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bstract

he microstructural change in composite of nickel oxide and scandia-stabilized zirconia (NiO-ScSZ) under a reducing atmosphere was observed
y scanning electron microscopy (SEM). The morphological transformation was noticeable after high-temperature treatment with the formation
f two peculiar microstructures; i.e., fibrous zirconia and metallic nickel with wrinkled surface. It was suggested that partial reduction of the
ickel species dissolved in ScSZ lattice triggered the formation of these characteristic morphologies. The growth of fibrous zirconia appeared to
e promoted via interfacial reaction between the metallic Ni particles and the zirconia phase. The agglomeration of metallic nickel proceeded

y the reduction at high temperatures and then the surface was transformed to the wrinkled morphology. The unique wrinkled pattern was often
bserved for the large agglomerated nickel particles. This drastic change in Ni-ScSZ microstructure upon the high-temperature reduction degraded
he electrochemical performance of solid oxide fuel cells.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

Zirconia composite materials are currently attractive can-
idates in various applications. For example, zirconia-based
xides conductors have been employed extensively in oxy-
en sensors and solid oxide fuel cells (SOFCs) due to their
rominent ionic conductivity and chemical stability under both
educing and oxidizing atmospheres at high temperatures.1 In
OFC applications, the prerequisites of the basic requirements
or anode materials are completed by the use of cermets, which is
he mixture of ceramic and metal. The mixing of these two mate-
ials leads to an increase in the contact region between ionic- and
lectronic conductors, resulting in the expansion of the active
eaction zone for the anode. Thus, the cermet microstructure with

ptimal distribution of the two components is desired in SOFCs.
he Ni-oxide cermet systems, i.e., nickel-yttria-stabilized zir-
onia (Ni-YSZ), nickel-scandia-stabilized zirconia (Ni-ScSZ),

∗ Corresponding author. Tel.: +81 75 383 2519; fax: +81 75 383 2520.
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nd nickel-samaria-doped ceria (Ni-SDC), are conventionally
elected as anodes for the oxidation of various kinds of fuels.2–4

mong the cermet anodes, Ni-ScSZ shows the superior and
table performance especially in the internal reforming oper-
tion with hydrocarbon fuels due to the excellent tolerance to
arbon deposition originated from the high ionic conductivity
f ScSZ.5 Recently, we have reported the phase stability of
0 mol% Sc2O3-ZrO2 (ScSZ) in the cermet of Ni-ScSZ sub-
ected to heat treatments at high temperatures under reducing
nd oxidizing atmospheres.6,7 It was clarified that the solid state
eaction between NiO and ScSZ proceeded at high temperature
n air, resulting in the phase transition from the rhombohedral to
he cubic. Furthermore, the reversible phase transformation was
bserved (cubic →  rhombohedral) after the high-temperature
eduction treatment depending on the preparation methods of
he cermets. The cermet anode may be continuously exposed
o such extreme reducing conditions in the combined system
ntegrated with gas turbine. Thus, we have to well consider

he physical and chemical stability of the composite anode
n the operating environments. The change in morphologies
nd microstructures of the anode under reducing conditions

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.033
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nd subsequent operation also affects the cell performance.8

ccordingly, it is of great importance to reveal the reduction
ehavior of NiO-ScSZ composite for the design of optimum
node.

In this study, therefore, we investigated the morphological
hange in NiO-ScSZ under a reducing atmosphere. The effects
f the sample preparation methods, the contents of NiO in the
tarting materials, and the reduction temperatures were evalu-
ted to clarify the process of morphological and microstructural
hanges upon reduction. The samples were characterized by
canning electron microscopy (SEM) with elemental analy-
is and X-ray diffraction (XRD) before and after reduction
reatments. The effect of microstructural change on the elec-
rochemical performance of a single cell with Ni-ScSZ anode
fter the high-temperature reduction treatment was evaluated.

