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The synthesis of high-surface-area molybdenum carbides has been studied by the
temperature-programmed carburization of molybdenum trioxide MoOs. The feedstocks used
were mixtures of methane and ethane with hydrogen. The solid reaction products were
characterized at selected intervals using thermogravimetric analysis differential scanning
calorimetry (TGA-DSC), surface area measurement (BET), X-ray diffraction (XRD), and high-
resolution transmission electron microscopy (HRTEM). The gaseous products of the
carburization process were monitored using a gas chromatograph equipped with a mass
spectrometer (GC-MS). The structural properties of the product carbides are shown to depend
on the conditions of synthesis. The C,H¢/H; feedstock gave the highest-surface-area material.
The presence of H; in the feed mixture reduced the amount of amorphous carbon deposited
an the molybdenum carbide material. The surface area was found to increase most rapidly
during the initial Hy-reduction stage. Initially, the MoOs is reduced to form MoOsz_,. This
material has structural defects, which can account for a decrease in the average particle
size and an increased porosity, resulting in an increased surface area. During the
carburization process, three phase transitions are observed. At higher temperatures, the
rate of deposition of graphitic and amorphous carbons derived from CH, or CO is much
greater than the rate of hydrogenation of the deposited carbon, resulting in the formation
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of surface graphitic carbon.

Introduction

The discovery of similarities between the catalytic
behavior of group VI transition metal carbides and the
noble metals has generated considerable interest.! This
is due to the possibility for replacing expensive metals,
such as Pd, Pt, and Rh, with relatively abundant group
VI metals!~7 and also to the fact that adsorbed cycloke-
tones on such surfaces are transformed into surface-
bound alkylidenes stable to >900 K, which can be used
to create a wide range of exceptionally stable organic
layers on molybdenum carbide.® Early studies showed
that the group VI carbides had good catalytic activities,
stabilities, selectivities, and resistances to sulfur poison-
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ing. Further, transition metal carbides themselves are
not toxic or hazardous materials, because of their high
stabilities and insolubility. To optimize the efficiency
of these metal carbides, they should have high specific
surface areas, Sg. Conventional preparation techniques
for metal carbides have been inherited from the metal-
lurgical industry and involve the reaction of metals,
metal hydrides, or metal oxides with appropriate
amounts of graphic carbon in a protective or reducing
atmosphere. The reaction temperatures are generally
high, e.g., >1500 K for Mo,C. The resulting carbides
have a low Sg's and low purities and are unsuitable for
use as catalyst materials.

Several methods have been developed for the prepa-
ration of high-surface-area carbides. One of the most
widely used methods is the temperature-programmed
reduction of the transition metal oxide by gaseous
hydrocarbons, as pioneered by Levy and Boudart.! It
has been shown that use of higher flow rates of the gas
mixture give carbide materials with a higher Sy val-
ues.>10 Also, the structure of the carbide can be con-
trolled through preactivation in hydrogen or the use of
hydrogen/hydrocarbon mixtures. The presence of added
H, in the feed mixture reduces the amount of carbon
deposited and increases the Sy of the resulting carbides.
The presence of hydrogen gives rise to the formation of
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Figure 1. TPR—GC-MS profiles of carburization of MoO3 by
20% CH./H..
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Figure 2. TPR—GC-MS profiles of carburization of MoO3 by
10% CyHe/H>.

the oxycarbide (M00O; 4Co 2Ho.g) from MoO3 and leads to
topotactic formation of new materials. In the absence
of H,, only nontopotactic formation of MoO; is ob-
served.!?

It has been shown that the choice of the hydrocarbon
reactant can influence both the structure and the
resulting catalytic performance of the product car-
bides.12718 Ranhotra et al.?2 found that ethane hydro-
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Figure 3. TGA profiles of carburization of MoO3; using 10%
C,He/H; at different heating rates.
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Figure 4. TGA-DSC curves during the carburization process
at 1 K/min.

genolysis over MoO3 at 573 K was more effective than
pretreatment with a CHy/H; mixture at 623 K in
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Figure 5. XRD patterns at different temperatures after MoO3 carburization with 20% CH4/H.

removing oxygen from the bulk of MoOs. Bouchy et al.13
showed that the prereduction of MoO3 with pure hy-
drogen followed by carburization with a mixture of CHa/
H, leads to a metastable fcc molybdenum carbide.
Claridge et al.'* reported that replacement of methane
by ethane for carburization leads to carbides with higher
surface areas because they are formed at lower tem-
peratures. Few studies have been reported on the phase
transitions occurring during the carburization and on
the mechanism of formation of the molybdenum carbide.
In this paper, molybdenum carbides were prepared
using several different hydrocarbons and characterized
using the TPR techniques. The purpose was to gain
insight into the mechanism of carbide formation and to
achieve carbide materials with higher surface areas and
also improved pore size distributions.

