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Experiments carried out under well-controlled conditions and density functional theory (DFT)-based cal-
culations evidence that Cu and Au nanoparticles supported on a TiC(0 0 1) surface are quite active for the
dissociation of the SO, molecule. The Cu/TiC(0 0 1) and Au/TiC(0 0 1) systems cleave both S-O bonds of
SO, at a temperature of 150 K, displaying a reactivity much larger than that of TiC(0 0 1) or extended sur-

faces of bulk copper and gold. The origin of the high activity of the Cu/TiC(0 0 1) and Au/TiC(00 1) sys-
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tems lies on the interaction between the C atoms of the substrate and the metal atoms of the
supported particle, which results in a large polarization of its electron density. Experiments and theory
consistently indicate that the Cu/TiC system is more active toward SO, dissociation than the Au/TiC sys-
tem. This type of systems may provide alternative and efficient DeSO, catalysts.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

There is a continuous demand for the reduction of toxic emis-
sions from the combustion of fossil fuels [1]. Sulfur dioxide (SO,)
is a major air pollutant involved in the formation of smog and acid
rain [1-3]. SO, is frequently formed during the combustion of fos-
sil-derived fuels in factories, power plants, houses, and automo-
biles [1,3a]. In general, sulfur species in the form of organo-sulfur
compounds are present in gasoline and other fuels [4]. In the typ-
ical engine exhaust, 5-20 ppm of SO, is formed after combustion
and, apart from environmental damage, SO, poisons the catalysts
used in the automotive catalytic converters [1-3]. Furthermore,
in oil refineries, large quantities of SO, gas are produced during
the regeneration of reforming catalysts [2,4]. In the catalytic
reforming of petroleum, the catalysts are deactivated by the depo-
sition of coke residues that contain sulfur and are usually removed
by burning in air with concomitant increase in environmental
problems [2,4]. Every year, the negative effects of acid rain (main
product of the oxidation of SO, in the atmosphere) on the ecology
and corrosion of monuments or buildings are tremendous [1,3a].
Thus, there is a continuous search for catalysts or sorbents that
have a high efficiency for the destruction or removal of SO, [2,3,5].

In this article, we investigate the adsorption and decomposition
of SO, on Cu/TiC(00 1) and Au/TiC(0 0 1) surfaces. Metal carbides
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have been cited as useful materials for desulfurization reactions
[6,7]. It is well known that Au(1 1 1)- and Au-extended surfaces
interact weakly with SO, and are not efficient for the dissociation
of S-O bonds [8]. However, it has been recently shown that
Au < carbide interactions can enhance the chemical activity of
gold toward SO, and thiophene dissociation when deposited in
the form of small, preferentially flat, nanoparticles [9,10]. Never-
theless, the high cost of Au prevents the use of this type of systems
in large-scale industrial applications. On the other hand, Cu is
much cheaper and Cu on TiC could be a better candidate as poten-
tial catalysts. In fact, copper supported on zeolites, ceria and alu-
mina is a catalyst for the Claus reaction (SO, + 2H,S — 3S + 2H,0)
and for the reduction of sulfur dioxide by CO (SO, +2CO — 2
CO, +S)[2,11]. It is not completely clear how these interesting sys-
tems operate at a microscopic or molecular level. From previous
studies, it is known that SO, dissociates on Cu(100) and
Cu(111)[12-16]. On these surfaces, the molecule adsorbs intact
at 100 K and undergoes decomposition at temperatures between
200 and 300 K. The final products of the decomposition process
are S and O adatoms with SOs as an intermediate. SO3 could be
the result of a 3SO, — 2SO;+S disproportionation reaction
[13,15,16]. The formation of SO as a stable intermediate during
the decomposition of SO, on copper surfaces was postulated on
the basis of photoemission data, [17] but this view has been chal-
lenged by the results of subsequent NEXAFS experiments [15].
Thermochemical data estimates derived from a semi-empirical
bond-order conservation Morse-potential formalism (BOC-MP)
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suggest that SO is not viable as a stable intermediate during the
decomposition of SO, on copper substrates [18]. Moreover, the re-
sults of density functional theory (DFT)-based calculations indicate
that, from a thermochemical viewpoint, it is much easier to gener-
ate SO5 than to form SO during the decomposition of sulfur dioxide
on Cu(100)[16].

