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In  this  study,  the  interactions  between  Ni  and  YSZ  in  solid  oxide  fuel  cell  anode  and  the  influence  of  glass
seal to  anode  performances  have  been  investigated  by pure  Ni  anode  sintered  on  YSZ  pellet.  The  evolution
of  Ni–YSZ  interface  in  100  h  galvanostatic  polarization  in  hydrogen  is  studied  with  different  humidities
in  hydrogen.  Electrochemical  impedance  spectroscopy  was  applied  to analyze  the  time  variation  of  the
anode electrochemical  characteristics.  The  interface  microstructural  changes  were  characterized  by  scan-
eywords:
OFC
PB
ilicon

ning  electron  microscopy.  The  influence  of  bulk  gas  humidity,  gas-sealing  material  and  Ni  coarsening  on
anode durability  was  studied.  The  degradation  of  pure  Ni  anode  is  considered  to  be  determined  by  the
competition  among  the  mechanisms  of  silicon  deposition,  YSZ  interface  morphological  change  and  Ni
coarsening.
ircon
nterface

. Introduction

Solid oxide fuel cell (SOFC) has been attracting more and more
ttentions in the last few decades as an attractive energy conversion
evice. SOFC has the advantages such as fuel flexibility and high effi-
iency [1].  The current challenge focuses on the long-time stability
nd durability of SOFC electrodes. In the industrial applications,

 durability of more than 40,000 h is expected, while most current
OFC anodes exhibit significant degradation in long-time discharge
xperiments, which is caused by the coarsening of Ni [2,3]. With
igher current density or overpotential, rapid degradation or even
udden failure of the cell can be observed [4].

Simwonis et al. [5] studied the coarsening of Ni particles in
orous anode and correlated the changes in electrical conductivity
ith the microstructural parameters. A large decrease in electrical

onductivity was observed in 4000 h exposure in humidified hydro-
en without discharge, which can be explained by the increase of
verage Ni particle size from 2 �m to 2.6 �m.  Koch et al. [2] tested
OFC performance and degradation under several operating con-
itions. A critical anode–cathode voltage was found, below which
he degradation rate was significant. The same result has also been

roven by Matsui et al. [4],  and at the same time, the influence of
uel humidity was observed to be significant on the performance
nd stability of Ni–YSZ cermet anode. In their experiments, sudden
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failure of the cell was  observed when the fuel humidity was  40%.
Rapid microstructure change of Ni was observed. It was  concluded
that some factors other than the morphological changes of Ni in
the composite anode cause the degradation or even sudden death
of the SOFC anode. The possible reasons can also be attributed to the
local degradation at three phase boundary (TPB, hereafter) caused
by impurities accumulation. However, no systematic studies were
conducted to specify the interactions between Ni and YSZ in these
studies. In order to further investigate the interactions between Ni
and YSZ phases, Hansen et al. [6] studied the Ni–YSZ interaction
along TPB by using Ni wire as a simplified anode. A film of impuri-
ties was found at Ni–YSZ interface while impurity ridges were also
found to accumulate along TPB. At the same time, impurity glass
phase was  found to form hill and valley structures in sub-micron
scale at the contacting area. Several kinds of impurities were found
in the ridge along TPB, which made the local reaction even more
complex. In order to elucidate the reaction mechanism with pure
Ni, Mizusaki et al. [7,8] employed Ni stripe pattern electrodes pre-
pared on the surface of YSZ with well defined morphology. The
rate of anodic reaction was found to be determined by the reac-
tion of hydrogen and the absorbed oxygen on Ni surface. From the
literature [7,9,10], it can be concluded that the long-period degra-
dation of Ni–YSZ cermet anode is due to Ni  migration [2,11,12]
which causes the disconnection of Ni network. Systematical work
has been conducted by Jiao et al. [13] to study the local morpholog-

ical changes of Ni by using mechanically pressed porous Ni pellet
as an anode. However these papers studied mechanical pressed or
deposited pure Ni anodes without considering the sintering effect
on Ni–YSZ interface.

