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a-Fe03) & W2 AT CHREN T 2 KON T / — R &G L7223, pH =13
DIBRT VAV EMETOREMT 52 ENHETH -7, © £, Prof,
Mallouk & 13fE(kT % EMFEIC Ru BEHEFHE LA Y Uy LAaa A Nl
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AR LFRCOFE 1 (F2%E ~ FH4%) T, T/ AT 2By v 72T
VRO FEHERER AT OMERRE E LD, BbY T RAT
(WO)IZERPESRAE T TR RMPEAZFF O nAEERTH D AN FE vy v 7E 25
~276eV LFRLT X U (TiO) & 0 HARW =D, AIRIEIRE T 2 bl oo B % 23 1
FFSNTVDDY, WOs DI LR AL FRAME DA FEIE TIO (T ~FEH D
220, ARELAFTETIE, WO T/ 30 2 —%& W THERL L 72 WO IR D
BEYEMEZ T8 L Tc, WO/ /30 & — BRI ITHI R A & LT PEG B LU~ —
B — X% INA T RIERARAR— 2 N % 1TO Fitk BIZ@Am L, BERKT 5 2 & T WOs K
AR U 72, EBL L7 WO, I3 i O & A R - BRI EBE(SEM) 4 5> & k4% 100 nm
FREED WOsKL PR ERR LTc T/ R—F AMEN Bl s, Vo y 77—
(pH =6.0) BT 5 WO EDH 1 7 U » 7 ARV EE 7T A(CV)TIE, -02~10
V vs. Ag/AQCl DRI T, B CIET / — RERIZR bR > 7275, 100
mW em? DTG Z IBET4 5 &, 0.2V AHED BKDELICIESLS T 7 — K&
WRSEH EAD 1.0V TL76 MACm?IZE L7-, 0.5V OEEM F CrHE%E R
B L CKONSBBRALFENERLZ1T o7, BRAA 1537412 0.7 mA em™ O i &
L7225, 1HEfI7%1213 0.37 mA cm™? (53%) = T L=, Z OB OB 1T
R ERFIZAER T 2WBCD P NEETNLE D EZEZXONLT2OTHY | 2
PESRE T CH Y — RO+ 5 Z & THEBRNERICEET S22 2 /L
72, 0.1 mmol L* @ Co™ A A &Gt Y VY 7 7 —H®d CV Tix, 1.0V TD
JEERT L2 IR LT, AKOJEESALFRIRRILIZ I 2 06ETIL. Bith 15
%12 082mA cm?Z R L, 1HFE#Z TH 0.71 mA cm? (87%) TH 722 &b,
Co™ A A > DFNNC & B HBIRO L EVED M EAVR Sz, BBFRRAEICB T D 7
7 I TR BB L L2 LD, Co™ A A A WO D 1 Tk O FRA L il
ELTEM L0, StESKAMEEESP ELIZEE X 6D,

AELFRICOFH 25 GBS ~ H78) TIE, ANV 7 v ABbhESET /K
— 7 A TiO RO AT FA I R I AN BT 2 FFERUR & £ & 7=, T4, Prof.
Mallouk H1E TiO, BMREHIZ/LT =7 AEAFHEEREA Y Py han A F&2k
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B SRS TEAOKDONILT ) — Rl Lz, 7 KT, HiEk
FIZEBEITHET 2 TiIO & 7 v v, il e F Rk 2 AV TR
L7=R U 7 v ARIEMEE T ) R—T A TiO, Bl D B XS b5 751 & WF 5

L. KB OWEOEFHEBEREZIT o7, Aotz ERBRIZ VR 2 2 A
(MK TH Y — RO 24T 5 & Y — RopfRAuBRIRE] & 3612 540 nm
IZEWI R Z R 723 6 360 nm L OWSEEN EF- Lz, DX 5 WoER
BidtE 7 v A(N)R0milE 7 v AR T TR ONRN- T & D HlRA
FNTa LD Y — FRIGICHETH D Z LR ENT, Y — RopmiLet
L72fliE 7 v A(N)ERHP T TiO, i 1 Y — Rad 52 L1k, Rt
DT PR S T2, XPSEB LT~ U AT FVIEDFEREN S TiO,
B EICARY 7 u ABEeENPITH Lz, R Y 7 v A {bERE TiOx(Cr/TiO,)
BB GFONTZZ &R Lz, U oy 77— T CriTiO, MR G
HToé. OﬁVmAWWdUL@ﬁﬂTt7/~%%mﬂ$L(MVT%&Z
PA cm? 2 L7=, -0.2V vs. Ag/AQCI DEIINEE T T IPCE JIE 21T - 7= it 5.
TiO; AR TIE 420 nm LA LD A TORERIIIA E A S - 7203, CTiO;
BARCIL 570 nm LL F ORI THT 7 — RERBE O, IPCEDT 7 v 3
VAR FLEY OREHRNEE SR Y 7 a a@giemo o' o 3d 5 Tio,
DAREHA~DO R EMBE(IFCTIZHE S Z ENRBR ENT-, TIO, DT F % —F
BENVTF AT LT Z A, THEA—BH I LT AVEO TN LY R
FEORENBRTHT /7 — RERPAE Uz, ZHUIVTF RO TiO, DIRE e
KR TFE—BRIL D LETHLEDEEZ LD,
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ZREEET D720, B0 BVWIKOBRLARE(WOC) DBAJE N I ICHETH
Do AMEAFZETIL, T 7 4 A U EHEEF 1TO B4 R = L b (KB IZ
RIET 2 720 O #7225 CROEBR AR 2 43 2 EmA fFR L, Z0E
SALFRHEOFMIC BT 20902 £ & 7=, 1TO HAK LIZ 25wt% )7 ¢ A ¥
Waxry AL, BT 52 L TH7 0 A VIEBEE ITO EfAFR LTz, Z0
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DT /= RERDOINDS B0 BNR B2, 1.4V vs. Ag/AQCT D EBALEN T
TROBLZACFIIAC E4T > T B R, HEREIOEWBEORAE(T 7 77 —F
90.7%) 3 b To, D K 51T 2R I 15 TR 2K OB LAt 2 SRk 3 5
Z TP LT,
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ez AN W Ae T 2RO aa A RIERPIZ ITO ERERIET 5 &
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Figure 1-1 Schematic images of natural photosynthesis system.
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Figure 1-2 Schematic images of hydrogen-producing solar cell.
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2w F ) R—=T AW E AT VRO L ORI A
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if{l

2.1 i

# 1 TR L DI, BRARREMES— 1L F — AL R 5 72012
7Y = XX R E L CATHER Y AT AOBEIFFS TN D, P
AR TIERB LT R T — 2 BT R F— LT 5 & [FIRFIZK D B K
Ru BT 25 72 KIGEM T 5 /KB AR KGEMORI L BHfE L TH
D, N2-1BLOAX 22 TREND L 97, KeEFIE L TKIEREDFZX
NGB 2 BT D722, IO TERENT 2 08t T / — R OBHZE N
HELH->TWND,

(Working electrode side) 2H,0 — O, + 4H" (Eq. 2-1)
(Counter eectrode side) AH" + 46 —> 2H, (Eq. 2-2)

Wl v 7 27 v (WOs) IZEEMESAT T CRBRIMMEEL BT 5. LEMD S
WNREERTH D, WOsDNNY Ry v TR LF—([325~27eV THY |
ARSI 2 FF > Z ERE SN T W5, &0 2 b DOMERED B WOs X AT HLY:
JEEME n BMEER E U ORI T S A R 70 E~ OISR ST
Do LINL7Z2DN G WO3 DI B R O FRIZIR L F 2 - (TiOy)
(BRI TR0,

WO EDERLS 1 & LT, A8y 2 U o 7 KR (Chemica vapor
deposition, CVD) ¥ ™72 E3 I STV D8, TS O TR KA A
HEEALETHY, 5 IITRITTNDZ ENMERTHD,

WO BRI AT CHREN T 2 K DRk 7 — K& LTHEA S TN DA,
OO N DIEBR D REAT S & B & T /) — RERBKE B+ 5 2



O TH o1z, CPRARFIEE TIX, 2 E TICHifE R WO BED R 1k &
LT, FU T AT UBRET V=T & O — RIS Z R L7 WO3 o {EHY
HiEEWE Lz, B oRETERLE WO IR R—F 2 gz b, it
FKOWOs & T 5 Z & TF /RN —T AEE & FFO WO N L 0 @ KD G
{EfibiyE M2 RT 2 2 WG Lz, L LR G, 20O WOz EIEE VR bk
BYEMEZ R U723, BEOFRE MK . 20O WO A W C/RKDIEER iR 21T

5 &, BEFNCHT / — FERBRESBD L, RIZBEREDT 7 77 —%)
RPENTZ ERFRE E IR o Tz,

A LFRICOE 2 B TIE, RO WOz T/ X & — BERE#IE L TR =F
L7 Ya—n (PEG) BLW~—Aa—XzHWTHIBMA—Z N EZ/ERLL,
IE ITO AT AR FIZ8®AT L, BERLERS 5 LW 5 IEH IS 5 e 7L T
WO; 2 ERL L . 2 DHEXALFFRHEIC OV THRF 21T 72D T, £DOFER%E
REIZE LD D,

22f FEBR
221 FE - BB

-k x T AT F Ry 24— (FW = 231.84, < 100 nm particle size (TEM))
VI TR T Py NURRISHENPDEA LT LD EZEDE EH W,
RNV F L7 a— (PEG, —ik, F¥J4rF& ca 2,000 and 20,000)
FOEAEE TRRASAHNOIA LT b D2 Z D E E VT,
v —Aue—X

AR RS DR L T2 e b 02 20 F F AV,
c UM TOKF ) UL Rk, FW = 136.09)

FERIRE TR DA LT b D22 D F F W,
s U UBRAKFETT P U T (Fiik, FW = 141.96)

FOEHIE TR AN OIA LT b D2 T D E E MW,



- Ml (Rrfk, FW = 36.47) (SR/MEACEREMOI/ERIZ M)

MIE PR SHENCA LT b D2 ZOE EHW,

- fEfE (Frfk, FW = 63.01, Assay 60~62%) (FBAREIAIED pH FHEICHEH)
MIE PR ASHEDLOA LT b D EZ D E E VT,

< KER(LT B U T A (K5, FW =40.00) (EAFEVAI O pH FHEE )
MIE PRSP CA LT b D2 ZOE EH W,

- HEAL A U T A (FRfR, FW = 101.10) (SRAGEALSREMO/ERIZfE )

MIE L PHRASHENOA LT b D2 Z DO E W,

- BRERER(1) AR (FEk, FW = 249.69)

M L PR ASHENSEA L b0 EZOE T AV,

+ITO (IndiumTinOxide) 7 A (H&EMH T A, ¥ — MEHR >100/0)
AGC 7 7 7 U7 v 7 RSN BHEA LT b O & Y 72 K& SI2UIlr L, K,
TN AEHONTHRE LD Z W,

-

By a —RHERASHEN DA L b 02l R SOl L, v,
HEMR AR AR (F—2A4 F BEMHE—Z])

FEALF RSN DIEA L2 b D& 20 E E AV,

s HEfEME AR R NBEER] (TINVEA N Ty K AdE by A )
& FRASHEN DA LT b DO EZDE E MV,

T Tu— )V —7

ARSI —RARSH P BIEA LT D EZOE RV,

SRS

BAStH =7 anoBALLZbOZEY 2R SO L, Az,

- ERAR (BROEARSREMOFRUfE M)

BASH =T anbEA L0 Y 2R SICUWI L, A,

R =TTV —F—

3 BRSO YBA AN —H —T7 7 ) r—2 — & e,
K (U QUK)

HA R UARTHASH DIRECT-Q3UC THIE L= b D& i,
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222 F ) R—F AL E T AT UEOERL 1k

fpfb 2 v 7 AT ) ) R X — (W03, 029) ., R =F L7 ) 2—1 (PEG
01g) BELVOv—FRre—X (0029 ZH 7 /HRICEY, & ZI2EHK (H0,
03mL) ZINAfHEHS 5 2 & THIBAN—Z M EFR L7z, Z ORiBHE~—2X
ERBIOTE R TWEHLIZITOF 7 A BT 7'V r—4%— (F7E, 100 pm)
ZRWTEAT (AX—) L7z, 80°CIZHRE LToA—7 N T 15 /it <+
Tt FREE. BIBRIR S — 2 N &84 L, W ST, 2 Rtk # AU T 450°C,
90 Sy EIBERALEE (28R F) §5 2 & T, WOsfRA 17,

TR L 72 WO IR BB A8 20 S8 Al 72 & QNI HERR M = 7R 3 o R iR  #2
ER 2 RHWTHEBETR AT, 77005 —7 &2 TG & R4 5 e
VISNEES 5 2 & T/ R—F Afgb s o 7 AT JEERM (WOS/ITO) & L7z,
WO3/ITO 1EfL oD 2 & — 1 % Figure 2-1 (27779,

223 WEHIE

- EETE AN (SEM) #8152

PRI L 7= WOs IO K ifi 45 L OWri OBl 8 3 E B E 1 BMsE (A ARE X
2fk, ISM-6510LV) W TiTo 72, o 7V v — BIZEE 2 8 E M ) — R
YET =7 B I OEERRI RN AR EHONTEEL, ANy H
V> 7aEE (Y a—E RS, Quick Coater, SC-701) % W TRkl
124 (Au) ZRESHEZLO%Z SEM BEAOREE Lz,

- B3R X #Er (XRD) HIE
WO ED KR X #IEIHT (XRD) 73% — N3kt U 7 O X s
& (MiniFlex600) % FWCHIE L7,

« SO PTHIEE ST A7 L (UV-vis-DRS) &
SESNATARIEB R ST A7 R L (UV-VisDRS) 13 H A5 YRSt D 4E4 a4
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TRV NI ERE (V-670) ZHWCHIE L=, MIEXVELNDKEE (R)
ZHAWT, & 2-1 XY KubekaMunk (KM) ZHaz247\N, 3HlAE2IT- 7,

1-R)?
KM = KﬁL (Eq. 2-1)

ATV IRLE A Y — (CV) HIE

TERL L 72 WOY/ITO %#1EEM (working eectrode, WE) . 4 #f % % & iR

(counter electrode, CE) | $R/¥{L$RFEM: (Ag/AQCl) % = MR &M (reference electrode,
RE) ([ZZNEHAV, BMEKFKIZ 0.1mol L™ U v @/ 77— (phosphate
buffer solution, KH,PO, + NaoHPO,) % W C—=M =iV 2 AT, 20k
NAHNZT VT (Arn) N7V 70280 0K L%, B zdER b Tt
s (b TR Ut HZ-3000) &#Eki L. CV HIE 21T -7z, B
SI%PHIT -0.2~ 1.0V vs. Ag/AQCI T, fRAIHEIT 50mV st TiTo7=, Al
R EBRIIOEIR IS U v A B At 500 W kT T (T,
UXL-500SX; 7 ¥ 7/ 7 A, SX-U1500XG) # M, B~ b7 4z —E L
THA-50 7 4 V% — (HOYA fRhlzth) LTV v F7 ¥ — (xRl
DKEFE/LNE 02mol L™ CuSO, /KIFIE Tl L= b D) &, 4560 v k
T4 NH—L LTL-39 7 4% — (HOYA HRXxtt) il L7z riiik a2 v
To7z, BET 2 AL DS EDORIE T/ NY — A —%— (MELLES GRIOT,
Broad Band Power/Energy Meter, 13PEM001) % W\ TiT-o 7=,

CV MIE & [FIERIZ WOS/ITO % WE, H4#t% CE, Ag/AQCI % RE IZENE
A, BREAKRKIC 0.1mol L™ U gy 7 7 —& AT =M =kt
ERATE, ZOBALNE Ar X7 U 78D 30 gREIA L7k, BLEER
bt iEE (Jb=FE TS, HZ-3000) & #&si L7=, 0.5V vs. Ag/AgCl @
EEAZEIINL721%, 6% WOSITO ([ZHRE L, 1 B EEMNERD MR EIT

7,
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- HAm~v 777 (GC) WIE

AR DO EBENEMIC LV BEL MBI OKELERT DLOICHT A7 1
~ NI 7AW (BERERT, GC-8A, X+ U7 HAARBAETLFaT—
V=T AT L), HAZA ~TY Y (HAMILTON) ZHWTEAND B
SAH (Y RAN—R) Z0uL B-BL, chExHAra~ 7T 7 THTL,
SKAHFICEZ EN DR LOKFBORE L RO, HONTMRLD, BEB
FOKRBRAEICK T D7 777 =30 (FEo, FEw) ZHE LT,

- R DT 7 g v A MVllE  (IPCE)

SERIER OA R E AW T =R =B L2 A, Ar AT Y 7K
D 30 MR L, e ER b ratiEsE (b Tk, HZ-3000)
L L. 1.0V vs. Ag/AQCl DEBNM ZFIIN L7z, 500W Xt/ 7 v 7 DI
MHE /I rA—2— (GhEHE. M10) AW THY H L% WE C©
&% WOS/ITOWZHRES L, AU 2 M ERE 2 HE Lz, 557 R 15
— EI A Hh R (incident photon-to-current efficiency, IPCE) 2% H L7-, IPCE &
HOT2D D& LU TITRT,

IPCE (%) ZHRES L7040 (p) 125 U TR L7t w7 & S <
NoEFH (BE) KVRDDLZENTED, Kt 1 OBFHOTRALF— (o) 1T
K22 TREND,

¢=hy (Eq. 2-2)

TIZT.hETI o7 E (6626x 10 )9, vIiTDEEK (sY 2FT, W
WIREN S v 1T 2-3 TRran s T, X223 24 DfRICETX 5,

(Eq. 2-3)

>)|g >0

(Eq. 2-4)
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2T, el (2998x 108 msY) . AT AFDEOEE (m) AFET, AL
DONFREZ 1mol 7=V DT DT X)L F—TED LT DENIIZ/R D DT,
HA-DENE P (mol) 133 2-5 DERITTRSNLD,

P=1c (Ea29
7 Na

Z 2T, PIEASEORIRE (Wem?) ., NalZ7 AH R (6.02 x 102 mol™)
BRI, Flo. BELEMBERME NS EHIN5E L (BE) 13X 2-6 0k

OREND,

J
= = (Eq. 2-6)

Q

Z 2T, IO ERE (Aem®) . QX7 v 57 —iEH (96,500 Cmol?t)
4, N25BLUHK 26 LV, IPCEIXZX2-7 LVEEHEINS,

|PCE (%) = % x 100 = (Q hc )xlOO (Eq. 2-7)
AN

K26 ICEHENRAL, K2 L L, N2-8DHRIZR D,

24x10°x J
IPCE (%) = =2 S x 100 (Eq. 2-8)
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23fH1 MERBILOE

231 F ) B—F RBALZ T AT UEOVERSIE O REE L O
e A - I

WO I DE BRI D RS

WO EAEEUT 35 1T B RITBRIAR~— 2 - OFFE ST % Table2-1 1ZR"d, #iAKTIC
WOz T/ T X —% 5 S 2 7207 TIERIIA S — 2 S OfEERMEL<, ITO
TFAEDPDRNAHTLEY, EFRSH—RELRIET 52 LN HRRN- T
(Runl), MiZKHIZ WOz T/ RO L= LU PEG (Mw =2,000) % 47Hk - %
SETCRIEAN =2 M, BRI ERT 228, ITOT T A BIZEBAM LT L 25,
ITOH 7 AL EFLSBIGET LU T LEWE /el a iR 25 2 & A3k
723572 (Run 2), HEWVT, WO/ Ry F—b~v—FRua—X%&5# - BiRS
HHEE TR ITO BT ZAnbIE U ioTloid, BET 5 LA ITO W
TAENBHBINELTLE -7 (Run 3), MIAKHIZ WO T /80 4 — PEG
(Mw =2,000) 3 L O~ —AR 1 — X% 501 - i S ETZAR A — X F D4 T
. IZ T ND R ITO BT A LICEAT5 2 ENTE, BERRE D FIEES
HZ &<, Bl WO IEZ RS 2 Z L A Hk72 (Rund), F7-, PEG O¥F
¥)oy &% 2,000 5 20,000 (ZEH L, WO RO 2Kl 2 A, ¥)—7¢
WO IR A AR 2 2 L S HR 7223 i FEVR O fE2Y Run 4 12 EE~THY 80%F2
A Lz (Runs),

LI EDRERN G Run 4 DSAEDHIEE AR —Z MERIZ BT 2 RiERFETH 5
ZEWREnT,

WO i SEM #1152

EAETE M (SEM) A L. /ER L 72 WOs D 3K 1 3 K O D&l
BhITo71-, 4 SEM Eifg % Figure 2-2 ~ 2-7 |Z/~¥, Figure2-2 ~ 2-5 DK i1
£V, WO T 10 pm it DK & S ORI -3 ELHEIC A 72 L 9 e Rl a L CH
V. FORERRLFDEINTRIEL 100 nm B2 O/NS B L X o T AT R0 6
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RS, T/ R—FAEE2ETHZERHLNE -7, F7=, Figure 2-6,
2-7 DWrmBIEE LY . WO BEOBEER K 25um THDH 2 ERNmnoTz,

WOs £ XRD &

WOz T/ X7 & —% W TIERL L 72 WOs D f5 db i &2 -~ 5 72D BERkiR
FEA2ZLEET WO IRDIER 21TV, 22Ot oK XRD [E4f/ 3% —
Y OMEEIT -T2, £, HERFERE L CREHIHWZ WO T/ A & —8 &
CHEHARIZHNZ ITO T T ADHDORE SIT o7, ENENDORER % Figure 2-8
(RY, £
JFEFCH D WO 7/ /8 X —0D XRD /S — i, iGN AL R

(monoclinic) ™ WO; TH 5 Z Lnms 4z (Figure 2-8a), £7-. £NLZED
TR CHERL L7- WOs i XRD /8% — > (Figure2-8c~h) X V. & ToORENE
RO WO TH Y, WINLPNE—7 BELINTND Z & DEEREN R
WZEDRTREIND, BEAGREN ERDIZoNT, =20 L 0gi< oz
B, KV EWBERIRE T WO DR IENE < 22> TV D T ENP BN E R

77,

WOs £ UV-vis-DRS il &

Figure 2-9 |2 WO EED R4 AT HRIEE S S A X2 kL (UV-visDRS) %7~
O ART MDD, 480 nm B RINDOSI S 3 BREGNTZ, Z0
AT MAVDSEH ERVIE WO DR R¥ v » TR ESS LD THY . =
NENRY RX v v FIHRAET 2 L8 26eV ITFHYST D (WO DRy Ry v 7,
25~27eV),

232 T R—=TF A E T AT VIEONERAL TR

WOS/ITO Z W 7= CV HIE
TERLL 72 WO/ TO DN EXALFRIEEZMFTT 272012 CV HIEZ 1T o 7=, #E
% Figure 2-10 (29, BERE (¥ —727) T CIImsI#ENTT / — FE&ERITHE

16



£ & N7 - 7= (Figure 2-10a) , WOS/ITO {2 100 mW cm® 0 50 T Rl 4R R
% &, 01V vs Ag/AQCH I BKRDIRILIZIESS LB LNDHET / — NE
FOSLH ERAY A 54, 1.0 V vs. Ag/AgC THJ 1.7 mA ecm? (2 L 7= (Figure
2-10b) ., Z OB BV BN A LLTFICR LA 229 & v T af i K 58 7R A

(Reversible hydrogen electrode, RHE) (ZHiET 5 &, 065V vs. RHE &720 | K
DIRILDOBEFRENLD 1.23 V vs. RHE J 0 § 058 V /h& < =R b F — 2573 &
RENT-Z ERRES Tz,

Erre = Eagagal + (0.059 X pH) +EAgaqa (Eq. 2-9)

Z ZC. EruelIAIHKBZEMOEMEN. (V vs. RHE) ., Eagaga I$ Ag/AQClI OFE
FEEAL (V vs. AQ/AQCL) | E’agaga 13 AQ/AQCT O ELHEEEAL (0.199 V vs. NHE at 25°C
in saturated KCl agueous solution) % 7~9" (SHE, Standard Hydrogen Electrode, 1% %

IKEFEMR)

H7 ) — RERDS S B30 &AL (on-set potential) @ pH &7
BRI IR A= 01 mol LMD YU VEEREEIRIK O pH % 0.6 ~ 1L IC A L S8,
[f]— D WO/ITO % T CV JIEEZIT\V, pH IZK L THT / — RERON S E
AN (Eon, On-set potential, V vs. Ag/AQCl) O 7' v~ k %17 - 7= (Figure 2-11)

FNEND pHIZE T D Eon 1T CV HifICHR 25 & _X—ZF 4 > (0mA cm?)
EDREFRMBRDT=, TOFER. pH 2 0.6 ~ 8 DEEMEAAIR LY 8 ~ 11 D FEE
M CEMBBEBRIE O, TN LN OEMROMEE [ ZERYEN T-0.069 V/pH, HEEME
fIc-0.030 VIpH TH -7z, FN A FOXLE Y| BEEMITIZ1IE T 1272 b
Vo MR 2EF 1 S0 FOTRISLTWD Z E RSN,

T — REEDR O TR A

RS 32 AT O s A AL S (0~172mW em?®) CV lIEZFTVy, 15V
vs. AgIAQCI (2B 5067 / — REMMEZCREICH LT ey FLcb D%
Figure 2-12 |Z7"3, JIREEAS 0~ 100 MW ecm? £ T, J&7 / — RERIZERRAIC
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BN U722, Ll EoSesiE CIdEEfI b+ 2 Hmz2 R Lz, &7/ — KER
DFAITIBNT 100 mW cm? £ TOIEIRE TIid, WOz R IZI 1T % K DERLK
JENEDHEBEEE TR VW EEZ NS,

SRR DT 7 2 a v Ay M VHIE (IPCE)

WOS/ITO IZ 1.0V vs. AQ/AQCI DFEBENMZHIIM LN HE 70 A —4 —%H
WCHY L7 e RIN LEBRICAE L DT/ — REROT 7 v a AR
27~V (IPCE) % Figure2-13 |2/~ 7/ — REMRIL490mnm UL F 6 e s |
MY 400 Nnm TO IPCE (X 45% Th - 7=, F£7=. HIEFFHANTO IPCE D Kl
12380Nm CTE3% CTH -7, ZDT 7 v a AT fLDILEH EAY L Figure 2-9
(2R L7z UV-VisDRS DL H B OWRNELS —ET 52 £705.,490 nm LA T
DA ZERAN T2 2 L TEL DT 7 — REHIE WO D3y KX v v 7 JihiEd
IZEESNTND Z EWRIBEI T,

WOS/ITO Z AWK DRI S3 i (WO3 D AL % 4 78 42)

pH=6.0» 0.1 mol L™ U > EEFRTEIK . 0.5V vs. Ag/AQCI O &N Z FINL
7278 5 100 mW cm® OGO AT G 2 WOS/I TO (RT3 25 2 & TRDEEBNL
BRODREAT o7z, T ORFORFEF IR Z Figure 2-14 (2R3, SEHRSTE %,
L0 mMA cmZ DT ) — RENAE Uz23, BRI ORGE & 2o L, 1 HpH
% TI3A 036 mA cm? £ TR Lz (64%DT 7 — RERMDELD) . £z,
WOS/ITO IZ A2 FRET T2 &, WOS/ITO B L UK EM CTH 5 HARRO K )
ORIAMNFAET DR R S e (BRI SR L TRBRAITV, WERID S
i, CE fINDKENHET D Z LEMALTWD), EEBMER L., &
NMNNOEMEN A7 a~ 877 72 RAWTHN L, KORHRRSESRIC L v #&4E
L7clFi LOKERERD, KT, 1RO EBM B MR Uk
7/ —RERLVEWMEEZEHL, BELTEBIEBIVKERZLV 7777 —
#h% (Faradaic efficiency, FE.) ZHEH L7-, 7 7 77 —2hRITLERY (5 ENTER
HFEROKFE) BELEOICHERBETOENR L EBICHE SNEETOELK
THIS72H DT, K 2-10 DERITREIND,
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FE.(%) = w x 100

(Eq. 2-10)
22T, nidERoELE (mol). QIET 7 75— & (96500 C molt)., C
FEBRICHEE SN ckEME (C) T, AROR TIREBNME R RRIA U
KT — RERMELVEE Lz, ol ZEHTHY . K2-1BL 22107 T L9
2, BERFAEIT4E T, KFEREF2ETRLROT, aldtNEN4ET-
X2 2MRA LTz, £7-. BRERIKTH S 0.1mol L™V o EefaEiaik o pH 22
b RO EZIT 72, RTORERE Table 2-2 12~ T, ZNENDORERE
g9 5 & pH=6.0 i b2 < KT/ — REIRMSTLAL, BER I K OUKFER A
L7z &mb, ZO5MM WOSITO % Fv 7o AT A R E 5 A 35\ Tl
nEHETHLEBX BN,
EBNERDRANST /7 — REBRNRE &L LT < #ER E LT
DEIIRERERET D, BibZ v T AT VB RBEERICBWT, EERIE
PR EIZ KX > TIENREAET H EFEIKFICE RrX T UIANERTH &N
5 Z &M Prof. Livage b L W G SN TR Y, “ARICEBW T, by v
AT UFRE EOKBEN —ETBILINDZ LT KX T UV nNAER
LTWbEEBEZIOLND, 2O X LT VAR EICBbIND Z & T
BNBAETDOEN, ZHEREBHCE ReXx VI AR LEDO T v TV T
FOSWEZ Y | Bk v 7 27 & E BIT@EB RS b, Z omiE{k
WS ARTEMERAL & 72 0 | EEA XD PICRIL Y 7 AT VR BT LT
WS ZETHEMEMET L, 67/ —FERMET LT eEZEx b D, Z
DD A F— 1 % Figure 2-15 (2787,

24F #EE

HHROER L2 » 7 AT I ) 8 B — LA L L TR = F Lo 7 ) a—
L (PEG Mw = 2,000) 3L~ —Fr— X% W T L7 gilfE— 2 %
ITO #' T AFM BIZBAT Jek T2 2 & TH /R —F A &L AT o0y v 7
AT U EAERL LT, AFRL L7 b 2 7 AT ISR A BRI S L ko
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BRACICEE ST / — FERNE LT, BILY VT AT UIROT 72 a 2 AN
7 MVRIEZATV, —EIRAE#S#HE (IPCE) R M L-EZ A, 490nm LT
ORI L VT 7 — RERAE L, 400 nm (Z81F 5 IPCE (% 45% T H
272, 0.5V vs. Ag/AQCI D EBNL & HIN L 72 HER{b & > 7 AT I AT E %
U922 & CTROIEBRIDBREATo TR, (FHEMTH Ly 72T
VIERE EDOBREDPEAELTWDLZ LR LI, 2Oy T AT U
ko2 o 72T o F 7 N =2 v, 5 RGIETERYT 2 &0
TEHZ D, AIDLEEZ AW ifix BRI T T A ZA~DJS AR IR T
ERAR

235 3CiHR
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Table 2-1 Preparation conditions of aWO3/ITO electrode.

