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Methane-fueled IT-SOFCs with facile in situ inorganic templating
synthesized mesoporous Sm0.2Ce0.8O1.9 as catalytic layer
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bstract

Mesoporous Ce0.8Sm0.2O1.9 (SDC) oxide with high surface area was prepared by a novel glycine-nitrate combustion process with in situ created
ickel oxide as template, and applied as the catalytic layer for methane-fueled solid-oxide fuel cells (SOFCs) operated at reduced temperatures.
he weight ratio of nickel oxide to SDC in the synthesis process was found to have significant effect on both the crystallite size and the textural
roperties of the resulted SDC powder. In particular, when it was at 9, the thermally stable and well-crystallized SDC powder showed a mesoporous
tructure with narrow pore-size distribution, high surface area (77 m2 g−1) and large pore volume (∼0.2276 cm3 g−1), even after the calcination at

00 ◦C for 3 h. The mesoporous SDC was found to favor free gas diffusion with no gas diffusion polarization occurred even at high current density
oth for hydrogen and methane fuels. The SOFC with Ru impregnated mesoporous SDC catalytic layer displayed promising performance with a
eak power density of ∼462 mW cm−2 at 650 ◦C.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are attractive power-generation technologies that
irectly and efficiently convert chemical energy to electrical
ower via the silent and environmental friendly electrochem-
cal way. For most of the fuel cells, high-purity hydrogen is
sually required as the fuel. However, due to the lack of public
ydrogen production, storage and transportation infrastructure,
he wide spread of hydrogen fuel cell may not be so optimistic
ithin the next few decades. The much more matured infrastruc-

ure of gasoline and home gas system makes the hydrocarbon
uel cell more realistic in the near future. Solid-oxide fuel cells
SOFCs) are such kind of fuel cells that can operate directly
ith hydrocarbon fuel without the need of external reforming
rocess. However, because of the less electrochemical activity of
ydrocarbon than hydrogen over the typical nickel-based anode,

better performance electrochemical catalyst for hydrocarbon
xidation is necessary for practical application purpose. Ceria
xide has been found to be an excellent high-active catalyst for

∗ Corresponding author. Tel.: +86 25 83587722; fax: +86 25 83365813.
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ydrocarbon oxidation and cracking [1–5]. Electrochemical oxi-
ation of hydrocarbons using ceria-based anode has also been
uccessfully reported [6–9]. For example, it demonstrated that
he addition of CeO2 to the anode of Cu–Yttria stabilized zir-
onia/SDC cermets significantly enhanced the cell performance
ith hydrocarbon fuels [6].
Recently it was recognized that the ceria in mesoporous state

ould greatly improve the catalytic activity for hydrocarbon
xidation as compared to the bulk ceria [10–12]. Nonperiodic
ierarchical mesoporosity coupled with nanocrystallinity has the
otential to enhance mass transport, ionic and electronic mobil-
ty, and in particular maximize the three-phase-boundary (TPB)
ength in cathode or anode [12]. Significant improvement of fuel
ell performance by applying mesoporous ceria catalytic layer
as been demonstrated [13,14].

Up to now, undoped ceria was mostly applied as the elec-
rocatalyst in SOFCs. Due to the poor ionic conductivity
<10−4 S cm−1), it mainly functioned as the reforming/oxidation
atalyst with improved gas diffusion properties but negligible

ontribution to the extension of the TPB length. The dop-
ng of CeO2 with Sm2O3 or Gd2O3 leads to the substantially
ncrease of the ionic conductivity to a level of ∼0.01 S cm−1

t 600 ◦C and ∼0.1 S cm−1 at 800 ◦C. Therefore, an increase

mailto:shaozp@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2007.04.030
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f the fuel cell performance is possible from the extension of
he TPB length by applying the doped ceria as the catalyst.
or example, it was reported that the coating of the pores of
i/ScSZ (scandia-stabilized zirconia) anode with 2 wt.% nano-

ized Gd0.2Ce0.8O1.9 conducting particles yielded much higher
ower density than that without the ceria modification [13]. The
ombination of high ionic conductivity and mesoporosity of the
oped ceria may result in the substantially increase of the fuel
ell performance. Therefore, in this study we are aimed at the
ynthesis of mesoporous SDC and the application of it as the
lectrocatalyst for reduced temperature methane-fueled SOFCs.