dx.doi.org/10.1016/j.jpowsour.2011.06.069
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhenjun@iis.u-tokyo.ac.jp
mailto:shika@iis.u-tokyo.ac.jp
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Degradation of conventional Ni–YSZ composite anode includes
omplicated processes, parameters and phenomena, which cannot
e explained only by a simple Ostwald ripening mechanism [14].
here are other mechanisms causing complex interplay between
i and YSZ at their interface [15,16],  such as Ni volatilization [13]
nd the microstructural reorganization of both Ni [8,17] and YSZ
6]. In this paper, high purity NiO was screen-printed and sintered
nto commercial YSZ electrolyte pellet, after which it was reduced
nd employed as anode and operated at 800 ◦C. Glass is a popular
aterial used for gas-sealing in SOFCs systems, which is consid-

red as the main source of impurities in this study. The study
ocuses on the influences of impurity phase and microstructual
hanges at Ni–YSZ interface, while similar processes can happen
n conventional composite Ni–YSZ anode to cause degradation
18]. Compared to conventional Ni–YSZ composite anode, the new

ethod has the advantage of easy observation of the reaction sites,
hich facilitates the correlation between Ni–YSZ interactions and

node performance.

. Experimental materials and devices

NiO powder (AGC Seimi Chem. Corp., Japan) used in this study
as an average particle diameter of 1.1 �m with high purity
>99.9 mol%). The powder was mixed with terpineol solvent and
he ethylcellulose binder in agate mortar to obtain anode screen-
rinting slurry. The slurry was screen-printed onto commercial
ense 8 mol% YSZ pellet (diameter 20 mm,  thickness 0.5 mm,  Fine
eramics Corp., Japan) with a diameter of 10 mm and then sin-
ered at 1400 ◦C for 3 h to obtain a strong bonding between YSZ and
iO. About 0.13 mol% Mg  has been detected as the main impurity
omponent in YSZ.

(La0.8Sr0.2)0.97MnO3 (LSM) powder (0.4 �m)  mixed with YSZ
owder (0.1 �m)  in a mass ratio of 1:1 was used as a cathode
aterial. The powder was mixed with terpineol solvent and ethyl-

ellulose binder in agate mortar to obtain cathode printing slurry.
he slurry was screen-printed onto the counter side of the commer-
ial YSZ pellet with a diameter of 10 mm  as a cathode. The cathode
as sintered at 1200 ◦C for 3 h.

The details of SOFC performance measurement setup has been
escribed in the previous paper [13]. The YSZ pellet was surrounded
y a Pt wire as reference electrode. Pt paste was used to enhance
he conductive connection between Pt wire and YSZ pellet. Nitro-
en was introduced as protective gas in the initial heating up stage.
fter the furnace temperature had been raised up to 700 ◦C, glass
eals completely melted over the edges of the cell, the reference
lectrode and the two  outer tube edges, which resulted in good
ealing. Then, dry hydrogen was introduced for 1 h to reduce NiO.
he performance of SOFC was evaluated at 800 ◦C by using humidi-
ed hydrogen as a fuel and pure oxygen as an oxidant (50 ml  min−1

or both anode and cathode). Cell impedance spectra (frequency
ange: 1–105 Hz, AC signal strength: 10 mV)  measurements were
onducted with a Solatron frequency analyzer (1255B) and a Sola-
ron interface via current collectors. The software Zplot/Zview was
sed to monitor and control the hardware to analyze impedance
pectroscopy. Anode-reference static current method was  applied
o test the cell anode durability.

Two different long-time measurement programs have been con-
ucted:
1) Anodes are discharged in hydrogen with different humidities,
with a constant current density of 200 mA  cm−2 for 100 h.

2) Anodes are kept at OCV in hydrogen with different humidities
for 100 h.
Fig. 1. Cell performances measured in (a) dry, (b) 3%H2O, (c) 10% H2O and (d) 30%
H2O humidified hydrogen with galvanostatic method. (Anode-to-reference current
density, 200 mA  cm−2, 100 h.)

The observations of the sample microstructures were facilitated
by FIB-SEM (Carl Zeiss, NVision 40). The secondary electron images
of Ni surface were obtained by a chamber detector and YSZ sur-
face by an in-lens detector. The elemental analysis was  conducted
by energy dispersive X-ray spectroscopy (EDX; Thermo Electron,
NSS300). Every discharge experiment had been repeated several
times to confirm the reproducibility of the experimental results.

