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Abstract

Controlled reduction of MoO, can produce different phases of catalytic interest. One of these phases has been considered as
being an oxycarbide of molybdenum. Various techniques mainly TEM but also XRD and others have been extensively used to
understand the mechanism of formation and the structure of this oxycarbide. Its structure is reminiscent of the MoQ; structure
as shown by XRD, but reconstructed by shear planes and the introduction of carbon atoms to fill oxygen vacancies, both blocking
the formation of MoO, the normal product of the slow reduction of MoO,;. The HRTEM pictures showed a ‘chevron-like’
arrangement and the electronic microdiffraction a square lattice reminiscent of the (0k0) planes of MoO;.

1. Introduction

Since the first experimental results obtained by
Boudart and Levy [ 1], several other publications
[2,3] have illustrated the ability of metallic car-
bides to catalyze many chemical reactions. A large
volume of literature [4-6] emphasizes the impor-
tance of the synthetic methods used to obtain prod-
ucts with high specific surface areas. Recently,
both the work of Iglesia and coworkers [7-10]
and that of our own group [11,12], have brought
to light a new problem, linked to the activation
process of the carbidic phases, the role of an oxi-
dizing treatment ( by air or oxygen) on the activity
and the selectivity of these new catalysts.

The introduction of small quantities of oxygen
on the ‘clean’ surface of tungsten carbide has,
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following Iglesia and coworkers [ 7], deeply mod-
ified the selectivity of this carbide for the isom-
erization reaction of saturated hydrocarbons, at
the expense of the cracking reactions. An exten-
sive study by CO and NH, chemisorption and by
the use of many different reactive molecules [7—
9] has led these authors to propose a reaction
mechanism of the conventional bifunctional type,
with dehydrogenation-hydrogenation steps on
sites with a metallic character and steps of isom-
erization on sites of acidic type. However it should
be stressed that in spite of the large amount of
work carried out by this group, very few physical
characterizations of the materials (other than
chemisorption and BET) confirm the chemical
results; in addition no reaction under flow allow-
ing the evolution of the surface to be followed has
been published. Finally, without it being explicitly
expressed, this team seems to favor a surface of
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Table 1

n-Hexane isomerization at iso-conversion over oxicarbides prepared
from different precursors. Reaction conditions: 350°C, 5 Torr n-Cg
partial pressure, 1 atm total pressure

Origin of catalysts Metal Carbide  Oxide
Time under flow (h) 24.75 255 17
Total flow (cm?/min) 40 40 100
Conversion (%) 24.1 23 236
Rate (10~ mol/g-s) 6349 9167 139850
Selectivity Cq (%) 95 93 925
Total cracked (%) 5 7 75
Selectivity for the products of the reaction (% mol)

Dimethyl-2,2 and 2,3 butane 1 1.2 1.3
Methyl-2 pentane 63 63.6 61.1
Methyl-3 pentane 35.2 344 36.9
Methylcyclopentane 0.6 04 0.4
Benzene + cyclohexane 02 04 0.3
Cs+C, 29 26 22.8
C,+C, 34.7 256 344
2C, 34 40.1 40
3C, 14 4.1 2.1
6C, 09 42 0.7

an heterogeneous nature: regions or sites of metal-
lic character on one side, adsorbed oxygen or even
surface oxide on the other side.

The catalytic results obtained by our group on
molybdenum carbide submitted to an oxidizing
treatment at 350°C for several hours, followed by
an activation period under reactional flow (hydro-
carbon + H,), exhibit a great difference in activity
and selectivity of saturated hydrocarbon reactions
[11] when compared to the results obtained on
‘clean’ carbide surfaces [13]. The cracking reac-
tions strongly diminished (from 90% to about
10%) to the benefit of chain isomerization without
cyclization (more than 90%). In addition, the
measured activity in terms of specific rate
increased by a factor of 10, which gives, combined
with the selectivity, a 100-fold increase in the
yield of the isomer molecules. Later, it was shown
that the same catalyst was able to isomerize n-C,
in branched isomers with high activity and very
high selectivity (>90%) at high conversion
(80%), an impossible reaction on conventional
bifunctional Pt/ zeolite catalysts [ 14]. This activ-
ity bonus and this very high selectivity were due
to the intervention of a non-bifunctional mecha-

