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The reaction of HS with chromium, chromia, and Au/chromia films grown on éLP1) crystal has

been investigated using synchrotron-based high-resolution photoemission spectroscopy. At 300 K,
H,S completely decomposes on polycrystalline chromium producing a chemisorbed layer of S that
attenuates the CrdBvalence features. No evidence was found for the formation of §v&cies. The
dissociation of HS on CgO, and CO; films at room temperature produces a decrease of 0.3—-0.8
eV in the work function of the surface and significant binding-energy stifs-0.6 eV in the Cr

3p core levels and Cr @ features in the valence region. The rate of dissociation &8 licreases
following the sequence: @D;<Cr;0,<Cr. For chromium, the density of states near the Fermi
level is large, and these states offer a better match in energy for electron acceptor or donor
interactions with the frontier orbitals of 3 than the valence and conduction bands of the chromium
oxides. This leads to a large dissociation probability foSHn the metal, and a low dissociation
probability for the molecule on the oxides. In the case of@;rand CpO;, there is a correlation
between the size of the band gap in the oxide and its reactivity tows8d Fhe uptake of sulfur by

the oxides significantly increases when they are “promoted” with gold. The A@¢Csurfaces
exhibit a unique electronic structure in the valence region and a larger ability to dissogkathath
polycrystalline Au or pure GO3;. The results ofab initio SCF calculations for the adsorption of

H,S on AuCOg and AuCr O, 5 clusters show a shift of electrons from the gold toward the oxide
unit that enhances the strength of the As)(6>H,S(5a;,2b;) bonding interactions and facilitates

the decomposition of the molecule. €97 American Institute of Physics.

[S0021-960627)01945-4

I. INTRODUCTION interactions. Exploiting the utility of this approach, we have
started a research program aimed at gaining a better under-
One of the most severe poisonings encountered in catatanding of the effects of sulfur on the physical and chemical
lytic systems is that induced by sulfur on metal/oxide properties of metal/oxide surfac®&s-!In our previous works
catalysts: In industrial applications the life time of a sup- we have examined the interaction of sulfur with metal/
ported metal catalyst can be reduced to only a few months aflumina surface$° In such systems the large band gap in
weeks in the presence of ppm quantities of sulfur contamithe oxide support{ 9 eV, Ref. 12 leads to very weak sulfur
nants in petroleum-derived feedstreahidillions of dollars < alumina interactions, and sulfur attacks mainly the sup-
are lost every year in the chemical and oil industries due tgorted metaf:*°In the present work, we study the adsorption
the effects of sulfur poisoning on the performance of metaliof H,S on clean and gold “promoted” oxides of chromium.
oxide catalysts.In spite of the importance of this problem, a For these systems the band gap of the oxide is relatively
detailed knowledge of the factors that control the mechasmall (<5 eV, Ref. 13 and the supported metal, in prin-
nisms of sulfur poisoning at a microscopic level does notiple, has a low affinity toward sulfdf.
exist! This type of fundamental knowledge can provide Chromia is an active catalyst for the hydrogenation and
novel ideas for improving the sulfur tolerance of industrial isomerization of alkenes, methanol synthesis, and the reduc-
catalysts. tion of nitric oxides!® Pure and uniform bulk samples of
Model systems generated by vapor depositing a metadingle-crystal chromium oxides are very difficult to prepare.
onto ultrathin oxide films have recently emerged as a promChromium oxide films offer a convenient and useful route
ising way to investigate the behavior of supported metafor studying the surface chemistry of chromiif Recently,
catalysts® These model systems feature many of the adthe feasibility of growing well-ordered chromium oxide films
vantages of metal single crystdise., they can be character- on P{111) with thicknesses ranging from less than a mono-
ized by means of surface sensitive techniques where eithéayer to more than eight monolayers has been shiilthe
electrons or ions are usewhile still addressing important films were grown by Cr vapor deposition in arn, ®ack-
issues such as the effects of particle size and metal-suppagtound pressure. The growth mode, structure, and the ther-
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mal stability of the resulting overlayers were studied using ¢
combination of ion-scattering spectroscopy, x-ray photoelec S 2p

tron spectroscopy(XPS), low-energy electron diffraction H,S/Cr multilayer
(LEED), and scanning tunneling microscog$TM).” For
the first two monolayers, a well-order@d2 X 2) structure is
observed. The overlayer symmetry and core-level XPS dat
are consistent with the epitaxial growth of 401" At
higher coverages, a/Bx 3)R30° structure appears due to
the formation of the GIO; phase:’ Photoemission measure-
ments and first principles density functional calculations in-
dicate that in thep(2X2) phase the “metallic character”
(i.e., reduced oxidation state of Cr and electron emissions ¢
the Fermi level is much more pronounced than in the
Cr,0; phase® The theoretical calculations predict the
Cr;0, phase to be metalli@s its iron analog R©,).1° Bulk
Cr,03, on the other hand, is known to be an insulating ma-

terial. Our results show a correlation between the “metallic L
character” and the reactivity of the chromium oxide films

toward H,S. In addition, Au clustergor 3D particle$ sup- 20L

r SL

2L

0.33 ML S/Pt(111)

Intensity (arb. units)

ported on C§O; exhibit a much larger reactivity toward,8
than those seen either for the pure oxide or bulk Au.