3. Experimental results

3.1. Anode performances in different humidities

Four humidities, dry, 3% H2O, 10% H2O and 30% H2O, were
applied at anode in the discharging experiments. Fig. 1 shows the
transient performances of four anodes. It can be seen that the
performance curves under dry, 3% H2O and 10% H2O conditions
presented various degradation rates from the beginning of dis-
charge to the end. The anode degradation rates in dry hydrogen
and 30% H2O hydrogen were higher than in 3% H2O and in 10%
H2O hydrogen. For the anode tested in dry hydrogen, its degra-
dation rate decreased with time and the performance reached a
relatively stable state after about 80 h. For the anode tested in 30%
H2O hydrogen, a sudden failure was  observed after about 20 h oper-
ation. Anodes tested in 3% H2O hydrogen and 10% H2O hydrogen
went through relatively stable stages initially and the stable stage
lasted longer in higher humidities. After the initial stable discharge
stage, a relatively slower degradation rate was  observed for both
cases.

In order to investigate the Ni–YSZ interface degradation mecha-
nism, the anode-reference impedance evolutions with and without
discharge were compared. 3% H2O hydrogen was chosen as the
standard testing environment. Fig. 2 shows the anode-reference
impedance changes against time when the anode was kept at OCV
for 100 h. It can be seen that both the ohmic resistance and polariza-

tion impedance kept increasing with time. After 100 h, the ohmic
impedance increased from about 0.86 � to 1.03 �,  with an aver-
age degradation rate of 0.0017 � h−1. The polarization impedance
increased from less than 10 � to about 450 �. Fig. 3 shows the
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3.2. Microstructure changes

3.2.1. After discharge
Fig. 4(a) shows the top-views of anode after reduction that no Ni

delamination was  observed when the samples were cooled down
to room temperature. The later scratching test further proved the
strong bonding remained between Ni and YSZ. Fig. 4(b–e) shows
the top-views of anode after 100 h discharge in different humidities
corresponding to Fig. 1(a–d). After 100 h discharge, the electrolyte
surface color became dark compared to the original YSZ pellet,
especially for dry hydrogen case. The dark color presented a gradi-
ent from the edge of the anode outwards. The pure Ni anodes tested
in dry, 3% H2O and 10% H2O hydrogen were partially delaminated
off from the electrolyte substrate. For 30% H2O case, the anode was
almost totally delaminated off from YSZ pellet which can explain
the sudden failure of anode around 20 h that all active TPB became
de-active because of the lost contact between Ni and YSZ.

Fig. 5 shows Ni–YSZ interfaces after reduction and discharge
in different humidities, while Ni had been mechanically removed
from YSZ surface. After reduction, on YSZ surface, only the NiO-
embedded pattern formed during the high temperature sintering
can be observed, while the Ni-contacting YSZ surface remained
smooth. Certain residual independent Ni particles were bonded
to YSZ surface with a round shape. After four discharge experi-
ments, a morphologically-modified interface can be observed. After
anode discharge in dry hydrogen for 100 h, a smooth interlayer was
observed between Ni and YSZ with a clear accumulation ridge. With
the increase of humidity, the Ni-contacting YSZ interface become
rough and the ridge–rim became unclear and disappeared when
the humidity became 10%. In 30% H2O case, the anode presented a
sudden failure after about 20 h discharge, while the Ni-contacting
interface was smoother than 3% H2O and 10% H2O cases, which may
be due to the short discharge time. Besides the interface region,
certain amount of independent satellite droplets were observed
surrounding the interface in dry case and the amount decreased
with the increase of humidity, and no droplets were observed in
10% H2O case. In 30% H2O case, smaller independent droplets were
observed surrounding the interface with different morphologies.
Since the sizes of both the interface region and the independent
droplets were beyond the resolution of EDX mapping, point-EDX
was  used to identify the content of interface and the independent
droplets, qualitatively. Fig. 6 shows the point-EDX spectra which
corresponds to the positions red cross symbols in Fig. 5(b–e). The
main elements of the interlayer in dry hydrogen were identified to
be Zr, Si, Mg,  C, Y and O. Zr, C, Y and O were identified for the other
three cases. With the increase of humidity, the amount of Si and
Mg decreased dramatically. Carbon was pre-coated to prevent the
charging effect in SEM imaging process. Silicon was also detected
which is considered to be mainly in SiO2 state, especially in dry
hydrogen case. Liu and Jiao [19] have applied FIB/lift-out techniques
to TEM specimen preparation of an anode–electrolyte interface
from a long-term tested Ni–YSZ half-cell, allowing the interfacial
microstructure to be analyzed on nanoscale. Their work found that
a very small amount of SiO2, which originates from raw materials
degrades the anode–electrolyte interface and Ni–YSZ grain bound-
aries by forming nanometer-thin silicate glass films after long-term
discharge. In this study, the formation of SiO2 droplets suggests that
the silicon accumulation was not just caused by the segregation of
materials impurities as reported, but also caused by the other sili-
con impurity source. In this study, small amount of other elements
such as Al and Na, in addition to the previously mentioned Mg,
can compose alkali silicate glass phase. The independent droplets

observed around the Ni-contacting area in dry and 3% H2O cases
were identified to be SiO2 droplets. The smaller size independent
droplets in 30% H2O case around the interface were identified to be
Ni droplets.
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Fig. 4. SEM images of the top-views of anodes. (a) After

