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The adsorption of S2 on ZnO and Cu/ZnO has been investigated using synchrotron-based high-resolution
photoemission spectroscopy. On dosing a clean ZnO surface with S2 at 300 K, the molecule dissociates.
The S is associated first with Zn and at medium coverages with Zn-O sites. When the sulfur coverage is
increased toθS ) 0.5 ML, evidence is found for sulfur bound purely to the O sites of ZnO. The sulfur
species associated with O and the Zn-O sites are unstable at temperatures above 500 K. Possible reaction
pathways for the dissociation of S2 on ZnO(0001)-Zn and Zn(101h0) surfaces were studied using ab initio
SCF calculations. At low sulfur coverages, an adsorption complex in which S2 is bridge bonded to two
adjacent Zn atoms (Zn-S-S-Zn) is probably the precursor state for the dissociation for the molecule. It is
possible to get much higher coverages of sulfur on ZnO (0.7 ML) than on Al2O3 (0.1 ML) at similar S2
exposures. This, in conjunction with results previously reported for H2S adsorption on Cr2O3 and Cr3O4,
indicates that the reactivity of metal oxides toward sulfur is inversely proportional to the size of their band
gap. Oxides with a large band gap (e.g., Al2O3, ∼9.0 eV) are less susceptible to sulfur adsorption than
oxides with a small band gap (e.g., ZnO,∼3.4 eV). The presence of Cu atoms on both metal oxides enhances
their respective reactivities toward S2. Upon dosing Cu/ZnO with S2 at 300 K, sulfur prefers to attack supported
Cu followed by reaction with the Zn sites of the oxide, and at large sulfur coverages the adsorbate bonds
simultaneously to metal and oxygen sites on the surface. The sulfur bonded to both the metal and oxygen
sites on the surface is relatively weakly bound and desorbs by 500 K. The CuT S interactions are strong
and lead to the formation of copper sulfides that exhibit a distinctive band structure and decompose at
temperatures above 700 K.

I. Introduction

Most commercial catalysts consist of small metal particles
supported on high surface area oxides.1,2 In many catalysts,
the metal is the active phase, and the oxide either may behave
as an inert support or may modify the activity of the metal
through bonding interactions.1,2 In another type of catalysts,
the oxide forms part of the active phase, and the overall catalytic
activity of the system is determined by cooperative interactions
that involve metal and oxide sites.1,2 A complete understanding
of these catalytic systems requires detailed knowledge of the
factors that determine the bonding interactions between the
various constituents: metalT oxide, metalT adsorbate, and
oxideT adsorbate. Model systems generated by vapor deposit-
ing a metal onto ultrathin oxide films have recently emerged
as a very promising way to study metal/oxide catalysts.3-9 Here,
we use this approach to examine electronic and chemical
properties of Cu/ZnO surfaces.
Cu/ZnO is a catalyst widely used for the synthesis of methanol

(CO + 2H2 f CH3OH), the water-gas shift reaction (CO+
H2O f CO2 + H2), the hydrogenation of ethylene (C2H4 + H2

f C2H6), and methanol-steam reforming (CH3OH + H2O f
CO2 + 3H2).10-18 At the present time, it is not known what
are the active sites in Cu/ZnO for the synthesis of metha-
nol.15,16,19 Some authors indicate that the activity of the catalyst
is affected by strong synergistic interactions between the Cu
and ZnO components.10 “Cu+” ions10a,14,16,17and metallic
Cu12,19 have been postulated as the active species for the
methanol synthesis. Recent studies that use radiolabeling
indicate that metallic Cu can catalyze the formation of methanol
from CO/CO2/H2 mixtures with CO2 as the active reactant. In

the case of the water-gas shift reaction, it is known that metallic
Cu supported on ZnO is the active catalytic species.12b,15,25

Several workers have studied the interaction of Cu with ZnO
surfaces.6,14 The growth of Cu on ZnO(0001h)-O has been
examined in great detail.6b At 130 K, the vapor-deposited
copper adatoms were found to be ionic (Cuδ+) at very small
coverages (<0.05 ML). For larger coverages, the copper
adatoms were nearly neutral and formed two-dimensional (2D)
islands that were only one atom thick.6b Our photoemission
studies for the deposition of Cu on polycrystalline ZnO also
indicate that Cu grows forming 2D islands. These islands
exhibit a Cu 3d-band structure that is quite different from that
of bulk metallic copper.
Sulfur is known to be a strong poison for metal/oxide

catalysts.20-22 In particular, Cu/ZnO catalysts are readily
poisoned by sulfur when organosulfur impurities are present at
ppm levels in oil-derived feedstocks.23-25 Presently, a detailed
knowledge of the mechanisms of sulfur poisoning at a micro-
scopic level does not exist. It is not clear whether sulfur attacks
preferentially Cu or ZnO, how the electronic properties of the
system change, what sulfur-containing species are formed on
the surface, and how stable are they. This kind of information
is necessary if one wants to improve the sulfur tolerance of
industrial catalysts.
This article is a part of an ongoing project in our laboratory

aimed at gaining a better understanding of the effects of sulfur
on the physical and chemical properties of metal/oxide
surfaces.26-28 In this report, we use synchrotron-based high-
resolution photoemission to investigate the interaction of S2 with
ZnO and Cu/ZnO surfaces. Evidence is found for the bonding
of S to Zn and O atoms of the oxide. Zinc oxide has a larger
reactivity toward sulfur than that found previously for alumina.26

The strength of the S2 T oxide interactions depends on the band
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gap in the oxide (∼3.4 eV in ZnO29 and 9 eV in Al2O3
30). It is

found that copper promotes the interactions between S2 and
ZnO.

