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a b s t r a c t

The nickel/yttrium-stabilized zirconia (Ni/YSZ) anode-supported solid oxide fuel cells (SOFCs) have been
operated under various simulated syngases at different temperatures to investigate the degradation
behavior of the cells caused by carbon deposition. The results show that the carbon morphology and the
eywords:
olid oxide fuel cell
arbon deposition
yngas
egradation

cell performance degradation are influenced significantly by the operation temperature. The stability of
the cell fueled with syngas can be improved by applying a constant current, but the cell degraded quickly
after carbon deposition. The microstructure damage is close to the anode surface and leads to a conduc-
tivity decrease, which is an important reason for the cell degradation and failure at 750 ◦C. Conversely,
the degradation behavior at 650 ◦C is mainly due to solid carbon deposits inside of the anode that impede
fuel diffusion and electrochemical reactions on the anodic side. The effect of carbon deposition on the

on is
microstructure degradati

. Introduction

High-temperature solid oxide fuel cells (SOFCs) are a promising
lean energy technology due to their high efficiency and fuel flexi-
ility [1]. The high operation temperature allows an SOFC to operate
n a large range of fuels, including hydrocarbons [2,3], coal syngas
4,5], biogas [6] and even solid carbon [7]. Among these fuels, natu-
al gas has attracted great interest due to its convenient sources,
ow expense and especially its relative cleanness. The composi-
ion of natural gas, depending on the production place, is basically

ethane accompanied with a small amount of other hydrocar-
ons and a tiny amount of impurities. The natural gas can be easily
eformed before utilization or can be directly oxidized into syngas
n the SOFC, which can further improve the electrical efficiency of
he SOFC.

Nickel/yttrium-stabilized zirconia (Ni/YSZ) cermet is the most
ommonly used SOFC anode material due to its catalytic effect on
he electrochemical oxidation of fuel. For the cell with a Ni/YSZ
node, however, there are two major problems when fueled with a
atural gas related fuel. One problem is impurity poisoning, such as
ulfide, chloride and phosphide, which poisons the SOFC anode and

eads to fast degradation [4,8]. The concentration of these impuri-
ies should thus be reduced to ppb levels before feeding into the
OFC. The other problem is carbon deposition because Ni is also an
xcellent catalyst for carbon deposition reactions, such as methane

∗ Corresponding author. Tel.: +86 574 86685139; fax: +86 574 86685704.
E-mail address: xucheng@nimte.ac.cn (C. Xu).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.11.095
also investigated using transmission electron microscope.
© 2010 Elsevier B.V. All rights reserved.

cracking (Eq. (1)), reduction of carbon monoxide (Eq. (2)) and dis-
proportionation of monoxide (Eq. (3)). The deposited carbon can
deactivate the Ni catalyst and can cause rapid cell degradation.

CH4 → C + 2H2 (1)

CO + H2 ↔ C + H2O (2)

2CO → C + CO2 (3)

Some strategies have been proposed to avoid or suppress car-
bon deposition in SOFCs. The investigation of the direct oxidation
of natural gas suggested that the carbon deposition on a Ni/YSZ
anode could be avoided by lowering the operation temperature
(<700 ◦C) and increasing the operation current density [9,10]. These
operation parameters, however, are difficult to attain in real SOFC
systems. A high steam to carbon ratio (S/C) has also been used to
avoid carbon deposition in the internal steam reforming of natu-
ral gas, but it reduces the cell electrical efficiency by diluting the
fuel. Moreover, the strongly endothermic reforming reaction intro-
duces excessively large temperature gradients in the stack [11,12].
Therefore, the real SOFC system usually uses an external reformer
to supply syngas derived from the steam reforming of methane.
The syngas derived from steam reforming consists of carbon diox-
ide, carbon monoxide, hydrogen, vapor and residual methane. The
ratios of these compositions are determined by reforming condition

and reformer design.

