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

The reaction of Mo(CO)6 with thin films of dehydroxylated alumina grown on a Mo(1 0 0) substrate above 500 K is studied in ultrahigh
vacuum using temperature-programmed desorption and Auger and X-ray photoelectron spectroscopies. This results in the formation of a
molybdenum carbide that incorporates a small amount of oxygen, where MoC is formed initially, becoming closer to Mo2C as the Mo(CO)6
exposure increases. Heating the (oxy)carbide-covered surface desorbs CO in two states at∼1130 and 1320 K. Forming the alumina films with
H 18O shows that the majority of the oxygen in the CO derives from the substrate. The lower-temperature desorption state arises from both

alumina,

nyl; Dehy-

es
igh
ting

ntly
is
e

ults
a
).

X-
ul-
s of
ere
2

oxycarbide decomposition and alumina reduction by the carbide, while the high-temperature state results only from reduction of the
finally resulting in the formation of a MoAl alloy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Molybdenum hexacarbonyl derived catalysts are active for
a number of reactions including olefin hydrogenation and
metathesis[1–12]. The realistic catalysts system is mimicked
in the following by decomposing Mo(CO)6 on a thin film
of dehydroxylated alumina grown on a Mo(1 0 0) substrate.
This approach has several advantages. First, it allows model
systems to be prepared that resemble the high-surface area
catalysts. Second, the alumina film is sufficiently thin that
charging problems can be avoided so that it allows conven-
tional electron- and photon-based spectroscopies to be ex-
ploited. The interaction between molybdenum hexacarbonyl
and alumina thin films at low temperatures has been studied
in ultrahigh vacuum (UHV) by us[13–16]and others[17].
Mo(CO)6 desorbs intact below∼250 K and also decomposes
to form strongly bound species, which decompose to desorb
CO[13,15]and has been identified on aluminas with various
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degrees of hydroxylation as an oxalate species[13,15,16].
Unfortunately, only relatively small molybdenum coverag
(a few percent of a monolayer) can be achieved in ultrah
vacuum. Larger coverages can be obtained by illumina
adsorbed Mo(CO)6 with ultraviolet radiation[18–20]or elec-
trons [16]. The interaction of Mo(CO)6 with metallic alu-
minum at high temperatures has been investigated rece
[21]. It was found that a surface carbide/oxycarbide film
formed following molybdenum carbonyl reaction with th
surface at 700 K. Heating this surface to above∼1200 K des-
orbs CO and forms a MoAl alloy. This paper presents res
on the decomposition of Mo(CO)6 at high temperatures on
thin dehydroxylated alumina (DA) film grown on Mo(1 0 0

2. Experimental

Temperature-programmed desorption (TPD) data and
ray photoelectron and Auger spectra were collected in
trahigh vacuum chambers operating at base pressure
<2× 10−10 Torr that have been described in detail elsewh
1381-1169/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.03.047
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[21,22]. Briefly, TPD data were collected using a Dycor
quadrupole mass spectrometer placed in line of sight of the
sample. Auger spectra were collected using an electron beam
energy of 3 keV and the first-derivative spectrum obtained by
numerical differentiation[22]. XPS data were collected us-
ing 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
spectrum showed no contaminants. A dehydroxylated alu-
mina thin film was formed by evaporating aluminum onto
Mo(1 0 0) [23]. The aluminum was oxidized at∼650 K by
water vapor from a capillary doser at a background cham-
ber pressure of∼1× 10−8 Torr, leading to a pressure at the
sample of∼2× 10−6 Torr using an enhancement factor of
200 determined previously[22]. Following water oxidation,
the sample was annealed gradually to∼1300 K for several
minutes to remove surface hydroxy groups. TPD shows no
water desorption following this treatment. This process was
repeated until the alumina film was sufficiently thick that no
substrate molybdenum signals were detected using Auger or
XPS. Note that full oxidation of aluminum is generally dif-
ficult in UHV [24] but can be achieved using this approach
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molybdenum are close to those of Mo(1 0 0), suggesting that
the deposited molybdenum is metallic or has a low oxidation
state.

Fig. 1(c) shows the results of annealing the sample to
higher temperatures. Between 1000 and 1200 K, the carbon
signal intensity increases to some extent, suggesting carbon
diffusion to the surface during annealing. More pronounced
changes occur at 1300 K where, in addition to a decrease
in carbon signal intensity, an aluminum feature appears at
65.7 eV due to Al0 formation [25], which persists up to a
temperature of 1500 K.