II. Experimental Methods

All the experiments were performed in a conventional
ultrahigh-vacuum (UHV) chamber at the U7A beamline of the
National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory. The beamline is equipped with a toroidal-
spherical grating monochromator that can deliver photons
ranging in energy from 200 to 1200 eV. The UHV chamber is
fitted with a hemispherical electron energy analyzer with
multichannel detection and instrumentation for low-energy
electron diffraction (LEED) and thermal desorption mass
spectroscopy (TDS). In addition, the chamber also has a Mg
KR X-ray source for X-ray photoelectron spectroscopy (XPS).
To enhance the surface sensitivity, the sample was positioned
such that the angle of incidence for the photons was 45° with
respect to the surface normal. The valence band spectra and S
2p core levels were acquired using a photon energy of 240 eV
while the O 1s, Zn 2p1/2, and Cu 2p3/2 core level spectra were
taken with the unmonochromatized Mg KR radiation. The
binding energy (BE) scale in the spectra acquired using
synchrotron radiation was calibrated by the position of the Fermi
edge in the valence band, while the BE scale in the experiments
using the X-ray source was established by setting the Cu 2p3/2

peak of pure copper at a binding energy of 932.5 eV.31

The ZnO films (>10 ML thick) were grown on a clean
Rh(111) crystal using procedures described elsewhere.32 Fol-
lowing this methodology, one gets quasi layer-by-layer growth,
and the ZnO films are polycrystalline with electronic properties
and a phonon structure that are identical with those of bulk zinc
oxide.32 Cu was vapor deposited on the ZnO surfaces at 100
or 300 K. The evaporation of Cu was achieved by heating a
W filament wrapped with ultrapure Cu wire.33 The atomic flux
from the metal doser was calibrated using the methodology
employed in our previous studies for Cu overlayers on Rh
substrates.33 One equivalent monolayer of the admetal corre-
sponds to the deposition of 1.6× 1015 atoms cm-2, the surface
atomic density of Rh(111). The ZnO and Cu/ZnO surfaces were
exposed to S2 gas generated by the decomposition of Ag2S in
a solid-state electrochemical cell: Pt/Ag/AgI/Ag2S/Pt.26,27 The
coverage of sulfur on the surface was determined by measuring
the area under the S 2p peaks which was scaled to absolute
units by comparing to the corresponding area for 0.5 ML of S
on Rh(111).33d

III. Experimental Results

III.1. Reaction of S2 with ZnO. The top panel of Figure 1
shows S 2p spectra acquired after exposing a film of ZnO (>10
ML) to S2 gas at 100 K and subsequent annealing to the
indicated temperatures. At 100 K, the S2 forms a thick
multilayer (no signal was detected in XPS for the features of
the ZnO film) and is characterized by a well-defined doublet
with the S 2p3/2 feature centered at 163.35 eV. This value is
fairly consistent with a value of 163.2 eV reported for the
formation of sulfur multilayers on Mo(110).34 Previous studies
have shown that at 100 K S2 reacts and forms multilayers of Sn
species (n ) 2-8) on Mo(110), Ru(001), and Cu(111).34 The
sulfur multilayers desorb from the metal surfaces at temperatures
between 300 and 400 K.34 In Figure 1, annealing of the sample
to 300 K causes a decrease of about 40% in the S 2p peak area
and also shifts the main S 2p3/2 feature toward a lower binding
energy of 163.0 eV. This is attributed to broadening of the S
2p features due to the detection of electrons coming from sulfur

atoms bonded to the ZnO surface. Further annealing to 450 K
induces a complete desorption of the sulfur multilayer and a
significant reduction (∼75%) in the area under the S 2p
spectrum. On comparing the peak area with the one obtained
for 0.5 ML of S/Rh(111), one finds that it corresponds to a
sulfur coverage of∼0.6 ML. Also, the S 2p peaks are
downshifted to lower binding energies. There are features at
161.6, 162.4, and 163.7 eV. These are probably due to the
presence of multiple sulfur species (at least two) bonded to the
ZnO film. Sulfur bonded to oxygen (SOx species) appears at
binding energies of 165.5-169 eV in S 2p XPS spectra.35 We
do not have such S 2p features in Figure 1. Therefore, it is
unlikely that any of the sulfur present on the surface upon
annealing to 450 K is associated exclusively with the oxygen
sites of the ZnO film. The lower panel of Figure 1 shows the
S 2p spectrum of a thick ZnS film34awith the S 2p3/2 core level
at 161.8 eV. A similar S 2p3/2 binding energy has been observed
for S atoms chemisorbed on metallic Zn.34c Thus, the feature
at 161.6 eV in the top panel of Figure 1 (surface annealed to
450 K) can be ascribed to sulfur atoms bonded to Zn. On the
other hand, the S 2p feature at 162.4 eV could come from sulfur
atoms that are simultaneously bonded to Zn and O.
Figure 2 presents S 2p spectra obtained after exposing a clean

ZnO surface to repeated S2 doses at 300 K followed by a final
annealing to 700 K. At the lowest S2 dose, there are only two
peaks at 161.7 and 163.2 eV. These peaks do not correspond
to the S 2p3/2 and 2p1/2 features of a single sulfur species. This
is evident by two observations. One, the energy separation
between these two peaks is 1.5 eV while the standard separation
between the S 2p3/2-2p1/2 features is only 1.2 eV.34b Also, the
ratio of the 2p3/2:2p1/2 areas should be 2:1. This is not the case
here. The low-energy peak at 161.7 eV is associated with the
2p3/2 level of atomic S bonded to the Zn component of ZnO
(see above). This peak was always the first that appeared after

Figure 1. Top panel: S 2p spectra acquired after exposing a ZnO
film (>10 ML) to S2 gas at 100 K with subsequent annealing to 300
and 450 K. Bottom panel: S 2p spectrum of a thick ZnS film (>10
ML).34a
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dosing very small amounts of sulfur to ZnO. The feature at
163.2 eV is presumably associated with the 2p1/2 level of Zn-
bonded sulfur and with the 2p3/2 level of a second adsorbed
sulfur species that could be either molecular sulfur (Sn) or atomic
sulfur coordinated to both Zn and O sites. On further exposure
to sulfur, this higher binding energy feature grows much more
than the peak at∼161.7 eV, and both peaks shift to slightly
lower binding energies by 0.2 eV. At a S coverage between
0.4 and 0.5 ML, an additional doublet of peaks appears at 166-
168 eV. This is an unusually high binding energy for S 2p
features and indicates the presence of sulfur bound to oxygen
atoms of ZnO (similar to SOx species).35 Upon annealing this
surface to 700 K, there is a 30% reduction in the peak area
accompanied with a complete loss of the features at 166-168
eV. At this point, the spectrum shows the most intense peak at
161.8 eV, which is consistent with the formation of Zn-S bonds.
We can summarize the trends seen in the S 2p spectra for the
S2/ZnO systems as follows: At low coverages and 300 K, the
S2 molecule dissociates and produces S atoms that are bonded
to the Zn sites of the oxide. On increasing the sulfur dose, Sn

species appear and the adsorbed sulfur is associated with both
Zn and Zn-O sites. For large sulfur doses, we also have sulfur
bound purely to the O sites of ZnO (probably SOx species).
Finally, annealing to 700 K induces a change in the “morphol-
ogy” of the system that facilitates the dissociation of the
adsorbed Sn and the formation of Zn-S bonds.
The top panel of Figure 3 shows the O 1s peak for clean

