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Titanium oxide is used extensively as photocatalysts, catalyst
supports, coatings, and in solar cell materials.1 As the utility of
titanium oxide in such applications is essentially attributable to the
unique surface properties of this compound, its surface structure
and adsorption and reaction properties have received considerable
attention.2-7 Surface-scanning probe analyses have revealed that
the surface of titanium oxide consists of various-fold-coordinated
Ti and O atoms and includes defects such as oxygen vacancies.3,8

Moreover, the different surface sites of titanium oxide have different
activities for catalytic reactions.6,9,10 However, due to the limits
of temporal resolution and sensitivity for many of the analytical
techniques, few studies have provided insights into the kinetic
processes of adsorbates on the titanium oxide surface. Such
information, however, is crucial to clarify the catalytic reaction
mechanism for this oxide. Recently, adsorbate hopping on
TiO2(110) was suggested on the basis of static scanning tunneling
microscopy (STM) observations.5 In the present study, we adopt
time-resolved sum frequency generation (SFG) spectroscopy in
combination with a laser-induced temperature jump technique, in
real time, to resolve the transient motion of formate on the surface
of titanium oxide film supported on Pt(111).

Titanium oxide films were prepared on Pt(111) substrates by the
same method as employed in a previous study.10 Briefly, the
titanium oxide film was deposited at 700 K in an O2 atmosphere
and then annealed at 873 K under vacuum for several minutes.
Similar to the observations by Boffa et al.,11 the sample annealed
for 6.0 min (TiOx/Pt(111)-873-6) exhibits low energy electron
diffraction (LEED) spots (see Figure S1). The structure of the TiOx

film develops rectangular symmetry upon annealing, resulting in a
surface similar to that of reduced TiO2(110) as supported by STM
observations. After cooling to 200 K, samples were exposed to 1000
Langmuir (1 Langmuir ) 1 × 10-6 Torr s) of deuterated formic
acid (DCOOD), which decomposed into formate and deuterium
atoms on the surface of the TiOx film.2,5,10 The formate species
generated thus reflects the state of the surface active sites.

The vibrational structure of adsorbates on solid surfaces can be
analyzed by infrared-visible SFG spectroscopy, which is highly
surface-specific due to a nonlinear optical process.12 In our work,
the time-resolved SFG signal is obtained using the combination of
frequency-tunable infrared and 532-nm visible probe pulses (35 ps
pulse width) on the sample surface, where irradiation of 1064-nm
pump pulses (2 mJ/pulse, 35 ps pulse width, 4 mm spot diameter)
induces a temperature jump. Based on the extent of the vibrational
frequency shift for the surface OD group and the calculation of
heat diffusion,13 the surface temperature jump is estimated to be
ca. 60 K for an ultrathin titanium oxide film (5-7 Å in thickness)
supported on Pt(111). The surface temperature change returns to
the half-maximum in ∼100 ps.

Figure 1A shows the transient SFG spectra of formate adsorbed on
TiOx/Pt(111)-873-6 before and after a temperature jump. This sample
produces two vibrational bands: a prominent band at 2224 cm-1 and
a much weak band at 2182 cm-1. As discussed previously,10 the high-
frequency band is assignable to the ν(C-D) vibrational mode of
formate bound to ordered Ti4+ sites by bridging coordination, and the
low-frequency band is attributable to the ν(C-D) vibrational mode
of formate associated with surface defect sites consisting of Ti3+ (e.g.,
oxygen vacancies). Upon the surface temperature jump, the band at
2224 cm-1 is weakened markedly but recovers after ∼650 ps. As
shown in Figure 1B, the signal at 2224 cm-1 is weakened immediately
upon irradiation and then recovers to the half-maximum in ∼100 ps,
consistent with the surface temperature profile. Similar spectral
behavior was also observed in the present study for CO adsorbed on
Pt(111) and formate adsorbed on the as-prepared TiOx/Pt(111) (see
Figures S2 and S3).