In this study, our photoemission and DFT results indicate that
small nanoparticles of Cu and Au in contact with TiC(00 1) are
highly active for the destruction of SO,. These systems display a
behavior quite different from those seen for the interaction of
SO, with TiC(0 0 1) [19] or with extended surfaces of copper [12-
17] and gold [8] The bonding of the admetals to TiC(0 0 1) induces
electronic perturbations that enhance their ability to cleave S-0O
bonds. These phenomena are not seen on oxide supports fre-
quently used for DeSO, processes [2], stressing the unique role of
the metal carbide surface and pointing toward a new family of sys-
tems (Cu/TiC and Au/TiC) with potential use in industry and other
technological applications.

2. Experimental and theoretical methods
2.1. Photoemission experiments

In section IIl, we will describe the results of a series of photo-
emission experiments performed in a ultra-high vacuum chamber
(base pressure ~6 x 1071° Torr) that is part of the U7A beamline
of the National Synchrotron Light Source (NSLS) at Brookhaven Na-
tional Laboratory (BNL) [5,10,19]. This ultra-high vacuum (UHV)
chamber contains a hemispherical electron energy analyzer with
multichannel detection, instrumentation for low-energy electron
diffraction (LEED), a quadrupole mass spectrometer, and a dual an-
ode Mg/Al Ko X-ray source. The S 2p, Au 4f and C 1s spectra were
taken using a photon energy of 380 eV, whereas a photon energy
of 625 eV was used to collect the O 1s data. The overall instrumental
resolution in the photoemission studies was ~0.35 eV. In regular
XPS experiments, Mg K radiation was used to record the core-level
spectra (Cu 2p, O 1s, Ti 2p, C 1s, S 2p, Au 4f regions) and the resolu-
tion was in the range of 0.8-1.0 eV. This resolution is adequate since
conventional XPS was mainly used to follow the deposition of
atomic sulfur on the surfaces, and the S 2p features for this species
appear well separated from those of adsorbed SO, groups [5,19].

The TiC(0 0 1) single crystal was cleaned following methodolo-
gies reported in the literature [7b,9,20]. Copper and gold were va-
por-deposited on the TiC(0 0 1) surface at 300 K. The Cu or Au
doser consisted of a resistively heated W basket with a drop of
ultrapure Cu or Au inside [21]. Initially, the flux of each doser
was calibrated by taking thermal desorption spectra for the
desorption of Cu or Au from a Mo(1 00) substrate [21,22]. This
information was then used to calibrate admetal coverages esti-
mated by means of photoemission or XPS. SO, (99.98% purity, Mat-
theson) was dosed to the admetal/carbide surfaces at 150K or
300K using capillary dosers. The reported SO, exposures are
uncorrected for enhancement factors.

Before closing this section, we would like to add that cluster
size distribution for Au [9,10] and Cu nanoparticles supported on
TiC(00 1) has been determined from STM experiments. These
experiments show that for small loadings of the admetals, a condi-
tion that leads to an extremely high chemical activity as we show
below, the majority of particles are small and flat. This information
is crucial and has obvious implications for the design of appropri-
ate models. With respect to the Cu/TiC system, for comparative
purposes, it is assumed that the morphology of the supported Cu
particles is similar to that of the Au clusters used in previous stud-
ies [9,10], and this is used in the models as described in the next
section.

2.2. First-principles density functional calculations

The adsorption of SO, on Cu/TiC(0 0 1) and Au/TiC(0 0 1) model
systems was also studied by means of calculations based on den-
sity functional theory, within the usual Kohn-Sham formalism,
carried out for suitable periodic representations of these systems.
The Perdew-Wang functional (PW91) of the generalized gradient
approximation (GGA) has been chosen for the exchange-correla-
tion potential [23]. The effect of the atomic cores on the valence
electron density has been taken into account by means of the pro-
jected augmented plane-wave (PAW) method of Blochl [24] as
implemented by Kresse and Joubert [25] in the VASP code
[26,27]. 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 scheme [28] has been
used to select the special k points used to carry out the numerical
integrations in the reciprocal space. A conjugated gradient algo-
rithm 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/A.