Mo(CO)6 was also adsorbed on dehydroxylated alumina at
500 and 600 K (data not shown) and yielded identical behav-
ior as shown inFig. 1(a). The resulting Mo186 eV/Al53 eV and
C271 eV/Mo186 eV peak-to-peak ratios are plotted inFig. 2(a)
and (b), respectively. The data ofFig. 2(a) reveals a rela-
tively constant uptake of molybdenum on the surface with
reactive sticking probability increasing with sample tempera-
ture.

The C271 eV/Mo186 eV Auger peak-to-peak intensity ratio
is converted to a C/Mo stoichiometry (plotted on the right
coordinate ofFig. 2(b)) using the Auger sensitivity factors
for molybdenum (1.278) and carbon (0.614)[26]. At low
Mo(CO)6 exposures, the Mo:C ratio is approximately
unity indicating the initial formation of MoC. The ratio
decreases rapidly up to an exposure of∼200 L and more
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Molybdenum hexacarbonyl (Aldrich, 99%) was tra
erred to a glass vial, connected to the gas-handling
f the chamber and purified by repeated freeze-pump-
ycles, followed by distillation, and its purity was mo
tored using mass and infrared spectroscopies. This
lso dosed onto the surface via a capillary doser to m
ize background contamination. The exposures in Lang

1 L = 1× 10−6 Torr s) are corrected using the same enha
ent factor of 200[22].

. Results

Fig. 1(a) shows the Auger spectra of Mo(CO)6 adsorbed o
ehydroxylated alumina at 700 K as a function of expos
here the exposures are indicated adjacent to the corres

ng spectrum. This reveals that the peak-to-peak intensit
he molybdenum (119, 160, 186 and 221 eV kinetic ene
nd carbon KLL transitions (271 eV kinetic energy) incre
ith Mo(CO)6 exposure, while the aluminum (53 eV kine
nergy, Al3+) and oxygen (∼510 eV kinetic energy) featur
ecrease. Note that the clear break on the high-energy s

he 53 eV Auger peak (marked with an arrow) suggests
lete oxidation of aluminum[24]. The typical shape of th
arbon KLL Auger feature indicates the presence of car

Fig. 1(b) displays expanded regions for the molybden
uger transitions. An Auger spectrum of the clean Mo(1
ubstrate is also shown. The kinetic energies of adso
-

lowly thereafter. This suggests that the carbide forme
igher Mo(CO)6 exposures becomes closer to Mo2C and a
imilar behavior was found when reacting Mo(CO)6 with
etallic aluminum[21]. It has been demonstrated that
eposited film contains a tiny amount of oxygen w
eacting Mo(CO)6 with metallic aluminum[21]. However
t has been found previously that, during the initial stage

o oxidation (before stoichiometric oxides are formed),
ositions of the molybdenum Auger transitions do not v
ignificantly[27]. It has been suggested[28], however, tha
he peak-to-peak intensity ratios of the molybdenum A
ransitions are more sensitive to molybdenum oxida
tate. For pure Mo(1 0 0), the ratioI119 eV/I186 eV= 0.19,
160 eV/I186 eV= 0.37, andI221 eV/I186 eV= 0.88. If molybde
um is oxidized, the ratiosI119 eV/I186 eV and I160 eV/I186 eV
re expected to increase and the ratioI221 eV/I186 eV to
ecrease. In order to establish whether the films grow
A are slightly oxidized, these ratios are plotted ve
o(CO)6 exposure at 500 (Fig. 3(a)), 600 K (Fig. 3(b)) and
00 K (Fig. 3(c)), and as a function of annealing tempera
Fig. 3(d)). The results suggest molybdenumis slightly ox-
dized at all deposition temperatures (Fig. 3(a–c)). It should
e mentioned that, for low Mo(CO)6 exposures at 500 K

he deposited Mo is less oxidized than that grown at hi
emperatures. The data inFig. 3(d) show that molybdenu
educes at higher temperatures and, at 1500 K, is pres
o(0).
The corresponding XPS narrow scans are displaye

ig. 4. Fig. 4(a) shows the Al 2p region as a function
o(CO)6 exposure yielding an Al 2p binding energy
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Fig. 1. Auger spectra of (a) Mo(CO)6 adsorbed on dehydroxylated alumina as a function of exposure, where exposures are marked adjacent to the corresponding
spectrum, (b) an enlarged depiction of (a), emphasizing the Mo transitions, and (c) 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.

