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Direct conversion of MoO3; to molybdenum carbides by temperature-programmed reaction
(TPR) with a reacting gas mixture of CH4/4H, has been studied in the presence of a transition
metal selected from Pt, Pd, Ni, Co, Cu, and pre-synthesized Mo,C loaded on MoO3. Loading
of the metals reduced the temperatures of MoO3 reduction and increased the specific surface
area of produced carbides. However, the obtained phase of molybdenum carbides differed
depending on the employed transition metal; Pt, Pd, or Ni produced cubic a-MoC;—y, while
Co, Cu, or pre-synthesized Mo,C formed hexagonal $-Mo,C, which was the same phase as
that produced from the direct transformation of MoOg itself without any metal loading. The
nature of transition metals loaded on MoO; also led to different TPR patterns for the
transformation to molybdenum carbide, suggesting that different reaction routes were
involved. Thus, MoOj3 loaded with Co, Cu, or Mo,C showed TPR patterns similar to that of
MoOs itself, except for slightly lower temperatures for the initiation of the reduction. With
these metals, the transformation of MoOs to carbides followed a nontopotactic route involving
the MoO, intermediate phase. By contrast, loading of Pt, Pd, or Ni to MoO3; drove MoO3;
reduction into a topotactic transformation through a MoO,C, intermediate phase. However,
unlike the well-established topotactic MoO; — Mo,N — a—MoC;_, transformation, the
pseudomorphism was only partly maintained in this metal-promoted, direct MoO; —
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a-MoC;— transformation.

Introduction

The formation of metal carbides is extensive through-
out the Periodic Table. All transition metals produce
their corresponding carbides, revealing exceptions of the
second and third rows of Group 9—10 metals (Rh, Ir,
Pd, and Pt). In general, carbides of Group 4—6 metals
are thermodynamically more stable and possess greatly
improved catalytic properties over those of parent
metals in activity, selectivity, and resistance to poison-
ing. Carbon atoms of these metal carbides reside in
interstitial cavities between larger metal atoms.!

The carbides of Group 4—6 metals have been found
to be good catalysts for a wide variety of reactions
typically catalyzed by noble metals of high cost and
limited supply. In particular, molybdenum carbides and
nitrides have attracted attention as active and selective
catalysts for reactions such as hydrogenation of CO or
olefins,2=6 NHj3 synthesis,” hydrocarbon reforming,8?°
hydrogenolysis of hydrocarbons,’® and hydro-
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treating.'2-16 Applicability of molybdenum carbides to
practical catalysts requires high specific surface areas
together with their effective structures. To prepare
molybdenum carbides with high surface areas, the
temperature-programmed reaction (TPR) method has
been established; it induces the solid-state transforma-
tion of MoOg in a controlled manner by reacting MoO3;
with a nitrogen-containing reactive gas such as am-
monia or a carbon-containing gas mixture such as CH,/
H,.17~21 The direct carburization of MoO3; with CH4/H»
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produces a molybdenum carbide of the hcp structure
B-Mo,C, which is the thermodynamically stable phase
under the preparation conditions. The nitride (fcc
y-MozN) produced from the TPR of MoO3; with NHs is
transformed to the carbide by TPR with CH4/H,.2!
However, the carbide obtained via the nitride shows the
metastable fcc a-MoC;_x phase. This MoO3; — Mo,N —
a-MoC,_y transformation has been established to be
topotactic since the crystallographic motif is conserved
in these three molybdenum phases by minimal move-
ment of molybdenum atoms throughout the whole solid
transformation. The platelet morphology of MoOj3 is also
conserved in Mo;N and o-MoC;_y (pseudomorphism).
The direct carburization by ethane/H; as a reacting gas
mixture lowers the required synthesis temperature and
increases the surface area of the final carbides compared
to those prepared with CH4/H,.22 Yet product powders
showed the hcp -Mo,C phase. The sonochemical de-
composition of molybdenum hexacarbonyl produced fcc
o-MoC;—y, with a high surface area of 180 m2 g=1,23-25
Impregnation with a small amount of Pt (0.25 wt %) to
MoO3 produced high surface area a-MoCi—x by direct
TPR/carburization, which was pseudomorphous with
Mo0O3.2! Thus, the nature of the solid transformation
from MoOj3; to molybdenum carbides is dictated by the
preparation conditions and products with different
structures, surface areas, and morphologies are
formed.17:21.26

