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A molybdenum oxycarbide catalyst that is very active and se-
lective for the isomerization of n-alkanes has been characterized
by means of diffraction techniques and simulations. The proposed
structure is confirmed by transmission electron microscopy. An el-
emental analysis performed on the pure phase prepared from a
bronze precursor provides the stoichiometry of this new catalyst.
Quantitative temperature-programmed oxidation measurements
confirm the elemental composition. The stoichiometry of this new
phase, M00,.42Co 23H0.78, sShows an excess of light elements O, C,
and H only possible because of the presence of metal vacancies. A
tentative explanation of its peculiar catalytic properties is deduced
from these structural and chemical features.  © 2000 Academic Press

Key Words: molybdenum oxycarbide; structure; alkanes isomer-
ization; catalyst.

INTRODUCTION

Analogies have been found between transition metal car-
bides (Mo,C, WC, and/or W,C) and metals of the platinum
family (Pt, Rh, Ru). Their respective electronic structures
and catalytic properties have induced much research both
from a synthetic point of view and for potential catalytic
applications (1-10). Among these, the selective isomeriza-
tion of n-alkanes into branched isomers without aromati-
zation or cracking is one of the most studied systems (6,
11, 12). Different authors have reported that, in general,
transition metal carbides catalyze hydrogenolysis or crack-
ing reactions better than selective isomerization (13-16).
Iglesia et al. (6, 12, 17) have improved isomerization selec-
tivity on tungsten carbides by inducing a slight oxidation
of the surface by O, or air treatment. They suggested that
the surface has a bifunctional aspect, with patches of car-
bide responsible for the dehydrogenation—-hydrogenation
of the alkane, and patches of acidic oxide responsible for
the protonation and isomerization (bond shift), similar to
what is observed on a conventional bifunctional catalyst
such as Pt/acidic zeolite. At the same time, Ledoux et al.
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(18, 19) have suggested that the large improvement in iso-
merization selectivity observed when oxidizing the surface
of Mo,C was due to the formation of a new phase contain-
ing Mo, C, and O (and possibly H) atoms, and obtained by
the reaction of the feed gas, a mixture of H, and hydro-
carbon, partly re-carburizing the MoOj3 layer covering the
top of the carbide’s surface. The presence of Mo,C in the
bulk as support of this selective phase was probably not
necessary. Indeed, starting from bulk MoOs, it has been
possible to prepare the same phase by reacting a flow of
Ha/hydrocarbon directly with this bulk MoOg (20, 21).
This oxide, crystallizing in an orthorhombic system, ex-
hibits a strong anisotropy (22) due to its lamelar structure
made of bilayers of MoOg octahedra, bonded by van der
Waals forces. At 350°C, regardless of the total pressure
(from 1to 40 atm), in the presence of Hy/hydrocarbon (ratio
from 2 to 150), this oxide is readily transformed into two
phases, the sub-oxide MoO; and this new oxycarbide phase,
MoO,C,. The catalytic selectivity of this solid mixture is
identical to that observed on the partly oxidized carbide.
This selectivity is unique because it is the only catalyst able
to isomerize long-chain (>=C5) linear alkanes into highly
branched isomers at a very high conversion without crack-
ing (19, 23, 24). This was attributed to the intervention of a
reaction mechanism involving a metallacyclobutane inter-
mediate (25) without any formation of carbocations, which
thermodynamically favor the cracking of branched alka-
nes. The existence and the catalytic activity of this new oxy-
carbide are contested by different authors either attribut-
ing the activity to MoO; (26), although it has been shown
that this sub-oxide is not selective for the reaction (27),
or not choosing between MoO; and the oxycarbide (28).
The difficulty arises from three facts. First, in the condi-
tions used for its preparation, this oxycarbide is poorly, or
not at all, crystallized (8), contrary to the well-crystallized
MoO,, rendering conventional X-ray diffraction (XRD) in-
effective. Second, the degree of oxidation of Mo, +1V for
MoO,, lies between +1V and +V for the oxycarbide (8),
making ambiguous the X-ray photoelectron spectroscopy
(XPS) analyses of the surface. Third, this oxycarbide is sta-
ble in a reducing atmosphere containing hydrogen and/or
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hydrocarbon, but incorporates more carbon when heated
above 400°C in the presence of a carbon source, to be trans-
formed into another oxycarbide, not selective for alkane
isomerization, already described in the literature (29); in
an oxidizing atmosphere it is pyrophoric. The preparation
of a pure single crystal to obtain an unambiguous structure
was thus not a trivial task.

