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Bimetallic Pt–Mo catalysts were prepared by vapor deposition
of Mo(CO)6 onto nanometer size platinum particles previously dis-
persed on EMT zeolite. Subsequent decomposition of the Mo pre-
cursor formed a supported molybdenum carbide phase whereas
reaction of the precursor with ammonia formed a supported ni-
tride phase. Results from high-resolution transmission electron mi-
croscopy and X-ray absorption spectroscopy at the Mo K and Pt LIII
edges showed conclusively that highly dispersed particles contain-
ing both transition metals were synthesized by the vapor deposition
method. Coverage of Pt by Mo suppressed both the total capacity
for dihydrogen chemisorption and the catalytic activity for benzene
hydrogenation. However, compared to monometallic Mo carbide or
nitride clusters supported on EMT zeolite, the bimetallic catalysts
were much more active in the catalytic reactions of n-heptane at
623 K. The low thickness of the carbide or nitride phase (about
0.3 nm) allowed for a synergistic influence of the Mo phase on the
small areas of exposed Pt and/or a direct activation of the nitride
or carbide for catalysis. c© 1999 Academic Press
1. INTRODUCTION

High surface area transition metal carbides and nitrides
present promising catalytic activities in several processes
(1, 2). Since these reactions are typically catalyzed by noble
metals, the potential for using carbides and nitrides instead
of noble metals motivates intensive research on the syn-
thesis and catalytic function of these compounds. Usually,
catalysis by carbides and nitrides is found to be strongly
related to their surface structure and elemental composi-
tion, which depend on their synthesis procedure. Transi-
tion metal carbides or nitrides are typically obtained by a
temperature-programmed reaction of an oxide precursor
with a CH4/H2 mixture or NH3 (3–5). Since heterogeneous
catalytic reactions require the reactants to interact with ac-
tive sites located exclusively on the surface, conversion of
the whole transition metal oxide precursor into a carbide
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or nitride may not be necessary (6). Indeed, a surface car-
bide or nitride layer supported on a bulk-phase oxide may
exhibit a different catalytic activity compared to that of a
bulk-phase carbide or nitride, and such a phenomenon can
be related to the well-known concept of metal–support in-
teraction in catalysis by metals. A goal of this study was
to perform catalytic investigations on bimetallic carbide
(Pt–MoC) and nitride (Pt–MoN) catalysts to determine if a
synergism exists between carbide or nitride monolayers and
their underlying platinum core. According to the procedure
of Tri et al. (7), Mo layers were selectively deposited from
nonoxidic precursors onto Pt nanoclusters supported on
EMT zeolite, a system previously studied in this laboratory
(8). Subsequent conversion of the Mo layers into carbides
or nitrides completed the preparation of highly dispersed
bimetallic clusters. The catalytic activities and selectivities
of these compounds in the transformations of n-heptane
have been compared to those of bulk Mo2C and Mo2N as
well as zeolite-supported molybdenum carbide or nitride.

2. EXPERIMENTAL METHODS

2-1. Preparation of Catalysts

The EMT zeolite (Si/Al= 3.8, SBET= 670 m2 g−1) was
synthesized in a pure form using a slightly modified proce-
dure based on that of Delprato et al. (9). Zeolite-supported
Pt–Mo bimetallic clusters were prepared by first support-
ing platinum clusters on the sodium form of zeolite EMT
(designated as Pt3/NaEMT and Pt6/NaEMT for 3 and 6%
Pt by weight, respectively) according to the ion-exchange
method of Dalla Betta and Boudart (10) and by treating
the samples as described previously (8).

A quartz reactor containing the platinum clusters sup-
ported on zeolite was connected, via a grease-free stopcock
and without exposure to air, to a cell containing the required
amount of degassed Mo(CO)6. This method used by Tri
et al. (7) allowed us to control the amount of molybdenum
loaded onto the sample. The vapor deposition was carried
out at room temperature for about 2 days and was followed
0
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either by a decomposition at 600 K (heating rate, 1 K min−1)
in a partial pressure of H2 (4× 104 Pa [300 Torr]) and an
evacuation at 600 K to remove the carbonyl ligands or by a
nitridation at 973 K in flowing ammonia (6 L h−1). Tri et al.
observed that the Mo distribution was inhomogeneous for
samples having an atomic ratio Pt/(Pt+Mo) smaller than
0.5. Thus, to obtain a Mo/Pt atomic ratio greater than unity
and to ensure that Mo(CO)6 can access the zeolite cages
and cover the platinum particles, successive exposures of a
sample to Mo(CO)6 were carried out with each step having
a Mo/Pt atomic ratio less than 1. Between each stage, the
molybdenum hexacarbonyl was thermally decomposed
at 600 K under a partial pressure of H2 to liberate the
zeolite pores for subsequent deposition of Mo(CO)6. The
last vapor deposition was followed by a decomposition
of the carbonyl complex in flowing dihydrogen to form
the supported carbide or by a nitridation step to form the
supported nitride.

For use as reference materials, monometallic molybde-
num carbide (MoC/NaEMT) or molybdenum nitride clus-
ters (MoN/NaEMT) on NaEMT (5 wt% Mo) were also
prepared by vapor deposition of Mo(CO)6 onto the dehy-
drated zeolite, followed by a decomposition or a nitridation
step, respectively. This procedure is described in detail else-
where (11). A bulk δ-MoN reference material was prepared
by heating (60 K h−1) 1 g of MoCl3 (not exposed to air) un-
der flowing ammonia (10 L h−1) up to 973 K (11). Synthesis
of bulk Mo2N is also described in Ref. (11).

2-2. Characterization of Catalysts

The elemental analysis of the solids was obtained from
the Service Central d’Analyse du Centre National de la
Recherche Scientifique (Vernaison, France).

