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Analysis of defect energy level of titanium(1V) oxide particles by double-beam
infrared photoacoustic spectroscopy
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Energy level of trapped electrons in titanium(1V) oxide particles were
studied by photoacoustic (PA) Fourier transform near- and mid-infrared spectroscopy. PA measurements
enabled in situ observation of the energy levels of electron trapping sites in wide energy levels
(0.18#8211;1.9 eV) below the bottom of the conduction band. During ultraviolet (UV) irradiation, PA

intensity increased depending on the wavenumber, and changes in the PA spectra were observed as a
result of electrons accumulated at trapping sites. Moreover, the PA spectral shape during UV
irradiation was different between the crystal structures, and it greatly depended on the crystal
structure rather than other properties. The results for various samples suggest that the main energy

level of the trapping sites is deep in the order of brookite > rutile > anatase. Thus, the present
PA technique is an effective method for measurements of energy levels of electron trapping sites in
semiconductor photocatalysts.

av



B X C—19,. F—19—1. Z2—19 (Gtm)

1. WFZEBRAE 4O 5

PSR, RS RNV B O IO DR E 7 ) — CHEIT Sk E L
THEAZEDTWD, AR SIE, ERIUZ L > THE LB & ELD, REIIERE L-bE
WME LGS T D Z I THEITT 5. 207, Seflit DIk DM PME F R I K &
SELAESND. B, KOS OWREE%E2 R 2 REREO K& VR 23 @O IEEZ R d &
W) FRERIRVDS, KGO EFINEREZ REL 5 &, < ORGTIHAER L2 E+ & IEALOKESy
WIERSIC T ET 5 2 L R HEA L TWD. ZOFEMEE OME L, Y-8 At o R ipDELT %L
XYWL > THEEND Z D, ZHEDRMORE Z 2 03 A s OIFMEIC K & 72
WL RTTRNFTHD. Lo L, FEEMRA 0 KD 3V —UEN % fifHT 9 2 FIEIXHEST
LT LT, TEMZRTEHmAITOIZR WD, TRIHEE W S B LSRR R IR ICER Y $
LB ENFEAETH- .

et D RFFITH DAL TF Z (V) (TiO2) Tix, BBEXRMIZ L > TELEREMOF ¥
R ICEFNHEIN-RETH L EZMOFZ oA F v (TiY) DREBRXBTHY, Znbd
WEFDONT v T4 PR ETLE LTEH B2 T0D Y. ZhvE THAxE, kit
DFERHE & L CaR72EE RS (PAS 2B Lz T EER S el 116526 (UL
T UVIVIS-DB-PAS) # M5 Z Lick v, MIGHICKIT D TisZ2mHT 25 Z Lk LT d
d, X 5|2 UVIVIS-DB-PAS # W C TiB*OZFEE 2 ifHr 3 5 Z L2 XV, KGR OFALE T8
OB ZATVY, T Ko TR O SOSHERE ORI 21T - C & 72 39, RIFETIE, BfiiaS
N T ERRET D RO TR X —HENRNT 2 E BT Y 2 LI - T, KIaORHED
iR EST E D XD ITHET HO0EH L NIT 5.

2. WFZEDHEW

PAS Z#HIWWC KT v 7 A MZHKT HHRIMEIZFHT 5 2 Sic X v, @E2 el
ST T C, B B AR PRL 1 D K Bfa D = 1 L 25— HERL D FRAT AN AT RE 7R & A T A
T H72012, RFFETIILL FOO~@IZiE] LIFFE 1T > 72,
D UVIVIS-DB-PAS Z FRAMEIICIEE L, RO 7 — 1 BRI EERE (FTIR) 3EE
LHAEDLEDLZLICLY, [REFETHEID 0.1~0.7 eVDEW T %)L X —HUENT O K g % fFAT 7]
RE7e HEENERIMDEEEEIE (IR-DB-PAS) 2T 5. 77874 — - R —OF®EEDSE
HEIICLD ETHHMFNT LY, AER R E L TH Y MOREE L, fHliE E LToMsL % BT .
@ OCTHERINT-VAT LZH LI, A ZXET 5 L0 RV VX —HER O K% R
ARBIC T 272012, X7 —ENE L, ERIMEIC KIS L7ERAA O FTIR ZFIH L, (ZiEH;
T LV ~1.8 eVE TOW = )L X —HENL O K % fEHT 7T HE 72 IR-DB-PAS Z ##4E75. D LA
BROBFHIMZ, Hx 2FEHO TiIO IZ W TR Z1T 9 .
@ IR-DB-PASIZ X 2 FHMIOILHMEZ RT 721, Jefiiisskl & U-CRIHRTRE 22 Bk D 4@ Be (b
Mgk (FX A Nu T UL, BBbY T AT V), B b=24T7(V), TV U
AT AR E) WA T, ZAF—ABOKRGHNMIERE L CERESNTWH Y 7 A (Rh) R—
TFFHUBA PR F YA (RSITIQ) NSk LT b KK = 3L 2 — YT DN 247 5 .

