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A7) st a nEA AeES, EMEAE L o] BL vy £ ELZor AW A, #BAHF
AT 4

A 18l oA,
A7) HEE A E”“?S’_, Ti, Sn, Zn, Mn, Mg, Ni, W, Co, Fe, Ba, In, Zr, Cu, Al, Bi, Pb, Ag, Cd, Y, Mo,

Rh, Pd, Sb, Cs, La, V, Si, Al, Sr 2 o]& T Holx dE Eddt= 35 AER o|Folx Fol|A Aed
1% o]d& X3 o}” AL, FHS.
AT 5

A7) A B2H1FL, Si, Fels, Feg0s, BiVOy, BiWOi, TiO,, SrTiOs, ZnO, CuO, Cu0, NiO, SnO., CoO, In0s,
WOs, MgO, CaO, Las0s, Nd:Os, Yo0s, CeQOy, PbO, ZrO. Cos0s 2 Al,0; 0.2 o] Fozl FollA Aeld 1% oS x3

3l A, FHF

A+ 6

A1l ejA,

A7 A E2F2, T (sphere)d, F(plate)d, Z#ol=A(flake)d, Zl(rod)d, FE(tube)d, <}olof
(vire)d 2 YE(needle) o2 o]Fojzl ol Meld 15 oAt S 2zt AAE g3t 29, 34
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A7 8

A7l oA,
A7) ckoled mEAR A& AS  PEI(polyethyleneimine), b-PEI(branched-poly(ethylene imine)), 1-
PEI(linear-poly(ethylene imine)), PAH(poly(allylamine hydrochloride)), PAH(poly(allylamine
hydrochloride)), PDDA(poly(diall dlmethylammomum chloride), PLL(poly(lysine)),
PDADMA(poly(diallyldimethylammonium)), PAMPDDA(Poly(acrylamide-co-diallyldimethylammonium), L

PDADMAC(polydiallyldimethylammonium chloride) & o]Fojxl oA Aelg 15 o|AS ¥},

A7) Lol A AsfAL ) PSS(polystyrene sulfonate), PAA (polyacrylic acid), PMA(poly methacrylic
acid), PSS(poly styrene sulfonate) ¥ HA(hyaluronic acid)o2 o]Fojxl oA A&z 1% o|AS x3s

- =2
e 3—1?_, TE)}-;S__I.

A7 Bwd Fule, Sol2Aola, AojFEH-X3tE HZavEEo]E(transition metal-substituted

A7) BRS Zu)= [Cop(H0) (We0s)sl™, [Cos(H0)s( a-PWe0s)s]™ 2 [{RwOs(OH)5(H0)s} (¥ ~SiWig0ss)s] <

2 o]Fold ol A 1% o]4e ket

i

A, FA=.

AT 11

A9ell o] A,

A7) EujEAZo A 2R Zujo] FXZ(loading level) S, 0.05 mg/em ©]4Fel 29, B

A7 12

A1l o)A

A7) Bt BAE Ao Hojm ARE| AW, (Yol2A mEA HAF/SoleA EuEdS)o] 13
ol WhE HZE| tEuS Ehels A, FAT.
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/= A S 98 FA= (photoelectrode) &2 AFE Ol a-Fe 0= UL 2 7MAFe He
FrERE 2sle] ejekd E4F3} (solar water oxidation)E 93 Fof:== (photoanod)E FEukiL ATk,
A5t Aol e] wE A ZF (fast recombination of photogenerated charge carriers, < 10 ps), &< A& &
At o] (short hole diffusion length, 2-4 nm) ¥ & I 3¢t (high requisite overpotential, 0.5-0.8

0
V)&, Al HEelAd a7Es =2 S 528 2 QIR gAY 22 23S vEA7I= ofE el it

olglst TAES A3 Y] s E4tkst Sl 2 AsteHEAY 22 gds V58 A 8AE AR 3R
o] Al=HI k. oy Ak, ERIAE A% 449 ELEY a&S TdA7IEE JAsHL S B,
gy 2y 2 Agsta AA QlEHolx dAYoH e FaMdol FAHL k. F, 4 EEEY &&S
Eole AX FasAT 4 E4E9 F840 14 2 xHd o R 28 S A% AU o Zas)
=

gy o] g

s dsta= A

2 4ye o3 v 459 (EE, LBL &9 W, layer-by-layer assembly)oll ¢t 2} W A5 Zul
525 s HSAE xdsla, 71eA BF, AdF o], v 4 a8 9 HH&o] I, wEA|
Ao wi= 714ate] 9% (band edge position) @ W= 3 A% (band bending)5S FHdte] FH7]3lsrA
B &S PN S e, 1EEY FHITE AT Aol