ILH,S
II. EXPERIMENT

T T T T T T T
167 166 165 164 163 162 161 160 159

Binding Energy (eV)

The experiments were carried out at the U4A beam line
of the National Synchrotron Light SourcéNSLS at
Brookhaven National Laboratory. This beam line is equippec
with a 6 mtoroidal grating monochromator and an ultrahigh , _
vacuum chambeibase pressure 2 10 1 Tom fited with |G, % Sulr B sbeets o e esanter o o 8 cionun
a hemispherical electron energy analyzer and instrumenta i, (1 L=10"° Torr/s). At the top of the figure is shown the Hpec-
tion for LEED. The valence spectra were taken with photonyum for 0.33 ML of S on Ril11). The spectra were acquired using a photon
energies of 155, 75, and 50 eV, while photon energies of 198nergy of 195 eV.

(S 2p region and 155 eV(Cr 3p and Au 4f regiong were

used to acquire the core-level spectra. The binding-energy . )

scale in the photoemission spectra was calibrated with rénined using LEED and the ratio of the Pf 4nd Cr 3
spect to the position of the Fermi edge at a given photor?€@ks in the photoemission spectf&old was vapor depos-
energy. There was no problem with sample charging durindf€d on the CrQYPi(111) systems at 300 K. The evaporation
these studies. The overall instrumental resolution in the pha?f gold was achieved by resistively heaim W filament
toemission experiments was 0.25-0.30 eV. Work functionVrapped by an ultrapure wire of Au. The atomic flux from
measurements were made by biasing the sample negativefje metal doser was calibrated according to the rﬂﬁthOdOlOgy
(—14 V) and recording the photoemission onset and Fermfléscribed in our previous studies for AWPLD.”™ The
edge using a photon energy of 75 eV to excite the electron&"OCx and Au/CrQ surfaces were exposed to,$l at room

The Pt111) substrate, on which the chromia films were temperature. After doing this, the coverage of sulfur was
grown, was cleaned following standard procedures reporteflétérmined by measuring the area under thepSp2aks,
in the literaturé*” The Pt crystal was mounted on a ma- which was scaled to absolute units by comparing to the cor-
nipulator capable of liquid nitrogen cooling to 100 K and "esponding area for 0.33 ML of atomic sulfur on Pt
heating to 2000 K. Heating was achieved by electron bom-
bardment from behind the sample. A W-5% Re/W-26%Re|||. RESULTS
thermocouple was spot welded to the edge of thd 18
sample for temperature measurements.

Films of chromium oxide were grown on(®1.1) follow- Figure 1 shows S 2 spectra acquired after dosing &l
ing a methodology described in a previous wofkChro-  on a polycrystalline chromium film> 10 ML) at 300 K. For
mium atomggenerated by heatina W wire wrapped around comparison we also include the corresponding spectrum for
a high-purity pellet of Crwere dosed on the platinum sub- 0.33 ML of S on Ptl11). This spectrum shows a well-
strate at 500-600 K in a background, @ressure of 2 defined doublet for the S, and 2p5, features. Separation
%X 10" ® Torr to form the chromium oxide films. This was of these features is not observed in the case of th®/€r
followed by annealing at 600—700 K for 5 min. The cover- systems, probably due to the roughness of the surfaeg
age (or thicknesg of the chromium oxide films was deter- more than one adsorption siter the existence of chemically

A. H,S adsorption on chromium

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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tion of H,S remain in a chemisorbed state on top of the Cr

Valence band surface.
H,S/Cr multilayer

B. H,S adsorption on Cr ;0,

In this section we describe the results for the reaction of
H,S with chromium oxide films that were 1-2 ML thick.
These films exhibited @(2X2) LEED pattern as seen in
previous studied’ It has been proposed that thE2x 2)