nism involving a metallacyclobutane intermediate
[11,14] which might be due to the existence of a
new, very active phase, molybdenum oxycarbide.
But the presence of several amorphous or poorly
crystallized phases proved by TEM (encapsulated
charcoal, carbidic or oxicarbidic phases), makes
the crystallographic analyses which would enable
an easy characterization extremely complicated.

Fortunately, it has been possible to prepare an
active phase with strictly identical selectivity
properties, by starting either from MoO; or Mo
metal instead of Mo,C [15] (Table 1). To obtain
this phase, it was necessary to superficially oxidize
the metal foil and to treat this oxidized foil or the
MoO; oxide with the reductive mixture hydrocar-
bon-hydrogen at 350°C for rather a long time
(several hours), depending on the engaged mass
of oxide and the characteristics of the flow.

The aim of this article is the study of the mech-
anism of transformation of MoQO; into Mo oxy-
carbide mainly by HRTEM, but also using XRD
and XPS, and ultimately to give the crystallo-
graphic structure of this oxycarbide.

2. Experimental
2.1. Products

MoO; (Strem Chemicals, 99.95% purity) was
characterized by X-ray diffraction (XRD), which
only showed the diffraction lines corresponding
to the lattice parameters given by the JCPDS No.
5-508,a=3.963 A, b=13.855 A and c=3.696 A
[43]. The metal foil Goodfellow 99.99% was 0.25
mm thick.

2.2. Analytical techniques

XRD was performed on a Siemens D-500 dif-
fractometer with monochromatized radiation Co
Ka, (A=1.78901 A). The high-resolution trans-
mission electronic microscopy (HRTEM) was
carried out with a Topcon EM-002 B microscope
working at 200 kV. The point-to-point resolution
of this equipment could reach 1.8 A. The samples
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were ground and deposited on a copper grid cov-
ered by a carbon membrane, transparent to elec-
trons and able to withstand the beam energy. The
scanning electronic microscopy (SEM) was made
on a JEOL JMS840 microscope. The samples
deposited on a brass support were covered by a
thin coat of gold to avoid the charge effect. XPS
analyzes were performed in a Cameca Nanoscan-
50 spectrometer using an X-ray source of Al Ka
(1486.6 eV). The binding energies were calcu-
lated by taking the energy of the C 1s photoelec-
tron at 284.8 + 0.2 eV relative to the Fermi level.
Only C 1s, O 1s and Mo 3d were recorded, and
for a given emission the number of accumulations
was selected in order to achieve a good signal-to-
noise ratio. The samples were kept in the sealed
reactor which was opened in a glove-box under a
nitrogen atmosphere and then transferred onto the
sample holder. Enclosed in a vessel, the mounted
sample was transported to the spectrometer where
it was transferred inside the XPS apparatus under
flowing argon. The peak fit conditions used were:
FWHM for metal = 1.0 eV and for oxide =1.6eV,
ratio 3d5/2/3d3/2 =1.5 and distance 3d5/2—3d3/2
=32eV.