ZnO at∼530.4 eV. This matches well with the values reported
for ZnO (530.0-530.5).36,37 On dosing with 0.7 ML of sulfur
at 300 K, this peak shifts to 529.8 eV. The same dose of sulfur
shifts the Zn 2p1/2 peak from 1045.0 eV (corresponding to clean
ZnO35) to 1044.5 eV. These binding energy shifts are very
similar and may be a consequence of changes in the Fermi level
within the band gap of the system due to a transfer of electrons
from ZnO into the S atoms or band bending.6a,38 Negative
binding energy shifts are observed when doping semiconductors

and switching from n-type to p-type materials.38 We have also
found a similar behavior in the S/Al2O3 system.27

III.2. Interaction of Cu with ZnO. Recent studies for the
deposition of Cu on ZnO(0001h)-O at 130 K indicate that the
metal overlayer initially grows, forming 2D islands until∼60%
of the oxide surface is covered.6b At this point, the formation
of 3D islands of Cu starts, and the metal overlayer grows in a
pseudo layer-by-layer fashion.6b In the case of Cu/ZnO(0001)-
Zn and Cu/ZnO(101h0), it has been reported that the first copper
monolayer wets the oxide substrate at 300 K.14b At submono-
layer coverages, Cu forms 2D islands on these two oxide
surfaces.14b Figure 4 shows valence band spectra acquired after
depositing Cu on a film (>10 ML) of ZnO at 100 K. In these
experiments the electrons were excited using a photon energy
of 240 eV, making contributions from the O 2p valence levels
relatively weak.14,29 It can be seen that the clean ZnO spectrum
is characterized by an intense Zn 3d feature at about 10.8 eV
and a broad feature between 3.5 and 9 eV which includes
important contributions from the Zn 4s and O 2p levels.14,29

This spectrum is in very good agreement with spectra reported
for surfaces of bulk ZnO, which show the top of the{Zn 4s+
O 2p} band at∼3 eV with the bottom at∼9 eV and the
maximum of the Zn 3d band at 10.5-10.8 eV.14,29 As the
coverage of Cu is increased on the ZnO surface, the Zn 3d
feature decreases in intensity and also shifts toward lower
binding energies. This is accompanied by the appearance of
the Cu valence features whose position is strongly dependent
on the Cu coverage. When the Cu coverage is raised, there is
a small increase in the width of the Cu 3d band and a
simultaneous negative binding-energy shift in its centroid. An
identical trend was found in photoemission spectra for Cu/ZnO-
(0001)-Zn and Cu/ZnO(0001h)-O surfaces (θCu < 1 ML)14b

and suggests that Cu grows on polycrystalline ZnO, forming
2D islands. For the formation of 3D islands of Cu one can
expect a Cu 3d-band structure that is closer to that of bulk copper
than seen in Figure 4. For example, in the case of a ZnO surface

Figure 2. S 2p spectra obtained after exposing a clean ZnO surface to
repeated S2 doses at 300 K followed by annealing to 700 K.

Figure 3. Top panel: O 1s XPS spectra of clean and sulfur-dosed
ZnO surface. Bottom panel: Zn 2p1/2 spectra of clean and sulfur-dosed
ZnO surface. Sulfur was dosed at 300 K.
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covered with 1.0 ML of Cu, emissions from the Cu 3d band
appear from 2 to 6 eV with the centroid located around 3.7 eV.
This is quite different from the band structure of pure metallic
Cu which is shown in the top spectrum of Figure 4.
The top panel of Figure 5 displays Cu 2p3/2 spectra for the

Cu/ZnO system as a function of Cu coverage at 100 K. The
0.2 ML Cu/ZnO surface shows a peak at 933.2 eV. This is 0.7
eV more than the value for metallic Cu, but Cu/Al2O3 at similar
coverages is shifted toward higher binding energy by 0.85 eV.27

As the Cu coverage is increased, there is a decrease in the Cu
2p3/2 binding energy, and the value gradually shifts toward that
of metallic Cu. Similar negative binding energy shifts have
also been reported earlier for Cu/ZnO(0001h)-O.14b,36 These
shifts may be a result of changes in the final state relaxation
energy.38 In a bulk metal, the screening of a photoemission
core hole is more effective than in an oxide or small metal
particles.38 It is interesting to notice that the core level shifts
in the top panel of Figure 5 track the shifts seen in Figure 4 for
the centroid of the Cu 3d band.
A comparison of a series of Cu 2p3/2 binding energies for

Cu adsorbed on various substrates at 100 K is depicted in the
bottom panel of Figure 5. The symbols (b, 9, 2) are the
experimentally obtained points, and the lines are drawn merely
to guide the readers eye. The arrow on theY axis at 932.5 eV
corresponds to metallic Cu.31 Cu atoms deposited on ZnO at
100 K show Cu 2p3/2 binding energy shifts that are considerably
larger than those seen for Cu on Zn for the same Cu
coverages.33a This may be used as an indicator for the formation
of CuZn alloys after the reduction of Cu/ZnO surfaces.18c A
common trend in all the systems in Figure 5 is that the Cu 2p3/2

binding energy goes toward lower binding energy as the Cu
coverage is increased.
After heating Cu/ZnO (θCu > 1 ML) surfaces from 100 to

300 K, we observed a substantial decrease in the intensity of
the Cu 2p3/2 and 3d features and an increase in the signal for
Zn 2p1/2 and 3d features. This phenomenon indicates that the

admetal is forming large 3D clusters on the oxide at room
temperature.6b,14b,27 In the case of Cu/ZnO (θCu < 0.8 ML)
surfaces, annealing from 100 to 300 K did not produce
significant changes in the intensity of the core and valence levels
for the oxide and admetal. In these systems, the CuT ZnO
interactions stabilize all the atoms in the metal overlayer, and
there is no significant clustering.
III.3. Reaction of S2 with Cu/ZnO. To get any meaningful

information about the interaction of S2 with Cu/ZnO, it is
important to know how S2 reacts with ZnO and Cu indepen-
dently. We have already presented the results for the reaction
of S2 with ZnO in section III.1. Figure 6 shows photoemission
results for films of pure copper sulfides. The spectra were
obtained by covering a clean Rh(111) surface with a thick
multilayer of sulfur at 100 K and then dosing Cu atoms on top
of this at 100 K. The whole system was then annealed to the
temperatures indicated in the figure. Following this procedure
one can get thick (>10 ML) films of copper sulfides, with a
Cu/S ratio that depends on the annealing temperature: CuSx

