JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by ISTANBUL TEKNIK UNIV
Mechanism of Water Photooxidation Reaction at Atomically Flat
TiO (Rutile) (110) and (100) Surfaces: Dependence on Solution pH

Akihito Imanishi, Tomoaki Okamura, Naomichi Ohashi, Ryuhei Nakamura, and Yoshihiro Nakato
J. Am. Chem. Soc., 2007, 129 (37), 11569-11578 DOI: 10.1021/ja073206+ « Publication Date (Web): 28 August 2007
Downloaded from http://pubs.acs.org on March 19, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

. Supporting Information

. Links to the 2 articles that cite this article, as of the time of this article download
. Access to high resolution figures

. Links to articles and content related to this article

. Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja073206%2B

A\C\S

ARTICLES

Published on Web 08/28/2007

Mechanism of Water Photooxidation Reaction at Atomically
Flat TiO, (Rutile) (110) and (100) Surfaces: Dependence on
Solution pH

Akihito Imanishi,*1-* Tomoaki Okamura,” Naomichi Ohashi," Ryuhei Nakamura,$ and
Yoshihiro Nakato*/!

Contribution from the Diision of Chemistry, Graduate School of Engineering Science,
Osaka Uniersity, Toyonaka, Osaka 560-8531, Japan, Department of Applied Chemistry,
School of Engineering, The Urrsity of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan,
The Institute of Scientific and Industrial Research (ISIR), Osakaéisity,
Ibaraki, Osaka, 567-0047 Japan, and Core Research falional Science and
Technology (CREST), JST, Tokyo, Japan

Received May 17, 2007; E-mail: imanishi@chem.es.osaka-u.ac.jp

Abstract: The mechanism of water photooxidation reaction at atomically flat n-TiO, (rutile) surfaces was
investigated in aqueous solutions of various pH values, using photoluminescence (PL) measurements.
The PL bands, which peaked at around 810 and 840 nm for the (110) and (100) surfaces, respectively,
were assigned to radiative transitions between conduction-band electrons and surface-trapped holes (STH),
[Ti—O=Ti,]s", formed at triply coordinated (normal) O atoms at the surface lattice. The PL intensity (/L)
decreased stepwise with increasing solution pH, namely, it sharply decreased at around pH 4, near the
point of zero charge of TiO, (about 5), and then rapidly decreased to zero near pH 13. The first sharp
decrease around pH 4 is attributed to the increased rate of nucleophilic attack of a water molecule to a
hole at a site of surface bridging oxygen (Ti—O—Ti), the density of which increases with increasing pH.
The nucleophilic attack is regarded as the main initiating step of the water oxidation reaction in low and
intermediate pH. The high PL intensity at low pH is ascribed to slow nucleophilic attack owing to a very low
density of Ti—O—Ti by its protonation at the low pH. The second sharp decrease near pH 13 is attributed
to formation of surface anionic species like Ti—O~ which can be readily oxidized by photogenerated holes.
Interrelations between reaction intermediates proposed in this work and those reported by time-resolved
laser spectroscopy are discussed.

Introduction diate radicals of this reaction play a crucial role in photode-
composition of soiling or harmful organic compounds. In
particular, keen attention has recently been paid to development
of visible-light responsive metal oxides or oxynitrides with an
aim at efficient solar decomposition of wate® and organic

compoundg-26 For exploring new visible-light active materi-

The oxygen photoevolution (or water photooxidation) reaction
on TiO, and related metal oxid&<® or oxynitride$1%has been
attracting strong attention from the point of view of solar water
splitting. This reaction has also attracted much attention in view
of photocatalytic environmental cleaniig!® because interme-
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als, it is of key importance to elucidate molecular mechanisms H,O molecule (Lewis base) to a surface-trapped hole (STH,
of the reactions, which should strongly depend on the morpho- Lewis acid). The processes are schematically expressed, includ-
logical, chemical, and electronic structures of materials at the ing the results of this work, as follows:

surface as well as the reactivity (or energy) of photogenerated
holes?’~2% Such studies will also serve for research to lower

Ti,=O—Ti]g+ h" — [Ti=0---Ti]
high overvoltages in the oxygen evolution at metallic electrodes. [Tiz Is [Tiz I's

It has long been assumg@d!330-44 that the water photooxi-
dation reaction at the Tisurface is initiated by oxidation of

surface T+-OH group (or OH ions in an aqueous solution) by
photogenerated holes,"hby an electron-transfer mechan-

ism_45,46
Ti—OH,+ h" — [Ti -OH]." (1)

The formation ofOH radicals in UV-irradiated Ti@systems
was reported by a spin-trapping ESRC or low-temperature
ESRe® method, diffuse reflection FTIR spectroscaByand gas-
phase emission spectroscoffyHowever, it was reportééthat
the water photooxidation reaction at the Fi€urface did not
produce any freeOH radicals but adsorbe®H (or Ti—O)

surface-trapped hole, STH (2)
[Ti,=O-+-Ti] " == — diffusion along terrace ~ (3)

[Ti,=O-+-Ti] "+ [Ti—O—Ti], + H,0 — [Ti,=O—Ti] +
[Ti—O"HO-Ti],+ H' (4)

