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Abstract: Primary intermediates of oxygen photoevolution (water photooxidation) reaction at the TiO; (rutile)/
aqueous solution interface were investigated by in situ multiple internal reflection infrared (MIRIR) absorption
and photoluminescence (PL) measurements. UV irradiation of TiO; in the presence of 10 mM Fe3* in the
solution caused the appearance of a new peak at 838 cm™! and a shoulder at 812 cm™!. Detailed
investigations of the effects of solution pH, the presence of methanol as a hole scavenger, and isotope
exchange in water (H,*0—H,'®0) on the spectra have shown that the 838- and 812-cm~* bands can be
assigned to the O—0 stretching mode of surface TIOOH and TiOOTi, respectively, produced as primary
intermediates of the oxygen photoevolution reaction. The results give strong support to our previously
proposed mechanism that the oxygen photoevolution is initiated by a nucleophilic attack of a H,O molecule
on a photogenerated hole at a surface lattice O site, not by oxidation of surface OH group by the hole. The
conclusion is supported by PL measurements. A plausible reaction scheme is proposed for the oxygen

photoevolution on TiO; (rutile) in aqueous solutions of pH less than about 12.

Introduction

Photoinduced oxidation of water and organic compounds at

such as TiQ with nitrogen, sulfur, carbon, or other elements
leads to an extension of the photoactivity to the visible-light

TiO, or related metal-oxide semiconductor surfaces has attracted’ egion.

much attention from the points of view of solar-to-chemical
conversion (water splitting)* and environmental cleaning (pho-
todecomposition of dirt or harmful materiafs)’ Recently, this
reaction prompted new interest by the findint of a photo-
induced increase in the hydrophilicity of the TiGurface. In

addition, this reaction has recently become more and more

attractive by another findifdg1° that doping of metal oxides
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For achieving successful applications of the phenomena to
energy and environmental technologies, the improvement of the
efficiency and stability through elucidation of reaction mech-
anisms is of essential importance. A number of studies have
been made on the reaction mechanism of oxygen photoevolution
on TiO; electrodes or particles, using electrocheniftdf and
spectroscopi®4” methods, but reported mechanisms are rather
scattered, and detailed mechanisms still remain unclear.

For example, Wilson et al. first report®&dhe formation of a
surface state as a possible intermediate of oxygen photoevolution
reaction on n-TiQ, as detected by a negative potential sweep
after UV irradiation under anodic bias. Salvador et al. studied
the reaction mechanism in defdil?* and reported that the
Wilson’s surface state could be attributed to adsorbed hydrogen
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peroxide, HO, a4 produced by coupling of surfae®H radicals
formed through oxidation of surface OH group {THs) with
photogenerated holes™(h

Ti—OH,+ h" — [Ti«OH]." (1)

et al>> that the water photooxidation reaction at Fi@oduced

no free «OH radical and spin-trapping agents reacted with
“surface-trapped holes” (assigned to adsork®tH radicals),
giving ESR signals similar to those reported. The ESR detection
of «OH radicals on irradiated Ti§)anatase) at 77 K was also
reported by Anpo et af$ although their ESR signals showed

Many other workers have also assumed reaction 1 as theno spectral change by,® — D,O exchange. On the other hand,

initiation step of the oxygen photoevolution reaction on ZiO
On the other hand, we fouffd2748-52 that a photolumines-

cence (PL) band peaking at 840 nm was emitted from a UV-

illuminated n-TiQ surface. Our later detailed studi&€%?using

Howe and GrtzeP’ first reported by ESR measurements that
photogenerated holes were trapped at lattice O atoms (or
Ti—O—Ti sites) at low temperatures of 4.2 or 77 K and did
not producesOH radicals. Later Micic et &8> confirmed

in situ photocurrent and PL measurements have shown that thethis conclusion and showed clearly that R@H radicals but

PL band is emitted only from the (100) face of TiQutile)

Ti—Oe radicals were produced, in harmony with the mechanism

and is assigned to an electronic transition from the conduction of reaction 2.

band to a vacant level of a “surface-trapped hole”, which acts

The surface intermediates on irradiated I¥@re also studied

as a precursor of the oxygen photoevolution reaction. Our studiesby other spectroscopic methods. Szczepankiewicz &P al.
have also shown that the oxygen photoevolution is not initiated reported by diffuse reflectance FTIR spectroscopy that a new

by reaction 1 but by a nucleophilic attack of apdimolecule

band, assignable to surfag@H radicals, appeared at 3683 tn

to a surface-trapped hole at a surface lattice O site accompaniedor UV-irradiated TiQ (P25 and pure anatase) powder in an

by bond breaking.
[Ti—O—Ti]¢+ h" + H,0—[Ti—0s HO-Ti],+ H" (2)