The objective of this article is both to describe the crys-
talline structure of this new phase by using a combination
of simulations of powder XRD and microdiffraction per-
formed in a transmission electron microscope (TEM)
chamber, and to provide the stoichiometric composition
of this material, obtained by quantitative temperature-
programmed oxidation (TPO) performed on the pure
phase. A new synthetic route leading to this pure phase
is disclosed for the first time. This article is based on the
Ph.D. work of C. Bouchy (30).

EXPERIMENTAL

The catalytic active phase in bulk form was obtained
either mixed with MoO, when starting from bulk MoO3;
(Strem Chemicals, >99.5%) (20) or pure when starting from
a hydrogen bronze of molybdenum oxide. In both cases
the activation procedures were identical; i.e., the precur-
sor (MoOg3 or the bronze) was treated by a flow of H, and
n-heptane (molar ratio =26, flow =200 cc/min) at 350°C
and a total pressure of 7 atm for a period of 24 h. It was ver-
ified that both preparations produced catalysts with iden-
tical properties for the n-heptane isomerization reaction.
This provided an unambigous proof of the neutral role of
MoO, on this reaction, as there was no trace of this oxide
in the preparation when starting from the bronze; this was
checked by HRTEM and XRD.

The bronze was prepared according to the method de-
scribed by Glemser and Lutz (31). Five grams of MoOj3;
powder (0.62 m?/g) was introduced into an aqueous solution
of HCI containing chips of Zn in slight excess, generating
“native” hydrogen at their surface; these hydrogen atoms
diffused between the layers of MoOj3 to form, depending on
the concentration of HCI, either pure Hy 3sM0O3 with 3.5 cc
of HCI (4 N), or mainly Hy 9sMoQO3 with 8.7 cc of HCI (4 N).
The slurry was washed many times in pure water in order
to eliminate ZnCl, and unreacted HCI; Zn excess was man-
ually separated. The final product was dried at 110°C and
stored under nitrogen. Both materials were fully charac-
terized by XRD, elemental analysis (no detectable Cl and
150 ppm of Zn), and BET specific surface area measure-
ments (2.3 m?/g for the two samples). Other routes (32) of
anhydrous synthesis were also tested but did not show sig-
nificant differences in the final result. In this article, only the
experiments starting from pure Hg 3:sM0O3 will be used.

Powder X-ray diffraction (XRD) was carried out on a
Siemens model D-5000 diffractometer with Cu K, radi-

ation (A =0.15406 nm). Before analysis, any air-sensitive
materials were passivated by a mixture O,/He 0.5%. Each
material was finely ground in order to avoid preferential
diffraction directions which could result from the formation
of anisotropic microcrystals. This grinding was essential if
one wanted to use the diffraction diagrams for compari-
son with simulations. It was checked that the “grinding”
was effective, i.e., transformed an anisotropic system char-
acterized by the high intensity of selected directions into
an isotropic system where each line appeared with the ex-
pected intensity (p 64, Ref. 30).

Surface areaand porosity measurements were carried out
on a Coulter SA-3100 sorptometer with N as adsorbent at
liquid nitrogen temperature using the BET method. Before
each measurement the sample was outgassed at 200°C for
1 hin order to desorb impurities on its surface.

Transmission electron microscopy (TEM) was carried
out on a Topcon model E002B UHR operating at 200 kV
equipped with a beryllium window, with a point-to-point
resolution of 0.17 nm. To prevent artifacts due to contam-
ination, no solvents were used at any stage and samples
were prepared by grinding the material between glass plates
and bringing the powder into contact with a holey carbon-
coated grid. Selected area electron diffraction (SAED) was
also used to assess the symmetry of the observed domains.

The simulation of the XRD diagrams and the SAED
patterns were made with Ca.R.Ine Cristallographie 3.0
(Boudias & Monceau) software. It was possible to obtain
theoretical diagrams and patterns from a crystallographic
system and different parameters such as degree of substitu-
tion, number of vacancies, interstitial atoms, etc. The rela-
tive intensities of the different diffraction peaks could then
be simulated.

Temperature-programmed oxidation (TPO) was per-
formed in situ by a flow of O,/He 10%, and the nature
and the quantity of emerging products (H,O, CO, CO,) or
the consumption of O, was followed by mass spectrometry
(Varian Saturn 111 ionic trap mass spectrometer). The quan-
titative results were obtained by using standard references
of products containing known amounts of C, O, and H, the
surface area of a peak being proportional to the amount of
the corresponding product.

