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Interaction of molybdenum hexacarbonyl with hydroxylated alumina thin
films at high temperatures: Formation and removal of surface carbides
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Abstract

The chemistry of Mo(CO)6 is studied on a thin hydroxylated alumina (HA) film grown in ultrahigh vacuum on a Mo(1 0 0) substrate using
temperature-programmed desorption, and X-ray and Auger spectroscopies. The uptake of molybdenum on HA at ∼700 K is about six times larger
than on a dehydroxylated surface and this is ascribed to a combination of a higher surface area for the hydroxylated alumina film and the presence of
surface hydroxyl groups. This reaction results in the formation of molybdenum carbides where the stoichiometry is close to MoC at low exposures,
while it approaches Mo2C as the exposure increases. The carbide incorporates a small amount of oxygen and measuring the Mo 3d5/2 chemical
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hifts suggests that the carbides are present as small particles at low Mo(CO)6 exposures. With increasing exposure, the surface carbide forms a
hin film. Heating the surface evolves predominantly carbon monoxide due to alumina reduction to form metallic aluminum and, at high Mo(CO)6

xposures, the molybdenum diffuses into the bulk while, at lower Mo(CO)6 exposures, a surface MoAl alloy is formed.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Molybdenum hexacarbonyl (Mo(CO)6) derived catalysts are
ctive for a number of reactions including olefin hydrogenation
nd metathesis [1–4]. A number of studies have been carried out
n high-surface area alumina substrates, primarily using infrared
pectroscopy, to understand the nature of the catalytically active
pecies [5–12]. It has been found that subcarbonyls (Mo(CO)x)
erived from decarbonylation of Mo(CO)6 are formed on the
urface. The interaction between Mo(CO)6 and alumina thin
lms has been studied at low temperatures in ultrahigh vac-
um (UHV) [13–17], in order to mimic the realistic catalyst
ystems. This approach has several advantages. First, it allows
odel systems to be prepared that resemble the high-surface-

rea catalyst. Second, the alumina film is sufficiently thin that
harging problems can be avoided so that it allows conventional
lectron- and photon-based spectroscopies to be exploited. It
as been found that Mo(CO)6 desorbs intact below ∼250 K
nd reacts to form strongly bound species, which decompose at

∗

higher temperatures to desorb CO [13,15]. The strongly bound
species has been identified on aluminas with various degrees
of hydroxylation as an oxalate [13,15,16]. Unfortunately, only
relatively small molybdenum coverages (a few percent of a
monolayer) can be achieved in ultrahigh vacuum. Larger cover-
ages can be obtained by illuminating adsorbed Mo(CO)6 with
ultraviolet radiation [18–20] or electrons [16]. However, the
model catalysts formed using this strategy have been found
to be rather inert towards olefin hydrogenation and metathe-
sis in UHV, even with large molybdenum coverages [16]. An
alternative approach is therefore undertaken by studying the
interaction of Mo(CO)6 with alumina thin films at high tem-
peratures. The high-temperature interaction of Mo(CO)6 with
metallic aluminum [21] and dehydroxylated alumina (DA) thin
films [22] has been investigated recently. It was found that a
surface carbide/oxycarbide film is formed following molybde-
num carbonyl reaction with both surfaces at 700 K. Heating this
surface to above ∼1200 K desorbs CO and forms a MoAl alloy.
In order to further address the effect of the nature of the oxide
substrate on the decomposition of Mo(CO)6, we present in the
following the results on the decomposition of Mo(CO)6 at high
temperatures on a thin hydroxylated alumina (HA) film grown
Corresponding author. Tel.: +1 414 229 5222; fax: +1 414 229 5036.
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2. Experimental

Temperature-programmed desorption (TPD) data and X-
ray photoelectron (XPS) and Auger spectra were collected
in ultrahigh vacuum chambers operating at base pressures of
∼2 × 10−10 Torr or lower that have been described in detail
elsewhere [21]. Briefly, TPD data are detected using a Dycor
quadrupole mass spectrometer placed in line of sight of the sam-
ple. Auger spectra are collected using an electron beam energy
of 3 keV and the first-derivative spectrum obtained by numeri-
cal differentiation [23]. XPS data were collected using a Specs
X-ray source and double-pass cylindrical mirror analyzer with
an Mg K� X-ray power of 250 W and a pass energy of 50 eV
[21].