(0.5< x < 1) at 400 K and Cu2S at 500-700 K.39

The top panel of Figure 6 presents the S 2p core level spectra
for the copper sulfides. The spectrum at 400 K (CuSx) shows
the presence of at least two species at 161.7 and 162.4 eV. Upon
annealing to 750 K, there is a drastic change in the S 2p line
shape, and the spectrum exhibits a well-defined doublet with
the S 2p3/2 feature centered at 161.9 eV. This is indicative of
the formation of Cu2S.39 This behavior is consistent with the
transformation of CuS (∆Hf ) -11.6 kcal/mol)40 to Cu2S (∆Hf

) -19 kcal/mol)40 at elevated temperatures:39

This reaction also explains the decrease in the area under the S
2p spectrum after it is annealed to 750 K.

Figure 4. Valence band spectra of ZnO and Cu/ZnO surfaces as a
function of Cu coverage. The ZnO film was>10 ML thick and Cu
was deposited at 100 K. At the top of the figure, for comparison, we
show the valence band spectrum for pure metallic Cu.

Figure 5. Top panel: Cu 2p3/2 spectra of pure Cu and Cu/ZnO as a
function of Cu coverage. The ZnO film was>10 ML thick and Cu
was deposited at 100 K. Bottom panel: Cu 2p3/2 binding energies for
Cu deposited on various substrates as a function of Cu coverage: Al2O3

(b),27 ZnO (9), and Zn (2).33a The lines are drawn to merely guide
the readers eye.

(2/n)(CunS)solid f (Cu2S)solid + (2- n/2n)S2,gas n< 2
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The valence band spectrum for the CuSx formed at 400 K
and its transformation into Cu2S at 750 K is shown in the bottom
panel of Figure 6. The valence band for CuSx shows the Cu
3d feature centered at 2.8 eV and a bandwitdh that is∼45%
smaller than the one for pure Cu (see top spectrum in Figure
4). This indicates that there is a significant reduction in the
Cu(3d)T Cu(3d) interactions. The broad tail between 5.5 and
7.5 eV has contributions from the sulfur 3p levels. Upon
annealing to 750 K, the Cu 3d band moves to a higher binding
energy and is centered at 3.4 eV. This is about 1.0 eV higher
than clean Cu, indicating that there is a strong perturbation of
the Cu 3d band caused by the presence of sulfur.
Next, after characterizing the interactions of S2 with ZnO and

Cu, we move on to the study of the S2/Cu/ZnO systems. The
valence band spectra for S2/Cu/ZnO (θCu) 2.5 ML) as a function
of S2 exposure are shown in the top panel of Figure 7. In the
clean Cu/ZnO system the Cu overlayer forms 3D clusters on
top of the oxide at 300 K (see above). At the lowest sulfur
exposure, there is a shift of 0.4 eV toward lower binding energy
in the Zn 3d feature. Similar shifts were found in the Zn 2p1/2

and O 1s core levels (not shown), and they indicate that part of
the sulfur reaches the oxide support. In addition, there is a clear
change in the line shape of the Cu 3d band. As the sulfur
coverage is increased, the Zn 3d feature shifts progressively
toward lower binding energies, and the Cu 3d band becomes
very narrow. This suggests that both the Cu and the Zn
component of the film interact strongly with the sulfur. Another
phenomenon that deserves mention is that the relative ratios of
the Cu(3d):Zn(3d) areas increase with increasing sulfur cover-
age. It appears that part of the Cu in the Cu 3D clusters forms
CuSx that wets the surface covering the exposed ZnO sites. On
annealing this surface to 500 K, both the Zn 3d and Cu 3d
features shift toward higher binding energy by∼0.4 eV. The

Cu 3d band appears with a centroid at 3.4 eV, a value which is
identical with that seen for Cu2S.
The lower panel of Figure 7 exhibits the corresponding S 2p

core level spectra for the S2/Cu/ZnO (θCu) 2.5 ML) system.
The S 2p spectrum for the lowest sulfur coverage shows a well-
defined doublet with the S 2p3/2 feature centered at 161.6 eV.
This spectrum can be assigned to S bonded to either Zn (see
ZnS spectrum in Figure 1) or Cu (see Cu2S spectrum in Figure
6). Increasing the sulfur coverage results in a broad peak
ranging from 161 to 166 eV. This is accompanied by a loss of
the well-defined doublet and can be rationalized by the presence
of multiple sulfur species in S/ZnO (Figure 2) and CuSx (Figure
6). Annealing the surface to 500 K results in the loss of a
significant amount of spectral weight in the high binding energy
side, and we get a S 2p3/2 feature centered at 161.8 eV. There
is an almost 50% loss in the S 2p peak intensity, suggesting
that a lot of sulfur desorbs from the surface by 500 K. We
believe that, upon annealing, the sulfur that is weakly bound to
both Zn and O desorbs from the surface. Also, as mentioned
earlier, the CuSx converts to the more stable Cu2S with S2 going
into the gas phase.39 The S 2p peaks for the 500 K annealed
surface can be assigned to Cu2S and Zn-bonded sulfur. After
annealing to 700 K, a large amount (>1 ML) of sulfur is still
present in the system.
The S 2p core level spectra for S2/Cu/ZnO (θCu ) 0.8 ML)

as a function of sulfur coverage are shown in Figure 8. For
the clean Cu/ZnO system (θCu) 0.8 ML) at 300 K, we estimate
that∼30% of the oxide surface is not covered by Cu. At the
lowest sulfur coverages at 300 K (spectra “a” and “b”), the S
2p region exhibits a well-defined doublet. As the S coverage
is increased, there is a significant change in the line shape of
the S 2p spectra, and one sees trends that are very similar to
those seen in Figure 2 for S/ZnO. The most noticeable change
is that a feature at 163.3 eV becomes clearly dominant. We

Figure 6. Top panel: S 2p core level spectra for the formation of
copper sulfides. Bottom panel: valence band spectra for the formation
of copper sulfides. Copper sulfides were formed by depositing Cu at
100 K on a thick sulfur multilayer and then annealing to the indicated
temperatures.

