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The interaction of oxygen with a carburized Mo(100) surface was investigated at different temperatures (300-
1000 K). The different information depths of low-energy ion-scattering (LEIS) spectroscopy, with topmost
layer sensitivity, Auger electron spectroscopy (AES), and angle-resolved X-ray photoelectron spectroscopy
(ARXPS) allowed us to discriminate between reactions on the topmost layer and subsurface transformations.
According to ARXPS measurements, a carbide overlayer was prepared by the high-temperature decomposition
of C2H4 on Mo(100), and the carbon distribution proved to be homogeneous with a Mo2C stoichiometry
down to the information depth of XPS. O2 adsorbs dissociatively on the carbide layer at room temperature.
One part of the chemisorbed oxygen is bound to both C and Mo sites, indicated by LEIS. Another fraction
of oxygen atoms probably resides in the hollow sites not occupied by C. The removal of C from the outermost
layer by O2, in the form of CO, detected by mass spectroscopy (MS), was observed at 500-600 K. The
carbon-depleted first layer is able to adsorb more oxygen compared to the Mo2C/Mo(100) surface. Applying
higher doses of O2 at 800 K results in the inward diffusion of O and the partial oxidation of Mo atoms. This
process, however, is not accompanied by the removal of C from subsurface sites. The depletion of C from
the bulk starts only at 900 K (as shown by MS, AES, and XPS), very probably by the diffusion of C to the
surface followed by its reaction with oxygen. AtTads ) 1000 K, the carbon content of the sample, down to
the information depth of XPS, decreased further, accompanied by the attenuation of the C concentration
gradient and a substantially decreased amount of oxygen.

1. Introduction

Transition metal carbides are in the focus of intensive research
for several reasons. Their outstanding mechanical properties are
well-known. In the field of nanoelectronics, low-resistance
ohmic contacts between carbon nanotubes and metal substrate
can be achieved through metal carbide junctions.1 Carbides and
nitrides of molybdenum are of interest for diffusion barriers
and protective coatings.2 Moreover, transition metal carbides
are good catalysts in several reactions and have similar electronic
properties to those of platinum metals, so they may substitute
for expensive noble metals in some hydrogenation, dehydro-
genation, and hydrodesulfurization reactions.3-5 CH4 and other
hydrocarbons can be transformed into aromatics with high
selectivity on zeolite-supported Mo2C catalysts.6-8 The interac-
tion of O2 with Mo2C is an important issue in any application
when the carbide is in contact with air and is interesting from
the catalytic point of view, because molybdenum carbide is
generally prepared from MoO3 and also because molybdenum
oxycarbides are very selective in the isomerization of paraffins.9

The formation and structure of carbon overlayers, generally
prepared by the decomposition of C2H4 or other hydrocarbons
on group IVB-VIB transition metals, were the subject of
intensive research.5 The Mo(100) surface at low temperature
(5-600 K) could be saturated with C up to the coverage ofΘ
) 1 monolayer (ML) through different intermediate structures
(c(2 × 2) at Θ ) 0.5 ML and a zigzag structure atΘ ) 0.67
ML).10,11 Annealing toT g 800-1000 K led to subsurface

migration of C.12-14 Near-edge X-ray absorption fine structure
(NEXAFS) spectroscopy and quantitative mass spectroscopy
(MS) results showed that a relatively thick carbide layer
containing several monolayers of carbon can be produced from
C2H4 on Mo(100) and Mo(110) by high-temperature adsorption/
annealing.12,15

High-temperature carburization produced complex low-energy
electron-diffraction (LEED) patterns especially at high carbon
coverages on Mo(111),13 Mo(110),14 W(100),16 and other
surfaces of IVB-VIB group elements, assigned generally to
surface reconstruction. The Mo(100) surface may be an excep-
tion because in LEED measurements no significant reconstruc-
tion was assumed.10,11,17 Angle-resolved low-energy ion-
scattering (LEIS) spectroscopy measurements18 and tensor
LEED results17 showed that C atoms of the first layer reside in
the four-fold hollow sites in both superficial carbon structures
and three-dimensional (3D) carbide overlayers on Mo(100).
Subsurface C atoms are believed to reside in the interstitial sites
of the metal lattice, but detailed crystallographic studies on
carbide overlayers are lacking at present as well as the
knowledge of the C concentration profile.

