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SUMMARY

I. Title
A study on preparation of hydrogen using photoelectrochemical

reactions.

II.. Objectives

Because of the limitation of fossil fuels which 1s supposed
to be depleted i1n the end of next century and the environmental
contamination by accumulating the toxic gases and carcinogens
in the alr flaming the fossils fuel, developmcnt of alternative
fuels which 1s i1ndifinitive resource and contamination~free to
replace the present enerqgy resource have been studied for long
time. Solar energy appears to be the best option for long term
energy needs. The widespread utilization of a solar technology
primarily depends upon the construction of 1nexpensive systems
based on materials that can be used to cover the large areas.
The most efficient chemical systems for the production of
electricity and the promotion of chemical reactions that can
produce fuels, such as hydrogen or other useful products, by
the utilization of solar energy are based or semiconductor

materlials.

The most efficient chemical systems for the production of fuels
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such as hydrogen or other useful products by solar energy
based on the semiconductor materials are actively studied.
Development of high efficieny system to produce hydrogen or
methanol using photoelectrochemical reaction will be

significant contribution to develop the inexpensive and safe

future enerqgy.

I . Contents and Scope
Development of system to increase the light energy using
semiconductor transfer efficiency enerqgy catalysts.
1) Production of semi—-conductor photocatalysts.

2) Studies on surface modification to develop the high

efficient and stable semiconductor catalysts.

3) Estahlishment of analytical methods i1n photochemical

reaction.

V. Results and Applications

1. Results
1) Production of photocatalyst by coating CAdS and Z2nS on
the surface of silica gel and Nafion polymer.
2) Studies on the modification of catalyst surface.
3) Performance test of made photocatalysts for hydrogen
generation from water by photo-chemical reaction.

4) Estahlishment of the reaction analysis method to

Vil



measure amount of hydrogen production by gas
chronatography.
2. Applications
The above results with modification of catalyst surface
showes the possibility to solve the problems of corrosion of

photocatalysts by autooxidation.

Electrochemical reaction by photocatalyt can be applied not
only to electrolysis of water but also to the various useful
electrochemical reaction 1n industuy. Establishment of
production of photocatalysts to transfer from solar energy to
chemical energy and measurement of electrochemical reactions
1n this study will be utilized to develop the economic and

safe future enerqgy.
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Fig. 2-1.

Schematic diagram of system for utilization of solar energy in a photo
electrosynthetic reaction(e.g., HO—H, + 1/2 0,). 1 and 2 represent the
light-absorbing system and support; the dashed line around 1 and 2 represents
a possible stabilizing layer on the system. 3 and 5 are redox couples,

elther in solution or incorporated onto the surface of the system; they act
as the primary electron and hole acceptors. The final reaction is catalyzed
by oxidation and reduction catalysts, CAT, and CATgr' respectively.
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Table 2-1 FH7|3E Ao AHRE ®Hi=Ad&3 189 band gaps (eV)

S1 1.12
WSe, ~ 1.1
Mo Se, ~ 1.1
Gals 1.4
InP 1.4
CdTe 1.4
CdSe 1.8
GaP 2.2
Fe,O, ~ 2.3
CdS 2.5
WO, 2.8
Ti10, (rutile) 3.0
Sr710, 3.2
s>no, 3.9



Conduction band
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F1g. 2-2. Energy bands and two—dimensional representation of a
semiconductor lattice.
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(2) After contact and
electronic equilibration

()

(c)

Fig. 2-3(a) Schematic representation of n-type semiconductor
photoelectrochemicall cell.
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Fig. 2-3(b) Schematic representation of p-type semiconductor
cell.
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(a)

b)

Fig. 2-4.

‘e
+ - light
orall o | | soition -—
v V T
' window
fuel cell n—Ti0o film
Oxygen electrode on metal substrate
Pt-C-Teflon)
Key:
e = electron
0 = hole
.
02 O2 e
H0 H0

Oxygen
electrode | Solution n—-Ti02

Photoelectrochemical solar cell based on
polycrystalline (e.g., chemically vapor deposited or
ox1dized Ti metal) Ti10, photoanode, where water 1is
oxidized, and fuel cell cathode (Pt and C will also
work) , where oxygen 1s reduced. (a) diagram of cell;
(b) energy levels and movement of holes and electrons
1in cell. See D. Laser and A.J. Bard, J. Electrochem.