The Mo(1 0 0) substrate was cleaned using a standard pro-
cedure, which consisted of argon ion bombardment (2 kV,
1 �A/cm2) and any residual contaminants were removed by
briefly heating to 2000 K in vacuo. The resulting Auger spec-
trum showed no contaminants. A hydroxylated alumina thin
film is formed by evaporating an aluminum film onto Mo(1 0 0)
[24]. The aluminum is oxidized at ∼650 K by water vapor
from a capillary doser at a background chamber pressure
of ∼1 × 10−8 Torr, leading to a pressure at the sample of
∼2 × 10−6 Torr using an enhancement factor of ∼200 deter-
mined previously [23]. This process is repeated until the alumina
film is sufficiently thick that no substrate molybdenum signals
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Fig. 1. Auger spectra of (a) Mo(CO)6 adsorbed on hydroxylated alumina at
700 K as a function of exposure, where exposures are marked adjacent to the
corresponding spectrum and (b) the effect of heating a surface exposed to 750 L
of Mo(CO)6 at 700 K to various temperatures, where annealing temperatures
are marked adjacent to the corresponding spectrum.
re detected using Auger or XPS. To ensure complete oxida-
ion, only a very thin aluminum film is deposited during each
eposition–oxidation cycle.

Molybdenum hexacarbonyl (Aldrich, 99%) was transferred
o a glass vial, connected to the gas-handling line of the cham-
er and purified by repeated freeze-pump-thaw cycles, followed
y distillation, and its purity was monitored using mass and
nfrared spectroscopies. This was also dosed onto the surface via
capillary doser to minimize background contamination. The

xposures in Langmuirs (1 L = 1 × 10−6 Torr s) are corrected
sing the same enhancement factor of 200 [23].

. Results

Fig. 1(a) shows the Auger spectra of Mo(CO)6 adsorbed
n hydroxylated alumina at 700 K as a function of exposure,
here the exposures are marked adjacent to the correspond-

ng spectrum. The spectrum of hydroxylated alumina prior
o carbonyl adsorption is also plotted for comparison. This
eveals that the peak-to-peak intensities of the molybdenum
119, 160, 186 and 221 eV kinetic energies) and carbon KLL
ransitions (271 eV KE) increase with Mo(CO)6 exposure, while
he aluminum (53 eV KE, Al3+) and oxygen (510 eV KE) fea-
ures decrease. Note that the clear break to high kinetic energies
f the 53 eV aluminum Auger feature (marked with an arrow)
mplies complete oxidation of aluminum [25]. The characteristic
hape of the carbon KLL Auger feature indicates the presence
f carbide. Note that the oxidation state of deposited molybde-
um does not vary with increasing Mo(CO)6 exposures at 700 K,
ndicated by the constant kinetic energies of the molybdenum
ransitions [21].
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Fig. 1(b) displays the results of annealing the sample to higher
temperatures. Note that, in contrast to the behavior on dehy-
droxylated alumina [22] where alumina reduction was found to
occur at temperatures higher than 1000 K, heating only to 800 K
causes drastic changes. First, the intensity of aluminum Auger
feature increases suggesting diffusion of molybdenum from the
surface to the bulk, since no Mo desorption is observed using
temperature-programmed desorption (data not shown). Second,
the clear break to high energies of the aluminum Auger peak
disappears suggesting alumina reduction [25]. Note that control
experiments by annealing hydroxylated alumina alone to higher
temperatures does not result in such changes; alumina reduction
is induced by the deposited film. On further heating to 1100 K
(Fig. 1(b)), a clear Al0 feature appears at ∼66 eV and is indi-
cated by an arrow. This feature intensifies on heating to 1400 K,
but decreases in intensity at higher temperatures. The carbon
signal attenuates substantially at 1400 K, and by 1500 K it has
disappeared completely. The oxygen signal intensity decreases
substantially on heating from 800 to 1100 K, and increases again
at higher temperatures. Note that during Mo(CO)6 exposure and
annealing, the kinetic energies of the molybdenum Auger tran-
sitions do not vary.

