
and continuity of NiO particles were highly 
improved (Figs. 1(c) and (d)). At VNi = 0.5, a 
continuous NiO network seems to be formed. 

In the case of nickel nitrate (Figs. 1(e) and (f)), 
both NiO and YSZ phases in the micrographs 
became much finer, compared to the microstructures 
from larger-sized NiO(L) and NiO(S) powders. The 
majority of NiO particles were connected together 
and exhibited a branching cluster structure at VNi = 
0.3. The connection between NiO particles was 
significantly improved, in comparison with the 
microstructures with the same Ni content (Figs. 1(a) 
and (c)). At VNi = 0.5, a complete NiO network was 
formed, and it appears that the microstructure is 
characterized by two interconnecting networks of Ni 
and YSZ phases. These facts indicate that NiO 
network is easily formed when nickel nitrate is used 
as a raw powder. In other words, a continuous NiO 
network can be achieved at a lower VNi in the case of 
nickel nitrate. This is attributed to much smaller 
sizes of NiO particles, which are formed through 
decomposition of nickel nitrate during the calcining 
process.  

When NiO/YSZ composites are reduced in H2 
atmosphere, NiO is transformed into metallic Ni. 
Obviously, the sizes of Ni particles in Ni/YSZ 
cermets strongly depend on those of NiO particles in 
sintered samples. Microstructural observations 
showed that the Ni particles had an average size of 
~0.3μm. The connection state of Ni particles in 
resulting Ni/YSZ cermets was evaluated by 
measuring electrical resistivity of the reduced 
samples. Fig. 2 illustrates the variation of electrical 
resistivity of Ni/YSZ cermets as a function of 
volume fraction of Ni. The electrical resistivity 
became lower with the decrease in NiO particle size. 
In particular, the cermets obtained from 
Ni(NO3)2/YSZ(S) exhibited the lowest values of 
electrical resistivity in all cases, showing better 
electrical conductivity. This is the result of 
formation of Ni particles with submicron order and 
thus fine Ni network when Ni(NO3)2/YSZ(S) 
powder mixtures are used.  

According to the percolation theory [10], 
inclusions in a random system will form a long-
range continuous network, when the volume fraction 
of the inclusions reaches a critical value (percolation 
threshold). The percolation threshold has been found 
to decrease with increasing the ratio of matrix size to 
inclusion size [11-13]. In the case of NiO/YSZ 
system examined in the current work, however, in 

addition to physical touching between neighboring 
particles like rigid inclusions, the sintering 
densification takes place in both NiO and YSZ 
phases, giving rise to further microstructural 
developments of the second phase. Our previous 
investigation [14] has examined the microstructural 
evolution and densification behavior of metal-
ceramic composites, where two constituent 
components, stainless steel and zirconia, were 
sintered simultaneously. The zirconia phase exhibits 
a branching cluster structure in a stainless steel 
matrix (large particle size ratio), while the stainless 
steel phase is dispersed randomly throughout the 
zirconia matrix in the form of equiaxed particles 
(small particle size ratio). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

By using the measured data of electrical 
resistivity, the curves of electrical resistivity versus 
volume fraction of Ni were drawn in Fig. 2. The 
percolation threshold values were estimated as VNi = 
0.23, 0.28, and 0.35 for different powder 
combinations of Ni(NO3)2/YSZ(S), NiO(S)/YSZ(S), 
and NiO(L)/YSZ(S), respectively. That is, the 
cermets from Ni(NO3)2/YSZ(S) have the lowest 
threshold value for forming a connective Ni network 
due to the incorporation of smaller Ni particles. This 
is in good agreement with the microstructural 
observations (Fig. 1). Consequently, it is possible to 
use less amount of Ni in Ni/YSZ anodes by 
decreasing Ni particle size. This is beneficial to 
decrease both shrinkage difference and thermal 
expansion mismatch between Ni/YSZ cermet anode 
and YSZ electrolyte layers in SOFCs.  

Fig. 3 shows the dependence of porosity in 
sintered and reduced samples on volume fraction of 
Ni. As the Ni content rose, the porosity increased 

● NiO(S)/YSZ(S) 
♦ NiO(L)/YSZ(S) 
▲ Ni(NO3)2/YSZ(S)
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Fig. 3.  Dependence of porosity on volume fraction 
of Ni. The solid and dotted lines represent the 
results of sintered and reduced samples, 
respectively.  

