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Abstract 
CO2 methanation with Hydrogen to form CH4 offers a solution for off-peak 
renewable energy storage. γ-alumina-supported Mo and Ni-Mo catalysts were 
used in CO2 methanation, either in their reduced or in their carburized form. 
The presence of Ni improved the carburization extent of Mo-species, resulting 
in increased catalytic activity and selectivity for the catalytic CO2 methanation 
reaction. Carburization generally enhances the basicity of the materials and 
thus CO2 absorption on their surface. At 300˚C, the conversions of CO2 for 
the reduced Ni-Mo/Al2O3 catalyst and Ni-Mo2C/Al2O3 catalysts were 5.3% and 
13.8% respectively with a corresponding selectivity in CH4 of 10.0% and 
98.1%, respectively. 
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1. Introduction 

In view of the potential impact of CO2 on climate change, its atmospheric con-
centration needs to be controlled and stabilized. Carbon capture and utilization 
(CCU) technologies, including the catalytic valorization of CO2, can highly con-
tribute to achieving this goal [1]. Among the different processes, CO2 methana-
tion, i.e. its hydrogenation to form CH4, stands as a very promising technology, 
which also offers a solution for off-peak renewable energy storage [2]. Though 
thermodynamically feasible even at ambient temperature, CO2 methanation is 
considerably hindered by its extremely slow reaction kinetics. The use of active 
catalysts is imposed, moreover, undesirable byproducts such as CO start to be 
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produced at temperatures higher than 350˚C. Unfortunately, most of the commer-
cially existing catalytic systems start to be active at this temperature. 

Noble metal-based catalysts (Ru, Rh, and Pd) are well known to be active in 
CO2 methanation [3] [4]. Ni-based catalysts display somehow lower but still ac-
ceptable activity being substantially cheaper than noble-metal based ones [5] [6]. 
Moreover, Ni-containing catalysts suffer from deactivation by: 1) sulfur poison-
ing; 2) carbon deposition; and 3) Ni-phase sintering [7]. Besides, it was reported 
that the stability of the nickel on the Al2O3 carrier is much higher than on the 
other carriers [8], and the Al2O3 has a strong interaction with NiO, which may 
promote the formation of NiAl2O4 spinel phase [9]. 

Since Levy et al. reported that tungsten carbides displayed similar activity as 
Pt in neo-pentane isomerization [10]. These materials have been subject of 
growing interest, since they can be employed in many other catalytic reactions 
[11]. Indeed, the activity of molybdenum and tungsten carbides (Mo2C and WC) 
in dry reforming of methane, partial oxidation and stream reforming of methane 
to synthesis gas was found to be higher than Pt and Pd-based catalysts, though 
still lower than the activity measured for Ru and Rh catalysts [12]. Shi et al. re-
ported high catalytic activity and stability for a Ni-Mo2C catalyst in dry reform-
ing of methane [13]. The activity of Mo2C and WC was linked to their facility to 
activate the extremely stable CO2 molecule. They can be also used as hydrogena-
tion catalysts and, in fact, Huo and co-workers recently reported interesting ac-
tivity, selectivity and stability in CO methanation for Co-supported on Mo car-
bide [14]. Mo2C- and/or WC-based catalysts can be therefore promising mate-
rials, able to boost the CO2 methanation reaction. However, to the best of our 
knowledge, there are no studies considering the use of Mo2C-supported catalysts 
for this particular application. 

In our previous work, we found carbide Ni-Mo/Al2O3 catalyst (Ni-Mo2C/ 
Al2O3) was a better catalyst for dry reforming of methane than that of reduced 
Ni-Mo/Al2O3 catalyst [15]. It was investigated the influence of preparation con-
dition (the ratio of H2/CH4) for the carburization process in detail in the pre-
vious work [15]. 

The present work considers the preparation and characterization of Ni-Mo2C/ 
Al2O3 catalysts for CO2 methanation. These catalysts aim to combine the 
well-known high catalytic activity of Ni, together with the promoting features of 
Mo2C. The activity of the carbide-containing catalysts was compared to that of 
bimetallic Ni-Mo catalysts, proving an important promotion effect of the pres-
ence of Mo2C. 

