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We have investigated the adsorption and decomposition of #-
butane and 1,3-butadiene on clean and carbide-modified vanadium
(110) surfaces. By using high-resolution electron energy loss spec-
troscopy and thermal desorption spectrometry, we observe that
the formation of carbide significantly modifies the reactivities of
vanadium. The 1,3-butadiene molecules interact strongly with
clean V(110) via the interaction between the d-band of vanadium
and the 7 orbitals of the adsorbates; the interaction is much weaker
on the carbide-modified surfaces. On the other hand, n-butane
interacts very weakly and reversibly with the clean surface; the
reactivity is enhanced on carbide-modified surfaces. These experi-
mental results are compared to the existing theories on the activa-
tion of C—H bonds of alkanes and C=C bonds of unsaturated
hydrocarbons on transition metals. Such a comparison indicates
that, although the reactivities of clean vanadium agree very well
with the theoretical predictions for early transition metals, the
properties of carbide-modified surfaces are more similar to those
of Group VIIIB metals.
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1. INTRODUCTION

The electronic, structural, and catalytic properties of
carbides of early transition metals have been the subject
of many experimental and theoretical investigations (1-3)
since these carbides often demonstrate unique catalytic
advantages over their parent metals in activity, selectiv-
ity, and resistance to poisoning. Among the early transi-
tion metal carbides, the electronic and catalytic proper-
ties of tungsten carbide (WC) is by far the most exten-
sively investigated (2). Most of these studies were inspired
by the pioneering work of Levy and Boudart (4), who
suggested that WC displayed Pt-like behavior in several
catalytic reactions. Subsequent investigations on the elec-
tronic properties have revealed many similarities and dif-
ferences between WC and Pt. For example, Bennett et
al. (5) and Colton et al. (6) have investigated the electronic
structures of WC, up to the Fermi level, by using X-
ray photoelectron spectroscopy (XPS). By comparing the
valence bands and core levels of W, WC, and Pt, these
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authors found that WC resembled Pt more than it did W.
Houston et al. (7) have measured the density of states
(DOS) of the unfilled electronic states in the conduction
bands of these three materials. They found that the width
of the unfilled portion of the d-band of W was broadened
by the formation of WC. From these studies, there is a
general agreement that the electronic structure of WC is
similar to that of Pt up to the Fermi level. Above the
Fermi level, there is a greater density of empty levels for
WC than Pt. Furthermore, the electronic structures of
other early transition metal carbides are generally be-
lieved to be similar to those of WC (2, 8).

In an attempt to understand the fundamental correla-
tions between the electronic and catalytic properties of
carbide materials, we have chosen vanadium carbide
films, produced on a vanadium (110) surface, as model
systems for our experimental investigations. This paper
is the fourth in a series of papers which discuss the possi-
bility that the electronic modifications, resulting from the
formation of metal-carbon bonds, are most likely respon-
sible for some of the unique properties of the carbide
surfaces. In the first paper (9), we have observed that the
electronic properties of vanadium surfaces were signifi-
cantly modified by the formation of carbide. For example,
by using carbon monoxide and ethylene as probing mole-
cules, we have observed a similarity between the surface
reactivities of carbide-modified V(110) and those of plati-
num-group metals (9). This electronic modification effect
is also supported by our near-edge X-ray absorption fine
structure (NEXAFS) investigations (10), which indicate
that there is a substantial charge transfer from vanadium
to carbon as a result of carbide formation. In the third
paper, the electronic and catalytic properties of
VC/V(110) model systems were compared to those of VC
powder materials (11).

In the present paper, we report our experimental results
on the activation of C—H bonds of n-butane and C=C
bonds of 1,3-butadiene on clean and carbide-modified
V(110) surfaces. These two molecules are chosen because
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their carbon atoms are completely sp* and sp? hybridized,
respectively. By comparing the adsorption and decompo-
sition of n-butane and 1,3-butadiene, we find that the
reactivities of vanadium toward these two molecules are
significantly modified by the formation of carbide, al-
though in the opposite directions. These results will be
explained by the modification of the electronic properties
of vanadium as a result of carbide formation. In addition,
these results will be compared to recent theoretical inves-
tigations of C—H and C=C bond activations on transi-
tion metal surfaces (12-17).

2. EXPERIMENTAL METHODS

The experiments reported here were carried out in an
ultrahigh vacuum (UHV) chamber described previously
(18). Briefly, the chamber was equipped with a high-reso-
lution electron energy loss spectrometer (HREELS) for
vibrational analysis and a quadrupole mass spectrometer
for thermal desorption sepctrometry (TDS) measure-
ments. The HREELS spectra were collected in the specu-
lar direction with an incident energy of 3.5 eV and with
a spectroscopic resolution of 50-80 cm™'. The TDS data
were obtained by simultaneously monitoring up to 16
masses, with a typical heating rate of about 1.5 K/s.