This work investigates the effect of various transition
metals on the solid-state transformation of MoOs; to
molybdenum carbides under a CH4/H, gas stream. A
small amount of Group 9—11 metals (0.2—0.3 wt %) was
loaded on the bulk MoO3 before the gas—solid reactions.
The morphology, crystal structure, and physicochemical
surface properties of obtained molybdenum carbides are
examined by X-ray diffraction (XRD), scanning electron
microscopy (SEM), N, adsorption and CO chemisorp-
tion, and TPR profiles.

Experimental Section

Preparation of Molybdenum Carbides. Impregnation of
Transition Metals on MoOs. Bulk MoO3 (Alfa, 99.95%) was
impregnated with an aqueous solution of a transition metal
precursor by an incipient wetness method, followed by drying
the slurry to remove water in an oven at 383 K for 20 h. A
description of the metal precursors employed here is listed in
Table 1 together with the amount of the precursors in weight
percent of metal to MoOs. A physical mixture of MoOs; and a
pre-synthesized Mo,C was also prepared to examine a possible
role of Mo,C in MoOs transformation.

Temperature-Programmed Reaction (TPR). A temperature-
programmed reaction of the metal-loaded molybdenum trioxide
was employed to prepare molybdenum carbide powders with
high surface areas and the solid-state transformation processes
were investigated by observation of gas evolution. Detailed
conditions of TPR have been described in previous works.17=2%
To prepare fcc a-MoC;-x as a reference, we employed two
consecutive steps of nitridation of MoO3; with NH3; to Mo;N,
followed by carburization of the nitride to a-MoC;-x under a
CH4/H; gas stream.
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Table 1. Transition Metals Employed for the Solid-State
Transformation of MoO3 under a CHy/H,; Gas Stream

amount of loading

metal (wt %, based on Mo) precursor employed

Co 0.2 Co(NO3)2-6H,0 (Janssen, 99%)

Cu 0.2 Cu(NO3)2:xH20 (Aldrich, 99.999%)
Mo,C?2 1.0 hcp phase -Mo,C

Ni 0.2 Ni(NO3),-6H,0 (Aldrich, 99.999%)
Pd 0.2 Pd(NO3)2-2H,0 (Sigma)

Pt 0.3 H,PtCl»:6H,0 (Aldrich, 99.995%)

2 Physical mixture of bulk MoO3; and 1 wt % hcp phase -Mo,C,
which had been prepared from MoOs, as described in the Experi-
mental Section.

For the TPR of the metal-loaded MoOs3, 80 mg of the sample
powder was used in a U-shaped quartz reaction cell with an
outer diameter of 13 mm. This cell was equipped with two
stopcocks at the inlet and outlet parts of gas flow, which
enabled the produced molybdenum carbides to be character-
ized in situ without exposure to the atmosphere after the TPR.
The employed gases were CH,4 (Union Carbide, 99.95%) and
H, (KBOC, 99.99%) for reduction and carburization. These
gases were further purified by passing through a 5-A molecular
sieve trap and an oxygen trap (Alltech). NH; (Matheson,
99.99%) was used to prepare the intermediate phase of
molybdenum nitride. A stream of gas mixture was passed
through the reaction cell at a total flow rate of 37 umol s™*
with a mixing ratio of 1/4 for CH,4 to H,. The temperature was
varied in a furnace coupled with a PID controller and
monitored locally with a thermocouple. The temperature
increased at a ramping rate of 5 K min~! from 373 to 1173 K.
Identification and analysis of gaseous reaction products were
performed by an online mass spectrometer (HP 5972).

