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Departament de Quı́mica Fı́sica & Institut de Quı́mica Teòrica i Computacional (IQTCUB), UniVersitat de
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The interaction of atoms of Groups 9, 10, and 11 with the (001) surface of TiC, ZrC, VC, and δ-MoC has
been studied by means of periodic density functional calculations using slab models. The calculated values
of the adsorption energy are rather large, especially for Groups 9 and 10 elements (Eads ) 3-6 eV), but
without clear trends along the series. Nevertheless, the analysis of the interaction at different sites indicates
that the adsorbed atoms will be relatively mobile. Many of the admetals are electronically perturbed upon
interaction with the carbide surfaces. Co, Ni, Cu, and Rh adatoms get positively or negatively charged,
depending on the nature of the carbide substrate. Ir, Pd, Pt, and Au adatoms are always negatively charged.
An analysis of the Bader charges for the most stable sites provides strong evidence that the most negative
charge on the adatoms corresponds to the interaction with ZrC, followed by TiC. In the case of VC and
δ-MoC, the charge on the adsorbed atoms may be slightly positive and of the same order for both carbides.
The effect of the underlying carbide is large, with ZrC and TiC being predicted as the supports with the
largest effect on the electronic structure of the adsorbed atoms with direct implications for the use of these
systems in catalysis.

I. Introduction

Motivated by the excellent catalytic properties of early
transition-metal carbides toward many chemical reactions1-3 and
by the discovery of the unexpected reactivity of Au nanoparticles
supported on various oxides,4-7 Rodriguez et al.8 have inves-
tigated the electronic properties and reactivity of model systems
involving small Au clusters supported on a well-defined
TiC(001) substrate. The electronic structure of these systems
was analyzed using synchrotron-based photoemission, regular
X-ray photoelectron spectroscopy (XPS), and periodic density
functional calculations. It was found that the presence of the
underlying carbide induced a strong electron polarization on
the supported Au particles. This could strongly affect their
chemical activity with obvious implications for catalysis. In fact,
new model catalysts based on Au nanoparticles supported on
TiC(001) have been prepared, characterized, and experimentally
tested toward SO2 and thiophene dissociation and the reaction
mechanismanalyzedbymeansofdensityfunctionalcalculations.9,10

In both cases, the catalytic activity and chemical performance
of the Au/TiC system appear to be better than that of similar
systems, such as Au/TiO2 or Au/MgO.

The unexpected role of the TiC support on the catalytic
activity of Au nanoparticles leads to an important new family
of Au supported catalysts9-11 and, at the same time, raises
several questions. For instance, one may wonder whether other
transition-metal carbides have similar or better performance or

whether other transition-metal atoms or particles will show
unexpected chemistry when supported on these carbides. In a
recent work, we have analyzed, in detail, the adsorption and
diffusion of Au atoms on a series of transition-metal carbides
and found that the adsorption energy is sufficiently large to allow
for Au migration through the surface before desorption can occur
and that, indeed, migration is facilitated by rather low energy
barriers.12 Following this research, Florez et al. investigated the
effect of the transition-metal carbide on the polarization of the
supported Au nanoparticle electron density for a series of Au
nanoparticles from Au2 to Au14 and found that TiC and ZrC
are the substrates inducing a larger polarization and, hence, the
best candidates to be tested as catalytic systems.13

Expanding this research line and as a previous step before
considering supported nanoparticles from metals other than Au,
here, we present a systematic study of the adsorption of various
transition-metal atoms (Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au)
on the (001) surface of VC, ZrC, TiC, and δ-MoC. The mail
goal of the present study is to unravel possible trends in the
interaction of these transition-metal atoms with the carbide
surface, focusing essentially on the variation of the adsorption
energy along the series for each one of the transition-metal
carbides studied in the present work and on the net charge on
the adatom. The latter can be used as a measure of the capability
of the underlying substrate to polarize a given type of transition-
metal atom, thus providing valuable information about possible
metal/carbide couples to be tested in catalytic experiments.

