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a b s t r a c t

The effect of lanthanide promoters on a Ni–Al2O3 catalyst for methane partial oxidation, steam reforming
and CO2 reforming at 600–850 ◦C is systematically investigated. The promoters include La2O3, CeO2,
Pr2O3, Sm2O3 and Gd2O3. GdNi–Al2O3 shows comparable catalytic activity to LaNi–Al2O3 and PrNi–Al2O3

but higher activity than CeNi–Al2O3 and SmNi–Al2O3 for all three reactions. The O2-TPO results show that
GdNi–Al2O3 possesses the best coke resistance among those tested. It also displays good stability at 850 ◦C
for 300 h. Raman spectroscopy indicates that the addition of lanthanide promoters can reduce the degree
eywords:
olid-oxide fuel cells
ickel–alumina
node catalyst layer
ethane

arbon deposition

of graphitization of the carbon deposited on Ni–Al2O3. The GdNi–Al2O3 is further applied as an anode
functional layer in solid-oxide fuel cells operating on methane. The cell yields peak power densities
of 1068, 996 and 986 mW cm−2 at 850 ◦C, respectively, for operating on methane–O2, methane–H2O and
methane–CO2 gas mixtures, which is comparable to operating on hydrogen fuel. GdNi–Al2O3 is promising
as a highly coking-resistant catalyst layer for solid-oxide fuel cells.

© 2010 Elsevier B.V. All rights reserved.

anthanide promotion

. Introduction

As the main component of natural gas, coal-bed gas and biogas
ith huge reserves, methane is a clean fuel and also an impor-

ant raw material for the synthesis of many important chemicals
uch as hydrogen and methanol. The conversion of methane to
ynthesis gas (syngas), a mixture of CO and H2, is an important
tep toward the utilization of methane in chemical synthesis. Syn-
as can be produced from methane by catalytic partial oxidation
CH4 + 1/2O2 = CO + 2H2, �H298 K = −36 kJ mol−1), steam reforming
CH4 + H2O = CO + 3H2, �H298 K = 206 kJ mol−1), or CO2 reforming
CH4 + CO2 = 2CO + 2H2, �H298 K = 247 kJ mol−1). The above three
eactions create products with different H2 to CO ratios and are
uitable for the synthesis of different chemicals [1].

Fuel cells are electrochemical devices that can directly con-
ert chemical energy to electrical power with high efficiency and
ow emissions. Among the many types of fuel cells, solid oxide
uel cells (SOFCs), which typically operate at 500–1000 ◦C, have

eceived particular attention recently. The elevated operational
emperature allows for fuel flexibility. In principle, SOFCs can oper-
te on any combustible fuel [2–6]. As the simplest hydrocarbon,
ethane is considered to be an attractive fuel for SOFCs because

∗ Corresponding author. Tel.: +86 25 8317 2256; fax: +86 25 8317 2256.
E-mail address: shaozp@njut.edu.cn (Z. Shao).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.12.072
it has several advantages such as ease and safety of storage and
also being handled and delivered with the existing supply infras-
tructure. Nickel cermets are the most commonly used anodes in
hydrogen-fueled SOFCs due to their high electrochemical activ-
ity for hydrogen electro-oxidation and long-term stability at SOFC
operating conditions [7,8]. However, they suffer from a number
of drawbacks when operating on hydrocarbon fuels, notably car-
bon deposition, which covers the active sites of the anodes and
causes rapid and irreversible cell deterioration. To overcome those
disadvantages, substantial efforts have been devoted to the devel-
opment of new non-nickel anode materials in recent years [9–12].
The most investigated materials include copper-based cermet and
perovskite-type oxides. However, those materials decreased not
only the carbon deposition rate but also the electrochemical activity
for hydrocarbon oxidation. The modification of conventional nickel
cermet anodes has also been tried and is more advisable due to its
simplicity. Recently, the Barnett group successfully directly oper-
ated SOFCs with a conventional nickel cermet anode on methane,
propane and other hydrocarbons without pre-reforming by mod-
ification of the anode with a Ru–CeO2 functional layer [13–15].
However, Ru is expensive, making it less attractive for practical

applications.

Some supported group VIII metals are known to be good catalyst
candidates for methane conversion reactions to give a high yield of
syngas at elevated temperatures [16–20]. Very recently, we have
demonstrated that a cost-effective Ni–Al2O3 catalyst presented

dx.doi.org/10.1016/j.jpowsour.2010.12.072
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:shaozp@njut.edu.cn
dx.doi.org/10.1016/j.jpowsour.2010.12.072
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ood catalytic activity comparable to Ru–CeO2. When operating
n methane-containing fuels, the fuel cell with a Ni–Al2O3 anode
unctional layer yielded high power output comparable to that with
ydrogen. In addition, the Ni–Al2O3 catalyst layer showed much
etter thermal–mechanical compatibility with the cermet anode
han Ru–CeO2 [21,22].

