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Photochemical synthesis of composites consisting of multi-component mixed oxides
and semiconductors and their application in photocatalysis
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Metal species that can be photodeposited with Cr on the surface of strontium
titanate powder were explored. As a result, it was found that Au and Pd fit the bill, and worked as
cocatalysts for_hydrogen evolution in photocatalytic overall water splitting when mixed with Cr species.
Detailed investigations on the Pd/Cr system indicated that the photocatalytic activity for overall water
SEIitting depended strongly on the structure and electronic state of the Pd/Cr multicomponent cocatalyst.
The mechanism by which the Pd/Cr nanoparticles were formed was also discussed on the basis of
experimental results.



B X CcC—19, F—19, Zz—19 (Jtm)

1. FERBYTOE R

B A A2 E T KR IR R
WA S, MEERE R COEIRS L Ok %
iR REIC T %, 2T, YEEOEEE T
WNERA A OEITEMEID HAMNCH
HE, PERIALZEFICL-TERA A
UANEITL I, BT R L L CEE R
AT T2 (X 1), 20X 9 22 bZa0T
HivE (BUF, BT & 5E9) 13 1980 AR )
SIS, AT/ ki1 O TR I B
LCITHE & B DR %2 L% L O
TR H D, TDO—IFTT, 2 MOEBEKRD %
BB BRERESBRAY T kL0
(LRI S BI 9 DA gE X R A IC T b
ZE A EFDTRN,

| e

5| un iEL,MWM

5 SEAALD

= BiLE TR

S

% D/IA

g | mEr® BFESHO

= ® BiLELE
LBED Y S

X 1. YRR ETOEBA A DR

DX T R RERa R Yy
NI, KFEH D WITERFE AR O St & LT
DISHOBLEND bER SR TW5, flziE
HEEE OATHFE CH BT o T fFET
NEFEL, CrB M, H D5 VITERE
JEEEALY HR T AKEBERERZ LWICH
Db bLT, MEEEAGLTHZ ETEHELWY
MromEnRb7-o&3nNs2ETHD (K
Maeda et al., Nature 2006; J. Catal. 2006) , = O
Ioic, “HEU &R TR EEALT D Z
& T, ZHETIZZRWEERE D R BLCMERE R E
BH7=6 XN EERD D0, b FTF
ECHB L) ki IcB L Tl o Fik
DOFRMED Z 12, JSHEICEET 2 E R NIF L
A EFBILTWVRN,

2. FEDOEB
AWFFETIL, FHERH R B2 2 O E K

ISR DB B D DI RS R

FT R E NI S e R Y

v NEFRBTL, REW &5 TS TREDIA

BEHAOGMNITHZ EEAMNE LT,

(1) FATHREIZ L > THEAL FIEE /e & R R
b F 2 kit 7 477 ) —DREEK DB,
BRI, JBATAFZE T 5202 & 72 > TV D Rh
& Cr LA T SebriiEIc X oAb T
e/ &R DM A SO %E Lo T,

Q) AL =T 2 hi /R RNy b
DK/ T AR AETEE 2 AT 5,
ZOENRBOKREERORE, T/
B DH A X ik, B LIREEZ & &

T A=K ELTHEL, MEORE &
flkiyEE & OMBEZH LN ET 5,

(3) EEMT v — T BB (SPM) 2 HW\ T,
AR L3R Yy MO B R BER
REZ YMRET Flch W CHBEE L, B
Sy BEIRRE &R YE & OFBE A BT B
LT 5,

3. MFEDHIE
NEIASEAREE (TiO,. SITiOs 72 &) EicfE~
O&RMEEZIHTH IS, BHohl-ar Ry y
MAEF ORI B R X RREIPTIE, SR ATHE
JERASCS oy Yk, AEARITE 7 IMseE, FiEil
BB, X MEE T, XYWLy
Heih, = RILF — B X B eiER T
~7z,

et i, PR L3R Y y MR
EWMKELIIBET R F— (BT 787
H =) ZENNEKERPICOBSE, FHNO
BRERELEZOL, 300Wxk® /)77
EHIRE LTHBHT L L Tirole, Kk
ORI DR EIT =R D, B0 R
WIOTT AT 4N Z—TCHIE L=, £ L7
HADEEERIZIX, TAZe~ T 7%
-,