L pattern comes from a @b, overlayer oriented with it§111)
surface parallel to the Pt11) surface!’ Because GO, and
Pt have the same underlaying fcc Bravais lattice, the growth
of Cr;0,(111) is favored by the metal substrdteln this
configuration, close-packed hexagonal planes of oxygen are
separated by cation layers in which?Crand CP* are
present. Indeed, the results of XPS show the presence of
Clean Cr L Cr’* and CP" species in the ultrathin oxide filnté.The
exact structural geometry of these films is unknown, but pho-
toemission data show that they have the band structure and
“metallic character” expected for GO,.12 In this work, for
simplicity, we will refer to these chromium oxide films as “1
L ML" and “2 ML Cr 30,.”
L The top panel of Fig. 3 shows a typical $ Bpectrum
T T T T for the adsorption of K5 on a 2 MLthick Cr;O, film. A
well-defined doublet of peaks is observed for thefy,2and
Binding Energy (eV) 2p4, features. These features appear at binding energies that
are very close to those seen after the dissociation,odrs
FIG. 2. Valence spectra acquired after exposing a Cr filg¢10 ML) to  ZnO !t and lower than those reported fop$land SH chemi-
20 and 35 L of HS at 300 K(photon energy:75 eV). In the top spectrum,  gorbed on metals and sulfidé53.5-165 eVlg_ZlThe last
the hatched area indicates additional intensity not seen for clean Cr. difference indicates that 4% undergoes complete dissocia-
tion upon adsorption on @9, at 300 K. This conclusion is
also supported by the valence spectra for the
H,S/CrO, systems, which showed an absence of the peaks
typically associated with adsorbeg$land HS in the region
between 8 and 14 eV. The £, films displayed a reactivity

18) and smaller than those reported fopSHor HS chemi-
T toward H,S that was somewhat smaller than that found for
sorbed on metal§163.5—-165 eV, Refs. 19-21This indi- : .
N olycrystalline Cr. For example, after expagim 2 ML
cates that HS fully decomposes into sulfur and hydrogen ongﬂ yery P e

the chromium surface. An identical result has been observe 30, film to 55 L of H,S the coverage of sulfur on the
. ) . rface was close to 0.5 ML, whereas a dose of 35 L& H
after dosing HS to Cu?! Ni,?° Mo,*?2 P22 and R&#* sur- 3

¢ A ; " produced a sulfur coverage 6f0.8 ML on metallic Cr.
aces at room temperature. - The dissociative adsorption of,8 induced a decrease of
The valence spectra for the,B/Cr systems in Fig. 2 0.2-0.4 eV in the work function of the gB,/P111) sys-

show_an absence of the photoemissi_on peaks associated W{g}ns. At the same time, there were positive shifts of 0.4—0.6
chemisorbed b5 and HS in the region between 8 and 14eV in the binding energy of the Cr®Bfeatures for the

eV, and extra intensity in the region around 4 eV that is notCr304 overlayers(see bottom panel of Fig)3Figure 4 dis-

seen in the spectrum fo_r clean Cyee arrow and ha“;*;ed plays valence spectra acquired before and after dosing 55 L
areg. FSA'OW'”Q pre"'gys WOT"S for S‘{Plll, ,, Of H,Sto a 2 ML CgO, film. The peaks at 2 and 4 eV are
S/W(00D),™ and .S/RI(DOD’ we assign the new fgatures primarily from to the oxide overlayer, while the features be-
at ~4 eV to emission of electrons from thedrbitals of  00n 1 and 0 ev are mostly from the Pt substfdt€he
?;221:2 ilﬂlr.t(l)nolzégﬂ/li,;Ptgru;)?(l)(seeo(];fsgglf :gglh:t%ri:ur'dissociation of HS leads to a broadening and a binding-

. . — . _ energy shift of~+0.5 eV in the C§O, peak that appears
point the dissociative adsorption of,H induced a decrease around 2 eV. From these results one can conclude th@tis!

O.f ~.0'3 evin th_e work function (.)f t_h_e system. The _dlsso— able to induce significant changes in the electronic properties
ciation of H,S did not lead to significant changes in the of Cr,0,

binding energy of the Cr 3 features ABE<0.1 eV). This
behavior is in contrast with that observed fof& systems
(#s>1 ML),*® where the formation of CtSproduces shifts
of 0.4—0.6 eV in the binding energy of the Cp Zore levels. Cr,0O3 is the most common bulk oxide of chromium. In
Thus it is likely that the S atoms created by the decomposieur previous work for Cr@/Pt(111),' it was found that be-

" 20LH,S

Intensity (arb. units)

different sulfur atoms. The §B/Cr systems exhibit S @
peak positiong162.0-162.5 eYthat are very close in en-
ergy to those found after the dissociation of @ Cr (Ref.