RESULTS

XRD and HRTEM of the Mixture MoO,Cy/Mo0O;

The XRD diagram of the mixture is presented in Fig. 1.
Narrow peaks corresponding to well-crystallized MoO,
were identified by comparison with the JCPDS 32-0671
reference. Seven broader peaks were observed between
10° < 20 < 100° which were attributed to MoOC,. In ad-
dition, the strong noise observed as background could be
the signal of a large proportion of an amorphous or poorly
crystallized phase.
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FIG. 1. X-ray diffraction diagram of activated MoOs.

In Fig. 2a one can observe the presence of a well-crystal-
lized phase, MoO,, clearly identified both by direct mea-
surements and by SAED (not reported), and of a second
phase made of small aggregates, poorly crystallized. The
SAED (top left corner) made on this phase corresponded
to a cubic system (regardless of the sample and the ori-
entation, only square patterns were ever observed) with
relatively large spots, in agreement with a poor level of
crystallinity. By increasing the resolution (Fig. 2b) it was,
however, possible to exhibit a preferential orientation in
the aggregates with an interplanar distance of 0.205 nm.

FIG. 2. Transmission electron microscopy (a, b) and selected area
electron diffraction of MoO,Cy.
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FIG. 3. X-ray diffraction, (a) measured and (b) simulated (for simple
cubic and bcc systems).

Simulation of the XRD and SAED

The three cubic systems, i.e., simple, body-centered, and
face-centered, were successively simulated in order to re-
produce the XRD diagram corresponding to the experi-
mental peaks attributed to the oxycarbide in Figs. 3aand 4a.
A cubic unit cell parameter of 0.410 nm was selected from
preceding TEM studies (8). For the simple cubic (Fig. 3b)
and the body-centered cubic (Fig. 3c) systems the number
of peaks was too high and could not be modified by varying
the relative stoichiometry of the different elements, nor by
introducing vacancies in the crystal networks. This was an
indication that the crystallographic system probably had a
higher symmetry.

The face-centered system was first simulated (Fig. 4b)
for a stoichiometry Mo, X, with X =C or O, isotypic of the
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FIG. 4. X-ray diffraction, (a) measured and (b) simulated (for fcc sys-
tem with different stoichiometries).

molybdenum nitride (y-Mo,N), with each metallic site at
the nodes of the crystallographic network and the light ele-
ments (O and C) filling the octahedral voids with an occu-
pancy probability of 0.5. The cell parameter of the nitride
is slightly longer: 0.416 nm instead of 0.410 nm. It immedi-
ately appeared that the right number of experimental peaks
(Fig. 4a) could be reproduced with the exception of the peak
at very low angle (14.3°) (see Discussion). However, the rel-
ative intensities of the two main peaks did not fit and were,
in fact, in a reverse ratio. Gouin et al. (33, 34) have shown

for molybdenum nitrides that even if the contribution of
the heavy atoms (Mo) is dominant in the intensity of the
diffraction peaks, a change in the stoichiometry of the light
atoms (N) can strongly affect the relative ratio of these in-
tensities. This idea was applied to the MoO,C, material and
different stoichiometries were consequently simulated.

Figure 4c simulates an XRD diagram where Mo atoms
occupy all the nodes of the network and the light ele-
ments (O or C) fill all the octahedral voids (probability = 1),
stoichiometry MoX, with the cell parameter still fixed at
0.410 nm. The intensities of the two main peaks were still
not in the right ratio.

In a Hagg (35) compound the light elements C, O, and N
can be found only in the octahedral vacancies or voids of
the metal crystal network. Consequently, the stoichiometry
MoX; can be obtained only if all the octahedral voids are
filled with the light elements and if the nodes of the net-
work are occupied by the heavy metal with a probability
of 0.5 without predetermined organization of the vacan-
cies. Introducing this atomic spatial distribution and with
a cell parameter of 0.410 nm, it was then possible to ob-
tain an excellent fit between the measured and simulated
XRD diagrams (Fig. 4d). A predetermined organization
of the occupied nodes or of the metal vacancies, which is
the same thing, should increase the number of reflections
in the diagram. These results and the indices of each peak
are summarized in Table 1. Two points should be under-
lined: the peak observed at 0.619 nm was not obtained by
any simulation, and the introduction of hydrogen atoms in
the structure did not modify the intensity of the diffraction
peaks.