Figure 7. Top panel: valence band spectra for the S2/Cu/ZnO (θCu )
2.5 ML) system as a function of sulfur coverage and subsequent
annealing to the indicated temperatures. Bottom panel: S 2p core level
spectra for S2/Cu/ZnO (θCu ) 2.5 ML) as a function of sulfur coverage
and subsequent annealing to 500 and 700 K.
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have previously assigned this peak to Sn species or atomic sulfur
that is coordinated to both Zn and O atoms. After exposing
Cu/ZnO (θCu ) 0.8 ML) to a large amount of S2 at 300 K, the
corresponding S 2p spectrum (trace “e”) shows extremely weak
features in the region between 168 and 166 eV where O-bonded
sulfur atoms appear (see Figure 2). From the trends in the S
2p spectra, one can propose the following sequence of events
for the adsorption of sulfur at 300 K. Initially, sulfur adsorbs
preferentially on the Cu overlayer (spectrum “a”) with much
higher binding energies than that seen for ZnS in Figure 1 or S
atoms adsorbed on metallic Zn.34c After increasing the coverage
of sulfur, the adsorbate is bonded to Cu and Zn sites (spectrum
“b”). Finally, upon large doses of S2, sulfur species that are
simultaneously bonded to O and the metals are created on the
surface (spectra “c”-“e”). Annealing to 500 K results in a loss
of these species and gives rise to a well-defined doublet in the
S 2p region (spectrum “f”). This has contributions from both
Cu2S and Zn-bonded sulfur. Upon annealing to 700 K, there
is a small reduction in the area under the S 2p peaks, but no
major changes are observed in peak positions or line shape. At
this point, the coverage of sulfur on the surface was∼0.9 ML.
The valence band spectra of S2/Cu/ZnO (θCu ) 0.8 ML) as

a function of S coverage at 300 K and subsequent anneal to
500 and 700 K are shown in the top panel of Figure 9. At a S
exposure that corresponds to spectrum “b” in Figure 8, there is
a significant change in the line shape of the Cu 3d band. This
indicates the formation of Cu-S bonds. A shift of 0.5-0.6
eV toward lower binding energy in the Zn 3d peak and in the
Zn 2p1/2 and O 1s features (not shown) upon S adsorption
suggests that this adsorbate is also interacting with the oxide
support. Additional dosing of sulfur produces a valence
spectrum (“e”) with Cu 3d features that match those expected
for CuSx. Annealing of the surface to 500 K causes a large
increase in the intensity of the metal features due to sulfur
desorption and shifts the Cu 3d band centroid to 3.5 eV. This
is consistent with the formation of Cu2S. Further annealing to
700 K does not cause any appreciable changes in the spectra.
The bottom panel of Figure 9 shows Cu 2p3/2 spectra recorded

after exposing a clean Cu/ZnO (θCu ) 0.8 ML) surface to a

large amount of S2 at 300 K (corresponding to spectrum “e” in
Figure 8) and subsequent annealing to the indicated tempera-
tures. The clean surface has a Cu 2p3/2 peak at a binding energy
of 932.8 eV. A sulfur dose at 300 K, shifts this peak to 932.4
eV. The formation of CuSx species can produce a negative shift
in the Cu 2p3/2 core level.39 For example, the Cusolid + S2, gasf
CuSsolid transformation leads to a reduction of∼0.3 eV in the
binding energy of the Cu 2p3/2 peak.39,41-43 The valence band
data presented above also show the formation of CuSx species
at 300 K. Upon heating to 500 and 700 K, there is an increase
in the Cu 2p3/2 binding energy that is consistent with trends
seen in a CuSx f Cu2S + S2 transformation.39

In summary, our results for the adsorption of S2 on Cu/ZnO
surfaces indicate that initially sulfur prefers to attack supported
Cu, followed by reaction with the Zn sites of the oxide, and at
large sulfur coverages the adsorbate bonds simultaneously to
metal and oxygen sites on the surface. The CuT S interactions
are strong and lead to the formation of copper sulfides that
decompose at temperatures above 700 K.

IV. Theoretical Results

IV.1. Bonding of Sulfur to ZnO(0001)-Zn and ZnO-
(101h0). The results of photoemission in section III.1 show that
S2 and S interact preferentially with zinc sites of ZnO. In this
section, we investigate the bonding interactions between the
sulfur species and zinc sites at a molecular-orbital level using
ab initio self-consistent-field (SCF) calculations and clusters that
resemble the Zn-terminated (0001) and the nonpolar (101h0) faces
of zinc oxide. Previous studies have shown that the clusters
displayed in Figure 10 reveal clearly the basic physical and
chemical interactions that are responsible for the bonding of

Figure 8. S 2p core level spectra for the S2/Cu/ZnO (θCu ) 0.8 ML)
system as a function of sulfur coverage at 300 K and subsequent
annealing to 500 and 700 K.

Figure 9. Top panel: valence band spectra for the S2/Cu/ZnO (θCu )
0.8 ML) system as a function of sulfur coverage at 300 K and
subsequent annealing to the indicated temperatures. Bottom panel: Cu
2p3/2 XPS spectra for the S2/Cu/ZnO (θCu ) 0.8 ML) system. These
spectra were acquired in the same set of experiments that produced
the S 2p spectra in Figure 8. The labels “b”, “e”, and “f” refer to the
corresponding spectra in Figure 8.
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small molecules to zinc oxide surfaces.44 The clusters have the
same total number of Zn and O atoms. The distances between
nearest neighbors and bond angles in these zinc oxide clusters
were taken equal to those in bulk zinc oxide.45 The molecular
orbital (MO) calculations reported in this section were performed
using the HONDO program.46 Since the systems under
consideration contain a large number of heavy atoms, sulfur
was the only element for which we included all its electrons in
the calculations. The atomic orbitals of sulfur were expressed
in terms of a double-ú quality basis set augmented with
polarization functions:26,4612 s, 8 p, and 1 d primitive Gaussian-
type orbitals were contracted to 6 s, 4 p, and 1 d (12s8p1d/
6s4p1d). The nonempirical effective core potential (ECP) of
Hay and Wadt47 was used to describe the inner shells of zinc.
A basis set obtained through a (3s3p5d/2s1p2d) contraction
scheme48 was employed to describe the 4s, 4p, and 3d valence
orbitals of zinc. Oxygen was treated using the ECP (1s shell)
and atomic orbital basis set (2s,2p shells) recommended by
Stevens-Basch-Krauss.49
Figure 11 shows the bonding configurations of S2 when the

molecule was adsorbed on a-top and bridge sites of clusters I,
II, and III. On the clusters modeling the ZnO(0001)-Zn
surface, S2 was adsorbed with its S-S axis either perpendicular
(end-on configuration) or parallel (side-on configuration) to the
surface. In the case of ZnO(101h0), cluster III, the missing (or
dangling) bonds for a tetrahedral coordination of the Zn and O
atoms are inclined∼20° with respect to the surface normal.29,44

