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Visible light water splitting photocatalyst consisting of metal oxide nanosheets
and first-row transition metal oxide nanoparticles
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A hybrid material consisting of niobate nanosheets and ruthenium(ll)
complexes was found to act as a photocatalyst for the efficient generation of hydrogen from water
under visible light irradiation. Combined with a tungsten trioxide-based photocatalyst for oxygen
generation, they succeeded in splitting water into hydrogen and oxygen in the presence of an
iodine-based redox agent. The performance of this system varied greatly depending on the type of
ruthenium complex, the presence of modifiers such as amorphous alumina, and the synthesis method of
niobate nanosheets. Spectroscopy measurements revealed that a photocatalytic design that suppresses
the reverse electron transfer to the one-electron oxidizing species of the ruthenium complexes
formed during the reaction and maximizes the electron injection efficiency from the excited state
ruthenium to the nanosheet is essential for high activity.



¥ X C—19,. F—19—1, Z—19 (i38)

1. #FZEBIAA S DY =

HE RN 2 AN T2 K ORI, =L X — « BrBEREARR OG0 FL & LT, EA M. Al
HOMTTINBIAKER SN TS, TNETIZ, dHDWVILAOEIREDOD T A NE b4
JBEREH(SITIOs, CalnaO4 72 E)3, K Z KT & BEFRITTERIRT 2 E DD EiEE 7o el & L
T Z 2o TnD, LNLINSGDNRY RE Y v FIIREL | KBEOERS TH S 7]
ORI HICRE TH D,

RIS 1X, Co(OH): X° CoOx T/ ki F-ZHEF L72 U A KX % v S &I L) a7
AW L, EFZRANGIE T CROBILSEBREI CX 5 Z L 2L NnE Lz, £7-8FME
{e¥F 7 v — b OREEOZIIEICEREZS T, T/ v— MoBEM AN E L TR L
IKOFERREICARER & B IS LT,

2. WO EB

TNHEREAE B & LT, AW TIIKk OB LA EE A b o T2 BB B Y T
JRiAE T A RX v v 7 OERERILYT ) — b B A Y Tz A a2 A H L
TN EKOFEENESOEOERICHAT 2 Z L2 YO E Lz, — ., EEZED 5T,
WMHHEE L7 Do To @R K o AR 2 R L DIC B o 7o, BARIICIE, VT =0 A8EK %
TeHERA & U7 B EADK R Th 0 . AN TIEHET 7o 72 (0 FE B AR /K 53 i el it oD B RS
HIREFIZIT o 72,

3. WD Ik

F—BEARBY 2R U7 el R EREIC LV 1572, VT = U AR
WBEDRLEBEICER L. ZNEREIZEN L TEBRRILY T ) > — b 2o S E, GFEKRK
RSt & Uz, SRER b ) v— MaiE, AFBEREESE L TPt T R+ E2H 5000
HE L7, BoNMEOX Yy I 2720 B—3 9 021%, BR X BEHTE. ST RIEE
I ROV Ay s, AR BAIREE, R BT, X MR o s XORRI
IE. =L — WO X Mo, MIERIN ik & & T,

SRS X, TR L 7GR 2 BT 2 B X — (AgNOs 72 E) . HDWITEF R —
(Nal X2 EDTA 72 &) %G AT2 KSR oS, RRNOZERE DA L%, 300W 1/ >
TUTERRE UORRET 5 2 & CiTo Tz, ST ORMOIREIZEIRICED ., BEYEOKE
TR 7 4 V2 — Tl LTz, o Er:

B AR b 77 7 A =T, %woAfﬁﬁfzh @+mv+%q
4. BFEERER :
(55— EER SRR TiO: 2 iz Ag i 72
AT SRR SR AR BRI e C’Ag* Z6

BTN ER SR AW Rl g =21 L2 . ) AR A < ‘ o
HRTHDLUA FE v FER L OBEF U s
AR EAE T & o TERED T 25 /K DR bt fifiE of)k N 52 13
DT REBEDOT=0, F—ERCRRILYE H,0 Mo, 92 10 ¢ Lo
MO«(M =Mn, Ni, Fe)% 7 & — A% TiO, k : _ Mn Fe Mifal NI Tio,
ICHEE U7l R el % i U7 4y dEe MOATIOz (M =Mn, Fe, Co, Ni)
b+ 7 >— FOFIHZEAEE L TN, A J. Phys. Chem. C 2019, 123, 10429-10434.

