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ABSTRACT: Photocatalytic dissociation of methanol
(CH;0H) on a TiO,(110) surface has been studied by
temperature programmed desorption (TPD) at 35S and 266
nm. Primary dissociation products, CH,O and H atoms, have
been detected. The dependence of the reactant and product
TPD signals on irradiation time has been measured, allowing
the photocatalytic reaction rate of CH;OH at both wave-
lengths to be directly determined. The initial dissociation rate
of CH;OH at 266 nm is nearly 2 orders of magnitude faster
than that at 355 nm, suggesting that CH;OH photocatalysis is
strongly dependent on photon energy. This experimental
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result raises doubt about the widely accepted photocatalysis model on TiO,, which assumes that the excess potential energy of
charge carriers is lost to the lattice via strong coupling with phonon modes by very fast thermalization and the reaction of the
adsorbate is thus only dependent on the number of electron—hole pairs created by photoexcitation.

B INTRODUCTION

Since the discovery of the photocatalytic splitting of water
(H,0) on TiO, electrodes by Fujishima and Honda in 1972,
tremendous research efforts have gone into understanding the
fundamental processes and in enhancing the photocatalytic
efficiency of TiO,> These efforts have been driven by the
potential benefits to renewable energy, energy storage, and
environmental cleanup.>* In particular, TiO, has attracted
much attention because of its applications in heterogeneous
catalysis, photocatalysis, solar energy devices, etc.’”"*

In an ideal photocatalyst, all photon energy invested in the
generation of charge carriers would be available for redox
chemistry. The higher the potential energy of the electron (or
hole) the more reductive (or oxidative) capacity there is."> But
charge carrier thermalization is rapid. For example, Gundlach
and co-workers used two photon photoemission (2PPE) to
track thermalization following electron injection from two dyes
adsorbed on rutile TiO,(110)."*'7 Fast initial decay of the
2PPE signal resulting from thermalization of the injected
electron occurred on the 10 fs time scale. This result suggests
that excess potential energy is lost to the lattice via strong
coupling with phonon modes, thus reducing the potential
advantage gained by the specificity in the absorption event.
Additional evidence for the rapid thermalization of electrons
comes from photoemission spectra of Ag clusters on rutile
TiO,(110)"® as a function of injection electron energy and
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from photoluminescence spectra of rutile TiO,(110)"**° with
3.35 eV photon irradiation. In both these studies, a constant
energy of the emitted photons was observed (at and below the
band gap energy—3.05 eV), independent of the energy of the
exciting electron or photon. Furthermore, experimental
investigations indicate that the photodesorption yield and
translational energy of O, from an O,-adsorbed TiO,(110)
surface are independent of the excitation photon energy above
3.4 eV, but instead depend on the photon flux.*** It has also
been reported that the photooxidation yield of hexane on a
TiO, powder is dependent on photon flux rather than photon
energy.”® On the other hand, it has been reported that the
photodesorption and photooxidation yields of other organics
on TiO, are strongly dependent on photon energy.24_26
Actually, the measurement of wavelength dependent yields of
reaction products is not the best approach to understand the
fundamental processes of photocatalysis. Instead of product
yields, a wavelength-dependent rate measurement for a
photocatalytic reaction system would be a more direct probe
of the underlying mechanisms. We have thus investigated the
wavelength dependence of the initial rate of the photocatalytic
dissociation of methanol (CH;0H) on TiO,(110).
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CH,0H photocatalysis on TiO,(110) has become a well-
studied model system and is thus an ideal testing ground for
important photocatalysis concepts. Previous studies showed
that molecular hydrogen production from H,O on TiO, could
be significantly enhanced by adding CH;OH,”” suggesting that
CH;OH plays an important role in photocatalytic H,O
splitting. Because of the importance of this issue, many
experimental and theoretical studies have been carried out on
the CH;OH-TiO,(110) system.”* > In recent years, CH,OH
photochemistry on the rutile TiO,(110) surface has been
investigated using various techniques, such as 2PPE, scanning
tunneling microscopy (STM), and temperature programmed
desorption (TPD), in order to understand CH;OH photo-
chemistry on TiO,(110) at the molecular level.**™* Using
2PPE and STM, Zhou et al** concluded that photocatalytic
dissociation of CH;OH on TiO,(110) occurs at the Tis,
adsorption sites. In a recent study,* we have shown that
photocatalytic dissociation of CH;OH on TiO,(110) occurs in
a stepwise manner in which the O—H dissociation proceeds
first and is then followed by C—H dissociation to form
formaldehyde (CH,O). Henderson and co-workers also
observed the second step, photocatalytic C—H dissociation
from CH,O to form CH,0.**¢ Theoretical calculations for the
ground electronic state show that the first step is nearl
thermoneutral with a small barrier (0.25-0.3 eV),>"3%*#
suggesting that O—H bond dissociation is facile, while the
second step has a much high barrier. By extending the detailed
studies of CH;OH photocatalysis on TiO,(110) to include
wavelength-dependent rate measurements, we are able to go
beyond the relatively simple description of the CH;0H
decomposition steps and their energetics and actually probe
the fundamental process by which the photon energy initiates
this decomposition.