2 g, 2 g ot FASS xFetar, afol I FIsE Eie FAE AFste Aoy

2 g, 2 ddge ot FAFe] ARWHE ATk Aotk

oo 2oy gk FHFE o] gt a8 g Fvsey ERE WS AlEste Aotk

A2 7 5

W ool o Ao

R

B
AN A%/ E2AF)0] 18] o4 W% AFE BEeh & T, FAF) Ba Aol

2 oago] A Ao uwhgh, 7] gEutelA A AAS, SuEdS BE o] E2 WY EE HEFSo
2 Y48 A F U

o] o A wel, Ay weA] E43%5e Ti, Sn, Zn, Mn, Mg, Ni, W, Co, Fe, Ba, In, Zr, Cu,
Al, Bi, Pb, Ag, Cd, Y, Mo, Rh, Pd, Sb, Cs, La, V, Si, Al, Sr ¥ o]& & Ho& 3= Estsl= &5 A
SFER o|FofR FoA AEE 1% oS ¥estes AY 4 .

2 o] o Arjoo] wE}, A7) WA 2452, Si, Fe03;, Fes0,, BiVO,, BiWO,, TiO,, SrTiOz;, Zn0O, CuO,
CUZO, NIO, SHOQ, COO, Il’lzog, WOg, MgO, CaO, Lazog, ngOg, YzOg, CeOZ, PbO, ZI”OQV C0304 ‘;’l AlgOg_C_)_i 0]—?‘0'];\(_]
FolA AEE 1% ol4e Eas A F v

2 EAZ8 F(sphere)d, ¥ (plate)d, Z#ol=(flake)d, =oj
(rod)¥, FH(tube)d, <lolol(wire)d @ UZE(needle) FOE o] FojR oA AEE 1% ojie He = zt

el o AAjdel met, A7) ada AsjdSe, A ada dsjd, AY aAk dejd Ee o] =8
T, P aRA A, Foley nEa dshd, goleqd uEA AR e o L TP
7 t}.

2 e A Aaodd uwed, v Foldd mEA H3FES PEI(polyethyleneimine), b-PEI(branched-
poly(ethylene imine)), 1-PEI(linear-poly(ethylene imine)), PAH(poly(allylamine hydrochloride)),
PAH(poly(allylamine hydrochloride)), PDDA(poly(diallyldimethylammonium chloride), PLL(poly(lysine)),
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PDADMA(poly(diallyldimethylammonium)),
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rr

e Y WAL, P AFT DR AHAF P mek AAHT, w9 wE 2
[e) t:;l_ A

A7) W gae pH 2.0 WA 9.0= ztar, QA 9=8 9N(PBS, Phosphate Buffered Saline), <1AHHH
(Phosphate Buffer), ©o}HEAF % 9l(sodium acetate—acetic acid buffer), Z&]A1-HC1(Glycine-HCl
buffer), AEZ4-NaOH ¥ ¥ (citrate-NaOH buffer), Z2]A1-NaOH B ¥ (glycine-NaOH buffer) 54 < t}.

A7) EuBASS GAsE wAlE, AV AR B FulE Tyt 248 o8 F du, 2W
29, 959, Ay Wy, 2 59 2 2 39 52 ol8dd] Y] SEAFS 4%+ v

47 EMEAFS YA WAL, ) AFE A ANAF TH we ANHD, v B 253
2 YA, FASAL Fold Fol 13 ol WA AFW dFe Y4 & Avh.

47) ZH® F 1A 95 e BRH S £I 5 Aok EW, ) 2YES, A EE wy §o0
2opll 1A 7 v s 2Ad £ vk A7) Wyl Soe, A7) AFE ust g

oyl o AAde] we, 3] SREA3e YYsRE 9 o A wAE O 23T F Aot

A7 dAgstE 9AE, 100 T WA 500 T; %= 100 C WA 300 T XA 18 o4k 13 A 1 A7
Tt EA-Yeta, F7], vEAdTtE, BVlA T Hox shy oS AEFStE EH7IAA AAlE 4tk
%, a7t 2 HEAY VMR E XEEE 39 Tl BEUldA 94 S Ay 4 9t