The TiC(0 0 1) surface has been represented by slab models re-
peated periodically with a vacuum region of 10 A between re-
peated slabs. The slabs were constructed using the lattice
parameter optimized for the bulk of TiC and reported in a previous
work [29]. They all contained four atomic layers but different sur-
face area. In all cases, the two outermost layers of one side of the
slab were completely allowed to relax. Cuy and Auy clusters or
Cu and Au monolayers were set above the TiC(0 0 1) surface, and
the vacuum space enlarged accordingly to maintain the repeated
slabs enough away from each other [9,10]. The metal adatoms
were placed initially above C atoms [9,10]. The structure of the
supported particles and monolayers was always fully optimized
allowing the two uppermost atomic layers of the TiC substrate to
relax. This type of geometry optimization was also carried out in
the series of calculations where the SO, molecule interacts with
the supported Cu and Au systems.

For supported Cuy and Auy, we used a 3 x 3 unit cell (144 +4
atoms) with a resulting coverage of 0.111 ML. For the Cu or Au
monolayer, we used a 2 x 2 unit cell (64 atoms) but with 8 Cu or
Au atoms on the surface resulting in a 0.5 ML coverage. In each
case, a suitable Monkhorst-Pack of special k points has been used:
5 x5 x 1forthe2 x 2 unitcelland 3 x 3 x 1 for the 3 x 3 unit cell.
The present models of supported Cu and Au nanoparticles are real-
istic enough to provide a meaningful comparison with experiment.
In order to appropriately compare the chemical activity of the sup-
ported systems, DFT-based calculations were carried out for suit-
able models of the Cu(111)-, Cu(100)-, Au(111)-, and
Au(1 0 0)-extended surfaces. For these surfaces, the slab was cut
from the bulk using the calculated lattice parameter, a 3 x 3 unit
cell was used with four atomic layers (36 metal atoms) and the
two outermost ones completely relaxed. Here, it is important to
mention that the Cu or Au atoms in the supported monolayer sit
above the C atoms, and the C-C distances between next and next
neighbors in TiC (3.066 and 4.337 A) are sufficiently large to pre-
vent any distortion thus not causing any stress due to lattice mis-
match. Moreover, in the case of the Cuy- and Aug-supported
particles, the interaction between either Cu or Au and C is large en-
ough to maintain the structure avoiding clustering or sintering

In order to determine the lowest energy structures of the reac-
tants and products of SO, and SO dissociation on all the systems de-
scribed in the preceding paragraph, several geometry optimization
calculations were carried out starting from different starting geom-
etries. Once the final geometries were obtained for the SO, on Cu or
Au/TiC(0 0 1) systems, a proper vibrational analysis has been used
to characterize final geometries as minimum energy structures
and the corresponding adsorption energies calculated as:
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Eigs = — LESOZ (ads on M/TIC) — (Esoz (gas) + EM/Tic(clean))J (1)

where Eso,(gas) is the energy of the isolated SO, molecule;
Ewyric(clean) is the total energy of the relaxed Cu or Au/TiC(00 1)
surface, and Eso,(ads on M/TiC) is the energy SO, absorbed on
either Cu/TiC(00 1) or Au/TiC(00 1) surface. Similar calculations
were carried out for the adsorption and dissociation of SO, on the
extended low-index Miller surfaces commented earlier. Transition
state structures for SO, dissociation into SO + O and further dissoci-
ation of SO into S + O were located with the help of the dimer [30]
algorithms as implemented in VASP and properly characterized by
vibrational analysis. We already mentioned that, in all calculations,
the supported particle geometry, the position of the S and O atoms,
and the two upper atomic layer coordinates of the TiC substrate
were fully relaxed. For the extended surfaces, the geometry of the
adsorbed species and the two outermost atomic layers were always
fully relaxed. However, in all cases, the vibrational analysis is re-
stricted to the degrees of freedom of the S and O atoms. The activa-
tion energy barriers for SO, dissociation have been calculated as:

Eact = —[Eos..o(TS on M/TiC) — Eso, (ads on M/TiC)] (2)

where Egs_o(TS on M/TiC) is the energy of the transition state struc-
ture for SO, dissociation on SO + O and Es, (ads on M/TiC) is as in
Eq. (1). A similar expression is used to obtain the activation energy
for the SO dissociation reaction into S + O and equivalent equations
are used to obtain the activation energy for the same two corre-
sponding elementary steps in the extended (001) and (111)
surfaces.