B EXPERIMENTAL DETAILS

Photocatalysis of CH;OH was studied on a vacuum annealed
Ti0,(110) surface with a TPD apparatus44’47 in combination with
laser surface irradiation at 266 and 355 nm. The base pressure of the
main chamber was 6 X 107" Torr. TPD products were detected with a
quadrupole mass spectrometer (Extrel), which uses a specially
designed electron-impact ionization region that can be maintained at
an extremely high vacuum of 1.5 X 107"2 Torr. The rutile TiO,(110)
crystal (Princeton Scientific Corp.) was cleaned through multiple
cycles of Ar* sputtering and UHV annealing at 850 K until all surface
contaminations were below the detection limit of Auger electron
spectroscopy and a sharp (1 X 1) LEED pattern was observed. After
this surface cleaning procedure, the crystal color became blue, and an
oxygen vacancy population of about 4%, determined by H,O TPD
measurement,” was created on surface. Daily cleaning was
accomplished by annealing the crystal at 850 K for 30 min in UHV.
CH,;OH with a purity of >99.9% was purchased from Sigma-Aldrich.
Before using, it was purified further by several freeze—pump—thaw
cycles. In this experiment, we dosed the surface at 110 K with a 0.5 ML
(I ML = 52 X 10" molecules cm™2) coverage of CH,;OH using a
home-built, calibrated, molecular beam doser.

The third harmonic (355 nm) or fourth harmonic (266 nm) output
of a diode-pumped, solid state (DPSS), Q-switched 1064 nm laser
(Spectra-Physics) was used to induce photochemistry on the CH;OH
adsorbate. The laser pulse duration was about 12 ns, and the laser
repetition rate was 50 kHz. In order to minimize the temperature
increase of the surface resulting from laser irradiation and to reduce
surface damage by laser irradiation, only 40 mW of laser light at both
wavelengths was used to illuminate the TiO,(110) surface. The laser
beam diameter was 6 mm, and its incident angle was ~30° with
respect to the normal of the 10 X 10 mm?* TiO,(110) surface, which
was mounted with an angle point at the top (see Figure S1). The

irradiated surface area was 56% of the total surface area. The laser flux
was thus 9.5 X 10" photons em™ s7* for 266 nm and 1.3 X 10"
photons cm™ 57! for 355 nm. The TiO, surface temperature rose by
about 5 K with the surface temperature at 110 K, and we found that
the surface damage at both 355 and 266 nm was negligible during the
exposure times used in our experiments (0—5 s at 266 nm and 0—600
s at 355 nm). These times were chosen such that CH;OH dissociation
to CH;0 and CH,O were the dominant processes. Secondary
processes, such as methyl formate (HCOOCH,) formation from cross
coupling reactions,*” were observable but not significant. TPD
measurements were carried out with a heating rate of 2 K/s. The
Ti0,(110) surface was annealed in vacuum at 850 K for 20 min
between different TPD runs to maintain a flat and clean surface.

