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Abstract

We have utilized oxygen-modified C/Mo(110) surfaces as model systems to determine themodification effect of oxygen in “oxycarbides
Using cyclohexene, ethylene, and methanol as probe molecules, we observed that the reactivity of the O/C/Mo(110) surfaces
strongly on the temperature at which oxygen was introduced onto the C/Mo(110) surface. The reaction pathways were deter
ing both temperature-programmed desorption (TPD) and high-resolution electron energy loss spectroscopy (HREELS). For ex
O/C/Mo(110) surface obtained by exposing the carbide surface to oxygen at 600 K became chemically inert toward all three mole
the other hand, the 900 K O/C/Mo(110) surface was active toward all three molecules, and for the most part retained the Pt-like rea
ways observed on unmodified C/Mo(110). Furthermore, we have also compared the electronic properties of the O/C/Mo(110) surf
two synchrotron spectroscopies, soft X-ray photoelectron spectroscopy (SXPS) and near-edge X-ray absorption fine structure (
the results revealed similar electronic properties between the 900 K O/C/Mo(110) and unmodified C/Mo(110) surfaces.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

It has been well documented that early transition m
(Groups IV–VIB) carbides, when compared to their par
metals, often exhibit catalytic properties that are simila
those of Pt-group metals[1,2]. For example, in our previou
surface science studies we have demonstrated that the
face reactivities of carbide-modified V(110)[3,4], Mo(110)
[5–7], W(111)[8,9], W(110)[10,11], and Ti(0001)[12] are
often very similar to those of the Pt(111) surface.

For catalytic reactions, thesurfaces of carbide mater
als are often oxidized by air or by oxygen-containing
actants or products. Several research groups have rep
that the reactivity of carbides can be significantly modifi
by the presence of oxygen[13–15]. For example, Iglesia an
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d

co-workers have reported that unmodified tungsten car
catalysts were active toward the dehydrogenation of a
nes and the hydrogenation of alkenes[13]. The presence o
chemisorbed oxygen on these surfaces, however, dire
the catalytic selectivity toward isomerization and dehyd
tion pathways, which were not observed on the unmod
surface[13,14]. These oxygen-modified carbides, or “ox
carbides,” were characterized as bifunctional in their ab
to catalyze both dehydrogenation and carbenium-ion reac
tions[13].

We have recently investigated the effect of oxygen mo
fication on the surface reactivity of carbide-modified W(1
[9,16]. We found that the reactivity of the oxygen-modifi
C/W(111) surfaces depended strongly on the surface
perature at which oxygen was introduced. The C/W(1
surface, after exposure to oxygen at 900 K, or 900
O/C/W(111), retained the Pt-like reactivity toward cyc
hexene. On the other hand, the C/W(111) surfaces that
exposed to oxygen at 600 or 100 K were nearly inert[9]. Ad-
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ditional vibrational spectroscopic studies revealed that w
introduced at 600 or 100 K, the atomic and/or molecu
oxygen occupied the on-top sites of the C/W(111) surfa
In contrast, the vibrational results on the 900 K O/C/W(1
surface suggested that the oxygen atoms did not occup
on-top sites, which would enable the cyclohexene to in
act more strongly with the surface[9]. Using methanol as
probe molecule, the 900 K O/C/W(111) surface appeare
be less active toward C–O bond scission than C/W(111
evidenced by its increased selectivity toward the produc
of gas-phase CO[17].

In this paper we report the effect of oxygen modific
tion on C/Mo(110). We have used several types of pr
molecules, including linear olefin (ethylene), cyclic olefin
(cyclohexene), and oxygenate (methanol) to investigate
activity of oxygen-modified C/Mo(110), or O/C/Mo(110).
addition, we have utilized several electron spectroscop
including soft X-ray photoelectron spectroscopy (SXP
and near-edge X-ray absorption fine structure (NEXA
to compare the electronic properties of the C/Mo(110)
O/C/Mo(110) surfaces.

For the purpose of comparison, we will briefly sum
marize our previous studies of the reactions of cycloh
ene[6,7], ethylene[5], and methanol[17] on unmodified
C/Mo(110). Cyclohexene adsorbed via a di-σ configura-
tion on C/Mo(110), and subsequently dehydrogenate
produce gas-phase benzene. Quantitative analysis rev
that approximately 70% of the adsorbed cyclohexene un
went selective dehydrogenation to produce benzene[6,7].
In the reaction of ethylene, HREEL studies following t
low-temperature adsorption of ethylene showed vibratio
spectra features consistent with those of the ethylidyne in
mediate (CCH3) when the overlayer was heated to 260 K[5].
Both the selective hydrogenation of cyclohexene to benz
and the conversion of ethylene to ethylidyne were strong
dications that the surface reactivity of Mo(110) became “
like” upon carbide modification[2]. Finally, studies probing
the interaction of methanol on C/Mo(110) revealed the
mation of a stable methoxy intermediate at temperatures
tween 120 and 330 K[17].

2. Experimental

2.1. Techniques

One of the ultrahigh vacuum (UHV) chambers used in
current study was located at the University of Delaware,
has been described in detail previously[5]. Briefly, it was
a three-level stainless-steel chamber equipped with A
electron spectroscopy (AES) and temperature-programme
desorption (TPD) in the top two levels, and high-resolut
electron energy loss spectroscopy (HREELS) in the
tom level. The HREEL spectra reported here were acqu
with a primary beam energy of 6 eV. Angles of inciden
and reflection were 60◦ with respect to the surface norm
d

in the on-specular direction. Intensities of the elastic p
were typically in the range of 3× 104 to 3 × 105 counts
per second, and the spectral resolution was between 40
55 cm−1 FWHM (full width at half-maximum). For TPD
and HREELS experiments the Mo(110) sample was he
with a linear heating rate of 3 K/s.