3. WFFEDIE

IR-DB-PAS HIZ/ER L7=HIEE V2R 1 1R T . i RKeEHI B VN OREHE IZFE D 7=
%, BAWIZEE L, RENIHEE L EEIZEY i ST vk vy v A (Cak) Exid
CCiTolz. Fi2, ZORMIFERLKEHET LI AL TE2/ALTEY, FA70— 2L )RR
HERECTH 5. MEIZHSR (i, =% ) — VALK E2 GO RAEERAEFERL), |IETIT-
7. Z oL EHHRSA FTIR (Nicolet iS10, = 7 —# E: 0.3165 cm 3) B L E#HR4+ FTIR
(PerkinElmer Frontier NIR,S 7 —3#fE:0.1cms) kv ML, BANTEUEEE2T VXV
~ A7 NCLoTNE L. BoNGEFRT o NV—T I e ERmT 52 LT U H
— 7zl I LERGL, IhEEET— Y BT H I L TARY MUVICEB L. ZDAR
I Wk, B—RT Ty T DAY MLV THBREOHIEL, FTIR-PASAY MG, &
7=, 3NH A 4 — K (B, NCSUO33B, 25 365 nm, J:ifiE: 8.8 mW cn?) % v TLES 1 HRE
TIZX2ME BT 7.

Eea T To digital I/O device

N
\r N

Sample

o
E&T O ring

Digital MEMS, To power
microphone %Upp|y

S -
B1 AHE TR PAS L




4. WFFERk S
O H#RA FTIR & V72 TiO ki O Rl

FTIR-PAS (HF7R4h) ZHWDH Z LiC k> THELNET X —AR Tio ki1 (74 71, AMT-
600 @ FTIR-PAS A7 L& E 2a lZ-T. TiO, DS & 722 5 IR 365 nmdD 2544 % R
THZEIZKY, R=RTA OB BREI, ZOE{bEIE 1287 cm (1T CRKEZ R L
7o, £, ZOEBCEIIEBENC PN 20N fMEE AT H L, TR T HFET, &
B AE F, IEFLIRAIEGAE F IS R D Z LR EOERIER LY, 2D AT WK
{BIXEEZE KRB L > THE U A fafiOF ¥ VR FIZE Ml SN REETH 5 Tito A%
KL TWD EEZ NS, FEOHITEIC XL > TE SN LF AR TIO R+ (74 47, MT-150)
®D FTIR-PAS A7 FL &R 2b (2T, AFAREEHZRBWT Y, 7 & — ARGk L 1FITF
BROZEEHNE SN0, ZBLEDORAMIL 0.1~0.7eVO#iH TR TE o T-. F12, 7
v A R TIO Ri & L F AT TiO, & RO AR LT-.

Photon energy/eV

Photon energy/eV 06 05 04 03 02 01

15 0.I6 0;5 0;4 0.|3 0;2 0.1 “ 1.5 o : : : :
E (a) 5 (b)
o 1 L 2 1+
= ©
E UV irradiation }
2 2 0.5
§ 0.5 o) .
£ £
<C
g 0 - h . e 0 I 1 1 1
5000 4000 3000 2000 1000 5000 4000 3000 2000 1000

Wavenumber/cm-1 Wavenumber/cm-1

K2 @7FE2—RETi0, G)ILFILETIO,DFTIR-PAS (FFRs) AR kL

@ WS FTIR % A= TiO ki~ O FFAh

FTIR-PAS GIii4h) ZHWb Z Lic ko THEONET T ¥ —28 Tio, ki (54 71, AMT-
600 @ FTIR-PASZ~X7 ML %[ 3a iz, LF UM TIO K1 (54 #, MT-150) @ FTIR-PAS &
A7 MV ER b ITRT. WIRS FTIR ZAWTEGAIZBWTH, AL BREHT X D 28T0R
BECTho=0, BENWZ R X —FEIE CORALY NUVRERAIREE 720, LF LR EClifsE
R HF) 0.97 eVIHEIZE T O b7 » THEMPFIE L TND Z & Z R TE /2. Hix 72 TiO;
B OWTHIEZIT-Tc & 2 A, N7 v TEFOZRAF—0041F TiO, OFEEIC L » TED
0, FRCHEREE ISR E R EBEZT, Ty hA NS AF AR S 72— 2R DIAIZ, {28
WEMNDPORNENIZE T N7 v 7 A DBFET D Z ENRHLIZR -T2,

