
A

d
2
s
T
e
6
©

K

1

i
e
c
b
a
r
o
C
e
o
o

i

(

0
d

Available online at www.sciencedirect.com

Journal of Power Sources 180 (2008) 301–308

Experimental study on effect of compaction pressure on
performance of SOFC anodes
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bstract

NiO/yttria-stabilized zirconia (YSZ) anode substrates were fabricated at two compaction pressures of 200 and 1000 MPa, the particle size
istributions of NiO and YSZ were investigated with powders treated under different conditions using a laser scattering technique (Mastersizer
000, Malvern Instruments) and the effect of compaction pressure on the performance of solid oxide fuel cell (SOFC) anodes was investigated by
tudying the effect of compaction pressure on compaction density, sintered density, sintering shrinkage behavior, electronic and ionic conductivities.

he results of investigation indicated that the SOFC with the anode compacted at a higher pressure exhibited a superior output performance, for
xample, a single cell with hydrogen as fuel and oxygen as oxidant exhibited excellent maximum power densities of 2.77 and 0.90 W cm−2 at 800 and
50 ◦C, respectively, which suggested the development of an intermediate temperature SOFC through optimization of anode fabrication parameters.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) is one of the most promis-
ng electric power conversion systems with high conversion
fficiency and low pollution [1]. Numerous studies have been
onducted on anode-supported, thin-film electrolyte cells to
ring the operation temperature down to an intermediate temper-
ture zone (650–800 ◦C) in recent years [2–4]. The substantial
eduction in the electrolyte thickness causes overall performance
f a cell to be dominated by the electrode polarization losses.
ompared with a Ni/YSZ (yttria-stabilized zirconia) anode, the
lectrode polarization from a Sr-doped LaMnO3 (LSM) cath-
de is quite large [5], which is a primary factor limiting the cell

utput performance at a reduced temperature.

To date, significant progress has been made in develop-
ng high performance LSM-based composite cathodes, such
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s LSM/YSZ [6], LSM/GDC (gadolinia-doped ceria) [7] and
SM/ScSZ (scandia-stabilized zirconia Co-doped with ceria)

8]. Incorporation of these mixed oxide cathode formulations
as done much to reduce the polarization losses with maximum
ower densities of 2.24 [8] and 2.32 W cm−2 [6] at 800 ◦C. It
s predicted that under these circumstances any decrease in the
lectrode polarization loss will result in a marked enhancement
f cell performance. In this sense, the anode polarization cannot
herefore be neglected any more.

An anode provides an electrochemical reaction site for the
xidation of fuel and allows the fuel and byproducts to be deliv-
red and removed from the surface site [9]. The performance of
n anode is critically dependent on its microstructure [10], which
n turn is closely dependent on the starting powder preparation
nd anode forming processes [9,10].

Uniaxial die compaction is the simplest form of consolida-
ion process extensively used to densify powder materials [11].

iO/YSZ composite powder is usually compacted in this way to

orm the small button anode substrates used for laboratory study.
s one of the most contributing processing parameters, com-
action pressure has its significant effect on the microstructure

mailto:explorer_081@163.com
mailto:lvzhe@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.01.072
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Table 1
Parameters of powder samples

Denotation Compaction pressure (MPa) Grinding time (h)

NiO-r 0 0
NiO-g 0 2
NiO-p1 200 2
NiO-p2 1000 2
YSZ-r 0 0
YSZ-g 0 2
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f anodes. For example, Lee et al. [12] found the microstructure
nd electrical properties of anodes could be easily manipulated
sing a compaction pressure ranging from 2 to 7 MPa. Rajaram et
l. [13] investigated the influence of compaction pressure on the
orosity of an anode. However, to the best of our knowledge, not
uch work has been done on the effect of compaction pressure

n the performance of an anode and even not an anode sup-
orted single cell has been fabricated and measured to determine
hether such an anode is useful.
Therefore, we compacted NiO/YSZ anode substrates at two

ifferent pressures 200 and 1000 MPa, the particle size distribu-
ions of NiO and YSZ were investigated with powders treated
nder different conditions and the effect of compaction pres-
ure on the performance of SOFC anodes was investigated by
tudying the effect of compaction pressure on compaction den-
ity, sintered density, sintering shrinkage behavior, electronic
nd ionic conductivities. The results of investigation indicated
hat the SOFC with the anode compacted at a higher pressure
xhibited a superior output performance.

