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ABSTRACT: The photocatalytic reactivity of one monolayer of methanol
on TiO,(110) was measured with the surface sum frequency generation
vibrational spectroscopy in the C—H stretching range, which shows high
photon energy dependence. The photocatalytic reactivity was systemati-
cally investigated for different active species on TiO,(110), dissociative
adsorbed methanol at five-coordinated Ti sites (Tis.), methoxy without
adsorbed methanol at Tig, sites, and methoxy O, sites. The results show
that the methoxy at Tis, sites has much higher photocatalytic reactivity
than that of dissociative adsorbed methanol at Ti;, sites, and the methoxy
at Oy, sites might be inactive. This work demonstrates that methoxy at Tig,
sites is the most active species on TiO,(110) and suggests that effectively
removing surface OH could enhance the photodegradation of surface
organics.

1. INTRODUCTION

Titanium dioxide, TiO,, has attracted remarkable interest in
both scientific and industrial fields since Fujishima and
Honda’s report of photochemistry on TiO,.! TiO, is
considered as a promising material applying in photocatalytic

mechanism in detail, which provides a clear picture of how
methanol is stepwisely photooxidized on TiO,(110).>**"*" In
the last years, we employed sum frequency generation
vibrational spectroscopy (SFG-VS) to systematically study
adsorption structures and photocatalytic reactions of methanol

splitting of water, photodegradation of environmental
pollutants, surface superwetting, and so on.””® Methanol, as
the simplest alcohol, is often used in model studies for
photocatalytic mechanism on TiO, for understanding chem-
istry and photochemistry on oxide surfaces.””'® In photo-
catalysis, methanol can act as a hole scavenger to promote the
reaction activity to produce hydrogen from water.'”~*'

In the past decade, many experimental and theoretical
studies have been carried out on the structure and photo-
chemistry of methanol on the rutile TiO,(110), a prototypical
model."*7'¥**7** Alcohol molecules adsorb primarily on
bridge-bonded oxygen (O,) vacancy site and spontaneously
dissociates to form the alkoxyl and the hydroxyl (OH,) groups
on O, sites.”'> The desorption of molecular hydrogen was
observed at high coverage of OH,, on the TiO,(110) surface,
which competes with the recombination of OH, to form
water.”” Temperature-programmed desorption spectroscopy
was successfully used to investigate the photocatalytic reaction
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on TiO,(110) in the C—H stretching range. We have resolved
the methanol adsorption structure on five-coordinated Ti sites
(Tis.) on TiO,(110),°>* ceasing the debate whether the
methanol can dissociate on Tig, sites.””">'"**3*73% We have
assigned the symmetric stretching, Fermi resonance, and
antisymmetric stretching of the dissociative and molecular
adsorbed methanol on Tig, sites and the methoxy on Oy, sites
by changing the methanol coverage and ultraviolet (UV)
irradiation.”’ The coverage-dependent adsorption structure of
methanol on TiO,(110) was also observed.”® With UV
irradiation on the methanol/TiO,(110) sample, we success-
fully determined all stepwise photocatalytic products, form-
aldehyde and methyl formate, from vibrational spectra in C—H
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stretching range.”” In addition, temperature-dependent photo-
catalytic reactivity on this system was also measured.*”

In our last work, we did not resolve the antisymmetric
stretching of CH, from formaldehyde and the symmetric
stretching of CH; from molecular adsorbed methanol on Tis,
sites due to their occasional overlap. To avoid this interference,
only methoxy on Ti_ sites without methanol was prepared by
coadsorption of oxygen. Its vibrational spectrum was acquired
and assigned, and its photocatalytic reactivity was measured.
We also used SFG-VS to measure the photocatalytic reactivity
of the dissociative adsorbed methanol on Tis, sites, methoxy
without methanol on Tis, sites, and methoxy on Oy sites with
UV light, 400 and 267 nm. Their photocatalytic reactivities
were compared. Our results further deepen our understanding
of this important photochemical reaction of methanol on
TiO,(110).