After optimizing the geometry of the S2/ZnO(101h0) systems,
we found that the Zn-S bonds were tilted by 22-29°. Table
1 lists the optimal values found in our SCF calculations for the
Zn-S and S-S bond lengths in the adsorption models. For
the free S2 molecule, the calculated S-S bond distance (1.88
Å) is very close to the reported experimental value (1.89 Å50).
The adsorption of the molecule induces a substantial increase
(0.05-0.21 Å) in the S-S separation. The predicted Zn-S
bond lengths (2.28-2.38 Å) are within the range of distances

observed in X-ray diffraction studies for Zn-S bonds in
inorganic complexes.51 The ground 3Σg

- state of the S2
molecule arises from a 4σg24σu25σg22πu

42πg
2 electronic con-

figuration. The 2πg orbitals are only half-occupied and are S-S
antibonding. They are stable and good electron acceptors (S2

electron affinity ≈ 1.66 eV52). In principle, the bonding
mechanism of S2 to an oxide or metal can involve donation of
charge from the 2πu and 5σg orbitals of the molecule into the
surface and back-donation of electrons from the surface into
the S2(2πg) orbitals.26,27 In overall, S2 behaves as a weak
electron acceptor when bonded to metal sites of ZnO clusters.
For the adsorbed S2molecule we calculated charges53 that varied
from-0.06 to-0.13e. In the case of S adatoms, the calculated
charges53 were somewhat bigger (-0.21 to-0.28e).
In Table 1 are listed the calculated adsorption energies for

S2 on clusters I, II, and III. For the diatomic ZnS molecule our
SCF calculations predict a dissociation energy of 34 kcal/mol,
which is smaller than the experimental value of 49 kcal/mol.54

This discrepancy is in part caused by the lack of electron
correlation in our calculations.53c,55 It is likely that the values
listed in Table 1 underestimate the bonding energy of S2 or
atomic S on the clusters. When dealing with adsorption
energies, we will focus our attention on qualitative trends. In
Table 1, the S2 adsorption energies increase following the
sequence a-top side-on< a-top end-on< bridge side-on. For
a-top adsorption, an end-on configuration (which produces
tetracoordinated Zn as found in ZnO) is somewhat more stable
than a side-on configuration. Both configurations, however, are
substantially less stable than a configuration in which S2 is

Figure 10. Clusters used to model the adsorption of S2 on ZnO(0001)-
Zn, I and II, and ZnO(101h0) surfaces, III. In these drawings, the position
of the zinc atom is indicated by the larger circles, while smaller circles
denote the location of the O atoms. All the clusters have four layers
and the same number of O and Zn atoms. In cluster I, the three Zn
atoms in the top layer (labeled “1”) are equivalent; i.e., each Zn1 atom
has three oxygen neighbors arranged in the same geometry when
looking from the top of the cluster. For clusters I and II, the first and
third layers are entirely Zn, and the second and fourth layers are
comprised of purely O atoms. In cluster III, each layer has the same
number of Zn and O atoms.

Figure 11. Bonding configurations for S2 on Zn sites of clusters I, II,
and III. The S2 molecule was adsorbed on top of a zinc atom labeled
“1” (end-on or side-on geometry) or on the bridge site formed by two
Zn1 atoms in cluster I or one Zn1 atom plus one Zn2 atoms in clusters
II and III. We also studied the adsorption of atomic sulfur on Zn1 and
Zn2 sites of the clusters.

TABLE 1: Adsorption of S 2 on ZnO Clusters

Zn1-S (Å) S-S (Å)
ads energy
(kcal/mol)a

free S2 1.88
cluster I: (0001)-Zn
a-top, end-on 2.32 1.95 13
a-top, side-on 2.38 1.96 10
bridge side-on 2.36 2.06 18
2 S atoms (Zn1, Zn1) 2.30 3.25 39

cluster II: (0001)-Zn
a-top, end-on 2.34 1.93 14
a-top, side on 2.38 1.96 12
bridge side on 2.35 (2.34)b 2.09 19
2 S atoms (Zn1, Zn2) 2.30 (2.28)b 3.26 42

cluster III: (101h0)
a-top, end-on 2.32 1.95 11
a-top, side-on 2.35 1.98 9
bridge side-on 2.35 (2.33)b 2.07 15
2 S atoms (Zn1, Zn2) 2.31 (2.28)b 3.28 37
2 S atoms (Zn1, O1) 2.29 (1.48)c 3.64 19

a A positive value indicates an exothermic process.bZn2-S bond
length.cO1-S bond length.
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bridging two adjacent Zn atoms. This bridge side-on config-
uration, which has O-Zn-S bond angles that are relatively
close ((15°) to tetrahedral angles, is probably the precursor
for the dissociation of S2 on the surface. The SCF calculations
indicate that two separate S atoms adsorbed on two adjacent
Zn sites are much more stable than S2 adsorbed on a-top or
bridge conformations. Therefore, S2 should dissociate when
adsorbed on clean ZnO(0001)-Zn and ZnO(101h0) surfaces. In
the case of the nonpolar face of ZnO, cluster III, one finds that
the energy released by the dissociation of S2 on two Zn atoms
(37 kcal/mol) is much larger than that associated with the
dissociation of the molecule on one Zn and one O atom (19
kcal/mol). The main driving force for the dissociation of S2

on a Zn-O site is the formation of a Zn-S bond.
Figure 12 shows the energy profile associated with the

dissociation of S2 on two Zn1 atoms of cluster I. Each Zn atom
has three oxygen neighbors and is a good model for Zn sites
present on a (0001) terrace of ZnO. In the “initial state” of the
system, S2 was in the optimized structure for adsorption in a
bridge side-on conformation (see Table 1, two equivalent Zn1-S
bonds). The results in Figure 12 indicate that there is a small
energy barrier for the dissociation of S2 on ZnO(0001). The
size of the barrier is∼5 kcal/mol, and in the “transition state”
(i.e., the top of the barrier) the molecule is well bound to the
surface (adsorption energy∼13 kcal/mol), which favors dis-
sociation instead of desorption into the gas phase. For adsorp-
tion sites that involve Zn atoms coordinated to a low number
of O neighbors (one or two), one can expect stronger bound
“transition” and final states with an easier reaction pathway for
the dissociation of S2.
IV.2. Bonding of S2 to Cu/ZnO(0001)-Zn and Cu/ZnO-