4. WFRERE
(1) TRIRESENT HVELT K B 378K 43 fid Bh fil gt >
Al

KD GEARSFRITIENE 2 7”73 SrTiO; e fil i
ki, FEx O&RFEE YT H SR E 2R
BT, M7 —7TlX, LLRIIC Rh & Cr &
FH A Ao 7= Bh fik 4 % F 22 0D 238 (K S fih g8
EAFETHEIC L > THESEZ LI
LT 5 (BHFE - RehlliF 8 B 48 #E o
ik K. Maeda et al., J. Mater. Chem. 2008;
Energy Environ. Sci. 2010) ,

&ME

K:Cro, gy ZH*
hv>E; .‘\ _ Hz
e FEATH
h* —= 5
D* SITIO MK F \S H, O,
H,0

Au/Cr, Pd/Cri8&%R7+ /WFHHIcBRKRDBMEE B EERKR |

X 2. RIFEATHEICL D CraBBEAERT
I RIF- DA & KD SRS ~D IS

AL TIL STiO; % Y-8 A fillt & LT,
Cr & DORIBFSEANTH & RTRE & 28B4 B
DEFHIEREZIT -T2, FTOFEE., #Hizl
AuX° Pd 72 T Cr & ORIFFMT HEN THE
I EERHBLE, E5IT. KOG
Bhfih i 2 K9 2 &R O TR BT RE DY
B IEAERR R 12351 D Cr ATERIR DRI &
STHRRHZEHLHLMNZLE, Au HDH N
13 Pd 2485 L7z SITiO; I3RS RRICIF L AL



EHE RIS o7, LAL, Au-Cr DWW
1% Pd-Cr f & Bhfifit & U CHEEE L 7= SrTiOs 1
KGFRZIEME & 72 o 7= (K 2), %FiZ. Pd-Cr
FEICB L TIE, TR 5 TV D BROEHTH
ZHWTHAR L7 Pd/Cr,0; 27 ¥ = LG
RFBE L b EWEEE 52D 2 &0

Dinolz, S bHIZHL DRISHR ORE RN,

BoNT-EAT R F R KDEES BT
B2 D WM ARG E 22D Z 8 I 5
L7 GRX9).

ZDOXHIZ, RhWCr HERIZIRWTHTZIZ
Au/Cr, Pd/Cr #4557 / R+ DRI EAT H ik
\Z X o TR T X | SR RRIZE 3072 8h
il L 72 5 2 L EFHIICRAHE L, 26D
HHES T R I3 KEAR A REST 5B
ikl C & 2 03, AR 72 [FIREYEAT HE 2 W T
SLRRLBEt DL 2 A, Fe/Cr BT
RT3 K DR SG Z AE 85 2 Bhfi gt &
D EFRER LI (K3), Fe 25X Cr
F CIEk OB b O ER I35 b,
Fe/Cr 3O & D ORLFHICB W TR L~
TREVAEIZLICE > THRENRIRT D
T, FLTIOL D REAERN T HIEE
HAnwasZ tToAFEONDEZEEPHLMNE
L7z (Fw3 10),

'S 100

g @: PUCr,0,/(Fe+Cr), H, pycro, H

.y O: PY/Cr,0,/(Fe+Cr), O, q H,

© 80 |&:PtCr0,H, ° PN c - (_,;

@ &1 PUCK,0,, 0,

°© | A: (Fe+Cr), H ’
60 2 «QU

3 A: (FetCr), O, L

S

S 40 - . g

@

s ® 4 O

- 20

g g © >

3 0,

g0 (Fe+Cr)

0 1 2 3 HO
Reaction time / h

X 3. SrTiO; JEfhiE iz X 2 KRzt 9 5
Fe/Cr F / hi1 o Bhfh ik sh 5

(2) VTNV TIO, % efilillt & U 727K D 53 fif

AWFFED BHIB)IZEE L= SPM (2 & 58153
FEERITHTE S D22z, Wl 7 & L <
MOENTWEIREINETLELTEE LY
LEZ . BHFHR O & BRI & #H T2 \HER
L7z, TORER, n BPERERTH L F LA
TiO, BRI Pt 7/ Ki+ & YeHTHiE TORR
9% & 400 nm BL T O A2 R LTk
BOKE LTI M R & LTl <
Tl ERBERAALE L TRELE (M4, 2
NWETT F & — AT TiO, DK R RE
ITE STV, IV TF LTI KSR TE
BaRTZEEHOMNILEZDIZZNNIZT
HDTTHD Gaxl,