A Siemens D500 automatic diffractometer with a Cu
Kα monochromatized radiation source was used to obtain
the X-ray diffraction (XRD) patterns of the various solid
phases. The degree of crystallinity of the loaded zeolites
was estimated from the intensity of all reflections in the
range 2θ = 14.5−29.3◦ (12) and compared with those of the
calcined NaEMT zeolite. For catalysts containing Pt and/or
Mo, the measured intensities were corrected for the absorp-
tion of X-rays by the heavy atoms (13).

The 28Si and 27Al solid state MAS NMR (magic angle
spinning nuclear magnetic resonance) spectra of the hy-
drated samples were recorded on a Bruker MSL 400 spec-
trometer (9.4 T) operating at 79.5 MHz and on a Bruker
MSL 300 (7.1 T) functioning at 78.2 MHz, respectively.

High-resolution transmission electron microscopy of the
catalysts was performed on a Jeol JEM 100 CXII apparatus,
equipped with a top entry device and operated at 100 kV.
Ultramicrotome sections (80–100 nm) of the samples were

prepared for the studies. The EDS results (STEM mode)
were obtained using a LINK AN 10000 system connected
to a silicon–lithium diode detector and a multichannel an-
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alyzer. The EDS analyses were performed on several small
domains of the samples (fixed STEM beam analysis areas
between 180 and 3000 nm2).

The X-ray absorption spectra were recorded at the Mo
K edge (20000 eV) or the Pt LIII edge (11564 eV) on
beam line X10C at the National Synchrotron Light Source,
Brookhaven National Laboratory (Upton, NY) in the
transmission mode of data collection. The storage ring op-
erated with an electron energy of 2.5 GeV and currents
typically ranged from 100 to 300 mA. The intensities of the
X-rays exiting the Si(220) double-crystal monochromator
and passing through the sample were measured by gas-filled
ionization chambers. Harmonic rejection was accomplished
by the focusing mirror on the beamline. Each sample was
loaded into an in situ cell and heated to 673 K in dihydrogen
for 30 min and cooled to ambient temperature for collection
of spectra. A Pt or Mo metal foil was placed in series with
the sample to provide independent calibration of the edge
energy. The EXAFS data were processed with Macintosh
versions of the University of Washington analysis programs.
Structural parameters calculated for supported Pt clusters
were referenced to a standard EXAFS function associated
with a 4-µm Pt foil recorded at ambient conditions on beam
line X18B.

Dihydrogen chemisorption measurements were carried
out at 313 K in a conventional high vacuum system equip-
ped with a Datametrics capacitance gauge (type 1014A).
The samples were reduced in situ in flowing dihydrogen
(6 L h−1) by heating at 1 K min−1 to 573 K and remaining at
573 K overnight. The reduced samples were then outgassed
for 1 h at 673 K to a final pressure of 10−4 to 10−5 Torr
(1 Torr= 133.3 N m−2). The “back-sorption” method of
Yates and Sinfelt was used for titration of metallic sites
(14). According to this method, evacuation of the sam-
ple at the temperature of chemisorption eliminates the ph-
ysisorbed hydrogen (reversible hydrogen) without displac-
ing chemisorbed hydrogen (irreversible hydrogen). Thus,
chemisorption measurements were done by successively
increasing the dihydrogen partial pressure over the cata-
lyst bed until saturation of the metallic surface had been
obtained. The total number of hydrogen atoms adsorbed
(Htotal) was determined at this stage. Then, the reactor was
evacuated (final P< 5× 10−5 Torr) and another series of
chemisorption measurements was used to determine the
amount of reversibly adsorbed hydrogen (Hreversible). The
amount of irreversibly adsorbed hydrogen (Hirreversible) was
calculated from

Hirreversible = Htotal −Hreversible.

The percentage of metal exposed was calculated assum-
ing a stoichiometric adsorption of hydrogen atoms on sur-

face platinum atoms (H/Pt ratio equal to 1) (15).

The fraction of platinum atoms exposed (FE Pt) was
also estimated by benzene hydrogenation measurements
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carried out at 298 K and 760 Torr total pressure in a con-
ventional differential dynamic reactor operating with a to-
tal flow rate of 3.6 L min−1. The partial pressure of benzene
was chosen to be 58 Torr (molar ratio H2/C6H6= 12) to
ensure the reaction was zero order in benzene. Benzene
hydrogenation is a structure-insensitive reaction that, by
definition, has a turnover rate (rate per second per cata-
lytic site, s−1) that is independent of the exposed crystal-
lographic plane or the catalyst particle size (16, 17). If all
exposed metallic atoms are active sites for the reaction,
their number density can easily be deduced from the spe-
cific rate (rate per second per gram of catalyst) and the
known turnover rate at the temperature of the reaction. The
turnover rate for benzene hydrogenation on supported Pt
at 298 K was measured to be 5.4× 10−2 and 5.2× 10−2 s−1

for Pt3/NaEMT and Pt6/NaEMT, respectively.

2-3. Reaction of n-Heptane

The n-heptane reaction was carried out over 70 mg of
catalyst in a flow reactor at 623 K and a total pressure
of 760 Torr. The reactor feed was a mixture of dihydro-
gen and n-heptane in a molar ratio of 17 to 1, flowing at
0.012 L min−1. For both benzene hydrogenation and n-
heptane transformations, the samples were first pretreated
at 773 K under flowing dihydrogen for 5 h and cooled to
623 K. The products of reaction were separated and iden-
tified by an on-line gas chromatograph (H. P. Model 5890
series II), equipped with a 50-m PLOT capillary column
coated with alumina deactivated by KCl, using tempera-
ture programming and a FID detector.

