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bstract

ickel oxide–yttira stabilized zirconia (NiO–YSZ) interdispersed composite (IC) particles were prepared by a mechanochemical processing
sing NiO and YSZ nanoparticles. Transmission electron microscopy (TEM) revealed that primally particles of YSZ (75 nm) and NiO (160 nm)
ere presented alternatively in the composite particles. Specific surface area (SSA) decreased from 8.6 to 7.1 m2/g during the mechanochemical
rocessing. The SSA reduction suggested that the chemically bound NiO/YSZ hetero-interfaces were formed during the processing. Scanning

lectron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS) visualized that the anode made from the IC particles consisted of
hree-dimensional textured structure of fine Ni and YSZ networks (grain size of them was approximately 500 nm) with 34 vol% of porosity. The
node demonstrated not only low polarization of 152 mV at 1 A/cm2 even under the operation at 700 ◦C but also long-term stability for 920 h.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) is a promising candidate of
ower generation technology in the 21st century due to its highly
fficient power output with clean exhaust. Current efforts were
iming to decrease the cost and to increase the long-term sta-
ility of cells and stacks by lowering the operation temperature
ithout reduction of power density. Reduced operation tempera-

ure allows replacement of interconnecting material from costly
aCrO3 based ceramics to cost effective stainless steels.1–5

Nickel–yttria stabilized zirconia (Ni–YSZ) is the most widely
sed anode material due to its excellent electrochemical property
t high temperature. The electrochemical reaction (hydrogen
xidation) takes place at the triple-phase boundary (TPB) where

i, YSZ and fuel gas meet.6,7 The reaction rate strongly depends
n the catalytic activity of anode material and the TPB length.
ince the former significantly decreases with decreasing the
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peration temperature, the latter must be increased as much as
ossible in the limited effective electrode volume to keep high
lectrochemical performance even at lower temperature. For the
PB enlargement, the anode microstructure such as size and
rrangement of Ni and YSZ must be controlled precisely.7,8

Prefabrication of the composite particles followed by the
lectrode fabrication using conventional ceramic processing is
promising way to control the microstructure of composite

lectrodes.9–16 Recently, we successfully fabricated coated com-
osite (CC) particles consisted of large core-particle coated by
anoparticles using a mechanochemical processing under dry
mbient.10–12 The composite particles provided well organized
lectrode microstructure and resulted good electrochemical per-
ormance. NiO–YSZ interdispersed composite (IC) particles
onsisting of NiO and YSZ nanoparticles schematically shown
n Fig. 1 are considered to be beneficial for further enlargement
f the TPB. However compatibility of high electrochemical per-

ormance and long-term stability is still unclear for the Ni–YSZ
node consisted of such fine grains.

The present study concerns the preparation of the NiO–YSZ
C particles using the mechanochemical processing and their

mailto:k-sato@jwri.osaka-u.ac.jp
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mechanism between the couple of acidic and basic surface
ig. 1. Schematic illustrations of the NiO–YSZ IC particles and the resultant
i–YSZ composite anode.

ffect on the electrochemical performance improvement and the
ong-term stability of Ni–YSZ anode.

. Experimental procedure

.1. Fabrication of NiO–YSZ IC particles and test cells

The IC particles were prepared by a mechanochemical
rocessing. NiO (Type F, Nikko Rika, Japan) and YSZ (TZ-
Y, Tosoh, Japan) nanoparticles were selected as the starting
aterials. Before the mechanochemical processing, NiO was
echanically milled alone to make them finer. Specific surface

rea (SSA) of the NiO and the YSZ nanoparticles measured with
nitrogen gas adsorption based on the Brauner–Emmet–Teller