2o Ay 32 ox
3

v e d Aafdel we, A7) FAdvistetd s W2, 2 ddl o Fd= 28 A S5eke Bl
71 AFshks @A ol F B FAldl HEFS ARkl Bl ol FAr|sE o &5 ek @A
2 A7 = Bellsks GAlA g53 = e AEEs R 2 Agske 3 & 23 5 . A
el e, T4 H/EE e, 4 dyA], AR HdA T ude ok 289 5 Ao

LbLZ=9 = (Layer-by-layer assembly)ol] ¢J8t ¥t=x] 719 Ao (ZEX ANAS/2MEDS), o =%

7ol ol ¥R b-PEI(branched-poly(ethylene imine), 1-PEI(linear-poly(ethylene imine)),
PAH(poly(allylamine hydrochloride)) % PDDA(poly(diallyldimethylammonium chloride))& Z}Z} NaCle] 137
mM¥} 10 mM phosphate buffere] W8 (pH 5.0)°] 3 mM(in terms of monomer concentration)el| % 7}s}¢]
A A d &Ms AX3AL, anionic POMs 7] W &He 1 mM=E H7}ete] anionic POMs &<& Al x3}t
th. a-Fe0; 71¥ (|3}, hematite photoanode) “doll 7+ At #ald €9 9 anionic POMs && 7H7} 5

b 23 FREle] LbL &2HO] 1 Alo]ES FA3taL nd] whEsto] FdFS AXSUTE. ZF Alo]E with A7)
719E 30 2 Eek 33 AR o]2FE M. (b-PEI/POM),, (1-PEI/POM),, (PAH/POM), %! (PDDA/POM),

Mo R

oft
o,
r

A 2

LbL =9 e o vteA 719 ol (nia AsfEF/EHELZT)nY 7

HHEA Z19E BiVO,E o] &3 3 flol AAd 13 FUd WHo R (b-PEI/PON), & TS FAFE Ax
it

AAl 3

LbL =9 e o vxA 7d o (niA AH2F/EMELF),S T&

HEEA] 7182 Ti0E ©] &% A el Al 13 L% Wi e (b-PEI/POD), & FH3to] =52 Azt
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At
AANd € vade] ALgdE AR A=
(1) ¥r=A 7]

FTO/ a -Fe,0s(hematite)

a-Fey Foll==+=, FI0 fe] 7] Bl sEdddoz A9

Jang, C. Du, Y. Ye, Y. Lin, X. Yao, J. Thorne, E. Liu, G. McMahon, J. Zhu, A. Javey, J. Guo, D. Wang,
at. Commun. 2015, 6, 7447."S Fx38}o] A=x3slct.

AV

AA a-Fe03(hematite) S ¥3gFsta, "J.-VW.

TAAo R, FI0 7] 0.15 M FeCls & 1.0 M NaN0s9] <8< 10 mLe] ©7 50 mL Teflon-lined stainless
steel autoclave UWo FY3}aL, FeOOH ZEo] AASE= 1 h &< 100 CTolAd AHH3sFHt. Tin-doped
hematite filme 5 min &<F &7] 7] 800 TollA FI0 Ao FeOOH ZES odd 3ol #2353,
FTO/Ti0,

Nanoporous Ti0,* doctor-blade methodo & A|Z3&AT. Ti0, Ho]AEE 30 min 52 ek 10 nlE 1 g
Ti0, YAt 292 Egsete] Axsta, I43 EF o)A 3% titanium isopropoxided H7Fslch.
Ti0; pastei= doctor-blade method®.2 FT0 8] 7]¥
h 9k 150 CAA odPstel 110, Yol =B Az,

)
ox
Ky
X

283}al, nanoporous Ti0, FilmS A== 1

FT0/BiVO,

BiVO, Folx==+=, "Tae Woo Kim and Kyoung-Shin Choi, Science 28 Feb 2014: Vol. 343, Issue 6174, pp.
990-994. "& FrFsto] FTO 7|3 Aol Bi0ol &2 A7|stetA 52 3l BiVo,= 3ehA W ko] osf Al %% 3Att.
BiOI¢] A& &2 50 mL 0.4 M KI Wiell 0.04 M Bi(NOy)s& &3|A17]1aL, HNOs= pH 1.7% A3k, olgka 1
9] 0.23 M p-benzoquinone 20 mL$} E3}a}SIT).

