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a  b  s  t  r  a  c  t

Ni  modified  Sr2Fe1.5Mo0.5O6 (SFM)  and  La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)  anodes  have been  studied  as
anode materials  for solid  oxide  fuel cells  (SOFCs).  Temperature-programmed  reduction  (TPR)  results
show  that Ni  promotes  the oxidation  of  H2 on  SFM.  As a result,  a  cell  with  Ni-SFM  as  the  anode,
La0.8Sr0.2Ga0.83Mg0.17O3 (LSGM)  as  the electrolyte,  and  La0.6Sr0.4Co0.2Fe0.8O3 (LSCF)  as  the  cathode  shows
a  high  peak  power  density  of 1166  mW  cm−2 at 800 ◦C  using  H2 as the  fuel and  ambient  air  as  the oxidant.
Ni  modified  SFM  also  shows  enhanced  performance  in CH4 (with  3  vol%  H2O).  Compared  with  SFM,  Ni-
SFM  anode  demonstrates  enhanced  catalytic  activity,  resulting  in higher  open-circuit  voltage  and  lower
erovskite oxides
i

mpregnation

electrode  polarization  resistance  in  CH4. However,  due  to the  presence  of  Ni, the  sulfur  tolerance  of  these
Ni-modified  anodes  is  still low.  The  cell  performance  drops  by  almost  18%  after  the  cell  with  Ni-SFM  anode
has  been  operating  for 20 h in  a fuel  of  H2 with  100  ppm  H2S at 800 ◦C.  However,  the  cell  performance  can
be  fully  recoverable  upon  removal  of H2S from  the  fuel  stream.  Similar  cell performance  improvements
have  also  been  observed  on  cells  with  Ni modified  LSCM  anodes.  The  cells  with  the Ni-LSCM  anodes  have
shown  relatively  stable  performance  during  the  short-term  durability  test  at  800 ◦C  in CH4 at  800 ◦C.
. Introduction

The intrinsic high efficiency in energy conversion of solid oxide
uel cells (SOFCs) makes them promising devices for generating
lectricity. In order to improve their performance in various fuels,
lternative anode materials have recently received a lot of atten-
ions [1–5]. Compared with the conventional Ni-based cermets
node, ceramic materials show advantages in their stabilities when
he cell is fed with fuels containing hydrocarbons and hydrogen sul-
de or cycled in different atmospheres [6]. However, their overall
ell performance is still relatively low and needs to be improved.
enerally, the performance of ceramic anode materials is limited
y their electrical conductivity and catalytic activity. In some cases,
he cell performance can be improved dramatically by introducing

 small amount of precious metal catalysts. This indicates that the
atalytic activity of the ceramic materials may  be a restraint on
mproving their performance [7,8].

Among the non-precious metal catalysts, Ni is an important
ne that shows high catalytic activity for H2 oxidation and many

ther hydrocarbon reforming reactions but suffers from coke
eposition [9,10].  However, such degradation issues of Ni cat-
lysts can be suppressed by dispersion of the Ni catalyst on

∗ Corresponding author. Tel.: +1 803 777 4875; fax: +1 803 777 0106.
E-mail address: chenfa@cec.sc.edu (F. Chen).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.10.103
© 2011 Elsevier B.V. All rights reserved.

appropriate catalyst supports [11]. Most ceramic anode materials
are mixed ionic and electronic conductors (MIECs), a property that
may  promote catalytic oxidation reactions, making them poten-
tial supports for Ni with coke suppression capability. Recently, Ni
has been applied to ceramic anodes as a catalyst [12]. By impreg-
nating La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) with some Ni, the fuel cell
performance in both hydrogen and methane has been enhanced
dramatically. At 850 ◦C, the peak power density was  362 mW cm−2

in CH4 for YSZ electrolyte-supported single cells using Ni-modified
LSCM as anodes, which is much higher than the power density of
cells with pure LSCM anode [13]. Similar improvements on the cell
performance have also been observed on Sr2Fe1.5Mo0.5O6 (SFM) by
our group [14]. Benefited from the redox-stable ceramic material,
the cells with the anodes modified by Ni also showed good redox
stability [15]. Overall, these results suggest that Ni-modification
may  be considered as a promising strategy to modify ceramic
anodes.

In this work, the catalytic activity and cell performance of Ni
modified SFM and LSCM anodes have been studied.