Here [Tp,=0—Ti]sand [Ti—O—Ti]s refer to a triply coordinated
(normal) O atom and a bridging O atom at the surface,
respectively (see species a and c of Figure 10). Reaction 4
implies that an HO molecule attacks to a site of bridging O
atom, [Ti=O—Ti]s, accompanied by transfer of a hole from
[Ti;=0--Ti] *sin a concerted manner. The STH can be regarded

radicals, the latter of which gave ESR signals similar to those as a relaxed hole at the surface, formed by orientational

reported by the spin-trapping method. It was also repéittadt
-OH radicals were produced from hydrogen peroxideG)

polarization of water molecules in solution as well as crystal
lattice relaxation against bond lengthening caused by trapping

formed via reduction of molecular oxygen by electrons in the 3 hole (one-electron deficiency). Though reaction 4 might be
conduction band. Moreover, recent theoretical calculation hasthe main process, it cannot be excluded completely that a

showr® that surface Ti(OH) groups can act as electron traps photogenerated hole before relaxation directly reacts with water

but cannot act as hole traps by formation of'TOH)" radicals,

O 2p orbitals of surface Ti(OH) being entirely mixed with the

O 2p orbitals of the valence band.
On the other hand, we have recently repotiedf that the

water photooxidation reaction is not initiated by the electron-

transfer oxidation of T+OH but by a nucleophilic attack of an
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at bridging oxygen:
h™ + [Ti—O—Ti]s+ H,0 — [Ti—O"HO-Ti],+ H" (5)

Further details of the mechanism for the water photooxidation
reaction are shown in Scheme 1.

In relation with the above mechanism, we also rep&pted
that the n-TiQ rutile electrode showed a PL band peaked at
around 840 nm, which was assigned to an electronic transition
via an intermediate of the water photooxidation reaction. This
assignment was given support by experiments on PL quenching
by reductants added to the electrolyte, in which a reductant
which quenched the PL efficiently suppressed the oxygen
photoevolution effectively as welf. Our later work354 has
shown that the atomically flat TiOrutile (110) and (100)
surfaces emit the PL bands peaked at about 810 and 840 nm,
respectively, both of which can be assigned to radiative
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recombination transitions between conduction-band electronsfor surface T+OH-Ti and Ti—OH under vacuum was esti-
(e"cg) and the surface-trapped holes (STH): mated, using reported UPS spede® to be about 3.7 and
1.8 eV below the top of the valence band at the surfage,
[Ti,=O---Ti] +S+ e g—PL (6) respectively, as shown in Figure 1. The top of the O 2p level

for Ti—OH—Ti and Ti—OH at the TiQ/water interface, after

Interestingly, the PL bands were observed only for the atomi- consideration of stabilization by electronic polarization of
cally flat surfaces and never observed for atomically nonflat solvent water, was still about 2.6 and 0.7 eV below Ej&>?
surfaces, e.g., commercially available (110)- or (100)-cut (Figure 1). These estimations are supported by the fact that XPS
surface$354 Processes (4)(6) indicate that the water photo- O 1s peaks for surface FOH and Ti-O—Ti of TiO- are at
oxidation reaction and photoluminescent process are competitiveabout 2.6 and 1.2 eV higher energies than the peak for lattice
with each other, implying that the mechanism of the water O atoms®*~"* The O 2p levels for solution species;®hq and
photooxidation reaction can be investigated by PL measure- OH aq can be estimated by using photoelectron emission spectra
ments. of aqueous solutions reported by Delahay etZiogether with

The new mechanism for the water photooxidation reaction, estimated standard redox potentig#8(OH ™ a/OH'ag) = 1.55
expressed by reactions—B, was verified by a number of V vs NHE3 Eq(H20afOHraqt Htag) = 2.38 V374 and E°-
experimental result&54 In particular, in situ multiple internal ~ (H20afH20"ag) = 3.3 V.72 Though theE°(OH™3/OH,) and
reflection FTIR spectroscopy together with 180 isotope E9(H20a¢OHsaq + Hag) are above th&,s at pH 0 (Figure 1),
exchange experiments clearly showed that lattice oxygen wasthe reorganization energies for the electron transfer are so large
incorporated in a surface reaction intermediate of peroxide type, that the effective O 2p levels for Otdq and HOaq Dr(E®, 1),
Ti—O—0—Ti, which was only explained by assuming reaction determined by the photoelectron emission spectra, are far below
4 or 5. In addition, experiments with atomically flat (110) and the E,®at pH 0 (Figure 1). Note also that the concentration of
(100) n-TiQ (rutile) surfaces in low and intermediate pH OH™aqis negligibly small in pH= 9 and that the increase in
region§* showed that atomic level surface roughening occurred pH shifts theE,* upward at a rate 0f-0.059 V/pH. Thus, all
with the progress of oxygen photoevolution reaction, which the surface O species have the O 2p levels belowEth@nd
could never be explained by reaction 1 or related processes incannot be oxidized by the valence-band holes by the electron-
which no breaking of +O bonds was induced at the surface transfer mechanism, indicating the nonvalidity of the conven-
lattice. The new mechanism was also supported by many tional mechanism (reaction 1). Micic et al. repoffedhe
reported results: Howe and GzaP? reported by ESR measure-  following reaction instead of reaction 1:
ments that photogenerated holes were trapped at lattice O atoms
at low temperatures of 4.2 or 77 K, not produck@H radicals. Ti—OH,+h" —[Ti -0+ H", 1)
Micic et al5364also clearly showed that UV illumination of

