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Atomic nitrogen and oxygen were deposited onâ-Mo2C through dissociative adsorption of NO. Reflectance
absorbance infrared spectroscopy (RAIRS), thermal desorption, and synchrotron X-ray photoelectron
spectroscopy (XPS) measurements were used to investigate the interplay between atomic nitrogen, carbon,
and oxygen in the 400-1250 K region. The combination of the high resolution and high surface sensitivity
offered by the synchrotron XPS technique was used to show that atomic nitrogen displaces interstitial carbon
onto the carbide surface. Thermal desorption measurements show that the burnoff of the displaced carbon
occurs at approximately 890 K. The incorporation of nitrogen into interstitial sites inhibits oxygen dissolution
into the bulk. RAIRS spectroscopy was used to identify surface oxo, terminal oxygen, species formed from
O2 and NO onâ-Mo2C.

Introduction

Experimental1-12 investigations of the surface properties and
reactivity of group 6 carbides have been carried out extensively.
The chemisorption properties, catalytic activity, and selectivity
of these compound materials depend sensitively on the surface
atomic composition. For pure carbides, the chemisorption
properties depend critically on how the carbon is distributed in
the surface region. For example, molybdenum carbide model
catalysts can be rendered as reactive as Pt or Ru by heating to
1200 K to drive excess carbon into the subsurface.11 The carbon-
to-metal ratio at the surface of carbides, and the nature of the
surface carbon, depends on the method of synthesis13-17 and
on the depletion or accumulation of carbon due to interaction
with gas-phase molecules. Changes in the carbon-to-metal ratio
can occur spontaneously under reaction conditions as in the
induction period for methane aromatization on Mo/ZSM-5
catalysts.18,19The formation of interstitial molybdenum carbide
leads to charge transfer to carbon, the expansion of the
molybdenum lattice, and metal-carbon covalent bonding.20

Excess carbon on the surface is expected to lead to site blocking.
Liu and Rodriguez have presented calculations showing that
the reactivity of metal carbide systems can vary as a complex
function of the metal-to-carbon ratio.20

In this study, we use nitric oxide (NO) as a probe molecule
to dose the carbide surface with atomic nitrogen and oxygen.
By using the high surface sensitivity and high resolution possible
with synchrotron X-ray photoelectron spectroscopy (XPS), we
are able to follow the complex set of atomic displacements
which occur as N and O are added to the surface and
subsequently removed in desorption steps. It is well-known that
adding oxygen to carbide surfaces can cause marked changes
in their chemical reactivity. For example, modification of
molybdenum carbide catalysts with surface oxygen induces
changes in selectivity from hydrogenolysis toward isomeriza-

tion.21,22 Treatment with oxygen at elevated temperatures can
lead to the removal of interstitial carbon. Carbon removal is
observed even at low temperatures during the interaction of O2

or H2O with titanium carbide.23-25 A number of studies have
reported on the adsorption of NO on molybdenum and tungsten
carbides.26-28 Zhang et al. have studied the interaction of NO
with a carbide W(111) surface and with a layer of Mo/C on
W(111).29,30 They found that the interaction of NO with both
surfaces leads to removal of carbon in a high-temperature CO
desorption peak. In a previous study, we reported preliminary
XPS and thermal desorption data consistent with the cooperative
replacement of carbide carbon with nitrogen in the NO dis-
sociation/N2 and CO desorption cycle onâ-Mo2C.27

Experiment

Vibrational spectroscopy and thermal desorption experiments
were performed in an ultrahigh-vacuum system equipped for
reflectance absorbance infrared spectroscopy (RAIRS), tem-
perature-programmed desorption (TPD), and conventional XPS
measurements. The base pressure of the chamber was 4× 10-11

Torr. The interstitial carbide was prepared by Oyama and
Ramanathan by carburizing pure molybdenum foil in a flowing
20% CH4/H2 mixture using the temperature ramp method. X-ray
diffraction (XRD) analysis showed the sample to be pure bulk
â-Mo2C.31 The clean sample displayed an XPS determined
Mo/C atomic ratio of 2:1. A tantalum foil support was used to
mount the polycrystallineâ-Mo2C sample, by curving its
extremities around the carbide. The Ta foil was, in turn, spot-
welded to two tantalum wires that spanned two electrical
feedthroughs mounted on a reservoir for liquid N2. In this
arrangement, the sample could be cooled to∼100 K by thermal
contact with the liquid nitrogen reservoir and heated to 1450 K
by resistive heating. The temperature was measured using a
chromel-alumel thermocouple that was spot-welded to the
tantalum support. The high temperature readings were verified
using an optical pyrometer. Theâ-Mo2C sample was cleaned
by repeated cycles of Ar+ sputtering at 500 K to remove sulfur.
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Residual surface oxygen was minimized by exposing the sample
to ethene or propene at 500-600 K and heating to 1400 K.