soc., 123, 1027(1976).
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Fi1g. 2-5. Structure of layer formed on Si upon deposition of
Pt and annealing, as determened by Auger electron
spectroscopy (see G.A. Hope, F.R.F. Fan, and
A.J. Bard, J. Electrochem. Soc., 130, 1488(1983).
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hv>E (band gap)

F1g. 2-6. Representation of hydrogen generation scheme.
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£3g dae vk a2¥y 9E& S84 YAE platinization A7)

1y

Aol FYasith dE5Y Bernand Krautlers} TiO, 9t PIN-E DS
acetic acide] FEHE CH, 9 CO, & A ¥4 A& = =
HSExs e =%t o ®3elA <¢xe] plantinizationo] g3}

A<=d, ol o FHJACAM Aart ¥rgECl oA zm FAEAVE EUHT A

Fe,05 ol ol2jd Aol AgHch olai® ZAFIN FUHE WSS

< oo AAdR oA wLE #rlsdd A, Pty Cusp 2 v A

AL A BRAEE= o]z 3 FEe o ¥AQ ¥keEo] Table 2-39) 1o}l gl

ot ol g A2 E WA HAEE TR BRVISFA2RE doA

Datael AN AzE F Uves AS dAst= o]l Fgsirh
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Table 2-2. &z dAZdg FAYAA

e -

i i . i i ek P — - .

RE A Eg.ev  Redox System Efficiency %
ﬁ:G;As (xy1) 1.4 éez ; 5;2“ | 12 (;ola;;-
n-GaAs (poly) 1.4 Se<~ , Se?” 7.8 (solar)
n-CdTe (xyl) 1.4 Te4™ , Te?*” 10 (632.8 nm)
n-Si (xy1) 1.4  Fe*t/0 (MeOH) 10 (solar)
p-SW, (xy1) 1.4  Fe* 79 (MeCN) 7 652.8)
o~-InP (xyl) 1.4 y3+/wt 9.4 (solar)

i " il whl—’ - e ——

Table 2-3. WiEAA BFdYAM Fukg

Reactants Products Semiconductor
CN , O, CNO™ TiO, , ZnO , CdS
CO2 ’ Hgo CHaOH 3 HCHO T102 ’ CdS ’ G&p
H,0 H,O0 , O, Pt/Ti0, , Pt/SrTiO,
CH , NH; , H,O amino acids Pt/TiO,
many organics, H,0 H, , CO, Pt/TiO,

Ph Ph
=0, ——=0 (MeCN) TiO,
Ph Ph
CH,COOH CH , CO,5 Pt/TiO,




_Iz_

TIO,

Fig. 2-7. Schematic representation of a photocatalytic
reaction on a platinized semiconductor particle.



A 54 E3"E Al A" (Integrated chemical system )

ot Agdel BRI ANxde wEV AsME FFYF Agol

ZFolol JH MNEE TFZd UREIZ FAEHO o T LA B

Z5t=d JdA 2" e AR @FHe] Aok a8 &9
of A Q7] W&o dEFHozm FT2yE Al2"HHdAME ALL3E7]d EHAHF)

ot Zzolzsl ze e asldME Azl wat ket gAY @ =
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SUPPORTED SEMICONDUCTOR DISPERSIONS

support SEMICONDUCTOR
(SIO, Cqy)
, A
) e- ‘ e_
hv -— ————————
Rt o

Fig. 2-8. A comparison of supported and unsupported
semiconductor. In unsupported particle (top) light
absorbed 1n bulk leads to e~ h' pairs that mainly
recombine. Semiconductor supported on a transparent
substrate (bottom) allows e~ h* pairs to form mainly

near surface.
_23_



BA7 A 20 RN E o] g7 A AR Holm HAetHe

Aol AlEHor2 FuAde Aol B Aot olyT AlxHel AHH Y

formaldehyde & 44tsl7] 91§ CO,9 g

olelg Fo| HFUAE olFE AL A ARE £ Ax B

o
Y
iR
ok
2
S
©
ok
N,
R
i
A
2
o
‘@ oo
et
>
W
X0
Ay
!
e
o
ik
o
2

gz ojgd® 4 UL Aolth

YAt el Ti0, oF e WEAAIAH L 4o Exfstor G & gl

= §71%, SO,, CN" % e 9dge ANl F Utk Po| =z
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#3}eturgollA  shEstth o] Wree wAES A H sEn|ge] AYitel

