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Abstract: The catalytic yields of partial oxidation of methane (POM) to hydrogen over M(1)-Ni(5)/Al2O3(M=, Ce, La, Y) 
catalysts were investigated using a fixed bed flow reactor under atmospheric pressure to solve the global warming problem and 
clean energy demand. Catalyst activity is evaluated by performing the reaction of POM to hydrogen, and active sites of the 
catalyst are verified by instrumental analysis. The catalysts were characterized by XPS, XRD, FESEM, EDS, FETEM. The 
crystal phase behavior of reduced La(1)-Ni(5)/AlCeO3 catalysts before and after the reaction were studied by XRD analysis. 
The crystalline phase of Ni and La on La(1)-Ni(5)/AlCeO3 reduced before reaction was not obserbed due to uniform 
distribution of nanoparticles. FESEM and EDS analyses show that nanoparticles of Ni, La and Ce are uniformly distributed on 
the catalyst surface. In addition, TEM images and EDS mapping of La, Ni, Ce, O, and Al for a reduced La(1)-Ni(5)/AlCeO3 
catalyst before reaction show that the elements are well distributed. When 1 wt% of La was added to Ni(5)/AlCeO3 catalyst, 
XPS results showed that O-, Ovacancy, and O2

- species, Ni2p3/2, and Ce3d5/2 increased 1.4, 52.7, 6.3% on the La(1)- Ni(5)/ AlCeO3 
catalyst, respectively. The yield of hydrogen on the La(1)- Ni(5)/ AlCeO3 catalyst was 89.1%, which was much better than that 
of M(1)-Ni(5)/Al2O3(M=Ce, Y) catalysts. As Ce4+/Ce3+ ions in CeO2 produced by the reaction of AlCeO3 with oxygen were 
substitute to La3+, Ni2+, it made oxygen vacancies in the lattice and further improved the hydrogen yield by increasing the 
dispersion of Ni atoms with strong metal- support interaction (SMSI) effect. 
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1. Introduction 

The partial oxidation reaction of methane is of great 
interest because of the increasing global demand for 
hydrogen energy and environmental problems caused by 
global warming. [1-5] Methane, a major component of 
natural gas, is an important hydrocarbon feedstock for fuel 
and chemical synthesis. However, since the C-H bond energy 
of methane is 413 kJmol-1, a lot of energy is required to 
activate methane and synthesize hydrogen energy and 
necessary chemicals through a chemical reaction. Most of 
today's hydrogen is obtained from methane-steam reforming 
reaction [6-10], Equation (1) under the reaction conditions of 
700°C-1000°C and 3-25 atm over a catalyst. In addition, 
since this reaction is endothermic, a large amount of energy 
is consumed. On the other hand, the partial oxidation of 
methane [11-15], Equation (2) reacts with methane using less 
than stoichiometric amount of oxygen to obtain hydrogen. 

This reaction is exothermic and occurs more rapidly than 
methane-steam reforming and the reactor size is small. Both 
the steam reforming reaction and the partial oxidation 
reaction is accompanied by a water gas shift reaction [16-20], 
Equation (3) during the reaction. 

CH4 + H2O → CO + 3H2, ∆����
�� =207 k J/mol   (1) 

2CH4 + O2 → 2CO + 4H2, ∆����
�� =-36 k J/mol   (2) 

CO + H2O → CO2 + H2, ∆����
�� =-41 k J/mol    (3) 

Noble metal catalysts such as Rh, Pd, Ru, Ir are highly 
active catalysts for producing hydrogen [21-25] and syngas 
[26-30] by activating methane in the POM reaction, but they 
cost a lot and small amount. Therefore, There is a need to 
develop a catalyst of POM for hydrogen production. 
Transition metals such as Fe, Co, and Ni have good catalyst 
of activity in the hydrogenation reaction of methane and are 
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much cheaper than precious metal catalysts, so they are 
widely used to study the activation of methane. In particular, 
the Ni catalyst is known as a catalyst for increasing the 
hydrogen yield in the production of hydrogen from methane. 
However, the nickel catalyst has good initial activity, but 
methane decomposition, Equation 4 and CO 
disproportionation reaction, Equation 5, drastically reduces 
the activity of the catalyst with a lot of carbon deposition. 