RRETCIIalER R, RE oS TaR T )
f&wxﬂym»%ﬁ%%ﬁmbtoéﬁﬁ>HL%E%@&EM&%%E%LKﬁ@K;é
MO/ TiO> |7 330 N T I w4 ek | - Wl 5 % TR 3R AR BB

BT 5T ER RSN, — )7, e

MEFTT /LT 4L LTOET | — I pprees—
A TITRIT D KO LI SRR 21T — EF >
STFER, Mn B X Fe TldE-7=< waE . 3]%: 2.0 — KEMED/UL
@?%Eﬁk}iﬁﬁﬁﬁﬁﬁbfcﬁﬁ)o?’:o _(ye’ H» THIE

NiOy/TiO2 D Fx[i 3 D R D3RR S 41 H:0 = 1.0

720D, EDOIEMEIX Co DIAIZH h+<o2 =

ST LLTICE EFE o7z (K1), b %,3 H:0

R 7 2K 2 V72 MO, it ERIE | KEHHET UL O 0 600 700
EToIAL T 72 B 3 AR RO O BLF 5> SEIT— WE /3 A— ML
R Co DAKITH L The b i\ ik /) % (0 =0

7@ LTWAZ LM Eﬁ?ﬂ X n\ \{kb T ACS Appl. Mater. Interfaces 2020, 12, 9219-9225.

Ni, Mn, Fe QIHICE 720 TV 2 Uy g Ti0, bokREa /L b s b 72 AR R 2 VT
735 T, MOJ/TIO: YefifTld, MOx AT HRET T C 00 Y6 B S22 K ) i



AT HKOFBALAMBERE S YA E RIS EZ 5 X TS Z R L N E 5T,

AR Z I3 2D - L Z A, BIHEENED 7 A BICHEE Lz Tio, IR KER L =23 L
N 2 AT H S BT BRSO IR T CKE T D8 Aok e e b 2 LA R L7 (X 2),
TiO2 R/KERA L = /L R HUCIXEREOMRE IS DT, Wi ZMAGDLED 2 L TAEEND AT
I REDERERFLDEIR L 72 > TWA Z ENH L L Ar o7z, THE T, AL TKE SR
95 S BMR D B3 1
1. Brbt B o BEZRCRE
HWE O EERe b 72
ES KRB IINeE
NTE7=, ABlIOFRE HO
k0. Hosni=wy )
B+ M E28E o,
THHAEDLED T

B E% x > ) /li - PtO,/H-Cs-WO; Rusfk Al,0s/Pt/HCa;Nb30;0F/ 3 — I~
EALF TR F— A RS el

RS D BRI e EESERIAS REMKR

M B2 Al T X 5 W] J. Am. Chem. Soc. 2020, 142, 8412-8420.

REME L2 T&E T2,

3. Ru SR 2 SEHIEA & U7z (i ALK o i e bt

VT =7 LFROFHE 2 BEA & U= AT K iR ORGSR

ez Ehad 2 W, KOBRLHR & ERE TR 2R B A 2D ERANIZ 2 0 5720 & B 2 Tz Ru
ERN, =4 T ) v — R EMAADE D Z L TPRICK L CEtERE 2 "9 2 & 2 EIEAIC
R LT, ZOFRIE, HCaNb:Oo )/ o— b OFEEZERIC Pt T /R 1% P UiA D TRFBAERIK
e L, T2~ Ru $AZWAESE-LDOTH D, S HITHRFLERIIGE WOs Rkt 17
W, W OEFBEIE I UFEL Ry 7 AL > TEI L, KOKELBRBE~DFELNEE
AREE Le (M 3), FEBREM 2 had b Lo R, fErERE 2 "3 % — o A — N—HHE L, 1k
D245 %D 1960 h  IZE TR E L, AT EFINRIT 2.4%I2E LT,

Fo, AROEIEHEACIZIE, Ru gl
K2 354 A B2 PYHCa:NbsOio % o, - o 1" selquenching Fast backward

electron transfer
77;1&11/7 7 A O) A]203 T’ﬂ%ﬁﬂi—g_é :— H2O5P %CHS Ha05P N2 %CHS anchor RuP2*
LRRAKE ST, JOBEERS  Puis E . y .S
AT B 7=, PUHCaNbsOo, Ru il ros’™ Q@L s q& e

EHBEKA, BIOTEALT 7 R Chy CHs Ca,Nb;0,~ nanosheet

AlZOS %f ]:“\/I/?«“ P N 7\\ f = > 7 & L/ RuP?* RuCP2* Pt nanoparticle ”

;&%igﬁz@?ﬁg%!; J: ? ZJ{;?%%EZ Initial rate of H, evolution / umol h-" He
SICONWTE BIZEEL < T, 0 2 ! ¢ °

