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Abstract

In this paper we present density functional theory (DFT) investigations of the physical, chemical and electronic structure properties of
several close-packed surfaces of early transition metal carbides, including 3-Mo,C(0 0 0 1), and the (1 1 1) surfaces of TiC, VC, NbC, and
TaC. The results are in excellent agreement with experimental values of lattice constants and bulk moduli. The adsorption of atomic hydrogen
is used as a probe to compare the chemical properties of various carbide surfaces. Hydrogen adsorbs more strongly to the metal-terminated
carbide surfaces than to the corresponding closest-packed pure metal surfaces, due to the tensile strain induced in the carbide surfaces upon
incorporation of carbon into the lattice. Hydrogen atoms were found to adsorb more weakly on carbide surfaces than on the corresponding
closest-packed pure metal surfaces only when there were surface carbon atoms present, and in some cases very stable C—H species were
formed. The DFT results indicated that the hydrogen adsorption energy could be correlated to the d-band center of the carbide surfaces,

although the correlation was not as good as our previous studies on bimetallic surfaces.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Early transition metal carbides and nitrides are among the
hardest and most refractory materials known [1]. They have
also gathered attention as potential catalysts since their
“platinum-like behavior” was reported by Levy and Boudart
[2]. In that work, ‘““platinum-like behavior” referred specifi-
cally to three types of catalytic activity that are unique to Pt-
group metals: (1) the oxidation of H, to form water, (2) the
reduction of WO; by moisthydrogen, and (3) the isomerization
of2,2-dimethylpropane to 2-methylbutane. It was suggested in
this seminal paper that carbon must change the electron
distribution of the tungsten atoms in a manner that makes them
more platinum-like. Since then, many studies and reviews have
been reported on the electronic and structural properties of
carbide surfaces [3] and their catalytic properties [4-6].

The purpose of the present work is to investigate the
electronic structure of early transition metal carbide

* Corresponding author.
E-mail address: jgchen@udel.edu (J.G. Chen).

0920-5861/$ — see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2005.04.008

surfaces, in particular how their electronic structures are
modified compared to those of the parent metal surfaces, and
how these changes affect the chemical properties of these
surfaces. The paper begins with a density functional theory
(DFT) investigation of bulk 3-Mo,C and 3-Mo,C(0 00 1)
surfaces. This is followed by the results of a DFT study of
the electronic and chemical properties of the (1 1 1) surfaces
of TiC, VC, NbC, and TaC.

2. Theoretical studies of 3-Mo,C
2.1. Bulk properties

Below 1500 K, mixtures of Mo- and C exist in the
following phases: Mo, a-Mo,C, 3-Mo,C and C, depending
on the relative amounts of the two components [7]. We chose
B-Mo,C as a representative carbide phase for this work. The
B-Mo,C phase has an orthorhombic crystal structure, with
a=6.022 A, b=4.725 A, and ¢ =5.195 A [8]. The (1 00)
surface corresponds to the closest-packed surface, and it can
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Table 1
Lattice constants for B-Mo,C

Lattice parameter Experimental [8] Calculated Difference (%)
a 6.022 6.129 1.8

4.725 4.805 1.7
c 5.204 5.298 1.8

be either Mo or C-terminated. Although the crystal structure
is orthorhombic, the arrangement of Mo atoms is only
slightly distorted from an hcp arrangement. Thus, the crystal
structure can be loosely described as an hcp arrangement of
Mo atoms, with carbon atoms occupying one-half of the
octahedral interstitial sites. This has resulted in many reports
referring to the closest-packed surface as the (000 1)
surface. Although it is incorrect, it is convenient to keep this
notation for consistency with the literature.

The DFT lattice parameters for 3-Mo,C were determined
by minimizing the total energy of the unit cell with respect to
the length of the lattice vectors using a Newton—Raphson
scheme developed for that purpose. The experimentally
known crystal structure was used as the initial starting point
for the optimization. Complete internal relaxation was
allowed at each step. DACAPO [9], which uses planewaves
and ultrasoft pseudopotentials, was used for all calculations
in this paper. A planewave cutoff of 350eV, a 4 x 4 x 4
Monkhorst Pack k-point grid, and the PW91 exchange-
correlation functional were used in the optimization. The
results are listed in Table 1. Each of the lattice parameters
was overestimated by 1.5-2%. This is consistent with errors
for pure transition metals; the calculated lattice constants for
Mo and Pt were larger by 1.3 and 2.3%, respectively. Liu
et al. recently determined the lattice constants of a-Mo,C
using DMol® [10], which uses a localized basis set rather
than planewaves. Their results are also within £2% of the
experimental values. The bulk 3-Mo,C lattice parameters
were determined for later use in investigations of surface
properties, described in the next section.