In literature, several methods have been used for the prepa-
ation of mesoporous ceria powders [15–19]. In those methods,
ne and mesoporous ceria powders were produced by applying
elatively expensive surfactants and organic templates. Further-
ore, the synthesized powders always showed poor thermal

nd mechanical stability, which greatly limited their appli-
ation in SOFCs. Here, we reported an innovative in situ
norganic templating process for the facile synthesis of meso-
orous nano-crystalline SDC power with high thermal stability.

glycine-nitrate combustion process (GNP) with in situ cre-
ted nickel oxide as the agglomeration inhibitor and template
as applied for the synthesis of mesoporous SDC powders.
he method takes the advantages of cheap raw material, fast
ynthesis, recyclable inorganic template, high thermally sta-

le and well-crystallized SDC. The as-prepared mesoporous
DC was loaded with Ru and applied as the catalytic layer
or methane-fueled SOFCs operated at intermediate temperature
ith promising performance.

n
m

p

Fig. 1. Schematic diagram for the preparation of mesoporous SDC powder
ources 170 (2007) 251–258

. Experimental

.1. Synthesis of SDC powder and fabrication of fuel cell
EA (Membrane-electrode-assembly) with catalyst layer

A modified glycine-nitrate process was applied for the syn-
hesis of mesoporous SDC, which was schematically shown in
ig. 1. Stoichiometric amount of ceria nitrate (Ce(NO3)3·6H2O,
99%), samarium nitrate (Sm(NO3)3·6H2O, >99%) and nickel
itrate (Ni(NO3)2·6H2O, >99%), according to the aimed ratio,
as prepared into a mixed aqueous solution in a Pyrex breaker.
lycine (NH2–CH2–COOH, 99%) was added to the mixed solu-

ion at the mole ratio of glycine:total metal ions at 2:1. The
olution precursor was then heated at ∼90 ◦C over a hot plate
nder vagarious magnetic stirring until a gel was obtained, which
as then transferred to a heated oven at 250 ◦C for a self-

ustaining combustion. After the reaction, the primary products
ere further calcined at 700 ◦C under stagnant air for 3 h at the
eating/cooling rate of 5 ◦C min−1 to remove the carbon residues
n the powders and form the well-crystallized powders. The as-
btained powders were then soaked with a 3 mol L−1 HNO3
queous solution and heated at 90 ◦C for several hours under
tirring. The nickel oxide in the powder was dissolved by the
NO3 to leave a porous SDC powder, which was then filtered

nd washed with deionized water and ethanol. The obtained

ickel nitrate solution can be recycled and applied as the raw
aterial for the next synthesis.
The anode-supported cells with SDC as electrolyte were pre-

ared by a dual dry-pressing process. Anode powder consisting

via the modified GNP method with in situ created NiO as template.
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f 60 wt.% NiO and 40 wt.% SDC was prepared by high energy
all milling (FRITSCH, Pulverisette 6) of the mixture of NiO
nd SDC. To fabricate a single cell, NiO–SDC anode powder
as firstly pressed as a substrate. SDC powder was added onto

he substrate surface and pressed again to form a bi-layer pellet,
hich was then fired at 1350 ◦C to result in the densification
f the electrolyte layer (area: ∼1.25 cm2). Slurry, consisting of
a0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) (synthesized by a combined
DTA–citrate complexing method [20]) + SDC (30 wt.% SDC),
as applied to the electrolyte surface by painting method, which
as subsequently calcined at 1000 ◦C under air atmosphere for
h to form a porous cathode layer (area: ∼0.48 cm2). For the

ingle cell with the catalytic layer, slurry consisting of 7 wt.%
u-loaded mesoporous SDC was applied onto the surface of
iO + SDC anode layer at 150 ◦C by screen painting method,

ollowed by dried at 250 ◦C for 3 h and in situ calcined at 650 ◦C
nder hydrogen. The Ru-loaded SDC catalyst was prepared by
he impregnation method. For a typical experiment, an appropri-
te amount of RuCl3 and binder PVB was added to a suspension
onsisting of 0.5 g mesoporous SDC powder and 10 mL ethanol,
ollowed by grinding for 30 min with an agate mortar and pestle
nd then well mixed by ultrasonic vibration for 1 h.