It was then possible to interpret the SAED which is pre-
sented in Fig. 2a (top left corner). The square symmetry
of the spots indicated that the microcrystals were mainly

TABLE 1

Comparison between the Experimental and Simulated XRD
Patterns of the Molybdenum in the Face-Centered Cubic System
with Different Metal-to-Light Elements Ratios MoX: Mo,X and
a=0.410 nm

Experimental MoX; MoX Mo, X
(Fig. 4a) (Fig. 4d) (Fig. 4c) (Fig. 4b)

d, nm/l/1, d, nm/1/1¢/(hkl) d, nm/I/1¢/(hkl) d, nm/1/1o/(hkl)
0.6188/12
0.2366/27 0.2367/56/(111) 0.2367/100/(111)  0.2367/100/(111)
0.2047/100 0.2050/100/(200)  0.2050/88/(200) 0.2050/63/(200)
0.1449/27 0.1450/46/(220) 0.1450/42/(220) 0.1450/31/(220)
0.1236/17 0.1236/16/(311) 0.1236/25/(311) 0.1236/24/(311)
0.1184/12 0.1184/12/(222) 0.1184/11/(222) 0.1184/8/(222)
0.1025/—* 0.1025/5/(400) 0.1025/5/(400) 0.1025/4/(400)
0.0941/—* 0.0941/7/(331) 0.0941/10/(331) 0.0941/9/(331)
0.0917/21 0.0917/15/(420) 0.0917/15/(420) 0.0917/15/(420)

2Too small intensity to be detected; however, some very weak signals
can be observed at these angles on Fig. 1.
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FIG.5. Selected area electron diffraction, measured and simulated (with different stoichiometries).
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oriented along the [001] zone axis, the measured inter-
reticular distances corresponding to the [200] (0.205 nm)
and [220] (0.145 nm) reflections. The results of the SAED
simulation for different degrees of occupancy of the metal
sites are shown in Fig. 5. It was clear that the correct fit was
obtained when the vacancies were not organized (third sim-
ulation with a probabilistic distribution of the metal atoms
of 0.5 per site). A consequence of this probable distribution
was the nonequivalence in terms of metal environment of
each metal site. But in this case the reflections of uneven
orders [100], [101], . .. should be observed with a fcc struc-
ture, which was not obvious at first sight. However, a careful
examination of the central spot of the photograph showed
a star shape, suggesting that very probably the [100] and/or
[101] diffused reflections were making the branches of this
star.

Direct HRTEM of a Well-Crystallized Microcrystal
of the Molybdenum Oxycarbide MoO,Cy

In order to confirm the results of the different simulations
itwas necessary to have adirect view of the well-crystallized
material. The preparation of MoOCy supported on SiC for
an industrial application (36, 37) gave the opportunity to
obtain well-crystallized microcrystals. MoO3 supported on
SiC was flash-heated in a few seconds from room tempera-
ture to 550°C in a flow of Hy/butane (molar ratio 9/1) and
then cooled to room temperature. The result was the for-
mation of MoO; and well-crystallized needles of MoO,C,,.
Figure 6 shows a HRTEM picture of one of these needles.
Luckily this particle presented an easily recognizable macle
in the middle of the photograph, between two parts of a
microcrystal of different orientations, one with a pseudo-
hexagonal symmetry and the other with a square symmetry.
Both had the characteristic angles and distances of a fcc sys-
tem, with a unit cell parameter equal to 0.410 nm.

So, from the pseudohexagonal symmetry it was possible
to measure an interplanar distance of 0.23 £0.01 nm for
two families of planes making an angle of 70 £ 1°. From
the square symmetry it was possible to find interplanar
distances of 0.214+0.01 or 0.43+0.01 nm making an an-
gle of 90°. These parameters correspond to the distances
and angles of the (111), 0.237 nm, (200), 0.205 nm, and
(100), 0.410 nm planes of a fcc crystal with a=0.410 nm.
The pseudohexagonal grain was oriented along the [110]
zone axis, while for the square grain it was the [100] zone
axis along which it was observed. A careful examination of
this last grain showed in certain places columns of atoms
materializing the fcc symmetry of the system.