. Experimental

Raw NiO powder was synthesized by the precipitation
ethod [14] and calcined at 1000 ◦C for 2 h. The raw NiO,

ommercial YSZ (TZ-8Y, Tosoh Corp.) and wheat starch
sed as the pore-formers were mixed at a weight ratio of
:5:2.5, and pestled in a mortar for 2 h to form the green
node powder. The anode powder was then pressed into pel-
ets of 13 mm in diameter and about 0.6 mm in thickness at
wo uniaxial compaction pressures 200 and 1000 MPa. The
ompacts were then pre-calcined at 1000 ◦C for 2 h to attain
he anode substrates Anodes-1 and -2. For comparison, the
nodes without pore-formers were also compacted at 200
nd 1000 MPa to attain anode substrates Anodes-r1 and -r2,
espectively.

In order to investigate the evolution of particle size in different
reating processes, raw NiO powder and commercial YSZ pow-
er were pressed into pellets at different compaction pressures
nd then ground in a mortar for 2 h. For comparison, powders,
hich had been directly ground for 2 h, were also prepared. The

article size distributions of raw powders and treated powders
ere measured using a laser scattering technique Mastersizer
000, Malvern Instruments (see Table 1 below for further details
f the powders).

a

t
g

ources 180 (2008) 301–308

The as-prepared anode substrates were cut in the dimensions
f 5.0 mm × 5.0 mm × 0.6 mm. The sintering shrinkage behav-
or of these rectangle anodes was tested using a dilatometer (DIL
02C/3/G, Netzsch) at a constant heating rate of 5 ◦C min−1

rom 50 to 1400 ◦C. The sintering shrinkage behavior of NiO
nd YSZ cylinders pressed at 200 MPa (6 mm in diameter and
–5 mm in thickness) was also measured for comparison.

The DC electrical conductivities of the anodes sintered at
400 ◦C for 2 h after their reductions were measured in hydro-
en by a four-probe method using a sourcemeter (Keithley
400). Upon the completion of the test, the nickel was removed
rom the Ni/YSZ anodes by acid leaching to attain the YSZ
atrixes. The Ni/YSZ samples were soaked in a HNO3 solution

t about 80 ◦C for 2 h. After being washed and dried, the DC
onic conductivity of these porous YSZ matrixes was measured
y the same four-probe method. The sample measured about
.5 mm × 3.8 mm × 0.5 mm.

After compaction and sintering at different temperatures, the
pparent densities of anodes were determined by weight and
imensions.

The YSZ films were coated onto the anode substrates by
he slurry spin coating technique [15]. The bilayers were then
o-fired at 1400 ◦C for 2 h. A La0.7Sr0.3MnO3/Sm0.2Ce0.8O1.9
LSM/SDC) composite cathode was fabricated on the YSZ
lms by the SDC-impregnation method [16]. The effective cath-
de area was 0.15 cm2. The Anodes-1 and -2 based cells were
enoted as Cells-1 and -2, respectively. A silver paste (DAD-
7, Shanghai Research Institute of Synthetic Resin, China)
as employed as both the current collector and the sealing
aterial. After being sealed, the cells were tested using the

our-probe method in an electrical furnace. The NiO/YSZ anode
as reduced in situ at 800 ◦C. The anode was fed with hydro-
en at 200 ml min−1 and the cathode was exposed to an oxygen
ow at 100 ml min−1. The I–V characteristics and ac impedance
pectra of these cells were measured with an electrochemical
nterface Solartron SI 1287 and an impedance analyzer SI 1260
t a temperature in the range of 650–800 ◦C.