The (100) face of TiQ(rutile) has the unique atomic structure,
and thus the surface-trapped hole at this face is exp&died

oxygen atmosphere. Yates et@lgn the other hand, reported
that«OH radicals did not play any important role in photoin-
duced oxidation of trichloroethylene on Ti@P25) in the gas
phase. Hashimoto et &. also reported, by measuring the
guantum yield of formation o#OH radicals by means of a
fluorescence probe method, that the formatior@I radicals

lie at the bottom of atomic grooves present at this face (cf. Figure was not the major process on irradiated Ti@natase) in

9) and be stabilized by steric hindrance enough to emit a aqueous solutions. In addition, recent ultraviolet photoelectron
recombination luminescence as the PL, contrary to the case ofspectroscopic (UPS) studi#&s®s combined with scanning tunnel
other faces. Itis worth noting here that reaction 1 is an electron- microscopic (STM) inspectiof?®revealed that the O-2p levels

transfer-type reaction, whereas reaction 2 is a Lewis-doise-

for bridging hydroxyl groups (F+OH—Ti) at the (110) face

type reaction, and therefore their energetics and kinetics are quiteand terminal hydroxyl groups (FOH) at the (100) face are

different from each other.

There is also confusion in mechanistic studies concerning

spectroscopic methods. Jaeger and Baadd recently Schwarz
et al>* reported that by using a spin-trapping method hydroxyl
(¢OH) radicals were produced on UV-irradiated Fifowder

both far below the top of the valence band of FiQutile).

It is evident that in situ direct spectroscopic detection of
reaction intermediates is of crucial importance for clarification
of molecular mechanisms. Very recently, we repditetiat
multiple internal reflection (MIR) infrared (IR) absorption

in agueous solutions. However, it was pointed out by Nosaka spectroscopy could be successfully applied to in situ observation
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of primary intermediates of photocatalytie @duction on TiQ

in contact with aqueous solutions. The IR spectroscopy has, in
general, a serious difficulty in application to aqueous systems
owing to strong IR absorption of wat&f The difficulty can be
overcome to a large extent by using internal reflection tech-
niques®® The single internal reflection (SIR) mode was suc-
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cessfully applied to detection of various interfacial species by
McQullan et al’>74 The advantage of the MIR mode lies in
its high detection sensitivity. This mode can detect a surface
species of a submonolayer amount even in contact with an
aqueous medium.

In the present work, we have applied the MIR-IR technique
to detection of surface intermediates of the oxygen photoevo-
lution reaction on particulate Ti(rutile) films. A diamond
single-crystal prism was used as an internal reflection element
(IRE), instead of a ZnSe prism in a previous wéfko get high
spectral sensitivity in a low-frequency region from 1500 to 600
cm~1 in which surface intermediates of the oxygen photoevo-
lution reaction are expected to show vibrational bands. We have

succeeded in detecting surface peroxo species as primary

intermediates of the oxygen photoevolution reaction, which
supports reaction 2 as the initiation reaction.

Experimental Section

TiO, powder, called JRC-TIO-3 by the Catalysis Society of Japan,
was used for the multiple internal reflection infrared (MIR-IR)

Hg — Xe lamp

!

Band-pass Filter

(365 nm)
Quar§

TiO, film
N aqueous solution
gold | msnnrmmmxm

o/
Diamond
disk  air gap
Detector ZnSe 1R beam
Figure 1. Schematic illustration of a spectral cell used for in situ MIR-IR
absorption measurements.

400 scans at a resolution of 4 cinwith a processing time of 6 min
for one spectrum. All MIRIR absorption spectra were obtained in the

measurements. The powder is well characterized by the Society as ongorm of absorbance, log{l), using an appropriate reference sample
of the reference catalysts and is reported to be composed of 100% rutilegiving lo.

particles with the average primary diameteg,) of 30—50 nm and
surface area of 51 #fy. The surface of the TiQparticles was first
cleaned by heating at 60C in an Q atmosphere for 5 h, followed by
UV-irradiation in Q-saturated water fol h and ultrasonic agitation
for 30 min. The cleaned particles were then dried and kept under
vacuum (1 x 1072 Torr).

Single-crystal TiQ (rutile) wafers for PL measurements were
obtained from Earth Chemical Co., Ltd. They had 99.99% in purity,
10 mmx 10 mm in area and 1.0 mm in thickness, and (110)-cut alkali-
polished surfaces. The wafers were washed by rinsing with acetone
and ultrasonic agitation in pure water for 5 min, and reduced in a stream
of hydrogen at 550C for 3 h to gein-type semiconductivity. Specimens
of about 0.3Q2 cm were used for experiments.

All other chemicals, KO (Aldrich, 99.9 at. %), NaOH (Wako),
HCI (Wako), SO, (Wako), NaSO, (Wako), HO, (Wako), methanol
(Wako), and FeGl(Aldrich), were of reagent grade and used as received
without further purification. Solutions were prepared using pure (Milli-
Q) water with a conductivity of 18 I®*~ cm™*. Nitrogen or oxygen
gas was bubbled through the solution either to remove dissolved air
(oxygen) or to dissolve oxygen.