The NEXAFS and SXPS experiments were conducte
the U1A and U12A beamlines, respectively, at the Nationa
Synchrotron Light Source (NSLS) of Brookhaven Natio
Laboratory. These beamlines and their respective UHV
stations have been previously described in detail[18,19].
SXPS data were recorded on U12A with an incident ene
of 150 eV for the Mo valence states[18]; each spectrum rep
resented the average of 10 consecutive scans. The bin
energy of each spectrum was then calibrated based o
Fermi energy. The end station contained a VSW EA125 e
trostatic analyzer, which was set to operate in constant
energy mode (10 eV) for photoemission measurements.
instrument resolution was better than 0.5 eV for all sp
tra. The carbonK-edge NEXAFS spectra were recorded
U1A by measuring partial electron yield using a chann
tron multiplier located near the sample surface[19]. Both
UHV chambers were equipped with an Auger electron sp
trometer and a UTi quadrupole mass spectrometer to en
identical experimental conditions with the UHV chamber
the University of Delaware.

The single crystal sample was a (110) oriented, 1.5-m
thick molybdenum disk (99.999%), 10 mm in diameter, a
was purchased from Metal Crystals and Oxides, Ltd., C
bridge, England. The crystal was spot welded directly to
tantalum posts that served aselectrical connections for re
sistive heating, as well as thermal contacts for cooling w
liquid nitrogen. With this mounting scheme, the tempe
ture of the crystal could be varied between 90 and 1200
Cyclohexene (Aldrich, 99% purity) and methanol (Aldric
99+% purity) were purified by successive freeze–pum
thaw cycles prior to their use. Ethylene (99.99% purity) a
oxygen (99.99% pure) were obtained from Matheson
were used without further purification. The purity of t
above gases was verified in situ by mass spectrometr
all experiments, the gas exposures were made at a cr
temperature of 120 K with the crystal located in front
the leak valve. The gas exposures were made by bac
ing the vacuum chamber. Doses are reported in Langm
(1.0 Langmuir (L)= 1 × 10−6 Torr s) and are uncorrecte
for ion gauge sensitivity.

2.2. Preparation of C/Mo(110) and O/C/Mo(110)

A clean Mo(110) crystal surface was prepared by cyc
of Ne+ bombardment at 500 K (sample current∼ 5 µA)
and flashing to 1150 K. These 5-min cycles were gener
repeated 3 times before annealing at 1150 K. To remove
bon contamination, excess O2 was used to react with carbid
layers at 900 K. This oxygen treatment process was repe
several times to remove both surface and bulk carbon. A
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analysis showed that the C and O impurities were both
than 1% of a monolayer after the above cleaning proced

Carbide-modified Mo(110), or C/Mo(110), was prepa
using ethylene as a carbon source, as described previ
[5–7]. In brief, clean Mo(110) was exposed to saturat
coverage of ethylene at 600 K and then flashed to 115
generally these procedures were repeated for 3 cycles
Auger C(KLL)/Mo(MNN) ratio was typically between 0.2
and 0.23, which corresponded to an atomic C/Mo r
approximately between 0.40 and 0.46 based on the
dard AES sensitivity factors[20]. The oxygen-modified
C/Mo(110) surfaces were prepared by exposing C/Mo(1
to 7.0 L of O2 at either 600 or 900 K. The atomic C/Mo an
O/Mo ratios for the 600 K O/C/Mo(110) surface were 0.
and 0.44, respectively. On the 900 K O/C/Mo(110) surfa
the atomic C/Mo and O/Mo ratios were 0.31 and 0.08,
spectively.

3. Results and interpretation

3.1. HREELS and TPD characterization of the
O/C/Mo(110) surfaces

Fig. 1 compares the HREEL spectra of the vario
oxygen and carbide-modified Mo(110) surfaces. The bo

Fig. 1. HREEL spectra comparing various chemically modified Mo(1
surfaces.
y

e

-

tom HREEL spectrum shows the vibrational spectrum
C/Mo(110). The peak at 386 cm−1 has been assigned to t
ν(Mo–C) mode in previous studies[5–7]. The vibrational
spectrum of O/Mo(110), prepared by dosing 30 L of o
gen on clean Mo(110) at 600 K, is shown at the top. Ba
on previous studies of oxygen on other early transition m
als, the 433 and 595 cm−1 modes are typically assigned
the deformation and stretching Mo–O modes, respectiv
of atomic oxygen on the surface bridging sites[9,21–23].
The 988 cm−1 feature is typically attributed to theν(Mo–O)
mode of atomic oxygen in an on-top site or subsurface
[9,21–23].

In comparison, the HREEL spectrum of the 600
O/C/Mo(110) surface strongly resembles that of
O/Mo(110) surface. The dominant vibrational modes
433 and 595 cm−1 are similarly assigned to theδ(Mo–O)
and ν(Mo–O) modes of atomic oxygen on the bridgi
sites, respectively. In addition, the 433 cm−1 feature on the
600 K O/C/Mo(110) surface is more intense than that
O/Mo(110), which maybe attributed to the overlapping w
the ν(Mo–C) mode in the same frequency range. In c
trast, the 900 K O/C/Mo(110) surface is characterized
two well-resolved features at 386 and 561 cm−1, which are
much weaker in intensity ascompared to the features o
600 K O/C/Mo(110) (as indicated by the fivefold differen
in the multiplication factors). The 386 cm−1 peak is mos
likely a mixture of theν(Mo–C) andδ(Mo–O) modes, while
the 561 cm−1 peak is theν(Mo–O) mode of atomic oxyge
occupying the bridging sites. The significant difference
the lineshape and vibrational frequencies of theν(Mo–O)
modes suggest that oxygen atoms are occupying brid
sites with different binding environments on the 600 a
900 K O/C/Mo(110) surfaces.

Fig. 2 compares the recombinative CO desorption, i.e
recombination of surface atomic C and O, from the 600
900 K O/C/Mo(110) surfaces. The desorption of CO fr
the 600 K O/C/Mo(110) surface is characterized by a p
centered at 760 K, followed by another more intense p
at 913 K. On the 900 K O/C/Mo(110), one CO desorpt
is detected at 973 K, with another feature at∼ 1056 K. The
different desorption temperatures again suggest that ox
atoms are most likely occupying sites with different bind
environment on the two O/C/Mo(110) surfaces.