High-resolution, surface-sensitive XPS measurements were
performed using the SuperESCA beamline at ELETTRA, the
third generation synchrotron radiation source in Trieste.32

Photoelectrons were collected at 70° with respect to the surface
normal. To further ensure high surface sensitivity, we used the
following photon energies: 400 eV, C(1s) and Mo(3d); 650
eV, O(1s); 500 eV, N(1s). The same sample preparation
procedures were used for the RAIRS, TPD, and synchrotron
studies. The lowest sample temperature was 86 K.

Results and Discussion

Atomic nitrogen and oxygen were dosed onto theâ-Mo2C
surface through NO dissociation. The dissociation process,
which occurs in the 86-400 K temperature range, was
monitored by high-resolution N(1s) and O(1s) measurements
(Figures 1 and 2). The N(1s) peaks at 400.2 and 397.3 eV can
be readily assigned to chemisorbed NO30,33,34 and atomic
nitrogen,30,33,35respectively, indicating that some decomposition
occurs even at 86 K. Heating the sample to 400 K causes the
disappearance of the peak at 400.2 eV. This is consistent with
RAIRS data showing the complete dissociation of a chemisorbed
layer of NO onâ-Mo2C by ∼400 K.26 This paper focuses on
the fate of the resultant atomic O and N species, and their
interplay with surface carbon, over the 400-1250 K temperature
range. We will first discuss the O(1s) data. Two peaks located
at 530.2 and 531.5 eV are observed over the high-temperature
region. RAIRS data (Figures 3 and 4) will be used as an aid in
interpreting the O(1s) spectra.

The RAIRS data in Figures 3 and 4 show that one of the
O(1s) peaks may be attributed to surface oxo, ModO. In
particular, Figure 3 shows a comparison of RAIRS spectra for
dissociated O2 (left panel) and15NO (right panel). Dissociative
adsorption of O2 gives rise to a band at 941 cm-1, with a
shoulder toward higher frequencies, whereas the spectrum
arising from NO dissociation displays a band at 989 cm-1 and
a shoulder at 942 cm-1. Since identical spectra (Figure 4) are
obtained using15NO and14NO, the observed signal cannot be
attributed to a molybdenum-nitrogen vibrational mode. In
contrast, the band at 990 cm-1 may be readily attributed to Mod
O by reference to several reports in the literature.36-43 On-top
oxygen (oxo) on molybdenum surfaces is usually characterized
by a stretching frequency in the 960-1020 cm-1 range.
Although the feature at 941 cm-1 is at an atypically low
frequency for a surface oxo species, it is very close to values
observed for single Mo atom oxo, [MovOS4]-1, complexes.44

The high-resolution O(1s) spectra (Figure 2) display a
dominant peak at 530.2 eV and a smaller contribution at 531.5
eV over the 400-1110 K range. Edamoto et al. reported O(1s)
data for O2 dissociation onR-Mo2C(0001) at 300 K.45 Their
spectra display a principal peak at 530.1 eV and a shoulder at
higher binding energy in the 531.5-532.0 eV region. Diener
et al. reported that oxygen on Mo(110) is characterized by a
peak at 530.9 eV and a satellite at 532.5 eV.43 The low-binding-
energy peak in each case may be readily attributed to high-
coordination atomic oxygen. The high-binding-energy peak in
Figure 2 is assigned to surface oxo on the basis of the RAIRS
data. This conclusion may be compared to literature data for
oxygen on VC(100).23 The latter system shows an intense high-
resolution electron energy loss spectroscopy (HREELS) loss due
to surface oxo and an O(1s) binding energy of 530.0 eV with
a tail toward higher binding energy. Examples of the coexistence
of high-coordination and oxo species on molybdenum were