3. RESULTS AND DISCUSSION

3-1. Characterization of the Monometallic

Platinum Catalysts

We have prev
inum clusters in

chemisorption (18, 19) and benzene hydrogenation, were
exposed and,

e or nitride. It

iously shown (8) that highly dispersed plat-
EMT zeolite can be prepared and that the

TABLE 1

Physicochemical Characterization of Pure NaEMT and Platinum-Supported NaEMT Zeolite

Electron microscopy
Crystallinity NMR

Samples (%) Chemical analysis Si/Al dp (Å)a EDSb

NaEMT 100c Na20Al20Si76O192 3.60 (2) / Si/Al= 3.7 (1)

Pt3/NaEMT 100d Pt1Na18Al20Si76O192 3.65 (2) 11.7 Pt/Al= 0.06 (1)
Si/Al= 3.7 (1)

Pt6/NaEMT 103d Pt2Na16Al20Si76O192 3.63 (4) 11.6 Pt/Al= 0.11 (1)
Si/Al= 3.7 (1)

a Average particle diameter (d ) calculated from measurements of more than 1000 particles.

used to calculate the fraction of Pt atoms
therefore, the coverage of Pt by Mo carbid
p
b Numbers in brackets represent the standard dev
c Crystallinity estimated at 100% and used as refe
d Crystallinity corrected from atomic absorption b
ET AL.

size of the Pt particles did not depend on the Pt loading.
The X-ray diffractograms for the platinum catalysts label-
ed as Ptx/NaEMT (x being the Pt loading in weight %)
showed good crystallinity of the support. Furthermore,
no X-ray diffraction peaks corresponding to the platinum
phase were detected. Table 1 summarizes some of the
physicochemical characteristics of the supported Pt cata-
lysts. Earlier work proved that the fraction of the plat-
inum atoms exposed in those samples was equal to 1 (8).
Additional characterization confirmed that the platinum
was dispersed homogeneously throughout the EMT poro-
sity (low standard deviation on several EDS measure-
ments) and that the crystallinity of the samples was
preserved in comparison to that of NaEMT. The Si/Al
ratio was not altered by catalyst treatment and no 28Si
peak corresponding to an amorphous phase was detected
at −110 ppm. The 27Al MAS NMR spectra of the different
materials presented resonances near 60 ppm specific to
tetrahedral aluminium species. After thermal treatments
the spectra also contain very weak resonances near 0 ppm
indicating the presence of very few aluminium species in
an octahedral environment. These observations, together
with those from TEM and XRD, lead to the conclusion
that neither significant dealumination nor mesoporosity
creation occurred during the calcination of the materials
and the reduction of the platinum (Figs. 1a and 1b).
Thus, both Pt3/NaEMT and Pt6/NaEMT constituted good
supports for the adsorption of molybdenum hexacarbonyl.

3-2. Formation of the Mo Layer Covering the Pt Particles

Supported platinum clusters sinter during ammonia
treatment at a temperature as low as 773 K. However, when
platinum was covered by molybdenum carbide or nitride,
it was apparently protected against sintering during the
ammonia treatment. Two molecular probes, dihydrogen
iation of seven analyses for each sample.
rence.
y the platinum phase.
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FIG. 1. 27Al NMR spectra of the rehydrated compounds (a) Pt3/
NaEMT, (b) Pt6/NaEMT, and (c) PtMoN/NaEMT (Mo/Pt= 3.2).

was checked that, under our experimental conditions, car-
bide and nitride of molybdenum without platinum neither
chemisorbed dihydrogen nor catalyzed benzene. The re-
sults of the characterization experiments on the bimetallic
samples together with those for Pt3/NaEMT are summa-
rized in Table 2. The turnover rate (vr) (Table 2, footnote a)
calculated for benzene hydrogenation over Pt3/NaEMT
(100% dispersed) agrees quite well with the rates reported
previously for supported Pt catalysts (20, 21). The appar-

ent activation energy deduced from rate measurements
between 298
similar to th

higher (Mo/Pt= 3.2, 3.6, and 7.2, see Table 3).
0 K under a
ut 283.6 eV
and 340 K was 45.3± 1.6 kJ mol−1, which is
ose values generally encountered in the liter-

TABLE 2

Characterization of Bimetallic Compounds Prepared from 3 wt% Pt on EMT Zeolite

EDS analysisb

Benzene
hydrogenation H2 chem. Particles on

Treatment FE Pt (%)a H/Pt irrev. Zeolite area zeolite outside

Pt3/NaEMT Calcination, 100 1.0 (1) Pt/Al= 0.06 (1) — —
reduction

Mo/Pt= 1 Decarbonylation 63 0.8 (1) Pt/Al= 0.06 (1) — —
Mo/Pt= 1.1 (3)

Mo/Pt= 2 Decarbonylation 61 0.3 (1) Pt/Al= 0.04 (1) Mo —
Mo/Pt= 1.9 (1.0)

Mo/Pt= 3 Decarbonylation 0 0.15 (10) Pt/Al= 0.05 (1) Mo Mo
Mo/Pt= 2.9 (9)

Mo/Pt= 3 Nitridation 20 0.15 (10) Pt/Al= 0.02 (1) Pt —
Mo/Pt= 2.9 (2.0) ≈ 100 Å
Si/Al= 3.7 (1)

Mo/Pt= 3 Mo/Pt= 1+ dec 5 0.15 (10) Pt/Al= 0.05 (1) Pt —
Mo/Pt= 1+ dec Mo/Pt= 4.1 (1.0) rare
Mo/Pt= 1+ nit Si/Al= 3.6 (1)

a Fraction of platinum atoms exposed calculated as 100 times the ratio between the specific rate of the sample
−2 −1