In general, two effects can be considered as causes for this
spectral behavior: (i) the excitation of low-frequency frustrated
modes of formate by laser-induced heating, which affects the
ν(C-D) vibration through anharmonic coupling,14 and (ii) a change
in the population of the formate due to desorption, transportation
over different surface sites, or hopping between different configura-
tions. For TiOx/Pt(111)-873-6, the latter effect can be excluded
because the signal recovered after 650 ps, no new ν(C-D) band
was detected, and the change in the band at 2182 cm-1 was found
to be negligible.

Figure 1. Time-resolved SFG analysis of formate adsorbed on TiOx/
Pt(111)-873-6 at 200 K. (A) SFG spectra of formate before (-250 ps, black
line) and after (50 ps, red; 350 ps, green; 650 ps, blue) excitation of the
surface with a 1064-nm pump pulse. (B) Temporal change in SFG intensity
of formate vibration at 2224 cm-1 with respect to the pump pulse.
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The sample annealed for 4.0 min (TiOx/Pt(111)-873-4) was found
to have a relatively high density of surface defect sites.10 Figure 2
shows the SFG results for formate adsorbed on TiOx/Pt(111)-873-4.
As expected, this defect-rich sample displays a moderate vibrational
band at 2184 cm-1 as well as a stronger band at 2226 cm-1. Upon the
surface temperature jump, the intensity of the high-frequency band
decreases abruptly but eventually recovers after ∼650 ps. Interestingly,
the low-frequency band is affected in a different manner. Upon the
surface temperature jump, the signal intensity initially increases (50
ps), then decreases (300 ps), and finally increases (550 ps) again to
values higher than that prior to excitation.

The temporal change in these signal intensities are shown in
Figure 2B and 2C. The change of the low-frequency band is
considered to be due to both the anharmonic coupling with frustrated
modes and the change in formate population, as described in (i)
and (ii) above. The initial strengthening of the low-frequency signal
indicates that the population of formate adsorbed on defect sites
increases upon heating. That is, heating drives transportation of
formate from ordered Ti4+ sites (2226 cm-1 band) to defect sites
(2184 cm-1 band), since desorption is negligible in the experimental
conditions. The square relationship between SFG intensity and
molecule number allows the change in the population of formate
adsorbed on defect sites to be determined, as shown in Figure 2D
(see Supporting Information for derivation and theoretical explana-
tion). Distinct time-dependent motion of formate between ordered
Ti4+ sites and defect sites can thus be resolved. This behavior was
also observed in the present study for TiOx/Pt(111) annealed for
4.5 min (see Figure S4). It is estimated based on these calculations
that the number density of formate adsorbed on defect sites increases
by ca. 20% upon the surface temperature jump. The enthalpy
difference (∆H) between these two formate species is estimated to
be ca. 3 kJ mol-1, based on the van’t Hoff equation.13

The previous static investigations show that, for TiOx/Pt(111)-
873-6, the thermal decomposition of formate adsorbed on ordered
Ti4+ sites occurs at temperatures above 320 K; however, for TiOx/
Pt(111)-873-4, it occurs at much lower temperatures and in phase
with the thermal decomposition of formate adsorbed on defect
sites.10 These different reaction behaviors can be explained by the
present observation of formate migration on these two different
surface active sites.

In conclusion, time-resolved SFG spectroscopy in combination
with a laser-induced temperature jump has revealed the heat-driven
migration of formate between different surface active sites on
titanium oxide film.
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Figure 2. Time-resolved SFG analysis of formate adsorbed on TiOx/Pt(111)-873-4 at 200 K. (A) SFG spectra of formate before (-200 ps, black line) and
after (50 ps, red; 300 ps, green; 550 ps, blue) excitation of the surface with a 1064-nm pump pulse. (B,C) Temporal change in SFG intensities at 2226 and
2184 cm-1, corresponding to formate adsorbed on ordered Ti4+ sites and defect sites, respectively. (D) Temporal change in calculated population of formate
adsorbed on defect sites.
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