3.2. Chemical reactivities of the 600 and 900 K
O/C/Mo(110) surfaces

3.2.1. Decomposition and dehydrogenation of cyclohex
Fig. 3 compares the TPD spectra of mass 2 (hydrog

mass 67 (a major cracking pattern of cyclohexene), and m
78 (benzene) obtained following 3.0 L exposures of cy
hexene on the 600 and 900 K O/C/Mo(110) surfaces.
spectra recorded from unmodified C/Mo(110) are also
cluded for comparison. As shown inFig. 3a, the molecula
desorption of cyclohexene (mass 67) on 900 K O/C/Mo(1
is observed at 211 K, which is slightly more intense th
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Fig. 2. TPD spectra monitoring the CO desorption from heating the 600
900 K O/C/Mo(110).

that from unmodified C/Mo(110).Fig. 3b shows a broad
hydrogen desorption peak centered at 381 K on the 90
O/C/Mo(110) surface; it is slightly lower in temperatu
than the broad peak at 400 K from C/Mo(110). As sho
in Fig. 3c, a benzene feature is observed at 284 K on
900 K O/C/Mo(110) surface, which is visibly weaker and
lower in temperature than the benzene peak on the unmo
fied C/Mo(110) surface.

In contrast, the desorption of hydrogen is not detec
from the 600 K O/C/Mo(110) surface, indicating that the s
face is inactive toward the decomposition or dehydroge
tion of cyclohexene. The observation of an intense molec
cyclohexene desorption at 211 K also confirms that the
face is inert. It is important to note that the 211 K peak
the mass 78 spectrum is attributed to the cracking patte
molecularly desorbed cyclohexene at the same tempera

As was determined in prior studies[6,7], cyclohexene
on C/Mo(110) undergoes either complete decompositio
produce surface C and gas-phase H2 (∼ 33% selectivity)
or selective dehydrogenation to benzene (67% selectiv
Based on the relative peak intensities of hydrogen, cy
hexene, and benzene inFig. 3, it appears that the 900 K
O/C/Mo(110) surface is less active than C/Mo(110),
though both the decomposition and the dehydrogena
pathways are still present. On the other hand, the 60
O/C/Mo(110) surface appears to be nearly inert toward
decomposition or dehydrogenation of cyclohexene, as
idenced by the lack of H2 evolution, the near absence
benzene desorption, and the intense desorption of mo
lar cyclohexene. The surface activity and product selecti
will be quantified in Section4.

HREEL spectra following the decomposition of adsorb
cyclohexene on the 600 and 900 K O/C/Mo(110) surfa
aces at
Fig. 3. TPD spectra of (a) cyclohexene, (b) hydrogen, and (c) benzene obtained following 3.0 L exposures of cyclohexene on modified Mo(110) surf
120 K.
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(a) (b)

Fig. 4. (a) HREEL spectra comparing adsorbed cyclohexene on clean andoxygen-modified C/Mo(110) surfaces at 120 K. (b) HREEL spectra monitoring
thermal decomposition of 3.0 L cyclohexene on 900 K O/C/Mo(110) following adsorption at 120 K.
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are presented inFig. 4. The exposures of cyclohexe
were made with the crystal temperature at 120 K; the
sorbed layers were then heatedto the indicated temperature
and cooled immediately before the HREEL spectra wer
recorded. Finally, the height of the elastic peaks in all sp
tra has been normalized to unity, and the indicated expan
factor represents the multiplication factor for each spect
relative to the elastic peak. The relevant peak frequencie
cyclohexene are assigned inTable 1 [31].

Fig. 4a compares the HREEL spectra recorded after
120 K adsorption of 3.0 L of cyclohexene on C/Mo(11
and oxygen-modified C/Mo(110). As reported previou
[6], cyclohexene adsorbs at 120 K primarily via a di-σ con-
f

figuration, which is suggested by the detection of a relativ
weak ν(C=C) feature at 1603 cm−1. For cyclohexene ad
sorbed on 600 K O/C/Mo(110), we note that the interacti
are nearly identical to cyclohexene adsorbed on the p
ously examinedp(2 × 2)-O/Mo(110) surface[6]. The pres-
ence of well-resolvedν(C=C) andδ(C=C) features at 160
and 717 cm−1, respectively, indicates that the C=C double
bond is intact and that cyclohexene interacts weakly with
surface at 120 K. When heated to 240 K and above (spe
not shown), all of the vibrational modes associated with
clohexene disappear from the 600 K O/C/Mo(110) surfa
which corroborates well with the TPD observation that
sorbed cyclohexene desorbs at 211 K.
Table 1
Vibrational assignments for cyclohexene on clean and oxygen-modified C/Mo(110)

Mode Liquid[31] C6H10 on C/Mo(110) C6H10 on 900 K O/C/Mo(110) C6H10 on 600 K O/C/Mo(110)

Ring deformation 175, 280, 393, 452 460 446
Skeletal distortion 640, 670 656 636
δ(C=C) 720 717
ν(C–C) 810, 905, 917 798, 886 873 798, 873
ν(C–C)+ ρ(CH2) 1038 1035 1049 1015
ω(CH2) rock 1138 1130 1136 1130
ω(CH2) twist 1241, 1264 1238 1258 1238
ω(CH2) wag 1321–1350 1312 1333 1312
δ(CH2) scissors 1438–1456 1427 1441 1427
ν(C=C) 1653 1603 1603 1603
ν(–C–H) 2840–2993 2909 2916 2909
ν(=C–H) 3026, 3065 2990
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Fig. 4b shows the HREEL spectra monitoring the th
mal decomposition of cyclohexene on 900 K O/C/Mo(11
At 120 K, the spectrum is consistent with the presence
di-σ bonded cyclohexene, as assigned by comparing to
HREEL spectra obtained for cyclohexene on C/Mo(110)[6].
The lack of prominent C=C stretching and deformatio
modes at 1603 and 717 cm−1 is the most striking differ-
ence when compared with the 600 K O/C/Mo(110) surfa
After heating to 240 and then 360 K, the HREEL spectra
main nearly identical to the 120 K spectrum. While the
are some minor changes in terms of relative peak in
sities, theδ(CH2) andω(CH2) features between 1000 an
1450 cm−1 all remain in the spectra. In addition, the re
atively intenseγ (C–H) feature characteristic of adsorb
benzene and expected to appear between 700 and 750−1

[6] was not detected at all temperatures. These obse
tions, combined with the fact that gas-phase benzene is
tected at 284 K, suggest that the evolution of benzene on
900 K O/C/Mo(110) surface is a reaction-limited proce
At 500 K, the only remaining vibrational modes can be
tributed toν(Mo–C), ν(Mo–O), andν(CHx ). The presence
of the feature at 3565 cm−1 is due to the adsorption an
reaction of H2O from the UHV background during the a
quisition of HREEL spectra.