.2.2. After kept at OCV
As shown in Fig. 7, the Ni-contacting YSZ interfaces without

ischarge were found to be clear, and no obvious morphological
hange was observed in all humidities. The YSZ surface morphol-
gy kept almost the same as just after reduction. Besides, in OCV
xperiments, no dark color change was observed on free YSZ sur-
ace after 100 h in four humidities. Compared to Fig. 5(b–e), it can

e proven that the interlayer formed in dry hydrogen and YSZ
urface morphological changes took place only during discharging
rocesses.
tion, (b–e) after discharge corresponding to Fig. 1(a–d).

4. Discussions

4.1. Morphological changes of Ni–YSZ interface

It has been reported that the bonding strength between YSZ and
NiO after high temperature sintering is stronger than that between
YSZ and Ni after the subsequent reduction of Ni [20,21].  In high

temperature sintering, molten nickel–oxygen eutectic mixture can
be formed and a good contact between NiO and YSZ phases can
be obtained. The stress caused by thermal expansion mismatching
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Fig. 5. SEM images of YSZ–Ni interfaces (a) after reduction, (b–e) after discharge corresponding to Fig. 1(a–d). (With Ni anode mechanically stripped off from YSZ surface.)

Fig. 6. Point-EDX spectra analysis corresponding to red cross symbols shown in Fig. 5(b–e). (For interpretation of the references to color in this figure legend, the reader is
referred to the web  version of the article.)
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Fig. 7. SEM images of the top-views of YSZ–Ni interfaces after kept in OCV for 100 h within (a) dry, (b) 3% H2O, (c) 10% H2O and (d) 30% H2O humidified hydrogen. (With Ni
anode mechanically stripped off from YSZ surface.)

Fig. 8. SEM images of (a) YSZ–NiO interface after sintering. (b) YSZ–Ni interface after reduction.
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etween NiO and YSZ can be released due to the YSZ surface pattern
ormation during sintering and the presence of liquid phase which
ets the interface well. Upon solidification of the eutectic melt, a

trong bond can be established. After reduction, the strong bond
ased on the eutectic layer disappears as shown in Fig. 8. A clear
oundary can be observed between two phases and certain inter-
ore and gap were formed. Similar phenomena has been reported
y Jeangros et al. [22]. During the experiments, anode was reduced
t high temperature and kept nearly unchanged in discharge opera-
ion that the thermal expansion coefficients mismatching between

i and YSZ cannot dominate the delamination of Ni. As shown in
ig. 4(a), cooling process of the reduced anode to room temperature
id not result in significant Ni delamination. Thus, it is considered
hat the delamination can be attributed to the discharging process.
Glass ring used in our experiment is made of 75% SiO2, and Na,
Ca silicates. SiO2 can be corroded by hydrogen at high temperatures
and produces gaseous SiO through reaction (1) [23,24].

SiO2(s) + H2(g) � SiO(g) + H2O(g) (1)

Gaseous SiO is not stable and it is decomposed rapidly. The com-
position of deposited independent droplets around interface area
observed in Fig. 5(b and c) were considered to be a mixture of Si
and SiO2 formed by reaction (2).
2SiO(g) � SiO2(s) + Si(s) (2)

In dry hydrogen case, the deposition of Si on free YSZ surface
may  contribute to the dark color phenomena as shown in Fig. 4(b).
At the same time, with the presence of ZrO2 in YSZ, stable zircon
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ZrSiO4) can be produced in a reduction environment, as shown in
eaction (3).