. Experimental

A composite material of NiO-ScSZ (10 mol% Sc2O3-ZrO2)
as prepared from the co-precipitation method (abbreviated as
P) as shown in the previous work.6 The NiO contents in the
omposite were controlled to be 1 mol%, 50 wt.% and 80 wt.%.
he metallic nitrates and NH3 water were used as starting precu-
ors and a precipitator, respectively. The aqueous nitrate solution
as rapidly poured into 2 M NH3 solution. The resultant sus-
ension was aged at 80 ◦C and heated at 120 ◦C overnight. After
rying, the powder was subsequently calcined at 1200 ◦C for 5 h.
he composite of NiO-ScSZ was also prepared from the conven-

ional powder mixing (PM) method. The commercial powders of
iO (Wako Pure Chemicals) and ScSZ (10 mol% Sc2O3-ZrO2,
aiichi Kigenso Kagaku Kogyo) were ball-milled in dry con-
ition overnight. The composite was subsequently calcined at
200 ◦C for 5 h.

The samples from the CP and PM methods were heated again
t 1200 ◦C for 5 h. The resultant powders were ground and iso-
tatically pressed at 200 MPa into a disk substrate (ca.  5 mm in
hickness, 10 mm in diameter). The dense substrates were fired
t 1400 ◦C for 5 h in air. The NiO and ScSZ substrates were
lso prepared individually in the same manner for comparison.
canning electron microscopy (SEM equipped with energy-
ispersive X-ray spectroscopy (EDX, Oxford), NVision40, Carl
eiss-SIINT) observation was conducted to analyze the changes

n morphology and microstructure of NiO-ScSZ subjected to
he reduction treatments at high temperature from 1000 ◦C to
400 ◦C for 5 h in dry hydrogen. The crystalline structure of the
owders was determined by X-ray diffraction (XRD, Rigaku,
ltima IV X-Ray diifractrometer) using Cu K� radiation.
The electrochemical performance of a single cell with the

i-ScSZ anode and Pt cathode was studied at 1000 ◦C. The
omposite powder of NiO-ScSZ (50 wt.% NiO) was prepared
y the CP method. The anode slurry was screen-printed on one
ace of the YSZ disk electrolyte (8 mol% Y2O3-ZrO2, 500 �m-

◦
hick, Tosoh) and subsequently fired at 1200 C in air for 5 h.
latinum paste was applied as a cathode on the other face of the
isk and then fired at 1200 ◦C in air for 5 h. Prior to the test, the
ell was subjected to the reduction treatment in dry hydrogen at

z
a
z
o

n Ceramic Society 32 (2012) 107–113

400 ◦C for 5 h. The fabricated cell was attached to an alumina
ube and sealed with a glass o-ring. Platinum wire was attached
s a reference electrode to surround the side edge of YSZ disk,
xed with Pt paste, and fired at 900 ◦C for 2 h in air. The elec-

rochemical properties were monitored by a potentio/galvanostat
Solartron Analytical 1470E) and a frequency response analyzer
Solartron Analytical 1400) by supplying 97% H2-3% H2O and
xygen to the anode and cathode, respectively, at a flow rate of
00 ml/min. Impedance spectra were analyzed in a frequency
ange of 0.1 Hz to 1 MHz with a voltage amplitude of 10 mV.

. Results  and  Discussion

.1.  The  influence  of  reduction  temperature

The composite of NiO-ScSZ with 50 wt.% of NiO was
elected to evaluate the influence of reduction temperatures
etween 1000 ◦C to 1400 ◦C on the morphological transforma-
ion. The NiO-ScSZ composite powder was prepared from the
P method. Fig. 1 shows the microstructure of the pelletized
i-ScSZ cermets before and after the reduction treatments.
or the as-prepared composite, the formation of terrace tex-

ure was observed on the surface of NiO, which was confirmed
y EDX analysis. SEM images of composites after the reduc-
ion treatment indicated the change in the microstructure. The
articles and pores were uniformly distributed after the reduc-
ion at 1000 ◦C. In general, the reduction of NiO to metallic
i leads to the volume change in the composite. The Ni species

ppeared to move to the pellet surface with agglomeration during
he reduction at 1200 ◦C as shown in Fig. 1(c).

