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Photo- and thermal reactions of atomic oxygen on Ag(110)

Silver is known as the only metal to catalyze the reaction for producing ethylene oxide from
ethylene economically. It is widely accepted that chemisorbed atomic oxygen on silver surfaces is
responsible for the partial oxidation of the hydrocarbon. Therefore, numerous studies have been
conducted for clarifying the adsorption states of atomic oxygen and the oxidation reactions of
hydrocarbons on Ag surfaces, particularly on a Ag(110) surface. Several unique characteristics of
atomic oxygen adsorption on Ag(110) have been reported. For example, oxygen restructures the
Ag(110) surface in such a way that one-dimensional Ag-O chains grow along the [001] direction.
As the coverage of oxygen increases, the structure of the chains changes from p(7x1) to
eventually p(2x1).

We studied on the photo and thermal reactions on atomic oxygen on Ag(110). Although there
are many reports on the reactions of atomic oxygen on Ag(110), there are only a few reports
describing the effects of surface additives. Therefore, this thesis concentrates on the following
two themes: 1) The photoelimination reaction of oxygen at a Ag(110) surface influenced by
surface carbon species, and 2) Methyl chemistry on halogen-free Ag(110)-p(nx1)-O surfaces. The
both reactions are strongly affected by surface additive atoms.

The photoelimination of atomic oxygen occurs only if carbon species exist at the Ag(110)
surface, and the atomic oxygen desorbs as CO,. It is quite unusual that strongly chemisorbed
oxygen is removed photochemically from a metal surface. We clarified the mechanisms of the
photoreaction.

The reactions of methyl group with atomic oxygen are also affected by surface additives. So
far, most of the chemistry of alkyl groups is examined on halogen-contaminated Ag surfaces,
because alkyl groups used in the experiments are produced by photo- and thermal dissociation of
alkylhalides. On such surfaces, the reactions of alkyl group might be affected by the co-adsorbed
halogen atoms. To clarify the influences of halogens, we produced the methyl group by the
electron bombardment of methane adsorbed on halogen-free Ag(110) surfaces. It has been
reported that atomic oxygen on a Ag(110) surface acts as a nucleophile for the alkyl groups.
Alcohols and ethers are produced from the alkyl group and the atomic oxygen adsorbed on
Ag(110). However, we found that ethylene is selectively from methyl group and atomic oxygen on
the halogen-free Ag(110) surfaces. Atomic oxygen can act as a Brgnsted base for methyl group on
the halogen-free Ag(110) surfaces.

I describe in this thesis the reaction mechanisms of the photo and thermal reactions of atomic
oxygen on Ag(110) and the roles of surface additives in these reactions.

1) Photoinduced elimination of oxygen at Ag(110)-p(2x1)-O: The role of surface carbon
species.

It has been reported that atomic oxygen adsorbed on Ag(110) is eliminated by UV irradiation.

We found that the reaction takes place only if carbon exists at the surface. Furthermore, the
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reaction yield strongly depends on the bonding scheme of the surface carbon. We studied the
photo-elimination reaction focusing on the following questions: What is the role of the carbon
species on the reaction? What type of electronic excitation associated with UV irradiation is
responsible for the photoreaction? Where do oxygen atoms in the Ag-O chains go?

To clarify how the photoelimination reaction depends on the carbon species, we examined
photochemical activities at Ag(110)-p(2x1)-O in three different conditions: a clean surface, a
surface covered with carbidic carbon and a surface with graphitic carbon. The coverage and the
bonding scheme of the surface carbon species were characterized by Auger electron spectroscopy
(AES) and temperature programmed desorption (TPD) of CO, after oxygen adsorption.

Each Ag(110) surface was saturated by atomic oxygen of 0.5 ML (1 ML = 8.4 x 10'* ecm™).
The coverage of atomic oxygen on Ag(110) was determined by x-ray photoelectron spectroscopy
(XPS) and low energy electron diffraction (LEED). Then, the surface was irradiated by a Xe arc
lamp through the band-pass filter at 320 nm. Even after the UV irradiation for 60 min, the oxygen
on clean and graphitic carbon covered surfaces does not decrease considerably by the UV
irradiation. In contrast, the oxygen coverage on the surface covered with carbidic carbon
definitely decreases. The surface temperature was raised by 10 K at most and such a small
temperature rise is not enough to eliminate oxygen atoms thermally. Thus, the depletion of the
oxygen coverage originates in nonthermal excitation induced by the UV photoirradiation. Note
that the photochemical activity strongly depends on the surface condition. Only the carbidic
carbon is effective for the photoelimination reaction.

Two photoexcitation mechanisms are considered for the photoreaction as follows: (1) direct
absorption of light by adsorbates, (2) indirect excitation via absorption of light by substrates
(substrate-mediated excitation). To obtain information on the excitation mechanism, the
wavelength dependence of the effective photochemical cross section was measured for the surface
covered with carbidic carbon. The wavelength of the incident light ranges from 410 nm to 193 nm.
The cross section increases with decreasing the wavelength of the incident light and steeply rises
at around 350 nm. Compared with the wavelength dependence predicted from that of absorbance
of the substrate, the photoexcitation mechanism of the photoelimination reaction was confirmed
to be the substrate-mediated excitation.

