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Ethylene hydrogenation on Mo(CO)6 derived model catalysts in ultrahigh
vacuum: From oxycarbide to carbide to MoAl alloy
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Abstract

The ethylene hydrogenation activity is compared for molybdenum oxycarbides, molybdenum carbides and a molybdenum alloy formed by
reaction of molybdenum hexacarbonyl with alumina in ultrahigh vacuum using temperature-programmed desorption. It is found that molybdenum
oxycarbides are inactive for ethylene hydrogenation. It is shown by forming carbides by reaction between alumina and ethylene that this is due to
site blocking by oxygen. The carbide is found to be moderately active for hydrogenation and some ethylene decomposition and self-hydrogenation
is also detected. The alloy is found to be the most reactive surface where substantial ethylene hydrogenation and also H–D are detected.
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. Introduction

The reaction of molybdenum hexacarbonyl with oxide sup-
orts has been used to produce active catalysts [1–12] and in
ltrahigh vacuum to synthesize model catalysts supported on
lanar alumina thin films. In this case, surface-sensitive spec-
roscopic probes can be used to analyze the surfaces and explore
heir chemistry [13–16]. Mo(CO)6 reacts with aluminum [17]
nd dehydroxylated and hydroxylated alumina [18,19] thin films
t 700 K to form molybdenum carbide incorporating a small
mount of oxygen where low Mo(CO)6 exposures on alumina
hin films deposits small molybdenum carbide particles, while
igher exposures (∼5000 L of Mo(CO)6) form a thin carbide
lm that completely covers the surface [18]. Annealing these
lms to temperatures up to above 1300 K causes CO desorption

hrough alumina reduction by the carbidic carbon, and results in
he formation of a thin film of a MoAl alloy [17–19].

It has also been found that, at low Mo(CO)6 exposures, the
toichiometry of the carbide is close to MoC, but gradually
hanges to Mo2C with increasing Mo(CO)6 exposure. Molybde-
um carbide films formed at 700 K also contain a small amount

However, since substrate oxygen can still be detected using
Auger and X-ray photoelectron spectroscopies, the oxygen con-
tent within the oxycarbide films cannot be precisely determined.
Nevertheless, the XPS binding energy of molybdenum in the
oxycarbide film is identical to that of pure Mo(1 0 0), suggest-
ing that the oxygen content is rather low. It has been found that,
in cases where Mo(CO)6 reacts with thin metallic aluminum
films, two mechanisms are responsible for carbide formation.
First, deposited molybdenum catalyzes CO dissociation and the
resulting oxygen reacts preferentially with aluminum, while car-
bon reacts with molybdenum to form a carbide. Second, when
the aluminum film is completely covered by a reactively formed
film, the formation of a continuous carbide layer is due to CO
disproportionation, where molecular CO reacts with oxygen
originating from CO dissociation to form CO2, which desorbs,
thus depositing additional carbon onto the surface. In cases
where aluminum oxide films are used as the supports, CO dis-
proportionation becomes the only reaction pathway for carbide
formation. The presence of oxygen in the carbide film (resulting
in oxycarbide formation) has been ascribed to the incomplete
disproportion of CO. Since oxygen appears to be mobile within
f oxygen so are referred to in the following as oxycarbides.

∗ Corresponding author. Tel.: +1 414 229 5222; fax: +1 414 229 5036.
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the molybdenum carbides [20,21], oxygen appears to reside both
on the surface and in the sub-surface regions.

On annealing, the oxycarbide film tends to convert first to
pure carbide, due to recombination of O and C atoms within
the film. TPD experiments using an alumina substrate formed
381-1169/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2006.01.016
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with H2
18O [18] suggest that this process ceases at ∼1300 K

so that, above this temperature, the carbide film is oxygen-free.
Note, however, that reduction of the alumina substrate is already
underway by this temperature. The interaction between the pure
carbide and the (partially reduced) alumina substrate releases
additional CO to form a MoAl alloy, and this is complete by
∼1400 K. The ability to form various carbide, oxycarbide and
alloy films on the same surface merely by annealing the oxycar-
bide films to various temperatures allows the chemistry of these
different phases to be compared.

Ethylene hydrogenation has been selected as a model reac-
tion for comparing the reactivity of these phases for two reasons.
First, this reaction has been extensively studied and the hydro-
genation pathway is well understood [22,23]. Second, recent
studies on ethylene hydrogenation by MoAl alloy films allow us
to make a straightforward comparison between the chemistry on
the alloy and the carbide and oxycarbide phases [24]. As will be
shown below, drastic differences were found among these films
in terms of ethylene adsorption, dissociation, hydrogenation and
H–D exchange reactions.