Run WOs/ g PEG/g Marpolose/g  Water / mL WGO4/ITO
1 0.2 —_— —_— 0.3 Not good
2 0.2 0.12 _ 0.3 Not good
3 0.2 _— 0.12 0.3 Not good
4 0.2 0.10 0.02 0.3 Very good
5 0.2 0.10* 0.02 0.3 Good

A WO3/ITO electrode was prepared by application of tungsten trioxide (WOs)
nanopowder suspending solution with polyethylene glycol (PEG molecular weight
2,000) and marpolose as thickner and pure water onto I TO glass substrate.

(*, Molecular weight of PEG is 20,000)
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Table 2-2 Summary of data in photoelectrolysis using a WO5/ITO electrode in a 0.1

mol L™ phosphate buffer solution.

pH Charge/C O;/umol FE.02(%) Hy/umol FEE.42 (%)

3 1.03 1.73 65.3 4.68 88.0
4 1.12 171 59.3 5.04 87.2
5 1.37 211 59.4 6.29 88.5
6 1.69 2.57 58.7 7.42 84.6
7 1.38 2.28 63.9 6.26 87.9

Summary of data in photoelectrochemical water oxidation using a WO3/ITO electrode
as a working electrode for 1 hour with visible light irradiation. Potentiostatic
electrolysis carried out a 0.5 V vs. Ag/AgCl in a0.1 mol L™ phosphate buffer solution
(NaHPO, + KH2PO,4) under visible light irradiation using a 500 W Xenon lamp with
L39 UV-cut-filter and liquid filter (0.2 mol L™ CuSO,; agueous solution) as a

heat-cut-filter. The light intensity is 100 mW cm™.
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Figure 2-1 Schematic images of preparation of a WO3/ITO electrode.



Figure 2-2 Scanning electron microscopic (SEM) image (x 100) of a WO3/ITO

electrode surface.
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Figure 2-3 Scanning electron microscopic (SEM) image (x 1,000) of a WO3/ITO

electrode surface.

25



Figure 2-4 Scanning electron microscopic (SEM) image (x 10,000) of a WO4/ITO

electrode surface.
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Figure 2-5 Scanning electron microscopic (SEM) image (x 30,000) of a WO3/ITO

electrode surface.
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— 10 um

Figure 2-6 Cross-sectional scanning electron microscopic (SEM) image (x 1,000) of a

WO3/ITO dectrode surface.
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Figure 2-7 Cross-sectional scanning electron microscopic (SEM) image (x 2,000) of a

WO4/ITO dectrode surface.
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(h)

Intensity / a.u.
.-

20 25 30 35 40 45 50 55 60
20/6

Figure 2-8 X-ray diffraction (XRD) patterns of (a) a WO3 nano powder, (b) a bare-ITO,
and a WO; film calcined at (c) 25, (d) 200, (e) 300, (f) 400, (g) 500 and (h) 600°C,

respectively.
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Figure 2-9 UV-visible diffuse reflection (UV-vis-DR) spectrum of a WO3/ITO electrode.
The Y-axis values are converted into Kubelka-Munk (KM) value by KM diffuse

reflectance formula
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Figure 2-10 Cyclic voltammograms (CVs) of a WO4/ITO electrode in a 0.1 mol L™
phosphate buffer solution (NagHPO, + KH,PO,4, pH = 6.0) under dark (a, black line)
and visible light irradiation (b, red line) using a 500 W Xenon lamp with L39
UV-cut-filter and liquid filter (0.2 mol L™ CuSO, aqueous solution) as a heat-cut-filter.

The light intensity is 100 mW cm®.
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Figure 2-11 Plots of on-set potential (Eon) from a WO3/ITO electrode versus pH of a
0.1 mol L™ phosphate buffer solution. Visible light (100 mW cm) was irradiated from
a 500 W Xenon lamp with L39 UV-cut-filter and HA50 heat-cut-filter. Eon Was given

from the extrapolation of theinitial photocurrent to potential axis.
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Figure 2-12 Plots of the photocurrent density at 1.5 V vs. Ag/AgCI versus visible light
intensity at a WOy/ITO electrode in a0.1 mol L™ phosphate buffer solution (Na;HPO, +
KH,PO,4, pH = 5.0). Light source is a 500 W Xenon lamp with L39 UV-cut-filter and

HAS50 heat-cut-filter.
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Figure 2-13 Action spectrum of incident photon-to-current efficiency (IPCE) measured
in a0.1 mol L™ phosphate buffer solution (Na;HPO, + KH,PO,, pH = 5.0) at 1.0 V vs.

Ag/AgCl.
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Figure 2-14 Current density-time curve in photoelectrolysis at 0.5 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer solution (Na;HPO, + KH2PO4, pH = 6.0) using aWO3/ITO
electrode under visible light irradiation using a 500 W Xenon lamp with L39
UV-cut-filter and liquid filter (0.2 mol L™ CuSO, aqueous solution) as a heat-cut-filter.

The light intensity is 100 mW cm®.
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Mechanism of the depression of the photocatalytic current

+

2H
Hydroxyl radical 0- O_/‘
o S\ \ ]
HO-® €_oH HO" -OH WO,

% Less active site

- 2e 0, evolution

Ref.) Leaustic, A.; Babonneau, F.; Livage, J. J. Phys. Chem. 1986, 90, 4193.

Figure 2-15 Schematic image of speculated mechanism of recovery of the depressed

photocatalytic current of aWO3/ITO.
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W3FE FI)AR—T AR T AT UEOEENT ) — NEFROBES L
(145 25 )

En
il

3.1 i

52 WO DI, BLF S AT (WOs) (ZERIES T T £t
WEATH, BEEOEW n BEEERTH DL, WO3 DN R v v TR ¥
—13 25~ 27 eV THY . AHBIICRIREZFFSZ RTINS, ° WO,
BB ARG CEREN ¢ 5 KO NIMET / — R & LTS TWA 2, Y0 kot
@ﬁﬂﬁ%ﬁo& B & T T ) — RERAKE <IET 5 2 LM T
Holm, 1

AP EFR O 3T TIE, THIRD WOz 7/ R u X — % JFEHZ i 5 72 7 15 THE
WL T ) R—=F 2 WO A v, = LT/ — REIRES T Y — R
WBRIC X - T CEET D 2 L 2RI L0 T, MREHET 5,

3.2 Hi B

321 U - B

Wby T AT ) ) Xy X — (FW = 231.84, < 100 nm particle size (TEM))
VI TR v F Uy ANURRSHENOALTE O EZDOE EN N,
- ARV =F L7y a—n (PEG, —ifk. F¥4 & ca 2,000)
PG TR AN BIA LT b D2 Z DO E W,
s v—Hhr—X
AR A S DRI L T b o a2 0 E AV,
- VB ZKFE—H Y UL (Frfk, FW = 136.09)
PO TR AN BIA L2 b D2 Z D E W,
s U UlkFE T R U U (Frfk, FW = 141.96)
FOEAE TERASHNDIEA L2 b D22 D F E W,
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- e (Frfk, FW = 36.47)

MIE PR SHENCA LT b D2 ZOE EHW,

- ilfE  (H5#%, FW = 63.01, Assay 60~62%)

MIE PR ASHEDLOA LT b D EZ D E E VT,

- KRBT R U v L Rk, FW = 40.00)

MIE PR SHENCA LT b D2 ZOE EHW,

- WA VU v (Rrfk, FW = 101.10)

MIE L FPHRASHENOBA LT D2 ZDOE W,

- B KR (Frfk, FW = 249.69)

M L PR ASHENSEA L b0 EZOE T AV,

*ITO (IndiumTinOxide) 77 A (H&EMH T A, v — MEHR <10Q/0)
AGC 7 7 7 U7 v 7 RSN BHEA LT b O & Y 22 K& SIZUIlr L, K,
TN AEHONTHRE LD Z VW,

-

By a —RERRESHEN S LI b 02N 22k SOl L, A,
HEMR AR AR (F—2A4 F BEMHE—Z])

FEALF SN DA L2 b D& 20 E AV,

s HEfEME AR VR NBEER] (TINVEA N Ty K A bY A )
&S FRASHENBEA LT b DO EZDE E MV,
TR AT —

AA NSV —RASHNBIEA LT b DA Z DO F AW,

SRS

BAStH = anoBALLZbOZEY 2R SO L, Az,

- SRR

HASH =T anbEA L0 Y 2R SIZUWI L, A,

s =Y =TT Y =S —

32 YRR AR RO YBA BN = =T 7V =2 — & iz,
K (2 U QUK)

HA R UARTHAS . DIRECT-Q3UC THIE L7 b D& v,
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322 FIR—FAEE T AT UNRONERLT R
T HR—T AL Z T AT > (WO,) [l L OVEM (WO/ITO) OVERITT A
115 2 A SR,

3.2.3 MIEHE
A 7Y TARALE AN — (CV) HIE
CV OHIEEITE 2 =45,

- FEFENLES TR

AESEHRITC K D KD EERER DD TTIEITH 2 e B M,

KR =1 X DA O in situ RS EHIE

KD EBMNERGREAT S TZEEOELH (WE R OFEFEFEAERED insitu flIE
34—V % AT T 4 7 A4ED NeoFox Ctr g F o h—) # W TiTo 72,
BEAIIER T E T T (A FREETFO 2 SCER LT,

s HAZa~ 7T 7 (GC) HIE
GCHIE D FIEITE 2 24 5,

338 MRBLOEE

331 FIAR—TAEE T AT ORI T ) — REROBESEE)

VEFIFEMIC WOS/ITO Z V>, 0.1mol L™ U > ERFEEAW T (pH =3.00 THIE
L7 CV % Figure 3-1 IZ/”3, BEHF (¥ —7) T Cliddmsl&ipHN T T / — &
Mz s n2d -7~ (Figure 3-1a), WOS/ITO (2 100 mW cm G50 E TRl i
HERHT DL, K03V vs Ag/AQCI FHENBKDEEILIZIES EE X BILD
T ) — REROSLH LAV AR S, 1.5V vs. Ag/AgC THI 2.1 mA cm? (23
L7= (Figure 3-1b), #HW\T, D v b7 4 V2 —BXUOEER D v 7 4L
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H—ZBO AL, EVEIRE (664mMWem?) THAMRIT 2 &, 67/ — &
TEOSEH ER D 3R S IFIER U0 0.3V vs. AQ/AQCH b /i, 1.5V
vs. Ag/AQCl THI 7.7 mAcem? 2 L 7= (Figure3-1c),

Z O CV HIE L RSMH T, 0.8V vs. Ag/AQCI DEBEN ZFIIN LR HKDESE
(CLBRNIREAT -T2, 15D R E T % Figure 3-2 (12779, 100 mW cm™?
DO FHEIEIRE B TIEA 0.7 mA em2 DT/ — RERANAE U2, 1HEE#E#% T
1 34.3%D%) 0.24 mA cm? £ T L= (Figure3-2a), —7/7. 664 mW cm? D
MRS 1% TITR 34mA cm® D YE T 7 — REEFEANVAE U228, 1R Tk 6.2%0
#1021 mA cm? £ Tl L7 (Figure 3-2b), 24D DFERENS . EVIEIRE D
HHEBET L ETRT /) — FERPLYD REL DT DRSNS
2o Fl2. ZOEBMEBLRSIHEEIT> TVDHEIC, EHEMRTH S WOSITO &
XEMTH D HAEBMRENORIBDBELMRT H ENTE T,

3.3.2 JWELnET / — NER O BIE 2 H)

FIZ EOBmVNIRE O A RS L7 &M (Figure3-2b) % W T, RSO
BT TCVMIEZIToTE 2 A LEIADT / — M| TIOLEREIZIZIE—
EDEZR LN, -02 V vs. Ag/AQCI £ THY—KFEGIL, HFQ 15V vs.
AQIAQCI £T7 /—Rfmgld 56 &, 7/ — RERPRKELLLENRD . §5.9
mA cm? ({23 L7 (Figure3-3, gray line), Zi % 5[E#RY R LIZfEE, 7/ —
NI KO EBMERDRELIT ORI (Figure3-3, redline) & IFIZFRIRE, b
L <IFZENLL ED#K) 80mA cm™® £ TlHIE L7 (Figure3-3, black line), = ME
ZMWT, BOKOEBNMNESRDMAIT O & LA &IZIETRER O I FE
#1550 Z Ltk (Figure3-4),

N7 — REIREOREIE BB 2 a2 7290 WBDIZEMRERIRD pH 1220
TOMRFZAT > 72, ft e % Figure 3-5127~ 7, Z @ Figure Ot % [F118 = (recovery
degree) /R LTV, R 3-LITRT L2, 1.5V vs. Ag/AQCH (21T HKDIE
BALESRDERTORT / — FERE Q) &RIER Y17 08%) o7/ —
RERME (Jeo) DHLEH LT,
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3]

r

Recovery degree (%) = x 100 (Eq. 3-1)

[

ini

pH = 7 TIXEIERIL 35%IE EThH o722, pH =6 T CTRIERD EHRNES
Fu, pH =5 LU N TIXEE RN 100%% B 2 7=, Z O L 9 I[CEMEEIR O pH 23
PEAT LD MR O TR EWEEREZ R L2 b, B LIERT /
— REROBEEOTDIZIEZ T NUNEETH DL Z LR INT,

BT, KOEBNMER RIS Z2ENE/E (Applied potential) (220>
TORFEIT T2, 50N ET AR 2 Figure 3-6 12~ 3, JEIZEETLH
B 664 mW ecm® D YIRS, 0.8V vs. Ag/AGC] DEIINEE F.pH=4 @ 0.1 mol L™
U Ny 77— CROEBMERTEZITS & (B05MH) ., T/ — NE
DR R STz, HEv T, FINELE % 0.8V vs. Ag/AgCI 7»5 0.4V vs. Ag/AgCl
AT v 7S, 30/ 0.4V vs. Ag/AQCI ZHIINL ., =Dt 0.4V vs. Ag/AgC
MHFHON0.8V vs AgAQCT ICRLIZEZ A, KT/ — RERMEICELIZTAR O
oty L L7enn, FIMEEN 0V vs AgAQCI LLF, ©F 0 1Y — R4
WAPR AT S 72356, L7/ — RERERH S 2N K L, -0.2 V vs. Ag/AgC
ZEIR L7-56 I 7 — RERME L IFIE L7,

333 AT ) — REROBIERMEZFIA Uz iR U EaE R mE R

01mol L*® Y gy 77— (pH =5.0) 11, 152.8 mW cm D TG IRES T
0.8 V vs. Ag/AQCI D EBNL & HIFT L 72 KD E BN EXR DM E1T - T-REOEE
R % Figure 3-7 (black line) 1279, 2 & RIRHC BT OGO RS
BENFABEE V=2 A TRIEFMICER L2 E 2 A, KL IR
DEEZENPEIML CTWD I EDHERT S N TXx7= (Figure 3-7, red line), =
DEEFEDOEININT / — FERMEICKAF L TRV, R & I HNE A3 5
FH LT EHmA A 6N (Stage ), 1 K%, FIINEE% 0.8V vs. Ag/AgCl
725-02V vs. AgIAQCI IZA T v 7 &1, 54WH#EFF L (Recovery) . & D1%-02V
vs. Ag/AQCI 2> 5 0.8V vs. Ag/AQCH IR L FOVE BN ER DR Z b7 L 2 A,
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T — RERMIT 1 EH EFERREETHEE L, BEOAERFELEOR L L
iz (Stage2), Z DKDEBNMERTROFER %2 3-1ITRT, £ DGR, Sage
1 TiE 362 CDEMMNMEE SH, 7.09 umol DEEFEIENR b, MERAEICEH
357777 %% (FE.o) 1X75.6%TH -7, EIfEH%D Sage2 TlL, Stage 1
X0 HZ 478 COBEMDHEE S, 8.01 pmol DIRFER/ENA S5, FEo i
64.6% ThH o7, TNLTNDMGREHRET D L, 840 COEMMNBIHE S, 151
umol MERFEIAN R 5, FE.o2 1 69.4% T - 7=, KFEIZH L CTi. 355 umol
DIRFFAEDRL I, KEFRAEZBTL77 77 —%% (FEn) 1% 8L6%TH
-7,

B, R L CEBNME R & RIE &4 0 IR LT - 72K O IRe [ A it
Hhi# 4 Figure 3-8 I~ d, Z DGR, BRIV K L7256 T HIXIX RO K]
BRI JOOET /) — FEROEEZEE 2~ L, {EHER TH 5 WOS/ITO 7>
DIEFEDFAET H Z LR INT,

334 ALY/ — FEROBERE L OEHEERE IOV TOHEE

REIZ, 2O WOIITO DT 7 — RERDIHEF L ORIEEEIZ OV TDE
RERT, B2 ETRLIEEIIZ, 7/ — NEROBEIIRLS 72T
Fifi LICHBE BT S, ZOURRIEEHL L R D7D ThD B Z B
% (Figure3-9, LB%),

FRVESRME T CRIL 2 v 7 AT ETERULFCE LS NS Y T AT T
XEFEHINDWENEOND Z ENMBNTEY ., 20T/ — REREOHE
WX, Y — RO EIT) ZEIC LD XV T AT T By A~OIETLIC
ST, Bfb2 v 7 AT U REOWBAHPRITT S, TTOBRLS T AT 3
MRS T2 ThbdEEZXHND (Figure3-9, TE),

INFETEBILY T AT W NT ) — REMOBSR %% < OWFEE )N
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1T TR, KOEENERIRIFZICT 7 — NERESRRH & & IR
THZLBPRERMEL R T, AETTRT LT, RIEFMICHIZY KD
EBMNBERDREITH L ThRT /7 — RERDBE LBty v 7 AT B
H Y — ROMILELS 2% Z & C, 7/ — RERBEIET 5 2 L 2ihd Tl
Lz, ZOXT /— REROERIIEEM S T CTHEFICR O, EHETT- 72
SGETOHRIAENRRONT, ZOREFEFHOEBICONTERLILLEZ A, K
DEEBNMNELRDRFICERT 2 ReXx LT VA NVELEON v 7Y 7Tk
2 TR S D NEPEEAL TH DB . U Y — o425 Z & T,
BT AT T 0 ANDIETITHE B EMNETT SISO ThHDHLHE
z iz,
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Table3-1 Results of photoelectrolysisin Figure 3-7.

Potential / V
Charge/ C Noz / pmol F.E.02 (%) Ny / pmol F.E.12 (%)
vs. Ag/AgCl
Stage 1 0.8 3.62 7.09 75.6
Recovery -0.2 -0.02
Stage 2 0.8 4.78 8.01 64.6
Tota _— 8.40 15.1 69.4 355 81.6

Summary of data in photoelectrochemical water oxidation using a WO3/ITO electrode
as a working electrode for 60 min with visible light irradiation. Potentiostatic
photoelectrolysis carried out at 0.8 V vs. Ag/AgCl in a 0.1 mol L™ phosphate buffer
solution (NapHPO4 + KH2PO,4, pH = 5.0) under light irradiation using a 500 W Xenon
lamp with HA50 heat-cut-filter. The light intensity is 152.8 mW cm. Recovery phase

was-0.2V vs. Ag/AgCI for 5 min.
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Figure 3-1 Cyclic voltammograms (CVs) of a WO4/ITO electrode in a 0.1 mol L™
phosphate buffer solution (H3PO4 + KH2PO4, pH = 3.0) under dark (black line, a) and
light irradiation using a 500 W Xenon lamp. The light intensity is 100 mW cm (red

ling, b) or 664 mW cm (blue ling, c).
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Current density / mA cm”

Time / min

Figure 3-2 Current density-time curves in photoelectrolysis at 0.8 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer solution (HsPO, + KH.PO,4, pH = 3.0) using a WO3/ITO
electrode under light irradiation using a 500 W Xenon lamp. The light intensity is 100

mW cm (black line, a) or 664 mW cm? (red line, b).
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Figure 3-3 Cyclic voltammograms (CVs) of a WO4/ITO electrode in a 0.1 mol L™
phosphate buffer solution (HsPOs + KHoPOs, pH = 3.0) a 50 mV s*. CVs were
measured under light irradiation using a 500 W Xenon lamp. The light intensity is 664
mW cm™. The red and black lines are CV curve before and after the photoelectrolysis,

respectively.
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Figure 3-4 Current density-time curves in photoelectrolysis at 0.8 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer solution (HsPO, + KH,PO,4, pH = 3.0) using a WO3/ITO
electrode under light irradiation using a 500 W Xenon lamp. The light intensity is 664

mW cm?. The black and red lines are before and after the recovery treatment,

respectively.
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Figure 3-5 Plots of recovery degree of a WO4/ITO electrode versus pH value of a 0.1
mol L™ phosphate buffer solution. The recovery degree was calculated from
photocurrent density on CVs at 1.5 V vs. Ag/AgCl before and after the recovery

treatment.
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Figure 3-6 Plot of applied potential of a WO3/ITO electrode versus time in
photoel ectrolysis (above figure). Current density-time curve of aWO; filmin a0.1 mol
L™ phosphate buffer solution (Na;HPO, + KH,PO,, pH = 4.0) under light irradiation

using a500 W Xenon lamp. The light intensity is 664 mW cm (below figure).
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Figure 3-7 Plot of applied potential of a WO3/ITO electrode versus time in
photoelectrolysis (above figure). Current density-time curve (black line) and in situ
monitored time course of oxygen evolved (red line) of a WO; film in a 0.1 mol L™
phosphate buffer solution (NagHPO,4 + KH,PO,4, pH = 5.0) under light irradiation using
a 500 W Xenon lamp with HA50 heat-cut-filter (black ling). The light intensity is 152.8
mW cm? (below figure). The no; in this figure is the amount of O, evolved during

photoel ectrolysis.
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Figure 3-8 Plot of applied potential of a WO3/ITO electrode versus time in
photoelectrolysis at 0.8 V vs. Ag/AgCl and recovery at -0.2 V vs. Ag/AgCl (above
figure). Current density-time curve of a WO4/ITO electrode in a 0.1 mol L™ phosphate
buffer solution (Na;HPO, + KH,PO4, pH = 4.0) under light irradiation using a 500 W

Xenon lamp. The light intensity is 664 mW cm (below figure).
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Mechanism of depress photocatalytic current

Hydroxyl radical oH*

| |
—> WO, —> WO, T

HO-& €-OH HO:- .OH 0-0
N/ | - \ ]
03

W
Less active region

Mechanism of recovery depressed photocatalytic current

Figure 3-9 Mechanisms of depress and recovery of photocatalytic current of a

WO4/ITO.
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(172 < 7 v FAKEET T Co' #BFALFMICEALT 5 2 & Ta b b il
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ARIEHFHLOH 4 3T, THIRO WOz 7/ /37 &' — & JFENZ i 5 72 )7 15 CfE
UT=F ) R—=F X WOl % Hlvy, BedEse /Bt & U CEMERK T ~=a 1
M A ZEINT D2 LT, BREICPMERE L, T ORER, NEEHALT
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M L EEASHENSEA L b0 EZOE T AV,

- Bl =SV R (ISR (Frfk, FW = 291.03)

FOCAISE TEMRASHNOA LT b D2 Z D E E Vi,

- il (Frfk, FW = 36.47)

ML P SN SEA L b0 EZOE T AV,

- TR (K5#%, FW = 63.01, Assay 60~62%)
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MIE PR SHENCA LT b D2 ZOE EH W,

<Ak U o o (FFfk, FW = 101.10)
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TR AEHONTHRE LSO Z W,

-

By a —RHERASHEN DA L b o2l R SOl L, v,
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AA NSV —RASHNBIEA LT b DA Z D F AW,

- HAHR

BASH =T arblALZbOEEY 2 ESICUIMI L, A,

- SRR

BMASH =T anbEA L bOEEY 2R SICUWI L, A,
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3 BRSO YBA AN —H —7 7 ) r—2 — & e,
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423 WHIEHIE
- EAMUE IRMEE (SEM) #8152
SEM B D JT1EITHE 2 A B,

- TRVR—EH X #5rE (EDS) HIE
ERE M (A AE RS 4E, ISM-6510LV) 1218 L T\ 5 = R /L X
—orB X #rt (EDS) MIE#éE (A AT F#Rlatt, JED-2300) 4% VT
WOS/ITO K ORIE %217 - 7=, HIEDEE, Working Distance (WD) (347" 10 mm
TiTo 72,

A7 IRALE AR — (CV) HIE

CV ORIEIEILE 2 e LM, BRERIEIC0Im LY ViY77 —4 L
<1Z0.1mol L' fifEF kU 7 2 (NaSOs) KiEIE 2 W CHIEZT 72, F72,
ANV A F 2 BTN DB A ITREER = L B () ASKFI) (Co(NOs),-6H,0) %
BIL KR ISR L, EBREIT- T,

- TE BN R iR

AESE IS X B KO EBABRIRD TIEILE 2 22 W, CV JIE & [Fk
o, BAERKIZ 01 mol LY VRN Y 77— (NaHPO, + KH.PO,) & L< I
0.1mol L AfilEF U 7 . (NapSOs) KiIFiEZ AV CHIEZIT> 72, £z, 2
IV s A G BTN DA AR = 0 RN ASKFIY (Co(NOs)26H0) % Efif
BRI L, FEBREIT 72,