The microstructures of anodes were characterized using
scanning electron microscope (SEM, S-570, Hitachi). The
icrostructure of Anode-0 compacted at about 80 MPa was also

haracterized for comparison.

. Results and discussion

Particles with fine grains are usually easy to form agglom-
rates, and they are usually composed of multiple generations
f agglomerates [17,18]. The first generation is the cluster of
rystallites, namely, domains, and the second generation is the
luster of domains. Successive generations are clusters of for-
er generations at higher scales. In reality, the particle size of

gglomerates would be significantly changed by the consolida-
ion forces [17]. So, the particle size distributions of NiO and
SZ powders treated under different conditions were measured,
s shown in Fig. 1.
As shown in Fig. 1a, the raw NiO powder (NiO-r) is dis-

ributed within a range from about 0.3 �m to 200 �m. After
rinding, the particle size distribution range is considerably nar-
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ig. 1. Particle size distribution of powders in different treating processes: (a)
iO and (b) YSZ.

owed from about 0.2 to 20 �m (see NiO-g), which means that
he bonds between large generations of agglomerates can be eas-
ly destroyed by a usual grinding operation. On the other hand,
he bimodal distribution of NiO-g at 0.6 and 8 �m indicates
hat the powder is still composed of several lower generations
f agglomerates. The application of 200 MPa has no effect on
he powder size distribution (see NiO-p1). Whereas, the large
gglomerates at 8 �m disappear when a compaction pressure of
000 MPa was applied (see NiO-p2), which means that the bonds
ithin the large agglomerates could still be destroyed by the

dditional high stress, while the bonds within the agglomerates
t 0.6 �m are too strong to be destroyed.

As shown in Fig. 1b, the as-received commercial YSZ powder
hows a bimodal distribution at 0.2 and 1 �m. Most of the large
gglomerates at 1 �m are reduced to 0.2 �m through grinding

see YSZ-g). Compared with YSZ-g, the application of 200 MPa
lightly reduces the agglomerates at 1 �m, while the size distri-
ution is slightly widened (see YSZ-p1). Surprisingly, a third
eak at 9 �m appears after the application of 1000 MPa (see

r
M
A
A

able 2
pparent density of anodes sintered at different temperatures

ample Compaction density (g/cm3) Relative density, c

node-1 2.52 34.0
node-2 2.81 37.8
ources 180 (2008) 301–308 303

SZ-p2). A new higher generation of agglomerates has been
ormed at a higher pressure, and they could not be destroyed by
he following grinding operations. This indicates that the bonds
etween the YSZ particles have been improved by the higher
ressure applied, and the particle size evolution of NiO particles
s different from that of YSZ particles.

The green anode powder was prepared by grinding the
s-prepared raw NiO powder (NiO-r) and the as-received
ommercial YSZ (YSZ-r) together. Hence, the particle size dis-
ributions of NiO and YSZ powders in the green anode powder
re similar to those of NiO-g and YSZ-g. In addition, the particle
ize distributions of NiO-p1, NiO-p2, YSZ-p1 and YSZ-p2 can
e useful as a reference to estimate the changes in particle size
uring the compaction of anode substrates.

The green anode powder was compacted at 200 and
000 MPa. It can be seen from Table 2 that the green com-
action density increases as the compaction pressure increases.
he compaction pressure causes the deformation of soft agglom-
rates via the rearrangement of primary constituents [17].
urthermore, the interagglomerate pores are also filled through

he sliding and rearrangement of lower generations of agglom-
rates. These processes help the compaction of loose powder.
pparently, a denser compact can be produced using a higher

ompaction pressure. After being pre-calcined at 1000 ◦C, the
rganic pore-formers have been burned out, and the compact
ensity also increases as the compaction pressure increases.
fter being sintered at 1400 ◦C, the anode is much denser than

hat after being pre-calcined at 1000 ◦C. However, to our great
urprise, the density of Anode-1 is then higher than that of
node-2 after being sintered at 1400 ◦C. This unusual result

s different from the results obtained by other authors [17–19].
he possible explanation for this is that different sintering and
ensification processes might occur between 1000 and 1400 ◦C.
o, we measure the sintering shrinkage behaviors of anodes to
urther explore the cause at the root.