¢ FesT dwdoz o WL Fa4EF ofstm med uge I

g7 3ot wd o)y vr2L FaHFHow o HF U= wWF *4%s
Hle A7 A" £ Addd wEAE FFH SR EA AFESt = Aol b
=3ty 9lm o] HoldlaA photofertilization (e.g., N, - NH; ) &

o] g8 F 3o HixAle AiLzA wHIoE WY F S Aol

4 . vl EZ22Ry Cl,9 AA
Chlorine & F<}]3stolA de AlfEH1 los olo AMARHL BaY

o M71E amse A7 WPE Agste chloroalkali ¥4 ¢

g

Abgstn ok a2 g8 bieA] Alad"g JMAm Cl; o v AT =

Table 2-30] 2 % Ut AMY B ¥gSo] HWo| =ozx  wHigA

AA  FYEHAT, AHAH| o] FIted met ol wrgol s 2|7}
Al F7I A H 0,9 Ze /8% 3stEdg Aise A2 Ha 4
A T7HRE ZAE Aolrh A-FAd FIAAE A" olF o x4kl w
protein A 4te]l 7tsAd T HITREH. i FEel IHe AFS AT H

Fell A el ag&L2 ©R 1 %HEA EFHstth HAstE AAIATS A A
O
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gas] MELE vHEA ERo] SHg3A =B Aottt WREL AT AT
7hAle  S1, GaAs, TiO, 4 CdSe zZe B7ER E2& XEFgst= A A
gt o] Folx o, we gddt olAE, MAE HEEA g Eol ZA &t 1

AR g, FH7ZIgSHA N ATFHA Fun AU Egp IR ELE o

dA4E ddsts Aol TE Fgsitt YA A" s E¥Xes 5H

spin trapping & @7 ESRe Ze @e WIS A 5HAL AT

sheul AbgEATh B o]Fwksel Aaz EwolMel e weHFe

ol obd ol Frh Aze PEPY AAH Be TrHTNM @R

o HolF&HeEd dF FAR EFLL WS A oA stn o
o} olelar sitEe meditator 2Me] AL ¥ W olla  BEEA

Foll oM relayd3q= & F lomz Joz oHF IHYES o&

& BAZNESE Wl W A AT/E FUE ol A Aoz 7

...26_



§ #4, z2ln 2oy FFA (photosenitizer )24 d¥e 3

= $712¥4 = (e.qg. Nafion, polyvinyl pvidine S )o g  FAgo]

Ao, M2 B P A7IE7IES AHERoEM  vhEolz  1integrated

71et 2AREe 9, ZFSEA T g (phase ) Apeole] Azatel ol

A Zolel WthE w7l S, ZARWelAe] HstolFo wWig =y R HEFH

2 uth olg@ AN A

rh
g
N
N
o,
9
AnJ
Ho
A
2
o
o
2
)
1o
o
1o
2,

A% AUAE HF3e ZAolt ot wWiEA HIFIHE, 2oz HEWH
A 73 aRHez FYHUT o T AXCM Agsts gutde A
7l &EH dEEL A gy AH YA % &

L.

el fae #3}sH<

gre A% HAFFN BE AT AFE FEI )TN Tamoh
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agdow $AF ALY 4 Y& B DL FNE ALy dHA

 ogd e AT o FejAHol o
(1) weAe BAFY (3D B o FB dAgdoled g

s}shul oA BB FALS Hast sy A = FdAT

(2) 7158 2Be HIAHEY J9& IFslr] Y3 AlaHEHe o]

A 17d Multicomponent array A]AE]

o] &l ZlE& 3dle FAHZ s AXE Fig., 3-l1of =EE JER]
ATt o718 ¥xA| e VBAA = P oA A E hole o] e=dH o

NN AAFAZREH AAE wed, BAux e ojge uWMzEde] VB m

O= 9x] <7t @ positived 2A3AAE Ad AXRFAZEEH dolA
o}, gk "] o3 wzAlg ArA7IE HAREe] CBFo=z UM HH

]
goE oA@d wahE dahude 89

A714 AARAs EHHo

X
A7t CB 9ol #PAY Ru o 9 negative sitidA b F2 oY
A AM@o] olFo] Tk
B duRE F8F SFEER A7) H3 NizAd FA= BE i
LA 7}59 colloidal suspension o|i} #BA7|s & X ( PEC cell)
o Felz Algd

z71e] dTelA, &

i
tlo

2
REaly] osiA WrEX Ewel wWgoe] TWaestth: o] w@wsizch o]



f\ CB
H2 —
cat. )"'"""'
+
a g > ()X
\/B____ - Qat
ed
SC D

[F1g. 3-1. Phtocatalysis on irradiated semiconductor.
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§ =4 mEo gke IHAUEF, BUWE s1%, 283 Zv 2 (pol-
ymer layer Yol A8EA Utk aeHA SEE HFlux AP S

FHs7] AN E dEF ot (multi phase ) A7 BasR .

