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Adsorption and temperature-dependent decomposition of SQon Cu(100 and Cu(111):
A fast and high-resolution core-level spectroscopy study
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The adsorption and temperature-dependent decomposition 9foS8CGCU100 and C{11l) have been
studied by fast and high-resolution core-level photoemission. The analysis of theaBd?0 & data shows
that molecular S@ adsorption dominates at 170 K. On heating the,80@vered surfaces to about room
temperature, S@decomposes into SO0+S. On further heating S®O recombine to form S& which is the
only species detected in corresponding temperature-programmed desdffRion experiments. From the
temperature{time-) dependent S and O coverages a “TPD curve” can be constructed.
[S0163-18296)08819-4

Due to its role as a major air pollutant, a catalyst poisondecomposes into S@+0(a)+S(a). Above a temperature of
and a corrosive the adsorption of sulfur dioxide becomesbout 350 K the coadsorbed S@ species recombine and
increasingly important. From a number of studies performedlesorb as SOmolecules. Both prominent TPD peaks above
so far on SQ adsorption on various metals, it can be con-the multilayer desorption peak are thus fully understood.
cluded that at low enough temperature molecular adsorption The core-level photoemission experiments were con-
usually dominates. On subsequent heating, howevesd80 ducted at the Super ESCA beamfinat the storage ring
composes on most metal surfaces. Surface SO species BhETTRA in Trieste using the light from a 5.6-mm period
P(111) (Ref. 1) and Pd100) (Ref. 2 as well as surface SO undulator, a modified SX-700 monochromatdt/ and a
species on Npoly) (Ref. 3, Fepoly) (Ref. 4, and P4100 hemispherical electron analyzer equipped with a multichan-
(Ref. 2 have clearly been identified in addition to atomic S nel detector. The experimental resolution for thepSaad O
and O. Sulfur dioxide does not decompose on the noble mefts spectra was approximately 100 and 300 meV, respec-
als Au (Ref. 3 and Ag(Refs. 5-9. tively. The characteristic time for taking XPS spectra as

A temperature-programmed desorpti6fPD) study of shown in this paper was of the order of 10 sec, making it
SO, adsorbed on Qi11) (Refs. 10 and 1jlhas shown that possible to study the kinetics of surface proces&ér the
the only desorbing particles detected were,Sfblecules TPD experiment performed at BESSY in Berlin a quadru-
although a small amount of atomic S left on the surface aftepole mass spectrometefLeybold Inficon Transpector
each TPD run indicated a dissociation process. Similar efH100M) was used; masses 16, 32, 48, 64, and 80 were re-
fects are observed for SGdsorbed on QA00. An x-ray  corded simultaneously. The Ci00) and Cyl11l) crystals
absorption experimettt on the (2x2) phase obtained by were cleaned by successive cycles of argon-ion bombard-
heating a “thin” multilayer of SQ condensed on GO0 to  ment and annealing at 650 K. Surface cleanness was checked
about room temperature, however, unambiguously provedith XPS. SQ was dosed via a leak valv&sotropic dosing
the existence of an SAx# 2) species on the surface with no The CyY100-(2xX2)-S reference structure was obtained by
more SQ left there. dosing clean C{@00) with =5 L H,S at 300 K[where 1 L

We used high-resolution core-level photoemisdiemay  (Langmuin=10"® Torrs|,!® whereas the Qa00-(v2
photoemission spectroscoyPS)] for identifying the SQ X 2v2)R45°-0 reference structure was prepared by dosing
species. This procedure is based on the fact that the corevith =1200 L O, at 550 K2°
level binding energy of an atom is dependent on its InFig. 1 S 2 and O B XPS spectra are depicted, taken
surroundings>* From the core-level spectra it is thus pos- during slow and continuous heating of the (C0) crystal
sible to determine the number of different species by simplyinitially dosed at 180 K wii 5 L SO,. The S D data clearly
counting the number of peaks, provided that the shifts are nahow three different spin-orbit split doublets located at bind-
smaller than the measured peak width. In addition, by caliing energiegps, component of the doubleof about 160.2,
brating with known coverages for simple atomic-adsorbatel64.3, and 165.3 eV. Initially the 164.3-eV doublet domi-
systems the stoichiometry of a molecular adsorbate can baates, which has been identified as,3 x-ray absorption
found. Finally, by making use of the high photon flux behind[near-edge x-ray absorption fine structufdEXAFS)].*?
an undulator at a third generation synchrotron radiatiorlJpon heating to room temperature S@isappears from the
source time-dependent XPS sweeps can mimic TPD resultsurface and the 165.3-eV doublet shows up together with the