It has been demonstrated previously that the deposited molyb-
denum carbide films contain a small amount of oxygen following
reaction with metallic aluminum [21] and dehydroxylated alu-
mina [22] so that, instead of pure MoC , an oxycarbide MoC O
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Fig. 2. Plot of the Auger peak-to-peak intensity ratios I221 eV/I186 eV (�),
I160 eV/I186 eV (�) and I119 eV/I186 eV (�) for the deposition of Mo(CO)6 on
hydroxylated alumina at (a) 700 K as a function of Mo(CO)6 exposure and
(b) as a function of annealing temperature.

stoichiometrically closer to Mo2C (C/Mo ∼ 0.5), and a similar
behavior was found when reacting Mo(CO)6 with metallic alu-
minum [22] and dehydroxylated alumina [22]. Note, however,
the exact carbide phases formed on the surface cannot be derived
based on the above atomic ratio analysis. It should be mentioned
that the deposited carbide film also incorporates a tiny amount
x x y

s formed on the surface. In those cases, the energies of the
olybdenum Auger transitions were also found not to vary

26], indicating that the oxygen content of the carbide phase
s rather low. By measuring the Al3+/O ratio of the surface
efore and after Mo(CO)6 deposition at 700 K (Fig. 1), it is
lso found that the ratio does not vary significantly, further indi-
ating that the oxygen content of the carbide phase is small.
owever, the molybdenum oxidation is more sensitive to the
eak-to-peak intensity ratios of the molybdenum Auger transi-
ions [21,27]. For pure Mo(1 0 0), the ratio I119 eV/I186 eV = 0.19,
160 eV/I186 eV = 0.37, and I221 eV/I186 eV = 0.88. The first two
atios are expected to increase and the latter to decrease
n molybdenum oxidation. These ratios are plotted versus
o(CO)6 exposure (Fig. 2(a)), and as a function of annealing

emperature (Fig. 2(b)). The data of Fig. 2(a) show that Mo(CO)6
eaction with hydroxylated alumina also leads to slightly oxi-
ized molybdenum, similar to what was found previously for
lms grown on aluminum and dehydroxylated alumina [21,22].
ote that the oxidation state of Mo does not vary with increasing
o(CO)6 exposures. The data of Fig. 2(b) indicate that anneal-

ng the sample causes a gradual reduction of Mo and, at 1600 K,
t is almost metallic.

The C271 eV/Mo186 eV Auger peak-to-peak ratios are plotted
n Fig. 3(a) as a function of Mo(CO)6 exposure and in Fig. 3(b)
s a function of annealing temperature. These are also displayed
s C/Mo stoichiometries using literature Auger sensitivity fac-
ors [28]. At low Mo(CO)6 exposures (Fig. 3(a)), the C/Mo ratio
s approximately unity indicating the initial film stoichiomet-
ically resembles MoC. The ratio decreases rapidly up to an
xposure of ∼200 L and more slowly thereafter. This suggests
hat the carbide formed at high Mo(CO)6 exposures becomes
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Fig. 3. Plot of the C271 eV/Mo186 eV peak-to-peak Auger ratio, (a) for Mo(CO)6

adsorbed on hydroxylated alumina at 700 K as a function of exposure and (b) as
a function of annealing temperature after and exposure of 750 L at 700 K.

of oxygen as indicated in Fig. 2. Annealing the sample to 1000 K
causes carbon diffusion to the near-surface region indicated by
the C/Mo ratio increase (Fig. 3(b)). Note that carbon is still
carbidic during annealing, as confirmed by the presence of a
carbidic Auger lineshape (Fig. 1(b)). The C/Mo ratio decreases
slowly from 1000 to 1300 K, and drastically above 1300 K.