The V(110) surface was cleaned by repeated cycles of
Ne* sputteringat 600 K (1.0kV; 3 uA) followed by anneal-
ing to 1200-1400 K, as described in detail elsewhere (19).
The impurity levels of residual C and S were less than 2
and 1%, respectively, based on Auger electron spectro-
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scopic (AES) measurements. The residual O impurity on
the surface was estimated to be less than 6% of a mono-
layer (ML) from the HREELS measurement (19). Thin
vanadium carbide films, with an Auger C(KLL) lineshape
characteristic of carbidic species(10), were produced by
exposing the clean V(110) surface to ethylene or 1,3-buta-
diene at 600 K. At hydrocarbon exposures above 140 L (1
L =1 x 10® Torr - s), the atomic ratio of carbon/vanadium
reaches a constant value of 1.0, indicting a stoichiometry
of VC for the thin carbide films (10). Based on the escape
depth of Auger electrons from the C(KLL) and V(LMM)
transitions (10, 20), the average thickness of these vana-
dium carbide films was estimated to be at least 10 A.
Low energy electron diffraction (LEED) measurements
of these thin carbide films did not show any distinct sym-
metry patterns, suggesting the formation of polycrystal-
line carbide layers. Other carbide-modified V(110) sur-
faces, with the carbon/vanadium atomic ratios of less than
1.0, could be reproducibly prepared either by controlling
the hydrocarbon exposures at 600 K or by heating a satu-
rated vanadium carbide film to higher temperatures (700-
1050 K) (21). For the carbide-modified V(110) surfaces
used in the current study, saturated carbide films with the
VC stoichiometry were prepared by exposing 300 L of
deuterated 1,3-butadiene (C,D,) to V(110) at 600 K; car-
bide-modified V(110) surfaces with carbon/vanadium ra-
tios of less than 1.0 were prepared by heating the saturated
carbide films to higher temperatures. Details concerning
the formation and thermal stability of thin carbide films
on V(110) can be found elsewhere (21).

n-Butane/V(110)
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TDS data of n-butane from the clean V(110) surface as a function of n-butane exposure at 80 K. The TDS spectra, shown in the left

panel, were recorded by following the ion current of the major cracking pattern for n-butane at mass 43 amu. The right panel shows TDS peak
areas of mass 43 amu at different n-butane exposures. The heating rate was 1.5 K/s.
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Research purity reagents, n-butane (99.9%) and 1,3-
butadiene (99.8%), were purchased from Matheson Gas
Products. Deuterated 1,3-butadiene (98% atomic D) was
purchased from the Cambridge Isotope Laboratory. All
reagents were used without further purification and were
introduced into the UHV chamber through leak-valves.
The gas pressure was measured by uncorrected ion
gauges.

3. RESULTS AND INTERPRETATIONS

3.1. Thermal Desorption Studies of C4 Molecules on
V(110) and VCIV(110)

A set of thermal desorption spectra following the molec-
ular desorption of n-butane from a clean V(110) surface
is shown in the left panel of Fig. 1. The TDS results are
presented by plotting the ion current of the major cracking
pattern of n-butane at 43 amu as a function of temperature.
Two peaks are detected in the TDS spectra, one at
142-145 K at low n-butane exposures and the other at
101 K at exposures above 8.0 L. These two TDS features
can be readily assigned to the desorption of monolayer
and multilayer species, respectively. A more detailed
comparison of the TDS spectra (not shown) as a function
of exposure suggests that multilayer formation, as indi-
cated by the onset of the 101 K peak, occurs between
an n-butane exposure range of 6.0-8.0 L. By using the
Redhead equation for a first-order desorption process (22)
and by assuming a preexponential factor of 10" s™!, the
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heats of desorption for the multilayer and monolayer
coverages are estimated, from the TDS peak tempera-
tures, to be 6.6 and 9.4 kcal/mol, respectively. Both val-
ues are in the energy range that is typically observed for
physisorbed species, indicating a very weak interaction
between n-butane and the clean V(110) surface. A weak
interaction of n-butane with V(110) is also suggested by
the peak area analysis shown in the right panel of Fig. 1,
where the overall TDS peak areas (sum of monolayer and
multilayer) are plotted as a function of n-butane exposure
at 80 K. The important observation is that the peak area
of molecularly desorbed n-butane scales almost linearly
with the exposure. Assuming the sticking coefficient of
n-butane is constant at 80 K, this observation suggests
that all adsorbed n-butane molecules desorb molecularly
from the V(110) surface without undergoing any signifi-
cant amount of decomposition.