The interaction of oxygen with molybdenum surfaces was
also investigated in detail. At low temperatures up to 300 K,
the presence of O adsorbed on bridge sites, (quasi) three-fold
hollow sites, and at higher exposures on-top O was observed
by high-resolution electron energy-loss spectroscopy (HREELS)
on Mo(111)19 and Mo(110),20 depending on the orientation of
the surface. O atoms bound to three-fold and on-top sites were
identified during high-temperature oxidation of Mo(111),
Mo(110), and Mo(100).19-21 The 3D oxide formation on all of
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these surfaces was accompanied by the relative increase in the
number of on-top O. High-temperature oxidation of the Mo-
(100) surface proceeds through intermediate structures charac-
terized by different reconstructions.21 The Mo(112) surface is
suitable for the preparation of epitaxial MoO2 layers.22-24

X-ray photoelectron spectroscopy (XPS) proved to be an
efficient tool for the determination of the oxidation states of
molybdenum and also for obtaining information on the oxide
layer thickness.24-29 The onset of the formation of a thick MoO2

oxide layer depends on the adsorption temperature. AtTads )
713 K, 1× 107 L of O2 exposure was necessary for an extensive
oxidation of the Mo(100) surface to a mainly MoO2 state, with
also some MoVI, while 6× 104 L of O2 was sufficient to obtain
a similar result atTads) 873 K.29 The formation of crystalline
MoO2 was proved by Raman spectroscopy, while the MoVI

component was assigned to surface polymolybdate species.29

The interaction of oxygen with transition metal carbide
surfaces was also investigated. Oxygen adsorbs dissociatively
at 150-300 K on theR-Mo2C(0001) surface.30,31 Heating the
carburized Mo(100) surface saturated with oxygen resulted in
two CO desorption peaks at∼900 and∼1050 K.12 The latter
peak was assigned to the reaction of O with subsurface C. Only
one desorption peak was found on Mo2C(0001), but it was not
followed above 950 K in that case.31 Migration of O into the
bulk of the carbide during heating was also assumed.30,31

Supported Mo2C catalysts could be oxidized to MoIV-MoVI

states even with CO2 at high pressure (1 bar).32 In the presence
of the K adlayer, the oxidation of a Mo2C/Mo(100) sample by
CO2 occurred to a larger extent, which was explained by the
formation of anionic CO2- and by its higher reactivity.33

Recently, we investigated the carburization of the Mo(100)
surface by C2H4 adsorption at 900 K and annealing to 1265 K
and also the high-temperature oxidation of the carbide up to
1265 K.34 It was shown through the comparison of LEIS, Auger
electron spectroscopy (AES), and XPS measurements that 3D
carburization of the molybdenum surface does not proceed in a
layer-after-layer mode, but C accumulates simultaneously in the
first few layers. It does not exclude necessarily the existence
of a gradient in the C concentration. With regards to the
oxidation of the carbide layer, the comparison of the LEIS and
AES results indicated that the consumption of C and the
accumulation of O atoms initially take place in the first layer,
but further oxidation leads to the C depletion of the deeper layers
and the formation of subsurface O as well.

The aim of the present work was the characterization of the
carburized Mo(100) surface with regards to the stoichiometry
and the C concentration profile and also to get a more elaborate
picture of its interaction with oxygen at both low and high
temperatures. Special attention was paid to the migration of C
and O perpendicular to the surface. The different surface
sensitivity of LEIS, AES, and angle-resolved X-ray photoelec-
tron spectroscopy (ARXPS) allowed us to obtain a certain depth
profile of the sample. Detailed XPS measurements helped us
determine changes in the oxidation states of Mo and C.

2. Experimental Section

The experiments were performed in an ultra-high-vacuum
(UHV) system (base pressure 5× 10-10 mbar), equipped with
facilities for LEIS, AES, and XPS. LEIS spectra were obtained
using the same Leybold EA10/100 hemispherical analyzer as
for XPS and AES but with the polarity of the voltage biases
inverted to detect He+ ions. With all three methods, spectra
were collected at 300 K sample temperature. AES was
performed with a Vacuum Generators electron gun applying

2.5 keV electron energy and 5 V modulation. XPS measure-
ments were carried out with a constant 50 eV pass energy, using
an Al KR X-ray anode. The sample could be tilted for angle-
resolved measurements, but the anode and the analyzer were at
fixed positions. The takeoff angle of the photoelectrons was
measured with respect to the surface plane.

A Specs IQE 12/38 ion source was used for LEIS. The
primary energy was 800 eV. The incident angle (the angle
between the ion beam and the surface plane) was 40°, while
the mean scattering angle was 95°. Due to the(10° acceptance
angle of the analyzer in ion-scattering mode, direct recoil peaks,
associated with surface atoms, ionized and sputtered off by He+

ions in single collisions, were also present in the spectra at low
kinetic energies.

