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Abstract

A Ni—-YSZ (Y,03-stabilized ZrO,) composite is commonly used as a solid oxide fuel cell anode. The composite powders are usually synthesized
by mixing NiO and YSZ powders. The particle size and distribution of the two phases generally determine the performance of the anode. Two
different milling methods are used to prepare the composite anode powders, namely, high-energy milling and ball-milling that reduce the particle
size. The particle size and the Ni distribution of the two composite powders are examined. The effects of milling on the performance are evaluated
by using both an electrolyte-supported, symmetric Ni-YSZ/YSZ/Ni-YSZ cell and an anode-supported, asymmetric cell. The performance is
examined at 800 °C by impedance analysis and current-voltage measurements.

Pellets made by using high-energy milled NiO-YSZ powders have much smaller particle sizes and a more uniform distribution of Ni particles
than pellets made from ball-milled powder, and thus the polarization resistance of the electrode is also smaller. The maximum power density of
the anode-supported cell prepared by using the high-energy milled powder is ~850 mW cm~2 at 800 °C compared with ~500 mW cm~? for the
cell with ball-milled powder. Thus, high-energy milling is found to be more effective in reducing particle size and obtaining a uniform distribution

of Ni particles.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are considered as promising
energy conversion systems due to their high efficiency and envi-
ronmentally friendly operation. A SOFC unit cell is basically
composed of three components: electrolyte, cathode and anode.
The most common material used for the SOFC anode is Ni-YSZ
(Y,0Os3-stabilized ZrO;) cermet [1]. High electrical conductiv-
ity, good electrochemical activity, and proper microstructure are
required to achieve better anode performance [2]. These condi-
tions are mainly related to the particle size, the Ni content, and
the distribution of the constituent phases. Increasing the Ni con-
tent enhances the electrical conductivity. On the other hand, a
higher Ni content may decrease the performance of the anode
due to Ni coarsening and mismatch of thermal expansion coef-
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ficients (TECs). With optimization of Ni and YSZ distribution
in the anode, the amount of reaction sites will increase and the
agglomeration of Ni particles can be inhibited [3—4].

The optimum microstructure of a Ni-YSZ anode cannot be
easily obtained since the microstructure is strongly dependent
on the powder preparation technique and the fabrication process.
Therefore, many attempts have been made to synthesize Ni-YSZ
composite powders by chemical or mechanical methods. Chem-
ical methods that produce powders in a liquid or gas phase often
yield better performance than the conventional, mechanical mix-
ing methods such as ball milling [5—-7]. On the other hand, the
chemical processes are often complex and thus expensive.

In view of the convenience and the ease of commercialization,
a mechanical method is usually more attractive than a chemi-
cal counterpart. The high-energy milling (HEM) method, which
mills and mixes powders with ceramic balls in high-speed rota-
tion or agitation, can be a promising method for the synthesis of
good anode powders. Although the method was originally devel-
oped to prepars nano-materials in metallurgy, various types of
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nano-composites and nano-particles have been synthesized by
using or modifying the method [8]. It was also applied to the
fabrication of solid state anodes used in Li-ion batteries [9].
Ni—YSZ composite powders have also been synthesized with
HEM methods [10-13]. Although both planetary milling and
attrition milling were often considered as the HEM methods,
the difference is often made by the way high energy is gener-
ated. In planetary milling, grinding bowls rotate around their
own axes while also orbiting around a central axis [10,11]. As
a result, forces are exerted on the grinding balls and material
that are constantly changing direction and amount. By contrast,
in attrition milling a central shaft with arms continually stirs a
slurry of particles and spherical media, and provides a means to
vary the grinding energy [12,13].

In this study, the effects of HEM on Ni—YSZ anode perfor-
mance are investigated by comparing them with those of ball
milling. The ball-milling (BM) method is another very popu-
lar method in particle-size reduction and mixing. The effects of
the two powder preparation methods are examined and com-
pared by making pellets composed of composite powders and
testing their performance in an electrolyte-supported cell and an
anode-supported cell.

2. Experimental procedure

NiO powders (99.97%, Kojundo Chemical, Japan) and YSZ
powders (TZ-8YS, 99.9%, Tosoh, Japan) were used as the start-
ing powders to synthesize NiO-YSZ composite powders. The
starting powders were selected since they are easily available
and have typical particle sizes. The mean diameters of the raw
powders and the milled composite powders were measured with
a laser particle size analyzer (CILAS 1064, France). The mean
particle size (Dmean) of NiO and YSZ powders was determined
to be ~1.5 and ~1.0 wm, respectively. The particle size may be
different from the values reported by the manufacturer and thus
reflects the agglomeration of powders.