2. Experimental

Temperature-programmed desorption (TPD) data were col-
lected in an ultrahigh vacuum chamber operating at a base
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freeze–pump–thaw cycles, followed by distillation, and their
purities were monitored using mass spectroscopy. CO, H2 and
D2 (Matheson, ≥99.5%) were used without further purification.
These were dosed onto the surface via a capillary doser to mini-
mize background contamination where exposures in Langmuirs
(1 L = 1 × 10−6 Torr s) were corrected using an enhancement
factor determined using temperature-programmed desorption
(see [13] for a more detailed description of this procedure).

3. Results

Fig. 1 displays a series of H2 TPD profiles from the oxycar-
bide film formed using an exposure of 5000 L of Mo(CO)6 to
a dehydroxylated alumina thin film at 700 K, and after anneal-
ing to higher temperatures, where the annealing temperatures
are marked adjacent to each desorption profile. Hydrogen was
adsorbed at a sample temperature of 200 K to eliminate back-
ground CO adsorption. Neither hydrogen nor water (data not
shown) desorption are detected from films annealed to 900 K,
suggesting these surfaces are incapable of dissociating H2. How-
ever, a weak yet detectable H2 signal is observed after the film
is annealed to 1000 K. Further annealing results in a drastic
increase in hydrogen yield. After annealing at 1300 K (where
all oxygen within the carbide film has been removed and a
MoAl alloy started to form [18]), the hydrogen desorption profile
p
fi

Fig. 1. The 2 amu temperature-programmed desorption spectra of hydrogen
adsorbed on an oxycarbide film and on films annealed to higher temperatures.
H2 (20 L) was adsorbed at 200 K and spectra were collected at a heating rate
of 10 K/s. Annealing temperatures are marked adjacent to the corresponding
spectrum.
ressure of 8 × 10−11 Torr that has been described in detail else-
here [13,17,18]. TPD spectra were collected at a heating rate
f 10 or 15 K/s. The chamber was also equipped with a double-
ass cylindrical mirror analyzer for collecting Auger spectra.
hese are typically collected using an electron beam energy of
keV and the first derivative spectra are obtained by numerical
ifferentiation.

X-ray photoelectron spectra (XPS) were collected in another
hamber operating at a base pressure of 2 × 10−10 Torr, which
as equipped with Specs X-ray source and a double-pass cylin-
rical mirror analyzer. Spectra were typically collected with an
g K� X-ray power of 250 W and a pass energy of 50 eV. The

lumina substrate was sufficiently thin that no charging effects
ere found and the binding energies were calibrated using the
etallic Mo 3d5/2 feature (at 227.4 eV binding energy) as a stan-

ard [17,18].
The Mo(1 0 0) substrate (1 cm diameter, 0.2 mm thick) was

leaned using a standard procedure, which consisted of argon
on bombardment (2 kV, 1 �A/cm2) and any residual contam-
nants were removed by briefly heating to 2000 K in vacuo.
he resulting Auger spectrum showed no contaminants. Alu-
inum was deposited onto Mo(1 0 0) from a small heated alu-
ina tube as described previously [13,17,18]. Alumina thin
lms are formed by cycles of aluminum deposition-water vapor
xidation-annealing, until the Mo(1 0 0) XPS or AES features
re completely obscured. The resulting film is approximately
0 Å thick as measured using a method provided by Madden
nd Goodman [25].

Molybdenum hexacarbonyl (Aldrich, 99%) and ethylene
Matheson, 99.5%) were transferred to glass vials, connected
o the gas-handling line of the chamber and purified by repeated
eaks at ∼310 K, and desorption ceases by ∼550 K. When the
lm is annealed to 1400 K, where carbidic carbon is completely
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Fig. 2. The 2 amu (H2), 26 amu (C2H4) and 30 amu (C2H6) temperature-programmed desorption spectra of ethylene adsorbed on an oxycarbide film and on films
annealed to higher temperatures. Ethylene (10 L) was adsorbed at 150 K and spectra were collected at a heating rate of 10 K/s. Annealing temperatures are marked
adjacent to the corresponding spectrum.

removed and the MoAl alloy is fully generated, a further increase
in the hydrogen yield is found.

In order to investigate whether these surfaces are capable
of catalyzing ethylene hydrogenation, a similar series of TPD
experiments were performed by adsorbing 10 L of ethylene at
150 K on the oxycarbide and on surfaces that had been annealed
to higher temperatures. Fig. 2 displays the resulting 2 amu (H2),
26 amu (C2H4) and 30 amu (C2H6) desorption profiles. No H2
desorption is found for films annealed to 800 and 900 K, suggest-
ing that ethylene does not dissociate on these surfaces. On sur-
faces annealed to 1000 K, only trace amounts of H2 are detected
at 400 K and above. After annealing to 1100 K, a clear H2 des-
orption state is found at ∼500 K. When the film is annealed to
1200 K and above, two H2 desorption states are found at ∼300
and ∼450 K respectively, the former being more intense. This
indicates that ethylene decomposes on these surfaces to desorb
hydrogen, the resulting carbon being deposited onto the surface
as a carbide. Molecular ethylene desorbs at ∼180 K for films
annealed to 1000 K while on films heated to 1100 and 1200 K,
the desorption temperature increased to ∼195 K. Signals due
to ethylene fragmentation are also detected in the 2 amu pro-
files. Drastic changes occur after the sample is heated to 1300
and 1400 K. In addition to a further slight temperature increase
for the low-temperature ethylene state (to ∼205 K), a high-
temperature state is found at ∼285 K. The hydrogen desorption
yield increase found for the alloy surface (after the sample is
a
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the desorption temperature increases from ∼260 K (for a sam-
ple annealed to 1200 K) to ∼280 K (for a sample annealed to
1300 and 1400 K).