B RESULTS

Figure 1A shows typical TPD spectra collected at a mass-to-
charge ratio (m/z) of 31 for 0.5 ML of CH;OH adsorbed on a
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Figure 1. (A) Typical TPD spectra collected at m/z = 31 (CH,OH")
following different laser irradiation times at 355 nm. CH,OH" is
formed by dissociative ionization of the desorbed parent CH;OH
molecule in the electron-bombardment ionizer. (B) Typical TPD
spectra collected at m/z = 31 following different laser irradiation times
at 266 nm. Note “a” indicates the appearance of the methyl formate
product at the longest irradiation times.*” The broad peak near 500 K
is attributed to recombinative desorption of some methoxy groups,
resulting from dissociation at vacancy or nonvacancy sites.*

Ti0,(110) surface, with different irradiation times (0—600 s),
using 355 nm laser light. As the main feature at 300 K in the
TPD spectra at m/z = 31 is exactly the same as that at m/z = 32
(not shown), this feature is assigned to desorption of
molecularly adsorbed CH;OH. A broad TPD peak around
500 K is also seen, and it is attributed to the recombinative
desorption of dissociated CH;OH on surface vacancy sites.*
The TPD peak area for molecularly desorbed CH;OH
decreases by 16% after 600 s of 355 nm laser irradiation,
suggesting that the CH;OH molecules adsorbed on the five-
coordinated Ti*" (Tis.) sites were photocatalytically dissoci-
ated. This observation is consistent with our previous TPD
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Figure 2. (A) TPD spectra collected at m/z = 30 (CH,O") after laser irradiation times of 0, 60, and 600 s at 355 nm. (B) TPD spectra collected at
m/z = 30 after laser irradiation times of 0, 0.5, and S s at 266 nm. (C) TPD spectra collected at m/z = 18 (H,0O") after laser irradiation times of 0, 60,
and 600 s at 355 nm. The peak near 270 K arises from the small amount of H,O impurity in the CH;OH sample and the dissociative ionization
signal of molecularly adsorbed CH;OH in the electron-impact ionizer, while the peak near 500 K is the H,O TPD product formed from
recombination of two H-atoms and one O-atom on a BBO row. (D) TPD spectra collected at m/z = 18 after laser irradiation times of 0, 0.5, and S s

at 266 nm.

results on the same surface with 400 nm irradiation.** The
high-temperature side of the CH;OH TPD peak was depleted
preferentially as the laser irradiation time increased. We
previously attributed this preferential depletion to the
combination of the CH;OH TPD peak depletion and the
shift of the CH;OH TPD peak toward lower temperature
resulting from the hydroxyl groups at bridge bonded oxygen
(BBO) sites resulting from CH;OH dissociation.** A very small
shoulder also appears on the low-temperature edge of the main
TPD peak after 600 s of irradiation, and this shoulder is
assigned to HCOOCH; from photoinduced cross coupling of
CH,0 and CH,O on the surface.*

Typical TPD spectra collected at m/z = 31 following 266 nm
irradiation are shown in Figure 1B. The evolution of the TPD
spectrum with 266 nm irradiation is similar to that with 355 nm
irradiation. Given the ratio of photon fluxes at 355 and 266 nm
irradiation (1.37:1.00) and the ratio of absorption cross
sections at 266 and 355 nm (1.5:1.0), the number of
electron—hole pairs created per unit time is expected to be
about the same with 266 and 355 nm irradiation. Thus, it is
remarkable to see that the CH;OH depletion after just S s
irradiation of the 266 nm laser (40 mW) is significantly larger
than that after 600 s irradiation of the 355 nm laser (40 mW).
This result suggests that CH;OH photocatalysis at 266 nm is
much faster than at 355 nm. Similar to the TPD peak following
355 nm irradiation, the peak following 266 nm irradiation
shows a small shoulder on the low-temperature edge, which is
again assigned to desorption of the secondary HCOOCH;
product.