Characterization Methods. Structure and Morphology.
Since fresh molybdenum carbide powders burn spontaneously
upon exposure to air, samples were passivated prior to the
characterization by letting 0.5% O; in He pass through the
produced powder for 2 h, followed by letting the air diffuse
slowly into the reaction cell through one end of the reactor
open to atmosphere for 20 h. This passivation procedure
allowed the final samples subject to a mild surface oxidation
without the structural and morphological change of bulk
molybdenum carbides.

To examine the structural change after and during the TPR,
powder X-ray diffraction (XRD) measurements were conducted
using a Mac Science M18XHF diffractometer with Cu Ka
radiation (1 = 1.5405 A). The morphology of the passivated
samples was observed by scanning electron microscopy (SEM)
on a Hitachi S-2460N.

Measurements of Surface Area and Mo Dispersion. The CO
chemisorption and N, adsorption were conducted on a con-
ventional volumetric adsorption apparatus without exposure
of the sample to atmosphere after the TPR by use of the
stopcocks attached on the reaction cell. Before measurement
of CO uptake, the reaction cell containing the powder sample
was evacuated to a pressure less than 10~ Pa for 0.5 h and
the reaction cell was cooled to room temperature. Then the
first CO adsorption isotherm was taken as CO pressure
increased. At room temperature, the cell was again evacuated
to a pressure less than 107 Pa for 0.5 h to remove physisorbed
CO. The second isotherm was taken in a similar way, and the
amount of irreversible CO uptake was obtained from the
difference between the two isotherms extrapolated to zero
pressure. The specific surface areas (Sg) of the samples were
determined by the BET method from N, adsorption at 77 K
on the same adsorption apparatus.

Results

TPR Profiles of Transition Metal-Loaded MoOs.
Solid-state transformation of molybdenum trioxide into
molybdenum carbides by reaction with a reactive gas
mixture of CH4/4H, involves generally two consecutive
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Figure 1. Temperature-programmed reaction profiles of the
transformation of MoO3 in a CH4/4H; stream (ramping rate
=300 K h%, MoOj; loading = 80 mg, flow rate = 37 umol s71).

processes; the reduction of MoO3; to MoO, by H, at a
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burization of the intermediate MoO, to molybdenum
carbides by reaction with both methane and dihydro-
gen.'” Figure 1 represents a typical temperature-
programmed reaction (TPR) profile of the transforma-
tion of molybdenum trioxide to its carbide under the
CH4/4H; stream. There are two H,O formation peaks
at ca. 900 K and ca. 970 K and peaks due to the
consumption of CH4 and production of CO above 850
K. We also observed CO, formation at a temperature
similar to that of CO formation, but this profile was
excluded because its amount was negligible. In the
second reduction step, CH, seemed to serve as both
reduction and carburization agents. Carbon and hydro-
gen atoms in CH, should contribute to the reduction of
MoO; produced from the first reduction step as carbon
converts to CO and CO; and hydrogen to H,O. At the
same time carbon atoms are incorporated into molyb-
denum lattice. This TPR pattern of MoOs itself by a
CH4/4H; stream was in line with the previous work.1?

We investigated the effects of the transition metal
loading (less than 0.3 wt % of Mo) on the direct solid-
state transformation of MoOj3 into the carbides. Figure
2 illustrates the TPR profiles for the transformation of
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Figure 2. Temperature-programmed reaction profiles of the transformation of (a) Co-, (b) Cu-, and (c) Mo,C-loaded MoO3 with
a CH4/4H; stream (ramping rate = 300 K h™%, MoOj; loading = 80 mg, flow rate = 37 umol s™2). (d) Ni-, (e) Pd-, and (f) Pt-loaded
MoO; with a CH4/4H; stream (ramping rate = 300 K h~1, MoO; loading = 80 mg, flow rate = 37 umol s71).
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MoOs loaded with Co, Cu, a pre-synthesized Mo,C, Ni,
Pd, or Pt. The initial temperature of H,O formation
appeared at lower temperatures by 100—250 K in all
cases than that of the TPR profile of MoOgs itself shown
in Figure 1. In addition to the decrease in the starting
temperature of the first reduction stage, the final
transformation temperature at 950—1000 K was also
lowered by at least 50 K in the TPR profiles for Cu, Ni,
Pd, and Pt-loaded MoOs. Furthermore, it should be
noted that the metals of the Group 10 (Ni, Pd and Pt)
showed profiles similar to each other in the H,O
formation pattern, with the first reduction occurring
below 650 K. These patterns are distinguished from
those for Co, Cu, and Mo,C that showed the first
reduction temperatures above 700 K.