- HA7u~< 777 (GC) HIE
GCHIED LT, & 2EHEESM],

59



4381 FERBLIOEE

431 F ) R—F A E T AT RO NEEBSAL D 280 s A F

BN R (EMERIE . U RNy 7 7 —)

CV HlE

BIEIRE TH S 01lmol LMY vy 77— (pH=6.0) HFIZa /0 A A
Y EEML (0.1 mmol L™, Co(NOs),-6H,0) . 1EMEMIC WOS/ITO Z ALy, Al
HHRE T C CV IEZ 1T T2 % Figure4-1 1279, 2730 b A AV REIMD
BIEIRIE 2 N TZ38BE, 67 7 — REFIEL 1.0V vs. Ag/AgCl T 1.8 mA cm?(C
# L7 (Figure 4-1la), ZDN7 / — N&ERIZ. A7 v~ 77 7(GC)Z&HW
HZ L THBIBEOREDHERINT Z ENEKOBLIZESS DO THL Z LA
IR ENTZ, a7V A AU BRI LT EBAERR & V2546 Tk, 04V vs.
AQ/AQCI (BT ) — RERN 2L hA A RIFMOL D XY H k&<
720 . 1.0V vs. Ag/AQCI T22mAcm?IZiE L., #1257 / — REH DM@ 3
.57z (Figure 4-1b),

TE FENLFE U R

FPTIROIC, 220 b A FREFMD 0.1 mol LY RNy 7 7 — (pH = 6.0)
H1. 0.5V vs. Ag/AQCl D EBEAL A FIIN L 7212 100 mW cm® O S50 B o T HR D %
WOS/ITO IZHIT 2 Z & TKROEBM BRI ZITo Tz, £ ORFORFH]E i il
& Figure4-2a w3, FIHDEREE#, F910mAecm? DT /) — RERNAE
U728, B oot & 2 LU, 1 % T 0.36 mA cm? £ Tl L2 (19
64% DT ) — REFAWD) . FENT, 290 Mo A2 ZEM (0.1 mmol L,
Co(NO3)6H,0) L7z 01mol LU v g Ny 77— (pH=6.0) T, okt L F%k
T CKDEBNER M EATo 12, T ORFORFEF AR % Figure 4-2b 1277,
AN ES, FHLImAcm2OXT / — RERNE L., BEHIZ5 0.8mA cm?
FETHEA L, ZERLIEITET /) — RERPESLPICRD T 2@ mn R b, 1
FERI#E I3 071 mA ecm? D)7/ — REFiEZ R~ L7z (] 35%D )7/ — K
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BRI . KOEBMEBRSHZ VEERIT - -BICAE U T/ — RERIE
MOREME (Fv¥—) ZREHLEEZA, 2290 M A URIFNOEA T
17C, 27NV M AU ERMUTESEAIX31C &2 0 2L N F U 2 EiRE
R TICIINT 5 2 & CREM &K L8 fFIZm LT 5 Z &R ahi,

2 CEBMEBRDMRICRBIT AT 7 — NEWREORENEZ G 2 FiE

J .
Ry (%) = ﬁ x 100  (Eq 4-1)

2T, diminlXEBMERSM L5HOINET 7 — FEFME (MA cm®) . Jsomin 1%
EBN BRI 60 3% OINT / — REFME (mAcm?) Z~d, Figure4-2 O
RBEY ReZHETDE, 2/ A AV RIFIMOEAIL 52.1%, 2730 hA A
VERMUTES AT 87.0%E 720 2L A F 2 EBREERRTIIRNT 5 2
LI E D NT ) — REROZEMEDM LRI,

EBMNBROEE., ELVNOKME GC % AWV Tt L, KO A2 fiEIc &
DIELTFER (nop) BLOKERE () KD, TNENDOT 77T —%)
RKEEH LT, pH DR/ % 01mol LY Vg y 7 7 — 2 EBIREEIRICHWT
FERORER ATV, 2230 A 3RO % i U 7= /5 R % Table 4-1 127K
T, FERERDE, pH = 3TIE a2 L A A OWIMEhEMNTE AL ER LA
MoTe, pH=4,6,7 T, MEMEN L5~28FIcmELE, 7/ —FE
MEOLZEERYIL pH =54 pH TIX LR T AHEAB ROz, 20X 57k
TNV M A F 2 OEIMENED pH = 5 DA B2 0o T= DITIRDJRIK 235 %
Hivle, pH=5D 3/ A A UAFE T CEBNMELRDHAZITO & WO/ITO &
MR AR & SR BL BT AP BIR SN, BREHNES LB T D
Z L THBDER 5 WOs IS Se e oo, b7 7 — REHEAED
LictZExbND, BEREDT 777 =% (FEo) 1FETOLETA L
N AN E DM ER RN, KBHRAEADT 7 77 =% (FEn) 1FIC
DNWTIE I/ A F U ORI REDBBE IR D2 o 7z,
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TNV b A F o DREFERTENE

W% 2,30 hA A% 01 mmol L7225 1.0 mmol L2285k & |k &[]
BRORERZ1T>7-, CV % Figure 4-3 12, WM ETHIHAR % Figure 4-4 ("7, fit
514%iPH-0.2 ~ 1.0V vs. Ag/AQCI, 51 50 mV s ¢ CV HIE 24T - 7245 5H, 0.1
mol L*® Y gy 77— (pH=6.0) (2 0.1 mmol LD =30 kA F o &
MUTSE137T 7 — REROBEMA R 657228 (Figure 4-3b), =20 bAoA 4
Y OPRER 1.0mmol LHZ EFD & BIEMICET / — REROIK TR R b7

(Figure 4-3c) ,

feW T, 0.5V vs Ag/AQC] DEENHIE, FIEIEHRE T TR O E BN BRI
AT o fER, 0.lmol LTV ik 77— (pH=6.0) {2 0.1 mmol L™ o =
POV M F BRI UTZSAITET /) — RERO ERB X OREEO [ B3 A
Sz (Figure4-4b) . /3L hA A DPEEZ 1.0mmol LM EiF 5 & B3
T ) — REROIK T I OEEEDOIK 2R 5 4u7- (Figure 4-4c) , 1.0 mmol
LT D asu bAoA A w2, 1R E B ER D EITo7- & 2 A WOY/ITO
BARDRE AR & LB LA LT, ZOEMREROEITI > THT / —
RERMEFLEEEEZBND,

EBMNBREE., B LVNOKME GC 2 AWV Tt L, KO A2 fiEIc K
DIELTEFER (np) BLOKERE () KD, TNENDOT 77T —%)
KREBH LU, MRE2F DL D%E Table 42 (B FE) 121, Table LY.
BREOA SNV N A ERINTDHZ LT, 77 7T —hRIIEBL L0, 1
I O E B BRI IT DREMENSKE D L, ZIUTEWERFE, K
FEBITRAEEBDRDT DL LRI,

01mol LT DV UEE/y 77—t (pH=6.0) {2 1.0mmol LT D =31 kA Ao
EWRINL., EENMNERDEELT D Atk D WOYITO Zifid SEM #l24 L O EDS
HIE 217 - 7=, Figure 4-5 2 & SN B 0 fif AT O WOS/ITO 2K il O SEM 14 % | Figure
4-6 |ZE BN BRI G OREB R LB LTz WOYITO KiFi D SEM 4 7R~7,
WD SEM B a bt Lk 25, EBMERTRERITE T WOz hL 1|2 BHE 724
BT R SN2y 72, Fi\C. Figure 4-7 |2 E BB R0 RRTO WOS/I TO 2 1H D
EDS A-X7 kL% Figure 4-8 |Z/E BN BRIt D WO/ITO #1H O EDS A
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7 MVERT, EBMEXRSHEETO EDS TRty v 7 AT kDX TR
7> (W, 1.8keV) LEF (0,05keV) DE—7 & SEM BRI E L7124 (Au,
21keV) HROE—7 N8Nz, —J7. EBNMERTMH%D EDS TIXFERE & [FH
BRlicx v 72Ty (W) LEEE (0) &4 (Au) HROE—27 LISAMZ 6.9keV
FiZ=za vk (Co) ke —7 MBI LT, # 7 AT AZxT %390 K
DFEFHEZFEET2£1:0126 L7020 X0 7 A7 %6 LK 13%D =1 /3L
o L<ITarr MEEWBHTH L7 Z ERE S iz, 3.1 HiCib 78k
Prof. Nocera 1%, /)L A A ZWIM LT Y VA U 0 AKEEIR % SR E IR
WA, fEREMIZ ITO 7T AEME AW CEBMEZMNT 5 &, ITO AT

ZEgER B2 30 MEGY (Co-Pi) 2T L. s @itz K o &
LT< = & 2 L=, ® 57 Prof. Choi & |3 /EF] &M WOs 5% F U Prof.
Nocera & [AlARkD L TEM EIZ Co-Pi ZHrH &8, Z OEMS &G CIEFIC
TEILKOBLABEE L CEi< Z L 28HE L, "2 b 0WETIE, o
EDS A7 kb asrsv bk (Co), Ve (P, #UTLA (K) OIFEDRRII
TWo, Aiffgte koL, VoAV vA (bLIEF MY UA) HRD
= NELNTNRNZ LD, Co-Pi &3R5 20 MuEY) WOH/ITO
FIZHTH LTV Z R I,

432 ) R—F Rfb X o 7 AT RO NESALFERFED 25 A A
WINh R (BAERIE - WiEET U 7 LKIEHR)

BIRE KRG Z 01 mol LY gy 7 7 —735 0.1 mol LYFilET kU w7 4
(NapSOs) 7KWHRIZZAET L, A & FARIC 2230 b A A OB R & a3
5 Z & CEMBKAEDN RGN D% MET LTz, Figure 4-9 |[ZEMERIKIZ 0.1
mol L™ NaSO, /KiEiE (pH =6.0) IZHW =54 D CV ZRT, a3 b F %
ML TO2RWEATIE, K 0.2V vs. Ag/AQCH {1357 B K DERLICEES S T
J— REWROSLH ER VA 53, 1.0V vs. Ag/AgCl THJ 2.3 mA ecm? (23 L 72
(Figure 4-9a), Y7 / — RERDOSLH LN BRI 2 BHFEIZ 01 mol LY g
Ny 77— (pH=6.00 ZHW7=5HE (01V vs Ag/AQCl) L35 &, K
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0.1V EfNCY 7 b L7z, 72, 1.0V vs. Ag/AQCl TONT / — REMRMEILY >
gy 77— (pH=6.0) ZHW=H5HE (W 17mAcm?a 1.0V vs Ag/AgCl) X
D HH06mA M2 REVMEZ TR L7, 0.1mol L™ NapySO, /K 1z =131 kA
FraEEM 01mmol LY +5&, U@y 7y —08A LRI04V vs
AQ/AQCI LB HT J— REIRN 2L hA AU RIFMOL O XY H K& <
720 K L2MERT  — REROM ER A STz, B2 L bAoA F U ORE%
EH (Qommol LY &®5&, T — REROSNS EX Y BETERICY 7
M ($01V) 7528, EREICY ANy Ty —& Hniga (Figure 4-3c)
DL HIZBEE T/ — REROBAITIR 517, 1.0V vs. Ag/AgCl THJ 2.5 mA
em?IZEL, L A A UREMO D LD HREWEEZ R L,

fEV N T, 0.5V vs Ag/AQCT D EBENLFIAN, FIHEHRST T CK O E BALE <0
ZAT - BRI E AR 2 Figure 4-10 12/R"9, /3L A AU 2B L TV
RS TR ATEDEIRSTE % K 09 mA cm2 DT /) — REF A /L B2,
BRRE & 2 L, 1 BRI TI3K 0.4 mA ecm? & T L 7= (Figure 4-10a, Ry =
69%)., —J7. 0.1 mol L™ NaeSO, /KIFiE I = /3L b A A > &% (0.1 mmol L™)
T4 &, AHCHRHES, K085 mACMZDNET ) — RERBR LN, 26
B bR & I L, 1 BRI TR 0.5 mA em? £ T84 L 7= (Figure 4-10b,
Ry = 74%), EfRE Tdh 5 NapSO, K iz 2L kA 4> (0.1 mmol L) %
WNT 52 LTRT ) — NERBEOZEEITIATO LA (5%) RRSTAR,
BIREIRRCY VBN 77— AWESEAE LD L ERTESVITEN -7,
T, 1.0mol LT D=L b AU BRI S & AL IREE %, 5 0.6 mA
cm? DT/ — RERMN LS AL, T DOEEITK 0.5 mA em™ (T £ TR 95 28,
FOBONT /— RERITIZE—E T, LRMZTHH 05 mA cm?ONT /) —
R 7B E % 7x L 7= (Figure 4-10c, Ry = 102%) , 1 B¢ [ & B B0 i##4 O WOS/ITO
BRIV b A OWMOAE, IRINREICREADL. U gy 7
7= TCOXIRBO~DECITAONT, EEMNEISWHATOGAORKAE (R
ZEH) OFEFEThoTz, RTOH U T IITHNWT, AIFDERBEIZ X 5Kk EE
MBER DR EAT> BRI, (EAEmB L OB O RIENEELTNDHZ L
DHER T 72,
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EBMBROMEE., EANOKMET A7 o< s 7T 72 HNTHIT L, K
DFHIRT LV FAE L TBEHREE (nod) BRLOKERE (np) ZKRD, £z
D777 F—NREFEH L=, £7-. pH D572 % 0.1 mol L™ NapSO, /K %
BRI W THEEROBRBR ATV, 2290 A F U BINO B R Mt Lz
% Tabled-2 (TR T, fERA RS L. BIERKIC 0.1 mol L™ NapSO, /K IRk
ERWESA, 2200 MM A OFINC X 2EMED ERI1T 1.1 ~ L3 FRE
T, Ve y 77 =086 (F1184F) X0 IR MR ooz, L
ML G, BBRBEDT 7 77 =% (FEo) 1T2TO pH FETa L b
A FUEFIMC L B ERR SN, K2, pH=6.0 0.1mmol L' d = 3L kA
FrEWRMUTESGE &R bEW FEo (73.6%) &L, KERAEDTZ 7T 7
—HR (FEw) 12V BNy 7 7 —D5E LEERIZEAE 2250 B A A DR
IHFIT R B e hr o7z,

433 EXULFRED 20 b A F 0 OUEINE REEHEZ OWNT DB %

WOS/ITO DHFBELALFERHED 230 kA A > ORI FHERE DT Prof.
Stahl & DO ¢ & HIc BT 5 L. Figure 4-11 |RT & 912, EBRERKTIC
W nlza v hA Fonfgib s o 7 27 RO F T < THEREEL S 1,
TNV NDT TR =B T AT R EICERSND EE LD,
ZDITAZ=PKREBILL, BBV BET DH ERITILDO AL M F IR
B WD il A 7 AR E X HID,

Flo. TOaN M F ORISR 7 AT o FKE ETHEITLTWD
DT, % 2% (Figure2-15) TR L7z, KD EXFEMRILIC L HleRst L
[FIFICHETT L TV D BF AU T D, A7 A A ORI K 5067 7 — 1
BIRME DM _LIZETE O 30 b A F o ORI SN %E ORR(L % o 7 AT 3
AR T D KOBXICFHIBIS)SE LD b RN ThL EBx b5, £io,
BERAED T 7 7T =% (FEo) DM LEBIONT /— RERMBOLENE
(Re) DmEix, @V M A& OIS MBI ET T D720, Bk s
T AT URENCET D KOE KT RIS OB UG T & % b4 o A pl
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DIz ol ThbEEZLND,
4481 FEE

EIREAIC 01 mol LY vy 77 — & Hv, ZFO%iikH1Z 0.1 mmol L™
DRET /L " F U EBRINT 5 Z & T, WOJITO ONERALFFEED A |
TAHZEERM LT, FrlC, 7 /) — REREORENL L OBERED T 7
TT O m EITBEFICR N, TIUXRIM LT 20 M A F U b &
YIATURIBTASNN NI TAZ—ZTER L, 2K ORI & L)
NWTWATEDHTHDLHEEZLND, LLENRL, WINT5a L 42D
JEEZ 0.1 mmol L7225 1.ommol LMz EiF 5 & SERE & 13 WO/ITO DY
SALZREIZIR T Lz, SN N7 22—k ¥ v 7 AT U #H b
IR SHTHL, LY v 7 AT o RENDBEIEA L, AIDEEES Z &
T2 v 7 AT ONESULFREME T LIz L ZE 2 6N D,

EME R 0.1 mol LU AREET b YU 7 2KIEIR & AW 7256 CiE, e ) v
ey 77— LR BREOa ALV U ERMLEZSETH
WOS/ITO DIERALFRHEDM ERN R iz, FrOLY / — NERITIEFITL
T, EBMEKDMHHIR T/ — FEROBADILIZEAER LN >T,
EREEWRICIEET Y U L2 WG E T, BbY v 7 27 URENT R
PFrn o2 holc T &b BRI 3730 b A A OIS 23 84T
L. EELIRT S E2RIBOSIEI S oz, T/ — RERPIEFITLE
TholztExbhb,
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Table 4-1 Addition effect of cobalt ionsin electrolyte solution at photoelectrolysis.

Charge/ Noz / F.E.o2 N2 / F.E.12
pH Catalyst R« (%)
C pmol (%) pmol (%)
1.03 1.73 65.3 4.68 88.0 53.4
3
Co?* 0.99 1.71 66.7 4.17 81.2 63.6
1.12 1.71 50.3 5.04 87.2 50.8
4
Co?* 1.66 2.92 68.1 7.21 84.1 78.8
1.37 2.11 59.4 6.29 88.5 51.2
5
Co?* 1.60 3.06 73.8 8.01 96.8 48.6
1.69 257 58.7 7.42 84.6 52.1
6
Co?* 3.11 5.55 68.9 13.6 84.6 87.0
1.38 2.28 63.9 6.26 87.9 41.7
7
Co?* 3.84 6.86 68.9 16.0 80.4 70.1

Summary of data in photoelectrochemical water oxidation using a WO3/ITO electrode
as a working electrode with cobalt ions for 1 hour with visible light irradiation.
Potentiostatic photoelectrolysis carried out at 0.5 V vs. Ag/AgCl in a 0.1 mol L™
phosphate buffer solution (Na;HPO, + KH2PO,) with 0.1 mmol L™ Co(NOs), under
visible light irradiation using a 500 W Xenon lamp with L39 UV-cut-filter and liquid
filer (0.2 mol L™ CuSO, agueous solution) as a heat-cut-filter. The light intensity is 100

mwW cm2.
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Table4-2 Addition effect of cobalt ionsin electrolyte solution at photoel ectrolysis.

[Co®]  Charge/ 0, FE.op H, F.E.v2
pH  Electrolyte
/ mM C [ pmol (%) / pmol (%)
0 1.66 2.29 53.2 7.43 86.4
0.1mol L?
2 0.1 1.60 2.29 55.3 6.74 81.6
NBQSO4
1.0 2.20 3.68 64.6 9.93 87.3
0 1.97 2.59 50.8 8.37 82.3
0.1mol L?
4 0.1 2.30 3.39 56.8 9.77 82.1
NBQSO4
1.0 2.13 3.32 60.3 9.13 82.9
0 1.74 3.01 66.7 7.78 86.1
0.1mol L?
6 0.1 2.02 3.56 67.9 8.72 83.3
NBQSO4
1 1.88 3.58 73.6 9.13 81.0
0.1 mol Lt 0 1.69 2.57 58.7 7.42 84.6
6  Phosphate 0.1 3.11 5.55 68.9 13.6 84.6
buffer 1.0 0.42 0.70 63.5 1.63 74.2

Summary of datain photoel ectrochemical water oxidation using aWO/ITO electrode as
a working electrode with cobalt ions for 1 hour with visible light irradiation.
Potentiostatic photoelectrolysis carried out a 0.5V vs. Ag/AgCl ina0.1 mol L™ sodium
sulfate (N&,SO;) agueous solution or 0.1 mol L™ phosphate buffer solution (Na;HPO, +
KH,PO,4) with Co(NOs), under visible light irradiation using a 500 W Xenon lamp with
L39 UV-cut-filter and liquid filer (0.2 mol L™* CuSO,; agueous solution) as a
heat-cut-filter. The light intensity is 100 mW cm™.
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Figure 4-1 Cyclic voltammograms (CVs) of a WO4/ITO electrode in a 0.1 mol L™
phosphate buffer solution (NagHPO, + KH,PO,4, pH = 6.0) under dark (black dotted
line) and visible light irradiation (black solid line, &), in a0.1 mol L™ phosphate buffer
solution containing 0.1 mmol L™ Co(NOs), under dark (red dotted line) and visible light
irradiation (red solid line, b) using a 500 W Xenon lamp with L39 UV-cut-filter and
liquid filter (0.2 mol L™ CuSO, aqueous solution) as a heat-cut-filter. The light intensity

is100 mW cm.
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Figure 4-2 Current density-time curve in photoelectrolysisat 0.5V vs. Ag/AgCl ina0.1
mol L™ phosphate buffer solution (Na;HPO, + KH,PO,, pH = 6.0) without cobalt ions
(black line, @ and with a 0.1 mmol L™ Co(NOs), (red line, b) using a WO4/ITO
electrode under visible light irradiation using a 500 W Xenon lamp with L39
UV-cut-filter and liquid filter (0.2 mol L™ CuSO, ag.) as a heat-cut-filter. The light

intensity is 100 mW cm.

71



2.5

(b)
2.0 |
g
< 1.5-
e
2 10}
[72]
[
(]
©
c 05}
o
3
0.0
05}
I R R B SRR S |

02 00 02 04 06 08 10
Potential / V vs. Ag/AgCI

Figure 4-3 Cyclic voltammograms (CVs) of a WO4/ITO electrode in a 0.1 mol L™
phosphate buffer solution (NagHPO, + KH,PO,4, pH = 6.0) under dark (black dotted
line) and visible light irradiation (black solid line, &), in a0.1 mol L™ phosphate buffer
solution containing 0.1 mmol L™ Co(NOs), under dark (red dotted line) and visible light
irradiation (red solid line, b), in a 0.1 mol L™ phosphate buffer solution containing 1.0
mmol L™ Co(NOs), under dark (blue dotted line) and visible light irradiation (blue solid
line, ) using @ 500 W Xenon lamp with L39 UV-cut-filter and liquid filter (0.2 mol L™

CuSO, aqueous solution) as a heat-cut-filter. The light intensity is 100 mW cm’.

72



12

1.0 |-
£
o
< 08 b
! (b)
2
@ 06
Q
o
= (@)
2 04
>
©)
0.2 |
(€)
00 1 | 1 | 1 | 1 | 1 | 1
0 10 20 30 40 50 60

Time / min

Figure 4-4 Current density-time curve in photoelectrolysisat 0.5V vs. Ag/AgCl ina0.1
mol L™ phosphate buffer solution (Na;HPO, + KH,PO,, pH = 6.0) without cobalt ions
(black line, @), with a 0.1 mmol L™ Co(NOs) (red line, b) and with a 1.0 mmol L™
Co(NO3); (blue line, ¢) using a WO3/ITO electrode under visible light irradiation using
a 500 W Xenon lamp with L39 UV-cut-filter and liquid filter (0.2 mol L™ CuSO, aq.) as

a heat-cut-filter. The light intensity is 100 mW cm?,
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Figure 4-5 Scanning electron microscopic (SEM) image (x 25,000) of a WO3/ITO

electrode surface before photoel ectrolysis.
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Figure 4-6 Scanning electron microscopic (SEM) image (x 25,000) of a WO3/ITO
electrode surface after photoelectrolysisin a 0.1 mol L™ phosphate buffer solution with

1.0 mmol L cobalt ionsfor 1 h.
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Figure 4-7 Energy dispersive X-ray spectrum (EDS) of a WO3/ITO electrode surface

before photoelectrolysis.
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Figure 4-8 Energy dispersive X-ray spectrum (EDS) of a WO3/ITO electrode surface
after photoelectrolysis in a 0.1 mol L™ phosphate buffer solution with 1.0 mmol L™

cobalt ionsfor 1 h.
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Figure 4-9 Cyclic voltammograms (CVs) of a WO3/ITO electrode in a 0.1 mol L™
sodium sulfate (Na,SO,4) agueous solution (pH = 6.0) under dark (black dotted line) and
visible light irradiation (black solid line, @), in a 0.1 mol L™ NaSO, agueous solution
containing 0.1 mmol L™ Co(NOs), under dark (red dotted line) and visible light
irradiation (red solid line, b), in a 0.1 mol L™ NaSO, agueous solution containing 1.0
mmol L™ Co(NOs), under dark (blue dotted line) and visible light irradiation (blue solid
line, ) using @ 500 W Xenon lamp with L39 UV-cut-filter and liquid filter (0.2 mol L™

CuSO, aqueous solution) as a heat-cut-filter. The light intensity is 100 mW cm’.
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Figure 4-10 Current density-time curves in photoelectrolysis at 0.5 V vs. Ag/AgCl in a
0.1 mol L™ sodium sulfate (Na,SO,) agueous solution (pH = 6.0) without cobalt ions
(black line, @), with a 0.1 mmol L™ Co(NOs), (red line, b) and with a 1.0 mmol L™
Co(NO3); (blue line, ¢) using a WO3/ITO electrode under visible light irradiation using

a 500 W Xenon lamp with L39 UV-cut-filter and liquid filter (0.2 mol L™ CuSO, aq.) as
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a heat-cut-filter. The light intensity is 100 mW cm?,
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Mechanism of catalytic water oxidation by cobalt ions

I Cobalt cluster
2Co H,0
WNHO /Ho
N AN
4e” ‘\~ Co!'—OH

» |
O — Co'—OH

WO,

Figure 4-11 Schematic image of mechanism of catalytic water oxidation by addition of

cobalt ions in an electrolyte solution.
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W2 RY 7 u A EWEE T ) R— T AT Z L ERO A G S RS
FANZEST D5t

TS =BT Z N TE AR ) 7 v AR{EEAE T ) R—T A
BT & EBBOIERE L UYET ) — Rtk

i
(63}
it

=S

il

5181 if#

1T L DI, TR, BRERNESC= 2L F—MENEA L TEB Y,
INOEMRIT D720, NTHERS AT LOEERE, 7 U — Rz ¥
—WROBRE NP SN TS, 7 ARIFEETIEL, K= R LF—E BRI
F—CEHT D L FRHT, K0 BAKRFEZ AT D EBHH 72 KGEm TH 5 kR
BRI KIGEMOBIFIZHRE L T\ D, ZOXIITKEEBETFIE LTKERE
DT RV X —F HWE % AT 5 72 DI IE AT EE CHRET 557 / — RO
FENEETH D,

Prof. Gratzel &1%, B&{b&k (a-FeOs ~~ %A k) Z W= e ChE 3%
KOOI T 2 — R%& . ®Prof. Augustynsiki 51, % > 7 25 v (HWO,) X
DL 72 3Bm YD B BB L 2 v 7 AT v (WO) KDL T / — K%, " Prof.
Domen L34 U ZNVAFTF A4 T4 K (TaON) IZfbA U oA (IrOy) =
b REEFF ST/ — REZNZRHRE LT 5, BIE, o T7EA
AL LT Prof. Malouk o i3fgbT % > (TiOy) &EMRFmICELA U Yy LAan
A R LT =0 & (Ru) AREZRE SETEET /7 — FlRE LT D
M2 ZHREHELREERE (LU VTLARLT =T AR E) THERSh T
DRSNS TR, fPROEERBELE XL &, HEK EICEEITHF
TET 20REAWTKRONREET /) — RERBT L2MERH D, £z, TiO, X°
WO3 72 & DR DI AR R DO ITEHEE F—7 2 L L3 s/ 77 k2
D2 L THHICEEZ AT L Z L RE SN TWD, tham HIEF Z X |k
nrF UL (STiOs) ICfx ok (', cd', Ni"', Mn", RW") % F—7L, 7
W CEEEY S 2 e b T/ — Rk 2R L7 R, O R =72 bR ©
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D EERWE LTS, 2 F7= Prof. Kudo Hi%, c'"' K—7 (7 v FE L (Sh)
A K—7) L2V FABLO Tio R % A7z e o 3d 2 & Tio, D=5 (CB)
~NDF ¥ —V hTUAT 7 IS AT K RO EERE LT D, ¥
Prof. Hashimoto 1%, Cr'"' 4 A4 %2777 h Lz TIO MR Z A, AlfiG RS
T (450-580nm) T2-F /%) —L COy~IfR S, Zofsnzzmo cr'
A F b TiO, D CB ~DREEHBHE) (Interfacial charge transfer, IFCT) 2%
IZEDLDTHDERELTVD, ¥ LLANL, EROE IR =TS
7 7 NEE RO R CERENT 2 KON EET / — RIZBET 2 WG 3IE L A

