A\C\S

ARTICLES

Published on Web 04/15/2004

Electronic Band Structure of Titania Semiconductor
Nanosheets Revealed by Electrochemical and
Photoelectrochemical Studies

Nobuyuki Sakai, Yasuo Ebina, Kazunori Takada, and Takayoshi Sasaki*

Contribution from Adanced Materials Laboratory, National Institute for Materials Science,
1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan

Received November 6, 2003; E-mail: sasaki.takayoshi@nims.go.jp

Abstract: Electrochemical and photoelectrochemical studies were conducted on self-assembled multilayer
films of titania nanosheets on a conductive ITO substrate. Cyclic voltammogram (CV) curves indicated
that the titania nanosheet electrode underwent insertion/extraction of Li* ions into/from the nanosheet
galleries, associated with reduction/oxidation of Ti**/Ti*. These processes accompanied reversible changes
in UV—vis absorption of the titania nanosheet electrodes. Applying a negative bias of —1.3 V (vs Ag/Ag™)
and lower brought about absorption reduction where the wavelength is shorter than 323 nm, and vice
versa, indicating a flat-band potential of (approximately) —1.3 V and a band gap energy of 3.84 eV.
Photocurrents were generated from the titania nanosheet electrodes under a positive bias. The onset
potential for photocurrent generation from the titania nanosheet electrodes was around —1.27 V, and the
band gap energy estimated from the photocurrent action spectra was 3.82 eV, in excellent agreement with
the values obtained from the spectroelectrochemical data. The lack of difference in the band gap energies
for titania nanosheet electrodes with different numbers of layers suggests that a nanosheet is electronically
isolated in multilayer assemblies without affecting the electronic state of neighboring nanosheets. Similar
measurements on the anatase-type TiO, electrode revealed that the lower edge of the conduction band
for the titania nanosheet is approximately 0.1 V higher than that for anatase, while the upper edge of the
valence band is 0.5 V lower.

Introduction titanates into their elementary layépsé The obtained material

Photochemistry of semiconductor electrodes is one of the Nas been named titania nanosheets on the basis of its two-
most important topics in fields such as environmental purifica- dimensional morphology, as depicted in Figure 1. The crystallite
tion and solar energy Convers|é]’fl In these app“ca“ons has an eXtreme|y small thickness of 0.7 nm and a lateral size
titanium dioxide is strongly favored and has been investigated "anging from submicrometers to several tens of microméfers.
intensively since Fujishima and Honda discovered water pho- The panosheet may prowde.new clues in examining various
tolysis on TiQ semiconductor electrodéfRecently, nanosized ~ reactions at the surface and interface because nanosheet crys-
TiO, materials have attracted growing attention because of their tallite is considered to be composed entirely of surface atoms
promising potential for a wide range of applications, including arranged two-dimensionally in a single-crystal-like order. These
photocatalysis12 and dye-sensitized solar celfis4 unusual structural features are expected to evolve novel chemical

We recently synthesized a new modification of nanosized and physical properties that differ from those for granular
titanium oxide by delaminating precursor crystals of layered titanium oxides. It is of significant interest from a fundamental

“To wh q hould be add d Feal.29-854 viewpoint to clarify the electronic band structure for a two-
9061_0 whom correspondence should be addressed. e dimensional nanoscopic system of semiconductors, which, to

(1) Bard, A. J.Sciencel98Q 207, 139-144.
(2) Bard, A. JJ. Phys. Chem1982 86, 172-177.
(3) Gerischer, HElectrochim. Actal99Q 35, 1677-1699.
(4) Tryk, D. A.; Fujishima, A.; Honda, KElectrochim. Act&200Q 45, 2363~
2376
(5) Fu1|sh|ma A.; Honda, KNature 1972 238, 37—38.
(6) Fox, M. A;; Dulay, M. T.Chem. Re. 1993 93, 341—357.
(7) Heller, A. Acc. Chem. Red995 28, 503-508.
(8) Hagfeldt, A.; Grézel, M. Chem. Re. 1995 95, 49-68.
(9) Hoffmann, M. R.; Martin, S. T.; Choi, W.; Bahnemann, D. @hem. Re.
1995 95, 69-96.
(10) Linsebigler, A. L.; Lu, G.; Yates, J. T., J&hem. Re. 1995 95, 735—
758.

(11) Mills, A.; Le Hunte, SJ. Photochem. Photobiol. A997 108 1—35.

(12) Fullshlma A.; Rao, T. N.; Tryk, D. AJ. Photochem. Photobiol. 200Q
1, 1-21.

(13) O’'Regan, B.; Giizel, M. Nature 1991, 353 737-740.

(14) Grézel, M. Nature 2001, 414, 338—-344.

