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ABSTRACT: A series of ordered mesoporous Ni−Ce−Al
composite oxides with various cerium contents were synthesized
via a one-pot route: evaporation-induced self-assembly (EISA)
strategy and tested in methane dry reforming for hydrogen and
synthesis gas production. Using this method, the hydrophobic
nickel precursor was directly incorporated into the hydrophobic
cores of surfactant micelles, and thus, the highly dispersed Ni
nanoparticles were stabilized inside the mesopore channels of an
alumina matrix. For comparison, Ni-based catalysts were also
prepared by a traditional impregnation method. The character-
ization results confirmed that the ordered mesostructures were
well maintained in all of the cerium-incorporated Ni−Al
materials (Ce/(Ce + Al) molar ratio ≤ 3%). The catalyst with
a Ce/(Ce + Al) ratio of 1% exhibited the highest catalytic
activity (with CO2 and CH4 initial conversions being 70% and
68% at 700 °C, respectively) and remained stable in a methane
dry reforming reaction. This improved activity can be attributed
to the large surface area and high dispersion and reducibility of Ni nanoparticles, which were stable because of the stable alumina
framework and high oxygen mobility in these cerium-containing samples. Resistance to carbon deposition was found over the
Ni−Ce−Al catalyst, whereas amounts of graphitic carbon species were found over the Ni-impregnated catalysts, which was
responsible for deactivation.
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1. INTRODUCTION

Carbon dioxide and methane are the main greenhouse gases
that cause global climate change. Recently, extensive attention
has been giben to control and utilization of these greenhouse
gases.1−4 Carbon dioxide reforming of methane or methane dry
reforming is an efficient route for conversion of these two
greenhouse gases into synthesis gas (syngas).5−7 The produced
syngas with a H2/CO molar ratio around 1 is suitable to be
transformed to valuable hydrocarbons through Fischer−
Tropsch (F−T) synthesis and oxosynthesis.8,9

For catalysts in methane dry reforming, the noble metals,
such as Rh, Ru, Pt, Pd, Ir, have presented considerable catalytic
activity, but the high cost is a concern for industrial
application.10−14 Nickel-based catalysts have exhibited excellent
catalytic activity for methane dry reforming, but they are
reported to easily deactivate due to carbon deposition or
sintering.15,16 It has been reported that highly dispersed Ni
particles can inhibit carbon deposition,17−19 but these highly

dispersed Ni species are easily agglomerated during the
reaction.20

The confinement effect of mesopores can be a strategy to
address this concern. Using supports with ordered mesoporous
structure (for instance, ordered siliceous materials), the metal
nanoparticles can be confined inside the pore channels of
mesoporous materials, and thus, a high dispersion can be
maintained and long-term stability is achieved.21−23 Typically,
monodispersed Ag nanoparticles over SBA-15 mesoporous
materials have been prepared through an in situ autoreduction
method.24 The confinement of mesopores has resulted in an
enhanced thermal stability of Ag nanoparticles inside the pore
channels of SBA-15. In previous studies, Ni-based mesoporous
materials, both mesoporous silica (SBA-15, MCM-41, TUD-1)
and mesoporous metal oxide (CaO−ZrO2, La2O3−ZrO2,
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CeO2−ZrO2), have exhibited excellent catalytic behavior in
methane dry reforming.21−27

In recent years, ordered mesoporous alumina has been
widely applied in catalysts and adsorption because of its tunable
pore size, large surface area, and high thermal stability.28−30 Via
a simple solvent evaporation-induced self-assembly (EISA)
strategy, highly ordered mesoporous alumina with 2D
hexagonal structure has been successfully synthesized by Yuan
et al. and has showed a high thermal stability up to 1000 °C.29

This reproducible route was used for the preparation of
mesoporous materials, especially nonsiliceous mesoporous
materials.31 Because the active component can be confined in
the channels of mesopores with some size limitation, ordered
mesoporous alumina loaded with metal oxides has attracted
much attention as new functional materials with excellent
catalytic activity.32,33 However, the traditional impregnation of
mesoporous alumina with metal oxide precursors often leads to
pore blockage or damage, which results in fast deactivation.
Herein, we have developed a simple one-pot synthesis route.

This facile method is based on a sol−gel process combined with
EISA in ethanol using Pluronic P123 as the template.29,30 In the
micellar solution of the alumina precursor, the hydrophobic Ni
precursor could be directly incorporated into the inner
hydrophobic cores of the surfactant micelles. After removing
the template through calcination in air, the alumina formed a
stable ordered mesoporous skeleton, and the Ni nanoparticles
could be uniformly dispersed in the pore channels of the
mesoporous alumina (Scheme 1).
In this study, a series of ordered mesoporous Ni−Al and Ni−

Ce−Al oxide catalysts with different cerium contents were
prepared via the one-pot EISA method. The cerium promoter
could increase the oxygen mobility of the catalysts as well as the
stability of metal particles.34 Their catalytic behaviors in the
methane dry reforming reaction were investigated and
compared in detail with those of Ni-impregnated catalysts.
The influence of the CeO2 modifier and the deactivation aspect
are also discussed.

2. EXPERIMENTAL SECTION

2.1. Preparations of Ni−Al and Ni−Ce−Al Catalysts.
Ordered mesoporous Ni−Al and Ni−Ce−Al oxide catalysts
was prepared via an improved one-pot EISA method based on
the previously reported literature.29,35,36 The Ni content was
fixed at 7 wt % in all catalysts in this work, and the molar ratio
of Ce/(Ce + Al) was 1%, 2%, 3%, and 4%.
In a typical synthesis procedure, (EO)20(PO)70(EO)20

Triblock copolymer (Pluronic P123, typical Mn = 5800,
Sigma−Aldrich) and an expected stoichiometric amount of
Ni(acac)2 were dissolved in 10 mL of anhydrous ethanol at

room temperature (RT), then a solution containing 10 mL of
ethanol, 1.7 mL of 67 wt % HNO3, 2.04 g of Al(OPri)3 (10
mmol), and different amounts of Ce(NO3)2·6H2O was added
into the above solution under vigorous stirring. The mixture
was continuously stirred for 5 h and then placed in the oven at
60 °C for evaporation of EtOH for 48 h. The final gel was
calcined at 700 °C for 4 h. The obtained sample was denoted as
Ni−xCe−Al, where x represents the Ce/(Ce + Al) molar
percentage. The preparation of the ordered mesoporous Al2O3

and CeO2−Al2O3 support materials was similar to that of the
Ni−xCe−Al catalysts without the addition of Ni(acac)2.
The Ni-impregnated catalysts were prepared by an incipient

impregnation method. The mesoporous Al2O3 and CeO2−
Al2O3 powder were mixed with the Ni(NO3)2 solution under
magnetic stirring at 80 °C to achieve a 7 wt % loading amount.
After stirring, the solution was dried and then calcined in air at
700 °C for 4 h. The samples were designated as Ni/Al-IMP and
Ni/xCe−Al-IMP, where x represents the Ce/(Ce + Al) molar
percentage.

