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Nanostructured â-Mo2C on an ultrahigh surface area carbon material (>3000 m2/g), a
kind of novel carbon material with uniform pore distribution, was prepared by the
carbothermal hydrogen reduction method. The Mo precursor and Mo2C have been character-
ized by X-ray diffraction, nitrogen adsorption, high-resolution transmission electron
microscope, and temperature-programmed reduction mass spectroscopy. The data show that
nanostructured â-Mo2C can be formed on the ultrahigh surface area carbon materials by
carbothermal hydrogen reduction at ∼700 °C. The particle sizes of â-Mo2C increase with
the increase of reaction temperatures. The carbothermal hydrogen reduction includes two
successive steps: reduction of the MoO3 precursor by hydrogen and reaction between partially
reduced molybdenum oxides and surface carbon atoms of carbon materials under the
hydrogen atmosphere.

Introduction

The transition-metal carbides have received consider-
able attention as advanced materials, especially as
catalytic materials, because of their unique physical and
chemical properties.1,2 Many methods including gas-
phase reactions of volatile metal compounds, reaction
of gaseous reagents with solid-state metal compounds,
pyrolysis of metal complexes, and solution reactions
have been developed for the preparation of high surface
area carbides.2,3 These carbide materials show excep-
tionally high activity in hydrogen-involved reactions.4-10

It is also found that the catalytic properties of carbide
materials strongly depend on their surface structure and
composition, which are closely associated with the
preparation methods. Among these preparation meth-
ods, the representative one is the temperature-pro-
grammed reaction between oxide precursors and a
flowing mixture of hydrogen and the carbon-containing
gases, such as CH4,11-13 C2H6,14,15 C4H10,16 and CO.17

However, some problems also exist in this method of

preparation: the carburization and passivation pro-
cesses must be carefully controlled, and the resultant
carbide surface is usually contaminated by polymeric
carbon from the pyrolysis of the carbon-containing
gases. The carbon blocks the pores, covers the active
sites, and is difficult to remove.

Recently, Ledoux and co-workers developed a novel
synthesis route to preparing high surface area carbides
which can avoid the formation of carbon residues on the
surface.18-21 It involves the reaction of solid carbon with
vaporized metal oxides at very high temperatures, even
above 1000 °C. Activated carbon was used as the carbon
source, and the final carbides appear to remain the
characteristic of porous structure of the activated
carbon. Moene and co-workers described a catalytic
carbothermal method for converting carbon materials
to high surface area SiC.22,23 Mordenti et al. modified
the carbothermal method and prepared activated-carbon-
supported Mo2C samples under moderate tempera-

* Corresponding author. Phone: 86-411-4379302. Fax: 86-411-
4694447. E-mail: chliang@dicp.ac.cn. Homepage: http://www.
canli.dicp.ac.cn.

(1) Toth, L. E. Transition Metal Carbides and Nitrides; Academic
Press: New York, 1971.

(2) Oyama, S. T. The Chemistry of Transition Metal Carbides and
Nitrides; Blackie Academic & Professional: London, U.K., 1996.

(3) Oyama, S. T. In Handbook of Heterogeneous Catalysis; Ertl, G.,
Knozinger, H., Weitkamp, J., Eds.; Wiley-VCH: New York, 1997; pp
132-138.

(4) Levy, R. B.; Boudart, M. Science 1973, 181, 547.
(5) Abe, H.; Bell, A. T. J. Catal. 1993, 142, 430.
(6) Colling, C. W.; Thompson, L. T. J. Catal. 1994, 146, 193.
(7) Nagai, M.; Miyao, T. Catal. Lett. 1992, 15, 105.
(8) Lee, J. S.; Yeom, M. H.; Park, K. Y.; Nam, I. S.; Chung, J. S.;

Kim, Y. G.; Moon, S. H. J. Catal. 1991, 128, 126.
(9) Keller, V.; Weher, P.; Garin, F.; Ducros, R. Maire, G. J. Catal.

1995, 153, 9.
(10) Leclercq, L.; Provost, M.; Leclercq, G. J. Catal. 1989, 117, 384.
(11) Volpe, L.; Bourdart, M. J. Solid State Chem. 1985, 59, 348.