10.1021/ja0394582 CCC: $27.50 © 2004 American Chemical Society

the best of our knowledge, is not yet available. In addition to
the titania nanosheets, a variety of semiconducting nanosheet
materials, e.g., GlbzO10'81°and NizO17,2° have recently been
synthesized. Such information will provide deep insight in
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The obtained protonic titanate ki1 24 70.17404°H20, was shaken
vigorously with a 0.017 mol dn¥ tetrabutylammonium hydroxide
solution at ambient temperature for 10 days. The solution-to-solid ratio
was adjusted to 250 chg*. This procedure yielded a stable colloidal
suspension with an opalescent appearance. In our previous'$tuedy,
demonstrated that this suspension contains unilamellar crystallites of
Ti1—s0,*~ (6 = 0.09) with a lateral size of 0-11 um.

Indium—tin oxide (ITO)-coated glass plates (sheet resistand®
Q/0) employed as a substrate were cleaned by sonication in acetone,
ethanol, and ultrapure water for 30 min each and stored in water until
. . . use. The substrate was pretreated with a PEI solution (2.57§, ¢
phys'(fs and. Chemlstry for such an intriguing class of nanoscale 9) for 20 min to introduce positive charges onto the surface, immediately
two-dimensional semiconductors. prior to film deposition. The titania nanosheets and PDDA were

In practice, titania nanosheets exhibit very sharp and intensesequentially adsorbed from the colloidal suspension pfsT,*~ (0.08
absorption of ultraviolet (UV) light, which is markedly blue- g dn3, pH 9) and a PDDA solution (20 g dry pH 9), respectively.
shifted from that for bulk Ti@2! The nanosheets show The substrate was immersed in each solution for 20 min and then rinsed
photochemical reactivities under UV irradiation, i.e., photo- meticulously with ultrapure water. Deposition of the PDDA/nanosheet
catalytic decomposition of organic substances and photoinducedpilayer was repeated times to synthesize a multilayer assembly
hydrophilicity22We have demonstrated that a variety of useful €0MPosed ofi layer pairs, ITO/PEI/Ti-sOx/(PDDA/Ti1s0z)n-1. The
materials can be tailored via spontaneous aggregation or self-S2mples were irradiated by UV white light from a Xe lamp (XEF-

- . : 501S, San-Ei Electric) with its intensity set to 4 mW/cfar 48 h t
assembly of the titania nanosheets due to their chemical nature an-Ei Electric) with its intensity set to 4 m ' ©

. . . decompose the polyelectrolytes via photocatalytic action of the titania
as polyelectrolytes and colloids. For example, ultrathin multi- . Jsheets
layer films can be fabricated via layer-by-layer assembly of the  gjectrochemical and photoelectrochemical measurements were car-

nanosheets and cationic polymété! We expect that some  ried out in a conventional three-electrode, single-compartment glass
nanostructured systems with sophisticated functions such ascell, fitted with a synthesized quartz window, using a potentiostat (model
efficient photoelectric energy conversion and photocatalytic Sl 1287, Solartron). Titania nanosheet electrodes served as the working
activities may be designed through synthetic routes. Knowledge electrode. The counter and reference electrodes were platinum black
on fundamental semiconductor characteristics, e.g., band gapVire and Ag/Ag/acetonitrile, respectively. Propylene carbonate con-
energy and flat-band potential, is essential to achieve this goal.taining 0.1 mol dm? LiCIO4 was employed as the supporting

In the present study, electrochemical and photoelectrochemi-E|eCtr°|yte' A 500 W Xe lamp was used.as the excnanop light source

. . . through a monochromator (H-10UV, Jobin Yvon) to obtain monochro-

cal properties of the titania nanosheets were explored in order

d d their el ic band Simil matic light (fwhm = 15 nm). The irradiated light intensity was
to understand their electronic band structure. Similar MeaSUre-onitored by a spectroradiometer (USR-30, Ushio) that was calibrated

ments were carried out on anatase electrodes prepared by, chemical actinometrsf All electrode potential values are given with
annealing the ultrathin multilayer film of the nanosheets. The yegpect to Ag/Ag (= +0.49 V vs NHE) in the present paper.

electronic band structure for these two very different modifica-  X-ray diffraction (XRD) data were collected using a Rigaku RINT-
tions of titanium oxide, nanosheet and anatase, is compared an@200 powder diffractometer with graphite monochromatized @u K

0.38 nm

Figure 1. Atomic architecture of the nanosheet crystallites af JD,*~.
Red and yellow circles represent Ti and O atoms, respectively.

discussed below. radiation ¢ = 0.154 05 nm). A spectrophotometer (U-4000, Hitachi)
) ) equipped with an integrating sphere detection system was employed
Experimental Section to record UV-vis absorption spectra for films on ITO/quartz glass
All chemicals were of>99.9% purity or of analytical grade. substrates. All measurements were conducted under ambient conditions.
Polyethylenimine (PEIM,, = ~7.5 x 10P) and polydiallyldimethyl- Results and Discussion

ammonium (PDDAM,, = ~1 x 10°Pto 2 x 10P) chloride were obtained

from Aldrich Co. and used without further purification. Ultrapure water, Film Fabrication. The film assembly on the ITO-coated

filtered by a Milli-Q reagent water system at a resistivity>of7 MQ quartz glass substrate could be followed by-this absorption

cm, was used throughout the experiments. Propylene carbonate (Aldrich,SPectra recorded using blank data of the ITO-coated quartz glass