reported by Friend et al.42 They observed the facile exchange
between on-top and high-coordination oxygen on Mo(110) even
at 100 K and estimated a diffusion barrier height of 0.26 eV
for the on-top to high-coordination site conversion. In a separate
study, they observed that16O from nitromethane dissociation
displaces18O from high-coordination into on-top sites in the
500-800 K range. Similarly, they observed that NO adsorption
removes the oxo signal (1016 cm-1) arising from step-edge sites,
and subsequent NO desorption at 760 K leads to the reappear-
ance of the oxo state.46 Additional studies in our group show
that the vibrational band of surface oxo prepared by O2

dissociation onâ-Mo2C is still present after annealing to 1000
K. This is consistent with the data in Figure 2 showing the
presence of the O(1s) peak at 531.5 eV at 1000 K. The latter

Figure 1. High-resolution N(1s) spectra for NO onâ-Mo2C. The
sample was exposed to 5 L of NO at 86 K andthen progressively
annealed to the indicated temperatures. All spectra were recorded at
the indicated temperatures.

C-N Place Exchange on NO Exposedâ-Mo2C J. Phys. Chem. B, Vol. 109, No. 32, 200515377



results are also consistent with the high stability of oxo species
on Mo(110) reported by Colaianni et al.37

Thermal desorption data for15NO (Figure 5) show the high-
temperature removal of C, O, and N in three CO and two N2

desorption peaks. In particular, CO desorption (spectrum c) is
observed at approximately 670, 890, and 1066 K, and N2

desorption (spectrum a), at approximately 760 and 1152 K. As
shown by spectrum b in Figure 5,13C deposited onâ-Mo2C by
ethene decomposition at 600 K reacts with oxygen to yield a
13CO desorption peak at∼890 K. The olefin treated surface
was not preheated to above 1200 K to drive excess carbon into
the subsurface. Hence, we assume that the carbon which is
burned off at∼890 K is located in the outermost atomic layer,

and we describe it as excess carbon. The thermal desorption
data in Figure 6 then imply that dosing a cleanâ-Mo2C surface
with nitrogen from NO displaces interstitial carbon onto the
surface, leading to an increasingly intense CO desorption peak
at 600-900 K as the NO exposure is increased. The C(1s)
binding energy of excess carbon is determined to be 283.2 eV
from synchrotron XPS data (Figure 7) for propene decomposi-
tion on â-Mo2C. For example, annealing the sample to 450-
600 K in a 3.4× 10-9 Torr propene atmosphere leads to a
surface characterized by a C(1s) peak at 283.2 eV and a marked
attenuation of the interstitial carbon peak at 282.8 eV. Exactly
the same result is obtained by dissociating NO onâ-Mo2C. As
shown in Figure 8, NO dissociation leads to a surface character-
ized by a C(1s) binding energy of 283.2 eV. Hence, the results
in Figures 6 and 8 directly demonstrate that NO decomposition
displaces interstitial carbon onto the carbide surface. This
phenomenon is not observed for oxygen adsorption onâ-Mo2C.

Figure 2. High-resolution O(1s) spectra for NO onâ-Mo2C. The
sample was exposed to 5 L of NO at 86 K andthen progressively
annealed to the indicated temperatures. All spectra were recorded at
the indicated temperatures.

Figure 3. RAIRS spectra for (left panel) 0.5 L of O2 and (right panel)
5 L of 15NO onâ-Mo2C. All gas exposures and RAIRS measurements
were carried out at 105 K.

Figure 4. RAIRS spectra for15NO and14NO dissociation onâ-Mo2C.
Exposures to 5 L were carried out at 105 K, and the spectra were
recorded at 105 K following an anneal to 500 K.
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Hence, we attribute it to interstitial nitride formation, which is
consistent with the free energies of formation of Mo2C and
Mo2N (-0.09 and-0.52 eV, respectively).47 As shown in
Figure 9, dissociation of NO leads to a new Mo(3d) spin-orbit
doublet, at 228.2 and 231.5 eV. Sputter-deposited molybdenum
nitride films display Mo(3d) peaks at 228.1 and 231.4 eV in
good agreement with these values.48 Nevertheless, the observed
Mo(3d) shifts evidently result from both oxygen and nitrogen
deposition.