A set of TDS results following the molecular desorption
of 1,3-butadiene from a clean V(110) surface is shown in
Fig. 2 by monitoring the ion signals of the major cracking
pattern at 39 amu. There is almost no molecular desorp-
tion from 1,3-butadiene exposures below 2.0 L (TDS spec-
tra A and B), indicating that most of the adsorbed mole-
cules undergo irreversible decomposition on the surface.
The only detectable decomposition products of ,3-buta-
diene on V(110) are atomic carbon and molecular hydro-
gen. The latter is produced by the recombination of atomic
hydrogen and is detected from the TDS measurements
at approximately 400 K, as will be discussed later. The
fraction of 1,3-butadiene molecules undergoing decompo-
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TDS data of 1,3-butadiene from the clean V(110) surface as a function of exposure at 80 K. The TDS spectra, shown in the left panel,

were recorded by following the ion current of the major cracking pattern for 1,3-butadiene at a mass of 39 amu. The right panel shows TDS peak

areas of mass 39 amu at different 1,3-butadiene exposures.
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sition reaches a constant level at exposures below 3.0 L,
as suggested from the AES measurement of the concentra-
tion of atomic carbon and from the TDS measurement of
the peak area of molecular hydrogen. As shown in Fig.
2, at higher 1,3-butadiene exposures (3.0-6.0 L), a desorp-
tion peak was observed at about 150 K, which shifted
gradually to 128 K. An additional peak, due to multilayer
desorption, was observed at 110 K at an 1,3-butadiene
exposure of 8.0 L. The exposure for a saturation coverage
1s again estimated to be between 6.0-8.0 L. The decompo-
sition of 1,3-butadiene at low coverages is also suggested
in the peak area measurements, as shown in the right
panel of Fig. 2. The lack of a linear correlation at the low
exposure regime clearly indicates the irreversible nature
of 1,3-butadiene adsorption at low coverages.

The TDS spectra of n-butane and 1,3-butadiene from
carbide-modified V(110) are very different, as shown in
Figs. 3 and 4. For each set of TDS experiments, the clean
and carbon-modified V(110) surfaces were exposed to
identical exposures of the corresponding C4 molecule at
80 K. For each set of TDS data, desorption peaks from
the parent molecules and the decomposition product (hy-
drogen) are compared.

As shown in Fig. 3, the adsorption of n-butane on clean
V(110) is completely reversible, as indicated by the ab-
sence of any H, desorption peak. On the carbide-modified
surfaces, the peak area of molecularly desorbed n-butane
decreases, which is accompanied by an increase in the
peak area of H, at approximately 500 K. Both observa-
tions indicate that the fraction of molecules undergoing
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decomposition is increased on the carbide-modified sur-
faces.

Figure 4 shows the TDS results of 1,3-butadiene from
clean and carbide-modified V(110). In contrast to those
observed for n-butane, the fraction of 1,3-butadiene mole-
cules undergoing decomposition is reduced on the car-
bide-modified surfaces, indicating that the reactivities of
vanadium towards saturated and unsaturated C4 mole-
cules are modified in a distinctly different manner.

We have estiimated the fraction of decomposition from
the areas of the H,-desorption peak using a combination
of AES and TDS. The fraction of n-butane decomposition
is estimated to increase from 0.01 ML on clean V(110) to
0.07 ML on the VC/V(110) surface (Fig. 3). Similarly, the
fraction of 1,3-butadiene decomposition is estimated to
decrease from 0.18 ML on clean V(110) to 0.04 ML on
the VC/V(110) surface (Fig. 4).

3.2. Vibrational Studies of Adsorption and
Decomposition of C4 Molecules

A set of HREELS spectra following the adsorption of
n-butane on clean V(110) at 80 K is shown in Fig. 5. The
two vibrational features of the “clean™ surface (Fig. 6a)
at 475 and 615 cm™! are related to the deformation and
stretching of the V-O vibrations of the residual oxygen
impurities, respectively (19). Although the amount of oxy-
gen is small, less than 0.06 monolayer (19), their vibra-
tional features are fairly intense due to the relatively
strong dynamic dipole of the V-O vibrations. The vibra-
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TPD of H, are n-butane from carbide-modified V(110). Comparison of TDS spectra of 3.0 L s#-butane from clean and carbide-modified

V(110). The VC/V(110) surface with a C/V ratio of 1.0 was prepared by exposing the surface to 300 L of C,D, at 600 K. The carbide-modified
V(110) and a C/V ratio of 0.4 was obtained by annealing the 300 L C,D, layer to 850 K.
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FIG. 4. TPD of H, and 1,3-butadiene from carbide modified V(110). Comparison of TDS spectra of 3.0 L 1,3-butadiene from clean and
carbide-modified V(110). The carbide-modified surfaces were prepared in a similar way as described in Fig. 3, except that the 0.6 C/V layer was

prepared by annealing the 300 L C D layer to 750 K.

tional features of the adsorbed n-butane molecules can
be readily assigned by a comparison with the vibrational
frequencies of solid n-butane (23) and physisorbed n-bu-
tane multilayers (24): »(CH;) + »(CH,) at 2915 cm™!,
3(CH,) + 8(CH,) at 1445 cm™', and »(CC) at 1015 cm™'.
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FIG. 5. HREELS spectra following the adsorption of n-butane on

clean V(110) at 80 K. A identical set of vibrational features is observed
for both submonolayer (spectra band ¢} and multilayer (spectrum d) cov-
erages.