H,O content< 0.002%) containing 0.1 mol dm LiClO4 (Wako, as background. U¥vis absorption spectra obtained were similar

anhydrous) was dried for several days using molecular sieves (Wako,to the data for films on a quartz glass substfa&,except for

3A). a small peak at around 400 nm and a shoulder at around 310
Titania nanosheets of composition, THO,*~ (6 = 0.09) were nm. The absorption band centered at 262 nm is characteristic

synthesized by delaminating a layered protonic titanate with the of titania nanosheets, and its progressive enhancement as a
y-FeOOH-type structure into colloidal single layers according to fynction of the layer pair number supports the successful
previously report_ed procedur_é’sl.6 Briefly, a stoichiometric mixture multilayer buildup, as shown in Figure 2. The features at 310
of CsCO; and TIG, was calcined at 800C for 20 h to produce a and 400 nm could be attributed to interference effects of thin

recursor cesium titanate, i O: vacancy), about 70 . .
g of which was treated witg god?0;7f:ngl dnT? HCIys)olution at films. The ITO substrate has a thickness~«#00 nm and shows

room temperature. This acid leaching was repeated three times bylnterference fringes in visible light regions, which varies with
renewing the acid solution every 24 h. The resulting acid-exchanged different numbers of coated layers of titania nanosheets.

product was filtered, washed with water, and air-dried. A broad XRD peak was observed & 2 7.0° for the as-
deposited film, indicating a nanostructure arising from the

(21) Sasaki, T.; Watanabe, M. Phys. Chem. B997, 101, 10159-10161.
(22) Sasaki, T.; Ebina, Y.; Fukuda, K.; Tanaka, T.; Harada, M.; Watanabe, M. (25) Number of incident photons was counted by measuring the absorbance of

Chem. Mater2002 14, 3524-3530. an aqueous solution of Fe1,10-phenanthroline complexes. Upon exposure
(23) Sasaki, T.; Ebina, Y.; Watanabe, M.; Decher,Ghem. Commur200Q of the KsFe(GO4); aqueous solution to monochromatic light, the photore-
2163-2164. duction of Fé* to F&" proceeds quantitatively with the number of absorbed
(24) Sasaki, T.; Ebina, Y.; Tanaka, T.; Harada, M.; Watanabe, M.; Decher, G. photons. The addition of excess 1,10-phenanthroline promotes the complex
Chem. Mater2001, 13, 4661-4667. formation, binding to the photoreduced?Fen the solution.
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Figure 2. UV —vis absorption spectra for multilayer films of PEI{T;O,/
(PDDA/Ti1-502)n-1 prepared on an ITO/quartz glass substrate. Nanosheet
concentration= 0.08 g dnt3; pH value of all solutions= 9; deposition
time = 20 min each. The observed absorbance at 262 nm is plotted against
the number of bilayers in the inset.
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L1 1 1 Figure 4. Cyclic voltammograms of a 10 layer film of titania nanosheet
23 24 25 26 27 electrodes: (a) after UV pretreatment and (b) after annealing at@d0r
1 h. CV measurements were conducted in a propylene carbonate solution

containing 0.1 mol dm? LiClO4 at each sweep rate.
| 300 cps ® . . )
(a) nanosheets in the following electrochemical and photoelectro-
\__\_"-"L._.,_ chemical experiments to avoid possible interference with
° polyelectrolytes. The peak position remained unchanged after
(b) photocurrent generation (5 mC cfflowed at 0.1 V under
- \‘J\____/LN monochromatic light irradiation centered at 280 nm) and CV
‘§ Y measurements for 500 cycles (betweeh5 and 1.0 V, sweep
L M rate= 50 mV s'1), respectively, except for some line broadening
- (Figures 3c and 3d). These data confirm the substantial stability
® ) of the nanosheet architecture as well as the multilayer structure
against electrochemical and photoelectrochemical processes.
Anatase film was prepared for reference use by annealing
‘ (e) the 10 layer film of titania nanosheets at 60D for 1 h inair.
As shown in Figure 3e, the basal peak disappeared, reflecting
I l l ] the collapse of the multilayer structure. Anatase crystallized in
5 10 15 20 25 30 its place?® as revealed by the 101 peak that appeared around
26 (Cu Ko) /degree 20 = 25.2 shown in the inset at an expanded scale. The sharp

Figure 3. XRD patterns for a 10 layer film of titania nanosheets; (a) as- peak observed at 892f 21.4 and the halo pattern observed at

grown, (b) after UV pretreatment, (c) after photocurrent flow of 5mC%m  15-30° can be assigned to the ITO and the quartz glass of its
(d) after CV measurements for 500 cycles betwedn5 and 1.0 V, and substraté’ respectively.