C. H,S adsorption on Cr ,04

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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FIG. 3. Top: S P spectra for 0.33 ML of S on P11) and a 2 ML CgO, FIG. 4. Effects of HS on the valence band a 2 ML Cr;0, film. Hydrogen

film exposed ® 5 L of H,S at 300 K. The electrons were excited using a disulfide was dosed at 300 K and the spectra were taken using photon
photon energy of 195 eV. Bottom: Crp3spectra for a clean and,8 energies of 75top) and 155 eV(bottom.
exposed 2 ML CJO, film. Photon energy: 155 eV.

yond a thickness of two monolayers ;O appears and there was a complete decomposition of3Hon the C5Os
grows epitaxially on top of GO,4, which wets the substrate. surfaces. The S |2 spectra showed binding energies that
In this section, we will deal with the adsorption of&lon a  were close to those observed in Fig. 3 for atomic sulfur on
Cr,03 overlayer with a thickness of 4 ML, and on arela- Cr;O,4, but on the CyO; systems the spectra were broader
tively thick Cr,O5 film (>6 ML). The thick CgO; film did  and there was not a clear separation between the 2nd
not show a well-defined pattern in LEED, whereas the 4 ML2p,,, features(a typical result is shown in the top panel of
Cr,0; film showed a diffuse (3 3)R30 ° pattern. This Fig. 6). This is consistent with the fact that the ,Og sur-
(v3%x /3)R30 ° structure can be attributed to a,0 over-  faces were less ordergide., more rough, with different types
layer with its (0001 face parallel to Ri11).}” Overall, the  of adsorption sitgsthan the 2 ML Cs0, surface, as indi-
Cr,0O3 systems studied in this work are best described asated by LEED.
polycrystalline. In the valence spectra for the,85/CrL,O; systems, we
Figure 5 displays the amount of sulfur deposited on thedid not find any peak that indicated the existence of chemi-
two Cr,O; films after exposing them to various doses gB8H sorbed HS or SH when the b5 exposures were smaller
at 300 K. Among all the systems investigated in our studythan 50 L. After a HS dose of 100 L to the thick GD; film,
the thick CpO; film showed the lowest reactivity toward we observed a new peak at9 eV in the valence region
H,S. For example, a dose of 22 L of,H on the thick CyO;  (bottom panel of Fig. 6 This peak suggests the presence of
film at 300 K produced a sulfur coverage 6f0.15 ML,  SH species on the surface of the oxf{deand disappeared
which is much smaller than the sulfur coverages-@f.4 and upon annealing the sample to 450 K. For the interaction of
0.7 ML found after dosing 20 L of k8 on 2 ML CgO, and  H,S with metals:®~?4it is well known that adsorbed SH is
Cr (respectively. For the conditions in Fig. 5, results of pho- stable only when the very reactive sites of the surface are
toemission for the S 2 and valence regions indicate that blocked (or “poisoned”) by sulfur atoms. It appears that a

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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1.0
S2p
HyS Decomposition Fane, 0.33 ML S/PK(111) H,S/Cr,0, (thick)
)
2|
S
Cr g
0.8 - . &
=F
N
c
2L
E he
)
\E/ 0.6 - . L
% Cr,;0,2ML T T T T T T T
o 167 166 165 164 163 162 161 160 159
>
3 Binding Energy (eV)
D 04| ]
» Valence Band
7 I
=
pr
0.2 Cr203 thick _| .e B
: ©
% | Clean Cr,0,
o
L
E L
0.0 { I I 1 ! =
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S Bposure © Mo 10 s s 4 2 o

Binding E
FIG. 5. Amount of sulfur adsorbed on C®(), 2 ML Cr;O, (M), 4 ML inding Energy (V)

Cr,0; (A), and thick CsO5 (V) as a function of HS exposure. The ad-

sorption experiments were carried out at 300 K. FIG. 6. S 2 (top panel, photon energy 195 g&hd valence specttaottom

panel, photon energy 50 ¢Making after exposing a thick @D; film
(>6 ML) to H,S at 300 K. At the top of the figure, for comparison, we also
similar phenomenon occurs on the surface of thgOgrox- include the S P spectrum for 0.33 ML of S on Pr11).

ide.

The interaction with HS led to substantial changes in
the electronic properties of the £3; films. Upon the depo-
sition of S(0.1-0.2 ML), there was a substantial decrease
(0.5-0.8 eV in the work function of these systems. This was
accompanied by positive binding-energy shifis3—0.4 eV
in the Cr 3 core levels.

the molecule has been observed after producing defect sites
on the Au surfaces by sputteriig,or after irradiating an
adsorbed layer of k& with electrong®-%°

Figure 7 displays Au #iand S D spectra recorded after
depositing 1.5 ML of Au o a 2 ML CrO, film that had
been exposeddt5 L of H,S (6s~0.25 ML). The intensity
observed for the Au # peaks is much smaller than those
observed for 1 ML of Au on polycrystalline Cr or @2