BET) theory was 5.6 and 13.5 m2/g, respectively. Correspond-
ng particle diameter of NiO and YSZ was 160 and 75 nm,
espectively. The particles were mixed together with the ratio
iO:YSZ = 0.656:0.344 in mass (0.624:0.376 in volume), which

orresponded to the ratio Ni:YSZ = 0.5:0.5 in volume at the final
node. The apparatus used to make the IC particles was a high
peed attrition type one.10–13 The apparatus was consisted of
he stainless steel chamber and the rotor, and it employed no

edia ball. The clearance between the rotor and the inside wall
f the chamber was fixed at 1 mm. The particles were introduced
nto the chamber and then the rotor was rotated. When the rotor
as rotated, the particles were compressed into the clearance

nd frequently exposed under the mechanical stressing such as
ompression and shearing. The operation was conducted under
ry ambient without any additives. The rotating speed of the
otor was fixed at 2800 rpm and the total processing time was
0 min.10

Electrolyte supported cell was prepared using the following
rocedures. Firstly, fully dense YSZ electrolyte with the thick-
ess of 300 �m and the diameter of 13 mm was prepared by
onventional tape casting followed by sintering at 1450 ◦C for
h. The IC particles mixed with polyethylene glycol (PEG: aver-
ge molecular weight 400, Aldrich Japan, Japan) were applied
n the electrolyte by screen printing and sintered at 1350 ◦C
or 2 h. Then La0.8Sr0.2MnO3 particles mixed with PEG was
pplied on the opposite side of the electrolyte by screen printing

nd subsequently sintered at 1100 ◦C for 2 h. Both electrodes
ith the area of 0.28 cm2 were placed symmetrically across the

lectrolyte.

h
g
i

ramic Society 29 (2009) 1119–1124

.2. Characterization

Structure of the IC particles was characterized by scan-
ing electron microscopy (SEM: ERA-8800FE, Elionix, Japan)
nd transmission electron microscopy (TEM, JEM-2010, JEOL,
apan) with energy dispersive X-ray spectroscopy (EDS: EDAX,
apan). Anode microstructure was observed by SEM-EDS.

Three electrode-four leads configuration was applied for
lectrochemical performance testing. All of the testing was con-
ucted at 700 ◦C. The cell was fixed between alumina tubes with
glass sealant. Pt mesh was placed on both cathode and anode as

he current corrector. Pt wire was attached on circumference of
he electrolyte as the reference electrode. Pt paste was applied on
he reference electrode to improve the electric contact. Firstly,
he cell was heated up to 900 ◦C with the heating rate of 5 ◦C/min
o melt the glass sealant for gas tightening. During the heating,
ry air was supplied for the cathode and the reference elec-
rode, and nitrogen was supplied for the anode. Flow rate of all
ases was fixed at 0.05 l/min. After the complete gas sealing was
onfirmed by measuring the inlet and outlet gas flow rates on
oth the cathode and the anode sides, temperature was decreased
o 800 ◦C with the cooling rate of 5 ◦C/min. NiO was reduced
nto Ni by changing the anode gas atmosphere from nitrogen to
et hydrogen containing 3 vol% H2O at 800 ◦C. After the open

ircuit voltage increased to about 1.1 V, the temperature was
ecreased to 700 ◦C and the electrochemical performance test-
ng was conducted. Polarization of the anode was measured with
C current interruption technique under the current density up

o 1 A/cm2. Long-term stability of the anode performance was
xamined under the constant current density at 0.2 A/cm2 up to
20 h.

. Results and discussion

Fig. 2(a) shows SEM micrograph of the composite particles.
he composite particles consisted of aggregated nanoparticles.
ig. 2(b) shows the detailed structure of a composite particle
bserved by TEM. NiO and YSZ phases in the composite parti-
le identified by EDS spot analysis were given in the micrograph.
he micrograph indicated successful fabrication of the IC parti-
les. NiO and YSZ were presented alternatively, and the size of
ach particle showed good agreement with that estimated from
he SSA of the staring particles (NiO: 160 nm, YSZ: 75 nm).
he SSA of the particles decreased from 8.6 and 7.1 m2/g
uring the mechanochemical processing. The SSA reduction
uggested the formation of chemical bonding at the NiO/YSZ
etero-interfaces.