A spectral cell for the MIR-IR experiment is illustrated schematically
in Figure 1. A diamond single-crystal disk of 3 mm in diameter and
0.25 mm in thickness, affixed to a ZnSe single crystal having an inlet
and an outlet for IR light was used as the internal reflection element
(IRE). An experimental set (for MIR experiments) furnished with this
IRE and reflection mirrors was commercially available, and we obtained
it from S. T. Japan Inc. In most cases, A0 of aqueous Ti@ slurry
(10 mg/mL) was spread on the diamond disk with a plastic pipet and
dried in air. The inner volume of the cell, including the aqueous solution,
was approximately 4@L. The IR light was reflected about 9 times at
the diamond/Ti@ solution interface, as calculated from the geometry
of the IRE.

The spectral cell was placed in the sample chamber of an FTIR

UV irradiation of the TiQ film was carried out by a 365-nm band
from a 200-W Hg-Xe lamp (Hypercure 200 UV, Yamashita Denso)
with an optical guide, chosen by use of a band-pass filter (Asahi Techno
Glass UV-D36A). A neutral density (metal net) filter and an IR-cut
filter were also used to avoid cell heating. The incident UV light
intensity at the position of the sample surface was approximately 1
mW cm 2, as measured with a thermopile (Eppley Laboratory). Further
details on the MIRIR method were described in a previous p&per.

Photocurrent densityj)(vs potential ) curves for single-crystal
n-TiO; electrodes were measured with a commercial potentiostat and
a potential programmer, using a Pt plate as the counter electrode and
an “Ag/AgCl/sat. KCI" electrode as the reference electrode. The
illumination was carried out by the 365-nm band from a 500-W high-
pressure mercury lamp, obtained by use of band-pass filters. The PL
intensity (p.) vs U curves were measured simultaneously withjthe
curve measurements.

Results

In Situ FTIR Measurements. Figure 2 shows MIR-IR
absorption spectra for a particulate Bifdm in contact with a
deoxygenated aqueous solution of 10 mMF@H 2.4). The
absorption spectra after UV irradiation are plotted as a func-
tion of the illumination time, with the Ti@film before UV
irradiation taken as the spectral reference. In general, both
photogenerated conduction-band electron$ §ad valence-band
holes () cause photoreactions at the TFiQurface for a
particulate system, each producing various surface intermediates.
The Fé" ions in Figure 2 were added to the solution as an
electron scavenger to suppress the formation of surface inter-
mediates caused by the conduction-band elecons.

The UV irradiation caused the appearance of a new peak at

spectrometer (Bio-Rad FTS 575C) with a deuterated triglycine sulfate 838 M+ and shoulders at 812 and 928 Chas seen in Figure
(DTGS) detector. Before measurements, the sample chamber was2. The shoulder at 812 crh was relatively prominent in the

purged with N and the TiQ film was kept in the dark for about 60
min. The IR intensity ) vs wavelengthA) was obtained by averaging
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short irradiation times of 1 and 10 min, contrary to the 928-
cm~! band. The noise level in the region from 700 to 1000&tm
was confirmed to be less thans2 107 in absorbance after
averaging by 400-time accumulation adopted in the present
work. The appearance of the new bands at 838 and 812 cm
was independent of the presence or absence of dissolved oxygen
in the solution, strongly suggesting that these bands were arising
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Figure 2. MIR-IR spectra of a Ti@film in contact with a deoxygenated Figure 3. Spectra (a) (solid curves): MIR-IR spectra of a film of Pt-loaded
aqueous solution of 10 mM Fe (pH 2.4), recorded in 1, 10, 20, 30, and  TiO; in contact with aqueous 0.01 M NaOH of pH 11.9, recorded in 1, 10,

40 min after the start of UV irradiation. A TigXilm before irradiation is 20, and 30 min after the start of UV irradiation. The arrow in the figure
taken as the reference. The arrow in the figure indicates the direction of indicates the direction of the spectral change with time. Spectrum (b) (broken
the spectral change with the irradiation time. curve): MIR-IR spectrum for Pt-loaded Tin contact with 0.01 M HCI

of pH 2.4 after 30-min UV irradiation. Spectrum (b) is expanded by a factor
from intermediates of oxidation reaction of water by photoge- of 1.4 in absorbance.

nerated holes. The independence of the IR bands on the con- . & . o
centration of dissolved £also indicates that the concentration 2-4 With no Fé", showed the main band at 838 thand

PR ;
of 10 mM Fé* is sufficiently high to capture all photogenerated Shoulders at 812 and 962000 cn1?, similar to the spectra in
electrons in TiQ. In accordance with this result, Ohno et al. Figure 2, although the bandwidth or shape is somewhat different

reporteds that the quantum efficiency of the oxygen photoevo- between spectra in Figure 2 and spectrum (b) in Figure 3. The

lution for suspended Tigin aqueous F& was independent of ~ '€&SON for such a difference in detailed spectral features is
the F&" concentration in the range of-B mM F&". unknown at present. The appearance of the 812'dvand by