2. EXPERIMENTAL DETAILS

All SFG measurements were performed in a homemade high
pressure/ultrahigh vacuum (UHV) chamber that was
described before."” A commercial rutile TiO,(110) single
crystal (Princeton Scientific) was mounted at 45° with crystal
orientation [001] relative to the plane of light incidence for
simple data processing.”’ The sample was prepared by cycles of
500 eV Ar" ion sputtering and vacuum annealing at 850 K.
Methanol (99.95% purity) was purified by cycles of freeze—
pump—thaw cycles before experiments. One monolayer
methanol was prepared by overdosing methanol on
Ti0,(110) at 120 K and subsequent flashing at 216 K’

The optical system of SFG-VS has been described in detail
before.’® A femtosecond regenerative amplifier (800 nm center
wavelength, 35 fs pulse width, 5 W, 1 kHz, Spitfire Ace,
Spectra-Physics) pumps an optical parametric amplifier
(TOPAS-C, Light Conversion) with 3 W power. It then
pumps a noncollinear difference frequency generator (NDFGI,
Light Conversion) to deliver a tunable infrared (IR, 2.6—9
um) with a sliver gallium disulfide (AgGaS,) crystal. The
central wavelength used in this work was about 3.4 ym with
about 300 cm™ full-width at half-maximum (fwhm)
bandwidth. The IR was measured as 20 mW before the
CaF, window on the UHV chamber in our experiments. The
spectrally narrowed visible (VIS, normally 4.5 cm™" fwhm, 7.5
mW) was obtained by using a pulse shaper (1800 I/mm pulse
compression grating, Spectrogon; cylindrical lens with 200 mm
focal length) from 1 W of 800 nm light. The residual 1 W of
800 nm light was used to generate second and third harmonic
UV light at 400 and 267 nm without pulse width optimization.
The IR and VIS pulses were temporally and spatially
overlapped on the surface, and the reflected broadband SFG
signal was collected by a spectrometer, including a
monochromator (Acton SP-2556, Princeton Instrument) and
an electron-multiplying CCD (Princeton Instrument). The
incidence angles of SFG, VIS, and IR were 47.9°, 45°, and 57°,
respectively. Both polarizations of IR and VIS were tuned by
true zero-order half-wave plates, and the SFG signal polar-
ization was selected by the combination of an achromatic half-
wave plate and a Glan polarizer. The acquired SFG spectra
were normalized to the nonresonance SFG signal of ppp
(referring to p-polarized SF output, p-polarized visible input,
and p-polarized IR input, respectively) polarization combina-
tion on the bare TiO,(110) surface obtained by flashing the
sample to 700 K in UHV.

3. RESULTS AND DISCUSSIONS

3.1. Photon Energy Dependence of Photocatalytic
Reactivity of Methanol on TiO,(110). Photon energy
dependence of photocatalytic reaction of methanol on
TiO,(110) has been thoroughly studied before by comparing
the reactivity under 355 and 266 nm irradiation.*' Here, we
carried out the in situ studies with SFG-VS with UV
irradiation. Figure 1 shows the SFG vibrational spectra with
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Figure 1. SFG vibrational spectra with ssp polarization combination
of methanol with one monolayer coverage on TiO,(110) before and
after variant UV irradiation times at 267 nm (0.75 mW, diameter 1.5
mm). The substrate was kept at 120 K when the substrate was
irradiated by UV and the SFG spectra were taken. Vertical dashed
lines indicate the resonant frequencies of dissociative adsorbed
methanol (blue) and molecular adsorbed methanol (red) on Tig.
sites.

ssp polarization combination of one monolayer (ML)
methanol on the TiO,(110) surface before and after different
267 nm UV irradiation (0.75 mW, diameter 1.5 mm)
durations. The substrate was kept at 120 K during UV
irradiation and the SFG spectra acquisition. The spectra
without UV irradiation show complicated features, which we
have systematically assigned as symmetric stretching
(v,(CH,)), Fermi resonance (vp(CH;)), and antisymmetric
stretching (v,,(CH;)) from both dissociative adsorbed
methanol (methoxy, CH;0-Tis.) and molecular adsorbed
methanol (CH;OH-Tis.) at Tig, sites. After only 0.2 s of 267
nm UV irradiation, the methoxy peak (indicated by blue
dashed line) decreases obviously in Figure 1. After 1 s
irradiation, this peak dramatically drops, whereas the feature
for methanol (indicated by red dashed line) turns a little
broader. As mentioned before,*® we assigned this feature to the
occasional overlapping from the symmetric stretching of CH,
from methanol and the antisymmetric stretching of CH, from
the photocatalytic reaction product formaldehyde. We will
provide the unambiguous evidence for the spectral assignment
with methoxy at Tis. sites below. Comparing with recent
published work on the same system under 400 nm UV
irradiation (Figure la in ref 39), we can find the similar trend
with 267 nm. The difference is the photocatalytic reactivity
under 267 nm is much higher than that under 400 nm. This
photon energy dependence is consistent with the previous
report.
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3.2. Photocatalytic Activity of Methoxy at Tis. Sites
on TiO,(110). To simplify the spectral assignment and
exclude the interference from the overlapping of methoxy
and methanol at Ti sites, we prepared the TiO,(110) surface
only with methoxy adsorbed at Tis. sites. We followed the
reported procedure to prepare the surface.””” Several
Langmuir O, was dosed on the surface at 150 K; then the
surface was flashed to 300 K. This procedure repaired the O,
and prepared the adsorbed Og.p; atom at Tig. sites.”” A
sequential overdosing of methanol was done at 150 K, followed
by flashing the sample to 400 K to remove water (by OH
recombination) and molecularly adsorbed methanol. Coad-
sorbed oxygen enhances methoxy formation by promoting
CH,0—H bond cleavage according to reactions 2—4.”