The 28 amu (CO), 32 amu (O2), 44 amu (CO2) and 18 amu
(H2O) temperature-programmed desorption spectra collected
at a heating rate of 15 K/s are displayed in Fig. 4 following
Mo(CO)6 exposures of 75 L (Fig. 4(a)), 300 L (Fig. 4(b)) and

750 L (Fig. 4(c)) at 700 K. CO has two desorption states at
∼1130 and ∼1330 K. Following a 75 L Mo(CO)6 exposure, the
intensities of these two states are comparable, while at larger
exposures, the ∼1130 K feature becomes substantially larger
than that at ∼1330 K. Recent studies using 18O-labeled alumina
have shown that the low-temperature state correlates with the
decomposition of the initially formed oxycarbide and alumina
reduction by carbidic carbon, while the high-temperature state
is due exclusively to alumina reduction [22]. No CO2 (44 amu)
desorption is detected following a 75 L Mo(CO)6 exposure, but
a broad feature appears between 800 and 1300 K at higher expo-
sures. Water (18 amu) desorption is detected below 1300 K in a
broad feature, which decreases to zero between 1200 and 1300 K
due to a gradual dehydration of hydroxylated alumina. Note
that this enhanced desorption extends below 700 K, while the
spectra are only displayed above this temperature. It should be
mentioned that, in principle, water could originate both from
surface and subsurface hydroxyl groups. It appears from the
18 amu desorption profiles plotted in Fig. 4 that the water yield
decreases with increasing Mo(CO)6 exposures. In order to ver-
ify this point, water desorption yield was measured from the
integrated area between 700 and 1300 K and it is found that the
amount of water desorbing from the surface indeed decreases
with increasing Mo(CO)6 exposure suggesting that hydroxyl
groups are removed by reaction with Mo(CO)6 and this will be
discussed in greater detail below. Finally, no O desorption is
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etected at all exposures.

The corresponding narrow scan X-ray photoelectron spectra
re plotted in Fig. 5 as a function of Mo(CO)6 exposure. Fig. 5(a)
hows the Mo 3d region where, at Mo(CO)6 exposures below
00 L, a Mo 3d5/2 binding energy of 228.2 eV (0.8 eV higher
han the clean Mo(1 0 0) substrate) is found. This decreases to
27.8 eV following a Mo(CO)6 exposure of 200 L, and shifts
urther to 227.4 eV for exposures of 400 and 700 L. Fig. 5(b)
isplays the corresponding Al 2p region. For Mo(CO)6 expo-
ures below 100 L, an Al 2p binding energy of 75.4 eV is found
identical to that for clean hydroxylated alumina), but shifts to
5.0 eV at 200 L, and moves even lower, to 74.5 eV, for Mo(CO)6
xposures of 400 L and greater. Fig. 5(c) plots the corresponding
1s region where, for exposures from 20 to 100 L, the binding

nergy decreases slightly from 284.3 to 283.7 eV. A relatively
arge shift to 282.9 eV is found following a 200 L Mo(CO)6
xposure, finally reaching 282.5 eV at higher exposures. An O
s binding energy of 532.5 eV is found at exposures of 20 and
0 L (Fig. 5(d); identical to that for clean, hydroxylated alu-
ina), which decreases to 532.3 eV at 100 L, 531.8 eV at 200 L,

nd 531.2 eV binding energy at 400 and 700 L Mo(CO)6 expo-
ures.

The Mo 3d5/2 chemical shifts (compared to the corresponding
o(1 0 0) substrate feature at 227.4 eV) and integrated signal

ntensities are plotted as a function of Mo(CO)6 exposure in
ig. 6. It is found that, for Mo(CO)6 exposures below 100 L, the
ignal intensity grows linearly and becomes constant at expo-
ures above 400 L.