74.6 eV, in good agreement with the Al 2p BE of stoichio-
metric �-Al2O3 [29]. The Al 2p signal intensity decreases
with increasing Mo(CO)6 exposure, due to attenuation of the
emitted photoelectrons by the growing film. The C 1s region
in Fig. 4(b) reveals that a small amount of carbon is deposited
on the surface. This has a BE of∼282.5 eV, corresponding
to carbide in accord with the Auger lineshape (Fig. 1). Oxi-

dation of the carbide would yield a shoulder at 283.5–284 eV
[30], but the weak C 1s signal precludes any conclusions be-
ing reached on whether an oxycarbide is formed. The Mo
3d region (Fig. 4(c)) displays Mo 3d5/2 features at 228.1 and
229 eV BE, higher than the metallic Mo substrate feature
at 227.4 eV.Fig. 4(d) shows the corresponding O 1s region,
where the intensity decreases with increasing Mo(CO)6 expo-
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Fig. 2. (a) Plot of the Mo186 eV/Al54 eV peak-to-peak Auger intensity ratio
and (b) the C271 eV/Mo186 eV peak-to-peak Auger ratio for Mo(CO)6 ad-
sorbed on dehydroxylated alumina at 500 K (�), 600 K (�) and 700 K (�).

sure in the same fashion as the Al 2p features (Fig. 4(a)) also
due to attenuation of the substrate signal due to the presence
of the film. The O 1s binding energy is 531.6 eV, correspond-
ing to aluminum oxide[29].

Narrow scan XP spectra are displayed inFig. 5 follow-
ing 700 L Mo(CO)6 exposure to dehydroxylated alumina at
700 K as a function of annealing temperature.Fig. 5(a) dis-
plays the Al 2p region, where a slight shift in peak position
from 74.8 to 75.0 eV is found as the sample is annealed from
700 to 1200 K. A larger shift occurs above 1300 K, from 75.0
to 75.8 eV. This chemical shift is accompanied by removal
of carbon from the surface (Fig. 5(b)). The Mo 3d region
(Fig. 5(c)) shows that, during annealing from 700 to 1200 K,
the Mo 3d5/2 features shifts from 228.1 to 227.4 eV, while on
heating to above 1300 K, the intensity of the Mo 3d signal in-
creases and the binding energy decreases to 272.1 eV (0.3 eV
below that of metallic molybdenum).Fig. 5(d) displays the
O 1s region where the O 1s feature remains reasonably con-
stant at 531.6 eV BE up to∼1200 K and shifts to∼533 eV
on heating to above 1200 K. This shift accompanies that ob-
served in the Al 2p spectra (Fig. 5(a)) and will be discussed
in more detail below.

The data ofFig. 4(c) show that only a limited amount
of molybdenum is deposited on the DA surface follow-
ing a Mo(CO)6 exposure of 700 L at 700 K. In order to
investigate the behavior of larger molybdenum coverages,
DA was exposed to 5000 L of Mo(CO)6 at 700 K and sub-
sequently annealed to higher temperatures. The resulting
XPS survey spectrum is plotted inFig. 6(a). The spectra
of DA, and the surface following a 700 L Mo(CO)ex-
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osure are also plotted for direct comparison. This
rms that the 5000 L Mo(CO)6 exposure results in larg
olybdenum coverages and the Mo 3d region is show
function of annealing temperature, inFig. 6(b). This re-

eals that the Mo 3d5/2 binding energy is 227.4 eV (ide
ical to that of clean Mo(1 0 0)) at 700 K, which decrea
radually during annealing so that, at 1300 K and abov

s 227.1 eV. The corresponding Al 2p, C 1s and O 1s
ions are not plotted since these show similar behavior
ig. 5.