Fig. 2a shows the sintering shrinkage curves of anodes, which
ave been already pre-calcined at 1000 ◦C before measurements.
ig. 2b shows the sintering shrinkage rate curves of anodes,
hich are the derivatives of sintering shrinkage curves. Since

he heating rate is constant, temperature instead of time can
e x-axis variable. As shown in Fig. 2a, the linear shrinkage of
node-1 is about 7.0% larger than that of Anode-2 between 1000

nd 1400 ◦C. A larger sintering shrinkage is prone to resulting
n a higher sintered density. As shown in Fig. 2b, significant
hrinkage rates appear at three different temperatures of 1180,
275 and 1350 ◦C for Anode-1. The absolute values of shrinkage

ate in Anode-1 are generally higher than those of Anode-2.

oreover, compared to the peaks of Anode-1, the first peak of
node-2 appears later and both the second and third peaks of
node-2 appear earlier.

alcined at 1000 ◦C (%) Relative density, sintered at 1400 ◦C (%)

67.6
62.7
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ig. 2. (a) Sintering shrinkage of anodes, (b) sintering shrinkage rate of anodes,
nd (c) sintering shrinkage rate of NiO and YSZ samples.

For single phase solid systems, sintering and densification
re the process of pore elimination and particle rearrangements,
hich are usually divided into three stages: the first stage is the

intering within the hard agglomerates, the second one is surface
nd grain boundary diffusions within the soft agglomerates, and
he last one is mass diffusion [20]. Often, the first sintering stage

ccurs at a temperature below 1000 ◦C, since the packing density
f hard agglomerates is sufficient that sintering will readily occur
t a lower temperature. Consequently, the peak of the shrinkage
ate curves associated with the first sintering stage could not be

o
l

a

ources 180 (2008) 301–308

bserved in the anodes pre-calcined at 1000 ◦C, and only the last
wo peaks could be observed.

Fig. 2c shows the sintering shrinkage rate curves of NiO with
he as-prepared raw powder as the precursor and YSZ with the
s-received commercial powder as the precursor. The cylinder
amples were pressed at 200 MPa, followed by sintering shrink-
ge measurement. The NiO cylinder exhibits two peaks at 1172
nd 1315 ◦C. The YSZ cylinder shows an asymmetric single
eak at 1323 ◦C. No significant shrinkage rate can be observed
n either of the two samples at a temperature below 1000 ◦C,
ince the sintering within the hard agglomerates has already
ccurred at a high powder pre-heating temperature, for exam-
le, 1000 ◦C for pre-heating of raw NiO powder. As indicated
n our recent work [21], the peak of NiO at 1172 ◦C corresponds
o the sintering within the highest generation of agglomerates
nd the peak of NiO at 1315 ◦C corresponds to the final densifi-
ation process. As for YSZ, the single peak at 1323 ◦C possibly
orrelates with the final densification process, since the ceramic
ade of Tosoh 8YSZ powder can be well densified at a temper-

ture above 1300 ◦C [22]. In fact, after the sintering shrinkage
easurements, the apparent density of YSZ cylinder, which was

eated to 1400 ◦C without holding, is about 93%.
With respect to the shrinkage rate curves of NiO and YSZ,

oth Peak-1 and Peak-2 in Fig. 2b are likely to be generated by
he sintering and densification of NiO, and Peak-3 in Fig. 2b
s possibly caused by the sintering and densification of YSZ.
s shown in Fig. 1a, the soft agglomerates in NiO-p1 could be
estroyed at a pressure of 1000 MPa. This makes the sintering
ithin the soft agglomerates more difficult to occur, and there-