2.2. Catalyst Characterization. The X-ray diffraction
patterns (XRD) were carried out on an X-ray diffraction
apparatus (Philips X’pert PRO) with Cu Kα (45 kV, 50 mA)
radiation.
The specific surface areas, total pore volume and average

pore diameter were determined from N2 adsorption/desorption
isotherms at −196 °C using an automated surface area and pore
size analyzer (Quadrasorb SI apparatus). Before each measure-
ment, the sample was degassed in vacuum at 300 °C for 3 h.
The morphology of the materials was visualized using a

JEOL JEM 2010 transmission electron microscope (TEM)
operated at 120.0 kV. The samples were dispersed in ethanol
assisted by an ultrasonic technique.
The X-ray photoelectron spectra (XPS) were recorded on an

XSAM800 spectrometer with an Al Kα (hν = 1486.6 eV) X-ray
source. Charging effects were corrected by adjusting the
binding energy of the C 1s peak from carbon contamination
to 284.6 eV.
Temperature-programmed reduction (TPR) experiments

were carried out in a fixed-bed reactor. Prior to the TPR
measurements, samples were pretreated at 300 °C for 0.5 h in
flowing Ar (50 mL/min) to remove any moisture and adsorbed
impurities. After cooling the reactor to room temperature, the
reduction gas of 4.2% H2/N2 at a flow rate of 30 mL/min was
introduced. The temperature of the reactor was raised linearly
to 900 °C at a rate of 10 °C/min by a temperature controller.
The hydrogen consumption was analyzed online by a SC-200
gas chromatograph with a thermal conductivity detector
(TCD).

Scheme 1. Schematic Diagram of the Nickel Nanoparticles/Mesoporous Alumina Preparation
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Hydrogen chemisorption was performed in a static volume
apparatus Autosorb-1-C (Quantachrome). The samples were
first dried under He atmosphere at 250 °C for 2 h and reduced
in purified H2 at 700 °C for 1 h using a heating rate of 10 °C/
min. The samples were purged with helium at this temperature
for 2 h and then cooled in vacuum to 40 °C for the
chemisorption measurement.
The amount of carbon deposited on the used samples was

determined with a thermogravimetric analyzer (TGA Q500).
The sample was heated in flowing air from room temperature
to 800 °C at a heating rate of 10 °C/min.
The O2 temperature-programmed desorption (O2-TPD)

experiments were carried out in a fixed-bed reactor. A 100
mg sample was pretreated with N2 at 700 °C for 30 min,
followed by O2 adsorption at room temperature for 30 min.
The sample was then purged with N2 gas to remove the
physically adsorbed O2, followed by heating the sample from 50
to 950 °C at a linear heating rate of 10 °C/min in the N2 flow.
The effluent gases were analyzed online by a Hiden QIC-20
mass spectrometer.
Temperature-programmed hydrogenation (TPH) experi-

ments were carried out in a fixed-bed reactor. A 100 mg
sample after reaction was loaded, and the reaction gas of pure
H2 at a flow rate of 30 mL/min was introduced. The
temperature of the reactor was raised linearly from 50 to 800
°C at a rate of 10 °C/min by a temperature controller. The
products were analyzed online by a Hiden QIC-20 mass
spectrometer.
2.3. CO2 Reforming of Methane To Produce Hydrogen

and Syngas. The catalytic activity measurements were carried
out under atmospheric pressure using a continuous fixed-bed
flow reactor. Typically, 100 mg of catalyst was loaded into the
reactor using quartz wool. The molar ratio of CH4 to CO2 was
1:1, and GHSV was 36 000 mL/(h·gcat). The catalyst was
reduced in the reactor with H2 at 700 °C for 1 h before the test.
Effluent gases from the reactor were analyzed online by a GC-
1690 model gas chromatograph with a TDX-01 column and a
thermal conductivity detector (TCD).

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization. Figure 1a, b shows the

nitrogen adsorption−desorption isotherms and the pore size
distributions of the catalysts, respectively. The textural
properties of various mesoporous catalysts are listed in Table
1. For the Ni−Al sample, the isotherm presented a typical type

IV curve with H1 shaped hysteresis loop, which was
characteristic of mesopore materials with a “cylindrical-shaped”
channel. The steepness of the capillary condensation step
between P/P0 = 0.65−0.85 implied the uniformity of
mesopores in the framework. When cerium was incorporated
into mesoporous Ni−Al, the shape of the type IV isotherm with
a large H1 hysteresis loop still remained, illuminating a similar
mesoporous structure in Ni−xCe−Al (x ≤ 3). Moreover,
compared with that of the Ni−Al sample, the isotherms for
Ni−xCe−Al (x ≤ 3) showed steeper and higher condensation.
This suggested that more uniform mesopores and larger pore
volumes were obtained with cerium modification.30 Further-
more, with an increase in the cerium amount, the hysteresis

Figure 1. (a) Nitrogen adsorption−desorption isotherms, (b) pore size distributions, (c) low-angle XRD patterns, and (d) wide-angle XRD patterns
of various samples.

Table 1. Textural Properties and Compositions of Various
Samples

composition
(wt %)d

sample
SBET

(m2/g)a
Vp

(cm3/g)b
Dp

(nm)c Ni Ce

Ni−Al 208 0.47 3.7 6.82 0.00
Ni−1Ce−Al 245 0.58 3.7 7.76 2.31
Ni−2Ce−Al 212 0.58 4.0 7.12 4.45
Ni−3Ce−Al 173 0.58 4.0 7.33 6.84
Ni−4Ce−Al 115 0.46 5.2 7.37 8.92
Ni/Al-IMP 181 0.27 2.2 6.51 0.00
Ni/1Ce−Al-IMP 189 0.26 2.2 7.79 2.08
aBET specific areas. bTotal pore volumes were obtained at P/P0 =
0.99. cAverage pore diameters were calculated by BJH method. dNi
and Ce contents were determined by EDX analysis.
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loops shifted to higher relative pressures, characteristic for
larger mesopores. Compared with that of catalysts prepared by
the one-pot method, the condensation steps of the Ni-
impregnated samples obviously shifted to lower P/P0 values,
indicating that with impregnation, Ni nanoparticles occupied
the pores of Al2O3 and CeO2−Al2O3 mesoporous supports and
may result in the decrease of pore diameter.35