A quadrupole mass spectrometer was used to analyze gas-
phase products.

The areas of C(1s), O(1s), and Mo(3d) X-ray photoelectron
(XP) peaks (doublet), areas of normal LEIS peaks (not direct
recoil features), and peak-to-peak intensities of C KLL (271
eV) and O KLL (503 eV) AES transitions, referenced to the
Mo MNN (221 eV) peak-to-peak intensity, were used to
compare changes in the different surface layers.

The binding-energy scale for XPS was referenced to the
position of the Mo(3d5/2) peak of the carbide, taken to be 227.95
eV. Carburization of a Mo metal surface induces only slight
changes in the Mo(3d) feature; it results in a small upward shift
(0.2 eV, Table 1). Scofield photoelectric cross sections were
used for composition and coverage calculations,42 applying the
XPS Multiquant software. XP peaks were deconvoluted using
asymmetric Gauss-Lorentz mix functions. A Shirley back-
ground was subtracted.43 Coster-Kronig broadening of the
Mo(3d3/2) peak was also taken into account.44

The Mo(100) single crystal was cleaned by heating in oxygen.
This was followed by argon ion bombardment and annealing
at 1500 K. Some oxygen remained on the surface after this
procedure, but it could be removed almost completely during
carburization.

The Mo(100) surface was carburized by repeating C2H4

adsorption (50 L) at 900 K and annealing in a vacuum to 1265
K, similar to the method of Scho¨berl,12 until the C content
reached saturation, monitored by LEIS, AES, and XPS. The
characteristic three-lobe structure of the C KLL AES peak
indicates the formation of carbidic (rather than graphitic or
amorphous) C.

3. Results

3.1. Characterization of the Carbide Overlayer.The C(1s)
region of the XP spectra of the carburized surface collected at

TABLE 1: Selected Characteristic Mo(3d5/2) Binding
Energies

Mo0 Mo2C MoII MoIV MoV MoVI ref

227.6 227.8 35
227.9 228.1 36

227.7 37
228.0 38

227.5 227.95 25
227.95 228.3 28
227.9 229.5a 231.1a 26
227.7 229.25a 230.9a 24

231.6b 39
227.6 229.4a 232.6 40

228.6c 41
229.7c 230.8c 232.6 9

a In MoO2. b In Mo2O5. c In MoOxCy.
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different takeoff angles (θ) are presented in Figure 1A. The
C(1s) peak at normal detection was found at 282.95 eV, which
is characteristic of carbides.38 The C feature, however, had a
small tail toward higher binding energies, which appeared as a
shoulder at 284.3 eV whenθ ) 23° was applied, indicating
that some graphite is also present on the surface. At low takeoff
angles, a small, but reproducible, downward shift (∼0.1 eV) of
the carbon peak maximum was observed. This shift was a bit
more evident when the carbide contribution was separated from
the graphite shoulder by deconvolution. Reduction ofθ resulted
in a slight broadening of the carbidic component as well (the
full width at half-maximum (fwhm) was 1.2 eV atθ ) 90° and
1.3 eV atθ ) 23°). These changes indicate a somewhat different
state of the first carbon layer. However, the position of the
Mo(3d) doublet did not shift (or it was below the detection
limit) at glancing emission.

The peak area ratio of the carbidic C(1s) component and the
Mo(3d) doublet as a function ofθ is presented in Figure 1B.
Apparently it is independent ofθ, which implies that C is
dispersed homogeneously (with zero concentration gradient) in
the crystal down to the information depth of XPS, estimated to
be 5.7 nm at normal emission. On the basis of the homogeneity
of the C distribution, the C/Mo atomic ratio was calculated to
be 0.49, which means a Mo2C stoichiometry. The information
depth of XPS is only slightly different for C(1s) and Mo(3d)
photoelectrons, because their kinetic energies are similar (1203
and 1258 eV, respectively). The C/Mo atomic ratio was,
however, corrected also for this difference, using inelastic-mean-
free-path (imfp) values obtained by the Gries equation.45 In Mo
metal, the imfp value at 1200 eV calculated by the Gries method
(1.91 nm) agrees well with that obtained by Tanuma et al. (1.89
nm).46 For the estimation of the information depth, the Gries
equation was used. The imfp value at 1200 eV obtained this
way for the parent metal is very similar to that of Mo2C (1.91
nm) or MoO2 (2.08 nm). The information depth was taken to
be 3 times the imfp in the carbide.