2. Experimental 
2.1. Catalysts Preparation 
2.1.1. Mo/Al2O3 and Ni-Mo/Al2O3 Catalysts 
Mo/Al2O3 and Ni-Mo/Al2O3 catalysts were prepared through excess solvent im-
pregnation. Mo and Ni precursors were used, (NH4)6Mo7O24·4H2O (Sigma-Aldrich) 
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and Ni(NO3)2·6H2O (Sigma-Aldrich), corresponding to nominal loadings of 10 
wt.% of each metal. The support, γ-Al2O3, was obtained through air calcination 
of a commercially available boehmite (Disperal, Sasol), at 500˚C for 4 h. After 2 
h impregnation, the excess solvent (deionized water) was removed in a rotary 
evaporator at 60˚C. Then the catalyst was dried in an oven at 110˚C overnight, 
and finally calcined in synthetic air at 550˚C for 4 h.  

2.1.2. Mo2C/Al2O3 and Ni-Mo2C/Al2O3 Catalysts 
A temperature-programmed method in CH4/H2 atmosphere (

4CHF  = 10 mL/min 
and 

2HF  = 40 mL/min) was followed, in order to obtain the Mo2C/Al2O3 and 
Ni-Mo2C/Al2O3 catalysts [16] [17]. Both Mo2C/Al2O3 and Ni-Mo2C/Al2O3 cata-
lysts was obtained by the carburization of the Mo/Al2O3 and Ni-Mo/Al2O3 cata-
lysts, respectively. Temperature was raised from room temperature to 300˚C at a 
rate of 5˚C/min, then from 300˚C to 700˚C at a rate of 1˚C/min, and subse-
quently kept at 700˚C for 2 h. The gas flow was then switched from CH4/H2 to 
Ar for cooling down (overnight). 

2.2. Catalytic Activity Experiments 

The CO2 methanation activity test were carried out in a tubular quartz reactor at 
atmospheric pressure using a H2/CO2/Ar = 12/3/5 reactant mixture (total flow 
100 ml/min). The gas hourly space velocity (GHSV) was 20,000 h−1. Both 
Mo/Al2O3 and Ni-Mo/Al2O3 catalysts were either carburized or reduced prior to 
activity runs. 

For the reduced catalyst, prior the activity tests, the Mo/Al2O3 and Ni-Mo/ 
Al2O3 catalysts were reduced in-situ at 900˚C in 5%H2 in Ar for 1 h, and then 
cooled down to 250˚C. The catalytic activity experiments were carried out from 
250˚C to 500˚C. Steady-state conversions were reached at each temperature (30 
min isothermal step). For the carbide catalyst, the methanation experiments 
were carried out after the in-situ carburization of the sample and its cooling in 
Ar to 250˚C. The reactants and products were analyzed by a micro gas chroma-
tograph (Varian CPi 4900), equipped with a TCD detector.  

The conversions of CO2 and the selectivity of CH4 during the methanation 
reaction were calculated using the following equations, respectively: 
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in which 
2COX  is the conversion of CO2 (%),

4CHS  is the selectivity for CH4 
(%). 

2.3. Physico-Chemical Characterization 

CO2 temperature programmed desorption (CO2-TPD) was performed in a 
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BELCAT-M apparatus (BEL Japan). The reduced and carburized catalysts after 
CO2 methanation were first degassed at 500˚C for 2 h, then cooled to 80˚C. 10% 
CO2-He was fed for 1 h in order to saturate the catalyst’s surface. After flushing 
He for 15 min, the materials were heated up from 80˚C to 800˚C under He, at 
the rate of 10˚C/min, while the evolution of CO2 followed with the aid of a TCD 
detector. H2 temperature programmed reduction (H2-TPR) carried out in the 
same device as the CO2-TPD, for both the calcined and the carburized catalysts. 
The materials were first pretreated at 100˚C for 2 h, then reduced from 100˚C to 
900˚C at a rate of 7.5˚C/min in 5% H2 in Ar flow. X-ray photoelectron spectros-
copy (XPS) experiment was performed on an AXIS Ultra DLD (KRATOS) spec-
trometer. 