SiO(g) + ZrO2(s) � ZrSiO4(s) + Si(s) (3)

The rare-earth oxide, like Y2O3, and impurities can react as min-
ralizer (material which catalyzes the reaction) in reaction (3) [25].
he deposited SiO2 can then be stabilized by producing stable zir-
on layer on YSZ surface. Eppler et al. [26,27] have demonstrated
hat an oxygen atmosphere is not necessary for the formation of
ircon. The reaction mechanism is the same as zircon formation
n air. Besides, humidity either produced by electrochemical reac-
ion in discharge or brought in by inlet hydrogen, can favor the
ormation of zircon [27]. The produced zircon with pigment may
lso contribute to the dark color coating on YSZ, especially for YSZ
urface under Ni phase, as this area always become darker after dis-
harge in different humidities. The zircon produced may  enhance
he bonding between SiO2 and YSZ, which can explain the phe-
omena that the interlayers and accumulated SiO2 droplets were
onded strongly to YSZ surface even after cooling down of the cell.

The long term stability of 8 mol% YSZ material at SOFC operating
emperature has been investigated, where a significant aging effect
f the material conductivity was observed after 1000 h annealing at
000 ◦C [1,28].  In this study, the long-time aging effect of YSZ may
ontribute to the increase of ohmic resistance, but cannot dominate
he process since the temperature is low and the annealing time is
hort. Rodrigues et al. [29] have reported that in high tempera-
ures or long-period thermal treatments, yttrium can be displaced
rom the electrolyte to glass phase, which can cause zirconia crys-
al transformation with the decrease of ionic conductivity and the

echanical disruption of the YSZ surface.
Butz et al. [30] reported that 8YSZ was not fully stabilized in

he cubic phase, while the material contained nanoscale regions of
etastable tetragonal crystal phase, which are coherently embed-

ed in the cubic phase YSZ. Badwal [3,31] and Sato and Shimada
32] have reported that the tetragonal–monoclinic crystal struc-
ure transformations and the change of microstructure resulting
rom low-temperature annealing of YSZ in humidity were much
reater than those observed in dry atmosphere. It is known that
he local humidity concentration at active TPB can be much higher
han that in bulk gas in discharge [13,33,34].  The YSZ kept los-
ng its ionic conductivity with the degradation process caused by
etragonal–monoclinic crystal transformation, which may  explain
he increase of ohmic resistance, since the contribution of pure Ni to
hmic resistance can be ignored. In pure Ni anode, active TPBs dis-
ribute on a 2D YSZ surface with much smaller TPB length compared
o conventional Ni–YSZ composite anode. Thus, the local humid-
ty can be very high because of higher local current density for a
xed total current value. This increased local humidity then acceler-
tes YSZ crystal transformation and finally modifies the YSZ surface
orphology in a rather short period at active TPB vicinity, which

an be easily observed by SEM. Quantitative study should be con-
ucted in the future by applying X-ray photoelectron spectroscopy
ethod. At the Ni–YSZ contacting interface, active TPB was  not uni-

ormly distributed along the contacting area edge because of porous
educed Ni phase as shown in Fig. 8(b). This leads to a non-uniform
ocal humidity distribution, which results in non-uniform crystal
tructure transformation and then the rough YSZ surface.

The equilibrium partial pressures of different gaseous phases
ere calculated by chemical thermodynamics software FactSage

nd plotted against humidity in Fig. 9. Gaseous SiH4 can be ignored
n humidified hydrogen cases in this study as its partial pressure is
everal order lower than SiO. The deposition of SiH4 is considered

o be significant only in dry hydrogen case when unstable SiH4
an easily decompose into solid Si and hydrogen. The decompo-
itions of both SiH4 and SiO and the strong reducing property of
iH4 made the YSZ surface much darker than the other three cases
Humidity concentration (%)

Fig. 9. Partial pressure of gaseous phases versus humidity in hydrogen.

in humidified hydrogen. The deposition effect was  favored by high
humidity which led to the outward gradation of the dark color from
at the anode edge, since the region near anode experienced higher
humidity produced in the discharging process. As the local humid-
ity concentration at active TPB can be much higher than bulk gas in
discharge, the humidity gradient from local TPB to bulk can drive
gaseous SiO diffusion (plus SiH4 in dry hydrogen case) from bulk
towards TPB vicinity. Thus, solid SiO2 and Si deposit around TPBs.
The transport of gaseous silicon, followed by the diffusion of sili-
con and oxygen across the zircon product layer to a reaction site
on YSZ can enhance reaction (3) [25–27].  It is known that viscosity
of a silica glass drops significantly with the increase of humidity
and the presence of certain impurities [19]. With a high wettabil-
ity and mobility, the glass phase forms films at the Ni–YSZ grain
boundaries which was observed as an interlayer in dry hydrogen
case. The glass phase interlayer at the same time served as paths of
high mobility required for the impurities to segregate and accumu-
late to the Ni–YSZ interface, which explains the EDX spectra peak
of Mg  in dry hydrogen case. At SOFC operation temperature, the
liquid glass phase formed by the deposition of SiO and the segre-
gated impurities can penetrate into the gap between Ni and YSZ
formed during reduction process as shown in Fig. 8(b). When the
gaps are fully filled, SiO and impurities accumulate along the edge
of the interface. The interlayer and accumulation ridge can partially
block the active TPB [6,35],  which results in the increase of anode
ohmic resistance and a relatively fast anode degradation.