Considering the fact that XPS gives averaged information of
several layers, it cannot be excluded that the C/Mo atomic ratio
of the topmost carbide layer is somewhat different.

3.2. Gas-Phase Products in the Interaction of Carbide with
Oxygen. The removal of C by O2 was first investigated
following them/e ) 28 and 44 amu MS signals, characteristic
of CO and CO2, as a function of time, during O2 adsorption at
the given temperatures (Figure 2). The detailed experimental

procedure was as follows. Oxygen was continuously admitted
into the chamber through a capillary (started at 0 s). The sample
was moved in front of the capillary at 50 s (the MS was not in
line of sight in this position) and left there until the end of
measurements. This method was chosen because Fukui et al.47

assumed that nascent O atoms, formed in the chemisorption of
O2 on Mo2C(0001), can react with surface C even at room
temperature. Control measurements were also performed, re-
peating the same procedure but leaving the sample far from
the capillary to determine the extent of CO desorption from
the sample holder due to its warming and possible desorption
of CO from the chamber wall due to the presence of O2. This
(small) contribution was subtracted from the curves obtained
in “real” measurents. Measuring times more than 300 s were
not possible, because of a larger CO desorption from the sample
holder at high temperatures. The O2 exposure up to 300 s
corresponded to∼20 L.

At none of the adsorption temperatures examined was found
any detectable change in them/e) 44 amu signal, which means
that the increase in them/e ) 28 amu signal corresponds to
CO formation (desorption). A temperature of 500 K was the
lowest at which CO formation could be unambiguously ob-
served; a small, but well-reproducible, peak was found (Figure
2). A very small peak appeared even at 400 K; however, it
cannot be excluded that a small amount of molecular CO on
the surface (from the background) is displaced during O2

adsorption and moved to the gas phase. No molecular CO is
stable on our surface above 450 K.48

More significant CO formation takes place at higher adsorp-
tion temperatures. Up toTads) 800 K, them/e) 28 amu signal
reaches a maximum as a function of time and decreases to its
original value up to the end of measurements, while atTads g
900 K it is stabilized at a higher level att ) 300 s. It suggests
that CO can be produced in two mechanisms, one of which is
significant only at higher temperatures. AES measurements (see
below) showed that C/Mo relative intensity decreased by∼40%
due to 20 L of O2 exposure at 800 K. It means that a large
amount of surface C (one carbon layer, as an order of

Figure 1. (A) C(1s) window of the X-ray photoelectron spectra of
the carbide surface collected at different takeoff angles (θ). (B) Peak
area ratio of the carbidic C(1s) component and the Mo(3d) doublet as
a function ofθ.

Figure 2. Them/e ) 28 amu MS signal as a function of timeduring
O2 exposition on Mo2C/Mo(100), followed isothermally. O2 adsorption
starts at 50 s, 300 s≈ 20 L of O2.
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magnitude) has been removed up to this point. The area under
them/e ) 28 amu curve taken atTads) 1000 K, however, was
28 times higher than the area at 800 K, which requires several
monolayers of C that can be provided only by the subsurface C
reservoir in the sample. We feel safe to conclude that the
plateaus observed fromTads) 900 K in the MS curves can be
assigned to the reaction of subsurface C with O. The maximum-
type feature dominant atTadse 800 K is assigned to the reaction
of O with C on the outermost layer. The reaction of subsurface
carbon with oxygen is probably preceded by the migration of
carbon up to the topmost layer.

3.3. Characterization of the Surface Interacting with
Oxygen.C/Mo and O/Mo relative Auger intensities as a function
of O2 exposure at different temperatures are displayed in Figure
3. O2 adsorption did not lead to the decrease in the C/Mo ratio
at room temperature, but the consumption of C was observed
atTads) 600 and 800 K (and even atTads) 500 K, not shown).
With regards to the O/Mo ratio, it demonstrated a saturation
behavior up toTads ) 600 K, while its exposure dependence
was more complex atTads ) 800 K. After a rapid increase at
low exposures, it nearly levels off up to 24 L, followed by a
dramatic increase at 36 L. At even higher exposures up to 130
L, the O/Mo relative intensity continues to grow moderately.

The O/Mo relative Auger intensity after 108 L of O2

adsorption at 900 K was similar to that obtained after the same
oxygen dose at 800 K, while the C/Mo ratio was reduced to
0.14. Interestingly, raising the adsorption temperature to 1000
K led to an increase in the C/Mo intensity to 0.29, while the
O/Mo Auger ratio decreased to 0.42 (for normalized C/Mo
values see Table 2).