3. Results and Discussion 

The relative sensitivity factor (RSF)-corrected Mo/C area ratios calculated from 
XPS peak integration for both calcined and carburized catalysts are presented in 
Table 1(a), & Table 1(b).  

The XPS spectra corresponding to Ni-Mo2C/Al2O3 carbide catalysts are pre-
sented in Figure 1. 

Though the presence of carbon-containing compounds, and thus the C 1s 
peak area, may be dependent on sample/device contamination, the Mo/C ratios 
are somehow smaller for the two carburized catalyst, in comparison to the cal-
cined ones. This points already to a higher carbon content in the former, as a 
consequence of effective carburization. The results of the deconvolution of the C 
1s, Mo 3d and Ni 2p orbitals can be also found in Table 1. The experimental 
peaks were decomposed into mixed Gaussian-Lorentzian contributions. The 
deconvolution of the C 1s orbital was performed as described elsewhere [18] 
[19], considering different species: carbides (238.1) polymeric C-species (284.5 
eV), oxidized carbon (286.8 eV), graphite (285.5 eV) and carbonyls/quinones 
(288.8 eV). The deconvolution points to higher amount of carbide species in the 
case of the catalysts submitted to the carburization treatment. The Mo 3d orbital  

 

 
Figure 1. XPS spectrum of Ni 2p, Mo 3d binding Energies for Ni-Mo2C/Al2O3 carburized catalysts. 
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Table 1. (a) Deconvolution of the C 1s, orbital for the different catalysts before and after 
carburization (BE in eV in italics); (b) Deconvolution of the Mo 3d and Ni 2p orbitals for 
the different catalysts before and after carburization (BE in eV in italics). 

(a) 

Catalyst 
C 1s 

Carb. Poly. Oxy. Graph. C=O 

Mo/Al2O3 
1.4% 
283.1 

2.8% 
284.5 

18.6% 
286.8 

58.0% 
285.2 

19.2% 
288.8 

Ni-Mo/Al2O3 
1.9% 
283.3 

4.3% 
284.5 

18.9% 
286.7 

57.8% 
285.3 

17.1% 
288.9 

Mo2C/Al2O3 
7.8% 
283.1 

2.7% 
284.5 

22.6% 
286.8 

46.9% 
285.3 

20.0% 
288.8 

Ni-Mo2C/Al2O3 
9.2% 
283.1 

2.8% 
284.4 

12.7% 
286.8 

58.0% 
258.3 

17.3% 
288.8 

(b) 

Catalyst 
Mo 3d5/2 Ni 2p3/2 

Mo/C 
Mo0 Mo2+ Mo4+ Mo6+ Ni0 Niδ+ 

Mo/Al2O3 
1.2% 
227.6 

- 
228.2 

- 
229.6 

98.8% 
232.8 

- - 0.18 

Ni-Mo/Al2O3 
- 

227.7 
0.7% 
228.4 

0.3% 
229.5 

99.0% 
232.7 

- 
852.6 

100% 
856.2 

0.24 

Mo2C/Al2O3 
0.9% 
227.5 

8.7% 
228.4 

27.6% 
229.7 

62.8% 
232.8 

- - 0.16 

Ni-Mo2C/Al2O3 
1.0% 
227.7 

15.7% 
228.3 

25.8% 
229.6 

57.5% 
232.8 

8.2 
852.6 

100% 
856.3 

0.14 

 
was deconvoluted into two linked doublets Mo 3d5/2 and Mo 3d3/2, using an in-
tensity ratio of 2/3 and a splitting of 3.2 eV. Five different contributions to the 
3d5/2 orbital were considered, respectively corresponding to Mo0, Mo2+, Mo4+, 
Mo5+ and Mo6+ species. Concretely, the presence of Mo2+ species, also denoted as 
Moδ+, has been clearly linked to Mo involved in a Mo-C bond, whereas relatively 
high content of Mo4+ and Mo5+ was assigned to the formation of oxycarbides 
[19] [20]. In agreement to the deconvolution of the C 1s orbital, the presence of 
Mo-carburized species increases after the carburization treatment.  