CH4 → C + 2H2, ∆����
�� =75.6 k J/mol       (4) 

2CO → C + CO2, ∆����
�� =-172.4 k J/mol     (5) 

In addition, The rapid deactivation of the catalyst is occurring 
due to the sintering of nickel particles by the low Tammann 
temperature. [31] Therefore, in order to improve the activity and 
stability of the Ni catalyst for POM, it is very important to select 
the catalyst carrier and co-catalyst. Tsubaki et al. [32] has been 
reported that co-catalyst of oxides of alkali and alkaline earth 
metals and rare earth metals on nickel catalysts prevent carbon 
deposition and improve catalyst stability. In addition, research 
results suggest that rare earth metals contribute to the 
improvement of oxygen storage capacity, oxygen vacancy 
formation, thermal stability of alumina carriers, and dispersion 
of active species. [33, 34] It is known that lanthanide oxides, 
which are rare earth metals, have an f orbital electron 
configuration and affect the basic strength of catalysts. [35] 
Gong et al. [36] reported that a Ni-based regular mesoporous 
catalyst modified with La has SMSI effect, prevents carbon 
deposition on the catalyst and improves the basicity of the 
catalyst. There is also a study result that the lanthanum promoter 
reduces the chemical bond between the carrier and Ni due to the 
SMSI effect. [37-42] This lanthanum metal is thought to have 
chemical properties that can serve as a co-catalyst of the Ni 
catalyst of POM. To develop a catalyst that maintains catalytic 
activity and thermal stability to improve hydrogen yield for a 
long period of time and prevents carbon deposition, Ni is used as 
an active material of the catalyst and La, Ce, Y are used as a co-
catalyst. AlCeO3 containing Ce, which has strong metal-support 
reducing ability and ability to supply oxygen species to the 
surface of the catalyst, is used as the carrier of the catalyst. We 
intend to evaluate the activity of the catalyst for hydrogen 
production by preparing the catalyst by the impregnation 
method using the citric acid method and performing the POM 
reaction using a fixed-bed flow-through reactor under 
atmospheric pressure. We want to verify the result by analyzing 
the catalyst's active sites by means of instrumentation such as 
XRD, XPS, and FESEM, EDS, FETEM. 

2. Experimental 

2.1. Catalyst Preparation 

The M(1)-Ni(5)/AlCeO3 (M=La, Ce, Y) catalyst was 
prepared using a standard impregnation method. Then, it was 
prepared as follows. The numbers in parentheses indicate the 
weight percent loaded. After dissolving Ni(NO3)2·6H2O (0.025 
g), La(NO3)3·6H2O (0.003 g), Ce(NO3)·6H2O (0.003 g), 

Y(NO3)2·6H2O (0.004 g), the complexing agent, citric acid/(M 
+ Ni)=1.5 M in ethanol added, and 0.1 g of the AlCeO3 carrier 
was added to the reactor. The mixture was uniformly mixed 
with a stirrer for 5h. Precipitation obtained after filtration was 
dried in a dryer at 100°C for 24 h. The dried sample was 
calcined in an electric furnace (TMF-1000, Eyela Co., Japan) 
at 773 K for 5 h. After making a M(1)-Ni(5)/AlCeO3 (M=La, 
Ce, Y) catalyst, it was crushed to 150 ~200 mesh and used. 

2.2. Catalyst Characterization 

XRD patterns were obtained using a Panalytical Empyrean 
3D high-resolution X-ray diffractometer (Cu Ka radiation, 
λ=1.5419 Å, 40 kV, 30 mA). XPS spectra were obtained as 
Alkα X-rays using an HP-X-ray photoelectron spectrometer 
(Thermo Scientific K-Al-pha+) under operating conditions of 
1 × 10-9 mbar and 1.75 keV. FESEM images were obtained 
using a field emission scanning microscope of a Zeiss Sigma 
500 model, and the chemical composition of the catalyst was 
analyzed with an EDS detector. FETEM images were 
obtained using a Jeol Jem-2100F at an accelerating voltage of 
200 kV, and were obtained layered images and K or L series 
images of each elements of catalyst by analyzing using EDS 
(X-MaxNT, 80T model, UK). 

