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a b s t r a c t

Sm0.2(Ce1−xTix)0.8O1.9 (SCTx, x = 0–0.29) modified Ni–yttria-stabilized zirconia (YSZ) has been fabricated
and evaluated as anode in solid oxide fuel cells for direct utilization of methane fuel. It has been found
that both the amount of Ti-doping and the SCTx loading level in the anode have substantial effect on
the electrochemical activity for methane oxidation. Optimal anode performance for methane oxidation
has been obtained for Sm0.2(Ce0.83Ti0.17)0.8O1.9 (SCT0.17) modified Ni–YSZ anode with SCT0.17 loading
of about 241 mg cm−2 resulted from four repeated impregnation cycles. When operating on humidified
methane as fuel and ambient air as oxidant at 700 ◦C, single cells with the configuration of SCT0.17
mpregnation
oped ceria
irect methane fuel cell

modified Ni–YSZ anode, YSZ electrolyte and La0.6Sr0.4Co0.2Fe0.8O3–Sm0.2Ce0.8O1.9 (LSCF–SDC) composite
cathode show the polarization cell resistance of 0.63 � cm2 under open circuit conditions and produce
a peak power density of 383 mW cm−2. It has been revealed that the coated Ti-doped SDC on Ni–YSZ
anode not only effectively prevents the methane fuel from directly impacting on the Ni particles, but
also enhances the kinetics of methane oxidation due to an improved oxygen storage capacity (OSC) and
redox equilibrium of the anode surface, resulting in significant enhancement of the SCTx modified Ni–YSZ

oxid
anode for direct methane

. Introduction

Solid oxide fuel cells (SOFCs) have attracted great attention due
o the high energy conversion efficiency and low emission, fuel
exibility and application versatility. The commercialization of the
OFC technology depends on the cell performance and the cost
f the fuel cell system. It is advantageous if the SOFC anode can
irectly utilize widely available hydrocarbon fuels [1,2]. The con-
entional Ni-based anode exhibits excellent performance when
2 is used as fuel, but fails at direct operation on hydrocarbon

uels due to carbon deposition (coking) issues, unless when sub-
tantial amount of H2O, CO2, or O2 is present in the fuel (diluting
uel, reducing fuel efficiency and adding system cost), or when a
ell is operated under some limited conditions (e.g. at T < 700 ◦C
nd high current density) [3,4]. However, Ni is such a powerful

atalyst for breaking C–H bond that carbon formation can occur
ven when carbon is not the thermodynamically predicted prod-
ct. Further, formation of nickel carbides can even cause the cell to
racture [5,6]. To prevent carbon formation in the anode for direct
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utilization of hydrocarbon fuels, an effective approach is to develop
ceramic electronic or mixed ionic–electronic conducting anodes,
such as (La1−xSrx)0.9Cr0.5Mn0.5O3−ı (LSCM) [7], doped SrTiO3
[8–11], and double-perovskite system Sr2Mg1−xMnxMoO6−ı [12].
Unfortunately, these materials usually show very low electronic
conductivity, making it difficulty in fabricating anode-supported
cells. Park et al. reported Cu-ceria based anode for direct uti-
lization of methane, ethane, 1-butene, n-butane or toluene fuels
[13]. Although reasonable power densities have been achieved,
one potential problem with Cu-based anodes is the sintering and
agglomeration of Cu particles during cell operation at high temper-
atures due to the relatively low melting point (1085 ◦C) of copper
[14]. Zhan and Barnett have reported that introduction of a Ru-
ceria based reforming catalyst layer on top of the Ni-based anode
for reforming hydrocarbon fuels to H2 and CO before reaching the
anode can achieve a stable output power density without anode
coking [15,16]. However, the used precious metal can potentially
make this method unpractical.
In principle, SOFCs are capable of operation directly on hydro-
carbon fuels if the surface of the anode is supplied with sufficient
oxygen for fuel oxidation and the anode kinetics is effectively
enhanced as well. The conventional Ni–YSZ anode possesses many
advantages such as low cost, high electronic and reasonable ionic

dx.doi.org/10.1016/j.jpowsour.2011.01.062
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onductivity, high stability in reducing atmospheres at high tem-
eratures and moderate thermal expansion coefficient matching
ith the YSZ electrolyte. Most importantly, Ni and YSZ are essen-

ially immiscible in each other and non-reactive over a very wide
emperature range, enabling the cost-effective fabrication of a
iO–YSZ composite anode via conventional sintering followed by

eduction upon exposure to fuel gases. Consequently, Ni–YSZ anode
s always the preferred choice for SOFCs for practical applications.
o solve the problem of carbon deposition, an effective strategy is
o prevent hydrocarbon fuel from directly impacting on the surface
f Ni particles and improve the anode kinetics of the fuel oxidation
y coating the Ni–YSZ anode with catalytically active component
uch as nanosized ceria-based material [17].