The narrow scan XP spectra collected after heating a surface
ollowing a 700 L Mo(CO)6 exposure at 700 K are displayed
n Fig. 7. The Mo 3d5/2 peak position remains constant at
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Fig. 4. The 28 amu (CO), 32 amu (O2), 44 amu (CO2) and 18 amu (H2O) temperature-programmed desorption spectra collected at a heating rate of 15 K/s for
Mo(CO)6 exposures of (a) 75 L, (b) 300 L and (c) 300 L of Mo(CO)6 at 700 K on hydroxylated alumina.

∼227.3 eV on heating to between 700 and 1000 K (Fig. 7(a)).
However, the spectrum broadens and shifts to 228.0 eV on heat-
ing to 1100 K, eventually shifting to 228.8 eV and decreasing
in intensity on heating to 1200 K and above. The Al 2p feature
(Fig. 7(b)) remains constant at ∼74.5 eV on heating from 700
to 1000 K, while drastic changes occur above 1000 K where the
binding energy increases to 76.6 eV at temperatures of 1200 K
and higher. Fig. 7(c) displays the C 1s region where, between 700
and 1000 K, a C 1s feature is observed at 282.5 eV, which shifts
to 283 eV at 1100 K and further to 284.1 eV at 1200 K. Above

1300 K, the signal intensity decreases substantially, consistent
with Auger data shown in Fig. 1(b), and almost disappears at
1400 K. Fig. 7(d) shows the corresponding O 1s region, where
the binding energy of the O 1s feature remains relatively constant
at 531.3 eV between 700 and 1000 K and again drastic changes
occur on heating to 1100 K, where an O 1s binding energy of
532.5 eV is found. Additional shifts are noted at higher temper-
atures so that at 1400 K, an O 1s binding energy of 533.6 eV is
found. It should be mentioned that the C/Mo ratio of the film
formed at 700 K and following annealing are also calculated
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Fig. 5. Narrow scan Mg K� X-ray photoelectron spectra of the (a) Mo 3d, (b) Al 2p, (c) C 1s and (d) O 1s regions as a function of Mo(CO)6 exposure on hydroxylated
alumina at 700 K, where exposures are displayed adjacent to the corresponding spectrum.

using XPS data where it is found that these values are close to
those obtained using Auger analysis (Fig. 3) with uncertainties
within 10%, emphasizing the consistency of these two methods.

The uptake of Mo(CO)6 on alumina is monitored from the
Auger data in Fig. 1 and the resulting Mo/Al ratio is plotted
versus Mo(CO)6 exposure in Fig. 8 (�) and is compared with
data for dehydroxylated alumina (�) [22], where the reactive
sticking coefficient on Mo(CO)6 on hydroxylated alumina is ∼6
times larger than on dehydroxylated alumina. TPD data shown

in Fig. 4 suggest that this effect is related to the presence of
surface hydroxyl groups where the amount of H2O desorbing
from the surface decreases with increasing Mo(CO)6 exposure.
In order to further address this issue, a dehydroxylated alumina
sample was exposed to 1 × 10−6 Torr of H2O for 10 min at 700 K
to graft –OH groups onto the surface. Subsequent temperature-
programmed desorption experiments (data not shown) revealed
that water desorbed between 700 and 1300 K, similar to that
shown in Fig. 4, indicating that surface hydroxyl groups are



38 Y. Wang et al. / Journal of Molecular Catalysis A: Chemical 248 (2006) 32–41

Fig. 6. Mo 3d5/2 chemical shift and signal intensity as a function of Mo(CO)6

exposure on hydroxylated alumina at 700 K.

formed on the surface following this treatment. The resulting
Mo(CO)6 uptake at 700 K on this surface is also displayed in
Fig. 8 (©), and is identical to that on the original dehydroxylated
surface. This immediately indicates that the presence of surface
hydroxyl groups is not responsible for the enhanced uptake on
the hydroxylated sample. This, however, will be discussed in
greater detail below. It should also be pointed out that ex situ
AFM measurements (not shown) have revealed that the HA sur-
face is rougher than the DA. This may be another reason that the
reactive sticking probability of Mo(CO)6 on HA is larger than
on DA.