.2. Characterization

The lattice structure of the synthesized powders was deter-
ined by X-ray diffraction (XRD, Bruker D8 Advance) using
u K� radiation (λ = 1.54056 Å). The experimental diffraction
atterns were collected at room temperature by step scanning at
he range of 10◦ ≤ θ ≤ 90◦. The peak broadening effect was used
o determine the average crystallite size according to the Scherrer
quation. The N2 adsorption measurement was performed using
BELSORP II instrument at the temperature of liquid nitrogen
o determine the specific surface area, pore volume and pore-
ize distribution of the prepared powders. The specific surface
rea and the pore-size distribution were calculated based on the
runauer–Emmett–Telley (BET) and Barrett–Joyner–Halenda

ig. 2. X-ray diffraction pattern of the powder from the GNP process with nickel
itrate additive: (a) fresh combustion-synthesized powder and (b) the powder
fter further calcined at 700 ◦C for 3 h.
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ig. 3. X-ray diffraction patterns of SDC powders prepared from the NiO-
emplated GNP process at NiO/SDC weight ratio of (a) 0 (without NiO); (b)
; (c) 9. The mirror index is based on the cubic phase of SDC.

BJH) methods, respectively. Before the measurement, the sam-
les were pre-treated at 100 ◦C for 3 h under vacuum to remove
he surface–adsorbed species. The morphologies of the powders
nd the fuel cells were examined by an environmental scan-
ing electron microscope (ESEM, Quanta-2000). The fuel cell
erformance was tested by I–V characterization using a digital
ourcemeter (Keithley 2420) interfaced with computer for data
cquisition. Three percentage of H2O humidified H2 or CH4
as used as the fuel and ambient air as the cathode atmosphere
uring the fuel cell test.

. Results and discussion

For the GNP combustion process, significant different com-
ustion behaviors were observed with and without the presence
f nickel nitrate in the precursor. It was volume combustion type
or the case without the presence of nickel nitrate. The resulted
owder took the color of light yellow. However, some black
esidual was also observed over the inner wall of the beaker,
hich suggests that the reaction was not completely finished. For

he precursor with nickel nitrate, the combustion changed to a
elf-propagated type of reaction. It began along the inner wall of
he beaker and propagated towards the middle. The resulted pow-
er was very light in weight and took the morphological shape

f branch and the color of gray. There was almost no residual
bserved over the wall of the beaker, suggesting the complete
eaction of the materials. The reactions stopped in seconds for
oth cases. The phase purity and the lattice structure of the as-

able 1
ffect of different weight ratios of NiO/SDC on the properties of SDC powder

eight ratio DXRD (nm) SBET (m2 g−1) Pore volume (cm3 g−1)

13.7 15 0.1165
9.3 49 0.2155
6.7 77 0.2276
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Fig. 4. Nitrogen adsorption–desorption isotherms patterns of as-synthesized
S
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h

Fig. 5. SEM images of SDC powders prepared by the NiO-templated GNP
process at NiO to SDC weight ratio of (a) 0 (without NiO); (b) 1; (c) 9.
DC powders with NiO to SDC weight ratio of: (a) 0 (without NiO); (b) 1;
c) 9, the corresponding BJH pore-size distribution of the samples showed in
he inset.

ynthesized powders were then examined by X-ray diffraction
XRD). As shown in Fig. 2, it was established that the powders

ere composed of NiO and face-centered phase of SDC, both for

he fresh combustion-synthesized powder and the powder after
urther calcination at 700 ◦C for 3 h. It suggests no phase reaction
appened between nickel oxide and samaria oxide/ceria oxide.
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he higher peak intensity of the 700 ◦C calcined sample as com-
ared to the fresh one suggests that the crystallinity increased
fter the further calcination. Well crystallinity is essential for the
igh oxygen ionic conductivity, therefore, the 700 ◦C calcined
ample was adopted for the further investigation and application.