O

ol A= HE Eole HE Wb RS g FAFER o] FEOA

( multiphase-multicomponent integrated system )2} 2l Zojt}

st se 2asd 2 A B AL s ez FAWEL

e gout, W Juldem B % sk 2% FARNY A

HE Al=stx] fFth

[0
i

HHARNE A Edt 35 AlAdHo Jd=zZ+ HIH wmteA"d=S (Pt/Ti02/

Ru(bpy)? /RuO2/solution )3 mcelle system o] <it} H83 318

g4 PE®w ohlz mA ey wEACdM Ue 7EE(F, mole-

cular beam epitaxy, sputtering, Ion implantation, spin coating,

phtoresist technique )o] «7jo] o]&E 4 <UL AHolw, electron,
beam <o} o] EAzrlel B¥ FASHA T2E IAY F e
¢ FEee FAHslze Aad FAE we WHIZl orle LA

A=l & 912 Aol o733t AA = I EGE, xr)sksl, interface

process o dig HEHAd A4& Haz @ Zloln, olgF Integra-

ted systeme Z}Z}e] ARxRTUE= g2y H&sz ©OE AASLS  FUA



2 Zelth olg® FAA A Z REe @&d ol opd A
2gyel Aladen mHol dr AEIFA AAAM T geA U ¥
Jedge] AAg A% AAHA Axdel PHE sl olsjpe BY A

2l g AEst=rE M FEl7E ARG FUE EAHEEC] UAH. "HE

7ol FAR dFHAH Use 5,

P
Foz TAHC U:, LEXF} YEwe gue ( salt bridge )2 AZ

514 net charge o WA BHAZITH olgF AX7t e Bl A

AHS3tE Bty AMEEY] AFel BEHESAES EREHA Jied Hrs)
Al Zlzel g3l dArEHel A a4 o 2&Fl multilayer Inte-
grated System & /E3l7] Yy E AlAEHle] FAF ASAAIS 1 A

A7k AFsE Fd ol 2L A

2

| 83 93 g2 AT
2 g 5} o}

(1) $74 % ( sensitizer layer )ulolAle] ozl Hojot 49

(2) S@AZN YoiA e Aslo]

(3) M=A| /24 AAGAME] guix] - A=} o
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solution

salt bridge

semi — |
conductor| €oatng |solution

Fig. 3-2. A catalytic multicomponent arry for fuel generation.

OX

Red



(4) 27242 Wt AARAAY e ht e A

(5) &/ W= ZAAAY EAFH HAYAMY FHujzg

A2d FFHAAFT HY dyAAclet 4E

Band gap o] W& wWEAEe Fig. 3-3¢ Yga ez dad 2
F5AE Argsm Fol el wudH F 4 AdE ol FHFATY o
Ae 39 o e duxE Ad BAE ALY W EAE Yegdo
28y Fig. 3-3¢04 uUehd Z7A (S)9 6l A= JARA=TS
(MO), a@:m VBst CBele] BAE wExzAck @tk tTy 74 S
7} BEojzA G8e BT So folgolu Yolee AAFolop Frh
@ g Ae yRIoluy feold The HstEd wstm AAYNC 2RH

Mz 4" 5 glew So WLH 4 Ye AFuUY fAS Yas

ZRAFANE AFTHEAY sBabgo] ool AXF S* Bt HAW
A owbgd® sbsAel U orjE ®ate] #arzo] (difusion leng-

th) L.« & o3 o] uehdth
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(@a)n—-type semiconductor (b) p—type semiconductor

’/\S* hv
.- %,5
CB ',g:..‘_hL °

A

ap

V/

- ey AR A e P N SR el s A A bl b s et T i s s gy M B e oy S el Ty Gy e

net process:

3* — S+ + e (CB) S* + e (VB) — g

net process:

*

— - =
s +p —= st + D +eR) S A teVMB—>3 + A

F1g. 3-3. Representation of energy level requiements for sensitized
photoelectrochemistry at a semiconductor surface.