3. Results
3.1. Initial MoO;

The BET surface of MoO; was 4 m?/g. Its XRD
diagram, shown in Fig. 1a, exhibits anomalously
high intensities for all the {0k0) MoO; reflections.
This is due to the structure of MoO, formed by
layers of octahedra stacked along the [010] direc-
tion which favors platelet crystallites with a pref-
erential orientation along this axis. This
morphology is well illustrated by the low resolu-
tion TEM picture in Fig. 2a, where a platelet has
dimensions of 0.7 X 0.15 um? along the direction
[100] and [001]}. The SEM picture (Fig. 12a)
also very well illustrates this platelet macroscopic
shape. Under high resolution conditions the pic-
ture (Fig. 2b) shows a crystalline structure only
over a short distance, but this was due to the high
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Fig. 1. X-ray powder diffraction pattern of MoO, after treatment at
different times under H,/n-Cy.

sensitivity of the sample under the beam. MoO,
is one of the metal oxides which is known for its
inability to preserve random distributed anionic
defects and to form shear structures. The elec-
tronic microdiffraction carried out on these grains,
submitted to a lower current, gives the lattice par-
ameters a=3.95 A, b=13.8 A and c=3.65 A
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Fig. 2. (a) Low magnification micrograph of MoO, platelet. (b) HRTEM micrograph of (010) MoO, planes. (c) Selected area diffraction
pattern of [ 100]po0,. (d) Selected area diffraction of [110]y,0,.
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(Fig. 2c and d), which perfectly fit the parameters
given by the literature.

3.2. MoO; after 1 h under n-hexane/hydrogen at
350°C

The sample was treated for 1 h under a flow of
n-hexane/hydrogen at 350°C, and cooled down to
room temperature under pure hydrogen flow. The
XRD diagram (Fig. 1b) does not show any change
when compared to the initial MoO;. However, the
color of the sample went from very pale blue to
dark blue, indicating that at least a superficial
reduction occurred during this first hour of treat-
ment, and the specific surface area increased from
4 to 11 m*/g. Something happened to the sample
but on too thin a layer to be detected by XRD. The
low resolution TEM analysis did not indicate any

Fig. 3. Selected area diffraction pattern of [010}y.0, after 1 h of
treatment.

Fig. 4. (a) Selected area diffraction pattern of [001] o0, after 2 h of treatment. (b) [011]ye0,. (¢) MoO.C.,.
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Fig. 5. Selected area diffraction pattern of MoO,C, after 3 h of
treatment.

Fig. 6. Low magnification micrograph of MoO; after 7 h of treatment.

apparent micro-structural changes but the elec-
tronic microdiffraction (because it gives access to
small grains coming mainly from the surface of
the sample) shown in Fig. 3, along the zone axis
[010] MoOs;, revealed spots normally forbidden

for the group symmetry of MoO; ([#00] and
[00{] with even A, I). This came from the modi-
fication of the surface and near surface symmetry
due to the formation of oxygen vacancies by the
reducing treatment. When a certain concentration
of these vacancies was reached, they could be
ordered in such a way that they formed a super-
lattice [16] thus allowing the appearance of the
new spots. The HRTEM pictures were unable to
show any changes when compared to the initial
MoO; because a large amount of this product is
still MoOj; and remains unstable under the beam.

3.3. MoO; after 2 h of treatment

After 2 hunder flow, the XRD diagram obtained
from the sample (Fig. 1c) indicates the appear-
ance of two new phases apart from MoO;; MoO,
and a new unknown phase which does not corre-
spond to any analyzed by XRD and reported in
the literature. Three weak peaks of this new phase
can be observed at 2.05 A, 4.1 A and 6.2 A when
the 26 angles are converted into inter-plane dis-
tances. For the sake of clarity, this new phase will
be denoted as MoO,C,, in anticipation of the final
result of this article which shows that this new
phase is an oxycarbide of molybdenum.

The electronic microdiffraction performed on
this sample shows the presence of MoO; domain
(Fig. 4a), of MoO, domain (Fig. 4b) and diffrac-
tion patterns (Fig. 4c) which cannot be assigned
to any phase susceptible to be formed by such a
treatment (MoO;;, MoO,, Mo,C or any other
known under-oxide of molybdenum). The only
information on the structure of this new phase
which could be obtained from the electronic
microdiffraction, was that in one crystallographic
plane the structure is square and has a parameter
of 4.0+0.1 A.