ore delays the appearance of Peak-1 in Anode-2. On the other
and, the fragmentation of soft agglomerates improves the uni-
ormity of particle distribution in the compact, and facilitates the
ensification process [18], which leads to the earlier appearance
f Peak-2 in Anode-2. It can be seen from Fig. 1b that some large
SZ particles would be formed in Anode-2 because the pores
etween the hard agglomerates of YSZ particles are eliminated.
urthermore, more interagglomerate pores in the ceramic body
ave been eliminated at a higher pressure during compaction.
his is also a contributing factor in facilitating the mass transfer,

eading to the earlier appearance of Peak-3 in Anode-2.
It can be seen from the discussion concerning the sintering

hrinkage behaviors that the densification process benefits from
he higher compaction pressure. However, the data presented in
able 2 indicates that Anode-2 is actually less dense than Anode-
when fully consolidated at 1400 ◦C. This problem could be

radually solved using the anodes without pore-formers and/or
ore-formers.

After being pre-calcined at 1000 ◦C, the density of anodes
ithout pore-formers increases as the compaction pressure

ncreases, e.g., the density of Anode-r2 is 12.2% higher than that
f Anode-r1. After being sintered at 1400 ◦C without holding,
he density of anodes also increases as the compaction pressure
ncreases, e.g., the density of Anode-r2 is 4.3% higher than that

f Anode-r1, which coincides with the findings reported in the
iterature [17–19].

As shown in Fig. 3a, there are small and large pores in the
nodes with pore-formers. In general, larger pores and more
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ig. 3. Fractured images of (a) Anode-0, Anode-1 and Anode-2 with pore-form
t 1400 ◦C.

ores are produced at a higher compaction pressure. Smaller
ores are produced by incomplete densification, while larger

ores are produced in the anode during the burnout of pore-
ormers. It can be seen from Fig. 3b that there are some cracks
nd pores in Anode-r1, and the microstructure of Anode-r2 is
ore homogeneous. The development of cracks and formation

r
d
s
t

d (b) Anode-r1 and Anode-r2 without pore-formers. The anodes were sintered

f pores in Anode-r1 is mainly caused by the higher generations
f agglomerates in NiO, which have been destroyed in Anode-

2 by a higher compaction pressure. This results in the sintered
ensity of Anode-r2 higher than that of Anode-r1. The dense
olid part of the anode with pore-formers should be similar to
hat of the anode without pore-formers. So, the dense solid part



3 wer S

o
a
fi
o

w
p
1
c
d
m
d
p
h
p
o
i
c
a
t
m
i
r
t

o

F

a
c
U
w
i
i
t
t
e
t
i
t

i
p
t
g
t
Y
c
p
c

06 K. Chen et al. / Journal of Po

f Anode-2 should be denser than that of Anode-1. In this sense,
higher compaction pressure facilitates the sintering and densi-
cation in the solid part of an anode, and a higher volume ratio
f larger pores causes the additional porosity of Anode-2.

The pore-formers in anodes should be smaller in volume
hen a higher compaction pressure is used, and most of the
ores in Anode-2 are smaller in size than those in Anode-1 at
000 ◦C. It is generally accepted that mass diffusion is a pro-
ess of pore elimination. The coordination number (R) of a pore
etermines whether the pore can eventually disappear through
ass diffusion [17]. Only the pores with R blow Rc, critical coor-

ination number, can disappear in the sintering and densification
rocess. Compared with Anode-1, the pores in Anode-2 have a
igher coordination number, because there are more particles
acked in a given space at a higher pressure. So, the grow rate
f pores in Anode-2 should be higher than that of the particles
n Anode-2, and causes the generation of more thermodynami-
ally stable pores in Anode-2 which could not be eliminated at
higher sintering temperature. After being sintered at 1400 ◦C,

he pores in Anode-2 are larger in size by average and there are
ore pores in Anode-2 as well, which causes a higher porosity

n Anode-2 than Anode-1. This explains the abnormality in the

elative densities of Anodes-1 and -2 as a function of sintering
emperature.