It is well known that oxide surface is covered by the
ydroxyl groups. The hydroxyl groups would play a critical
ole for formation of the IC particles. Senna et al. reported
hat the chemically bound hetero-interfaces can be formed dur-
ng the mechanochemical processing.17,18 They explained that
he bonding was formed according to dehydration–condensation
ydroxyl groups on the hetero-surfaces. The surface hydroxyl
roups of NiO have basic nature since binding energy of Ni–O
s lower than O–H.19 On the other hand, those of YSZ are
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Fig. 3. Cross-sectional SEM image of the IC anode (a) before the reduction;
ig. 2. (a) SEM and (b) TEM micrographs of the NiO–YSZ IC particles.

cidic because of higher binding energy of Zr–O and Y–O
ompared with O–H.19 In addition, these interactive surfaces
ould contribute to form homogeneous mixing state according

o well known ordered mixing behavior under the mechanical
rocessing.20

Thus, it can be considered for formation mechanism of the IC
articles that NiO and YSZ nanoparticles were mixed homoge-
eously according to ordered mixing behavior due to interactive
ature between the acidic and the basic surface hydroxyl groups,
orming the chemical bonding at the hetero-interfaces accord-
ng to the dehydration–condensation mechanism between them.
hemically bound composite particles would have an advantage

n the cell fabrication compared with just mixed particles. For
xample, the composite particles prevent segregation of each
omponent related to the difference in particle size and specific
ravity of NiO and YSZ.
Fig. 3 shows SEM micrographs of the anode derived from
he IC particles (represented as IC anode in the following text)
efore the reduction, just after the reduction and after the long-

(b) after the reduction; and (c) after the long-term stability testing at 700 ◦C for
920 h.
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Fig. 4. (a) SEM micrograph and corresponding elemental distribution

erm stability testing at 700 ◦C for 920 h. The IC anode before the
eduction consisted of grains smaller than 1 �m without abnor-
ally large grains. NiO shrunk when it was reduced into Ni,

nd porous structure evolved in the anode. Thus uniform porous
tructure after the reduction suggested that NiO was uniformly
istributed around the uniform three-dimensional network of
SZ framework entire the anode. Even after the long-term stabil-

ty testing, no significant change was observed in the anode. The
rain size was kept to be about 0.5 �m, and no abnormally large
rain was observed. The insignificant microstructural change
ndicated that grain growth of Ni was insignificant in the IC
node under the testing condition.

Fig. 4 shows SEM micrograph and corresponding elemental
istribution mappings in the fracture surface of the IC anode
fter the long-term stability testing at 700 ◦C for 920 h. Well
onnected three-dimensional networks of Ni and YSZ were
bserved in Fig. 4(b) and (c), respectively. Fig. 3(d) showed the
ombined image of the elemental distributions. The micrograph

isualized that the networks of Ni and YSZ grains formed three-
imensional textured structure. The structure clearly reflected
omogeneous composite structure of the IC particles shown in
ig. 2(b).

m
f
c
o

ings of (b) Ni; (c) Zr; and (d) Ni(green)/Zr(Yellow) in the IC anode.

Fig. 5 shows anode polarization curves as the function of
urrent density. Polarization of the anode made from the CC
articles consisted of NiO core-particle coated by YSZ nanopar-
icles (represented as CC anode in the following text)10 was
nserted in the figure. The IC anode showed lower polarization
han the CC anode. This implies that the IC anode is better suited
or lower temperature operation. Anode polarization is strongly
epends on the electrode and gas compositions, and the anode
icrostructure. The former would be the same, since the compo-

itions of anode material and fuel gas used in this study were the
ame as in the case of the CC anode.10 Thus lower polarization
f the IC anode compared with the CC anode is ascribed to the
ormation of longer TPB.