2.3. Catalyic Activity Test 

The catalytic reaction is carried out at atmospheric 
pressure using a fixed-bed flow reactor. The powder catalyst, 
0.05 g is put on the quartz wool in a quartz reactor with an 
inner diameter of 10 mm. The process variables such as 
reaction temperature, pressure, CH4/O2 molar ratio, and 
GHSV were 973 K, 1 atm, 2, 1.08 × 105 ml/gcat.·h, 
respectively. The desired temperature of the reactor is placed 
a K-type thermocouple on the catalyst in the reactor and 
controlled within the range of ± 1 K using a PID controller. 
The composition of the reactants is controlled using a mass 
flow meter after purging the reactants using a pressure gauge 
attached to each cylinder. The product was analyzed by TCD 
by connecting a column of Porapak Q and Molecular sieve 
5A in parallel to a GC (Shimadzu Co., Model 14B, Japan). 
After the catalyst was reduced at 773 K for 5h by hydrogen 
sended at a flow rate of 20 mlH2/min, it was used by 
increasing the reaction temperature at a rate of 283 K/min 

3. Results and Discussion 

3.1. Catalyst Characterization 

The atomic % of core electron levels for Ni(5)/AlCeO3 and 
La(1)-Ni(5)/AlCeO3 catalyst before reaction are summarized in 
Table 1. The 1 wt% addition of La to the Ni(5)/AlCeO3 catalyst 
was found that the atoms of Ni2p3/2 increased from 0.93% to 
1.42%, and the atoms of Ce3d5/2 increased from 1.28% to 1.36%. 
It is believed to increase the dispersion of Ni and Ce atoms due 
to creating oxygen vacancies by some of Ce4+ ions in CeO2 
substituted by La3+ in the lattice. Alvarez-Galvan et al. [43] has 
been reported that the lattice modification of CeO2 by La 
increased the dispersion of metals and the storage capacity of 
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oxygen on the carrier. Figure 1 shows the XRD patterns of the 
reduced La(1)-Ni(5)/AlCeO3 catalyst before and after the 
reaction. The characteristic peaks of CeO2 were shown in the 
reduced catalyst before the reaction at 2θ=28.6, 33.1, 47.5, 56.3, 
at 59.1, 69.4, and 76.7°, but them of CeO2 after the reaction were 
shown at 2θ=28.7, 33.2, 47.6, 56.4, 59.1, 69.4, 76.7, 79.1, 88.3°. 
The crystalline phase of Ni and La on reduced La(1)-
Ni(5)/AlCeO3 before reaction was not observed. Characteristic 
peaks of Ni metal crystalline phase were appeared at 2θ=44.7, 
51.0, 51.9° and them of the NiO crystal phase were appeared at 
2θ=43.8, 62.8, and 74.6° after reaction. The nickel aluminate 
phase, NiAl2O4 was observed at 2θ=35.6° This phenomenon 
could be caused by the SMSI effect between NiO and AlCeO3 
by the addition of 1 wt% of La in Ni(5)/AlCeO3 catalyst. In 
addition, AlCeO3 can be oxidized to CeO2 by heating under 
oxygen and CeO2 can be reduced by heating under hydrogen. It 
is thought that the nanoparticles of Ni by Ce4+/Ce3+ are well 
dispersed on the catalyst surface. It was found to be consistent 
with the results of FESEM and FETEM, EDS. Figure 2 shows 
the XPS Spectra of O1s, Al2p, Ce3d, Ni2p, La3d core electron 
levels of La(1)-Ni(5)/AlCeO3 catalyst reduced before reaction. 
The characteristic peaks of O1s appeared at 529.4, 530.9, and 
531.9 eV, and were O2