Finally, the charge distributions were estimated by the method
of Bader [31] for SO,, SO, S and O adsorbed on the nanoparticles
supported on TiC(0 0 1) as well as for the same species on the ex-
tended metal surfaces. Plots of the electron localization function
[32] (ELF) have also been obtained to further analyze the effect
of the underlying TiC on the electronic structure of the supported
metal.

3. Results and discussion
3.1. Interaction of Cu and Au with TiC(00 1)

It is known that Cu and Au do not wet well stoichiometric TiC
[9,10,33,34]. The images of scanning tunneling microscopy (STM)
point to a lack of layer-by-layer growth, with the formation of
two-dimensional (2D) and three-dimensional (3D) islands of the
admetal over the carbide surface [9,10,34]. For very small cover-
ages of the admetals (& <0.15 ML), the Au and Cu particles are
mainly small (<1 nm in size) and flat. Fig. 1 displays the variation
of the binding energy of the Cu 2p3), and Au 4f;, core-level peaks
as a function of admetal coverage on TiC(0 O 1). Note that the data
corresponding to Au on TiC have been published in a previous work
[35] and are included here for the sake of comparison. At very
small Au coverages, a binding energy of 84.2 eV was observed,
and there was a monotonic decrease up to a value of ~83.8 eV at
coverages above 0.5 ML. The final value is close to that seen in
our instrument for bulk metallic gold. The positive shift
(~0.35eV) in the Au 4f;, peak at very low Au coverages could
be due to a redistribution of charge around the adatoms [35]. This
is in agreement with the modification of the line shape of the C(15s)
peak in the presence of Au [35,36] and Cu. The electronic perturba-
tion of the C(1s) induced by the presence of Au cannot be attrib-
uted to charge transfer effects since a Bader analysis [31] show
that the Au atoms are almost neutral with a small negative charge
(see Supplementary Information). In a previous work [35], the
core-level shifts in Au/TiC(0 0 1) were attributed to a reduction in
the repulsion between localized core electrons and valence elec-
trons moving away from the C and Au centers, resulting in an effec-
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Fig. 1. Variation of the Cu 2ps); (top panel) and Au 4f;, (bottom panel) binding
energy as a function of admetal coverage on TiC(001). The binding energies
measured in our instrument for the Au 4f;; and Cu 2psj, peaks of the bulk metals
are 83.8 and 932.4 eV, respectively. The photoemission data for the Au 4, peak
was obtained using a photon energy of 380 eV, while Mg K radiation was used to
measure the position of the Cu 2ps/, peak.

tive decrease in the charge density around Au and C. It is likely that
the same effect holds for the case of the Cu/TiC system where one
sees a small positive binding energy shift of ~0.18 eV for the low-
est coverage of the admetal. In addition, one must recall that while
charge transfer may be the dominant effect responsible for core-le-
vel shift in many systems, other subtle physical mechanisms such
as electric fields, atomic coordination, among others, do also con-
tribute to the measured shift making the interpretation more diffi-
cult [37]. The data in Fig. 1 implies that there are electronic
perturbations in the electronic structure of supported noble metal
atoms, with the perturbations for Au being larger than for Cu.
The top part of Fig. 2 displays electron-polarization function
(ELF) [32] plots for Cuy and Aug on TiC(0 0 1). The corresponding
results for supported monolayers are shown in the bottom part
of the figure. In the case of Auy/TiC(001) and Aumonolayer/
TiC(0 0 1), the ELF maps show that there is a substantial concentra-
tion of electron located in the region outside the supported Au sys-
tems. A similar phenomenon is observed for the Cu,/TiC(0 0 1) and
CUmonolayer/TiIC(0 0 1) systems, but the magnitude of the electron
polarization is not as large as seen for the supported Auy and
AUmonolayer- The relatively large valence orbitals of gold favor a
large electron polarization upon interaction of this admetal with
TiC(0 0 1). Nevertheless, although a more detailed analysis of the
ELF plots is required to achieve a quantitative interpretation, re-
sults in Fig. 2 are consistent with the photoemission results in
Fig. 1 in the sense that both theory and experiment show signifi-
cant electronic perturbations for small Cu and Au clusters in con-
tact with TiC(001). On the basis of the charge polarization
induced by the carbide substrate, one can expect important differ-
ences with respect to the chemical properties of bulk surfaces of Cu
and Au. It is also important to note that, in addition to the electron
polarization evidenced in the ELF plots, a Bader analysis of the
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Cu,/TiC(001)