3.2.2. Decomposition of ethylene
The only desorption product resulting from the deco

position of adsorbed ethylene is H2. Fig. 5 compares the
desorption of hydrogen after exposing the modified Mo(1
surfaces to 5.0 L of ethylene at 120 K. Hydrogen desorp
from C/Mo(110) is characterized by two peaks, a broa
peak at∼ 258 K and a narrower, more intense peak at 393
The 900 K O/C/Mo(110) surface only exhibits one bro
H2 desorption feature at∼ 378 K. In contrast, the 600 K
O/C/Mo(110) surface does not show any hydrogen pe
except the initial peak at∼ 150 K related to the desorptio
from the heating leads. As with the case of cyclohexe
oxygen modification at 600 K deactivates the C/Mo(1
surface; the 900 K O/C/Mo(110) surface, however, app
to retain a significant amount of activity toward the disso
ation of ethylene.

HREEL spectra following the adsorption of C2H4 at
120 K on the unmodified and oxygen-modified C/Mo(11
are compared inFig. 6a. The C/Mo(110) spectrum is con
sistent with previous studies of the presence of stron
adsorbed, di-σ bonded ethylene[5]. However, upon the ad
sorption onto the 600 K O/C/Mo(110) surface, ethylene
pears to be molecularly intact, as evidenced by the s
metric ω(=CH2) mode at 940 cm−1, the ν(C=C) mode at
1556 cm−1, and theν(=CH2) mode at 3058 cm−1. The ob-
servation of these modes is consistent with the presenc
weaklyπ -bonded C2H4 [5,24]. The weaker modes observe
at 1197 and 1407 cm−1 are associated with the twist an
scissor modes of CH2. The vibrational assignments are su
marized inTable 2a [5,32]. When heated to 260 K and abo
(spectra not shown), all of the ethylene vibrational mo
-
-

f

Fig. 5. Hydrogen desorption spectraobtained following 5.0 L exposures o
ethylene on modified Mo(110) surfaces at 120 K.

disappear, again agreeing well with the TPD observation
ethylene undergoes reversible adsorption without any
tectable amount of decomposition on 600 K O/C/Mo(110

Fig. 6b shows the HREEL spectra following the the
mal decomposition of ethylene on 900 K O/C/Mo(110).
120 K, the interaction of C2H4 with 900 K O/C/Mo(110)
is clearly different from that on the 600 K O/C/Mo(11
surface, as indicated by the absence of prominentν(C=C)
andν(=CH2) modes. Vibrational frequencies are observ
at 379, 568, 920, 1136, 1387, and 2949 cm−1, which are
tentatively assigned toν(Mo–C), ν(Mo–O), ω(CH2)-twist,
ω(CH2)-wag, ω(CH2)-scissor, andνs(CH2), respectively.
The general similarity between the spectra of ethylene o
C/Mo(110) and 900 K O/C/Mo(110) suggests that ethyl
is also strongly di-σ bonded on the latter surface at 120
After heating the overlayer to 260 K, the following spe
tral changes are observed: (1) the 920, 1136, and 2949 c−1

modes decrease in intensity and (2) the 1387 cm−1 mode
splits to form two features at 1326 and 1407 cm−1. Though
their intensities are rather weak, the 1326 and 1407 c−1

features are theδs(CH3) andδas(CH3) modes of the ethyli-
dyne intermediate, as identified previously on the unm
ified C/Mo(110) surface[5]. The vibrational assignmen
of the ethylidyne intermediate are summarized inTable 2b
[5,33,34]. After heating to 500 K, the only remaining fe
tures are at 379 and 568 cm−1, which can be attributed t
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the
(a) (b)

Fig. 6. (a) HREEL spectra comparing adsorbed ethylene on clean and oxygen-modified C/Mo(110) surfaces at 120 K. (b) HREEL spectra monitoring
thermal decomposition of 5.0 L ethylene on 900 K O/C/Mo(110) following adsorption at 120 K.

Table 2a
Vibrational assignments ofπ -bonded ethylene species

Mode Gas phase[32] C2H4/O/Mo(110) (5) C2H4/600 K O/C/Mo(110)

ρ(CH2) 826 805
ω(CH2) 949 965 940
τ (CH2) 1222 1170 1197
δ(CH2) 1342 1335
δ(CH2) 1444 1420 1407
ν(CC) 1623 1595 1556
νs(CH2) 2989 2975 2976
νa(CH2) 3106 3065 3058

Table 2b
Vibrational assignments of ethylidyne surface intermediate

Mode (CH3C)Co3(CO)9
from IR [33]

C2H4/Pt(111)
heated to 415 K (34)

C2H4/C/Mo(110)
heated to 260 K (5)

C2H4/900 K O/C/Mo(110)
heated to 260 K

νs(MC) 401 430 380 379
νas(MC) 555 600 525
ρ(CH3) 1004 980 920 920
δs(CH3) 1356 1350 1345 1326
δas(CH3) 1420 1420 1430 1407
ν(CC) 1163 1130 1075 1136
νs(CH3) 2888 2890 2915 2909
νas(CH3) 2930 2950
ture

L d in
Mo–C and Mo–O vibrations. The presence of the fea
at 3558 cm−1 is due to the adsorption and reaction of H2O
from the UHV background during the acquisition of HREE
spectra.
3.2.3. Decomposition of methanol
The TPD results from 3.0 L exposure of CH3OH on

the 600 and 900 K O/C/Mo(110) surfaces are compare
Fig. 7, which show the only desorption products, H2 and
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K.
(a) (b)