2.2. Surface properties

The 3-Mo,C(0 0 0 1) was chosen as a model surface for a
close-packed [3-Mo,C substrate. The surfaces were modeled
by slabs separated by vacuum, using the DFT lattice
parameters listed in Table 1. Each slab was two unit cells
thick (four layers of Mo atoms and four layers of C atoms).
Two of the layers were allowed to fully relax, and the other
two layers were frozen at the bulk lattice parameters. A
4 x 4 x 1 Monkhorst-Pack k-point setup was used. The
planewave cutoff was set at 350eV, and the PWO91
exchange-correlation functional was used. The slabs were
separated by three unit cells of vacuum and were further
decoupled by use of a dipole correction scheme. Atom-
projected densities of states (DOS) were calculated by
projection of the one-electron states onto spherical harmonic
atomic orbitals centered on atomic sites. Two projections
were obtained, one with a cutoff radius at 1 A to minimize

contributions from neighboring sites, hereafter referred to as
the short cutoff radius. The other result used no cutoff radius,
hereafter referred to as the infinite cutoff radius. It has not
been important to differentiate between these two radii in
previous works examining electronic structures of metals
and bimetallic surfaces in our research groups, but in this
work it was found to be important, as will be discussed later.

The calculated electronic d-band structures of [3-
Mo,C(000 1) surfaces were compared with those of
Mo(1 10) and Pt(1 1 1), shown in Fig. 1. The surface d-
band of both C- and Mo-terminated carbide surfaces appears
broader than that of Mo(1l 1 0). There are several new
features in the Mo d-band structure of the carbide surface.
Most obviously, there is a new peak around —12 eV in both
the Mo- and C-terminated surfaces, and a second peak
around —10 eV on the C-terminated surface. Both carbide d-
bands show a shoulder between about —7 and —5 eV that is
absent for the Mo(1 1 0) surface. These new features can be
associated directly with hybridization between the d-orbitals
and the carbon sp-orbitals. More specifically, the peak near
—12 eV can be attributed to interactions between the surface
Mo atoms and subsurface C atoms. This is illustrated in
Fig. 2, where the s and p-bands of C atoms in the second layer
are compared with the surface Mo atom d-band. The overlap
of the peaks clearly identifies the feature near —12 eV as an
interaction between the C s-orbitals and Mo d-orbitals. An
interaction between the Mo d-orbitals and the subsurface
carbon p-orbitals is responsible for the broadened shoulder
between —5 and —7 eV. Fig. 2 shows the results of the atom-
projected DOS for the infinite cutoff radius. The same
conclusions were reached for the short cutoff radius results.

The second peak in the C-terminated surface at —10 eV is
due to interactions between the surface Mo d-orbitals and the
s-orbitals of the carbon atoms on the surface. The surface Cs
and p-bands closely resemble the subsurface C s and p-
bands, but they are higher in energy due to their lower
coordination compared to carbon in the bulk. Consequently,
all of the resonances with the surface d-band are shifted to
higher energy, as illustrated in Fig. 3. The same conclusions
were reached if the short cutoff radius was used.
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Fig. 1. Comparison of d-band structures of Pt(1 1 1), 3-Mo,C surfaces and
Mo(110).
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Fig. 2. Illustration of the Mo—C resonances in the 3-Mo,C(0 0 0 1) Mo-
terminated surface.

One explanation of the platinum-like catalytic properties
observed for some carbides could be a change in the number
of d-electrons. Thus, one may consider that C has four
valence electrons, which if added to the Mo valence
electrons, could increase the d-electron count of Mo to be
nearly like the d-electron count of Pt. However, the number
of d-electrons in these carbide surfaces, as calculated by
integrating the projected density of states up to the Fermi
Level (shown in Table 2), is nearly identical to that of the
Mo(1 1 0) surface on both Mo- and C-terminated carbide
surfaces. The difference is largest on the C-terminated
surface, but in our experience this is still too small a
difference to be certain of its significance. This suggests that
C atoms do not donate their electrons to the Mo d-band to
make its electron count more Pt-like. This conclusion is
based on orbital population analysis, however, and there are
well-known problems with this, such as basis set dependence
[11]. Recently Liu and Rodriguez reported charge transfer in

