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a  b  s  t  r  a  c  t

Agglomeration  behavior  of  nickel  thin  films  on the  yttria  stabilized  zirconia  (YSZ)  and  TiO2 doped-YSZ
electrolytes  under  a  reducing  condition  and  at solid  oxide  fuel  cell (SOFC)  operating  temperatures  was
investigated  by  scanning  electron  microscopy  (SEM)  and  scanning  probe  microscopy  (SPM)  to  clar-
ify  whether  this  method  is  appropriate  to investigate  fundamental  physicochemical  properties  that
determine  the  microstructure  of  nickel/zirconia  cermet  anodes.  Nickel  agglomeration  is enhanced  with
increasing  annealing  temperature  and  with  decreasing  the  thickness  of  nickel  films.  Nickel  agglomeration
eywords:
olid oxide fuel cell (SOFC)
ickel agglomeration
node
canning electron microscope (SEM)

behavior  was  found  to be essentially  the  same  between  YSZ  and  TiO2-doped  YSZ  electrolytes,  forming
small  nickel  particles  with  average  diameter  of  less  than  550  nm.  Nonetheless,  the  effect  by  TiO2 doping
to  YSZ  appeared  for larger  nickel  particles  formed  due  to  enhancement  in  wettability  of  nickel  metal  on
the electrolyte.  It  is demonstrated  that  the  present  method  is actually  an  useful  and  powerful  tool  to
investigate  fundamental  physicochemical  properties  in metal/oxide  systems.
canning probe microscope (SPM)

. Introduction

In solid oxide fuel cells (SOFCs), composite porous materials con-
isting of nickel metal and oxide ceramic, so called cermet,  have
enerally been used as anode materials. While improvement is seen
n many other degradation phenomena, agglomeration of nickel
articles in the anode remains as one of the important problems
o establish the long-time durability even for intermediate tem-
erature SOFC systems [1–3]. Morphology change in the anode,
specially reduction of the gas–nickel–oxide triple phase bound-
ries (TPBs) and isolation of the nickel network, reduces the anode
erformance and, as a result, it leads to decrease of durability and
eliability of SOFC systems. Nickel agglomeration is induced by fac-
ors like long time operation at high temperature [4–9], impurities
n the fuel (i.e., sulfur and phosphorus) [10–16] and so on so forth.

To avoid or to control the nickel agglomeration in the anode,
everal approaches have been investigated. One is to control the
orphology of nickel cermet anode [17,18]. Another is to modify
he oxide component in the anode. It was reported that TiO2 dop-
ng into the yttria stabilized zirconia (YSZ) is effective in reducing

∗ Corresponding author. Tel.: +81 29 861 4542; fax: +81 29 861 4540.
E-mail address: haruo-kishimoto@aist.go.jp (H. Kishimoto).
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© 2011 Elsevier B.V. All rights reserved.

the agglomeration of nickel particles [19] in addition to enhance
electron conductivity in the reducing atmosphere [20–23].

The microstructure of nickel cermet anode is rather complex
because the networks of nickel, oxide and pore are three-
dimensionally connected to maintain the electron path, the
mechanical strength and the gas diffusion, respectively, with high
density of TPBs. It is therefore quite difficult to analyze and compare
the microstructure among various real cermet anodes. Our group
has developed a simple method for analyzing gas/nickel/oxide sub-
strate interactions taking advantage of the agglomeration behavior
of nickel thin films on oxide substrates under a controlled condi-
tion [24,25]; a similar technique was  recently reported by Baumann
et al. using platinum (Pt) electrode on a YSZ electrolyte [26]. In this
study, nickel agglomeration behavior on YSZ electrolyte is exam-
ined under a reducing atmosphere at SOFC operating temperatures
between 773 K and 1173 K to validate this experimental method as
an evaluation method for “wettability” of nickel on oxides. In the
present investigation, this analysis method is applied to both YSZ
electrolyte and TiO2-doped YSZ electrolyte. The TiO2 doping effect
on the nickel agglomeration behavior is evaluated and compared
with data reported by Skarmoutsos et al. [19].
2. Experimental