The consumption peaks of CH,4 gave a more interest-
ing feature. In TPR of Pd- and Pt-loaded MoO3 shown
in Figure 2, parts (e) and (f), there were two sharp CH,4
consumption peaks that accompanied two H,O forma-
tion peaks. The Ni-loaded MoOs (Figure 2d) did not
show such sharp peaks, especially for the low-temper-
ature CH4 consumption, but the pattern seemed to be
qualitatively the same as those for Pd and Pt. However,
there was no indication for the production of carbon-
containing gas molecules such as CO and CO, at these
low temperatures in all cases, suggesting that carbons
produced from methane would reside in MoO3 without
forming any gas molecules. By contrast, Figure 2, parts
(a)—(c), showed no indication of such carbon incorpora-
tion at low temperatures in MoOj3; loaded with Co, Cu,
and MoC.

Structure and Morphology of Molybdenum Car-
bides and Their Intermediates. The powder XRD
patterns of reactant and product solids are presented
in Figure 3. The Mo,C (hcp) was produced from one-
step TPR of M0O3, and MoC;— (fcc) from two-step TPR,
that is, the first TPR of MoO3; with NH3 to form the
nitride intermediate fcc MozN, followed by TPR of Mo;N
with CH4/4H,. The X-ray diffraction (XRD) pattern of
MoOs reveals the greatly enhanced peak intensities of
{0k0} planes such as (020), (040), and (060), indicating
an anisotropic platelet structure. The scanning electron
microscopy (SEM) image in Figure 4a confirms this
morphology of the platelet structure. However, the
strong {101} peaks of Mo,C imply that the morphology
has been changed by breaking the {OkO} planes, as
confirmed again by its SEM microgram in Figure 4c that
showed mostly agglomerated isotropic particles that
were completely different from the morphology of its
parent MoOs. In cases of Mo,N and MoC;_x, however,
the XRD patterns represent intense peaks for {200}
planes that are parallel to the {Ok0} planes of MoOs3,
suggesting that the topotactic phase transformation was
involved from MoOj3; to Mo,N and from Mo,;N to MoC;_y.
The intensity distribution of XRD peaks and the pseudo-
morphism are consequences of the topotactic or nonto-
potactic phase transformations of MoO3 — Mo,N —
MoC;—x and MoO3; — Mo,C, respectively. The structures
of molybdenum carbides produced from the metal-
loaded MoO3; were examined by XRD. Figure 5 shows
two different structures of the carbides obtained: fcc
MoC;—_4 from Ni, Pd- and Pt-loaded MoO3, and hcp Mo,C
from Co-, Cu-, and Mo,C-loaded MoOs. The relative
intensity of (200) to (111) peaks for this MoC;_x was
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Figure 3. XRD patterns showing the structural evolution for
topotactic and nontopotactic transformations of MoO; to
molybdenum nitride and carbides.

lower than that for MoC;—x produced via molybdenum
nitride shown in Figure 3, but closer to a theoretical
intensity ratio for isotropic fcc crystals.2! This different
intensity distribution of XRD peaks for two types of
MoC;-x could be understood when observing SEM
images of Figure 6 that show morphologies of all
carbides produced from metal-loaded MoOs3.