Table 2
Calculated number of d-electrons/surface Mo atom in Mo(1 1 0) and
B-Mo,C(0 00 1) (infinite cutoff radius)

Surface d-Electrons/surface metal atom
Mo(110) 6.47
Mo-terminated 3-Mo,C(0 00 1) 6.45
C-terminated 3-Mo,C(000 1) 6.69
Pt(111) 9.26
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Fig. 3. Illustration of the Mo—C resonances in the 3-Mo,C(000 1) C-
terminated surface. The C atoms in this figure are in the second layer,
directly below the surface.

the opposite direction, from Mo to C for y-MoC [12]. In that
work, the Mo surface atom became more positive by about
half an electron, whereas the subsurface C atom became
more negatively charged by about one electron. It is possible
this difference is due to the difference in structure and
composition between their work and this work. However,
their calculations were performed with DM013, which uses a
localized basis set, and their charge transfer arguments are
based on changes in Mulliken orbital populations. Thus, it is
likely that these results simply are not directly comparable
with ours and are not necessarily in disagreement.

2.2.1. Adsorption of atomic hydrogen

The adsorption of H atoms on (-Mo,C(000 1) was
investigated using density functional theory. Adsorption on
each three-fold site on both Mo- and C-terminated surface
was considered. Adsorption on the terminal and two-fold
sites was not considered in this work. The sites are illustrated
and labeled in Fig. 4, and the adsorption energy results are
listed in Table 3.

The H atom was found to adsorb considerably more
strongly on the Mo-terminated surface than on the clean
Mo(1 1 0) surface. This was surprising, as we expected the
carbide surfaces to be less reactive than the pure metal
surfaces. This will be discussed in greater detail in the next
section. It is interesting to note that H was unstable on two of
the sites. These sites are the ones with a C atom directly
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Fig. 4. 3 x 3 Surface unit cells with labeled adsorption sites. Grey atoms are metal, black atoms are carbon.

below them, sites 1 and 4. Hydrogen atoms could still
occupy these sites at higher coverages than those examined
here, but this was not investigated in this work. None of the
adsorption energies on this surface were weaker than those
on Mo(1 1 0).

In contrast to the Mo-terminated surface, H atoms were
stable on three-fold sites with C atoms directly below them
on the C-terminated surface. Two of the sites that were
composed of Mo atoms with two surface carbons on them
were unstable, sites 0 and 5. The hydrogen on site 5 formed a
C-H species that was more stable than any other adsorption
site on either surface. Only one site (4) on this surface had a
significantly weaker adsorption energy than that on
Mo(1 1 0), but it was still more strongly adsorbed than that
on Pt(1 11). All of the adsorption energies on the C-
terminated surface (except the C—H species) are weaker than
those on the Mo-terminated surface.

The formation of the C-H species was somewhat
surprising. One could argue that it could be expected as
C prefers to have four bonds in an sp® form, and it is only
bonded to three Mo atoms in the surface. However, the C
may be bound rather strongly to these three Mo atoms, and a
perturbed sp? description may be more appropriate.
NEXAFS analysis of VC/V(1 1 0) appears to be consistent
with the C being more sp>-like than sp’-like [13], but a
thorough discussion of the difficulties and potential
problems with this analysis is also given in the same

Table 3
Calculated hydrogen binding energy (HBE) on Mo- and C-terminated Mo,C
surfaces

Site Mo-terminated C-terminated surface
surface HBE (eV) HBE (eV)

0 -3.19 Unstable — 1

1 Unstable — 3 -3.00

2 —3.25 Unstable — 4

3 —-3.25 —3.00

4 Unstable — 2 —2.83

5 -3.19 Unstable — C-H (—3.36 eV)

6 —-3.32 N/A

7 —3.32 N/A

Pt(111) —2.66

Mo(110) —-3.04

The numbering scheme is illustrated in Fig. 4.

reference. Thus, it is unclear whether these arguments can be
used to determine whether C—H bonding should be expected
or not. In the next sections, it will be seen that C-H
formation is not limited to 3-Mo,C, but is also seen on the
other C-terminated carbide surfaces examined in this work.

3. Theoretical studies of Rocksalt carbides

Ti, V, Nb and Ta all form monocarbides with an fcc B1
crystal structure [7]. These crystal structures contain two
inter-penetrating fcc lattices, with one lattice containing the
metal atoms and the other containing the carbon atoms,
similar to the NaCl crystal structure (hence the nomenclature
“rock-salt carbides” used in this paper). Alternatively, the
crystal structure consists of alternating layers of hexagonal
close packed metal and carbon atoms in the order M—C-M—
C-M-C. In this section we first examine bulk properties of
these carbides, and then properties of clean surfaces. When
possible the calculated properties are compared to experi-
mentally known properties. Finally, the adsorption proper-
ties of H are discussed on these surfaces.