As mentioned, one practical problem with a nickel-based cat-
lyst is the coke-induced deactivation. It is thought that metal
xides alter the activity of the supported metal catalysts depend-
ng on the nature of the additives. Catalyst modification can cause
he blockage of active sites on the metal surface or changes in the
lectronic character or geometric structure of the catalyst surface,
hus changing the reactivity by interacting with the substrate to
lter its mode of adsorption [23]. There is evidence in the literature
ndicating an improvement in the catalytic activity of Ni-based cat-
lysts in hydrocarbon steam/CO2 reforming and partial oxidation
ith the addition of lanthanide elements [24–30]. Zhuang et al.

nd Wang et al. have investigated the effect of cerium oxide as
promoter in supported Ni catalysts for methane steam and CO2

eforming [24,25]. There was a beneficial effect with not only a
ecrease in the carbon deposition rate but also an increase in the
eforming activity. The researchers believed that the cerium oxide
ccelerated the reaction of steam with the adsorbed species on the
ickel surface and thus decreased the carbon deposition rate as
ell as increased or maintained the high catalytic activity. Yang

t al. have reported that La2O3 and CeO2 co-promoted Ni–Al2O3
atalyst for the methane CO2 reforming reaction. Not only was
he amount of carbon deposition decreased, but the activity was
lso improved slightly using the Ni/�-Al2O3 with the La2O3–CeO2
inary promoters, due to the alkaline function and dispersion action
f La2O3–CeO2 as well as the electronic interactions between CeO2
nd Ni [31].

In our previous work, we have demonstrated that a lithium and
anthanum co-promoted Ni–Al2O3 catalyst has an excellent cat-
lytic activity for the partial oxidation, steam and CO2 reforming
f methane between 600 and 850 ◦C and good coking resistance
nd operational stability [32]. In this study, the effect of lanthanide
romoters on the catalytic activity of the Ni–Al2O3 catalyst for
ethane reforming and partial oxidation reactions and coke resis-

ance was systematically investigated. The Gd-modified Ni–Al2O3
atalyst was further investigated as an anode functional layer oper-
ting under real fuel cell conditions with methane as the fuel.

. Experimental

.1. Synthesis and fabrication

All of the catalyst powders were synthesized using a glycine
itrite process (GNP), which was described previously [33]. The
esultant primary powders from the direct combustion were fur-
her calcined at 850 ◦C for 5 h in static air to obtain the desired
atalysts. After cooling to room temperature, the powder was
ressed into disk-shaped pellets and then crushed to small grains
ith the desired particle size for the catalytic tests.

The fuel cell materials included a La0.8Sr0.2MnO3 (LSM) cath-
de, a (Y2O3)0.1(ZrO2)0.9(YSZ) electrolyte and a NiO + YSZ anode
NiO:YSZ = 60:40, by weight). The LSM was synthesized using a
tandard combined EDTA–citrate complexing sol–gel process with
etal nitrates (analytical reagents) applied as the raw materials

34], while the NiO and YSZ used for the anode were commer-

ial products (Chengdu Shudu Nano-science Co., Ltd. for NiO and
osoh for YSZ). The disk-shaped anode substrates were first pre-
ared using a tape-casting technique. The green anode pellets were
red at 1100 ◦C for 2 h in air to release the organic solvents and to
reate the proper mechanical strength for the substrate. The YSZ
urces 196 (2011) 3855–3862

colloidal suspension was prepared by dispersing a fine YSZ powder
into a solution of ethylene glycol (5 wt.% solids content) through
high-energy ball milling (Fritsch, Pulverisette 6), which was then
spray deposited onto the anode substrates. The obtained green
anode–electrolyte dual layer half-cells were sintered at 1400 ◦C
for 5 h in air. The LSM + YSZ composite cathode (70:30, by weight)
was deposited on the sintered electrolyte surface and then fired at
1100 ◦C for 2 h in air. To prepare the catalyst layer, a slurry of the
catalyst powder was first prepared and then was screen-painted
onto the outer surface of the anode layer and sintered at 850 ◦C for
1 h.