It can be seen from Fig. 4a that the electrical conductivity
f anodes after reduction decreases with temperature, because

ig. 4. (a) Electronic conductivities and (b) ionic conductivities of two anodes.
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continuous Ni metal conducting path has been formed. The
onductivity of Anode-2 is slightly higher than that of Anode-1.
pon completion of the conductivity experiments, acid leaching
as used to remove the nickel from the Ni/YSZ anode before the

onic conductivity of YSZ matrixes was conducted. As shown
n Fig. 4b, the conductivity of YSZ matrixes increases as the
emperature increases, as the result of the formation of a con-
inuous ionic conduction path in the anodes. The two anodes
xhibit similar ionic conductivities. From these data it is evident
hat higher compaction pressures are associated with an increase
n the electronic conductivity but appear to have no impact on
he ionic conductivity in the cermet compacts.

The existence of pores would result in either diminished
onic or electrical conductivities, since they have occupied the
lace where there otherwise would have nickel or YSZ par-
icles to provide electrical connection [23]. In this sense, the
reater porosity in Anode-2 would result in both lower elec-
ronic and ionic conductivities. On the other hand, the larger
SZ particles in Anode-2 formed during compaction help the

onnection of NiO particles [24], and improve the particle-to-
article connection of YSZ particles. It can be seen from the
onductivity results that the disadvantages of increased porosity
as been inhibited by the advantages of larger YSZ particles in
node-2. In addition, the denser solid part in Anode-2 is also a

ontributing factor in promoting the electrical conductivity. As
s readily observed, it is desirable to maximize porosity and pore
ize assuming that other pertinent factors are unaffected (e.g.,
onductivity, integrity, strength, etc.).
As shown in Fig. 5, the dense YSZ film is about 8 �m thick,
nd it coheres well to the anode substrate, and the cathode
dheres to the YSZ intimately. Some of the large pores in the
node are close to the YSZ film. These pores would diminish

Fig. 5. A typical fractured image of Cell-1 after electrochemical testing.
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ig. 6. Electrochemical characteristics of the two cells based on the anodes
ompacted at different pressures.

he overall three-phase boundary (TPB) sites in the very effec-
ive thickness of the reaction area adjacent to the YSZ film and
educe the area available for chemical reaction [23]. This is detri-
ental to the enhancement of anode performance. In the case of
node-2, the additional large pores in the anode/YSZ interface
ould result in additional loss of TPBs. We have planned to fab-

icate a fine anode functional layer (AFL) to reduce the number
f pores in the interface [25].

Fig. 6 shows both cells yield desirable output performances at
00 ◦C, and Cell-2 exhibits much better output performance than
hat of Cell-1. The maximum power densities of cells at different
emperatures are tabulated in Table 3. The higher performance of
ell-2 indicates that the performance of a reduced temperature
OFC with YSZ electrolyte can be improved by optimizing the

node fabrication parameters.

The YSZ films and the LSM/SDC composite cathodes were
abricated using the same processes. In addition, at least two cells
ith the same fabrication processes were tested to warrant the

able 3
aximum power densities of Cell-1 and Cell-2 at different temperatures

emperature
◦C)

MPD of Cell-1, P1

(W/cm2)
MPD of Cell-2, P2

(W/cm2)
(P2 − P1)/P1

(%)

00 2.19 2.77 26.5
50 1.75 2.29 30.9
00 1.14 1.61 41.2
50 0.64 0.90 40.6
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ood reproducibility. Hence, the difference in cell performance
nd overall electrode polarization losses can be attributed to the
ifference in anodes.