+ D—S + D >t A A



o] 71 singlet stateolr 7.x= 1077 seco]li D,= 2X 107°% cm? sec

o)E2 L,«~350A otk F, L+ nox AzAddr =elde d71ae

ze7t gt Ede]l FRAINAY ARAFA FRA BRI E ol @

de AA® 4 A zeu, o)A §H 47 @d= (monolayer )&

e ¥ F dAxE Adu e A AV nEA EES A
Hol Uod TEA B wizA FdHo 3sH oz AFEol 37
v &3

ZAAM = vt AE A7A17]7]. 938 down -chain 94

Al Ao] BT FH o] o]8d 4 vk o] ZF§ monolayer 7} @& F

o] wame Ad mEAZ ol Ur] HEe Y optical density

g Qg & YT Hoth® npAEANMe ojyx HPold W AT
b HT g o]Fo] Am gtk o] A7 AIe HrjolF s (excl-
tation migration constant ) Qg 7} AN D& A= BF 9
oAl= (1) Lgx o & F3delr7t &S HAow, de Ao
oA Qp & pe 107t cm/sec & e AozE A Qu} 7739

Z, LBEAE AML3 Z74) ( polymeric sensitizer )& FEANA 3

Apstet ( Fig. 3-4 ).

X,
it
o

by

f

L)

rr

It

P>

1o

o

NteAlel nEAEFAS AFAIIIZ] A ogd We] AUHIZ gle
M40 Tzl duR] olFe HAEHE dwtEqe Uyt #HEAlm UTh 2
By A BAGHe WS e HA o ( chromophores ) && g3t
= AwAEA I F1g. 3-39A4e oUXEHE UF= A dig A+
= ©°F o] FolA A &: lth

2]d g monomer o] FAHZ oz Ho|HFxme] WI TEAER EA,
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A 3lslol A , BASIEY Ao U3t AT BSAAE o83 F3ehyl
SA Al MG H3MA AP ojo & FHolo
ojzidt =HL HUANUXEFEH d8E A= A 8o opnyg, 1E

2} 3}t ( polymer photochemistry )o] ez =A 7|g& Aol

A3d BERAE UelN H3jol B

A 2 oF #FAe HFH{ sl e 71— &F A

o]FLe HEwWozRH LAZKe Mol e L ok odYF A

27 3% nEA AT P g A7

1

=
o] AT dwtyo =z FHFY olFL Fig. 3-59 L Aoz dojg

=
(C) = ¥l e AALH2F 9 Mx hopping

(D) wrgAdel AxE Awel fdozo H

WREe Ze fAZo|N Zan Zoz wiholeel FaolFol Yoj}

o gt} olEld Te Zalw AIM BT, F8 Taw =2

Tl SisiM = ol#igd Adtels =y oWy dojd & Aojof Frt




S = reducible substrate in solution

A = film component

_ S ' S
C-s‘“ o S
N

(a) electronic conduction or (b) substrate penetration
semiconduction

A< A= S S
© DC{) C _ A_ —
S - S
SUPPORT FILM  SOLUTION
(c) mediated transport (d) diffusion

FF1g. 3-5. Charge tuansfer in sensitizer layers.
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2 AuUs, Ago] e LY Agsieol Foh wWeE ZpAstlFL 9

M g ZE Alxrt 7heEtdh

Ru(bpy):? (bpy = bipyridine )2 ¥3%}3s+= polysulfonated fl-
uorocarbon Nafion # e AR hopping AlAHAM = FE He] w
€ HAldE FL=E o

Dahms st Ruffé = &oje] ARHo|RolH oy o|FEEE R

FAlez IANEFD AW AAHEYA T C) (Ex “loa-

ding” )e] FXE°] eo&Esjof A stfou, HI AT AIFHe ol

g B E UERA fu UL

D =D, + K, 62 = C/4 (2)

g71A4 K, & AAAolE£rdSg, d= AAolEAZ, D, & AAZAHA F0]