At higher current density region (≥0.3 A/cm2), slope of the
olarization curve in the IC anode was considerably smaller than
hat of the CC anode. Supplemental experiment indicated that
he porosity of the IC anode was about 34% and was similar to
hat of the CC anode.11 This result suggested that the difference
ay not be due to H2–H2O counter diffusion effect. Thus, the
ollowings are considerable as the origin of difference at this
urrent density region; (1) adsorption of hydrogen molecules
n less reactive surface adjacent to the TPB and/or (2) surface
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iffusion of the hydrogen atoms from those adjacent surfaces
o the reactive TPB.21 Finer grains of the IC anode provided
nlarged adsorption sites due to its larger surface area, and much
horter diffusion path length of adsorbed hydrogen atom to the
PB.

Thus, it can be concluded that fine textured microstructure
s shown in Fig. 4 contributed for the TPB enlargement which
educed the anode polarization. Fine grains also enlarged adsorp-
ion site of hydrogen molecules and reduced average diffusion
ath length of hydrogen atoms from adsorption sites to the TPB,
oth might contribute to reduce the polarization at higher current
ensity region.

Fig. 6 shows long-term stability of the anode performance
easured at 700 ◦C for 920 h. The measurement was conducted

nder the constant current density at 0.2 A/cm2. In the early
tage of the testing (<30 h), the anode potential only slightly
ecreased (about 1% from the starting). The potential drop could
e ascribed to slight reduction of the effective TPB due to rear-
angement or coalescence of Ni grains. Then the voltage kept
lmost constant from 30 to 920 h. The result evidenced neg-
igible rearrangement and coalescence of Ni grains during this
eriod. The long-term stability of the microstructure was clearly
een in Fig. 3.

Theoretical argument suggested that fine Ni easily rearranges
nd coalesces during the operation, which is disadvantageous
ith respect to keep the enlarged TPB over the long-term
peration.22 Recently, Laguna-Bercero and Larrea have fab-
icated Ni–YSZ cermet by reducing NiO–YSZ directionally
olidified eutectic.23 They found that the formation of crystal-
ographically oriented low energy interfaces between Ni and

SZ significantly retarded rearrangement and coalescence of
i grains under the operation condition of SOFC. The authors

ound earlier that the crystallographically oriented interfaces Ni
1 1 1)//YSZ (1 1 1) was formed spontaneously during the oper-

Fig. 5. Anode polarization of the (a) IC and (b) CC9 anodes at 700 ◦C.
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ig. 6. Long-term stability of the IC anode at 700 ◦C under the constant current
ensity of 0.2 A/cm2.

tion in the CC anode.11 These facts suggested that long-term
tability of the IC anode was ascribed to the formation of this
table hetero-interface, Ni (1 1 1)//YSZ (1 1 1). Once the stable
nterface was formed, rearrangement of Ni would be signifi-
antly retarded.23 Thus, the anode potential became constant
bove 30 h as shown in Fig. 6.

These results indicated that both better electrochemical per-
ormance and long-term stability is compatible even using finer
i grains, if Ni and YSZ networks formed homogeneous tex-

ured structure as shown in Fig. 4 due to the formation of enlarged
PB and stable low energy interfaces. Application of further
ner Ni and YSZ grains for anode is challenging subject. This
ill be reported in the future work.

. Conclusions

The mechanochemically derived NiO–YSZ IC particles from
iO and YSZ nanoparticles provided three-dimensionally tex-

ured networks of fine Ni and YSZ grains in the anode. The fine
nd homogeneous microstructure contributed for TPB enlarge-
ent which reduces anode polarization. Fine grains enlarged

dsorption sites of hydrogen molecules and reduced average
iffusion path length of hydrogen atoms from adsorption site
o TPB. These would contribute to reduce the polarization at
igher current density region. The IC anode also showed good
ong-term stability due to suppressed rearrangement and coales-
ence of Ni during the operation. This can be due to spontaneous
ormation of stable hetero-interface between Ni and YSZ grains
t early stage of the operation.
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