The fluorite-type ceria has a good oxygen storage capacity
OSC) due to its well-known redox-property (Ce4+–Ce3+) [18].

oreover, the OSC and redox equilibrium would be significantly
nhanced by doping technique, such as doping with titanium
r zirconium [19–22]. In this study, titania doped Sm0.2Ce0.8O1.9
Sm0.2(Ce1−xTix)0.8O1.9, SCTx, x = 0–0.29) are explored to modify
i–YSZ anode for direct utilization of methane fuel.

. Experimental

.1. SCTx synthesis and characterization

SCTx powders were synthesized by a glycine–nitrate process
23] and used for crystalline structure and redox-property char-
cterization. Stoichiometric amount of SCTx from 1 mol aqueous
olution of Sm(NO3)3, Ce(NO3)3 and TiO(NO3)2 was heated on a hot
late until combustion. The ash was then pulverized and calcined
t 800 ◦C for 2 h to remove carbon residue. The final powders of
CTx with x = 0, 0.05, 0.10, 0.13, 0.17, 0.20, 0.23, 0.26, 0.29 and 0.33
ere denoted as SCT0 (SDC), SCT0.05, SCT0.10, SCT0.13, SCT0.17,

CT0.20, SCT0.23, SCT0.26, SCT0.29 and SCT0.33, respectively. The
rystalline structure of different SCTx was studied by X-ray diffrac-
ion (XRD) analysis over the 2� range of 20–80◦ with a scanning
ate of 1 ◦C min−1 on Scintag-I XRD instrument equipped with Cu-
˛ radiation. The oxygen storage capacity and redox behavior were
xamined by temperature programmed reduction (TPR).

.2. Single cell preparation and surface modification of Ni–YSZ
node

Tubular single cells with an effective area of 1.0 cm2 consisting of
mm thick porous Ni–YSZ anode support prepared by gel casting,
5 �m fine Ni/YSZ anode interlayer and ∼20 �m YSZ electrolyte

Tosoh, TZ-8YSZ) by slurry-coating/co-sintering technique, and
a0.6Sr0.4Co0.2Fe0.8O3-Sm0.2Ce0.8O1.9 (LSCF–SDC) composite cath-
de (with the weight ratio of LSCF:SDC = 6:4) by screen-printing
ere used in this study. Commercial NiO (Lanzhou Jinchuan Metal
aterial Technology Co., China) and YSZ (Farmeiya Advanced Mate-

ials Co., China) were used as the starting powders for the anode
upport preparation. The fine NiO–YSZ powders for the fabrication
f the anode interlayer were synthesized by a co-precipitation tech-
ique. LSCF powder was synthesized by a glycine–nitrate process.
DC power was synthesized by the oxalate coprecipitation tech-
ique [24]. The detailed cell fabrication procedures can be found in
ur previous publication [17].

The porous NiO–YSZ anode support (before reduction) of the
ingle cells was impregnated using 1 mol aqueous solution of

m(NO3)3, Ce(NO3)3 and TiO(NO3)2, followed by drying in an oven
t 60 ◦C for 12 h and firing at 800 ◦C, resulting in a coated layer of
m0.2(Ce1−xTix)0.8O1.9 (SCTx, x = 0–0.29) nano-particles on the sur-
aces of NiO–YSZ anode support. This cycle was repeated until a
esirable SCTx loading level was achieved. The SCTx loading level
Fig. 1. XRD patterns of SCTx (x = 0–0.33).

was determined by the weight difference before and after each
impregnation treatment cycle.

2.3. Cell testing

Cell testing was carried out using a setup consisting of a pro-
gram controlled electric furnace and a cell holder made of two
alumina tubes, digital multimeters (HP CDM-8145) and an electro-
chemical workstation (Zahner IM6e). The cell was first sandwiched
between two alumina tubes (the cell holder) and sealed with silver
paste (DAD-87, Shanghai Research Institute of Synthetic Resins).
Silver wires were used as the lead wires for both the anode and the
cathode. Prior to the cell electrochemical performance testing, the
NiO–YSZ anode was reduced to Ni–YSZ under flowing H2. Humid-
ified (3 vol% H2O) methane or H2 was used as fuel and ambient
air as oxidant. The impedance spectra of the cells were measured
under open-circuit conditions over a frequency range from 0.1 Hz to
1 MHz. The cell polarization resistance (Rp) was determined from
the difference between the low and high frequency intercepts of
the impedance spectra with the real axis in the Nyquist plot. The
short-time stability of the cells using CH4 as fuel was examined
under a constant cell voltage of 0.50 V at 700 ◦C. The cell microstruc-
ture was characterized using a scanning electron microscope (SEM,
JSM-6700F, JEOL).