(e) after annealing at 60TC for 1 h inair. The peak designated by a circle ) ) ) o
is from ITO. Inset shows a profile in an angular range designated by an  Electrochemistry. Electrochemical studies of the titania
arrow in line e. nanosheet electrodes and anatase electrodes were carried out in
nonaqueous electrolyte. As depicted in Figure 4a, the cyclic
repeating unit of PDDA/Ti;O; (Figure 3a). The multilayer  yoltammogram of the 10 layer film of titania nanosheet electrode
spacing of 1.3 nm agrees with a previously reported value for showed a poorly resolved cathodic peak and a well-defined
the same layer-by-layer assembly on a substrate of quartz glassinodic peak, which is centered at arourtl2 to—0.9 V. These
or silicon wafer?324Exposure of the multilayer film to UV light  peaks can be accounted for by the reduction/oxidation of the
brought about a shift of the basal peak to a highgridicating

a periodicity of 0.94 nm (Figure 3b). This intersheet shrinkage (26) To detect diffraction peaks from a very thin film of anatase, we conducted

has been explained as degradation of the polvmer laver via glancing incidence XRD at a constant incident angle of @s8ng Cu kKoe
p g poly y radiation operated at 40 kV and 400 mA. The obtained profile is shown in

photocatalytic activity of the nanosheétswe have demon- the inset of Figure 3. 4 .
X . (27) ITO films coated on quartz glass were employed as substrates in preparation
strated that the UV-treated film accommodates charge-balancing of the anatase electrodes because ITO substrate for normal glass may not

. . . . . ; be stable upon annealing at 600. XRD data suggested that ITO films
cations such as ammonium and/or oxonium ions in the intersheet 25 "e A7 FaF At unchanged, although the sheet resistance increased

galleries. We used such polymer-free multilayer films of titania from 10 to 30Q/01.

J. AM. CHEM. SOC. = VOL. 126, NO. 18, 2004 5853
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Figure 5. Dependence of the anodic peak current on the square root of Figure 6. UV —vis absorption spectra for a 10 layer film of titania nanosheet
the sweep rate: (a) 10 and (b) 5 layer films of titania nanosheet electrodeselectrodes under various bias. The baseline is the absorbance of the titania

and (c) anatase electrode. nanosheet electrode atl.0 V.
titania nanosheet, accompanying insertion/extraction dbfdrs space, which has a larger number of available sites with more
into/from the titania nanosheet galleries. facile accessibility.

The redox processes in eq 1 induced a change in the UV
(NH,, H),sTiV,_,0, + x(LiT + €)= vis absorption of the titania nanosheet electrodes associated with

the redox TH/Ti3* couple. Similar electrochromic behavior has
been reported for polycrystalline anatd%e’ Optical absorption
spectra of the titania nanosheet electrode were recorded fol-
Towing polarization for 60 s at various applied potentials. The
electrode potential was changed from the rest potential in the
negative direction at a step of 0.1 V. Absorption enhancement

hat of the 5 | I Hecti ival del -~ and reduction where the wavelength is longer and shorter than
that ofthe 5 layer sample, reflecting equivalent and electroactive 3, 3 nm, respectively, were observed under a negative bias at

|nter§heet' environments in thg multilayer film. The linear —1.3 V and lower, as shown in Figure 6. The absorption
relationship between the oxidation peak current and the square,

t of th tential te (Fi 5 s that th enhancement at > 323 nm can be ascribed to intraband
root of the potential sweep rate ( 'gure ) suggests that ey nsitions by electrons occupying the conduction band states
diffusion of Li* ions is a rate-determining step in oxidation of

Ti%* in the titania nanosheet. Reduction of a trace amount of of the titania nanosheét,whereas the absorption red_uction at_
water dissolved in the electrol.yte and persisting in the nanosheet/1 < 323 nm can be accounted for by the apparent Increase in
. - ; .~ the band gap energy due to electron accumulation in the
galleries may be responsible for nonzero intercepts of the straight
lines and a negative baseline for the oxidation peak. The
integration of the oxidation peak observed at a sweep rate of 5
mV/s gave the amount of Ti of 123 uC cnm? at —1.5 V.
Because the two-dimensional unit cell of the nanosheet crys-
tallite (0.38 x 0.30 nn?) contains two formula weights of
Ti;—sO», the 10 layer film has 1.6& 10 Ti atom cn? if we
assume a perfect film without gap or overlap of the nanosheets.
Accordingly, the electrochemical process described above
involves reduction/oxidation of 4.8% of Ti atom. Sweeping the
potential to—2.0 V induced a deeper reduction/oxidation degree
of ~50%, i.e., 0.5 forx in eq 1. This corresponds to the