The as-synthesized mixed powder of NiO and SDC was
hen soaked with 3N HNO3 solution under heating. The NiO
n NiO + SDC mixture was slowly dissolved and left behind a
orous SDC powder. After the thoroughly washing and filter-
ng, a pure-phase light-yellow SDC powder, as demonstrated by
RD examination, was obtained. The relative amount of nickel
xide applied in the synthesis was found to have significant effect
n the properties of the SDC powder derived. For convenience,
t is expressed as the weight ratio of NiO to SDC. Fig. 3 shows
he XRD patterns of SDC samples after calcined at 700 ◦C for
h prepared with different amount of nickel oxide in the pre-
ursor. It indicates that all the powders displayed the typical
uorite phase structure, suggesting nickel did not cast negative
ffect on the phase formation. However, the diffraction peaks
ere gradually broadened with the increase of the NiO to SDC
eight ratio, suggesting the decrease of the crystallite size of
DC. The calculated values were 13.7, 9.3 and 6.7 nm (showed

n Table 1) at the NiO to SDC weight ratio of 0, 1 and 9, respec-
ively. Therefore, nickel oxide actually acted an inhibitor for the
rystallite size growth of the SDC powders. As shown in Table 1,
he increase of NiO to SDC weight ratio also led to the increase
f the surface area of the resulted SDC powder. A SDC pow-
er with surface area as high as 77 m2 g−1, crystalline size of
6.7 nm and a pore volume of ∼0.2276 cm3 g−1 was obtained

t the NiO to SDC weight ratio of 9. As a comparison, a surface
rea of only ∼15 m2 g−1 with the crystalline size of ∼13.7 nm
nd a pore volume of ∼0.1165 cm3 g−1 was observed for the
orresponding powder without the NiO templating.

Nitrogen adsorption/desorption isotherms and the corre-
ponding BJH pore-size distribution curves (inset) of the
s-synthesized SDC powders with different amount of NiO pres-

nce in the solid precursor are shown in Fig. 4. With respect to
he IUPAC classification, the isotherms for the samples a and

are rather similar in shape to the type II isotherms, which
how a weak narrow loop and exhibit an increase in total pore

Fig. 6. Schematic diagram of possible formation processes of mes

t
N
o
S

ources 170 (2007) 251–258 255

olume adsorbed near p/p0 = 1. However, the samples a and b
how some differences in BJH pore-size distribution (insert in
ig. 4a and b). The pore-size distribution of the sample a (as
hown in the inset of Fig. 4a) shows nearly non-pore struc-
ure with a quite wide pore-size distribution. Compared with
he sample a, the sample b (Fig. 4b) shows a relatively narrow
ore-size distribution. Much different from the samples a and b,
he sample c displays completely different isotherms and pore-
ize distribution. It shows IUPAC type IV isotherms with sharp
nflection of nitrogen adsorbed volume at p/p0 about 0.65, indi-
ating the existence of mesopores. According to the isotherms,
he pore-size distribution of sample c (inset in Fig. 4c) pos-
esses mesopores with narrow pore-size distribution of mostly
etween 10 and 25 nm. Above results suggest that mesoporous
DC with high crystallinity and pore volume was able to be syn-

hesized through the appropriate amount of in situ created NiO
emplating.

The morphologies of the SDC powders, prepared at NiO to
DC weight ratio of 0:1, 1:1 and 9:1, are shown in Fig. 5. The
s-prepared SDC samples are in highly porous morphologic
tructure. The higher the NiO to SDC weight ratio the smaller the
article size was observed with a grain size of <100 nm for the
ample prepared at the NiO/SDC weight ratio of 9. The highly
orous structure of the powder together with the well nanocrys-
allinity is beneficial for a better performance electrocatalyst.
he possible formation mechanism of the mesoporous SDC
owders is shown in Fig. 6. At the NiO/SDC weight ratio of 1,
he NiO particles primarily acted as an agglomeration inhibitor.
he in situ created NiO particles broke up the three-dimensional
etwork of SDC at a certain extent and inhibited the growth of
he SDC particles. Therefore, an increase in surface area of SDC
as observed with increasing the amount of nickel in the pre-

ursor. But quite a few NiO particles were also contained inside
he SDC particles. After the dissolving of NiO by HNO3 solu-
ion, pores were formed. As compared to that at other ratios,
he inhibiting effect of NiO increased obviously at the condi-
oporous SDC powder using in situ created NiO as template.

