Adsor ption of carbon monoxide on a SmOy film
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A weak adsorption state of CO, characterized by extremely
high binding energy photoemission features, was formed on
samarium oxide film prepared in UHV.

Molecule/surface interactions on metal oxides are of interest
owing to the importance of metal oxidesin catalysis. A number
of investigations of the chemisorption properties of metal
oxides have been carried out under ultrahigh vacuum (UHV)
conditions.t Little work, however, has dealt with molecular
adsorbates on rare earth oxide surfaces,23 sinceit is difficult to
obtain well defined surfaces of such materials. In order to
investigate the chemisorption property of arare earth oxide in
detail with surface science techniques, we prepared a samarium
oxide (SmQ,) film in UHV. Here, we report the interaction of
CO with the surface of the SmO, film, using ultraviolet
photoelectron spectroscopy (UPS), X-ray photoelectron spec-
troscopy (XPS) and temperature programmed desorption
(TPD).

All experiments were performed in a commercial UHV
apparatus (ESCALAB Mark I1) with a base pressure of <1 X
10—8 Pa. The SmOy film was prepared in the UHV system by
oxidizing a Sm overlayer, which was vapor-deposited on a
Ru(001) single crystal sample (ca. 10 mm diameter and 1 mm
thickness). Since the SmO, films obtained here completely
covered the Ru(001) surface, we did not have to take into
account any effect of the Ru surface or the Ru/SmO, interface
on CO adsorption. UP and XP spectrawere recorded at ca. 105
K using He Il and Al-K« radiation, respectively.

Fig. 1(a) shows the UP spectrum for the SmOy film on
Ru(001), which was prepared by repeating cycles of Sm
deposition at 300 K and heating to 800 K in O, (ca. 105 Pa).
Thethickness of the SmO, film was determined to be ca. 4.5 nm
from the attenuation of Ru 3d signal intensity. Fig. 1(b) was
recorded after the surface was saturated with CO at ca. 105 K.
The difference spectrum, (b) — (a), shows the appearance of a
pair of peaksat ca. 11.8 and 14.3 eV below Er. Thesetwo peaks
disappeared after heating to 150 K and desorption of CO was
observed at ca. 125 K in TPD measurements at a heating rate of
5 K s—1. These results suggest that the two observed peaks are
attributed to CO species, which adsorbs weakly on the SmOy
surface. Supposing a first-order desorption, the activation
energy of desorption of ca. 31 kJ mol—1 was obtained for this
CO gpecies from the desorption temperature of 125 K and a
frequency factor of 1013 s—1,

Asshownin Fig. 1(e), two peaks at ca. 8.0 and 11.0 eV were
observed for CO on the Ru(001) surface, which have been
assigned to 50/1x and 40 emissions, respectively.4 The binding
energies of the two peaks from CO on SmOy are remarkably
larger than those of CO on Ru(001) as well as on other metal
surfaces. Similar very high binding energy features have been
reported for CO on a partially reduced Cr,0O3(111) surface.>
This CO species interacts weakly with chromium atoms, and
was not observed on acompletely oxidized Cr,O3(111) surface.
The higher binding energies of photoemissions compared with
those of CO on metal surfaces were explained by ¢ bonding
between CO and chromium atoms without st* back-donation,
which plays an important role in CO adsorption on most metal

surfaces. The bonding character of this distinct CO species is
essentialy different from that of CO on a metal surface.

Fig. 1(c) and (d) were recorded for an Ar+-ion-bombarded
SmOy surface before and after CO adsorption, respectively. In
the difference spectrum, (d) — (c), two peaks al so appear, at ca.
11.8 and 14.3 eV. The intensities of these two peaks are
apparently larger than those observed in (b) — (@) for the non-
bombarded surface, suggesting that the Ar+-ion-bombardment
of the surface caused an increase in the number of CO
adsorption sites. An explanation for this result is that the
adsorbed CO molecules interact with defect sites, which are
likely to increase for the rough ion-bombarded surface.

According to aprevious report for a TiO, surface,! the lower
part of the valence band (ca. 4 eV below Ef) is mostly
composed of non-bonding 2p orbitals of oxygen in the oxide.
Comparing Fig. 1(c) with (a), the non-bonding O 2p peak
decreases in intensity significantly as a result of the ion
bombardment. This fact suggests that the population of the
oxygen atoms located at the SmO, surface, which are less
coordinated compared with bulk oxygen atoms, are reduced by
the ion bombardment. Therefore, the ion-bombarded surface
has a number of oxygen vacancy defect sites, where samarium
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Fig. 1 Hell UP spectrarecorded on a SmO film surface (a) before and (b)
after saturating with CO at ca. 105 K and on the Ar+ ion bombarded SmO
surface (c) before and (d) after saturating with CO. Spectrum (€) was
recorded for CO on Ru(001).
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atoms are exposed and probably exhibit an ability to bond to
Co.