Ion-scattering spectra, collected after increasing O2 exposures
at room temperature, are presented in Figure 4A. Besides the
peaks associated with He+ ions scattered on atoms of the
topmost layer in single collisions, recoil peaks (denoted by the
subscript “r”) can also be present in the spectra at low energies.
O2 adsorption led to the gradual enlargement of the O peak
(484 eV) accompanied by a moderate attenuation of the Mo
peak (729 eV) and the rapid decrease of the C peak (411 eV).
At higher exposures, a new peak appeared at 44 eV. It was
completely absent in the spectrum of the clean carbide surface,

which strongly suggests that it does not belong to C or Mo atoms
but to recoiled O. Ions sputtered off the surface in multiple
collisions may also contribute to its intensity. LEIS peak areas
as a function of O2 exposure are displayed in Figure 4B.

Next, we examined with LEIS the adsorption of oxygen on
Mo2C/Mo(100) at and above 800 K. “Normal” and recoil
oxygen peak areas obtained at 800 K adsorption are displayed
as a function of exposure in Figure 5. Both are normalized to
saturation at 300 K. The two curves show significant differences;
at low exposures (up to∼5 L), peak Or increases less steeply
than peak O, but from 36 L a dramatic increase in the Or

intensity was observed (note that at the same exposure a step
in the AES O/Mo curve was found). The intensity of the O
LEIS peak, however, only slightly increased in the 36-132 L
region. Mo LEIS area decreased linearly with the O area up to
36 L (see the inset of Figure 5). A break can be seen in the
Mo-O curve at that point, and the Mo signal diminished
significantly at slightly larger O peaks. Mo, O, and Or LEIS
intensities after 108 L of O2 adsorption at 900 K were similar
to those observed after the same oxygen dose at 800 K.

Saturation oxygen signals obtained by XPS, AES, and LEIS
are displayed in Figure 6 as a function of adsorption temperature,
normalized to saturation at 300 K. AtTads ) 800 K, oxygen
intensities obtained after an O2 dose slightly smaller than 36 L
were taken into account in this curve, corresponding to the
plateau of the AES O/Mo curve in Figure 3. It is important to
note that the amount of adsorbed oxygen, measured with these

Figure 3. C/Mo and O/Mo AES relative intensities as a function of
O2 exposure on Mo2C/Mo(100) at different temperatures.

TABLE 2: C/Mo Relative Intensities (Normalized to the
Clean Carbide Surface) after 108 L of O2 Adsorption at
Different Temperatures

T (K) AES XPS (θ ) 23°) XPS (θ ) 90°)
800 0.54 0.76 0.95
900 0.19 0.47 0.74

1000 0.40 0.49 0.63

Figure 4. (A) LEIS spectra collected after increasing O2 exposures at
300 K on Mo2C/Mo(100) overlayer. (B) LEIS peak areas as a function
of O2 exposure on Mo2C/Mo(100) at 300 K.

Oxidation of Mo2C/Mo(100) J. Phys. Chem. B, Vol. 109, No. 10, 20054641



methods of different information depths, increases to the same
extent.

To learn more about the interaction of oxygen with the carbide
overlayer, detailed XPS measurements were also performed,
with a θ ) 23° takeoff angle. C(1s) and O(1s) windows of the
spectra recorded after different O2 treatments are presented in
Figure 7. For comparison, XP peaks of the carbide surface are
also shown. Up to 12 L of O2 exposure (near saturation) at room
temperature led to a small (0.1 eV) shift of the C(1s) peak
toward higher binding energies, but its intensity did not change.
The carbidic component of the C(1s) feature was considerably
smaller at 800 K (12 L), in accordance with AES results, and
it shifted to 283.0 eV. No further decrease in its intensity was
observed at higher O2 exposure (108 L) at 800 K. The carbon
content of the surface was further diminished at 900 K, without
any change in the peak position. At 1000 K, however, it shifted
down to 282.85 eV, and the carbidic component somewhat
broadened, but its area did not alter considerably. Note that the
presence of oxygen did not lead to the formation of strongly
perturbed C atoms, but rather small shifts of the carbidic C
component occurred.