ion of NiO to SDC weight ratio of 9. Under such situation,
iO also performed as an inorganic template for the formation
f the mesoporous SDC. The NiO formed a network with the
DC clusters contained inside the NiO network. Some NiO par-



2 wer Sources 170 (2007) 251–258

t
M
S

t
t
S
a
f
d
S
l
n
i
w

c
(
fl
m
B
m
a
f
r
t
p
t
a
c
B
l
t
h
t
m
m
e
o
a
m
R
i
c
c

i
t
p
f
∼
R
l
f
w
i
h

F
a

i

56 K. Wang et al. / Journal of Po

icles were relatively uniformly dispersed in the SDC clusters.
esopores were formed after wiped off the NiO particles from

DC.
The mesoporous SDC powder loaded with 7 wt.% Ru was

hen deposited onto the anode surface as the catalytic layer for
he anode-supported SOFC. Fig. 7 shows the cross-sectional
EM micrographs of the MEA with the catalyst deposition
fter calcined at 700 ◦C for 2 h. The fuel cell was composed of
our layers, the cathode layer with a thickness of 5–10 �m, the
ense electrolyte layer with a thickness of ∼30 �m, the anode
DC + NiO layer of ∼500 �m, and the mesoporous SDC + Ru

ayer with a thickness of ∼25 �m. The anode nickel was in
ickel oxide state in Fig. 7. It shows that the catalytic layer was
n highly porous state and attached to the anode layer really
ell.
Fig. 8a shows the typical voltage and power density versus

urrent density of a SOFC based on thin-film SDC electrolyte
∼30 �m) operated on 3% water humidified hydrogen at the
ow rate of 90 mL min−1, with a ∼25 �m 7 wt.% Ru-loaded
esoporous SDC catalytic layer modified Ni + SDC anode and
SCF + SDC cathode. The fuel cell shows promising perfor-
ance with a peak powder density of 850 and ∼600 mW cm−2

t 650 and 600 ◦C, respectively. The high performance of the
uel cell at intermediate temperatures with hydrogen fuel was
esulted from the high activity of the cathode for oxygen reduc-
ion [21] and the anode for hydrogen oxidation. Comparable
erformance was also observed for the similar fuel cell without
he catalyst layer (as shown in Fig. 8b). It suggests that the cat-
lytic layer did not cast significant negative effect on the fuel
ell performance with hydrogen fuel. As pointed by Zhan and
arnett [10], the drawback of typical CeO2–Ru catalyst layer

aid on its reduction of the rate at which fuel can diffuse to
he anode. Based on Fig. 7, the current Ru/SDC catalyst is in
ighly porous state, which ensures free gas transportation inside
he catalytic layer. Furthermore, the pore size of 10–20 nm of the

esoporous SDC was about 25–60 times larger than the dynamic
olecule radius of CO2, H2, CH4, O2 and CO molecules, which

nsured the free gas diffusion inside the internal pores of SDC
f the catalytic layer. The highly porous structure of the cat-
lytic layer and the mesoporous structure of the compositional
aterial of SDC then ensured the fast gas diffusion inside the
u/SDC catalytic layer. Therefore, no such gas diffusion lim-

ting of the fuel cell performance was observed even at high
urrent density in the current Ru/SDC catalyst-modified fuel
ells.

Fig. 9 shows the fuel cell performance with 3% H2O humid-
fied methane as the fuel at the flow rate of 30 mL min−1 for
he fuel cells with or without the catalytic layer. An initial
eak powder density of ∼369 mW cm−2 were generated by the
uel cell without the catalytic layer, while a power density of
462 mW cm−2 were yielded by the fuel cell with a porous
u/SDC catalytic layer at 650 ◦C. The fuel cell with the Ru/SDC

ayer performed relatively stable, while the performance of the

uel cell without the catalytic layer deteriorated quickly. It is
ell known that methane has much worse electrochemical activ-

ty than H2, especially at reduced temperature due to its much
igher chemical stability. The promising fuel cell performance