3. Result and discussion

3.1. Crystalline structures and redox behaviors of SCTx

Shown in Fig. 1 are the XRD patterns of SCTx with x = 0–0.33. It
can be seen that single phase fluorite-type cubic structure can be
obtained when x ≤ 0.29. The lattice parameter decreases from 5.41

to 5.39 ´̊A with an increase in x from 0 to 0.29 since the ion size of
Ti4+ (0.68 ´̊A) is smaller than that of Ce4+ (1.01 ´̊A). In addition, SCTx
particle growth during calcination process is suppressed by substi-
tution of Ce4+ with Ti4+, as revealed from the broadening XRD peaks
with the increase in the concentration of the Ti-doping. However,
when the Ti-doping is higher than 0.29 (x = 0.33), secondary phases

(a mixture of anatase and rutile TiO2) appear. These results are in
agreement with the previous reports [25,26].

Fig. 2 shows the H2-TPR profiles of different SCTx (x = 0–0.29)
and TiO2. The samples were first pretreated with pure N2 at 400 ◦C
for 1 h with a ramping rate of 10 ◦C min−1 and then cooled in the
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Fig. 2. H2-TPR profiles of SCTx (x = 0–0.29) and TiO2.

uartz tube reactor. The TPR was conducted using a gas chromato-
raph equipped with a thermal conductivity detector with a flow
f 5% H2 in N2 as the reducing agent over a temperature range from
0 to 1000 ◦C and a scanning rate of 10 ◦C min−1. There are two
eaks for each of the SCTx samples. The first peak starts at about
00 ◦C and is generally considered to be associated with the reduc-
ion of the SCTx solid solution surface. The second peak appears at
higher temperature and is usually related to the SCTx solid solu-

ion bulk reduction [27]. It can be seen that the H2 consumption
ssociated with the surface reduction, which is more important
or the fuel oxidation of an anode, increases with the increase in
i-doping concentration, reaches the maximum for SCT0.17, and
hen decreases with further increase in Ti-doping. The overall H2
onsumption (the sum of the surface and bulk reduction) increases
ith the Ti-doping content in SCTx for the solutions with x = 0–0.29.

his is usually explained as distortion of the fluorite-type structure
ue to Ti-doping [28].

.2. Effects of Ti-doping content and the loading of SCTx on the
node electrochemical performance

The unreduced NiO–YSZ anode support has an open porosity
f about 29% and a thickness of 1 mm. The NiO–YSZ anode sup-
ort was impregnated with aqueous solution of SCTx, dried in an
ven at 60 ◦C for 12 h and fired at 800 ◦C for 2 h. The impregnation
ycle was repeated until a desirable SCTx loading was achieved.
ig. 3 shows the peak power densities of the cells with anodes
odified with different Ti-doping level and various impregnation

ycles tested at 700 ◦C using H2 as fuel and air as oxidant. Results

how that Ti-doping has lead to a significant enhancement of the
ell power output. Further, it can be seen that the electrochemi-
al performance of the Ni–YSZ anode modified with different SCTx
ncreases with the increase in Ti-doping concentration, reaches the

aximum for x = 0.17, and then decreases with further increase

able 1
he peak power densities and ASR of the cells with the Ni–YSZ anodes modified by SCD a
i–YSZ anodes.

Cell Pmax (mW cm−2)

700 ◦C 750 ◦C 800 ◦C

C-SDC 336 463 537
C-SCT17 383 487 565
Cell-0 236 359 486
Fig. 3. Peak power densities of the cells with anodes modified with different Ti-
doping and impregnation cycles tested at 700 ◦C using H2 as fuel and air as oxidant.

in the concentration of Ti-doping, consistent with the TPR results,
implying that the enhancement of the cell performance is due to
improvement in the anode surface reduction. It has also been found
that cells with the NiO–YSZ anode modified after 4 impregnation
cycles have the most cell performance enhancement when the
anodes are modified with different SCTx. Among the different Ti-
doping concentration, x = 0.17 shows the highest cell performance
improvement. The best cell performance was obtained for the cells
with anode modified with SCT0.17 (x = 0.17) and 4 impregnation
cycles (resulting in the SCT0.17 loading of ∼241 mg cm−2).

The SCTx loading level on the NiO–YSZ anode has substantial
impact on the cell performance for different SCTx. A low SCTx
loading, consequently a thin coating of SCTx might result in an
insufficient improvement of the anode electrochemical activity
while an excessive SCTx loading can lead to a reduced porosity and
consequently an increased resistance for the diffusion of the fuel.
The improvement varies with different SCTx suggests that the oxy-
gen storage capacity and redox behavior of SCTx are closely related
to the Ti-doping content in SCTx. As a comparison, Table 1 lists the
peak power densities and the polarization resistances (Rp) of the
cells of which the NiO–YSZ anode was modified with SDC (C-SDC)
and SCT0.17 (C-SCT17) after 4 impregnation cycles, respectively,
and of the cell with an unmodified Ni–YSZ anode (Cell-0), operat-
ing with H2 as fuel and air as oxidant. Under the same experimental
conditions, the performance of C-SCT17 is higher than that of C-SDC
and much higher than that of Cell-0.