Fig. 7. TPD spectra of (a) hydrogen and (b) carbon monoxide obtained following 3.0 L exposures of methanol on modified Mo(110) surfaces at 120
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CO, resulting from the decomposition of methanol. The
sults from the decomposition of methanol on unmodifi
C/Mo(110) are also included in the figures for ease of co
parison. On 900 K O/C/Mo(110), a single H2 desorption
state is detected at 403 K, along with a very small
peak at about the same temperature. The absence of m
15 and 16 (spectra not shown) indicates that no gas-p
methane or methyl radicals are produced from the 90
O/C/Mo(110) surface. Overall, methanol decomposes
900 K O/C/Mo(110) to produce gas-phase CO, hydrog
and surface oxygen and carbon; a more quantitative ana
will be provided in Section4. In contrast, the TPD result
of CH3OH on 600 K O/C/Mo(110) are distinctly differen
as illustrated by the absence of H2 or CO desorption peaks
Furthermore, no gas-phase HCOH, CO2, or H2O products
are detected from the two O/C/Mo(110) surfaces (figures
shown).

Fig. 8a shows the HREEL spectra obtained follo
ing the adsorption of 3.0 L CH3OH on C/Mo(110) and
O/C/Mo(110). At 120 K, the methoxy intermediate is iden
fied on C/Mo(110) and 900 K O/C/Mo(110), as suggested
the absence ofν(OH) modes between 3200 and 3300 cm−1

on these two surfaces. The methoxy vibrational modes
are as follows: 1021 cm−1, ν(CO); 1136 cm−1, γ (CH3);
1441 cm−1, δ(CH3); 2943 cm−1, νas(CH3). In contrast, the
observation of theν(OH) mode at 3227 cm−1 on the 600 K
O/C/Mo(110) surface indicates the presence of mole
larly adsorbed CH3OH. When heated to 230 K (spectra n
shown), all of the modes associated with the methanol di
es
e

pear, which is consistent with the lack of dissociation fr
the TPD results. The vibrational assignments for metha
and methoxy are summarized inTable 3 [16,17,35].

As shown inFig. 8b, the vibrational modes of adsorbe
methanol on 900 K O/C/Mo(110) are observed at 10
1143, 1434, and 2956 cm−1, and a CO contamination peak
1996 cm−1. These features are characteristic of the meth
intermediate, indicating the cleavage of the O–H bond
methanol at temperatures as low as 120 K. The vibrati
assignments of the methoxy (CH3O) species on 900 K
O/C/Mo(110) are summarized inTable 3b. The 230 and
330 K spectra are nearly identical to the 120 K spectrum
with the exception of slightly more intense peaks at 3
and 592 cm−1, which are in the frequency range typical f
Mo–C and Mo–O modes. Based on these observations
conclude that the majority of the surface methoxy spe
are formed at 120 K and remain stable until 330 K. Wh
the adsorbed layer is heated to 450 K, the following chan
are observed: (1) the decrease in intensity of modes
lated to the CH3 vibrations; (2) the shift of theν(CO) mode
from 1015 to 988 cm−1; (3) the appearance of a strong fe
ture at 592 cm−1 which is related to theν(Mo–O) mode;
and (4) the appearance of theν(OH) mode at 3551 cm−1,
which is most likely due to the accumulation and re
tion of water from the UHV background during data a
quisition. By 600 K, the only features remaining in t
spectrum, aside from CO and water contamination, are
Mo–C and Mo–O vibrations at 379 and 592 cm−1, respec-
tively.
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the
(a) (b)

Fig. 8. (a) HREEL spectra comparing adsorbed methanol on clean and oxygen-modified C/Mo(110) surfaces at 120 K. (b) HREEL spectra monitoring
thermal decomposition of 3.0 L methanol on 900 K O/C/Mo(110) following adsorption at 120 K.
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It is important to point out that a relatively weak fe
ture is observed at∼ 1563 cm−1 in Fig. 8b. This frequency
generally corresponds to theν(C=C) mode of unsaturate
hydrocarbons, which might indicate the presence of
face intermediates with unsaturated C=C bonds in addition
to the dominant methoxy intermediate. This peak was
detected in our previous studies of methanol on the c
and carbide-modified Mo(110) surfaces[17]. Although the
1563 cm−1 feature appears in the frequency range of
νas(OCO) mode of surface formate[36], the characteristic
νs(OCO) mode, which is typically the most intense feat
in the frequency range of 1350–1380 cm−1 [36], is absent
in Fig. 8. The absence of this feature suggests that the
mate intermediate is not produced during the decompos
of methanol. More detailed studies are necessary to ide
the origin of the∼ 1563 cm−1 mode.

3.3. Electronic properties of C/Mo(110) and O/C/Mo(11
surfaces

In order to better understand the role of oxygen in s
face reactivity, we have investigated the electronic prope
of unmodified C/Mo(110) and O/C/Mo(110) surfaces us
SXPS and NEXAFS. The SXPS valence state spectra com
paring the various modified Mo(110) surfaces are show
Fig. 9. For the C/Mo(110) surface, the valence state is c
acterized by two overlapping peaks at∼ 5.7 and∼ 1.9 eV,
which are related to emissions from the p–σ and p–π band,
respectively[25,26]. The detection of these broad featur
as well as the presence of a relatively weak feature at
proximately∼ 12.5 eV, agrees well with previous studi
of carbon-modified Mo surfaces. Additionally, the lack
a well-defined Fermi edge is also consistent with previ
investigations[25]. Upon oxygen modification at 600 an
900 K, the peak at∼ 5.7 eV increases in intensity rela
tive to the∼ 1.9 eV peak. For comparison, the∼ 12.5 eV
feature of 900 K O/C/Mo(110) decreases in intensity w
compared to the 600 K O/C/Mo(110) and C/Mo(110) s
faces. This observation corroborates with TPD and A
measurements showing the removal of a fraction of
face carbon upon exposure to oxygen at 900 K. Ove
aside from the feature at∼ 12.5 eV, the valence states
both O/C/Mo(110) surfaces closely resemble those of
O/Mo(110) surface.