Decarbonylation of Mo(CO)6/NaEMT at 60
partial pressure of H2 gave a shoulder at abo
(molecules per gram per second) over the turnover rate (e
by the total number of Pt atoms per gram of sample.

b Average values calculated from 9 or 11 measureme
parentheses.
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ature. From the results in Table 2, it can be concluded that
Mo loadings of Mo/Pt equal to 1 and 2 are not sufficient to
cover the platinum particles. Even though the specific rate
for benzene hydrogenation was zero for the decarbony-
lated sample with Mo/Pt= 3 (FE Pt%= 0), STEM revealed
that the molybdenum deposition was inhomogeneous,
presumably due to the deposition occurring in one step.
Furthermore, the nitrided sample with the same Mo/Pt ratio
exhibited some sintered platinum particles on the transmis-
sion electron micrographs. The platinum was evidently not
sufficiently protected by the molybdenum during nitrida-
tion. To avoid migration and sintering of platinum particles
outside the zeolite, a three-step preparation method was
used. The Mo(CO)6 was successively deposited onto Pt/
EMT with each step having an atomic ratio Mo/Pt≤ 1 and
including a thermal decomposition of the molybdenum
complex. The final treatment after the last vapor deposition
was a nitridation under flowing ammonia at 973 K. It must
be emphasized that the atomic ratio Mo/Pt= 3 is between
the number of atoms necessary to build the second and
the third shell of an icosahedron with a diameter between
7 and 11.1 Å (platinum and molybdenum have the same
covalent radius). This method of successive deposition
steps was used to prepare other samples for which the
platinum loading (Pt6/NaEMT) and the Mo/Pt ratio were
qual to 5.4× 10 s , as found for Pt3/NaEMT) divided

nts for each sample; the standard deviation is given in
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TABLE 3

Composition and Crystallinity of Bimetallic Catalysts Prepared from 6 wt% Pt on EMT Zeolite

Samples Treatments Chemical analysis Crysta (%)

Pt6/NaEMT Calcination, reduction Pt2Na16Al20Si76O192 103

Pt6/NaEMT 4× (Mo/Pt= 0.8) Pt1.8Mo5.6Na16Al20Si76O192 91
Mo/Pt= 3.2 decarbonylations

Pt6/NaEMT 4× (Mo/Pt= 0.8) Pt1.8Mo6.4Na16Al20Si76O192 93
Mo/Pt= 3.2 decarb.+ nitridation

Pt6/NaEMT 4× (Mo/Pt= 0.9) Pt2Mo7.7Na16Al20Si76O192 97
Mo/Pt= 3.6 decarbonylations

Pt6/NaEMT 4× (Mo/Pt= 0.9) Pt2Mo7.2Na16Al20Si76O192 98
Mo/Pt= 3.6 decarb.+ nitridation

Pt6/NaEMT 8× (Mo/Pt= 0.9) Pt1.8Mo13.8Na16Al20Si76O192 102
Mo/Pt= 7.2 decarbonylations
Pt6/NaEMT 8× (Mo/Pt= 0.9) Pt2Mo15.4Na16Al20Si76O192 103

b

Mo/Pt= 7.2 decarb.+ nitridation

a Cryst, crystallinity (corrected for atomic absorption

in the C1s XPS peak, indicating the formation of a car-
bide phase. Earlier work has demonstrated conclusively
that treatment of Mo(CO)6/NaEMT with ammonia pro-
duced an ultradispersed nitride phase (11). Therefore, these
same procedures were used for the final step of prepara-
tion of the bimetallic compounds to obtain either a Mo
carbide or a Mo nitride layer covering the platinum par-
ticles. The XRD patterns of the various samples did not
show any damage to the zeolite lattice. Also, no platinum
or molybdenum-phase diffraction peak was observed after
these treatments. Furthermore, no significant extraframe-
work aluminium was observed by NMR spectroscopy of the
PtMoN/EMT sample (Fig. 1c).

Two representative HRTEM micrographs are presented
in Fig. 2. The EDS analyses of the samples are given in
Table 4 and show that the platinum remains homogeneously
distributed (Pt/Al= 0.11, with a low standard deviation)
and that the molybdenum has been introduced inside the
EMT cages. However, the Mo loading was not as homoge-
neous as for platinum since the EDS analysis indicated that
some spherical nodules found on the external surface of the
zeolite were composed mainly of molybdenum. Neverthe-
less, those nodules were quite rare, even for the highest Mo
loading (Mo/Pt= 7.2).

Results from benzene hydrogenation and H2 chemisorp-
tion suggest that the platinum may be covered almost com-
pletely at a Mo/Pt ratio as low as 3.2. The average size of
Pt–Mo particles clearly showed a shift in the distribution
toward a larger diameter after deposition of molybdenum
carbide or nitride. This size enhancement is likely due to
the addition of molybdenum atoms since the decomposi-
tion treatment did not provoke any sintering. Interestingly,
layer (nitride or carbide) was formed, deposi-
onal molybdenum atoms did not occur. For the
t ratios (3.6 and 7.2), the average particle size
y the metallic phases).

did not increase but remained at about 19 Å in diameter.
This particle size, which is greater than the diameter of the
zeolite supercage (13.5 Å), probably results from molybde-
num atoms adsorbing on Pt clusters at the cage apertures
to give a grape-like shape allowed by the particular struc-
ture of the EMT zeolite whose cages are directly connected
by five apertures to two large supercages and three smaller
elliptical supercages. Clearly, there was little affinity for the
Mo to be deposited on the covered platinum, and instead
Mo was deposited throughout the pores as if there were
no platinum. The bimetallic PtMo (carbidized or nitrided)
clusters appear to be similar to those that Iwasawa et al.
call an eggshell structure (22) consisting of a platinum core
with a Mo carbide or nitride layer. This is in total agreement
with the results of Tri et al. who have described that addition
of Mo on a core of zero valent Pt follows the fcc arrange-
ment (7). Samant et al. (23) also confirmed this epitaxial
deposition at lower coverage.