The 28 amu (CO) TPD spectra collected at a heating
f 15 K/s are displayed inFig. 7(a) following Mo(CO)6 ex-
osures of 75 and 150 L on dehydroxylated alumina at 70
wo CO desorption states are observed; a broad deso
tate at∼1120 K and a sharper one at∼1320 K. After ini-
ially dosing a dehydroxylated alumina surface with 75 L
o(CO)6 and collecting a TPD spectrum (so after heatin
1440 K), the sample was again exposed to 75 L of Mo(C6
t 700 K, without cleaning the sample, and another TPD s

rum collected. The resulting data are displayed inFig. 7(b),
here the label adjacent to the spectrum indicates the nu
f times the procedure was repeated so that “1” indicate
orption on clean dehydroxylated alumina and reproduce
pectrum shown inFig. 7(a). Drastic changes are obser
or each spectrum, so that, following the second Mo(C6
ose, the 1120 K state is much more intense, the 1320 K
rption state is absent, and an additional intense state ap
t ∼1030 K. Following the third and fourth carbonyl dos

hese desorption states intensify and the 1030 K state
lightly to lower temperatures.
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Fig. 3. Plot of the Auger peak-to-peak intensity ratiosI221 eV/I186 eV(�), I160 eV/I186 eV(�) andI119 eV/I186 eV(�) for the deposition of Mo(CO)6 on dehyroxylated
alumina at (a) 500 K, (b) 600 K and (c) 700 K as a function of Mo(CO)6 exposure. Figure (d) shows the evolution of these intensity ratios as a function of
annealing temperature.

Fig. 7(c) displays the corresponding Auger spectra of
the surfaces before (1, 2, 3 and 4) and after (1a, 2a,
3a and 4a) each experiment shown inFig. 7(b). Follow-
ing Mo(CO)6 adsorption on clean, dehydroxylated alumina

and heating to∼1300 K, an aluminum LVV Auger fea-
ture appears at 65.7 eV kinetic energy (Fig. 7(c), Spec-
trum 1a) indicative of the presence of metallic aluminum.
Exposure of this surface to 75 L of Mo(CO)6 (Fig. 7(c),
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Fig. 4. Narrow scan Mg K� X-ray photoelectron spectra of the (a) Al 2p, (b) C 1s, (c) Mo 3d and (d) O 1s regions as a function of Mo(CO)6 exposure on
dehydroxylated alumina at 700 K, where exposures are displayed adjacent to the corresponding spectrum.

Spectrum 2) causes this feature to disappear suggest-
ing that metallic aluminum is oxidized by Mo(CO)6 at
700 K. Identical behavior is found for subsequent cycles.
It should be mentioned that, following each TPD ex-

periment, the ratio Al65.7 eV/Mo186 eV remains relatively
constant.

In order to identify the origin of the desorbing CO
(Fig. 7(a)), an alumina film was grown using water contain-
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Fig. 5. Narrow scan Mg K� X-ray photoelectron spectra of the (a) Al 2p, (b) C 1s, (c) Mo 3d and (d) O 1s of 700 L of Mo(CO)6 deposited onto dehydroxylated
alumina at 700 K and heated to various temperatures, where annealing temperatures are displayed adjacent to the corresponding spectrum.

ing 10% H2
18O. Note that the carbonyl comprises C16O so

that incorporation of18O into the CO that desorbs following
molybdenum carbonyl reaction will indicate that the oxy-
gen derives from the alumina. This surface was then reacted
with 75 L of Mo(CO)6 at various temperatures and the re-

sulting TPD spectra are displayed inFig. 8. In this case, the
28 amu traces (C16O) have been attenuated by a factor of 10
compared to those collected at 30 amu (C18O). Since the wa-
ter originally contained 10% H218O, equal intensity traces
will indicate that the oxygen in the desorbing CO originates
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Fig. 6. (a) Wide scan Mg K� X-ray photoelectron spectra of DA, and with
700 and 5000 L Mo(CO)6 adsorbed on dehydroxylated alumina at 700 K
and (b) narrow scan Mg K� X-ray photoelectron spectra of Mo 3d region
following 5000 L Mo(CO)6 exposure to DA at 700 K as a function of an-
nealing temperature, where annealing temperatures are displayed adjacen
to the corresponding spectrum.

exclusively from the alumina substrate. Dosing Mo(CO)6
on dehydroxylated alumina at 500 K yields a small 28 amu
desorption state at∼560 K, which is absent in the 30 amu
spectrum and this feature is assigned to subcarbonyl decom-
position[13,15,16]. Two CO desorption states are found at
higher temperatures comprising a broad feature between 800
and 1200 K and a sharper desorption state at∼1320 K. For
Mo(CO)6 adsorption at 500 K, the low-temperature state is
more intense at 28 amu than 30 amu, while the relative inten-
sity of the 1320 K features at 28 and 30 amu correspond to the
isotope ratio in the water that was used to grow the film. In
the case of films grown from Mo(CO)6 at 600 and 700 K, the
broad feature between 800 and 1200 K is still more intense
at 28 amu than 30 amu, but not as pronounced as the 500 K
case.