The BM and HEM procedures were separately applied to the
same starting mixture of NiO and YSZ powders for comparison.
In the BM method, NiO and YSZ powders were mixed in ethanol
and milled with zirconia balls (10 and 5 mm) at 160 rpm for
12h. HEM (MiniCer, Netzsch, Germany; attrition-mill type in
this study) was performed in the same media with zirconia balls
(0.4 mm diameter) at a rotation speed of 2500 rpm for 2 h. Thus,
a much shorter milling time was used for the HEM than for
the BM. The ball-milled and high-energy milled powders were
named, respectively, as NY-1 and NY-2.

For the examination of Ni and YSZ distribution, the com-
posite powders were die-pressed and sintered at 1400 °C for 4 h
to fabricate pellets. The Ni distribution in the composite pellets
was examined by means of an electron probe micro analyzer
(EPMA). In order to examine the anode performance, the com-
posite powders were coated on both surfaces of a supporting
YSZ pellet (500-pm thick, ~20 mm diameter) by screen print-
ing. The screen printing slurry was made by mixing the powder
with alpha-terpineol, ethyl cellulose and ethylene glycol. The
cell was fired at 1200, 1300 and 1400 °C for 3 h to see the effects
of firing temperature on the microstructure. The microstructure
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Fig. 1. Schematic view of electrolyte-supported, symmetric Ni—YSZ/
YSZ/Ni-YSZ test cell.

of the anode was observed with a scanning electron microscope
(SEM). A schematic of the configuration of the cell, and thus the
anode characterization, is shown in Fig. 1. A semi four-probe
method was used to eliminate the Pt lead-wire resistance. Pt
paste (N0.6082, Engelhard, USA) and Pt mesh (52 mesh, Alpha
Aesar, USA) as a current-collector were attached to the sin-
tered NiO-YSZ electrode. 97%H;-3%H,0 gas was supplied as
a reducing gas. The expected Po, was ~107%2 atm at 800 °C.
Electrochemical testing of cell performance was carried out
after 5h reduction in the 97%H;-3%H;0 gas atmosphere at
800°C. An impedance analyzer (Solartron Instruments 1260,
UK) was used to evaluate the electrode resistance and ohmic
resistance. The impedance spectra were obtained under open-
circuit conditions with an amplitude of 0.5V in the frequency
range 0.1 Hz-50 kHz.

Anode-supported cells were also fabricated using NY-1 or
NY-2 anode powders. The supporting anode was uniaxially
pressed to form a disc-shaped sample with a ~1 mm thickness
after sintering. Twenty and 15 wt.% of corn starch, respectively,
were added as a pore former for the HEM and the BM anode
substrates. The different amount of starch was used to obtain a
similar sintering density. An anode functional layer of ~30 pwm
thickness was screen printed on a supporting anode of the same
composition. No starch was added in the anode functional layer.
An electrolyte layer of 10 wm thickness (after sintering) was
subsequently screen printed on the top of the anode functional
layer. The cell was co-fired at 1300 °C for 3 h in air. The relative
sintered density of both supported anodes was ~60% after co-
firing the cell in air. LSM ((Lag 85510.15)0.08 MnO3, NEXTECH,
USA) powder was mixed with YSZ powder in a 6:4 weight
ratio in ethanol and ball milled for 12h with zirconia balls to
prepare a LSM-YSZ composite cathode. The LSM-YSZ slur-
ries were screen printed to produce a ~40 pm-thick cathode
layer after sintering and additionally fired at 1100 °C for 3 h.
The anode-supported cell was glass sealed to an alumina tube
for the power test. The cells were characterized at 800 °C with
97%H,—3%H,0 gas (100 cc min~!) as a fuel and air (open air)
as an oxidant gas.

3. Results and discussion

The particle-size distributions of two composite powders
after milling were measured and the results are given in Fig. 2.
Both powders show reduced particle sizes compared with
the starting powders (~1.5 and ~1.0 pm for NiO and YSZ,
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Fig. 2. Particle-size distribution of two composite powders determined by laser
particle size analyzer. High-energy milled powder (NY-2) shows a smaller par-
ticle size and a narrower distribution.

respectively). The HEM powder (NY-2) has a much smaller
mean particle size (~0.27 wm) than the BM powder (NY-1)
(~0.70 pm) when the same starting powders are milled. The
HEM powder also has a sharper distribution of particle size than
the BM powder. Thus, the use of HEM powder is expected to
improve the anode performance.