-, Ovacancy, O
-, respectively. This change in 

oxygen species resulted in changing the lattice constant of 
catalyst carrier generated by the incorporation of La3+(11.6 nm), 
Ni2+(6.9 nm) with different ionic radii in the CeO2(Ce4+, 9.7 nm) 
lattice. Increasing of the oxygen mobility by changing the lattice 
constant of catalyst carrier could be considered to improve the 
stability of the catalyst. The characteristic peaks of Al 2p 
appeared at 73.68, 74.18, and 74.78 eV, and they were Al(metal), 
Al2O3, Al(OH)3, respectively. The characteristic peaks of 
Ce3d3/2 appeared at 900.5 and 915 eV were Ce3+ and Ce4+, 
respectively. The characteristic peak of Ce3d5/2 appeared at 
897.96 eV was Ce4+. In addition, the catalyst carrier, AlCeO3, is 
occurred reversibly by the following chemical formula, 
Equation (6). [44] 

Table 1. Atomic % of Core Electron Levels for for Ni(5)/AlCeO3 and La(1)-

Ni(5)/AlCeO3 catalyst before reaction. 

Name of core 

Electron levels 

Atomic % of 

Ni(5)/AlCeO3 

Atomic % of La(1)-

Ni(5)/AlCeO3 

La3d5/2 - 0.03 
Ni2p3/2 0.93 1.42 
Ce3d5/2 1.28 1.36 
O1s 73.17 74.16 
Al2p 24.62 23.02 

4AlCeO3 + O2 ⇄ 4CeO2 + 2Al2O3         (6) 

The CeO2 produced in this reaction promotes the dispersion 
of Ni on the catalyst by redox reaction of Ce3+/Ce4+, and had the 
ability to store and release an O2. Damyanova et al. [45] have 
reported that Ni/xCeO2-Al2O3 catalyst with ions of Ni2+/Ni0 and 
Ce3+/Ce4+ has high activity, stability, and resistance to carbon 
deposition because it is dispersed 4.7~6.3 nm particles than 
Ni/Al2O3 on the catalyst surface. It was reported that Ce3+ made 
by reduction reaction of CeO2 with Ce4+ ions creates defects of 
Al-O-Ce, which can act as the sites of the growth of NiO, and 
prevents sintering of particles due to SMSI effect. [46] Venezia 

et al. [47] reported that introducing Ni2+ (6.9 nm, ionic radius) 
into the lattice of CeO2 with Ce4+ ions (9.7 nm, ionic radius) 
decresed lattice constant. These phenomena could be created 
oxygen vacancies and increased the mobility of oxygen to 
prevent carbon deposition on the surface. The characteristic 
peaks of Ni2p3/2 were found at 851.3, 854.1, 855.8, and 861.3 
eV, and they were Ni metal, NiO, NiAl2O4, and Ni satallite, 
respectively. Characteristic peaks of Ni2p1/2 appeared at 874.1 
eV. The characteristic peaks of NiAl2O4 could be considered as 
NiO interaction with carrier, AlCeO3. M. A. Goula et al [46] 
were reported that metal-support interactions are important in 
defining the catalytic properties. Characteristic peaks of La3d5/2 
appeared at 833.7, 834.8 eV, and their species were La3+ and 
La3+ satellite. FESEM images and EDS characteristic peaks of 
La(1)-Ni(5)/AlCeO3 catalysts reduced before reaction at 773 K 
were shown in Figures 3 and 4. It was found that spherical 
nanoparticles were uniformly distributed on the catalyst surface. 
It was confirmed that particles of Ce, Al, O, La, Ni were present 
on the catalyst surface. Figure 5 shows the representative TEM 
images for a reduced La(1)-Ni(5)/AlCeO3 catalyst before 
reaction. As shown in Figure 5, the elements of La, Ni, Ce were 
well distributed on the catalyst surface. In order to explore in 
more detail the distribution of La, Ni, Ce, O, Al elements on the 
catalytic surface, the mapping images of catalyst have been 
observed. Figures 6 and 7 show EDS mapping of La, Ni, Ce, O, 
and Al on the catalyst surface, and it can be seen that the 
elements of nanoparticle are well distributed. 