The diamond prism is completely transparent in a low- U_\/ irradiation in_ spectra (a) of Figure 3 is accompanied by a
frequency region from 1500 to 600 ctand thus has a high slight decrease in absorbance at about lOlOlclth_e reason
spectral sensitivity in this region, as mentioned earlier. How- for which is also unknown. Such small spectral deviations might

ever, the prism has strong absorption in a region from 1900 to MOSt probably arise from low signal-to-noise ratios due to weak
2200 cnT?, in which no spectral measurement is possible. absorption intensities for the Pt-loaded Fi€ystem, owing to
Besides, the diamond prism shows a large number of absorption'neﬁ'c'em capture of conduction-band electrons by loaded Pt

bands in a high-frequency region from 2300 to 4000-&m  efative to Fé ions. o
probably owing to impurities in crystal, and therefore the prism We suggested above that the new bands at 838 and 812 cm

is not necessarily suitable for spectral measurements even inVere arising from intermediates of the hole-induced oxidation

this high-frequency region. Nevertheless, in the present work, reactlpn of wat_er. To conflrm this conclusion, We_d|d several
we could observe small decreases in absorption bands due t&XPeriments. First, we examined the effect of adding methanol
contaminating hydrocarbons at around 2900~&rby UV as a hole scavenger tp th(=T s_olunon. Flg_ure 4_A shows an_MIRIR
irradiation. spectrum, before UV irradiation, for a Ty@ilm in contact with
Spectra (a) in Figure 3 (solid lines) show FTIR spectra for a &1 aqueous 50,'““,0“ .Of 10 mM F’e containing 25 W,t %
TiO, film in contact with a deoxygenated alkaline solution of methanol,+the Tiefilm in contact with an aqueous solution of
pH 11.9, obtained by similar experiments to Figure 2. In this 10 mM Fé* being taken as the spectral reference. The spectrum

i Ei 1
case, however, no electron scavenger was added to the solutioff! Figure 4A shows bands at 1110, 1020, 944, and 905'cm
because F& ions were unstable in pH: 3, causing an of which the 1020- and 1110-crh bands can be assigned to

oxyhydroxide precipitate. Instead we used Pt-loaded,TiO the (,:_O stretching ?Gf methgnpl and methoxy ﬁmc'?gﬂ
particles in which Pt could act as a kind of electron scavenger SPecies, respectivefi:"®The origins of the 944- and 905-
because hydrogen evolution occurred on Pt by the conduction-22nds are at present unknown, although these bands are only
band electrons. Only the 812-ctband appeared by UV observed for methanol-co_ntalmn_g systems and ewdently arise
irradiation in an alkaline solution [spectra (a) in Figure 3], from r_n_ethanol. The UV irradiation Cﬁuse_d decreas_es_ln Fhe
contrary to the case of an acidic solution in Figure 2. This result mtensmeg of these bands, as shown n Figure 4B, indicating
was confirmed by the fact that an FTIR spectrum [spectrum the effective occurrence of photooxidation of methanol at the
(b) in Figure 3] for Pt-loaded Ti@ prepared in the same way TiO, surface. (Note that the absorbance scale is different

as above, in contact with a deoxygenated acidic solution of pH P&€tween A and B of Figure 4.) However, no absorption band
appeared at 838 crh in Figure 4B, indicating no occurrence

(75) Ohno, T.; Haga, D.; Fujihara, K.; Kaizaki, K.; Matsumura, 31.Phys.
Chem. B1997 101, 6415. (76) Yamakata, A.; Ishibashi, T.; Onishi. H.; Phys. Chem. B002 106, 9122.
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Figure 4. (A) MIR-IR spectrum before UV irradiation for a Tifilm in
contact with an aqueous solution containing 10 mM*Fand 25 wt % L L L L L

methanol. (B) MIR-IR spectra for the Tidilm, recorded in 1, 10, and 20 1100 1000 900 800 700

min after the start of UV irradiation. The arrow in the figure indicates the
direction of the spectral change with time.

Wavenumber / cm™’
Figure 5. (A) MIR-IR spectra for a TiQ film in contact with (a) H'8O
of the photooxidation of water. This result is quite reasonable and (b) H'°O, both containing 10 mM Fé, observed after 20-min UV
if we take into account that methanol is more easily oxidized "radiation. (B) Spectra obtained independently by repeated experiments
L under the same conditions as for (a) of Figure 5A.

than water, and thus the oxidation of methanol suppresses the
water oxidatior?>434%In other words, this result indicates that - | . . . - .
the band at 838 cnt in Figure 2 is arising from intermediates
of the photooxidation reaction of water. Similarly, no appearance
of the 812-cm! band was observed for Pt-loaded Figarticles
in an alkaline solution of pH 12.1 when 25 wt % methanol was
added to the solution.