accommodation of one Li ion per unit cell of the nanosheet. S .
Th i lectrode sh d a similar CV profile. but red absorbance change at 800 nm, which is proportional to the
€ anatase electrode showed a simiiar protiie, but redox density of electrons in the conduction bafdlso gives the

peaks were smaller than those of the titania nanosheet electrode,
hown in Figures 4b an . The oxidation k in

as sho 1 gures band 5¢ eo datzo peaxs obta 60(30) Rothenberger, G.; Fitzmaurice, D.; @&el, M. J. Phys. Chem1992 96,

at 5 mV s! had a peak area of 45/C cnr 2. The smaller 5983-5986.

H i (31) Redmond, G.; Fitzmaurice, D. Phys. Chem1993 97, 1426-1430.
re.gog peak are.a may be. atml.omabl,e.to a S,tructural dlfference'(32) Kavan, L.; Stoto, T.; Gitael, M.; Fitzmaurice, D.; Shklover, \d. Phys.
Li™ ions are inserted into interstitial voids in the three- Chem.1993 97, 9493-9498. ,
dimensional framework of the anatase structure. This feature (33) gz"(g'ght’ B.; Redmond, G.; Fitzmaurice, D Phys. Chenl994 98, 6195~
hinders insertion into the deep inner portion of the crystallite; (34) Boschloo, G.; Fitzmaurice, 3. Phys. Chem. B999 103 7860-7868.
Li* ions likely exist only near the surfag&2?In contrast, the (3 Lyon. L. A Hupp, J. TJ. Phys. Chem. B999 103 46234628,

s . . (36) Sakai, N.; Fujishima, A.; Watanabe, T.; Hashimoto JKPhys. Chem. B
nanosheet electrode accommodates ibns in the intersheet 2001, 105, 3023-3026.

Li x(N H41 H)46Ti " xTi W 1767x02 (1)

This process can be understood as the intercalation/deinterca
lation of Li* ions into/from the interlayer space where charge-
compensating cations (NJH, H;O™) are present. The oxidation
peak current for the 10 layer film electrode was almost twice

conduction band states (Burstein shiftf® Therefore, the onset
potential for the change in optical absorption corresponds to
the flat-band potential and the border wavelength between the
absorption enhancement and reduction corresponds to the band
gap energy. The absorbance change at 800 and 275 nm measured
for each potential vs-1.0 V as a reference was plotted against
the applied potential (Figure 7). The decrease of the absorbance
at 275 nm for both 5 and 10 layer films was observed &t3

V and lower. The plots between1.3 and—2.0 V could be
fitted with a straight line for each layer number of fil#%From

the intersecting point of these two straight lines, a threshold
potential of —1.27 V (Aabs= —0.003) was obtained. The

)
(37) Pankove, J. IOptical Processes in SemiconductoPsentice-Hall: New
Jersey, 1971.
(28) Kavan, L.; Gr&zel, M.; Gilbert, S. E.; Klemenz, C.; Scheel, H.JJ.Am. (38) Burstein, EPhys. Re. 1952 93, 632-633.
Chem. Soc1996 118 6716-6723. 39) The reason for the linear relationships between the absorbance change at
(29) van de Krol, R.; Goossens, A.; SchoonmanJ.JPhys. Chem. B999 275 nm and the applied potential is not still clear, but it may be related

103 7151-7159. with the density of states of electrons in the titania nanosheets.
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Figure 7. Changes in absorbance at 800 (top) and 275 nm (bottom) for o 10 2_0 80 40 %0
(a) 10 and (b) 5 layer films of titania nanosheet electrodes as a function of Time /sec
the applied potential. Figure 9. Photocurrent generation from the 10 layer films of titania
nanosheet/ITO electrode at 0.1 V under monochromatic light centered at
threshold potential by fitting the plots with the distribution 289 "™
function of density of states in the conduction band. However, 16F »
without data such as the density of states in the conduction band 1al ot
and the donor density of the titania nanosheets, we cannot carry . .t
out such a fitting procedure at the moment. The border ' oot
wavelength of 323 nm corresponds to a photon energy of 3.84 2 10 @ St
eV. These results lead to the conclusion that the flat-band W o8- oo *
potential and the band gap of the titania nanosheet electrodes £ o6 . )
are around—1.27 V and 3.84 eV, respectively. It should be 04 . A
noted that the absorbance changes were linearly dependent on 02 R A © 0O ©
the number of titania nanosheet layers for each applied potential. ' o A 500°
00l e24a4as00900°° 1