For the hcp Mo,C produced from Co, Cu, and Mo,C-
loaded MoO3; shown in Figure 6a—c, most of the large
platelet particles were broken into smaller ones and
numerous agglomerates of small particles could be
observed. These morphologies, however, are different
from that of Mo,C prepared without transition metal
loading in that there are many nonisotropic platelet
particles, although they are smaller in size than original
MoO3 particles. The morphology of MoC;_, obtained
from Ni-, Pd-, and Pt-loaded MoO3 in Figure 6d—f
showed no agglomerates of particles but instead showed
mostly broken platelets. The shape of the original large
platelets of MoOs still remained for Ni- and Pd-loaded
MoC;-x. However, it appeared that the anisotropy
manifested by these broken MoC;_, platelets was not
extensive enough to cause the unusual intensity distri-
bution of XRD peaks as observed for MoC;_x prepared
via Mo,N.

Figure 7 represents the structural evolution of mo-
lybdenum species involved in the reduction/carburiza-
tion process of metal-loaded MoOj3. These XRD patterns
were obtained for the samples after TPR had been
stopped and quenched at the indicated temperatures.
The temperatures to quench the TPR were chosen to
be the points where the first-stage reduction was
finished by referring to the TPR patterns of Figure 2.
The Co- and Cu-loaded samples showed XRD patterns
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Figure 4. Morphology of (a) MoOs, (b) MozN, (c) Mo.C, and (d) MoC;_4 observed by SEM with a magnification of 2000.

exclusively of MoO,. The Mo,C-loaded MoO3 also showed
MoO, as a dominant species together with Mo4O13,
which was less reduced than MoO,. In contrast, a
molybdenum oxycarbide, MoO,C,, appeared during the
carburization of Ni-, Pd-, and Pt-loaded MoOs. Although
a rather small contribution of the oxycarbide intermedi-
ate was observed for Ni, its formation was dominant
for the Pd- and Pt-loaded cases.

Surface Properties of Molybdenum Carbides.
Table 2 shows the results of N, adsorption and CO
chemisorption on the molybdenum carbides produced
in the present work. Adsorption was conducted in situ
without exposure of the sample to air. In all cases of
the metal loading, substantial increases of the specific
surface area (Sg) were observed for the produced mo-
lybdenum carbides no matter what their final structure
was, compared to that of Mo,C produced from bare
MoOj3 (70 m2 g~1). The Cu-loaded molybdenum carbide
showed the highest surface area of 221 m? g~1. These
Sy values were consistent with the X-ray line broadening
in that XRD peaks became broader for metal-loaded
Mo.C (Figure 5) relative to those of bare Mo,C (Figure
3). As the surface area increased, the greater amount
of irreversible uptake of CO was observed. In general,
the samples with lower starting temperatures of the
reduction in their TPR profiles possessed higher surface
areas as well as greater amounts of CO chemisorption.

Table 2 also lists properties of MoC;—x produced by
two-step topotactic routes, that is, nitridation of MoO3;
to MoN, followed by carburiztion of Mo,N to MoC; .
The latter showed a high surface area of ca. 190 m? g1

-

Pt-MoC,

Intensity / a.u.

10 20 30 40 50 60 70 80 90
20
Figure 5. XRD patterns of metal-loaded molybdenum car-
bides. Note that fcc MoC;,-x phase is dominant for Ni-, Pd-,
and Pt-loaded samples and hcp Mo,C phase is dominant for
Mo,C-, Co-, and Cu-loaded molybdenum carbides.

or larger. Except for Mo,C-loaded Mo,C, the other
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Figure 6. Morphology of (a) Co-, (b) Cu-, and (c) Mo.C-loaded molybdenum carbides observed by SEM with a magnification of
2000. (d) Ni-, (e) Pd-, and (f) Pt-loaded molybdenum carbides observed by SEM with a magnification of 2000.