3.4. MoO; after 3 h of treatment

The XRD diagram (Fig. 1d) shows that MoOs
has completely disappeared from the sample to
the benefit of MoO, and MoO,C, which are
detected at much higher amounts than after 2 h of
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treatment. The crystallographic planes corre-
sponding to the three main peaks of MoO,C, are
equidistant (2.05, 4.1 and 6.2 A), which means
that they belong to the same family and this dis-
tance is equivalent to the distance separating the
(0k0) planes of MoOj; but contracted by 14%.
This indicates that the planes of MoO,C, are rem-
iniscent of the MoO; planes. No other phases are
detected. Electronic microdiffraction patterns
again show the presence of MoO, (not presented
here) and MoO,C, (Fig. 5). The specific surface

area now reaches 49 m>/g indicating an intensive
destruction of the initial structure.

3.5. MoO; after 7 h of treatment

The XRD diagram of this sample (Fig. le)
shows the presence of the same two phases as after
3 h—i.e. MoO, and MoO,C,. However, it should
be stressed that the two peaks corresPonding to
the long distance order (4.1 and 6.2 A) are dis-
appearing from the diagram while the short-range
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Fig. 7. (a) HRTEM micrograph of (100) MoO, planes after 7 h of treatment. (b) Selected area diffraction pattern of [ 100]mo0,.
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order (2.05 A) is hardly affected. This evolution
was even more accentuated after 53 h of treatment
(Fig. 1f) where the two peaks at 4.1 and 6.2 A
were almost not detected. The same consequent
destruction of this initial long-range order was
also observed by electron microdiffraction where
the spots corresponding to the 4.1 A distance (Fig.
4c) almost disappeared from the picture (Fig.
8b). This evolution also affected the specific sur-
face area which reached 147 m?/g after 7 h then
to remain stable. The low resolution TEM made

after 7 h (Fig. 6) shows an obvious change in the
macroscopic aspect of the crystallite. In Fig. 2a, it
is shown that the starting MoQOj; crystallites were
in platelet shape without apparent microdefects.
In Fig. 6 the same platelet shapes are now totally
divided into small domains. The HRTEM pictures
indicate the presence of well organized MoO,
which is confirmed by electronic microdiffraction
(Fig. 7b) and a structure in a ‘chevron’ shape and
the corresponding electronic microdiffraction
(Fig. 8b), characteristic of MoO,C,. These two

Fig. 8. (a) HRTEM micrograph of MoO,C, after 7 h of treatment. (b) Selected area diffraction pattern of MoO,C,.
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Fig. 9. XPS of activated Mo foil.

structures are more stable under the electron beam
than MoQO; because no deterioration of the sample
was ever observed during observation.

3.6. XPS analysis of the sample after 7 h of
treatment

Because of the difficulty in analyzing samples
prepared either from Mo,C (carbide route) or
from MoQs (oxide route) due to the charge effect,
it was decided to try to prepare MoO,C, from
metal foil. A superficial oxidation of the surface
into MoQO; followed by the reducing treatment
under n-hexane/hydrogen flow led to a surface
with the same high selectivity patterns in the reac-
tion of isomerization of n-C¢ (see Table 1). It was
thus assumed that the upper layer of the sample
was the same MoO,C, phase than the one prepared
by the two other routes. The analyses of the clean
or oxidized Mo foil were done but are not reported
here. The oxidized foil only exhibited the doublet
Mo 3d of Mo®*, situated 5 eV higher in binding

energy than the peak representing the metal state
as already reported by several authors [17-19].
The molybdenum oxide peaks were symmetrical,
with the FWHM of Mo 3ds,, equal to 1.4 eV and
the Mo 3ds,, and 3d;,, located at 232.6 and 235.8
eV respectively [13,20,21]. A small amount of
Mo’* located at 230.4 eV according to the data
reported in the literature [22] was also observed.
The corresponding O 1s signal was also perfectly
symmetrical and located at 530.7 eV. This indi-
cated that only one type of lattice oxygen was
present in the different molybdenum oxides in
agreement with the results published by Haber et
al.[23].