To solve the carbon deposition problem, many substitute anode
materials have been developed to replace the Ni/YSZ cermet,
including Cu–CeO–YSZ [13], doped SrTiO3 [14,15], and gadolin-
ium doped ceria [16]. However, all of these materials have obvious

dx.doi.org/10.1016/j.jpowsour.2010.11.095
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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isadvantages, such as poor electrochemical catalyst activity, low
onductivity, or complicated fabrication processes. The Ni/YSZ cer-
et is still the most preferred anode material. Therefore, it is

mportant to understand the carbon deposition behavior on the
i/YSZ anode, such as the prerequisite conditions for carbon depo-

ition, and the degradation behavior of the cell due to carbon
eposition.

The investigation of carbon deposition in the SOFCs with a Ni-
ased anode usually focuses on three issues. The first issue is the
hermodynamic calculation. It is impossible to test every opera-
ion condition because different fuel compositions and operation
emperatures lead to innumerable conditions; the thermodynamic
alculation is thus considered a helpful tool to predict the car-
on deposition conditions [17–20]. Such calculations, however, can
asily deviate from real situations and require experimental ver-
fication. There are some experimental studies on this issue for
ertain fuels, such as the internal reforming and direct oxidation
f methane [10,21].

The second issue is the deposited carbon species. Many inves-
igations have shown that the carbon species and morphologies
epend on the operation temperature and reactants. Using the
echnology of temperature-programmed reduction (TPR) and
emperature-programmed oxidation (TPO), Finnerty et al. [22]
eported that depending on the reaction temperature range, there
ere three carbon species from methane cracking. This result is in

greement with other research [23,24]. He and Hill [24] showed
hat the carbon formed at higher temperatures was bound more
trongly to the catalyst surface and that the carbon morphology var-
ed with the operation temperature. The carbon exists in the form
f graphite within the SOFC operation temperature range (from
00 ◦C to 1000 ◦C), whereas the carbon nanofibers form at lower
emperatures (i.e., 600 ◦C) and are unable to be observed at higher
emperatures (i.e., 800 ◦C). Additionally, Alzate-Restrepo and Hill
25] investigated carbon deposition in the electrolyte-supported
ells and found that the carbon formed under current was hydro-
enated and easier to be removed than the carbon formed under
CV. However, it is not clear whether this effect exists in the thick
i/YSZ cermet of the anode-supported cells.

The third issue is the degradation behavior and mechanism of
he cell deposited with carbon. Understanding this issue is helpful
o predict whether the carbon deposition occurs or if the perfor-

ance degradation is reversible. The electrochemical impedance
pectrum (EIS) usually gives detailed information about the degra-
ation behavior due to carbon deposition. Koh et al. [26] reported
he EIS change of the anode-supported cells (ASCs) fueled with

ethane at 750 ◦C. Alzate-Restrepo and Hill [27] measured the EIS
f the electrolyte-supported cells (ESCs) under different CO to H2
atios at 800 ◦C. Both of their studies showed that the deposited
arbon drastically increased the cell polarization (Rp) but that the
arbon deposition barely had any impact on cell ohmic resistance
Rs). These results indicated that the carbon only influenced the
node function layer.

The anode cermet of the ESCs is only a catalyst layer and is very
hin, so the deposited carbon should only deteriorate the cell cat-
lyst property and increase cell polarization. Weber et al. showed
hat the ESCs can be operated for more than 1000 h, even when
here was obvious carbon deposition [28]. The Ni/YSZ cermet for
he ASC is very thick and is not only the electrochemical catalyst
ut also the mechanical support. The thick anode support allows for

onger fuel diffusion pass, but the electrochemical reaction barely
ccurs. No studies have determined if carbon favors deposition on

he anode functional layer. Therefore, it is necessary to know if the
olid carbon has any impact on the anode support layer and espe-
ially whether the carbon deposited on the anode has an impact
n mechanical properties of the cell. The present investigation was
hus initiated to investigate the carbon deposition behavior on the
Fig. 1. Illustration of the single-cell testing system (the temperature of the red part
is kept at 120 ◦C).

Ni/YSZ anode-supported cell under simulated syngas to reveal the
degradation mechanism of the cell due to carbon deposition.