In a set of experiments we examined the interaction ofvhere Au wets the metal substraf8 At the same time, the
H,S with a polycrystalline gold filn{>10 ML) at 300 K. For  deposition of Au did not produce any significant reduction in
H,S doses as large as 40 L, we did not find any evidence fathe Cr 3 signal of the oxide film. This indicates that Au is
the adsorption or dissociation of the molecule on the goldorming three-dimensional3D) clusters or islands on the
surface. After a dose of 150 L of 43 there was a trace of H,S/Cr0O, system* and is also consistent with a migration
sulfur (<0.05 ML) on the gold, and a dose of 400 L o8  of S from the oxide to on top of goltsee belowthat attenu-
produced only a small sulfur coverage-0.08 ML). These ates the Au 4 signal. Previous studies have shown that Au
findings are consistent with previous studies for thedoes not wet well the surfaces of oxidéSor metal surfaces
H,S/Au(111)?® and H,S/Au(110 systems>*where HSis  precovered with sulfut**? The deposition of Au on the
adsorbed molecularlyheat of adsorption=7—10 kcal/mal H,S/Cr0O, system leads to almost no change in the intensity
and desorbs at temperatures below 250 KStdoes not dis- of the S 2 features, and they shift to lower binding energy
sociate on A(L11) or Au(110).223°Minor decomposition of to a position near that for sulfur atoms adsorbed on

D. H,S adsorption on Au/Cr 30, and Au/Cr ,04
surfaces

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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FIG. 7. Top: Au 4 spectra for pure Au, 1 ML of Au on metallic Cr, and 1.5 FIG. 8. Top: Valence band spectra for pure Au, and a thickogfilm
ML of Au on a 2 ML CrO, film precovered with~0.3 ML of sulfur ~ (>6 ML) exposed to KS and then “promoted” with 1 ML of Au(photon
(photon energy=155 e\). Bottom: S 2 spectra fo a 2 ML Cr;O, film energy=75 eV). Bottom: S 2 spectra for the thick GOs film exposed to
exposed to KS (6s~0.25 ML), then “promoted” with 1.5 ML of Au, and ~ H2S (6s~0.2 ML), then “promoted” with 1 ML of Au, and finally exposed
finally exposed to 10 L of k5 (T=300 K; photon energy=195 e\). to two successive dose§®L of H,S (T=300 K; photon energy195 e\).

H,S at 300 K in a relatively easy way. This is best illustrated
gold 143933This behavior suggests that a large fraction of theby the results for the interaction of Au with a thick %
adsorbed sulfur is migrating from the oxide substrate to orfilm (>6 ML). The top panel in Fig. 8 shows a valence
top of the Au clusters. A similar phenomenon has been seespectrum taken after depositing a monolayer of Au on a thick
after depositing Au on S/MA00) surface¥ and is, in part, a  Cr,Os film that had been previously exposed to 40 L ofH
consequence of the low surface-free energy of sdffin  (6s~0.2 ML). This spectrum shows an electronic structure
Fig. 7, after exposing the Au#$/Cr;O, system to an addi- that is substantially different from those of pure Au, and the
tional 10 L of H,S, one sees a significant increase in theCr,0O; (Ref. 13 and H,S/Cr, O3 surfaces. This change in the
coverage of sulfur. The final sulfur coverage is approxi-valence levels of the system correlates with an increase in its
mately 0.4 ML. To obtain such a coverage on a cleagOgr reactivity toward HS. The bottom panel of Fig. 8 shows
film, one needs a }6 dose of 20 L. Thus it appears that the how the S D spectrum of the HS/CrLO; system changes
Au/Cr;0, system is somewhat more reactive towardSH after depositing Au and dosing,8. The deposition of Au
than clean GO, or bulk Au. produces a negative shift 6£0.6 eV in the S P features

For the interaction of Au with the §8/CrO, and  without inducing a significant reduction in their intensity.
H,S/Cr0O; systems, the qualitative trends were identical. InSubsequent dosing of 10 L of,8 leads to an increase of
all the cases examined the Ad 4ignal was smal(3D clus- ~0.25 ML in the amount of sulfur present in the system. To
tering of Au), the S D features were not attenuated and theygenerate this coverage on a thick,Os film, one needs kS5
shifted toward lower binding energy on Au depositigos-  exposures in excess of 40 L, and more than 400 L on the
sible migration of S from the oxide substrate of the admegtal polycrystalline Au. Thus the interaction between the Au
and the Au “promoted” surfaces were able to decomposeclusters and the chromia support produces a system that has

J. Chem. Phys., Vol. 107, No. 21, 1 December 1997
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TABLE I. Theoretical results for the adsorption of,& on Au and Au/
Cr,05 clusters.

@)
Adsorp. Energyt  Au-S S-H Molec. plane
System (kcal/mol) A) A) tilting
AuAug 3.4 2.69 1.33 11°
AuCr,O4 14.6 2.64 1.34 16°
Cluster I: no admetal Cluster I: with admetal AuCrgO,, 11.8 2.61 1.34 18°
0{3:0:3} Cr{0:4:0} 0{0:3:0:3} Cr{0:0:4:0} AuCr;O;5 10.3 2.61 1.34 18°

% ollowing the standard convention, positive values denote an exothermic
adsorption process.

produces a {3x \/3)R30° LEED patter® similar to that
observed for some of the 0, films employed in our work.
Cluster IV (Au+Aug) represents an Au atom in contact with
a Au(111)-like particle.