The activated sample showed that the Mo 3d
doublet contains mainly Mo** and Mo’* with a
small amount of Mo®* (Fig. 9a) with the 3ds,,
bands respectively located at 229.7, 230.8 and
232.5 eV. No peak corresponding to Mo carbide
[12] or Mo metal could be detected. 85% of the
signal was due to the Mo** state. Examination of
the C 1s and O 1s high resolution spectra (Fig. 9b
and c) shows that the Mo** state is not only due
to MoO, but also to another phase. Four overlap-
ping XPS peaks could be deconvoluted from the
broad recorded C 1s peak. The peak at 284.8 eV
(285.2 eV on the non-corrected spectrum) was
attributed to amorphous carbon or to adsorbed
hydrocarbon as reported by several authors
[24,25]. The peaks at 286.2 and 288.5 eV were
attributed to the carbon atoms involved in carbon-
ate species (C-O and C=0, respectively) accord-
ing to the literature [26]. The small peak observed
at 283.5 eV could correspond to a carbon bonded
to oxygen and metal in an oxycarbide form at 1.2
eV higher than in the carbide form, in agreement
with several publications dealing either with sili-
con oxycarbide [27,28] or aluminium oxycarbide
[26]. Very close binding energies to those
observed here were reported by Julbe et al. [29]
studying silicon oxycarbide; 284.4 eV for contam-
inating carbon against 284.8 eV here and 282.7
eV for Si—C in the carbide against 282.8 eV for
Mo—C in the carbide, with the oxycarbide peak
located between these two limits, 283.2 eV for
silicon oxycarbide and 283.5 eV here.
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The O 1s XPS spectrum also showed the pres-
ence of more than one peak. The peak located at
530.6 eV was attributed to oxygen bonded to
metal. But because the chemical shift observed for
the oxygen peak is small, it is difficult to ascertain
the occurrence of a new peak by deconvolution
analysis. The symmetrical second O 1s peak at
532.7 eV was attributed to O atoms in the carbon-
ate species.

4. Discussion

4.1. Crystallographic structure of MoO; and
MoO,

The crystallographic structure of MoO; is pre-
sented in Fig. 10; it belongs to the orthorhombic
system Pnma (a=3.69 A, b=13.86 A and
c=3.69 A) [30]. It is a layered structure where
each layer is made of two half-layers of MoOg
octahedra slightly distorted [31]. The successive
layers, parallel to the plane (010), are linked via
Van der Waals forces. Within a half-layer the octa-
hedra are connected by common corners along the
axes [100] and [001] and between each half-
layer they are connected by common edges. The
relative position of one layer and its first neighbor
is such that the oxygen atoms bonded to a single
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Fig. 10. Crystalline structure of MoO.

[

Fig. 11. Crystalline structure of MoO,.

Mo atom and pointing along [010], are located
below (or above) and between two oxygen atoms
of the same type of the next layer.

The crystallographic structure of MoO, is pre-
sented in Fig. 11; it belongs to the monoclinic
system with parameters such as a=15.61 A,
b=4.85 A, c=5.63 A and B=120°57 [32,33].
This structure is made of MoQOg octahedra, only
very slightly distorted, which are sharing edges to
form strings. These strings are mutually connected
to a 3-D structure by octahedra sharing corners.

4.2. Nature of the transformation of MoO; into
MoO, and MoO,C,

MoO; has, as shown above, a macroscopic
platelet shape with a very smooth surface aspect
as confirmed by the SEM pictures (Fig. 12a); after
the reducing treatment under n-C¢/H,, the surface
is becoming rough (Fig. 12b) but the macroscopic
shape of the crystallites (platelets) is maintained.
These observations mean that the transformation
under ‘soft” conditions of treatment is topotactic
by preserving a preferential plane, (0k0) [34].