The N(1s) data in Figure 1 show that there are two types of
atomic nitrogen present, a majority state at 397.7 eV and a
minority state at 398.3 eV. In contrast to the experiments on

atomic oxygen, RAIRS measurements did not provide any
information on the atomic nitrogen species (Figure 4). Hence,
we tentatively attribute the two N(1s) peaks to interstitial and
surface nitrogen, respectively. Recombinative nitrogen desorp-
tion is observed (Figure 5) at 761 and 1152 K. These peaks are
attributed to the removal of surface and interstitial nitrogen, by
analogy to data for recombinative CO desorption from metal
carbides. In particular, Brillo et al. reported the removal of
surface and carbide carbon from O2/WC(0001) at 750 and 890
K, respectively.49 Similarly, the CO desorption peak at ap-
proximately 1066 K in Figures 5 and 6 is attributed to the
removal of interstitial carbon. CO desorption at∼1000 K is
also observed following CO dissociation onâ-Mo2C. However,
the high-temperature CO peak resulting from NO dissociation
is much more intense for the same amount of deposited oxygen.
Atomic oxygen readily dissolves into clean Mo2C above 600
K.6 Hence, the present results suggest that surface nitride serves
as a barrier against the diffusion of oxygen into the carbide and
leads to an intense high-temperature CO desorption peak.
Removal of nitrogen at 1152 K is followed by a return to the
stoichiometric Mo2C surface composition at 1250 K.

Figure 5. Thermal desorption data for 3 L of 15NO on â-Mo2C: (a)
N2; (c) CO. Spectrum b displays data for13CO desorption following
13C2H4 decomposition on oxygen-modifiedâ-Mo2C.

Figure 6. Thermal desorption data (m/e ) 28) for 14NO on â-Mo2C
as a function of exposure (4, 7.3, and 10 L). The gray trace under the
10 L spectrum shows reference data for N2 desorption from experiments
using15NO. These data are included in order to indicate the contribution
of N2 desorption to them/e ) 28 spectra for NO.

Figure 7. Selected high-resolution C(1s) spectra recorded as a function
of continuous exposure ofâ-Mo2C to propene (3.4× 10-9 Torr) during
a 0.25 K/s temperature ramp.
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The key data for the atom-exchange, or displacement, reaction
between nitrogen and interstitial carbon are summarized in
Figure 10. Figure 10c displays the normalized C(1s) intensities
as a function of anneal temperature following the decomposition
of NO. Heating the surface exposed to 5 L of NO to 600 K
almost completely removes the interstitial carbon C(1s) peak
at 282.8 eV and replaces it by a peak at 283.2 eV due to excess
carbon. This change is accompanied by a sharp decrease in the
N(1s) signal (Figure 10b) in the absence of any desorption peak
due to N-containing species (Figure 5). The peak at 283.2 then
decreases sharply in the temperature region (800-900 K)
coincident with the burnoff of excess carbon (Figures 5 and 6).
In contrast, the interstitial carbon peak (282.8 eV) remains
constant over the 600-1000 K range and then regains the
intensity characteristic of cleanâ-Mo2C on heating to 1243 K
to desorb N2 and CO. Heating to above 1200 K is sufficient to
establish a stoichiometric surface region regardless of whether
the initial surface region is carbon rich or carbon poor. Figure
10a illustrates the following two points: (i) excess carbon can
be prepared either by propene decomposition (spectrum a′) or
by nitrogen-carbon place exchange (spectrum b′), and (ii) the
excess carbon can be eliminated, or greatly attenuated, by
heating to 1243 K (spectrum c′). In summary, NO dissociation
on â-Mo2C results in a complex set of compositional changes
as the temperature is increased to remove N and O and to heal
the surface back to its clean stoichiometric composition. This
ability to heal the surface results from the reservoir of carbon
provided by the bulk carbide. In a separate publication,50 we
will show that the temperature dependence of the coverage of
excess carbon onâ-Mo2C is a key factor in explaining the
anomalous thermal stability of alkylidenes on the carbide
surface.4