CH;OHypy 50 + Oy & CH;Or 5. + OH, (1)

CH,0OHy, s + Ogp.. = CH;Oy s, + OHy, o (at 150 K)

(2)
ZOHTi—Sc g HZO(g) + OTi—Sc(>350 K) (3)
OHTi—Sc + OHb g HZO(g) + Ob(>350 K) (4)
CH;OHy; 5, — CH,OH y(at 300 K) (5)

where (g) denotes desorbed gaseous species, and the subscript
Ti-Sc denotes the species adsorbs at Tis, sites. Reaction 1
shows the adsorbing equilibrium between the molecular
adsorbed methanol (CH;0H-Tis) and the dissociative
adsorbed methanol (methoxy, CH;0-Tis.) at Tig. sites. The
coverage of methoxy was not checked in our experiment, and
20% of the first layer methanol coverage on the clean surface
was suggested.”

Figure 2A shows the SFG vibrational spectra with ppp
polarization combination of methoxy at Tis. sites on
Ti0,(110) before and after variant UV irradiation times at
400 nm (4 mW, diameter 1.5 mm). The substrate was kept at
100 K during the UV irradiation and spectra acquisition. Due
to the low coverage of methoxy, we only obtained the ppp-SFG
with good signal-to-noise because the large nonresonance from
ppp-SFG enhanced signals by the interference between the
nonresonance and resonances. After only 2 s of 400 nm
irradiation, the intensity of the feature at 2818 cm™', which is
assigned to symmetric stretching of CHs, v,(CHj;), decreases
more than half, the feature at 2848 cm ™" turns obvious, and the
nonresonance increases. In addition, a weak feature at around
3010 cm™' can be distinguished. After longer UV irradiation
durations, v{(CH;) continued to decrease, and the features at
2848 and 3010 cm ™' become larger. Comparing with the one
monolayer methanol/TiO,(110) result in Figure la in ref 39,
the photocatalytic reactivity of methoxy at Tig, sites is
extremely high. Note that the low coverage has higher
photodissociation efficiency.” Taking into account the relation
between the reactivity and the coverage, we can still get the
conclusion. This agrees with the previous result with low-
intensive UV light.”

For spectral assignments, Figure 2B provides the fitting
result for the spectra before UV irradiation, and Table 1 shows
the fitting parameters. Vertical blue dashed lines indicate the
resonant frequencies for the symmetric stretching (v,), two
Fermi resonances (Lg, Ug,), and two antisymmetric stretchings
(Vasty Vasz) of CH; from methoxy at Tig, sites. The resonance
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Figure 2. (A) SFG vibrational spectra with ppp polarization
combination of methoxy at Tis. sites on TiO,(110) before and
after variant UV irradiation times at 400 nm (4 mW, diameter 1.5
mm). The substrate was kept at 100 K when the substrate was
irradiated by UV and the SFG spectra were taken. Vertical dashed
lines indicate the resonant frequencies of the methoxy (blue),
formaldehyde (red), and methyl formate (olive) at Tis, sites. (B) The
fitting result of the SFG vibrational spectrum of methoxy at Tis, sites
without UV irradiation. Vertical dashed lines indicate the resonant
frequencies of methoxy (blue) and formaldehyde (red) at Tis sites.

frequencies from methoxy at Tis, sites are consistent with our
previous assignments for methanol on TiO,(110).°>*