4.3. Mechanism of the transformation

4.3.1. First step

The slow reduction at 350°C starts from the
surface as shown by the sample after 1 h of treat-
ment. The formation of surface oxygen vacancies
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Fig. 12. SEM micrographs of (a) MoO; and (b) MoO; after 7 h
under H,/n-C6.

has already been studied [16,23,35] and can be
summarized as follows:

Hydrogen adsorption on the (010) plane, i.e.
on the oxygen atoms bonded to a single Mo atom
(because of the layered structure).

Water elimination from two adjacent OH
groups.

OH + OH — H,0 + Oy +

These vacancies can be randomly distributed in
the plane (010) and if the reaction stops here the

surface can easily re-arrange by the intermediate
of shear planes [36]. But a deeper and longer
reduction produces a higher concentration of
vacancies which will re-organize themselves
along [101] (see Fig. 13) because it is the most
energetically favourable situation [ 36] with each
octahedron bearing a vacancy surrounded by sat-
urated octahedra.

4.3.2. Second step

As oxygen is removed during the initial stage
of reduction, the MoOj; lattice may rearrange to
eliminate vacancies by local collapse and shear
along +1/2a+1/7b in the (120) .0, plane, as
described by Bursill. Consequently, there is a
decrease of the [010] distance. From this inter-
mediate state and depending on the nature and the
composition of the reducing flow, two products
can be formed, either MoO, or, by integration of
carbon atoms present in the flow, the oxycarbide
phase MoO,C,.
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Fig. 13. Re-organization of oxygen vacancies in the (010) plane of
MoO..
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Fig. 14. Re-organization of the layers in the (001) plane.
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Fig. 15. Re-organization of the layers in the (100) plane.

4.3.3. MoO; to MoO,

The reduction in the distance between the
(010) planes allows the oxygen vacancies formed
during the first step to be filled. For the sake of
clarity, it is necessary to illustrate the crystallo-
graphic mechanism by schematic figures. Figs. 14
and Fig. 15 show two consecutive layers of MoO,
along [010], z=0 and z=>5/2, separated by the
Van der Waals void, each layer contains two half-
layers of octahedra. The oxygen vacancies shown
as circles can easily be filled by oxygen atoms
from the nearest plane /2. Since the octahedra
are distorted (a#c and O-Mo-O# 180°), the
movements are not fully symmetrical but a reor-
ganization in the octahedra planes (tilts and dis-
tortions) leads directly to MoQ,, a stable phase
which does not evolve with time on stream. This
rearrangement is a cooperative movement: all
octahedra move at the same time, which leads to
a MoO, phase with big crystallites, which are
observed on the HRTEM image.

4.3.4. MoO; to MoO,C,

In parallel with the removal of the oxygen
vacancies with MoQO, formation, the first step
leads to the formation of shear planes, and, when
the process carries on and at a sufficiently high
concentration of defects, the lattice collapses: the
parameter along [010] is contracted by 14%
(measured by microdiffraction and XRD). Thus,
instead of a stable structure, a carbon—oxygen sub-
stitution can occur because of the nature of the
flow; the reduction under the mixture hydrocar-

bon/hydrogen can introduce carbon atoms during
the process and stabilize the intermediate phase.
Indeed, Spevack and McIntyre [36] considered,
through the study of H,S reacting on MoO; films,
that these shear planes are the preferential path-
ways for diffusion of sulfur atoms to form molyb-
denum oxysulfide because they represent lines of
high lattice energy between two MoO, stable but
mismatched phases. In the same way, one can
imagine that carbon can act like sulfur atoms to
form the MoO,C, oxycarbide phase.