II. Computational Details and Surface Models

The interaction of transition-metal atoms (Co, Rh, Ir, Ni, Pd,
Pt, Cu, Ag, and Au) with the VC(001), TiC(001), ZrC(001),
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and δ-MoC(001) has been studied by means of calculations
based on density functional theory (DFT), within the usual
Kohn-Sham formalism, carried out for suitable periodic
representations of these surfaces. The PW91 form of the
generalized gradient approximation (GGA) has been chosen for
the exchange-correlation potential.14 The effect of the atomic
cores on the valence electron density has been taken into account
by means of the projected augmented plane-wave (PAW)
method of Blöchl,15 as implemented by Kresse and Joubert16 in
the VASP code.17,18 This representation of the core states allows
one to obtain converged results with a cutoff kinetic energy of
415 eV for the plane-wave basis set. The Monkhorst-Pack
scheme19 has been used to select the special k-points used to
carry out the numerical integrations in the reciprocal space. A
conjugated gradient algorithm with an energy criterion of 0.001
eV has been used for the atomic convergence, ensured forces
to be, in all cases, smaller than 0.03 eV/Å. Spin-polarization
calculations were carried out to obtain the energies of the
isolated atoms and for several systems, including the transition-
metal atom above the slab surface model. However, for the latter
systems, the calculations converged always to a solution without
or with negligible spin polarization. Note that this is contrary
to the case of transition-metal atoms on the MgO(001) surface
where the adatoms tend to maintain the electronic configuration
of the isolated atoms.20,21 This is a first indication that the
interaction of transition-metal atoms with transition-metal
carbides (TMCs) is significantly different from the interaction
with simple oxides, such as MgO. In the forthcoming discussion,
we will come back to this point.

The corresponding TMC (001) surfaces have been modeled
by slab models repeated periodically with a vacuum region of
10 Å between repeated slabs. The slabs are constructed using
the lattice parameter optimized for the bulk and reported in
previous work.22 They contain four atomic layers, and the two
outermost ones of one side of the slab are completely allowed
to relax. Transition-metal atoms of the Co, Rh, Ir, Ni, Pd, Pt,
Cu, Ag, and Au series were placed above the (001) surface of
TMCs, starting from six different possible adsorption sites
(Figure 1). These are on top of a carbon atom (top-C), on top
of a metal atom (top-M), bridging two metals and one carbon
atom (MC-bridge), above the center of a square (Hollow),
bridging two metals and one carbon atom (MMC), and bridging
one metal and two carbon atoms (MCC). The calculations were
carried out for a coverage of 0.25 metal monolayers with respect
to the total number of M and C atoms in a carbide surface using
a (�2 × �2) R45° unit cell.

Once the final geometries were obtained, a proper vibrational
analysis has been used to characterize final geometries as
minimum energy structures or as transition states (TS) and the
corresponding adsorption energies calculated as

where ETM is the spin-polarized energy of the isolated metal
atom (Co, Rh, Ir, Ni, Pd, Pt, Cu, Pt, or Au), ETMC is the total
energy of the relaxed surface, and ETM/TMC is the energy of the
TMC (001) surface with the absorbed metal atoms. Here, it is
worth pointing out that the energy of the isolated atoms
corresponds to a d8s1 for Co, Rh, and Ir; d9s1 for Ni, Pd, and
Pt; and d10s1 for Cu, Ag, and Au. Note that, in some cases, this
is not the experimental ground state of the isolated atoms
because of the inherent difficulty of DFT to describe atomic
multiplets, as already pointed out by Bagus and Bennett23 and
Zieglet et al.24 for SCF-XR calculations and later by Baerends
et al.25 for LDA and GGA calculations dealing with the lowest
electronic configurations of transition-metal atoms.20,21

To better understand the nature of the interaction of the
different metals with the TMC surfaces, the net atomic charges
in the preferred adsorption sites have been obtained from a
topological analysis of charge density, which allows one to
define atomic charges in a rigorous way.26

III. Results and Discussion

A. Adsorption Sites and Adsorption Energies. Figure 1
shows the different adsorption sites considered in the present
study. We have investigated the adsorption of the metal atoms
on a top (C or M), bridge, and hollow (standard four-fold
Hollow, MMC, and MCC) sites. The interaction of Co, Rh, Ir,
Ni, Pd, Pt, Cu, Ag, and Au on the TiC(001), Zr(001), VC(001),
and δ-MoC(001) surfaces exhibits a rich landscape, as shown
by the summary of results presented in Figures 2-4, collecting
the calculated value of the adsorption energy for the most stable
site. We have grouped the metals according to their group in
the periodic table. Overall, the adsorption energy is large,
ranging from 3 to almost 6 eV for Co, Rh, and Ir on the different
substrates, followed by the Ni, Pd, and Pt group with energies
in almost the same range but with noticeably smaller values,
and, finally, by the Cu, Ag, and Au group with significantly
smaller values in the 1.5-2.5 eV range, approximately. The
large value of the adsorption energy is in agreement with the
closed-shell nature of the electronic ground state. Here, at
variance of what has been reported for transition-metal atoms
on MgO(001),21 the analysis of the density of states (not shown)
shows that the interaction is strong enough to create a large
gap between bonding and antibonding states with a concomitant
filling of the former ones, resulting in a closed-shell electronic
structure. Interestingly enough, the effect of the substrate is only
moderate because, for a given metal atom, the difference
between the largest and smallest adsorption energy values is at
most 0.5 eV.