3.1. Bulk properties

The lattice constants and bulk moduli for the carbides
were calculated using the Murnaghan equation of state [14],
and are listed in Table 4. The bulk moduli for the rocksalt
carbides are listed in Table 5. In all calculations, a 400 eV
planewave cutoff was used with a 4 x 4 x 4 Monkhorst
Pack k-point grid, and the PW91 exchange-correlation
functional. The experimental data is taken from Ref. [1] and
except for the VC bulk modulus, are results from single-
crystals. For VC, the bulk modulus was estimated from the

Table 4

Experimental [7] and calculated lattice constants for rocksalt carbides
Experimental (A) Calculated (A) Error (%)

TiC 4.328 4.332 0.09

vC 4.165 4.156 —0.002

NbC 4.470 4.483 0.003

TaC 4.455 4.468 0.003
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Table 5

Experimental [1] and calculated bulk moduli for rocksalt carbides
Experimental Calculated Error
(Mbar) (Mbar) (%)

TiCo.01 241 2.51 4.01

VC (polycrystalline) 2.59 2.93 13.1

NbCo 064 3.03 1 —1.44

TaCo.904 3.45 3.25 —5.73

Calculated values are for stoichiometric carbides.

reported value of the Young’s modulus of a polycrystalline
sample using the following equation:
Y

b= 3(1 —2v) M
where B is the bulk modulus, Y the Young’s modulus, and v is
the Poisson’s ratio. The agreement between the theoretical
calculations and experimentally reported values is quite
reasonable. The calculated lattice constant and bulk modulus
from this work for TiC are in quantitative agreement with
other published results [15,16]. Finally, the trend in the heats
of formation was also correctly described by our calculations.

3.2. Surface properties

The rocksalt carbide(1 1 1) surface can be either metal or
carbon-terminated, as shown in Fig. 5. One significant
difference between the C-terminated rocksalt carbide surfaces
and those of the B-Mo,C(000 1) is that there is a full
monolayer of C on the rocksalt carbide surfaces, and all of the
remaining three-fold sites are equivalent. The surfaces were
represented by four metal-carbon layers, with two of the
layers being frozen at the bulk lattice parameters, and the
other two allowed to relax. A planewave cut-off of 400 eV was
used. The PWO91 exchange-correlation functional and a
4 x 4 x 1 Monkhorst-Pack k-point setup was used in all
calculations. The slabs were separated by 12 interlayer
spacings of vacuum, which was typically about 14 A.

The real structure of a surface is rarely identical to that of
an ideal, bulk-terminated surface because the surface atoms
are no longer in the same electronic environment as the bulk
atoms. Consequently, the surface layers tend to relax, either
inward or outward, to minimize the surface energy. Johannson

Table 6
Comparison of experimental [3] and calculated layer spacings for metal-
terminated (1 1 1) rocksalt carbide surfaces

Expegrimental Calcﬂulated Experin}ental Calculatned

dy (A) dy (A) —Ap (A) —Ap (A)
TiC(111) 1.25 1.25 0.38 0.23
VC(111) 1.21 1.20 0.12 0.22
NbC(111) 1.29 1.29 0.20 0.20
TaC(111) 1.29 1.29 0.15 0.16

summarized the findings of several surface science studies on
the (1 11) rocksalt carbide surfaces [3], and reported a
contraction in the first interlayer spacing for these rocksalt
carbides. In Table 6, the calculated changes in interlayer
spacing are compared to the experimentally determined
interlayer spacing.

Focusing on the first two columns, which are the bulk
interlayer spacings, there is excellent agreement between the
experimental and calculated values for all of the carbides.
This was expected because of the excellent agreement in the
bulk lattice constants obtained. The next two columns
compare the experimental and calculated spacing between
the metal-terminated surface and the carbon layer directly
below it. The agreement for NbC(1 1 1) and TaC(1 1 1) is
exceptional. The interlayer spacing between the second and
third layer for NbC(1 1 1) was also reported as —0.05 A [3],
and is calculated to be +0.03 A. The signs differ, but the
magnitude is so small that it is also considered good
agreement. The agreement between theory and experiment
for TiC and VC is not as good. The contraction is correctly
predicted in each case, but the magnitude is underestimated
for TiC(1 1 1) and overestimated for VC(1 1 1). The TiC
results were obtained from impact collision ion scattering
spectroscopy (ICISS) [17], which was reported in that work
to have an accuracy of about 4-0.1 A.

