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a b s t r a c t

Various transition metals (M ¼ Pt, Fe, Co, and Ni) were selected to support on molybdenum

carbides by in-situ carburization metal-doped molybdenum oxide (M-MoOx) via

temperature-programmed reaction (TPR) with a final temperature of 700 �C in a reaction

gas mixture of 20% CH4/H2. XRD analysis results indicated that b-Mo2C phase was formed

in the case of Fe, Co, or Ni doping while a-Mo2C phase was appeared with the b-MoC1�x

phase in the case of Pt doping. With the increase in Pt doping amount, more a-MoC1�x

phase was produced. As-prepared metal doped molybdenum carbides were investigated as

alternative catalysts for the steam reforming of methanol. Comparing with the undoped

molybdenum carbide such as b-Mo2C, metal-doped one showed higher methanol conver-

sion and hydrogen yield. It is found that Pt doped molybdenum carbide had the highest

catalytic activity and selectivity among the prepared catalysts and methanol conversion

reached 100% even at a temperature as low as 200 �C, and remained a long-time stability

with a stable methanol conversion.

Copyright ª 2013, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

In order to solve environmental problems, development of

clean energy technology is becoming more and more

important from now. Hydrogen is considered one of ideal and

clean energy carriers. However, since it is difficult to store

compressed hydrogen safely and economically, production of

hydrogen using on-board reformers by the steam reforming of
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hydrogen carrier is required. Among the different liquid

hydrogen carriers available, methanol has the greatest po-

tential when comparingwith other hydrocarbon fuels because

it hasmany advantages: it is a liquid fuel at ambient condition

with a low activation temperature, a high hydrogen-to-carbon

ratio, but coke (without CeC bond) and sulfur free (no sulfur)

[1e3]. Hydrogen can be produced from methanol by steam

reforming, auto-thermal reforming, partial oxidation or even

decomposition ways. Among these methods, the steam

reforming ofmethanol (SRM) is considered the bestway due to

its high hydrogen yield. The SRM reaction can be expressed as:

CH3OHþH2O4CO2 þ 3H2 DH0
298 K ¼ 49:3 kJ=mol (1)

In the case of using stoichiometric feed, only H2 and CO2

will be produced from the steam reforming of methanol

theoretically. However, other gases such as methane and

carbon monoxide are usually produced together with H2 and

CO2 in the product stream, relying on the types of catalysts

and the reaction conditions due to the following reactions

[4e6].

CH3OH4COþ 2H2 DH0
298 K ¼ 91 kJ=mol (2)

COþH2O4H2 þ CO2 DH0
298 K ¼ �41 kJ=mol (3)

COþ 3H24CH4 þH2O DH0
298 K ¼ �206 kJ=m (4)

Various catalysts have been developed for SRM reaction.

Cu- and Pd-based catalysts are generally used because of their

low CO production [4]. It is found that addition of Zn into the

Cu-based catalyst can improve the Cu dispersion [5]. However,

Cu-based catalysts have poor thermal stability when the re-

action temperatures are over 300 �C due to the sintering of Cu,

and they also are easily deactivated by H2S contaminates and

chloride in the reactant stream [6,7]. Noble metal based SRM

catalysts such as Pd/CeO2, Pd/ZnO, Pd/Ga2O3, Pd/SBA-15, Au/

Ce1�xZrxO2, Au/CeO2, and Pd/Ga2O3 have also widely investi-

gated and showed high activities at a temperature between

200 and 400 �C [8e14]. Recently, transitionmetal carbides such

as tungsten carbide and molybdenum carbide have been

attracted much attention because they show catalytic activ-

ities similar to those of noble metals in various reactions such

as hydrogenation reactions, hydrocarbon isomerization, and

methane and alcohol reforming [15e18]. Széchenyi and Sol-

ymosi prepared Mo2C by the carburization of MoO3 with C2H6/

H2 mixture and found that it is an effective catalyst for the

decomposition of ethanol and methanol with a high thermal

stability [19]. When Mo2C was supported on carbon Norit,

carbon nanotube, ZrO2 and Al2O3, a higher catalytic activity

than an unsupported catalyst was identified [1,20e22].

Furthermore, when carbides are served as supports, they

could stabilize the formation of small, flat metal particles,

leading to unique catalytic properties from the synergistic

interaction of admetal particles and carbide substrates [23].

For instances, Lewandowski et al. dispersed Pt on the molyb-

denum carbide for simultaneous hydrodenitrogenation and

hydrodesulfurization and found that the catalytic activitiy

and stability were greatly enhanced when compared with the

pure, non-modified one [24]. Griboval-Constant et al. sup-

ported Ru and Co on the molybdenum carbide for

FischereTropsch synthesis and also found the promotion ef-

fects [25]. However, in these studies, it should be noted that

the metal was in fact supported on the passivated surface of

the molybdenum carbide (i.e., oxide surface), but not on the

carbide surface. In order to synthesize and characterizemetal-

doped carbide materials where the metals interact directly

with the native surfaces of carbides, Schweitzer et al., directly

deposited Pt onto the carbide surface using aqueous wet

impregnation method, avoiding exposure of the carbide sur-

face to O2. When this catalyst was applied for water gas shift

reaction, they found that it had high activity for this reaction

due to the strong metalecarbide interactions and uniform Pt

particle dispersion on the carbide surface [26]. When it was

used for the SRM in the presence of 5 ppmH2S, a higher degree

of tolerance to sulfur during SRM was found [27]. However,

thismethod is very complex, and it cannot be used in practical

process.

In the present study, a facile method was developed to

support various metals on molybdenum carbide by in-situ

carburization metal-loading molybdenum oxide (M-MoOx)

Fig. 1 e (a) XRD patterns of metal doped molybdenum

carbide catalysts; (b) XRD patterns of Pt doped

molybdenum carbide with different doping amount.
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