M,

AETFR O 5T TIX, il 2 v A[Cr(NOs)a] KA T/ R"—F ARk
F o EME T Y — R d % & IER IS 2B KL TR ITIETR Y 7
0 ABRIEMEE T ) R — T AL T ¥ CEMEER L, Z OEMOYEE K
TEHEIZOW TS 21T 720D T, 260 REHRET D,

5.2 8 kR

521 3K - B

- BbF# o (TiO) ~<—Z K (PST-18NR)

H IR LR S DA LT b D& 2D F E A,
<R e (1) 9/KFH  [Cr(NO3)*9H,0]  (K5#%, FW = 400.15)
BB RSN DA L b0 EZ O AV,
SHifbz s () 6KkF¥  (CrCle6H20)  (F5#k, FW = 266.45)
BRI FHRASH N OIEA LI b 02 Z0E AV,

- WiEEZ v (1) n/AKF#  [Cra(SOs)snH.0]  (—ifk, FW = 392.18)
BB RSN DA L b0 EZ O AV,

- FElE 7 v 2 (1) [Cr(CHCOO);]  ({b2:fH, FW = 229.13)
FOEAE TERASHNDIEA L2 b D22 D F E W,
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@R k7 = () (Crz0s)  (%¥iflk, FW = 151.99)

BRI FHRASHNOIEA LT b DEZDE E AW,

- VB ZKFE—H Y UL (Frfk, FW = 136.09)

PO TR AN BIA L2 b D2 Z DO E AW,

s U UlkFE T MU U (Frfk, FW = 141.96)

PO TERASHNDBIEA L2 b D22 D E E W,

- HElE (Rrfk, FW = 36.47) (SR/EAVSR MR D /ERLT Al )

MIE PRSP OA LT D2 Z DO E W,

- THfE  (rfk, FW = 63.01, Assay 60~62%)

M L PR ASHENSEA L b0 EZOE T AV,

- KEAbT ~ U v L Rk, FW = 40.00)

MIE PRSP OA LT b D2 ZDOE W,

S D A (B, FW = 101.10)  (SR/AE(LEREM O MERLE )

M L PSS A L b0EZOE T AV,

- RS (1) AR (Fiik, FW = 249.69)

MIE PR SHENOA LT b D2 ZDOE W,

- ITO (IndiumTinOxide) &7 A (H&EMHT 7 A, — MEHLE >10Q/0)
AGC 7 7 7 U7 v 7 RASH DN OHIA L7 b O &2 Y 7 K& SITHIEr L, K,
TR M EANTHE LSO E VW,

- iR

By a —REHRASHO DAL b0 Y ROl L, vz,
CEEMIRT AR AR (F—Z A~ EEMES—Z )

ERLER SN DA LI b D EZDE E AW,

AT AR X RBABEER (T INALEA N TEY R BEE(LX A )
RS FHREASHENOIEA LT b DEZDEEH W,

TR T

HAR NSV — RSN BIA LT b D A2 Z D E W,

- AR

BASH =T anbEA L0 Y 2R SICUWI L, A,
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- SRR (SRS O YRR )
HAES=7anbEALLLbOEE Y R STl L, A,
- fAf0 A v A LV EM
RS - a ER BRI R FT R O fafn = A V&M (SCE, MR-P2A) %%
MEmE L THWE,
cR_R=D =TTV = —
YIRS O YBA AN — —T7 7 ) r—F — & e,
Rk (2 U QUK)
AARI UARTHASH DIRECT-Q3UC THRIE L= 0% Az,

522 7T EZ—VRIg{LFZ 2N ) R—F AT Z B (Rl

TIO,N—A PZKBLOTE P THREFLIZITO T A LT 7Y r—4—

(%Eﬁglmwm)%%wfﬁﬁ(x%~y)Ltﬂﬂthuibtﬁ~7/
WNC 30 /oM S w71, BRI T 450°C, 60 ZrMkEmus (22K F) 752
LT TIO AT,

TERLL 72 TiOp I BB MR — AN % S BEE AR b NS kR — AR & o R /82
ERZEAOCTEREZR AT, 7707 =72 A0V CTEROmE 1om? 1272
LEOCHET DL TT ) AR—T AMALTF Z B (TIOSTO) & L7z,
TiO/ITO EfL D 2 ¥ — A % Figure5-1 (27",

523 ARV 7 v AfR{bWEERRLT % o EMR(CrTIO TO)D/FEEY

R 7 a LBEE R LT # B (CHTiO/ITO) X, TiO/ITO % WE IZ
RV, g7 v AR, -0.7 V vs. SCE T 6 KEflilh ¥ — RoyMLE4 2% = & T
R 72, A WIZEE 7 v AEIRITHERTIC, A&7 L — & WE 1TV,
0.7V vs. SCE TH Y — RO T 5 Z & T, ZRMICA Y 7 a ABBOEE %
WITSHLZ LR TE B,
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524 AbFRNIHTH S T-l{l 7 v L (CrOn)HEFiR LT & AR O ER

LE#ESEER & L C, Bk T ¥ U EM (TIOITO) LIT/EZFAIIZ CryO8 2 AT H S
7o M2 ERL L 7=, TiO/ITO 1iZ 0.14 mol L™ Dfi§liR 7 1 Ak (50 pL) % i
T4 5%, &Iz, 03 mol LT OKERLF R U 7 AKIEK (50 uL) 2p->< WiETF
L. W%, @EsEsZ & cfERLE

525 WIEHIE

- EETE AL (SEM) B2

ERLL 72 TIO/ITO B LY CTIO/ITO DOF ik L Wik OBIER 1 B AE 71
XSO EERIE THMEE (JSM-6510LV) & AWV CiTo7z, o TR —
TR 2T E M — AR Wi T — 7 L ONEE MR AR U EE A 2 VT
BEL, ZHUCANNy &2 U o 73E (o a—E 71k, Quick Coater,
SC-701) Z AWV TaRlEERHEIC4 (Au) Z7E ST b D% SEM Bl ol &
L7,

- TRLFX = E X Bt (EDS) HIE
AEEMEBMEE (A AE RS E, ISM-6510LV) 1IZfHE L T\ =L ¥
—or R X #srdt (EDS) MIEZLE (A AHE FHEAat, JED-2300) % v T
TiOJ/ITO 3 LT Cr/TIO/ITO i OHIE Z#1T > 7, JIEDEE, Working Distance
(WD) (Z43 10 mm TIT - 7=,

- B3R X #EPr (XRD) HIE
TiO/ITO B L CHTIO/TO @ X #EIHT (XRD) /X% — 3k stV 77
DR X FREHFEERE (MiniFlex600) 2 VW CHIE L7,

< BESLETE (UV-vis) WU A7 kL
IR D UV-VisINL A7 M L ORIE T BERE RS HOSBATIRT7 + S & A 4
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— K7 U—23 L EERE (Multispec-1500) % FWCIT- 72, HIEICITEEEE 1em
DA JE IV Z N,

« TR U ART FVRIE

Cr ¥R CrTIOITO 72 E DT~ v 3 AT RV ORTE IR Y 45 5
EFTOBR L —Y 7 ~ o phdkiE (LabRAM HR) AW CTIT o7z, iR EIX
532nm @O YAG L —H—% F ¥ U 7 L—va U HOEERHIV Y 27T
—Z Mz (520.7cm™),

- X BINEA AT L (X-ray photoelectron spectroscopy, XPS) I &
CriTiO/ITO KD XPS A7 MLiX HARE RSt E 1 ek E
(JPS-9000) % FVNCHIlE L7z,

- TV hrAT L—A FUACE RS (ESI-MS) HIIE
71 Y — NALPRE# OREER 7 v DU A 5T 3 5 728 ESI-MS JIE 217 - 72, H
ElT Waters £ Micromass ZQ 4000 HWTIT - 7=, HIESRMEIFLL FITRT
(complex concentration, 5 mmol L™ flow rate, 5 uL min™; cone voltage, 20.0 V;

capillary voltage, 3.0kV),

- BERG T T XA~ E ' (ICP-MS) HIlE

TIOAITO LIZER SNTARY 7 v AR OBAE R %2 KD 57202 ICP-MS
HIE ZAT > T2 WIEROY 7, L7 CriTiO/ITO Z £7K (aguaregia)
A —"—F A N CIREIEDL L THMSE, ZOWREAAT7 T Aa%
HAWTHERST 52 & THE L, ICP-MSHIEITH 7 VT 4 ANV AT LA
D HP4500 Z W TIT o 72,

A7 IRLE AR — (CV) HIE
ERLL 72 CriTiOJ/ITO Z{Ef&EM: (working electrode, WE) ., 4 ## % %I 2
(counter electrode, CE) . $R/1E{L#RE MR (Ag/AQCl) % 2R iR (reference electrode,
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RE) (22 ENH, BMEKERIZ 0.1mol L™ U kv 7 7 — (phosphate
buffer solution, KH,PO4 + NaoHPO,) % AW T =M = v 2 /A 7Z, Zok
IWNZET T (Ar) N7V 7280 30 5RIlA Lizth, a2 ER bS5t
HEEE (EbE TRkt HZ-3000) E#Efi L., CV HIEEITo7o, HEARHR
HE & LT, BALOMBIEPHIL -0.8~0.2V vs. Ag/AQCI T, @5 1#HE X 50 mV
st T o 1o, AT BRI EBRIIOEIRIC 7 o A Bk S0 500W & v T
v 7 (77, UXL-500SX; 7 v 7'/~ A, SX-U1500XG) % Fv>, 420 nm D3
Y RNRAT g2 =@ LT DL (et AW TTo7z, BT 25w
FeDFEFRE DRNEIL/ ST — A — & — (MELLES GRIOT, Broad Band Power/Energy
Meter, 13PEM001) Z MW\ THTo72,

CV HlliE & [FAERIZ CrTIO/ITO & WE, H4#it4a CE. Ag/AQCI = RE IZZ %
MR, BRREKRIEIZ 04mol L™ U Uiy 7 7 —& VT =M =it
NEMATE, ZOBVHNEZ Ar X7 Y 70280 30 R L7=%. BLEE
SALFEHEE (bbE TR AUS 4R, HZ-3000) & #55i L7=, -0.2V vs. Ag/AgCl
DEBMEZHINL72%, AIEDEE CHTIONTO (MRS L, 1 BRI E BALE S ) fif
AT o7,

s R O T 7 v g v Ay FOVHlE (IPCE)

G GRIE DA S v & VT —= 8 =B L &2l Ar N7 U 7T &
D 0 HHBR Lok, B BRI R HEERE (b} TN, HZ-3000)
EHEE L. -0.2V vs. Ag/AQCI DEBEN ZFIML7=, 500W Ft /> 77 Dx
B BE /) 7ax—42— (Gititds. M10) ZHWTHEDY H L HERE WE
TH % CrITIO/NTO IS L, A U2 M i 2 JE L7z, 1557 RKa
5B (incident photon-to-current efficiency, IPCE) Z & L7=, IPCE &
o= DRITHK 2-2~2-8 5[,
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- FRBEE Y —IC LA AT O instuBEENE

KO EBNEBRDIR TS IZBOELH (WER) OFRFEFRAED instufllE
I =% A 7T 4 7 A0TSR P — (NeoFox) # HW T T 72,
BEMRITZER TET VI (A FHEXTO 2 S TER L,

- WA/ m~ 777 (GC) WIE

AT D EEBMER DL VRBE L TEBAB L UOIKBLZEET HTZDICHT A
su~ 777 (GHERERT, GC-8A) ZH\W= (v U T HA,ArBA L%
2T =V =T ANT L), HAZA FT VY (HAMILTON) ZHWTE/ALAD
EEORM (~y RAR—2) Z 0L L, ZhEH AT a~ 87T 7 Th
Fri, KARFICE ENDEEHER L OKFEOBRRZ ROz, HFONTHERLY .
MBEBLIOKEREICBTL7 7 77 —% (FEo, FEw) ZHEHE LT, Th
FNDT 777 —ROBENGIEITN 2-10 25,

5.3Hi RIS LOEL

531 7B AR V) — RoOoMmass (§iZLe)

71V — RRALERIZ X 5 UV-vis A7 b V2L

F4 7 L— k& WEIZHVW, 014 mol L ot 7 v 2 (Cr(NOs)s) Ak %-0.7
Vvs. SCE TH YV — RoMALEL (2W5#) #1T->7-, £ DD UV-vis A7 kL
ZAb% Figure 52 (-9, 1Y — ROMAELRTIE, 2 DORINE — 2 2% 410 nm
E580nmiZH V. EH5E Cr 0 d-dBRICIRE SNz, 2P Y — FoHRALER
AT O & ALERRFE & IR 540 nm IZFHERIN R 2R 57278 5 360 nm AT DT
EoEFNRERONT, g s LT k7 v A (Figure5-3()) | fifi 7 v 2 (Figure
5-3(b)) . EifEZ = A (Figure 5-3(c) & AW CRBROBFI 21T o 7ok, Wi
DA BIEIE Y 7 LAORRIRBAE IR AT MVEITR o2 otz, £72,
B h U UL (NaNO;s) ZHWEIGE Tl Y — RIS R bR hoTc 2 &
e Cr' A A LRI A A DT D K D gV EERIC kT el o
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V— RSB EITTHEEZONS, ZOMAELEAIE Cr(NOs)s D AN
UV-vis A7 "V REIR B Z b b s D (Figure5-4),

HlER 7 v LW OO ESI-MS HIE
BT Y — RooMLEe (-0.7 V vs. SCE, 2 B§fi]) A& DOREER 7 1 LVEIK D
ES-MSHIE 24T 272 & 2A Y — ROl a4T5 Z L Tmiz=3430 B LV
m/z=361.0 (ZHi7-7e v — 27 BB L7 (Figure5-5), RIS EBE L, >3
2l—varLizé 2 A R (Mz=3430) X307 n afbem e —F L,
([CrsOxNyH,]* (e.9., [Cra(OH)11]", [Cra(OH)sNO(4H,0)]", [Cra(OH)sNO2(5H:0)]))
%3 (m/z=361.0) IXATEIZK (HO) 13 fmEhiztos—%L7-,

il 7 v LESIRD T~ 3 e AT S VRIE

FEVNT . Y — R AL OREIE 7 0 LKEHE D T~ o AT SVRIE
BAToT2, B Y — ROBERRTH DT oA S 714 om™ & 1042 e (T IS Y
WA A4 (NO3) RO E— 27 BRI, B Y — RSB %17 5 & 900 cm™
MITIZH 7272 v — 27 BB L= (Figure5-6), Z DO — 7 (33CHk L 0 kFfnL7=R
U 7 a ABLWRED Cr-0 OfEICIRE Sz, PF ZofEnNs, 7Y — R
MLERS 2 Z LI K VR 7 v AR TR Y 7 v AEE N BT 5 2 &
PRSIz, ZHUTRIFE D ESI-MS OFER (7 v LDEZEHE) & —FH L T\ 5,

532 CrTiO/NITO D/EHIB L%y 77 XV EB—2 g

Cr/TiOoITO DR

B Y — ROMRALER L 7= ik 7 v DS C WE I TIOA/ITO & HW CTHIE L 72
CV % Figure5-7 {2/~ , KRB DOFEEE 7 v LK TiE-0.2 V vs. AgIAgCI T
/NS T Y — RERD RO h, BT 5 Z & T-0.39V vs. Ag/AQCI {1
K&/ DY — REBRPAOND L DT/ T-, ZTOH Y — RERITMEEZ v X
TORRGIL, o7 a MbEW TIER L7~ 7= (Figure5-8), £7=. ITO
BRLHES 7 L— h2 WG E TR LNRN -T2 &G, BfbF 2k

89



TRREMIZZ 7 LOBRITIEVDEITL TWVWDH EEZ HBND,

523 TH~72 L 912, TIO/TO % WE (ZFHV N BITALER U 72 Al 7 v LR
-0.7 V vs. SCE T 6 HEff] ¥ — ROMBALEL+ 25 = & TERI L 7=, Y — Roomil
W5 & RAICEMRENBABEAIEN LTz, Z OREOKRHET % Figure
5-91TRY, B Y — RO E % T, £9-3.0 mA cm? D Y — REFRNED
T, R L, 6 B TIER-05 mA cmP Iz 2R o 7,

CHTIONTO DF ¥ T 7 H Y E— =z v
me5mmﬁy—F%@mi@@%btcmmﬁnwfo@%%ﬁo%
WD SEM A&t L7z & 2 A, B Y — RaMaiE CIRIEEWVITR 6T,
TIO KL DEITEE L > TV D ERFBIEL S e (Figure 5-10(a), (b)), Z AU
BEOIEFITHENRY 7 v ABEORBN TIO K- E2B-> T EE2LN5D,
F 72, CrTIOITO O IWrEH D SEM BN 58 8 ym TH D Z ENohoiz

(Figure 5-10(c)), Figure 5-11 {Z Cr/TiOy/ITO i ® EDS AXY R ERT, £
OFEF, Y — RoME1T5 2 &£ T55 - 6 keV HILlCH 72127 v AHKO B —
IWNBNTZZ EME 7 v AT TIO R RIZEAE SN TWVWD Z EARENT,

CriTiOy/ITO £ D XPSHIE AT 72 TDORER, B Y — FopfRE(T5 2 & T
7 a AHEOE—27 73585.7eV (Cr2py,) X 1UN575.9eV (Cr2pgp) (ZHBLL 7
(Figure5-12,5-13), Z D Cr2pz, D E— 7 (\iiE % Lk CRAE L& 2 A, 31D
f2ft.7 7 & (Cry05,576.0eV) &R —HT D52 &b, AU 7 v AfR{bho s
2 AOMES 3MMTHLEBER BN, £, LTITRTMD 7 v 2MbEW &
1% Cr2pg, DB — 7 (N7 ~7= (Cr'"'(NOs)s : 577.3 eV, Cr''(OH);3 : 577.3 eV,
Cr''0;:578.9¢V),

CHTIONTO DT~ Vi3 W AR MHIEZEIT - T, & DOfEF% Figures-14 1
L5152 T, LT ¥ RO E— 7 TIFEB A SR o =08, Y
— NOMALEE9 % Z & ¢ 850 em™ fAHTICHi7z/2 7 m— R — 7 BNHEBLL, &
Y — RORRALERRE R DI & o B — V7 SRENR K E L o te, ZOE—7 1T
BRd& 0 Cro03» Cr''-0 D ffifiE (550 cm™) HiskTlx7e < BiAKFISn=ARY 7 =
LEALH D Cr-O OIFFEICIFIE Sz, X2 ZofENSBLT ¥ v FIcRY 7
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2 AR LD Z ENRIBE S L7z, £z, CriTiOITO Ol % Bl42
L. TIOBLURY 7 o AR HONWT Y vy B Z LImE 24, 1ZF TiO,
BRIZAY 7 a AL 04 LT D Z EaRS vz (Figure 5-16), F7-,
Cr/TiO/ITO ® XRD HIEA#AT o712 & Z A, Y — RoMALIRFI#% Tl <% —
NZEEMFE A ERDNT, T E—BRIO TiO, kD7 — o DI
B (Figure5-17),

Figure 5-18 {2 Cr/TiOo/ITO @ UV-vis A7 kL& RS, BROAILH Y — Ky
WaAT 9 2 & TR | AR & & bR < 72> 7= (Figure 5-19), =+
Too ZDOANRY MVIIBHR TR LI L 912 3 DORITWIB RS 2 Z LR T
T, RERMO 2 OOFEIEIC LD E Crodd BB THY . £ bz
T, #1560 nm (2.2 eV) ([T 2 R8T 7o 2RI 23 71 Y — R ipdl B4 %
ZETAEURE, ZORIEIL, BIGH (2.2eV) 2% Prof. Onishi 5 (2.2eV) ©=°
Prof. Hashimoto © (2.1 eV) # 233%a L7= Cr'' oo 3d L7 & TiO, DIz (CB)
~DOBEBHTFNF— LIEFITINZ LB, FTH LAY 7 v s@gitpo o'
?® 3d #iED D TiO, D CB ~D IFCT Th D &E 2 bivlz, Fio, gL L
T, TiIOAITO FIALFHC Cr'0s ZHTH S ET-EMANERL L, T~ Lot A
7 MVERIE LT & 2 A, 550 e AT IS Cr03 @ Cr''-0 oo ik d v —2 &
850 cm ™ T I AR U 7 v AER{EA D Cr-0 O sk o v — 7 23/, 5 7= (Figure
5-20), LL7Z22 6, AIOERIIC K 2067 7 — REROFE LT 720 -
72 Flo. ZTOEMD UV-visDR A7 FL XV CrTiO/ITO TR 5TV
cr''' @ 3d WEN S TiO, DIREHE(CB)~D IFCT 12 LD WINA RS2 h o7

(Figure5-21),

5.3.3 Cr/TiOJ/ITO O YeESAL F e

Cr/TiO/ITO @ A G2

01mol L*d VU viig/Ry 77— (pH=7.0) H1 T, Cr/TiO/ITO D A F G2
P2 @52 L7 (Figure5-22), 420 nm O HLASEHRS T, Y — RoL e 247
S TVRW TIO/TO TIEFIHNICERFES T E A ER SN TDITHR L,
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Cr/TiO/ITO TIX AR NI ERFED H 541, -0.6 V vs. Ag/AQCI LA EDBENLTHET
J— REHRNEL, 02V vs. Ag/AQC THT 7 — REFRMEITH 40 pA cm? 1T L
7~

CriTiOy/ITO Ol D T 7 2 3 > A~27 FVHlE (IPCE)

VT, CrITIO/ITO @ IPCE MIEAAT 72, ZDRER. A Y — Ryl %
T TR TIONTO TIiE400 nm L LD RIS THT 7 — RERITIFE A SR
BT 7223, CriTiOITO Ti& 570 nm LU F O A2 g2 = &L THT
— REWNE U (Figure5-23), F£7-. IPCE O KL 400nm T 1L.7% Tdh -
72 ZOIPCEDT 7 v a v AT V& Figure5-17 TR L=, WIS fRE1T -
72 CHTIOITO @ UV-vis A7 L& BT %5 & IFCT &R S 72 R D
AR EIZIE K L2 LD, CTIONTO OXT / — K&, BHFIT I T
HL7ZRY 7 o Lo ' o 3d#LTE D B Tio, DAREHH(CB)~D IFCT (T &
DAL TNDZ LR RIS LTz,

CriTiO/ITO % MV 727Kk D FE BT TR i

Cr/TiOJITO % WE & L CH, 420 nm O B 6 fRE T TR O E BN ER R
AT o7, Z OO BRI Z Figure5-24 12773, -0.2V vs. Ag/AgCl DF]
INEE T, AIBERRER, 67 7 — FERITK 2pAecm? £ TRELH B
B, BR & T L, 1R TIEH 7pA cm? (17%) £ TR L-, “h
ERIFRZE AN (WERD DEgFEF A B PR o — %2 O CRIFFIIC
PELEEZA, KT/ — FERE D EH SN HREICIZIE TV EOREE N
FAELTND Z LIRS (Figure5-25), 1HfI#%., L O%FE % GC ot
L7ofE R, WE 2 B3R, CE M b KFEOFRAENHR SN, 1 FFHOESE
NMBROMRIZ L0 AE L BEEITN 0.12umol T, BEREICBTD 77 7T
—%% (FEo2) 1L 9% Th o7, £z, MEFEICBITLINHETIER (Do,
Internal quantum efficiency for oxygen evolution) 5 XY, KOEELIZE 1T 5 =% /L
X —EHh=E (y, energy conversion efficiency for water oxidation) % LA FIZRd 5
51~53 KXV EMLIZE A, TNEN P =0.81%, =019 L7257,
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4voohcN
Poz (%) = "Bt (AT)

X100 (Eq.51)

Voo = E Xt (Eq. 5-2)

1 (%) = (1.23 -PE""DD)J X100 (Eq.5-3)

2T, hixT T oK (6.626x10% ), clI i (2.998x10°msh) . Na
T7 AT FeEk (6.02 x 102 mol™), PIXAFEOIEHE (158 mW cm®), A
IIAFHEDIRE (420 nm) | TIEE R, Voo [T DR FE 364 (0.109 nmol s*
cm®) . I IXHIIONT ) — REFEE (Acm?) ., QX7 7 77 —E% (96,500
C mol™), BN R REAT - T2 (S) Eagpp (ZFVNENL (vs. RHE), J
T — FEREE (Acm?) Z2ZhEhET, 20 GaB LWy #BEICHEy
SN TWOMDKDNERILT ) — R E G LTz & 2 A Do TR FI 3D 7203
Prof. Mallouk & 7234 L 7-#(0.91%)° & 1FIEFEETH Y . 5 1% Prof. Sayama & 73
Wi L7z BiVOJSNO/WOs il fE % ¥ b & ol e ¥ Lo @iz~ L
oo TNHLORRKEFE LD L D% Table5-2 12777,
FTo. KOEENEKD R OHINERE 2 2k SRR OB 21T - 7265 R

-0.45 V vs. Ag/AQCI & TlEHE I L UKFZ DR EZMRT HZ LA TE7z (Table
5-1, Figure 5-26) ,

CriTiO/ITO DT / — K& it 0> [A1{8E 26 &h

Figure 5-24 |27k L7= X 912, CrTIOJ/ITO % W C/KDEEBNEXR DR EIT D
&L KR E T ) — RERABD T LEMA RO, ZOERZ BT
D120, KOEBMNELI R D CriTiO/ITO ¢ UV-vis A2~ kL (Figure
5-27) 725 TNT EDS A7 hVHIE (Figure5-28) %#1T-7-, Z DR, &b 5
IZOWT KD EBMEBER DRI CREREBEWVIZIRONR -T2 D,
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B DR Y 7 v AN EREEE TR ETICLECFEL TS Z
EDREE NI, DF D, T — NEROBAPEM EORY 7 o Lkl
DIEFHSLBLIZ L D L O TR LR E T,

TN T, KD EBMNBR D RE OBME AT CV JIEEZITo 72, OIS
BEHZ W2 CrITIO/TO D EBALER AR CV 24 OLT / — NEFE
1% 0.2V vs. Ag/AQC! T 38 A cm2, Figure 5-29), = &M A FI VN C Al % Ha it
L7223 5, -0.2 V vs. AQ/AQCI OHIIEE T T/KD EBN BRI 2 2 KT -
oo ZTORER T 7 — REHAEIL 28 pA cm? 7> 5 3.3 pA em? 12 L 7= (Figure
5-30), ZDEMAEHWTHEE CV MIELZTTo7c, R4 Figure5-31I1Z7~7, OV
vs. Ag/AQCl 7267/ — RMNCIRSI L= & 2 A, 7 ) — REHREIZK 6 pA cm™?
BETHSTN, Y — MRS 5 &, -04 V vs. Ag/AQCI BL FIZHER K D
HRE A Y — RERMNE LT, -LOV vs. Ag/AQCl £ TRSIL, U7/ — K
PNZIRE9 2 LT 7 — REH LA L, 0.2V vs. Ag/AGCI THJ 26 uA cm® D
7 — FERNE LT, BIZZDORm5I2#0 IR LT O & 6T/ — FERIFIR %
ICR&ELARY PIAOM () 38 pAcm™®) DF 87%D#) 3B pA ecm? 1T L7z, =
DT ) — REFRNSEE L-EmRE O THEE, KOEEMBRDREIT -
BRoORFE B AR 4 Figure 5-32 IR~ d, ZOfER, 1[EIH (Figure5-30) & I1XiX
[FEE DT 2 7~ L. GC T ORE RN DFEERNFA LT Z & SR S
72

BT, KT — REFROEEIZLERFINENIZ DWW T ORFEIT o7,
Figure 5-33 @ FEHZ/RT & O ICHUNEN 2 28k S & 72 FF o I [ &8 I il 4% &
Figure 5-33 O FEIZRT, TOMRR, A—7 P —xv b (BHEEKIZTSH) T
13T/ — REROEEIXR ST, -04V vs. Ag/AQCI ZHIM L 7=58 bliE &
A ERIEIZR BiZe -7, -0.6 V vs. Ag/AQCI LLF OEMLAZEIINT % &7 7
— NEWROEEN RO, BIZAROENIZRDIZEEEDOESNARE
LM ATz, D DOREFRNG ., CriTiOITO DKD E BN B RIZ KL
HRT ) — RBROBW T, F—LOEML b0 THD EEZLNT,
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53.4 CrlTiO/ITO O AN IZ L D IFCT IZ2WTDOHEE

AT CrTIO/NTO O AN K 5 IFCT 1233 < BRI EIT DN T D A
= A LEHESZET 5 (Figure 5-34), 9. MR v AR CE(LT # & h
V— ROWRAVER 325 Z & C, kT & v Fm EICARY 7 v AREY) O E D
P 2, ZAUZS70nm L T ORI &5 2 & T R Y 7 v ARR{EY)
o Cr'' » 3d FuEN SEET ¥ v OfEER (CB) ~OF ¥ —Y R T AT 57—
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54%1 S
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W7 ) — REROFBENASNTZ, F7=. -0.2V vs. AQ/AQCI OHIINEE, AR
TR T CARDOBEIC L DRI AN O, BBRIEAIZIIT 2 NEEIE

(Do) 1% 0.81%, = R/NLF—EHLER (5) 1X018% Th o/, ZDONT /—F
BRIIEMLT ¥ v BICES SNZRY 7 v Ao o' o 3d#iEn S kT
B DIRE R (CB) ~OREEMBE) (IFCT) IZL5bDTHD I LARES
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Table 5-1 Summary of data in photoelectrocatalysis using a polychromium
oxo-electrodeposited TiO, electrode at an applied potential of —0.2 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer solution (pH = 7.0) under monochromatic light irradiation

(420 nm, 15.8 mW cm’).