2. Experimental
2.1. Material preparation

SFM and LSCM were made by a combustion method. The metal
precursors were Sr(NO3)2, Fe(NO3)3·9H2O, (NH4)6Mo7O24·4H2O,

dx.doi.org/10.1016/j.jpowsour.2011.10.103
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:chenfa@cec.sc.edu
dx.doi.org/10.1016/j.jpowsour.2011.10.103


44 G. Xiao et al. / Journal of Power S

F
c
w

L
a
u
t
u
c
fi
p
i
p
L
b

u
c
g
T
c
(
t
a
e

2

b
m
1
i

f
T
a
1

2

e
n
e
w

p

ig. 1. Influence of Ni on the reduction profiles of (a) SFM and (b) Ni-SFM. The
urves were recorded in 5% H2 in Ar at a ramp rate of 10 ◦C min−1. The powders
ere degassed and reoxidized at 400 ◦C before testing.

a(NO3)3·6H2O, Cr(NO3)3·9H2O and Mn(NO3)2·4H2O which were
ll purchased from Alfa Aesar. For synthesis of SFM, citric acid was
sed to adjust the pH value of the ammonium molybdate solu-
ion to prevent precipitation of other metal cations. Glycine was
sed as the combustion agent for both SFM and LSCM. After the
ombustion process, the precursor powders of SFM and LSCM were
red at 1000 ◦C and 1100 ◦C respectively for 5 h to form the pure
hase. La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) was also synthesized by a sim-

lar combustion method. Citric acid was used as the fuel. The LSCF
owder was obtained by firing the precursor at 1050 ◦C for 5 h.
a0.8Sr0.2Ga0.83Mg0.17O3 (LSGM) electrolyte powders were made
y the solid-state reaction method described elsewhere [16].

Crystalline structures and phases of all the powders were eval-
ated by powder X-ray diffraction (XRD). The XRD experiment was
onducted on a D/MAX-3C X-ray diffractometer equipped with a
raphite monochromator. Cu K� radiation (� = 1.5418 Å) was  used.
he scanning rate was 5◦ min−1. Microstructures of the Ni modified
eramic materials were studied by a scanning electron microscope
SEM, FEI Quanta and XL 30) equipped with a secondary elec-
ron detector. The accelerating voltage was 30 kV. The Ni loading
mount was determined by an energy dispersive X-ray spectrom-
ter (EDX) of the SEM on the anode area.

.2. Temperature-programmed reduction (TPR)

For the TPR experiment, the Ni modified samples were prepared
y grinding a mixture of SFM and Ni(NO3)2·6H2O in an ethanol
edium. The mixture was dried and annealed at 500 ◦C in air for

 h. The Ni loading amount was set as 2 wt% according to the value
n the impregnated anode in cell tests.

Before the TPR test, the powder was degassed at 400 ◦C in N2
ollowed by a re-oxidation in 10% O2 at the same temperature.
he sample was subsequently cooled down to room temperature
nd the TPR data was collected in 5% H2 in Ar with a ramp rate of
0 ◦C min−1 from room temperature to 800 ◦C.

.3. Cell testing

Electrolyte-supported cells were prepared for cell testing. LSGM
lectrolyte pellets were sintered at 1400 ◦C for 5 h and their thick-
ess was about 250 �m.  Electrode inks were made by mixing the

lectrode powders with a commercial binder (Heraeus V006) in a
eight ratio of 1:1.5.

For the cells with SFM anode, the anode and cathode were
rinted on each side of LSGM electrolyte pellets and co-fired in
ources 201 (2012) 43– 48

air at 1100 ◦C for 1 h. The cells with LSCM anode were prepared in
two steps. The LSCM|LSGM half cells were fired in air at 1250 ◦C
for 2 h. Subsequently, the LSCF cathode was painted on the other
side of the LSGM electrolyte and fired in air at 1100 ◦C for 1 h. The
effective cathode area was about 0.33 cm2.

To make Ni-modified anodes, a 0.5 M Ni(NO3)2 solution was
used to impregnate the ceramic anode. The cell was then fired at
500 ◦C for 1 h prior to the cell testing. According to the EDX analysis,
the Ni loading amount on the ceramic anodes was about 2 wt%.

Au paste was  screen-printed on the anode surface to form a cur-
rent collection layer on the anode. Each electrode was connected
with two  lead wires for current and voltage measurements. Electro-
chemical characterization of the cells was conducted with a Versa
STAT 3-400 test system (Princeton Applied Research). Ambient air
was used as the oxidant. The flow rate of the fuel gas was  set at
40 ml min−1.