The frequencies of these features remain fairly constant
as the coverage increases from submonolayer (spectra b
and c) to multilayer (spectrum d), suggesting a relatively
weak interaction between the adsorbate and the V(110)
surface. This observation is consistent with the TDS find-
ings of weak and reversible interaction of n-butane with
the clean surface.

A comparison of HREELS spectra following the ther-
mal desorption/decomposition of n-butane on clean and
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FIG. 6. A comparison of HREELS spectra following the decomposi-
tion of n-butane on clean V(110) and on a C/V(110) surface with an
atomic C/V ratio of 0.3.
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FIG.7. HREELS spectra following the adsorption of C;H¢ on clean
V(110) at 80 K.

carbon-modified V(110) is shown in Fig. 6. The adsorbed
layers were prepared by exposing the clean and carbide-
modified V(110) surfaces to 6.0 L of n-butane at 80 K.
The surfaces were then heated to 200 K, which was above
the temperature for the molecular desorption of n-butane
(Fig. 1). Therefore, the vibrational intensity of the »(CH,)
mode in Fig. 6 can be used as a qualitative indication
for the degree of n-butane decomposition on these two
surfaces. As shown in Fig. 6a, the decomposition of n-
butane on clean V(110) is almost negligible, as suggested
by the very weak intensity of the »(CH,) mode at 2895
cm™!. The 585 cm™ ! feature is again related to the residual
oxygen on the surface, although the peak is broader than
that of the clean surface (Fig. 6a). The feature at 1050 cm™!
can be contributed by the accumulation of background
CO (9) or hydrogen (25) during the preparation and data
acquisition processes. The important observation in Fig.
7a is that the degree of n-butane decomposition is very
small on clean V(110), which is consistent with the AES
result that the carbon/vanadium atomic ratio is less than
1% after the thermal desorption of n-butane. By compar-
ing Fig. 6a and 6b, one notes that the vibrational intensity
of the ¥(CH,) feature at 2895 cm™! is much stronger on
the carbide-modified surface, indicating a larger degree
of decomposition of n-butane on the modified surface.
Although the value of x in the CH, fragments can be
distinguished by the characteristic frequencies of CH,
deformation mode in the frequency range 700—1500 cm ™'
(26), the weak and broad features in the current study
prevent us from doing so. However, the lack of a §(CH)
feature near 750 cm ™', in combination with the observa-

tion of the weak 1450 cm™' in spectrum b in Fig. 6, sug-
gests that they are related to either CH, or CH, fragments.
A comparison of the two HREELS spectra indicate that
the amount of CH, fragments on the carbide-modified
surface is much larger than that on the clean V(110) sur-
face. This observation is consistent with the TDS conclu-
sions that the dissociation of n-butane is enhanced on the
carbide-modified surfaces.

Figure 7 shows a set of HREELS spectra recorded
following the adsorption of 1,3-butadiene on clean V(110)
at 80 K. Unlike the case of n-butane adsorption on V(110)
(Fig. 6), the HREELS spectra show a strong coverage
dependence. The HREELS spectra at submonolayer cov-
erages (Figs. 7a and 7b) are very different from that of
the 8.0 L overlayer (Fig. 7¢). For vibrational assignment,
HREELS spectra following the adsorption of C,D, are
shown in Fig. 8. Based on the characteristic isotope shifts
in the vibrational frequencies, and based on comparisons
with vibrational studies of C,H, adsorption on other
metal surfaces (27), the vibrational features of surface
species after the adsorption of 1,3-butadiene on V(110)
are assigned in Tables 1 and 2.

As summarized in Table 1, at low [,3-butadiene cover-
ages (Figs 7a and 8a) the 1,3-butadiene species can be best
described as the strongly chemisorbed tetra-o species,
VCH,-VCH-VCH-VCH,. In this bonding configuration,
the C=C double bonds of 1,3-butadiene are reduced to
C—C single bonds and all carbon atoms are in the sp?
hybridization (27). This sp? environment is consistent with
the observation of the characteristic vibrational frequency
of the v(CH) + »(CH,) mode at 2935 cm™'. The absence
of any »(C==C) vibrational mode, expected to appear in
the frequency range 1400-1600 cm™', also supports the
tetra-o bonding configuration. HREELS results after

C.D,/V(110)
T=80K

units)

(b) 80 L

Intensity (arb.