For the Ni−xCe−Al catalysts, with an increase in the cerium
content, the surface area increased to 245 m2/g for Ni−1Ce−Al
and then decreased significantly to 115 m2/g for Ni−4Ce−Al
sample. A similar trend has been observed in total pore
volumes. The pore size distributions of Ni−Al and Ni−xCe−Al
(x ≤ 3) were relatively narrow and centered at 3−5 nm,
whereas the Ni−4Ce−Al sample showed an obviously larger
pore size and a broad size distribution. Compared with the
catalysts prepared by the one-pot method, an obvious reduction
in surface areas, pore volumes, and average pore sizes over the
Ni-impregnated catalysts was observed. This reduction was due
to the blockage of pores induced by Ni species loaded into the
pore channels.
Low-angle XRD patterns of the catalysts are displayed in

Figure 1c. The Ni−Al sample presented a strong (100) peak

around 1° together with a weak (110) peak around 1.5°,
indicating that the hexagonal ordered mesoporous structure
(p6mm symmetry) was formed in the framework of the Ni−Al
materials. Similarly, an obvious (100) diffraction peak and a
weak (110) peak was also detected in the Ni−xCe−Al (x ≤ 3)
samples, implying that the introduction of a small amount of
cerium did not destroy the mesoporous structure. The ordered
mesoporous frameworks were preserved after calcination at 700
°C, showing a good thermal stability. However, it was observed
that the intensity of (100) peak weakened gradually with an
increase in the cerium content. The Ni−4Ce−Al sample
exhibited a very weak (100) peak, suggesting that the ordered
structure might collapse partially. For Ni/Al-IMP and Ni/1Ce−
Al-IMP catalysts, introducing nickel species via the impregna-
tion method decreased remarkably the intensity of the (100)
peaks. This reflected that the long-range ordered mesopores
were seriously blocked during the impregnation process, which
could be confirmed by TEM images in Figure 2.
Wide-angle XRD patterns (Figure 1d) of Ni−Ce−Al samples

showed no apparent NiO diffraction peaks, indicating that NiO
nanoparticles were homogeneously dispersed in the pore
channels of the samples. Via the one-pot EISA method, Ce

Figure 2. TEM images and the corresponding EDX spectra of various samples: (a) Ni−Al, (b) Ni−1Ce−Al, (c) Ni−2Ce−Al, (d) Ni−4Ce−Al, (e)
Ni/Al-IMP, and (f) Ni/1Ce−Al-IMP.
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atoms might be embedded into the mesoporous framework and
segregated by Al atoms, as reported by Xu et al., resulting in a
high dispersion of cerium oxide.33

From TEM images in Figures 2a−c, the typical ordered
mesostructure was obviously observed with the regular
alignment of cylindrical pores along the (110) direction. This
result was in good agreement with the intense XRD peak at low
angle. Moreover, it was also found that the pore channels were
uniform, corresponding to the pore size listed in Table 1. In
addition, the incorporation of cerium into Ni−Al oxide (x ≤ 3)
via the one-pot method did not change the ordered mesopore
structure with p6mm hexagonal symmetry. However, with a
further increase in the Ce/(Ce + Al) molar percentage up to
4%, the structure became partially disordered (Figure 2d). For
Ni-impregnated catalysts, NiO particles (dark zones) were
irregularly distributed on the ceria−alumina support, as
observed in Figures 2e, f. Some bulk aggregates of NiO could
be seen outside the mesopore channels. The Ni contents in the
selected positions of Figure 2 were similar to that of the
nominal values for all of the samples, as shown in Table 1.
Figure 3a, b shows the Ni 2p3/2 XPS spectra of calcined and

in situ reduced catalysts, respectively. Ni 2p XPS parameters are

also listed in Table 2. The calcined catalysts exhibited Ni 2p3/2
main peaks at 856.1 ± 0.1 eV with satellites around 862.0 eV
and a spin−orbit coupling energy gap of 17.6 ± 0.1 eV. The
reported binding energy of Ni 2p3/2 over pure NiO was about
854.4 eV.37 This result illustrates that there is a strong metal−
support interaction (SMSI) between Ni and the support.

The reduction of the catalyst was carried out in the high-
pressure reaction cell attached to the preparation chamber of
the XPS spectrometer. After reduction at 700 °C, new peaks of
metallic Ni at 852.7 ± 0.1 eV were observed.38 This indicated
that parts of Ni2+ were reduced to metallic Ni while the rest of
them remained as Ni2+. It could be seen from Table 2 that
introducing cerium with various incorporating amounts did not
affect the BE of surface Ni component in catalysts. It is worth
noting that more Ni2+ was reduced to Ni0 over the catalysts
prepared by the one-pot method compared with that over the
Ni-impregnated catalysts, indicating that the catalysts prepared
by the one-pot method had a higher reducibility of Ni species.
The TPR profiles of the calcined catalysts are shown in

Figure 3c. Two major reduction peaks at 465 and 730 °C were
observed for the Ni-impregnated catalyst. The first peak could
be attributed to the reduction of bulk NiO species, which had
weak interaction with the support. The second peak at 730 °C
was due to the reduction of a small amount of nickel species
strongly interacting with the support.39 For the catalysts
prepared by the one-pot method, there was only one reduction
peak above 700 °C, which was assigned to the reduction of NiO
interacting strongly with the support. This indicated that the
one-step method promoted the formation of Ni species that
had a strong interaction with the support.
According to refs 40 and 41, H2 consumption peaks could be

used to indicate the mobility of surface oxygen over the
supports. The reduction peaks of Ni−xCe−Al shifted to lower
temperature, and the hydrogen consumption of Ni−xCe−Al
increased with increasing cerium amount. This should be
attributed to the redox property of Ce (Ce4+ ↔ Ce3+) and the
formation of oxygen vacancies.42 The reducibility calculated
from the TPR results is summarized in Table 2. It can be seen
that the one-step prepared catalysts had a higher reducibility of
Ni species than that of the Ni-impregnated catalysts, which was
consistent with the XPS results of the reduced samples. The
percentage of Ni0 calculated from TPR was higher than that
from XPS, which was due to the different reduction conditions.
The catalysts were reduced with H2 at 700 °C for 1 h before

the XRD and TEM characterization. Figure 4 shows the XRD
patterns of the reduced catalysts. In the cases of Ni/Al-IMP and
Ni/1Ce−Al-IMP catalysts, the characteristic diffraction peak of
γ-Al2O3 (JCPDS Card No. 10-0425) appeared after reduction,
illustrating the phase transition from amorphous to γ-Al2O3
phase for the alumina skeleton. However, the mesoporous
alumina framework of Ni−Al and Ni−xCe−Al samples was in
an amorphous state after reduction.
In addition, the diffraction peaks of Ni (JCPDS Card No. 87-