Second, we did isotope-labeling experiments by usigi§®
as a solvent. Spectrum (a) of Figure 5A shows the MIRIR
spectrum for a particulate TiOfilm in contact with H!O
containing 10 mM F&. Spectrum (b) is measured under the
same conditions as (a) except that%D is used. Spectrum (b)
is thus the same as that in Figure 2. Both spectra (a) and (b)
are monitored for a relatively short irradiation time of 20 min,
because the shoulder bands are more prominently observed in
the shorter irradiation time, as mentioned earlier. We can see
that spectrum (a) is shifted to the lower frequency side than . | . 1
spectrum (b) and has a larger number of shoulders than spectrum 1100 1000 900
(b). This result is also in harmony with the conclusion that the
observed bands are arising from intermediates of the water
photooxidation reaction, as discussed in detail in the next Figure 6. (a); MIR-IR spectrum of a Ti@ film in contact with an
section. Figure 5B shows some spectra for jlii©contact with aqueous solution of 30% #. (b): Spectrum identical to that after the
H,'80 with 10 mM Fé*, obtained independently by repeated Zg-mlg irradiation in Figure 2, for reference, with 13-times expansion in
experiments under the same conditions, to indicate the extent” 0 Dance:
of experimental reproducibility in the spectra. TiO, film exposed to an aqueous solution (pH 3.3) of 30%k

Third, we measured an MIR-IR spectrum for a particulate with the TiO, film exposed to pure water used as the spectral
TiO, film on which hydrogen peroxide (#D,) was adsorbed.  reference. Spectrum (b) shows, for reference, the same spectrum
Spectrum (a) in Figure 6 shows an IR spectrum for a particulate as that in Figure 2 after the 20-min irradiation. We can see that

Absorbance

Il

800 700

-1
Wavenumber / cm
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Figure 7. j—U andlp —U curves in an acidic (pH 1.2, solid curves) and
an alkaline (pH 11.9, broken curves) solution for a photoetched n-TiO
electrode, observed by UV illumination at an intensity of 0.2 mW&m
The lp. is measured at 840 nm. The scan rate is 50 mV s

the exposure of Ti@to H,O, gives rise to a band peaked at
839 cn1?, which is nearly identical with the 838-cthband in
Figure 2, and an additional sharp band at 877 trifhe latter
877-cnt! band was observed when a diamond prism (IRE) with
no TiO; film was exposed to the #D, solution, indicating that

it can be assigned to free (or physically adsorbegP778
On the other hand, the former 839-chhband was observed
only for a diamond prism with a Ti©film.

In Situ PL Measurements. We reported in previous
paperd®2748-52 that photoelectrochemical etching of single-
crystal n-TiQ (rutile) electrodes in aqueous, &0, produced
rectangular nanoholes or grooves in @1 0direction, with

PL Intensity / a. u.

800

700 900
wavelength / nm

Figure 8. PL spectrum for a photoetched n-Ti@lectrode, observed in

(a) acidic (pH 1.2) and (b) alkaline (pH 12.8) solutions.

served in an alkaline (pH 12.8) solution-a0.8 V, both with

the irradiation intensity of 0.2 mW cm. The spectral distri-
butions of stray light, observed at 1.0 and 0.4 V, were taken as
the background for spectra (a) and (b), respectively. The spec-
tral shape of both spectra (a) and (b) was not corrected for
the spectral sensitivity of a photomultiplier used (Hamamatsu
Photonics PMA100), but we can see that the PL spectra in
acidic and alkaline solutions had the same position and shape
with each other, indicating that the PL-emitting species is free
from an acid-base equilibrium (or protonation and deprotona-
tion).

Discussion
We mentioned in the preceding section that the UV irradiation

the (100) face selectively exposed at the walls of the holes andof a particulate TiQ film in contact with an acidic solution
grooves. We also reported that the PL band peak at 840 nmwith 10 mM Fé' caused the appearance of new bands at 838,
was observed only for the photoetched and thus the (100)-face812, and 928 cm' (Figure 2). We also mentioned there that

exposed electrodé$52 Figure 7 shows the photocurrenf ¥s
potential ) and the PL intensity If) vs U for such a
photoetched n-Ti@(rutile) electrode in an acidic (pH 1.2) and
an alkaline (pH 11.9) solution. The UV irradiation was
performed at 0.2 mW cn?. Both thelp, vs U and thej vs U

the new IR bands could be explained to be arising from surface
intermediates of the oxygen photoevolution reaction on,TiO
particles.

To what surface species are these bands assigned? The 838-
cm~1 band for UV-irradiated Ti@in Figure 2 can be assigned

curves were measured in a positive potential scan simulta-to the O-O stretching mode of surface TIOOH species for the

neously. The reported flat-band potentidly) for rutile n-
TiO,7980js indicated with a pH-correction of 0.059 V/pH. The

following reasons. We have to note first in Figure 6 that this
band is nearly identical with the 839-cthband for HO,-

PL intensity takes the maximum near the onset potential of the adsorbed Ti@in their spectral position and shape. Recent IR
photocurrent, indicating that this is a surface carrier recombina- studies reported that the exposure of Ti-silicalite molecular
tion luminescence. The weakening of the PL in potentials more sieves (TS-1) to 30% #D, gave two IR bands at 837 and 877

negative than thé&Jy, can be explained to be due to chemical
reduction of the TiQ surface (or formation of some reduced
surface species such a$Tacting as nonradiative recombina-
tion centers).