Fig. 2(a) and (b) show XP spectrain the O 1s region, which
were recorded on a SmO, film before and after CO adsorption
at ca. 105 K, respectively. The main O 1s peak at ca. 529.6 eV
is due to oxygen atoms in the SmO, film. Comparing the peak
area of this O 1s feature with that of Sm 3d, we obtained the
stoichiometry of SmO,: ca. 1.44 for x. This result is consistent
with aprevious report for the oxidation of aSm metal surface by
O, exposurein UHV system, where Sm,Os was obtained.¢ The
difference spectrum (b) — (a) has asmall peak at ca. 537.8 eV.
Since this O 1s feature disappeared after heating the sample to
150 K, it can be attributed to the weakly adsorbed CO species
described above. The binding energy of this O 1s feature is
much larger than that of CO on most metal surfaces, as well as
those of the valence level emissions. Additionaly, a high
binding energy feature of C 1s was also observed at ca. 291.8
eV for this CO species. These higher binding energies must
result mainly from poor screening of the holes induced by
photoemission processes, and suggest a lack of s* back-
donation and a very weak interaction of CO with the SmO,
surface.
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Fig. 2 O 1s XP spectra recorded on a SmOy film prepared by oxidation of
Smwith O, (a) before and (b) after saturating with CO at ca. 105 K and on
the SmOy film, which was prepared by oxidation of Smwith CO, (c) before
and (d) after saturating with CO
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Fig. 2(e) was recorded on a SmO, film which was prepared
by the reaction of deposited Sm with CO in UHV. In this
spectrum, the O 1sfeature at ca. 529.6 eV is obviously smaller
than that in Fig. 2(a) for the SmO, produced by O, exposure,
athough the amounts of deposited Sm were amost the same
(ca. five monolayers). For this CO-produced SmO film, which
probably consists of the corresponding amount of carbon as a
component, the stoichiometry was determined to be ca. 0.73 for
X. It is expected that the CO-produced SmOy film has a larger
number of exposed Sm atoms on the surface than the
Oo-produced SmO, film.

Fig. 2(d) was recorded on the surface of this SmO, film after
exposureto CO at ca. 105 K. In this spectrum, amore intense O
1s feature at ca. 537.6 eV was observed than in Fig. 2(b).
Comparing the O 1s peak areawith that of a saturated CO layer
on Ru(001), the coverage of CO observed here was estimated to
be ca. 0.2 with respect to the Ru(001) substrate. The SmO, film
produced by CO exposure has a larger number of weak CO
bonding sites than that produced by O, exposure. This result
also supportsthe fact that the weakly bound CO speciesinteract
with samarium atoms at oxygen vacancy defect sites.

With respect to the catalytic abilities of rare earth oxides for
CO hydrogenation, Sakata et al. have studied CO adsorption on
apractical Sm,O5 catalyst, using in situ IR spectroscopy.” They
have reported that CO chemisorbed reactively on a SmyO;
surface to form severa types of species, which were aso
detected on other rare earth oxides.8 On the other hand, under
UHV conditions, no CO chemisorption was observed on rare
earth oxide films? or single crystal surfaces of a rare earth
oxide3 at room temperature. The characteristic weak adsorption
state of CO observed here on the SmO, surface was not stable
at room temperature under UHV condition. Under atmospheric
pressure, however, it may be possible that this CO species
becomes a precursor of the species such as those reported by
Sakata et al., or plays other important roles in catalytic
reactions.

Notes and References

* E-mail: nozoye@nimc.go.jp

1 The Surface Science of Metal Oxides, ed. V. E. Henrich and P. A. Cox,
Cambridge University Press, Cambridge, 1994.

2 G. Strasser, E. Bertel and F. P. Netzer, J. Catal., 1983, 79, 420.

3 J. Stubenrauch and M. Vohs, J. Catal., 1996, 159, 50.

4 J.C. Fuggle, T. E. Mady, M. Steinkilberg and D. Menzel, Surf. ci., 1975,
52, 521.

5 C. Xu, B. Dillmann, H. Kuhlenbeck and H.-J. Freund, Phys. Rev. Lett.,
1991, 67, 3551.

6 D. D. Sarma, M. S. Hegde and C. N. R. Rao, J. Chem. Soc., Faraday
Trans., 1981, 77, 1509.

7 Y. Sakata, Y. Kancchika, H. Imamura and S. Tsuchiya, Chem. Lett.,
1994, 1829.

8 K. V. Topchieva, S. E. Spiridonov and A. Y. Logninov, J. Chem. Soc.,
Chem. Commun., 1986, 636.

Received in Cambridge, UK, 4th November 1997; 7/07932J



