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In-situ Surface-Enhanced Raman Scattering Observation of
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Electronic states of TiO2 modified with metal nanoparticles
studied by attenuated total reflection — far ultraviolet spectroscopy
(Kwansei Gakuin University)
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Analysis of adsorption density of states of water molecules on TiO2
nanoparticles based on the adsorption isotherm

(Kyoto Univ.) oT. Sugimoto, K. Shirai, K. Watanabe, and Y. Matsumoto

Heterogeneous photocatalytic water splitting with
semiconductor-based materials is composed of a couple of
major processes: generation of electrons and holes by optical
transitions, charge separation and trapping, and redox
reactions of water at the surface of photocatalyst (Fig. 1).

Because charge recombination results in a direct loss of redox ~ Figure 1. Schematic
illustration of heterogeneous

photocatalytic water splitting.

ability of photocatalysts, the charge separation and trapping
are key processes at an early stage of photocatalysis [1].

We have constructed a gas-pressure controllable
high-vacuum chamber and conducted femtosecond pomp-probe
spectroscopy and  steady-state  diffuse-  reflectance
Fourier-transform infrared (DRFTIR) spectroscopy for
anatase-TiO, nanoparticles (ST-01 purchased from Ishihara
sangyo: typical particle size is ~5 nm, Fig. 2) under
water-vapor atmosphere in the pressure range from 10 to 10°
Pa. Transient absorption (TA) at a probe-light wavelength of
500 nm after the excitation of in-gap states with 400 nm pump
light showed a fast decay of holes within ~5 ps; the decay

Figure 2. TEM image of
TiO, nanoparticles (ST-01).

characteristics are independent of water-vapor pressure. In contrast, TA at 4000 nm (2500
cm™) after irradiation of 400 nm pump light showed a fast decay within ~5 ps followed by
a slow decay with a decay constant longer than 100 ps. In the case of TiO,, TA of infrared
light is due to free electrons in the conduction band and electrons localized in shallow trap
sites [2,3]. Thus, the origin of the slow decay component of TA is trapped electrons. The
intensity of this component significantly depended on the water-vapor pressure as shown
in Figure 3(a). Also shown in the figure is the relative coverage of first-layer water
molecules directly adsorbing on bare TiO, surfaces or surface hydroxyl groups without
second-layer water adsorbate, which was derived from the analysis of DRFTIR spectra for
OH stretching bands. A good correlation between the two curves in Figure 3(a) indicates



that the first-layer water molecules create electron trap sites, while the following
second-layer water adsorption annihilates them.

To clarify the adsorbed state of water molecules that significantly affect the electron
trapping, we have developed an analytical method that directly transforms adsorption
isotherm, i.e. DRFTIR intensity as a function of water-vapor pressure, into the adsorption
density of states (ADOS, g(E)) of nanoparticle surfaces on the basis of the Langmuir-type
adsorption-desorption rate equation (2), taking into account the distribution of adsorption
energy (E) on inhomogeneous surfaces as follows:

Adsorptior; isotherm dé?glti;t) =k, (E)n()L-0(E: 1))~ kq (E)O(E:L)(2)
Oeq(P)= J.—oo 9(E)0eq(E: p)E--0) t:i) Oeq(E; p) = (EXP { : _k?(p)} +1J_1

where p is the pressure of water vapor, x4 the chemical potential of three demensional
translation of water molecule, n the number density of water molecules in the gas phase,
ks the Boltzman constant, T the temperature, k, and ky are rate constants of adsorption and
desorption, respectively. At adsorption-desorption equiliburium condition, occupancy of a
single adsorbed state O(E; p) is well approximated as the Fermi-Dirac distribution
function [4]. Sommerfeld expansion of the right side of eq. (1) revealed that the ADOS of
first-layer water molecules that create the electron trap sites are distributed from -0.9 to
-0.6 eV, while that of second-layer water molecules that annihilate trap sites are
distributed from -0.6 to -0.5 eV (Fig. 3(b)).
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Figure 3. (a) The intensity of TA and DRFTIR spectra as a function of water-vapor
pressure, (b) adsorption density state derived from the intensity of DRFTIR and eq. (1).
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Adsorption states and reactivity of molecules on Cu(410)
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Surface chemistry and spectroscopic studies on a chemical model accounting for
material characteristics of perfluoroalkyl compounds
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Excited electronic state dynamics and structure of
oligothiophene self-assembled monolayer
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The correlation between nanoscale superstructures and
unoccupied electronic states of phthalocyanine ultrathin films
(Osaka Univ.) OT. Yamada, N. Kawakita, Y. Watanabe, H. S. Kato, and T. Munakata