Nickel thin film was  sputtered on stabilized zirconia substrates.
Cubic stabilized zirconia with 8 mol% Y2O3 (8YSZ) and 5 mol% TiO2

dx.doi.org/10.1016/j.jpowsour.2011.10.047
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:haruo-kishimoto@aist.go.jp
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oped 8YSZ (Ti-8YSZ) were used as substrate materials. Powders
f 8YSZ (TZ-8Y, Tosoh Co., Japan) and a mixture of TiO2 (99.9%
urity, Wako Pure Chemical Industries, Ltd., Japan) and 8YSZ pow-
ers were shaped into disks and pressed by cold isostatic press
CIP) at 390 MPa  for 5 min. Pressed disks were sintered at 1673 K
or 5 h in air. The surface of sintered disks was polished by diamond
lurry of 1 �m.  Crystal structure of sintered substrates was  identi-
ed by powder X-ray diffraction (XRD, RINT-Ultima III, Rigaku Co.,

apan): Both, 8YSZ and Ti-8YSZ, were identified as the cubic single
hase. Nickel thin films were deposited on the polished surface of
ubstrate materials by RF sputtering method. Sputtering condition
s under 2 Pa of argon gas atmosphere without substrate heating.
hickness of nickel film was varied from several 10 nm to sub-�m
evel by changing sputtering time. The thickness was measured by
canning electron microscope (SEM, VE-7800, KEYENCE Co., Japan)
n the cross-section observation of sputtered samples. The samples

ere annealed under a reducing condition of 1% humidified argon
Ar) balanced 50 vol% of H2 mixture gas for 2 h at temperatures
etween 773 K and 1173 K. The microstructure of the nickel film
nd the three-dimensional structure of agglomerated nickel parti-
les were analyzed by SEM and scanning probe microscope (SPM,
PA-3000HV, Seiko Instruments Inc., Japan), respectively.

. Results and discussion
Microstructures of the dewetted nickel films on the YSZ sub-
trate after annealing are shown in Fig. 1. The dewetting pattern
as apparently determined in terms of the experimental condi-

ions given by the annealing temperature and the film thickness.

Fig. 1. SEM images of the surface for the anneal
 Sources 199 (2012) 174– 178 175

These patterns can be categorized into three stages. (I) Significant
nickel agglomeration was not observed in Fig. 1a, b, d, e and g.
Those samples are annealed at 773 K and at 973 K with a rather
thick film. In this stage, some grooves were observed on the nickel
surface. Nickel migration took place to form pores which penetrate
to the oxide substrate. (II) Then net-shape structure was observed
in Fig. 1c, h and j. Those samples are annealed at 1173 K with 540 nm
thickness, at 973 K with 180 nm thickness and at 773 K with 80 nm
thickness, respectively. (III) Isolated particles were observed with
thinner films especially annealed at 1173 K. For 80 nm film, many
rounded and isolated particles were obtained. Those changes in
microstructure of dewetted nickel film are due to annealing tem-
perature as well as film thickness. Agglomeration was suppressed at
lower temperatures and thicker nickel films. This strongly suggests
that those changes are governed by a thermally activated processes.
The most plausible process should be diffusion; without diffusion,
any change in morphology could not occur. To examine this idea,
analysis was made by using the following fundamental equation
concerning diffusion distance, x, and diffusion time, t;

Dt ≈ x2 (1)

where D is the self diffusion coefficient of nickel. Using this rela-
tionship, the thickness of the nickel film can be converted to some
quantities to be compared with diffusion properties;

2

D(equivalent) = h

texp
(2)

where h is the thickness of the nickel film and texp is the hold-
ing time in the present investigation, namely 3600 s. In Fig. 2, the

ed nickel thin film on the 8YSZ substrate.
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Fig. 4. Relationship between the averaged particle diameter, d, and height, h, for
the the annealed nickel thin film on the 8YSZ and Ti-8YSZ substrates. Dashed lines
cient for the present results. Diffusion coefficient is calculated from Eqs. (1) and
2).  The reaction stages are plotted as symbols of open triangles for stage I, open
quares for stage II, and closed circles for stage III.

resent results of the reaction stages are plotted as symbols (tri-
ngles for stage I, squares for stage II, and closed circles for stage
II). Reported nickel self diffusion coefficient data were also plotted
n the same figure [27]. The borderline between stage II and stage
II is essentially the same as reported diffusion coefficients. Note
owever that point (k) in Fig. 2 slightly deviated from the stage III
rea estimated from the above relation using self diffusion coeffi-
ient data. This point is for the thin film at a lower temperature as
73 K. For smaller particles, surface area is large relatively to vol-
me. In general, mass transport on the surface (surface diffusion)

s faster than in bulk especially at low temperatures. Therefore, for
maller particles, the apparent diffusion rate can be enhanced and
his could provide an explanation for deviation from the estimated
rea. Despite this deviation, the fundamental rate determining pro-
ess for nickel agglomeration on the YSZ surface can be ascribed
ssentially to the Arrhenius-type bulk diffusion of nickel.