The strong nature of the interaction contrasts with the
relatively flat character of the corresponding potential energy
surface, evidenced by the appearance of nearly degenerate
structures. Except for the case of the ZrC(001) surface, each
transition-metal atom seems to differ in the preference of a
special site or to exhibit multiple sites with similar energy. In
the case of ZrC(001), all the transition-metal atoms considered
in the present work prefer to sit at the top-C sites. However,
for the TiC(001) surface, where one expects a similar behavior,

Figure 1. Different initial adsorption sites for transition-metal atoms
(Co, Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au) on the (001) of transition-
metal carbides. Small white, large blue, and large yellow spheres
represent C, metal, and transition-metal atoms, respectively.

Eads ) -{ETM/TMC - (ETM + ETMC)}
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Co prefers the hollow site, while for Rh top-C, Hollow and
MMC exhibit values of the adsorption energy differing in less
than 0.05 eV. A similar situation is found for Ir where top-C
and Hollow are nearly degenerate. On this surface, Ni behaves
as Rh and Pd as Ir, whereas Pt, Cu, Ag, and Au all prefer the
top-C site with no evidence of other stable positions in the sense
that, in these cases, geometry optimization always converges
to the top-C site independently from the starting geometry;
for the atoms mentioned above, the optimization procedure is
unable to switch to another site, and indeed, for some of these
sites, the total energy converged values differ for these different
sites in 0.05 eV or less. This is a clear indication that, for these
cases, the nature of the chemisorption bond is not directional

and, as a consequence, the adsorbed atoms will be able to diffuse
through the surface even at low temperature and that the
diffusion path is likely to follow the line going from top-C to
Hollow, passing through MMC sites. A similar situation is found
for VC(001) where Co and Rh prefer to adsorb at the Hollow
site, but Hollow and MMC are nearly degenerate for Ir. This is
also the case for Ni, but for Pd and Pt, the top-C site becomes
clearly preferred. For Cu, top-C and MMC are almost degener-
ate; Ag prefers top-C and Au MMC. Let us now briefly discuss
the situation for δ-MoC(001). Here, Hollow is the most stable
site for Co, Rh, and Ir, although, for the latter, the MMC site
becomes degenerate. Ni prefers top-C, but for Pd, MMC,
Hollow, MC-Bridge, and Top-C have all adsorption energies
within 0.06 eV, whereas for Pt, MMC and Hollow are the near
degenerate sites. Finally, Cu and Au prefer MMC, whereas this
is degenerate to MC-bridge for Ag. To conclude, the analysis
of the different adsorption sites shows that there are no general
rules; in some cases, there is a clear preferred site that normally
is either top-C or Hollow, whereas in some other cases, the
potential energy surface is relatively flat despite the quite strong
interaction. In the former cases, one expects the adatoms to be
rather pinned to the surface, whereas in the latter, they are
predicted to be rather mobile. It is important to remark that the
proximity between the different adsorption sites and the small
difference between the calculated adsorption energies at these
sites will facilitate diffusion of these atoms through these TMC
surfaces.

B. Calculated Charges for the Admetals. To shed some
light on the rather diffuse trends discussed above for the
adsorption energies, we have computed the Bader charge for
each adsorbate on each transition-metal carbide at the most
stable site. Here, it is worth to point out that, for the cases with
sites with the nearly the same value of the adsorption energy,
the calculated Bader charges may exhibit noticeable variations
in the absolute value. However, the analysis of the Bader charges
reveals some clear trends that will not be changed upon
consideration of another nearly degenerate site. For instance,
for all the metal atoms, the complete set of results summarized
in Figures 5-7 provides compelling evidence that the charge
transfer from the substrate to the adatom decreases in the ZrC
> TiC > VC > δ-MoC sequence. Hence, a given transition-
metal atom tends to become more negatively (or less positively)
charged on ZrC than on TiC and more negatively charged on
TiC than on VC. It is worth to point out that this trend has also
been found recently for the interaction of small Au clusters on
these transition-metal carbide surfaces.13 Therefore, it appears
that ZrC is the substrate leading to the strongest polarization
of the adsorbed metallic species. Recently, it has been shown
that the polarization of Au by TiC is at the origin of the very
good performance of the Au/TiC system in the destruction or
desulfurization of SO2 and thiophene.9,10 The present results
provide further support to the recent claim that ZrC will be a
better substrate.13 On ZrC(001), Ir and Pt exhibit a larger
negative charge than Au. Among the inexpensive metals (Co,
Ni, and Cu), only the charge on cobalt is comparable to the
charge on gold.

