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Abstract
Background/Objectives: The effects of Ce loading (1-7 wt%) on the properties of Ni/SBA-15 andCO2 dry reforming with 
methane was studied. Methods/StatisticalAnalysis: The physicochemical properties of the catalysts were analyzed 
by XRD, BET, TEM and FTIR. Catalytic performance of catalyst was performed using a fixed bed reactor at 700°C. 
Findings: NCS7 catalyst had the highest activity and good stability with CH4 conversion, CO2 conversion and H2/CO ratio 
of 94.9%, 95.1%, and 0.99, respectively. This can be attributed to the Ce ensuring a good Ni dispersion and inhibited the 
carbon deposition on the catalyst surfaces. Moreover, high Ce loading of NCS7 promoting the formation of a significant 
synergy effect between Ni active sites with SBA-15 for target reaction. Application/Improvements: The result presented 
is very promising to improve the GHGs conversion strategies for the production of useful chemical products.  
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NCS1, NCS3, NCS5 and NCS7 for different Ce loading of 
1, 3, 5 and 7 wt%, respectively. 

2.2 Catalyst Characterization
The characteristics of the synthesized catalysts were 
investigated using XRD, BET, TEM and FTIR. The 
phase identification of catalyst was verified by X-ray 
diffraction (XRD) (Rigaku model MiniflexII, 30 
kW) using a Cu Kα radiation (λ = 1.5405Å) in 
the range of 2θ = 10 – 80o. The  measurement  of  
multi-point  BET  surface  area, pore diameter and 
pore  volume  for  catalysts  was  conducted using 
AUTOSORB-1 model AS1 MP-LP instrument at 77 
K. The structural morphologies of the catalysts were 
analyzed using a Philip CM12 transmission electron 
microscope operated at 80 kV. Fourier-Transform 
Infrared (FTIR) Spectroscopy analysis was carried 
out using Thermo Nicolet Avatar 370 DTGS model 
in KBr matrix in the range of 500 – 4000 cm-1 to verify 
the effect of Ce species toward the chemical bonding and 
interaction with the SBA-15

2.3 Catalyst Activity Test
The CO2 reforming of methane was conducted in a fixed-
bed reactor (1 cm ID and 43 cm in length) at 700oC 
and atmospheric pressure. 0.2 g of catalyst with average 
particle size of 100-140 µm was packed and placed 
vertically in a tubular furnace. Prior to the reaction, the 
catalyst was reduced in a H2 flow of 50 ml/min for 3 h at 
800oC. Then, a mixture of CH4 and CO2 was fed into the 
reactor at CH4/CO2 ratio of 1 with space time was about 
20.26 s. The  composition  of  gaseous  effluent  from  the 
reactor  outlet was  analyzed with  an  Agilent  6890  Series  
Gas  Chromatograph  (GC)  equipped  with  Thermal 
Conductivity Detectors (TCD).

3. Results and Discussion

3.1 Characterization of Catalyst
Figure 1 showed the XRD patterns of NCS catalyst 
loaded with different Ce loading. The characteristic 
of the amorphous SiO2 wall of SBA-15 was indicated 
by a broad diffraction peak centered at 2θ ≈ 22.5o 

that decreased with increasing of Ce content.8 This 
evidences that the presence of Ce was destroyed the 
ordered structure of SBA-15 due to the interaction of 

Ce with silica of SBA-15; these features are enhanced by 
increase of Ce content. The sharp diffraction peaks 
were observed at 37.3o, 43.3o, 44.5o, 51.8o, 63.0o, 
75.4o and 76.4o attributed to Ni metal crystalline 
phases were indicated in all samples.7,9 However, 
the intensities decreased with the increasing of Ce 
loading, indicating the Ni species are well dispersed 
with the higher Ce content. The characteristic peaks 
of CeO2 at 28.6o, 33.1o, 47.5o and 56.3o, can be clearly 
observed in XRD spectra of all catalysts, except for 
the NCS1 catalyst, in which the diffraction peaks can 
be attributed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) 
planes of cubic CeO2 with fluorite structure (Fm3m, 
JCPDS: 43–1002).10 The peaks were more intense 
with the increasing of Ce loading from 3-7 wt%, 
corresponding to a more crystallite CeO2 phase 
deposited outside the SBA-15 support. When 1 wt% 
of Ce was loaded onto SBA-15, no CeO2 characteristic 
peaks were observed due to the complete incorporation 
of Ce species into the SBA-15 framework. 

Figure 1.    XRD patterns of (a) NCS1, (b) NCS3, (c) NCS5 
and (d) NCS7.

The textural parameters of NCS catalysts obtained 
from the N2 adsorption isotherms are shown in Table 1. 
The surface area and total pore volume of NCS catalysts 
were gradually decreased from 670.69 to 571.39 m2g-1 and 
155.71 to 108.30 cm3g-1, respectively after introducing 
of Ce from 1 to 7 wt%. These results indicating that the 
SBA-15 pores are filled by dispersing CeO2 and the SBA-
15 structure was destroyed during the incorporation of 
Ce and Ni. The decreased in the surface area with the 
increasing of Ce content has been observed in metal-
modified SBA-15.9-11 In contrast, the average pore diameter 
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of the NCS increased as the Ce loading increased from 1 
to 7 wt%, indicating the expansion of the SBA-15 pores. 
This result could be attributed to the incorporation of Ce 
(0.87Å) with the SBA-15, which has bigger ionic radius 
than Si (0.41Å) leading to the larger unit cell of catalyst.10