2.2. Catalytic evaluation

The catalytic activity of the lanthanide-promoted Ni–Al2O3 cat-
alysts was tested in a flow-through type fixed-bed quartz-tube
reactor with an inner diameter of about 8 mm. About 0.2 g of the
catalyst particles in the size range of a 40–60 mesh were placed into
the middle of the reactor. The gas mixtures were fed into the reactor
at the flow rates of CH4/O2/He = 10/5/80, CH4/H2O/He = 10/10/80
and CH4/CO2/He = 10/10/80 ml min−1 [STP] for the partial oxida-
tion, steam reforming and CO2 reforming of methane, respectively.
The gases, controlled by AFC 80MD digital mass flow controllers
(Qualiflow), were introduced to the top of the reactor. Composi-
tional analysis of the effluent gases from the bottom of the reactor
was performed with a Varian 3800 gas chromatograph, which was
equipped with Hayesep Q, Poraplot Q and 5 Å sieve molecular cap-
illary columns and a thermal conductivity detector (TCD) for the
separation and detection of H2, O2, CO, CO2 and CH4. The cat-
alytic reactions were performed at 600–850 ◦C. The conversion of
methane (X (%)) during the partial oxidation and steam reforming of
methane was calculated according to Eq. (1). Alternatively, the con-
version of methane during CO2 reforming was calculated according
to Eq. (2), and the selectivity of CO (S (%)) was calculated according
to Eq. (3). The H2 to CO ratios (R) were calculated according to Eqs.
(4)–(6) for partial oxidation, steam reforming and CO2 reforming
of methane, respectively:

X(%) = [CO] + [CO2]
[CO] + [CO2] + [CH4]

× 100% (1)

X(%) = 0.5 × [CO]
0.5 × [CO] + [CH4]

× 100% (2)

S(%) = [CO]
[CO] + [CO2]

× 100% (3)

R = 4
S[CO]%

− 1
S[CO]% × X[CH4]%

− 1 (4)

R = 4
S[CO]%

− 1 (5)

R = 4 × X[CH4]%

S[CO]% + S[CO]% × X[CH4]%
− 1 (6)

2.3. Characterizations

Hydrogen temperature-programmed reduction (H2-TPR) was
used to identify the chemical interaction between the nickel and
the support and/or the promoters. Approximately 0.03 g of catalyst
particles were put in a U-type quartz reactor with an inner diame-
ter of about 3 mm. The sample was pretreated under a pure argon

atmosphere at a flow rate of 30 ml min−1 [STP] at 400 ◦C for 30 min.
After cooling to room temperature, the atmosphere was switched
to 10 vol.% H2/Ar, and the reactor was programmatically heated
to 930 ◦C at a rate of 10 ◦C min−1. The hydrogen consumption was
monitored by an in situ TCD detector with a BELCAT-A apparatus.
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To test the coke resistance of the lanthanide-promoted Ni–Al2O3
atalysts, about 0.2 g of catalyst particles were first placed in a flow-
hrough type quartz-tube reactor and treated at 850 ◦C under a pure

ethane atmosphere at a flow rate of 40 ml min−1 [STP] for 5 min
nd then cooled to room temperature in a helium atmosphere.
fter the treatment, approximately 0.05 g of powder was placed

nto a U-type quartz reactor with an inner diameter of about 3 mm.
ure oxygen (for oxygen temperature-programmed oxidization,
2-TPO) at a flow rate of 20 ml min−1 [STP] was then introduced

o the top of the reactor. After flowing with the gas at room tem-
erature for about 30 min to stabilize the baseline, the reactor was
eated to 800 ◦C at a rate of 10 ◦C min−1. The deposited carbon on
he catalyst surface was gradually oxidized to CO2. The effluent gas
rom the reactor was connected to a mass spectrometer (MS, Hiden
IC-20) for in situ monitoring of CO2.

The CO2-TPD process was performed to test the surface basic-
ty of the catalysts. The samples were first reduced in hydrogen at
50 ◦C for 1 h, cooled to room temperature, and then exposed to
O2 (20 ml min−1) for 2 h. The treated samples were purged with
r at room temperature for 1 h and heated linearly at 10–800 ◦C in
flowing Ar atmosphere at 20 ml min−1. The CO2 signal was mon-

tored and recorded continuously as a function of the temperature
y the MS.

The phase structures of the various samples were examined
sing an X-ray diffractometer (XRD, ARL X’ TRA) equipped with
Cu K� radiation (� = 0.1541 nm). The BET specific surface area of

he catalysts was characterized by N2 adsorption at liquid nitro-
en temperature using a surface area analyzer (BELSORP II, Japan).
rior to nitrogen adsorption, the sample was degassed at 300 ◦C
or 2.0 h to remove any physically adsorbed species. The surface
rea was determined from the linear portion of the BET equation.
he laser Raman spectroscopy of the various catalysts after treated
t 850 ◦C under a pure CH4 atmosphere for 5 min was obtained
n an HR800 UV Raman microspectrometer (JOBIN YVON, France)
sing the green line of an argon laser (� = 514.53 nm) as the excita-
ion source. The cross-sectional morphologies of the fuel cells were
xamined using an environmental scanning electron microscope
ESEM, QUANTA-200).