With the increase of bulk gas humidity, the interface degrada-
tion mechanism is changed as the gaseous SiO concentration in
bulk gas decreases by several orders. The reduced concentration of
gaseous SiO in bulk gas explains the disappearance of visible glass
phase interlayer, the independent silicon content droplets and the
dark color on the YSZ surface. In 3% H2O, 10% H2O and 30% H2O
cases, small amount of Si still can be detected by point-EDX as
shown in Fig. 6, which indicates that glass phase may  still exist at
Ni–YSZ interface with an invisible thickness. In dry hydrogen case,
because of the complete coverage of silica and relatively lower local
humidity, the modification of YSZ surface was  prohibited. Besides,
the coverage of glass phase promoted the uniform distribution of
impurities so that no obvious rough interface was observed. When
the bulk gas humidity is high enough, as the 30% H2O case, an insu-
lation film of zircon may  be formed, which completely covers the

YSZ surface and results in the sudden failure of anode as shown in
Fig. 1(d). Because of the shorter discharge time, no obvious rough
interface was  observed in Fig. 5(e). However, the interface had been
morphologically modified in certain extent.
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In addition to the accumulation effect of silicon and the mod-
fication of YSZ at interface, the coarsening of Ni phase is another

echanism causing the anode degradation which has been widely
tudied in literature [1,13].  The coarsening of Ni phase results in
he weakening of Ni–YSZ contact [36], especially for pure Ni anode
hich is without the alleviation of YSZ skeleton as conventional

omposite Ni–YSZ anode. The loss of Ni–YSZ contact contributed
o the anode degradation and the final delamination of Ni from
SZ after all the experiments. In humidified hydrogen, the sintering
ate of Ni can be hundred times accelerated than in dry hydrogen
14–16,37], which explains the increased delamination rate of Ni
ith the increase of bulk gas humidity. Besides, gaseous SiO can

lso react with Ni surface and form Ni silicide in hydrogen as shown
n reaction (4).  The formation of Ni silicide may  also influence Ni
intering process by changing the surface diffusion of Ni.

SiO(g) + xNi(s) � NixSi(s) + SiO2(s) (4)

At high temperature, Ni silicide has been reported to be unstable.
he nucleation of Ni silicide occurs above 750 ◦C [38], which leads
o the aggregation of silicide. The presence of Ni silicide aggrega-
ion island on Ni surface may  influence the Ni surface diffusion rate
nd the Ni network sintering rate. As the mechanism of Ni silicide
ormation and its influence to Ni sintering rate is out of the range
f this paper, the details will be investigated in the future work.

With the increase of humidity, Ni phase can also vaporize as
olatile Ni(OH)2 as shown in reaction (5) [13].

i(g) + 2H2(g)O � Ni(OH)2(g) + H2(g) (5)

The partial pressures of gaseous SiO and SiH4 decrease with
he increase of humidity, while the partial pressure of gaseous
i(OH)2 increase and exceed SiO concentration when humid-

ty is higher than 1%. The vaporization–deposition mechanism of
aseous Ni(OH)2 driven by humidity gradient near active TPB can
xplain the deposition of small Ni droplets as shown in Fig. 5(e),
hich has been reported in Ref. [13].