Photon energy/eV Photon energy/eV
1.8 16 14 12 1 08 06 04 1.8 16 14 12 1 08 06 04

‘nll'l'l'l'l'l'l'l'm1-5|'|'|'l'l'l'l'l'

S (a) £ (b)

5 !

s ',% 1T uvirradiation

Z0.5 UV irradiation E‘

g 205 |

c -

e o, . . T a e T N

15000 10000 5000 15000 10000 5000

Wavenumber/cm-1 Wavenumber/cm-1

3 @7F2—XETi0, bOIJILFILETIO,®DFTIR-PAS GAFRI) XX kL

@ TiO, LS D St fit Sy A o I 7 s

FTIR-PASIC L % # i OILAMEZ 7R T 72012, TiO LAZMT & Yefil s Bk & U TR aTRE 72 ik
DOERBELERRL - (FHVBEA Ne T UL, by 727 V), BB{b=F7(V), /N
FOUBE AT ARE) ICAFEAEMN L 2 A, BEISLTET N T v 7O R F—1E
PR EI D Z EREALDIC o2, T2, Z AF—DBKSMCHMERE L THERSRTWA
Rh:SITIO (2% LT H KD =L X —UERL DM 21T - 7= 3URHZ, HOERRIR: - THENEE
HizrbiftInzb o & /-, 15000~8000 cmt IZfiE 7476 R ~DEFEEB L
RhE*E RO D d-d BRICIFE S5 7 v — RSB S 7. RIHSEOWIIT LS~
AR 2179 2 212XV, ZORKEERIZEWED Lz, ZhiE, RIEEIL S RSV
Lz lEZBND. 20 RWOME (RFOARL) 281 &, Rh:SITIQ Ok FARIEN I



BWHHSBEREZRLTEBY, ZoZ &b, EOAMRLE RPRNERR EOIXF LTINS
ZEEHLMIZLE.

<GSR >

1) S. Ikeda, N. Sugiyama, S. Murakami, H. KominavhiKera, H. Noguchi, K. Uosaki, T. Torimoto, B.
Ohtani,Phys. Chem. Chem. Phys., 5 (2003) 778-783.

2) N. Murakami, O.0.P. Mahaney, R. Abe, T. Torimd®o Ohtani,J. Phys. Chem. C, 111 (2007) 11927
11935.

3) N. Murakami, T. Chiyoya, T. Tsubota, T. Ohippl. Catal. A: Gen., 348 (2008) 148 152.

4) R. Abe, H. Takami, N. Murakami, B. Ohtadi Am. Chem. Soc., 130 (2008) 7786 7781.

5) R. Konta T. Ishii, H. Kato, and A Kudd, Phys. Chem. B, 198 (2004) 8992 8995.



3 3 0 0

Shinoda Tatsuki Murakami Naoya

123

Photoacoustic Fourier Transform Near- and Mid-Infrared Spectroscopy for Measurement of Energy
Levels of Electron Trapping Sites in Titanium(1V) Oxide Photocatalyst Powders

2019

The Journal of Physical Chemistry C

12169 12175

DOl
10.1021/acs. jpcc.9b02876

Murakami Naoya Shinoda Tatsuki 123

Operando Analysis of Electron Accumulation in Titanium(lV) Oxide Particles in an Aqueous 2018

Suspension Using a Photoacoustic Spectroscopic Method

The Journal of Physical Chemistry C 222 226
DOl

10.1021/acs. jpcc.8b10566

Murakami Naoya Shinoda Tatsuki 20

Mid-infrared absorption of trapped electrons in titanium(iv) oxide particles using a 2018

photoacoustic FTIR technique

Physical Chemistry Chemical Physics

24519 24522

DOl
10.1039/c8cp04885a

11 0 1

38

2019




SrTi0o3

124

2019

v

124

2019

Tatsuki Shinoda, Naoya Murakami, Kenta Watanabe, Akihiko Kudo

Photoacoustic Spectroscopic Analysis of In-Gap States of Rhodium-Doped Strontium Titanate Treated by Ball Milling

The 3rd International Solar Fuels Conference (ISF-3) / International Conference on Artificial Photosynthesis-2019
(1CARP2019), Hiroshima Convention Hall, Hiroshima

2019

v

100 (2020)

2020




(D)

122

2018

av)

122

2018

122

2018

55

2018




55

2018

(2018)

2018

(Shinoda Tatsuki)