For clusters I-lll, the Cr—O bond distances were all set
Cluster II: Cr,0,(0001) Cluster III: Cr,0,(0001) equal to 2.0 Aan average of the distances of 1.97 and 2.02 A
Cr{6:0:2} 0{0:12:0} Cr{6:0:4} 0{0:15:0} found in Cr03, Ref. 39, the O—Cr—0O angles were 90°, and

the Au—Q distances were optimized at tlab initio SCF
level obtaining values of 2.22-2.26 A. In cluster IV, the
Au—Au bond lengths and angles were set equal to those ob-
served in bulk gold’ Figure 18° displays the bonding con-
figuration for S when the molecule was adsorbed on a
supported gold atom. Spectroscopic evidéfick shows that
hydrogen sulfide is adsorbed on metals making bonds
through the sulfur, with its molecular plane either parallel or
Cluster IV: Au/Au(111) tilted with respect to the surface normal. For the fregsH
Au{l:6:3} molecule, the calculated S—H bond distan¢e83 A) and
H-S—Hbond angle (94 °) agree very well with the reported
FIG. 9. Different views(or projections of the clusters used to model the €Xperimental valueél.33 A, 92 °)#? The adsorption of b5
adsorption of HS on Au/CpO; (I-111) and Au(IV). Clusters |, II, and Il did not produce significant changes in the geometry of the
have three layers of pure Cr or O atoms. The notafab:c} specifieshow  molecule. Table | shows the optimal adsorption geometries

many Cr(small circleg or O atoms(large circle$ are in each layer. A gold . .
atom was deposited on the center of the three-fold hollow site formed by théOund in our calculations for 55 on AUCOs, AUCIO,,

oxygen atoms labeled “2” in clusters I, II, and Ill. In theb initio SCF and AuAw,. (For the adsorption of & on AuCgO;5, a
calculations, the 5 molecule was bonded to this Au atom or to the Au system with a relatively large number of atoms, we used the