The time required for catalytic activation cor-
responds to oxygen substitution by carbon, with a
progressive narrowing of the gap between the lay-
ers by shear. When the phase is in equilibrium
(i.e. no more substitution) and when the catalytic
steady state is reached, the new crystalline phase
MoO,C, is obtained; the XRD pegks of the ortho-
rhombic structure at 4.1 and 6.2 A disappear and
the brightest spots on the negatives of microdif-
fraction are at 2.05 A. This could correspond to a
compact stacking of the initial octahedra leading
to a pseudo-cubic structure; the height of one dis-
torted octahedron of MoO; is equal to 3.94 A;
thus, by carbon/oxygen substitution and reorgan-
ization, a period of approximately 4.1 +0.1 A is
quite possible. The 4.1 A distance corresponding

ex-[100]

Mo,
ex-[001)
Mo,
Mo to]
[ ] P
~41A + Mo bottom

ex-(010)M003 plane

In dotted line, the Mo
cfc lattice

ex-(100 (001 lane
X: )}4003 or )Mooap

Fig. 16. Arrangement of Mo atoms and octahedra in an ex-layer.
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Fig. 17. HRTEM micrograph showing the co-existence of crystallized MoO,C, enbedded into its amorphous form.

to the (010) plane cannot be observed by diffrac-
tion because of the symmetry rule of a cubic struc-
ture and only diffraction corresponding to the
(020) plane (2.05 A) is observable. The pseudo-
cubic arrangement is maintained in the ex-
(010)mo0, plane while a square lattice with
centered Mo atoms is built in the ex-(100)po0,
and (001 )0, planes (Fig. 16). Because of this
peculiar structure, all the microdiffractions per-
formed on the samples always show a square lat-
tice structure. If for this new phase the shear does
not occur in a cooperative way but in successive
movements, only small ordered domains can be

formed which would explain the ‘chevron-like’
structure observed on the HRTEM images and the
broad spots on the microdiffraction pictures.

If the reorganization of the structure is too fast
or not concerted because of the use of different
values for the important parameters (hydrocarbon
partial pressure, temperature, etc. ...), the final
oxycarbide phase can be amorphous and not
organized in small domains. The broadening of
the XRD peaks is the first evidence of such a
disorder (Fig. 1). Indeed in many cases such an
amorphous phase was observed together with the
‘chevron-like’ structure as shown in Fig. 17. The
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large increase in the surface during the formation
of the oxycarbide could be partly interpreted by
the presence of this amorphous phase.

This oxycarbide is very different from the
MoO,C, prepared by decomposition of Mo(CO),
by Leclercq and coworkers [37,38]. The XRD
patterns of their material exhibit four main peaks
including a strong doublet at 20 = 38° and 20=43°
(Cu Ka) [39]. This structure seems to be very
close to the structure of the fcc Mo,C (two peaks
at 20=37° and 26=43° (Cu Ka)) or the fcc
Mo,N (two peaks at 26=37° and 20=44° (Cu
Ka) measured by Ranhotra et al. [40]. The XRD
patterns of the oxycarbide of the present study
(Fig. 1) show two main peaks (reminiscent of the
MoO; three main peaks) at 26=16.6° and
20=51.8° (Co Ka) corresponding to 9.1° and
44.3° respectively with Cu Ka. A strong reduction
of this oxycarbide leads to the hcp Mo,C, with
one main peak at 26=39° (Cu Ka) [43].

The competitive nature of the two mechanism
of the second step was further studied in experi-
ments carried out under pure hydrogen reducing
flow. In Fig. 18, the XRD diagrams of MoO; (Fig.
18a) reduced by pure hydrogen at 350°C for 7 and
11 h (Fig. 18b and c) show that after 7 h three
phases were observed: MoO,, MoO, sOH, s and
MoO,(H),, after 11 h MoO, sOH, s had disap-
peared. At 400°C (Fig. 18d) after 7 h only MoO,
was observed with a trace of Mo metal while at
450°C and 15 h (Figs. 18e and 20) more metal
was found. One can imagine that H or H, can act
like C atoms to form a MoO, (H), phase. However
because of the dimension and the electronic prop-
erties of the H radical or the H, molecule, the
MoO, (H), species should be quite unstable com-
pared to MoO,C,, where C atoms can fill the
vacancies to block the process of reduction into
MoO,. The introduction of this H containing
under-oxide of molybdenum is not necessary to
explain and to prove the existence of the oxycar-
bide phase but it fits well with the different phe-
nomena which occur during the complex process
of reduction.