However, higher amount of oxycarbides seems to be as well produced as a 
consequence of this treatment. This can be due either to the partial oxidation of 
molybdenum species during passivation upon or to their incomplete carburiza-
tion [13] [21]. In any case, carburization seems to be more effective when Ni is 
present in the formulation of the catalyst [13] [22]. The Ni 2p orbital was de-
convoluted into two doublets Ni 2p3/2 and Ni 2p1/2. The Ni 2p3/2 core-level pho-
toemission spectra presents two states: Ni0 and Ni δ+, respectively appearing at 
852.6 and 856.5 eV, together with a shake-up satellite at 861.7 eV. A main peak 
at 873.8 eV and its shake-up satellite at 880.1 eV conform Ni 2p3/2 contribution. 
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The spin-orbit splitting value between Ni 2p3/2 and Ni 2p1/2 was found to be 
around 17.5 eV, pointing to the presence of NiAl2O4 [23]. A certain amount of 
reduced Ni0 species are formed upon the carburization treatment. Let us note 
here that the X-ray diffraction patterns acquired for this series of catalysts (not 
shown) did not evidence the presence of Mo2C species, presumably due to its 
relative low concentration and high dispersion [24] [25]. 

Table 2 shows the results of the integration of the CO2-TPD profiles for this 
series of catalysts, upon either reduction or carburization, whereas the CO2-TPD 
profiles acquired for the carburized catalysts Mo2C/Al2O3 and Ni-Mo2C/Al2O3 
are detailed in Figure 1. Total basicity extremely increases for the catalysts sub-
mitted to the carburization treatment. While both the reduced Mo and the 
Ni-Mo containing catalysts show very small ability to absorb CO2, the carburized 
are able to absorb more than 40 times more CO2 than the reduced ones. 

Figure 2 showed that both CO2-TPD profiles (acquired for Mo2C/Al2O3 and 
Ni-Mo2C) covered almost all the temperature window, which pointing to the 
presence of basic sites with different strength. The most important part for the 
CO2-TPD was the desorption occurred at low and moderate temperatures, which 
reflects a major presence of weak and medium-strength basic sites in these car-
burized catalysts. Note here moreover that the presence of Ni in the bimetallic  

 
Table 2. Total basicity, i.e. integration of the CO2-TPD profiles, for the different catalysts 
before and after carburization. 

Catalyst Amount of CO2 desorbed (μmol/g) 

Mo/Al2O3 2.6 

Ni-Mo/Al2O3 114.8 

Mo2C/Al2O3 3.3 

Ni-Mo2C/Al2O3 121.7 

 

 
Figure 2. CO2-TPD profiles for the Mo2C/Al2O3 and Ni-Mo2C/Al2O3 carburized catalysts. 
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Figure 3. H2-TPR profiles for the Mo2C/Al2O3 and Ni-Mo2C/Al2O3 carburized catalysts. 

 
catalysts resulted in enhanced CO2 absorption in comparison to both the re-
duced and carburized Mo-catalysts. 

Figure 3 presents H2-TPR profiles for the carburized catalysts. The Mo2C/ 
Al2O3 catalyst exhibited two main H2 consumption peaks respectively centered at 
about 437˚C and 910˚C.  

