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Rates and Yields
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TiO, is a highly active photocatalyst that has an antibacterial (A)
function and is used for applications such as air purification and
surface self-cleaning. The photocatalytic activity of Ti®mainly
due to the oxidation power of photogenerated holes in its valence
band. Hole transfer to a molecule adsorbed on the, Ei@face l«
initiates the oxidation reaction, and the oxidized molecule changes ’\
into a final product through sequential chemical events. In photo-
catalytic reactions, Ti@reacts with an adsorbed molecule at the ground state
first step of oxidation using the holes; therefore, to understand the LB B B LA e e e e e ey e
mechanism of photocatalytic reaction of TGt is very important 400 800 0 500 1000
to investigate the hole transfer processes. Wavelength, nm Delay time, ps

Since the hole transfer processes are very fast, the reaction rategigure 1. (A) Absorption spectra of Tignanocrystalline film in the ground
have been investigated by the transient absorption (TA) or transientState and of trapped holes in the fiff(B) Time profiles of transient

. . . - . absorption of TiQ in air, water, methanol, ethanol, and 2-propanol at 400
reflecting grating methods, which have time resolutions of .-
subpicoseconds:3 However, the high charge carrier density arising
from the intense laser excitation in these measurements complicategpectrum (also Figure 1A), which was obtained in our previous
the electror-hole dynamics because of bulk recombination, which research, has a characteristic peak at around 500 nm. Actually,
appears to dominate the process. Therefore, extraction of thewhen both electrons and holes are generated by excitation light,
oxidation reaction dynamics is difficult, and these techniques have weak absorption of free electrons and trapped electrons can be
not been successful in examining practical photocatalytic reactions detected at around 400 nm. Since the absorption of these electrons
that occur under low photon density condition from solar light or accounts only for 10% of the total absorbance, the trapped hole
lamps. Thus, the mechanism of the photocatalytic reactions in TiO absorption dominates around this wavelength.
has not been fully understood. The TA of the TiQ film at 400 nm was recorded after

Moreover, the assignment of TA spectra of }iCatalysts is femtosecond laser excitation (Figure 1B). Since the absorbance of
difficult because of severe spectral overlap of transient species.the 1.5um-thick film was 0.3 at 355 nm, the excitation density
Recently, we have successfully assigned TA bands of a nanocrys-was almost homogeneous in the film. A rise in absorption was
talline TiO; film to free electrons, trapped electrons, and trapped observed within the time-resolution (200 fs) of our instrument (the
holes on the basis of precise measurements in a wide spectrafrangerise profiles are not shown). In the case of the Jfm in air,

This has enabled us to discuss formation and decay dynamics ofwhere there is no reactant for trapped holes, an additional rise in
reactive species in TiOquantitatively. TA is observed up to 20 ps as a minor contribution after the

In this study, absorption of trapped holes formed in nanocrys- instantaneous rise. As discussed in our previous régsra/lowly
talline TiO, films by UV irradiation was measured by highly trapped holes relax into deeper trapping sites in this time range;
sensitive femtosecofdnd nanosecoficdspectroscopy under low  hence, it is likely that a similar relaxation was observed in the time
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intensity excitation conditions to avoid fast electrdrole recom- profile at 400 nm. As the TA in air does not decay up to 1 ns,
bination. The rates and yields of photocatalytic oxidation of some electron-hole recombination is negligible, indicating that surface
alcohols on TiQ were successfully evaluated. reaction dynamics of trapped holes can be selectively observed.

We used nanocrystalline anatase 7flns on glass plates, the  For reference, TA data under higher excitation intensities are shown
preparation method of which was reported elsewhaite reactants in Supporting Information.
of the photocatalytic oxidation were methanol, ethanol, 2-propanol,  The TA of the TiQ film in water is similar to that in air, meaning
and water. A TiQ film was placed in an optical quartz cell thatthe oxidation efficiency of water by trapped holes is very low.
containing an air-saturated neat liquid of the reactant. Films were Yamakata et al.investigated the photocatalytic oxidation of water
irradiated at 355 nm by 160-fs or 8-ns laser pulses to induce by a nanocrystalline Ti©film by means of infrared TA from
photocatalytic oxidation. The TA signals of all samples at the microseconds to milliseconds and confirmed the reaction of water
occurrence of the photocatalytic reactions were reproducible, sowith holes. Therefore, the photocatalytic oxidation rate of water is
that accumulation of photocatalytic products was negligible. much slower than that of alcohols.