Results from X-ray absorption spectroscopy provided
additional characterization of the Pt–Mo interaction in the
bimetallic samples. Figure 3A shows the Mo K near edge
spectra of Mo foil and bulk MoN compared to represen-
tative supported Mo and bimetallic (Mo/Pt= 3.2) nitride
samples. The broad features of the supported samples are
consistent with their high levels of dispersion throughout
the zeolite. Derivatives of the near edge spectra, shown
in Fig. 3B, reveal information about the average oxidation
state of the Mo in the samples. All energies labeled on
Fig. 3B are referenced to the first peak in the first deriva-
tive of Mo foil. The major peak in the derivative of bulk
MoN occurred at 8.4 eV, whereas the major peak in zeolite-
supported MoN was observed at 12.8 eV, indicating a higher

degree of oxidation for the supported sample. Indeed, the
supported nitrides (or carbides) are more properly referred
to as oxynitrides (or oxycarbides). The corresponding major
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FIG. 2. HRTEM micrographs of ultramicrotome sections of PtMoC/EMT (1) and PtMoN/EMT (2) samples (Mo/Pt= 3.2).
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BÉCUE ET AL.

TABLE 4

Effect of Mo Loading and Subsequent Treatments on the Characteristics of Bimetallic Samples

EDS analysis
Benzene

hydrogenation H2 chem. TEM Nodules on
Treatment FE Pt (%)a H/Pt irrev.b dp (Å)c Zeolite aread zeolite

Pt6/NaEMT Calcination, 100 1.0 11.6 Pt/Al = 0.10 (2) —
reduction

Mo/Pt= 3.2 Decarbonylation 7 0.01 18.4 Pt/Al = 0.11 (1) Mo rare
Mo/Pt= 2.9 (6)
Si/Al= 4.0 (3)

Mo/Pt= 3.2 Decarbonylation+ 20 0.07 17.0 Pt/Al = 0.12 (2) —
Nitridation Mo/Pt= 3.3 (5)

Si/Al= 3.8 (4)

Mo/Pt= 3.6 Decarbonylation 5 0.06 18.5 Pt/Al = 0.12 (2) Mo rare
Mo/Pt= 2.7 (3) 45< dp< 100 (Å)
Si/Al= 3.9 (2)

Mo/Pt= 3.6 Decarbonylation+ 2.5 0.10 20.2 Pt/Al = 0.11 (1) Mo rare
Nitridation Mo/Pt= 2.9 (9) 45< dp< 110 (Å)

Si/Al= 3.7 (2)

Mo/Pt= 7.2 Decarbonylation 5 0.15 18.6 Pt/Al = 0.11 (1) Mo
Mo/Pt= 4.0 (2) 50< dp< 150 (Å)
Si/Al= 3.7 (2)

Mo/Pt= 7.2 Decarbonylation + 7 0.15 18.8 Pt/Al = 0.12 (2) Mo
Nitridation Mo/Pt= 6.8 (1.0) 50< dp< 125 (Å)

Si/Al= 4.3 (2)

a
 Fraction of platinum atoms exposed.
b
 Experimental error, ±0.10.
c Average particle diameter dp calculated from measuremen
d Average values calculated from 9 or 11 measurements for

peak in the derivative of the bimetallic sample was found
at 10.3 eV, which suggests a greater degree of Mo reduction
due to the presence of Pt. The k3-weighted EXAFS func-
tions and corresponding Fourier transforms of the nitride
samples are given in Figs. 4A and 4B. The three major fea-
tures in the Fourier transform of bulk MoN correspond to
the Mo–N distance from 1 to 2 Å, the Mo–Mo distance from
2 to 3 Å, and a higher shell Mo–Mo distance from 3 to 4 Å.
The peaks associated with Mo–Mo absorber–backscatterer
pairs are greatly diminished in the transform of the sup-
ported MoN sample, confirming the very small particle size
of the nitride. Interestingly, the peak from 2 to 3 Å was more
intense for the sample containing Pt, which may suggest a
close interaction between the Mo nitride phase and the un-
derlying Pt cluster. However, this peak may result from both
Mo–Mo and Mo–Pt absorber–backscatterer pairs.

Figure 5 presents the Pt LIII near edge spectra of Pt foil,
Pt6/NaEMT, and the bimetallic PtMo nitride (Mo/Pt= 3.2)
supported on EMT. Even though the maximum in the first
derivative of Pt foil was about 0.5 eV lower than that of ei-
ther supported material, the Pt was evidently well-reduced
zeolite samples. The broad white line region of the
of supported Pt (Fig. 5b) is due to the creation of

ied antibonding states resulting from the adsorp-
ts of more than 1000 particles.
each sample; standard deviations are in parentheses.

tion of hydrogen on small metal particles. This phenomenon
has been observed previously for zeolite-supported Pt par-
ticles and is thoroughly discussed by Samant and Boudart
(24). Incorporation of Mo nitride onto the supported Pt
clusters modified the Pt near edge spectrum (Fig. 5c) so
that it appeared more like Pt foil. This modification in the
near edge can be explained by the suppression of dihydro-
gen chemisorption on the Pt due to the presence of Mo or
the sintering of Pt particles to give large metal aggregates.
However, results from electron microscopy suggest that Mo
deposition and nitridation did not sinter the Pt clusters. The
EXAFS region of the spectrum can be used to resolve this
issue. The k3-weighted EXAFS functions and correspond-
ing Fourier transforms of the supported Pt samples are
shown in Figs. 6A and 6B. Curve fitting of the first shell Pt–
Pt contribution to the EXAFS function of Pt6/EMT gave
a coordination number of 5.5, a Pt–Pt interatomic distance
of 2.75 Å, and a change in Debye–Waller factor (1σ 2) of
0.0023 Å2 relative to Pt foil. The low coordination number
and positive change in Debye–Waller factor are consistent
with earlier structural studies that concluded small Pt par-

ticles were formed on the zeolite (8). The highly modified
EXAFS function in Fig. 6A(b) and Fourier transform in
Fig. 6B(b) indicate the presence of another heavy scatterer