TiO2 did not produce-OH radicals but T+O" radicals, in Indeed, reaction'lis more plausible than reaction 1 because
harmony with the mechanism of reaction 4 or 5. Hashimoto et j; is assisted by large hydration energy ford However
al.*>also reported, by measuring the quantum yield of formation eaction 1 can also not explain the aforementioned results of

of -OH rad_icals by means of a fluorescence probe method, thatyne incorporation of lattice oxygen into a reaction interme&fate
the formation ofOH radicals was not be the major process on

irradiated TiQ (anatase) in aqueous solutions. (66) Brookes, I. M.; Muryn, C. A.; Thornton, GPhys. Re. Lett. 2001, 87,
ati ; i 266103(1)-(4).
The estimation of en_erg_y Iev_els of occ_upled o _2p or_blta_ls Muryn, C. A.; Hardman, P. J.; Crouch, J. J.; Raiker, G. N.; Thornton, G.
for surface oxygen species is an important issue for investigating * D.S.L. law, Surf. Sci.1991, 251252, 747-752.
the mechanism. In a previous papéthe top of the O 2p level

(67

)
)
(68) Henderson, M. ASurf. Sci. Rep2002 46, 1-308.
(69) Xu, B.; Jing, L.; Ren, Z.; Wang, B.; Fu, H. Phys. Chem. BR005 109,
)
)
)

2805-2809.

(62) How, R. F.; Gratzel, M.J. Phys. Chem1987, 91, 3906-39009. (70) Yu. J. C.; Yu, J.; Zhao, J. Appl. Catal., B2002 36, 31—43.

(63) Micic, O. I.; Zhang, Y.; Cromack, K. R.; Trifunac, A. D.; Thurnauer, M. (71) Sham, T. K.; Lazarus, M. £hem. Phys. Lettl979 68, 426-432.
C. J. Phys. Chem1993 97, 7277-7283. (72) Delahay, P.; Von Burg, KChem. Phys. Lettl981, 83, 250-254.

(64) Micic, O. I.; Zhang, Y.; Cromack, K. R.; Trifunac, A. D.; Thurnauer, M. (73) Bard, A. J.Standard potentials in aqueous solutidviarcel Dekker Inc.:
C. J. Phys. Chem1993 97, 13284-13288. New York, 1985.

(65) Ishibashi, K.; Fujishima, A.; Watanabe, T.; Hashimoto JKPhotochem. (74) Electrochemical Handboolbth ed.; The Electrochemical Society of Japan,
Photobiol., A200Q 134, 139-142. Maruzen: Tokyo, 2000.
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Figure 1. Energy levels of O 2p orbitals for oxygen species at the;B@rface estimated from UPS and photoelectron emission spectra, compared with
the conduction and valence bands of n-7& pH 0. See text for details.

as well as photoinduced surface rougherfhgurther details (Jobin Yvon, H20IR) or cutoff filters, whereas PL spectra were obtained
will be discussed again in the Discussion. with a multichannel photodiode array detector (Hamamatsu, PMA100)

The new mechanism has important implications for exploring cooled at-20°C. Thelp, vsU was measured simultaneously with the
new visible-light responsive materials for oxygen evolution, measurement of thievs U. In both cases, the |IIurr_1|nat|on was carried
because it belongs to Lewis acilase reactions and has out by use of a 365 nm band fr(.’m a 500 W h'gh'pressure mercury

- S . . lamp, obtained with band-pass filters. The intensity of the UV light
energetics and kinetics quite different from those for the

) . was adjusted by a combination of neutral density (metal net) filters
electron-transfer reaction such as reaction 1. Namely, the new,, 4 measured with a thermopile (Eppley Laboratory). In this work,

mechanism opens a new possibility for the development of {he |ow-intensity UV irradiation (0.2 mW/cBh was in most cases
V|S|b|e-|lght induced water oxidation. Thus, the further confir- adopted because our previous experinféntsave revealed that
mation of the mechanism is very important. In this work, we morphological roughening on an atomic level at the surface occurs even
have investigated the effect of solution pH on the mechanism in 0.1 M HCIO, especially under high-intensity-(L.0 mW/cn%) and
of the water photooxidation reaction, because the reaction ratelong-term ¢0.5 C/cnd) illumination. The surface roughening was
is expected to depend Strongly on Solut|0n pH 0W|ng to the §uppre§sed to a negllglble extent under |0W—intenSity Short-period
occurrence of protonation or deprotonation in surface oxygen iradiation.
species with pH Chang7é.0ur previous work was mainly Electrolyte solutions were prepared by use of reagent grade chemicals
restricted to acidic solutiorfd;535%except in situ FTIR studies ar_ld pure \_Nater, the Iat@gr of_ which was obtained_from deionize_d water
in neutral solutions2 with a Milli-Q water purification system. The solution pH was adjusted
by using 0.1 M HCIQ, 1.0 M NaOH, and their mixtures. No agent for
Experimental Section pH buffer was used to avoid influences of specific adsorption of
) ) ) ] multivalent anions. For minimizing a pH change near the electrode
Single-crystal TiQ (rutile) wafers of 10 mmx 10 mmin areaand  grface, thg vs U andlp. vs U were measured by the first potential

1.0 mm thick, havi.ng the (100)- and (1.10)—cut and alkali-polished sweep from negative to positive, with the solution being stirred
surfaces, were obtained from Earth Chemical Co., Ltd. The wafers were magnetically. Before the measurements, the electrolyte solution was

doped with 0.05 wt % niobium oxide and of n-type as they were, with 1, ,ppled with N gas to remove dissolvedO
no pretreatment, because dopedNacted as an electron donor. The
atomically flat surfaces were obtained by a procedure of washing with
acetone, immersing in 20% HF for 10 min, washing with water, and
annealing at a temperature from 550 to 6@for 1-2 h in air>35
X-ray photoelectron spectroscopic (XPS) analysis showed that no
fluorine atom remained at the surface after the above procedure.
Electrodes of n-Ti@ were prepared by obtaining an Ohmic contact
with indium—gallium alloy.