(a)20L

I
3000

0 1000 2000
Energy Loss (cm’’)

FIG. 8. HREELS spectra following the adsorption of C,D, on clean
V(110) at 80 K.
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TABLE 1

Vibrational Assignment of tetra-o 1,3-Butadiene Species

C4H, (C4Dg) On V(110) On Pt(111)
at Submonolayer coverage at 300 K
Vibrational modes (this work) (Ref. 27)
CH,-Wag (out-of-plane) 975 (750) —
r(C-C) 1170 (—) 1050
CH,-Scissor 1420 (1045} 1360
»(CH) + v(CH,) 2935 (2190) 2920

heating the low coverage 1,3-butadiene/V(110) overlayer
(not shown) indicate that these strongly bonded species
undergo a thermal decomposition in the temperature
range 200-400 K, which is consistent with the TDS results
that 1,3-butadiene adsorbs irreversibly at exposure below
2.0 L (Fig. 2).

At an 1,3-butadiene exposure of 8.0 L (Figs. 7c and
8b), the HREELS spectra are qualitatively different from
those of submonolayer coverages. As indicated from the
TDS data, this exposure corresponds to the completion
of the first monolayer and the onset of multilayer on
the V(110) surface. As summarized in Table 2, the vibra-
tional features at this coverage can be assigned to 1,3-
butadiene species adsorbed in the di-o configuration,
VCH,—VCH—CH==CH,. The presence of sp? hybrid-
ized carbon is supported by the observation of the
»(C=C) feature at 1565 cm~! and the strong y(CH,) mode
at 905 cm™!. This bonding geometry is also reflected by
the vibrational frequency of v(CH) + »(CH,), which shifts
upward to 3005 cm~'. HREELS resuits after heating the
8.0 L 1,3-butadiene overlayer (not shown) indicate that
a tetra-o layer is again produced on V(110) when the
excess amount of 1,3-butadiene is molecularly desorbed
at 150-200 K; the subsequent thermal behavior at higher
temperatures is almost identical to that observed for the
2.0 L tetra-o C,;H, overlayer.

Although the submonolayer C,H, interacts strongly
with the clean V(110) surface, as indicated by the forma-

TABLE 2
Vibrational Assignment of di-o 1,3-Butadiene Species

C,H¢ (C,Dg) on V(110) OnPt(111)

at Monolayer coverage at 170 K

Vibrational modes (this work) (Ref. 27)
CH,-Twist (out-of-plane) 555 (385) 570
CH,-Wag (out-of-plane) 905 (730) 900
wC-C) 1230 (1180) 1050
CH,-Scissor 1420 (1025) 1430

v(C==C) 1565 (1565) 1400-1500
»(CH) + »(CH,) 3005 (2240) 2990
3050

tion of tetra-o VCH,—~VCH-VCH-VCH, species, a much
weaker interaction occurs on the carbide-modified V(110)
surface. HREELS spectra of a submonolayer-coverage
C,H; on clean and on carbide-modified V(110) surfaces
are compared in Fig. 9. As a reference, the HREELS
spectrum of a C,H, layer on an oxygen-modified V(110)
surface is also shown in Fig. 9c. The vibrational frequen-
cies observed on the O/V(110) surface are typical for the
weakly adsorbed, 7-bonded C,H, species, with »(CH,) at
3045 cm™!, »(C==C) at 1590 cm™', and a very strong
v(CH,) mode at 935 cm™'. These weakly adsorbed C,H,
molecules undergo a complete reversible desorption at
150 K from the O/V(110) surface. By comparing the three
spectra in Fig. 9, it is clear that the bonding configuration
of C4H, on the carbide-modified surface (Fig. 9b) is neither
tetra-o nor w-bonded. The interaction is certainly weaker
than on the clean surface, as indicated by the observation
of the »(C=C) mode at 1580 cm~'. On the other hand,
the spectroscopic differences between Fig. 9b and 9¢ sug-
gest that the interaction is stronger than on the oxygen-
modified surface. Therefore, one could conclude that the
interaction of C,H, with carbide-modified V(110) is be-
tween the strongly bonded tetra-o (spectrum a) and the
weakly bonded w-configurations (spectrum c). In fact,
by comparing the similarities of Fig. 9b with the 8.0 L
C,H,/V(110) spectrum (Fig. 7c), the bonding geometry
of the submonolayer C,H, on the carbide-modified
surface is most likely in the di-o configuations,
VCH,—VCH—CH==CH,. This observation is consis-
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FIG.9. A comparison of HREELS spectra following the adsorption
of submonolayer 1,3-butadiene on (a) clean; (b) carbide-modified
(atomic C/V = 1.0) and (¢) oxygen-modified (8, = 0.33 monolayer)
V(110) surfaces.
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tent with the TDS results that the interaction of 1,3-butadi-
ene is weaker on the carbide-modified surfaces than on
the clean V(110) surface.