Up to 12 L of O2 exposure (near saturation) at room
temperature led to the appearance of a peak at 529.7 eV (Figure
7B), characteristic of chemisorbed (atomic) or oxidic oxygen.24,27

Dosing the same O2 exposure at 800 K resulted in a∼50%
enhancement of the O(1s) area (see also Figure 6) and a shift
to 529.8 eV. Increasing the O2 exposure to 108 L shifted further
the O(1s) peak to 529.85 eV and caused a dramatic increase in
the O(1s) intensity, in accordance with AES results (Figure 3).
Note that only a slight enhancement of LEIS O intensity was
observed in this exposure regime (Figure 5). The O(1s) position
and area after 108 L O2 adsorption at 900 K were almost the
same. Its intensity was, however, greatly reduced at 1000 K,
without any change in the position.

XPS was expected to give information about the oxidation
state of molybdenum. The Mo(3d5/2) peak of the carbide surface
was found at 227.95 eV (Figure 8). It could be fitted with a
single doublet. Adsorption of O2 at room temperature resulted
in a small (0.1 eV) shift of the Mo(3d5/2) peak toward higher
binding energies and also in some broadening. This state could

Figure 5. LEIS O and Or peak areas, normalized to saturation at 300
K, as a function of O2 exposure on Mo2C/Mo(100) at 800 K. Inset:
Mo LEIS area as a function of peak O area, atTads ) 800 K.

Figure 6. Saturation (relative) O signals as a function of O2 adsorption
temperature forTads ) 300-600 K. Peak O area for LEIS, the O/Mo
ratio for AES, and O(1s) area for XPS were displayed, all normalized
to saturation at 300 K. AtTads ) 800 K, oxygen intensities (areas)
obtained by these methods after an O2 exposure slightly smaller than
36 L were taken into account, corresponding to the plateau of the AES
O/Mo curve in Figure 3.

Figure 7. C(1s) and O(1s) regions of the XP spectra recorded after
different O2 treatments of Mo2C/Mo(100), taken atθ ) 23° emission
angle. For comparison, the spectrum of the clean carbide surface is
also displayed.

Figure 8. Mo(3d) region of the XP spectra recorded after different
O2 treatments of Mo2C/Mo(100), taken at aθ ) 23° emission angle.
For comparison, the spectrum of the clean carbide surface is also
displayed.

4642 J. Phys. Chem. B, Vol. 109, No. 10, 2005 OÄ vari et al.



be deconvoluted into three components, a carbidic, a slightly
perturbed (at 228.2 eV), and a weak, strongly perturbed
contribution at 229.3 eV. The position and fwhm of the carbidic
Mo(3d) component were fixed to those of the oxygen-free
surface, during deconvolution. Increasing the adsorption tem-
perature to 800 K led to similar results. Admitting a higher
amount of O2 (108 L) on the sample at 800 K caused a slight
0.05 eV shift to 228.1 eV and a pronounced broadening of the
doublet toward higher binding energies, which resulted from
the appearance/increase of oxidized Mo components (MoII at
228.25 eV, MoIV at 229.5 eV, and MoV at 231.1 eV). In Table
1, literature data concerning characteristic Mo(3d5/2) binding
energies are summarized. With regards to the assignment of
MoIV and MoV peaks, some authors claimed that the Mo(3d)
doublet of MoIV in MoO2 is split into two pairs of peaks with
a 1:2 intensity ratio due to many particle effects.24,27The weaker
component is listed as MoV in Table 1, and we use this notation,
because of the similarity of the binding energy to MoV. In any
case, one part of the Mo atoms was oxidized in our case at
least to MoIV. Increasing the adsorption temperature to 900 K
resulted in a 0.05 shift of the Mo(3d5/2) peak toward lower
binding energies, caused apparently by the increase of the
carbidic component in the deconvolution. AtTads ) 1000 K
the position of the Mo(3d5/2) peak shifted further to 227.9 eV,
which is somewhat lower than that in the clean carbide. No
MoV contribution was found in the deconvolution at this
temperature, and the MoIV intensity was very small as well. A
new component was identified, however, at 227.8 eV, which is
near to the position of metallic molybdenum.

The saturation O coverage at room temperature was estimated
to beΘ ) 0.9 ML, based on XPS intensities taken atθ ) 23°
emission angle. The imfp values were calculated by the Gries
equation.45

4. Discussion

4.1. O2 Adsorption at 300 K. The Mo2C/Mo(100) surface
could be saturated with∼10 L of O2 at 300 K, indicated by
AES and LEIS results (Figures 3 and 4). The adsorption is
dissociative, according to XPS measurements (Figure 7B). MS,
AES, and XPS results show that oxygen could not remove
carbon from the surface at 300 K (Figures 2, 3, and 7A). Room-
temperature adsorption of O2 did not induce significant changes
in the C(1s) and Mo(3d) features (Figures 7 and 8). The slightly
perturbed Mo(3d5/2) component found at 228.2 eV is near the
MoII state, while the weak, strongly perturbed Mo(3d5/2) feature
at 229.3 eV is close to a formal MoIV state. It is tentatively
assigned to the Mo sites of the topmost layer coordinating more
than one O atom. The saturation O coverage on the Mo2C/Mo-
(100) surface at room temperature, estimated to beΘ ) 0.9
ML, is much lower than the saturation coverage on a Mo(100)
metal surface (Θ ) 1.5 ML).11 Carbon atoms of the topmost
layer probably block one part of the oxygen adsorption centers.