Figure 8 shows PL spectra for a photoetched n-T(iQtile)

cm! and that the former 837-cm band could be assigned to
the O-0 stretching mode of a surface hydroperoxo species
(TiIOOH), whereas the latter 877-cthband assigned to free
H,0,. The IR bands at 839 and 877 ciin spectrum (a) of
Figure 6 are quite the same as the reported bands at 837 and

electrode. Spectrum (a) was observed in an acidic (pH 1.2) 877 cnt! 77 and thus can be assigned in the same way as the

solution & 0 V vs Ag/AgCl, whereas spectrum (b) was ob-

(77) Lin, W.; Frei, H.J. Am. Chem. So@002 124, 9293.
(78) Tozzola, G.; Mantegazza, M. A.; Ranghino, G.; Petrini, G.; Bordiga, S.;
Ricchiardi, G.; Lamberti, C.; Zulian, R.; Zecchina, A.Catal 1998 179,
4

64.
(79) Butler, M.; Ginley, D. DJ. Electrochem. Sod 979 125, 228.
(80) Tomkiewicz, M.J. Electrochem. Sod 979 126, 1505.

literature?” This implies that the 838-cnt band is assigned to
TiOOH.

The shoulder at 812 cm in Figure 2, on the other hand,
appears as the main peak in an alkaline solution [spectrum (a)
of Figure 3]. This result can be understood reasonably if we
assume that the 812-cthband is assigned to a surface peroxo
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species of a bridge type, FO—0O—Ti. It is very likely that
the oxygen photoevolution reaction first produces-0i—
O—Ti as a surface intermediate, but in an acidic solution, it
changes into a hydroperoxo species; OiOH, by protonation
(or acid-catalyzed hydrolysis).
Ti—O—0O—Ti + H,0 — Ti—OOH HO-Ti 3)

The assignment of the 812-ctband to Ti-O—O—Ti is also
supported by IR studies of metadioxygen complexe&.-85
which report that the ©0 stretching mode of a bridged peroxo
species g-peroxo) is observed in a region of 79840 cnT™.
A shoulder at 928 cmt in Figure 2 may tentatively be assigned
to the O-0O stretching of surface peroxo species, B)€3:86-89
produced by photocatalytic reduction of ®olecules evolved
by the oxygen photoevolution reaction.

The above assignments for the 838- and 812 dbands are
in harmony with isotope-labeling experiments. Spectrum (a) in
Figure 5A, observed for UV-irradiated Tin contact with

H,'80, shows a number of IR bands at 915, 839, 820, 798, and
770 cntt, which can be understood reasonably on the basis of

the above assignments. It is reporfédyy experiments of
exposure of TS-1 to HO80H, that the G-O stretching band
for TIOOH shifts from 837 cm? for Ti—160—%0H to 793 cm*
for Ti—180—180H, with an isotopic shift of 44 cri. Accord-
ingly we can assign the shoulder at 839¢nm spectrum (a)
to the O-O stretching mode for Fi1®0—160H, the peak at
820 cn1! to that for TH60—180H and Ti+80-1%0H, and the
shoulder at 798 cni to that for Ti—180—180H. It is quite
reasonable that an observed isotopic shift of 19 thetween
Ti—1%0—180H or Ti—%0—-10H (820 cnT!) and Ti~0—
160H (838 cnT1?) is half the shift between Fil60—160H (839
cm™1) and Ti*80-180H (798 cn11).81-85 On the other hand,
the shoulder at 770 cm can be assigned to the-@ stretching
of Ti—180—180—Ti. The assignment also gives a reasonable
isotope shift of 42 cm! for Ti—160—10—Ti (812 cnT?!) and
Ti—1%0—180—Ti (770 cnt1) 8589

2 [Ti OH]," + 2H,0 — H,0, + 2 Ti—OH + 2H" (4)

Resulting HO; is an easily oxidized compound, and it will be
oxidized further by photogenerated holes, finally resulting in
molecular oxygen.

H,0,+2h" —0,+ 2H" (5)
Accordingly, in the “surface-OH oxidation mechanism”, we can
expecteOHs, H,0; 54 and Ti-OOH formed from HO; a4 as
surface reaction intermediates.

On the other hand, in the “nucleophilic attack mechanism”,
reaction 2 produces surface fi©e HO—Ti]s radicals ac-
companied by bond breaking. When two radicals{Ds HO—

Ti]s are produced accidentally in adjacent positions, they couple
with each other, forming surface peroxo species, TiOOTi.

2 [Ti—Oe HO—Ti],—
[Ti—O—O—Ti] .+ [Ti—O—Ti] .+ H,0 (6)

Resultant [THO—O—Ti]s is expected to have a considerable

steric distortion and thus be more reactive than the original
[Ti—O—Ti]s, and therefore it will easily cause a reaction similar

to reaction 2, finally leading to oxygen evolution together with

restoration of the original [FrO—Ti]s.