The low temperature reduction peak (437˚C) can be assigned either to the re-
duction of MoO3 to MoO2 or to the reduction of some high valent Mo species 
(MoOx), The reduction peak occurring observed around 910˚C results from the 
reduction of MoO2 to metallic Mo, but can also be ascribed to the reduction of 
Mo2C species [26]. If this high temperature peak could be ascribed to the further 
reduction of MoO2 to metallic Mo, the first low temperature peak corresponding 
to the reduction of MoO3 to MoO2 should have very similar intensity, i.e. similar 
H2 consumption, than the high temperature one, which, indeed, is not the case. 
Therefore, the high temperature peak can be directly linked to the presence of 
molybdenum carbide and oxycarbide species. In the case of the Ni-Mo2C/Al2O3 
catalyst, the peak corresponding to the reduction of high valence Mo-species at 
low temperature appears shifted to lower temperatures, i.e. around 410˚C, and 
becomes much weaker. The high temperature peak, corresponding to the reduc-
tion of molybdenum carbide and oxycarbide species, also shifts to lower temper-
ature, i.e. around 820˚C. This latter result points out that the presence of Ni af-
fects the carburization process and the type of carburized species formed. In the 
presence of Ni, the carburization treatment leads most probably to favored car-
burization of molybdenum and to a lower extent of formation of oxycarbides, 
which confirming the results obtained through XPS analysis. The H2-TPR pro-
files acquired for the calcined Mo/Al2O3 and Ni-Mo/Al2O3 catalysts can be found 
elsewhere [27], but they only evidenced the H2-consumption peaks typical of Mo 
and Ni oxide and mixed oxides species. 

The results of the methanation experiments are presented in Table 3. It is 
worth to note that the Mo/Al2O3 catalyst (reduced) was found to be completely  
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Table 3. Catalytic activity and selectivity of the different catalysts: CO2 conversion and 
CH4 selectivity at temperatures from 250˚C to 500˚C. 

Catal. Perf. Catalyst 
Reaction Temperature (˚C) 

250 300 350 400 450 500 

Conversion (%) 

Ni-Mo/Al2O3 1.2 2.3 5.3 10.7 17.4 22.3 

Mo2C/Al2O3 0.3 1.0 4.1 10.6 18.7 26.5 

Ni-Mo2C/Al2O3 1.8 7.5 13.8 20.9 25.1 27.3 

CH4 Selectivity (%) 

Ni-Mo/Al2O3 0.6 9.4 10.0 12.6 13.2 11.8 

Mo2C/Al2O3 5.0 8.4 5.9 3.0 1.5 0.5 

Ni-Mo2C/Al2O3 98.2 98.2 98.1 97.3 94.6 86.3 

 
inactive towards CO2 methanation, and thus we decided to exclude the catalytic 
results of these experiments from Table 3. Both the reduced Ni-Mo/Al2O3 and 
the carburized Mo2C/Al2O3 showed very low catalytic activity and very poor CH4 
selectivity in CO2 methanation reaction.  

As previously observed for this thermodynamically feasible but strongly ki-
netically hindered reaction, the CO2 conversion generally increases with in-
creasing reaction temperatures, i.e. in the case of the Mo2C/Al2O3 catalyst it in-
creases from 4.1% at 350˚C to 26.5% at 500˚C. Similar CO2 conversions were 
obtained over the reduced Ni-Mo/Al2O3 catalyst. The activity towards CO2 me-
thanation substantially was improved in the presence of the carburized 
Ni-Mo2C/Al2O3 catalyst. CO2 conversions were increased from 13.8% at 350˚C 
to 27.3% at 500˚C, whereas CH4 selectivity was almost 100% at low temperatures, 
which slightly decreasing with increasing temperature, as predicted by equilibrium 
thermodynamics. Park et al. reported that CO2 conversion would reach to 40% 
on Pd/SiO2 catalyst at 450˚C, but on which the selectivity to CH4 was only 10% 
[3]. According to the above results of the physico-chemical characterization, first 
of all, carburization results in a 40-fold increase the basicity, i.e. the CO2 absorp-
tion ability of these catalysts. As a consequence, and even if the amount of oxy-
carbide species formed was found to be important, the carburized Mo2C/Al2O3 
catalyst showed already a better activity vis-à-vis the reduced Mo/Al2O3 one. 
Additionally, the presence of Ni enhanced the carburization of the molybdenum 
species in the bimetallic Ni-Mo catalysts. The amount of oxycarbides was re-
duced at the same when Ni and Mo was coexist. All this facts resulted therefore 
in the further promotion of the activity and selectivity observed on the 
Ni-Mo2C/Al2O3 catalyst. The formation of a mixed NiAl2O4 phase was also ob-
served through the analysis of the XPS results. The presence of Ni in strong in-
teraction with the alumina support may have also affected the carburization 
process in the case of the Ni-Mo2C/Al2O3 catalyst. 