To get good fitting, one resonance at 2848 cm™ must be
included. The methanol can be photooxidized to formaldehyde
and methyl formate in a stepwise process, which has been
thoroughly studied,”*~*” and methoxy at Tis sites shows much
higher photocatalytic reactivity to generate formaldehyde.
Further, without interference from the molecular adsorbed
methanol at the Tis. sites, this resonance is unambiguously
assigned to the antisymmetric stretching from CH, of the
photocatalytic reaction product, CH,O. This assignment is
contradicted with the high resolution electron energy loss
spectroscopy.44 The symmetric stretching of CH, at around
2770 cm™" is too weak to distinguish because the ppp SFG is
not as sensitive to the symmetric stretching mode as the
antisymmetric stretching mode.*> However, the photocatalytic
reaction is normally only activated by UV light, not by IR or
800 nm light. The reduced TiO,(110) sample is normally blue
color, which originates from the electronic transitions (or

1
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Table 1. Spectral Assignment and the Fitting Results of the SFG Vibrational Spectrum from CHj; of Methoxy at Ti; Sites on
Ti0,(110) without UV Irradiation in the C—H Stretching Range®

Vs v(CH,) Vgermil Vrermi2 Vas1 Vas2
Ay Ay A3 Ay As As Axr
1.03 + 0.09 0.11 + 0.0 0.20 + 0.03 0.43 + 0.09 0.32 + 0.08 2.50 + 0.06 0.56 + 0.00
[ (%) @3 P4 Ps Ps
242 + 0.08 0.74 + 0.46 3.00 + 0.17 2.55 + 0.19 3.18 + 0.24 3.28 + 0.03
(1 (em™) (2] (em™) @3 (em™) Wy (em™) s (em™) We (em™)
2818.6 + 0.8 2848.3 + 2.2 2878.9 + 0.6 2915.3 £ 0.9 2930.8 + 1.0 29722 +£ 0.2
[y (em™) [, (em™) 5 (em™) [, (em™) [ (em™) [ (em™)
9.8 £ 038 4.6 +23 3.1+06 5.6 £ 10 47 £ 1.0 74+ 02

“Only the second resonance is from the CH, of the photocatalytic reaction product CH,O. Fitting errors are shown with 95% confidence level. A,
@¢ ®g and T are the resonant amplitude, phase, frequency, and damping constant (half-width at half-maximum) of the gth mode, respectively.

photoabsorption) of the Ti**-induced states in the band gap.*’
Further studies show that the localized excitation of Ti** ions
via 3d — 3d transitions from the gap state to the lowest empty
resonant state increases the photoabsorption and extends the
absorbance to the visible region.45’47 In addition, judging from
the extremely high photocatalytic reactivity of methoxy at Tis,
sites from Figure 2A; hence, the weak signal from CH,O could
be attributed to the weak photoexcitation by 800 nm or
multiphoton excitation of IR and consequent photocatalytic
reactions from methoxy.

Methyl formate from the photocatalytic reaction of methoxy
at Ti, sites was observed. The resonance at around 3010 cm™"
is attributed to the antisymmetric stretching from CHj of the
photocatalytic reaction product, methyl formate.”” This
resonance frequency is red-shifted by about 30 cm™'
comparing with our previous results on one monolayer
methanol on Ti0,(110).* Due to low signal-to-noise and
too many possible resonance features, we cannot get reliable
fitting for the data after UV irradiation. The features at 2922
and 2945 cm™ could be from the resonances of symmetric
stretching from CH and symmetric stretching from CHj; of
methyl formate. These two features are also red-shifted by
about 20 cm™' comparing with spectral assignments in the
literature.”**~>° This could be due to the low coverage and
the less repulsion from OHy,. There are detailed discussions
about the reaction mechanism about the formation of methyl
formate through hemiacetal (reaction of CH;OH or CH;0
with CH,0) process or formyl radical (HCO) intermediate
process.”> To form methyl formate, the reactants in the cross
coupling reaction must be close with each other. If HCO was
formed, it would be in conjunction with Oy atoms to form
formate. And it is difficult to diffuse and close to methoxy and
form methyl formate at 100 K at such low coverage. While the
formaldehyde can diffuse easily and is close to methoxy
because formaldehyde has a much lower adsorption energy
from the TPD measurement, it could also be more diffusive
due to local phonon excitation.” After 300 s of UV irradiation
(olive curve) in Figure 24, the feature for v,(CH,) is still larger
than that after 30 s of UV irradiation. This suggests that the
further photooxidation from formaldehyde, CH,O, to the
formyl group, CHO, without the cross-coupling reaction is
difficult.