The next important question is where the oxygen atoms go out of the surface region. To
clarify this point, photodesorbed species were measured by using a pulsed laser at A = 193 nm.
The laser was fired at t = 0 and desorbed species were detected by a mass spectrometer. Only CO;
desorption was observed during the UV irradiation. Surprisingly, O,, O, or CO was not detected
within the detection limit.

In summary, the reaction and excitation mechanisms of the photoelimination reaction of
atomic oxygen at Ag(110)-(2x1)-O are examined. Ag-O bonds in Ag-O chains are activated by hot
electrons produced by the absorption of UV light by the substrate. Only if carbidic carbon exists
near the activated oxygen atom, the oxygen atom reacts with the carbidic carbon and then desorbs
as CO,. In contrast, the reaction does not occur on the clean Ag(110) surface and the surface

covered with graphitic carbon.
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2) Methyl chemistry on halogen-free Ag(110): influence of co-adsorbed atomic oxygen

The influence of atomic oxygen on the adsorption state and the electron induced reactions of
methane on Ag(110) surfaces were studied with TPD and infrared reflection absorption
spectroscopy (IRAS). To clarify the effect of co-adsorbed oxygen, the reactions of methane on a
clean Ag(110) surface were examined at first. Methane adsorbs on the Ag(110) surface keeping Ty
symmetry and simply desorbs at around 60 K without dissociation. After electron bombardment
(50 eV), methane is dissociated to a methyl group. When the methyl coverage is low, the CH
stretching modes of the methyl group were observed at 2850 cm? and 2760 cm by IRAS
measurements. In contrast, only one peak was observed at 2880 cm’! when the coverage is high.
This indicates that the adsorption states of the methyl group change depending on its coverage.
The methyl group adsorbs on the Ag(110) surface with C; symmetry at low coverage and adsorbs
with Ci, symmetry with the three fold axis normal to the surface.

The reactions of the methyl group were examined varying its coverage. When the methyl
coverage is low, hydrogen, methane and ethane are desorbed. When the surface temperature
increases, the methyl group partly desorbs as methane at 240 K. Since the desorption of hydrogen
is also observed at the same temperature, the desorption of methane at this temperature is
assigned to the recombinative desorption of methyl group and atomic hydrogen. By further
heating of the surface, remained methyl groups desorb as ethane and methane at around 330 K and
340 K, respectively. The desorption of ethane at the temperature is due to C-C coupling of methyl
groups. Note that methane desorbs at 340 K although hydrogen created by the electron
bombardment does not remain on the surface at this temperature. This indicates that a methyl
group partly dissociates to a methylene group and a hydrogen atom. Then the hydrogen reacts
with a methyl group to desorb as methane.

At high coverage, the reaction of methyl groups is more complicated. Except for methane and
ethane, various hydrocarbon species are also formed. A new ethane peak at around 100 K was
observed. Ethylene and propane desorption peaks were also observed 130 K and 125 K,
respectively. This indicates that molecular ethane, ethylene and propane are produced by the
electron bombardment. At around 170 K, methyl groups with C;, symmetry partly desorb as
ethane via the C-C coupling. The methyl groups remained on the surface change their adsorption
symmetry from Cj, to Cs due to the reduction of methyl coverage. Over 200 K, the reactions of
methyl group are same as those occur at the low coverage of methyl group.

The influences of atomic oxygen on the methyl chemistry on Ag(110)-p(nx1)-O (n = 2-4)
surfaces are examined. In contrast the clean surface, only the desorption of ethylene was observed
at around 300 K at the coverage less than 0.33 ML ((4x1), (3x1)-O); ethane production is
negligible. The desorption temperature of ethylene on the (3x1)-O surface is slightly higher than
that of (4x1)-0. On the (2x1)-O surface, both ethane and ethylene were not observed.

To clarify the reaction mechanism, IRAS measurements were performed. On the (4x1)-O
surface, the peak at 2880 cm™' was observed after the electron bombardment. The peak is assigned
to the CH symmetric stretching mode of methyl adsorbed with C;, symmetry as in the case of the

clean surface. When the surface was heated to 200 K, the 2880 cm™' peak disappears and new
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peaks at 2850 cm™ and 2760 cm™ grow. After the surface is heated to 300 K, these two peaks
disappear simultaneously. On the (3x1)-O surface, the results are similar to that of (4x1)-O
surface at the lower temperature region. However, when the surface was heated to 250K, the 2880
cm’ peak disappears and 2890 and 2820 cm’’ peaks become apparent. These frequencies are
higher than those observed on the (4x1)-O surface. On the (2x1)-O surface, no hydrocarbon
species were detected by TPD and IRAS after the electron bombardment except for unreacted
methane.

In summary, methyl groups are produced by the electron bombardment on both clean and
oxygen-covered surfaces. On the clean Ag(110) surface, the methyl groups react with each other
and desorb as ethane. In contrast, on the oxygen-covered surfaces, ethylene is produced

exclusively owing to dehydrogenation by co-adsorbed oxygen atoms.
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