4. DISCUSSION

4.1. Electronic Properties of Vanadium Carbide

Before discussing the activation of C—H and C==C
bonds on carbide-modified V(110), it is necessary to
briefly review the electronic properties of vanadium car-
bide. As mentioned earlier, the electronic structures of
early transition metal carbides are believed to be similar
to those of WC (2, 8, 28). The general similarities in the
electronic properties of early transition metal carbides
have been demonstrated by investigating the carbon K-
edge features using high-energy electron energy loss spec-
troscopy (EELS) (29, 30) and recently NEXAFS (31).
Figure 10 shows NEXAFS results of the carbon K-edge
features of the VC/V(110) films in the current study, and
those of powder materials of VC, WC, and graphite. As
expected, the carbon K-edge features of the three carbide
materials are very different from those of graphite. All
three carbides show two sharp resonances, at 285.5 and
287.5 eV for VC and at 286.8 and 289.0 eV for WC. These
two resonances are characteristic for carbides materials
and are related to the hybridization of C 2p and metal d-
orbitals, as suggested from the band-structure calcula-
tions by Pfluger et al. (29, 30). Therefore, Fig. 10 shows
that the electronic structures of VC/V(110) are almost
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FIG. 10. A comparison of NEXAFS spectra of the VC/V(110) (twin
films) model surfaces with bulk carbides. The powder materials of VC,
WC, and graphite were purchased from Aldrich Chemicals.

identical to those of bulk VC powder materials, confirming
that the thin VC films can be used as a reliable model
system. In addition, Fig. 10 also shows the general similar-
ities in the carbon K-edge features of VC and WC. More
details about carbon K-edge features of metal carbides
can be found elsewhere (10, 29-31).

As mentioned in the Introduction, the electronic prop-
erties of WC have been extensively investigated by vari-
ous experimental techniques (4-7, 28) and theoretical cal-
culations (32-34). By establishing the general similarities
between VC and WC (Fig. 10), we will utilize the elec-
tronic structures of WC to guide our discussions in the
current study. As will be discussed later, for the activation
of C-H and C=C bonds, the electronic properties of both
the filled and unfilled portions of d-bands are important
factors. For WC (6-8), the filled-portion of the W d-band
is narrowed as a result of carbide formation, resulting in
the electronic structures of WC similar to that of Pt up
to the Fermi level. At energies above the Fermi level,
the width of the unfilled-portion of the d-band of W is
broadened by the formation of WC, giving rise to a greater
density of empty levels for WC than both W and Pt.

Finally, although the electronic properties of VC are
not as extensively studied, the few investigations carried
out so far confirm a similar d-band structures as those of
WC. For example, the theoretical work of Siegel esti-
mated that the width of the filled-portion of the V d-band
is narrowed by at least 50% due to the formation of carbide
(34). In addition, we have observed a broadening in the
unfilled-portion of d-orbitals of VC in our NEXAFS inves-
tigations of the lineshape of the vanadium L-edge features
of V and VC (11).

4.2. Activation of C-H and C=C Bonds on V(110) and
VC(110)

The TDS and HREELS results presented here clearly
demonstrate that the formation of vanadium carbide mod-
ifies the reactivities of vanadium toward n-butane and 1,3-
butadiene. On clean V(110), the decomposition of C-H
bonds of n-butane is negligible, as indicated by the lack
of H,-desorption in th TDS measurements (Fig. 3) and by
the absence of surface CH, fragments in the HREELS
results (Fig. 6). On the other hand, the decomposition of
n-butane is enhanced on the carbide-modified surfaces,
as demonstrated by the detection of H,-desorption in the
TDS measurements (Fig. 3) and by the HREELS detec-
tion of CH, fragments (Fig. 6).

Different modification effects are observed for the inter-
action of 1,3-butadiene on clean and carbide-modified
V(110) surfaces. At exposures below 2.0 L, the strong
interaction between the C=C bonds of 1,3-butadiene and
the clean V(110) surface reduces the bond-order to C-C
single bonds, as indicated by the HREELS observation
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of the tetra-o species, VCH,-VCH-VCH-VCH, (Figs.
7a and 8a). These strongly bonded species decompose on
the surface at higher temperatures. The decomposition
products are atomic carbon and molecular hydrogen,
which desorbs as a very broad TDS peak centered at 400
K. On the other hand, the interaction of 1,3-butadiene on
the carbide-modified surface is weakened. For example,
on a carbide-modified surface with a C/V ratio of 1.0 (Fig.
9b), the C=C bond is partially protected, as indicated by
the HREELS observation of the »(C==C) mode at 1580
cm~! and the sp*like »(CH) feature at 3020 cm™'. The
TDS results (Fig. 4) also indicate that the areas of the
H,-desorption peaks are reduced on the carbide-modified
surfaces. However, it is important to point out that, al-
though the interaction of 1,3-butadiene on vanadium car-
bide is weaker than that on clean V(110), there is still
significant interaction between the adsorbate and the car-
bide surface. Thisis suggested by the TDS observation that
H,-desorption peak is still detected even on the vanadium
carbide surface with a carbon/vanadium ratio of 1.0 (Fig.
4). This is also supported by the HREELS observation
that the vibrational spectrum (Fig. 9b) is much different
from the weak and reversible adsorption of 1,3-butadiene
on the oxygen-modified V(110) surface (Fig. 9c). The
HREELS spectrum of 1,3-butadiene on vanadium carbide
(Fig. 9b) might be best described as a di-o species,
VCH,—VCH-—CH=CH,, suggesting that there is still a
relatively strong interaction between the C=C bonds of
1,3-butadiene and the VC/V(110) surface.