In order to compare the local bonding environm
of carbon atoms in the unmodified and oxygen-modi
C/Mo(110), we have performed NEXAFS measureme
of the CK-edge features.Fig. 10 compares the NEXAFS
spectra of C/Mo(110) and 900 K O/C/Mo(110). The NE
AFS spectra of C/Mo(110) recorded at the 30◦ glancing
incidence, as shown inFig. 10a, are characterized by thre
features at approximately 284.4, 286.4, and 288.0 eV. B
on comparisons with previous NEXAFS investigations
carbide surfaces[2,19,27,28], these resonances can be
signed to the transitions of C (1s) electrons to the uno
pied p–d hybridized states of molybdenum carbide[2,19].
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Table 3a
Vibrational frequencies (cm−1) of solid phase CH3OH and molecular CH3OH adsorbed on various oxygen-modified surfaces

Mode CH3OH (s)[35] CH3OH/O/W(111)[16] CH3OH/O/W(110)[16] Multilayer/C/Mo(110)[17] CH3OH/600 K O/C/Mo(110)

δ(OH) 730 778 758 771
ν(CO) 1032 1062 1042 1028 1021
γ (CH3) 1124 1143 1143 1136 1136
δ(CH3) 1452 1488 1461 1468 1441
νs(CH3) 2828 2841
νas(CH3) 2951 2990 2956 2929 2943
ν(OH) 3225 3288 3267 3261 3227

Table 3b
Vibrational frequencies (cm−1) of methoxy (CH3O) on C/Mo(110) and 900 K O/C/Mo(110)

Mode CH3O/C/W(111)[16] CH3O/C/W(110)[16] CH3O/C/Mo(110) CH3O/900 K O/C/W(110)

ν(M–O) 534 561
ν(CO) 1021 994 1021 1015
γ (CH3) 1157 1157 1136 1143
δ(CH3) 1448 1448 1441 1434
νs(CH3)
νas(CH3) 2956 2943 2943 2956
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Fig. 9. Comparison of SXPS spectraof valence states of modified Mo(110
surfaces.

Overall, the peak positions of the CK-edge features ar
very similar between the unmodified C/Mo(110) and 900
O/C/Mo(110) surfaces. Since the lineshape and peak
sitions of the CK-edge features are very sensitive to t
bonding environment of carbon atoms[19], the comparison
in Fig. 10suggests that carbon atoms remain bonded to s
lar sites on the C/Mo(110) and 900 K O/C/Mo(110) surfac
which might be responsible for the general similarities in
chemical properties between the two surfaces.

Furthermore, the comparison ofFig. 10a (glancing in-
cidence) andFig. 10b (normal incidence) shows that th
C K-edge features have strong polarization dependenc
both C/Mo(110) and 900 K O/C/Mo(110). Because carb
atoms residing at below the metal surface would show
isotropic distribution[19], the observation of a strong pola
ization dependence suggests that at least a fraction of ca
atoms is occupying the surface sites in both C/Mo(110)
900 K O/C/Mo(110).
n

4. Discussion

4.1. Surface activity and product selectivity

4.1.1. Decomposition of cyclohexene
In this section we will provide quantitative analysis

the surface reactivity and product selectivity of the 6
and 900 K O/C/Mo(110) surfaces. These values are
rived by comparing the TPD peak areas with correspond
AES measurements, as described in detail for other surface
[11,16,17]. As described in earlier publications, the activ
and selectivity values were typically obtained from at le
two sets of TPD and AES measurements, with typical er
bars being less than 10%. Because of the difficulty in dr
ing baselines in some of the current TPD measurements (f
example,Fig. 5), we anticipate that the error bars might
larger for these measurements. Nonetheless we feel that it
important to provide a quantitative analysis for ease of c
parison with previous work on other surfaces

The TPD results inFig. 3 reveal the following two re-
actions of cyclohexene on C/Mo(110) and 900 K O
Mo(110):

(1)m · c − C6H10 → 6m · C+ 5m · H2,

(2)n · c − C6H10 → n · C6H6 + 2n · H2.

By combining AES ratios with TPD peak areas, the v
ues ofm andn were calculated, from our previous studi
on C/Mo(110), to be∼ 0.017(30%) and∼ 0.039(70%) cy-
clohexene molecules per Mo atom, respectively. The ove
activity, defined asm + n, is therefore 0.056 cyclohexen
molecules per Mo atom[6,7]. To determine the product se
lectivity of cyclohexene on the 900 K O/C/Mo(110) surfac
one needs to compare the hydrogen and benzene pea
eas to those of C/Mo(110). Using Eqs.(1) and (2)and the
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(a) (b)

Fig. 10. Normal (a) and glancing (b) incidence carbonK-edge NEXAF spectra of C/Mo(110) and 900 K O/C/Mo(110).
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known activity values on C/Mo(110), the following relatio
ships can be written:

(3)

AreaO(900 K)/C/Mo(110)
Benzene

AreaC/Mo(110)
Benzene

= n

0.039
= 0.37 ⇒ n ≈ 0.014,

AreaO(900 K)/C/Mo(110)
H2

AreaC/Mo(110)
H2

= 2n + 5m

2(0.039)+ 5(0.017)
= 0.85

(4)⇒ m ≈ 0.022.

The overall cyclohexene activity on the 900 K O/
Mo(110) surface is estimated to be∼ 0.036 molecules pe
Mo atom, with 61% completely decomposing and 39%
hydrogenating to benzene. A summary of these resul
presented inTable 4a.

In contrast, aside from molecular cyclohexene, no o
gas-phase products were observed on the 600 K
Mo(110), indicating the inert nature of this surface.

4.1.2. Decomposition of ethylene
In the previous investigation involving the decompo

tion of ethylene on clean and carbide-modified Mo(11
it was determined that gas-phase hydrogen and surface
bon were the only products after the TPD measurements[5].
The decomposition pathway for ethylene on these surf
is therefore:

(5)x · C2H4
∆−→ 2x · C+ 2x · H2.
r-

The decomposition activity of ethylene on clean Mo(1
was previously calculated to be∼ 0.15 ethylene molecule
per Mo atom. The C/Mo(110) surface was observed to
tain� 80% of the decomposition activity compared to cle
Mo(110)[5].