The I–V polarization curves of the fuel cells measured at
50–850 ◦C were obtained using a Keithley 2420 source meter

n 4-probe mode. During the measurements, hydrogen, CH4–O2,
H4–H2O or CH4–CO2 gas mixtures were fed into the anode cham-
er and ambient air was served as the oxidant gas at in the cathode
hamber. The flow rate of hydrogen and methane was maintained
t 80 ml min−1 [STP].

. Results and discussion

.1. Basic properties

The development of active and stable catalysts for methane con-
ersion to syngas is critical for methane utilization in chemical
ynthesis. On the other hand, an ideal material for the anode func-
ional layer of SOFCs operating on methane should possess high
ctivity for all three reactions (partial oxidation, steam reform-
ng and CO2 reforming of methane) because the CO2, and H2O
ould co-present with the methane under polarization by intro-
ucing methane and oxygen as the anode feed gases. We have
reviously demonstrated that a Ni–Al2O3 (7 wt.% Ni) catalyst pre-
ared by a glycine nitrate combustion process had good activity

or the afore-mentioned three reactions at intermediate temper-
tures. To further improve the catalytic performance, a series of
anthanides (La2O3, CeO2, Pr2O3, Sm2O3 and Gd2O3) were applied
s promoters to modify the Ni–Al2O3 catalyst. Five new cata-
ysts, i.e., LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and
Fig. 1. The XRD patterns of the various catalysts after calcination at 850 ◦C.

GdNi–Al2O3 were prepared by the same combustion method, and
for comparison, Ni–Al2O3 was also synthesized. In all six cata-
lysts, the nickel content was fixed at 15 wt.% and the molar ratio
of promoters to nickel was fixed at 0.12:1. The contents of the pro-
moters were 5.00, 5.28, 5.06, 5.35 and 5.56 wt.% for LaNi–Al2O3,
CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and GdNi–Al2O3, respec-
tively. It is interesting that all of the catalysts were light blue in
color except for the CeNi–Al2O3, which was light green. The XRD
results are shown in Fig. 1. As shown, the �-Al2O3 and NiAl2O4
phases were detected in all of the samples. No other phase like
NiO was observed in the LaNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and
GdNi–Al2O3. These results suggest that the La, Pr, Sm and Gd oxides
were all well-dispersed within the catalysts. However, the CeO2
phase was detected in the CeNi–Al2O3, which agreed well with the
literature [31,35]. This result implies that CeO2 likely did not enter
into the bulk phase of the Ni–Al2O3 catalysts. The existence of the
yellowish-color CeO2 should explain the green color of CeNi–Al2O3.

The specific surface areas were determined using the nitro-
gen adsorption method at the liquid nitrogen temperature and
were 51.3, 69.5, 79.0, 52.7, 56.2 and 68.3 m2 g−1 for LaNi–Al2O3,
CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3, GdNi–Al2O3 and Ni–Al2O3,
respectively. These findings indicate that the promoters affected
the specific surface area of the catalysts. It has been reported that
a maximum BET surface area of La2O3/Al2O3 composites exists,
changing with the La2O3 loading (La/Al ratio). However, the La/Al
ratio having the maximum BET value varies between investigations
depending on the different preparation conditions [36,37]. Chen
et al. found that the specific surface area of the La2O3-promoted
Al2O3 samples was higher than that of the pure Al2O3 sample
when La/Al ≤ 0.02 and that the maximum specific surface area was
achieved at a La/Al atomic ratio of 0.02. For La/Al ≥ 0.05, the specific
surface areas of the La2O3-promoted aluminum samples decreased
rapidly with the increase in the La/Al atomic ratio [36]. Roh et al.
also reported that the largest specific surface area of a LaNi–Al2O3
catalyst was obtained at the La/Al atomic ratio of 0.02 [38], while
Haack et al. have reported that the maximum specific surface area
was achieved at a La/Al atomic ratio of 0.15 [37]. In this study, the
specific surface area of LaNi–Al2O3 (La/Al = 0.022) was relatively
smaller than that of Ni–Al2O3, which was different from the lit-
erature cited above. This phenomenon may be attributable to the
different preparation method we used in this study. The specific
surface area of the CeNi–Al2O3 was very close to the Ni–Al2O3.
Wang et al. have demonstrated the effect of different cerium con-

tents on the specific surface areas of the CeO2-promoted Ni–Al2O3
catalysts, and the specific surface area of Ni–1 wt.% CeO2–Al2O3
was slightly higher than that of the unpromoted Ni–Al2O3 catalyst,
while Ni–5 wt.% CeO2–Al2O3 has about the same specific surface
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Fig. 3. The catalytic activity of the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3,
SmNi–Al2O3, GdNi–Al2O3 catalysts for (a) partial oxidation (CH4:O2 = 2:1), (b) steam
reforming (CH4:H2O = 1:1) and (c) CO2 reforming (CH4:CO2 = 1:1) (solid symbol: CH4

conversion; open symbol: CO selectivity).