F 7. Pt LSO & B HEEFR R IC OV TG
D KOTEESFRIENE & OB E I 5 )
L7z, fERELT, BEDO Pt R 25
AR D 2 E N ETEME LT D L
L7z Gast3), BIfE, 2L fEix 04
BA2HEE L7V F AR Tio, ZAVvT, SPM
WL AFRmMEMBITELZED TV B,

IWFIVEIRAEF & > R & U Iok D2 D BRIG

S 10
g %71 > 300 nm
o 2 °
Py PS E 8 H
£ 2 °
s
6
N Y s °
v o 2
B " N ' [=}
. I 8 e °
o
o : °
: s g
A < 0@ ; . . . .
*—> . 0.0 0.5 1.0 1.5 2.0 2.5

Reaction time / h

X 4. )LF VI TiO, 1 K 5 KD 5e 2 iR B

(3) VTV TIO, D 7K 55 T M 3B K- D g
B

T VEL TiO, KT 2R3 2 &
BHAGNE o722 LT, TNE CTHRMHA L
722 TN T2 K 3 R P~ - R B 5 FEE oD AH BB
BB ERAERE L T o T, RO,
YeEIC L > TAER LIZEAF L R—LBH
FEEETIOAREE R T~ IR L. B LiE T
SnEITo I LS TER EIND, ZNE T,
ERMGIZETF A —LOFEATLE R
S TIEEERZIER T SESL LI N TV,
ZOEEMFHRIX /e S TWieno Tz,

ARFHIB W TIE, fix OLF AL Tio,
L, KOTEESGMEIG, KOVAZ ) —
WIS B DKRFBARIE E1T - 12, &Fh
AT VEREHL, RESHE PO AFARRD
D% 1273 K2 h)ZEKHP TR T 5 2 & T
Too JEfBEROSIZER U TIE, Pt % 0.1 wt%iE
BLE-boa R L,

F 11T, fEx OF LI TIO, iy R & iz
SR R DR R A £ & DT, KOG RKG
ORE & e F T2 MEEIL A 5
eolz, ZOX D R KISEMEDZER PN AR
B FEET DT RIGEEICEEL TW
LHEEZ EESNIEPAS) TE RN
TIZBT5 T EOEEEZ{T-72, PASIL.
WU X - TH U7 bR T A3 T 3 5 B
W 2 8E | RIARE OBZIEIC X -
THEUTEENERGEE)E L TR 5 FiE
THY ., REIIE B, A EHEREIROUN T
ERF)EOHFEMIELE LTER L, £ 1
T Lo, BREFRO TETEEIT 10~20
umol g'FREE L RAE G LN, KDFEESy
RO O E L ORNCAME R HBEIZR 5
o Tz,

LTV TiO, OGR4 X 5IZFE L
STRDIZD, AL — VKRS DK
RS B 1T o 72, L F LT TiO, TR D45 iF
DEERR SN DR AKOEH I, VT ILFEDEE
FLEORISPEICZ LWZ & OF VITADE
DM R ENBN L THD, AKX —
EBEAEERE L THWEEA, Ko
BRI 572720 | BRFEOREE
B L CKRBAREEZFMT 22 &N TE
%o BRZENZ 21T, KOSEERGRKIGITIX
ELIEME A R E D) o 72 JRC-TIO-6 TH, X
B ) — VKB D B 1 BL s R i O R T K
ROERBBR SN, L, KOFEERS
DR L [FERIS, A X — VKRS D



#Z 1. VF AR TIO, DR EFE., KOTELIEM, KEBAEKEMN (> 350 nm)

Entry Sample Specific surface Water-splitting rate / pmol h™' H; evolution Ti** density /
name area / m’ g H, 0, rate’ / pmol h™! pmol g
1 Aldrich 1.3 23.5 10.2 55.9 9
2 HTO0210 1.4 344 14.7 103.3 13
3 JRC-TIO-6 2.3 0 0 71.8 18
4 Kanto 34 8.8 3.6 15.2 11
5 Wako 3.5 5.9 2.6 24.8 8