It is found that heating a surface exposed to Mo(CO)6 at
700 K to higher temperature causes a decrease in the amount
of molybdenum detected (Figs. 1(b) and 7(a)) and an increase
in binding energy (Fig. 7(a)). In contrast, the exact opposite
effect is found on dehydroxylated alumina [22]. However, due to
the higher reactive sticking coefficient on hydroxylated alumina
than on dehydroxylated alumina, larger molybdenum coverages
are attained in the latter case than the former. Hydroxylated
alumina was exposed to only 50 L of Mo(CO)6 to yield lower
molybdenum coverages and the resulting Mo 3d5/2 spectrum
is displayed in Fig. 9, as a function of annealing temperature.
Now the molybdenum signal intensity increases, and its bind-
ing energy decreases similar to the behavior on dehydroxylated
alumina [22].

4

4

b

ing values for dehydroxylated alumina (74.6 eV for Al 2p and
531.6 eV for O 1s [21]) consistent with the presence of surface
–OH groups [29,30], in agreement with the TPD results dis-
played in Fig. 4, where water desorption is found below 1300 K.
These binding energies shift to those found on DA [21] follow-
ing large Mo(CO)6 exposures (Fig. 5) suggesting that the surface
hydroxyls are removed by reaction with Mo(CO)6 at 700 K, also
consistent with TPD results shown in Fig. 4. The nature of the
initial reaction of surface hydroxyl groups with Mo(CO)6 is not
clear. One possibility is that hydroxyl groups are replaced by Mo
species so that an Al–Mo bond is formed. On the other hand,
it is also possible that surface –O–Mo bonds can form with the
removal of H atoms.

A similar film composition is found on HA as on DA where
a film stoichiometrically close to MoC is formed initially, but
evolves into a film with a stoichiometry close to Mo2C as the
Mo(CO)6 exposure increases (Fig. 3(a)). Similar to the behavior
found on dehydroxylated alumina, some oxygen is incorporated
into the film (Fig. 2). However, in contrast to the behavior on alu-
minum and DA, some carbon oxidation occurs, especially at low
Mo(CO)6 exposures, since the C 1s binding energy ∼284.3 eV
(Fig. 5(c)) is much higher than found for Mo(CO)6 reaction with
aluminum and DA (where the C 1s BE was 282.6 eV [21]). This
is presumably due to participation of the –OH groups. Note that
a similar C 1s binding energy increase was observed during the
oxidation of Mo C [31].
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. Discussion

.1. Nature of the film deposited at 700 K

The Al 2p (75.4 eV; Fig. 5(b)) and O 1s (532.5 eV; Fig. 5(d))
inding energies for HA are slightly higher than the correspond-
2
A Mo 3d5/2 binding energy of 228.2 eV is found for low

o(CO)6 exposures (Figs. 5(a) and 9), 0.8 eV higher than the
lean Mo(1 0 0) substrate, which may be due to molybdenum
arburization, oxidation, or particle size effects [21]. Molyb-
enum carburization results in only small Mo 3d BE increases
typically less than 0.2 eV) [32,33]. It has been demonstrated that
xidation causes a Mo binding energy increase; however, since
nly a small amount of oxygen incorporates into the film formed
ere, no Mo chemical shift due to oxidation is expected [34,35].
ote that the oxidation state of molybdenum does not vary with

ncreasing Mo(CO)6 exposure (Fig. 2(a)). The primary origin
f the relatively large binding energy increase is a particle size
ffect, where a decrease in particle size causes a binding energy
ncrease when small metallic particles are deposited onto insu-
ating substrates (alumina in this case), due to final state effects
36–39]. The data of Fig. 5(a) reveal that, at high Mo(CO)6 expo-
ures (400 and 700 L), the Mo 3d5/2 binding energy is identical to
hat of the Mo(1 0 0) substrate suggesting that the particle size
ffects are indeed responsible for the chemical shift at lower
xposures. This also emphasizes that carbon and oxygen incor-
oration into the deposited film does not necessarily induce a Mo
hemical shift. Wertheim et al. [38,39] proposed a cluster-charge
odel to make a simple and material-independent prediction of