Table 1
Methane conversion during the partial oxidation, steam reforming, and CO2 reform-
ing of methane at 600 ◦C over LaNi–Al2O3, CeNi–Al2O3, SmNi–Al2O3, PrNi–Al2O3 and
GdNi–Al2O3.

Catalysts CH4 conversion

Partial oxidation Steam reforming CO2 reforming
ig. 2. The H2-TPR profiles of the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3,
dNi–Al2O3 and Ni–Al2O3 catalysts.

rea as that of Ni–Al2O3 [25]. In this study, the content of CeO2 was
.28 wt.%, and thus, the surface area results agree well with the

iterature. Guo et al. have reported on the effect of the Gd2O3 con-
ent on the BET surface area in a Ni–SiO2 system [39]. The authors
elieved that the surface area of Ni–SiO2 decreased with the addi-
ion of Gd2O3. Our results with the Gd-promoted Ni–Al2O3 catalyst
howed the same trend as their observations, although the supports
ere different.

The chemical interaction between the nickel and the support
nd/or the promoters was characterized by H2-TPR. Fig. 2 shows the
2-TPR profiles of the various catalysts. The reduction peak tem-
erature of the free NiO during the H2-TPR process was reported to
e around 330 ◦C [40]. With the increase in the chemical interaction
etween the NiO and the support or promoters, a shift of the reduc-
ion peak to higher temperatures was expected. The reduction peak
emperatures of the six catalysts were all higher than 800 ◦C, sug-
esting a strong interaction between the nickel and the support
�-Al2O3) or the promoters in the various catalysts synthesized
y the GNP method. Such interaction could effectively suppress
he grain growth of the NiO phase that is beneficial for increasing
he catalytic activity of the catalysts. The peak temperatures were
32, 823, 832, 832, 833 and 823 ◦C for the LaNi–Al2O3, CeNi–Al2O3,
rNi–Al2O3, SmNi–Al2O3, GdNi–Al2O3 and Ni–Al2O3, respectively.
hese findings indicate that the lanthanide additives could affect
he metal-support interaction with the exception of the CeO2 addi-
ive. The same peak reduction temperatures of CeNi–Al2O3 and
i–Al2O3 can be explained by the lack of a strong chemical inter-
ction between the CeO2 and the support as demonstrated by the
RD.

.2. Catalytic performance

Fig. 3 shows the methane conversion and CO selectivity
or the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and
dNi–Al2O3 catalysts for the partial oxidation, steam reforming
nd CO2 reforming of methane with the methane to O2, H2O and
O2 ratios of 2:1, 1:1 and 1:1, respectively. All five of the cata-

ysts showed favorable catalytic activity for the three reactions
t high temperatures (750–850 ◦C), which may be attributable to
he relatively strong interaction between the NiO and the support.
owever, a decrease in the operational temperature led to differ-
nt activities. Table 1 lists the detailed methane conversion over

◦
he five catalysts at 600 C. It shows that the catalytic activities of
he CeNi–Al2O3 and SmNi–Al2O3 catalysts were a little lower than
hose of the PrNi–Al2O3, LaNi–Al2O3 and GdNi–Al2O3 catalysts. For
xample, the CH4 conversion over the GdNi–Al2O3 catalyst reached
6.2, 77.7 and 75.4% for the methane partial oxidation, steam and

LaNi–Al2O3 85.1% 78.6% 74.4%
CeNi–Al2O3 82.7% 71.8% 71.4%
PrNi–Al2O3 85.0% 79.4% 75.7%
SmNi–Al2O3 81.1% 72.3% 72.4%
GdNi–Al2O3 86.2% 77.7% 75.4%
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Table 2
H2 to CO ratios for the partial oxidation, steam reforming, and CO2 reforming of
methane at 600–850 ◦C over LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and
GdNi–Al2O3.