[Ti—O—O-Til;+h" + H,0—
[Ti—O—0e HO-Ti],+ H" (7)

[Ti—O—0e HO—Ti],+ h"— [Ti—O-Ti];+ O, + H" (8)

Thus, in this mechanism, we can expectf0—-0—Ti]s and
Ti—OOH as surface intermediates.

The in situ FTIR studies in the present work give confirmative
support to the latter “nucleophilic attack mechanism”, as
discussed below. First, the formation of surface peroxo species,
TiOOH and TiOQTi, as reaction intermediates (Figures 2 and
3), strongly supports the “nucleophilic attack mechanism”, as

On the basis of the above assignments, let us now considerynderstood from the above arguments.

the mechanism of the oxygen photoevolution reaction ornp TiO
(rutile). As mentioned in the Introduction section, we can say

Second, the experiment of Figure 6 shows that the exposure
of TiO; to H,O, leads to a clear appearance of the 877-tm

that two essentially different mechanisms have been proposedpand assigned to free (physically adsorbedDH indicating
thus far. One mechanism assumes that the oxygen photoevothat this band should be observed #®3 was produced at the

lution is initiated by reaction 1, i.e., the oxidation of a surface

TiO, surface. Thus, no appearance of this band in Figure 2

OH group by a photogenerated hole, which can be called indicates that KO, (or «OH radicals as a precursor of it) was

“surface-OH oxidation mechanism”. The other mechanism

not produced as an intermediate of the oxygen photoevolution

assumes that the water phOtOOXidation is initiated by reaction reaction. One m|ght point out a poss|b|||ty thai®, even if it

2, a nucleophilic attack of a4 molecule on a surface-trapped
hole at a lattice O site, which can be called “nucleophilic attack
mechanism”. In the former “surface-OH oxidation mechanism”,
resultant surfaceOH radicals, formed by reaction 1, couple
with each other and produce,©,.

(81) Yamada, H.; Hurst, J. KI. Am. Chem. So200Q 122 5303.

(82) Root, D. E.; Mahroof-Tahir, M.; Karlin, K. D.; Solomon, Elhorg. Chem
1998 37, 4838.

(83) Jones, R.; Summerville, D. A.; Basols, Ghem. Re. 1979 79, 2.

(84) Nakamoto, K.; Nonaka, Y.; Ishiguro, T.; Urban, M. W.; Suzuki, M.; Kozuka,
M.; Nishida, Y.; Kida, S.J. Am. Chem. S0d 982 104, 3386.

(85) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coordination
CompoundsJohn Wiley & Sons: New York, 1986.

(86) Gutsev, G. L.; Rao, B. K.; Jena, P.Phys. Chem. 200Q 104, 11961.

(87) Muller J., K.; Schwarzenbach, @worg. Chem.197Q 9, 2381.

(88) Miksztal, R.; Valentine, J. Snorg. Chem.1984 23, 3548.

(89) Kristine, F. J.; Shepherd, R. E.; Siddiqui,I8org. Chem1981, 20, 2571.
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was produced, would react with ¥ formed by the reduction

of Fe**, and disappear (Fenton reaction). We cannot exclude
this possibility, but no appearance of the 877-érand in the
spectrum for Pt-loaded TiOn an acidic solution with no Pe
[spectrum (b) in Figure 3] indicates that this possibility is not
important. Furthermore, under the assumptions that the “surface-
OH oxidation mechanism” is the correct mechanism and that
all produced HO, molecules react with P& and disappear,

we can explain no appearance of the 877-Efnand but we
cannot explain the production of surface peroxo species (TIOOH
and TiOOTi) themselves. (The direct formation of TIOOTi via
coupling of two adjacent [TeOH]s™ radicals is impossible
because of a long distance between the two radicals or the two
Ti atoms.) In harmony with the above argument, Fujishima et
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Scheme 1. Reaction Scheme for the Oxygen Photoevolution Reaction on TiO; (Rutile) in Contact with an Aqueous Solution of pH of 1 to
about 12

H,0
") rd . coupling _ N
g 2 oH 2-Q 2+ H,0
Ti{ Ti Ti Ti Ti Ti
h* H* H* . o
bridging oxygen Hlol ill:ll+ 0, + 7\
Ti Ti
O-\OH OH
Ti o7 M
PL (840 nm)

al®reported very recently thatJ, formation was not detected
on UV-irradiated TiQ powder (P25) in the presence of Ags
an electron acceptor. terminal hydroxyl groups ¢

Third, the “nucleophilic attack mechanism” is strongly
supported by the isotope-labeling experiments (Figure 5). We
have to note first that the formation 8fO-containing sur-
face species, such as -T¥0—180H, Ti—180—160H,
Ti—180—180H, and Ti~180—180—Ti, clearly shows that surface
TiOOH and TiOOTi, detected spectroscopically, are really
formed by the water photooxidation reaction. The more
important point is the formation of surface species containing
both 180 and80 such as T+1%0—180H and Ti180—160H,
which can be explained only by the “nucleophilic attack
mechanism” for the following reasons. It is repoffeldy using Figure 9. Schematic surface-lattice model for the (100) face of;TiQtile)