4. Conclusion 

γ-alumina-supported Mo and Ni-Mo catalysts were prepared and submitted ei-
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ther to reduction or to a carburization treatment, prior to evaluating their cata-
lytic activity in CO2 methanation. The presence of Ni facilitated the formation of 
the Mo2C species, considerably reducing the formation of oxycarbides. The CO2 
absorption substantially increased upon carburization, leading to improved cat-
alytic activity in CO2 methanation. Moreover, the presence of Ni and thus as a 
consequence of favored carburization, resulted in further enhanced catalytic ac-
tivity and selectivity. Nevertheless, the carburized catalysts still contained an 
important amount of oxycarbide species, pointing to incomplete carburization. 
Though the results are quite promising and prove that Ni-Mo carbide catalysts 
can be successfully used for CO2 methanation, the carburization treatment needs 
to be consequently optimized. 

Acknowledgements 

Lu Yao would like to acknowledge the Chinese Scholarship Council (CSC) for 
the financial support for her last year PhD at UPMC Sorbonne Universités. 

References 
[1] Aresta, M. (2003) Carbon Dioxide Utilization: Greening Both the Energy and 

Chemical Industry: An Overview. In: Liu, C.-J., Mallinson, R.G. and Aresta, M., 
Eds., Utilization of Greenhouse Gases American Chemical Society, Volume 852, 
Chapter 1, 2-39. https://doi.org/10.1021/bk-2003-0852.ch001 

[2] Yan, Y., Dai, Y., He, H., Yu, Y. and Yang, Y. (2016) A Novel W-Doped Ni-Mg 
Mixed Oxide Catalyst for CO2 Methanation, Applied Catalysis B: Environmental, 
196, 108-116. https://doi.org/10.1016/j.apcatb.2016.05.016 

[3] Park, J.N. and McFarland, E.W. (2009) A Highly Dispersed Pd−Mg/SiO2 Catalyst 
Active for Methanation of CO2. Journal of Catalysis, 266, 92-97.  
https://doi.org/10.1016/j.jcat.2009.05.018 

[4] Deleitenburg, C. and Trovarelli, A. (1995) Metal-Support Interactions in Rh/CeO2, 
Rh/TiO2, and Rh/Nb2O5 Catalysts as Inferred from CO2 Methanation Activity. 
Journal of Catalysis, 156, 171-174. https://doi.org/10.1006/jcat.1995.1244 

[5] Pan, Q., Peng, J., Sun, T., Wang, S. and Wang, S. (2014) Insight into the Reaction 
Route of CO2 Methanation: Promotion Effect of Medium Basic Sites. Catalysis 
Communications, 45, 74-78. https://doi.org/10.1016/j.catcom.2013.10.034 

[6] Liu, J., Bing, W., Xue, X., Wang, F., Wang, B., He, S., Zhang, Y. and Wei, M. (2016) 
Alkaline-Assisted Ni Nanocatalysts with Largely Enhanced Low-Temperature Activity 
toward CO2 Methanation. Catalysis Science & Technology, 6, 3976-3983.  
https://doi.org/10.1039/C5CY02026C 

[7] Miao, B., Ma, S.S.K., Wang, X., Su, H. and Chan, S.H. (2016) Catalysis Mechanisms of 
CO2 and CO Methanation. Catalysis Science & Technology, 6, 4048-4058.  
https://doi.org/10.1039/C6CY00478D 

[8] Shamskar, F.R., Meshkani, F. and Rezaei, M. (2017) Preparation and Characteriza-
tion of Ultrasound-Assisted Co-Precipitated Nanocrystalline La-, Ce-, Zr-Promoted 
Ni-Al2O3 Catalysts for Dry Reforming Reaction. Journal of CO2 Utilization, 22, 
124-134. https://doi.org/10.1016/j.jcou.2017.09.014 