Catalyst Temperature (◦C) H2 to CO ratios

Partial
oxidation

Steam
reforming

CO2

reforming

LaNi–Al2O3 850 2.07 3.09 1.03
800 2.11 3.16 1.03
750 2.14 3.17 1.04
700 2.19 3.34 1.05
650 2.26 3.79 1.01
600 2.45 4.30 1.03

CeNi–Al2O3 850 2.02 3.03 1.02
800 2.03 3.04 1.01
750 2.06 3.10 1.00
700 2.09 3.21 0.99
650 2.17 3.39 0.98
600 2.36 3.95 0.99

PrNi–Al2O3 850 2.02 3.15 1.03
800 2.08 3.29 1.02
750 2.09 3.48 1.02
700 2.13 3.49 1.02
650 2.22 3.62 1.01
600 2.46 4.33 1.03

SmNi–Al2O3 850 2.13 3.15 1.01
800 2.17 3.29 1.00
750 2.19 3.40 0.97
700 2.19 3.40 1.00
650 2.12 3.54 0.99
600 2.31 3.91 1.01

GdNi–Al2O3 850 2.02 3.04 1.01
800 2.03 3.06 1.00
750 2.04 3.17 1.05
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The graphitization degree of the deposited carbon was related to
the integrated intensity ratio in the form of R (ID/IG) [49]. According
to the literature, the R-values should decrease with the increasing
carbon graphitization degree [50]. The R-values of the deposited

Table 3
BET and carbon formation rates of the various catalysts under methane atmosphere.

Catalysts BET (m2 g−1) Carbon formation rate
(10−5 mol m−2 min−1)

LaNi–Al2O3 51.3 1.20
700 2.18 3.40 1.03
650 2.27 3.57 1.03
600 2.50 4.13 1.05

O2 reforming reactions, respectively, while they were 82.7, 71.8
nd 71.4%, respectively, over the CeNi–Al2O3 catalyst.

The H2 to CO ratio is an important factor to evaluate the catalysts
uring the syngas production reactions of methane [41–46]. The H2
o CO ratios of the five catalysts in the methane partial oxidation,
team and CO2 reforming reactions in this study are listed in Table 2.
he H2 to CO ratios of all the catalysts at 750–850 ◦C were near the
heoretical values of 2.0, 3.0 and 1.0 for the methane partial oxida-
ion, steam reforming and CO2 reforming reactions, respectively.
he H2 to CO ratios could meet the different requirements for the
roduction of many chemicals, such as HCHO and CH3COOH. The
2 to CO ratios increased with decreasing reaction temperatures

or the methane partial oxidation and steam reforming reactions
nd the H2 to CO ratio almost remained stable for the CO2 reform-
ng reaction. Liu et al. have reported similar results for the methane
artial oxidation reaction [45]. Daza et al. have demonstrated that
he H2 to CO ratios almost remained stable for the CO2 reforming
eaction, which agrees with our results [46].

.3. Carbon deposition

The catalyst stability for the methane conversion is closely
elated to the coke formation. Previously, we have demonstrated
hat the LiLaNi–Al2O3 (7 wt.% Ni) catalyst had better coke resis-
ance than the Ni–Al2O3 [32]. The carbon deposition behavior of the

anthanide-promoted Ni–Al2O3 catalysts was then investigated.
ig. 4 shows the corresponding O2-TPO profiles of the catalysts
fter treatment in methane at 850 ◦C. The CO2 peak areas were
.76 × 10−6, 1.98 × 10−6, 2.35 × 10−6, 1.44 × 10−6, 1.23 × 10−6 and
.63 × 10−6 for LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3,
Fig. 4. The O2-TPO profiles of the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3

and GdNi–Al2O3 catalysts after treatment in pure methane for 5 min at 850 ◦C.

GdNi–Al2O3 and Ni–Al2O3, respectively. The area of the CO2 peak
reflects the amount of carbon deposited on the catalysts, which was
quantitatively determined by applying pure SrCO3 as an external
standard substance. Table 3 shows the area-specific carbon forma-
tion rates over the various catalysts. These results indicated that
the introduction of lanthanides to the Ni–Al2O3 catalyst increased
the coking resistance. The GdNi–Al2O3 catalyst had the best cok-
ing resistance. It is interesting that CeNi–Al2O3 was very different
from the other four catalysts. This phenomenon may be because the
CeO2 did not enter the bulk phase in the catalyst, as evidenced by
the XRD and TPR characterizations. The coke resistance regulation
in the LaNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3 and GdNi–Al2O3 cat-
alysts agreed with the ionic radius of the corresponding promoter
elements. Some promoters could create a steric effect, such as
blocking certain catalytic sites or the adsorption/desorption modes
of specific molecular geometries on the surface of the catalyst.
The amount of deposited carbon also depended on the differ-
ence between the carbenium adsorption and desorption rates. The
amount of adsorbed carbenium was controlled by the thermody-
namic process. The desorption rate of the carbenium on the catalyst
should be affected by the structure of the catalyst. It has been
reported that the carbon deposition property of the supported cat-
alyst is related to the steric hindrance of the catalyst [47]. The
Gd3+ had the smallest ionic radius of 0.94 Å of the five elements
in this study and the good coke resistance of GdNi–Al2O3 should be
attributable to the steric effect of the promoter.