ISR AREEEL, 100 mg (0.1 wt % Pt fAFF); /K, 100 mL; Xe 7 > 7 (300 W). ” 10 vol.%

AL ) — VKR

KBAEREEIZONT S, TEHE & ORI
ITHEBIL R N2 o T2,

LSO CBAT 2 e b A2/ 5729,
LTI TiO, FyR(HT0210 K& Y JRC-TIO-6)
AT U CHERR L7 EIRGR 2 7 2 — KA
Ble L BSALF B R L, KRR
5 ) =N ObEEER T, 7/ — NNHE
WO H EA Y ILIRC-TIO-6 TX W 7F 2l
ETRoTRY ., Z OB R FE ARG
WA RFTTERENT v THEMNE LD %L
EATNDZ L EBRBL TS, AKX/
—NVEIRMLUIZSGE, SEEREEIT—HIRX
<70, AREBMMITOERBIFEAERALN
Bl lpol, ZORERNE, AKX ) —VORE
BIZELLDORBTHLERESETT D
EWRENT, ZDOZ EIR, AX ) —IVFE
TTOZ b OB D KA FIE M R 2%
ThdEVIERE DL LI TE S,

PLEDFER NG LV F A TiO, 12 K D KD
FERS RIS DIEMEIT T B E DB 4 13 &
A EZITT, KOBILIEDRHERIZ L - TX
LS TndZ &, &L TKOBILKSIZE
Bh 52 DO TP LS OPAS TERTE
TWRWRIEHEE TH D Z ENRB ST
GRsC 4),

5. ERBERWNE
(WFFEAREHE . WFFEr 1 K QRN 7E 3 12
ES 7Y
(MEssams0) GE 114k - &2 CEFA)

(1) K. Maeda, Direct splitting of pure water into
hydrogen and oxygen using rutile titania
powder as a photocatalyst. Chemical
Communications 2013, 49 (75), 8404-8406.

(2) K. Maeda, Rhodium-Doped Barium Titanate
Perovskite as a Stable p-type Semiconductor
Photocatalyst for Hydrogen Evolution under
Visible Light. ACS Applied Materials &
Interfaces 2014, 6 (3), 2167-2173.

(3) K. Maeda, Photocatalytic properties of rutile
TiO, powder for overall water splitting.
Catalysis Science & Technology 2014, 4 (7),
1949-1953.

(4) K. Maeda, N. Murakami, T. Ohno,
Dependence of  Activity of Rutile
Titanium(IV) Oxide Powder for

Photocatalytic Overall Water Splitting on

Structural Properties. The
Physical Chemistry C, 2014,
9093-9100.

(5) K. Maeda, Effects of the Physicochemical
Properties of Rutile Titania Powder on
Photocatalytic =~ Water Oxidation. ACS
Catalysis 2014, 4 (6), 1632—1636.

(6) K. Maeda, Highly Efficient Water Oxidation
on Rutile Titanium(IV) Oxide Powder in the
Presence of Iodate Ions as Reversible
Electron Acceptors. Chemistry Letters 2014,
43 (8), 1287—1288.

(7) K. Maeda, Facile Preparation of Rutile
Titania Photoanode for Solar-Driven Water
Oxidation Workable under Mild Conditions.
Chemistry Letters 2015, 44 (7), 931-933.

(8) S. Nishioka, K. Maeda, Hydrothermal
synthesis of rhodium-doped barium titanate
nanocrystals for enhanced photocatalytic
hydrogen evolution under visible light. RSC
Advances 2015, 5 (121), 100123-100128.

(9) T. Kanazawa, K. Maeda, Light-Induced
Synthesis of Heterojunctioned Nanoparticles
on a Semiconductor as Durable Cocatalysts
for Hydrogen Evolution. ACS Applied

Journal  of
118 (17),

Materials & Interfaces 2016, 8 (11),
7165-7172.
(10)T. Kanazawa, D. Lu, K. Maeda,

Photochemical Synthesis of Fe(III)-Cr(III)
Mixed Oxide Nanoparticles on Strontium
Titanate Powder and Their Application as
Water Oxidation Cocatalysts. Chemistry
Letters 2016, in press. DOI:
10.1246/c1.160428

(11)K. Maeda, K. Domen, Development of
Novel  Photocatalyst and  Cocatalyst
Materials for Water Splitting under Visible
Light. Bulletin of the Chemical Society of
Japan 2016, in press. DOI:
10.1246/bcsj.20150441

(FERFERK]
AR
(1) K. Maeda, Semiconductor photocatalysts for

visible-light water splitting: Structure and
reaction mechanism. -i% 25 4 H Ay
MFEREYGEHE FE RO T LTS

(Bf 27 14)



DKM « KK/ NTIEAERRA~D
J& 1 (November 20, 2013, Osaka
University, Japan).