2. Experimental

2.1. Cell fabrication

The investigation was conducted using anode-supported cells
produced commercially by the Ningbo Institute of Material Tech-
nology and Engineering (NIMTE), China. A 500 �m thick substrate
of Ni/YSZ was tape cast as the anode support, and a 10 �m thick
anode of Ni/YSZ and a 10 �m thick electrolyte of YSZ were sprayed
onto the support substrate followed by sintering at 1350 ◦C for
3 h. A 10 �m thick cathode of 50 wt% La0.75Sr0.25MnO3 (LSM) and
50 wt% YSZ was then sprayed on the electrolyte and fired at 1080 ◦C
for 4 h. Prior to cell testing, a 30 �m thick current collecting layer
of LSM was sprayed onto the cathode to obtain full cells. The cells
used for cell testing have dimensions of 5 × 5.8 cm2 with an active
area of 4 × 4 cm2.

2.2. Testing procedure

Cell testing was carried out using an identical alumina testing
house. The cell was placed in the testing house and sealed with
glass sealant. Ni mesh was used as the current collector on the
anodic side, and Ag mesh was used as the current collector on the
cathodic side. The cell was heated to 850 ◦C under nitrogen with a
heating rate of 1 ◦C min−1 and sealed. The anode and support were
then reduced using 3% humidified hydrogen for 3 h. The hydrogen
flow rate for reduction was 0.3 SLM (standard liter per minutes).
The temperature was then set at 650 ◦C, 700 ◦C or 750 ◦C, for cell
operation. The cell was operated galvanostatically at 0.63 A cm−2

for at least 24 h to ensure full electrode activation [29] and stable
performance under hydrogen. Then the fuel was switched to
syngas at a flow of 0.5 SLM for cell endurance investigations. The
syngas was obtained by mixing H2, CH4, CO, CO2 and H2O at
various compositions using a commercial SOFC testing system
(Bate Technology) as shown in Fig. 1. After testing, all of the cells
were cooled in pure nitrogen.

The real-time current and voltage were recorded by the SOFC
testing system during the process of cell testing. The electrochemi-
cal impedance spectra (EIS) were obtained with an electrochemical
workstation (IM6ex, Zahner) using the four wire method before and
during cell testing. The frequency range of EIS measurements was
from 0.1 Hz to 100 kHz.
2.3. Microstructure examination

The microstructure of the cells both before and after testing was
examined using a Hitachi S-4800 field emission scanning electron
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Table 1
Compositions of different simulated syngases.

Number CH4 (%) CO (%) CO2 (%) H2 (%) H2O (%)

1 0.59 10.85 18.88 64.68 5.00
2 1.64 13.25 18.67 61.44 5.00
3 3.23 5.98 18.35 67.44 5.00
4 5.51 6.88 17.90 64.72 5.00
T. Chen et al. / Journal of Pow

icroscope (FE-SEM). The deposited carbon was detected by an
nergy dispersive X-ray spectrometer (EDS) attached to the FE-
EM. For close inspection of the microstructural change of the
node during testing, the cells were carefully polished on abra-
ive paper to remove the cathode and electrolyte. The remainder
f the cells was then ground into fine particles and observed using
Tecnai F20 transmission electron microscope (TEM).

. Results

.1. Thermodynamic consideration of carbon deposition

From a thermodynamic perspective, the possibility of carbon
eposition can be determined if a certain operation condition

s given. Therefore, the carbon deposition can be predicted by
hermochemical calculations using the free energy minimization

ethod without the details of chemical and electrochemical reac-
ions occurring at the electrodes. There are three factors taken into
ccount under thermochemical consideration: composition, tem-
erature and pressure. In this study, thermochemical calculations
ere carried out using the HSC chemistry software (version 5, Out-

kumpu Research Oy, Finland).
Assuming that the initial gas amount is 100 kmol and the pres-
ure is 1 atm, the carbon amount due to carbon deposition at
ifferent temperatures can be calculated using the free energy min-

mization method. Fig. 2a shows the calculation results for the cell
nder different simulated syngases. The amount of deposited car-
on decreases with increasing temperature within the operation

ig. 2. Thermodynamic consideration of carbon deposition: (a) calculated carbon
mount of different syngases versus operation temperature and (b) chemical equi-
ibrium diagram of a C–H–O system at 750 ◦C.
5 9.80 7.93 17.04 60.23 5.00
6 15.09 1.91 15.98 62.01 5.00
7 23.64 7.60 14.27 49.48 5.00