o oolel@ AAelFFYel 4, WA @A g, onwye] Fa

4, 28131 D o Ko &9 #A 3Tl digh B2 e d97F K30

AeA] e AFE FIHE ¢ biconductive polymer ” 49 ¢ A zo

AEHTL A olgizt Z2ve AAF oz AxA 2= ZF dEHm 3
==

s Heozd Azm 4 ed AN Amsh ojedzd s A

TLEA & LdHZ o]BEF AHe o= TTF*(TTF = tetrathiafulva-
lenium )& Nafion o] 4jo] w& Zolt}, KBr fooA wlZA|Z]O 2A
nmlo]l 22 z77]e] TTFBreol H=x:A gHo] Nafion filmg S FAgd=r

ojzigt HY WFeol FAHdE “EAY (molecular wires ) ” FyPeo H

aAExEE 3IA ZF7INFHo. Integrated chemical systemors =Zgw
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FS AgEEE ZEn Zd dAxdel e A(EgxdAIE AHA

o]
Yt o]l Tasith o]y see Zon Azol g AlgHI: don,

42o] murry 540 of o8} Amgich gy olid Aadd Ui
e 1xHel ATw FaHe] K1 a5 B ZPAG @A Ass:

A% WA W2 Fged U@ APE AN @ o Fojxx ¥: 9

R A gl dFojyt wEgd  ogk ARl |2l Hole T HA
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N AEAd 4AE B 4 AUtk cldd ndolEe ted ze 743

(1) ®#x& point-dipole IEx=x Yekd 4 leow,

(2) 842 local ( K-independent ) dielectric fuction o z# E

Wee = (We/4d%) I,(Ceg—e1)/Ceater)) (3)

A71A Wg & wF&ELAdSy, d=2rd/2, ¢, & 559 complex diele-

ctric function,e¢; & FH = (overlayer o] dielectric functiono]

=2

o] =elgt AL usium zHEA<l band gap BA @ E7FEL

( sesitization )¢ T3t A =& mechanism g AJT 4+ Uo, o

—

suel WU ZEe #AvlE BAE REH u@Egdux oEe o8 Az
- & Ao orjelth o mWIEZS B/ S BE B FS5Y wI
54¢ Adth RAH ojze xo © adHez pPAQ band gap A

ol <Lo7IA Ble= W
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Aol A% orle drlE 2A AFA(dye ) E BN doid
F Aed, ol Hole me #@Ae WA (7 del: HAF BA
HA #e FAAHGIHAA AA-F Bol AAHe FAIAHA AdUAE
/. oY dse ©F P4 (multilayer film )& wse=EM 3

ststags A FHANE 5 U Holu

A€ B He F7H dHY JEE = pyrazine IYn EW

2
Rnd
NJ
N
o,
N
N,
N
o
sy

= ( monolayer )o.2 ao7|o]lLo] o|E3 i, 1 T}

stgez2 Al olFde] THHAJAG'Y olsizle] AZAHE HAelFE A

AS o]&3H wlf ®EHFHozm HE HizAZ olFAlZA £ 3US Ao
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A5d AR-& e A

GEA gHeld  watel st ZyHoz dolue aheye By
stetol  glolM & msb gtk wEAl FRIAAAN ogrlE Hde 2xe
Ze Wiyl gAge Z#eoh ol wE, wae] glo) JIAMANZE =5 Eo} 7}
Avt, B3erEl zujFoly Atste] 7idsl= WEF r] ( de-excitation )

F93 §Ed woarHgoes BFHAYG.  odrM S=E W odrage

Zujo] olgt Betm Audolt H3h, Yre] FALALe o,

Al 2e] duRlels Sl ZIAZH,

1.S4dH2 MY

e ZPA BAY BHEAAIS uEd AT o FolMT 0. o

F FPAEA7t Beldoz Fwel FAWUTA g & ( orientational

2 . SHNMII Bl MEHO detsies HEY

SheAl Eelel 2ASSEL setdoz oAU mwe Wald gslA
AR AT} o] Rl ik 0w

o] It ZAWHE AAFHoz WIBiEYE (Fig.3-6), ulgzEsg A

_43_



— O

— O

N ﬁ
yd

—O

Fig. 3-6. HdHe

stetxog Agd SS9 AIHA £

A& Aotk AARKe=z X

"?
8 Z7A 2 ( chramophore )¢ FFEAE v Ao EFH AUR

sle] BRe, Zzve 2w, gust Ax, Zoio) - Leilole]l s

3 . Exciplex EAMS

Case 1

£3t e-, hr g22l9f =77

Polar
solvent ST+ AT

\

S* + A —( S*...A )

encounter

/

(S* «+ A7)

camplex exciplex

Case 2

polar
sovent ST 4+ Dt

\

S* +D— ( S*...D)

encounter

/

(S~ ... D*)*

complex exciplex
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CB

S

net process:

