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a b s t r a c t

A solid oxide fuel cell (SOFC) was set up with a porous disk of gadolinia-doped ceria (GDC)-added FeCr as
a gas diffusion layer under direct-methane feeding. The addition of GDC was done by mixing GDC powder
with FeCr powder before disk fabrication, or by coating GDC powder or impregnating GDC precursor to
the surface of the porous FeCr disk. When GDC was added by mixing, the direct-methane SOFC (DM-SOFC)
performance degraded very rapidly. When GDC was added by either powder coating or impregnating,
eywords:
eCr alloy
as diffusion layer
adolinia-doped ceria

the DM-SOFC performance can be relatively stable. Both the current density and the CO2 selectivity with
GDC addition by impregnating are larger than those by powder coating.

© 2009 Elsevier B.V. All rights reserved.
urface modification
ethane

olid oxide fuel cell

. Introduction

Methane is an important fuel for the solid oxide fuel cells
SOFCs). A great deal of research efforts have been put on the con-
ersion of methane fuel into hydrogen-rich gas as required for
he electrochemical reaction on the anode. Recently, the SOFCs
ith internal reforming, either direct or indirect internal reform-

ng [1–3], have attracted much attention since the requirement for
separate fuel reformer can thus be eliminated and the efficiency is

ncreased by effective utilization of the waste heat. Depending on
he operating conditions, the heat consumed by internal reform-
ng can vary from 40 to 70% of the total heat produced in a fuel cell
1]. Therefore, internal reforming SOFC is energy efficient. However,
ver the usual Ni anode, coking is a well-known problem when
ethane is used as the fuel. Although the coking problem may be

vercome by adding enough steam into the fuel stream, the dilu-
ion of the fuel by the steam becomes a problem [1] in addition to
he extra heating energy required to produce the steam. The direct-

ethane SOFCs (DM-SOFCs) with either an inert porous layer [4] or
catalytic layer [5] placed between the anode and the fuel stream

s promising to reduce or even solve the coking problem.

Methane decomposition occurs over the Ni anode in DM-SOFCs

6–9]. At high temperatures, methane may decompose to produce
he C species, the reaction being CH4 → C + 2H2. The deposition of
he C species over Ni may cause coking [10], which can cause very

∗ Corresponding author. Tel.: +886 3 5716260; fax: +886 3 5715408.
E-mail address: tjhuang@che.nthu.edu.tw (T.-J. Huang).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.02.018
rapid deactivation of the SOFC anode; consequently, the removal of
the deposited carbon should be important. However, a carbon SOFC
has been proposed to utilize the deposited carbon as a fuel [11].
Huang and Huang [12] have confirmed that the deposited carbon
can be fully utilized for the generation of the electrical current in
DM-SOFCs.

The FeCr alloy can be used as the interconnect materials for inter-
mediate temperature SOFCs [13]. Thus, FeCr can be utilized as the
current collector over the SOFC anode. A porous FeCr disk has been
used as the gas diffusion layer (GDL) and also as the current col-
lector over the anode side of a DM-SOFC to achieve a stable SOFC
performance [14]. Additionally, the surface of the FeCr disk has been
modified by adding powders of yttria-stabilized zirconia (YSZ) and
Ni-YSZ; these surface-modified FeCr disks result in an improved
DM-SOFC performance than that without surface modification [14].

The doped ceria-coated Ni anode has been used for direct uti-
lization of methane in low-temperature SOFCs [15]; the coating
of Sm-doped ceria with the impregnating method to a porous Ni
anode layer enhances the anode performance. Therefore, the addi-
tion of doped ceria by impregnating onto the surface of the porous
FeCr GDL would be beneficial in association with direct-methane
feeding. However, the method of addition can also be powder coat-
ing onto the surface [14] or mixing into the bulk of the FeCr disk;
thus, it would be interesting to study the effect of the method of

addition of doped ceria.

In the work, various gadolinia-doped ceria (GDC)-added FeCr
disks were used as the GDL and also as the current collector over the
anode of the DM-SOFCs. The method of GDC addition to the porous
FeCr disk showed a large effect on the DM-SOFC performance.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:tjhuang@che.nthu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.02.018
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Fig. 2 shows that, the method of GDC addition to the GDLs can
affect the DM-SOFC performance quite largely. This is due to the
fact that the SOFCs with direct-methane feeding need fuel pro-
cessing, which means internal methane processing in this work,
to avoid or reduce the extent of anode coking [14]. Notably, internal
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. Experimental

.1. Preparation of GDC-added FeCr disk

The GDC powders were prepared by a co-precipitation method.
he details of the method have been reported elsewhere [16]. The
alcination of the GDC powders was performed by heating in air at
rate of 10 ◦C min−1 to 300 ◦C and held for 2 h, and then to 700 ◦C

nd held for 4 h, and then slowly cooled down to room temperature.
DC of this work is (GdO1.5)0.1(CeO2)0.9.