temperature range of the SOFCs (600–1000 ◦C). Seven syngases
were used in this study, and their compositions are shown in
Table 1. It is apparent that the carbon deposition occurs at 750 ◦C
only when feeding gases 6 and 7. This result can be confirmed from
the C–H–O ternary diagram (Fig. 2b). Most of syngases used in this
study falls in the carbon-free zone at 750 ◦C except for gas 7, and
gases 5 and 6 approach the boundary of the carbon deposition zone.

3.2. Microstructure characteristics

Fig. 3 shows the SEM images of the anode of the cells tested
under different syngases at 750 ◦C. The cells tested with gases 1, 2, 3
and 4 exhibit similar microstructures. A typical anodic microstruc-
ture is shown in Fig. 3a. There is no detectable structure change after
cell testing, and the network of the Ni/YSZ cermet can be identified
easily. For the cell exposed to gas 5 (Fig. 3b), the microstructure
change is also insignificant except that the pores of the Ni/YSZ net-
work are not as clear as the cell tested with syngas 4 (Fig. 3a). By
contrast, the cell operated with gas 7 shows a drastically deterio-
rated morphology (Fig. 3c and d). The anode surface becomes loose,
and a large number of particles appear on the surface. Fig. 3e shows
the cross section of the anode of the cell operated with gas 7. Both
the functional layer and the support layer exhibit the same mor-
phology as the normal anode except for a zone with a thickness of
approximately 10 �m near the anode surface. This zone can also
be seen in the cell tested under gas 7 (Fig. 3f) where the surface
zone is covered with carbon. It is apparent that the carbon deposi-
tion is more serious on the outside layer of the anode under these
conditions.

EDS analyses were conducted on the cell surface, and the results
are shown in Fig. 4. The cell tested under syngas 7 contains the
largest amount of carbon on the surface, whereas no carbon can be
detected for the cell tested under syngas 4. This result is consistent
with thermochemical calculation result indicating that the carbon
deposition occurs at 750 ◦C when feeding gases 6 and 7. A small
amount of carbon is detected in the cell tested under gas 5. Accord-
ing to the C–H–O ternary equilibrium diagram, syngas 5 lies close to
the boundary of the carbon deposition zone. However, the syngas
may move to a non-equilibrium state due to the anode reactions
and diffusion, which can lead to carbon deposition.

It is also shown that the degree of anode microstructure change
relates to the amount of deposited carbon. The particles on the
anode surface of the cell operated with syngas 7 marked in Fig. 3d
were analyzed using EDS in Fig. 4. The results (curve d) show that Ni
and C are two major compositions of the particles, which indicates
that the bonding of Ni and YSZ may have been destroyed after cell
testing.

Fig. 5 shows the anode microstructure of the cells exposed to
gas 7 at 700 ◦C and 650 ◦C. For both cells, a large number of car-
bon fibers were observed in the anode surface as well as the loose

particles (Fig. 5a and c). However, the amount of carbon fibers was
higher in the cell tested at 650 ◦C than in the cell tested at 700 ◦C.
Moreover, many carbon fibers were also found inside the anode for
the cell tested at 650 ◦C (Fig. 5b), but they were not observed inside
the cell tested at 700 ◦C (Fig. 5d). The results indicate that the mor-
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ig. 3. Scanning electron microscope images of the cell exposed to different syng
unctional layer, gas 7 and (f) anode outside surface, gas 11.

hology of deposited carbon is strongly affected by the operation
emperature.
.3. Cell degradation testing

The SOFC materials and single cells have a relatively low degra-
ation rate, i.e., <1% per 1000 h, for industrial applications. Some

ig. 4. EDS results for the cell surface exposed to syngas at 750 ◦C: (a) gas 4, (b) gas
; (c) gas 7 and (d) gas 7, marked particles in Fig. 3d.
t 750 ◦C: (a) surface, gas 4; (b) surface, gas 5; (c and d) surface, gas 7; (e) anode

external factors, however, such as impurity poisoning and the redox
cycle, may result in cell degradation in a short period of time [8,30].
Carbon deposition is an important factor influencing the cell sta-
bility and may cause fast degradation in the cell performance, with
fuels containing hydrocarbon or carbon monoxide [28]. In this case,
the cell stability is even more important than the power output. In
this study, the cell stability was tested under various conditions
to investigate the effect of carbon deposition on the degradation
behavior of the Ni/YSZ anode-supported cell.