0712) were also detected for all of the samples. Compared with
those over Ni-impregnated samples, the diffraction peaks of Ni
became wider and almost negligible for the Ni−Al and Ni−
xCe−Al (x ≤ 3) samples. On the basis of the Scherrer equation,
the average crystallite size of the Ni nanoparticles over Ni−Al
and Ni−xCe−Al (x ≤ 3) samples was 4−5 nm. The smaller
size means the higher dispersion of metal species, which could
provide more active sites in methane dry reforming. However,
the Ni−4Ce−Al catalyst with disordered structure had the
larger crystallite size in comparison with that of Ni−xCe−Al (x
≤ 3) samples. From the results above, it was concluded that the
confinement effect of the ordered mesopores resulted in the
stabilization of the Ni nanoparticles.
The TEM images and nickel particle size distributions of

reduced Ni−Al and Ni−xCe−Al samples are shown in Figure
5. It can be found that the Ni nanoparticles are uniformly

Figure 3. Ni 2p3/2 XPS spectra of (a) calcined and (b) in situ reduced
catalysts. (c) TPR profiles of various catalysts.
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dispersed inside the pore channels of the catalysts (some dark
spots, representing the nanoparticles, were placed on the
framework shown in Figure 5d). The average Ni particle size
for Ni−Al, Ni−1Ce−Al and Ni−2Ce−Al was 7.6, 6.0, and 6.3
nm, respectively, which was in line with the XRD and H2-

chemisorption results in Table 3. The geometrical structure is
further schematically illustrated in Figure 5d to demonstrate

Table 2. The Binding Energy and Surface Composition of Ni Derived from XPS Analysis

Ni 2p3/2 (2p3/2−2p1/2 gap) composition of Ni (%)

sample calcined reduced 852.6 eV (Ni0) 856.0 eV (Ni2+) degree of reduction (%)a

Ni−Al 856.2 (17.7) 852.6, 855.7 (17.6) 28.7 71.3 52.7
Ni−1Ce−Al 856.1 (17.6) 852.6, 856.0 (17.6) 31.7 68.3 70.7
Ni−2Ce−Al 856.2 (17.5) 852.8, 856.2 (17.5) 31.2 68.8 68.5
Ni/Al-IMP 856.0 (17.6) 852.6, 855.9 (17.7) 23.3 76.7 42.0
Ni/1Ce−Al-IMP 856.2 (17.7) 852.7, 856.0 (17.8) 24.1 75.9 47.3

aDegree of reduction was determined by the TPR profile.

Figure 4. The XRD patterns of thereduced catalysts.

Figure 5. TEM images and nickel particle size distributions for (a) reduced Ni−Al, (b) reduced Ni−1Ce−Al, and (c) reduced Ni−2Ce−Al. (d) A
schematic diagram illustrating that the Ni nanoparticles were uniformly embedded in the mesoporous alumina.

Table 3. The Dispersion, Particle Size, And Activation
Energies (Ea) of Ni−Al and Ni−xCe−Al Samples

metal
particle

sizeb (nm)

Ea
(kJ/mol)sample

metal surface area
(m2/g)

dispersiona

(%) D1c D2c

Ni−Al 1.53 11.5 8.8 5.3 44.0
Ni−1Ce−
Al

1.67 12.8 7.8 4.4 43.2

Ni−2Ce−
Al

1.65 12.7 8.0 4.6 41.4

Ni−3Ce−
Al

1.58 11.9 8.5 5.2 46.6

Ni−4Ce−
Al

1.50 11.3 9.2 6.8 48.9

aDispersion was calculated assuming Had/Nisurf = 1. bMetal particle
shape was assumed to be spherical. cD1 denotes Ni particle size of the
reduced samples determined by chemisorption; D2 denotes Ni particle
size of the reduced samples measured by XRD.
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that the Ni nanoparticles were highly dispersed in the
mesoporous support. For the reduced catalysts, the particle
size of Ni species were a little larger than the pore size of the
mesopores (as shown in Tables 1 and 3), which indicates that
part of the particles should be embedded in the walls of
mesopores. The phenomenon that Ni species were confined
inside the mesopores resulted from the hydrophobic nature of
the Ni(acac)2 precursor.
3.2. Catalytic Performances of Ni−Al and Ni−Ce−Al

Samples. The initial catalytic activity evaluation of Ni−Al and
Ni−xCe−Al samples was conducted, aiming to examine the
effect of cerium incorporation on the catalytic performance. As
shown in Figures 6a, b, the CO2 and CH4 conversions
increased significantly with elevated reaction temperatures,
reflecting the endothermic feature of the reforming reaction. All
of the samples exhibited their highest catalytic activity at 800
°C. Higher CO2 and CH4 conversions were observed over Ni−
xCe−Al samples in comparison with those of the Ni−Al
sample. Moreover, the catalytic activity was closely related to
the cerium incorporation amount. When the Ce/(Ce + Al)
molar percentage was 1%, the CO2 and CH4 conversions
reached the highest values. As the cerium amount was further
increased, the CO2 and CH4 conversions slowly decreased.
The high initial activity of Ni−1Ce−Al was attributed to the

high dispersion of Ni nanoparticles and large BET surface area.
In the case of Ni−1Ce−Al catalyst, Ni particles were highly
dispersed in pore channels of amorphous alumina. However,
with increasing the doping amount of cerium, the ordered
mesostructure of Ni−xCe−Al samples was partially collapsed.
Hereby, some Ni particles that were not confined in the pores
could grow and agglomerate during the progress of calcination
and reduction to some extent. Swaan et al. reported that the
initial catalytic activity was mainly relied on the nickel phase
(dispersion and reduction) and little on its chemical environ-
ment (support, additive).43 In addition, the Ni−1Ce−Al
catalysts with high surface area could contact with reactants
adequately. However, the surface areas of Ni−xCe−Al were
decreased with increasing the cerium content, resulting in the
dropping activity.