The porous FeCr disk was prepared by mixing FeCr powder
Goodfellow, Fe 87.5% and Cr 12.5%, particle size 45 �m) and
raphite powder (Aldrich, synthetic, particle size <20 �m) in a
eight ratio of graphite:FeCr of 3:4. 0.5 g of the mixture powders
ere compressed with 10 ton into a disk. Then, the disk was cal-

ined at 1200 ◦C to make it porous. The FeCr disk has a porosity of
8%, an area of 1 cm2 and a thickness of 0.22 cm.

The GDC-added FeCr disk was prepared by three methods of GDC
ddition:

1) Mixing: this modifies the bulk property of the FeCr disk. The
FeCr powder, the graphite powder and the GDC powder were
mixed in a weight ratio of graphite:FeCr:GDC of 3:4:1.05, result-
ing in 26% GDC with respect to the weight of FeCr. 0.575 g of
the mixture powders were compressed with 10 ton into a disk.
Then, the disk was calcined at 1200 ◦C to make it porous. This
GDC-added FeCr disk has a porosity of 78%, an area of 1 cm2 and
a thickness of 0.25 cm.

2) Powder coating: this modifies the surface property of the FeCr
disk. 0.075 g of the GDC powder was mixed physically into the
porous FeCr disk, resulting in 26% GDC with respect to the
weight of FeCr. Intensive shaking was done in an effort to make
the powders distributing uniformly in the pores of the FeCr disk.
Then, the disk was calcined at 800 ◦C to fix the powders to the
surface of the porous disk.

3) Impregnating: this also modifies the surface property of the
FeCr disk. The porous FeCr disk was impregnated with a solu-
tion of GDC precursor equivalent to 26% GDC with respect to
the weight of FeCr. After drying, the disk was heated to 800 ◦C
to form GDC over the surface of the porous disk.

.2. Construction of the SOFC unit

The commercial YSZ tape (156 �m thickness, Jiuhow, Taiwan)
as employed to make an electrolyte-supported cell. A disk of

.25 cm diameter was cut from the tape. One side of the disk was
oated with the Ni-YSZ paste, which was made of 60 wt% Ni-YSZ
owder, corn oil, polyvinyl butyral and ethanol. The other side of
he disk was screen-printed with a thin layer of Pt paste (Heraeus,
3605P) to make the cathode layer.

The method of the coating of the Ni-YSZ paste to make the anode
ayer has been described elsewhere [12]. The thus-prepared unit
ell has an anode area of 1 cm2, an anode thickness of about 30 �m,
n electrolyte thickness of 156 �m, a cathode area of 1 cm2 and a
athode thickness of about 5 �m. These thicknesses were measured
rom a scanning electron micrograph plot of the cross section of the
nit cell.

The unit cells were closely connected with the GDC-added FeCr
isk on the anode side for current collection and then with the Pt

ires to the current and voltage measurement unit. The ceramic
aste was used to seal the unit cell in a quartz tube with a heat
reatment of 400 ◦C for 1.5 h so as to complete the preparation of
he test unit with a single cell. The anode side of the unit cell was
ealed in the quartz tube and the cathode side was exposed to the
tagnant air.
wer Sources 191 (2009) 555–559

2.3. Activity tests of unit cell

A voltage of 0.61 V was maintained for all tests in this work. The
test temperature was fixed at 800 ◦C. For reduction, the feed to the
anode side was 10% H2 in argon. For the H2 test, the fuel to the anode
side was 10% H2 in argon. For the direct-methane test, the fuel to
the anode side was 10.5–70% methane in argon. The flow rate was
always 100 ml/min passing the anode side.

The test started with the reduction of the anode at 400 ◦C in
10% H2 for 1 h. Then, pure argon flow was passed for 2 h to purge
the system. The test unit was then heated in argon to 800 ◦C at
a rate of 5 ◦C min−1. Then, 10% H2 was introduced for 30 min to
carry out the H2 test; pure argon flow was then introduced until
the measured electrical current became zero. The DM-SOFC test was
then carried out with introducing methane fuel flow for 360 min.
Then, the anode-side flow was switched to pure argon.