The ethane formed in these experiments is due to ethylene
self-hydrogenation, where the surface hydrogen originates pre-
dominantly from the ethylene dissociation. On the alloy surface,
a small portion of hydrogen is also due to adsorption from the
background [24]. Since the ethane yield may be limited by the
availability of surface hydrogen, experiments were therefore
performed on hydrogen-precovered surfaces. Again hydrogen
is adsorbed on the surfaces at 200 K at an exposure of 20 L.
The results shown in Fig. 3 closely resemble the data of Fig. 2
for sample annealing temperatures below 1100 K since only a
small hydrogen coverages are attained on these surfaces (Fig. 1).
However, after annealing to above 1100 K, both the hydrogen
and ethane yields increase dramatically compared to the clean
surfaces, indicating the availability of surface hydrogen plays
an important role in ethane formation, as expected.

It appears that the lack of catalytic activity for the oxycar-
bide film formed at 700 K is due to site blocking effects, where
the as-formed film is saturated by dissociatively adsorbed CO
that cannot be avoided since Mo(CO)6 is used as the reactant.
The fact that annealing these films to 1000 K (where CO des-
orption commences [18]) results in some hydrogenation activity
partially supports this argument, since it is reasonable to assume
that surface oxygen tends to desorb first (in the form of CO). In
o
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nnealed to1400 K) indicates substantial ethylene decomposi-
ion. These results suggest that the interaction between ethy-
ene and the surface becomes stronger for surfaces annealed to
igher temperatures. Essentially no ethane is formed on surfaces
nnealed to 800 and 900 K, while after annealing the film to 1000
nd 1100 K, a small amount of ethane desorbs at ∼235 K. The
thane yield increases for higher annealing temperatures, and
rder to address this question, two approaches were applied to
enerate carbide films starting from the MoAl thin film, either
sing CO or ethylene as carburizing reagents.

Fig. 4(a) shows typical Auger spectra following the reac-
ion of CO with a MoAl alloy film at 700 K. The spectra of the
xycarbide and alloy films are also displayed for direct com-
arison. Note that the alloy film is carbon free. Drastic changes
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Fig. 3. The 2 amu (H2), 26 amu (C2H4) and 30 amu (C2H6) temperature-programmed desorption spectra of ethylene adsorbed on an oxycarbide film and on films
annealed to higher temperatures. Ethylene (10 L) was adsorbed at 150 K on surfaces precovered with 20 L of H2 at 200 K and spectra were collected at a heating rate
of 10 K/s. Annealing temperatures are marked adjacent to the corresponding spectrum.

occur following reaction with 20 L of CO. First, the intensity
of the Al0 signal at 66 eV decreases substantially, accompanied
by an increase in the Al3+ (54 eV) and O (512 eV) signals. Sec-
ond, a carbon signal appears at 271 eV with a lineshape that
is characteristic of carbidic carbon. The Al0 signal disappears
completely following reaction with 50 L of CO. Further increas-
ing the CO exposures to 800 L, results in further increases in the
intensities of the carbon and oxygen signals. Note that carbon is
carbidic at all CO exposures. Clearly a molybdenum oxycarbide
film is generated, at least at high CO exposures. Fig. 4(b) plots
the corresponding C/Mo peak-to-peak intensity ratios, and the
resulting C/Mo stoichiometry calculated using published Auger
atomic sensitivity factors for C (0.614) and Mo (1.278) [26], as
a function of CO exposure. The C/Mo ratio increases rapidly
for CO exposures up to 100 L, and slows down and saturates
at higher exposures. The C:Mo stoichiometry saturates at ∼0.6
suggesting the formation of a Mo2C-like film. Carbon and oxy-
gen can be easily removed as CO and the results are displayed
in Fig. 4(c). At the smallest initial CO exposures, the desorption
profile peaks at ∼1155 K, but decreases with increasing initial
CO exposures and remains constant at ∼1105 K at exposures of
100 L and above. The desorption yield of this state also satu-
rates at initial CO exposures of ∼100 L. At higher exposures, a
low-temperature shoulder appears in the TPD spectrum, which
extends down to 800 K at the highest CO exposure.