[9] Zhang, R., Xia, G., Li, M., Wu, Y., Nie, H. and Li, D. (2015) Effect of Support on the 
Performance of Ni-Based Catalyst in Methane Dry Reforming. Journal of Fuel 

https://doi.org/10.4236/mrc.2017.64010
https://doi.org/10.1021/bk-2003-0852.ch001
https://doi.org/10.1016/j.apcatb.2016.05.016
https://doi.org/10.1016/j.jcat.2009.05.018
https://doi.org/10.1006/jcat.1995.1244
https://doi.org/10.1016/j.catcom.2013.10.034
https://doi.org/10.1039/C5CY02026C
https://doi.org/10.1039/C6CY00478D
https://doi.org/10.1016/j.jcou.2017.09.014


L. Yao et al. 
 

 

DOI: 10.4236/mrc.2017.64010 144 Modern Research in Catalysis 
 

Chemistry and Technology, 43 1359-1365.  
https://doi.org/10.1016/S1872-5813(15)30040-2  

[10] Levy, R.B. and Boudar, M. (1973) Platinum-Like Behavior of Tungsten Carbide in 
Surface Catalysis. Science, 181, 547-549.  
https://doi.org/10.1126/science.181.4099.547 

[11] Wang, H.-M., Wang, X.-H., Zhang, M.-H., Du, X.-Y., Li, W. and Tao, K.-Y. (2007) 
Synthesis of Bulk and Supported Molybdenum Carbide by a Single-Step Thermal 
Carburization Method. Chemistry of Materials, 19, 1801-1807. 

[12] York, A.P.E., Claridge, J.B., Brungs, A.J., Tsang, S.C. and Green, M.L.H. (1997) 
Molybdenum and Tungsten Carbides as Catalysts for the Conversion of Methane to 
Synthesis Gas using Stoichiometric Feedstocks. Chemical Communications, 39-40.  
https://doi.org/10.1039/a605693h 

[13] Shi, C., Zhang, A., Li, X., Zhang, S., Zhu, A., Ma, Y. and Au, C. (2012) Ni-Modified 
Mo2C Catalysts for Methane Dry Reforming. Applied Catalysis A: General, 
431-432, 164-170. 

[14] Huo, X., Wang, Z., Huang, J., Zhang, R. and Fang, Y. (2016) Bulk Mo and Co-Mo 
Carbides as Catalysts for Methanation. Catalysis Communications, 79, 39-44. 

[15] Yao, L., Wang, Y., Gálvez, M.E., Hu, C. and Da Costa, P. (2017) Ni-Mo2C Sup-
ported on Alumina as a Substitute for Ni-Mo Reduced Catalysts Supported on 
Alumina Material for Dry Reforming of Methane. C. R. Chimie (Accepted). 

[16] Guo, J., Zhang, A.-J., Zhu, A.-M., Xu, Y., Au, C.T. and Shi, C. (2010) Advances in 
CO2 Conversion and Utilization. A Carbide Catalyst Effective for the Dry 
Reforming of Methane at Atmospheric Pressure. American Chemical Society, 
Washington DC, Chapter 12, 181-196. 

[17] Zhang, S., Shi, C., Chen, B., Zhang, Y., Zhu, Y., Qiu, J. and Au, C. (2015) Catalytic 
Role of β-Mo2C in DRM Catalysts That Contain Ni and Mo. Catalysis Today, 258, 
676-683. 

[18] Paál, Z., Xu, X.L., Paál-Lukács, J., Vogel, W., Muhler, M. and Schlögl, R. (1995) 
Pt-Black Catalysts Sintered at Different Temperatures: Surface Analysis and Activity 
in Reactions of n-Hexane. Journal of Catalysis, 152, 252-263.  
https://doi.org/10.1006/jcat.1995.1080 

[19] Manoli, J.-M., Da Costa, P., Brun, M., Vrinat, M., Maugé, F. and Potvin, C. (2004) 
Hydrodesulfurization of 4,6-dimethyldibenzothiophene over Promoted (Ni,P) 
Alumina-Supported Molybdenum Carbide Catalysts: Activity and Characterization 
of Active Sites. Journal of Catalysis, 221, 365-377. 