Table 1.    Textural properties of NCS catalysts
Catalyst BET surface 

area (m2 g-1)
Total pore 

volume (cm3 
g-1)

Average pore 
diameter 

(nm)
NCS1 670.69 155.71 3.73
NCS3 659.72 154.09 4.52
NCS5 643.06 147.74 5.28
NCS7 501.39 108.30 5.59

TEM image of NCS7 in Figure 2 presents the 
ordered meso-structure and hexagonal pore structure 
characteristic of SBA-15 with the lattice d-spacing of 8.3 
nm. This result indicates that Ni and Ce incorporated on 
SBA-15 were successfully synthesized by sol-gel method. 
Moreover, the presence of some metal aggregates in the 
external surface of SBA-15 observed in TEM analyses of 
NCS7 is consistent with the XRD, which suggest the metal 
crystallite larger than the pore diameter and deposited 
outside of the SBA-15 support.

Figure 2.    TEM image of the NCS7 catalyst.

Figure 3 presents the FTIR spectra of NCS1, 
NCS3, NCS5 and NCS7 in the range of 1400 – 500 
cm-1 and 3700 – 2500 cm-1. The band observed at 3420 
cm-1 could be assigned to the stretching vibrations of 
the surface silanol groups and the adsorbed H2O.11 

The symmetric stretching vibration (Si-O-Si)sym of 
tetrahedral SiO4 structure and the anti-symmetric 
vibration non-bridging oxygen atoms (Si-Oδ-) of Si-
O-H bonds are observed at 801 cm-1 and 1040 cm-1, 
respectively.12 According to Ma et al, Si-O-Si bands 
at 801 cm-1 and 1040 cm-1were associated with the 
condensed silica network formation of SBA-15.13

Figure 3.    FTIR spectra of  (a) NCS1; (b) NCS3; (c) NCS5 
and (d) NCS7 catalysts in the range of (A) 1400 – 500 cm-1; 
(B) 3700 – 2500 cm-1.

The intensity of the bands at 1040 cm-1 and 3420 cm-1 
is slightly decreased as the Ce loading increased reflecting 
to the Ce interaction with the anti-symmetric vibration 
nonbridging oxygen atoms (Si-Oδ-) of Si-O-H and 
substitution of O-H with O-Ce, respectively. The band at 
961 cm-1 is indicative of the presence of SiO units bonding 
to the metal, evidenced the interaction of Ce with Si-Oδ- 
of SBA-15 by substitution of O-H with O-Ce.14

3.2 Catalytic Performance
The effect of Ce loading on CO2 reforming of methane 
results over NCS are presented in Figure 4. The results 
revealed that when Ni loading was 5 wt%, the addition 
of Ce (1-7 wt%) on SBA-15 was able to enhance both the 
conversions of CO2 and methane. Over all the catalysts, 
conversion of CO2 was higher than CH4 conversion and 
the H2/CO ratio was less than one due the influence of 
Reverse Water-Gas Shift (RWGS) reaction during the 
testing. These fact phenomena were in good agreements 
with those reported for CO2 reforming of methane.7,15

The highest catalytic performance was obtained by 
NCS7 with the CH4 conversion, CO2 conversion and 
H2/CO ratio of 94.9%, 95.1%, and 0.99, respectively. 
This result suggests that 7 wt. % of Ce and 5 wt. % 
of Ni are considerably enhancing the formation 
of active sites and catalyst structural properties, 
which exhibited the highest catalytic performance. 
Moreover, enhancement performance of NCS7 was 
suggested due to the high Ni dispersion on the SBA-
15 surfaces as evidenced by XRD and TEM. The 
substitution of the Ni and Ce species to the surface 
silanol groups was evidenced by FTIR analysis. The 



Vol 10 (17) | May 2017 | www.indjst.org Indian Journal of Science and Technology4

CO
2
 Reforming of Methane over Ni/Ce-SBA-15: Effects of Ce Addition

stability of catalyst could be increased by addition 
of Ce species, in which the Ce species can prevent 
the carbon deposition at high reaction temperature 
of 700oC. Sun et al observed when the rare earth 
metal oxide CeO2 was added, the generation of 
surface oxygen species could be enhanced and led 
to mitigation of carbon deposition.16 The increasing 
of Ce loading over the composite catalyst could 
enhance basic strength of catalyst, leading to 
promote the CO2 adsorption, improve the activity 
and inhibit carbon deposition.17 The poor catalytic 
performance of NCS1 was suggested due to the less 
active site of Ce species on the catalyst surfaces.

Figure 4.    CO2 reforming of methane over NCS1, NCS3, 
NCS5 and NCS7 catalyst, (A) CH4 conversion, (B) CO2 
conversion and (C) H2/CO ratio.

4. Conclusion

All of NCS catalysts prepared by sol-gel method were 
well preserved the meso-porous structure of SBA-15 with 
high surface area (670.69 m2 g-1). NCS7 showed the high 
catalytic activity with CH4 conversion, CO2 conversion 
and H2/CO ratio of 94.9%, 95.1%, and 0.99, respectively. 
The addition of Ce result in an enhancement of the Ni 
dispersion could create a suitable active site for reaction. 
All catalyst showed a good stability correlated to the 
properties of SBA-15 and significant role of Ce to prevent 
the carbon formation.
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