Fig. 3-7.

s+ A —= ST+ A

S"+ & (VB) — s

X . _
S + e (VB) + A —»S T A

(a) Representation of enerqgy transfer to a surface
bound electron acceptor
(b} Enerqgy level scheme for p—-type semiconductor

Note that this 1s exactly like Fi1g.3-3(b) except for
the mechanistic details. For an n—-type semiconductor:
the required enerqgy level diagram would be like
Fig.3~3(a}
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=942 &97]19A = encounter complex+ dA|Z<Q H3tels s camp-

A28, Fig. 3-Told Ad AAFAY HAwRAS Z747 2" ¥
Ae e, bt ®elE Z/MZ 4 Ao o7u, 43 2HOM 4" S

oot PFolerl FAE AsHAY #YY F domz St S

2l 7 A=l o HUgAHdE =Ud. FHEZAFEH AT oy DT HEHFI

Fd7] A E T #sl AH&§ bulk phase Aloje] HAWH-L

+
A% 2 AAHe EATE o IRE de 4 Utk olH@ Ag

oAA 1A Fe ule  electron spectroscopy ¢ thermal desorpt-

10on spectroscopy 9 2 Z3s|A ALEste Aol
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H4Z FLH=E ZE0e M=ot SE5F

A 1d AFEAR H O

s33behus-S 93l FPdozaE 500W L 1000W Xenon lamp & ARE
dt¥ o Xenon lampe] H33 HAYIFES HF power supply = A2
3l AF&31% . Lamp housing& S 71¢ collimating lense2t ref-
lection mirror 24 lamp¢ ®E& HFG3A Heo] Yo cooling fan
o] Aaslel ik (Fig. 4-1) Pl FBead Z7|A%S o 500 Vi

ZIQstF o, 1000W lampe] A$F AHIPxeo AYL 50 amperes, 20 volts

A=}, Lamp housing & lamp 2 8B WAE = ozone 2 Y&

i

dlz]  oF7] siA  hoodolA AEEe] ARttt Lamp housing oA v}
e Fe 1749 22A=d dald oAl AN T AL AEE

o T AUFor FRARAA wrEE7|qd Ho]l XolA T ESI=RE
Gl

o,
2
h

| 2 holder & magnetic baseo] AAAl#AH 1ron plate o o
t}g 1iron plate& IIAHA|Z] Jack o 24 Foj7l ZAEHA I T
2871+ 30 mL Pyrex vial (29 x]&, 2.5 cmn, o] 8 an )2 rub-

ber septumo2Al wre & thA]  copper wire 2] ZoAW  F ARESIY T

F-d e Bgke Radiometer ( United Detector Technology, Inc., 40x
Opto Meter)o] Cosine diffusor (1000 : 1)& ND filter ( Melles
Griot Co., optical desity 3.0) & Azt ZAHsFHrE E-ESd =] <9

ol WBE FL(ASlamd FFg =33 ZFF 10,000 mWe] o
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A7} dojF ow, vhg87]2] Hddy FAHFSo= 5,000 mWe]  sggko]

2 oAgd Ag® A 2 AlsE god ol FYsG ARRHAU.
Silica gel powder ( Junsel Chemical Co.), Nafion film (Aldrich
Co. NMafion- 117, 180 mm thickness), Cd (NQO,;), « 4H,0 ( Junsel Che-
mical Co.), Zn(NO,;), * 6H,0( Shinyo Pure Chemical Co,), Na,S -
9H,0(Thizu Pharmaceutical Chemical Co.), H,S gas ( Matheson Co.).
B Adoaes CdS 9F ZnSry} silica gel powder ¢ Nafion film
of Y BEHNE Az:stel olo] U Bas WIATE St

CdS e ZnSe] semiconducting mateariale] &3d o A]lAgo] ot

o Eol Aage A9s vmdd B0 5o ¥ dehteAs
Al a7l YA 47 R ol E A FZSEFE T

(1) CdS ¢} ZnSyt E¥=Eo] silica gel powdere] <&z Zuf

( CdS - ZnS/S10,)