Experimental Section

Sample Preparation. The oxide MoOs; (200 mg) (Alfa,
99.999% purity) was placed in a 9-mm (o.d.) silica tube plugged
with silica wool at both ends. Carburizing reagents were either
20% CHai/H; or 10% C;He/H, and were passed over the
molybdenum oxide at flow rates varying between 100 and 120
mL min~! and at ramping rates of 1 K min~!. The exit gas
products were analyzed using an on-line GC-MS (HP 5890)
equipped with TCD and FID detectors. In serial experiments,
the carburization temperatures were increased in 50—100 K
steps from 523 to 1373 K and held at each temperature for 2
h. After carburization, the samples were cooled to room
temperature under an argon flow. Before being exposed to air,
the carbide product was passivated by treatment with a flow
of 1 vol % O,/N, at room temperature for 2 h.

The resulting carbides were studied immediately to limit
further oxidation of the catalyst. The surface area measure-
ments of the samples were performed in a glass BET ap-
paratus. The crystalline components of the materials were
examined by X-ray diffraction (XRD) using a Philips PW1710
diffractometer equipped with Cu Ko radiation. A JEOL-
4000EX high-resolution electron microscope with an accelerat-
ing voltage of 400 kV was used to observe the morphology and
microstructure of the product materials.

Crystallite sizes of the product carbides were established
from the XRD data using the Scherrer equation, D, = 0.94/

(B cos 0), where A is the wavelength of the X-ray radiation
(0.154 nm), g is the width of the peak at half-maximum
corresponding to the {200} plane and corrected for instrumen-
tal broadening (0.1°), and 6 is the Bragg angle. Corresponding
particle sizes were calculated from the equation D, = 6/(pSy ),
where p is the density of the solid and Sy is the specific surface
area of the sample, which was measured by BET.

The changes in the MoO3; sample during carburization were
monitored by thermogravicmetric analysis (TG, Rheometric
Scientific STA 1500). A sample of 30 mg of MoO3 was loaded
into a small platinum crucible, and the heating rate was 2
K/min under an atmosphere of 20% CH4/H; or 10% C,He/H..
The upper limit of temperature used for the measurements
was 1023 K, and this was maintained for 2 h.

Results and Discussion

Carburization of Molybdenum Trioxide with
20%CH4/H, and 10%C,Hg/H>. Figure 1 shows the
changes in the product gases during temperature-
programmed reduction of MoO3 using 20% CHa/H». It
can be seen that water starts to form between 670 and
700 K and that it is produced while methane is not yet
involved in the reaction. Below 750 K, therefore, only
hydrogen is involved in the early stages of the reduction
of the oxide. At about 870 K, the methane concentration
starts to decrease, and corresponding peaks for CO,, CO,
and water are observed. This indicates that methane is
acting both as the carbon source and also as a reductant.
Similar results were reported for the TPR of molybde-
num oxides using 20% CH4/H; above 950 K.1*1° There
are two peaks for CO and CO, production (870 and 920
K), and at the same time, two peaks for hydrogen,
suggesting that carburization has occurred. Methane is
involved in the reduction and carburization of MoOj; to
produce more hydrogen during the carburization. After
the two peaks for CO and CO, appeared, an increasing
amount of hydrogen was observed, along with a cor-
respondingly increased consumption of CH,4. In addition,
the peaks for COx and water diminished, indicating that

(19) 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.
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Figure 6. XRD patterns of MoOj3 carburized with 10% C,He/
H, at different temperatures.

carbon was being deposited on the catalyst surface.
Above 1320 K, the production of hydrogen decreased,
and some CH4 was converted into Co;H4 and a small
amount of CyHe.