Fig. 6 shows the cell stability tested at 750 ◦C using different
simulated syngases under OCV. The OCV was stable when the cell
was fed with gases 1, 2, 3 and 4. These results are consistent with
the thermochemical calculation results that the carbon deposition
should not occur under these fuels at 750 ◦C. However, the OCV
value dropped slightly when the fuel was switched to gases 5, 6
or 7 and then fluctuated with a tendency to decrease with increas-
ing time. For the cells tested under gases 6 and 7, the degradation
could not be reversed by switching the fuel to pure hydrogen. These
cells could also not be operated under pure H2, indicating complete
failure of the cells. It has been shown above that carbon deposition
can be observed at the surface of the anode of the cells tested under
gases 5, 6 and 7. Therefore, the change of the OCV in Fig. 5 is mainly
due to carbon deposition.

Fig. 7 shows the stability testing results under a constant cur-

rent density of 0.63 A cm−2. The cell was tested at 850 ◦C and 750 ◦C
for 20 h under each syngas. The test was accomplished with one
cell, and no detectable voltage degradation was observed for all
syngases used in this investigation except gas 7. The cell perfor-
mance deteriorated quickly and finally failed when feeding gas 7.
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ig. 5. Scanning electron microscope images of the cell exposed to gas 7 at 700 ◦C a
ross section.

his result is consistent with the results in Fig. 6. However, the
ell exhibited a stable voltage when feeding with gases 5 and 6,
lthough the voltage fluctuated at OCV as shown in Fig. 6. This
esult may be because operation under current is helpful to sup-
ress or avoid carbon deposition. When the cell is operated under
urrent, the oxygen ions transport from the cathode to the anode

nd produce CO2 and H2O at the anode functional layer from elec-
rochemical oxidation of H2, CO and residual CH4. The increase in
he concentrations of H2O and CO2 is helpful to suppress carbon
eposition, and thus, the carbon deposition is less favorable in the
ell operated under current. In the C–H–O ternary diagram, this

Fig. 6. OCV stability under different syngases at 750 ◦C.
0 ◦C: (a) 700 ◦C, surface; (b) 700 ◦C, cross section; (c) 650 ◦C, surface and (d) 650 ◦C,

effect can be explained by the moving of the position of gases 5
and 6 away from the carbon deposition boundary line due to the
increase of the oxygen content through electrochemical reactions.
This effect can usually be identified only with relatively high fuel
utilization (FU), but the FU in this study is quite low (<5%), and
the effect is rather small. This result indicates that the carbon-
supersaturation environments for gases 5 and 6 are sensitive to
the operation condition.

Fig. 8 shows the stability testing results at different tempera-
tures using gas 7. All of the cells were tested under gas 7 for 2 h at a
constant temperature and were then switched to hydrogen fuel for
regeneration. The cell tested at 750 ◦C showed a slow degradation
rate in the beginning and then rapid performance deterioration.

The voltage kept decreasing even after switching the fuel to hydro-
gen, suggesting the failure of the cell. The cells tested at 700 ◦C and
650 ◦C showed a quick degradation at the beginning, and the per-
formance of the cell tested at 700 ◦C failed to recover after switching
the fuel to hydrogen. Moreover, the OCV of the cell tested at 700 ◦C

Fig. 7. Cell stability testing results at a current density of 0.63 A cm−2 under various
syngases at 750 ◦C.
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ig. 8. Cell stability testing results at different temperatures with gas 7 (with a
urrent density of 0.23 A cm−2).

ecreased from 1.105 V to 9.87 V and kept decreasing as the gas
ow rate for either the fuel or air changed. In our experience, this
henomenon suggests that the electrolyte is cracked. For the cell
ested at 650 ◦C, the performance can be recovered slowly from the
egradation under syngas.