Photocurrent densityj) vs potential (J) curves for the n-TiQ@ Results
electrodes were measured with a commercial potentiostat and a potential
programmer, using a Pt plate as the counter electrode and an Ag/AgCl/  AFM inspection showed that the n-TiGrutile) (110) and
KClsaelectrode as the reference electrode. The photoluminescence (PLY100) surfaces after the surface-flattening pretreatment (i.e., the
intensity (p1) vsU was measured using a photomultiplier (Hamamatsu, jmmersion in 20% HFE for 10 min, followed by annealing at

R316 or R712) cooled at20 °C together with a monochromator 600 °C for 1 h) had clear step and terrace struct&s(see

(75) Connor, P. A.; Dobson, K. D.; McQuillan, A.Jangmuir1999 15, 2402- also Figure 7)’ indi_cating that atomica”y flat (1_00) and (110)
2408. surfaces were obtained. The observed step height was 0.27 nm

The morphology of the Ti@surfaces was inspected with an atomic
force microscope (AFM, Digital Instruments NanoScope llla) at room
temperature, the sample being placed in air. All AFM images were
obtained in a tapping mode with a silicon tip (Digital Instruments) at
a driving frequency of about 280 kHz and a scan rate of 1.5 Hz. The
surface crystallinity was investigated by a low-energy electron diffrac-
tion (LEED) method.

11572 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007
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Figure 2. j vs U for an n-TiQ rutile electrode with the atomically flat

(110) surface in 0.1 M HCIQ(pH 1.1), compared with the PL intensity
(IpL) vs U. Thelp vs U for an atomically nonflat surface is also included
for referenceUs,: flat-band potential.

for the (100) surface and 0.35 nm for the (110) surface, both in
good agreement with the values in crystal lattice model of, TiO
(rutile). The terrace width was about 26800 nm in both the
surfaces. The atomic level flatness of both the (110) and (100)

surfaces was also shown by LEED measurements, which gave

sharp intense (k 1) LEED spot$3 Moreover, the formation
of well-defined TiQ (100) and (110) surfaces was demonstrated
by the fact that the flat-band potentidl), determined by
Mott—Schottky plots, as well as the onset potential of the
photocurrent {,n) showed clear differences of about 0.09 V
between the (110) and (100) surfaé&%!in agreement with
the difference in the work function between théhit is to be
noted also that the flat (110) and (100) surfaces in this work
were stable even under exposition to aqueous solutions of pH
1-14535 contrary to atomically flat TiQ surfaces prepared
by the Art-ion sputtering and thermal annealing under UHV
conditions?’

Figure 2 shows, for later discussion, the repoited U and
Ip vs U for an n-TiQ, rutile electrode with the atomically flat
(110) surface in 0.1 M HCIQ (pH 1.1)%354 The flat-band
potential Us,) for the n-TiG,(110) surface€0.25+ 0.01 V vs
Ag/AgCl/sat. KCl at pH 1.13*54is also indicated for reference.
A large positive deviation of the onset potential of the
photocurrentU,,, from theUy, is attributed to efficient surface
carrier recombination via surface states. The took a
maximum near th&o, (Figure 2), indicating that the PL is really
arising from surface carrier recombination (i.e., radiative
recombination between conduction-band electrongg,eand
the surface-trapped holes, STH), as mentioned in the Introduc-
tion. The disappearance of the PL at positive potentials is simply
attributed to increased band bending in the n-rélectrode,

(110)
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pH=45

/W\_/\/\,.M/V?'li/z 130
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Figure 3. 1p_vsU for the n-TiG (110) and (100) surfaces in solutions of

1.5

various pH. The UV irradiation intensity was 0.2 mWA&m

Figure 3 shows thép, vs U for the n-TiQ, electrodes with
the atomically flat (a) (110) and (b) (100) surfaces in solutions
of various pH. The low-intensity UV irradiation of 0.2 mW/
cn? was adopted to avoid the aforementioned surface roughen-
ing during the PL measurements. In all the solutions, Ithe
took the maximum near thd,,, in @ manner similar to the case
of Figure 2. The potential region where the PL was observed,
as well as theJ,n, shifted toward the negative with increasing
the pH of the electrolyte, owing to the well-known shift of the
Uy, at a rate 0f~0.059 V/pH at 300 K. A prominent feature of
Figure 3 is that thdp_ drastically decreased with increasing
the pH for both the (110) and (100) surfaces.