When ethane was used as the carbon source (Figure
2), the first water product peak appeared at almost the
same temperature as for CH,, indicating that the
behavior of hydrogen in the two systems is similar, as
would be expected. This first stage of hydrogen reduc-
tion was followed at 740 K by C,Hg hydrogenolysis to
produce CHy4. At 800 and 900 K, both reduction and
carburization occurred, as indicated by GC-MS peaks
for CO,, CO, and water, formed by the reaction of
molybdenum oxides with ethane or possibly methane.
Compared to methane, ethane was found to be more
active in the reduction process. The hydrogenolysis of
ethane was complete at 1070 K, while further reduction
of the molybdenum oxide by ethane also occurs. Finally,
some of the ethane is dehydrogenated to give ethylene
and hydrogen; some is also hydrogenolysed to give
methane.

Changes in the Molybdenum Oxide during Car-
burization. The carburization process of MoO3; using
methane was studied by TGA-DSC as reported else-
where.'® Here, we present TGA-DSC studies during the
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Figure 7. Surface areas of molybdenum carbide prepared

using 20% CH4/H, and 10% C,Hes/H; carburization at different
temperatures.

course of the carburization of MoO3 to Mo,C using 10%
ethane in hydrogen as a feedstock at atmospheric
pressure with different ramping rates. The data from
these experiments are shown in Figure 3.

At the ramping rate of 10 K min~1, the initial MoO3
material was transformed to Mo,C in one step in the
temperature range 870—1000 K. However, when the
ramping rate was decreased to 2 K min~1, the carbur-
ization commenced at a much lower temperature (650
K), and a transition point at 770 K was clearly observed.
With a ramping rate of 1 K min™1, three weight-loss
stages occurred during the carburization reaction at 670,
800, and 920 K. These are shown in more detail in
Figure 4. At 670 K, the heat flow changed, and the MoO3;
weight loss was 11%, indicating the formation of MoO».
At 800 K, a weight loss of 17.7% was found, suggesting
that a molybdenum oxycarbide [MoO\Cy, (x +y) < 1]
was formed. Finally, above 920 K, a total weight loss of
29.5% indicated that the molybdenum oxycarbide was
converted to the molybdenum carbide Mo,C. The DSC
curves show that the carburization steps are endother-
mic; a small exothermic reaction occurs over the range
of 920 and 970 K, probably due to the effect of reduction
and formation of Mo—C bonds.

XRD Study of Structure Transformations dur-
ing Carburization. The bulk structures of the molyb-
denum material during carburization with 20% CH,/
H, and 10% C,Hes/H> were determined at temperature
steps of between 50 and 100 K by XRD. Figure 5 shows
the diffraction patterns of the molybdenum carbides
obtained using 20% CH4/H,; the diffraction peaks of the
most prominent phases have been assigned. A compari-
son between the experimental and literature data is
provided in Table 1.

At 673 K, after the first reduction of MoOg, a typical
XRD pattern for monoclinic MoO, was observed. This
result is in agreement with literature results for the
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Figure 8. (a—f) Sequence of TEM images of molybdenum
carbide prepared using 10% C,He/H; carburization at different
temperatures

reduction of MoO3 to Mo metal using hydrogen or 20%
CH4/H,.2021

The first carburization of MoO, occurred at 823 K,
leading to a transition species that is probably a
molybdenum oxycarbide, MoOxCy, which has a face-
centered-cubic (fcc) structure, as observed by Ledoux
who used a TPR method with a feedstock of 0.7% hexane
in hydrogen at high pressure and a temperature of 623
K.16 The second carburization step started at 873 K and
ended at 973 K; it gave some -Mo,C, and MoO,Cy was
still apparent. Above 973 K, all traces of oxides disap-
peared, and pure hexagonal-close-packed (hcp) or 5-Mo,C
was formed.14-16.1821-23 The diffraction peaks for $-Mo,C
were much sharper at higher carburization tempera-
tures, suggesting that the particle size within these
samples was significantly larger. (See Table 2.)

(20) Arnoldy, P.; de Jonge, J. C. M.; Moulijn, J. A. J. Phys. Chem.
1985, 89, 4517.
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(22) Lee, J. S.; Volpe, L.; Ribeiro, F. H.; Boudart, M. J. Catal. 1988,
112, 44.