The fast and high-resolution XPS studies of ,S@n  one at 160.2 eV. The latter can clearly be identified as atomic
Cu(110 and Cy111) reported here indicate that on heating S by comparison with the spectrum measured on the
to about room temperature adsorbed sulfur dioxide(80 Cu(100-(2x2)-S reference structure. On the other hand,
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FIG. 1. S D (left) and O & (right) core-level photoemission data for @00-SO, with the sample temperature as parameter during
continuous heating~0.1 K/9.

x-ray absorption suggests an S€pecies withx#2 for the  measured S 2 and O X intensities with intensities corre-
165.3-eV doublet. On further heating to about 390 K thg SO sponding to the known coverages of 0:2201 ML for
species disappears nearly completely from the surfac€u(100-(2x2)-S (Ref. 19 and of 0.48-0.05 ML for
whereas the atomic S doublet hardly grows, but sharpens argly(100)-(v2x 2v2)R45°-0%! The XPS spectra of the refer-
shifts slightly in energy. Concerning different oxygen- ence structures are not shown here. The results obtained for
containing species the OsIdata are less distinctive at first )| measured temperatures are plotted in Fig. 3. In particular,
glance. Only one single peak is observed, which shifts tqn the bottom panel of Fig. 3 the coverages of S and O in the
lower binding energy on heating and initially broadens ongq species are compared. Note that at room temperature
increasing the temperature to about 273 K.~ and above there is no more $On the surface. From the

In the first step of our analysis we fitted the individual Scomparison for coverages near room temperat2éd, 303
2p and O 5 curves by assuming three main components ' \

a4 on : . ,
each. In Fig. 2 the fits for four distinct temperatures areand 323 K an average ok=1.2+0.4 is obtained, which

shown. As already discussed above, the three doublets uscalttf ?)ﬂ);sliglzrlﬂzeesr:gfbi%szgiiezs r?efssa(l?.ez\a/dalubeesegéeicﬁge d
for the S 2 fits in Fig. 2, left, are assigned to $0OSQ, Y

(x#2), and atomic S. As can be seen from the | @ata, by x-ray absorption. We emphasize_here that b_y taking into
there is already partial dissociatiédecompositionon Sg, ~ account the small amount of SO in the @ Signal for
adsorption at 180 K indicated by small amounts of, @@d ~ SC:+SO below 250 K and comparing it with the $ 2ignal
atomic S. The O & data in Fig. 2right) are fitted with three  for SO, (cf. Fig. 3 we get an independeriof NEXAFS)
main components located at 531.6, 530.9, and 530.2 evdentification of the latter species. The ratio of the oxygen
Within experimental accuracy the first one at 531.6 eV cor2nd sulfur coverages in this species below 250 K measures
responds to both Sgwhmh dominates at 180 Kand SQ 2.1+0.2, showing that it is indeed %OThlS result also dem-
(which is exclusively present near room tempergture onstrates that within experimental accuracy the used calibra-
whereas the components at 530.9 and 530.2 eV are assignéon procedure is not affected by diffraction effects.
to atomic oxygen in different adsorption sites. The dominant Finally, the processes taking place on,3dsorption and
atomic oxygen contribution at room temperature has clearlgubsequent heating will be reviewed and compared with the
been identified as oxygen in bridge sites by x-rayTPD spectrum shown in Fig. &ottom), which was taken
absorption:? The component at 530.2 might be oxygen in after SQ multilayer condensation on €100 at 110 K. We
hollow sites that are occupied on a clean(T) surface?®  should emphasize here that throughout the whole tempera-
Residual oxygen on the surface at temperatures of about 3390re range only desorbing SOnolecules are detected in
K and higher is assumed to be subsurface oxygen. The O ITPD. As already mentioned above, molecular,&@dsorp-
data also suggest partial dissociatidecompositionon SG,  tion dominates at 180 K. Small amounts of SO, atomic S,
adsorption at 180 K indicated by the small amount of atomicand atomic O, however, are already present on the surface
oxygen in the 176-K spectrum. (cf. Figs. 2 and Bindicating the following decomposition