atom labeled “1" in cluster IV. bonding geometry obtained for,8 on AuCgO;, without
further optimization. The values predicted for the Au-S
bond lengthg2.61-2.69 A are similar to those observed in
a unique electronic structusee aboveand a large ability x-ray diffraction studies for inorganic complexes that contain
to adsorb and dissociate,8. Au-S bond$?® According to the SCF calculations ,8
An analysis of the S @ positions for the spectra at the should be adsorbed with its molecular plane slightly tilted
bottom of Fig. 8 indicates that most of the sulfur present on11-18 °) with respect to the surface normal, but the differ-
the Au/CrO; surfaces is bonded to the admetal. Therefore, ience in bonding energy between perpendicular and tilted ad-
is reasonable to conclude that the active sites for the diss@orption was small<£1.8 kcal/moj in all the cases.
ciation of H,S involve Au atoms. The large reactivity of For the COg, CrgO,,, and CiO;5 clusters, we found
these Au atoms may come from the fact that they form smalthat the occupiedO 2p+ Cr 3d,4s} states appeared at ener-
metal clusters or may be a result of electronic perturbationgies between-6 and —16 eV, with the empty{Cr 3d,4s
induced by the oxide support. To explore the second possi+ O 2p} states located at energies abové eV (for a typi-
bility, we decided to investigate the effects of chromia on thecal result, see Fig. 21The “band” gap observed in the SCF
H,S— Au interactions at a molecular orbital level usinh  calculations(6.1-6.8 ey was somewhat bigger than that
initio self-consistent-fieldSCPH calculationg® and the clus- seen in bulk CjO; (4.8 eV, Ref. 1. Nevertheless, the
ters shown in Fig. 9. Cluster(Au+Cr,Og) is a model foran  “band” structure predicted by the SCF calculations for the
Au atom supported on a defect site of chromia in which theoxide clusters was in general agreement with that observed
oxygen atoms have a relatively low coordination number. Iffor bulk CrO; in first-principles density functional
probably maximizes admetaloxide interactions. Clusters Il calculations:® In Fig. 10, we show a rough picture for the
(Au+CrgO45) and Il (Au+Cr;oO;5) were used to study the frontier orbitals of HS. The calculated energies for tha;5
deposition of Au on a G;(000) surface. This surface and 2, orbitals are in excellent agreement with the corre-
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sponding ionization potentials(13.20 and 10.31 eV, ML Cr;0, [clearp(2Xx2) patterd. The CpO; surfaces are
respectively.®® In principle, the bonding mechanism o8  more rough than the 2 ML G, surface, and this leads to S
to an oxide or metal can involve donation of charge from the2p spectra that are more broad and ill defiiedmpare Figs.
“S lone pairs” (5a; and 2, orbitalg into the surface and 3 and §. Thus among the oxide films, the {0, system
back donation of electrons from the surface into theSH exhibits the largest reactivity toward,H and have the low-
(3b,) orbital#**! By comparing the results in Figs. 10 and est number of defect sites on the surface. First-principles
11, we can see that the match in energy for an interactiodensity functional calculations and photoemission experi-
between the molecule “S lone pairs” and the empty bandsnments show very large differences in the band structures of
of Cr,05, or the occupied bands of D, and the LUMO of  Cr;0, and CyO5.'2 The theoretical studies indicate that, in
H,S, is very poor. On the other hand, a gold atom with a halfessence, there is no band gap around the Fermi level of
occupied & orbital at —7.7 eV provides a relatively good Cr;0,.12 This oxide exhibits a much larger “metallic char-
match for an electron-acceptor interaction with tteg Bnd  acter” than CgOs, with a high density of states immediately
2b, orbitals of H,S. We found that a gold atom supported onabove and below the Fermi levEl.The match in energy
the clusters of Fig. 9 exhibited positive char§2€.32 in between the bands of €D, and the frontier orbitals of ;&
AuCr,Og, 0.24 in AuCrgOq,, 0.27% in Cr;oOy5, and 0.0&  is better than for the §6/Cr,O; system, and this difference
in AuAug. In the AuCyOgz and AuCryO;5 systems, there seems to have a direct impact on the reactivity of the oxides
was a significant shift of electrons from the admetal towardoward HS.
the oxide support that increased the stability of the half  Studies for the gAI,O5 (Refs. 9,10 and S/Zn0O (Ref.
empty Au(6s) orbital by 1.7-2.3 eV and, therefore, facili- 11) systems also indicate that there is a correlation between
tated Au(&)«<— H,S(5a4,2b;) bonding interactions. the size of the band gap in an oxide and its reactivity toward
In Table | are listed the calculated adsorption energiess-containing molecules. For example, after exposing films of
for H,S on clusters I1-1V. Our SCF calculations did not in- Al,O5 (bulk band gap~9 eV, Ref. 12 to large amounts of
clude effects of electron correlation. Thus it is likely that the S, (enough to produce AlSmultilayers on A), sulfur cov-
values listed in Table | underestimate the bonding energy oérages smaller than 0.1 ML are observ&#lowever, similar
the molecule on the clustet$?’ This fact explains why the S, doses on Zn@bulk band gap~3.4 eV, Ref. 48 produce
calculated bonding energy for,8 on the AuAy cluster(3.4  sulfur coverages close to 0.7 Mit.When comparing our
kcal) is smaller than the adsorption energy ofbSHon results for HS/CrLO5; with those previously reported for
Au(111) and Au110 surfaces(7-10 kcal/mol.28=3%41|n  S,/Al,05,'° one has to keep in mind that & a much more
Table |, one can see a clear increase in the adsorption energgactive molecule than 4$. Nevertheless, it is easier to gen-
of H,S when Au is supported on the chromium-oxide clus-erate a S coverage close to 0.1 ML in the $ICr,O5 system
ters. These results suggest that the large reactivity seen in ttigan in S/Al,O; due to the smaller band gap in O
experiments of Fig. 8 for Au/GO; can be a consequence of (~4.8 eV, Ref. 17.
electronic perturbations induced by the oxide support on Thiols (RSH are common impurities present in oil-

gold. derived feedstreams used in the chemical induStihese
species have frontier orbitals similar to those g&3%°tand
IV. DISCUSSION their  decomposition  reactions (RSH;,s—RS,+Hj;

RSH,s—S:+RHy.d are more exothermic than those of

H,S29%% Our results suggest that oxides with a small band
The experiments described above indicate thaDgis ~ 9ap(SnG;, ZnO, TiG,, Cr,O;, etc) should be more suscep-

much less reactive toward,8 than metallic chromium. The tible to S poisoning by thiol decomposition than oxides in

reactivity seen on polycrystalline Cr is comparable to thatvhich the band gap is bigAl,O;, MgO, CaO, eto.

found for the dissociation of §6 on other early transition

metals (W, Ref. 26 and Mo, Refs. 19,22For chromium,

there is a large density of states immediately above or below . .

the Fermi level, and these states offer a better match in e H2S adsorption on Au/chromia surfaces

ergy for electron acceptor or electron donor interactions with  In previous works, we have examined the interaction of

the orbitals of HS than the valence and conduction bands ofsulfur with metal/alumina surface@M/Al ,0;, AM=Cu,