BiOI¢] A2k (electrodeposition)< "WMPG1000 multichannel potentiostat/galvanostat(WonATech Co. Ltd.,
Korea)"® A8kt Z7: working electrode, FTO glass; reference electrode, Ag/AgCl; counter
electrode, Pt wire; applied potential, 0.1 V vs Ag/AgCl. BiOI electrode= 2 C/min®] ramping rate@®
400 TolA 0.2 M vanadyl acetylacetonate?] <] slollA A& sle] Bivo,= A3}, 1 M NaOH 8oz 3+

AV,0:5 dHA o= A AT
(2) POM (Tetracobalt-substituted polyoxometalate)

[C04(H20)2(PW9034)2]107E "Q. Yin, J. M. Tan, C. Besson, Y. V Geletii, D. G. Musaev, A. E. Kuznetsov, Z.
Luo, K.I. Hardcastle, C. L. Hill, Science 2010, 328, 342." & x5} A|xsFTE.
(3) "n"& "bilayer(BL) number"o]T}.

= AAjofoll A AA)EE vlel o], LbL Z=¥ WHE o]83te], WHEAE Aol b-PEIS 2 POM Fo] WHEH o
2 AFHEo A" g5 ZHSA((b-PEI/POM),) bilayers)E ¥ &3} Foli==(°]3}, hematite photoanode)<]

e 2 Y oolE o8 =R $8S o B AL Al ERE Sl PONE o] &
gt E4Fs}(solar water oxidation)oll 98 B3] &7o] WaYwrt.

T 2%, AAd 19 b5 HASAE 2Tt Foll==o] SEM(a, b) B TEM(c-f) A& Yl o=z, (a),
(c) ¥ (A= (b-PEI/POM)y bilayers & o]ola, (b), (¢) ¥ (f)& (b-PEI/POM)y bilayers =& ©]F-o]
o = 29 SEM olmlA] (a) % ()] WlE Al WA BT el (b-PEL/POM), bilayers7t #sta E2t
(conformal) 0.2 F&E AL g0 4 vk, TEM o]7A (¢) 2 (D (e) B ()9 vl A] F2 o] 5o

=<
A7 3] d(lattice fringe)S 2t Fito] POMsol #dd Az 3]de] 49 A& 4T & o
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=)

AEEREEES

b
J

2 33l FHFo LSV (linear sweep voltammetry), 7] SFAAd 9@ F=wja $4 2
2 @A (photocatalytic oxygen % hydrogen evolution)S =Asle] FH=Fo] #A7|3std BHs) Hes
BrrstAk. & 3&, AAld 1914 AzE FAF9 (a) LSV 2 (b) 0.6 V vs Ag/AgCl(pH 8.0)9] A7}e wlo

2o g FHAF 49E 2 E ASE 9 MAHLAE SAke] a0k Aotk & 39 (a) 2 (b)ellA (
A A A S/ FZ | EZSF),((PE/POM) bilayers)olA POMS] &S fa] #1712 2 A7|ststd n|&Ad aiA}
A A (PE)o] AL oLy, (PE/POM) bilayers® & Fol.==% bare hematiteo] H|3lo] FAF dr 2
E 2SS Qe ARSI R aEs AlEste AS 891 5 Q.

>
it

e

K

i

% 4%, Fol== (hematite photoanode)®] #Zw] Also|A (b-PEI/POM) bilayers N9 23S H7pgk Ao
2, A 1A Az FHFe] (a) LSV, (b) & kst 2GR D] gk MAIHS 2 (¢) (b-PEI/POM)
bilayers® =& 5o wa} FA= (hematite electrode)®] Faradaic efficiency AXFsl7] $13% 7}~ A =wu}
Eage] o) S4% AA| 7t=9 &S F43ke] HERAL.