In addition to the TPD spectra at m/z = 31, we have
collected TPD spectra at m/z = 30 (CH,O") at several different
irradiation times with both 355 and 266 nm laser light.
Representative TPD spectra are shown in Figure 2A,B. In these
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TPD spectra, a prominent TPD peak near 265 K can be clearly
seen. This peak is assigned to the CH,O product, which
desorbs around 270 K on a clean TiO,(110) surface.*® Note
here that hydroxyls on BBO sites would reduce the molecular
absorption energy on Tig_ sites, as in the case of CH;OH. With
irradiation at a given wavelength (266 and 355 nm), the time
scale on which the CH,O product increases is similar to that of
CH;OH depletion, indicating that the initial main product of
photocatalytic CH;OH dissociation is CH,0O. The photo-
catalysis of CH;OH at 400 nm on the same surface also yields
CH,O as the main initial product. Thus, the photocatalytic
dissociation of CH;0OH on TiO,(110) at 355 and 266 nm is
assumed to proceed through the same two-step dissociation
mechanism that was demonstrated for 400 nm CH;0H
photocatalysis: **

hv
CH,0H(Tis,) — CH;0O(Tis.) + Hgpo (1)

CH,0(Tis,) 5 CH,O(Tis) + Hggo )
where Hypq refers to an H atom that is adsorbed on a BBO site.
Because the increase in surface temperature during laser
irradiation is quite small (only about S K), both dissociation
steps must be photoinduced and not thermally activated.
CH,O may be desorbed by light;* thus, monitoring the
CH,O product yield is not the best approach to measure the
product formation rate, as the CH,O production rate would
not be linked directly with the CH;OH depletion rate. Another
major product from CH;OH dissociation on TiO,(110) is
atomic hydrogen on the BBO sites, resulting from steps (1) and
(2). These products do not desorb by light, but upon heating,
two H atoms on BBO rows will combine with an oxygen atom
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on the BBO row to form a H,O molecule that desorbs around
500 K, leaving behind an oxygen vacancy (BBOv),**

2Hys, + BBO — H,O + BBOv 3)

Monitoring H-atom production through the desorption of
H,O is the preferred way to measure the product formation
rate as CH;OH undergoes photocatalytic dissociation. TPD
spectra at m/z = 18 have therefore been measured at seven
irradiation times between 0 and 600 s using 355 nm light and at
six irradiation times between 0 and S s using 266 nm light.
Figure 2C shows three TPD spectra at m/z = 18 after laser
irradiation times of 0, 60 s, and 600 s with 355 nm light, and
Figure 2D shows three TPD spectra at m/z = 18 after laser
irradiation times of 0, 0.5, and S s with 266 nm light. With these
data, we can determine the formation rate of 2Hgpo through
the H,O TPD signal and therefore the CH;OH depletion rate.

The calibrated CH;OH TPD signal at m/z = 31 (peak at 300
K) and the H,O TPD signal at m/z = 18 (peak at 500 K) at
different irradiation times are plotted in Figure 3. The
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Figure 3. Dependence of CH;OH and H,O (from BBO sites) TPD
yields on laser irradiation time, at 355 nm (left panel) and 266 nm
(right panel). The initially prepared surface was TiO,(110) with 0.5
ML of adsorbed CH;OH. The background H,O TPD signal (¢ = 0)
from CH3;OH dissociation on the BBO vacancy sites has been
subtracted from the total H,O TPD signals. Solid squares and circles
are the experimental data (calibrated), while the solid lines are
exponential functions that appear to follow the data very well.

background TPD H,O signal at ¢t = 0 from the spontaneous
dissociation of CH;OH on BBOv has been subtracted from the
data. These two plots, corresponding to 255 and 266 nm
irradiation, show the correlation between the depletion of the
CH;OH TPD signal and the increase of the H,O TPD signal,
with increasing irradiation time.