3.3. Cell performance

Fig. 4 shows the cell voltage, current and power output curves

of C-SCT17 and C-SDC with either CH4 or H2 as fuel and air as oxi-
dant operated at 700 ◦C. It can be seen that C-SCT17 has better
cell performance than that of C-SDC using CH4 as fuel, indicating
that the Ni–YSZ anode modified with SCT0.17 has higher electro-
chemical activity for CH4 oxidation than that of the anode modified

nd SCT0.17 after 4 times impregnation cycle, respectively, and with an unmodified

Rp (� cm2)

700 ◦C 750 ◦C 800 ◦C

0.71 0.28 0.15
0.63 0.21 0.10
1.69 0.99 0.36
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Fig. 4. I-V-P curves of C-SCT17 and C-SDC using CH4 or H2 as fuel at 700 ◦C.

F
u

w
i
e
i
h

S
7
o
a
t
0
a

F
0

ig. 5. Impedance spectra of the cell C-SCT17 and C-SDC as using CH4 or H2 as fuel
nder open circuit conditions.

ith SDC. Consequently, it seems that Ti-doping in SDC results
n an improved oxygen storage capacity and/or a rapid redox-
quilibrium of SCT0.17, as demonstrated in the TPR results shown
n Fig. 2. Further, the Ni–YSZ anode modified with SCT0.17 shows a
igher electrochemical activity for CH4 oxidation than that for H2.

Shown in Fig. 5 are the impedance spectra of C-SCT17 and C-
DC with either CH4 or H2 as fuel and air as oxidant operated at
00 ◦C under open circuit conditions. When CH4 is used as fuel, the
verall cell interfacial resistance, Rp of C-SCT17 is about 0.31 � cm2,

little bit lower than that of C-SDC, which is 0.32 � cm2 at the same

esting condition. However, C-SCT17 shows a much higher Rp of
.63 � cm2 when using H2 as fuel. This is in agreement with the
bove cell power output results.

ig. 6. The short-term stabilities of C-SCT17 and Cell-0 under a constant voltage of
.50 V tested at 700 ◦C using humidified methane as fuel.
Fig. 7. SEM images of the unmodified Ni–YSZ anode (a) and the anode of Ni–YSZ
modified with SCT0.17 (b).

Fig. 6 shows the short-term stability test of C-SCT17 and Cell-0
under a constant cell voltage of 0.50 V at 700 ◦C using humidified
methane (3% H2O) as fuel. The cell C-SCT17 shows an acceptable
cell performance stability in the testing period, but the cell with
the unmodified Ni–YSZ anode (Cell-0) degrades rapidly with time.

Shown in Fig. 7 are the SEM images of the unmodified Ni–YSZ
anode and the Ni–YSZ anode modified with SCT0.17 after 4 impreg-
nation cycles. For the unmodified anode, the surface of Ni particle
is fully exposed. As for the modified anode, both the surfaces of
Ni and YSZ particles are coated with a thin layer of nano-sized
SCT0.17. Consequently, CH4 molecules would be prevented from
directly impacting on the Ni particles by the coated SCT0.17 layer
and carbon deposition on the Ni surface would be avoided accord-
ingly due to the catalytic cracking of C–H. Further, SCT0.17 would
provide catalytic activity to reform CH4.

4. Conclusions

The conventional Ni–YSZ anode has been modified with Ti-
doped SDC (SCTx, x = 0–0.29) by ion-impregnation and used for
direct utilization of methane fuel. Both the Ti-doping content in
SDC and the loading level of SCTx have shown substantial impact
on the electrochemical performance of the resulted anodes. The

−2
anode modified with SCT0.17 with a loading of 241 mg cm after
4 impregnation cycles shows the most improved performance.
Cells with the optimized anode demonstrate peak power density of
444 mW cm−2 and show reasonably stable cell performance using
methane as fuel and air as oxidant at 700 ◦C. The coated nano-
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ized SCT0.17 layer on the Ni surface effectively prevents methane
rom directly impacting on the Ni particle and enhances the oxygen
torage and redox behavior of the anode, consequently improving
he oxygen supply for methane oxidation and suppressing carbon
eposition, and resulting in a significant performance enhance-
ent of the modified anode. Results show that the conventional
i-based anode can be modified by SCT0.17 impregnation and used

or direct methane fuel cells.
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