he size dependence of the chemical shift, which, for a free spher-
cal cluster of radius r, is proportional to e2/2r. Applying this
odel to the chemical shift data plotted in Fig. 6, for Mo(CO)6

xposures below 100 L, the particle sizes are rather small and
ncrease at a Mo(CO)6 exposure of 200 L. For Mo(CO)6 expo-
ures of 400 L and greater, where the Mo 3d5/2 BE returns to
hat of clean Mo(1 0 0), this indicates that the particles become
arge or that a thin molybdenum carbide film is formed. Note
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Fig. 7. Narrow scan Mg K� X-ray photoelectron spectra of the (a) Mo 3d, (b) Al 2p, (c) C 1s and (d) O 1s regions following 700 L of Mo(CO)6 deposited onto
hydroxylated alumina at 700 K and heated to various temperatures, where annealing temperatures are displayed adjacent to the corresponding spectrum.

also from Fig. 6 that, for Mo(CO)6 exposures below 100 L, the
Mo 3d signal intensity increases almost linearly with exposure,
but the binding energy does not vary. This suggests that more
particles are formed on the surface with increasing Mo(CO)6
exposure, while the particle sizes do not vary substantially. At
high Mo(CO)6 exposures, the uptake curve saturates suggesting
that the molybdenum carbide coverage approaches a monolayer
[39].

The data of Fig. 8 show that the reactive sticking probabil-
ity of Mo(CO)6 on hydroxylated alumina at 700 K is constant
and approximately six times larger than that found for dehy-
droxylated alumina. This immediately implies this is due to the
–OH groups on the HA surface. This is corroborated by the
TPD data plotted in Fig. 4, where the H2O desorption yield
decreases with increasing Mo(CO)6 exposure. The XPS data
shown in Fig. 5 also suggest that hydroxyl groups are removed
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Fig. 8. Plot of the Mo186 eV/Al53 eV peak-to-peak intensity ratio as a function
of Mo(CO)6 exposure at 700 K on hydroxylated alumina (�), dehydroxylated
alumina (�), and dehydroxylated alumina subsequently treated with water vapor
(©).

by reaction with Mo(CO)6, where it is found that O 1s binding
energy becomes closer to that of dehydroxylated alumina follow-
ing reaction with Mo(CO)6. However, hydroxylating an initially
dehydroxylated alumina surface does not increase the reaction
probability (Fig. 8). It has been demonstrated previously that
water reacts only with surface defect sites on �-Al2O3(0 0 0 1)
at a water vapor pressure of ∼10−6 Torr [40], and that a thresh-
old water pressure of ∼1 Torr is required to fully hydroxylate
�-Al2O3(0 0 0 1) [41]. Although the alumina film formed here
does not necessarily resemble a single crystal, it may still be
that the hydroxylation conditions only form hydroxyl groups on
existing surface defect sites without creating new ones so that,
following hydroxylation of an initially dehydroxylated surface,
no change in sticking probability is found (Fig. 8). Despite the
differences in the Mo(CO)6 reaction rate rates on DA and HA,
identical carbides, both MoC and Mo2C, are found on both alu-
mina films (Fig. 3(a)). It is anticipated that, because of the –OH
groups on HA, a larger concentration of molybdenum carbide
islands will form on HA than on DA, but that the properties of
each island are identical on both surfaces. Since ex situ AFM
measurements (not shown) have revealed that the HA surface is
rougher than the DA, this may be another reason that the reactive
sticking probability of Mo(CO)6 on HA is larger than on DA.