Fig. 2. Electron-polarization function plots for Cuy (top left) Auy (top right), Cumonolayer (bottom left) and Aumonolayer (bottom right) supported on TiC(0 0 1). The metal atoms
are adsorbed on C sites of the TiC(0 0 1) surface. The probability of finding electron pairs varies from 0 (blue color) to 1 (red color) .Thus, the green shape above the metal
particle or monolayer denotes a substantial probability of electron pair localization. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

charge density finds a charge transfer from the TiC substrate to the
atoms in Auy and Cuy. For Cuy/TiC(0 O 1), the average charge in the
Cu atoms is of ~—0.17e, somewhat larger than the corresponding
value for supported Au systems, which at most is ~—0.1e only [35].

3.2. Reaction of SO, with Cu/TiC(00 1) and Au/TiC(00 1):
Photoemission studies

At the bottom of Fig. 3 is shown a S 2p spectrum acquired after
dosing SO, to clean TiC(001). Dosing at 150K prevents the
adsorption of a physisorbed multilayer, and the features in the S
2p spectrum correspond to chemisorbed SO, species [19]. They
match the binding energies for SO, adsorbed on carbides, oxides
and metals [19]. When the SO,/TiC(0 0 1) surface is heated from
150 to 300 K, top panel in Fig. 4, most (~70%) of the SO, desorbs
intact and a small fraction undergoes full dissociation depositing
S on the surface [19]. Thus, clean TiC(0 0 1) can be classified as a

poor DeSO, material. This drastically changed after depositing Cu
or Au on the carbide surface.

In Fig. 3, the deposition of Cu (0.1-0.2 ML) on SO,/TiC(00 1) at
150 K induces the cleavage of the two S-O bonds in SO, and fea-
tures for atomic S appear at 161-163 eV in the S 2p region [19].
Upon the deposition of the Cu, ~40% of the SO, present in the sur-
face decomposed. This is quite remarkable because SO, does not
decompose on Cu(100)or Cu(111)at 150K [14,15,17]. For exam-
ple, on Cu(1 1 1), significant dissociation of SO, is not seen up to a
temperature near 250 K [17]. In the bottom panel of Fig. 4, we plot
the evolution of SO, and S signals for a Cu/SO,/TiC(0 0 1) system as
a function of temperature. The 0.2 ML of Cu present on the surface
dissociated most (~80%) of the adsorbed SO, at temperatures be-
low 250 K. Furthermore, for the Cu/SO,/TiC(0 0 1) system, we did
not observe the formation of SO3/SO4 species that is a common fea-
ture for the disproportionation of SO, on Cu(100) or Cu(111)
[14,15,17]. Therefore, the Cu « TiC(00 1) interactions produce a
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Fig. 3. S 2p core-level photoemission spectra for SO,/TiC(001) and Cu/SO,/
TiC(0 0 1) surfaces. A saturation coverage of chemisorbed SO, was dosed to clean
TiC(001) at 150 K and next 0.1 (middle curve) and 0.2 ML (top curve) of Cu were
deposited on the TiC(0 0 1) surface. A photon energy of 380 eV was used to excite
the electrons.
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Fig. 4. Evolution of the SO, and S signals in SO,/TiC(0 0 1), top panel, and Cu/SO,/
TiC(0 0 1), bottom panel, as a function of temperature. The amount of chemisorbed
SO, initially adsorbed in these systems was the same. The TiC(0 0 1) was saturated
with SO, at 150 K, with subsequent heating (top panel) or with deposition of Cu (0.2
ML) followed by heating (bottom panel).

system that has a DeSO, activity much higher than that of
TiC(0 0 1) or extended surfaces of copper.