To analyze the agglomeration behavior in more details, nickel
articles obtained by annealing of 60 nm thick film at 1173 K for

 h were used because a large number of rounded and isolated par-
icles were available. Wettability analysis method was  adopted for
olid-state agglomerated nickel particles on the solid substrates on

 trial basis. The apparent contact angle, �, was calculated from
he averaged diameter, d, and the height, h, of agglomerated each
article by following equation:

−1
(

2h
)

 = 2 tan
d

(3)

here h and d were determined from SPM analysis images for the
ubstrates of the 8YSZ and the Ti-8YSZ as shown in Fig. 3. About 30

ig. 3. SPM images of agglomerated nickel particles on the (a) 8YSZ and (b) Ti-8YSZ
ubstrate.
show the same contact angle, �, calculated from Eq. (3).

of rounded and isolated particles were observed in 5 �m × 5 �m
area for both substrates. No apparent difference was distinguished
between agglomerated nickel particles on the 8YSZ and those on
the Ti-8YSZ. The averaged diameter, d, was  obtained from the aver-
aging of four diameters across a particle and the particle height
was  adopted as the maximum height in a particle. Fig. 4 shows
the relationship between the averaged particle diameter, d, and
the maximum height, h, for the agglomerated nickel particles on
the 8YSZ and the Ti-8YSZ substrates. For the 8YSZ substrate, the
particle height linearly increased with increasing particle diame-
ter. The contact angle, �, was  about 80◦ for all particles. In this
sense, agglomeration behavior was  almost uniform in the parti-
cle size from 250 nm to 800 nm for the 8YSZ substrate. For the
Ti-8YSZ substrate, agglomeration behavior is essentially the same
as the 8YSZ substrate in the particle size range from 350 nm to
550 nm;  that is, a TiO2 doping effect is not apparent for smaller
particle size less than 550 nm.  In the larger particle size range, how-
ever, the relationship between particle diameter, d, and height, h,
changes for the Ti-8YSZ substrate. The h values for the Ti-8YSZ sub-
strate were gradually deviated from those for the 8YSZ substrate in
the direction of smaller values with increasing d value more than
550 nm.  This result corresponds to the fact that the apparent con-
tact angle, �, decreases with increasing particle size for the Ti-8YSZ
substrate. The apparent contact angle, �, is about 80◦ for the par-
ticle with d = 550 nm and it becomes about 60◦ for the particles
with d = 800 nm.  The effect of TiO2 doping into the 8YSZ electrolyte
reduces the contact angle, i.e. improving the wettability of nickel
metal on the electrolyte, and this effect appears only for nickel
particles larger than d = 550 nm.

Wettability of melted nickel on YSZ and TiO2 dissolved YSZ
electrolytes were already reported by Tsoga et al. [28]. The TiO2
dissolution into 8YSZ electrolyte improves the wettability of melted
nickel on the electrolyte. Their observed contact angle for the TiO2
dissolved YSZ is 103◦, while that for YSZ is 117◦ at 1500 ◦C. The
present results for solid nickel on solid electrolyte confirm effects
of TiO2 doping on wettability. They measured the contact angles in
the liquid state just because they wanted to know the effect of dop-
ing TiO2 on the microstructure of those Ni–cermet anodes which
will not be in liquid state during the fabrication. They actually mea-
sured the characteristic features of the cermet anodes with and
without TiO2 and also they checked the durability of those anodes.
They confirmed the effect of change in wettability for the TiO2-

doping anodes [19]. From the present results of agglomeration tests
in the solid-solid systems, the following important features can be
derived:
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1) The present results obtained from the operation temperature
range show essentially the same tendency in the wettability.
This clearly indicates that the surface tension or the nickel-
oxide interface energy plays an important role in determining
the microstructure of the cermet anode.

2) Because the experimental conditions can be easily selected
according to the requirements for what kind of information
should be obtained, the present technique can be easily applied
for a wide variety of research topics. The effect of the oxide com-
ponent in the cermet anode on the microstructure or on the
electrochemical performance is one of such big topics. Effects
of water vapors or impurities will be also important issues.

3) In some cases, solid-like features of the nickel become impor-
tant. For example, facet formation was observed. This should be
related with solid–gas interactions or enhanced surface diffu-
sion and their relation to the change in surface energy or surface
morphology. The present method seems quite useful for such
purpose, too.