(23) Lee, J. S.; Locatelli, S.; Oyama, S. T.; Boudart, M. J. Catal.
1990, 125, 157.
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Figure 9. Micrographs showing the product of ethane TPR

of (a) single-crystalline MoO; at 623 K and (b) polycrystalline
MoO; at 673 K.

Table 1. Comparison between XRD Data for Molybdenum
Oxide and Carbides Found during Carburization Using
20% CHJ/H2 and Standard Data

measurement literature data
20 (%) 20 (%)
compound (intensity/%) {plane}
MoO3 25.71 (100), 12.76 (66), 25.7 {040}, 12.8 {020},
(precursor)  39.00 (47), 67.5 (8), 39.0 {131}, 67.5 {0100},
23.3(7), 27.3 (5) 23.3{110}, 27.3 {021}
MoO, 26.0 (100), 37.0 (30), 26.0 {—111}, 37.0{—211},
(673 K) 53.54 (26) 53.5{—312}
MoO«Cy 44.1 (100), 62.9 (71), 43.6 {200}, 37.5 {111},
(823 K) 37.1(55) 63.5 {220}
B-Mo,C 39.46 (100), 38.00 (25), 39.5{101}, 37.9 {002},
(973 K) 34.4 (20) 52.24 (18), 34.5 {100} 52.2 {102},

69.6 (15), 61.5 (10)  69.6 {103}, 61.6 {110}

Figure 6 shows XRD patterns of molybdenum oxide
carburized with 10% C,He/H at different temperatures.
The XRD patterns appear to be similar to those for
carburization using methane; however, the tempera-
tures at which the reactions occurred were lower,
indicating that ethane was more active for reducing the
molybdenum trioxide. The new observed peaks were
broad and weak. This suggests that the molybdenum
intermediates and the molybdenum carbide particles
from the ethane system were smaller than those from
methane.

Surface Area Changes of Molybdenum Oxide
and Carbide during Carburization. The changes in
the surface area of MoO3 with carburization tempera-
ture are shown in Figure 7. The molybdenum trioxide
initially had a low surface area of below 5 m2 g1
However, after treatment with a mixture of methane/
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Figure 10. (a) Low-magnification TEM of Mo,C following complete carburization, (b) ED ring pattern corresponded to Mo,C, (c)

detail from a following carbon layer formation on carbide surface.

Table 2. Comparison of the Particle Sizes of the
Molybdenum Oxide and Carbides Derived from XRD and
BET Isotherms for a Temperature-Programmed Reaction

TPRtemp  raoo? Sy reer®
compound (K) (nm)  (m2g7Y  (nm)

TPR with CH4/H>

precursor MoO3 100.280 <5 150.914
(Alfa IM)
MoO; 673 11.010 59 7.859
MoO, 723 8.887 57 8.135
MoO; (+ MoOCy) 773 9.773 58 7.389
MoOyCy (+ $-Mo2C) 823 6.543 63 5.952
B-MoC (+ MoO,Cy) 873 5.364 60 5.618
B-Mo.C 973 7.556 49 6.879
B-Mo.C 1073 10.230 76 4.435
p-Mo,C 1373 36.270 60 11.236
TPR with C;Hg/H»
precursor 100.280 <5 150.914
MoOs; (Alfa JM)
MoO3 (+ MoOy) 623 12.136 50 10.000
MoO; 673 6.065 70 6.624
MoO, 723 5.735 86 5.392
MoO; 773 6.111 82 5.226
MoO,Cy (+ -MoCy>) 823 3.270 94 3.990
B-Mo02C (+ MoOyCy) 873 4.681 95 3.547
$-Mo.C 973 6.885 92 3.664
p-Mo,C 1073 9.705 108 6.242
p-Mo,C 1373 18.254 73 9.235

a1y = Def2 = [0.94/(8 cos 0))/2 from XRD. P rger = D,/2 =
[6/(0Sg )1/2 from BET.