R
d
w
d

ig. 7. SEM images of the typical anode-supported membrane electrolyte
ssemble (unreduced) with the porous SDC–Ru catalyst layer.

n current study was then attributed to the high activity of the

u-loaded mesoporous SDC for methane electrocatalytical oxi-
ation. As shown in Fig. 7, no observable agglomerated Ru grain
as observed by SEM, suggesting that Ru was homogeneously
istributed over the pore-wall of the mesoporous SDC. It then
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ig. 8. Polarization curves for a cell using 3% H2O humidified H2 as fuel oper-
ted at various temperatures with (a) or without (b) a porous SDC–Ru catalyst
ayer.

nsured a large reaction area for methane oxidation. It is well

nown that Ru has high activity for water and CO2 reforming
f methane to syngas (CO + H2) [22,23], while SDC or ceria
avors the catalytic oxidation of methane to CO2 and H2O [1].

ig. 9. Polarization curves for a cell using 3% H2O humidified CH4 as fuel
perated at various temperatures with or without a porous SDC–Ru catalyst
ayer. A: C, D with a catalyst layer and at a temperature of 650, 625 and 600 ◦C,
espectively and B: without the catalysts layer at 650 ◦C.
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herefore, in current methane-fueled SOFCs with Ru-loaded
esoporous SDC catalytic layer, it is likely that some methane
as first oxidized to CO2 and water under the electrocatalysis
y the mesoporous SDC. Available additional methane was then
nternally reformed with the created water and CO2 under the
atalysis of Ru to form syngas (CO + H2), which acted as the
uel for the following electrocatalytic oxidation. Since syngas
as much higher electrochemical activity than methane, it then
xplained the observed favorable fuel cell performance even
ith methane fuel. Similar effect was also showed by Hibino

t al. with the Ru–Ni–GDC anode. Furthermore, they achieved
ven higher performances as compared to the present results
23]. The detection of CO and H2 species in the exhaust gas
rom the fuel cell by in situ gas chromatography supported
he role of Ru in the internal reforming of methane to syngas.
s we know, the carbon deposition may be a serious problem

or the Ni-based anode directly operated on hydrocarbon fuels.
fter the tests, the fuel cells were conducted SEM examina-

ion. Some carbon coking was formed over the Ni + SDC anode
urface for the fuel cell without the Ru/SDC layer, which well
xplained the quick deterioration of the fuel cell performance
bserved in this study. However, no observable carbon coking
as formed over the anode surface of the catalyst-modified fuel

ell.
We finally noted that the OCVs were relatively lower as

hown in Figs. 8 and 9. One significant reason for this could
e the internal shorting of the SDC electrolyte from its par-
ial electronic conductivity [24]. Low OCVs were also reported
y some other researchers with the anode-supported fuel cells
ased on doped ceria electrolyte [25–27]. Another possible rea-
on is the mixed potential at the fuel cell cathode due to the gas
eakage, which could be through the penetrated holes in the elec-
rolyte layer or the silver sealant due to the imperfect sintering or
ealing. Accordingly, the increment of the sintering temperature
ay eliminate the penetrated holes in electrolyte and be helpful

o increase the OCV of the fuel cell. Indeed, we observed that
hen the sintering temperature of the electrolyte was elevated

o 1450 ◦C, an OCV as high as 0.87 V or higher was observed
t 600 ◦C.

. Conclusion

In this work, mesoporous SDC powders with high surface
rea (77 m2 g−1) were prepared via a facile glycine-nitrate com-
ustion process with recyclable in situ created NiO as the
norganic template. The increase of relative amount of nickel
itrate in synthesis, resulted in the substantially change of the
roperties of the derived SDC powder, such as surface area,
ore volume, and pore-size distribution. This method shows
pecial advantages, such as easy to operate and reduction in
apital cost, when comparing other synthesis techniques. It
liminates the application of expensive surfactants and organic
emplates. Furthermore, the inorganic template nickel applied

n this study can be recycled after preparation. Acted as the cat-
lytic layer, the mesoporous SDC displayed good performance
or intermediate-temperature solid-oxide fuel cells with methane
uel.
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