O~

(b)oll ] FH= (hematite electrode)2] Aol (b-PEI/POM) bilayers? &4 T+ F79 9
5 S 9an, (b-PEI/POM) bilayers®] 4 iz Fr7h Z7hsbdA Bd71sbstd 45 F7behs AL
sholg 4= k. E 49 (c)olA] HWo]-FH= (bare hematite photoanode)el] ®]d}e] (b-PEI/POM) bilayers”}t
ZaE P2 WA FaF 45 FUHEE 2SS e 5 Aok (b-PEI/POM)y bilayers &2 2o A
Holl ;== (hematite photoanode)®] Faradaic efficiencies®] Z+z} 55 % 94% (ZF7A: pH 8.0 & 7}A4 ZFA} 3
ol 0.77 V vs Ag/AgCle] <17}w wlolo]~). =, Fe0s-(b-PEI/POM)1p2 EU3F ZAA POMel &3l A4
& TON (turnover number)®] 2.30 X 103 0,/POMe|t}. &, LbL ZH Wwol] 9o Fofji== (hematite
photoanode)?] 7§A1¥ A5ol| b-PEI 2t8l7) 7193t AS &0 4= ).
%= 5ellAl, AAe] 29] Lbl 2=H WH o F2E BiV0,-(b-PEI/POM)y 2 AAel 39 Ti0,-(b-PEI/POM)s9] el
=z SEM oluA] (a) WA ()& vERNaL, LSV (linear sweep voltammetry) S7A Z3 (e) ¥ F2AF FF
(A3 2 UV 2Apol e F3F die] 54 47 (H)E YehAL.
E= 55 AHEW, Ll =¥ W A o/ (a) ¥ ()9 LbL =¥ WH AHE o]F (b) F (d)2] vl Al (b-
Felel WetE & F Adx, MAAH(onset potential) B FHF HE

PR
(photocurrent density)olA FZwjo] Also] MAE AL &g 4= ).

AAlel 1 8 AAe 29 FHFe] FF E=E F 1o JERAT

# 1
A= FAFEE
(mA/cm )

Fezos_ ( b-PEI /POM) 10 1.3

BiVO,~(b-PEI/POM) 1o 3.1

Fe,0s(bare hematite) 0.3

Bare-BiV0, 1.6
E 19 AFedA, Al 1+ LbL 29 WHo]l A8% FHAFS Lbl 2§ o] A85x] &2 FFe vlsh
o FRAFULEE 455 S AS FAE F Q).
2 e Pz JEyE A EAS g 1R [AAdSE HEste] 1 AV E d3Fgows
ool HesEe EnEdE A L mAo] & o]Fojx|a, Lbl Y WHoE tF HFAE 2HTFoEH,
o] JAFS FVAA FAFY Ay &S TR, TEA AsETA g3 A EHe WMEFY
S 243ty FAFY a8S ARAZ F k. T3, Lbl 2 WHoeR dF HEAR xYdown FHS
o] et S JMAAIZIaL, A AS4% (efficient charge transport)S 4% 4 ot
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k1
N2

Photocurrent density / mA cm?

Current density / mA cm™

1.4

1.2+

1.0

0.8+

0.6+

0.4

0.2

2.0

0.0-

Fe,O3
Fe,03-(b-PE//POM),
1.6 —-— Fe,05-(I-PE/POM)y,
— —— Fe,0;-(PDDA/POM), -
1.2 —-— Fe,05-(PAH/POM), T
e
0.0+ ,

02 00 02 04 06 08
Voltage / V vs. Ag/AgCl

(a)

Il Photocurrent
/7] Onset potential

N
N

Bare b-PEI |-PEI PDDA PAH
Polyelectrolytes

(b)
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- 0.4

Onset potential / V vs. Ag/AgCl
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k1
(N2

Photocurrent density / mA cm? Current density / mA cm?

Amount / umol

I— F6203
— - — Fe,05-(b-PEI/POM),

i (
207 Fe,0,-(b-PEI/POM),
— — — Fe,05-(b-PEI/POM);
e Fe,0;-(b-PEI/POM),
| —-— Fe,05-(b-PEI/POM); 5
—— Fe,05-(b-PEI/POM),, el
o
1.0 ==
g /
7
0.5 /
L
-~ T - NO || ht
00— D0
02 00 02 04 06 08

Voltage / V vs. Ag/AgCl

1

Onset potential / V vs. Ag/AgCl

Number of bilayers

.,
v 0,

Fe,O3

Fe,05-(b-PEI/POM),
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