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Laser-induced reactions of methane adsorbed on

transition metal surfaces

xF & & B W

2
#

%
#

By # &
By & %

#

&

FHIE R

B EXR

SREH  HER

AR Rk

2R —R CRRTZERE)




WXAEDOEE

The C-H bond activation of methane has been one of the most important processes in
the conversion of methane into useful chemical reagents. Although thermal activation with
various kinds of catalysts has been extensively studied, there still remain formidable
problems in efficiency and selectivity. In addition to thermal methods, the other way to
tackle these problems is to activate methane photochemically. We have found for the first
time that methane weakly adsorbed on Pt(111) and Pd(111) is efficiently dissociated into
hydrogen and methyl, or desorbed as methane or methyl radical by the irradiation with
6.4-eV photons, in spite of the fact that the excitation energy for the photodissociation of
gaseous methane is ~10 eV. This surprising result leads us to the following questions:

(1) Excitation mechanisms of the photochemistry of methane on these metal surfaces
(2) Interactions between methane and the metal surfaces
(3) Photoreaction dynamics of methane

To elucidate them, the detailed study has been performed using an excimer laser as a
light source and various surface analytical methods: temperature programmed desorption
(TPD), low energy electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS),
angle-resolved time-of-flight (TOF) measurements, and work function change
measurements.

Furthermore, the photodissociation of methane with 6.4-eV photons allows us to
investigate the dynamics of the associative desorption of methane between hydrogen and
methyl adsorbates as well as its molecular desorption from a clean Pt(111) surface by using
laser induced thermal desorption (LITD). This study provides us with information about
the mechanism of the dissociative adsorption, which is one of the most important steps in
the thermal activation of methane with catalysts.

The present thesis mainly consists of three parts: (1) the photochemistry of methane
on Pt(111), (2) the photochemistry of methane on Pd(111), and (3) the mechanism of the

associative desorption and the molecular desorption of methane from Pt(111).

(1) Photochemistry on Pt(111) (Chapter 3)

Since methane is isoelectronic to neon, its interaction with solid surfaces is known to
be weak. Actually, the interaction between methane and Pt(111) is found to be weak. The
desorption peak temperature of methane in the first monolayer is 72 K, and the activation
energy for thermal desorption is estimated to be 0.23 eV, which falls in the range of

physisorption. No LEED pattern induced by methane adsorption is observed. The change



of work function from the clean Pt(111) surface by methane adsorption is relatively large
(~-0.5 eV). A simple perturbation theory suggests that there is small (~3%) contribution of
the excited charge transfer state.

The photodissociation of methane with a 6.4-eV photon is unambiguously evidenced
by appearance of associative desorption peak between hydrogen and methyl adsorbates at
260 K in the TPD results of the methane from Pt(111) after irradiation with 6.4-eV
photons. Photodesorption of methane and methyl is studied by the TOF measurements.
There are three velocity components in the TOF distribution of methane with mean
translational energies (<E,>) of 0.53 eV, 0.26 eV, and 0.06 eV. In contrast, there is only a
single velocity component in the TOF of methyl with <E>=0.27 eV. The first two velocity
components of methane are sharply peaked at the surface normal. The desorption
mechanism of the fastest component is identified as photoinduced associative desorption
between H* and CH,(a) using the isotope labeling method'. It is found that the
photochemistry of methane is quenched by the accumulation of methyl adsorbates on the
surface.

No methane photochemistry is induced by 5.0-eV photon irradiation in contrast to
6.4-eV photon. The power dependence of the photoreaction cross section at 6.4 €V clearly
shows that the electronic transition of methane occurs via a one-photon process. No
photochemistry occurs on a xenon precovered Pt(111) surface, i.e., the direct contact
between methane and Pt(111) surface is essential for the photoexcitation. The
measurement of polarization dependence of the photoreaction cross section clearly shows
that a direct electronic transition within the adsorbate-substrate complex is involved in the
photoexcitation.

Based on the above experimental results and recent ab initio calculations, the
photoexcitation mechanism is discussed in detail. It is proposed that the excitation from
the adsorbate-localized orbital to the excited state of methane which is significantly mixed
with substrate electronic states plays a major role in the photochemistry of methane on
Pt(111). In addition, the mechanism of the quenching of photochemistry by coadsorbates is
also discussed.

The dynamics of (1) the direct desorption of methane molecule, and (2) the
desorption of methyl radical are discussed in terms of the MGR and Antoniewicz models,
and the “vibrational activation” model proposed in this thesis. The latter model assumes

that desorption is induced by the conversion from vibrational energy to translational

! H* and CH,(a) denote an energetic hydrogen atom produced by photodissociation of CH,,and CH; adsorbate on the
surface, respectively.



energy (V-T conversion) in the electronic ground state potential, based on the analogy from
the gas phase result - rapid internal conversion of the electronic excited state to high
vibrational levels of the ground state takes place. The desorption dynamics for CH, is also
discussed in terms of the strong quenching model and the vibrational activation model.
Although the detailed information of the potential energy surfaces relevant to these
reactions is necessary for the quantitative discussion, the applicability of the above models
are examined qualitatively by the comparison between the predictions of the models and
the experimentally observed translational energy distributions.

Lastly, the photochemistry of CH, on D-covered Pt(111) surfaces is studied. The
effects of the hydrogen coadsorption on the adsorption state and the photochemistry of
methane are described. The D atom coadsorption reduces the photoreaction cross section
but does not quench the photoexcitation completely. This indicates that the quenching of
methane photochemistry after prolonged irradiation with 6.4-eV photons is mainly due to
the poisoning effect by methyl adsorbates. In addition, the photoinduced associative

reaction between CH,* and D(a) to form CH,;D(a) is observed.