During the test, the electrical current, the voltage, and the out-
let gas compositions were always measured. The compositions
of CO and CO2 were measured by CO-NDIR and CO2-NDIR (non-
dispersive infrared analyzer, Beckman 880), respectively. Other gas
compositions were measured by two gas chromatographs (China
Chromatography 8900) in series.

3. Results and discussion

3.1. Effect of addition method on current density

Fig. 1 shows the H2-test results of the SOFCs with various GDC-
added FeCr disks as GDLs. The steady-state current densities were
obtained in all cases and had the same value. This indicates that the
method of GDC addition to modify the FeCr GDLs does not affect the
performance of the hydrogen-fed SOFCs. This is due to the fact that
the SOFCs with hydrogen as the fuel do not need fuel processing.
Therefore, the FeCr GDLs functioned only as the current collector. It
is also confirmed that the method of GDC addition does not affect
the property of the FeCr GDLs for the current collection.
Fig. 1. Effect of the method of GDC addition on the measured currents with 10% H2

as the fuel. Closed circuit at 800 ◦C and constant voltage of 0.61 V.
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syngas (CO plus H2) as the fuel has led to the observation that
the reactivity of CO is higher than that of H2; this is attributed to
the stronger C-metal interaction than the H-metal interaction [17].
However, hydrogen should have some adsorption affinity on the Ni
surface under the conditions of this work; the above result indi-
ig. 2. Effect of the method of GDC addition on the measured currents with 10.5%
H4 as the fuel. Closed circuit at 800 ◦C and constant voltage of 0.61 V.

ethane processing means that methane is internally reformed by
he oxidized products formed over the anode. When GDC was added
y mixing, the current density decreased very rapidly after about
0 min. However, when GDC was added by either impregnating or
ower coating, the current density can become much higher than
hat by mixing and also has only a mild decrease or even a gradual
ncrease. Notably, after 360 min of operation, the performance of
he DM-SOFC with the GDL of GDC addition by impregnating may
ecome worse than that by powder coating. However, an intermit-
ent operation [12] has been proposed for the DM-SOFCs to produce
ot only continuous but also relatively stable electrical current. The
peration time of 360 min CH4 feeding in this work is much longer
han that of 5 min CH4 feeding, followed by 20 min Ar flow to form a
ycle, in the above-proposed intermittent operation; thus, a much
onger cycle in this intermittent operation can be considered for the
M-SOFCs of this work.

The above results indicate that modifying the surface prop-
rty of the FeCr GDL with GDC addition by either powder coating
r impregnating can lead to a good activity of internal methane
rocessing and thus result in a good DM-SOFC performance. How-
ver, mixing the GDC powder into the bulk structure of the FeCr
DL did not have good methane processing activity and thus the
M-SOFC performance degrades very rapidly. Therefore, only the

urface property of the FeCr GDL should be modified but not its bulk
roperty.

.2. Effect of addition method on methane conversion and
roducts formation

Fig. 3 shows the product formation rates and the CH4 conver-
ion rate with 10.5% CH4 as the fuel in the SOFCs with various
DC-added FeCr GDLs. Within the detection limit of the gas chro-
atograph used in this work, no H2O vapor was detected in all

he tests of Fig. 3. Without H2O formation, the major CH4 reac-
ion during these DM-SOFC operations should be the dissociation
f methane without hydrogen oxidation. Notably, the DM-SOFC
perations without H O formation have been observed previously
2
ither in an SOFC with GDL [14] or in one without GDL [12]; this
s attributed to a stronger interaction of the C species with the
atalyst surface than that of hydrogen; restated, hydrogen cannot
ompete with the C species to be adsorbed onto the Ni surface of
wer Sources 191 (2009) 555–559 557

the anode [14]. Additionally, the SOFC operations with the coal
Fig. 3. Effect of the method of GDC addition on the product formation rates and
the CH4 conversion rate with 10.5% CH4 as the fuel. GDC added to FeCr GDL by
(a) mixing, (b) powder coating, and (c) impregnating. Closed circuit at 800 ◦C and
constant voltage of 0.61 V.
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ates that this adsorption affinity is small and the amount of H2O
ormed by the oxidation of the adsorbed H2 would be too small to
e detectable.