Applied potential
Charge/ mC  FE.02 (%) FE.2 (%)
/'V vs. Ag/AgCI

-0.2 50.7 94.0 70.4
-0.3 36.9 86.8 45.2
-0.4 26.1 81.7 44.1
-0.45 13.0 23.8 20.6
-0.5 4.8 N.D. N.D.

N.D.; not detected
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Table 5-2 Visible-light-driven photoanode overview

Onset potentia FE.o» Doy n
No. Sample Author Ref.
vs. RHE Wavelength / nm (%) (%) (%)
1 CriTiO, 0.01 420 94 0.91 0.18 Kgjitaetal.
2 Cr doped SITiO3 0.27 470 tRumetd. Mat. Res. Bull. 1981, 16, 1593-1600
3 IrO,/Ru dye/TiO, 0.25 450 0.9 Mallouk et al. J. Am. Chem. Soc. 2009, 131, 926-927
4 a-Fe;0s 0.8 AM1.5G Grétzel et al. J. Am. Chem. Soc. 2006, 128, 15714-15721
5 CoPi/o-Fe,0O3 0.9 AM15, 1 SUN Gamelinet al. Energy Environ, Sci. 2011, 4, 1759-1764
6 IrO,-TaON -0.25 > 400 Domen et al. J. Am. Chem. Soc. 2010, 132, 11828-11829
7 IrO, + SINbO,N -0.3~-01 > 420 47 Domen et al. J. Am. Chem. Soc. 2011, 133, 12334-12337
8 BaZrOs-BaTaO,N
-0.3 500 0.0011 Domen et al. Angew. Chem. 2012, 51, 9865-9869
+IrO,/TiO,
9 Co0O,/TaON -0.25 > 400 Abeetal. J. Am. Chem. Soc. 2012, 134, 6968-6971
0.005 (1V)
10 BiVO, 0.8 > 420 Kudo et al. PNAS 2012, 109, 11564-11569
0.04 (0.6 V)
11 CoPi/BiVO, 0 AM 1.5 ca 100 Krol et al. J. Phys. Chem. C 2012, 116, 9398-9404
12 N doped ZnO 0.2 AM15 0.15 Lietal. Nano Lett 2009, 9, 2331-2336
13 WO; platelet film 0.55 > 420 Yagi et a. J. Solid State Chem. 2008, 181, 175-182
14 BiVO,/SnO,/WO3 0.5 AML15, 1 SUN 09~135 Sayamaet al. Chem. Commun. 2012, 48, 3833-3835
15 CoPi/WO; 041 AM1.5G ca. 100 Choi et al. Chem. Mater. 2011, 23, 1105-1112
16 Nanostructured WO, 0.45 AM15 Augustynski et al. J. Phys. Chem. B 2001, 105, 936-940
17 CuWO,-WO; 0.62 AM1.5G > 85 Bartlett et al. J. Phys. Chem. C 2012, 116, 3200-3205
18 C030,4-TagNs5 0.75 > 420 88 Bard et al. J. Phys. Chem. C 2012, 116, 14541-14550
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Figure 5-1 Schematic image of preparation of TiO; electrode (TiO2/ITO).
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Figure 5-2 UV-visible absorption spectral change of a 0.14 mol L™ agueous chromium
(111) nitrate solution (10 mL) by cathodic polarization of a platinum plate (2.0 cm? area)

at -0.7 V vs. saturated calomel electrode (SCE).
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(a) 0.14 mol L™ CrCl; agueous solution
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Figure 5-3 UV-visible absorption spectral change of a 0.14 mol L™ agueous chromium
(111) chloride solution (a), a 0.07 mol L™ agueous chromium (I11) sulfate solution (b)
and a0.14 mol L™ aqueous chromium (111) acetate solution (c) by cathodic polarization

at-0.7V vs. SCE.
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(b) 0.07 mol L™ Cr(S0.)s aqueous solution
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Figure 5-3 UV-visible absorption spectral change of a 0.14 mol L™ agueous chromium
(111) chloride solution (a), a 0.07 mol L™ agueous chromium (I11) sulfate solution (b)

and a0.14 mol L™ aqueous chromium (111) acetate solution (c) by cathodic polarization

at-0.7V vs. SCE.
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(c) 0.14 mol L™ Cr(CH5CO0); agueous sol ution
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Figure 5-3 UV-visible absorption spectral change of a 0.14 mol L™ agueous chromium
(111) chloride solution (a), a 0.07 mol L™ agqueous chromium (I11) sulfate solution (b)
and a 0.14 mol L™* aqueous chromium (I11) acetate solution (c) by cathodic polarization

at-0.7V vs. SCE.
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Figure 5-4 UV-visible absorption spectra of Cr(NOs)s (black), CrCls (red) and Cry(SOq)3
(blue) in water. Two absorption bands at 410 nm and 580 nm for Cr(NOg3)3 are assigned
to “Azy — “T1g and “Toq d-d transition of Cr'"' ions, respectively (J. Catal. 1996, 158,

236-250).
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Figure 5-5 (@) ESI mass spectra of an aqueous Cr(NOzs); solution before (black) and
after (red) cathodic treatment (polarization of a platinum plate at -0.7 V vs. SCE for 2 h).
(b) The difference spectrum (red) of the Cr(NOs)3 solution before and after the cathodic
treatment and the simulated spectrum (black) based on [Cra(OH)1]".
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Figure 5-6 Raman spectra of an aqueous chromium (111) nitrate solution before (black)
and after (red) the cathodic treatment (polarization of aplatinum plate at -0.7 V vs. SCE

for 2 h), and blank spectrum (black dashed line) without chromium (111) nitrate.
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Figure 5-7 Cyclic voltammograms (CVs) of an ITO electrode (black) and a TiO,
electrode (red) in an agueous Cr(NOs); solution after the cathodic treatment

(polarization of a platinum plate at -0.74 V vs. Ag/AgCI for 2 h).
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Figure 5-8 Cyclic voltammograms (CVs) of a TiO, electrode in various agueous
chromium solutions after the cathodic treatment. The black, red, blue and green lines are
chromium (111) nitrate, chromium (I11) chloride, chromium (I11) sulfate and chromium

(111) acetate, respectively.
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Figure 5-9 Current density-time curve in electrodeposition at -0.7 V vs. SCE in a

cathodic treated agueous chromium (I11) nitrate solution using a TiO, electrode.
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——— 0.5 um

Figure 5-10 Scanning electron microscopic (SEM) images of (@) a neat TiO, electrode
surface, (b) a polychromium-oxo-electrodeposited TiO, electrode surface and (c) a

cross- sectional SEM image of a polychromium-oxo-electrodeposited TiO, electrode.
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Figure 5-10 Scanning electron microscopic (SEM) images of (@) a neat TiO, electrode
surface, (b) a polychromium-oxo-electrodeposited TiO, electrode surface and (c) a

cross- sectional SEM image of a polychromium-oxo-electrodeposited TiO, el ectrode.
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Figure 5-11 Energy dispersive X-ray spectra (EDS) of (a) a TiO, electrode and (b) a
polychromium-oxo-electroeposited TiO, electrode. The ratio in atom number of Cr/Ti

on the polychromium-oxo-€el ectrodeposited TiO, electrode is 49%.
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Figure 5-12 X-ray photoelectron spectra (XPS) of a TiO, electrode (black) and a
polychromium-oxo-electroeposited TiO, electrode (red). It was prepared by cathodic
polarization in the treated agueous chromium(l11) nitrate solution (0.14 mol L™) at -0.7

V vs. SCE for 6 h. These spectra measured using wide range scan (0 — 1000 eV).
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Figure 5-13 X-ray photoelectron spectra (XPS) of a TiO, electrode (black) and a
polychromium-oxo-electroeposited TiO, electrode (red). It was prepared by cathodic
polarization in the treated agueous chromium(l11) nitrate solution (0.14 mol L™) at -0.7
V vs. SCE for 6 h. The peaks at 585.7 eV and 575.9 eV are assigned to Cr 2py, and Cr

2D3/2, respectively.
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Figure 5-14 Normalized Raman spectra of a TiO, electrode surface (black) and a
polychromium-oxo-electrodeposited TiO, electrode (red). It was prepared by cathodic
polarization in the treated agueous Cr(NOs)s solution (0.14 mol L™) at -0.7 V vs. SCE

for 6 h. The spectrawere normalized at 142 cm™.
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Figure 5-15 Normalized Raman spectra of a TiO, electrode surface (black) and a
polychromium-oxo-electrodeposited TiO, electrode (red). It was prepared by cathodic
polarization in the treated agueous Cr(NOs)s solution (0.14 mol L™) at -0.7 V vs. SCE

for 6 h. The spectra were normalized at 638 cm™.
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Figure 5-16 Raman spectral mapping images of a polychromium-oxo-electroeposited
TiO, €electrode. It was prepared by cathodic polarization in the treated agueous
chromium(l11) nitrate solution (0.14 mol L™) at -0.7 VV vs. SCE for 6 h. (a) Image (blue)
due to 600 — 700 cm™ based on TiO,, (b) image (red) due to 750 — 950 cm™ based on

polychromium-oxo compounds.
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Figure 5-17 X-ray diffraction (XRD) patterns of a polychromium-oxo-€lectroeposited
TiO, electrode. The black, red, blue and green lines are pdf file of TiO, (anatase), a
bare-ITO, a neat TiO, electrode and a polychromium-oxo-electrodeposited TiO,

electrode, respectively.
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Figure 5-18 UV-visible absorption spectra of the polychromium-oxo-electrodeposited
TiO;, electrode (red solid line). The red dashed lines are the deconvoluted bands of the

former spectrum.
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Figure 5-19 Photo images of polychromium-oxo-electrodeposited TiO, electrode.
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Figure 5-20 Raman spectrum of a Cr,O3; powder prepared chemically. Two major peaks

at 530 cm™ and 850 cm™ can be assigned to Cr-O vibration of Cr;O; and dehydrated

Cr-O vibration of chromium-oxo compounds, respectively.
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Figure 5-21 UV-visible diffuse reflection (DR) spectra of (&) polychromium-
oxo-electrodeposited TiO, electrode, (b) a TiO, electrode with Cr,Os; deposited

chemically. The spectrum (c) is the difference spectrum of (a) — (b). The spectra of (a)

and (b) were normalized at 660 nm.
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Figure 5-22 |-V characteristics of a polychromium-oxo-electrodeposited TiO, electrode
(red line) and a neat TiO, electrode (black line) in a0.1 mol L™ phosphate buffer (pH =

7.0) under monochromatic light irradiation (420 nm, 15.8 mW cm).

124



1.8

1.6
1.6
1.4
1.4
1.2
1.2
o .
S 10 5
lEI_)J 0.8 8-
& 0.8 | (37
@
0.6 - 0.6
0.4 0.4
0.2 0.2
0.0 0.0

400 450 500 550 600 650 700 750 800
Wavelength / nm

Figure 5-23 Blue plots show the IPCE action spectrum of a polychromium-oxo-
electrodeposited TiO, electrode as measured in a 0.1 mol L™ phosphate buffer (pH =

7.0).
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Figure 5-24 Current density-time curve in photoelectrolysis at -0.2 V vs. Ag/AQCI in a
0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-€lectrodeposited

TiO, electrode under monochromatic light irradiation (420 nm, 15.8 mwW cm?).
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Figure 5-25 O, evolution over polychromium-oxo-electrodeposited TiO, electrode in a
0.1 mol L™ phosphate buffer (pH = 7) with applied potential at -0.2 V vs. Ag/AgCl
under monochromatic light irradiation (420 nm, 15.8 mW cm™). Red line denotes

theoretic amount of O, determined using the photocurrent densities and time.
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(a) At an applied potential of -0.3V vs. Ag/AgCl
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Figure 5-26 Current density-time curve in photoelectrolysis in a 0.1 mol L™ phosphate
buffer (pH = 7.0) using a polychromium-oxo-electrodeposited TiO, electrode under
monochromatic light irradiation (420 nm, 15.8 mW cm@). Applied potentia is (a), -0.3

V; (b), -0.4V; (c), -0.45V; and (d), -0.5V vs. Ag/AQCI, respectively.
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(b) At an applied potential of -0.4 V vs. Ag/AgCl
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Figure 5-26 Current density-time curve in photoelectrolysis in a 0.1 mol L™ phosphate
buffer (pH = 7.0) using a polychromium-oxo-electrodeposited TiO, electrode under
monochromatic light irradiation (420 nm, 15.8 mW cm@). Applied potentia is (a), -0.3

V; (b), -0.4V; (c), -0.45V; and (d), -0.5V vs. Ag/AQCI, respectively.

129



(c) At an applied potential of -0.45V vs. Ag/AgCl
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Figure 5-26 Current density-time curve in photoelectrolysis in a 0.1 mol L™ phosphate
buffer (pH = 7.0) using a polychromium-oxo-electrodeposited TiO, electrode under
monochromatic light irradiation (420 nm, 15.8 mW cm@). Applied potentia is (a), -0.3
V; (b), -0.4V; (c), -0.45 V; and (d), -0.5 V vs. Ag/AgCl, respectively. (d) At an applied

potential of -0.5V vs. Ag/AgCl

130



(d) At an applied potential of -0.5V vs. Ag/AgCl
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Figure 5-26 Current density-time curve in photoelectrolysis in a 0.1 mol L™ phosphate
buffer (pH = 7.0) using a polychromium-oxo-electrodeposited TiO, electrode under
monochromatic light irradiation (420 nm, 15.8 mW cm@). Applied potentia is (a), -0.3

V; (b), -0.4V; (c), -0.45V; and (d), -0.5V vs. Ag/AQCI, respectively.
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Figure 5-27 UV-visible absorption spectra of a polychromium-oxo-electrodeposited
TiO, electrode before (black) and after (red) the photoelectrolysis. The conditions of

photoel ectrolysis are indicated in Figure 5-25.
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Figure 5-28 EDS spectra of a polychromium-oxo-€electrodeposited TiO, electrode before
(black) and after (red) the photoelectrolysis. The conditions of photoelectrolysis are
indicated in Figure 5-25. The ratios in atom number of Cr/Ti on the polychromin-oxo-

electrodeposited TiO,, electrode before and after are 49% and 48%, respectively.
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Figure 5-29 Cyclic voltammograms (CVs) of a polychromium-oxo-€electrodeposited
TiO, electrode in a 0.1 mol L™ phosphate buffer (pH = 7.0) under visible light

irradiation (A > 420 nm, 100 mW cm®) at 50 mV s™.
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Figure 5-30 Current density-time curve in 1st photoelectrolysis at -0.2 V vs. Ag/AgCl in
a 0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-electrodeposited

TiO, electrode under visible light irradiation (A > 420 nm, 100 mW cm’).
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Figure 5-31 Cyclic voltammograms (CVs) of a polychromium-oxo-€electrodeposited
TiO, electrode in a 0.1 mol L™ phosphate buffer (pH = 7.0) under visible light
irradiation (A > 420 nm, 100 mW cm?) a 50 mV s, as measured after the

phtoelectrolysis (Figure 5-30).
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Figure 5-32 Current density-time curve in 2nd photoelectrolysis at -0.2 V vs. Ag/AgCl
in a 01 mol L™* phosphate buffer (pH = 7.0) using a polychromium-oxo-
electrodeposited TiO, electrode under visible light irradiation (A > 420 nm, 100 mW

cm?).
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Figure 5-33 Current density-time curve in photoelectrolysis at different applied potential
(upper) in a 0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-
electrodeposited TiO, electrode under visible light irradiation (A > 420 nm, 100 mW

cm?).
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Figure 5-34 lllustration of electron transfer proposed for visible-light-derived water
oxidation on a polychromium-oxo (Cr'"'O,)-deposited TiO, electrode. VB and CB are a
valence band and conduction band, respectively. Red arrow shows interfacial charge

transfer (IFCT) froma Cr'"' 3d level of the deposited Cr'"',Oy layer to TiO, CB.

139



RY 7 v NRIEMEEIRIET & BB
XY 774 ) EB—Ta



F6FE AU v ARIEMESRIT S L EROFY T 74— a v

=S

il

6.1 81
AEEFRILOHE b BT K I, TFH 2 —BHREBRbTF Z 2RI
W, REEE 7 1 BKIERIR TR T Y — RO ALER(-0.7V vs. SCE) T 5 Z £ TR Y 7
LR E AR F & BAR(CrTIONTO) Z/ERL L. & OB ATHEIRST 3%
&, -0.6 V vs. AgIAQCI LA EDEATHT /7 — REROFEAED R 54, -0.2V vs.
AQ/AQCI OFIINEE, ARG IRE FCROBRILIC K ZMERAENAOND Z L %
R L7,

A LFR SO 6 T TlX, CriTiOJ/Cr OYERLE L OSBRI O SR 72 %
Y772 VE—Ta s ElTolDOT, TNODORREE LD D,

6.2 Hi FEBr

6.2.1 3K - B

- kT % > (TiOy) ~—A bk (PST-18NR)

H B RR ASHE A B Lo b D& O F F AV,

- filfE 2 oA (1) 9/KFRH  [Cr(NO3)*9H,0]  (K5fk, FW = 400.15)
BRI FHRASHNOIA LT b DEZDE E AW,
¥k v s () 6/KkF#  (CrClee6H20)  (Fifk, FW = 266.45)
AL RSN B EA LT b D& T D EE AV,

- fEERT B U U A (Rrfk, FW = 84.99)

FEAE TERASH N DA L2 b D22 DO F E W,

- VB ZKFE—H Y UL (Frfk, FW = 136.09)

A TR AN BIA LT b D2 Z DO E W,

- U UlkFE T R U U (Frfk, FW = 141.96)

FOEAE TERASHNDBIEA L2 b D22 DO F E W,

140



- MR (Rrfk, FW = 36.47) (SR/HEAVSREEMR D VERL A )

MIE PR SHENCA LT b D2 ZOE EHW,

- ilfE  (H5#%, FW = 63.01, Assay 60~62%)

MIE PR ASHEDLOA LT b D EZ D E E VT,

- KRBT R U v L Rk, FW = 40.00)

MIE PR SHENCA LT b D2 ZOE EHW,

AR U T (FRk, FW = 101.10)  (SRAE(LEREMB O MERLIFEH)

MIE PR SHENOA LT b D2 ZOE W,

- REESR(I) AT (Fifk, FW = 249.69)

ML PR ASHENSEA L b0 EZOE T AV,

+ITO (IndiumTinOxide) 77 A (H&EMH T A, v — FMEHER >100/0)
AGC 7 7 7 U7 v 7 RSN BIEA LT b O & Y 72 K& SI2UIlr L, K,
TR AEHONTHRE LSO Z W,

- ik

By a —RHERASHENDIEA L b o2l R SOl L, v,
HEMIRT AR EEA] (F—2A & BEME~—Z )

FEALF SN DIEA L2 b D& 2D E E AV,

s HEREME AR R NBEER] (TINVEA N Ty K AdiE kA A )
&S FRASHL DA LT b DO EZDE E MV,

T Tu— )V —7

ARSI —RAESH P BA LT bDEZOE RV,

- FAHR

BB =T anbBEALLLOZEY AR SICOR L, AV,

- SRAR (SRR AR O ERU )

M =T arbBEA L bOZEY R SOl L, Huv,

- fFN A v A VR

MRS 2R B R P TT R O g = AV EM (MR-P2A) % 2 [
& LTHWE,

141



R =TT —F—

TV ISR D YBA BUNR—h —T 7 r— 2 — & e,
AR (Y QAK)

HA R URTHASH DIRECT-Q3UC THLE L=t 0 & iz,

6.22 T EZ—VHRIEE({LFZ 2N ) R—F AT Z B (i

T2 =BT S o N2 T ) R —T AT Z s OERITEE 5
a2,

6.23 RV 7 v AB{LWESRILT Z L EM(CrITIONTO) D /ERL

R 70 ABRIEWESRLT Z EMCHTION TO)DVERLTS 5 A SR,

6.24 WEHIE

ATV TRALE A N — (V) HIE
CV OWNITEEITE 5 =42 S M,

- HA7u< 777 (GC) HIE
GC HIIE D TIEITEH 5 Ea B,

< EAETH (UV-vis) RN Z~<7 kL
UV-Vis LY 227 R L OBIEILE 5 =4 5,

« X #REE A4 A~ kL (X-ray photoelectron spectroscopy, XPS) Il &
XPS 27 M VOREILE 5 HEESH,

* TR UGN ART FAVRIE
TN ANRT FVOREITSE 5 E A2 S,

142



6.3H1 fERBLOELE

6.3.1 HYU 7oAt OESIZE T DHEEEA 4 2 (NOs)DMLEE

A LFRICOH 5 BT, BEICHAND 7 0 ARKIZOVW TR L& 2 A,
fEEE 7 b N CTOIRBILT Z 2 (TiO) EICR Y 7 v AR LM ONTHA R 6, Z 0
FEEND . A A (NO3) & 7 11 A F o (Cr') S ST AR DR 72 858\ VE AL
icEoT " oY — REIEBETT 5 &2 bk, &2 Tk, v AVEIR
HUZAEEE T B U 7 A(NaNOg) Z W L, NOs FET 5 54 T CRRLFHRIE %
1T 7= Figure6-1 (2% A 7 U v 7 RNV XE 7 T A(CV) & ~T, Hilt. 7 v 2 (CrCly)
VR & Bl 7 v A[Cr(NOg)s) iR D CV OFZIRIIK & < 720 | Cr(NOs)s IA 1K T
1%-0.4V vs. Ag/AQCI 156 L W K& e V) — RERNAE U, —J7. CrClzii
#E 12 NaNOs Z il L 72856 D CV DIZIRIZ, CrCls DTk 281K L, Cr(NOs)s
WIRICITWZAR D CV 3G 6T, LU B, ZRZEND 7 1 AR D%
AR A7 MV ERIE LT & Z A, NaNOs ZIRINIT 5 Z & T 340 nm L R D
NOs HI R DWIUE—E L7223, 7 1 A0 d-d BREIZIRE S DRI e — 7 (2 &4k
TR N7 o7-, (Figure6-2)

Ihb0r v hEREH W, TiIO, WA Y — Rt 4 52 & T
CriTiO/ITO DYE Z AT R, Crels ik TId V) — R AL T TiO, K
DHEEL ., HEEL- TIO B Z (TR 6T, FEHOAGEOEETH-
72 CrClz ¥iRIZ NaNOz Z SN2 & TiIO EDOFIBEIX R 53, BB A
DT, FBAERIEDEBEMOIESN FTHIILA XY N L% Figure 6-3 12773, £ D
. NOsZIRIT 5 Z & T, Cr(NOy)s Ik THEA LB e B PR
AR MR FONTZZ Enb, TiO, LIZARY 7 v A bENrH SN2
EVTRBE I NI, VT, Y — RORLERIZ X 5 CriTiO/ITO OEARIH D%
NEND 7 1 DR OLESN RN 227 L% Figure 6-4 (27~ $, Cr(NOs)z i
WTIHHESFETRLIEL DT, B Y — R 2175 2 & T 360 nm £43E D
WD EFBR ST, (Figure 6-48) CrClsia#k Tld, Cr(NOg)z IR D X 5 72
FEZALIT R B iv7e 0o 7223 (Figure 6-4b), NO3 ZUsNd 5 Z & T Cr(NOg)s 151K IZ

143



ITDIEE AL R S 7z, (Figure6-4c) 25 DFERN G, I Y — Ko fgLEL
XV TiO, iR Y 7 v AR T E BEE T Dol o' & NOs M R+
LB THD Z ENRENT,

6.3.2 RU 7o ALY OEEITE T HEEE7 0 LD

feW T, BAICHN D Cr(NOa)s ISR DIRFEIZ DWW TR 21T > 7o, Fix Dl
FEIZFRHE L7z Cr(NOg)s &1 (pH = 1.8)H C TiO &z VT CV JIEEIT - 72,
(Figure 6-5) 7 DR, 2 TDOHE D Cr(NOs)s iRk T-0.4V vs. AQ/AQC A3 7 5
71V — REFRMNEL., -1.0V vs Ag/AQCl T-45~-65mAcm?ICE L=, b
DA AT TiO, A 71 Y — R MRALELS 2 Z & T CriTiOJ/ITO Z/ER L
7o VTEBLL 725 MO I TN A~ 2 kL% Figure 6-6 (2, 420 nm 2L E®
AR SE(100 MW cm®) 2 JRET L 72228 S IGE L 7= CV % Figure 6-7 1274, TH 6D
FERD B Cr(NOg)s DIREN K E < 72 DITEWVIRIEE 72 5 NI T ) — RE
MR E L AR AN R S, 0.14 mol L™ Cr(NOg)s IRIE AN F M E 1 b i b Ml
s LTz,

6.3.3 Cr/TiOJ/ITO D7 — )X A7 777 ,(Pourbaix Diagrams) D {Efk,

Figure 6-812-0.84 ~ 0.96 V vs. Ag/AQCI Ot 5| i THIE L 7= CrTiO/ITO D CV
R, BBV CV M OIRSIHEIPHNT 3 SOREN e — 27 (EEMM S
Peak I, Peak I, Peak I11) 28 BT, 26D E— 7 X TiIO B TIE L Hi7e )
STl ENDL, R 7 r gk kor—r Thdb B2 bNDH, BFE
WRTHD Y Ny 77 —0 pH ZiHEEC/KEET U D A& IV TERPEMR,
T UHRIZE N EITIRY . CV JEZ1TV, T —/_F A7 7 Z L(Pourbaix
Diagrams) & 1Ek L7z, pH Z BN ZE L S/ 7-Kf D CV % Figure 6-9 12, 7 /b
J U PN 2 L S 7= FFD CV % Figure 6-10 (Z7~:97, Peak 11 38 X OV Peak 1l D ¥
— 7 BALUXENLEIND CV N HRD D T ERHERIZN, Peak | 1T 7 B — Rt =
N —E—T ThHIOIEMRR Y — 7 EMERD D Z LRk RroTe, 22