H, or ethane/H,, even at 573 K (according to the TPR-
MS results, the carbon source is not yet involved in the
reduction), the surface area increased to 30 and 37 m?
g~ for methane and ethane, respectively. This implies
that the particles of MoO3; were being reduced, leaving
more oxide surface exposed. This finding is in agreement
with the results of Ledoux et al.,’® who reported the
formation of a high-Sy oxycarbide of molybdenum at
temperatures as low as 623 K after TPR of MoO3 using
0.7% n-hexane in hydrogen. We conclude that the early
reduction stage of MoOs occurs with hydrogen alone and
causes a rapid increase in the surface area. As we have
reported,!® this increase in surface area might be due

to cracking and degradation of the initially smooth
MoOs crystal surface.

After hydrogen reduction at 673 K, the surface area
increased rapidly to 59 and 70 m? g~! for methane and
ethane, respectively. During this stage, the TPR-MS
data (Figure 3) showed that hydrogen had reduced
MoO3 to form MoO; and water. With further reduction,
the surface area was relatively constant at first and then
rose again at 823 K as carburization took place. The
surface area increased very quickly at 1073 K to 110
m? g1, in the case of ethane, and the 5-Mo,C (hcp) had
formed. The surface area of the molybdenum carbide
decreased at higher temperatures (>1123 K) as a result
of sintering and, to a greater extent, the deposition of
carbon on the surface of the catalyst.

Figure 7 also shows that the surface area of the
molybdenum carbide prepared using the mixture of
ethane and hydrogen is higher than that obtained when
methane/H, is used. Previous studies?®*?5> have shown
that the Mo,C prepared using ethane/H; has smaller
particles and a rougher surface.

High-resolution transmission electron microscopy
(HRTEM) morphologies for molybdenum carbides formed
during the TPR studies using 10% ethane/H, at different
temperatures are shown in Figure 8a—f.

The initial MoO3 crystals had a needlelike structure,
with each needle being 2—7 um long. After reduction in
ethane/hydrogen at 673 K, the resulting MoO, crystals
were converted to smaller crystal clusters of about 0.1—
0.3 um in diameter. This helps to explain the rapid
increase in the surface area. After reductions at 623 and
673 K, the product was studied by electron diffraction
(Figure 9), and two different structures can be seen: (a)
single crystals of rhombic MoO3; and (b) ring patterns
due to polycrystalline MoOs.

(24) Xiao, T.; York, A. P. E.; Coleman, K. S.; Claridge, J. B.; Sloan,
J.; Charnock, J.; Green, M. L. H. Effect of carburising agent on the
structure of molybdenum carbides. J. Mater. Chem. 2001, 11, 3094.

(25) Choi, J. S.; Bugli, G.; Djega-Mariadassou, G. J. Catal. 2000,
193, 238.
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Figure 11. Routes to the various molybdenum carbide phases via TPR.

After carburization at 823 K, the surface of the
particles became further rougher, and XRD and electron
diffraction results show that the crystalline phase was
cubic MoO,Cy. Figure 8d shows that the particles were
further degraded to become looser and rougher when
carburized to 973 K, and the electron diffraction pattern
of the product indicates that the hexagonal 5-Mo,C had
been formed. Also, small pores or channels were present
in the g-Mo,C, and the surface of the molybdenum
carbide became rougher, which might be the reason for
the rapid increase in measured surface area. When the
carburization temperature was raised to 1073 K, the
surface morphology of the resulting molybdenum car-
bide materials changed as shown in Figure 8e. In Figure
10a—c, one can see that the particle surface became
condensed, suggesting that the crystal particles ag-
gregated, and that the surface area was further de-
creased (as shown in Figure 7), as the carbon layers on
the surface of carbide had become thicker. The HRTEM
images (Figures 8f and 10c) of the TPR material at 1373
K show that the deposited carbon formed a multilayered
material on the surface of the carbide that completely
covered all of the Mo,C catalysts.

Figure 11 shows that three phases are involved
during the carburization of molybdenum trioxide. MoO,
and MoO,C, are shown as intermediates in the trans-
formation of MoO3 to Mo,C.

Conclusions

TPR studies coupled with HRTEM, XRD, and BET
measurements have provided more evidence to explain
the observation that the reduction of MoO3 by C,He/H,
gives the -Mo,C with the highest obtained surface area.
Intermediate MoO, and MoO,Cy phases were clearly
observed during the carburization of MoOg3 using both
CH4/H; and C,Hg/H,. Carburization of MoO3 above 1073
K caused reduction of the surface area by sintering and
condensed carbon deposition on the carbide surface.
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