In general, we found that TiC(0 0 1) surfaces pre-covered with
small amounts (<0.2 ML) of Cu or Au were quite efficient for the
full dissociation of SO, at 200-300 K. SO, did not survive upon
adsorption on Cu/TiC(0 0 1) and Au/TiC(0 0 1). Fig. 5 displays the
amount of atomic sulfur deposited on Cu/TiC(001) and Au/
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Fig. 5. S 2p areas measured for atomic S after dosing SO, (5L) to Cu/TiC(00 1) and
Au/TiC(00 1) surfaces at 300 K. The dashed lines in the right-side of the figure
denote the corresponding S 2p areas found after dosing SO, to Au (111) or a
polycrystalline surface of Au (no activity in both cases) and Cu(100). For
comparison, we also include the corresponding data for the adsorption of SO, on
Cu/MgO(00 1) and Au/MgO(0 0 1) surfaces [5,38].

TiC(0 0 1) surfaces after dosing 5 L of SO, at 300 K. One can see that
the coverage of the admetal drastically affects the DeSO, activity.
Comparing to data of STM, [9,10] one can conclude that the highest
chemical activity is seen for very small particles (<1 nm in size) of
the admetals in close contact with the TiC(0 0 1) substrate. In Fig. 5,
the dashed lines denote the amount of S deposited after dosing 5 L
of SO, to polycrystalline gold (or Au(1 1 1)) and Cu(1 0 0) at room
temperature. As mentioned earlier, extended gold surfaces do not
have any DeSO, activity [8], and there is a tremendous enhance-
ment in chemical activity after depositing small gold nanoparticles
on TiC(0 0 1) [9,10]. Cu(100) is able to dissociate SO, [12,13,16],
but if one normalizes the data in Fig. 5 (i.e. the signal for the depos-
ited atomic S) by the number of Cu atoms present in the surface, it
is clear that TiC(0 0 1) surfaces with small amounts (<0.5 ML) of Cu
are much better DeSO, systems than Cu(1 0 0). In fact, for the same
coverage of the admetal, Cu/TiC(0 0 1) always has a higher DeSO,
activity than Au/TiC(0 0 1). This is quite a remarkable result since,
opposite to Au, Cu is a cheap metal, and, therefore, one may at-
tempt to prepare Cu/TiC catalysts to operate under more practical
conditions.

In order to reinforce the conclusions above about the special
role of the TiC support on changing the properties of the supported
Cu and Au nanoparticles, we include in Fig. 5 the corresponding
data for the deposition of Cu and Au nanoparticles on MgO(1 0 0)
[5,38] since MgO is a common material used in DeSO, operations
[2a,3a,5,11a]. The interactions of the admetals with MgO are not
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as strong as those seen with TiC, and the Cu/MgO(0 0 1) and Au/
MgO(0 0 1) systems do not match the DeSO, activity of either Cu/
TiC(0 0 1) or Au/TiC(0 0 1). The deposition of Cu and Au on titania
and ceria can lead to systems that are able to dissociate SO, but
only when a substantial amount of O vacancies is introduced in
these oxide supports [5]. From the O vacancies in titania and ceria,
there is an electron transfer to Au and Cu that helps in the dissoci-
ation of the SO, molecule [5]. The electron polarization seen in
Fig. 2 after setting Cu and Au clusters in contact with TiC(00 1)
is a key to the high DeSO, activity found for the admetal/carbide
systems. It must be pointed out that the Cu/TiC(001) or Au/
TiC(00 1) systems were also very active for the dissociation of
H,S. These metal/carbide systems were able to catalyze the Claus
reaction (SO, + 2H,S — 3S+2H,0) and the reduction of sulfur
dioxide by CO (SO, +2CO — 2CO, +S) under high vacuum condi-
tions. In the next section, we present a detailed theoretical study
of the adsorption and dissociation of SO, on Cu/TiC(001) and
Au/TiC(0 0 1) surfaces since these are perhaps the most important
steps for obtaining an efficient DeSO, catalyst.