In this study, we confirmed that∼ 0.15 ethylene mole
cules per Mo atom decomposes on clean Mo(110), b
on AES ratios after TPD measurements (spectra not sho
By comparing the relative intensities of hydrogen deso
tion, we can then determine that∼ 0.13 and∼ 0.12 ethylene
molecules per Mo atom dissociate on the C/Mo(110) and
900 K O/C/Mo(110) surfaces, respectively,

(6)
AreaC/Mo(110)

H2

AreaMo(110)
H2

= 0.86 ⇒ ActivityC/Mo(110)
C2H4

≈ 0.13,

(7)

AreaO/C/Mo(110)
H2

AreaMo(110)
H2

= 0.80 ⇒ ActivityO/C/Mo(110)
C2H4

≈ 0.12.

On the 600 K O/C/Mo(110) surface, no hydrogen deso
tion is detected, and thus the decomposition activity is z
These values are compared inTable 4b.

4.1.3. Decomposition of methanol
On both C/Mo(110) and 900 K O/C/Mo(110), hydrog

and CO are the gas-phase products, and atomic carbo
oxygen are the remaining surface species after TPD m
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Table 4a
Reaction pathways of cyclohexene on C/Mo(110) and 900 K O/C/Mo(110)

Surface C6H6 activity: cyclohexene per metal atom
(% selectivity)

Complete decomposition activity:
cyclohexene per metal atom (% selectivity)

Overall activity:
cyclohexene per metal atom

C/Mo(110)(6,7) 0.035(70) 0.015(30) 0.050
900 K O/C/Mo(110) 0.014(39) 0.022(61) 0.036
C/W(111) (8) 0.059(67) 0.029(33) 0.088
900 K O/C/W(111) (9) 0.054(83) 0.011(17) 0.065
750 K C/Ti(0001) (12) 0.084(50) 0.084(50) 0.168
750 K O/C/Ti(0001) (12) 0.139(90) 0.015(10) 0.154
o-
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Table 4b
Activity of C/Mo(110) and 900 K O/C/Mo(110) toward ethylene decomp
sition

Surfaces Activity (ethylene molecules per metal ato

C/Mo(110) 0.130
900 K O/C/Mo(110) 0.120
C/W(110) (11) 0.104
C/W(111) (11) 0.145
C/Ti(0001) (12) 0.250

surements to 600 K. The reaction pathways are therefor

(8)xCH3OH
∆−→ xC(a) + xO(a) + 2xH2(g),

(9)yCH3OH
∆−→ yCO(g) + 2yH2(g).

To estimate the product yields on the 900 K O/C/Mo(1
surface, one can simply determine the hydrogen and
TPD peak areas relative to those from C/Mo(110). The
tivity of C/Mo(110) toward the complete decomposition o
methanol,x, and the production of gas-phase CO,y, were
previously estimated to be 0.142 and 0.083 molecules
Mo atom, respectively[17]. By comparing the H2 and CO
peak areas of the 900 K O/C/Mo(110) surface to those
C/Mo(110), the selectivityx ′ andy ′ can be determined:

(10)

2(x + y)

2(x ′ + y ′)
= AreaC/Mo(110)

H2

AreaO/C/Mo(110)
H2

= 2(0.142+ 0.083)

2(x ′ + y ′)

≈ 1.81 ⇒ x ′ + y ′ = 0.124,

(11)

y

y ′ = AreaC/Mo(110)
CO

AreaO/C/Mo(110)
CO

[@Temp< 600 K] = 0.083

y ′

≈ 4.23 ⇒ y ′ = 0.020.

As estimated from Eqs.(10) and (11), the overall decompo
sition activity on the 900 K O/C/Mo(110) surface(x ′ + y ′)
is 0.124 methanol molecules per Mo atom, and that∼ 84%
of the methanol completely decomposes while 16% reacts
produce gas-phase CO and H2. A summary of the methano
activity and product selectivity is shown inTable 4c.

4.2. Possible origin of different activities of 600 and 900
O/C/Mo(110) surfaces

As quantified in Section4.1 and summarized inTa-
bles 4a–4c, the 900 K O/C/Mo(110) surface remains a
tive toward the dissociation of cyclohexene, ethylene,
methanol. In contrast, the 600 K O/C/Mo(110) surface
essentially chemically inert.The following differences and
similarities exist for the two O/C/Mo(110) surfaces:

(1) The two surfaces have different atomic C/Mo and O/
ratios, with approximately 0.36 and 0.44 for 600
O/C/Mo(110) and 0.31 and 0.08 for 900 K O/C/Mo(11
(Section2.2).

(2) The vibrational frequency for theν(Mo–O) stretching
mode (Fig. 1) is different, at 595 cm−1 for 600 K
O/C/Mo(110) and 561 cm−1 for 900 K O/C/Mo(110),
suggesting different binding environments for oxyg
on the two surfaces.

(3) The SXPS measurements (Fig. 9) reveal similar elec-
tronic valence states for the two surfaces, sugges
that the different activities of the two surfaces did n
result from different electronic modifications by ox
gen.

We attempt to explain the different activities of the tw
O/C/Mo(110) surfaces using the schematic surface struc
models shown inFig. 11. As noted earlier, the unmodifie
C/Mo(110) surface is characterized by an AES atomic C/
ratio in the range of 0.40 to 0.46, which is close to
Mo2C stoichiometry of bulk molybdenum carbides.Fig. 11a
and 11bshow the two possible surface structures of Mo2C
Table 4c
Product yields of methanol on C/Mo(110) and 900 K O/C/Mo(110)

Surfaces Complete decomposition
activity per metal atom (%)

CO activity per metal atom (%) CH4 activity per metal atom (%) Total # of CH3OH
reacting per metal atom

C/Mo(110) (17) 0.142(63) 0.083(37) 0 (0) 0.225
900 K O/C/Mo(110) 0.104(84) 0.020(16) 0 (0) 0.124
C/W(111) (16) 0.155(55) 0.087(31) 0.038(14) 0.280
900 K O/C/W(111) (16) 0.050(21) 0.160(68) 0.026(11) 0.236
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K

(a) (b)

(c) (d)

Fig. 11. Schematic illustration of (a) Mo-terminated Mo2C surface, (b) C-terminated Mo2C surface, (c) 600 K O/C/Mo(110) surface, and (d) 900
O/C/Mo(110) surface.
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that are terminated by Mo and by C, respectively[29]. Be-
cause the NEXAFS results (Fig. 10) show a strong polariza
tion dependence in the CK-edge features, we believe th
the C-terminated surface should be more representativ
the C/Mo(110) surface.