4. Discussion

4.1. Nature of the deposited films

Molybdenum carbonyl decomposes on dehydroxylated
alumina with a rather constant sticking probability where the
rate of molybdenum uptake increases with increasing tem-
perature (Fig. 2(a)). Both the carbon KLL Auger lineshape
(Fig. 1(a)) and the C 1s binding energy (Fig. 4(b)) indicate
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ydroxylated alumina at 700 K is carbidic in nature and
ata ofFig. 2(b) indicates that the form of the carbide va

rom MoC at low Mo(CO)6 exposures, but becomes clo
o Mo2C as the exposure increases. Slight molybdenum
dation is evidenced by the small changes in the inte
atios of the molybdenum Auger peaks (Fig. 3). Mo has fou
trong features at 119, 160, 186 and 221 eV (Fig. 1(b)) due to
4,5N1N2,3, M4,5N1V, M4,5N2,3V and M4,5VV transitions

espectively[27]. It is expected that, during Mo oxidation, t
4,5N1N2,3 transition is the least perturbed since it invol

ore levels, while the M4,5VV transition is the most sensitiv
ince it involves both core levels and valence bands. Th
d5/2 binding energy shown inFig. 4(c) may also indicat
olybdenum oxidation, and will be discussed in more d
elow.

The only changes observed in the Al 2p (Fig. 4(a)) and
1s (Fig. 4(d)) XPS signals during Mo(CO)6 dosing are

light decrease in intensity due to attenuation of electron
he molybdenum (oxy)carbide film. No changes in bind
nergy are observed following carbonyl adsorption at 7

ndicating that the alumina is not reduced at this temp
ure, in accord with the Auger data ofFig. 1(a). Because o
he strong oxygen signals from the alumina substrate
mount of oxygen adsorbed on the surface during Mo(C6
eposition cannot be gauged using AES and XPS. How

he data plotted inFig. 1(b) suggest that molybdenum
nly slightly oxidized since no kinetic energy shift is o
erved for deposited molybdenum compared to the cle
o(1 0 0) substrate. It has been demonstrated that he
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Fig. 7. (a) 28 amu (CO) temperature-programmed desorption spectra collected at a heating rate of 15 K/s for Mo(CO)6 exposures of 75 and 150 L, (b) after
repeated exposures of 75 L of Mo(CO)6 after the previous TPD spectrum, (c) Auger spectra 1, 2, 3 and 4 after repeated exposure to 75 L of Mo(CO)6 at 700 K
and 1a, 1b, 1c and 1d, after the surface has been annealed to 1400 K.

Mo(CO)x/Si(1 0 0) to 670 K leads to a film stoichiometry of
MoCO0.3 [31], so that it is expected that the O/C ratio of the
deposited film is substantially smaller than in that case.

It has been well established that complete decarbonyla-
tion of Mo(CO)6 adsorbed on alumina occurs below 600 K

[13,15,16,32], and the carbide formation here is there-
fore due to CO disproportionation[33] as shown in Eqs.
(1–3).

Mo(CO)6 + Al2O3 → Mo/Al2O3 + 6CO (1)
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Fig. 8. 28 and 30 amu temperature-programmed desorption spectra collected
at a heating rate of 15 K/s for 75 L Mo(CO)6 adsorbed on dehydroxylated
alumina formed using H2O containing 10% of18O at 500, 600 and 700 K,
where the adsorption temperatures are indicated in the figure.

CO → C(ads)+ O(ads) (2)

CO + O(ads)→ CO2 (3)

Evidently, if reaction(3) occurred exclusively, the surface
carbide would be oxygen free. Clearly it is not the case. Stacy
and co-workers[34,35] have demonstrated that oxygen is
mobile in Mo2C at room temperature and above. It is expected
that if oxygen diffuses into the bulk, reaction(3)cannot occur
so that CO dissociation on molybdenum carbide provides an
alternative route for oxygen incorporation into the deposited
film [36].