XPS was also used to monitor the carbide film. Fig. 4(d) dis-
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detected at ∼227.1 eV for the pure alloy [17,18]. The binding
energy increases to 227.4 eV after reaction, simply because alu-
minum has been oxidized by CO. Note that this binding energy
is identical to that of pure Mo(1 0 0), suggesting that oxygen
bonds preferentially to aluminum. Even at the largest CO expo-
sure (800 L, data not plotted), no molybdenum binding energy
increase was found. Note, however, that the films formed in these
cases, at least at high CO exposures, are oxycarbides with sur-
faces that are saturated by dissociated CO. The C 1s and Mo 3d
binding energies measured here are close to those found previ-
ously for MoCx [27,28].

Ethylene hydrogenation reactions were performed on the CO-
treated surfaces. Shown in Fig. 5 is a series of TPD results
for ethylene self-hydrogenation where the alloy has first been
reacted with various amount of CO at 700 K before cooling to
150 K, following which the surface was exposed to 5 L of ethy-
lene. Even after the alloy surface had reacted with 1 L of CO,
the H2 yield decreased drastically. However, the surface is still
capable of dissociating ethylene and forming some ethane after
reaction with 20 L of CO. When the surface was reacted with
50 L of CO at 700 K, the hydrogenation activity is completely
lost. Note that, at this CO exposure, no Al0 can be detected by
Auger spectroscopy. At CO exposures of 50 L and above, the
hydrogenation activity can only be regained after the surface is
annealed to 900 K and above (not plotted), showing identical
behavior to that in Fig. 1.
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lays the C 1s region following the reaction of the alloy with
00 L CO at 700 K. While the initial alloy surface is essentially
arbon free, an intense carbon feature is detected following reac-
ion with CO. It should be mentioned, the C 1s binding energy
f 282.5 eV suggests the presence of a carbide, consistent with
he Auger results (Fig. 4(a)). Fig. 4(e) depicts the corresponding

o 3d region before and after reaction. A Mo 3d5/2 feature is
The above experimental data clearly demonstrate that oxy-
arbide films formed at 700 K, either directly from Mo(CO)6
r by reacting CO with the alloy film, is inactive for ethylene
ydrogenation. As suggested by Chen et al. [29], this is mainly
ue to site-blocking effects by chemisorbed oxygen where these
uthors found that molybdenum carbides become inactive for
ydrogenation after adsorbing even small amounts of O2 at
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Fig. 4. Auger spectra after MoAl alloy was exposed to various amount of CO at 700 K. CO exposures are marked adjacent to the corresponding spectrum. Spectra
of oxycarbide and alloy films are also displayed for comparison. All spectra were taken at room temperature. The corresponding C271 eV/Mo186 eV peak-to-peak
intensity ratio and stoichiometry as a function of CO exposure, taken from (a). 28 amu (CO) temperature-programmed desorption spectra of CO adsorbed on a MoAl
alloy film at 700 K, as a function of CO exposure. Spectra were collected at a heating rate of 15 K/s and CO exposures are marked adjacent to the corresponding
spectrum. Narrow scan X-ray photoelectron spectrum of C 1s region of 200 L of CO adsorbed on an alloy surface at 700 K. Spectrum of the alloy is also displayed for
comparison. All spectra were taken at room temperature. Narrow scan X-ray photoelectron spectrum of Mo 3d region of 200 L of CO adsorbed on an alloy surface
at 700 K. Spectrum of the alloy is also displayed for comparison. All spectra were taken at room temperature.
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Fig. 5. The 2 amu (H2) and 30 amu (C2H6) temperature-programmed desorption spectra of ethylene adsorbed on an alloy film pre-dosed with various amount of
CO at 700 K. Ethylene (5 L) was adsorbed at 150 K and spectra were collected at a heating rate of 10 K/s. CO exposures are marked adjacent to the corresponding
spectrum.

600 K. As suggested above, both C(ads) and O(ads) are on the sur-
face following CO dissociation, so that it is of interest to explore
whether C(ads) or O(ads) is primarily responsible for deactivation.
In this case, carbide films are synthesized by reacting ethylene
with an alloy film at 700 K to form an oxygen-free carbide film.