XRD and TPO of the Pure MoO4C, Phase

As explained above, it was possible to prepare the
MoO,Cy phase without the presence of MoO; by treat-
ing Ho3sM0O3; with a flow of Hy/hydrocarbon. The XRD
diagram of the oxycarbide obtained with a mixture of

FIG. 6.
MoO,Cy microcrystal.

High-resolution transmission electron microscopy of a

Hy/butane at 1 atm is reported in Fig. 7. Only the broad
(200), (110), and (220) diffraction peaks were visible. The
very high level of background noise witnessed the poor crys-
tallinity of the material. The very intense peak of MoO,
at 20 =26° was not observable. The unknown peak at
d=0.618 nm (20 = 14°) was the second highest in intensity.

In Fig. 8b the temperature-programmed oxidation (TPO)
diagram of this material is reported. The oxidation was vio-
lent: asingle narrow peak of emitted CO, coincided with the
peak of oxygen consumption. A second very small, broad
peak followed the first one and could correspond to trace

MoO Cy ?
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=
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FIG. 7. X-ray diffraction diagram of pure MoO,C, obtained by acti-
vation of the bronze Hy3,M00s3.
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FIG.8. Temperature-programmed oxidation of (a) the mixture
MoO,Cy + MoO; and (b) pure MoO,C,.

amounts of MoO, or adsorbed carbon coming from the ac-
tivation operation. In comparison to the material obtained
when bulk MoO3; was used as starting product, the mixture
of oxycarbide and MoO, was clearly identified (Fig. 8a).
The diagram of oxygen consumption showed three parts:
a sharp peak corresponding to the combustion of the oxy-
carbide into MoOs3 with the release of CO,, a shoulder of
this peak probably corresponding to the oxidation of Mo
contained in the oxycarbide part of the mixture without
CO; release (an XRD performed at this stage of oxidation
showed that MoO,Cy was totally transformed into MoQOg,
leaving untouched Mo0O,), and a broad peak corresponding
to the oxidation of MoO; into MoO3; without release of CO,.
The oxidation of Mo +1V and +V into Mo +V1 is a slower
reaction than the explosive oxidation of the oxycarbide and
explains why the peaks corresponding to the metal oxida-
tion were broader than the peak of carbon combustion.
The small shoulder observed before the peak corre-
sponding to the pure oxycarbide in Fig. 8b was attributed
to traces of adsorbed carbon or coke as identified from a
material purposely covered by coke (not shown). By inte-
grating the surface of the peaks corrected from the small
amounts of MoO; and coke and using the calibration curve
established under the same conditions with known amounts
of carbon and oxygen, it was possible to calculate the sto-

ichiometry of the sample: M00O;3;Cy 3. The formation of
H,O during the TPO was diffuse and did not correspond to
a well-characterized peak. Consequently, the only possibil-
ity to measure the H stoichiometry was elemental analysis,
which gave M00O, 42Cg 23H0.78, in very close agreement with
the TPO result. The absence of a clear peak of water des-
orption suggested that hydrogen was not forming a unique
chemical bond with the substrate but more probably was
occupying interstitial sites in the structure. The same quan-
titative measurement made on the material obtained from
bulk MoOj3; produced a stoichiometry of MO 34Co 10H1 38
Here, the peak corresponding to water emission was well
resolved, allowing the evaluation of the H content.

DISCUSSION

The crystallographic symmetry adopted by the atoms
in the oxycarbide prepared at 350°C was isostructural to
nitrides, carbides, and other oxycarbides prepared at hig-
her temperatures. However, the cell parameter was signi-
ficantly shorter in the new compound, 0.410 nm instead of
0.416 to 0.424 nm (see Table 2 and references therein). It
was shown (see Fig. 9) that the cell parameter increased
with the degree of carburation and that an oxycarbide of
Mo prepared at 550°C had a structure and a stoichiometry
very close to those of a carbide, catalytic properties
equivalent to the properties of Mo,C, and a cell parameter
equal to 0.418 nm. Lee et al. (39) had observed a similar
evolution during the preparation of «-MoC;_y, with x close
to 0.5, a=0.424 nm, while an intermediate product of
synthesis, an oxycarbide of Mo, had a parameter equal to
only 0.418 nm. The smaller value of the parameter for the
oxycarbide phase when compared to those of conventional
nitrides and carbides was the sign of a low content of carbon
and was certainly due to the low temperature of synthesis.