The differences in the reactivities of 1,3-butadiene with
clean and carbide-modified V(110) surfaces can be ex-
plained by the different electronic properties of the two
surfaces. The activation and subsequent decomposition
of C=C bonds involve the donation of metal d-electrons
to the antibonding pm*-orbitals of the unsaturated hydro-
carbons (12). Onclean V(110), the diffuse d-orbitals, char-
acteristic for early transition metals (35), would allow a
very efficient d—p#* overlapping between the substrate
and the C==C bonds of the absorbates. This is consistent
with our observation of the formation of the tetra-o
VCH,-VCH-VCH-VCH, species on clean V(110). As
mentioned earlier, the formation of carbide narrows the
filled-portion of the metal d-band, which would result in
aless efficient d—p#™* overlapping. This is again consistent
with our observation of a weaker interaction between 1,3-
butadiene and the VC/V(110) surface.

We should also point out that the reactions of unsatu-
rated hydrocarbons (36-40) and cyclic hydrocarbons (41,
42) have also been investigated on carbon-modified single
crystal surfaces of W and Mo. The main effect of carbon
modification is that the presence of carbon/carbide re-
duces the degree of interaction between the unsaturated
hydrocarbons and the surfaces (36—40). Most of these
results are explained by a site-blocking model (40), which

assumes that carbon atoms block those surface active
sites that are interacting strongly with adsorbates. In the
current study, we believe that the electronic modification
on the d-band, instead of a pure site-blocking mechanism,
plays a major role in the interaction of 1,3-butadiene with
the VC/V(110) surface. For example, for the VC/V(110)
surface used in Fig. 9b, the thickness of the VC film is
at least 10 A (10). The fact that a relatively strong interac-
tion is still observed on this VC/V(110) surface, as indi-
cated by the formation of di-c VCH,—VCH—CH=CH,
species, argues against a pure site-blocking model.

The interaction of saturated hydrocarbons with carbide-
modified single crystal surfaces has not been extensively
investigated. To our best knowledge, the only systematic
investigation was carried out by Kelly et al. (40), who
carried out a detailed TDS investigation of the decomposi-
tion of n-butane on clean and on carbon-modified
Mo(100). They found that the degree of n-butane decom-
position is small and more than 95% of n-butane desorbs
molecularly from both clean and carbide-modified sur-
faces. For the 5% adsorbates which react with the surface,
the major decomposition product changes from hydrogen
on clean Mo(100) to butene on carbide-modified surfaces
with carbon coverages above 2/3 monolayer. Such a
change in the decomposition pathway was again attributed
to the site-blocking of carbon, which prevented the total
decomposition of n-butane to hydrogen and atomic carbon
species (40).

In the current study, the TDS and HREELS experi-
ments clearly indicate that the decomposition of n butane
is enhanced on carbide-modified V(110). The site-blocking
model for C/Mo(110) (40) will not provide a satisfactory
explanation. We propose the following three possible
models for the enhancement in the decomposition of n-
butane on VC/V(110):

(i) It might be related to the unique electronic structures
of early transition metal carbides at above the Fermi level.
As mentioned earlier, the unfilled-portion of the metal
d-band is broadened after the formation of carbide. A
recent study suggests that the C—H bond of alkanes can
be weakened when it is bonded in the three-center, agostic
bonding model (43), which involves the donation of the
electron pair of the C-H bond to a vacant orbital on the
metal center. The availability of the broad, unoccupied
orbitals on the carbide surfaces should therefore enhance
the probability for the activation of C—H bonds of alkanes.
Similar interaction model has been proposed by Ohkubo
et al. (43). In fact, Ohkubo et al. observed that the rate
constant for ethylbenzene dehydrogenation increased
with the ability of carbides to accept electrons (43).

(ii) The surface defects on the carbide-modified surfaces
might play a role in the activation of the C~H bond of
alkanes. However, the surface defect sites are most likely
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not the only contributor to the enhanced C-H bond activa-
tion for the following reason: We have investigated the
smoothness (i.e., surface reflectivity) of carbide-modified
V(110) by comparing the intensities of the (0,0) beam in
the HREELS measurements for V(110), VC/V(110), and
for carbide-modified surfaces with C/V atomic ratios of
less than 1.0 (21). We find that the relative smoothness
of the surface follows the order V(110) > VC/V(110) >
carbide-modified surfaces with C/V ratios of 0.3-0.8 (21).
However, in our TDS measurements, we find that the
degree of n-butane decomposition, as judged by the rela-
tive intensity of the H,-desorption peak, increases gradu-
ally with the C/V atomic ratios of the carbide-modified
surfaces. More control-experiments will be needed to
quantify the role of the defect sites.