At a temperature range of 550−700 °C, a higher CO2
conversion was observed in comparison with CH4 conversion
for all of the samples. This was due to the simultaneous
presence of reverse water gas-shift (RWGS) reaction (CO2 +
H2 → H2O + CO, ΔH298 = +41 kJ/mol). However, as the
reaction temperature increased, the CO2 conversion was lower
than the CH4 conversion. This phenomenon may happen for
two reasons: (1) as an exothermic reaction, the RWGS reaction
could be inhibited with increasing reaction temperature; and
(2) at a high temperature range, the thermal decomposition of
methane occurred.
The H2 selectivity increased with an increase in the reaction

temperature (Figure 6c), which was due to the fact that the
high temperature favored the formation of H2 through various
reactions, such as the water-gas shift reaction (WGS), carbon
gasification, and methane decomposition. The cerium-incorpo-
rated samples showed obviously higher H2 selectivity than that
of Ni−Al samples. When the Ni−Al catalyst was promoted by a
small amount of cerium (Ce/(Ce + Al) molar ratio = 1%), the
H2 selectivity was improved significantly. Nevertheless, with a
further increase, the Ce/(Ce + Al) molar ratio, the initial H2
selectivity decreased, showing a tendency similar to the catalytic
conversion. The H2 catalytic selectivity at 700 °C was between
76% and 86% in the cases of Ni−Al and Ni−xCe−Al (1 < x ≤
4) samples and 92% in the case of Ni−1Ce−Al.
The H2/CO ratios were between 0.7 and 1.15 over the whole

range of temperatures studied and were elevated with
increasing temperature (Figure 6d). These ratios were observed
to be less than unity at low temperatures, which was due to the
fact that the side reactions, such as RWGS and methanation
reaction, could consume H2 at low temperatures.23 However,
these values were more than unity at high temperatures. This
could be due to the fact that high temperature facilitated the
production of H2 through water-gas shift reaction (WGS),
carbon gasification, and methane decomposition.23

The turnover frequency (TOF) of the reaction over Ni−Al
and Ni−xCe−Al catalysts was calculated by normalizing the
observed reaction rate (mol CH4/(s·gcat)) to the number of
exposed Ni atoms per gram of catalyst (mol Ni/gcat). Because
the dissociative adsorption of methane was considered to be the

Figure 6. The effect of temperature on the initial catalytic performance of Ni−Al and Ni−xCe−Al samples.
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rate-determining step, the reaction rate was calculated using the
methane conversion.44 As displayed in Figure 7a, the TOF

values of Ni−xCe−Al samples were higher than that of the Ni−
Al sample. The difference in TOF values between the different
catalysts can be from the changes in dispersion or particle size
of Ni active species.45 In this study, the TOF values changed
significantly when the level of Ni dispersion was changed. A
relationship between active metal dispersion and TOF in
methane dry reforming has been reported by other
investigators.46,47 For example, the impact of the Rh particle
size on the TOF was investigated by Zhang et al.46 It was found
that the TOF values decreased with an increase in the Rh
particle size over Al2O3 and TiO2 supported catalysts. Wang et
al. also observed that the methane dry reforming was sensitive
to the Ni dispersion, and the TOF increased with a reduction in
the Ni particle size over Ni/MgO catalysts.47

It should be mentioned that the Ni−xCe−Al catalysts
exhibited comparable or enhanced TOF values as compared

with those reported in the previous literature.22,47,48 Liu et al.
reported higher TOFCH4

values (0.82−1.2 s−1) over Ni−Zr/
MCM-41 catalysts as compared with Ni/MCM-41 (0.75 s−1) at
750 °C.22 This was attributed to the ability of the Zr4+ species
to activate CO2 and the formation of highly dispersed Ni
particles as a result of the anchoring effect of Zr4+ species.
Similar TOF results were also reported for noble metal
catalysts.48 Using α-Al2O3- and ZrO2-supported Pt catalysts, a
high activity with TOFCH4

values between 1 and 1.7 s−1 were
reported, and the Ni-based catalysts presented a higher activity,
with TOFCH4

values of 1.7−3.7 s−1.48 For Ni/MgO catalysts,

high TOFCH4
values were observed in the range of 1.5−3.8 s−1

under the GHSVs between 16 000 and 48 000 mL/(h·gcat),
which was ascribed to the strong interaction of Ni nanoparticles
with the NixMg1−xO solid solution support.47

From the Arrhenius plots in Figure 7a, on the basis of
methane conversion data, we obtained the related apparent
activation energies (Ea). In the literature, the Ea’s for Ni-based
catalysts applied in methane dry reforming were reported to
vary considerably (29.3−360 kJ/mol), depending on the nature
of the support, the addition of promoters, the catalytic tests
conditions (i.e., space velocity), etc.49,50 Our results were of the
same order of magnitude. In our study, it was also evident that
cerium modifier had a great influence on the Ea value of the
mesoporous Ni−Al catalyst. As shown in Table 3, the Ea value
of Ni−1Ce−Al and Ni−2Ce−Al samples was estimated to be
43.2 and 41.4 kJ/mol, respectively, in contrast to the higher
value of 44.0 kJ/mol for the Ni−Al catalyst. This clearly
indicated the considerably higher catalytic activity of the Ni−
xCe−Al (x ≤ 2) than that of the reference sample. However,
with the Ce/(Ce + Al) percentage ratio further increasing upon
4%, the activation barrier became higher and the Ea value
sharply increased. The activation energies were comparable
with those available in the literature.44,46

The “low-temperature step” was not observed in Arrhenius
plots. This step could be clearly seen with MCM-41-supported
catalysts for methane combustion, which was related to the
presence of internal diffusion in the long cylindrical channels of

Figure 7. (a) Comparison of TOFs of CH4 conversion over Ni−Al
and Ni−xCe−Al catalysts. The inset shows the corresponding
Arrhenius plots. (b) TOFCH4

versus Ni dispersion over Ni−Al and
Ni−xCe−Al catalysts.

