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Quantification of lattice defect density in semiconductors using emissive
ruthenium complexes as probes
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SrTi03-6 having controlled oxygen defect density (i.e., electron density)
was synthesized, and the photocatalytic activities for hydrogen and oxygen evolution were found to
be increased linearly with increasing the electron density from ~10E17 cm-3. Trapping effect of
photoexcited charge carriers at the surface of SrTi03-06 was investigated by measuring emission
lifetimes of ruthenium complexes adsorbed on the SrTi03-& surface. The result showed that
increasing the oxygen defect density in SrTi03-3 could suppress electron injection from the excited

state of the ruthenium complex. Using several ruthenium complexes that had different excited state
oxidation potentials, it was possible to measure the energy level of defects existing in the

semiconductor.



B X C—19, F—19—1, Z2—19 (@)
1. WFZERRME L FI D 5

IR A OPENIT L 2 HIEKIRBR L 3 RZN L 2 B, B ORI R A D &
NTWD, MER EICIEUEICE D ESKB =RV —2FH LT, 7V — R R VX —Tdh
%KFEOHEERENEZERLTEIIL, BRAGETOMIE L &I, =X —EPFREEORED
— R CE D AR B D, T DAL LT, B A R U7 KB RENHE SN
T& 2, B TH, SEIREIH L@ B S 9 D B L 8 R S B A IS ZE S Tl 0 . F2H
B BITVMEIO —2E LTEZLNTWD, L L, EiEE A2 B35 720 0
B8ORS IE, BEEHRICIE S TR A WD TV D, ZOFEREE LT, SeBEMEN % < O
PE(LSARR, AhabAEs, FEALIME., REGOFRECHEE, Fimfd, RimE IRRE, P8R
ENCIEF BRI LT Z R BTF oD,

G R O R KaIE, SEABEE ISR R R A 5 x| TEMEAE RS AN E LTE XD
NTWD, FRKDZERSMREOGIE, e x ¥ UV 7 OFES L E LTEL Z & T, Hits
KTFSHLIHERTEEEZONTE T, — 5, TEOHEICE N T, EIXLFEMK TORLEIZ LY
RE R MaEE AT S 2 LT, BAHGHICZ /AL T CORBARSCIESE LRI B W
T, OfEEEN ) B 2 E b o TE Tz, L, 2RO ORIV Y, BEFR KIRE
ANEEMEMICH U TRV, KIBREOKBIZET HEEN MG IXERETHL, 20 Lid #
BrofEE GREOTER) 2 @IETULHANGEH TE 2HEFIEEZ T % 23> T RN L DHEIR
LTHLH D,

¥R AR B O 8 B 70 A O U X%, BHE R 8RBl R i OTFESC, BRI E D
W IETENE~DREN RN TH D Z ENRRE LTEX BN D, Ko, FEEEE (B2, &
TIBERST =)L ML) OEBRMRESS, MORER « JRIE LR 2 MR L2 £ £, Jefiias
P& OEENRFBEZ AT S Z ENIERITEE L, EES, BEXMEZEA L7 TiO: X° SrTiOs
YR COMFIETIE, RE—72BiiiEE (ROFRERET /2 L) ITL-T, BETEEST /LI
NEOHEEZRFREIC LTV D, 2D X 9 RIEFMOXKANNE, & O B[R D85 AN K O ARG %
FHCT A0 L BRARWZREMREO T &> T B,

2. WEOBEM

AL TIE, RIAEFOMARLE BN RGEATIELEZRY AND Z & T, Jebgtind: & R
TR DOBURMEZ I 5T 5 2 L il ATz, Bio, B b Bl o R w2 BT 5 KMo,
JeEhE v U TS5 2 BRI HR LT,

3. WD Ik

Tt AR Al 1%, SITiOs 240 LUT-o 2 O BHIK SRt & U CIA S g ST
BY. &6, HFER. BFERE. B L EALOBEIEICRET 5O RZEN T TITITh
NTCWD, BRFE RIS X, AR/ T & IEMEIZHIE L 7= 5P COMBULIERIZ L > THIE L 7=,
IMBMLBEORE THRHZRHT 5 Z &2 LV | @R TR E COREE R AR 2 "HiE" L, sl
—IZEEF R EA LTz,