4.2. Effect of annealing the film

c

Fig. 9. Narrow scan Mg K� X-ray photoelectron spectra of the Mo 3d region
following 50 L of Mo(CO)6 deposited onto hydroxylated alumina at 700 K and
heated to various temperatures, where annealing temperatures are displayed
adjacent to the corresponding spectrum.

fusion of molybdenum into the bulk of the sample. Such surface
to bulk transport has been observed previously [42,43] where it
was suggested that, on heating, some channels are formed in the
alumina, allowing adsorbate diffusion to the bulk via these chan-
nels. This effect is not seen at low Mo(CO)6 exposures (Fig. 9),
presumably since the smaller molybdenum-containing particles
are more strongly bound. Note that for molybdenum carbide
films of various thicknesses formed on DA, no Mo diffusion to
the bulk was found while annealing [22]. Since the diffusion is
through channels developed during annealing, we expect that
during the formation of dehydroxylated alumina (by repeated
aluminum deposition–oxidation-annealing), these channels are
blocked.

An increase in molybdenum binding energy is observed on
heating to high temperatures (Fig. 7(a)) implying molybde-
num oxidation. However, the data of Fig. 2(b) indicate that
molybdenum is, in fact, reduced. It is may be that the diffused
molybdenum is finely dispersed in the film causing an increase
in binding energy [44]. Heating the sample to ∼1000 K causes
an increase on the C/Mo ratio to form MoC due to carbon dif-
fusion (Fig. 3(b)), and this effect has been observed previously
[45].

TPD results (Fig. 4) reveal that CO desorbs in two states,
both of which cause alumina reduction since metallic aluminum
appears at 1100 K (Fig. 1(b)). It has been demonstrated that
alumina reduction is due to the high-temperature reaction of car-
b
f

The loss of molybdenum is found for the thick, molybdenum-
arbonyl-derived films (Figs. 1(b) and 7(a)) and ascribed to dif-
idic carbon with alumina, verified using an alumina substrate
ormed using H2

18O [22]. Note, however, that the aluminum
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formation temperature is 200 K lower on HA than on DA, pre-
sumably due to the larger amount of carbon deposited on HA
(Fig. 5) than on DA [22].

Annealing the molybdenum carbide films formed on alu-
minum and DA to temperatures higher than 1300 K results in
a Mo 3d binding energy lower than that of metallic Mo [22],
which is assigned to the formation of an interfacial MoAl alloy.
A similar situation is found here by depositing 50 L Mo(CO)6
on HA and annealing to higher temperatures (Fig. 9), similarly
assigned to a MoAl alloy. However, for thicker molybdenum
carbide films, because of Mo diffusion into the bulk, this alloy
formation is inhibited.

The overall reaction mechanism, following the above discus-
sion, is presented in the following as

Mo(CO)6
700 K−→Mo + 6CO (1)

CO
700 K−→C(ads) + O(ads) (2)

CO + O(ads)
700 K−→CO2(g) (3)

Mo + C(ads)
700 K−→MoCx (4)

>800 K
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MoCx + Al2O3 −→ Mo + Al + CO(g) (5)

5. Conclusions

Molybdenum hexacarbonyl adsorbs on hydroxylated alumina
at 700 K to form molybdenum carbides, where the stoichiom-
etry is close to MoC at lower Mo(CO)6 exposures, approach-
ing Mo2C as the exposure increases. The molybdenum is also
slightly oxidized. The Mo 3d5/2 chemical shift suggests that
small particles are formed at low Mo(CO)6 exposures. At high
Mo(CO)6 exposures, the Mo 3d5/2 binding energy becomes iden-
tical to that of bulk molybdenum, suggesting the presence of
large particles or the formation of a thin film. It is found that the
carbonyl sticking probability at 700 K is about six times larger
on hydroxylated alumina than on dehydroxylated alumina, an
effect that is ascribed to the larger roughness of the hydroxy-
lated alumina film, and the presence of surface defects created
because of the removal of surface hydroxyl groups. Heating the
surface carbide to high temperatures desorbs primarily CO and
forms metallic aluminum. The loss of molybdenum from the
surface at large Mo(CO)6 exposures is ascribed to molybdenum
diffusion into the alumina film. In this case, metallic aluminum
and molybdenum segregate so that no alloy formation is found.
At low Mo(CO)6 exposures, both metallic aluminum and molyb-
denum remain at the surface so that a MoAl alloy is formed.
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