144



TGy VARV Z A 1 —(Differential Pulse Voltammetry, DPV){k % v C
Peak | D & — 7 BN &R 7=, £ 547 DPV % Figure 6-11 35 X OV Figure 6-12 (2
KT, ENEND CV BEODPV Mo b v — 2 BAL A BRE IR D pH
IZxt LT 1 > bk L7z Pourbaix Diagrams % Figure 6-13 |2/~ 9, 4 B — 27 OfH X
RO EZ A, Peak | 73-0.0517, Peak Il 73-0.0615, Peak 11l 73-0.0524 & 72 1) |
fEA3-0.059 12TV Z &EMD  ZENENDBLEF 171 hORIETH D Z L D7R
e S ALz,

6.3.4 Cr/TiOJ/ITO ® XPS &

CriTiIO/ITO K D XPSHIE ZA1TV, R Y 7 1 ARREWFED 7 v L O A B
ETH LT, ERERE@AET VT (AN Y F U TGS T L TR H O Hl
ExATHoTz, Cr FHkO v — 7 3B 5 #i#H(573 ~ 590 eV) TOHER R %
Figure 6-14 |2, Ti flif kD B — 27 23 819 2 #iPH (456 ~ 465 eV) TORIER R &
Figure 6-15 |Z/~¥°, Figure 6-14 ICA LN D KO, Ar =y F U 7LD
Cr/TiO/ITO M D XPS A~X7 )LD Cr 2pap KD E— 7 (X2 5D — 7 NE
7o JEIR T, 576.8 eV BLUNE75.9 eV ICE—2 NA LT, ZOE— 7 fiiE
R TIHA - L 2 A, B IL Cr'"OOH(577.0 eV). #%# 13 Cry"'05(576.0 eV) &
TNZ ERbhotz, ZhE ArmyF o 74252 &, Cr'"OOH H3kod
— 7 RN L, Cr"OsHRDE— 27 N AL ¥ — 2 L7 oT-, $£7-. Figure
6-15 % L5 & Ar = F » Z AT 2122 T Ti 2pep RO E— 27 D
7 EBRRONTZ, TS ORERN D, BORERIL Cr'OOH & Cr,"'Os THERL
ENTEY, BHEATIZERC CR'Os TS TWs EEXBRD, 72, Ar
TyF U TUET AL TTiBEROE— Ny 7 P LD b, R 1
LA FE L TIO DB AVNCHAAEHA LTS Z VR S L7z, Figure 6-14
D Cr2pz; DB — 7 5@E B IO Figure6-15 @ Ti 2ps, D B — 7 5RE D % Ar —
o F o TEECR LTy b L72b D% Figure 6-16 127”9, T v F o JALEL
ML CIX CriTi O 3.01TETHo7=n, BMEEEZ Ar = v F 2 ZHULEET 5
ZLTCT OB LU FETED Lz, Ar =y F o 7% 5 [ELLEIC 5

145



ECTi DITIFIE T L o7, ZOMEMND, CHTIONTO DORFREIZA Y
70 ARIEFESIHL TRBY, =y F U 7EENL, ZORY 7 v L@k
HORBOREIN5~TMmMBETHL L RS b,

ZIVETORERNG Figure 6-17 IZ-T L O 0 ENE 2 vz, g7 = A
B C TIO M A 71 Y — RpWLBE4 %5 2 & T, TiO KL F BT 5~7 nm #2JEE
DAY 7 v AR OENERHTH L, ZIUCAEES B Sh s 2 & e
5 TiO, D CB ~D R EHEMBENIFCT) N EL S, ZOIFCTIZL > TR 7 12
LB OWEIBIZA CTo A — I X D KRB S, BREDNEKRT D EE 2D
N5,

645 fEiS

TiO, B b ~ARY 7 v Ak 2 EAE T D72 OIITMMIEA A &7 u bAg F
VRMETHDLZ LRI, 72, CrTiOJ/ITO @ Pourbaix Diagrams % {Efk
L. BBOFEMeX Y 77 2V B~ 3 v &21To72, CTIOJ/ITO @ XPSHIE D
5. R 7 v ABIEHOENEN TIO, EIZ5~7Tmm OES THHL WA Z &
MRS NT,

146



2 L
IE O L —
(&]
P i
E Ll
>
o 4
©
2 i
o
5 6F CrCl,
@)
- _— CrCI3 + NaNO3
8k Cr(NO,),
-10 | N | N | N | N | N 1 N 1 N 1

-10 -08 -06 -04 -02 00 02 04 06
Potential / V vs. SCE

Figure 6-1 Cyclic voltammograms (CVs) of a TiO, electrode in a0.14 mol L™ aqueous
CrCl; solution (black), a 0.14 mol L™ aqueous CrCl; solution with a 0.43 mol L™
aqueous NaNO; solution (red) and a 0.14 mol L™ agueous Cr(NO3)s solution (blue) at
50mV s™.
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Figure 6-2 UV-visible absorption spectra of CrCls (black), CrCl; + NaNO;s (red) and
Cr(NOg3)3 (blue) in water. Two absorption bands at 410 and 580 nm for Cr(NOz3); are
assigned to *Ayy — “Tiy and *Toy d-d transition of Cr'"' ions (J. Catal. 1996, 158,
236-250.).
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Figure 6-3 UV-visible absorption spectra of the polychromium-oxo-deposited TiO,
electrode prepared in a 0.14 mol L™ CrCl; with a0.43 mol L™ NaNO;s (red), a 0.14 mol
L™ Cr(NO3)s (blue) and the neat TiO, electrode (black).
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Figure 6-4 UV-visible absorption spectral change of a 0.14 mol L™ agueous Cr(NOs);
solution (a), a 0.14 mol L™ aqueous CrCl; solution (b) and a 0.14 mol L™ agueous
solution CrCls with a 0.43 mol L™ NaNO; (c) before (black) and after (red) cathodic
polarization of aTiO, electrode at -0.7 V vs. SCE.
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Figure 6-4 UV-visible absorption spectral change of a 0.14 mol L™ agueous Cr(NOs)s
solution (a), a 0.14 mol L™ aqueous CrCl;z solution (b) and a 0.14 mol L™ aqueous
solution CrCls with a 0.43 mol L™ NaNO; (c) before (black) and after (red) cathodic
polarization of aTiO;, electrode at -0.7 V vs. SCE.
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Figure 6-4 UV-visible absorption spectral change of a 0.14 mol L™ agueous Cr(NOs);
solution (a), a 0.14 mol L™ aqueous CrCl; solution (b) and a 0.14 mol L™ agueous
solution CrCls with a 0.43 mol L™ NaNO; (c) before (black) and after (red) cathodic
polarization of aTiO, electrode at -0.7 V vs. SCE.
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Figure 6-5 Cyclic voltammograms (CVs) of a TiO, electrode in an aqueous Cr(NOg)3
solution (pH = 1.8).
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Figure 6-6 UV-visible absorption spectra of a polychromium-oxo-deposited TiO,
electrode prepared in a Cr(NOs); and a neat TiO, electrode (black).
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Figure 6-7 Cyclic voltammograms (CV's) of a polychromium-oxo-electrodeposited TiO,
electrode prepared in a different concentration of a aqueous Cr(NOs); solution in a 0.1
mol L™ phosphate buffer (pH = 7.0) under visible light irradiation (A > 420 nm, 100
mW cm®) at 50 mV s™.
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Figure 6-8 Cyclic voltammograms (CV's) of a polychromium-oxo-electrodeposited TiO,
electrode (red) and a neat TiO, electrode (black) in a 0.1 mol L™ phosphate buffer (pH =
7.0)a50mvV s™.
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Figure 6-9 Cyclic voltammograms (CV's) of a polychromium-oxo-electrodeposited TiO,
electrode in a 0.1 mol L™ phosphate buffer at 50 mV s*. The pH of eectrolyte solution
was changed from 6.8 to 3.2.
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Figure 6-10 Cyclic voltammograms (CVs) of a polychromium-oxo-electrodeposited
TiO, electrode in a 0.1 mol L™ phosphate buffer solution at 50 mV s*. The pH of
electrolyte solution is changed from 6.8 to 10.3.
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Figure 6-11 Differential pulse voltammograms (DPVs) of a polychromium-oxo-
electrodeposited TiO, electrode in a 0.1 mol L™ phosphate buffer solution at 10 mV s™.
The pH of electrolyte solution is changed from 6.3 to 5.4.

159



5 L W
= \ M
S er R v
z °f
T 5
©
= pH = 10.2
g 4 9.7
3 5 8.9
r 8.5
) 7.8
. 7.2
1 N 1 N 1 N 1 N 1 N 1

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Potential / V vs. Ag/AgCI

Figure 6-12 Differential pulse voltammograms (DPVs) of a polychromium-oxo-
electrodeposited TiO, electrode in a 0.1 mol L™ phosphate buffer solution at 10 mV s™.
The pH of electrolyte solution is changed from 7.2 to 10.2.
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Figure 6-13 Pourbaix diagrams of a polychromium-oxo-electrodeposited TiO, electrode
ina0.1 mol L™ phosphate buffer.
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Figure 6-14 X-ray photoelectron spectra (XPS) of a polychromium-oxo-
electrodeposited TiO, electrode with Ar etching. These spectra measured using a range
of Cr species peaks appear (573 — 590 eV).
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Figure 6-15 X-ray photoelectron spectra (XPS) of a polychromium-oxo-
electrodeposited TiO, electrode with Ar etching. These spectra measured using a range
of Ti species peaks appear (456 — 465 eV).
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Figure 6-16 Plots of intensity ratio of Cr 2ps / Ti 2p32 vs. number of Ar etching.
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Figure 6-17 Schematic images of mechanisms of photoresponse by a polychromium-
oxo-electrodeposited TiO, electrode.
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FOCAISE TEMRASHN DA LT b D2 Z D E E WV,
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PG TR A SN O IA LT b D 2D E E W,
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MIE L PHRASHENOA LT D2 ZDOE W,
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ML PR ASHENSEA L b0 EZOE T AV,
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MIE L PHRASHENOA LT b D2 ZDOE W,
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M L PSS A L b0 EZOE T AV,
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ERLER SN DA LI b D EZDE FHWE,
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3V VRSO YBA BIR—D—T 7Y r—% — % T,
AR (2 U QK)

AAS URTHA S DIRECT-Q3UC THUE L7726 D& -,
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— % AW TEERR %, HE S 2 2 & THBRLE L7- TiO, HIR(TiO/NOs) % 15
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r—2— (FEBE, 100 pm) ZHWTEM (A% —) L, 80°CIIHRE LA
— 7 UHNTI0mHREIS T, 2N OBEEL S 5 —E1T o 7%, AU T 450
°C, 60 4yMIBERALEL (28R F) 452 & T, TiO a7, 1R L7 Tio i
EEMEIRT AR X AR 7R b ONTHfkRME = AR % O SRR F 2 RV CER A
BT, 7 7ar =72V CEBOEREA Lom? 12725 L ) ITHET 5 2
& T TiO MR & L7~ (Figure 5-1 2 R),

723 A VR—T AEEEH T D TiO, B O /ERL

FH LT hTA Y T aRF Y R(1.359, 475 umol) Z 4 L7238 5 | IR F2(0.74
mL)Z—i9 ofii F L. 10 R L7, ZoRIicAkT 71— hE LTl
BN L — RAITH 5 Pluronic F127(0.2 g) 5mol L™ HiFe¥# (3 mL) 2 i %
W 15 s [REHRE L. TiO RBR AR 2T LTz, KB LT & ko THF L7z
FTIOH TG AR AT 4 7T —FTlem?iChb L Hic~AF o 7L A
va—2—(MRREHT AT iS5 A Y L a— % — SC2005)% VT TiO, BifkK
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(-4°C) T 15 43 [HI#%E L 72#%. 60°C T 154y [zt L, #E5U C 300°C, 20 47k
BER AT o7, ZOTHEZ 10V IR L, HEICESFZHWTER T THIRE
L 1°C min™ T 450°C £ CHAIR Lok, £ 0 F £ % # FC LRERINERL, 2 D,
WIZEESR T C 3FMIBER T 2 Z & THRMMEDH H A Y R—T A TIOEAFFH i
Too 722 TRLTEE DT, MER LT TIO MBI EM AT (175 Z & TRV AKR—
T A TiO &l & LTz,

724 RV 7o AW ESTRLT ¥ L EmmRO ERL
KU 7o LR EEERT ¥ B (CriTiIO/ITO) OVERLIE 5 &4 SR,

ENENAER LTz TiOo, A HIVWTHdlE 7 v M T Y — R #i(-0.7
V vs. SCE) 4 % Z & T Cr/TiOy/ITO Z/ERL L 7=,
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DELNAREER (R) 2T, KubdkaMunk (KM) ZEH#ia217\, %217
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XRD #II7E D FFiEILH 5 FEae S,

- X BRIEHT (SAXS) HIE
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Prtg Z it A Ir, SN — b B — 7 fLE0) 2 KD, X 7-1 [ TR
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%% Figure 7-1 |2, ERROWHE O SEM 4 % Figure 7-2 (2779, Figure 7-1 O &R
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—BHEElLF ¥ ~X—A K (PST-18NR) Z AW 5A L AEORERETH S

(Figure5-11),

W T, CrITIOITO DERANFIRILH ST A7 ~ V% Figure 7-4 (TR ¥, £
DFEFR, TiO, BARL iHlE 7 v AR TH Y — R+ %5 2 & TA~XZ |k
ANRELBAT D ERRENTZ, ZDARYT ML OTIRITATE LR CDH 5
TR LI AT ML OTER(Figure 5-18) E LT\ 5 Z Lo TiO, B mw F

IR 7 v ARREFEDNES S 2 LR ENT,

F72. CrITIO/ITO ® XRD JEEIT o7& 2 A, B Y — RoptlL R Fif% ClE
g —ANZERNZEAERLNT, TFHF—BHOD TiO, HRDEH/ &7 —
YDORHRBE BT (Figure 7-5)

BN TIO AR E~DRY 7 v AR DG % ICP-MS 2 IV TER L
oo FOFER%Z Figure 7-6 I~ T, EOfER, EBAFMNSEMNT 500 TR
7 v LA O W BN L, 6 B THI 6.4 umol cm? DR Y 7 1 AL A
TiO, &l EHEE S e Z E BRIz,

Cr/TiO/ITO D<A Rt

01mol LT ) vy 77— (pH=7.0) T, CUTIONTO DHA 27 U v 7
RVH A R —(CV)HIEZTT-> 7= (Figure 7-7), K5I (5 — 27 ) (ZE~, 420 nm
LI EOAHEYE(100 mW em®) 2 FREF% & K9-0.6 V vs. Ag/AQCI LL B &7
— REROFBAEDNHR S, 02 V vs. Ag/AQCI THT / — RERMEILK 15 pA
cm? &R LTz,

fEWN T, BRET 5 AL DNIRE 2 2L S RN B[R — DY 7T & v T
CV HIEZ1TV), -0.2V vs. AgIAQCI IZB T 267 /7 — NEWEZ 7 m v b L7
D% Figure 7-8 |23, £ DGR, FIHGONIREE 26 LIEMAIITNET / — N
WASEEINT 2R R STz, ZOREND, AR L7 O T,
CriTiIO/ITO ORI L B HT /7 — REROF AN Tl L&
iz,

CriTiOy/ITO ZERMR & L CTHV, 420 nm LL_E O AT A FRE T Tk O E BN
BRI RZAT > Teo Z ORFORFHE AT #R % Figure 7-9 127777, -0.2 V vs. Ag/AgCI

ﬂﬂi
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OENEE T, R ER, %7/ — FERITN 1L4pAcm? £ TRE ST
L EMNDA, W &S L, 1R CI 1.8 pA cm? (15.8%) & Tl
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> HIKFE DAL ST, VRO E BN BRI L0 AR LBl
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23, CriTiOy/ITO Tid 560 nm LA F DRI A2 RS9~ 5 2 & Tl 7 /7 — RERB A
U7- (Figure 7-10), Z OfEFRIF, AL COFHESE TR LI, 7 HF—EH
figftF % o ~— 2 k& V=386 (Figure 5-23) & FEH IZITWFER TH 5, IPCE @
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IZ. 420 nm O HAAYEIEE T C CriTiO/ITO DY ESAL FRFEIZ DUV TO MG
#{To>72, CV % Figure 7-11 |2, /KO EBN EBR /M I 1T 5 ¢ & i dhft 2
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WL TF & R (P-25) 2 W2 55T, lEEY v AR T Y — R tRil
HA 5L TTO, BITARY 7 v AffbfES i L. 2 Komfbfitiii & L
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732 AVR—F AEEEZAHT D TiO, B A F 7= CrTiO/ITO OfERLE L O
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AVR=TATIOBEOIERB LNy T 7 2 B—2 g

= CHlR 7o X 212, UMREETIIAKT 7 L — MlZ Wb 2 & THAI
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VRIEERFZECIE, Figure 7-13 18T L DS, T a v 7 HESIKEAHT
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Tay 7 KEAERTHD FI21 G777 L— e LTHW ERILTZ A Y
R—F A TiO, D XRD % Figure 7-14 |27~ T, 554172 XRD /X7 — 2 b A VR
— A TIO N T T2 —EROFERHE TCH DL Z LRI, £, KBERIR
JECERL L 7= A VAR —F A TiO, O/ X #REFT(SAXS)HIE 21T -7, FER%
Figure 7-15 127”3, 2 TOH TV T A VR — T AEIEHRO E— 7 B 51,
BERK AT as-made Ti 20 = 0.66 |2 B — 2 23 L b v, flFLo 00 BEEEI 13.4 nm
LR &7z, BUF ., 300°C Tl 9.72 nm, 400°C “CiE 9.00 nm, 450°C Tl% 8.91 nm
EENEREH SNz, ZRHORRNL, FFRT 2T 7 L—hELTH
WHZ L TAYR—T AEEEHT D TIO 2R L, BEREE D A D12 o0
THALDOKRE EP/NESL 2D T RSN, LN ORBEHT 4500C THERK L 72
AV IR—T A TIO M2 W TIT o 72,

ERLL 72 A VR — T X TIOME DO Wrifi &2 #8152 L 72 SEM 4 % Figure 7-16 |27~ 7,
BHNTZ SEM NG, AYR—=T 2 TIOROE S 3K 1.4 pm T, A a—
N 1[ES72 9 % 0.14 um OEES L S iz 2 & SR STz,

A Y R—=TF ZTi0, & AW TIER L 72 CrTIOAITO Dt XU F

Figure 7-17 {2 A YV iR —F A TiO, & AW THERL L 72 TiO, BB O MR 7 1 A TATR
T CV BT, fERDTF R —T X TiO, EMR(PST-18NR) z 1EH M2 N 7=
BA1E. -0.4 V vs. Ag/AQCI (HITIZAR U 7 v Wb kD B Y — REIRN RS
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NHEDIZX LT, AVHR—FATIO, TIEEIFED X S 72V — RERIT RO
RinoTle, WEEEZ v AR TH Y — ROmALEE L 7= A YV AR —F R TiO, B %
T, AL T C eV JlEZTT o 7o, #Eid% Figure 7-18 |2~ 9, K5 (&
— 7)) 1TEER, 420 nm BLEO G100 mW emP) &2 5 L. K-05 V vs.
AQ/AQCI L EN BT/ — REFROFEE R S 41, 0.2V vs. AglAgCl THT /
— RERMEIIH 0pA cm2 &Rk Lz, 20T /) — REREIZERO T >4 —F
B TiOy ~— A M(PST-18NR) z W 72358 S IRITRFLE, 77 —EB D Tio Ky
K(P-25)2 W T2356 D 2 5Ll B & e o7z,

THEE 7 v AR T Y — R RILBE L 7= X VR —F R TiO, &Eia AW T o
~ AT MAVRIE AT o T2, R % Figure 7-19 (2R d, 1EkDT 2 —
P TiOy(PST-18NR) & W 72354 Tid 850 cm™ 1248 U 7 vt L\ fig{b ¥ o> Cr-O
HAFIREIH RO — 7 BRI DL0N, A Y AR—T R TiO, & W56 Tl
RE—7 OHBIN R BT,

INETORENS, AYR—T AEEZGT D TiO, Z il 7 v M T
BV — RO 52 LT, AEIGEEEZRFOT ) — Rl 52 L3 cx
oo LINLERD, EROT T2 —BRITIO, OFRIZ, AV HR—TF A TiOp EIZR
U7 o LAFREFEDHTH L TV DR T2 R TRER DG bk nole, 5% b
MREIDRNETH D &b b,

733 JLF A TiIO By KR ZEZ V= CriTiIO/ITO OfERIE L OVEESAL 4k

JLF I TIO R Z FAV = CHTIONTO OB L W vy T 7 4 U E—v 3 v

RN T, PERDT F 2 — BRI L TR GO R R 5V F LD Tio, Bk

(MT-150A) % AW CEMmZ /ERL L, Z DL F AR TiO, B Z U 7= CriTiol/ITO
DYERES X OOEERIE PR EORGET 21T > 72,

ETHEOIC, FR L7 TIO B O W 2 8155 L7z SEM 4% Figure 7-20 |27
T, fF67 SEM 8005, TIOREOE I R3H) 156~20um F2ETH Y | ik L7z
T —EH TiO, MR (P-25) & FH\ 7o Il & AR DJE S DEMERT R T 5
T EAIRENT, WiC, (ERLL - EMO XRD JIEE1T 72, FOREE, B8
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BV PNT—=HR= 2D NT N TiIO, LIFIE L2 &nn, Bl
D TiO B3NV T NAERE Th 5 = & D3 S #u7=(Figure 7-21),

IVF VL TiO, B2 AFARRIZ AV iR 7 & KESH T Y — R il e
T2 ETTIORMEIIARY 7 v AR 2 4 H S, CriTiIO/ TO Z/ERL L 7z,
TERL L 72 Cr/TiONTO O¥EAN ATHYEEU R I A~ F V% Figure 7-22 |23, £ D
fa R, TV TIO, BARZ AL 7 v DRI T Y — RO 5 Z & TA
N7 PABRRELSZE L, TEEREERICTINAROND Ko ilhkolze, Z0
AT VORI AR LGRSO H 5 TR LT A7 ~LOJIK (Figure 5-18)
ERTWD Z &b, TiO, £l EIZARY 7 1o ARRLHFENES SN2 LR
I,

FEWNT, IR Y v DR CHh Y — Rt U7z L F VB Tio, SR 2
TI~V U ANT MVRIEZEAT o T, fEid% Figure 7-23 12777, £ DR,
BV — ROMALEES % Z & T 850 e (I =2 e — 7 B L-, Zov
— 77T =BT Z WA THLRLNTEY . ZAUIRY 7 1 Al
{L#FED Cr-O DfFEIRENIRE STV D, ZNHDRERENL, LT AE TIO,
B iHlE 7 7 AR T Y — RpILER$ 2 2 & C, TiO, hiZARY 71 A
FRALFEDINTH L 72 2 & R S iz,

VTR TIO, 2 H 72 CHTIONN TO O YeaE 5L F Rk

01mol L*D Y vy 77— (pH=7.0) T, RN Z otz Es L
T2V F N TIO B2 VT CV JIEE 1T o 72, WFlE (4 —2) 1ZHX, 420 nm
LU EDOATHE(100 mW em@) &2 IREF4% & . £9-0.4 V vs. Ag/AQC] BL BB 56T 7
— REROBAENHR SN, 02 V vs. Ag/AQCI THT / — REFRAEIZR 80 pA
cm? AR LTz, ZOEIZT T2 —BRO Tio, R P-25) %2 W\ =854 L 0 HK
5.3f%M L L7, fWT, R Y 7 v Ak Es Lo/ F A TiOo, Eisk 4 1FH
fiR& L CTHVY, 420 nm 2L BRI ESEIRET N KO E BN E R 21T > 72,
= OO IR T i % Figure 7-25 1273, -0.2V vs. Ag/AGC] DEIINFEE .
AHEIRETE% ., T/ — FERIZH 38pAecm? £ TRE K H BN 528, B
EARITIAD L, 1 BERE#% TIEK 5.3 pA em? (13.9%) T L7, 1HRRIE,
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EAHOKHE GC /T L7z, WE 2B EESE, CE D 5 KR DA D fife
WaANTZ, LR OEBNN BRI X0 ER L 7-BFEEITH 40 nmol T, %
REZBIT D77 77 =3 (FEo) 13376%TH-o7z,

BT AR Y 7 o ARk % EE LT LT VR TiO, B IPCE JIE 21TV,
BoNeT 7 a AT MVET X —BRITIO, & Hlk L 7= (Figure 7-26), 7
T —BRD TiO B TIL570 nm L N D AL TH T/ — RERMNEL S
ZEWIRENT, — . VTR TiO, AR TIL 660 nm LUK O "I RS I &
DT ) — RERPAELDZENRIN, THEF—EBREVFARITHIK L -
A, TFHE—EREID ELVFARD TN LY BREOEIEHEA THRT /
— REBINEC, IPCEDT 7 v a v AT "VOWIER R F S R~
7 hL7ce ZHUINFATID TiO, DIRERMEN LT T2 —BH I D 4 IETH D
TtwEBEZLN, LVEZRXLF—{lTHLIRREMICC 7 N LIEEEZILN
Do ZORRERNG, RN 7 v AR{EEERT Z CEMmRO PRI LD
WT ) — REROREECEIETF X o DarZra "y RREELTHWS Z
EMIMS RS NIz, F£7o, 400nm (IZF1T 5 IPCE 137 4 —EBRID 1.7%, /VF
NWRIR29% L VFARID TIO,DHFN LY KREVMEZ R LT,

74 #EE

Wk T > 2=V F Z o ~— A NPST-18NR) & 137 n, 742 —F
RIERLTF & VB RP-25) % AW 5A T, lE7 v ARIEF T Y — Ry
HI2DZLTTO LORY 7o ABREMFESTH L, A0 KOBRbAESE S L
TIEHT D Z &R ansz,

BT 7L — b EHWTA Y R—F AEEEHFT D TIOEAER L, Zh
FREE 7 0 AR TR Y — RO 5 Z & T, AR E o T ) — R
ERT L ENTE,

JLFATLD TiO, ByR(MT-150A) % AV THbEE 7 10 LAIRIE T Tl Y — R ARl
P2 ZeTT T2 =B8R Tio, L AMKIZ, TiIOEM BIZAR Y 7 1 AiR{biE
MHTH L, 2k om bt UTENT2 2 RSz, IPCE JIE AT
VW, T —ER TIO, LB LT E T A, AT A TiIO 1T —EH TiO;,
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L0 L IPCE OTF 7 v a v AT MVORILKSR ENERE[M~7 F LT,
ZORRND, RY 71 MREER BT Z L EmRO ATBDERE I X 5067
J — REROREICACT Z o Da X7 a N RPREELTNSZ &N
iR < TR ST,

235 3CHR

1) Chandra, D.; Ohji, T.; Kato, K.; Kimura, T. Langmuir 2011, 27, 11436-11443.
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Figure 7-1 Scanning electron microscopic (SEM) images of a TiO, electrode surface

prepared by squeegee method using P-25 powder (a, x 10,000; b, x 50,000).
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Figure 7-2 Cross-sectiona SEM image of a TiO, electrode prepared by squeegee
method using P-25 powder (x 5,000).
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Figure 7-3 EDS spectra of (@) a TiO, electrode and (b) a polychromium-
oxo-€electroeposited TiO, electrode using P-25 powder.
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Figure 7-4 UV-visible diffuse reflection (DR) spectra of a TiO, electrode (black) and a
polychromium-oxo-electrodeposited TiO, electrode (red). It was prepared by cathodic
polarization in an agueous Cr(NOs); solution (0.14 mol L™) at -0.7 V vs. SCE.
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Figure 7-5 X-ray diffraction (XRD) patterns of abare ITO electrode (black), aneat TiO,
electrode (red) and a polychromium-oxo-el ectrodeposited TiO; electrode (blue).
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Figure 7-6 Plots of the coverage amount of electrodeposited polychromium-oxo
compounds onto TiO; electrode (o) VS. electrodeposition time at -0.7 V vs. SCE. [ o,
was measured by ICP-MS technique.
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Figure 7-7 Cyclic voltammograms (CVs) of a polychromium-oxo-electrodeposited TiO,
electrodein a0.1 mol L™ phosphate buffer (pH = 7.0) under visible light irradiation (A >
420 nm, 100 mW cm®) at 50 mV s™.
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Figure 7-8 Plots of the photocurrent density at -0.2 V vs. Ag/AgCI vs. irradiated visible
light intensity at the polychromium-oxo-electrodeposited TiO, electrode in a0.1 mol L™
phosphate buffer (pH = 7.0) under visible light irradiation (A > 420 nm).
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Figure 7-9 Current density—time curve in photoelectrolysis at -0.2 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-electrodeposited
TiO, electrode under visible light irradiation (A > 420 nm, 100 mW cm’).
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Figure 7-10 IPCE action spectra of the neat TiO, electrode (black) and
polychromium-oxo-electrodeposited TiO, electrode (red) as measured in a 0.1 mol L™
phosphate buffer (pH = 7.0)
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Figure 7-11 Cyclic voltammograms (CVs) of a polychromium-oxo-€electrodeposited