(12) Lee, J. S.; Volpe, L.; Ribeiro, F. H.; Bourdart, M. J. Catal. 1988,
112, 44.

(13) Lee, J. S.; Oyama, S. T.; Bourdart, M. J. Catal. 1987, 106, 125.
(14) Claridge, J. B.; York, A. P. E.; Brungs, A. J.; Green, M. L. H.

Chem. Mater. 2000, 12, 132.
(15) Xiao, T. C.; York, A. P. E.; Al-Megren, H.; Williams, C. V.;

Wang, H. T.; Green, M. L. H. J. Catal. 2001, 202, 100.
(16) Xiao, T. C.; York, A. P. E.; Williams, C. V.; Al-Megren, H.;

Hanif, A.; Zhou, X.; Green, M. L. H. Chem. Mater. 2000, 12, 3896.
(17) Lemaitre, J.; Vidick, B.; Delmon, B. J. Catal. 1986, 99, 415.
(18) Ledoux, M. J.; Hantzer, J.; Guille, J.; Dubots, D. U.S. Patent

4,914,070, 1990.
(19) Ledoux, M. J.; Hantzer, J.; Pham-Huu, C.; Guille, J.; Desa-

neaux, M. P. J. Catal. 1988, 114, 176.
(20) Meunier, F.; Deporte, P.; Heinrich, B.; Bouchy, C.; Crouzet,

C.; Pham-Huu, C.; Panissod, P.; Lerou, J. J.; Mills, P. L.; Ledoux, M.
J. J. Catal. 1997, 169, 33.

(21) Ledoux, M. J.; Pham-Huu, C. CATTECH 2001, 5, 226.
(22) Moene, R.; Kramer, L. F.; Schoonman, J.; Makkee, M.; Moulijn,

J. A. Appl. Catal., A 1997, 162, 181.
(23) Moene, R.; Makkee, M.; Moulijn, J. A. Catal. Lett. 1995, 34,

285.

3148 Chem. Mater. 2002, 14, 3148-3151

10.1021/cm020202p CCC: $22.00 © 2002 American Chemical Society
Published on Web 06/19/2002



tures.24 However, this method is still in an early stage
of development. A broad range of supports and metal
compounds need to be tested and studied in detail
because metal compounds can be highly dispersed on
carbon materials and the carburized materials are
potential catalysts in hydrogenation reactions. In the
present work, we have tried to prepare nanostructured
Mo2C using an ultrahigh surface area carbon material
(>3000 m2/g), a kind of novel carbon material with
uniform pore sizes,25 as a carbon source and template
by carbothermal hydrogen reduction.

Experimental Section

Ultrahigh surface area carbon material is made by a direct
chemical activation route in which petroleum coke is reacted
with excess KOH at 900 °C to produce the carbon materials
containing potassium salts. These salts are removed by suc-
cessive water washings. The surface area of the carbon
materials measured by the Brunauer-Emmett-Teller (BET)
method is about 3234 m2/g, and the pore volume is about 1.78
m3/g (Table 1).

The ultrahigh surface area carbon material was impreg-
nated in a rotary evaporator at room temperature with an
aqueous solution of ammonium heptamolybdate. The molyb-
denum content is 10 wt %. After evaporating and drying in
air at 120 °C overnight, the materials were transferred to a
quartz reactor inside a tubular resistance furnace controlled
by a temperature programmer. The amount of the sample was
about 4 g/batch. Pure hydrogen was passed through the sample
at a flow rate of 200 cm3/min. The temperature was increased
at a linear rate of 1 °C/min to the final temperature, which
was held for 1 h. The samples were quenched to room
temperature at flowing argon and then passivated by a 1%
O2/N2 mixture.