(0001h)-O. In a set of theoretical studies, we investigated the
adsorption of S2 on a Cu atom supported on Zn- or O-terminated
faces of ZnO. The oxide substrate was modeled using cluster
I, which represents the ZnO(0001)-Zn surface when standing
in the orientation shown in Figure 10 and the ZnO(0001h)-O
surface when turned around 180°. A copper atom was deposited
on the center of the hollow site formed by the three Zn or O
atoms present in the top (or bottom) layer of the cluster. This
bonding configuration is expected for the Cu/ZnO(0001h)-O
system.36,44a The inner shells of Cu were described using the
nonempirical effective core potential developed by Hay and

Wadt.47 The 4s, 4p, and 3d valence orbitals of copper were
expressed in terms of a (3s3p5d/2s1p2d) basis set.56 This basis
set was used in our previous study for CuZn clusters32b and
predicted a net electron transfer from Zn to Cu (0.10-0.15e)
in agreement with that seen in results of band-structure
calculations for bulk CuZn alloys.57 In contrast, for the Cu/
ZnO(0001) and Cu/ZnO(0001h) systems, our SCF calculations
give a net Cuf ZnO charge transfer:53 0.14e on the Zn face
and 0.33eon the O face. This is consistent with the results of
previous theoretical44aand experimental6 studies. The charges
on the Cu adatom have a marked effect on its reactivity toward
S2 as we will see below.
Table 2 shows the∆E’s calculated for the adsorption of S2

on Cu/Zn9O9(0001)-Zn and Cu/Zn9O9(0001h)-O clusters. For
the diatomic CuS molecule, our SCF calculations predict a
dissociation energy (41 kcal/mol) that is smaller than that found
experimentally (66 kcal/mol54), as happened in the case of ZnS
(see above). But, the theoretical results correctly predict that
the bonding energy in CuS is larger than in ZnS.54 After
comparing the adsorption energies in Tables 1 and 2, it is clear
that the presence of Cu enhances the reactivity of cluster I
toward S2. The adsorption energy of the molecule on Cu sites
is 3-10 kcal/mol larger than on Zn sites. This is consistent
with the photoemission results shown in section III.2, which in
general indicate that Cu is sulfided first during the reaction of
S2 with Cu/ZnO surfaces. In Table 2, the strongest CuT S2
interactions are observed when Cu is supported on a Zn-
terminated face of the oxide. On the O-terminated face the Cu
f ZnO charge transfer is substantial, and this seems to make
more difficult the formation of Cuf S2 dative bonds. For a
Cu/Zn9O9(0001)-Zn system, the energy released during the
dissociation of S2 on two adjacent Cu and Zn sites (46 kcal/
mol) is larger than that released for the dissociation of the
molecule on two adjacent Zn sites of Zn9O9(0001)-Zn (39 kcal/
mol). The results of the theoretical calculations indicate that
Cu adatoms probably enhance the sulfur uptake of ZnO by
providing sites for the adsorption of S2 on (0001)-O terraces
and by making the dissociation of the molecule more exothermic
on Zn atoms.

V. Discussion

V.1. Interaction of S2 with ZnO. Our results indicate that
zinc oxide has a larger reactivity toward sulfur than found
previously for alumina.26 At 300 K, it is possible to get much
higher coverages of sulfur on ZnO (0.7 ML) than on alumina
(0.1 ML) for similar S2 exposures. To gain insight into the
interaction of sulfur with these oxide surfaces, it is essential to
consider the energy positions of the bands of the oxides with
respect to the molecular orbital energies of S2. Figure 13 shows
the energy positions for the bands of ZnO, Al2O3, and Cu plus

Figure 12. Dissociation of S2 on cluster I. The S2 was bridging two
Zn1 atoms (see Figure 11) with the S-S axis parallel to the (0001)
surface. The S-S bond was elongated, and the two equivalent Zn1-S
bond distances were optimized. The Zn1-S bond lengths for the initial
(S2 adsorption) and final (two S atoms adsorbed) configurations of the
system are shown in Table 1. The adsorption energy was calculated
using the isolated cluster and the free S2 molecule as the reference
state. A positive energy denotes an exothermic adsorption process.

TABLE 2: Adsorption of S 2 on Cu/ZnO(0001) and
Cu/ZnO(0001h)

Cu-S (Å) S-S (Å)
adsorption energy

(kcal/mol)a

Cu/Zn9O9(0001)-Zn
a-top of Cu, end-on 2.29 1.96 19
a-top of Cu, side-on 2.34 1.99 22
2 S atoms (Cu, Zn1)b 2.29 (2.22)c 2.71 46

(2.35)d

Cu/Zn9O9(0001h)-O
a-top of Cu, end-on 2.31 1.95 16
a-top of Cu, side-on 2.35 1.97 18

a A positive value indicates an exothermic process.bOne S atom
above Cu and another “above” a Zn1 site. cCu-S distance for the S
“above” a Zn1 site. d Zn1-S bond distance.
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the calculated molecular orbital energies for S2. The values
for alumina come from band structure calculations.29,58 The
energy positions for zinc oxide were calculated using photo-
emission results14 and reported values for the band gap and work
function of this system.29 Finally, the positions of the Cu bands
were estimated59 using work function54,60 and photoemission
data. The empty and occupied states are indicated by dashed
and solid lines, respectively. In the ground state of the S2

molecule, the 2πg orbitals are only half-occupied and appear at
an energy of∼-10 eV with respect to the vacuum level.50,61