FIBRF RO, BAHE DT, B ~DEF R— 2 T o Ed ZERmLN T
ZIEVN

03 = Vg +2e +50, (K 1)
AAFTETIE, EEAZRFHBO =01, IR KMEERRICHE S BT REOELIZIER L, EFiREY
105~10% e (248 L 7= SrTiOss & FiVW 7=,

B R E ORI 1, X SR EMET, B BEMEE, X B, BEMA T T A~E
BN, R ERNE, SR AT e A O s, SRS E O REARE 1, Bkt
EHEEPICERT D2 LT, 7 r b UETSKOBILSISEY A b ~DX v U Ty EE OB S
AR LT, S HIZ, KRBEITEEEALRSOLZ BORERICT 572012, A X ) —/VE =3
SRAKVAIR 2 T2 SO TR M 2 72,

Fio BBERGEANIES SV OXFY VT T v THEEERET D720, L—F—%2 A=
IBPEVLIN 3 YEIRE 24TV FEERMIER M VEF R—E 7R b 72 59, iR iE D@ 28]
L7, WETIE, BZEP(L LIEALZ ) —)b, W, BHEFEHKT)T, SITiOs DN R¥ v
> RSN ATREZR 355 nm DY L — W —Z WG L, & OEE O AR FRIMEK ORI A~
NV ORERIZEAL 2 8L L 7=,

FH DOEEFE R % v U 725 2 2 ORI, RSB A % SrTiOs s 5UEHT
W LT A RENT K 2R FMAEZ AV, S&EIEIRIZIZ, Ru U AT A I SR A BRI
L. FORMIFD 1 DICIIRAT 4+ VBT v —5 8 LT~ ZORAT+ BT v —%2 L
T Ru #A1T SITiOs s R DOMFEEHIEL LA EIEY . EAFREICWET S, Ru SSA-SrTiOs-
SEEIRIZ, 444 nm OFFYEZ FEET U7-BS. SrTiOss 13 S, Ru 8EHAO L3 Jehkd kg &
72%, Ru $EARDEICIRAEDERLFEN & StTiOss DAREHR O = 3 )L X —UEN OBIURMED S | (5E
HEAOBFIEADAENTHRTE D, 612, SITIO s DR KME L e L 21X, BEHF~
DEFENBFED 72 5T, SITiOs s DRER~DEBEFBEINEZHZ b FPHIND, Z0
LI RBYRBENE Z UL, RudsAOREERIIMESND Z & LD, T7bb, Rudhiko
FNFFMDOIEALN S, SITiOss R DOEFE KK L2 ExF v V7 T v 7O 21T Z &



753\/6% éo

. WFZERR
(1) SrTiOs-s DB ARV & JEBETE 1 D FFAfh
WeR R Mol (FEFIR )3 5872 % SITiOss .

ZHOTHBEYLFERER M 21T o 7oE R, 1 5 8 200 &
i, KOV A XK OWmEE, £ || § OxremAdNOsa ;
LR, REPAGINE, RmER S, 13 2 o H, from MeOHaq. % I
LA EDRHERZET 5 2 LR BB 2 S
HEAETRO bhAanole, SRIHET 8 % g
(3. BERRMAIRE DIALIZED A7 Fro 2 47 r* %—moé
ZlepBilsi, ZHFEBNICERShZ 5 | . - s
%%®f?f7ﬁ%(ﬁm%%®$ﬂ%@) S 2 50 >
CEDRNOEATHD Z ENHALMNTR £ ~7 A T
otoftb% MHENEAEMICHELE o | o A S
BPR COMBYLELR O, MBVLB O TH O b . m— 0 7
DRBIINC |5 AR T D | LS 0 107 10° 107 10°

PEDTERAIRIESL, OGN - JERBER)
Zoffr U725 £ OUARBLEETE & OFH B 27

3
Electron density, n/ cm

5 - L ANEREIC Ao T, 1. SrTiOs-5 37K % FIV N T2 S840 RS T (2> 300
ElKK?@?éﬁ%%ﬁ¥ﬁﬁ@%@nMT@mféﬁ@Vmwd%%&/%wmh