Fig. 6(a) presents a series of Auger spectra obtained following
reaction with various exposures of ethylene to a MoAl alloy film
at 700 K, where ethylene exposures are marked adjacent to each
spectrum. The spectrum of the alloy film itself is also displayed
for comparison. Apparently, carbides are formed following reac-
tion with ethylene. In contrast to the spectra shown in Fig. 4(a),
the Al0 signal persists and the intensity of the O signal does
not increase so that the only species deposited on the surface is
carbon. Fig. 6(b) displays the corresponding C/Mo stoichiome-
try derived from the peak-to-peak intensity ratios of the C271 eV
and Mo186 eV signals. In contrast to Fig. 4(b), in this case, MoC
rather than Mo2C is formed at the highest ethylene exposures.
By analogy with data shown in Fig. 4(c), the deposited carbon
can also be removed during annealing and the results are plot-
ted in Fig. 6(c). Note that in this case, CO formation is due to
the reaction between carbidic carbon and the alumina substrate.
At the lowest ethylene exposures, CO desorbs at ∼1200 K, but
this temperature increases gradually with increasing ethylene
exposure so that at an ethylene exposure of 400 L, CO desorbs
at ∼1300 K. Meanwhile, a weaker desorption state appears at
∼1200 K for ethylene exposures of 200 L and above. Shown as
a
a
c
c
a

The ethylene hydrogenation activity is monitored on carbide
films formed by carburizing the MoAl alloy by various amounts
of ethylene at 700 K, where ethylene exposures are marked adja-
cent to the corresponding spectrum (Fig. 7). This shows that the
hydrogen yield decreases with increasing C/Mo ratio in the car-
bide films, indicating less ethylene dissociation. The line shapes
and desorption temperatures of the 26 amu (ethylene) desorp-
tion profiles, on the other hand, are almost invariant. The ethane
yield decreases with increasing C/Mo ratio, but all the carbide
films formed at 700 K are active for ethylene hydrogenation, in
contrast to oxycarbide films formed using Mo(CO)6 (Fig. 2) and
large exposures of CO (Fig. 5).

Fig. 8 displays TPD spectra collected at 2, 26 and 30 amu
on hydrogen-precovered carbide films formed by reaction of
100 L of ethylene with the MoAl alloy at 700 K and subse-
quently annealed to higher temperatures, where the annealing
temperatures are marked adjacent to each desorption profile.
Note that the C/Mo stoichiometry of the as-formed carbide film
is ∼0.6, similar to oxycarbide films formed using Mo(CO)6 or
large exposures of CO (Fig. 4(b)). No noticeable differences are
found in terms of ethane yield and desorption temperature for
surfaces annealed up to 1100 K, consistent with the data shown
in Fig. 6(c) where the carbide remains on the surface at this tem-
perature. However, on annealing to 1200 K, the hydrogen and
ethane yields increase and the ethane desorption temperature
also increases. On heating to 1300 K, the desorption profiles
b
t
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n inset is the corresponding CO desorption peak area plotted
s a function of ethylene exposure. The similarity between this
urve and the one shown in Fig. 6(b) suggests that all deposited
arbon reacts, rather than diffusing to the bulk of the film during
nnealing.
ecome identical to those of the alloy surface, indicating that
he alloy film is fully regenerated, also consistent with the CO
esorption results (Fig. 6(c)).

Note that the carbide films formed using this strategy are
ystemically different from “classical” carbides because of the
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Fig. 6. Auger spectra after MoAl alloy was exposed to various amount of ethylene at 700 K. Ethylene exposures are marked adjacent to the corresponding spectrum.
Spectrum of the alloy films is also displayed for comparison. All spectra were taken at room temperature. The corresponding C271 eV/Mo186 eV peak-to-peak intensity
ratio and stoichiometry as a function of ethylene exposure, taken from (a). 28 amu (CO) temperature-programmed desorption spectra after ethylene adsorbed on a
MoAl alloy film at 700 K, as a function of ethylene exposure. Spectra were collected at a heating rate of 15 K/s and ethylene exposures are marked adjacent to the
corresponding spectrum. Shown as an inset is the CO desorption area as a function of ethylene exposure.

existence of aluminum within the film. As a matter of fact, alloy-
ing with aluminum drastically changes the catalytic properties
of molybdenum [24,30,31] leading to the possibility that alu-
minum may also modify the catalytic properties of the carbide
films. Control experiments were therefore performed by using
O2 to react with the MoAl alloy at 700 K to completely oxidize
metallic aluminum (monitored with Auger), and the resulting
film is allowed to react with ethylene at 700 K to form a carbide.
Ethylene hydrogenation reactions also occur on these carbide
surfaces (data not plotted) suggesting that aluminum within the
carbide film does not substantially affect the chemistry.

Finally, the H–D exchange reactions were investigated on car-
bide films formed from the MoAl alloy by reaction with ethylene
at 700 K. In these experiments, 5 L ethylene is adsorbed onto
the films precovered with 20 L of D2. It has been shown that the
MoAl alloy film catalyzes H–D exchange reactions and all the
ethylene (up to C2D4) and ethane (up to C2D6) isotopomers have
been detected [24]. These results are also included here for direct
comparison. Fig. 9(a) displays the 2 amu (H2), 3 amu (HD) and
4 amu (D2) desorption profiles. The data reveal that the yields of
these molecules decrease with increasing C/Mo ratio (Fig. 6(b)),

consistent with data in Figs. 7 and 8. Note, however, that the des-
orption temperature maximum of H2 and HD is ∼310 K, while
D2 desorbs at ∼290 K. This suggests that H2 and HD formation
is reaction-rate limited and that the rate-determining step is the
dissociation of adsorbed ethylene or ethylene-derived hydrocar-
bon species. It should also be mentioned that the weak 4 amu
desorption below 200 K is likely to be due to D2 desorption from
the rear of the sample or the sample holder since no HD desorbs
at this temperature.