The present study helps to clarify the results of a number of
XPS investigations of molybdenum carbide. First, several groups
have reported slight shifts in the C(1s) spectrum of molybdenum

carbide on annealing to high temperatures. For example, a shift
of approximately 0.25 eV to lower binding energy was observed
on annealing a C/Mo(110) surface, prepared by exposure to 300
L of ethylene at 600 K, to 1200 K.51 This preparation process
developed by Chen and co-workers was found to drive carbon
into subsurface sites, thereby increasing the reactivity of the
surface to that of Pt-like metals. The data summarized in Figure
10 clearly show that the slight shift in the C(1s) peak may be
unambiguously attributed to the removal of excess carbon and
the formation of interstitial carbon. Sugihara et al.52 reported a
annealing induced 0.2 eV shift, from 283.1 to 282.9 eV,
coincident with a slight decrease in the Mo/C ratio at the surface
of R-Mo(0001). Similarly, St-Clair et al.5 reported that annealing
carbon contaminatedR-Mo(0001) to 1000 K lead to a 0.1 eV
C(1s) shift to lower binding energy. These small shifts are, again,
consistent with the removal of excess carbon. Horn et al.53

recently reported on the deposition of molybdenum carbide
nanoparticles on the reconstructed Au(111) surface using a novel
method wherein molybdenum was evaporated on multilayer
ethylene. Heating above 300 K shifted the C(1s) peak of the
nanoparticle from 283.3 to 283.1 eV. In another approach,
Kaltchev and Tysoe54 deposited molybdenum carbide on
alumina through the decomposition of adsorbed molybdenum
hexacarbonyl. The deposited carbide displayed a C(1s) peak at
283.5 eV. Kaltchev and Tysoe suggested that this high value
for the binding energy was due to the presence of a carbidic
monolayer rather than a bulk carbide. The present results, as

Figure 8. High-resolution C(1s) spectra obtained by progressively
annealing theâ-Mo2C surface exposed to 5 L of NO.

Figure 9. High-resolution Mo(3d) spectra as a function of temperature
for 5 L of NO on â-Mo2C. Peak fitting shows that NO dissociation
leads to a new doublet at 228.2 and 231.5 eV.
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summarized in Figure 10, support the latter interpretation.
Several groups have determined that a carbide phase forms
during the induction period for the conversion of methane to
benzene over ZSM-5 supported molybdenum particles.18,19,55

Weckhuysen et al. reported C(1s) data obtained for an active
aromatization catalyst following reaction at 1073 K.55 They
observed a graphitic peak at 284.6 eV, a carbide peak at 282.7
eV, and an additional feature at 283.2 eV. They also noted that
a peak at the latter binding energy could also be produced by
preteatment of the catalyst at 1073 K in CO. Our results indicate
that the peak at 283.2 eV is most likely due to excess carbon at
the surface. The conclusions of the present study are also
relevant to phenomena reported by Xiao et al. for the partial

oxidation of methane to synthesis gas on molybdenum carbide
catalysts at 1130 K.56 The latter study revealed the removal of
interstitial carbon as CO from the surface region and its
replacement by carbon from methane.

Edamoto et al.57 reported that O2 dissociation onR-Mo(0001)
at room temperature leads to a high-binding-energy shoulder
on the carbide C(1s). They attributed this shoulder to a carbon-
oxygen interaction. We have also observed a similar shift on
exposure of oxygen to cleanâ-Mo2C, which we attribute to
oxygen bonding to Mo and hence to a modification of the
molybdenum carbon interaction. Oxygen adsorption, however,
does not displace carbon onto the surface in contrast to the effect
of NO described in this publication.

Conclusions

The dissociative adsorption of NO onâ-Mo2C results in the
formation of a surface nitride and the displacement of carbide
carbon onto the surface. This surface carbon, described as excess
carbon, is removed in a CO desorption peak at approximately
850 K. The C(1s) peak binding energy of excess carbon on
â-Mo2C was found to be 283.2 eV. The surface nitride serves
as a diffusion barrier against the dissolution of oxygen into the
bulk carbide. RAIRS measurements were used to identify
surface oxo species resulting from both NO and O2 dissociation
on â-Mo2C. The study suggests that reactive nitrogen and
oxygen codoped molybdenum carbide surfaces may be prepared
by exposure to NO followed by annealing to∼890 K. Failure
to anneal to∼890 K would leave place-exchanged carbon on
the surface, thereby rendering the surface relatively inert.
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