3. Results and discussion

3.1. TPR study

Ni plays an important catalytic role in the Ni-based cermets
anode for oxidation of H2. In order to investigate the improvement
on the catalytic activity of Ni modified MIECs, TPR was carried out
on SFM and Ni-modified SFM samples. As shown in Fig. 1a, there
are mainly two reduction peaks for pure SFM. One starts around
170 ◦C and reaches the maximum at about 440 ◦C. The other shoul-
der peak is located around 500 ◦C. Considering that there are two
multi-valence cations, Fe and Mo  in the SFM composition, these
two reduction peaks may  be related to their reductions to lower
valence states. As shown in Fig. 1b, the TPR profiles of Ni-modified
SFM are quite different from those of the pure SFM. The intensity
of the shoulder peak around 500 ◦C decreases and an additional
peak appears around 360 ◦C. The reduction signal also starts at a
lower temperature around 110 ◦C. Even for the strongest reduction
peak, the location of its maximum shifts to around 420 ◦C. Such TPR
features are indicative of the interaction between Ni and the SFM
during the reduction process, which in turn makes the oxidation
of hydrogen on Ni-modified SFM easier. In other words, the cat-
alytic activity of Ni-modified SFM for hydrogen oxidation seems to
be significantly improved by the addition of Ni in the SFM anode.

3.2. Cell performance in hydrogen

The catalytic activity of SFM with or without Ni modification
was studied in a single cell test. Fig. 2 shows the SEM images of the
SFM anode before and after infiltration with Ni. Since the Ni load-
ing amount is relatively small and the pre-treatment temperature is
only 500 ◦C, there is no significant difference in the SFM microstruc-
ture. Additionally, from the enlarged images (Fig. 2b and d), the Ni
particles can still not be distinguishable, suggesting that Ni has been
well dispersed on the surface of SFM particles. The performance
of the cell with the configuration of Ni-SFM|LSGM|LSCF is shown
in Fig. 3 (solid dots) with H2 (3 vol% H2O) as the fuel and ambi-
ent air as the oxidant. The peak power density of the cell reaches
559, 828, and 1166 mW cm−2 at 700, 750, and 800 ◦C, respectively,
demonstrating the cell performance of the Ni modified SFM anode is
significantly higher than that of the cells with the SFM anode (open
dots) tested under similar conditions. The performance of the cells
with Ni-modified anodes is also higher than that of cells containing
other pure ceramic anode materials [17,18]. The improvement in

cell performance suggests that Ni has significantly improved the
catalytic activity of the Ni-SFM anode in H2.

Fig. 4 shows the impedance spectra of the cells with the con-
figuration of Ni-SFM|LSGM|LSCF (solid dots) and SFM|LSGM|LSCF
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Fig. 2. SEM images of SFM an

open dots) using H2 as the fuel under open-circuit conditions at
ifferent temperatures. Each spectrum consists of several arcs. The
igh frequency intercept of the impedance spectra with the real
xis represents the cell ohmic resistance (Rohm), which includes
he resistances from the electrolyte, electrodes and the contact

etween them. The low frequency intercept represents the total
esistance of the cell (Rtotal). The difference between them repre-
ents the cell polarization resistance (Rp) attributed to the electrode

ig. 3. Cell voltage and power density versus current density in wet H2 (3 vol%
2O) of the single cell Ni-SFM|LSGM|LSCF at different temperatures (solid dots) and
FM|LSGM|LSCF at 800 ◦C (open dots).
 and b) and Ni-SFM (c and d).

reactions. It is noticeable that Rohm for the cell with the Ni-SFM
anode is different from that of the cell with the SFM anode at 800 ◦C.
It is probably due to the slight difference in the thickness of the
electrolyte membranes used for the cells. The cell polarization resis-
tance is only about 0.145 � cm2 for the cell with the Ni-SFM anode
at 800 ◦C which is much lower than that of the cell with pure SFM,
about 0.243 � cm2, under the same testing conditions, indicating
good catalytic activity of the Ni-SFM anode. It can be observed that
the high frequency arc of the cell impedance spectra of the cells with
the Ni-SFM anodes decreases with the increase of the cell operating
temperature from 700 to 800 ◦C. The temperature dependences of
Rohm, Rp and Rtotal for the cell with the Ni-SFM anode are shown in
Fig. 5. It can be seen that Rp is more dominant in Rtotal than Rohm at
lower temperatures. However, Rohm becomes more dominant when
the temperature is above 800 ◦C. The ratio of R to R decreases
p total
from 57% at 700 ◦C to 49% at 800 ◦C. Rohm comes primarily from the
LSGM membrane based on the thickness of the LSGM electrolyte
and the conductivity of LSGM [16]. Therefore, it can be expected

Fig. 4. Impedance spectra of the cell Ni-SFM|LSGM|LSCF at different temperatures
(solid dots) and SFM|LSGM|LSCF at 800 ◦C (open dots).
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Fig. 5. Resistances of the cell Ni-SFM|LSGM|LSCF at 700, 750 and 800 ◦C in H2 under
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pen-circuit conductions.

hat the cell performance can be further improved if the thickness
f electrolyte is reduced.