In order to identify the SQ species we calibrated the pathways:
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FIG. 2. Curve fits of the Sg2 (left) and O & (right) data of Fig. 1 for four distinct temperatures. TheBshectra were fitted with three
spin-orbit split doublets located at 165.3 €%0,), 164.3 eV(SO,), and approximately 160.2 efatomic §. The O & data were fitted with
three components located at 531.6 0, and SQ), 530.9 eV(atomic O, and 530.2 eMatomic Q. The shifted atomic O component at
~529.9 eV for 388 K is assigned to subsurface oxy@gentext).
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FIG. 3. Absolute Stop leff) and O(top right
coverages of the different species detected on the
Cu(100 surface as a function of temperature. In
the lower panel the B30+SQ,) and §SQ,) cov-
erages are depicted, which show for temperatures
above~280 K (marked by a dashed lin¢hat the
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FIG. 4. “TPD curve” obtained by summing up all S and O
coverages of Fig. 3 and forming the sign-inversed derivatiop)
compared with the true TPD curbottom for Cu(100-SG,.
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the absolute O and S coverages in the, Sfecies above this
temperature al close to 1 is calculate¢tf. Fig. 5, unam-
biguously identifying SQas SO. On further heating to about

SO(9—S0a+0@), @) 450 K SO and also atomic O disappear nearly completely
from the surface on which only a small mount of atomic S is
SO,(g)—S(@+20(a). @ o Y
Between about 250 and 300 K $& desorbingcf. Fig. Finally, we note that because only $@olecules are de-

3) giving rise to a prominent SQlesorption peakcf. Fig. 4,  tected in a TPD experiment on (ui1)-SO, (Refs. 10 and
bottom). At the same time the amounts of SO and atomic O11) and because the atomic S coverage stays constant for
as well as atomic S on the surface increase, showing thigmperatures above about 300(¢f. Fig. 5), the same reac-
decomposition pathwayd) and (2) with SO,(a) instead of ~ tion pathway(3) as on C@l00 is suggested. This also ex-
SO,(g) are active. Above a temperature of about 350 K thePlains the second-order desorption behavior of the corre-
amounts of S@) and Qa) decrease while the amount of SPonding TPD peak:

S(a) stays roughly constar(cf. Fig. 3. Because only SO A comparison of the absolute $@nd SO coverages on
molecules are detected in the corresponding TPD geak CU(100 and Cu11l) in Figs. 3 and 5, respectively, shows

Fig. 4, bottom, the following reaction pathway is suggested: that on heating the Sirovered surfaces much less SO is
formed on Cgl111) compared to C{100). This is probably

SO(@)+0(a)—S0Ox(g). (3) due to different S@ bonding to the substrate on these two

] surfaces. On QW00 SO, stands upright and strongly bonds
The alternative pathway 238—S0,(g)+S(a) must be ex-  through both the S and O atoms with one of the S-O bonds

cluded. Our XPS analysis on QU00-SO; can thus fully  peing nearly parallel to the surfab&This definitely leads to
explain the TPD experiment. Because only,S0olecules  more facile dissociatioh.No structure determination has
are detected in the latter, TPD can prove neither decomposjeen performed for the CL11)-SO, system. An S@bond-
tion of SO, on CU100 nor the recombination of S@  jng to Cy111) mainly through the S atom similar to that
+0(a) at higher temperatures, which results in desorbinggnd for Ag110-SO, (Ref. 22 could explain the quantita-

SO, molecules. _ _ tive differences of S@decomposition observed for CLD0)
Another interesting feature of the XPS experiment is deyng ciy111).
picted in Fig. 4. By adding up the S and O covera@¢BS In summary, our fast and high-resolution XPS studies on

intensities for all detected surface species from Fig. 3 andso2 adsorption on C{L00) and C{111) have shown that on
forming the sign-inversed derivative of the suof. Fig. 4, poth surfaces molecular adsorption dominates at 170 K. On
top) the TPD curve(cf. Fig. 4, bottom is reproduced. The peating the S@covered surfaces to about room temperature
slight shift of the temperature scale is explained by the dlf—so2 decomposes into SE0+S. On further heating S®O
ferent heating ratesee numbers in F'g-_)-4 o recombine to form SQ which is the only species detected in
The XPS data for Gd11)-S0, are quite similar to those  Tpp studies. It has been shown for (€00-SO, that the
obtained for C(100-SO, shown and discussed above. The xpg experiment can reproduce the TPD curve.
most relevant results are summarized in Fig. 5. As can be
seen from the figure, molecular $@dsorption dominates at This work has been funded by the German Federal Min-
170 K. Above a temperature of about 250 K the,3@ver- ister of Education, Science, Research and Technology
age drastically decreases and the, $pecies shows up to- (BMBF) under Contract No. 05 625EBB 9 and by the Euro-
gether with atomic S. Above about 280 K practically no pean Union under Contract No. ERBCHGECT 920QA8-
more SQ is present on the surface. From a comparison ofess to Large Scale Installations
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