(iii) The enhanced C-H bond activation might also be
related to the similarities in the electronic properties of
VC/V(110) to group VIIIB metals, which will be the sub-
ject of the next section.

4.3. Comparison with Theories of C—H and C=C
Bonds Activation

The activation mechanisms of C=C bonds of alkenes
and C-H bonds of alkanes on transition metals have been
the subject of several recent theoretical papers (12-15).
For example, decomposition mechanisms of the C=C
bond of ethylene (12) and C-H bonds of methane (13)
have been proposed for the entire second-row transition
metals, and trends in the reactivities from the left side to
the right side of the Periodic Table have been observed.

In brief, as pointed by Blomberg et al. (13), the energetic
barrier for the decomposition of C—H bonds on transition
metal surfaces is primarily determined by two factors.
The first one requires the least amount of repulsive force
when the C-H group approaches the metal; the least re-
pulsive state of the metal is the ¢"*%s" configuration. The
second factor is related to the energies gained as a result
of the formation of two covalent bonds of M-H and
M-CH;; the lowest lying state that can form two covalent
bonds is the d"*'s' configuration. By comparing the pro-
motion energies for various transition metals, Blomberg
et al. predict that, for the activation of C—H bonds of
alkanes, Group VIIIB metals would be much more effi-
cient than the early transition metals (13). This is in
agreement with experimental studies on transition metal
surfaces, where an appreciable amount of decomposition
of light alkanes are generally observed on Group VIIIB
metals. For example, the dissociative adsorption of nor-
mal alkanes (C2-C7), under ultrahigh vacuum (UHV)
conditions, has been reported on single crystal surfaces
of Ir(110)—(1 x 2) (45-47), Pt(110)—(1 x 2) (48), and on
thin films of Pt (49). Our experimental results also agree
well with these theoretical predictions concerning the acti-

vation of C-H bonds. As expected for early transition
metals, the decomposition of n-butane is negligible on the
clean V(110) surface. Furthermore, the enhancement of
n-butane decomposition on VC/V(110) might also be ex-
plained by the argument that the electronic properties of
vanadium carbide are similar to those of Group VIIIB
metals.

For the interaction of C=C bonds of unsaturated hy-
drocarbons with transition metals, Blomberg er al. (12)
have proposed several types of bonding configurations
between the C=C bond and the metal atom, depending
on the location of the metal in the Periodic Table. For
those metals on the left side of the Periodic Table (Groups
I1IB to VB), a covalent bond is predicted between ethyl-
ene and metal atoms, which effectively reduces the C=C
double bond to a C-C single bond. For those metals on
the right side of the Periodic Table (Group VIIIB), the
bonding is considered to be a compromise between the
covalent and donation-back-donation forms of bonding
(12), giving rise to a carbon—carbon bond order roughly
in between that of a double and a single bond. Again, our
experimental results of 1,3-butadiene on V(110) and
VC/V(110) agree well with these theoretical predictions.
As expected for early transition metals, the observation of
the tetra-o species, VCH,—~VCH-VCH-VCH,, on clean
V(110) confirms the very strong interaction between the
C=C bonds of 1,3-butadiene and the surface. The reactiv-
ity of the VC/V(110) surface again compares favorably
to those of Group VIIIB metals, as indicated by the forma-
tion of the di-o species (VCH,—~VCH-CH==CH,), with
only one of the two C=C bonds being reduced to a C-C
single bond. In fact, the di-o species was found to be the
major surface species after the adsorption of 1,3-butadi-
ene on Pt(111)at 170 K (27), further supporting the similar-
ities of VC/V(110) and Group VIIIB metals.

5. CONCLUSIONS

From the results and discussion presented above, we
summarize the following important observations for the
reactions of n-butane and 1,3-butadiene on clean and on
carbide-modified V(110) surfaces:

(i) On clean V(110), 1,3-butadiene interacts strongly via
an overlapping of the d-bands of vanadium and 7r-orbital
of the C=C bonds of adsorbates. However, n-butane
interacts only very weakly with the clean surface at 80
K and desorbs molecularly at 142 K.

(ii) On carbide-modified V(110), the decomposition of
1,3-butadiene is reduced, although not completely inhib-
ited. On the other hand, the dissociation of n-butane is
enhanced on the vanadium carbide surfaces.

(iii) The experimental results are compared to theoreti-
cal investigation (12-15) concerning the activation mecha-
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nisms for C—H and C=C bonds on transition metals.
Such a comparison indicates that, although the reactivities
of clean V(110) agree very well with the theoretical predic-
tions for early transition metals, the properties of carbide-
modified V(110) surfaces are similar to those of Group
VIIIB metals.

(iv) We believe that the modified reactivities of vana-
dium carbides are most likely related to a modification of
the electronic structures as a result of V-C bond forma-
tion. The previously proposed site-blocking model (40)
could also contribute to some of the observed reactivities.
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