Fig. 4.  Microstructures of NiO(L)/YSZ composites 
(VNi =0.3), showing the effect of pre-calcined 
YSZ powder (YSZ(S):YSZ(L)=2:1). 
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almost linearly. The composites from finer NiO(S) 
powder showed higher porosity than those from 
NiO(L) powder. With regard to the composites 
obtained from nickel nitrate, the porosity had the 
highest values. This is associated with the inhibiting 
effect of NiO particles on densification of YSZ 
matrix. As the average size of NiO particles 
decreases, the inhibiting contribution becomes large, 
thus resulting in the increase in porosity. After 
reduction, the porosity in Ni/YSZ cermets was 
further increased.   

From the above results, the composites 
obtained from Ni(NO3)2/YSZ has higher porosity 
than those from NiO/YSZ, whether they are sintered 
or reduced samples. As a consequence, the 
utilization of nickel nitrate not only promotes the 
formation of fine Ni network and causes 
improvements in electrical conductivity, but also 
leads to increase in porosity in Ni/YSZ cermets.  

 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
3.2 Effect of YSZ Particle Size 

As an example, Fig.4(a) shows the 
microstructure of a sintered NiO(L)/YSZ composite 
with a composition of VNi = 0.3, where the YSZ 
consists of as-received fine YSZ(S) and pre-calcined 
coarse YSZ(L) powders (YSZ(S):YSZ(L)=2:1). It 
was seen from the micrograph that the pre-calcined 
powder included various particles with different 
sizes, indicating the presence of particle size 
distribution. The NiO phase with a gray contrast 
tends to be connected into a network. This 
microstructural feature is quite different from that 
shown in Fig. 1(a), where no pre-calcined YSZ(L) 
particles were involved and isolated NiO particles 

were distributed in YSZ matrix homogeneously. 
This indicates that the connection of NiO particles 
can be improved through incorporation of coarse 
YSZ particles. Furthermore, in those region without 
coarse YSZ(L) particles, from the image with a high 
magnification shown in Fig. 4(b), NiO and YSZ 
phases exhibited an interconnected and fine structure, 
in which YSZ phase is believed to result from the 
original fine YSZ(S) powder. This characteristic 
microstructure is thought to be effective to prevent 
Ni particles from agglomeration or coarsening 
during cell preparation and operations. With the 
increase in mixing ratio of coarse particles, the 
connection of NiO particles themselves was further 
improved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The development of NiO network due to 
addition of pre-calcined particles can also be 
explained by the percolation theory. Relative to 
YSZ(S) and NiO(L) powders, YSZ(L) has a much 
larger average size (47.3μm). Hence, when YSZ(L) 
is incorporated into NiO(L)/YSZ(S) system, the ratio 
between matrix (YSZ) and second phase (NiO) 
becomes large, thus promoting the formation of NiO 
percolative network in YSZ matrix. On the contrary, 
because of a small particle size ratio (0.054) between 

50μm

(a)

10μm

(b)

□■ Ni(NO3)2/YSZ(S) 
△▲ NiO(S)/YSZ(S) 
○● NiO(L)/YSZ(S) 
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YSZ(S) (matrix) and NiO(L) (second phase), the 
NiO particles are distributed in the YSZ matrix 
randomly (Fig. 1(a)), although the content of NiO is 
the same (VNi = 0.3) as that shown in Fig. 4(a). 

Fig.5 shows the variation of electrical 
resistivity against volume fraction of Ni for Ni/YSZ 
cermets which were prepared from NiO(L)/YSZ(S)/ 
YSZ(L) powder mixtures. In comparison with the 
cermets without addition of pre-calcined YSZ 
powder (YSZ(S):YSZ(L)=1:0), the cermets contain-
ing fine and coarse YSZ powders had lower values 
of electrical resistivity. As the mixing ratio of coarse 
particles increased, the value of electrical resistivity 
was lower. These results are consistent with the 
configurational change of Ni phase and development 
of Ni network in the cermets.  

The addition of pre-calcined YSZ powder can 
also cause change in porosity. The dependence of 
porosity in sintered and reduced samples with and 
without addition of pre-calcined powder on volume 
fraction of Ni is shown in Fig. 6. The incorporation 
of coarse YSZ particles led to improvement in 
porosity for both sintered and reduced composites. 
As the amount of pre-calcined particles increased, a 
higher level of porosity was achieved. The increase 
in porosity may be attributed to the following two 
reasons: (a) small driving force for sintering due to a 
large average particle size of YSZ(L) powder and 
(b) inhibiting effect of YSZ(L) particles on 
densification of both NiO(L) and YSZ(S) powders 
during sintering. 