Apart from this short parameter, the understoichiome-
try in metal was also remarkable. The usual syntheses of
Mo carbides and nitrides are generally performed at high
temperatures above 750°C, without intermediate stages at

TABLE 2

Cell Parameters of the Nitride, Carbide, and Oxycarbide of Moly-
bdenum Crystallized in the Face-Centered Cubic Structure

Cell parameter,

Compound nm Ref.
y-Mo;N 0.416-0.420 33
M00Q0.46Co.28 0.417 38
M00QOg3:1Co.34 0.418 38
MoO,Cy (250°C)? 0.418 39

(made from Pt(0.25%)/Mo0QO3)

a-MoC; 0.424 39
oxycarbide (350°C) 0.410 This work
oxycarbide (550°C) 0.418 40

2Calculated from diffraction angles given by the authors.
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FIG. 9. Expansion of the cell parameter according to the degree of carburation observed by XRD.

constant lower temperatures; they all produce high-density
materials with upper stoichiometries in metal such as Mo,C,
for instance. This is due to the high mobility of the metal
atomswhen temperature is increased; to obtain low-density
material with a large amount of metal vacancies it was thus
important to work at relatively low temperatures. The dif-
ference observed between 350 and 550°C in Fig. 9 was
very demonstrative. The increase in density or in metal
concentration not only shortened the cell parameter but
also inverted the intensity ratio between the diffraction
planes (111) and (200), which was well consistent with an
increase of the metal density in the (111) planes. The un-
derstoichiometry in metal had already been observed by Yu
and Oyama (41) during the synthesis of bimetallic oxyni-
trides of W and V, even if this synthesis was performed at
high temperatures, up to 750°C. This was probably due to
the lower mobility of W and V atoms when compared to
that of Mo alone. The atomic ratio between the light ele-
ments (O and N) and the metals (V and W) was found to be
as high as 2.16 compared to 1 in VN or WN. Remarkably,
they also found a relatively short cell parameter for a fcc
structure, a=0.413-0.414 nm.

All the peaks observed in the XRD diagram of the oxy-
carbide could be indexed as peaks belonging to a fcc struc-
ture with the exception of the peak corresponding to an in-
terplanar distance of 0.619 nm. It was noted that this peak
was very intense at the beginning of the synthesis, the high-
est after 3 h, and decreased to almost disappear after 50
to 60 h. The corresponding plane, reminiscent of the ini-
tial layered anisotropic structure of MoQOg, could contain
an organization of the metal vacancies every four planes
of the (010), (100), or (001) families because 0.410 x 1.5=
0.615 nm, close to the measured distance of 0.619 nm (see
Fig. 10b) (42). The vacancies, which were probably well

p| 0.410 nm

0.615 nm

110°
gu.asu nm

O metal vacancies

0.410 nm

s
»»»»»»

® node of the
metal sites

FIG. 10. Superstructure due to the pseudo-organization of the
metal vacancies. (a) High-resolution transmission electron microscopy;
(b) three-dimensional structure of the metal sites; and (c) projection on
the plane (100).
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FIG. 11. Mechanisms of reaction: (a) metallacyclic intermediate and (b) conventional bifunctional.

organized for the sake of thermodynamic stability at the be-
ginning of the MoO3; reduction and because of the topotac-
tic character of the transformation, could be progressively
disorganized with a probable distribution when the time
under reactive gas flow was increased. This could explain
the peculiar structure in a “chevron”-type pattern observed
by TEM during the formation of the oxycarbide (Fig. 10a).
The measured distance, 0.350 nm, and the measured angle,
110° (Fig. 10c), clearly corresponded to a short distance or-
der in the pre-fcc structure precursor of the final fcc with a
probable distribution of the vacancies.

At the beginning of this article, the exclusive property
of this material for the isomerization of n-alkanes was un-
derlined. Is it possible to correlate this property with the
new information collected on the structure of the active
solid? On a conventional bifunctional catalyst the isomer-
ization mechanism proceeds through five steps (Fig. 11b):
the dehydrogenation on the metallic site, followed by the
protonation and cyclization of the olefin on the acidic site,
the bond shift by ring opening, the deprotonation to form a
new olefin, and finally, the hydrogenation of this last olefin.
This process can be repetitive but when the branching of