This result suggests that intercalated lions were homoge-
neously distributed throughout the nanosheet galleries without

segregation in the vicinity of the interface with the electrolyte. ) .
Spectroclecirochemical measurements for the anatase elecfgire 1%, Depentence of he PCE aues on e ooled pointer @)
trode were conducted in a similar manner to compare the pare ITO electrode. The incident light source was monochromatic light
electronic band structure of titania nanosheets with that for the centered at 280 nm for a and c, and at 365 nm for b.
famous polymorph of Ti@ In Figure 8, the absorbance
differences at 800 and 325 nm measured for each potential vstitania nanosheet electrode was irradiated with a monochromatic
—0.5 V as a reference are plotted against the applied potential.UV light (2 = 280 nm) at 0.1 V (Figure 9). The onset potential
The absorbance change for anatase was small compared to thaif the anodic photocurrent generation was betweén3 and
for titania nanosheets in accordance with the small redox peaks—1.2 V, which was determined to bel.274 0.05 V by more
of CV shown above. Because of this, the precise onset potentialdetailed measurements (Figure Sla, Supporting Information).
for the absorption changes at 800 and 325 nm was difficult to This value agrees well with the flat-band potential obtained by
determine. But it is clear that the flat-band potential of the the spectroelectrochemical measurements described above (Fig-
anatase is slightly more positive than that of the titania ure 10a). Generally, a flat plateau is observed in a potential
nanosheets. region away from the photocurrent onéétyhich was not the
Photoelectrochemical PropertiesPhotoelectrochemical ex-  case in the present system. The slow increase of the photocurrent
periments were also conducted in a propylene carbonate solutionunder potentials more positive thar®.7 V may be ascribed to
containing 0.1 mol dm? LiCIOy4, which is the same as that in  the photocurrent generation from the ITO substrate and/or the
the electrochemical experiments. An anodic photocurrent of
significant magnitude (subA cm~2) was observed when the  (40) Nozik, A. J.; Memming, RJ. Phys. Chem1996 100, 13061-13078.

-1.5 -1.0 -0.5 0.0 0.5
Applied potential /V vs. Ag/Ag*
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small dielectric constarft.In contrast, no cathodic photocurrents s =
were observed under potentials more negative than the flat- o @ |
band potential. These characteristics are typical for n-type
semiconductors. A full understanding of the redox reactions of or "
excited electrons and holes associated with photocurrent genera- &
tion is not available at the present stage. We speculate that the § 4~ © .
electrons may reduce water and/or molecular oxygen dissolved - A“A/ b)
in the electrolyte, while the holes may oxidize water and/or 2 _AAAag(a) "
propylene carbonate used as electrolyte. oo Tt A, (o) -.

Note that the onset potentials of photocurrent generation were 0 580009&:&‘%/600000oo.ooonsl!ug
the same for the titania nanosheet electrodes with various 250 300 350 400
numbers of layers. This agrees well with the identical onset Wavelength /nm

potential of Lit ion intercalation between 5 and 10 layer films
of titania nanosheet electrodes, which was observed in the .

: . 05 (d) Il
spectroelectrochemical experiments. The reason for these results ~
can be elucidated as follows. The topmost surface structure 0.4
generally dominates the flat-band potential of the semiconductor
electrodeg? In the present system, the topmost surface should
be identical to the two-dimensional architecture of a titania
nanosheet despite differences in the number of layers, so that
identical flat-band potentials were observed for various numbers

<
S
T

(nhv)°® (eV)°s
o
w
I

of layers. o st

Photocurrent generation from the anatase electrodes was also oolases °|‘
examined under a monochromatic light with a wavelength 3.0 3.5 4.0 4.5 5.0
centered at 365 nm. As shown in Figure 10b and Sib hv feV

(Supporting Information), the anodic photocurrent was observed Figure 11. (1) Photocurrent action spectra for (a) 2, (b) 5, and (c) 10 layer

t d-1.15 V and mor itiv tentials. This value i films of titania nanosheet electrodes, (d) anatase electrode, and (e) bare
a a“?”“ - a ore positive 90 entia S s alue S ITO electrode. () Data replotted for estimation of band gap. The symbols
consistent with the flat-band potential obtained in aprotic used are the same as for I.
nonagueous solvents.These results confirm the shift of the
flat-band potential via transformation of the titania nanosheet electrodes with different numbers of layers indicates that the
into anatase. nanosheet is electronically isolated in the multilayer assemblies

Figure 111 displays photocurrent action spectra in which the without affecting the electronic state of neighboring nanosheets.