Fig. 11c and 11dillustrate the potential surface structur
of the 600 and 900 K O/C/Mo(110) surfaces, respectiv
As shown in the TPD spectra inFig. 2, the recombination
of atomic C and O, to gas-phase CO, does not occur
til ∼ 700 K. Therefore, exposing C/Mo(110) to oxygen
600 K should not remove surface C atoms. In this case
O atoms should occupy the remainder surface sites, as
trated inFig. 11c, making this surface chemically inert d
to the blocking of surface sites. On the other hand, expo
C/Mo(110) to oxygen at 900 K should start to remove a fr
tion of surface C atoms by oxygen due to the recombina
CO desorption. In this case some of the O atoms could re
on the surface sites that are previously occupied by C, a
lustrated inFig. 11d. This surface should remain chemica
active due to the availability of the surface reactive sites.
though the stoichiometries inFig. 11, Mo2C for C/Mo(110),
Mo2C–O for 600 K O/Mo(110), and Mo2C0.75–O0.25 for
900 K O/C/Mo(110), are slightly off from the atomic ratio
derived from the AES measurements, these structures
vide a qualitative, self-consistent explanation to interpret
chemical and spectroscopic results in the current paper. Den
f

-

-

sity functional theory (DFT) modeling studies to determ
the electronic properties of carbide and oxycarbide st
tures in Fig. 11 are underway. The initial results provid
an excellent agreement between the DFT modeling and th
SXPS results for the Mo(110) and C/Mo(110) surfaces,
will be presented in a separate paper[30].

It is important to point out that the SXPS results presen
here are not sensitive enough to distinguish minor dif
ences in electronic structures if some oxygen dissolves
the subsurface at 900 K. Similarly, although the polarizat
dependent NEXAF spectrum reveals the presence of su
oxygen, it again does not rule outthe possibility of a fraction
of oxygen residing in the subsurface at 900 K. One pote
way to determine the presence of subsurface oxygen
more accurately interpret the HREELS data inFig. 1, where
one would expect differentν(Mo–O) frequencies for oxyge
residing in the surface and subsurface. We are currently
forming DFT modeling to help the vibrational assignm
of the HREELS spectra of the 600 and 900 K O/C/Mo(1
surfaces.

4.3. Comparing O/C/Mo(110) with oxygen-modified
C/W(111) and C/Ti(0001)

As summarized inTable 4a, the selective dehydrogen
tion of cyclohexene can be used as a probe to com
O/C/Mo(110) with other oxygen-modified carbide surface



H.H. Hwu et al. / Journal of Catalysis 229 (2005) 30–44 43

on
and
e-
od-
on
ifi-
cy-
ene
9%
1)
ard
%)
the
en-
t
0 to
he
xy-
d/or
eri-

lish
s of

e, th
ca-

end
sed
e
ne,

ace

he
on

-
the

of
her
val

es-
st
ard

ur-
-

is
of

rgy
t
of
of

yn-
ec-
es-
he
ac-
ro-
nk

ar-

es,

.

98)

s.

To-

To-

1

0

ng.

5

9)

py,

29.

ace
When comparing the effects of oxygen modification
C/Mo(110) and C/W(111), one notices both differences
similarities. While both C/Mo(110) and C/W(111) were d
activated by exposure to oxygen at 600 K, oxygen m
ification at 900 K appeared to have different effects
C/Mo(110) and C/W(111). In both cases, oxygen mod
cation at 900 K decreased the overall activity toward
clohexene by nearly 30%. The selectivity toward benz
production was reduced from 70% on C/Mo(110) to 3
on 900 K O/C/Mo(110). In contrast, the 900 K O/C/W(11
surface actually showed a higher selectivity (83%) tow
the production of benzene than unmodified C/W(111) (67
[8,9]. We have also recently completed parallel studies of
dehydrogenation of cyclohexene on unmodified and oxyg
modified C/Ti(0001)[12]. When modified by oxygen a
750 K, the selectivity toward benzene increased from 5
90% on O/C/Ti(0001)[12]. These comparisons show that t
effect of oxygen modification depends not only on the o
gen adsorption environment, but also on the identity an
structure of the metal substrates. More systematic exp
mental and theoretical studies are necessary to estab
general trends in the chemical properties of oxycarbide
different metals.

5. Conclusions

Based on the results and discussion presented abov
following conclusions can be made regarding the modifi
tion effect of oxygen on C/Mo(110):

(1) The surface activities of O/C/Mo(110) surfaces dep
strongly on the temperature at which oxygen is expo
to C/Mo(110). While the 900 K O/C/Mo(110) surfac
remains active toward the dissociation of cyclohexe
ethylene, and methanol, the 600 K O/C/Mo(110) surf
is essentially inert.

(2) The different activities are most likely related to t
different binding environments of the O atoms
C/Mo(110), as illustrated inFig. 11: Upon exposing
C/Mo(110) to 600 K, which is below the onset tem
perature for the recombinative desorption of CO,
O atoms most likely occupy the active surface sites
C/Mo(110), thus deactivating the surface. On the ot
hand, exposing C/Mo(110) at 900 K leads to the remo
of a fraction of C atoms due to recombinative CO d
orption. The resulting O/C/Mo(110) surface will mo
likely retain the active surface sites for reactions tow
olefins and oxygenates.

(3) Comparisons with other oxygen-modified carbide s
faces indicate the complex nature of oxygen modifi
cation. Systematic experimental and DFT modeling
required to identify general trends in the reactivities
oxycarbides.
a
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