The ground state absorption spectrum (Figure 1A) has its onset We monitored hole transfer to adsorbed molecules by observing
at around 380 nm, and the absorbance increases drastically withthe decay of hole absorption in the presence of alcohols. The TA
decreasing wavelength, indicating that selecting the excitation for all alcohols decayed after excitation, clearly indicating that
wavelength can control the charge carrier density. The trapped holetrapped holes reacted with the alcohols. As observed, the oxidation
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7.0/nn? on the (001) surface and 10.3/An the (101) surfac®,
indicating high occupancy>(64% and>44%, respectively) of the

A — stk surface Ti sites by methoxy. These densities will be enough for
02 . ":_-._ e 2-prapanol | the quasi-first-order reaction. We expect that a similar situation is

valid for other surfaces and imperfect surfaces with defects. For
L ethanol and 2-propanol, since the Tifims were immersed in
the neat alcohols, it is inferred that chemisorbed alcohols with high
— densities react with trapped holes as alkoxy form.

The reason for the different oxidation times for different alcohols
is unclear at the present stage. Oxidation reactions of alcohols can
be regarded as electron transfer from alkoxy species to adjacent
surface holes (unoccupied surface states just above the valence
band). The rates of electron transfer would be determined, for one
thing, by the free energy change, that is, by the ionization potential
of the alkoxy forms. The ionization potentials of alcohols in the

Absorbance, 1073

Delay time, pus

Figure 2. Transient absorption of Tihanocrystalline film in air, methanol,
ethanol, and 2-propanol at 415 nm.

rates of these alcohols differ (Figure 1B). Note that the TA
intensities just after excitation were the same before and after

ition of alcohols, indicating that the ph i
addition of alcohols, indicating that the photogenerated species Weregas phase are 10.85 eV for methanol, 10.65 eV for ethanol, and

identical for all samples and ultrafast reaction did not occur. Also, .
experiments using another probe wavelength confirmed the obser-_lo'l42 ivdfortZép;op?/nil‘.‘ lThe l/:lence bandl e@?s;r?f a?ataSt:;TlO
vation of hole transfer (see Supporting Information). IS located at 6.5 eV below the vacuum 1e eretore, the

For the data collected with the nanosecond TA spectrometer atelectron transfer from these alcohols to surface holes does not occur
415 nm (Figure 2), geminate electrohole recombination is energetically. Unfortunately, the ionization potentials of alkoxy

responsible for the observed decay in air because of the absencéprmS adsorbed on Tlﬁla_\ve not been reported to our knowledgg.

of reactants. The TA is greatly reduced in the presence of alcohols;AS other factors controlling the el.ectrf)n-tra.nsfer. rate, adsorption
it can be regarded as constant in the microsecond time range,rnanners of alko>.<y forms_ (e.g., their orientation with respect to t_he
suggesting that the oxidation of adsorbed alcohols occurred within surface), dynamical motlo_nS of the_e_1|ko_xy forms, and s_urroundmg
the pulse duration (8 ns). The ratio between the absorbance inalcohols may be responsible. Clarification of the reaction mecha-

alcohols (a constant value) and the maximum absorbance in air ismsg;jl tlzsaa;uéur‘ilggigflzngc?ét'on reactions of absorbed alcohols were
10%; from this ratio the oxidation yields are evaluated to be unity Yl xidatl : W

for all alcohols, considering that trapped holes contribute 90% of successfully evaluated by measuring absorption of reactive trapped

the total TA at 415 nm and that free and trapped electrons (:ontributehgIeS '?_ nanfo tcrystaglrr:elTlgtfr:I rr:s. With the pr_esent mert]h(t)d, tthel .
10%, as mentioned above. absorption of trapped holes that are common in every photocatalytic

To evaluate the oxidation rates, we analyzed the profiles shown otxﬂ?tlon r(]:anXit()je tc;b:errvedt;i t::ere;orrﬁ, lthlslmetfhc:dwlﬁiaﬁ pll)c(:izli:)zleéo
in Figure 1B using a monoexponential function with a constant Studies on oxidation reactions of molecules 1o cho €

component (solid lines). The lifetimes of trapped holes in the films forms are experimentally hard to detect.

in methanol, ethanol, and 2-propanol are 300, 1000, and 3000 ps, Acknowledgment. This work was supported by the COE
respectively. The constant components were about 15% of thedevelopment program of Ministry of Education, Culture, Sports,
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of the nanosecond TA experiment. Thus, these constant components Supporting Information Available: Supplemental experimental
can be attributed to electrons absorbing at 400 nm. Thus, it wasresults. This material is available free of charge via the Internet at http://
well-demonstrated that the combination of highly sensitive fem- pubs.acs.org.
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