Next, let us analyze in some detail the trends for each metal
group. For Co, Rh, and Ir, the net charge on the adatom follows
the trend of adsorption energies in the sense that, for a given
TMC, the atom with the largest value of the adsorption energy
has also the more negative or less positive Bader charge. Note
that this trend follows that of the corresponding electron affinity
that increases along Group 9. For Group 10 elements, Figure 6
reveals a very similar trend: the Bader charge on the adatom

Figure 2. Adsorption energy (Eads in eV) for Co, Rh, and Ir at the
most stable site (see text) of the TiC(001), VC(001), ZrC(001), and
δ-MoC(001) surfaces.

Figure 3. Adsorption energy (Eads in eV) for Ni, Pd, and Pt at the
most stable site (see text) of the TiC(001), VC(001), ZrC(001), and
δ-MoC(001) surfaces.

Figure 4. Adsorption energy (Eads in eV) for Cu, Ag, and Au at the
most stable site (see text) of the TiC(001), VC(001), ZrC(001), and
δ-MoC(001) surfaces.
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follows the order of the calculated adsorption energy values
for each TMC surface (Figure 3). Finally, Group 11 displays
an intermediate behavior, where the largest degree of charge
transfer corresponds to adsorbed Au (Figure 7), again, as
expected from the electron affinity values, whereas, except for
ZrC, Au tends to have adsorption energies intermediate between
Cu and Ag. A more uniform trend is found when analyzing the
Bader charges along the period. Thus, for all substrates, Co,
Ni, and Cu are the adatoms with the smallest degree of charge
transfer, leading either to the larger positive charges or to the
smaller negative charges; see the top symbols in Figures 57.
Following with this line of reasoning, we find that Rh, Pd, and
Ag have intermediate charge and the corresponding calculated
values appear in the intermediate zone of Figures 57. Lastly,

Ir, Pt, and Au are the adatoms acquiring the most negative
charge, which is consistent with the large electron affinity of
these metal atoms.

IV. Conclusions

The interaction of atoms of Groups 9, 10, and 11 with the
(001) surface of TiC, ZrC, VC, and δ-MoC has been studied
by means of periodic density functional calculations and slab
models. These calculations allowed us to predict the most stable
sites and trends in the adsorption energy and to identify the
important role of the underlying transition-metal carbide.

The calculated values of the adsorption energy are rather
large, especially for Groups 9 and 10 elements, with values in
the 3-6 eV range and noticeably smaller, but still significant,
for Cu, Ag, and Au. An interesting feature of the resulting
chemisorption bond is that, despite the large value of the
adsorption energy, the potential energy surface around the most
stable site appears to be relatively flat, indicating that, in most
cases, the adatoms will easily diffuse at room temperature, thus
also explaining their tendency to form larger particles. However,
no clear trends or significant correlations are found between
the calculated adsorption energy values and the type of carbide.
Note, however, that the adsorption energy increases along a
group except for Group 11.

The analysis of the Bader charges for the most stable sites
provides strong evidence that the more negative charge on the
adsorbed atom corresponds to the interaction with ZrC, followed
by TiC. In the case of VC and δ-MoC, the charge on the
adsorbed atom may be slightly positive and of the same order
for both carbides. Thus, the present work supports recent
findings indicating that Au/ZrC should outperform Au/TiC. In
part, the trends exhibited by the calculated net charges on the
adsorbed atoms follow the trend in electron affinity of the
isolated atom. Ir and Pt exhibit a larger negative charge than
Au, and among the inexpensive metals, only the charge on cobalt
is comparable to the charge on gold.

To conclude, the interaction between transition-metal atoms
and transition-metal carbides is rather strong, although the
adsorbed species are predicted to be relatively mobile, and the
effect of the underlying carbide is large, with ZrC and TiC being
predicted as the supports with the largest effect on the electronic
structure of the adsorbed atoms.
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Figure 5. Calculated Bader charges (QM in au) for Co, Rh, and Ir at
the most stable site (see text) of the TiC(001), VC(001), ZrC(001),
and δ-MoC(001) surfaces.

Figure 6. Calculated Bader charges (QM in au) for Ni, Pd, and Pt at
the most stable site (see text) of the TiC(001), VC(001), ZrC(001),
and δ-MoC(001) surfaces.

Figure 7. Calculated Bader charges (QM in au) for Cu, Ag, and Au at
the most stable site (see text) of the TiC(001), VC(001), ZrC(001),
and δ-MoC(001) surfaces.
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charges plotted in Figures 57. This material is available free of
charge via the Internet at http://pubs.acs.org.
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