The detailed pH dependences of theat the peaked potential
for the (110) and (100) Ti@surfaces, obtained under the low-
intensity UV irradiation of 0.2 mW/cf are shown in Figure
4, where thdp_ at pH 1.1 is normalized to unity in both the
surfaces. Thép. was the highest in an acidic solution (pH 1.1)
and decreased stepwise with increasing the pH; namelypthe
sharply decreased at around pH 4 and at about pH 13. It is to
be noted that pH 4.0 is close to the point of zero charge (pzc)
of rutile TiO, (about 5.0) reporteé:78.79

Figure 5 compares the PL spectrain 0.1 M HE(@PH 1.1)
and 0.1 M NaOH (pH 13.0) for both the (110) and (100)
surfaces, obtained under the UV irradiation intensity of 1.0 mW/

whereas that at negative potentials can be attributed to formationcrm? at potentials at which thi took a maximum. Thep, at

of reduced surface species, such a& $$5460which can trap
efficiently the valence-band holes nonradiatively. Results similar
to those of Figure 2 were obtained for an atomically flat ZiO
(100) surface, with slight negative shifts in thes U andlp.
vsU. However, no PL was observed for atomically nonflat 71O
surfaces (Figure 254

the maximum wavelength is normalized to the same level
between pH 1.1 and 13.0 to make clear the difference in the
spectral position and shape. The PL bands from the (110) and
(100) surfaces (not corrected for the spectral sensitivity of the
multichannel photodiode detector) are peaked at about 810 and
840 nm, respectively, indicating that the energy level of the

(76) Imanishi, A.; Tsuji, E.; Nakato, YJ. Phys. Chem. @007, 111, 2128~
2132.
(77) Uetsuka, H.; Sasahara, A.; Onishi, lkhkngmuir2004 20, 4782-4783.

(78) Bullard, J. W.; Cima, M. JLangmuir2006 22, 10264-10271.
(79) Dobson, K. D.; Connor, P. A.; McQuillan, A.Jangmuir1997 13, 2614
2616.
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Figure 4. pH dependence of tHe, for the n-TiG (110) and (100) surfaces.
The UV irradiation intensity was 0.2 mW/ém
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Figure 5. PL spectra from the (110) and (100) surfaces in 0.1 M HCIO
(pH = 1.1) and 0.1 M NaOH (pH= 13.0). The peak intensities are
normalized to the same level between pH 1.1 and 13.0.

PL-emitting species (surface-trapped hole, STH) is slightly
different between the (100) and (110) surfat&$An important

result is that the PL spectra in pH 1.1 and 13.0 are identical
with each other for both the (110) and (100) surfaces, indicating

that the PL bands are arising from the same luminescent specie

(or the same electronic transition) all over the pH range,
11574 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007

Figure 6. Ratio of thelp_ in pH = 6.0 to that in pH 1.2, plotted against
the intensity of the UV irradiation.

irrespective of expected changes in the forms of various surface
O species by protonation and deprotonation.

The pH dependence of thig. was prominent under the low-
intensity UV irradiation, as shown in Figure 4, but became less
prominent at high illumination intensities. Figure 6 shows the
irradiation-intensity dependence of the pH dependence of the
IpL, in which the ratio of thdp_ at pH 6.0 to that at pH 1.2 is
plotted against the intensity of the UV irradiation. For both the
(110) and (100) surfaces, the ratio increased with increasing
the irradiation intensity and approached unity under the high
irradiation intensities. In other words, under the high irradiation
intensity, thelp. became not to depend on the pH. The
experimental data for the (100) surface under the low-intensity
irradiation showed somewhat poor reproducibility, the ratio
ranging in a region from 0.5 to 0.8, and thus the averaged value
is plotted in Figure 6b.

Results similar to those of Figures-6 were obtained for
other TiG, surfaces. Figure 7 shows the pH dependence of the
IpL and its irradiation-intensity dependence for an n-Ji@ile
electrode which was beforehand photoetched in 0.05,8(4
and thus had the (100) surfateThe PL band emitted from
suspensions of Tig(rutile) particles, which were photoetched
in 0.05 M H,S0,,%0 also showed a similar pH dependence.

As mentioned earlier, the atomic level surface roughening
occurs with the progress of the water photooxidation reaction
under anodic bias. We investigated how the solution pH affected
the surface roughening. Figure 8 compares the AFM images of
the atomically flat TiQ(110) surfaces (a) before and (b, c) after
the UV irradiation, during which the Tigsurface was immersed
in (b) 0.1 M HCIQy (pH 1.1) and (c) 0.1 M NaOH (pH 13.0).
The irradiation was carried out at an intensity of 0.57 mW/cm

?80) Tsujiko, A.; Saji, Y.; Murakoshi, K.; Nakato, YElectrochemistry2002
70, 457-459.
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Figure 8. AFM images of the atomically flat n-Tig110) surface (a) before
and (b, c) after the UV irradiation, during which the BiGurface was
immersed in (b) 0.1 M HCI®Q(pH 1.1) and (c) 0.1 M NaOH (pH 13.0).
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Figure 9. lp_vsU for the (110) and (100) surfaces before (solid line) and

after (broken line) addition of 0.1 M hydroquinone to the electrolyte
(0.1 M HCIOy).
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surface, indicating that the serious surface roughening pro-
ceeded, as reporté@On the other hand, for the irradiation in
0.1 M NaOH, the atomic level flatness was retained fairly well,
showing that the surface roughening was suppressed signifi-
cantly in 0.1 M NaOH (a strongly alkaline aqueous solution).
Some spots observed in Figure 8c are due to contaminations.

Figure 9 shows the effect of adding a reducing agent
(hydroquinone) to the electrolyte (0.1 M HGJOon thelp,.
Thelp, for both the (110) and (100) surfaces was decreased by
the addition of 0.1 M hydroquinone. The PL quenching can be
explained by efficient electron transfer from hydroquinone to
the surface-trapped holes (the luminescent spetié$Espe-
cially, thelp, for the (110) surface was more strongly decreased
than that for the (100) surface, suggesting that the surface-
trapped hole at the (110) surface is more easily reduced by
hydroquinone than that at the (100) surface.