Fig. 9(b) displays the corresponding 29–32 amu desorption
profiles. These have been ascribed to ethylene isotopomers
C2H3D, C2H2D2, C2HD3 and C2D4, respectively, on MoAl sur-
faces [24]. The similarity between the desorption profiles and
temperatures at these masses on the carbide surfaces allows us
to make the identical assignments. Note that these masses may
also contain contributions from ethane isotopomers, but to a
much less extent. Due to the decrease in deuterium coverage with
increasing C/Mo ratio (Fig. 9(a)), the extent of H–D exchange
decreases substantially. While the yield of singly exchanged
product (at 29 amu, C2H3D) does not vary substantially with
increasing C/Mo ratio, the yields of multiply exchanges
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Fig. 7. The 2 amu (H2), 26 amu (C2H4) and 30 amu (C2H6) temperature-programmed desorption spectra of ethylene adsorbed on an alloy film pre-dosed with various
amount of ethylene at 700 K. Ethylene (5 L) was adsorbed at 150 K and spectra were collected at a heating rate of 10 K/s. Ethylene exposures are marked adjacent
to the corresponding spectrum.

products decrease exponentially. Fig. 9(c) plots the correspond-
ing 33–36 amu desorption profiles, which are assigned to ethane
isotopomers, C2H3D3, C2H2D4, C2HD5 and C2D6, respectively
[24]. The extent of H-D exchange also decreases rapidly with
decreasing deuterium coverage so that C2HD5 is hardly detected
when the alloy surface is treated with 20 L of ethylene at 700 K,
and C2D6 is only formed on the alloy surface.

4. Discussion

We address first the composition of the oxycarbide, car-
bide and MoAl alloy films. Oxycarbide formation has been
suggested to proceed, on a dehydroxylated alumina substrate,
via incomplete CO disproportionation [18]. The fact that oxy-
gen is mobile in molybdenum carbide at room temperature

F mmed
o 0 K on
h spond
ig. 8. The 2 amu (H2), 26 amu (C2H4) and 30 amu (C2H6) temperature-progra
f ethylene to react with an alloy at 700 K. Ethylene (10 L) was adsorbed at 15
eating rate of 10 K/s. Annealing temperatures are marked adjacent to the corre
desorption spectra of ethylene adsorbed on a carbide film formed using 100 L
surfaces precovered with 20 L of H2 at 200 K and spectra were collected at a

ing spectrum.
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and above [20,21] suggests that oxygen should be distributed
throughout the whole film. It might be expected that surface
oxygen deactivates the film so that it is of interest to know the
oxygen content in the oxycarbide films. This was not possi-
ble, however, because of the difficulties in resolving oxygen
in the film and the alumina substrate. The binding energy of

molybdenum within the oxycarbide film has been found to be
identical to that of pure Mo(1 0 0), suggesting that the oxy-
gen content is rather low [18]. This is further confirmed in this
study where, following H2 adsorption on the oxycarbide films,
and annealing to higher temperatures, no water formation was
detected.

F
e
c
a
a
e
d
a
c

ig. 9. The 2 amu (H2), 3 amu (HD) and 4 amu (D2) temperature-programmed des
xposures of ethylene to react with an alloy at 700 K. Ethylene (5 L) was adsorbed
ollected at a heating rate of 10 K/s. Ethylene exposures are marked adjacent to the co
nd 32 amu (C2D4) temperature-programmed desorption spectra of ethylene adsorbe
lloy at 700 K. Ethylene (5 L) was adsorbed at 150 K on surfaces precovered with 20 L
xposures are marked adjacent to the corresponding spectrum. 33 amu (C2H3D3), 34 a
esorption spectra of ethylene adsorbed on carbide films formed using various expo
t 150 K on surfaces precovered with 20 L of D2 at 200 K and spectra were collect
orresponding spectrum.
orption spectra of ethylene adsorbed on carbide films formed using various
at 150 K on surfaces precovered with 20 L of D2 at 200 K and spectra were
rresponding spectrum. 29 amu (C2H3D), 30 amu (C2H2D2), 31 amu (C2HD3)

d on carbide films formed using various exposures of ethylene to react with an
of D2 at 200 K and spectra were collected at a heating rate of 10 K/s. Ethylene

mu (C2H2D4), 35 amu (C2HD5) and 36 amu (C2D6) temperature-programmed
sures of ethylene to react with an alloy at 700 K. Ethylene (5 L) was adsorbed
ed at a heating rate of 10 K/s. Ethylene exposures are marked adjacent to the
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Fig. 9. (Continued ).