The sintering of metallic nickel remarkably proceeded after
eduction at and above 1300 ◦C. It was obviously found that
ost of the Ni particles tended to grow to large agglomerates
ith the size of more than 1 �m. With an increase in reduction

emperature to 1350 ◦C, the microstructure of Ni-ScSZ exhibited
eculiar particles with wrinkled surface as shown in Fig. 1(e).
he elemental analysis by EDX indicated that the particle with

he wrinkled surface was attributed to the metallic Ni. Interest-
ngly, the morphological transformation of nickel particles from
mooth to the wrinkled surface was self-initiated under a reduc-
ng atmosphere at 1350 ◦C because reduction of ScSZ did not
roceed thermodynamically at 1000–1400 ◦C. Some small Ni
articles with smooth surface were also observed on the surface
f zirconia as shown in Fig. 1(f). After reduction at 1400 ◦C, the
rastic microstructural change was observed (see Fig. 1(g) and
h)). Note that plenty of small particles connected with fibers
ere formed. The elemental analysis revealed that the fiber con-

isted of zirconia and the tiny spherical particles corresponded to
etallic Ni. Recently, the morphological change of the zirconia
ixtures by applying high voltage (10–30 kV) to the precursors

as been studied9–18; the zirconia composite with fibrous struc-
ure with smooth surface was formed after heat-treatment at high
emperatures (800–1500 ◦C). In this study, however, the fibrous

irconia was successfully self-assembled without the high volt-
ge treatment. The size of small Ni particles connected with
irconia fiber was comparable to that of the spherical particles
bserved in Fig. 1(f). Such tiny particles of spherical Ni were
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Fig. 1. SEM images of the NiO-ScSZ (50 wt.% of NiO, CP method) microstructure (a) before reduction and (b–h) after reduction in dry hydrogen at (b) 1000 ◦C,
(c) 1200 ◦C, (d) 1300 ◦C, (e, f) 1350 ◦C, and (g, h) 1400 ◦C for 5 h.
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Fig. 2. XRD patterns of the NiO-ScSZ composite (50 wt.% of NiO, CP method)
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a) calcined at 1200 ◦C in air, and (b, c) after subsequent reduction in dry
ydrogen at (b) 1000 ◦C and (c) 1400 ◦C for 5 h.

eparately formed without agglomeration. The dissolution of
iO into ScSZ and subsequent phase separation of Ni from the

olid solution should be responsible for the formation of these
mall particles.

The crystalline structure of the NiO-ScSZ powder with
0 wt% of NiO before and after reduction treatments is illus-
rated in Fig. 2. As reported previously, the solid state reaction
as promoted during firing at high temperatures leading to the
issolution of some portions of nickel species into the rhom-
ohedral phase of ScSZ (10 mol% Sc2O3-ZrO2) lattice.6 The
issolution of nickel species results in the stabilization of cubic
hase of ScSZ. After calcination at 1200 ◦C in air and sub-
equent reduction at 1000 ◦C for 5 h, accordingly, the XRD
atterns clearly showed the cubic phase of ScSZ. In contrast,
he partial transition to the rhombohedral phase of ScSZ pro-
eeded after reduction at 1400 ◦C. These results indicated that
he reduction of the dissolved Ni cations in the ScSZ lattice
as preferentially induced at 1400 ◦C, resulting in the forma-

ion of nickel deposites on zirconia surface accompanied with
he phase transition. These deposited particles appear to play
n important role for the formation of zirconia fibrous network.
onsequently, the microstructural evolution of Ni-ScSZ could
e remarkably enhanced by the reduction treatment at extremely
igh temperatures.