The VC results in Table 6 were from a substoichiometric
VCosgo(l 1 1) surface in its 1 x 1 metastable state [18]. The
surface was considered metastable because a reconstruction
occurs at annealing temperatures above 1000 K. The lattice
constant of this substoichiometric carbide was 4.147 A,
compared to 4.182 A for stoichiometric VC [18]. The authors
in that work determined the composition of the first four layers
to be stoichiometric, i.e. VC, using LEED. Thus, the top layers

(b)

Fig. 5. Possible terminations of the (1 1 1) rocksalt carbide surface. Grey atoms are metal, black atoms are carbon. (a) Metal terminated (1 1 1) surface. (b)

Carbon terminated surface (1 1 1).
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of the experimental surface could be considered to be laterally
(compressively) strained due to the C enrichment compared to
layers deeper in the bulk. This could result in less contraction
of these layers, due to the extra coordination the excess carbon
would provide. The calculated results in this work for a
stoichiometric surface would then appear to overestimate the
experimentally reported contraction. Calculations on a
VCypgo(l 1 1) surface are presently unfeasible, as a very
large unit cell would be required to represent the stoichio-
metry and to ensure the carbon defects do not interact.
According to the LEED studies of Rundgren et al. [18], one
would also have to consider gradients in the carbon vacancy
concentration in the unit cell. We are unaware of any similar
experimental results reported on stoichiometric VC(1 1 1).

In conclusion, the DFT calculations performed on
rocksalt carbide bulk and surfaces in this work correctly
predicted a range of physical properties, from lattice
constants and bulk moduli, to contraction of the interlayer
spacings on the metal-terminated surfaces, in some cases
with quantitative agreement with experimental results.
While these are not directly chemical properties, which
are discussed next, these results do indicate that DFT at the
level we have applied has thus far been sufficient to model
the properties we have investigated.

3.2.1. Adsorption of atomic hydrogen

The adsorption of hydrogen atoms was considered on
both the metal and carbon-terminated surfaces. On the
metal-terminated surface, only the three-fold site without a
carbon underneath it was considered, since the sites with
subsurface C under them in the B-Mo,C work were found to
be unstable.

The hydrogen binding energy (HBE) values on the metal-
terminated carbide surface and the ground state pure metal
surface (hcp(0 0 01) or bee(1 1 0)) are compared in Fig. 6.
As seen for B-Mo,C, H adsorbs more strongly to the metal-
terminated carbide surface than to the corresponding pure
metal surface, with the exception of VC. We do not presently
have an explanation for the apparent different behavior of
VC compared to the other carbides.
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Fig. 6. Comparison of the HBE on metal-terminated carbide surfaces with
the HBE on pure bce metal surfaces.

Table 7
Nearest neighbor distances for early transition metals and carbides

Pure metal Nearest neighbor Metal Nearest neighbor
distance (10\) carbide distance (A)

Ti 2.89 TiC 3.06

v 2.62 vC 2.95

Nb 2.86 NbC 3.16

Ta 2.86 TaC 3.15

Mo 2.73 Mo,C 3.04

One reason for the stronger adsorption energies on the
carbide surfaces may be that compared to the pure metal
surfaces, the carbide surfaces are all under tensile strain.
Table 7 compares the nearest neighbor distances in the pure
metals to those in the carbides, where it is seen that the metal
atoms in the carbide are farther apart than in the pure metals.
Neglecting the effect that the subsurface C could have, this
means that the surface atoms are under-coordinated in the
metal-terminated carbide surface compared to the surface
atoms of the pure metal, which could explain why H atoms
bind more strongly to the metal-terminated carbide surface.
Late transition metal surfaces under tensile strain also
exhibit stronger adsorption energies for atomic and small
molecular adsorbates [19]. The subsurface C atoms are
expected to attenuate this effect.

H atoms were not stable on the three-fold sites of any of the
C-terminated carbide surfaces, in each case forming a very
stable C—H bond. On TaC(1 1 1), the heat of adsorption was
calculated to be —3.92 eV, which is substantially higher than
on the metal sites. The high heat of adsorption suggests that
these C—H species should exist on C-terminated carbide
surfaces, analogous to OH species on oxide surfaces. A
complete discussion of these C—H species is beyond the scope
of this paper, and they are not considered further. We did not
determine the adsorption energy of a hydrogen atom in a
three-fold site after all surface C atoms had been capped by H.