Discussion

To explain the pH dependence of the, let us first consider
what oxygen species are present at the;T$0rface and how
their densities change with the pH, on the basis of crystal lattice
models for the TiQ (rutile) (110) and (100) surfaces (Figure
10) and reported studi€%758¥83 For an electrically neutral
surface under vacuum, one can assume triply coordinated
oxygen atoms, [F+O=Ti,] (species a in Figure 10), oxygen
vacancies or five-coordinated Ti atoms, Gpecies b), and
bridging oxygen atoms, [FHO—Ti] (species c), as main surface
species. In the interior of Tigcrystal, a T4 ion is coordinated
with six O?~ ions and an & ion is coordinated with three T

passing across the electrode surface was regulated to besi) Henderson, M. ALangmuir1996 12, 5093-5098.

0.5 C/cn? in both the solutions. After the irradiation in 0.1 M
HCIO,, a large number of tiny dots were formed at the 7iO

(82) Schaub, R.; Thostrup, P.; Lopez, N.; Leegsgaard, E.; Stensgaard, I.; Ngrskov,
J. K.; Besenbacher, PPhys. Re. Lett. 2001, 87, 266104(1)-(4).
(83) Diebold, U.Surf. Sci. Rep2003 48, 53—229.
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(100)

Figure 10. Crystal lattice models for the (110) and (100) surfaces: white
circle, &*~; black circle, T#; large gray circle, O atom of adsorbed water
or OH; small gray circle, H atom.

ions. Accordingly, the surface oxygen vacancies or five-
coordinated Ti atoms (species b) should have a formal charge

unchanged throughout the pH range, in agreement with no
change in the spectral position and shape of the PL bands by
the pH variation (Figure 5). (4) A slight difference in the spectral
shape and position of the PL band between the (110) and (100)
surfaces (Figure 5), i.e. a slight difference in the energy of the
STH between these surfaces, is in agreement with a slight
difference in the location and arrangement of the{0i=Ti,]s"
plane between these surfaces. Namely, the 05=Ti,]s" plane
for the (110) surface is placed in parallel to the surface and
directly exposed to the electrolyte, as is seen from Figure 10,
whereas that for the (100) surface is placed slantwise to the
surface and located a little inward from the surface, covered
with adjacent adsorbed-® molecules and bridging O atoms
(Figure 10). Such a difference in the location and arrangement
should lead to a difference in the orientational polarization of
water molecules in solution as well as crystal lattice relaxation
against bond lengthening by trapping a hole. (5) The PL band
from the (110) surface is much more effectively quenched by
hydroguinone added to the electrolyte than that from the (100)
surface (Figure 9). This result can also be attributed to the above-
mentioned slight difference in the location and arrangement of
the [Ti—O=Ti,]s" plane, because the difference should affect
the rate of electron transfer from hydroquinone to the STH,
which causes the PL quenching.

When the STH, [T+O=Ti,]s", is formed at the terrace, the
direct nucleophilic attack of a # molecule to the STH may
be difficult because this reaction (insertion of OH into the=Ti
O—Ti bond) should cause serious distortion of surface crystal

of +(2/3)e (e: elementary charge), whereas the bridging oxygen lattice and have a large activation energy. Accordingly, it is

atoms (species c) should have a formal charge(@/3)e. When

the TiO, surface is in contact with an aqueous solution, water

molecules are adsorbed at species b, producingQH.] /3"

(species d). Water molecules can also be dissociatively adsorbeqn

at species b and ¢, producing FFOH]3)- (species § and
[Ti—OH-Ti]&3* (species .56:81-83
Of these surface species, it is sure that species,s 0+

Ti, at which the surface-trapped holes (STH) are formed (process
2), is present at the constant concentration throughout the pH

assumed in Scheme 1 that the nucleophilic attack,af bccurs
at surface bridging oxygen, [fiO—Ti]s (reaction 4), at which
the distortion energy is expected to become much smaller. As
entioned in the Introduction, in reaction 4, apGHmolecule
attacks [TO—Ti]s, accompanied by transfer of a hole from
[Ti;=O---Ti] s in a concerted manner. On the basis of this
model, the pH dependence of the (Figures 3 and 4) can be
explained quite reasonably as follows.

In an acidic solution (pH 1.1), the TiOsurface is mainly

range. It is also expected that the densities of protonated specieg . ered with Ti-OH,@3* and Ti-OH-TiW3*, as mentioned

such as THOH-TiI®3)* and THOH,3* increase with
decreasing the pH from the pzc (about’8.6:79, whereas those
of deprotonated species such as O—Ti@#3)- and Ti-OQH®3)-

earlier. The nucleophilic attack of &8 molecule to protonated
bridging oxygen, T+OH—Ti3*  will hardly occur because
the positively charged STH cannot come close to such a

increase with increasing the pH. This argument is strongly positively charged species (FOH—TiW3)"). Thus, the STH

supported by detailed studies on surface oxygen species en TiO

in a pH range 2.311.7 by internal reflection FTIR spectros-
copy,>which reports that +OH is present in a pH range from
4.3 to 10.7 (maximum=8), Ti—OH," exists in a pH range
below 5, and T+-OH'—Ti exists in a pH range below 4.3.

remains at the terrace for a while without causing any reaction,
resulting in effective emission of the PL. The reaction of the
STH may occur at nonprotonated bridging oxygen—Or—

Ti@3)") present at a very low density in terraces or kinks or
steps. It is also highly probable that the accumulation of the

Well, how does the water oxidation reaction proceed at the s with positive charges at the surface causes the downward