7) R OV 5 7 RO FE (50 mM SRR /K IR D,
IR, OSSN g, 100 mg; SOt
A%, 140 mL; &R, 300 W Xe 7 > 7,

HREERAEEZ RS, EESSIE, A X
J = IVIKEESIR N S DK B AR G, EEEERK
AR D & OFEFR RSS2 SRS T (4 >

300 nm) CiTo72, FEIRED 1.9 x 107 cm> UL LD
PHIZFWN T, KEAERGEME, BRBERGETEILC, & (a) ZZEPMEARY (EFEE—THE)
IR ES T L3 2/ERDMGF DTz, BRFRAERIEME

Wavelength / nm

D h E Do ToREHEFIRE n=1.2x 10" cm?) % ]

11\7%_ k :é(\ 300 nm ﬁlﬁﬁﬁ%ﬁ%@@ﬁ?ﬁiﬁk}iﬁ}@ﬁb)ﬁﬁ . 8400 500 667 1000 2000 1000:?0
BFIRILT6% TH 7=, F72. 400nm LA EOWRY o 6 ?Ouis
PR IT 2 2 e fig SOS 2B B 1 — OV S 7 o X 20ps |20

722 e, 7T X<IEINT K 2 AR IR TG
SN AEZ THRWEE 2 D, BFEENK 10cm> D
HEFCIL, Lo & LERENMROGURE g LT,

) 90UBqIOSqYY

-
o

=

Qo

IKFAERIEVEIL 40 512, BRFRARIRIET 3 fiflcm . 20

Lf:o 25000 20000 15000 10000 5000 1000
Wavenumber / cm-1

(2) H#Fﬁ%ﬁ@ﬂ*ﬁ'ﬁﬁ%%&ﬂﬂ@”ﬁiﬂbz cl: Z) %E}Jj@% Y (b) n=25 x 1019 cm=3

U 7 B ORI

Wavelength / nm

RO AR D ZLICBE LT, BREA(EN 400 500 667 1000 200010000
FRT S KB DD = b BT B L BTRE o~ Ty
ARt UCTIEEOZLIZIEF I/ NSV, T747bb, E
SRR TEDO I, BTIRED LR OB EER

ICBAT 2 Z LT TE RV, £ 2T, Stkikreo Al
TR AL 2 B 5 = & T, BEF KM &
OEFIREDOZLITPE D ek % v U 7280 £ b
BEER LT,

X 2(a)iX. SrTiOs ¥y RRIERAZ 225 Hh TN L 723K

25000 20000 15000 10000 5000 1000

BEOZERIL AR Y R LT, BER OGRS THIKD SrTiOs
MERZNE LD EHEU LEBIRTH -7, 11000
cm™', 21000 cm™ L OWINA, M OSEAREER G 7]
S HHFTBHLEMONTVND 2000 cm OWRILHE L, A
&/wv’@@w EDOIE Z#E R TOREIZ X
D, BT N7 v TN ERL TWD Z ENRFA LN

e otz B 20T EFIREE D mOVEEE T, i
WU AR R VB ka 11000 cm™ & 20000
em OWITIFE E A EFEARIZIER L, 7000em™ LTI

SRV 23Tz, 202 Lid, BRBERMIERICH > BF R—e 712k - T,

Wavenumber / cm

2. SrTiOs-s ¥y R DIBPEWLIL A7k
wo@ﬁ%ﬁ:%%t UV 7L A L —
#—(355nm) ; JEFFAR, HE; =x
JLFX—, 0.5 ml/pulse ; # 0 I UJE WL,
5 Hz, R IRIMETEI(6000-1000 cm
WA, AR R AR AEIR(25000-6000

cm™) LA,

11000 cm™!