FIG. 3. (A) Molybdenum K edge spectra of (a) Mo foil, (b) bulk δ-MoN, (c) MoN/NaEMT, and (d) PtMoN/EMT (Mo/Pt= 3.2). Zero in energy
is defined relative to the first maximum in the derivative of the edge spectrum of Mo foil. (B) First derivatives of Mo K edges of (a) Mo foil, (b) bulk
δ-MoN, (c) MoN/NaEMT, and (d) PtMoN/EMT (Mo/Pt= 3.2). Zero in energy is defined relative to the first maximum in the derivative of the edge
spectrum of Mo foil.

FIG. 4. (A) Molybdenum K EXAFS functions, k3χ(k), for (a) bulk δ-MoN, (b) MoN/NaEMT, and (c) PtMoN/EMT (Mo/Pt= 3.2). (B) Fourier

transforms of Mo K EXAFS functions, not corrected for phase shifts, for (a) bulk δ-MoN, (b) MoN/NaEMT, and (c) PtMoN/EMT (Mo/Pt= 3.2).
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FIG. 5. Platinum LIII edge spectra of (a) Pt foil, (b) Pt6/NaEMT, and
(c) PtMoN/EMT (Mo/Pt= 3.2). Zero in energy is defined relative to the
maximum in the derivative of the edge spectrum of Pt foil.

in the average first coordination shell of Pt. These results
for the bimetallic sample clearly show that the decrease
in dihydrogen chemisorption, the decrease in benzene hy-
drogenation activity, and the modification of Pt LIII edge
structure are due to the presence of Mo on Pt instead of
excessive sintering.
3-3. Catalytic Reaction of n-Heptane
the support is initially in the sodium form (NaEMT). These
(a) Monometallic Pt/NaEMT catalysts. As shown in
Table 5, the site time yield for n-heptane isomerization

TABLE 5

Product Distribution during n-Heptane Reaction on Ptx/EMT Catalysts (623 K, H2/nC7= 17, Contact Time= 1.3× 10−3 min)

Isomerization Hydrogenolysis–cracking
iso-Heptanes (%) Light products (%)

Dehyd Arom
Samples Conv (%) 2 & 3m 2,3 2,4 2,2 Et C7== Toluene C1+C6 C2+C5 C3+C4a

Pt3/NaEMT 18.1 80.8 1.2 13.1 4.9 (i /n= 0.3)
93.8 0.2 3.4 2.3 — 9.4 29.4 61.2

Pt6/NaEMT 18.4 77.1 1.6 14.3 7.0 (i /n= 0.2)
96.3 0.1 3.3 2.6 — 28.6 26.2 45.1

Pt3/NaHEMT 46.4 83.1 0.3 4.3 12.3 (i /n= 5.4)
88.0 0.4 8.6 0.3 2.6 2.3 2.3 95.4

materials will be considered in this work as reference mono-
functional Pt catalysts.
Note. Conv, total conversion; Dehyd, dehydrogenation; Arom, aromat
2,4-dimethyl pentane; 2,2, 2,2-dimethyl pentane; Et, ethylpentane; C7==, he

a Number in parentheses is the i /n value representing the isobutane on n
ET AL.

over Pt/NaEMT was independent of the platinum loading,
thus confirming the absence of internal diffusion effects on
the kinetic data.

The supported platinum catalysts, Pt3/NaEMT and
Pt6/NaEMT, were prepared by cationic exchange into a
nonacidic EMT zeolite; however, subsequent reduction of
the platinum ions by dihydrogen necessarily induces the
formation of a number of protonic acid sites in the zeo-
lite that scales with the loading of platinum (10, 25). De-
spite the existence of these acidic sites on Pt3/NaEMT and
Pt6/NaEMT, the product distributions reported in Table 5
indicate that n-heptane was converted mainly according to a
monofunctional mechanism on metallic sites. If the activity
and product distribution for a bifunctional Pt3/NaHEMT
sample (75% H+ exchange, Table 5) are compared to those
for the standard Pt/NaEMT catalysts, one finds a higher
conversion on the acidic material at constant contact time
and a higher fraction of midscission products (C3+C4) re-
sulting from cracking reactions on acid sites. Moreover, the
isoC4/nC4 ratio, which correlates with an acidic isomeriza-
tion route (26), is negligible (i /n= 0.2) for Pt3/NaEMT and
Pt6/NaEMT, whereas the relatively high isoC4/nC4 ratio
(i /n= 5.4) for Pt3/NaHEMT, is typical of the bifunctional
mechanism involving both metallic and acidic sites.