Ru $E{KIZ -2\ Tk, PYHCa:Nb3O1o & RUP2/A1;0;/PYHCa;Nb;01,

DOWAEENL & L TARAT ¢ ViR % RuP2*/PUHCa;Nbs01
HT5HD (RuP?) L AFILHERAT RUCP2/PtHCa,Nb;0;, Suppression of fast
* VI AT D H O (RuCP™) O 2 RUCP2*/Al,0,/PYHCa,Nb,0 4, gy back electron transfer
TR R L7, AKRAPBUEOE ACS Catal. 2021, 11, 659-669.

TR E LT vk A B
WSl RuPT TR L TC R4, @R PUHCa:NDOo AR 55 ALOs 5 &
Pt/HCa:NbsO1o 7~/ 2 — F 22 b DK () Ry S A D EA%h -

FAREEIZ, HorT O

Pt/HCa:Nb;O10 % AlLOs TIESfid 5 777 2% py
ZETHMLTZ, . RuCP* % | e~/ M/
W56 AlLOs 13K A s - = T g B
CROFBE R (M4, Jh \I e S
LEOBEAKICBOTRZZETHB o - %
WRIGE . WIS R D h
fU%Fi%ﬁ@ﬁﬁ;% L é EE; PtO,/H-Cs-WO; RuPZ*/Pt/HCaNb;O1o
o THEHOEBRGRNDL, AR —
RIS & BAKEARE I £S5 T S o,
®Z1E. PHCa:NbsO10 205 —FE 1

WAt 7z Ru SBA~OH ps OFF \ .
A A — )L Cie Z AL \@"Qé%%’; 77y REK #

BAEIH L. ETEARE KK 0O 10 20 30 40 50 60
bT D2 ENRMETHD Ef5amL SUAERE / pmol (5 h)
f:o ACS Appl. Energy Mater. 2021, 4, 10145-10152.

INETOMEIZEIY, —8E
F{LIRBED Ru $EA~DiiET X 5. AFEEEA PYHCaNb:Oo JAEIZ 31T 5 HCa:NbiO1o
B DN o R A K B4R DB IED R



R SEAEE D ETEHAVIZEE N D L WO R E S NTE, DO EEES . HCaaNb;O10 226 Pt ~DE
TRENERE A EEST D Z LI K> TH B FBLRED Rusiii~DE B2 Mk c& 5 &
EZ. 7Ty AEICL Y EREEYED HCaaND:O1 T/ ¥ — F&ERL L. 2 % (35RO ik
BEOKFAERMER R & LTV, B EA#E E LT RuP* % Pt fHEf HCaaNbsO1o 7/ ¥ — hZ
W S CORBABIMBES)S 21T S TR, 77 v 7 ARICIVER Lo Tk, ETRE
LT Nal, EDTA EH 52 HWGATH ., MEROARIETH 2 EFEYE & fg U CTElEtE & 7o
72 F72. BEHEARMH O WOs Bl L MBI Z A X — LKSMREG Tl BEFED 3
~S5{EDIEMEE 72D Z Enbhotz (K5), BEWIEREDRERENS, 77 v 7 ZAFECIX
RUPZMNHLIEFEASNTZETNRMBIZ N T v a5 Pt ~IRINIBENT 5 Z ENRIEBI N
7o T72bH, 77 v 7 ZAEICKLVER L -miERIED T ) v— RS Pt ~DNRM BT BE)
ZH[REL L. IEER EICHEE L EZE 2 N5,



6 6 3 1

Hojo Koya Nishioka Shunta Miseki Yugo Kamakura Yoshinobu Oshima Takayoshi Sayama 4
Kazuhiro Mallouk Thomas E. Maeda Kazuhiko
An Improved Z-Scheme for Overall Water Splitting Using Dye-Sensitized Calcium Niobate 2021

Nanosheets Synthesized by a Flux Method

ACS Applied Energy Materials

10145 10152

Dol
10.1021/acsaem.1c02050

Mogi Hiroto Okazaki Megumi Nishioka Shunta Maeda Kazuhiko 5

In situ formation of a molecular cobalt(l111)/AgCl photocatalyst for visible-light water 2021

oxidation

Sustainable Energy & Fuels 5694 5698
DOl

10.1039/D1SE01075A

Nishioka Shunta Oshima Takayoshi Hirai Shota Saito Daiki Hojo Koya Mallouk Thomas E. 11