21000 cm ' L DIEWET b T v THENIT F—7EBFICL Y FHEI N, ﬁ%tﬁ%®%7/7ﬁ
A MELUTHEELZRL 2D K0 ERWZ VX =GO 7000 e LA ORISR E 123 b
Ty TENDHZEETFERLTWS, 512, 7000 cm™ LLF O /L 3 —FEIR O W O
HEX, ETRED EFICfEoTHEEL, EEFOEMPELS 2D Z ENH LN -T2,
IR U7 YefiErs o) Bk, KREE O RHFEMIENE FE5 L TWD Z BRI Iz,



(3) Ru $5{A-SrTiOs- a%a/\fzt%:ﬁﬁu N R TR E

EEWIGHE T, SV ZIZBT 5 N7 v TN O E . ZHUTHED R—T7 B O FEZ 7
@KOL#L Eqiall ff?é@?ﬁ%##?)?F?/?kbf&®i9ﬁ%@%5zé@#

(R 2 HITE STV, SIS 21T 2 REICB T 5, BB KM O 2 A8

B 5 ENTERITIE., BBEKMETEA & AR OB OBRIZIZE S 2, 22T, £
ﬁk%®ﬁ%£%¥)7~®%@%ﬁﬁbto

FEHUE Ru $EICIT, 22-E ) DU FOBHILICATFAEL NN vt a X F LS
BAL 2 ffEE AW, ATFVEEEHRILICEF ORI, iR L EN A SrTiOs D&
EEHI VR TH D70, FIIREED Ru A DAREH~DBFEANEL Y 95, —FH T, b
U7 a AT VHEEERRILIZRE ORI, BhiEREOR(LED SITIOs DREF LV ETH
L0, (REHE~OEBFENIRISRNWZ ENTHETE S,

Ru $5{A-SrTiOs-s AT 444 nm DO R[N 2 S L, 750 nm (23880 2 R 2 0IE L7l
A 3T, X 3T, ATV A ERRLIC %o%m%%wt&% SrTiO3-s DEEFE K
MaE O R E - T, BEBENIE SN, 2O ik, SrTiOs s DERF KKGEE O EHIZ
Ko T, W RuSEADORIFEMPEMIND Z EEERL TS, —FH, K3bLIWIRT RY 7
e AF N EBEBRIEICL SR E A L X, &fﬁ%%fﬂw%ﬁwﬁﬂk%ﬂu%®
FUEHE Tl BNEEEEICHMEE VBN, Ed L2 L HT, MU g e ATV EE
Ha3LiZH D Ru 5K 5 SITiOss DARERF~DOE FIHEANTE Z 0 5772, FESE R DMK
WEREHCIEFOEE S 23, — 7 C, BBRKRMGIRE O LRI X > T, R KMEN ~DE
FEADHABEIZRY  BEESIINRIND ZEBEZLOLND,

I OFERIL, SITiOss DERMERIG~DE T BEI 2 M < e L Tl Y . REIAFET D KM
BV N ERERIC, BEXSY V72 N7 v 7T AHEEETLE LTEIC Z EBHLNITR -
7oo LM Ru 85K % AWV B RIER 72 FIEIX, RIGIREE O #7725 HCaNbsOio IZx%F L THHEZNTE -
2o ZOZEIZLY ., SRIEBEEERIAEE ST ORI FEMPEIT L - T, FEAS Ll
DOERMEMRMIZ LD HEXF Y VT DO T v 7 IENRFITE D2 EEZHLMNT LT,

(a) (b)
E 2+ 10 E
CHy _] ]
o~ @ij ]
s 10"
H,04P. Z (\l/g/\:)\cm 1 oFs
S 3 - S 2 &
[e] 6 . Q 10 E sh
© o BRRMRE = o | BERMRIRE =
1@ 1.5x10% cm , 1@ 1.5x10' cm?
@® 9.4 x 10" cm3 10° 1 @9.4x 10" cm3
10°4 @ 4.5x 108 cm3 o 1@ 4.5x10 cm?
6] @6.2x 10" cm?? ; o 1®6.2x10"cm?
T T T 10 T T T
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5
Decay time / ps Decay time / ps

X 3. ERENR D SITiOss & Ru YRS AR 2 E AL L7=ilkh 2 v CHlE
L7238 e i, SR, Bt 444 nm (2L ABE~200 ps), BUAIKE; 750
nm, W, 7T =KV,