3.3. Reaction of SO, with Cu/TiC(00 1) and Au/TiC(0 0 1): Density
functional studies

Not unexpectedly, the adsorption energy of SO, on the extended
Au(111) and Au(1 00) surfaces is almost zero meaning that the
contact time of this species with the extended gold surfaces will
be too short to further react. Moreover, the calculated activation
energy barriers exceed 2 eV, which is consistent with the inexis-
tent DeSO, activity of extended Au surfaces. For the Cu(11 1) and
Cu(100), the SO, adsorption energy is larger, 1.32 and 1.15eV,
respectively, indicating a possible larger activity toward SO, disso-
ciation, which indeed is in agreement with experimental evidence
that both Cu(100) and Cu(11 1) are able to dissociate SO, [12-
16]. Still, we found that the activation energy for SO, dissociation
on these two extended surfaces is still significant (1.13 and

0.93 eV, see Figs. S1-1 and S1-2) again in agreement with experi-
mental evidence that these extended surfaces constitute poor
DeSO, catalysts.

Next, we analyze in detail the energy profiles for the SO, disso-
ciation reaction on the various model systems for Cu and Au sup-
ported on TiC. We start with the case of Au for which previous
experimental and theoretical results have shown that, contrarily
to extended surfaces, small Au nanoparticles supported on
TiC(0 0 1) have a remarkable desulfurization activity [9,10]. Here,
we present the detailed molecular mechanism for SO, dissociation
on Au/TiC represented by two limiting situations, a Auy flat particle
and an extended monoatomic Au layer, both supported on
TiC(0 0 1). In principle, Auy/TiC(0 0 1) is a good model to represent
the small two-dimensional particles observed in STM experiments
when low coverages of Au are deposited on TiC(00 1) [9,10] and
one sees very high DeSO, activity. Figs. 6 and 7 provide the calcu-
lated energy profile for Auy/TiC and Aumonolayer/TiC, respectively.
These profiles give the adsorption energy of SO, and the activation
energy for the dissociation of adsorbed SO, into SO + O, for the
spillover of atomic O to the TiC surface and for subsequent dissoci-
ation of SO into S + O. Both Au/TiC systems exhibit a relatively low
activation energy for SO, dissociation into SO + O, 0.32 eV in the
case of supported Auy and 0.60 eV in the case of the supported
monolayer. Moreover, spillover of atomic oxygen into the
TiC(0 0 1) substrate appears to be favorable and the energy barrier
for further dissociation of the SO molecule adsorbed on the Au-
supported particle into adsorbed atomic S and O is also quite
low, 0.54 and 0.74 eV for Auy/TiC and AUmonolayer/TiC, respectively,
indicating that complete dissociation may occur at quite low tem-
perature as observed in our experiments. Note that the dissociation
process is facilitated by the rather large adsorption energy of SO,
on both Au/TiC model systems. This prediction is in agreement
with experimental findings in previous [9] and present experi-
ments that evidence the presence of atomic sulfur upon dosing
SO, on the Au/TiC(0 0 1) system (Figs. 4 and 5).
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Fig. 6. Energy profile for SO, dissociation on the Au,/TiC(0 0 1) model system. The different elementary steps indicated are SO, dissociation into SO + O, spillover of O from
the metal supported particles to TiC and subsequent SO dissociation into S + O. Large blue spheres stand for Ti, small white for C, large yellow for Au, small light yellow for S
and small red for O. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Let us turn our attention to the results corresponding to the
Cuy/TiC and Cumgenolayer/TiC systems that are summarized in Figs.
8 and 9. The adsorption energies of SO, on Cuy/TiC(00 1),
2.72 eV, and CUmgnolayer/TiC(00 1), 3.67 eV are much larger than
those calculated on Cu(111), 1.32 eV (Fig. S1-2), and Cu(100),
1.15 eV (Fig. S1-1). In fact, the energy released during the adsorp-
tion of SO, is so larger that it can easily help to overcome the acti-
vation barriers associated with the cleavage of the S-O bonds. In
the cases of Cuy/TiC(00 1) and Cumonolayer/TIC(0 0 1), the decrease
in activation energy with respect to the extended copper surface
is not as dramatic as in the case of Au, but it has some particular-
ities that may render this system even more attractive than Au/TiC,
especially for practical purposes. In fact, the activation energy for
the dissociation of SO, into SO + O on Cuy/TiC and Cumenolayer/TiC
are 0.76 and 0.64 eV, respectively. The first one is somewhat smal-
ler than the calculated energy barrier for the extended Cu surfaces
- 1.13 and 0.93 eV for Cu(00 1) and Cu(1 1 1), respectively — but
the second one is sensibly smaller, indicating that flat Cu particles
supported on TiC should be very active toward SO, dissociation, a
prediction that is fully supported by the experiments reported in
the previous section. Note that the difference between the energy
profiles corresponding to SO, dissociation on Cuy,/TiC and
CUmonolayer/TiC are indicate that flat particles with size intermedi-
ate between these two limiting situations are likely to be the most
active.