Maeda Kazuhiko

Excited Carrier Dynamics in a Dye-Sensitized Niobate Nanosheet Photocatalyst for Visible-Light 2020

Hydrogen Evolution

ACS Catalysis 659 669
DOl

10.1021/acscatal .0c04803

Oshima Takayoshi Nishioka Shunta Kikuchi Yuka Hirai Shota Yanagisawa Kei-ichi Eguchi 142

Miharu Miseki Yugo Yokoi Toshiyuki Yui Tatsuto Kimoto Koji Sayama Kazuhiro Ishitani

Osamu Mallouk Thomas E. Maeda Kazuhiko

An Artificial Z-Scheme Constructed from Dye-Sensitized Metal Oxide Nanosheets for Visible 2020

Light-Driven Overall Water Splitting

Journal of the American Chemical Society 8412 8420

DOl
10.1021/jacs.0c02053




Tanaka Hideyuki Uchiyama Tomoki Kawakami Nozomi Okazaki Megumi Uchimoto Yoshiharu Maeda 12

Kazuhiko

Water Oxidation through Interfacial Electron Transfer by Visible Light Using Cobalt-Modified 2020

Rutile Titania Thin-Film Photoanode

ACS Applied Materials & Interfaces 9219 9225
DOl

10.1021/acsami .9b20793

Okazaki Megumi Wang Yunan Yokoi Toshiyuki Maeda Kazuhiko 123

Visible-Light-Driven Water Oxidation Using Anatase Titania Modified with First-Row Transition- 2019

Metal-Oxide Nanoclusters

The Journal of Physical Chemistry C

10429 10434

DOl
10.1021/acs. jpcc.9b01222

24 13 12

160

2021

102

2022




Kazuhiko Maeda

Layered materials and their nanosheets for solar fuel production

The 11th THERMEC®"2020 International Conference

2021

Kazuhiko Maeda

Dye-Sensitized Oxide Nanosheets for Visible-Light Water Splitting

The 239th ECS Meeting

2021

Kazuhiko Maeda

Metal oxide nanosheets as building blocks for photo-induced water splitting systems

International solar fuels conference 2021

2021

Kazuhiko Maeda

Visible-light water splitting and CO2 fixation using metal complex/semiconductor hybrid materials

The 11th Asian Photochemistry Conference

2021




Kazuhiko Maeda

Artificial Z-scheme constructed from metal oxide nanosheets and dye molecules for overall water splitting

The 1st International Conference on Energy Materials

2021

Kazuhiko Maeda

Making Artificial Photosynthetic Assemblies Using Layered Materials

NPS-2022
2022
Thomas E. Mallouk
129
2022
Thomas E. Mallouk
128

2021




Kazuhiko Maeda

New Materials Design toward Artificial Photosynthesis

Membrane and Film Technology on Photoelectrocatalysis Application

2020

Megumi Okazaki, Kazuhiko Maeda

Photocatalytic water oxidation using wide-gap semiconductor modified with first-row transition-metal oxides nanoparticles
under visible light

235th ECS Meeting

2019

40

2019

Megumi Okazaki, Kazuhiko Maeda

Investigation on titania modified with first-low transition-metal oxides nanoparticles for water photooxidation under
visible light

2nd Global Forum on Advanced Materials and Technologies for Sustainable Development

2019




Tomoki Kanazawa, Shunsuke Nozawa, Kazuhiko Maeda

Investigation of Cr(l111) substituted spinel type mixed oxide as catalytic materials for water oxidation

2nd Global Forum on Advanced Materials and Technologies for Sustainable Development

2019

13 ~ ~

2019

Kazuhiko Maeda

Water oxidation by new semiconductor photocatalysts

The International Functional Nanomaterials and Nanodevices Conference 2019

2019

Megumi Okazaki, Yasuomi Yamazaki, Osamu Ishitani, Kazuhiko Maeda

Measurement of the photogenerated hole potential on a semiconductor photocatalyst for water oxidation with Ru(ll) complex
photosensitizers

2019

2019




Ru(ll) CoOx/Ti02 CoOx

124

2019

CoAl2-xCrx04

124

2019

Kazuhiko Maeda

New materials for solar fuel production from mixed-anion compounds to organic polymers

The 3rd International Solar Fuels Conference (ISF-3) Young

2019

CoAlOx

100

2020




CoAlOx

125

2020

Ru

125

2020

Akinobu Miyoshi, Megumi Okazaki, Kazuhiko Maeda

2019

Elsevier

566

Current Developments in Photocatalysis and Photocatalytic Materials -New Horizon in
Photocatalysis-




University of Pennsylvania