A major motivation of this work was to determine if the d-
band center model [20,21] for adsorption that we have
successfully used in describing H adsorption on bimetallic
surfaces [22-24] could also be used to describe H adsorption
on carbide surfaces. With the bimetallic surfaces, it was
found that either the short or infinite d-band center could be
used in correlations with adsorption energies. This was due
to the fact that these two moments were highly correlated
with each other. In the carbide surfaces, however, these
moments were not as strongly correlated, and very little
correlation was found between the infinite d-band center and
the HBE for these carbide surfaces. One potential issue with
the infinite cutoff radius is that it can overcount electrons
from nearby atoms. Thus, the projection could be including
electrons that should be associated more with the C atoms
than the metal atoms. This is an intrinsic problem in any
density-partitioning scheme. The partitioned density does
not correspond to a physical observable, and the details of its
implementation are largely arbitrary. The problem with
including the C-states is that they lower the d-band center
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substantially because they are so low in energy. However,
because they are so low in energy, it is unlikely these states
play a significant role in H adsorption.

The intensity of the C-derived states is considerably lower
in the projected DOS that has been cut off at 1 A than in the
infinite cutoff radius projection, and the d-band center of this
projection is correspondingly higher in energy. The correla-
tion between the HBE and the short d-band center is
substantially improved compared to correlation with the
infinite d-band center, and is shown in Fig. 7. Obviously the
correlation is not as good as the one found for the bimetallic
systems (also shown in Fig. 7), but it clearly follows the trend.

Aside from the difficulties in describing the d-band
structure of the carbides discussed above, there are
additional reasons why the correlation may not be as good
as that observed for bimetallic surfaces. The correlation
between the d-band center and the adsorption energy is the
simplest version of the d-band model [20,21], in which
variations in the matrix elements and the shape of the bands
have been neglected. It is therefore not surprising that
distortions of the band shape due to the interaction with
carbon can modify the correlation. It is also clear that direct
interactions with the C atoms cannot be excluded in all
cases. There is ample scope for more work in this area.

4. Conclusions

It has been demonstrated that DFT can be used effectively
to study transition metal carbide surfaces. Calculated bulk
properties compared very well to experimentally reported
values, with lattice constants typically being within 2%, and
bulk moduli typically within 5% of experimental values. The
trend in the heats of formation was also correct. On the
carbide surfaces, in all cases the contraction in the interlayer
spacing of the first layer was qualitatively correct, and in
many cases was quantitatively correct.

Hydrogen was found generally to adsorb more strongly to
the close-packed metal-terminated carbide surfaces than to
the corresponding pure metal(1 1 0) surfaces or carbon-
terminated carbide surfaces. The higher adsorption energy
on the metal-terminated carbide surfaces was attributed to
the tensile strain induced by incorporation of carbon atoms
into the metal lattice. Most significantly, it was found that
the hydrogen adsorption energy could be correlated with the
d-band center of the carbide surface, provided that the
contributions of the d-states resulting from hybridization
with the non-bonding C s states were minimized.

On carbon-terminated surfaces, hydrogen was found to
adsorb more weakly to some sites of 3-Mo,C(0 0 0 1) than
to Mo(1 10). This suggests that C-termination may be
required to obtain a surface reactivity that is less active than
that of the parent metal, and that the surface C-atoms have a
passivating role. This is suggestive that defect chemistry can
be important, since defect sites may have differing levels of
C-passivation, and thus different levels of chemical
reactivity. On all C-terminated surfaces considered, stable
C-H species were readily formed, suggesting that these
carbons may be chemically active. It has been reported in
other theoretical studies that surface C atoms may take part
in the desulfurization of SO, on TiC(0 0 1) [25], and that
isocyanate species (—N=C=0) can form from CO and
surface N atoms on molybdenum nitride surfaces [26]. Thus,
these C and N atoms may serve as more than site blockers.

In conclusion, studies of transition metal carbide surfaces
are more complex than those of pure metal surfaces, as
issues of surface termination, a multitude of different
possible sites, and the possibility that defect chemistry is
significant must be considered. It is correspondingly more
difficult to directly compare theoretical calculations to
experimental results due to the difficulties involved with
characterization of the surfaces. However, with carefully
planned sets of calculations, trends can readily be studied,
which can then be used to help interpret experimental
findings and to design new experiments.
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