Figure 8. Catalytic stability test of the representative samples for methane dry reforming at 700 °C for 80 h.
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the MCM-41 support.51 However, there was much less
diffusion limitation in the present Ni−Al and Ni−xCe−Al
catalysts because of the large pore size of these materials. This
step also could not be found with SBA-15-supported catalysts.52

To elucidate the effect of Ni dispersion on the TOF values,
we studied the change in the TOFCH4

with the variation of Ni
dispersion on the Ni−Al and Ni−xCe−Al catalysts. As shown
in Figure 7b, the TOF values of CH4 increased with increasing
Ni dispersion. Thus, the catalytic activity expressed by the TOF
of CH4 was of the function TOF = f (Ni dispersion) for the
Ni−Al and Ni−xCe−Al catalysts. This reflected that the TOF
at the beginning of the reaction was related to the Ni
dispersion.
To investigate the catalytic stability of the various Ni

catalysts, a constant temperature test was carried out at 700 °C
for 80 h, and the results are shown in Figure 8. The Ni−xCe−
Al samples exhibited higher catalytic activity and long-term
stability than Ni−Al and Ni-impregnated catalysts. The CH4
conversions remained stable, and no deactivation was observed
throughout 80 h of time on-stream (TOS) for Ni−xCe−Al
samples. This excellent behavior was closely associated with the
confinement effect of the mesostructure for stabilization of the
Ni active species as well as the incorporation of the cerium
promoter. Ni-impregnated samples exhibited relatively poor
activity and stability, with Ni/Al-IMP being poorer than Ni/

1Ce−Al-IMP. After 80 h of TOS, the sequence of CH4
conversion was as follows: Ni−1Ce−Al (66.2%) > Ni−2Ce−
Al (60.3%) > Ni−Al (35.9%) > Ni/Ce−Al-IMP (34.4%) > Ni/
Al-IMP (29.4%). Combining the XRD analysis and catalytic
stability results, it could be seen that the Ni particle size was a
key factor that affected the behavior of the catalyst, and the
formation of Ni particles of smaller size was beneficial for
methane dry reforming.
The ordered mesoporous catalysts incorporated with various

metals have been studied in methane dry reforming.53,54 In our
previous work, the catalytic properties of Ce−SBA-15-
supported Ni catalysts were tested.53 During 40 h of stability
evaluation, the CH4 conversion decreased from 74% to 71%.
Under the conditions of CO2/CH4 = 1 and GHSV = 15 000
mL/(h·gcat), the mesoporous MgO−Al2O3-supported Ni
catalysts exhibited rather stable catalytic performance during
100 h of TOS, which was ascribed to the more exposed active
sites in the mesoporous framework of the supports.54

The H2 and CO selectivity, together with the H2/CO ratio,
were tested during the stability. As displayed in Figure 8b−d,
the Ni−xCe−Al sample maintained high H2 and CO selectivity
and H2/CO ratio during 80 h of TOS, but the Ni−Al sample
showed moderate initial H2 and CO selectivity, which
deactivated gradually with TOS. The Ni-impregnated samples
presented analogous moderate initial H2 and CO selectivity

Figure 9. TEM images for (a) spent Ni−Al, (b) spent Ni−1Ce−Al, and (c) spent Ni−2Ce−Al, respectively. (d) Low-angle XRD patterns of spent
Ni−Al, Ni−1Ce−Al, and Ni−2Ce−Al catalysts. TEM micrographs of carbon species on spent Ni/Al-IMP: (e) filamentous carbon and (f)
encapsulating carbon. Schematic representation of methane dry reforming over (g) Ni−1Ce−Al and (h) Ni/Al-IMP samples.
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with the Ni−2Ce−Al sample. As the reaction proceeded, a
decrease in selectivity was observed for Ni-impregnated
samples. The poor catalytic behavior and unexpected product
selectivity for the Ni-impregnated samples reflected the lack of
accessible active centers for methane dry reforming. The H2/
CO ratios for all of the samples were lower than unity,
reflecting a great tendency toward the formation of H2O
through RWGS reaction.55 The detection of H2O in the outlet
also indicated the occurrence of this reaction. The lower H2/
CO ratios over Ni−Al and Ni/Al-IMP catalysts indicated that
the RWGS easily occurred over catalysts without cerium
incorporation because of the presence of more unreacted CO2.
This phenomenon was also reported in previous literature.21,56

3.3. Deactivation Analysis. In this study, the spent
samples after 80 h of TOS at 700 °C were characterized by
XRD, TGA, TPH, and TEM to investigate the factors resulting
in the deactivation of Ni−Al and Ni-impregnated catalysts.
Figure 9 showed the TEM images as well as low-angle XRD

patterns of spent Ni−xCe−Al catalysts after 80 h of TOS. From
Figure 9a−c, it could be observed that the well-dispersed Ni
nanoparticles and highly ordered mesostructure still remained
after the stability test, and no large particles were found over
the samples. The average Ni particle size was 7.9, 6.6, and 6.7
nm for spent Ni−Al, Ni−1Ce−Al, and Ni−2Ce−Al catalysts,
respectively. From the low-angle patterns, a main diffraction
peak accompanied by a minor peak attributed to (100) and
(110) plane reflection could be seen, which were characteristic
of the mesoporous order of Ni−xCe−Al catalysts after the
stability test.
From wide-angle XRD patterns in Figure 10, the γ-Al2O3

diffraction peak appeared for the spent Ni−Al sample,

indicating a phase transition to the γ-Al2O3 crystalline phase
from the amorphous phase took place during the long-term
stability test. However, the mesoporous framework of alumina
in Ni−xCe−Al samples was almost still in an amorphous state.
The diffraction peaks belonging to the metallic nickel phase
were detected after reaction for all samples, and the diffraction
intensities of metallic nickel for Ni−Al and Ni−xCe−Al
catalysts were still weak after the stability test. It demonstrated
that the sintering of Ni nanoparticles was avoided to some
extent as a result of the confinement effect of the alumina
mesoporous framework. The average Ni crystallite sizes
increased in the following sequence: Ni/1Ce−Al-IMP (8.1
nm) ≈ Ni/Al-IMP (7.9 nm) < Ni−Al (5.6 nm) < Ni−1Ce−Al
(5.0 nm) ≈ Ni−2Ce−Al (4.8 nm). The presence of a large

nickel particle size for Ni-impregnated catalysts indicated the
occurrence of Ni particle sintering during the stability test.
Some Ni particles were located on the external surface of the
alumina framework, which could not be confined by the pore
channels of mesoporous material. The thermal agglomeration
of the Ni particles took place under harsh conditions during the
reforming reaction.
Obvious diffraction peaks of graphitic carbon were found at a