.3. Cell performance in methane

Compared with H2, it is more challenging for ceramic anode
aterials to use hydrocarbon fuels due to their low catalytic

ctivity. The effect of Ni was investigated by characterizing the
lectrochemical performance of the single cells in CH4 (with 3 vol%
2O) with the Ni-SFM anode. The open-circuit voltage (OCV) of

he cells was monitored when the fuel was switched from H2 to
H4. Fig. 6 shows that the OCVs of the cells with Ni-SFM and SFM
nodes both initially dropped. After about 10 h, the OCV of each cell
ecame stable, suggesting that there is no serious coking problem

n the anode or degradation of the cell under open circuit condi-
ions. At 800 ◦C in CH4 (with 3 vol% H2O), the OCV of the cell with
he pure SFM anode is only about 0.77 V while that of the one

ith the Ni-SFM anode reaches 0.98 V. Generally, the theoretical

ig. 6. Open-circuit voltage of the cells with the (1) Ni-SFM anode and (2) SFM anode
n  wet CH4 (3 vol% H2O) at 800 ◦C.
Fig. 7. Impedance spectra of single cells with the Ni-SFM anode and SFM anode in
wet CH4 (3 vol% H2O) at 800 ◦C under open-circuit conditions.

reversible potential E of the SOFCs with oxide ionic conductors as
the electrolyte can be determined by the Nernst equation [19]:

E = RT

4F
ln

Pa
O2

Pc
O2

(1)

where R, T, F, Pa
O2

and Pc
O2

denote the universal gas constant, the
cell operating temperature, the Faraday’s constant and the oxy-
gen partial pressures in the anode and cathode, respectively. For
SOFCs using hydrocarbon fuels, due to the different catalytic activ-
ity of the anode materials, the fuel reaction mechanism may vary,
consequently resulting in a different composition of gas species
in the anode which determines the specific Pa

O2
on the anode sur-

face and in turn changes the potential of the cell. In other words,
the OCV of the cell in methane can reflect the catalytic activity of
the anode material for methane oxidation. Therefore, the improved
OCV shown in Fig. 6 suggests that the catalytic activity of the SFM
anode in methane is improved by loading very small amount of Ni
in SFM.

The improved catalytic activity in methane of the Ni-SFM anode
can be further seen from the cell impedance spectra. As shown in
Fig. 7, the cell with the SFM anode shows very large cell polarization
resistance in methane, which is more than 4.5 � cm2. However,
the polarization resistance of the cell with Ni-SFM anode drops to
0.3 � cm2. Such a change in the cell polarization results in a great
improvement of the cell performance in methane for the cell with
the Ni-SFM anode. As we  have previously reported, the peak power
density reaches up to 600 mW cm−2 in CH4 (with 3 vol% H2O) at
800 ◦C for the cells with the Ni-SFM anodes, which is more than ten
times higher than that of the cells with pure SFM anodes [14].

3.4. Sulfur tolerance

Although the fuel oxidation on ceramic materials can be signifi-
cantly promoted by dispersion of a small amount of Ni, Ni can also
be poisoned by trace levels of H2S in the fuel. Consequently, the sul-
fur tolerance of the Ni modified SFM anode needs to be investigated.
Fig. 8a shows the current density of the cell Ni-SFM|LSGM|LSCF
operated at a constant voltage of 0.7 V at 800 ◦C after the fuel gas
being switched from H2 to H2 with 100 ppm H2S. A continuous
cell performance drop can be seen when the cell is operated in
H2 with 100 ppm H2S. After about 20 h, the cell current density
drops from 1.34 to 1.1 A cm−2. Such a degradation rate in H2 with
100 ppm H2S is much higher than that observed on a SFM anode
with a similar composition in our previous study [18], suggesting
that the cell degradation is mainly due to the presence of Ni in the
Ni-SFM anode. It can be seen from Fig. 8b that the cell polarization