The distribution of Ni particles for two pellets made from
the composite powders examined with EPMA is presented in
Fig. 3. The bright area represents the Ni-rich area. The pellet
made with the HEM powder has a smaller particle size and also
a more uniform distribution of Ni particles compared with the
pellet made with BM powder. This shows that the BM method
has a limit on the reduction of particle size and the Ni dispersion.
Thus BM may not be a suitable method to synthesize the anode
composite. As a result, the use of HEM powder is expected to
exhibit better cell performance in this experiment.

Impedance spectra of YSZ-supported cells with NY-1 and
NY-2 anodes were measured at 800 °C and the results are shown
inFig. 4. Each cell consists of two symmetric Ni-YSZ electrodes
which are exposed to the same atmosphere (97%H>—-3%H,0
gas). The ohmic resistance of the two cells is similar. As
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Fig. 4. Impedance spectra of YSZ cells with two symmetric composite elec-
trodes measured at 800 °C in 97%H;—-3%H, O gas atmosphere. Both electrodes
are sintered at 1400°C for 3h. The smaller polarization resistance of NY-2
electrode is attributed to smaller particle size and the uniform distribution of Ni.

expected, the electrode made from the HEM powder (NY-2)
has a much lower polarization resistance (Rp ~6 2 cm?) than
that made from BM powder (NY-1) (Rp ~18 Q2 cm?). Although
both values are relatively large for the Ni—YSZ anode, this is due
to the difference in the measurement conditions. In this study,
the impedance analysis is carried out under a zero current con-
dition and under no chemical or electrical potential gradient.
Thus the current test conditions (one chamber) may be differ-
ent from those of a real cell (two chambers) under a potential
gradient. A much reduced Rp is expected in a real cell. Never-
theless, the trend in the Rp (Fig. 4.) should have a reasonably
good correlation in the two conditions.

The sintering temperature is also an important factor affecting
the particle size and the performance of the electrode. Thus it is
necessary to compare the microstructure and the performance of
electrodes sintered at different temperatures. Impedance spectra
of YSZ cells with NY-1 (BM) and NY-2 (HEM) electrodes sin-
tered at 1200, 1300 and 1400 °C, measured at 800 °C are shown
in Fig. 5a and b, respectively. All impedance spectra shown in
Fig. 5b are smaller that those in Fig. 5a. This indicates that the
NY-2 (HEM) electrode has a smaller Rp than the NY-1 (BM)
electrode at all temperatures. In addition, the electrode sintered
at 1300 °C has the lowest Rp for both NY-1 (~8.5 Q2 cm?) and
NY-2 (~2 2 cm?) samples. The electrode fabricated with HEM

Fig. 3. Ni and YSZ particle distribution of pellets examined by EPMA mapping. Pellets made by using (a) NY-1 (ball-milling) and (b) NY-2 (high-energy milling)
powders. Bright areas represent Ni-rich areas. NY-2 shows a more uniform distribution of Ni.
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Fig. 5. Comparison of impedance spectra measured at 800°C in
97%H,-3%H,0 gas atmosphere of (a) NY-1 and (b) NY-2 electrodes
sintered at 1200, 1300, and 1400 °C. Note scales in (a) and (b) are different.

powder (NY-2) and sintered at 1300 °C reports the smallest Rp
(~2 2 cm?). The firing or the sintering temperature of 1400 °C
may be too high to maintain the fine particle size for both sam-
ples and may have resulted in the high Rp values (~18 and
~6 Q cm? for NY-1 and NY-2, respectively). A temperature of
1200 °C may be too low to form good contacts between particles
(Rp=~9 and ~7  cm? for NY-1 and NY-2, respectively). The
largest ohmic resistance values are found with 1200 °C sintered
NY-1 and NY-2 samples. It is also noted that the impedance dia-
gram for the NY-2 sample sintered at 1200 °C clearly displays

1 1 & T T T T T T T T T 1000
] . a0 .
1.0_1_1;:‘.' 800°C, H -3%H,0 I Air L 900
0.9- BT Lo 2
0.8 By e F700 3
=
S 07 .. Shugg, (500 o8
E,o.s_ o oy, (500 @
© i ‘.A"- 7."'0 L 400 E
> 04 o 3
0.3] Lot =
o2.] L200 3,
—eo— NY-2 anode: High-energy milling [ 100 =
0.1 —m— NY-1 anode: Ball milling
0‘0 T T T T T T T T T 0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
Current Density (mAcm'z)