incident photon—to-electron conversion efficiency (|PCE) is The maximum IPCE for the ]_0_|ayer titania nanosheet
plotted as a function of the excitation wavelength. The onset electrode was calculated to be approximately 3.3% under a
wavelength for photocurrent generation from the titania nanosheetmonochromatic light{ = 265 nm) at 0.1 V. One of the reasons
electrode was around 320 nm, which is independent of the for the relatively low IPCE value lies in the two-dimensional
number of layers of titania nanosheets, while the IPCE value structure, which leads to a higher probability for the excited
increased with increasing number of layers, probably due to glectron-hole recombination. The excited carriers migrate
larger light absorption. The light irradiation (< 340 nm) also  primarily in two-dimensional directions, unlike other materials
allows the bare ITO electrode to generate photocurrent. HOW- sych as anatase and rutile where three-dimensional diffusion is
ever, the much higher efficiency for the samples with the ajlowed. Furthermore, the migration of charge carriers to the
nanosheet, as well as the different onset wavelengths, strongly|To substrate inevitably requires hopping from one semicon-
suggests that the photocurrent observed on these films originategj,ctor nanosheet to another. A high barrier in the charge transfer
from the titania nanosheets. between the nanosheets is anticipated, which may also be
To estimate the band gap energy for each electrode, the squargesponsible for attenuation of the IPCE value as discussed below.
root of the IPCE times the photon energyh¢)®=, is plotted From the absorption spectra for multilayer films of titania
against photon enerdy (Figure 1111)? A straight line appears  nanosheets, with the assumption that the amount of adsorbed
for each multilayer of titania nanosheet electrode in a photon panosheets is equal in both ITO and quartz sides, the ratio of
energy range close to the absorption threshold, indicating thatthe absorbed photon number/at= 262 nm was obtained as
the electronic transition near the band gap is indirect. The band1:1 95:3.01 for 2, 5, and 10 layer films. In contrast, the ratio of
gap energies for the 2, 5, and 10 layer films of titania nanosheetsphotocurrem magnitude at= 265 nm was 1:1.80:2.60. If the
are all derived as 3.82 eV from the intercepts of the linear photocurrent is assumed to be proportional only to the number
portion of the curves with the abscissa. This value is consistent of gpsorbed photons, the loss of the photocurrent is calculated

with that obtained in the spectroelectrochemical experiments. o pe 7.7 and 13.6% for 5 and 10 layer films compared to the
Furthermore, similar analysis on the optical data for the fitania case of 2 layer films.

nanosheet films, i.e., a plot oftkw)°> againstw (o: absorption
coefficient), provided a band gap energy of 3.85 eV. The lack
of difference in the band gap energies for titania nanosheet

The onset wavelength for photocurrent generation from the
anatase electrode was around 385 nm (Figure 111), being close
to values reported for bulk anata®é he average size of anatase
(41) Sato, H.: Ono, K.. Sasaki, T.. Yamagishi, & Phys. Chem. B003 107, crystallite was determined from the f_uII width at half-_maxmum

9824-9828. (fwhm) of the strongest X-ray diffraction peak (101) in the inset
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A V Vs Ag/Ag* to the structural aspects. In fact, the layered titanate, a precursor
cB cB o material for the titania nanosheets, was reported to have a band
rx — ] [';—'—'—:: 115 gap energy of 3.24 eV based on the estimation by the diffuse
reflectance absorption spectr@hiThis value is smaller by 0.6
- ~0.49 (NHE) eV than that of nanosheets and comparable to that of anatase.
Another plausible explanation for the larger band gap energy
of titania nanosheets is quantum size effésin a two-
886V 32ev dimensional structure with a thickness less than 1 nm. For a
two-dimensional crystallites, the band gap shikFg, is
described by the equatig#f-50
Y 2 2
' —_— L 4205 AEg _ h . h . 3)
Y 1 .258 Qugl?  8uL,
VB VB
(a) nanosheet (b) anatase whereuyy andu; are the reduced effective masses of electron

Figure 12. Schematic illustration of electronic band structure: (a) titania hole pairs in paralllel (Xy)_and perpgndlcular () directions with
nanosheets and (b) anatase. respect to the anisotropic crystallites { = m*e™1 + m*,~!

_ _ ) _ wherem*. andm*, are the effective mass of the electron and
of Figure 3 using the Scherrer equation, which assumes the smalkhe hole, respectively) antly, and L, are the corresponding

crystallite size to be the only case of line broaderfitig: dimensions of the crystallite. For the nanoshekig,(0.1-1
K um) is much larger thah, ~0.7 nm, so that the first term in
D= m (2) eq 3 can be neglected. Takinds; = 0.6 eV and_, = 0.7 nm,

the u, value is calculated to be 1.28, which is smaller than

whereD is the mean crystallite dimensidfithe crystallite shape  that for anatase (1.88*). The Bohr radiusR of an exciton

constant (0.9)0 the Bragg angle} the X-ray wavelength, and ~ can be calculated in terms3fs3

p the fwhm of the peak in the unit of radians. The calculated

size of anatase crystallite was 8.1 nm. It has been established R= e’ (4)

that anatase crystallites of this size exhibit bulk physical ume

properties when the particle diameters are larger than %¥ifn.