2θ value of 26° over Ni−Al and Ni-impregnated samples. The
intensity of the graphite peak increased in the following
sequence: Ni/1Ce−Al-IMP < Ni−Al < Ni/Al-IMP. This
indicates that large amounts of coke deposited on the surface
of the spent Ni−Al and Ni-impregnated samples. Compared
with Ni−Al and Ni/1Ce−Al-IMP catalysts, the Ni/Al-IMP
sample exhibited a higher intensity of the graphite peak. This
suggests that more carbon species were formed on the Ni/Al-
IMP catalyst. However, in the cases of spent Ni−xCe−Al
samples, no diffraction peaks of graphitic carbon were found,
which was due to the excellent resistance to coke formation.
The high dispersion of Ni nanoparticles could inhibit carbon

deposition and was favorable to the high activity. Because of the
larger particle size of the Ni species over Ni-impregnated
catalysts as compared with that over samples prepared by the
one-pot method, the rate of accumulation of carbon species and
further transformation into less-active carbon were favored.
In the cases of the one-pot-prepared samples, the Ni particles

were anchored by the alumina matrix, resulting in a strong
metal−support interaction between Ni and the alumina
framework (Figure 3c and Figure 9g). Thus, it was difficult
for the carbon to lift the Ni particle from the support. However,
in the case of the Ni/Al-IMP catalyst, because of the weak
interaction between Ni and the support, the movement of Ni
particles within the internal channels or from internal
mesopores to the external surface of the mesoporous alumina
could occur under harsh reaction conditions. The carbon
species could dissolve in the Ni particles and diffuse through it
to detach the Ni particles from the support (Figure 9e, h).
These Ni particles were probably agglomerated during the
reaction. Therefore, some Ni particles with a size of 15−20 nm
were observed in the TEM images in Figure 9e and f. However,
the nickel particle sizes over the reduced and spent Ni−xCe−Al
samples were no more than 10 nm.
The TG/DTA profiles of spent catalysts are shown in Figure

11. TG curves were used to quantify the weight loss derived

Figure 10. XRD patterns of spent Ni-supported samples.

Figure 11. TG/DTA profiles of spent samples.
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from the removal of carbon. The weight loss over the Ni-
impregnated samples was obviously larger than that over
catalysts prepared by the one-pot method. The total weight loss
of spent samples increased in the following sequence: Ni−
2Ce−Al (14.9%) < Ni−1Ce−Al (18.4%) < Ni−Al (19.7%) <
Ni/1Ce−Al-IMP (24.6%) < Ni/Al-IMP (55.8%). This
observation illustrates that carbon deposition on the catalyst
surface was greatly inhibited for the catalysts prepared by one-
pot procedure.
In the case of the Ni−Al sample, two exothermic peaks were

observed in DTA profiles, implying that there were two types of
carbon species deposited on Ni active sites. The first peak
between 250 and 350 °C was ascribed to the combustion of
amorphous carbon (α-carbon), which was the active species for
the formation of syngas.57 The peak above 550 °C was
attributed to the oxidation of inert carbon with different
degrees of graphitization (γ-carbon), which was responsible for
the deactivation of the catalyst.21,58 There was only one
exothermic peak around 300 °C for the Ni−xCe−Al samples,
indicating that the carbon species formed over Ni−xCe−Al
catalysts were mainly relatively active carbon species. The active
carbons were preferentially formed during the early stage of
reforming, mainly through methane decomposition. Part of the
active carbon species could be transformed to less-active carbon
species (β-carbon) through further dehydrogenation, polymer-
ization, and rearrangement. The peak between 350 and 500 °C
over Ni-impregnated samples could correspond to β-
carbon.43,58 Moreover, large amounts of graphitic carbon
species (γ-carbon) were observed over spent Ni-impregnated
sample. It was in line with the XRD patterns of spent samples,
which showed a high intensity for the graphite peak. When only
inert carbon was considered, the deposited carbon amount
increased in the following sequence: Ni−2Ce−Al (1.3%) ≈
Ni−1Ce−Al (1.4%) < Ni−Al (4.6%) < Ni/1Ce−Al-IMP
(9.5%) < Ni/Al-IMP (16.7%).
The TPH profiles of spent catalysts are shown in Figure 12.

The hydrogenation temperature implied the activity of surface

carbon, and the lower hydrogenation temperature showed the
higher activity of the surface carbon. Over the Ni−xCe−Al
samples, α-carbon between 500 and 600 °C was clearly
observed, and negligible β-carbon was found. Ni-impregnated
catalysts were found to exhibit a higher intensity of graphite
compared with the one-pot prepared catalyst. The tendency to
form carbon deposits over the spent samples was in good

agreement with the TG analysis. The presence of difficultly
removed γ-carbon was associated with the deactivation of Ni−
Al and Ni-impregnated catalysts.
It is worth noting that the carbon deposition was significantly

suppressed over cerium-modified catalysts in comparison with
the catalysts without cerium modification. This was due to the
fact that the oxygen mobility of CeO2 promoted the activation
and reduction of CO2. During the reforming reaction, Ce2O3
formed from the reduction of CeO2 under H2 atmosphere was
reoxidized by CO2. The obtained CeO2 could eliminate carbon
deposition that was formed on the active Ni surface by methane
cracking. The rate of coke gasification and the rate of coking
deposition nearly achieved equality, which resulted in the stable
catalytic performance. The redox cycling property of Ce3+/Ce4+

promoted the gasification of deposited carbon. This process is
expressed in Scheme 2 and summarized by following reactions:

+ → +2CeO H Ce O H O2 2 2 3 2 (1)

+ → − +CH Ni Ni C 2H4 2 (2)

+ → +Ce O CO 2CeO CO2 3 2 2 (3)

+ − → + +2CeO Ni C Ce O Ni CO2 2 3 (4)

To provide supports to prove this reaction mechanism, the
Ce 3d XPS spectra of the Ni−1Ce−Al catalyst before and after
reduction, O 1s XPS spectra of reduced Ni−Al and Ni−1Ce−
Al, and with the C 1s XPS spectra of spent Ni−1Ce−Al catalyst
are given.
The spectra of Ce 3d for calcined and reduced Ni−1Ce−Al

catalyst are analyzed in Figure 13a. The two groups of spin−
orbital multiplets, corresponding to 3d3/2 and 3d5/2, are
denoted as u and v, respectively. For the calcined sample,
there are three main 3d5/2 peaks at about 883.4 (v), 889.3 (v2),
and 898.6 (v3) eV and three main 3d3/2 peaks at about 901.7
(u), 907.5 (u2), and 916.7 (u3) eV, all of which are attributed to
the Ce4+ state. The peaks near 886.3 eV (v1) and 904.1 eV (u1)
could be attributed to the Ce3+ state. Therefore, the valence of
cerium over the surface of calcined Ni−1Ce−Al catalyst is
mainly in a 4+ oxidation state with a small amount of Ce3+. The
Ce3+ content can be estimated from the area of u1 and v1
according the following equation:

=
+

∑ +
×+ S S

S S
Ce (%)

( )
1003 u1 v1

u v

The relative contents of Ce3+ calculated for calcined and
reduced Ni−1Ce−Al catalysts are given in Table 4. It can be

Figure 12. TPH profiles of spent catalysts.