.2. The  influence  of  the  NiO  content

The composite of NiO (1 mol%)-ScSZ prepared by the CP
ethod exhibited the morphological change after reduction at

400 ◦C for 5 h. Fig. 3 shows the SEM image of the Ni-ScSZ
ermet. The sample exhibited the elongated rod-shaped struc-
ure with a spherical particle on its tip, which was analogous to
he morphology of mushroom. The textures elongated from the
urface and the spherical particles were attributed to zirconia
nd metallic Ni, respectively, by EDX analysis. The formation
f elongated rods of zirconia will correspond to the initial evo-

ution of fibrous network observed in Fig. 1(g) and (h). The
olubility limit of NiO in ScSZ and YSZ is reported to be 1 and

 mol%, respectively.19,20 Thus, a portion of the NiO species was

c
t
w

ig. 3. SEM image of the Ni-ScSZ (1 mol% of NiO, CP method) microstructure
fter reduction in dry hydrogen at 1400 ◦C for 5 h.

issolved into the ScSZ lattice during the calcination at 1200 ◦C
nder an oxidizing atmosphere. This was confirmed by the crys-
alline structure of NiO-ScSZ as the cubic phase stabilization in
cSZ (see Fig. 2). After reduction at 1400 ◦C, the Ni species in

he zirconia lattice was readily reduced to form spherical par-
icles as shown in Fig. 3. As mentioned above, these metallic
i particles will significantly affect to the formation of zirconia
ber. Considering the existence of zirconia fibrous network in
i-ScSZ with 50 wt.% of NiO, the amount of metallic Ni may
ave a considerable impact on the growth of the fibrous zirco-
ia. Some agglomerated particles of metallic nickels were also
bserved (data not shown) for the sample reduced at 1400 ◦C.
he coarsening of Ni particles involved the mass transfer pro-
ess initiated from the smaller to the larger Ni particles leading
o the grain growth by the Ostwald ripening to reduce the surface
nergy of the system.21,22

.3.  The  influence  of  preparation  method

To investigate the influence of preparation methods, the com-
osite of NiO-ScSZ was also prepared by the powder mixing
PM) method. Fig. 4 shows the microstructure of Ni-ScSZ after
eduction at 1400 ◦C for 5 h. The formation of both large par-
icles with wrinkled surface and zirconia fiber was confirmed
egardless the preparation methods. The zirconia fibers attached
ith small particles were formed upon the reduction treat-
ent at high temperatures. Because of the similarity in the
icrostructure after reduction for both samples prepared by

he CP and PM methods, it could be accepted that the prepa-
ation method has little influence on the formation of these
haracteristic structures. Cui et al.11 reported the fabrication of
rC nanofibrous structure by annealing a mixture of zirconia
nd carbonaceous precursors; the formation of ZrC fibers was
nitiated from the interfacial reaction between zirconia and car-
onaceous species at extremely high temperatures (more than
500 ◦C). Thus, in this study, the formation of fibrous zirconia
ould be also initiated by the interfacial reaction between zir-

onia and metallic Ni particles in small size at the reduction
emperature of 1400 ◦C. At the same time, some Ni particles
ere also agglomerated along with the microstructural change
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ig. 4. SEM images of the Ni-ScSZ (50 wt.% of NiO, PM method) microstruc-
ure after reduction in dry hydrogen at 1400 ◦C for 5 h.

n the surface morphology to the wrinkled shape as shown in
ig. 4(a). Laguna-Bercero et al.21 have reported the reduction
f interfacial energy between Ni and zirconia support by the
oarsening of Ni particles. Therefore, these large Ni particles
ill not contribute to the formation of the fiber structure due to

he insufficient energy to promote the interfacial reaction with
irconia.

In order to obtain more information about the impact of each
omponent on the microstructural change upon the reduction,
he substrates of NiO and ScSZ were separately prepared and
educed at 1400 ◦C for 5 h. The surface morphologies of Ni and
cSZ substrates after reduction are shown in Fig. 5(a) and (b),
espectively. Metallic Ni will be readily sintered in this condi-
ion because the reduction temperature is close to the melting
oint (ca.  1450 ◦C). The wrinkled surface was clearly observed
n the NiO substrate after reduction. In contrast, no significant
hange in the morphology of the ScSZ substrate was found. It
as confirmed by the thermodynamic equilibrium calculation

hat ScSZ is not reduced at 1400 ◦C. Thus, the reduction of Ni
pecies in the zirconia lattice triggers the microstructural change
n the NiO-ScSZ composite.