4 4 1 0

Nishioka Shunta Hyodo Junji Vequizo Junie Jhon M. Yamashita Shunsuke Kumagai Hiromu Kimoto 8

Koji Yamakata Akira Yamazaki Yoshihiro Maeda Kazuhiko

Homogeneous Electron Doping into Nonstoichiometric Strontium Titanate Improves Its 2018

Photocatalytic Activity for Hydrogen and Oxygen Evolution

ACS Catalysis 7190 7200
DOl

10.1021/acscatal .8b01379

Kazuhiko Maeda, Yuki Tokunaga, Keisuke Hibino, Kotaro Fujii, Hiroyuki Nakaki, Tomoki Uchiyama, 1

Miharu Eguchi, Daling Lu, Shintaro lda, Yoshiharu Uchimoto, Masatomo Yashima

New Precursor Route Using a Compositionally Flexible Layered Oxide and Nanosheets for Improved 2018

Nitrogen-Doping and Photocatalytic Activity

ACS Appl. Energy Mater. 1734-1741
DOl

10.1021/acsaem.8b00256

Nishioka Shunta Yamazaki Yasuomi Okazaki Megumi Sekizawa Keita Sahara Go Murakoshi Riho 123

Saito Daiki Kuriki Ryo Oshima Takayoshi Hyodo Junji Yamazaki Yoshihiro Ishitani Osamu

Mallouk Thomas E. Maeda Kazuhiko

Defect Density-Dependent Electron Injection from Excited-State Ru(ll) Tris-Diimine Complexes 2019

into Defect-Controlled Oxide Semiconductors

The Journal of Physical Chemistry C

28310 28318

DOl
10.1021/acs. jpcc.9b09781

Vequizo Junie Jhon?M. Nishioka Shunta Hyodo Junji Yamazaki Yoshihiro Maeda Kazuhiko 7
Yamakata Akira
Crucial impact of reduction on the photocarrier dynamics of SrTiO3 powders studied by transient 2019

absorption spectroscopy

Journal of Materials Chemistry A

26139 26146

DOl
10.1039/c9ta08216F




11 5 7

Shunta Nishioka, Hyodo Junji, Akira Yamakata, Yoshihiro Yamazaki, Kazuhiko Maeda

Electron doping improves photocatalytic activity of non-stoichiometric strontium titanate for hydrogen and oxygen evolution

2018 MRS Spring Meeting & Exhibit

2018

Shunta Nishioka, Junji Hyodo, Junie Jhon M. Vequizo, Shunsuke Yamashita, Hiromu Kumagai, Koji Kimoto, Akira Yamakata,
Yoshihiro Yamazaki, Kazuhiko Maeda

Quantitative investigation of the relationship between oxygen defect density and photocatalytic hydrogen/oxygen evolution
activity using non-stoichiometric strontium titanate

12th International Conference on Ceramic Materials and Components for Energy and Environmental Applications

2018

39

2018

Shunta Nishioka, Junji Hyodo, Junie Jhon M. Vequizo, Shunsuke Yamashita, Hiromu Kumagai, Koji Kimoto, Akira Yamakata,
Yoshihiro Yamazaki, Kazuhiko Maeda

Effects of electron doping with oxygen defect introduction on photocatalytic hydrogen/oxygen evolution activity of non-
stoichiometric SrTi03-&

The 8th Tokyo Conference on Advanced Catalytic Science and Technology

2018




2018

Junie Jhon M. Vequizo

SrTi03-8

123

2019

Kazuhiko Maeda

Development of new mixed anion materials for solar-to-chemical energy conversion

Seminar of Research Institute of Photocatalysis, Fuzhou University

2019

121

2018




Kazuhiko Maeda

New materials designed for artificial photosynthesis

Workshop on New Absorbers & Future Materials

2018

Kazuhiko Maeda

Development of artificial photosynthetic assemblies using semiconductors, nanoparticles, and metal complexes

Seminar of Research Institute of Photocatalysis, Fuzhou University

2018

Kazuhiko Maeda

Visible light C02 reduction and water oxidation on modified semiconductor photocatalysts

232nd Electrochemical Society (ECS) Meeting

2017