TiO, electrode in a 0.1 mol L™ phosphate buffer solution (pH

monochromatic light irradiation (420 nm, 15.8 mW cm®).
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Figure 7-12 Current density—time curve in photoelectrolysis at -0.2 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-electrodeposited
TiO, electrode under monochromatic light irradiation (420 nm, 15.8 mwW cm’).
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Figure 7-13 Schematic images of preparation of a mesostructured porous titanium
dioxide (TiO,) material.
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Figure 7-14 X-ray diffraction (XRD) patterns of a mesoporous-TiO, powder sintered at
450°C.
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Figure 7-15 Small angle X-ray scattering (SAXS) patterns of a mesoporous-TiO,
powder from (a) as-made film and followed by sintering at different temperature (b)
300°C, (c) 400°C and (d) 450°C.
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Figure 7-15 Small angle X-ray scattering (SAXS) patterns of a mesoporous-TiO,
powder from (a) as-made film and followed by sintering at different temperature (b)
300°C, (c) 400°C and (d) 450°C.
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Figure 7-16 Cross-sectional SEM image of a mesoporous-TiO, electrode (x 12,000).
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Figure 7-17 Cyclic voltammograms (CVs) of a TiO, electrode (black) and
mesoporous-TiO, electrode (red) in a 14 mmol L™ agueous Cr(NOs)s solution at 50 mV

st

196



0.10

0.05 |-
IS
[&]
<
£ 000}
>
D
o
S 005
=
o
5
3 010 F
dark
—— light
-0.15 k-
1 " 1 " 1 " 1 " 1 " 1

08 -06 04 -02 0.0 0.2
Potential / V vs. Ag/AgCI

Figure 7-18 Cyclic voltammograms (CVs) of a polychromium-oxo-€electrodeposited
mesoporous-TiO, electrode in a 0.1 mol L™ phosphate buffer (pH = 7.0) under visible
light irradiation (A > 420 nm, 100 mW cm®) at 50 mV s™.
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Figure 7-19 Raman spectra of a polychromium-oxo-electroeposited TiO, electrode
using nanoporous-TiO, (black) and mesoporous-TiO, (red) electrode. They were
prepared by cathodic polarization in a treated agueous Cr(NOs)s solution (14 mmol L™)
at -0.7V vs. SCE for 6 h.
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Figure 7-20 Cross-sectional SEM image of arutile-TiO, electrode.
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Figure 7-21 X-ray diffraction (XRD) patterns of arutile-TiO, electrode.
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Figure 7-22 UV-visible diffuse reflection (DR) spectra of arutile-TiO, electrode (black)
and a polychromium-oxo-electrodeposited rutile-TiO, electrode (red). It was prepared
by cathodic polarization in a treated aqueous Cr(NOs); solution (0.14 mol L™) at -0.7 V

vs. SCE using arutile-TiO;, electrode.
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Figure 7-23 Raman spectra of a rutile-TiO, electrode surface (black) and a
polychromium-oxo-€electrodeposited rutile-TiO, €electrode (red). It was prepared by
cathodic polarization in the treated agueous Cr(NO3)s solution (0.14 mol L™) at -0.7 V
vs. SCE for 6 h.
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Figure 7-24 Cyclic voltammograms (CVs) of a polychromium-oxo-electrodeposited
rutile-TiO, electrode in @ 0.1 mol L™ phosphate buffer solution (pH = 7.0) under visible
light irradiation (A > 420 nm, 100 mW cm®) at 50 mV s™.
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Figure 7-25 Current density—time curve in photoelectrolysis at -0.2 V vs. Ag/AgCl in a
0.1 mol L™ phosphate buffer (pH = 7.0) using a polychromium-oxo-electrodeposited
rutile-TiO, electrode visible light irradiation (A > 420 nm, 100 mW cm’).
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Figure 7-26 IPCE action spectra of the polychromium-oxo-electrodeposited
anatese-TiO, (black) and rutile-TiO, (red) as measured in a0.1 mol L™ phosphate buffer
(pH = 7.0).
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AERE IS (B ARE Rt ISM-6510LV) (28 L T\ b =Rk /L¥
—or B X #orot (EDS) MIESEE (H AE F#Rlatt, JED-2300) % MVWTJ
7 4 U EME L Co*INafion/ITO i DOBIEZ1T -7, HIEDEE, Working
Distance (WD) 3447 10 mm T1T> 7=,

« TR ART FOVRE

Co*/Nafion/ITO Rt /3L R E DT = L3 A7 R L ORIE TS
MRS REFT OB L — ¥ T ~ U potdEE  (LabRAM HR) MW TIT > 72, i
P RIL 532 nm @D YAG L—H—% ¥ U7 L—a U AORMERHI Y
o on—ZHn (5207 cmt),
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83H1 MERBILOEL

8.3.1 Co®'/Nafion/ITO D ESAL

F7 4 A EME 0.1 mol LR =L R (1) KRR FICIRIET 5 721 Offi H
RFETER LIz a 0 b A F BT 7 4 4 B (Co®* INafion/ITO) % JH U
T.01mol LYY gy 77 —(pH =701 TH A 2V v 7 RKLZES T A(CV)
ZHE LT-(Figure 8-1), ZDOfER, ITO BT 7 4 A BB TIIFEET / — K
BIITR SR -T2, 2290 b A F o & W SH7- Co*/Nafion/ITO T,
1.0 V vs. Ag/AQCI fHEN B KDELIZ IS T/ — RERONLH ER D B ES
M. 15V TR LOMAem?IZE L7, ZONH LR OB E2R 2-9 &2 vl
WKFEMRHE)ICHFE T2 L. £1.6 V vs. RHE £720 . KOBL O iRENL
123V vs.RHE £V 04V REWENM TKOBRENAET H 2 & BRI LT,

T, 2 Co™INafion/ITO % FWC/kDEBNM BRI RETT->72, 0.1 mol
LU Ny 7 7 —(pH = 7.0)4, 1.4V vs. Ag/AQCl DEBMN ZEININT 52 & T
KO EBNMELDREAT -T2 £ OO ER %L Figure8-2 12777, E&E
PLEIINE#, 044 mAcm? D7 / — REFHAE U0, BEHICHED L, 10 5%
1T 16% 0.07 mA cm™® & T L7z, BICEBMNEBR D MRERT-EZ A, LI
%%, 11%0> 0.05 mA cm® £ Tl L7z, 24L& RIBFIC RN ORISR AL B4 6
ABEE =2 HOTREENICHIE L2 A, 7/ —REBRELVEHR I
TZHEREICT W EOBEN A L TV D Z LR &7 (Figure 8-3), 1 Kk,
EAHDOKIEE GC /T LTS SHR. WE I GEE5E. CE 2y b KR DIA D e
WENTz, 1RO EBNMNER DRI LV AR L7-BEFE 1L 054 pmol ©, &R
BAEICBIT D7 7757 —%R(FE.o)lX 90.7% T & - 7= (Table 8-1),

TN DREREMNS, T 7 4 A EMmAE 0.1 mol LREEE = L R (1) KR TS
RIET 2720 OB FIET/KOBILABEE 2 A 2 Em 2T 25 2 &7
Hsk2 Z LAVRENTZ, Z O & Prof. Nocera & 23 #i5 L 7= Co-Pi & bk L 7=
&2 A, T/ — NEFMEIX Co-Pi BAmWb Do, 7/ — REROINLS B30 13X
ERREECTHD Z 2R Siz (Figure8-4),
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EMERIRE LT VBN y 77— Y12 0.1 mol LHAfEET kU w7 Ak
VI (pH = 7.0). 0.1 mol L AR U & A /K¥EE (pH = 7.0)% X V0.1 mol L™ IUIE 5
e b U o LK (pH = 7.0) %2 AW T CV HIEE & 1T - 7= /5 R % Figure 8-5~71(Z
AT, ZORER, WTHOREIZB N THKROEBIZHKSL T/ — REJRD AL
L ERORR SN, LxLAans, 1.5V vs AglIAQC 2B 2T / — REFRIE
(X, BRERT R U v AHY 0.16 mA em®, filE s U U A% 022 mA em?, TUIE S R
FRUTAR008MACM?ZE Y VBN Yy 77— (K LOmA ecm®) L 0 B ME
ThHholzZ b, VVBMFET D Z & Ta b b OBEEIG X v B.< i
TT5LE2bND, £72, WEZO8ET M U LIKEKROYE (Figure 8-7), /KD
BALHSEDT ) — REROSED LN ORNIC a V4 —E— 27 RR 6N, =

TEMEWR T O,V A F DI b TH D &b, L A A
ML ESND Z & T, IEHERDS AR L, KOBLMBIEERSEL D EEZ BN
5.

832 Co*INafion/ITO D ESALFHEED pH e fEE

BEIRIETH D 01 mol LY VRS Y 7 7 —IRIED pH Z iR L OUKEEL
F U Y AEHAWTE{LSE, Co”/Nafion/ITO ZHWT CV HIEZIT-72, &
K% Figure 8-81Z/”" 7, pH BMEMING T B VAN B+ 5E, 7/ —F
BIROSH BNV ELMPMET L, L5V vs. Ag/AQC IR 5T / — REFRMEO -
AN BT, ZOENM%Z RHE IZHE L7 H D% Figure 8-9 (2R, & DfE 5,
FE AN EDEETIZIER UEMNST /— RERONS ERN Y R ohiz, L
L6, pH=121 D7 V7 ) FJUETDIH, 2390 FORR{IETCE & b5
V=7 MR O, £z, CVIRGIT 5 2 & TEMO AN bR~
DEALR RO, RAEO 1ITO BREZHAWT, REORNEITo72E A,
pH 723 11 DL B2/ % L KOBIZE S EBbI s T/ — RERDONL S LAY
ML BT (Figure 8-10), il IV 22U ITO JEAR D AT, Z S AK OBk fil it
ELUTHERTZ L0 9 8ERNIE4 TSR, 20 ITO HiK DK Db fil i
PEDOBEREIZ OV T ORI RENI A RIT O TETH D,
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833 Co®/Nafion/ITO ®7 ) — RALER

BEH Tk =7z X 512 . pH=12 D7 L7 U &4 F T Co*INafion/ITO % v T
CV 5| & AT o I=BMMO AN B ) DRI LT D Bls S vz, it
T, ZOEBOBIEALICONT O EIT>72, pH=12?D 0.1mol L™* U > iz
v 7 7 —H T Co™INafion/ITO Z W TH W K L CV fit 51 %47 - 7= (Figure 8-11),
ZOFER. CV OIFSIEER 2 51250 T L0V LLEickiT 57 7 — REFE
O EHBR BT (Figure 8-12), F£7-. BMROAEITT / — RigoFREDO AT A
bz (77— RO, Z ORFOZEL DS % Figure 8-13 127k 7, B ED
BRI 5 & T 7 — RERMEO LARR OB RoTz, Thb DR
NG pH=12 DT V7 U 54T T Co”INafion/lTO 27/ — FILEE % = & T
fROa L NEPSER L, 7/ — REREN EF Lz Ex N5,

ZOT ) — PR Z{T - 7= Co™INafion/ITO % W THESALFZFERIE 21T -
72o CV HIEZATVN, 7/ — NIRRT OEMA L L= H O % Figure 8-14 (2R
T, TOMBR, T/ FRET LT, T/ — RERON S A0 BALME
T L. L5V vs Ag/AQCI IZ3 () 5 EFEITK 2 50 2.0 mA em & Tl kL7,
BB E LT 0.1 mol LYREEE D U 7 2K (pH = 7.00 &2 v, 77 — R
L7z Co”/Nafion/ITO @ CV JIiE Lz & 2 A, 450 DT /) — NEHRO L5
DR (Figure8-15), ZIUHDFEENG, pH=12 D U VEE/N v 7 7 —IRIK
H1C Co*INafion/ITO %7/ — RLER$ % Z & TF 7 ¢ A VI e a3
MREAAER L, S @TEMEK O bl e UTER T 5 2 E RSz,

BT, 7 — NILER 21T - 7= Co*Nafion/I TO % Tk D E BN EX DR
#1772, 0.1mol L sl S U 7 L/KIRE(pH = 7.0)%, 1.4V vs. Ag/AQCl D EE
fL&FIIN$ % 2 & CROEEBMNEBERDEEAT > T2, 0RO REH & T Hh#R &
Figure 8-16 |Zo=d, EBALFAIINER, 0.16 mA cm? D7 / — RERIA U728,
EHIZHA L, 11T 16%0 0.026 mA cm? £ T L2, 1HE#EI#%. v
HOGFEE GC /T L7ofESR., WE il HEEFE. CE ) HKE DI A D3RR
N7, LEFE O TEEL BRI X0 Ek L7-FEFE BT 0.21 umol T, BRRRA
2B D7 7 77 =R (FE.o)l% 67.2% T & - 7= (Table 8-2),
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834 7 ) — NI L7 CoZ/NaAfionITO DX v 57 XY ¥— 3

7/ — RILEL L 7= Co™INafionITO DF v 77 4 VEB—var b LTI~y
S AT N VRIE &4T > 72, Figure 8-17 |27 / — FALEER{# & Co*/Nafion/I TO
DT <o IEARY R V% Figure 8-18 12 kbt & L TEE{k = 3L | (CoO, Co30s).
BELOHHER 22731 b [Co(NOg)s] DT~ 53t AR bV AR, W5 & ik L
T2 A T — RAERNX =L NESHEBEA 4 )e—E L, 7/ — N
PR IX 21, 3. 3MHDOE L=/ R (Co0n) EIFIE—E LTz, 25 DFEED
5pH =120 VRN 7 7 —IRIEH T Co®*INafion/ITO 27 / — RALET 5 =
& T, Cos04 DAR7Z2 = /30 MFEDNVER L L. T KO AR & U TER L T
HEBZBND,

84%H fhEE

7 ¢ AU PEER ITO B A AR = L B () KB TIIRIET 7200 OIEH
ICHH AR TFIETa L M F U WAET 7 4 A HE ITO Ei (Co*/Nafion/ITO)
B ERL L 7=, 0dmol LYY gy 77— (pH=7.0) T Co®/ Nafion/ITO
ZRWCTEBMEM (1.4V vs. Ag/AQC) LR, MW7 7 75 =% (90%LL
k) TWERENRONT MDY Uy T 7 —HTT ) — NLBEZAT 9
& BMEBENERAIZE L, 7/ — RERORM LB IS BN EMD
KTFBNR BN, ZAUTHEREMESE T TT /— NS 5 Z & T Cos0y DEEZR
a0 NENAER L, ZEMSZKOB b S U TEH L Tna &b
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Table 8-1 Summary of datain electrolysis using a Co®*/Nafion/ITO electrode in 0.1 mol

L"* phosphate buffer solution (pH = 7.0).

Charge/C  Oy/pmol  FE.2 (%) Hz/umol  FE.nz (%)

0.23 0.54 90.7 0.81 68.5

Summary of data in electrochemical water oxidation using a Co*/Nafion/ITO
electrode as a working electrode with cobalt ions (Co?*) for 1 hour. Potentiostatic
electrolysis carried out a 1.4 V vs. Ag/AgCl in a0.1 mol L™ phosphate buffer solution

(NaQHPO4 + KH2PO4).
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Table 8-2 Summary of data in electrolysis using a Co®/Nafion/ITO electrode after

anodic treatment in 0.1 mol L™ potassium nitrate (KNOs) agueous solution (pH = 7.0).

Charge/C  Oy/pmol  FE.2 (%) Hz/pumol  FE.nz (%)

0.12 0.21 67.2 0.42 67.3

Summary of data in electrochemical water oxidation using a Co*/Nafion/ITO
electrode after anodic treatment as a working electrode with cobalt ions (Co*") for 1
hour. Potentiostatic electrolysis carried out at 1.4 V vs. Ag/AgCl in a 0.1 mol L™

potassium nitrate (KNO3) aqueous solution (pH = 7.0).
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Figure 8-1 Cyclic voltammograms (CVs) of a Co®/Nafion/ITO in a 0.1 mol L™
phosphate buffer solution (pH = 7.0). The black, red and blue lines are bare ITO,

Nafion/ITO (without Co®* ions) and Co®*/Nafion/I TO, respectively.
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Figure 8-2 Current density-time curve in electrolysis at 1.4 V vs. Ag/AgCl in a 0.1 mol

L-1 phosphate buffer solution (pH = 7.0) using a Co®*/Nafion/I TO electrode.
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Figure 8-3 O, evolution over Co**/Nafion/I TO electrodein a 0.1 mol L™ of a phosphate
buffer solution (pH = 7.0) with applied potential of 1.4 V vs. Ag/AgCl. The dotted line
denotes theoretic amount of O, determined using the current densities and time in

Figure 8-2.
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Figure 8-4 Comparison of a Co*/Nafion/ITO electrode (black line) with a Co-Pi

catalyst in Nocera's system (red line).
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Figure 8-5 Cyclic voltammograms (CVs) of a bare ITO electrode (black line) and a
Co?*/Nafion/ITO electrode (red line) in a 0.1 mol L™ sodium sulfate (N&SO4) agueous

solution (pH = 7.0).

222
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Figure 8-6 Cyclic voltammograms (CVs) of a bare ITO electrode (black line) and a
Co?*/Nafion/I TO electrode (red line) in a0.1 mol L™ potassium nitrate (KNOs) agueous

solution (pH = 7.0).
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Potential / V vs. RHE
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Figure 8-7 Cyclic voltammograms (CVs) of a bare ITO electrode (black line) and a
Co?*/Nafion/ITO electrode (red line) in a 0.1 mol L™ sodium tetraborate (Na:B4Oy)

aqueous solution (pH = 7.0).
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Figure 8-8 Cyclic voltammograms (CVs) of a Co*/Nafion/I TO electrode in a 0.1 mol

L"* phosphate solution with various pH.
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Figure 8-9 Cyclic voltammograms (CVs) of a Co*/Nafion/I TO electrode in a 0.1 mol
L™ phosphate solution with various pH. In this figure, the potential value is converted

from vs. Ag/AQCI to vs. reversible hydrogen electrode (RHE).

226



20 pH of electrolyte solution

o i —7.0
£ —28.0
S 15}
< —9.0
E i ——10.0
2> 11.0
S 10t —12.0
Q
o
E L
o
S5 05
@)

0.0 |- ‘é

l 1 l 1 l 1 l 1 l 1 l 1 l 1 1
06 08 10 12 14 16 18 20 22

Potential / V vs RHE

Figure 8-10 Cyclic voltammograms (CVs) of a bare ITO electrode in a 0.1 mol L™
phosphate solution with various pH. In this figure, the potential value is converted from

vs. Ag/AQCI to vs. reversible hydrogen electrode (RHE).
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Figure 8-11 Anodic treatment of a Co®*/Nafion/ITO electrodein a0.1 mol L™ phosphate

solution (pH = 12) using a cyclic voltammetry technique.
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Figure 8-12 Plots of current density vs. cycle number in cyclic voltammograms at

anodic treatment, as shown in Figure 8-11.
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(a) Before anodic treatment (O cycle)

Figure 8-13 Photo images of a Co**/Nafion/ITO electrode during anodic treatment.(a),
before anodic treatment (0 cycle); (b), after 1st; (c), 5th; (d), 10th; (e), 15th; (f), 20th

cycle.
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(c) After 5th cycle

Figure 8-13 Photo images of a Co**/Nafion/ITO electrode during anodic treatment.(a),
before anodic treatment (0 cycle); (b), after 1st; (c), 5th; (d), 10th; (e), 15th; (f), 20th

cycle.
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(e) After 15th cycle

(f) After 20th cycle

Figure 8-13 Photo images of a Co**/Nafion/ITO electrode during anodic treatment.(a),
before anodic treatment (0 cycle); (b), after 1st; (c), 5th; (d), 10th; (e), 15th; (f), 20th

cycle.
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Figure 8-14 Cyclic voltammograms (CV's) of a Co**/Nafion/ITO electrode before (black
line) and after anodic treatment (red line) in a0.1 mol L™ phosphate solution (pH = 12).
These CV measurements were carried out in 2 0.1 mol L™ phosphate buffer solution (pH

=7.0).
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Figure 8-15 Cyclic voltammograms (CV's) of a Co**/Nafion/I TO electrode before (black
line) and after anodic treatment (red line) in 2 0.1 mol L™ phosphate solution (pH = 12).
These CV measurements were carried out in a 0.1 mol L™ potassium nitrate (KNOs)

aqueous solution (pH = 7.0).
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Figure 8-16 Current density-time curve in electrolysisat 1.4 V vs. Ag/AgCl ina 0.1 mol
L™ potassium nitrate (KNOs) agueous solution (pH = 7.0) using a Co**/Nafion/I TO

electrode after anodic treatment.
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Figure 8-17 Raman spectra of a Nafion/ITO (without Co®* ions, black line), a
Co®/Nafion/ITO electrode before anodic treatment (fresh, red line) and a

Co?*/Nafion/I TO electrode after anodic treatment (treated, blue line).
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Figure 8-18 Raman spectra of a cobalt (I1) nitrate (Co(NOg),, black line), a cobalt

(ILHT,1T) oxide (CoszOq, red line) and a cobalt (1) oxide (CoO, blue line).
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TEMARFRITIEE A ESR TR,

AWRETIHEINETICZ VB CRES - A4eT /K728 1ITO BRER
FliZACWAE L, OB LZEND, @miERERIT 7 e b ol s L

238



T 2L 2WELTWD, Y AT k10 3 OS2 AV CTHERLL 78I,
[ 4T BT SRR AR B IERI o LM STV T, ZEMEN
EL . AeMBon 2 b0 BMEERT 5 Z LN TE S, TAKIC, A4
F R THEMERIE 7 1 b BT L L CRENORINHER TS 2 L
T 5,

AR OE 9 ETIE, RIS TSy U Bmi#As T kfan A
RIS Z ., g ITO JER RICH RS S5 2 L CEMAZE-RL, o
EWOT 0 N RIS IC OV TIREZT- 720 T, #REELD D,

02 Hi B

921 FRIFE - BEE

- 7 UTRRGER ST R (citrate-Pt) = oA RERIK

77 MRS IR L TV Wb 0% pH R L TRV,
(A4T 7 BiOWHhift =252nm (A X #RicELTE) | Figure 9-1)

- Wil U o A (Rifk, FW = 101.10)

M L EHEASHENSEA L b0EZOE T AV,

- TER  (H5#k, FW = 63.01, Assay 60~62%) (pH F#&2 i)

MIE L PHRASHENOA LT b D2 ZOE W,

- KERAEF B U A (Kek, FW =40.00) (pH SREEICHEH)

M L EEASHENSEA L b0 EZOE T AV,

LB U T (R, FW = 74.55) (SR/HELIREMO/ERLZ )

MIE L FPHRASHENOA LT b D2 Z DO E W,

* ITO (IndiumTinOxide) %7 A (HEMT 7 A, ¥— MEHIER >100/0)
AGC 7 7 7 U T v 7 RASHNOIA L2 b O & 72 K& SIZEIr LK,
TR FEHANTHRE LD Z AW,

- iR

2oy a—RERASHN AL bOEZEY R EIICHR L, A,
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HEMEET R AR (F—2A4 F BEMHE—Z )
FEALF SN DA L2 b D& 20 E E AV,

s HEREME AR R NBEER] (TINVEA N Ty K AdE by A )
&S FRASHEL DA LT b DO EZDE E MV,

T TuyY— AT

AA NSV —BRASHNBIEA LT b DA Z D F W,

- HAHR

BB =T anbBEALLLOZEY AR SO L, AV,
- SRER (SRR AR O ERUZfE )

A =T anbBEA L bOZEY RSOl L, Ay,
AR (2 U QK)

AAI URTHA S DIRECT-Q3UC THUE L7726 D& -,

922 VT UR#ERLT R H WS 1TO B (EL

U = PR A4 R E RS 1TO M (citrate-PYITO) 1, ITO Sz
R pH 84 L 7= citrate-Pt = 1 RERHE (300 pmol L™ o ¢ 3 B[R 15 <1
HZ e TER LI, BiE#, Holkel, REZSEb0x 71 E LT
7= (Figure9-2),

9.23 MIETE

- KRB~ A 7 m T 2 (QCM) HIE

ITO L~ citrate-Pt ® H CWAEZEE 25720, QCM JIEIL ITO A3 &
SN KEBIEE 7 (iR, 0.196 cm®) &M L7 v = LA QCM & /L% & 2
AR (SEIKO EG& G, QCA922-10) 1ZHEfE L THro 7=,

cHERES T T XAE &SN (ICP-MS) HIE
ITOXEAR FIC B CWea L 7= citrate-Pt O #7884 K 5 72 D2 ICP-MSHIE 21T
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Sz, WERDOY 7L, 1ERL L 7= citrate-PYITO % E7k (aqua regia) W24
—N—F A FTIRESEDLZE TR, ZOWKREARAT7 7 Az T
FIRT 22 L TR L, ICP-MS JIEIIR TV T 4 By AT L REO
HP 4500 % W CTiT o 72,

VATV IRV AR — (CV) HIE

VERLL 7= citrate-PY/ITO Z/EfA &M (working electrode, WE) ., F4:#i % %I T i
(counter electrode, CE) ., #i¥/ME bR (Ag/AQCl) % 2 fEE M (reference electrode,
RE) [2 &N Z AW, BAFEKEIC 0.0 mol L™ il s U o Lok (KNOs aq.,
pH=53) AW T =it VEHATZ, ZOBANET VT (Ar) A
TV TR 0 MBR LI-%, B EEREFRHIEEE EHE TS
#t, HZ-3000) L#&piL. CV MIEAIT -7, BALOMmIFPHIL -1.0 ~ 05V vs.
Ag/AQCl T, #@H5EEIEL 50mV st TIT- 7=,

- EBNLER

CV HIiE & FIERIZ citrate-PYITO & WE, H4##% CE, Ag/AgCl % RE IZZ L%
WAV, BREKRKIC 0.1mol L™ ik 7 U 7 LAK¥EiE (KNOs ag., pH = 5.3)
EAWC 2R =tV E2AT, ZO'ALRNE Ar X7 ) 7280 30 5
IS L2, B2 EX b atilgeE (b TRUat, HZ-3000) & #:¢
L72, 05V vs Ag/AQCI OEEMZHIN L, 1K EEMERDHEEIT- T,

- HAra~ 777 (GC) HIE

AR D EBM BRI LV BELTCBBEB L OKBELZERT H1-OICTA
su~ 777 (GEEERT, GC-8A) #HW= (v U7 A ArBAEL X
2T =V —=TANT L), HAZA FT VY (HAMILTON) %W TEAND
EEOSRM (~y RAR—2) Z0uUL BBL, Zhaz A a~ N7 7 Th
i, KAEFICE EN DR L OKBOERELZ RO, HONATERLD .
MR LOKERAEICBIT L7 7 77 —3% (FEo, FEwm) ZHEM L7z,
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9.3 fH1 MRBILOE
9.3.1 citrate-Pt @ ITO JAK F~D B O35 258