These orbitals, which are S-S antibonding, control the reactivity
of the S2 molecule. The empty bands of both ZnO and Al2O3

are well-separated from these 2πg orbitals. This prevents any
S2 f metal oxide electron donor interaction. The only
difference in the S2 T Al2O3 versus S2 T ZnO interactions is
in the electron-donating ability of the metal oxide to the sulfur.
The lowest unoccupied molecular orbitals of S2(2πg) are
energetically more stable than a substantial fraction of the
occupied states in the{Zn 4s+ O 2p}band of ZnO. This favors
ZnO f S2(2πg) electron donor interactions facilitating the
breaking of the S-S bond and leads to a relatively high sulfur
coverage on ZnO surfaces. In the case of S2/Al2O3, the 2πg

orbitals of S2 are of lower stability than most of the occupied
states in the valence O 2p band of Al2O3,26 thus leading to
weaker Al2O3 f S2(2πg) electron donor interactions and a
smaller reactivity of S2 on alumina surfaces.26

The results for the S2/ZnO and S2/Al2O3 systems indicate that
the reactivity of an oxide toward sulfur depends on the size of
its band gap. Earlier work done on the adsorption of H2S on
chromia has also revealed that there is a strong correlation
between sulfur uptake and the band gap of the oxide.28 The
study revealed that Cr3O4 (band gap close to zero)62 had a sulfur
uptake that was almost 3 times higher than that of Cr2O3 (band
gap∼4.8 eV)63 after similar doses of H2S. When comparing
results for the H2S/Cu2O and H2S/ZnO systems,23bone also finds
that the oxide with the smaller band gap (Cu2O,∼2.2 eV)64 is
more reactive toward H2S. In a more general way, oxides with

a small band gap (SnO2, ZnO, TiO2, Cr2O3, etc.) should be more
susceptible to sulfur poisoning than oxides in which the band
gap is large (Al2O3, MgO, CaO, etc.).
V.2. Interaction of S2 with Cu/ZnO Surfaces. Before we

move on to explain the reactivity of copper-promoted oxide
surfaces toward sulfur, let us examine the interaction of copper
with the oxides. It can be readily seen in Figure 13 that the
occupied and unoccupied states of Cu match much better with
the bands of ZnO than with those of Al2O3. Thus, Cu is
expected to have a greater interaction with ZnO than with Al2O3.
This result is consistent with some prior work that indicates
that Cu does not wet the surface of alumina well and forms 3D
islands,27 whereas there is a substantial wetting of the ZnO
surface by Cu atoms.6,14

The Cu/ZnO and Cu/Al2O3 systems exhibit higher reactivity
toward sulfur adsorption than the respective pure oxides. The
presence of Cu (metallic) particles provides a large number of
occupied states that are efficient for donating electrons into the
S2(2πg) orbitals (see Figure 13), thus weakening the S-S bond
and facilitating the sulfidation of these systems. Results for
the copper-promoted sulfidation of Cu/ZnO and Cu/Al2O3

indicate that Cu promotes the sulfidation of Al2O3 to a much
greater extent than it does for ZnO.27 This is because ZnO by
itself is more reactive toward S2 than Al2O3. For the adsorption
of S2 or H2S on metal/oxide surfaces (Cu/ZnO, Cu/Al2O3,27 Ag/
Al2O3,26 Zn/Al2O3,26 Au/Cr2O3,28 Au/Cr3O4

28), we have found
that sulfur always prefers to bond to the supported metal. This
phenomenon is observed even in the case of Au/Cr3O4, where
the admetal has a relatively low affinity toward sulfur and the
oxide support has essentially no band gap.28

Cu/ZnO surfaces are active catalysts for methanol synthe-
sis15,16 and the water-gas shift reaction.15,25 As mentioned
earlier, sulfur poisoning is a major problem encountered in these
systems.23-25 It has been proposed that the ZnO serves as a
sink for sulfur-containing compounds preventing the poisoning
of Cu.65 This suggestion is not supported by our results. In a
similar way, studies for the dissociation of H2S on Cu2O and
ZnO have shown that the first oxide is more reactive than the
second.23b Our photoemission data indicate that sulfur atoms
bound to Cu and Zn sites of Cu/ZnO surfaces are stable up to
very high temperatures (>750 K). These temperatures are
significantly higher than those typically used for methanol
synthesis and the water-gas shift reaction (450-650 K).

VI. Conclusions and Summary

The results obtained for the S2/ZnO and S2/Cu/ZnO systems
can be briefly summarized as follows:
1. For the adsorption of S2 on ZnO at 300 K, the sulfur is

associated first with Zn sites (S adatoms) and at medium
coverages with Zn-O sites (S and Sn species). On increasing
the sulfur dose, sulfur bound purely to the O sites of ZnO
appears (probably SOx species). Annealing to 500 K induces a
change in the morphology of the system that facilitates the
formation of Zn-S bonds. The results of ab initio SCF
calculations indicate that the dissociation of S2 on Zn sites of
ZnO is a very exothermic process (-∆E at least 37 kcal/mol).
At low sulfur coverages, an adsorption complex in which S2 is
bridge bonded to two adjacent Zn atoms (Zn-S-S-Zn) is
probably the precursor state for the dissociation of the molecule.
2. The reactivity of metal oxides toward sulfur is inversely

proportional to the size of the band gap. Oxides with a large
band gap (e.g., Al2O3, ∼9.0 eV) are less susceptible to sulfur
adsorption than oxides with a small band gap (e.g., ZnO,∼3.4
eV).

Figure 13. Energy positions for the bands of Al2O3, ZnO, and Cu
plus the molecular orbitals of S2. The energies are reported with respect
to the vacuum level (see text). The empty and occupied states are
indicated by dashed and solid lines, respectively.
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3. The reactivity of Cu/ZnO surfaces toward sulfur adsorption
is more than that of pure ZnO. Cu adatoms probably enhance
the sulfur uptake of ZnO by providing sites for the adsorption
of S2 on (0001)-O terraces and by making the dissociation of
the molecule more exothermic on Zn sites. Initially, sulfur
prefers to attack supported Cu, followed by reaction with the
Zn sites of the oxide, and at large sulfur coverages the adsorbate
bonds simultaneously to metal and oxygen sites on the surface.
The sulfur bonded to both the metal and oxygen sites on the
surface is relatively weakly bound and desorbs by 500 K. The
Cu T S interactions are strong and lead to the formation of
copper sulfides that decompose at temperatures above 700 K.
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