TiO, surface? The prominent pH dependence ofl gh€Figure

shift of the surface band energies (&) of the n-TiG; electrode

4) can be explained on the basis of the new mechanism, ynger anodic bia& which accelerates deprotonation at-Ti

expressed by reactions-B or Scheme 1. Let us first note that

OH-Ti3* and hence does the nucleophilic attack ofoH

the assignment of the STH as the PL-emitting species is Note that the downward shift of the surface band energies (or

supported by the following many facts: (1) Species a=Ti

Us,) does not affect the rate of reaction 1 because the O 2p

O—Ti, at which the STH is formed, is present throughout the |eye| for Ti—OH lying at the inner Helmholtz layer also shifts

pH range. (2) A sufficiently high probability of radiative

recombination of electrons and holes is expected at a site of

the STH, [Ti-O=Ti,]s", because it is still within the Tiglattice

and an overlap between Ti 3d and O 2p orbitals is significant.

(3) No protonation or deprotonation occurs atf0O=Tiy]s",

namely, its chemical (and the electronic) structure is kept

11576 J. AM. CHEM. SOC. = VOL. 129, NO. 37, 2007

downward in parallel to the surface band energiesUgy.
With increasing the pH, the surface density of species€, Ti
O—Ti@3~, will increase by deprotonation. Thus, the rate of

(84) Nakanishi, S.; Tanaka, T.; Tsuji, E.; Fukushima, S.; Fukami, K.; Nagai,
T.; Nakamura, R.; Imanishi, A.; Nakato, ¥. Phys. Chem. Q007 111,
3934-3937.
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reaction 4 via species c increases, resulting in the decrease irwork conclude that reaction 4 or 5 is the main initiating step of
the density of the STH and hence in the lowering of the PL the water oxidation reaction in low and intermediate pH, though
intensity (p.). This explanation is supported by the fact that the assumption of reactiori thight not be completely excluded
the sharp decrease in thg occurs at around pH 4, near the at present.

pzc of TiO, of about 5.0%787%(Figure 4). In fact, the internal The pH dependence of the, becomes less prominent, i.e.,
reflection FTIR spectroscopic studies showrtat Ti—OH'— thelp_ at pH 6.0 increases and approaches that at pH 1.2, under
Ti existed in a pH range below 4.3, implying that the density the high-intensity UV irradiation (Figure 6). This result can be
of deprotonated FO—Ti@3)- rapidly increases around pH explained as follows. Note first that the water photooxidation
4. reaction proceeds stepwise via a number of surface reaction

The pH dependence of thi. shows the second sharp intermediates, as shown in Scheme 1. Note also that the surface
decrease near pH 13 (Figure 4). This might tentatively be bridging oxygen, T+O—Ti, at which the reaction is initiated,

attributed to formation of readily oxidized species;- 0“3, is reproduced only when the oxygen evolution is completed at
by deprotonation of species,d, and Ti-OH®3)-, which can the final step (Scheme 1). Now, under the high-intensity
cause an electron-transfer reaction (see Scheme 1): illumination, the hole flux to the surface is high and, thus, the
initiating reaction, reaction 4, occurs efficiently one after another

Ti—0O%3~ + h — Ti-0"®3)- (7) at pH 6.0. Accordingly, under a photostationary state at pH 6.0,

most of the T+O—Ti species are changed to reaction inter-

The formation of TO®3)- in very high pH was suggested ~Mmediates or, in other words, the density of-D—Ti becomes
previoushy® from an increased cathodic current due to increased very low, which leads to the accumulation of the STH and the
adsorbed oxygen molecules in a form of-T0~+-:O,. The increase in thep,.
occurrence of reaction 7 in strongly alkaline solutions is also  Finally, it is interesting to consider interrelations between
supported by AFM inspection of the TiGurface, which showed  reaction intermediates argued in this work and those reported
that atomic level surface roughening was largely suppressed inby time-resolved laser spectroscdfiy®® though we should
pH 13 (Figure 8). As reaction 7 does not accompany any bond always keep in mind that samples used in these studies are not
breaking at the surface crystal lattice, it is quite reasonable thatthe same; i.e., this work uses single-crystal rutile Jhi@h well-
the water oxidation reaction initiated by reaction 7 does not defined surfaces, whereas the spectroscopic work does nanoc-
lead to the surface roughening. rystalline anatase TiPparticles with non-regulated surfaces.