resistance has increased from 0.15 to almost 0.19 � cm2 after the
cell has been operated at a constant voltage load of 0.7 V in H2 with
100 ppm H2S. On the other hand it also indicates that the electrode
activity is significantly affected by the Ni loaded on SFM. However,
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Fig. 8. (a) Performance of the cell Ni-SFM|LSGM|LSCF in H2 with 100 ppm H2S at
0.7 V at 800 ◦C, (b) impedance spectra of the cell in H2 and after stability test in
1
e

b
f
g

3

i
N
F
i
T
l
t
i
c
a
t

S
t
c
r
s

Fig. 9. (a) Cell voltage and power density versus current density in wet H2 (3 vol%
H2O) and wet  CH4 (3 vol% H2O) of the single cell Ni-LSCM|LSGM|LSCF at 800 ◦C and
(b)  impedance spectrum of the cell at 800 ◦C under open-circuit conductions.
00 ppm H2S at 800 ◦C, and (c) performance of the cell in H2 at 0.7 V at 800 ◦C after
xposing to 100 ppm H2S.

enefited from the large content of SFM in the anode, the cell per-
ormance can be fully recovered upon removing H2S from the fuel
as, as shown in Fig. 8c.

.5. Cell performance with different ceramic components

The cell performance of the LSCM anode modified by a sim-
lar amount of Ni (∼2 wt%) in a similar cell configuration (i.e.,
i-LSCM|LSGM|LSCF) has also been studied. As demonstrated in
ig. 9a, at 800 ◦C, the cell peak power density is about 802 mW cm−2

n H2 (with 3 vol% H2O) and 425 mW cm−2 in CH4 (with 3 vol% H2O).
he cell performance of the cells with the Ni-LSCM anodes is slightly
ower than that of the cells with the Ni-SFM anodes, probably due to
he different properties of the ceramic component in the anode. The
mpedance spectra of the cell in different fuels under open-circuit
ondition are shown in Fig. 9b. The cell polarization resistance is
bout 0.19 � cm2 in H2 and 0.52 � cm2 in CH4 at 800 ◦C, comparable
o that of the cells with the Ni-SFM anodes.

The OCV and polarization resistance in CH4 of the Ni modified
FM and LSCM obtained in this work as well as those reported in
he literature are summarized in Table 1. With different ceramic

omponents, the increased OCV and reduced cell polarization
esistance are observed for ceramic anodes with inclusion of Ni,
uggesting that Ni modified ceramic anodes show more attractive
performance in CH4 than the anode of the pure ceramic materials
[13,14,17,18,20].

The stability of the Ni-LSCM anode in CH4 was  investigated by
operating the cell at 0.7 V at 800 ◦C. The current density of the cell
was recorded and is shown in Fig. 10.  An activation process can
be observed in the first 7 h that the current density has increased
from 510 to 610 mA cm−2. When the cell is operated under a cer-
tain current, oxygen ions will be continuously transferred to the
anode side. This may  further improve the anode catalytic activity
for methane reforming and in turn improve the cell performance.
The cell performance is relatively stable in the short-term stability
test.
Fig. 10. Performance of the cell Ni-LSCM|LSGM|LSCF in CH4 (3 vol% H2O)  at 0.7 V at
800 ◦C.
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Table  1
Open-circuit voltage (OCV) and polarization resistance of single cells with different anode materials in methane.

Anode materials Test conditions OCV (V) Polarization
resistance (� cm2)

SFM CH4 (3 vol% H2O), 800 ◦C 0.77 4.5
∼2  wt%  Ni-SFM CH4 (3 vol% H2O), 800 ◦C 0.98 0.3
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[

[

∼2  wt%  Ni-LSCM CH4 (3 vol% H2O), 800 C 

LSCM  [13] Dry CH4, 850 ◦C 

∼11  wt% Ni-LSCM [13] Dry CH4, 850 ◦C 

. Conclusions

A small amount of Ni (∼2 wt%) has been dispersed on SFM and
SCM to improve their catalytic activity. The TPR and single cell test
esults show that the catalytic activity of these ceramic materials
n both hydrogen and methane has been significantly improved.
ue to the sulfur poisoning of Ni, the cell with the Ni-SFM anode
as showed performance degradation when operating in H2 with
00 ppm H2S as the fuel, but such degradation can be recovered
pon removing H2S from the fuel stream. Cells with the Ni modi-
ed ceramic anodes have demonstrated relatively good stability in
hort term operations when using CH4 as the fuel.
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