In fact, the optical absorption properties of anatase films wheree is the dielectric constant at optical frequencies. The

converted from 10 layer films of titania nanosheets were of bulk dielectric constant for the titania nanosheet can be estimated to

nature??2 The band gap energy of the anatase electrode was alsdbe 9 using the square of the refractive index=f 3 at 300

estimated to be 3.2 eV (Figure 1111), which is consistent with nm)2* which is consistent with that obtained by the first-

that reported for bulk anatase in previous studf8The band principles calculation$! With the values fop (1.28m) ande

gap energy of titania nanosheets larger than that of anatase i9), we obtain a value foR of about 0.37 nm from eq 4. The

compatible with the estimation based on the first-principles exciton radius for titania nanosheet larger than that for anatase

calculations within density functional theoty. (0.3 nm¥2indicates that the quantum size effect appears in the
Electronic Structure. On the basis of the results obtained titania nanosheet with the larger size compared to the case of

above, the electronic band structure of the titania nanosheet andanatase. In fact,R = 0.74 nm, larger than the thickness of

the anatase can be described as in Figure 12. The band gapitania nanosheets (0.7 nm), suggests that photogenerated

energy of the titania nanosheet and the anatase is 3.8 and 3.2lectron-hole pairs can be physically confined in the titania

eV, respectively, and the flat-band potential is positioned at nanosheets.

—1.27 and —1.15 V46 Therefore, the lower edge of the The quantum size effects may also explain the negative shift

conduction band for the titania nanosheet is 0.1 V higher than of the flat-band potential of titania nanosheets. The band gap

that for anatase and the upper edge of the valence band is 0.5ncrease is accompanied by a shift of the lower edge of the

V lower, suggesting that photogenerated electroole pairs conduction band to higher energy, while the higher edge of the

in the titania nanosheets have stronger reduction and oxidationvalence band is displaced to lower energy. Consequently, the

power than in anatase. flat-band potential moves toward values that are more negative.
It is of significant interest to discuss the origins of the The magnitude of the edge shift may depend on the values of

difference in electronic structure. It is reasonable to presume effective mass of electrons and holes. The smaller the effective

that a drastic structural variation contributes to the difference, mass is, the larger the shift of the band edg® Since TiQ

but its value of 0.6 eV may be so large as to be solely ascribed has been reported to haven9for m* and less than i for

(42) Stokes, A. R. IiX-ray Diffraction by Polycrystalline MaterialPeiser, H. (47) Henglein, A.Chem. Re. 1989 89, 1861-1873.
S., Rookshy, H. P., Wilson, A. J. C., Eds.; The Institute of Physics: London, (48) Sandroff, C. J.; Hwang, D. M.; Chung, W. NPhys. Re. B 1986 33,
1960. 5953-5955.
(43) Kormann, C.; Bahnemann, D. W.; Hoffmann, M.RPhys. Cheni988 (49) Sandroff, C. J.; Kelty, S. P.; Hwang, D. Nl.Chem. Phys1986 85, 5337~
92, 5196-5201. 5340.
(44) Monticone, S.; Tufeu, R.; Kanaev, A. V.; Scolan, E.; SancheZ\gpl. (50) Smotkin, E. S.; Lee, C.; Bard, A. J.; Campion, A.; Fox, M. A.; Mallouk,
Surf. Sci.200Q 162—-163 565-570. T. E.; Webber, S. E.; White, J. MChem. Phys. Letfl988 152, 265-268.
(45) Tang, H.; Prasad, K.; SanjseP. E.; Schmid, P. E.; g, F. J. Appl. (51) Elliott, R. J.Phys. Re. 1957, 108 1384-1389.
Phys.1994 75, 2042-2047. (52) Enright, B.; Fitzmaurice, DJ. Phys. Chem1996 100, 1027-1035.
(46) Due to experimental limitations, these values have an ambiguiy0di5 (53) Memming, RSemiconductor Electrochemistiyiley—VCH: Weinheim,
V at largest. 2001.
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my*,%3 the shift of the valence band edge is larger than that of 0.6 eV larger than the values of anatase-type ,TiDhis

conduction band edge. This seems to be consistent with theinformation may be useful in applications of titania nanosheets
results described in the present paper. However, further inves-such as photoelectric conversion devices and photocatalysts.
tigation on effective masses of electrons and holes for titania Furthermore, the obtained electronic band structure will shed
nanosheets is still required. light on the chemistry and physics of molecular semiconductors

Conclusion with two-dimensional nanoscopic architecture.

This study revealed the electronic band structure of titania  Acknowledgment. This work has been partly supported by
nanosheets by electrochemical and photoelectrochemical meacREST of JST (Japan Science and Technology Agency).
surements. Electrochromism was observed under a negative bias
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titania nanosheets under the positive potential at areth@7  curve of (a) titania nanosheet and (b) anatase electrodes (PDF).
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the basis of these results, the flat-band potential and the bandytp.//pubs.acs.org.

gap energy were estimated to b&.27+ 0.05 V and 3.84 eV,
respectively, which are approximately 0.1 V more negative and JA0394582
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