Scheme 2. Mechanism of Methane Dry Reforming over Ni−
Ce−Al Mesoporous Catalysts
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found that the percentage of Ce3+ in the reduced sample was
much higher than that in the calcined sample, indicating that
Ce4+ was reduced to Ce3+ during the H2 thermal treatment
(reaction 1).
The spectra of O 1s for reduced Ni−Al and Ni−1Ce−Al

samples were fitted with two Gassian peaks, as shown in Figure
13b. The oxygen mobility was closely related to oxygen
vacancies, and oxygen vacancies can be detected through the O
1s XPS.5 The samples were pretreated with CO2 at 700 °C
before scanning, so there was no XPS signal of adsorbed water.5

There were two oxygen species. The low binding energy peak
was attributed to the surface lattice oxygen, and the high
binding energy one, to the chemisorbed oxygen (adsorbed
−OH in water and C−O in CO3

2−). Palmqvist et al.59 reported
that the XPS peaks of the adsorbed oxygen were derived from
carbonate species trapped by oxygen vacancies, so the amount
of oxygen vacancies can be obtained from the XPS relative
percentage of adsorbed oxygen. The XPS results of the lattice
oxygen (OI) and the adsorbed oxygen (OII) are shown in Table
4. The peak area of adsorbed oxygen (or OII/OI ratio)
increased obviously for Ni−1Ce−Al compared with that for
Ni−Al, which was almost negligible, suggesting an increase in
oxygen vacancies. The oxygen vacancies acted as the active site
for activating CO2, and the activated CO2 could react with the
deposited carbon (reaction 3).60,61

The O2-TPD profiles are shown in Figure 13d. Two
desorption peaks of oxygen were observed in both catalysts,
the peak temperatures of which were at 120 and 848 °C. The
first desorption peak was ascribed to the desorption of surface
adsorbed oxygen species, and the second one corresponded to

the desorption of lattice oxygen.5 From the O 1s XPS and O2-
TPD results, it can be seen that there were a higher content of
surface oxygen species and an easier migration of bulk lattice
oxygen species to the surface in Ni−1Ce−Al sample, as
compared with that over the Ni−Al sample. This not only
promoted the reaction 4 but also favored the replenishment of
the consumed oxygen species. Because of more either surface
lattice oxygen species or bulk lattice oxygen species in Ni−
1Ce−Al than that in Ni−Al, Ni−1Ce−Al possessed a higher
activity than Ni−Al.
The formation of Ni−C during the reaction could be proved

by the C 1s XPS spectra of the spent Ni−1Ce−Al catalyst, as
displayed in Figure 13c. There were four types of surface
carbon species for the spent Ni−1Ce−Al sample. The C1s
binding energies at 289.9, 286.0, 284.8, and 283.4 eV were
attributed to surface oxidized carbon species, CH4 cracking
fragments CHx (x = 0∼3), nonactivated carbon, and metallic
carbide (Ni−C), respectively. Baker et al.62 and An et al.63 have
reported that metallic carbide (Ni−C) formed by methane
dissociation on metal surfaces was an activated intermediate
species that was easily gasified by CO2 (reaction 2 and 4).
Daza et al. studied CeO2-doped Ni−Mg−Al periclase oxide

catalysts obtained from hydrotalcites for methane dry
reforming.64 They also confirmed the positive effect of cerium
incorporation for the inhibition of carbon deposition. Similarly,
a study by Yang et al. demonstrated that the carbon deposition
on Ni/γ-Al2O3 catalyst promoted with CeO2 was significantly
inhibited in the reforming reaction, resulting in better long-
term stability.65 In our previous work, modification of SBA-15
with CeO2 over Ni catalyst was also found to be promising.53

By incorporating cerium into the alumina framework, a clear
improvement in the Ni dispersion, long-term stability, and a
low deactivation rate was seen (see Figures 4, 8, 11). Similar to
the anchoring effect reported by Liu et al.,22 the enhanced
catalytic stability could be associated with the confinement of
highly dispersed Ni clusters by the alumina framework. In
summary, the higher catalytic stability over Ni−Ce−Al could be
attributed to the confinement effect of alumina as well as the
oxygen mobility properties of cerium.

Figure 13. (a) Ce 3d XPS spectra of the Ni−1Ce−Al catalyst before and after reduction, (b) O 1s XPS spectra of reduced Ni−Al and Ni−1Ce−Al
catalysts, (c) C 1s XPS spectra of the spent Ni−1Ce−Al catalyst, and (d) O2-TPD profiles of Ni−Al and Ni−1Ce−Al catalysts.

Table 4. Surface XPS Compositions of Ni−Al and Ni−1Ce−
Al Catalysts

atomic ratio by XPS

sample Ce3+/(Ce3+ + Ce4+) (%) OII/(OI + OII) (%)

reduced Ni−Al 0.0
fresh Ni−1Ce−Al 2.9
reduced Ni−1Ce−Al 18.5 16.9
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4. CONCLUSIONS
Ordered mesoporous Ni−Al and Ni−Ce−Al materials with
various cerium contents were prepared using an improved one-
pot EISA method and were used as catalysts for methane dry
reforming reaction. Via this simple route, a hydrophobic nickel
precursor could be directly incorporated into the hydrophobic
cores of surfactant micelles P123, and thus, well-dispersed Ni
nanoparticles could be stabilized by the confinement effect of
the mesoporous alumina matrix. Characterization results
revealed that the mesoporous Ni−1Ce−Al and Ni−2Ce−Al
samples possessed a superior thermal stability and larger
specific surface areas and pore volumes compared with the Ni−
Al catalyst. In comparison with that of Ni-impregnated catalyst,
the Ni−Al and cerium-incorporated Ni−Al catalysts prepared
by the one-pot method presented enhanced long-term stability.
The improved catalytic stability was closely associated with
both stabilizations of the active nickel particles by alumina
framework and higher oxygen mobility of cerium-incorporated
samples. The ordered mesoporous structure for Ni−Al and
Ni−Ce−Al samples was retained after reaction at 700 °C for 80
h, and the Ni−Ce−Al catalysts showed excellent resistance to
formations of graphitic carbon species. The XRD and TGA
results showed that large amounts of graphitic carbon species
were formed over Ni-impregnated catalysts, which was
responsible for the loss of activity.
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