For the second dissociation step, SO into S + O, the calculated
energy barriers on Cu4/TiC and Cumenolayer/TIC are 0.31 and
0.27 eV, respectively. Note that these are significantly smaller than
the corresponding values for the Auy/TiC and Aumoenolayer/TiC mod-
els that are 0.54 and 0.74 eV, respectively. Hence, the Au/TiC sys-
tem seems to be appropriate to dissociate SO, into SO+ O
whereas the Cu/TiC is more active toward SO dissociation. At this
point, one may even speculate that a system containing supported
Cu and Au small nanoparticles on TiC(0 0) would provide a better
DeSO, catalyst. Another particularity of the Cu/TiC system com-

pared to the Au/TiC counterpart is the much larger adsorption en-
ergy of SO, on Cu/TiC(00 1), which easily provides the energy
necessary to overcome the barriers for the breaking of the S-O
bond. This explains the observed activity of the Cu/TiC system as
evidenced in Figs. 3 and 5. As in the case of Au/TiC, the metal <> C
interactions evidenced in the ELF plots in Fig. 2 are responsible for
the predicted and observed catalytic activity of these systems,
especially when compared with the activity of similar particles
supported on MgO(0 0 1), see Fig. 5.

Interestingly, although Cu/TiC(0 O 1) interacts stronger with SO,
than Au/TiC(0 0 1), the magnitude of the change in reactivity when
going from bulk to nanoparticles supported on TiC(0 0 1) is larger
for Au. In fact, while the Au(1 1 1) or Au(1 0 0) surfaces are useless
for the dissociation of SO,, the Au/TiC(0 0 1) works well. The large
polarization seen in Fig. 2 for Au can explain this. The enhancement
in reactivity with respect to Cu(11 1) or Cu(1 0 0) is less dramatic
but yet quite important. The high price of Au prevents its use on a
large scale in industrial applications. On the other hand, the Cu/TiC
system, while being extremely active (Fig. 5), has also the advan-
tage of the relatively low cost of Cu making it very attractive as a
potential candidate for DeSO, catalysts.

4. Summary and conclusions

In this work, experiments and density functional calculations on
Au/TiC and Cu/TiC model systems are reported, which evidence
that these two systems are very active for the dissociation of the
SO, molecule and that the origin of the activity lies on the interac-
tion between the C atoms of the substrate and the metal atoms of
the supported particle, which result in a large polarization of its
electron density. Both experiments and theory indicate that the
Cu/TiC system is more active toward SO, dissociation although
the activity of the Au/TiC is also remarkable. The higher energy
barriers predicted for the dissociation of SO, on Cu/TiC system
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can be easily overcome thanks to the rather large adsorption en-
ergy of SO,, thus explaining the DeSO, activity found in the present
experiments. In Cu/TiC, one has a highly efficient and non-expen-
sive system for the destruction of SO,. Such system is also able

to perform the dissociation of H,S and can catalyze the Claus reac-
tion (SO, + 2H,S — 3S + 2H,0) and the reduction of sulfur dioxide
by CO (SO, +2CO — 2CO, + S) under high vacuum conditions. This
opens the door toward a new family of DeSO, catalysts, and addi-
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tional tests with realistic industrial conditions are necessary.
Moreover, the fact that Au/TiC facilitates the SO, dissociation into
SO + 0 and that Cu/TiC is more active for the SO dissociation into
S + O together with recent advances into the preparation of these
systems [34] points the way toward bifunctional DeSO, catalysts
consisting of mixtures of Cu and Au on TiC(00 1).
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