An interesting feature of O2 adsorption, followed by LEIS at
300 K, is the dramatic decrease in the C intensity (Figure 4).
Note that room-temperature O2 adsorption caused the complete
elimination of the C LEIS peak of a W(100) surface covered
with different amounts of carbon.49 A similar effect was
observed also on Mo(111) covered by carbon.13 A dramatic
change in the neutralization probability of the impingent ions
to explain this phenomenon can be excluded, because Li+ ions
were used in those measurements. The authors assumed that O
pushed C atoms to subsurface sites. We do not think it would
be the case on our surface, because it would lead to a decrease
in the C/Mo AES intensity, which was not observed at all. A

reconstruction of the carbide surface due to the presence of
oxygen, however, cannot be excluded. The decrease in the C
signal can be more easily explained by the shadowing effect of
O atoms located near surface C sites. In fact, XPS and valence
PES studies indicated that one part of the O atoms is bound to
both Mo and C atoms on the Mo2C(0001) surface.30 Another
fraction of O atoms probably resides in the hollow sites not
occupied by C.

4.2. Oxidation of the Topmost Carbide Layer.After the
adsorption temperature was raised, the reaction of surface C
with O to produce CO was observed from 500 K (Figure 2).
Removal of surface C (Figures 3 and 7A) was accompanied by
an increase in the saturation O coverage (Figures 3, 6, and 7B),
very probably because in the presence of a smaller amount of
surface C only a minor part of possible adsorption centers for
oxygen is blocked.

We think that neither saturation atTads e 600 K nor O2

exposures<36 L atTads) 800 K produce subsurface O, because
O signals measured with LEIS, AES, and XPS increase
simultaneously (Figure 6). O migration into the second or deeper
layers would result in a larger increase in the O signals of AES
and XPS, taking into account that LEIS gives information only
of the topmost layer.

MS results showed that only C atoms of the first layer react
with O at 800 K, and it seems that almost all carbidic carbon is
removed from the outermost layer by∼36 L of O2 exposure,
because CO formation ceased up to∼20 L of O2 exposure. In
principle, it would be possible that a fraction of (carbidic) C
on the first layer does not react with oxygen at 800 K; however,
it should give a new peak at higher temperatures, which was
not observed during the MS measurements. The graphitic
contamination was found to be less reactive, or it is produced
from the background after O2 exposures, as its area in XPS
measurements did not change due to O2 treatments (Figure 7A).

4.3. Bulk Oxidation of Mo2C/Mo(100). At higher O2

exposures (g36 L) at 800 K, an abrupt increase in the AES
and XPS oxygen intensities occurred (Figures 3 and 7B), while
the LEIS O signal did not change considerably (Figure 5). It is
a clear indication of subsurface O migration. A strong gradient
in the O concentration down to the information depth of XPS
still remained even after 108 L of O2 exposure at 800 K, because
the ratio of the O(1s) and Mo(3d) areas was 2 times higher at
θ ) 23° than that atθ ) 90°. The migration of oxygen in the
second and deeper layers led to the appearance and/or increase
of oxidized (MoII, MoIV, and possibly MoV) contributions in
the Mo(3d) doublet (Figure 8).

LEIS results complete our picture of this transformation at
800 K with some details of changes in the first layer. Though
the O LEIS peak only slightly increased atg36 L, a strong
decrease in the Mo signal and a break in the Mo-O curve were
found (Figure 5), which means that O atoms shadow Mo sites
more efficiently. It clearly indicates the occurrence of a
geometrical change in the first layer. Another interesting
phenomenon in LEIS measurements is the radical enhancement
of the Or peak at and above 36 L of O2 exposure. In other words,
the recoil probability of O atoms by the impingent He+ ions is
much higher after the geometric rearrangement/reconstruction
of the surface. The break in the Mo-O curve is tentatively
assigned to the movement of O atoms of the first layer into the
on-top position, because 3D oxidation of Mo single-crystal
surfaces was always accompanied by an increase in the amount
of on-top O.19-21 It seems plausible that the shadow cone of an
on-top O covers a larger area than that of O in hollow sites and
causes this way a stronger decrease in Mo intensity.
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The removal of C from the first layer is probably an important
precondition of subsurface O formation, because in the presence
of C the O could not accumulate on the topmost layer at 800
K, where CO formation proceeds rapidly. 3D oxidation of
the surface, set in at high O2 exposures at 800 K, was not
accompanied by an additional loss of C (Figures 3 and 7A). It
suggests that C, O, and Mo are all present in the new phase, or
in other words, a kind of oxycarbide was formed.