It is worth noting here that the sharp decrease irlgharound Very recently, Yoshihara et al. reportédhat photogenerated
pH 4 (Figure 4) is also in harmony with the assumption of holes produce two intermediate species, named hole-1 and
reaction 1because the surface density ofDH increases with ~ hole-2 in ref 87: hole-1 shows the absorption band peaked at
the pH at around pH Z However, as already mentioned in the around 550 nm and is observed all over the pH range, whereas
Introduction, reaction 'Lcannot explain previously reported hole-2 shows the absorption band below 400 nm (probably
experimental results of the incorporation of lattice oxygen into peaked at around 350 nm) and is observed only in neutral and
reaction intermediatéas well as photoinduced atomic level alkaline solutions. It is also report&d® that hole-1 appears
surface rougheningf As to the latter result, Figure 8 in this  within the duration of a laser pulse, whereas hole-2 appears later
work shows interesting facts that the surface roughening which with a delay, accompanied by the decay of hole-1.
occurs in low pH is largely suppressed in high pH. The  These observations can be explained reasonably on the basis
suppression can be attributed to the occurrence of reaction 7 inof the mechanism in this work, as explained below, if it is
high pH, as argued above. This implies that the surface tentatively assumed that hole-1 corresponds to the STH and
roughening in low pH cannot be explained by reactigmhich hole-2 corresponds to [FOH -O—Ti] radicals. First, the
is a reaction of the same type as reaction 7. Moreover, the delayed appearance of hole-2, accompanied by the decay of
assumption of reaction tannot explain why the PL is emitted  hole-1, is in good agreement with processes of reactiei 2
only from atomically flat TiQ (110) and (100) surfaces and Second, the assignment of hole-2 tofTH -O—Ti] radical is
not emitted from atomicallynonflat surfaces (Figure 2). This  supported by the reported f8that the reaction ofOH radicals
experimental result indicates that atomically nonflat surfaces with TiO, particles gives a spectrum similar to that of hole-2,
are much more reactive than atomically flat ones, but the because it is very likely that the reaction-@H radicals with
assumption of reactior! feads to the inverse conclusion because surface T+O—Ti leads to the formation of [FftOH -O—Ti].
surface T+-OH becomes less reactive (or less easily oxidized) Third, it is also plausible that the STH shows an absorption
with increasing atomic level surface roughening owing to band in the visible region because the STH{D=Ti,]s*, has
decreased O 2p overlapping with lattice oxygen and decreaseda vacant O 2p orbital, to which an electron lying deep in the
electronic polarization. The above argument is supported by bluevalence band can be excited. This absorption band can also be
shifts of the light absorption edge in a series of crystalJiO interpreted as a red-shift of the250-nm band (A=+ < X211
amorphous Ti@ and molecular Ti(OH) i.e., in the order of transition) for the HO®radicaf”-?° (or the ~350-nm band for
increasing atomic level roughening. On the other hand, it is quite surface T+O* radicaf®) caused by the incorporation of the
reasonable to expect that the nucleophilic attack of a water
molecule for a surface hole is accelerated by atomic level surface(86) 1Shkr<:>LD1 I. A.; Sauer, M. C., Jd. Phys. Chem. 004 108 12497
roughening owing to a decrease in the activation energy induced(gz) Yoshinara, T.; Tamaki, Y.; Furube, A.; Murai, M.; Hara, K.; Katoh, R.,

by lattice distortion in a reaction site. Accordingly, we in this Chem. Phys. LetR007, 438 268-273.
y aly, (88) Yang, X.; Tamai, NPhys. Chem. Chem. Phy&001, 3, 3393.

(89) Lawless, D.; Serpone, N.; Meisel, D. Phys. Chem1991, 95, 5166.
(85) Tsujiko, A.; Itoh, H.; Kisumi, T.; Shiga, A.; Murakoshi, K.; Nakato, ¥. (90) Thomas, J. K.; Rabani, J.; Matheson, M. S.; Hart, E. J.; Gordah,Fhys.
Phys. Chem. BR002 106, 5878-5885. Chem 1966 70, 2409.
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radical into surface Ti@lattice (or by the mixing of O 2p Conclusion
orbitals of the radical with those of the valence band). Fourth,  This work has confirmed that the PL bands, peaked at around
the absorption band assigned to hole-1 is observed all over the810 and 840 nm at the atomically flat (110) and (100) surfaces,
pH range, whereas the absorption band assigned to hole-2 igespectively, can be assigned to radiative recombination transi-
observed only in neutral and alkaline solutions and missing in tions between the conduction-band electrons and surface-trapped
low pH. The appearance of the hole-1 band all over the pH holes (STH), [T'_0=T'2]5.+’ formed at. triply coordinated O

. ) . atoms at the surface lattice. The PL intensity ) decreased
range is in harmony with the fact that the STH or triply . o . . ) .

i : i ) stepwise with increasing the solution pH; namely, it sharply
coordinated surface Iattlce.ox_ygen,{—'KD=T|2]s, exists through- decreased at around pH 4, near the point of zero charge ef TiO
out the pH range. The missing of the hole-2 band in low pH (ahout 5.0), and then rapidly decreased to zero near pH 13. The
can be explained by taking into account that almost all surface first sharp decrease near pH 4 was explained reasonably by
bridging oxygen is protonated in low pH, thus leading to no taking into account the pH dependence of the densities of surface
production of [Ti-OH -O—Ti] radical in TiO, particles. For O species, on the basis of our previously proposed new
an n-TiQ electrode (with upward band bending) under an anodic mechanism that the water photooxidation reaction was initiated
bias, on the other hand, the accumulation of the STH (with a by_ nu_cleophlllc attack of water molecules to the STH at surface
positive charge) can occur at the surface, which causes thebrldglng O atoms. The second sharp decrease near pH 13 was

. . L attributed to formation of surface O~ which was readily
downward shift of the surface band energiesdg), which in oxidized by photogenerated holes. These results on the pH

turn accelerates deprotonation a+OH—Ti(/3* and hence the dependence of thie, thus give strong support to our previously
nucleophilic attack of D, as argued earlier. We can, however, proposed new mechanism for the water photooxidation reaction.
expect no accumulation of the STH in particulate 789stems,  The new mechanism has quite different energetic and kinetics
in which no band bending is present and efficient carrier from the conventional electron-transfer-type mechanism and will
recombination occurs. Now, we can see that this work and time- serve for exploring new efficient visible-light responsive pho-
resolved spectroscopic studies give results in harmony with eachtoelectrodes and photocatalysts for the decomposition of water

other. Further studies are, however, needed to get definite@"d Organic compounds.
conclusions. JA073206+
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