Annealing the oxycarbide film formed using Mo(CO)6 results
in CO desorption. One would expect that the oxygen within the
oxycarbide film would react first with carbon to form CO. This is
indeed detected starting at ∼1000 K at low Mo(CO)6 exposures,
and at ∼900 K at high Mo(CO)6 exposures [18]. This reaction,
if it occurs exclusively, would lead to the formation of a “pure”
carbide film. However, it was found, using TPD from isotopi-
cally (18O) labeled alumina and by Auger spectroscopy that the
alumina substrate is reduced at approximately the same tem-
perature. At the pure carbide formation temperature (1300 K),
some metallic aluminum is also generated, which diffuses into
the carbide film [18]. Annealing to 1400 K removes all carbon
and forms a MoAl alloy. The structure of the alloy is not well
understood at an atomic level, partially because bulk molyb-
denum and aluminum are immiscible [32] so that no literature
information is available for the bulk structure. Previous studies
have shown that iodomethane and diiodomethane react with the
alloy to form organoaluminum compounds [30,31]. This sug-
gests some aluminum is located at the topmost layer of the alloy
surface.

Reacting the MoAl alloy with CO and ethylene at 700 K
deposits surface carbon to regenerate carbide films. In cases
where CO is used as the carburizing agent, CO dissociation
results in the oxidation of Al0 at rather low CO exposures
(50 L). This suggests that oxygen is bound preferentially to
aluminum, consistent with the higher heat of formation of alu-
m
i
a
d
n
t
b
s

saturation C/Mo stoichiometry, in these two cases, is very
similar (∼0.6).

The reaction of ethylene with the MoAl alloy at 700 K also
results in carbide formation. In this case the carbide is oxygen-
free as indicated by the constant Al3+ and O signals during film
formation (Fig. 6(a)). Some other differences are also noticed
compared with using CO as the carburizing agent. First, it is
found that the C/Mo stoichiometry reaches∼1.1 (Fig. 6(b)) at the
highest ethylene exposure suggesting a MoC-like film has been
formed. Previous studies using similar methods, i.e. the reaction
between molybdenum foils and single crystals with olefins at
high temperature often forms Mo2C-like films [34]. In that case,
annealing to higher temperatures caused carbon diffusion to the
molybdenum bulk. In the present study, carbon diffusion is not
found because of CO formation. It is unlikely, however, that the
extra carbon forms a carbidic surface layer since the MoC film
is still rather active towards ethylene hydrogenation (Fig. 7).

Another difference between these films appears to be the
drastic difference in CO desorption temperatures. Annealing a
Mo(CO)6-derived oxycarbide to 1400 K is required to remove all
carbon from the surface and form the alloy [18]. In contrast, for
films formed by reaction between CO and the alloy, the resulting
CO desorbs at ∼1150 K at the lowest exposure (Fig. 4(c)) with a
desorption temperature that decreases with increasing CO expo-
sures. On the other hand, for films formed by reaction between
ethylene and the alloy, CO desorbs at ∼1200 K at low ethylene
e
e
o
b
o
i
m
g

ina compared to molybdenum oxides [33]. The data shown
n Fig. 4(b) demonstrate that additional carbon is deposited
fter the aluminum has been fully oxidized. Again, this is
ue to CO disproportionation and, since this reaction does
ot proceed exclusively, a similar oxycarbide film will even-
ually form at high CO exposures. This oxycarbide appears to
e different from that formed directly using Mo(CO)6, since
ome alumina particles may be generated within the film. The
xposures and increases up to ∼1300 K at the highest ethylene
xposure (Fig. 6(c)). It is reasonable to assume that the difference
riginate mainly from the availability of oxygen to react with car-
idic carbon. In the first place, for films formed using Mo(CO)6
n a dehydroxylated alumina substrate, although some oxygen
s present within the oxycarbide film, and this is apparently the
ost reactive, extensive CO formation requires additional oxy-

en from the alumina substrate, which in turn needs extensive
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Al–O bond cleavage and oxygen diffusion. It is also reasonable
to assume that the alumina substrate is only partially reduced. In
contrast to this, in cases where films are formed by reaction of
CO with the alloy, small alumina particles may be located inside
the carbide film facilitating their reduction. In cases where ethy-
lene is used to form the carbide, the CO desorption temperature
lies between these limits (Fig. 6(c)), presumably because the
alumina substrate is more reactive, either because some alu-
mina has been partially reduced or oxygen diffusion is more
facile.