It is also well-known that the extent of bifunctional catal-
ysis depends on the ratio of acidic sites to metallic sites (27).
In our case, the two protons generated during reduction
of each exchanged Pt ion are clearly insufficient to signif-
icantly depress the aromatization reaction, whose mecha-
nism is monofunctional on metallic sites (28, 29). We con-
clude, therefore, that n-heptane scission over Ptx/NaEMT
catalysts does not follow a bifunctional mechanism but in-
stead occurs mainly on the metallic sites. The very few acidic
sites have only a weak effect on the catalytic activity when
ization. 2 & 3m, 2- and 3-methylhexanes; 2,3, 2,3-dimethyl pentane; 2,4,
ptenes; Cx, hydrocarbon skeleton with x atoms of carbon.
-butane molar ratio.
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b

FIG. 6. (A) Platinum LIII EXAFS functions, k3χ(k), for (a) Pt6/NaEM

EXAFS functions, not corrected for phase shifts, for (a) Pt6/NaEMT and (

(b) Bimetallic PtMo(N or C)/NaEMT catalysts. The
conversion in n-heptane (623 K) over monometallic and
bimetallic catalysts is shown as a function of time on stream
in Fig. 7. The presence of some acidic sites generated by the
reduction of the Pt precursor may have enhanced the for-
mation of coke leading to deactivation of the catalysts. Nev-
ertheless, the catalyst activity decreased in all cases when
Pt was covered by Mo carbide or nitride, with the nitride
catalysts being the least active.
FIG. 7. Evolution of the activity as a function of time-on-stream for
the bimetallic supported compounds in n-heptane conversion (623 K).
T and (b) PtMoN/EMT (Mo/Pt= 3.2). (B) Fourier transforms of Pt LIII
) PtMoN/EMT (Mo/Pt= 3.2).

Normalization of reaction rates measured over the
bimetallic catalysts is problematic due to the ambiguities
associated with dihydrogen chemisorption on Pt in contact
with partially reduced Mo. Therefore, we have based re-
action rates for the bimetallic catalysts on the number of
surface active sites counted by the benzene hydrogenation
reaction, as reported in Table 4. For supported Mo nitride
(30) and carbide, the reaction rate was based on the total
number of Mo atoms in the sample. The site time yields
for n-heptane reactions on the various bulk and supported
catalysts are summarized in Tables 6A and 6B. The ob-
served rates over bulk and supported Mo carbide and ni-
tride are orders of magnitude lower than that of supported

TABLE 6A

Site-Time Yields (STY) for n-Heptane Reactions at 623 K after 6 h
on Stream under Standard Experimental Conditions

Samples

Mo2N Mo2C MoN/ MoC/ Pt/
bulk bulk NaEMT NaEMT NaEMT

STY (10−4 s−1) 1.6a 2.5a 1.7b 1.5b 500c
a Calculated assuming 10+15 sites cm−2.
b Calculated assuming 100% fraction of Mo atoms exposed.
c Calculated assuming 100% fraction of Pt atoms exposed.
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TABLE 6B

Site-Time Yields for n-Heptane Reactions at 623 K after 6 h
on Stream under Standard Experimental Conditionsa

Samples

Pt(MoN)3.2/ Pt(MoC)3.2/ Pt(MoN)7.2/ Pt(MoC)7.2/ Pt/
NaEMT NaEMT NaEMT NaEMT NaEMT

STY (s−1) 0.10 0.52 0.33 0.82 0.05

a Calculated for the fraction of platinum atom exposed in benzene hy-
drogenation (Table 4).

Pt. However, the formation of a bimetallic carbide or ni-
tride appears to increase the specific rate on the small area
of exposed Pt and/or to increase the activity of the carbide
or nitride phase. The specific rate increased with loading of
Mo carbide or nitride (Table 6B), which suggests the im-
portant role of the Mo phase in the reaction of n-heptane.

Earlier studies on supported bimetallic catalysts (Pt+

Mo or W) have shown that each component can present and Woo et al. (37), this decrease in aromatization con-

a new catalytic function. Generally, hydrogenation and
hydrogenolysis reactions are enhanced, whereas dehydro-

TABLE 7

Product Distribution during n-Heptane Reaction on the Bimetallic Catalysts (623 K, H2/nC7= 17, Contact Time= 1.2× 10−3 min)

Isomerization Hydrogenolysis–cracking
iso-Heptanes (%) Light products (%)

Dehyd Arom
Samples Conv (%) 2 & 3m 2,3 2,4 2,2 Et C7== Toluene C1+C6 C2+C5 C3+C4a

MoN/NaEMT 1.3 55.6 22.1 — 22.3 (i/n= 0)
86.1 — — — 13.9 20.0 24.4 55.6

PtMoN3.2(4× 0.8)/ 20.5 29.2 1.1 3.4 66.0 (i/n= 0.03)
NaEMT 93.1 — 2.7 3.6 — 34.5 32.1 33.4

9.0 49.5 2.3 5.0 43.2 (i/n= 0)
93.1 — 2.7 3.6 — 47.4 28.1 24.5

PtMoN7.2(8× 0.9)/ 25.7 24.8 — 6.1 69.1 (i/n= 0.03)
NaEMT 86.4 0.5 2.0 4.2 6.0 35.4 32.3 32.3

9.9 45.9 1.3 4.5 48.2 (i/n= 0)
96.3 — 1.4 2.2 — 47.0 28.9 24.1

MoC/NaEMT 1.0 77.6 18.6 — 3.8 (i/n= 0)
85.1 — — — 14.9 100 — —

PtMoC3.2(4× 0.8)/ 28.7 46.2 0.5 5.9 47.4 (i/n= 0.06)
NaEMT 94.6 — 3.4 1.7 — 39.9 29.6 30.5

15.6 74.9 1.3 2.9 20.9 (i/n= 0.10)
96.5 — 2.9 0.6 — 51.8 25.4 22.8

PtMoC7.2(8× 0.9)/ 30.6 54.8 0.6 5.7 38.9 (i/n= 0.10)
NaEMT 93.2 — 4.6 2.9 1.3 38.7 30.0 31.2

17.6 77.5 1.1 2.7 18.7 (i/n= 0.20)
94.7 — 3.7 1.0 1.0 50.0 26.0 24.0

firms that the platinum clusters are covered by a molyb-
denum phase. Furthermore, the fraction of hydrogenolysis
Note. Conv, total conversion; Dehyd, dehydrogenation; Arom, aromat
2,4-dimethyl pentane; 2,2, 2,2-dimethyl pentane; Et, ethylpentane; C7==, he

a Number in parentheses is the i/n value representing the isobutane to n
ET AL.

genation reactions are depressed. In those works, the best
efficiency was obtained for a Pt/(Pt+Mo) ratio equal to
0.5 (19, 31–35) or for an alloy formation (36). High load-
ings of an inactive metal on an active metal are generally
harmful to catalysis, as demonstrated by the lack of activ-
ity of molybdenum layers on a platinum core in the hy-
drogenation of ethylene and the hydrogenolysis of ethane
(22).