X-ray diffraction analysis of the samples was carried out
using a Rigaku D/Max-RB diffractometer with a Cu KR
monochromatized radiation source, operated at 40 KV and 100
mA. Temperature-programmed reduction (TPR) of the sample
was carried out in a stream of 95% argon and 5% hydrogen
with a flowing rate of 30 cm3/min. The catalyst bed was heated
linearly at 20 °C/min from room temperature to 950 °C. Mass
spectroscopy was used as the detector. Transmission electron
microscopy (TEM) studies were carried out on a JEOL 2000
electron microscope. High-resolution transmission electron
microscopy (HRTEM) and electron diffraction were performed
on a JEM-4000EX electron microscope with an acceleration
voltage of 200 KV. Nitrogen adsorption and desorption iso-
therms at 77 K were measured using Micromertics 2010.
Surface areas were calculated from the linear part of the BET
plot.

Results and Discussion

Surface area and porosity of the ultrahigh surface
area carbon and the samples after carbothermal hydro-

gen reduction are compiled in Table 1. After the
impregnation of carbon material, its surface area de-
creases from 3234 to 2446 m2/g, its porosity from 1.78
to 1.30 m3/g, and its average pore size from 22.0 to 21.4
Å. It can be assumed that a molybdenum precursor fills
and blocks a fraction of the pores of carbon materials.
The surface area and porosity of the samples show a
decrease, to some extent, with the increase of the
temperatures of carbothermal hydrogen reduction, while
the average pore size shows an increasing trend. The
changes of the surface area, porosity, and average pore
size may be attributed to the reaction of carbon materi-
als with hydrogen and molybdenum precursor and the
changes of molybdenum species.

The phases and dispersion of the molybdenum com-
pound were also measured by XRD after the supported
samples were reduced in hydrogen. Figure 1 shows XRD
patterns of the samples with carbothermal hydrogen
reduction at different temperatures, together with the
ultrahigh surface area carbon and the supported Mo
precursor. XRD pattern of the ultrahigh surface area
carbon shows clearly that the carbon material is non-
graphitizable. XRD pattern of the supported molybde-
num precursor sample does not show any diffraction
peaks of molybdenum precursors, indicating that the
molybdenum species is well-dispersed on the carbon
material and that the particle size is smaller than 4 nm.
The result is consistent with that obtained using HR-
TEM by Mordenti et al.24

(24) Mordenti, D.; Brodzki, D.; Djega-Mariadassou, G. J. Solid State
Chem. 1998, 141, 114.
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Table 1. Surface Area, Porosity, and Average Pore Size
of HSAC, Mo/HSAC, and the Samples with Carbothermal

Hydrogen Reduction

sample

BET
surface area

(m2/g)
pore volume

(cm3/g)

average
pore size

(Å)

HSAC 3234 1.78 22.0
Mo/HSAC-RT 2446 1.31 21.4
Mo/HSAC-600 2505 1.38 21.9
Mo/HSAC-700 2341 1.35 23.7
Mo/HSAC-800 2180 1.30 23.8

Figure 1. XRD patterns of HSAC, Mo/HSAC precursor, and
the samples with carbothermal hydrogen reduction.

Figure 2. TEMs of samples with carbothermal hydrogen
reduction: (a) obtained at 700 °C; (b) obtained at 800 °C.
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The XRD pattern of the sample with carbothermal
hydrogen reduction at 600 °C does not show any
diffraction peak due to a MoO2 phase, indicating the
highly dispersed MoO2. However, this result is different
with that of a molybdenum precursor supported on
activated carbon,24 where the MoO2 was detected by
XRD. The good dispersion of the MoO3 precursor and
MoO2 may be due to the ultrahigh surface area and pore
volume of the carbon material used in this study. The
XRD pattern of the sample with carbothermal hydrogen
reduction at 700 °C shows a diffraction peak at 39.4°,
which is due to â-Mo2C with a hexagonal closed packed
structure. When the carbothermal hydrogen reduction
temperature is further increased up to 800 °C, typical
diffraction peaks due to â-Mo2C show clearly at 39.4°,
37.8°, 34.3°, 52.0°, 61.7°, 69.6°, 74.5°, and 75.7°. The
average particle size of â-Mo2C may be estimated from
the parameters of XRD according to the Scherrer for-
mula. The average particle sizes of â-Mo2C at 700 and
800 °C are 6 and 17 nm, respectively. It is clear that
the particle sizes of â-Mo2C increase with the increase
of carbothermal hydrogen reduction temperature.