1 in contact with an aqueous electrolyte, together with a photoluminescent
H,'?0 that oxygen exchange between surface hydroxyl groups process arising from a recombination of a surface-trapped hole at an atomic
of TiO, and water in contact with it occurs quantitatively and groove and an electron in the conduction band.
rapidly in the dark at room temperature, whereas that between
lattice oxygen and contacting water hardly occurs under the 11.8% The deprotonationreaction should largely change the
same conditions. This implies that, for Ti@n contact with electronic energy level for a luminescent specé€d or H,Oy),
H,180, all surface hydroxyl groups are substituted @H. thus causing a large spectral shift in the PL band, contrary to
Thus, the incorporation ofO into TIOOH unambiguously  the experimental result.
demonstrates that the water photooxidation is initiated by a Finally, it is interesting to note that UPS studies have
nucleophilic attack of K20 to lattice oxygen (TF160—Ti). If showr$* that the top of the O-2p levels for surface hydroxyl

the water photooxidation proceeded via the “surface-OH oxida- groups (Ti-OH) at the rutile TiQ (100) face is about 1.8 eV
tion mechanism”, only F+180—180H could be formed. below the top of the valence banB,5 at the surface. This

implies that surface hydroxyl groups cannot be oxidized by
tphotogenera’red holes in the valence band. Although the above
energy is obtained under vacuum (i.e. at the z;N@cuum
interface), the same conclusion holds even for the /l@ter
interface. A difference is that a cation formed by photoelectron
ejection at the Ti@ surface is stabilized at the Tifvater
interface additionally by electronic polarization of water. A
simple calculation of the electronic polarization enerye

of water for surface F+OH by use of the Born equationGe,

= (6¥8meo 1)(1 — 1/n?), wherer is the van der Waals radius
for OH group of Ti—OH andn is the refractive index of water,
leads to a value chGg = 2.1 eV forr = 0.15 nm. For a surface
species such as FiOH, only one-half of thisAGe (namely 1.1

eV) contributes because water occupies only a half space at the
TiO2/water interface. We can thus conclude that the top of the
O-2p levels for T+-OH at the TiQ/water interface is about (1.8

bridging hydroxyl groups

The “nucleophilic attack mechanism” is further supported by
PL measurements. We mentioned in the preceding section tha
the PL spectra in acidic and alkaline solutions are identical to
each other in spectral position and shape (Figure 8), indi-
cating that the PL-emitting species is free from an atidse
equilibrium (i.e. it causes neither protonation nor deprotona-
tion) in the pH range from 1 to 12. This result is in harmony
with “nucleophilic attack mechanism” because, in this mecha-
nism, the PL band is arising from the surface-trapped holes at
the bottom of atomic grooves at the (100) facéigure 9).

On the other hand, this result cannot be explained by the
“surface-OH oxidation mechanism”, for, in this mechanism,
surfacesOH radicals or related species have to be a possible
PL-emitting species. Actually, Salvador et%lclaimed long
ago that the PL band was arising from adsorbeg®Hor

*OH radicals. However, such species asOk and «OH — 1.1=) 0.7 eV below theE,5, and thus T+OH cannot be

cause deprotonation reaction in the pH range from 1 to 12, ,yidized by valence-band holes.

since K, of «OH is reported to be 11°5and that of HO, In conclusion, we can propose a reaction scheme of Scheme
. — 1 as the most plausible molecular mechanism for the oxygen

(90) Cai, R.; Kubota, ¥.; Fujishima, Al. Catal. 2003 219 214. photoevolution reaction at the TiGrutile) surface in contact

(91) Sato, SJ. Phys. Chem1987, 91, 2895.

(92) Salvador, P.; Gutieez, C.J. Phys. Chem1984 16, 3698.

(93) Poskrebyshev, G. A.; Neta, P.; Huie, R.JEPhys. Chem. 2002 106, (94) Weast, R. CHandbook of Chemistry and Physi€RC Press: Boca Raton,
11488. 1993.
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with aqueous solutions of pH less than about 12. Of various that stoichiometric oxygen evolution and®*eeduction proceed
intermediates, surface peroxo species, TIOOTi and TiOOH, arewith a high quantum efficiency of 17% under UV irradiation
directly detected by in situ FTIR experiments. Scheme 1 is of a TiO; (rutile)-8 mM Fe* system.

supported by isotope-labeling experiments and PL measure-
ments. It is to be noted also that the surface species TiOOTi
and TiOOH can re_‘a”y be _regarde_d as Inter_m_edlates of the (95) Fujihara, K.; Ohno, T.; Matsumura, NI.. Chem. Soc., Faraday Trar99§
oxygen photoevolution reaction on Tihecause it is reportéd 94, 3705.

JA0388764

1298 J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004