The product distributions for n-heptane reactions on the
bimetallic catalysts at 623 K are presented in Table 7. The
results are reported after 3 min on stream, when the cata-
lysts were not drastically poisoned by coke, and after 6 h,
when a quasisteady state was reached. These results can
be compared with those of Pt6/NaEMT (Table 5) and sup-
ported Mo nitride or carbide (Table 7). In contrast to the
reaction on Pt6/NaEMT, very little aromatization was ob-
served on the bimetallic catalysts. The presence of a molyb-
denum carbide or nitride layer strongly inhibits the dehy-
drocyclization reaction. According to Leclercq et al. (35)
ization. 2 & 3m, 2- and 3-methylhexanes; 2,3, 2,3-dimethyl pentane; 2,4,
ptenes; Cx, hydrocarbon skeleton with x atoms of carbon.
-butane molar ratio.
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FIG. 8. Evolution of the n-heptane isomerization selectivity with total
conversion for the bimetallic supported compounds.

products increased over the bimetallic catalysts, particularly
when molybdenum had been nitrided. This phenomenon
can not be attributed to electron-deficient platinum be-
cause Tri et al. (7) have shown that any electrophilic char-
acter of the platinum disappeared once Mo atoms were
added. Indeed, our Pt LIII edge spectra in Fig. 5 support the
idea that Mo-covered Pt clusters are metallic. Earlier work
has suggested that the Mo atoms act as strong adsorption
sites for hydrocarbons, thus explaining the enhanced hy-
drogenolysis activity of PtMo/Y catalysts in n-butane con-
version (32). However, total conversion of n-heptane over
PtMoC/NaEMT and PtMoN/NaEMT was lower than that
over Pt6/NaEMT (Fig. 7) because very few Pt atoms were
accessible for the dissociation of dihydrogen molecules into
adsorbed hydrogen atoms, which must subsequently react
with species adsorbed on the Mo sites. Interestingly, a major
difference in the hydrogenolysis function of the bimetallic
samples compared to supported Pt is the distribution of
FIG. 9. Evolution of the n-heptane hydrogenolysis selectivity with
total conversion for the bimetallic supported compounds.
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light products (Tables 5 and 7). Addition of MoC or MoN
to Pt appears to shift the distribution toward products re-
sulting from terminal bond scission.

Another reaction of n-heptane on the bimetallic cata-
lysts is isomerization. Whereas selectivity to iso-heptanes
remained constant with the level of conversion (or time on
stream) over Pt6/NaEMT, the selectivity over the bimetal-
lic catalysts decreased with increasing conversion (Fig. 8).
Figure 9 reveals the opposite trend in the fraction of
hydrogenolysis products formed over the bimetallic cata-
lysts. Since the number of iso-heptane molecules produced
per n-heptane feed was fairly constant with time, the iso-
merization reaction was not affected by deactivation. In
contrast, the number of light molecules decreased with time
and accounted for most of the decrease in reaction conver-
sion with time on stream.

4. CONCLUSIONS

Bimetallic Pt/Mo carbide and nitride clusters supported
on EMT zeolite have been synthesized and thoroughly
characterized in this work. In particular, the bimetallic clus-
ters were composed of nanometer-sized Pt cores covered
by Mo carbide or nitride layers. High coverage of the pre-
dispersed platinum particles required successive Mo(CO)6

vapor deposition steps, each with an atomic Mo/Pt ratio not
exceeding unity. The molybdenum hexacarbonyl complex
had to be decarbonylated between each deposition and the
last step was followed either by decomposition of Mo(CO)6

under dihydrogen to form a carbide or by reaction with
ammonia to form a nitride. Results from H2 chemisorption
and benzene hydrogenation confirmed that nearly com-
plete coverage of Pt clusters can be accomplished with a
Mo/Pt ratio equal to 3.2. Addition of Mo above this ratio re-
sulted in formation of Mo clusters dispersed throughout the
zeolite.

The coverage of the Pt clusters by a Mo carbide or ni-
tride layer was also indicated by the unique performance
of the bimetallic samples in the catalytic reactions of n-
heptane. For example, aromatization was suppressed on the
bimetallic samples compared to supported Pt. In addition,
the bimetallic catalysts were quite active for n-heptane iso-
merization to 2-methyl and 3-methyl hexanes, even after 8 h
on stream. The hydrogenolysis of n-heptane on the bimetal-
lic clusters (nitrided or carbidized) was characteristic of an
efficient metallic function since the midscission C3 and C4
products were not favored.

The surprising specific activity encountered for PtMoC/
NaEMT and PtMoN/NaEMT revealed a beneficial influ-
ence of the Pt core. The low thickness of the carbide or ni-
tride phase (about 0.3 nm) in PtMoC/NaEMT and PtMoN/

NaEMT allowed for a synergistic influence of the Mo phase
on the small areas of exposed Pt and/or a direct activation
of the nitride or carbide for catalysis.
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