. Discussion

.1. Effect of carbon deposition on degradation behavior

It can be seen from degradation testing results that the cells
ested at 750 ◦C and 650 ◦C have different degradation behaviors
nd structural changes that are related to carbon deposition. This
imilarity indicates that the dominant degradation mechanism may
ary at different operation temperatures and is the effect of carbon
eposition. Usually, electrochemical impedance spectroscopy (EIS)
an provide more detailed information regarding electrode degra-
ation behavior. Fig. 9 shows the EIS results obtained at OCV for the
ell fueled with gas 7 at 750 ◦C and 650 ◦C.

Two different degradation modes can be observed in Fig. 9 for
he cell tested at different temperatures. The cell tested 750 ◦C
xhibits resistance increases both in series resistance (Rs) and
olarization resistance (Rp). The increase of Rp mainly contributes
o the high frequency arc, while the low frequency arc has little to do
ith the resistance increase. The cell tested at 650 ◦C shows a neg-

igible increase in Rs but a great increase in Rp, which contributes
o both the high frequency and the low frequency arcs.

The significant carbon deposition zone close to the anode sur-
ace in the cell tested under gas 7 at 750 ◦C (Fig. 3f) should be the
eason for the increase of Rs, as shown in Fig. 10a. Therefore, the
urface conductivity was measured using the four-probe method
or the anode of the as-tested cell. The surface conductivity for the
ailed cell tested at 750 ◦C was only 432 S cm−1, which was much
ess than the surface conductivity of a normal cell, approximately
178 S cm−1. The large decrease in anode conductivity due to car-
on deposition on the anode surface explains the increase of Rs for
he cell tested at 750 ◦C.

Investigations have shown that the polarization increases at the
ccurrence of carbon deposition because the carbon may deposit
n the triple phase boundaries (TPBs) to stop the electrochemi-

al reactions or block the pores to stop the fuel diffusion to the
node functional layer [30,31]. The anode gas diffusion process
as reported [32,33] to correspond only to the low frequency arc

n the impedance spectra. For the cell tested at 750 ◦C, however,
he increase in polarization resistance is attributed to the high fre-
Fig. 9. EIS obtained under OCV at different time intervals at (a) 750 ◦C and (b) 650 ◦C.

quency arc, which indicates that the solid carbon deposited on the
anode may not block the pores to cause fuel shortage in the anode.
Although there is no obvious carbon deposition zone inside the
anode (Fig. 3d and e), the solid carbon still has the possibility to
deposit on the TPBs at 750 ◦C, which can result in the increase of
high frequency part of EIS. Another possible reason for the increas-
ing high frequency arc is that the decrease of anode conductivity
may impede the charge transfer process of the electrochemical
reactions.

For the cell tested at 650 ◦C, a great amount of carbon has been
observed inside the anode (Fig. 5d). Therefore, the carbon may
impede the fuel diffusion, which can result in an increase in the
low frequency part of EIS. Furthermore, the carbon deposited on the
TPBs should be responsible for the increase in the high frequency
part of the EIS.

The conductivity decrease caused by anode structure damage is
an important reason for the degradation caused by carbon deposi-
tion at 750 ◦C. Solid carbon may also deposit on the TPBs to impede
the electrochemical reactions in the anode. By contrast, the degra-
dation at 650 ◦C should be mainly attributed to solid carbon formed
inside the anode to impede the fuel diffusion and electrochemi-
cal reactions because no significant anodic structure damage was
observed and the performance degradation was partly reversible.
4.2. Effect of carbon deposition on anode microstructure at 750 C

As discussed above, the increase of the ohmic resistance of the
anode is an important reason for cell degradation when the carbon
deposition occurs. This unwanted phenomenon is usually due to



T. Chen et al. / Journal of Power Sources 196 (2011) 2461–2468 2467

F ith hy

t
t
u
g
p
r

d
i
a
A
c
c
a

h
e
1
l
c

ig. 10. Transmission electron microscope result of the anode (a and b) operated w

he formation of a new insulating phase or due to a breakdown of
he Ni network. The XRD analysis for the anode of the cell tested
nder gas 7 showed that no new phases were detected besides
raphite, nickel and YSZ. Therefore, the formation of an insulating
hase such as nickel carbide may not be responsible for the ohmic
esistance increase.