The Mo 3d5/2 features at 228.1 and 229 eV BE (Fig. 4(c))
suggest molybdenum oxidation in accord with the Auger
peak-to-peak intensity ratios (Fig. 3). However, there may be
several origins of binding energy changes. First, carbide for-
mation will result in an increase in binding energy, although
this is small (typically smaller than 0.2 eV[37,38]. Second,
while the Mo 3d5/2 binding energy is relatively insensitive
to low oxidation states ([39,40], and references therein), it is
sensitive to changes in particle size for small particles, where
it is found that core-electron binding energies increase mono-
tonically with decreasing particle sizes[41–44]. Wertheim et
al. [43,44] rationalized this behavior using a cluster-charge
model, and proposed that the shift in binding energy of a free
spherical cluster of radiusr, is proportional toe2/2r, inde-
p ened

by an image charge in the substrate, the binding energy shift
is reduced to about half of the free-cluster value[44], and it
has been found that that this model tends to underestimate
the chemical shift for very small particles and overestimate
it for large ones[42].

The data inFig. 4(c) show that the deposited molybdenum
carbide particles have Mo 3d5/2 binding energies 0.7–1.6 eV
larger than that of clean Mo(1 0 0). Assuming this is caused
mainly by particle-size effects, particle sizes of∼1–3 nm are
estimated from the free-cluster model. The intensity of the
3d5/2 feature at 228.1 eV increases more rapidly than that at
229 eV with increasing Mo(CO)6 exposure (Fig. 4(c)) indica-
tive of particle growth. However, when 5000 L Mo(CO)6 is
deposited on dehydrogenated alumina at 700 K (Fig. 6(b)),
a Mo 3d5/2 binding energy of 227.4 eV is found. Note that
this binding energy is identical to clean Mo(1 0 0) suggesting
the formation of large particles or a thin molybdenum film so
that thee2/2r term contributes little to the chemical shift.

4.2. Effect of annealing

Heating the molybdenum (oxy)carbide-covered, dehy-
droxylated alumina film to 1440 K causes substantial
changes. Temperature-programmed desorption reveals that
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aluminum, on the other hand, since it donates electrons and is
finely dispersed in an insulator (alumina), displays a binding
energy increase[32].

Both the C 1s XP (Fig. 5(b)) and KLL Auger (Fig. 1(c))
spectra indicate that the surface is almost depleted of carbon
on heating to∼1400 K (after all the CO has desorbed (Figs.
7(a)and8)). The molybdenum 3d5/2 XPS signal shifts from
228.1 eV at 700 K to 226.9 eV at 1200 K, but then shows no
further shift at higher temperatures (Fig. 5(c)). This binding
energy is∼0.3 eVbelow that of metallic molybdenum and
this will be discussed further below. Furthermore,Fig. 3(d)
indicates that molybdenum oxidation state decreases as the
sample is heated to∼1200 K. This suggests that the broad
CO desorption state between 800 and 1200 K (Fig. 7(a)) is
due partly to molybdenum oxycarbide decomposing to form
a pure carbide. Note that the carbon Auger signal on anneal-
ing to above 1300 K is still carbidic (Fig. 1(a)). On the other
hand, the data shown inFig. 8 suggest that alumina reduc-
tion has started by 800 K as indicated by the observation of
C18O desorption at this temperature. However, metallic alu-
minum is not detected until the sample is heated to above
1200 K (Fig. 1(c)). Presumably between 800 and 1200 K, the
alumina is only partially reduced. In summary, the 1320 K
CO desorption state is due to alumina reduction, while the
state between 800 and 1200 K is due to the decomposition of
the oxycarbide as well as partial reduction of alumina. This
c
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alumina by molybdenum carbide. The resulting surface con-
tains little carbon (Figs.1(c)and5(b)) but exhibits a Mo 3d5/2
binding energy that is 0.3 eV below that of metallic molyb-
denum. A similar effect has been observed previously for
Mo(CO)6 adsorbed on metallic aluminum at 700 K and an-
nealed to 1200 K, where both the Mo and Al binding energies
decreased[21], and was assigned to the formation of a MoAl
alloy. Al-transition-metal alloys (aluminides) have been stud-
ied extensively, where the aluminum core levels generally
shift to binding energies lower than those of metallic alu-
minum, and the binding energies of the transition metals also
normally shift to lower binding energies, with the exception
of Ni and Pd[48,51–54]. Theoretical calculations[54] sug-
gest that the electron density within both aluminum and the
transition metal increases at the expense of the interstitial re-
gions. The Mo 3d binding energy decrease here is therefore
similarly assigned to MoAl alloy formation. Note that metal-
lic aluminum is detected by AES (Figs.1(c)and7(c)) but not
by XPS (Fig. 5(a)). This suggests that aluminum is highly
dispersed on the surface so that no large aluminum domains
are formed[32], otherwise a 72 eV feature would be detected.
The Mo 3d signal intensity increase at 1300 K (Fig. 5(c)) is
presumably due to Mo spreading on the surface and similar
behavior has been seen previously with a Ni/Al2O3 [55].