[FF] AEROBEFREE. 7 FORBKREBOBELTELGREARNHY . MEZUYRLTERTD
CERFTEGD KR TIE 2 X FABFOPPE)A K EEER N RILBEMBESTMZHAL. V57740
RELICAEBLLZEB IOV 7 UEBEERRELT. EFRELNET 2T/ R —ILiEE LD
ZiEimlr=, 2PPE Tk, AFEMDOAELT . EEHAEMEZIERIE -RFTATE L RALH S, A0
KT BEREE - D FREEDFHES, 72O 7ohDERBDOANEZIZKY . FBE S (Image
potential State : IPS)>7 FH KD IE HHEFRELUMODNEELELEH>TEILT HLEIRRAD
_EMTES-,

[EER] EERIIITRTHESEZEH X107 Torr F2E) TIT o712, 2PPE DXRICITRRAIE-FRU YT
FANYL—H—UNJLRNE 100 s, #2Y5RLELE R 76 MH2)DE 3 E5EK (4.13 eV —4.64 eV)ZRALV =,
BHEFHRUEFIRILX—2HER (VG-RI000) ZHEAL THHABFOIRIILF—RELSVICAE
PEBIEET oz ERICITBEMMERD RIS T74/4 MHOPG)E ALY, B ERELI-RIZERL,
2PPE BTN FEBEIILERAHBOELENLRELOTLVS[1.2],

[(EREEE] EE 05 MLIREDMHTANS 7= (PbP)BEEERL . BIEKE 433 eV BV TRE
k77 2PPE BIEZEITo1=$6R% Fig 1 (2T Y, HRREIRILFE— £ + 3.0 eV f1iIZIZ HOMO A
LUMO+2 ~D HISEHENEBIE . [F 3.5~3.6 eV {FiRIZ(E IPS AEBIENB[1], IPS [EEMRD /UK
Xy T EBEBGRTUIVILIZKZ DN TRERS
nNa. seFtSn-REIELHEFERMTHS, K PbPc(0.5 MLYHOPG, Av=4.33 eV, p-pol.
R T HOPG EMRICHE T HFBEM e [

120 @174k

[ 228 K

LEEL TS, I5IT, Fig. 1 M 2PPE ARZK 28 30 85 40

B 107 K
B 123
(IPS1, £+ 3.60 eV)HB KU, PbPc B BEIZH K
T BEBIGHERI(IPS2, £ + 3.50 eV)A R B2 £7 81 o
B 192 k
[ 234 K e ¥
T R
Intermediate Energy / eV
LTI, BREEDIZ IPS E—IAEIRILY
e R Fig. 1(ZE) PbPc(0.5 ML) /HOPG [Z &1 5E MR E KT 2PPE
—RIT—EDBOEHI03VIZLOTEMND x40, EREETO STMZDBELL, ER(TS KIS

I 136 K
I 146 K
ENTLVS, KR STM B TIX BFEHK 14 00 BT g
ek
nm DIEAEFMNLELHEEEE. HOPG iR
[ 255 K
B 272k
BRFABRASN TN, BITHHEAL PoPe B FER S, 2PPE. STMELL R
BT L TRI#EIEZRS,

IPS1/2

100 [N 156 K
I 167 K
2ok S5
B2k B

AHFLTLSERFIRALN, ThiE 2PPE

[ZHLTIPS1/IPS2 B RIBFICERAISN S EEL L

2.00V, /t= 20 pA

(Vs=

)



Free-electron-like behavior ~ Scattering of IPS electrons
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