.2. Correlation of interface morphological changes to anode
erformance

The increase of ohmic resistance in SOFC anode is consid-
red to be caused by the loss of electrode–electrolyte contact
r by the formation of contamination interlayer [1],  and the
ncrease of polarization impedance is due to the decrease of
ctive TPB density [1,17].  Since there is no YSZ skeleton to pre-
ent Ni coarsening, pure Ni anode is much less durable than
omposite anode. Fig. 2 shows the negative effect of Ni coars-
ning on the Ni–YSZ interface durability without the influence
f discharge. The reason that can explain the increase of both
hmic resistance and polarization impedance is that Ni phase
as delaminated continuously off YSZ surface. Delamination was
ue to the mechanical stress formed by the shrinkage of Ni net-
ork in coarsening process. In OCV, gaseous silicon was kept

t equilibrium state without deposition as there was no humid-
ty gradient. Compared to the negative effect of delamination,
ig. 3 shows the positive effect of discharge on Ni–YSZ interface
urability. The roughening morphological change of YSZ surface
esulted in an increase of active TPB density. The increase of
olarization impedance caused by Ni delamination is then fully
ompensated.

The compensation mechanism can explain the initial stable per-
ormance for 3% H2O and 10% H2O hydrogen cases. The increase of
hmic resistance is compensated by the decrease of polarization

mpedance. In dry hydrogen case, a relatively fast degradation rate

as observed which can be explained by the non-conductive glass
hase interlayer and accumulated ridge, which partially blocked
he active TPB so that the reducing polarization impedance can not
rces 196 (2011) 8366– 8376 8373

fully compensate the degradation rate. In 30% H2O hydrogen case,
high humidity enhances reaction (3) and forms insulation film of
zircon which may explain the sudden failure of the anode.

4.3. Further study on pure Ni anode degradation by using gold for
gas-sealing

Based on the current experimental data, it is not sufficient to
prove the assumed mechanisms of silicon deposition and zirco-
nia crystal structure transformation described above. In order to
further investigate the Ni–YSZ interface degradation mechanism,
another three experiments were conducted within dry, 3% H2O
and 30% H2O hydrogen, with gold as gas-sealing material. All other
conditions were kept unchanged for comparison.

Fig. 10 shows the transient performances of the three anodes in
100 h discharge and the corresponding top-view images of anodes
after the experiments. It can be seen that the performance curves
under dry, 3% H2O and 30% H2O conditions presented very differ-
ent degradation rates compared to Fig. 1(a, b and d). The anode
degradation rates in dry and 30% H2O hydrogen are larger than in
3% H2O hydrogen in the initial 20 h. The degradation terminated
in the three tests and led to general stable performances until
the end of the test. For 30% H2O case, a small increase of perfor-
mance can be observed after 50 h. No sudden failure of anode was
observed within 100 h operation and a periodic oscillating perfor-
mance appeared after about 72 h discharge until the end of the test.
The three cells remained white color without becoming dark.

Fig. 11 shows the YSZ–Ni interfaces after discharge correspond-
ing to Fig. 10.  When the anode was  discharged in dry hydrogen
for 100 h with gold seal, a smooth interface can be observed with-
out an impurity interlayer or accumulated ridge. Some small-size
particles were bonded to the interface which were hardly iden-
tified by EDX. With the increase of humidity, the Ni-contacting
interface become rough as was seen in glass seal experiments.
This eliminates the influence of glass phase on the YSZ surface
modification, while the crystal transformation might be domi-
nated by the influence of high local humidity which deserves
further investigation. For all the three samples, no independent
satellite droplets around interface were observed. Compared to
Fig. 5, very different morphological change was  observed for dry
and 30% H2O hydrogen cases. Fig. 12 shows the anode-reference
impedance changes after different discharge times in 3% H2O with
gold seal. It is seen that the ohmic resistance kept increasing
from about 0.75 � to 0.99 �,  with an average degradation rate
of 0.003 � h−1, about twice of the result of glass seal test. The
decrease of polarization impedance can compensate the increase
of ohmic resistance. The higher degradation rate of ohmic resis-
tance in gold seal experiments can be explained by the absence
of Ni silicide caused by reaction (4).  Fig. 13 shows the top sur-
face of anode after reduction, exposed in dry hydrogen for 100 h
by applying both glass and gold seals. Compared to reduced Ni, it
can be clearly seen that, totally different sintering processes were
observed under the same environment. Although the Ni sintering at
Ni–YSZ interface might be different from that at the top surface of
anode, the influence of gaseous silicon species has been validated.
It can be derived from the decrease of polarization impedance
that the local active TPB density was  enhanced by certain mech-
anism in discharge. Point-EDX method had been used to measure
the YSZ interface area, while no significant signal of silicon was
detected.