(2) Photochemistry on Pd(111) (Chapter 4)

The photochemistry of methane adsorbed on Pd(111) is studied in order to clarify
how the electronic structure of metal surface affects the adsorption state, photoexcitation
mechanism, and photochemistry of methane. Although Pd(111) and Pt(111) surfaces share
the same surface geometry with very similar lattice constants, the level of sp-derived
surface state is significantly different between the two surfaces. It is 0.2 eV below the
Fermi level at Pt(111), whereas 1.3 eV above at Pd(111); the surface state is occupied at
Pt(111) while unoccupied at Pd(111). Thus, methane is expected to interact more strongly
with Pd(111) than Pt(111) because repulsion by electrons in the surface state is lacking on
the former surface.

As is expected, TPD results shows that methane adsorbs more strongly on Pd(111)
than Pt(111). The LEED super-structures of methane observed on Pd(111) but absent on
Pt(111) also suggest the stronger interaction of methane with the former than latter.
Furthermore, the larger (~50%) photoreaction cross section on Pd(111) than Pt(111) is
consistent with the model of the hybridization between methane excited states and empty
states of the metal substrate, by which the larger photoreaction cross section is interpreted
as the larger extent of hybridizationdue to the stronger interaction. The relative yield ratio
of the photoproducts is also different between the two surfaces. On Pt(111), the

dissociative adsorption channel is dominant (~80%), while on Pd(111) the desorption



channel is major (~60%) of the total reacted methane. These effects can be attributable to
the difference in their surface electronic structures.

In the last section, the photodesorption dynamics is further studied by the extensive
measurements of angle-resolved TOF distributions. The difference in the surface electronic
structure also influences the translational energy distributions of the photodesorbed
species. The mean translational energy <E>=~0.64 ¢V for the direct molecular desorption.
<E>=0.26 eV for the photoinduced associative desorption between H* and CH,(a),
whereas <E>=0.53 eV for Pt(111). <E>=0.034 eV for desorption induced by collision of
photoexcited species with neighboring adsorbates. The activation barrier height of the
thermal associative desorption between H(a) and CH,(a) is also low (~0.26 €V) on Pd(111)
than Pt(111) (~0.56 eV). This suggests that the <E> of the photoinduced associatively
desorbed methane correlates with the activation barrier height for the thermal associative
desorption. The lowering of the barrier height for the associative desorption results in the
lowering of the barrier height for the reverse process, i.e., the dissociative adsorption
according to the principle of detailed balance.

The coverage dependence of desorption rate and the angular distribution shows that
methane desorption is influenced by the collision with surrounding adsorbates. The direct
molecular desorption is depressed and is very sharply peaked to the surface normal when
methane coverage is high. The slowest component is peaked ~6° from the surface normal
which is attributable to the collision with energetic species. These results are discussed in
terms of adsorbate-adsorbate interactions. The effects of the hydrogen coadsorption are

also studied.

(3) Mechanism for Associative Desorption and Molecular Desorption of Methane on
Pt(111) (Chapter 5)

Since dissociative adsorption of methane onto metal catalysts is the primary step of
various reactions such as conversion into larger hydrocarbons, the understanding of its
mechanism is important both practically and basically. One of the approaches to this goal
is to study the reverse process, i.e., the associative desorption of methane from hydrogen
and methyl adsorbates. The photodissociation of methane on Pt(111) described in the
previous chapter have enabled the facile preparation of the surface covered with only
hydrogen and methyl. Using this method, we study the mechanism of molecular and
associative thermal desorption of methane from Pt(111) by LITD. The 532-nm laser pulses

(<130 mJ/cm?) from a frequency-doubled Nd:YAG laser are used as a light source for



thermal heating of the surface. The translational energy distribution of methane is
measured by the TOF method.

The LITD of physisorbed methane is close to the ordinary thermal desorption: its
angular distribution is broad (cos**@,,,, 6,.,; desorption angle) and a translational energy
distribution is fitted by a Maxwell-Boltzmann function with <E> equal to the maximum
surface temperature (~120 K) transiently attained under the laser irradiation. In contrast,
the associative desorption of methane has a very sharp angular distribution (cos’' g,,,) and a
translational energy distribution fitted by a shifted M.-B. function with <E>/2k=2500 K,
which is much higher than the maximum surface temperature (~400 K).

The above data are used to examine the statistical (RRKM) model developed by
Ukraintsev and Harrison (UH) that is able to explain qualitatively the sticking coefficient
data of the dissociative adsorption on Pt(111) obtained by methane molecular beam
experiments of Luntz and coworkers. By using the fitting parameters obtained by UH from
the sticking coefficient data, we perform an RRKM calculations for the molecular and
associative desorption based on the UH model. It is found that the model is able to
qualitatively account for our experimental results of the molecular desorption, however, it
fails completely to predict those of the associative desorption. This discrepancy is
attributed to the essential limitation of the statistical theory in predicting the partitioning

of the available energy beyond the transition state with a large exit barrier.
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CEHIZIIAREE RS FTHDIAZE, BEOQIDEIIBWTTE ZHVWYEERE
L2vREF, TOKLECIEIBBELCLES, L LEEEIL, 10 KUTORETHRELE
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BRI TERBREBTAIAF VO RINVE 5N, MERERRBICHIAZ DTN E
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FRISREIL LML, AZ U OREFEBNEBEREOEHNEL K& <A
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DFEIZH NS H 2D > BT FAX RO NHRTEZ EEHLMIZLE,
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