metal-loaded molybdenum carbides had a comparable
or slightly higher Sy than that of MoC; .. More interest-
ingly, metal-loaded MoC;_« samples showed amounts
of CO chemisorption greater by 80—120 umol g for
Ni—, Pd—, and Pt—MoC;_x, compared to that of bare
MoC;—x (540 umol g~%). This is reflected in the great
increase of areal number density for these materials by
up to 25%. A possible chemisorption of CO on the added
metal itself could be ignored unambiguously by follow-
ing a simple calculation. Even if all the added metals
were exposed by 100% dispersion on the surface of
MoC;—y, their amount would be 34, 19, and 15 umol,
respectively, for Ni, Pd, and Pt. Thus, the maximum
contribution of CO chemisorbed on these metals is less
than 5% of the total amount of CO actually chemisorbed
on Ni-, Pd-, and Pt-loaded MoC;_. The increased CO
site densities for metal-loaded molybdenum carbides
appears to originate from the surface-cleaning effect of
loaded transition metals. A part of the molybdenum
carbide surface is covered with unreactive “graphitic”
carbon that comes from the preparation step and blocks
CO adsorption sites.?® Transition metals could hydro-
genate this surface carbon off the molybdenum carbide
surface.

Discussion

The molybdenum carbide with the fcc structure
o-MoC;_x has been known to possess higher specific
surface areas (~200 m? g—1) than those with the hcp
structure Mo,C (~70 m? g~1). This fcc phase is usually
prepared through a topotactic route of MoO3; — Mo,N
— o-MoC;_x transformation. In this study, we have
demonstrated that the a-MoC;_x phase of similar prop-
erties could be synthesized by one-step reduction/
carburization of MoOj3 in the presence of a transition
metal (Ni, Pd, or Pt) loaded on MoO3 prior to TPR with
CH4/H,. When Cu, Co, or pre-synthesized Mo,C is
loaded instead on MoOg, the hcp Mo,C phase is obtained
as in the absence of any transition metal. However, this
metal-loaded Mo,C possesses the high surface areas
comparable with those for a-MoC;—x. The Sy values for
Cu- and Co-loaded Mo,C are close to 200 m2 g1, To the
best of our knowledge, these are, by far, the highest
surface areas reported for bulk Mo,C. Thus, employ-
ment of transition metals in the preparation of molyb-
denum carbides exerts one of two effects depending on
the nature of the metal: to provide a direct synthesis
route to metastable a-MoC;_x phase or to the usual
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Figure 7. XRD patterns showing the structural evolution of
intermediate species during the carburization of the metal-
loaded MoO3; by CH4/4H;. These molybdenum intermediates
were observed after the TPR was stopped and the sample was
guenched at 913 K for (a) Co-, (b) Cu-, and (c) Mo2C-loaded
MoO; and at 793 K for (d) Ni-, (e) Pd-, and (f) Pt-loaded MoOs.

Table 2. Physicochemical Properties of the Bare and the
Metal-Loaded Molybdenum Carbides

amount of CO
S  chemisorbed® number density® XRD

sample  (m2g71)  (umol g7?%) (1018 m=2) phased
Mo,C 70 164 1.41 hcp
Co—Mo,C 182 565 1.87 hcp
Cu—Mo,C 221 602 1.64 hcp
MC—Mo,C 122 209 1.03 hcp
MoC1— 193 540 1.68 fcc
Ni—MoCi_x 209 662 1.91 fcc
Pd—MoCy 180 620 2.07 fcc
Pt—MoC; 178 620 2.10 fcc

a Specific surface area determined by No-BET method. ® Amount
of CO adsorbed irreversibly on the surface of molybdenum
carbides. ¢ Areal number density of molybdenum metal sites
titrated by CO chemisorption under an assumption of one-to-one
adsorption of CO to the exposed metal. 9 Dominant phase exam-
ined by XRD.