The limitation on the performance of an anode is based
n both activation and concentration polarizations. Activation
olarization is related to the charge transfer process and depends
n the amount of TPB, and concentration polarization is related
o the mass transfer process and mainly depends on the anode
orosity [9]. The output performance is low at a low temper-
ture, e.g., 650 ◦C, and so, low anode porosity is sufficient
or rapid transport of fuel gas and byproducts. This suggests
hat the mass transfer process is not the rate-determining step
rds) dominating the output performance of a cell at a high
urrent density, and the charge transfer process is predominant
t this time. The high performance of Cell-2 indicates the
engthened TPB of Anode-2 is associated with the evolution
f particle size with the different compaction pressures. It
an be seen from Fig. 1a that fine NiO particle (0.6 �m) are
enerated through the fragmentation of large agglomerates
8 �m) at a higher pressure. The sliding and rearrangement of
ne NiO particles created more contacts between YSZ and NiO
articles. It can also be seen from Fig. 1b that fine YSZ particles
0.2 �m) form stable coarse YSZ particles (9 �m) at a higher
ressure. The combination of fine and coarse YSZ particles
acilitates the formation of a more stable YSZ frame and Ni
etwork [24], which results in substantially improved stability
nd performance of Ni/YSZ anode [10]. Greater porosity
ncreases the hydrogen concentration in Anode-2, providing

ore hydrogen molecules to contact Ni particles, and it also
ccelerates the gas exchange within the anode and causes the
rapped vapor to diffuse more rapidly from the effective anode
ayer. These factors promote the performance of Anode-2,
hereby promoting the performance of Cell-2 at 650 ◦C.

The temperature-dependent electrode polarization loss and
hmic loss is much lower at an elevated temperature, e.g.,
00 ◦C. Consequently, the potential performance of a cell is
uch higher. The anode concentration polarization would occur

t a critical current density (ic) for a given anodic porosity. In this
ase, vapor is abundant but fuel is insufficient in an anode, which
eads to the rapid drop of cell voltage. Under this condition,
he mass transfer process becomes the rds. The greater porosity
f Anode-2 reduces the anode concentration polarization and
oosts the performance of a cell at a high current density. On the
ther hand, it was found that the shortage of TPB to support the
apid chemical reaction at a high current density is also respon-
ible for the concentration polarization-like phenomenon, even
hough the fuel gas is sufficient. This determination is based
n another publication not yet available for reference. So the
dvantages of Anode-2, such as fast electrochemical reaction
nd sufficient porosity, result in the superior performance of
ell-2 at 800 ◦C.

The curves shown in Fig. 7 contains both anode and cathode
olarizations. The cathode polarization losses in two cells are

dentical to each other since the cathodes were fabricated with
he same process. Hence, the difference in the two curves shown
n Fig. 7a is due to the difference in the performance of anodes.
bviously, Anode-2 has much lower anode polarization than
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ig. 7. (a) Electrode polarization loss and (b) ratio of the electrode polarization
oss in total cell polarization loss as a function of current density at 800 ◦C.

hat of Anode-1. As shown in Fig. 7b, there is a peak in the
urve, which suggests the shift of rds from the charge transfer
rocess to the mass transfer process. The η% values of Cell-2
re lower than those of Cell-1. It can be seen from Fig. 7b that
he η% values at MPD, are 68 and 62% for Cell-1 and Cell-2,
espectively. As a summary, the electrode polarization loss can
e reduced at a higher compaction pressure, which leads to the
mprovement of anode performance.

. Conclusions

It can be seen from the results and discussion above that:

. Although the particle size distribution in the agglomerates of
ground NiO and YSZ powders remained at a lower com-
paction pressure, the large generation of agglomerates in
NiO powder was destroyed at a higher compaction pressure
while a large generation of agglomerates in YSZ powder was

formed at a higher compaction pressure;

. the packing density, sintered density and sintering shrinkage
of anodes could be manipulated by changing the compaction
pressure;

[

[

ources 180 (2008) 301–308

. a higher compaction pressure is associated with an increase
in the electronic conductivity but it has no impact on the ionic
conductivity in the cermet compacts; and

. the single cell with an anode compacted at a higher com-
paction pressure exhibited a superior cell performance.
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