To examine the effect of pre-calcined coarse 
YSZ(L) powder on densification behavior of 
NiO(L)/YSZ(S)/YSZ(L) powder mixtures, the 
relationship between linear shrinkage and heating 
time   or   temperature   during   sintering   has   been 

 

measured by TMA, and the results are shown in Fig. 
7. For the purpose of comparison, the shrinkage 
behavior of YSZ electrolyte (VNi = 0) is also shown 
in the figure. For all specimens with different 
compositions, sintering shrinkage starts to occur at 
~1300K. Above 1300K, the shrinkage increases 
rapidly, but the densification rate depends on 
powder composition and mixing ratio of the coarse 
powder. It can be found from Fig.7 that the majority 
of sintering shrinkage occur in the latter stage of 
heating close to the temperature of isothermal 
sintering (1673K) and during the isothermal 
sintering. The YSZ electrolyte prepared from 
YSZ(S) powder only exhibited the largest amount of 
shrinkage.  This is due to its smaller average particle  
 
 
 
 

 
 
 
 
 

 
 

 

 
 
 

Fig. 5.  Variation of electrical resistivity against 
VNi for Ni/YSZ cermets containing pre-calcined 
YSZ powder with different mixing ratios. 
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Fig. 6.  Dependence of porosity on volume 
fraction of Ni, reflecting the effect of per-
calcined coarse YSZ particles. The solid and 
dotted lines represent the results of sintered 
and reduced samples, respectively. 
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Fig. 7.  Relationship between linear shrinkage 
and heating time or temperature, measured by 
thermomechanical analysis.  
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size (0.54μm) and larger specific surface area,  i.e., 
larger driving potential for densification, as 
compared to YSZ(L) (47.3μm) and NiO(L) powders 
(4.7μm). When YSZ(S)/YSZ(L) powder mixtures 
are sintered, the shrinkage becomes smaller. 
Furthermore, the magnitude of shrinkage is 
dependent on the mixing ratio of the coarse powder. 
A larger mixing ratio leads to lower shrinkage. On 
the other hand, when NiO powder is added to YSZ 
matrix, the value of shrinkage decreases as well, 
because of the inhibiting effect of NiO particles on 
sintering densification.  

On the basis of the results described above, the 
incorporation of pre-calcined YSZ powder in 
Ni/YSZ anodes results in development of Ni 
network, improvement in electrical conductivity, and 
increase in porosity. At the same time, however, the 
linear shrinkage during sintering is reduced. This 
may cause some problems in sintering shrinkage 
difference and CTE mismatch between Ni/YSZ 
anode and YSZ electrolyte. On the other hand, for 
YSZ electrolyte, as shown in Fig. 7, YSZ(S) and 
YSZ(L) powder mixtures showed lower values of 
shrinkage. Accordingly, it might be possible to 
decrease the difference in sintering shrinkage by (a) 
decreasing Ni content in Ni/YSZ anode and (b) 
introducing certain amount of pre-calcined coarse 
YSZ powder into YSZ electrolyte.  
 

4  Conclusions 

The effect of particle sizes of two constituent 
components (Ni and YSZ) on microstructure 
(especially development of Ni network), electrical 
conductivity, and porosity of Ni/YSZ cermets has 
been investigated. Ni particles with submicron order 
can be incorporated into YSZ matrix by using nickel 
nitrate as one of the starting materials, which is 
decomposed and then reduced into metallic Ni. The 
formation of small-sized Ni particles promotes the 
development of a continuous Ni network and results 
in improvements in electrical conductivity and 
porosity. Accordingly, it is possible to use less 
amount of Ni in Ni/YSZ anodes by decreasing Ni 
particle size, which is beneficial to decrease 
shrinkage difference and thermal expansion 
mismatch between Ni/YSZ cermet anode and YSZ 
electrolyte layers in SOFCs. 

On the other hand, the incorporation of coarse 
YSZ particles, obtained by calcining commercial 
fine YSZ powder at high temperature, is effective in 
forming a continuous Ni network in Ni/YSZ cermets. 
Furthermore, the electrical conductivity and porosity 

can also be improved, but coarse YSZ powder 
causes decrease in linear shrinkage. 
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