Based on the morphological observations, the prospective
echanism for the growth process of wrinkled surface and

brous structures is suggested as follows. The composite of
iO-ScSZ was initially prepared and the solid state reaction
roceeded by the calcination at high temperatures in air. Such

A
N
r

ig. 5. SEM images of the surface of (a) NiO and (b) ScSZ after reduction in
ry hydrogen at 1400 ◦C for 5 h.

igh-temperature treatment resulted in the dissolution of NiO
pecies in the ScSZ structure.19 The microstructural change was
nitiated by exposing in the reducing atmosphere at high tem-
eratures. The reduction of dissolved Ni species gave rise to
he formation of small metallic Ni particles, which promoted
he growth of the zirconia fibers via interfacial reaction. On the
ther hand, the diffusion of Ni species on the surface induced the
gglomeration accompanied with the change from the smooth
urface to the wrinkled one.

The electrochemical property of the single cell with the
i-ScSZ anode was investigated at 1000 ◦C. I-V  and I-P  char-

cteristics of the single cells with different reduction treatment
re displayed in Fig. 6. The performance was noticeably low as
ompared with the cell with the Ni-ScSZ anode after reduc-
ion treatment at 1000 ◦C in previous study.6 The maximum
ower density was only ca.  0.8 mW cm−2 in hydrogen fuel at
000 ◦C. However, without the reduction treatment at 1400 ◦C,
he previous study has reported the maximum power density
a. 420 mW cm−2 in the same operating conditions (see Fig. 6
b)). The inferior performance was confirmed due to a result of
he morphological change of Ni-ScSZ after reduction treatment
t 1400 ◦C. Fig. 7 shows the impedance spectra of the corre-
ponding cells in Fig. 6 measured in the open-circuit condition.

lthough in the previous study the polarization resistance of
i-ScSZ anode operated at 1000 ◦C was ca.  0.35 �  cm2, the

esistance drastically increased to ca.  440 �  cm2 in association
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000 ◦C6 for 5 h prior to the test. Cell configurations; Ni-ScSZ|YSZ|Pt and Ni-

ith the microstructural change of Ni-ScSZ anode after reduc-
ion pretreatment at 1400 ◦C. The distinct change observed by
EM images revealed the detrimental sintering of the metallic
i, which was ascribed to a main reason for the abnormally

ow performance. Accordingly, the high-temperature treatment
n a reducing atmosphere developed the drastic change in

icrostructure of the Ni-ScSZ cermets which was ineffective
or SOFC applications.
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.  Conclusions

The influence of reduction treatments on the morphology
f NiO-ScSZ composite was investigated. Spherical shape of
mall nickel particles with the elongated rod-liked texture of
irconia was observed in the NiO-ScSZ composite with 1 mol%
f NiO content after reduction at 1400 ◦C for 5 h. The forma-
ion of zirconia fiber was clearly observed after reduction of
he sample with 50 wt% of NiO at 1400 ◦C. The phase transi-
ion of cermets observed by XRD measurement indicated that
ickel oxide species were dissolved in the ScSZ phase during
he calcination in air, and then metallic particles of nickel was
eposited during the reduction at 1400 ◦C. It was noted that
he deposited Ni particles catalytically promote the growth of
brous zirconia by the interfacial reaction between zirconia
nd Ni. At the same time, some Ni species were agglomer-
ted to form large particles accompanied with the change of
he exposed surface to the wrinkled surface. Regarding to the
vidently transformed microstructure of Ni-ScSZ cermet, the
lectrochemical performance of the single cell with Ni-ScSZ
node was deteriorated. Accordingly, this study revealed a key
nformation of the remarkable change in microstructure in the
educing atmosphere, which strongly affected the electrochem-
cal performance as in the SOFC applications.
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