Finally, the effect of repeated Mo(CO)6 exposure and an-
nealing is addressed (Fig. 7(b)). Note that the CO desorption
b sub-
s le the
∼ and
a al-
l ring
s es-
o 940
a
d -
i
w med
d due
t -
t ed
( -
t s. It
i isap-
p oAl
a

5

de-
h e at
t ation
o nt of
o
p low
e in-
onclusion is supported by the data shown inFig. 8 where
t is apparent that the desorption intensity between 800
200 K CO is larger at 28 than at 30 amu, while the inten
atio of the 1300 K state corresponds to the initial isotope
ribution. It is evident, from the data shown inFig. 1(c) that,
t 1000 and 1200 K, the C/Mo peak-to-peak intensity ra
re slightly higher than that at 700 K after a 750 L Mo(C6
xposure (Fig. 1(a)). This is due to carbon diffusion to t
ear-surface region during annealing and has been de
trated previously for�-Mo2C [50].

As discussed previously, the incorporation of C and O
ot cause a Mo 3d binding energy shift and this is ma
scribed to a particle-size effect. Correspondingly, there
O desorption cannot be the reason for the Mo 3d bin
nergy decrease found inFig. 5(c), although it is clear tha
olybdenum is reduced during annealing as indicated b
uger peak-to-peak intensity ratios (Fig. 3(d)). There are tw
ossible origins for this phenomenon. First, it might be

o particle agglomeration where thee2/2r term contribute
ess to the chemical shift when particle sizes become la
his is not very likely since no decrease is found in the
d5/2signal intensity. Alternatively, it could be due to alum
eduction so that the substrate is no longer a perfect insu
n this case, the core hole can be rapidly neutralized so
he electrostatic particle-size contribution is diminished[44].
his notion is corroborated by the fact that, when Mo(C6

s deposited onto metallic aluminum at 700 K, no parti
ize-induced Mo 3d chemical shift is observed[21].

The above discussion indicates that the 1320 K CO
rption feature is due to a high-temperature reduction o
ehavior changes drastically after the first exposure. In
equent cycles, more CO desorbs from the surface whi
1320 K state disappears. Following initial adsorption
nnealing, metallic molybdenum (in the form of a MoAl

oy) is deposited on the surface and will adsorb CO du
ubsequent Mo(CO)6 exposures. High-temperature CO d
rption has been found previously from Mo(1 0 0) at 840,
nd 1250 K[56] and at∼1000 K on Mo(1 1 0)[57]. A CO
esorption temperature of∼990 K was also found follow

ng formic acid decomposition on Mo(1 1 0)[58] in accord
ith the temperatures observed in temperature-program
esorption (Fig. 7(b)), consistent with these states being

o C + O recombination. Following each Mo(CO)6 adsorp
ion and desorption cycle, more metallic aluminum is form
Fig. 7(c)), and the TPD profiles shown inFig. 7(b) also con
ain CO from alumina reduction during subsequent cycle
s not apparent why the 1320 K CO desorption state d
ears after the first cycle. Presumably this is related to M
lloy formation.

. Conclusions

The reaction of molybdenum hexacarbonyl with a thin
ydroxylated alumina film grown on a Mo(1 0 0) substrat

emperatures between 500 and 700 K results in the form
f molybdenum carbide that incorporates a small amou
xygen. The Mo:C stoichiometry varies with Mo(CO)6 ex-
osure so that the surface carbide is close to MoC for
xposures, tending to Mo2C when the carbonyl exposure
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creases. Heating the surface results in two CO desorption
states at∼1130 and 1320 K, where isotope labeling the alu-
mina indicates that the oxygen derives largely from the sub-
strate. The low-temperature CO desorption state appears to
arise from molybdenum oxycarbide decomposition and alu-
mina reduction, while the high-temperature state is due to
alumina reduction by molybdenum carbide. This results in
the formation of an alloy between the aluminum and molyb-
denum.
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