Fig. 7. Performance of anode-supported cell tested at 800°C with
97%H,-3%H, O gas as a fuel gas and air as an oxidant gas. The higher maximum
power density is shown for cell with high-energy milled, anode powder.

two arcs, and the 1300 °C data also give some indication of two
arcs. This behaviour is not seen in the data for the NY-1 sample.
Although the observation is not clearly understood, the shape of
the impedance curve may be determined by the relative difficul-
ties of charge transfer, gas phase diffusion, and/or gas adsorption
reactions [2]. The modifications of particle size and distribution
have clearly affected the relative contribution of the reactions.
In order to explain the impedance results, the microstructures
of fired anodes are compared in Fig. 6. The particles sintered
at 1400 °C are the largest and may possibly be too coarse for
the good anode performance. The particles sintered at 1200 °C
are the smallest and probably do not make good contact with
each other. In order to understand fully this phenomenon, further
studies on the effect of sintering temperature are necessary.
Since the anodic Rp values determined in a single atmosphere
cannot be directly used under two atmosphere conditions and
in order to test the effectiveness of milling methods on real

Fig. 6. Scanning electron micrographs of various electrodes: NY-1 samples sintered at (a) 1400, (b) 1300 and (c) 1200 °C, NY-2 samples sintered at (d) 1400, (e)

1300 and (f) 1200 °C. (Bar=1 pm).
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Fig. 8. Anode-supported cells fabricated by using either HEM or BM anode powders. Pt/LSM-YSZ/YSZ/Ni-YSZ(1)/Ni—YSZ(2) stacking structure is shown for
two unit cells made by using (a) HEM and (b) BM anode powders. Anode functional layers (Ni—YSZ(1)) are shown for (c) HEM and (d) BM anodes. (Bar=10 pm

for (a) and (b), bar=1 pm for (c) and (d)).

cells, anode-supported unit cells were fabricated using NY-1 or
NY-2 anode powders. The performance of the two unit cells is
givenin Fig. 7. The anode-supported structure was co-sintered at
1300 °C. The temperature was selected since the lowest anodic
Rp was observed, as shown in Fig. 5, with this sintering tem-
perature. The maximum power density of the unit cell prepared
with HEM powder is ~850 mW cm™2 at 800 °C, compared with
~500 mW cm~? for that using BM powder. Since both the cath-
ode and electrolyte are fabricated similarly for the two samples,
the increased power density of the cell with the HEM powder
is attributed to the particle size and the distribution of Ni and
YSZ powders. Similar enhancement in cell performance due to
the HEM method has been reported previously [13]. In order
to determine the origin of the difference in performance, the
microstructures of the cells were examined and compared, as
shownin Fig. 8. The PYLSM-YSZ/YSZ/Ni—YSZ(1)/Ni-YSZ(2)
stacking structure is clearly seen for two unit cells made by using
HEM and BM anode powders (Fig. 8a and b). The Ni-YSZ(1)
is an anode functional layer and the Ni-YSZ(2) is a supporting
anode layer, respectively. From comparison of the microstruc-
tures of anode functional layers, it is concluded that the HEM
anode (Fig. 8c) has a much smaller particle size (<1 wm) than
the BM anode (>1 wm) (Fig. 8d). The difference in particle size
is maintained even after sintering at 1300 °C.

This result implies that the HEM method is a simple, but
effective, method to improve the anode and thus the cell per-
formance through particle-size reduction and uniform particle
distribution. A further enhancement of power density is expected
through the optimization of the microstructures of the anode and
the cathode.

4. Conclusions

A high-energy milling (HEM) method produced a much
smaller particle size and a better distribution of powder con-
stituents than a ball-milling (BM) method, as revealed by the
microstructures of composite pellets. The effects of milling
methods are further examined by fabricating and testing a
symmetric electrolyte-supported cell and an anode-supported
cell.

An electrolyte-supported cell with symmetric Ni-YSZ com-
posite electrodes made by using the HEM powder showed
a much smaller polarization resistance compared with a cell
using electrodes made from BM powder. The maximum power
density of the anode-supported cell prepared with HEM pow-
der is also higher. Thus, compared with the BM method, the
HEM method is a more effective in reducing the particle size
and obtaining a more uniform distribution of Ni particles. The
electrode has to be sintered at a proper temperature (in this
study, 1300°C) to prevent coarsening of the particles dur-
ing sintering and to enhance the electrical contacts between
particles.
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