Cr,0; (see Fig. 11 This leads to a large dissociation prob- Zn, or Ag.>!° In such systems the large band gap in the

ability for H,S on the metal, and a low dissociation probabil- oxide support leads to very weak sukualumina interac-

ity for the molecule on the oxide. tions, and sulfur attacks mainly the supported m&tiiThe
The results for the interaction of 8 with the different adsorption of sulfur induces drastic changes in the electronic

oxide films show an increase in reactivity that follows the properties of the admetal, and frequently one sees the forma-

sequence: thick GO;<4 ML Cr,03<2 ML Cr30, (see tion of admetal sulfide$AMS,) that decompose at tempera-

Fig. 5. This trend cannot be attributed to a rise in the num-tures above 700 Kwhich are higher than the temperatures

ber of defect sites on the oxide surface, since according ttypically used in most catalytic processe<® In the Au/

LEED the degree of order in the oxide systems also inchromia systems one is dealing with an oxide support that

creased following the sequence: thick,Of (no LEED pat-  has a relatively small band gapwhich should enhance S

tern <4 ML Cr,05 [diffuse (yV3X+/3)R30° patterd <2 < oxide interactions with respect to S/AM/AD;, and Au is

A. H,S adsorption on Cr, Cr 30,4, and Cr,05 systems
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FIG. 10. (@) Bonding configuration for 55 on an Au atom supported on -14|F 3
chromia or A§111). (b) Rough picture for the frontier orbitals of,3. The : ]
displayed MO energies come from oab initio SCF calculations and are s ]
very close to the experimental ionization potentidgef. 38. 16 C ]

. . . . FIG. 11. Energy positions for the bands of bulk,Os, the Cr,O;5 cluster
probably the metal with the lowest affinity toward sulfur in and metallic Cr. The empty and occupied states are indicated by dashed and

the Periodic Tablé? which should favor $-oxide interac- solid lines, respectively. The position for the valence bands of Cr was esti-

tions instead of &sadmetal interactions. In spite of these mated using work function measureme(Ref. 44 and photoemission data

facts. the S->admetal interactions are stronger than the S(Fig. 2). To estimate the position for the valence and conduction bands of

:d int ti in th /Au/ch . t For th bulk Cr,03, we used photoemission daf@ef. 13 (aligning the top of the

> OXI e interactions in the ﬂS u/chromia systems. or the occupied{O 2p+Cr 3d,4s} band with the corresponding energy calculated

deposition of Au on S/chromia surfaces, the results of XPSor the Cr 0,5 clusted and the reported experimental value for the band gap

show shifts in the S @ features and a lack of attenuation in (Ref. 17. For comparison, we also include the calculated energies for the

the S signal that suggest a migration of adsorbed S from the?: and 2, orbitals of H,S. The energies are reported with respect to the
- . acuum level.

oxide substrate to the admetal. The behavior of the Au/Sfo™ ¢V

Cr;0, system is particularly interesting because, even when

the oxide support has metallic propertiésulfur prefers to  |ations in Sec. Il D. These calculations show a shift or po-

bond to the admetal. larization of electrons from Au toward the £, substrate
The Au/CpOj; surfaces exhibit a larger ability to disso- hat increases the magnitude of the As)6:H,S(5a,,2b,)

ciate HS than polycrystalline Au or pure §;. This en-  ponding interactions and facilitates the decomposition of the

hancement in reactivity is probably a consequence of the,glecule. In the literature a few systems have been reported

unique electronic structure that the AufOg surfaces dis- i which Au becomes chemically active due to bonding with

play in their valence specti&ig. §). In principle, three phe-  5iner metals(Au/Ru(00), Refs. 52—54 and Au/Rt10),
nomena may be responsible for the large reactivity of Auger. 59 or with an oxide(Au/TiO,, Ref. 58.
“promoted” Cr,O3: (1) electronic interactions between the

admetal and oxide can produce oxide sites that are mor,

chemically active than those in £5; (2) the supported Au V. concLusions

clusters can have an intrinsic activity bigger than that of bulk (1) Polycrystalline Cr is very reactive toward,H. At

Au; and (3) the oxide support can electronically perturb Au 300 K, the molecule completely decomposes producing a
raising its reactivity. The first possibility can be discardedchemisorbed layer of sulfur that substantially attenuates the
because most of the sulfur adsorbed on the A8/ErLO;  intensity of the Cr 8 band near the Fermi level. No evi-
systems seems to be bonded to Au and not to the oxide. Wittlence was found for the formation of GrS§pecies.

respect to the second possibility, it is known that small clus-  (2) For the adsorption of ;6 on chromium oxides the
ters of noble metals have special structural and electronicate of dissociation of the molecule increases in the follow-
properties that can make them very reacfiiéinally, the  ing sequence: GO;< Cr;0,<Cr. There is a correlation be-
third possibility is substantiated by thab initio SCF calcu- tween the “metallic character(i.e., reduced oxidation state
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