Raising the adsorption temperature to 900 K led to a decrease
in the C/Mo ratios, especially in AES and XPS withθ ) 23°
emission angle (Table 2). It proves, in accordance with MS
results, the onset of subsurface C removal, very probably through
the migration of carbon to the first layer followed by its reaction
with O. The comparison of the C/Mo relative intensities obtained
by AES and XPS withθ ) 23° and θ ) 90° takeoff angles
shows a strong gradient in the C concentration. At 900 K, after
108 L of O2 exposure the oxygen signals detected by LEIS,
AES, and XPS did not differ much from those obtained at 800
K, indicating a similar amount of O in the surface region and
also a similar distribution of oxygen. Accordingly, the Mo(3d)
doublet resembled very much of that found at 800 K, suggesting
the same oxidation states of molybdenum.

However, oxygen intensities in AES and XPS detected at
1000 K were much smaller. It is probably the consequence of
the higher diffusion rate of C at this temperature, supplying
continuously the reaction partner for O on the topmost layer.
Interestingly, the comparison of the C/Mo relative intensities
obtained by AES and XPS at 1000 K (Table 2) shows the
diminution of the C concentration gradient, which is probably
a consequence of the higher carbon mobility as well. In
accordance with the decrease in the amount of adsorbed oxygen,
the C(1s) peak shifted toward lower binding energies at 1000
K (Figure 7A). Similarly, the highly oxidized (MoIV and MoV)
components in the Mo(3d) doublet almost disappeared, and the
intensity of MoII state also diminished. Moreover, a new
component appeared at the position near the metallic state. The
latter feature is assigned to Mo atoms in C and O depleted
environment. We do not think that there are large volumes of
metallic Mo in the sample. Instead, C and O are probably
dispersed in the whole surface region. Quite a large number of
Mo sites coordinating neither C nor O atoms, however, can exist,
giving the metal-like component in the Mo(3d) doublet.

After 900 K adsorption, an apparent increase in the carbidic
Mo(3d) component was observed (Figure 8), while the C content
of the sample decreased. It was probably the consequence of
two contradictory effects. The C consumption tends to shift
down the peak position, while the oxygen content leads to a
shift toward higher binding energies. The deconvolution pro-
cedure is unable to distinguish between pure carbidic Mo in a
Mo2C environment and certain Mo atoms coordinating few C
and few O atoms.

5. Conclusion

(i) It was shown by angle-resolved XPS measurements that
a Mo2C overlayer with a homogeneous C distribution down to
the information depth of XPS, estimated to be 5.7 nm, was
produced on Mo(100) by repeating C2H4 adsorption at 900 K
and annealing in a vacuum to 1265 K.

(ii) O2 adsorbs dissociatively on the carbide layer at room
temperature. One part of the chemisorbed oxygen is bound to
both C and Mo sites, indicated by LEIS. Another fraction of
oxygen atoms probably resides in the hollow sites not occupied
by C.

(iii) The reaction of oxygen with C atoms of the topmost
layer to produce CO was observed fromTads ) 500 K. The

removal of surface C resulted in an increase in the saturation O
coverage, but all adsorbed oxygen atoms are located on the
topmost layer up toTads) 600 K and even at small O2 exposures
at 800 K. At higher exposures at 800 K, the migration of O to
subsurface sites sets in, forming this way a kind of oxycarbide,
characterized by oxidized Mo states. It was accompanied by
some rearrangement/reconstruction of the topmost layer, indi-
cated by LEIS, but the amount of O on the first layer did not
alter.

(iv) The removal of carbon atoms from subsurface sites by
oxygen starts atTads ) 900 K. A strong gradient in the C
concentration was observed at this temperature, which is
attenuated at 1000 K, probably due to the larger diffusion rate
of C. The amount of adsorbed O at 1000 K is greatly reduced
as well, which is also rationalized by the higher C mobility.
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