To estimate the particle sizes of â-Mo2C, TEM and
HRTEM were carried out. The TEMs of the samples
with carbothermal hydrogen reduction at 700 and 800
°C were shown in Figure 2. It can be seen that the
particle sizes of â-Mo2C at 700 °C are about 10 nm in
diameter dispersed on the outer surface of carbon
materials (Figure 2a), while the particle sizes of â-Mo2C
at 800 °C are about 25 nm in diameter (Figure 2b) and
larger than that at 700 °C. The particle sizes obtained
by TEM are larger than the sizes obtained by XRD.

The HRTEM picture of Figure 3a shows that the
molybdenum carbide contained a high density of planar
defects and dislocations after synthesis and passivation
at room temperature. The EDX analysis performed on
this phase indicated the presence of Mo, C, and O
(Figure 3b). The existence of O is due to the formation
of passivated layer, which avoided violent oxidation of
the sample when it was exposed in air.

To understand the carbothermal hydrogen reduction
process, the reactant and principal products were
monitored with mass spectroscopy in real time. The

sample was first dried at 150 °C in the stream of
nitrogen for 2 h and then cooled to room temperature
in order to avoid the desorption peak of water at about
100 °C. Figure 4 shows the synthesis traces of masses
(M) 2, 16, 18, 28, and 44 with the increase of temper-
ature. The signals at M ) 2 and 16 represent hydrogen
and methane, while the signals at M ) 18, 28, and 44
represent water, carbon monoxide, and carbon dioxide,
respectively. The temperature-programmed reduction
mass spectroscopy (TPR-MS) traces show that the
carbothermal hydrogen reduction reaction proceeds in
three stages in the range of temperature studied. First,
there was a considerable amount of hydrogen consump-
tion and water formation at about 400 °C. From it, one
can conclude that MoO3 was reduced into molybdenum
oxide with a low chemical valence. However, actual H2
consumption is more than the value for the following
reaction:

Second, a CO mass spectrometer signal appears when
the temperature is above 530 °C, further increases with
the increasing temperature, and reaches the maximum
at 680 °C. Meanwhile, a decrease in the hydrogen mass
spectrometer signal accompanied by simultaneous water
evolution was observed. CO formation is mainly due to

a b

Figure 3. (a) HRTEM of sample with carbothermal hydrogen reduction at 700 °C; (b) EDX analysis of the sample in (a).

Figure 4. TPR-MS profiles of MoO3/HSAC precursor.

MoO3 + H2 T MoO2 + H2O
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a carbothermal reaction between reactive carbon atoms
or groups on carbon material26 and Mo compounds in
the presence of hydrogen.

C* is the surface carbon atom or groups of carbon
material. In addition, CO can be also formed from
carbon material and water produced by the reduction
of the oxides and from the decomposition of the C-O
groups.

In this stage, â-Mo2C was formed by the reaction
between MoO2 and CHx species from reactive carbon
atoms or groups on carbon material and hydrogen, and
in this process â-Mo2C particle sizes become larger and
larger with the increase of temperature.

Finally, a methane signal appeared when the tem-
perature increases up to 900 °C. Simultaneously, a peak
for hydrogen consumption is also observed. So, it can
be assumed that hydrogen reacted with carbon material

or carbide was hydrogenated according to the following
reactions:

Conclusion

An ultrahigh surface area carbon material with the
narrow distribution of pore sizes was used as carbon
source and support during the process. The uniform
â-Mo2C particles with about 10 nm were obtained after
carbothermal hydrogen reduction at 700 °C. And, the
particle sizes of â-Mo2C increase with the increase of
reaction temperature. The carbothermal hydrogen re-
duction includes two successive steps: reduction of a
molybdeum precursor by hydrogen and reaction be-
tween partially reduced molybdenum oxides and carbon
materials under the hydrogen atmosphere. The method
of carbothermal hydrogen reduction is a useful and
simple way to synthesize nanostructured carbides under
mild conditions.
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MoO2 + 1.5C* + H2 T MoC0.5 + CO + H2O

C* + H2O T CO + H2

C* + 2H2 T CH4

Mo2C + 2H2 T 2Mo + CH4
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