3.3. Photocatalytic Activity of Methoxy at O, Sites on
TiO,(110). Methoxy species can be at both Oy and Tis, sites
on TiO,(110). The Oy vacancy site is the most active site in
thermal chemistry.* Alcohol molecules, once adsorbing at the
O, vacancy site, spontaneously dissociate to form the alkoxyl

and OHj, groups.”®'* The methoxy species at Oy, sites are very
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stable. They will not leave the TiO, surface until the substrate
temperature goes up to 400 K.”°" A high concentration of O,
vacancies on the surface was generated by 500 eV Ar ion
sputtering of the surface with 2 gA for 3 min at 300 K.** A
subsequent flashing at 500 K was used to reduce the surface
roughness. Methanol was overdosed on TiO,(110), and the
substrate was flashed to 400 K to desorb all methanol and
some H,0 (by OH, combination). Only CH;0, and some
OH, were left on the surface. The coverage of CH;0O,
produced by this method was not quantitatively determined
and must be still very low.

The photocatalytic reactivity of methoxy at O, sites has not
been measured but could be expected very low. Here, 267 nm
was used because the photon energy dependence shows that
the photocatalytic reactivity with 267 nm is much higher than
that with 400 nm. However, a previous result shows that 267
nm UV light higher than 50 yJ/cm® can induce O, vacancies
on Ti0,(110),>* so we used low UV intensity (0.3 mW,
diameter 1.5 mm, that is ~13 uJ/cm? the same way to
generate UV light in the literature™”) to reduce this effect in
our experiment. Figure 3 shows the SFG vibrational spectra
with ssp polarization combination of methoxy at O, sites on
Ti0,(110) before and after variant UV irradiation times. Two
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Figure 3. SFG vibrational spectra with ssp polarization combination
of methoxy at Oy, sites on TiO,(110) before and after variant UV
irradiation times at 267 nm (0.3 mW, diameter 1.5 mm). The
substrate was kept at 100 K when the substrate was irradiated by UV
and the SFG spectra were taken. Vertical dashed lines indicate the
resonant frequencies of symmetric stretching (blue) and Fermi
resonance (red) of CHs.
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resonant features can be clearly resolved. The resonance at
about 2937 cm™ is assigned to the symmetric stretching of
CHj;, and the other resonance at about 2935 cm™ is the Fermi
resonance. The antisymmetric stretching resonance was not
resolved due to the low signal. The nonresonance in Figure 3 is
smaller than that in Figure 7 in our previous report.’’ The
difference for preparing the sample is the sample was flashed at
500 K after Ar ion sputtering, while the sample was not flashed
in our previous result. The relation between the nonresonance
and the surface structure needs further studies. Judging from
the spectra after UV irradiation, the photocatalytic reactivity of
methoxy at O, sites must be very low. Comparing with Figure
1 for one monolayer methanol/TiO,(110), the reactivity for
methoxy at Oy sites might be 3 orders lower. Due to very high
adsorption energy of methoxy at O, sites, it might be
completely inactive with 267 nm light. UV light of 267 nm
could induce desorption of the surface Oy,*” so it is possible
that here the depletion of the CH; resonance features could be
attributed to the direct desorption of CHj radical induced by
267 nm light.

4. CONCLUSION

In summary, the surface SEG-VS in the C—H stretching range
was used to measure the photocatalytic reactivity of one
monolayer methanol on Ti0,(110) with 400 and 267 nm UV
light. High photon energy dependence shows that the
photocatalytic reactivity of 267 nm is much higher than that
of 400 nm. The photocatalytic reactivity was systematically
investigated for different active species, dissociative adsorbed
methanol at Tis, sites and methoxy at Tis. and O, sites. The
methoxy at Tis, sites has much higher photocatalytic reactivity
than that of dissociative adsorbed methanol at Ti_ sites. While
the methoxy at Oy, sites might be inert even under 267 nm UV
light. Our results demonstrate that methoxy at Tis, sites is the
most active species on TiO,(110) and suggests that effectively
removing surface OH could enhance the photodegradation of
surface organics. This work further deepens our understanding
of the photocatalytic reaction of methanol/TiO,(110) system.
Our series of work in the last years provide systematic
vibrational spectral assignments in the C—H stretching range
for all species, molecular adsorbed methanol at Tis. sites,
dissociative adsorbed methanol at Tis. sites, methoxy at Ti,
sites, methoxy at O, sites, and photocatalytic products,
formaldehyde and methyl formate on TiO,(110). These
provide detailed vibrational spectroscopy information for
future time-resolved experiments on TiO, surfaces in our

group.
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