Fig. 3a shows that, in the SOFCs with the GDL of GDC addi-
ion by mixing, the rate of hydrogen formation can be larger than
wo times that of methane conversion, i.e. �H2 > 2�CH4, where

H2 is the hydrogen formation rate and �CH4 is the methane
onversion rate. This is attributed to the CHx species with x /= 0
ormed by CH4 dissociation and the deposition of these CHx species.
otably, due to the limitation of the gas chromatograph, the H2
easurement was carried out every 10 min; thus, the profile at the

ery beginning for the case of Fig. 3a cannot be identified. How-
ver, the initial period for the cases of both Fig. 3b and c can be
uch longer due to the stability and thus the profiles at the very

eginning can be identified. Both Fig. 3b and c show that, at the
ery beginning, the CHx adsorption results in low H2 production
ith �(H2) < 2�(CH4). Within a certain period afterwards, high H2
roduction with �(H2) > 2�(CH4) occurs, as shown in Fig. 3a at
min.

After the initial deposition of the CHx species, the simultaneous
ccurrence of the following reactions results in �H2 > 2�CH4:

Hx → C + (x/2)H2 (1)

H4 → C + 2H2 (2)

Notably, �H2 equals 2�CH4 if only reaction (2) occurs. If �H2
s much larger than 2�CH4, a considerable amount of CHx species
hould have been formed over the anode of the DM-SOFCs with the
DL of GDC addition by mixing. If either the CHx or the C species

s not oxidized to form CO and/or CO2 soon enough, the coke could
e formed. The formed coke covers the anode surface and degrades
he SOFC performance. Notably, also, the deposited carbon has been
bserved visually in the GDL and over the anode in every used SOFC
nit.

Fig. 3b shows that, in the SOFCs with the GDL of GDC addition by
owder coating, �H2 is smaller than 2�CH4 before about 60 min of
he SOFC operation. This indicates the formation of the CHx species
ith x /= 0 by CH4 dissociation. Then, �H2 > 2�CH4 occurs. How-

ver, with GDC addition by powder coating, the extent of �H2 being
arger than 2�CH4 is much smaller than that by mixing, indicating
hat the amount of CHx formed is much smaller. This extent is even
maller with GDC addition by impregnating, as shown in Fig. 3c.
ccording to the above discussion, the removal of the CHx species
eeds one more reaction than that of the C species and thus the for-
er would be more difficult than the latter. This may explain why

he DM-SOFCs with the GDL of GDC addition by mixing degrades
ery rapidly but that by either powder coating or impregnating does
ot.

Methane can dissociate to produce the C species, via reaction
2), without forming the CHx species. Notably, the occurrence of

eaction (2) leads to �H2 = 2�CH4; this is confirmed by the results
or the SOFCs with the GDL of GDC addition by either powder coat-
ng or impregnating, as shown in Table 1. Additionally, the above
iscussion indicates that the formation of the CHx species is minor

n these DM-SOFCs. Therefore, in these DM-SOFCs, methane dis-

able 1
ffect of the method of GDC addition on the averageda current density, methane conversi

ethod of GDC addition Current density (mA/cm2) �CH4
b

owder coating 82.16 19.5
mpregnating 88.49 22.8

a The averaged value of the data taken during the SOFC operation from 200 to 300 min.
b Methane conversion rate in �mole cm−2 min−1.
c Formation rate in �mole cm−2 min−1.
d Defined as CO2/(CO + CO2).
wer Sources 191 (2009) 555–559

sociation to produce the C species via reaction (2) is the major
reaction.

Fig. 3b also shows that, in the SOFCs with the GDL of GDC addi-
tion by powder coating, the CH4 conversion rate can be larger than
the (CO + CO2) formation rate. This indicates the deposition of the
C species, i.e. �C /= 0:

�C = �CH4 − �(CO + CO2) (3)

where �C is the rate of formation of the deposited C species and
�(CO + CO2) is the rate of formation of CO and CO2. Notably, Fig. 3a
shows that there can be �(CO + CO2) > �CH4; this indicates the oxi-
dation of the previously deposited C species to form the carbon
oxides.