A reduction under the mixture n-C¢/H, can
introduce carbon atoms during the process and
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Fig. 18. X-ray powder diffraction pattern of MoO, after treatment at
different times and temperatures under pure H,.

stabilize the intermediate phase which was
denoted as MoO,C,. This phase can also be
obtained after reduction under pure hydrogen on
condition that the MoO, (H), phase has not totally
disappeared from the sample, because otherwise
pure MoO, cannot evolve into MoO,C, (see
Scheme 1). The fact that MoO, does not transform
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MoO4
H; orH,/n-C 6
pure H3 H,/n-Cg
from 400°C —— M003+ vacancies | from 400°C
pure Hz at 35|OOC H,/n-Cg
MoO2 + MOOX (H)y + | McO ) pH 0.5 MoO, and/or | MoO, Cy
MoO + | MoO, (H) T
2 X H,/n-C
v ‘ v
MoO, MoO, Mo, C

Scheme 1.

into MoO,C, well explains why it has always been
impossible to have an active catalyst whatever the
activation process when MoQ, was used as start-
ing material. In addition it was observed that after
7h of reduction under pure hydrogen, the amount
of the MoO,(H), phase was decreasing to the
benefit of MoO, and in turn the isomerization
activity of the catalyst was following this decrease
because not enough MoO,C, phase was produced.
The parallel structural evolution when the reduc-
tion feed contains or does not contain hydrocarbon
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Fig. 19. BET surface area of MoOj after different treatments.

Fig. 20. Selected area diffraction pattern of [201] 40,

was also confirmed by the evolution of the specific
surface area measured on the sample versus time
of reduction (Fig. 19). At 350°C whatever the
nature of the feed, the surface area increased from
4 to about 150 m?/g; at 400°C and even more so
at 450°C, under pure hydrogen, the surface hardly
increased. The reduction at temperatures higher
than 400°C under the mixture containing hydro-
carbon and hydrogen led to molybdenum carbide,
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the method used by Boudart et al. to prepare these
carbides.

5. Conclusion

The formation of the MoO,C, phase from MoO,
is now easier to understand: creation of oxygen
vacancies on MoOj; planes (010) accompanied
by a contraction of the distance between the layers
through shear planes which minimize the con-
straints and fill some vacancies. If the number of
vacancies is too high, then the solid reconstructs
into MoQ,. If carbon is added to the flow and on
condition that the temperature is not too high
(below 400°C), some carbon atoms stop the con-
traction of the planes at a level of 14% along
[010]. The longer the reduction in the presence
of carbon carries on, the larger is the amount of
shear planes thus of oxycarbide, with a progres-
sive destruction of long distance order to eventu-
ally reach only short distance order
(disappearance of 6.2 and 4.1 A distances
between (0kO) planes), with the constitution of
small shifted domains which show the ‘chevron-
like’ structure. Electronic diffraction indicates
that this phase has a square lattice, with a param-
eter equal to 4.1 + 0.1 A. This square lattice is due
to the contraction of the Van der Waals gap which
sticks together octahedra from both sides of the
gap. But it has not been possible to go further in
the determination of the exact structure because
the transformation of MoQO; involves distorted
MoQg octahedra, containing or not containing car-
bon atoms, which make the simulation very com-
plex to perform. An X-ray structure made from a
single crystal will be probably the ultimate solu-
tion. In such a structure molybdenum atoms
should be present mainly as Mo®* and Mo*™,
which is exactly what XPS analyses performed on
a thin layer of MoO,C, phase show. Preliminary
experiments using >*C MAS-NMR on different
samples of the MoO,C, phase confirm the pres-
ence of carbon atoms in a totally different envi-
ronment than in molybdenum carbide and will be
published later [41,42].
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