The oxycarbide films formed using Mo(CO)6 (Fig. 2) and
reaction of large CO exposures with the alloy (Fig. 5) at 700 K
are inert towards ethylene hydrogenation. In contrast, for carbide
films formed using ethylene (Fig. 7), even at the highest ethylene
exposures (so that a MoC film is formed), ethylene hydrogena-
tion is observed. This immediately suggests that the sample is
deactivated by surface oxygen. This effect is due almost entirely
to the fact that such surfaces are incapable of dissociating H2
(Fig. 1), since ethylene still adsorbs on these surfaces (Fig. 2).
Note that the alloy is tolerant to low exposures of CO (Fig. 5),
presumably because oxygen is bound preferentially to aluminum
at low coverages.

The ethane yield and desorption temperature varied gradu-
ally upon annealing the oxycarbide (Figs. 2 and 3) and carbide
(Figs. 7 and 8) films. First, the oxycarbide becomes catalyt-
ically active upon annealing to 1000 K indicating some sur-
f
(
m
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c
d
e
s
p
b
o
t
o
a
p
∼
b
f
e
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l
b
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l
e
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W

the carbide films and that the �–� parameter of di-�-bonded
ethylene is lower than for the MoAl alloy.

According to the Horiuti–Polanyi mechanism [38], ethylene
hydrogenation proceeds via an ethyl intermediate. Ethyl forma-
tion has been proposed to be slower than ethyl hydrogenation
by grafting ethyl intermediates on the surface using ethyl iodide
[24]. It is reasonable to argue that the stronger the interaction
between ethylene and the surface, the higher the activation bar-
rier that has to be overcome to generate this intermediate. We
believe this is the reason that annealing the films to higher tem-
peratures results in higher ethane desorption temperatures.

Extensive H–D exchange reactions occur on the alloy sur-
face (Fig. 9). The mechanism has been proposed to involve
fast ethylene–ethyl–ethylene interconversion steps [24]. It is
also clear that, on the alloy, the ethylene isotopomer desorp-
tion temperature is essentially identical to that of di-�-bonded
ethylene, suggesting di-�-, instead of �-bonded ethylene is
involved in H–D exchange. The same conclusion applies to car-
bide surfaces (Fig. 9(b)) where it is found that the desorption
temperatures of ethylene isotopomers are apparently higher than
the desorption peak maximum of ethylene, but rather close to
the high-temperature shoulder assigned to di-�-bonded ethylene
(Figs. 7 and 8).

5. Conclusions

M
N
t
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i
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h
f
h
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i
n
e
M
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ace oxygen has been removed, consistent with TPD results
Fig. 4(c)). This is in accord with the results of Bugyi and Soly-
osi [35] where it was found that CO dissociates on Mo2C

t 300–350 K and recombines at 960 K and above. Second,
ontinuous annealing results in an increased ethane yield and
esorption temperature (Figs. 2 and 3). Clearly the increase in
thane yield correlates well with the increased availability of
urface hydrogen (Fig. 1), and the increase in desorption tem-
erature is controlled mainly by the strength of the interaction
etween ethylene and the surfaces. The 26 amu (ethylene) des-
rption profiles shown in Figs. 2, 3 and 8 all clearly confirm
his point. On the alloy surface, ethylene desorbs in two states,
ne at below 200 K and another at ∼285 K. These have been
ssigned to �- and di-�-bonded ethylene, respectively. The �–�
arameter for the high-temperature state has been found to be
0.8, using reflection-absorption infrared spectroscopy. It has

een found that both of these ethylenic species hydrogenate to
orm ethane, while the desorption activation energy of �-bonded
thylene is substantially smaller than that of the di-� form [24].
n carbide surfaces, these two ethylene desorption states are

ess well resolved, presumably because the weaker interaction
etween ethylene and the surface results in a smaller desorption
emperature difference between �- and di-�-bonded ethylene.
ruhberger and Chen [36], using high-resolution electron energy

oss spectroscopy (HREELS), demonstrated that di-�-bonded
thylene is present on carbide-modified molybdenum surfaces.
owever, theoretical calculations suggest that there is only a

mall energy difference between di-�- and �-bonded ethylene
n molybdenum carbide surfaces, and the transition state is
pproximately the average of the di-� and � structures [37].
e therefore suggest that both ethylenic species are present on
Molybdenum oxycarbides are formed by reaction of
o(CO)6 with alumina films grown on a Mo(1 0 0) substrate.
o hydrogen adsorbs on this surface and it is completely inac-

ive for ethylene hydrogenation. The inactivity is ascribed to the
resence of oxygen on the surface of the oxycarbide and this
s confirmed by synthesizing either oxycarbides or carbides by
eacting CO or ethylene respectively with a MoAl alloy. Heat-
ng the oxycarbide to above ∼1100 K results in the formation of
olybdenum carbide, which shows some activity for ethylene

ydrogenation. Further heating to above ∼1440 K results in the
ormation of a MoAl alloy, which is very active both for ethylene
ydrogenation and H/D exchange.
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