4.4. Dissusion for glass seal and gold seal results
The performance differences between glass seal and gold seal
experiments can be explained by the influence of silicon deposi-
tion at TPB and its influences to the bulk Ni sintering process. In
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ig. 10. Cell performances measured in (a) dry, (b) 3% H2O, and (c) 30% H2O hum
Anode-to-reference current density, 200 mA cm−2, 100 h.)

ry hydrogen, with glass seal, larger amount of silicon deposition
ormed glass interlayer at TPB and the surrounding independent
ilica droplets. The glass phase partially blocks the active TPB and

esults in a rather fast degradation. With the increase of bulk gas
umidity, the silicon deposition still took place but it was  pro-
ibited by the drastic reduction of gaseous SiO concentration in

Fig. 11. SEM images of YSZ–Ni interfaces (a–c) after discharge corresponding to
d hydrogen with galvanostatic method and images of anode side with gold seal.

bulk gas. Simultaneously, the tetragonal–monoclinic phase trans-
formation of zirconia and the production of zircon were favored by
the local high humidity near TPB, which led to the morphological

change of Ni–YSZ interface and the loss of YSZ ionic conductivity.
When the humidity was  higher than a critical value, a zircon insula-
tion layer can be formed to cause the sudden failure of anode. When

 Fig. 10(a–c). (With Ni anode mechanically stripped off from YSZ surface.)
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trochemical reaction at active TPB can enhance the local zirconia
old seal was applied, the Ni–YSZ interface degradation was  only
ominated by Ni coarsening and the YSZ phase change which were
nhanced by high local humidity at TPB. No interlayer or insulation
lm can be formed without the deposition effect of gaseous silicon
pecies, so that the anode performances were obviously improved
ompared to glass seal cases.

The interfaces morphology comparison between glass seal and
old seal experiments clearly validates the influences of silicon
o the anode performances. The most obvious differences were
bserved in two extreme humidity conditions: dry and 30% H2O
ydrogen. In dry hydrogen discharge process with glass seal, glass
hase interlayer, accumulation ridge and independent droplets can
e clearly observed around TPB, while they all were not observed in
old seal experiments. The anode always experienced a sudden fail-
re in 30% H2O hydrogen discharge process with glass seal, while
o such sudden failure was observed with gold seal. Instead, a peri-
dic oscillation was observed, which may  be explained by a periodic
uilding-up-releasing cycle of local stress tension at Ni–YSZ inter-
ace caused by the vaporization–deposition cycle of Ni(OH)2 [6,13].
he reason of larger increasing rate of ohmic resistance in gold seal
xperiments for 3% humidity case is not clear so far. The possible
eason might be the influence of Ni silicide on Ni sintering pro-
esses shown in Fig. 13,  which deserves a further investigation in
he future.

The competition among the three mechanisms, i.e., silicon
pecies deposition, YSZ interface morphological change and the
oarsening of Ni phase, finally determines the anode performance
nd durability. In conventional Ni–YSZ composite anode, the simi-
ar Ni–YSZ interface degradation mechanisms should take place if
lass ring is used for gas-sealing. Gold is proposed to be a better
hoice for gas-sealing material to get rid of the influence of silicon

eposition. The mechanism of YSZ crystal transformation at TPB in
ischarging process also needs to be further investigated.
Fig. 13. SEM images of Ni surfaces after (a) reduction and exposed in dry hydrogen
for 100 h with (b) glass seal and (c) gold seal.

5. Conclusions

In this study, pure Ni anode was applied to study the degradation
mechanisms at Ni–YSZ interface instead of conventional Ni–YSZ
composite anode. In the anode discharging process, three mech-
anisms, i.e., silicon deposition at TPB, zirconia crystal structure
transformation and the coarsening of bulk Ni, take place simul-
taneously with glass used as the gas-sealing material. The silicon
deposition mechanism can cause the accumulation of glass phase
at TPB, which can partially block the active TPB and result in a
fast anode degradation. The local high humidity generated by elec-
crystal transformation, which leads to the loss of YSZ conductivity
and the morphological change of Ni–YSZ interface. For very high
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ulk gas humidity, accelerated Ni sintering and the production of
ircon may  form insulation film and result in the sudden failure
f the anode. The degradation mechanisms can be compensated
y the morphological change of Ni–YSZ interface while the rough
urface can enhance the local TPB density and reduce the polar-
zation impedance. The competition among the three mechanisms
nally determines the pure Ni anode performance and durabil-

ty. The degradation caused by silicon deposition mechanism can
e avoided if gold seal is applied and the anode durability can be
bviously improved compared to glass seal experiments.
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