(2) K. Maeda, Visible-Light water splitting
using modified oxynitride photocatalysts”.
The 8th international conference on
processing & manufacturing of advanced
materials (December 4, 2013, Las Vegas,
USA).

(3) HIH F1Z, Fifi) / HiE 2 H#H L7z
RS AR K DK O AT TE A iR
%5 31 [AIEEREALBHT BI 9 5 flr DAFFERL
RIERE —HEHIZEICH LWE A —
(2014 =1 A 27 B, HMERFRAKSER).

(4) K. Maeda, Solar-driven water splitting by
modified semiconductor photocatalysts.
EMN Spring Meeting 2014 (February 28,
2014, Las Vegas, USA).

(5) BIH FnZ, KO R IE D 728 D Fr
FUOGARE K OB Al b B O B FE. TR
FHIT MRS RuRiHb sk
I — (201443 A 7 H, ITHK).

(6) HIH FnZ, KO R IE D 728D D Fr
BOLARE K& O Bh kbt B O BEFE. B A1k
FRE 94 REFS ESHZTHEHR
(2014 4£ 3 J 29 H, £ ERZFHRILIF v
INR),

(7) BIH _F1Z, S Z z T< i ibse
DL S LHEL S ik r B Fa 5H
25| 7 Ly vawrB Il —/L (20144F
5710 H, BT HERFRMLF v >3
A 70 JHARRL AR AL).

(8) K. Maeda, Visible-light water splitting and
CO; reduction by modified semiconductor
photocatalysts. TOCAT7 KYOTO2014
(June 5, 2014, Kyoto, Japan).

(9) K. Maeda, Water Splitting and CO, Fixation
over Modified Semiconductor Photocatalysts
under Visible Light. The 4th International
Symposium on Solar Fuels and Solar Cells
(October 24, 2014, Dalian Institute of
Chemical Physics, China).

(10)K. Maeda, Development of New
Semiconductor Photocatalysts for
Light-to-Chemical  Energy  Conversion.

Research Institute of Photocatalysis, Fuzhou
University, Seminar (October 25, 2014,
Fuzhou University, China).

(11)K. Maeda, Semiconductor Photocatalysts for
Water Splitting and CO, Fixation. The
International Conference on Electronic
Materials and Nanotechnology for Green
Environment 2014 (November 18, 2014,
Ramada Plaza, Jeju, Korea).

(12)K. Maeda, Photocatalytic Water Splitting
and CO, Fixation over Surface-Modified
Semiconductors under Visible Light. 249th
ACS National Meeting (March 24, 2015,
Colorado Convention Center, Denver, USA).

(13) AT fnZ, FEE R CAREIC X5 W

BRI b IR R E(LAOE. B
AMEFRH 94 FFFEZ Q015 4F3 A 27
H, HARZMES v /3 R).

(14)K. Maeda, Design of new heterogeneous
photocatalysts for solar-to-fuel conversion.
Prof. Pingwu Du’s group special seminar
(May 15, 2015, University of Science and
Technology, China).

(15)K. Maeda, Water splitting and CO, reduction
using modified semiconductor photocatalysts.
11th International Conference on Ceramic
Materials and Components for Energy and
Environmental Applications (June 18, 2015,
Hyatt  Regency Vancouver, Vancouver,
Canada).

(16)BIH FnZ, K= x/L¥—ZHzi
M) L 72 FERR bR et DB . B A
7y Ae K28 FIKFEL AR Y
A (201549 A 17 B, EILKRFHES v
INR),

(17)K.  Maeda, Development of New
Photocatalysts for Solar-to-Fuel Conversion.
228th  Electrochemical Society (ECS)
Meeting (October 14, 2015, Phoenix
Convention Center, USA).