£FIRDIC, citrate-Pt O 1TO Htl L~ B s 58 2 BEIFIIZIE 5 72012
KeuFEIEF~ A 7 185 % (Quartz crystal microbalance, QCM) % U THast
Z1T- 7=, 300 pmol L™ o citrate-Pt (pH=2.8) &k (H0) % AV i=BRoo 4z
[ A & el L= b D % Figure 9-3 1234, T OMEER., #KTIHIFE A LHE
WAL R Sz~ 727 (Figure 9-3, black line) . citrate-Pt CIZSINE 4 7>
SEW D L, £ 1R CRI 330 HZ B L, £ 0% IHIEIE—EDER k%
~L7- (Figure9-3,redline), Z DA E DAL ITO bk LI citrate-Pt 23 H &
WA LT=Z L &R LTWD, citratePt OREAZLEHE, Fofe L RkORR %
1T T/ % Figure 9-4 1T~ 7, ZOFER, citrate-Pt DIRENRKE < 251224
T, IO LRE W BEMNRELS 2D EBRENT, ITO R E~D
citrate-Pt O R (Am) 132X 9-1 (Saurerbrey ) 2BHEHT A Z LN TE 5,

— Af X A X (g X pa)]jz
Am - 2 x (Fq)z (Eq 9—1)

2T AR IEIHRA L (H2) . A KRS -0 K fifE (0.196 cm?) . pal
KRB T- DRI RAR L (2.947 x 10" gem ™ 2) | pa lT K SHIEE) T D& (2.6489
cm®) | Fol3AYEJE 5 (.0 MHz) % %4, Figure 9-4 DR Am ZH I L,

HEZ oy b LZb 0% Figure 9-5 12759, 300 pmol L™ o citrate-Pt % %l L 7=
P4, 3HEHIT 9.2 nmol cm® @ citrate-Pt 73 ITO 3tk BICH CWAET 5 Z & AR
&7z (Figure 9-4, orangeline), citrate-Pt FRINE % DA OWE BEE\L 2 FH 7 o
v M L7=H D% Figure 9-6 12, Figure 9-6 72 53RO 7= I O A HREE 7 11w k
L7=H D% Figure9-7 \Z7~7, Figure LV | citrate-Pt DIRENRKE < 251221
T, ITO MR b~ citrate-Pt O AEE LN L TRE 2D T EPRE
iz, ZORERIT citrate-Pt @ ITO itk L~ B WA HE D R#EHR & L THW
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TWAT O NARF IV NVEOEINIED LD THALZ EERIBELTWD,

9.3.2 citrate-Pt/ITO OES(LF4ME

TERLL 72 citrate-P/ITO OEXULFARIEZ T 5720 CV WEZ1T -7,
citrate-Pt = 2 A R (pH = 2.8, 300 pmol L) 1 ¢ 3 B[R4 5 = & T
L 7= citrate-P/ITO % WE |Z V>, 0.1 mol L dfgle 7 U 7 2k Esik (KNO;s aq., pH
=5.3) ZEMEERICHWCTHIEZIT>7-, X% Figure9-8 12~ £9, K
RLPFRD 1TO B DLGE Tk, CV iRz v — 7 & B b 7e0s > 72 (Figure 9-8,
black line), —J7. citrate-Pt/ITO Ti%-0.8V vs. Ag/AQCI LRIz 7 1 b LiEstic ki
DLRKERT Y — RERONS ER D BBEEINT, ZORERNG, citrate-Pt
AITO FEMR EIcAE AL, 27 e @il s UCTE< 2 L Rah
7o FEUWNT, Fl24 O pH IZFHEE L7= citrate-Pt = 2 A R (300 pmol L) 1¢ 3
BFIRIET 5 2 & CERL L 7245 citrate-PYITO 2 WE [ZH\W T CV JIE & 1T~ 7=
fi g% Figure 9-9 T~ d, ZORER. I Y — NEIENEMBIEREFD citrate-Pt
O pH KT 5 Z LR E T,

citrate-Pt @ pH & b <&, ER L 72&EMm%E HuvC eV JlEETTV, -1.0V vs.
AgQ/AQCl D71 vV — R&EFifE%E 7' v v h Lz O % Figure 9-10 12 7R T, & D5 R,
pH 8 4 LLETIRIZEA LD Y — REREBR LN o7208, pH R 4B LT3
IFIC72% &0 Y — K5 {m@U(%@ﬁ%HMX%E%IﬁOJb/F‘F@MLipH"ZS
TIRKRERD  22MACM2IZE L, Z0OH Y — REROBEMMA LSS pH 1
7 T RO FRREEE R (pKa=2.87,4.35,5.69) S IFIF—HLTWAHZ 05 ITO
St b~ citrate-Pt O B CWRAEPMRERITH LD 7 = U BO A IVRF VNV EDOT
a2 R AEDBBEHRL TWVWA T ENRB ST,

AWFFEE TIZLAENZ 7 = B CIRE SN AT / b3 1ITO Bk LI
HEWE L, 7a hUagafiliit s LT 2L 2mE L Cns, Y Zomtick
WTH pH A A HE L TR Y | O/ % Figure 9-11 127”7, #if R4 Afd &
ASCIFE ORGSR & g2 &L KBS (R pH) TREZEWVHARLD
Nice ZHUTBRET / Bi-OFERREOEWNZ LD D THLHEB X HD,
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0.3.3 ITO H#R -~ citrate-Pt ® B W 35 258 D Z S F O fiRAT

RV T, EERIC ITO i bz EnZdoaet 7R ECERE LTS D
INEFARD T DICHERES 7 7 A~ &N (ICP-MS) HIEE1T>72, MIEH
DY FMTHIR L7 & 912 CV MIEHROEMAZ FAKT CTRIET 5 2 & Tl
L72.,-1.0V vs.Ag/AgCl @71 ¥ — REEFMEIZ R L T ICP-MS THlll%E L 7= citrate-Pt
O ERE o) 712y bL7ZbHD% Figure9-12 (277, ZOfER, 1V — R
BN & Tooy \[CHEMRBMERN G DN Z &5 citrate-Pt OV — R P2 —
ETHDHIENRBEENTZ, 207y FMEfte LTHY, i< ITO 5K
b~ citrate-Pt D B S ZB) OF) ERIEHTIC VT,

ITO i L~ citrate-Pt O H LA 588 & B LRI IEHT 4 2 72 O Cos 55
ERETER L=, DR % Figure 9-13 (2783, 1A C citrate-Pt J& B O H N
IS T Ty IIIML, 2O%, BHITHT 2@ mEZ R Lz, £, KRETIX
B TRIR AR EII A DR o 7oy, mIREIC R D2 o T, LV miRoTd;

A EN NS RDEMB RNz, ZHOFREEHANT, X92B LT
A 9-3IZ7RT Langmuir DR AEFRNICESE Ty N & T->72 (Figure9-14),

KadsXFmaxXCPt

Ieov = 1 + Kgs X Cpx (Eqg. 9-2)
1 = 1 + L X 1 (Eq. 9-3)
I cov B I max Kads X1 max Crt 4=

T 2T T VR KW B (mol em®) | Kgs i XM A5 -7 %4 (mol ™ L) | op b citrate-Pt
OWE (mol L) ZFT, Figure 9-14 LV . THEN DRSOV TEHR
TR ENT=Z &6 ITOFAM A~ citrate-Pt © B LA 23 HLE WS O Langmuir
MTHHIEPRENT, RIS, 2071y hOIELPROMBEE, 807 K0 M
BEOKusZHH L7z, fER% Table -1 1CF 05, HONTRREND . DN
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DREHINE > TR L. Ko 13 THINT 2 Z L3R & iz, 25°C (298 K)
2B D Tnex (9.7 nmol cm®) 1%, Fe & 2SLARTE#GE L7255 5 (Tnex = 9.3 nmol cm’®)
IEFEE L, VL LARS, Kas (29x 10" mol™ L) 13LARTO @S Ok 5
(Kas =1.0x 10 mol™ L) £V & 29fFmWAER & e o7z, Zhud, AlEIORER
WA L7277 MRS AERL O citrate-Pt 28 X 0 1TO B LI H O s Lo
ZEETLTND,
HIEEHFLNTMERZHNT, 94 ~6I27R7 Van't Hoff 2SS\ 7' o
v M &1T->7 (Figure 9-15),

AG =-RT In Ky (Eq. 9-4)
A
INKygs= - rT 1 C (Eqg. 9-5)

TAS=AH -4G (Eq. 9-6)

T AGIEFX T ADHBTZ R X 2L (kImol™) | 4H IF= > & L —Zk

(kdmol™), 4Si3=> b v —21k (Imolt K™Y | RIT&MAEES (8.31Imol™ K™Y
ERITGONTET vy ORI S 208 K IZ351F 5 1TO FAk B~ citrate-Pt
D HCWREIZBIT DT NT A —F AG AH A4S KD T-, #ER % Table9-2
IZEEDD, FT, AGHATH-T-Z LMD, 1TO FEM E~0 citrate-Pt D H
WAENBRBNCHETT D ENmB ST, 70, A4H DIETHH-7=Z Lvb,
citrate-Pt ® H O ENRIR TRESETH H Z E BRIz, A4S B IEOEER
L. TASOMEN AH L0 b REDSTZZTENDL, ZU X NVE—IFTIERL, =
YR =X THDL I ENRI N, 2D H CWAE OREMIIAMZE = TLAA]
IZHS Lz — VB IRERR LA ) P Ahav A ROWEZET L IZIERETH -

77‘:0 18,19
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90.3.4 citrate-PV/ITO % A\ 7=k D & B E LS iR

& IZ, citrate-Pt/ITO 2 WE & L CTHW T, -1.0V vs. Ag/AgCl DEEN FT
DELRHZ LRFIT o 72, £ OO ETR R % Figure 9-16 IZ~9, 7
— REREIIE WD T2H00, 1ZEETHo72Z &5 citrate-Pt 2372

7'r R URIUAEE LT TW D 2 EARIB SN, KO EBMERSY
#2475 & WE, CE O iHbRIADIEN LIV, GC ST OfER, KFEL
ENPFEAEL TWDLZ ENRENTE, £z, Figure 9-17 (2R T X 512, KDE

LT 0 IR L2 EM T 572912, [F—0 dtrateP/ITO & VTR IE

TR 2 EEE] (5R]) 1To7-, & DOEERORKE R % Figure 9-18 35 & O Figure
9-19 IT/RT, Flo, ENEFNOBRIDMRIZE T HKFEL L OBEREEITON
TOfER%Z Table 9-317R7, ZOfER, 3[EH £ TITIZIX[RIAR D i H B AR
BLOUCV 2R, KEBLUOBMERENLONTN, 4EIBURETIX, 1Y —
RGO T DM A /L Sz, 5 BhdfE CERDREIT > TofR, h—2 1
T 822pumol LT Dk (FE.,=75.8%). 43.2mol L DfE# (FE.op = 79.7%) O
TR ST,

citratle-Pt = & o FEE I 1TO AR AZRIET 52 & T, ITO Mk ki
citratle-Pt # H WA S &5 Z &N TE 7 (citrate-P/ITO) , CV HIEDFE SR, -0.8V
vs. Ag/AQCI LA T r b ViRl S RER T Y — RERONL S L3 0 238
BINTZ LD, citrate-PLITO A7 1 b isnfillit & UCfii< Z R E
7p oz, 1TO FEM A~ citrate-Pt @ H CLAEZE B O pH A7 2 JRET L 725 R
pH=4 B LW 3 (L TRMICH Y — NERENENT @m0 o iiz, Zi
X7 =D pKa E1EIFE L TEBY ., dtrate-Pt @ 1TO &K E~DOWEIZ7 =
YEEDINHRFINIED T B FIALREE L TWD I ERB I N, WES
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IR AR L, Langmuir O EFIRKICESW=Tay NafTolzb 2 A, |
MBI G ONT-Z &6, 1ITO FE L~ citrate-Pt @ H W5 23 B W5 O
Langmuir B C&H 25 Z L AURE N7z, citrate-PYITO % iV Tk D E BALE S i
AT T fER, EREDNDLKBRBEL TWDHZ EE2MRTHIENTE T,
FIBRMROM. Y — NERMIE D 2SR o s, [—oEmz M
W THEBBIER SR AT S Tf R, mHEMERE O, KFEOFAE G L TR
LIz, ZHHOREND citraePYITO A7 1 kg el L TLRETH D
ZEBIRENT,

247



235 3CHk

1) Yagi, M; Kaneko, M. Adv. Polym Sci. 2006, 199, 143-188.
2) O'Regan, B.; Graetzel, M. Nature 1991, 353, 737-740.
3) Wang, P;; Zakeeruddin, S. M.; Moser, J. E.; Humphry-Baker, R.; Comte, P; Aranyos,
V.; Hagfeldt, A.; Nazeeruddin, M. K.; Graetzel, M. Adv. Mater. 2004, 16, 1806-1811.
4) Niinobe, D.; Makari, Y.; Kitamura, T.; Wada, Y.; Yanagida, S. J. Phys. Chem. B 2005,
109, 17892-17900.
5) Yagi, M.; Yamaguchi, T.; Kaneko, M. J. Moal. Catal. A:Chem. 1999, 149, 289-295.
6) Zovadl, J. V.; Lee, J,; Gorer, S.; Penner, R. M. J. Phys. Chem. B 1998, 102, 1166-1175.
7) Peruffo, M.; Contreras-Carballada, P.; Bertoncello, P; Williams, R. M.; Cola, L. D.;
Unwin, P. R. Electrochem. Commun. 2009, 11, 1885-1887.
8) Brugger, P-A.; Cuendet, P; Graetzel, M. J. Am. Chem. Soc. 1981, 103, 2923-2927.
9) Toshima, N.; Kuriyama, M.; Yamada, Y.; Hirai, H. Chem. Lett. 1981, 10, 793-796.
10) Toshima, N.; Takahash, T.; Hirai, H. Chem. Lett. 1987, 16, 1031-1034.
11) Kagjita, M.; Hikosaka, K.; litsuka, M.; Kanayama, A.; Toshima, N.; Miyamoto, Y.
Free Radical Res. 2007, 41, 615-626.
12) Hikosaka, K.; Kim, J.; Kgjita, M.; Kanayama, A.; Miyamoto, Y. Colloids Surf. B
2008, 66, 195-200.
13) Kaneko, T.; Shimosawa, T.; Kgjita, M.; Miyamoto, Y.; Fujita, T. J. Hypertens. 2006,
24, 69-69.
14) Kim, J.; Takahashi, M.; Shimizu, T.; Shirasawa, T.; Kgita, M.; Kanayama, A.;
Miyamoto, Y. Mech. Ageing Dev. 2008, 129, 322-331.
15) Watanabe, A.; Kgita, M.; Kim, J.; Kanayama, A.; Takahashi, K.; Mashino, T,
Miyamoto, Y. Nanotechnology 2009, 20.
16) Onizawa, S.; Aoshiba, K.; Kgjita, M.; Miyamoto, Y.; Nagai, A. Pulm. Pharmacol.
Ther. 2009, 22, 340-349.
17) Kgjita, M.; Kuwabara, T.; Hasegawa, D.; Yagi, M. Green Chem. 2010, 12,
2150-2152.
18) Yagi, M.; Tomita, E.; Sakita, S.; Kuwabara, T.; Nagai, K. J. Phys. Chem. B 2005,
109, 21489-21491.
19) Kuwabara, T.; Tomita, E.; Sakita, S.; Hasegawa, D.; Sone, K.; Yagi, M. J. Phys.
Chem. C 2008, 112, 3774-3779.

248



Table 9-1 Summary of ' (the maximum amount of adsorbed platinum nanoparticles
onto ITO electrode) and Kys (adsorption equilibrium constant) of citrate-Pt determined

by afit to the Langmuir adsorption isotherm equation.

Temperature (°C) Tmax / nmol cm Kags/ 10 mol™ L
5 11.7+ 20 22+07
15 108+14 2407
25 9714 2905
35 9.0+x05 3.7x07
25% 9.3+0.8 1.0£03

?(Reference) Kgjita, M. et al., Green Chem. 2010, 12, 2150-2152.
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Table 9-2 Thermodynamic parameters of citrate-Pt adsorption onto ITO electrode, and

comparison of iridium oxide (IrO,) colloid prepared by citrate reduction.

Sample AG/kImol*  AH/kImol*  4S/JImolt Kt T4S/kImol™
citrate-Pt -255+05 16.4+95 140 + 32 419+95
IrO, colloid 244+ 738 36.5+ 3.8 204 + 13 60.8+ 4.0

250



Table 9-3 Summary of datain electrolysis using acitrate-Pt/I TO electrode in 0.1 mol L™
potassium nitrate (KNO3) aqueous solution (pH = 5.3).

Run Charge/C  Hz/pmol  FEn2 (%) Oz/umol  FE.o2 (%)
1st 4.7 18.3 74.7 9.9 80.7
2nd 4.8 18.1 72.6 10.3 82.7
3rd 5.0 20.9 8l.1 9.7 75.2
4th 3.6 131 71.1 6.6 72.0
5th 29 11.8 79.6 6.7 90.7

Total 20.9 82.2 75.8 43.2 79.7

Summary of data in electrochemical water oxidation using a citrate-Pt/ITO electrode
as a working electrode for 1 hour. Potentiostatic electrolysis carried out at -1.0 V vs.
Ag/AgCl ina0.1 mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3).
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Figure 9-1 Distribution of particles size of citrate-Pt nanoparticles using small angle

X-ray scattering (SAXS) technique.
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Figure 9-2 Schematic image of preparation of citrate-Pt modified ITO electrode

(citrate-Pt/ITO).
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Figure 9-3 Quartz crystal microbalance (QCM) frequency change (4f) after injection of

distilled water (black line) and 300 pmol L™ of the citrate-Pt colloidal solution (red

line).
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Figure 9-4 Quartz crystal microbalance (QCM) frequency change (4f) after injection of
distilled water (black line) and 50 pmol L™ (red line), 100 pmol L™ (blue line), 150
pmol L™ (green line), 200 umol L™ (purple line) and 300 pmol L™ (orange line) of the

citrate-Pt colloidal solution.
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Figure 9-5 Change of adsorbed amount of citrate-Pt from QCM measurements after
injection of distilled water (black line) and 50 pmol L™ (red line), 100 pmol L™ (blue
line), 150 pmol L™ (green line), 200 umol L™ (purple line) and 300 pmol L™ (orange

line) of the citrate-Pt colloidal solution.
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Amount of adsorbed Pt / nmol cm™

Time / min

Figure 9-6 Change of adsorbed amount of citrate-Pt at initial stage from QCM
measurements after injection of 50 pmol L™ (black line), 100 pmol L™ (red line), 150
pmol L™ (blue line), 200 pmol L™ (green line) and 300 pmol L™ (purple line) of the

citrate-Pt colloidal solution.
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Figure 9-7 Plots of initial adsorption rate of citrate-Pt onto ITO electrode surface vs.

concentration of citrate-Pt colloidal solution.
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Figure 9-8 Cyclic voltammograms (CVs) of a bare ITO electrode as a reference (black
line) and a citrate-Pt/ITO electrode (red line) in a0.1 mol L™ potassium nitrate (KNOs)
agueous solution (pH = 5.3) at 50 mV s™. The citrate-Pt/ITO electrode was prepared

with immersion in 300 pmol L™ of the citrate-Pt colloidal solution (pH = 2.8, 3 hours)
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Figure 9-9 Cyclic voltammograms (CVs) of a bare ITO electrode as a reference (black
line) and a citrate-Pt/ITO electrode in @ 0.1 mol L™ potassium nitrate (KNOs) agueous
solution (pH = 5.3) at 50 mV s™. The citrate-Pt/ITO electrode was prepared with
immersion in 300 pmol L™ of the citrate-Pt colloidal solution (pH = 1.9 (red), 2.8 (blue),

4.1 (green) and 5.0 (purple), 3 hours).
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Figure 9-10 Plots of current density at -1.0 V vs. Ag/AgCl in a 0.1 mol L™ KNO;3
aqueous solution (pH = 5.3) as a function of solution pH of the citrate-Pt colloidal

solution.
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Figure 9-11 Plots of current density at -1.0 V vs. Ag/AgCl in a 0.1 mol L™ KNO;3
aqueous solution (pH = 5.3) as a function of solution pH of the citrate-Pt colloidal

solution as a reference.

(Reference) Kajita, M.; Kuwabara, T.; Hasegawa, D.; Yagi, M. Green Chem. 2010, 12,

2150-2152.
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Figure 9-12 Plots of current density at -1.0 V vs. Ag/AgCI of acitrate-Pt/ITO electrode

vs. the coverage amount of adsorbed Pt onto ITO electrode (/¢ov) at 25°C.
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Figure 9-13 Adsorption isotherm of citrate-Pt onto ITO electrode surface. The cp is
concentration of citrate-Pt colloidal solution. Temperatures are (e, black) 5°C, (m, red)

15°C, (A, blue) 25°C and (#, green) 35°C.
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Figure 9-14 Plots of 1//¢, VvS. lcp based on Langmuir adsorption isotherm.
Temperatures are (e, black) 5°C, (m, red) 15°C, (A, blue) 25°C and (¢, green) 35°C.

Solid lines are simulated based on equation.
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Figure 9-15 Van't Hoff plots for the adsorption of citrate-Pt to an ITO substrate. The

Kags IS the adsorption equilibrium constant.
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Figure 9-16 Current density-time curve in electrolysis at -1.0 V vs. Ag/AgCl in a 0.1
mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3) using a citrate-Pt/ITO

electrode.
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Figure 9-17 Cyclic voltammograms (CVs) of acitrate-Pt/ITO electrode in a0.1 mol L™
potassium nitrate (KNOs) agueous solution (pH = 5.3) at 50 mV s*. The black and red
lines are before and after electrolysis at applied potential of -1.0 V vs. Ag/AgCl ina0.1

mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3) for 1 hour.
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Figure 9-18 Current density-time curve in electrolysis at -1.0 V vs. Ag/AgCl in a 0.1
mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3) using a citrate-Pt/ITO
electrode. The black, red, blue, green and orange lines are 1st, 2nd, 3rd, 4th and 5th time

electrocatalysis experiment using same citrate-Pt/I TO electrode.
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Figure 9-19 Cyclic voltammograms (CVs) of acitrate-Pt/ITO electrode in a0.1 mol L™
potassium nitrate (KNOs) agueous solution (pH = 5.3) at 50 mV s*. The black, red, blue,
green and orange lines are after 1st, 2nd, 3rd, 4th and 5th time electrolysis experiment

using same citrate-Pt/I TO electrode.
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Table 10-1 Summary of /', (amount of adsorbed Pt) and K.gs (adsorption equilibrium

constant) of PAA-Pt, and comparison of citrate-Pt adsorption on ITO electrode.

PAA-Pt citrate-Pt
Temperature (°C)
Tmax / Nmol cm? Kags/ 10*mol™ L Tk / nNMol cm™? Kags/ 10° mol ™ L
5 145+ 0.9 44+04 11.7+ 2.0 2.2+0.7
15 11.3+ 0.6 70+1.1 108+ 1.4 24+0.7
25 10.0+ 0.7 9.2+ 36 90.7+14 2.9+ 05
35 7.8+0.8 12.1+ 3.8 9.0+ 05 3.7+0.7
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Table 10-2 Thermodynamic parameters of PAA-Pt adsorption on ITO electrode, and

comparison of citrate-Pt adsorption on ITO electrode.

Sample AG/kImol*  AH/kImol*  AS/JImoltK?  TAS/kImol™
PAA-Pt -225+1.0 21.2+7.0 145 + 20 43.7+ 6.0
Citrate-Pt -255+ 05 16.4+95 140 + 32 419+95
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Figure 10-1 Distribution of particles size of PAA-Pt nanoparticles using small angle

X-ray scattering (SAXS) technique.
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Figure 10-2 Quartz crystal microbalance (QCM) frequency change (Af) after injection
of distilled water (black line) and 300 pmol L™ of the PAA-Pt colloidal solution (red

line).
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Figure 10-3 Quartz crystal microbalance (QCM) frequency change (Af) after injection
of distilled water (black line) and 10 pmol L™ (red line), 25 umol L™ (blue line), 50
pmol L™ (green line), 100 umol L™ (purple line) and 300 pmol L™ (orange line) of the

PAA-Pt colloidal solution.
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Figure 10-4 Comparison of QCM frequency change (4f) after injection of 50 pmol L™

of citrate-Pt (black line) and 50 pmol L™ of PAA-Pt (red line),
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Figure 10-5 Change of adsorbed amount of PAA-Pt from QCM measurements after
injection of distilled water (black line) and 10 pmol L™ (red line), 25 pmol L™ (blue
line), 50 pmol L™ (green line), 100 pmol L™ (purple line) and 300 umol L™ (orange

line) of the PAA-Pt colloidal solution.

283



0.5 |
o
€ 00 —=
o
<
S X
2
@ .05
[}
©
e L
o
3 10|
_1‘5 | 1 | 1 | 1 | 1 | 1 | 1 | 1 |

-1.0 -08 -06 -04 -02 00 02 04 06
Potential / V vs. Ag/AgCI

Figure 10-6 Cyclic voltammograms (CVs) of a bare ITO electrode as a reference (black
line) and a PAA-Pt/ITO electrode (red line) in a 0.1 mol L™ potassium nitrate (KNOs)
agueous solution (pH = 5.3) at 50 mV s*. PAA-PY/ITO electrode was prepared with

immersion in 300 umol L™ of the PAA-Pt colloidal solution (pH = 3.0, 3 hours)
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Figure 10-7 Cyclic voltammograms (CVs) of a bare ITO electrode as a reference (black
line) and a PAA-Pt/ITO electrode in a 0.1 mol L™ potassium nitrate (KNO3) agueous
solution (pH = 5.3) at 50 mV s™*. PAA-Pt/ITO electrode was prepared with immersionin
300 pmol L™ of the citrate-Pt colloidal solution (pH = 2.0 (red), 3.0 (blue), 4.0 (green)

and 5.0 (purple), 3 hours).
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Figure 10-8 Current density-time curve in electrolysis at -1.0 V vs. Ag/AgCl in a 0.1
mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3) using a PAA-PYITO

electrode.
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Figure 10-9 Cyclic voltammograms (CVs) of a PAA-PY/ITO electrode in @ 0.1 mol L™
potassium nitrate (KNOs) agueous solution (pH = 5.3) at 50 mV s*. The black and red
lines are before and after electrolysis at applied potential of -1.0 V vs. Ag/AgCl ina0.1

mol L™ potassium nitrate (KNOs) agueous solution (pH = 5.3) for 1 hour.
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Figure 10-10 Plots of current density at -1.0 V vs. Ag/AgCl of the PAA-PYITO

electrode vs. the coverage amount of adsorbed Pt onto ITO electrode (/¢v) a 298 K.
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Figure 10-11 Plots of current density at -1.0 V vs. Ag/AgCl in a 0.1 mol L™ KNO;3
aqueous solution (pH = 5.3) as a function of solution pH of the PAA-Pt colloidal

solution.
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Figure 10-12 Plots of current density at -1.0 V vs. Ag/AgCl in a 0.1 mol L™ KNO;3
aqueous solution (pH = 5.3) as a function of solution pH of the PAA-Pt colloidal

solution (red square). As a comparison, the citrate-Pt data are overlaid (black circle).
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Figure 10-13 Plots of initial adsorption rate of the PAA-Pt onto I TO electrode surface vs.
concentration of the PAA-Pt colloidal solution (red square). Comparison of initial

adsorption rate of the citrate-Pt onto I TO electrode (black circle).
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Figure 10-14 Adsorption isotherm of PAA-Pt onto ITO electrode surface. The cp is
concentration of PAA-Pt colloidal solution. Temperatures are (e, black) 5°C, (m, red)

15°C, (A, blue) 25°C and (#, green) 35°C.
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Figure 10-15 Plots of 1/7¢y VvS. 1/ce based on Langmuir adsorption isotherm.
Temperatures are (e, black) 5°C, (m, red) 15°C, (A, blue) 25°C and (e, green) 35°C.

Solid lines are simulated based on equation.
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Figure 10-16 Van't Hoff plots for the adsorption of PAA-Pt to the ITO substrate. The
Kags 1S the adsorption equilibrium constant. As a comparison, the citrate-Pt data are

overlaid (black circle).
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