To investigate the structures of the deposited carbon, the laser
Raman spectroscopy of the five carbon-deposited samples were
measured. As shown in Fig. 5, the Raman spectra showed two
intense bands, with the first one at 1350 cm−1 (usually called the
D-band) associated with the disorder structure of carbon and the
second one at 1580 cm−1 (usually called the G-band) assigned to the
in-plane vibrations of the carbon atoms in hexagonal sheets [48].
CeNi–Al2O3 69.5 1.00
PrNi–Al2O3 79.0 1.05
SmNi–Al2O3 52.7 0.97
GdNi–Al2O3 56.2 0.77
Ni–Al2O3 68.3 2.92
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ig. 5. The Raman spectra of the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3

nd GdNi–Al2O3 catalysts after treatment in pure methane for 5 min at 850 ◦C.

arbon over the LaNi–Al2O3, CeNi–Al2O3, PrNi–Al2O3, SmNi–Al2O3,
dNi–Al2O3 and Ni–Al2O3 at 850 ◦C were 1.63, 1.32, 1.38, 1.21, 1.05
nd 0.86, respectively. These findings indicate that the addition of
arious lanthanides could effectively decrease the graphitization
egree of the carbon deposited over the catalysts.

To further exploit the coke resistance of the GdNi–Al2O3
atalyst, the catalyst was treated in pure methane at vari-
us temperatures and then subjected to the O2-TPO analysis.
ig. 6 presents the O2-TPO profiles of the GdNi–Al2O3 cata-
yst after treatment in methane at 650–850 ◦C. The CO2 peak
reas were 1.23 × 10−6, 2.52 × 10−6, 3.60 × 10−6, 7.85 × 10−6,
.10 × 10−5 at 850, 800, 750, 700 and 650 ◦C, respectively. The
rea-specific carbon formation rates of the corresponding temper-
tures were 7.70 × 10−6, 1.58 × 10−5, 2.26 × 10−5, 4.92 × 10−5 and
.90 × 10−5 mol m−2 min−1, respectively. These results indicate an

ncrease in the coke formation rate with a decrease in the reaction
emperature for the GdNi–Al2O3 catalyst. Based on the hydrocar-
on cracking reaction thermodynamics, an increase in the reaction
emperature should not cause a decrease in the rate of coke forma-
ion. However, coke is the product of the inter-reactions between
arbenium ions on the catalyst surface. Thus, due to an increase
n the desorption rate, fewer carbenium ions were present on the
atalyst surface at high temperatures. As a result, the rate of coke
ormation decreased with an increase in temperature [51].
It is well known that an acidic catalyst surface favors carbon
eposition, while a basic one suppresses carbon deposition [52].
o test the surface basicity of the lanthanide-promoted Ni–Al2O3
atalysts, the CO2-TPD process was performed. Fig. 7 shows the
orresponding CO2-TPD profiles of the GdNi–Al2O3 and Ni–Al2O3

ig. 6. The O2-TPO profiles of the GdNi–Al2O3 catalyst after treatment in pure
ethane for 5 min at 650–850 ◦C.
Fig. 7. The CO2-TPD profiles of the Ni–Al2O3 and GdNi–Al2O3 catalysts after treat-
ment in pure CO2 for 2 h at room temperature.

catalysts. No absorption peak existed at the region above 600 ◦C,
which implied that no carbonate was produced in our CO2-TPD
process. The CO2 peak areas were 1.22 × 10−7 and 4.53 × 10−7 for
the Ni–Al2O3 and GdNi–Al2O3, respectively. Thus, the GdNi–Al2O3
catalyst had a higher surface basicity than the Ni–Al2O3. This result
showed that the good coke resistance of the GdNi–Al2O3 should be
attributable to the steric effect of the Gd2O3 promoter and the large
surface basicity of the catalyst.

3.4. Long-term catalyst stability

To evaluate the operational stability, the GdNi–Al2O3 catalyst
was tested for methane partial oxidation under the conditions of
CH4:O2 = 2:1 at 850 ◦C for a period of 300 h. Fig. 8 shows the corre-
sponding methane conversion and the H2 to CO ratio. The methane
conversion was stable at approximately 99% and the H2 to CO ratio
stayed around 2.0 during the 300 h operation. The catalytic deacti-
vation of the �-Al2O3-supported catalysts during high-temperature
operations is typically due to the thermal deterioration of the �-
Al2O3 support, i.e., the sintering and phase transformation into
the low-surface area �-Al2O3 [53]. Rare earth metal oxides could
prevent the alumina support from thermal deterioration [54]. The
rare earth oxides also have a high oxygen storage capacity and can
absorb or release oxygen reversibly in response to the oxygen con-

centration in the gas-phase [55]. Their presence shows beneficial
effects on the catalyst performance, such as improving the disper-
sion of the active species and delaying the transition of the alumina
support from �-Al2O3 to �-Al2O3 [56,57]. The strong interaction
between the NiO species and the Al2O3, the good coking resistance