(18)K. Maeda, Heterogeneous photocatalysis:
New ideas and methodologies toward
efficient ~water  splitting. The 2015
International Chemical Congress of Pacific
Basin Societies (Pacifichem) (December
19, 2015, Hyatt Regency Waikiki, USA).

(19)K. Maeda, Visible-Light-Driven Water
Splitting and Carbon Dioxide Fixation by
Surface Modified Semiconductor
Photocatalysts. Prof. Hua Zhang’s group

special seminar (February 25, 2016,
Nanyang Technological University,
Singapore).

FERRE R

(20) &% Fngy, A4 1R, BIH FZ, SebL
L DK% B LT[R EAT L %
i LT A EA BB OBR. H AR LS
295 BFAFES (201543 A28 H, H
ARG ¥ v 73 R).

Q)4 Fgw, AR 1A, BiH 2z, FRDE
MriE TR L7z Pd-Cr 52/ Ri+ DK
RSk D B sh 5. 55 116 [F]
i BEETFR S (20154E9 A 16 H, —H K%)

Q)& Fgs, B4 1R, BIHE fZ, R
Br 5 2 W 7oK O B AL Bh fih 18 o B %6
HALFTEE 96 BFEFS (2016 43 A
24 H, [FAEARFHLX ¥ 2 /3R)

RA K —3§FK

(23)FTH fZ, VFARELT ¥ UK E
JERREE & U 72K DSER S REG. 2013 4R
JALEFFRS (2013459 A 13 A, EEKR
).

Q4HETH iz, VFARMEBILF 2 R L



TOMAKDIE RIS, 5 113 [AIfhiiEEs
e Q0143 H 26 H, r U U— LR T
ILVEFE).

Q5)RTH fz, Ak B, % B, kO
FER PRGN A L F ARG T 2

PR 35 1T % B8 - K B BE & TEPE O FAEE.

%114 [BIfEEER S (2014 429 A 26 H,
m%k%)

(26) & g Eﬁ{,ﬁﬁﬂﬁ%,ﬁﬁt
ﬁm&fﬁibt@ FF KA DKEY
PRI 9 2 BhZh 5. 56 34 [E1E A3
BMboby R (201546 A 19 H,
FOU TR L v 273 R)

Q7)) & Fgy, A4 1R, BiHE FZ, i
B XD Fe-Cr AW T /2 ki1 O
L Ky R BRI~ D S . B AT e
e TATOEGR) 5 4 AR AU
L (201641 A 30 H, HAFR K% &
fifi v >N R)

(EF] GH31F)

() HIFE FiZ, 1278 ANTOth iz IR LIz
¥%%%%ﬁ@%%”@ SR D CHEREAT
JERIEE 2 TANTARL — L F—

JZZ)% MO ] =3LHAR 2015,
fAA«—y§b341@aéfv—>/23525%

(2) K. Maeda, Part IV: Photocatalytic Approach
for CO, Fixation. Springer, Solar to
Chemical Energy Conversion — Theory and
Application - 2016, ¥8-~2— %% 489 (04
~N— 153-171).

(3) K. Maeda, Chapter 12: New Materials for
Water Splitting. RSC Publishing,
Photocatalysis: Fundamentals and
Perspectives 2016, #2~2— %% 436 (114
~—17:295-317).

(zoft (ZH)) G311

(1) #5 63 A1 A R{bFEAE (2013 412 A
18 H) KO A3 D 7230 OHFHE
fil 5 Ko ONB A4t D B JE |

(2) JST & & H1F Chemical Conversion of Light
Energy Prize 2014 (2014 4= 5 H 23 H)
[ Creation of Highly  Efficient
Water-Splitting Photocatalysts through the
Control of Surface Band Structure |

(3) “FRk 28 FFLE BB S B O TR R AR
RREEFREEH TR E KD DHK
2 BGE T o R AOERBEOREZE ] (2016
F4712R)

R b= U5
http://www.chemistry.titech.ac.jp/~ishitani/memb
er/kmaeda/

6. BFITAERR
(WIFFEREE
il f1Z (MAEDA KAZUHIKO)
HILL¥ERY - KEGEE T2 R - #HEH
%

e ®&s: 40549234