B DISCUSSION

The results in Figure 3 show clearly that the depletion of the
CH,;O0H TPD peak and the increase of the H,O TPD peak are
almost exactly anticorrelated at both wavelengths, suggesting
that the H,O peak comes entirely from H atoms on the BBO
sites. From the plots of TPD H,O product yield as a function of
irradiation time (Figure 4), we found the rise times at 90% of
the asymptotic value to be 280 s for 355 nm and 2.8 s for 266
nm. A more precise determination of the difference in reaction
rates at the two wavelengths may be obtained from quantum
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Figure 4. Laser irradiation time dependence of the H,O (from BBO)
TPD yield following 355 nm (left panel) and 266 nm (right panel)
irradiation of a 0.5 ML CH;OH covered TiO,(110) surface. The solid
squares and circles are the experimental data (calibrated), while the
solid lines are exponential functions that appear to follow the data very
well. The open squares indicate the rise times at 90% of the asymptotic
values of the fits for both 355 and 266 nm photocatalysis.

yields. As a result of the accumulation of H atoms on BBO sites
during CH;OH dissociation, as shown in eqs 1 and 2, the
quantum yield of the reaction will be much lower for longer
irradiation times. The quantum yields were thus calculated from
the TPD spectra after short irradiation times where the yield of
the H,O product had a quasi-linear relationship with laser
irradiation time. The times chosen for 355 and 266 nm were 60
and 0.5 s, respectively. The resulting quantum yields were 3.3 X
107¢ for 355 nm and 5.5 X 10~* for 266 nm, suggesting that the
initial dissociation rate of CH;OH at 266 nm is more than 2
orders of magnitude faster than that at 355 nm, in rough
agreement with the simple rise-time analysis.

The large difference between the photocatalytic dissociation
rates at the two wavelengths is surprising, because it is
inconsistent with the prediction from the widely accepted
photocatalysis model that charge carriers in TiO, rapidly
thermalize to their respective band edges, and as a result, the
reaction rate should be dependent on the number of electron—
hole pairs generated and independent of wavelength. Our
experimental result clearly indicates that the energy of the
excited electron—hole pairs is also important.

One possible mechanism by which photon energy could
influence the dissociation rate would be through dissociative
electron attachment (DEA).** A 266 nm photon has an energy
of 4.67 eV, and the work function of a CH;OH-covered
TiO,(110) surface is only about 4 eV.>* Free electrons could
thus be produced during irradiation, and these free electrons
could induce DEA of CH;0H.”' However, the density of
electron states near the Fermi level (Eg) of reduced TiO,(110)
surfaces is quite small,>>>> and the density of free electrons
would be very low. Furthermore, DEA of gas-phase CH;0H is
generall}r observed for electron attachment resonances that lie
>6 eV.>' Thus, DEA by a free electron is expected to make little
or no contribution to the photoinduced dissociation of CH;OH
on Ti0,(110).

Electrons excited into the conduction band could also be
transferred to unoccupied levels of CH;OH or CH;0 (e.g., the
lowest unoccupied molecular orbital, LUMO), that lie at or
below the energy of the photoinduced (“hot”) electrons, and
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Figure S. H,O product yield from 0.5 ML CH;O0H adsorbed TiO,(110) as a function of photon flux with 355 and 266 nm irradiation. The
irradiation times chosen for 35S and 266 nm are 60 and 2 s, respectively. The surface temperature (~110 K) was nearly unchanged during
irradiation. These data were collected with a new sample (i.e., a different sample than was used in the other experiments). Although the sample was
prepared in the same way at the previous sample, the product yields from the new sample were lower.

then anion excited states of the adsorbate which are formed by
electron transfer at the TiO,(110) interface could result in
dissociation of the adsorbate. This dissociation mechanism
might seem unlikely, because the LUMO of the CH;0OH
molecule is calculated to be +0.69 eV,>* making it higher than
the vacuum level. However, when molecules adsorb on a
surface, the LUMO generally shifts ~1—2 eV lower in energy.>®
Assuming a width of 1 eV (based on the observed full width at
half-maximum of the low-energy resonance for electron
attachment to gas-phase CH;OH),>" it would be possible for
a conduction-band electron to transfer to the LUMO of
CH;0H.