Fig. 8. The time dependence of methane conversion and the H2 to CO ratio under
CH4:O2 = 2:1 conditions at 850 ◦C for the GdNi–Al2O3 catalyst.
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Fig. 9. The I–V and I–P curves of the fuel cells with the GdNi–Al2O3 catalyst layer
operating on a mixed gas composed of (a) pure hydrogen, (b) 80% CH4 and 20% O2, (c)
66.7% CH4 and 33.3% H2O, and (d) 66.7% CH4 and 33.3% CO2 at different temperatures.
Fig. 10. The time dependence of the voltage and power density under a specific
current density (600 mA cm−2) at 750 ◦C of the fuel cell with the GdNi–Al2O3 catalyst
layer operating on methane–oxygen gas mixtures as fuel.

and the high surface basicity of GdNi–Al2O3, as evidenced by the
H2-TPR, O2-TPO and CO2-TPD results, largely contributed to the
excellent stability of the GdNi–Al2O3 catalyst.

3.5. Single cell performance

The GdNi–Al2O3 catalyst was then investigated as the anode
functional layer in a single cell. Fig. 9 shows the I–V and I–P
curves of the fuel cell operating on a methane–O2 gas mixture, a
methane–H2O gas mixture and a methane–CO2 gas mixture. The
methane to O2, H2O and CO2 ratios were 4:1, 2:1 and 2:1, respec-
tively. By applying the methane–O2 gas mixtures as the fuel, the
cell delivered peak power densities of 1068, 832, 618, 450 and
285 mW cm−2 at 850, 800, 750, 700 and 650 ◦C, respectively, while
they were 1054, 805, 580, 413 and 247 mW cm−2 when pure hydro-
gen was applied as the fuel. These results showed that the cell
power outputs were similar for operating on methane–O2 fuel and
hydrogen fuel. The cell delivered similar power outputs by operat-

ing on methane–H2O or methane–CO2 gas mixtures. For example,
the peak power densities at 850 ◦C were 996 or 986 mW cm−2

when methane–H2O or methane–CO2 gas mixtures served as fuels,
respectively. These results indicate that the catalyst layer had suf-

Fig. 11. The cross-sectional SEM images of the GdNi–Al2O3 catalyst–anode interface
after the cell performance and stability test.
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cient catalytic activity for the partial oxidation, steam reforming
nd CO2 reforming of methane.

The cell stability with the GdNi–Al2O3 catalyst layer under a spe-
ific current density at 750 ◦C was then investigated. As shown in
ig. 10, methane–O2 gas mixtures (CH4:O2 = 4:1) were investigated
s the cell fuel. Under a current density of 600 mA cm−2, the voltage
as stable at about 0.70 V during the entire 400 min test and the

orresponding power density was stable at about 420 mW cm−2.
his good stability should contribute to the excellent coking resis-
ance of the GdNi–Al2O3 catalyst, as evidenced by the O2-TPO
esults.

The SEM image of the fuel cell after the cell performance and
tability test between 650 and 850 ◦C under different fuel condi-
ions for a period of 15 h is shown in Fig. 11. The catalyst layer still
dhered to the anode surface fairly well. The above results indicate
hat the coking resistant GdNi–Al2O3 catalyst can be used as the
unctional layer of SOFCs operating on methane fuel.

. Conclusions

The combustion-synthesized lanthanide-promoted Ni–Al2O3
atalysts had good catalytic activity for the partial oxidation, steam
eforming and CO2 reforming of methane at elevated temperatures.
he catalytic activity of the GdNi–Al2O3 was comparable to those of
he LaNi–Al2O3 and PrNi–Al2O3 catalysts but was higher than those
f the CeNi–Al2O3 and SmNi–Al2O3 catalysts. The strong inter-
ction between the NiO and the support accounted for the high
ctivity of the catalysts. The GdNi–Al2O3 catalyst also presented
he best coke resistance under pure methane conditions among
ll of the catalysts, and it remained stable under the conditions
f CH4:O2 = 2:1 for 300 h at 850 ◦C. A fuel cell with a GdNi–Al2O3
atalyst layer yielded high cell performance when operating on
ethane–O2, methane–H2O or methane–CO2 gas mixtures. The

ell with the GdNi–Al2O3 catalyst layer was stable when operat-
ng on methane–O2 mixtures at 750 ◦C for 400 min. The excellent
atalytic activity and stability and the high coking resistance of
dNi–Al2O3 indicate a promising application as the catalyst layer

n SOFCs operating on methane.
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