Mo,C phase but with greatly increased surface areas.
The second effect is of significant importance when the
material is used for the catalyst for a structure-sensitive
reaction. For example, the n-butane hydrogenolysis at
510 K proceeds over Mo,C with turnover rates more
than 10 times higher than those over a-MoC;_4 10
The common feature of the metal-promoted carbide
synthesis is the high surface areas of the obtained solid
products relative to Mo,C obtained without a loaded
metal. This great increase in surface area might be
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attributed to the lower temperatures at which the
reduction of MoOs is initiated. The reduction started at
about 650—700 K by showing the evolution of H,O for
MoO3; loaded with Cu, Co, or Mo,C. However, the
reduction was initiated at about 800 K for MoOs itself;
thus, the metal loading lowered the reduction temper-
ature by 100—-150 K. The crystal growth of Mo,C
particles should be determined by the mobility of metal
atoms such as in other metal-sintering processes. At the
initial reduction temperature of MoO3, oxygen atoms
start to diffuse out of MoO3 lattice, which would cause
significant movement of molybdenum atoms as well.
The extent of the movement should depend on the
reduction temperature. Thus, low reduction tempera-
tures limit the mobility and lead to small particles with
high surface areas. Still, loading of these metals did not
change the obtained molybdenum carbide phase, pro-
ducing hcp Mo,C phase with and without the added
metals.

The loading of metals such as Ni, Pd, or Pt to MoO3
reduced the initial reduction temperature further down
to 450 K and now the solid-transformation process
became topotatic, leading to the formation of the meta-
stable fcc a-MoC;_4 phase. This initial reduction tem-
perature is similar to the temperature observed for the
MoOs reduction with NH3 1018 |t is well-known that
transition metals catalyze the reduction of MoO3 by
activating the reducing agent, dihydrogen.?” Apparently,
this catalytic effect by Ni, Pd, and Pt is higher than that
by Cu, Co, and Mo,C.

The reduction of MoOg3 by H; in the presence of Ni,
Pd, and Pt starts from forming a hydrogen bronze, Hy-
MoOs3, even at room temperature.1928-30 This hydrogen
bronze is produced via hydrogen spillover from the
transition metal surface to M003.2” This stage of reac-
tion gives no TPR signal because it does not produce
any gaseous molecule. Upon further heating, water is
produced and methane is consumed as indicated in TPR
spectra of Figure 2d—f. The XRD patterns after this
stage of reduction indicate that an oxycarbide interme-
diate of an fcc structure (MoOxCy)3! has been formed.
At the same stage of reduction of MoO3 without any
metal or with Cu, Co, and Mo,C, MoO;, and other
suboxides are formed as solid intermediates. In this
case, there is no indication of carbon incorporation into
the molybdenum by methane decomposition. Thus, it
appears that the oxycarbide is the intermediate for
topotactic MoC;_« formation, whereas MoO is that for
nontopotactic Mo,C formation. This is in line with the
formation of oxynitride intermediates in the topotactic
reduction/nitridation of MoO3 to Mo;N by NH3.1718

The key requirement for the topotactic solid trans-
formation is the conservation of a structural motive
usually maintained by the relative position of metal
atoms.?® When MoOj3 starts to be reduced, the structural
motive would be disturbed by departure of oxygen
atoms. If the reduction continues, the stable MoO, phase

(27) Sermon, P. A.; Bond, G. C. Catal. Rev. 1973, 8, 211.

(28) Fripiat, J. J. Surface Properties and Catalysis by Non-metals;
Bonelle, J. P., Delmon, B., Derouane, E., Eds.; Reidel Publishing:
Boston, 1983.

(29) Vannice, M. A.; Boudart, M.; Fripiat, J. J. J. Catal. 1970, 17,
359.