[20] Shi, C., Zhang, S., Li, X., Zhang, A., Shi, M., Zhu, Y., Qiu, J. and Au, C. (2014) 
Synergism in NiMoOx Precursors Essential for CH4/CO2 Dry Reforming. Catalysis 
Today, 233, 46-52. 

[21] Patt, J., Moon, D.J., Phillips, C. and Thompson, L. (2000) Molybdenum Carbide 
Catalysts for Water-Gas Shift. Catalysis Letters, 65, 193-195.  
https://doi.org/10.1023/A:1019098112056 

[22] Ji, N., Zhang, T., Zheng, M., Wang, A., Wang, H. and Chen, J.G. (2008) Direct Cata-
lytic Conversion of Cellulose into Ethylene Glycol using Nickel-Promoted Tungsten 
Carbide Catalysts. Angewandte Chemie International Edition, 47, 8510-8513. 
https://doi.org/10.1002/anie.200803233 

[23] Heracleous, E., Lee, A.F., Wilson, K. and Lemonidou, A.A. (2005) Investigation of 
Ni-Based Alumina-Supported Catalysts for the Oxidative Dehydrogenation of 
Ethane to Ethylene: Structural Characterization and Reactivity Studies. Journal of 
Catalysis, 231, 159-171. 

https://doi.org/10.4236/mrc.2017.64010
https://doi.org/10.1016/S1872-5813(15)30040-2
https://doi.org/10.1126/science.181.4099.547
https://doi.org/10.1039/a605693h
https://doi.org/10.1006/jcat.1995.1080
https://doi.org/10.1023/A:1019098112056
https://doi.org/10.1002/anie.200803233


L. Yao et al. 
 

 

DOI: 10.4236/mrc.2017.64010 145 Modern Research in Catalysis 
 

[24] Da Costa, P., Lemberton, J.-L., Potvin, C., Manoli, J.-M., Perot, G., Breysse, M. and 
Djega-Mariadassou, G. (2001) Tetralin Hydrogenation Catalyzed by Mo2C/Al2O3 
and WC/Al2O3 in the Presence of H2S. Catalysis Today, 65, 195-200. 

[25] Da Costa, P., Manoli, J.-M., Potvin, C. and Djega-Mariadassou, G. (2005) Deep 
HDS on Doped Molybdenum Carbides: From Probe Molecules to Real Feedstocks. 
Catalysis Today, 107, 520-530. 

[26] Malaibari, Z.O., Croiset, E., Amin, A. and Epling, W. (2015) Effect of Interactions 
between Ni and Mo on Catalytic Properties of a Bimetallic Ni-Mo/Al2O3 Propane 
Reforming Catalyst. Applied Catalysis A: General, 490, 80-92. 

[27] Yao, L., Liu, H., Gálvez, M.E., Hu, C. and Da Costa, P. (2017) Mo-Promoted 
Ni/Al2O3 Catalyst for Dry Reforming of Methane. International Journal of Hydro-
gen Energy, 42, 23500-23507. 

 
 

https://doi.org/10.4236/mrc.2017.64010

	γ-Alumina-Supported Ni-Mo Carbides as Promising Catalysts for CO2 Methanation
	Abstract
	Keywords
	1. Introduction
	2. Experimental
	2.1. Catalysts Preparation
	2.1.1. Mo/Al2O3 and Ni-Mo/Al2O3 Catalysts
	2.1.2. Mo2C/Al2O3 and Ni-Mo2C/Al2O3 Catalysts

	2.2. Catalytic Activity Experiments
	2.3. Physico-Chemical Characterization

	3. Results and Discussion
	4. Conclusion
	Acknowledgements
	References