the molecule is too high the ring opening step leads to the
cracking of the molecule because the cracked fragments are
thermodynamically more stable than the molecular carbo-
cation (43). The mechanism, which involves a metallacy-
clobutane ring as intermediate (25, 44, 45), is not limited by
the thermodynamic stability of cations because it does not
involve in its process the intervention of any ionic species
(Fig. 11a). Boudart and Ptak (44) have shown by check-
ing most of the transition metals that neopentane was iso-
merized only on Pt, Ir, and Au catalysts, and consequently
only these metals were able to form a metallacyclobutane
intermediate, as it is the only route which allows the iso-
merization of this hydrocarbon in normal catalytic condi-
tions of reaction. These three transition metals crystallize
in the fcc symmetry, while earlier transition metals such
as Mo, V, and W prefer the bcc symmetry. The theory of
Engel and Brewer (46) suggests that the crystallographic
system of a metal is correlated to its electronic structure.
This electronic structure is one of the determining pa-
rameters of the catalytic properties of the metal. Conse-
quently, one should not expect equivalent properties for
Mo (bcc) and Pt (fcc). However, the adoption of the fcc
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symmetry by the Mo carbides and oxycarbides indicates
that the electronic structure of Mo has been modified in
the direction of the Pt (Ir, Au) structure and now one
should expect a closing of the gap between the catalytic
properties.

Many other parameters govern the catalytic behavior;
among them the surface order is very important, especially
for a structure-sensitive reaction such as the selective iso-
merization of alkanes. The new Mo oxycarbide contains
large amounts of metal vacancies giving room and free
access of the adsorbed reactants to the remaining metal
atoms. In addition, the presence of high concentrations of
oxygen atoms can favor the formation of the metallacycles
by trapping the excess of free electrons of the Mo surface
atoms in Mo,C, too many electrons and vacancies favoriz-
ing too much the multiple adsorption of the hydrocarbon,
the precursor of an extensive hydrocracking. Moreover,
Rappé and Goddard (47) have clearly shown that in the
olefin metathesis mechanism, equivalent to the metalla-
cyclic mechanism proposed here, the oxygen ligand is in-
timately involved in the catalytic processes on high-valent
Mo complexes. This is consistent with the role of oxygen
observed in the heterogeneous system.

In summary, the catalyst is a sub-oxide of Mo contain-
ing many vacancies. The role of the carbon atoms should
be to stabilize a metastable intermediate phase between
MoOj3; and MoO; by blocking the shearing process where
the organization of the vacancies formed by H; reduction
of MoOg3 allows the collapse of the MoO3; orthorhombic
layered structure into the more dense monoclinic structure
of MoO, (48). The process is comparable to that described
by Spevack and Mclntyre (49), who showed that during
the transformation of MoO3; into MoS; sulfur atoms fol-
lowed the preferential pathways of the shear planes to pen-
etrate the layered structure and form intermediate sulfox-
ides.

One point remains unclear. During the transformation
of MoOs; into MoO,Cy, the surface area of the material in-
creases from 4 to 140 m?/g (80-90 m?/g after passivation)
and this porous system contains a relatively large amount
of micropores (60% of the total pore volume). These mi-
cropores could introduce a shape selectivity similar to that
observed on Pt/H-ZSM22 (50) for instance and be another
explanation for the very high selectivity observed during
the isomerization of long-chain n-alkanes. This geometric
effect is currently being studied on model catalysts where
micro- and nanopores are controlled.

CONCLUSION

A thermal and chemical treatment of MoOj3; could gen-
erate a very active and selective catalyst for the isomer-
ization reaction of alkanes. The control of the tempera-
ture at a relatively low level, 350°C, and of the gas flow, a
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mixture of H, and an hydrocarbon, could provide a solid
mixture containing inactive MoO;, and a molybdenum
oxycarbide, M00O, 4,Cy23Ho.78. The structure and the sto-
ichiometry of this new phase was confirmed by the use of
different techniques: X-ray diffraction, simulation, electron
microscopy and diffraction, elemental analysis, and quan-
titative temperature-programmed oxidation. This active
catalyst could be prepared as a pure phase without the
presence of parasitic MoO, by starting from a bronze of
molybdenum, Hg 34M00O3. The high selectivity obtained on
the catalyst was attributed to the intervention of a mech-
anism involving a metallacyclic intermediate, avoiding the
negative role of the carbocation intermediates which favor
the cracking reaction of the highly branched alkanes on
conventional bifunctional catalysts. The presence of metal
vacancies and the high concentration of oxygen stabilized
the metallacyclic adsorbed species, the role of the carbon
being to stop the evolution or the collapse of the structure
during the hydrogen reduction of MoO3 into MoOs,.
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