(30) Cirillo, A.; Fripiat, J. J. J. Phys. 1978, 39, 247

(31) Bouchy, S. B.; Hamid, D.-A.; Derouane, E. G. Chem. Commun.
2000, 125.
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is formed and all the structural motive of MoOs is lost.
Then, a nontopotactic route would be unavoidable.
However, when carbon atoms are available in this early
reduction stage, they can take the lattice positions
vacated by the leaving oxygen. This carbon incorpora-
tion could stabilize the structural motive of MoO3z and
the topotactic transformation is achieved. This simul-
taneous reduction and carburization at the initial stage
of TPR requires the low temperature of the initial
reduction and the presence of reactive carbon atoms.
These conditions seem to be satisfied by the catalytic
effect of the transition metals (Ni, Pd, and Pt) that could
activate dihydrogen as well as methane at low temper-
atures. Other metals (Cu, Co, and Mo,C) fail to provide
the topotactic route because they cannot activate dihy-
drogen and methane at low enough temperatures where
the rate of oxygen removal is not too fast relative to the
rate of carbon incorporation. Thus, the difference be-
tween Pt, Pd, and Ni, which form the cubic MoC;—,, and
Co, Cu, and Mo,C, which form the hexagonal Mo.C, is
their ability to activate dihydrogen and methane; that
is, Co, Cu, and Mo,C require higher temperatures to
become active in dihydrogen and methane dissociation
than Pt, Pd, and Ni.

The most significant difference between two types of
MoC,-x samples prepared by the direct reduction/
carburization (Figure 6) and via MozN (Figure 4) is their
morphology. The MoC;_4 produced via Mo;N maintains
the platelet morphology of the MoO3, demonstrating an
almost perfect pseudomorphism. These MoC;_ particles
contain a large amount of pore which accounts for the
high surface area of 193 m2 g~1. Therefore, they must
be highly fragile. The morphology of MoC;_x prepared
by the metal-promoted direct reduction/carburization
seems to be the broken particles and debris from the
original large platelets. The direct route seems to be
more severe than the nitride route, giving a more
serious lattice mismatch and structural stress that
would eventually lead to the breakage of the platelets.

Figure 8 summarizes the representative routes for the
transformation of MoOg3 to corresponding carbides by
the TPR method.?! Controlling parameters to affect the
TPR routes have been known to be the ramping rate of
temperature, flow rate, and composition of reactive
gases and the final temperature of the TPR.2° In
addition, we can add effects of the transition metal
loading on the direct carburization of MoOj3;, showing
different effects according to the nature of the metals.
The direct routes leading to 5-Mo,C are nontopotactic
and involve MoO, as the main intermediate. Metals
such as Cu, Co, and Mo,C do not produce a new phase,
but give surface areas of produced Mo,C as high as those
for a-MoC;_x. The two-step process of MoO3 — y-Mo2N
— a-MoC; 4 is a well-known topotactic route giving fcc
molybdenum nitride and carbide with high surface
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Figure 8. Schematic procedures of the topotactic and non-
topotactic transformations of MoOj; for the synthesis of unsup-
ported molybdenum carbide.

areas. This process involves molybdenum oxynitrides as
intermediates.'” The direct carburization of MoO3 loaded
with Ni, Pd, or Pt leads to a topotactic transformation
to fcc a-MoCi—x with high surface areas. The route
involves a molybdenum oxycarbide intermediate.

Summary

This work investigated the effects of transition metal
loading such as Co, Cu, Ni, Pd, and Pt on the solid-state
transformation of MoO3z under TPR with a CH4/4H>
stream. All metals lowered the initial reduction tem-
peratures of MoO3 by at least 100 K and led to the great
increase in specific surface areas (up to 221 m? g~1) and
the amount of CO chemisorption of obtained molybde-
num carbides. The addition of Ni, Pd, and Pt resulted
in a topotactic route to thermodynamically metastable
fcc a-MoC; -« through a molybdenum oxycarbide inter-
mediate. The process is, in general, similar to the well-
established topotactic transformations of MoO3; — Mo,N
— a-MoC;i_y, but pseudomorphism was only partly
maintained. By contrast, the loading of Cu, Co, and pre-
synthesized Mo,C resulted in the stable hcp 5-Mo,C
phase through MoO, intermediate-like preparation
without metal loading. But the metal loading gave Mo,C
with the greatly increased surface areas.
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