Theoretically, the contact angle, �, for nickel particle on the flat-
en oxide is calculated by Young’s law:

YSZ = �Nicos � + �Ni/YSZ (4)

here �YSZ, �Ni and �Ni/YSZ are surface tensions between YSZ and
as, between nickel and gas and between nickel and YSZ, respec-
ively. Contact angle, �, is obtained from the balance of surface
ensions. For the larger particles, in those TiO2 doping effect is
bserved, �YSZ and/or �Ni/YSZ can be affected by TiO2 doping in
he 8YSZ, while �Ni can be regarded as unchanged on TiO2 dop-
ng. Because � decreases with TiO2 doping, TiO2 doping leads to
ncreases in �YSZ and/or decreases in �Ni/YSZ. Titanium ions in TiO2
oped YSZ can be reduced from tetravalent to trivalent states under

 reducing condition:

TixZr + 4Ox
o = 2Ti′Zr + 3Ox

o + Vo
•• (5)

As a result, the electronic conductivity increase [20–23] so that
his mixed conductive nature of TiO2 doping is expected to help
he anode performance [20]. The effect of TiO2 doping on the nickel
gglomeration on YSZ should be related to these defects. Titanium
rivalent ions affect the electronic structure in the YSZ lattice, and
herefore some stronger interaction between nickel metal and the
iO2 doped YSZ could be expected. According to the present results,
his electronic structure change may  lower �Ni/YSZ. Other effects
an be expected due to the oxygen vacancy and trivalent titanium
ormation on the surface of YSZ. By forming these defects on the sur-
ace, adsorbate should be changed compared with pure YSZ, such
s Brønsted type acid point formation. This may  affect the increases
n �YSZ.

The TiO2 doping effect disappears for those smaller nickel
articles in which the surface region has a large contribution
o energetic, that is, the contribution of �Ni becomes predomi-
ant rather than �Ni/YSZ for those smaller particles. Similarly to
he present results, an interesting phenomenon was observed for
arbon deposition behavior for the Ni/GDC system [24]; carbon
eposition was observed only on small size (with less than sub-
icrometer size) nickel particles and was suppressed on the nickel

urface of larger nickel particles. For larger particles, the present
esults revealed that the contact angles are determined by the inter-
ace energy as well as the surface energy. In real SOFC anodes,
article/grain size is in the order of 0.5–3 �m so that some differ-
nce can be expected in the microstructure determined by various
xide components in cermet. This also implies that durability of

ickel cermets may  be different among the oxide components such
s YSZ, ScSZ, or GDC. The present agglomeration method seems
seful to identify those physicochemical properties which provide
rucial effects for the durability of cermet anodes by examining the

[
[

[
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two  dimensional distribution of nickels instead of complicated 3D
microstructure of real anodes. Furthermore, the present method
also provides a basis of examining effects of impurities such as sul-
fur, phosphor etc., on nickel morphology as well as effects of water
vapors on anode degradation in terms of changes in microstructure.

4. Conclusion

Nickel agglomeration behavior on the 8YSZ electrolyte and the
TiO2-doped 8YSZ electrolyte has been investigated by the wettabil-
ity analysis method. Nickel thin film was sputtered on oxide plate
and heat-treated for a selected period of time at selected temper-
atures. It has been found that agglomeration of nickel thin film
was  enhanced at higher temperature and for the thinner nickel
film. Contact angle of agglomerated nickel particles was success-
fully determined even for heat treatment without forming any
liquid nickel. This is about 80◦ for the 8YSZ electrolyte at 900 ◦C
and is substantially smaller than that determined for liquid nickel
and solid oxide, namely 120◦ at 1500 ◦C. The nickel agglomerated
behavior of Ti-8YSZ electrolyte is the same as that of 8YSZ for the
nickel particles with the diameter less than 550 nm.  For larger par-
ticles, in contrast, the contact angle of nickel particles decreased
on the Ti-8YSZ electrolyte with increasing of particle diameter. The
doping effect on the nickel particle agglomeration thus appears to
depend on the particle size. Those results clarifies that the present
agglomeration method is quite useful to investigate the fundamen-
tal physicochemical properties for the interface energy as well as
the surface energy of nickel which must govern the microstructure
in the long period of operation time. It is highly hoped that the
present method will be applied to examine the role of the oxide
component in cermet anodes or to examine impurities effects on
nickel anode performance and their relation to the surface energy
of nickel/surface species in the nickel surface.
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