3.2. Catalyst Activity 

Figure 8 is shown for the hydrogen yield for the reaction time 
of the M(1)-Ni(5)/AlCeO3 (M=Ce, La, Y) catalyst. The activity 
of the catalyst was in the order of La(1)-
Ni(5)/AlCeO3 >>Ni(10)/AlCeO3>>Y(1)-Ni(5)/AlCeO3> Ce(1)-
Ni(5)/AlCeO3> Ni(5)/AlCeO3. When 1 wt% of La was added on 
Ni(5)/AlCeO3 catalyst, the highest hydrogen yield, 89.1% was 
obtained. It is believed that this phenomenon is enhanced the 
reduction of NiO particles by adding La to Ni-Al and Ni-Ce and 
uniformly dispersed Ni0 on the catalyst surface by SMSI effect. 
[48] The H2 yield was calculated based on Equation (7): 

%	H2	yield �
��	���	��������

���	��	��� !"�	#"	� �	����$���%
& 100    (7) 

 
Figure 1. XRD patterns of reduced La (1) – Ni (5)/AlCeO3 catalyst before 

and after reaction. 
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(A)                                                             (B) 

  
(C)                                                            (D) 

 
(E) 

Figure 2. XPS spectra of (A) O1s, (B) Al2p, (C) Ce3d, (D) Ni2p, (E) La3d core electron levels for reduced La(1)-Ni(5)/AlCeO3 and Ni(5)/AlCeO3 catalyst 

before reaction. 
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Figure 3. FESEM image of reduced La(1)-Ni(5)/AlCeO3 catalyst before reaction. 

 
Figure 4. EDS characteristic peaks on surface of reduced La(1)-Ni(5)/AlCeO3 catalyst before reaction. 
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Figure 5. FETEM images of reduced La(1)-Ni(5)/AlCeO3 catalyst before reaction. 

 
Figure 6. EDS layered images on surface of reduced La(1)-Ni(5)/AlCeO3 catalyst before reaction. 
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Figure 7. EDS mapping images on surface of reduced La(1)-Ni(5)/AlCeO3 catalyst before reaction. 
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Figure 8. Yield of H2 obtained in partial oxidation of methane over M(1)-Ni/Al2CeO3(M=La, Y, Ce), Ni(5)/Al2O3, and Ni(10)/AlCeO3 catalysts in the packed 

bed reactor: P=1atm, T=700℃, CH4/O2=2, and GHSV=1.08 X 105 mLg-1h-1. 

4. Conclusions 

POM was performed over La(1)-Ni(5)/AlCeO3 (M=La, Ce, 
Y) to investigate the activity of catalysts in hydrogen 
production and to investigate the active sites of a catalyst. 
The active sequence of hydrogen yield was La(1)-
Ni(5)/AlCeO3>>Ni(10)/AlCeO3>>Y(1)-Ni(5)/AlCeO3> 
Ce(1)-Ni(5)/AlCeO3> Ni(5)/AlCeO3. It was confirmed that 
the crystalline phase of Ni and La on reduced La(1)-
Ni(5)/AlCeO3 catalyst before reaction was not obserbed due 
to uniform distribution of nanoparticles by XRD analysis. 
When 1 wt% of La is added to the Ni(5)/AlCeO3 catalyst, 
Ni2p3/2 and Ce3d5/2 increased to 52.7 and 6.3%, respectively. 
Oxygen vacancies were created due to incorporating La3+, 
Ni2+ into Ce4+ ions of CeO2 made by reacting AlCeO3 and O2. 
It increased the dispersion of Ni atoms on the caatalyst and 
the hydrogen yield through SMSI effect. From the FESEM 
image, and the EDS characteristic peak of reduced La(1)-
Ni(5)/AlCeO3 catalyst before reaction, it can be seen that 
nanoparticles of Ni, La and Ce are uniformly distributed on 
the catalyst surface. In addition, TEM images and EDS 
mapping of La, Ni, Ce, O, and Al for a reduced La(1)-
Ni(5)/AlCeO3 catalyst before reaction can be seen that the 
elements are well distributed. 
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