The transfer of a hole to the CH;OH might be another
mechanism for dissociation. Based on ultraviolet photoelectron
spectroscopy data,”">%*® the highest occupied molecular orbital
(HOMO) of CH;OH adsorbed on TiO,(110) relative to the
valence band maximum (VBM) is reported to be ~2 eV.
Previous studies show that the photocatalytic dissociation of
CH,OH on TiO,(110) can occur even with 400 nm
irradiation.*** There will be a large energy mismatch between
photogenerated holes in the valence band by 400 nm (3.1 eV)
irradiation and the electronic states of CH;OH. Thus, hole
transfer to CH;OH is unlikely.

Another possible explanation for photoinduced dissociation
of CH;0H on Ti0,(110) is that the dissociation occurs on the
ground electronic state surface. In this case, the initially formed
electrons would thermalize to the conduction band minimum
(CBM) within hundreds of femtoseconds'® and then
recombine with the holes, in a process that is analogous to
internal conversion in the gas phase.”” As a result, the photon
energy would be fully converted to local phonon energy in a
short time. Through vibrational redistribution between the
highly excited phonon modes and the vibrational modes of
CH;0H or CH;O0 in a localized area, the adsorbate could gain
sufficient energy to dissociate before the phonons dissipated
their energy into the bulk. Sufficient energy for dissociation on
the ground state might become available through a single-
photon event, as implied above, or through a multiphoton
process involving the excitation of many phonons. The
efficiency of this “ladder-climbing” process would be expected
to be nonlinear with photon flux. We thus investigated the yield
of H,O as a function of photon flux at 266 and 355 nm (see
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Figure S). Within experimental error, the H,O yield at 355 nm
is linear with photon flux from 0 to 2.6 X 10" photons cm™
s7!. The H,O yield at 266 nm is approximately linear up to
about 7.1 X 10" photons cm ™ s/, and then it appears to begin
to saturate as the power is raised to 1.2 X 10" photons cm™
s~L. With both irradiation wavelengths, there is no evidence for
the exponential increase in yield that would be expected for a
multiphoton, or ladder-climbing, process. If a dissociation step
proceeds on the ground electronic state potential energy
surface, then it may be a single-photon process where the
photon energy is rapidly converted to high phonon excitation
that can, in turn, rapidly couple to the reaction coordinate in
the adsorbate (CH;OH or CH;0).

The apparent saturation in the H,O yield with high photon
fluxes of 266 nm light might be the result of the photoejection
of Hgpo atoms, which is possible at this short wavelength (see
Figure S2). The loss of Hgpo atoms would reduce the
availability of hydroxyls at BBO sites for the production of
H,O. The fact that the saturation is very mild at the laser
powers used suggests that the ejection of Hppo plays a minor
role and should have no bearing on the conclusion about the
strong photon-energy dependence of the dissociation yield of
CH,OH on TiO,(110).

H CONCLUSION

In summary, our wavelength-dependent TPD investigation
provides evidence that the relative quantum yield of Hppg from
the photoinduced decomposition of CH;OH on TiO,(110) at
266 nm is more than 100 times higher than that at 355 nm,
indicating that the reaction is strongly dependent on the
irradiation wavelength. This result contradicts a widely accepted
model of photocatalysis on TiO,(110), which assumes that
charge carriers in TiO, rapidly thermalize to their respective
band edges via strong coupling with phonon modes and
reaction is thus only dependent on the number of electron—
hole pairs created during photoexcitation. Plausible explan-
ations for the wavelength-dependent rate are reaction on the
ground-state potential energy surface or transfer of a
conduction band electron to the LUMO of CH;OH or
CH,0O. The importance of the electron—hole pair energy
demonstrated in this work calls for the development of a more
sophisticated surface photocatalysis model that incorporates the
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effect of photon energy. Such development is expected to
enhance our understanding of fundamental processes in
photocatalysis and guide the development of more efficient
photocatalysts in the future.
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