The C species produced by methane dissociation over the anode
can react electrochemically with the oxygen-ion species (O2−) from
the cathode to produce CO2 and CO [18]:

C + 2O2− → CO2 + 4e− (4)

C + O2− → CO + 2e− (5)

In the GDL, the C species can be oxidized by the O species, the
lattice oxygen species of GDC, via the following de-coking reactions
[14]:

C + 2O → CO2 (6)

C + O → CO (7)

Thus, the methane conversion rate can be equal to the (CO + CO2)
formation rate—that is, �CH4 = �(CO + CO2) and thus �C = 0. Fig. 3c
shows that this is the general case in the SOFCs with the GDL of
GDC addition by impregnating. A comparison between Fig. 3b and
c shows that the extent of �CH4 being larger than �(CO + CO2)
in the GDL with GDC addition by impregnating is much smaller
than that by powder coating. This indicates that the extent of car-
bon deposition is much smaller or the de-coking activity much
larger with GDC addition by impregnating than by powder coat-
ing. Therefore, the coking problem in the SOFCs with the GDL of
GDC addition by impregnating can be less than that by powder
coating.

3.3. Effect of addition method on CO2 selectivity

Fig. 4 shows the effect of the method of GDC addition on CO
and CO2 formation rates with 10.5% CH4 as the fuel. The behavior
of CO and CO2 formations in the SOFCs with the GDL of GDC addi-
tion by powder coating is somewhat similar to that by mixing but
very much different from that by impregnating. With GDC addition
by either mixing or powder coating, the rate of formation of CO2
is always larger than that of CO, as shown in Fig. 4a and b. With
GDC addition by impregnating, the rate of formation of CO can be

larger than that of CO2 although only for a short period, as shown
in Fig. 4c. However, the rate of formation of CO2 with GDC addi-
tion by impregnating increases and reaches a relatively stable state
while that by powder coating decreases gradually; thus, the CO2
selectivity with GDC addition by impregnating is larger than that

on rate, product formation rates and CO2 selectivity with 10.5% CH4 as the fuel.

H2
c CO2

c CO c CO2 selectivityd

38.9 12.63 6.68 0.654
45.4 16.96 6.88 0.711
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Fig. 4. Effect of the method of GDC addition on the formation rates of CO and CO2

with 10.5% CH4 as the fuel. GDC added to FeCr GDL by (a) mixing, (b) powder coating,
and (c) impregnating. Closed circuit at 800 ◦C and constant voltage of 0.61 V.
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by powder coating, as shown in Table 1. Notably, with GDC addi-
tion by mixing, the DM-SOFC performance degraded very rapidly,
as also shown in Fig. 4a, and thus no averaged value was reported
for this case in Table 1. In any case, the overall rate of formation
of CO2 is much larger than that of CO; notably, the overall rate of
formation of CO is much larger than that of CO2 in the DM-SOFCs
without a GDL [14].

The electrochemical formation of CO involves two electrons
while that of CO2 involves four electrons, with each oxygen ion car-
rying two electrons; thus, the current density with the formation
of CO2 is two times that of CO in terms of the utilization of carbon
in methane. Thus, for the DM-SOFCs, a larger CO2 selectivity should
mean better fuel efficiency. Table 1 shows that the averaged rate of
formation of CO2 is much larger than that of CO. Huang and Huang
[14] have reported that, in an SOFC with FeCr GDL surface modified
by coating with YSZ powders, the averaged rate of formation of CO
is larger than that of CO2. Therefore, adding GDC to the FeCr GDL
showed a better fuel efficiency than that of adding YSZ. Addition-
ally, the generated current density with the former is larger than
that with the latter. This is due to the fact that GDC has a larger
oxygen storage capacity than that of YSZ.

The addition of GDC by impregnating can result in a higher
extent of the dispersion of the GDC species than that by powder
coating. Higher extent of GDC dispersion can result in larger amount
of the Fe-GDC interface, which can act as the active site for the dis-
sociation of methane and also for the supply of the O species to
gasify the deposited carbon. Notably, the surface lattice oxygen of
GDC alone can act as the active site for the dissociative adsorption of
CH4 [19]. Thus, higher extent of GDC dispersion can result in larger
amount of the active sites and increase the de-coking capability;
consequently, the DM-SOFC performance can be enhanced. There-
fore, the current density, the methane conversion rate, the product
formation rates and the CO2 selectivity of the SOFCs with the GDL
of GDC addition by impregnating are all larger than those by pow-
der coating, as shown in Table 1. This indicates that the method of
GDC addition by impregnating can be better than that by powder
coating for the DM-SOFC performance.

4. Conclusions

In an SOFC with the FeCr GDL of GDC addition by mixing, the
performance of direct-methane operation degraded very rapidly.
In those by either powder coating or impregnating, the DM-SOFC
performance can be relatively stable. Both the current density and
the CO2 selectivity with GDC addition by impregnating are larger
than those by powder coating.
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