Further identification of the change in the anode was con-
ucted by TEM analysis using three kinds of samples. These samples

nclude the cell operated under humidified hydrogen, the cell oper-
ted under gas 7 for 15 min and the cell operated under gas 7 for 2 h.
ll of the cells were operated at 750 ◦C and were polished to remove
athode and electrolyte so that the investigation was focused on the
arbon deposition zone approaching the anode surface. The EDX
nalysis was then used to identify different particles.

Fig. 10a and b shows that the cell operated under hydrogen

ad the anode in which the nickel and YSZ were bonded tightly
ven after grinding the sample into particles for TEM analysis. After
5 min of operation under gas 7 (Fig. 10c), a 10 nm thick carbon

ayer was observed evenly surrounding the nickel particles. The
arbon layer became much thicker after exposure to syngas for 2 h,
drogen; (c) operated with syngas 7 for 15 min; (d–f) operated with syngas 7 for 2 h.

and the Ni particles became smaller (Fig. 10d and f). The Ni parti-
cles had sizes in the nanometer range and were separated from the
zirconia by the carbon layer. The separated YSZ bones can also be
found in the sample (Fig. 10e). This phenomenon is similar to the
metal dusting effect in corrosion science.

In the metal dusting theory [34–36], pure nickel or nickel-based
alloys exposed to carbon supersaturated gas at high temperatures,
i.e., 800 ◦C, can be disintegrated into fine powders by deposited
carbon. This mechanism has been validated, and it involves sev-
eral microprocesses. First, the carbon deposits on the nickel and
forms randomly oriented base planes on different nickel lattice
planes. Second, the graphite grows into the metal through certain
nickel lattice surface. Although it is not in agreement with the lat-
tice surface in the preferred diffusion path, the only feasible driving
force for carbon diffusion is provided by the difference between the

supersaturated activity at the gas–metal interface and the activ-
ity of the matrix at the precipitation site [37]. Finally, the nickel
disintegrates into powders after graphite penetration.

In the present investigation, the anode is 50 wt% Ni-based
cermet, and some of the fuels (gases 6 and 7) are carbon super-
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aturated. All of these parameters agree with the conditions
or metal dusting. Moreover, the porous structure of the Ni/YSZ
ermet results in a large metal surface area and a large amount of
rain boundaries exposed to the fuel. This porous structure may
ccelerate the metal dusting because the nucleation of graphite
s preferred on grain boundaries and sub-boundaries of the metal
38] according to the metal dusting mechanism.

Therefore, the impact of deposited carbon on the Ni/YSZ cer-
et at high temperatures (e.g., 750 ◦C) can be accounted for by

sing the metal dusting theory. According to this mechanism, the
arbon deposited on the nickel can penetrate into the nickel parti-
les and initiate the metal dusting process. The continuous dusting
rocesses will break the contact of nickel particles, resulting in a
ecrease in conductivity. The metal dusting can also introduce extra
tress that can lead to deformation of the anode and finally the frac-
ure of the electrolyte. This behavior was observed in some of the
ailed cells in this study.

. Conclusions

The Ni/YSZ anode-supported SOFCs were operated under var-
ous simulated syngases at different temperatures to investigate
he degradation behavior of the cells caused by carbon deposition.
he results showed that the carbon morphology and the cell per-
ormance degradation were significantly influenced by operation
emperature. The stability of the cell fueled with syngas could be
mproved by applying a constant current, but the cell degraded
uickly after the occurrence of deposited carbon. The microstruc-
ure damage close to the anode surface induced a conductivity
ecrease, which is an important factor in the cell degradation and
ailure at 750 ◦C. However, the degradation behavior at 650 ◦C is due
o solid carbon deposits inside the anode that impede fuel diffusion
nd electrochemical reactions on the anode side. The Ni corrosion
ue to deposited carbon at 750 ◦C was observed and may lead to
irect structural damage of the anode.
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