(2) CdS ¢ ZnS7} E¢xe] Nafion filme] <&z Zvj ( C4S -

ZnS/Nafion )
(3) CdS 7t Nafion filmeo} <3z ZFvj ( CdS/Nation )
3

(4) ZnS 7t Nafion filmo] ¢33z v} ( ZnS/Nafion )

Zue] supporting material i silica gel powder ¢ Nafion
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filmol A}&FHF T Silica gel powder & Tt}

o

o=z HHHol W7 o
o] w9dA g Fslst dbkgo] dold F U= dEo| ZALE AA4H
o] AL x93, Nafion film & 1on exchange surface € ztal 3l o]
Zo] g2 mono-layer coatinge] rhsd ¢ U & A AEHI
t}, ®3 Nafion filme HAFH A FojAIAH BYS doz H¥H7

o] 7}s3dk AHol Ut

1. ZnS -CdS/Si0, =HMAH=

Zn(NO3), + 6H,0(1.15 mmol, 0.340g) 2} CA(NOj), - 4H,0 (1.15 mmol,

0.355 9 )& S0 mL o] =o JTgfAST THE F o7 oven-

T

dried SiO, powder (1.0 g)E 7}8idch EHES 24175 stirring

gt % H,S gas & X3A7] F8&A L0mE AA3] 7l =79
FHe FAAANAY TFES 24A17r stirringgl § glass filter

(fine porocity) 2 o3ste glass filter ideo] &= X AHRES

110 col A 10-15 &7 AzAZI 3 dojzxl BEEFv (1.23 g) = 4l 20 A]

dark Aej=2 decicator <¢te]l EHAHUAGY, o7[AH  S10, Ful Aol AH

A]

2l sulfidese] <2 0.23g(18.7 wt % ) o|Tth

2.7ZnS-CdS/Si0, =M=

_'_ar;_
a1 (42 mg) , AAlellA 20 831 7FEsted (60-90 ¢) Nafion film of =HA ¢

gl AAs] Tz

S

1213 3¥ 2=z washing 3stgrh,

-m

ol
O}

Z
93
|
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ion filmg CA(NO,;), « 4H,0 (0.5 mole, 29.748 g) &+ Zn(NO;), « 6H,0(0.5
M, 30.849g )& I T FE&ANAM 108 #3A|7|I H7]d H,S
23rgl 50mgE AMA3F ZIEtuTh RESERES A 20lA 24 A12F A
5t & ZnS-CdS/Nafion FulE E=2 A washing 3t thg E&A
10 ¥-5<t sonicationdtey HwHo| <ofslA JFE S E A AU
Filter papar 24 =uf Xde] E7]E AAstz darkAlglZ dessic-

atoroja] AAF AFRAZ F dojxl =vj ( 49 mg, sulfide Tmg, 14.3

wt % )& H2o4 HaAsHo Fof A& 4dHe Nation FaiE 4Hd

o ¥FR oklA FAZ PHAed Zusk FHoz Wt ok B

zuj7} sacrificial reagent’7} ¢l AHolA] E3 #B3lE vlLo] ¢
o1} Nafion 99 sulfide ZEnjo] X2Alo] A sulfidery} Atst=

Aoz Azbdch

ZnS/Nafion 3 CdS/Nafione ©ad v Ajx"He] 9o Zdl&Ev] A

ZWHy e nhHow AFIHD, ZInS+ Moz Nafion o U3

A3 CdS

rr
o
N
wa
Ol
1l

oMo S AT
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2 oAgelM I 24 2 BAHL EHs] Astd AgR srle o
o3 zt}, Atomic Absorption Spectrophotometer (AAS), Scanning
Electron Microscopc (SEM, ISI-DS 130 C), EDAX (Philips Co. PV9900),

X-ray Photoelectron Spectrometer ( XPS, VSW Scientific Instrum-
ent Co.).
&v)o] zAe AAS, EDAX, XPSE Algatd ZAagon, BEue &

)y Zme SEMe] ofald &) Ewel d¥a4e pAFozA o RoHTh

Atomic Absorption Spectroscopyo] <3+ A B4, EFLAe] A =% -
Zzn stock solution (1001.4 ppm) 3 Cd stock solution (1066.6 ppm)
& &34 0.1, 0.5, 1.0 ppme] HFEHS AP en, S .ZnS/Si0,
To Cder Zne) THFEAL dAFHS] (19mg) FoiE ALl 39
& filtering (Whatman filter # 42) 3t t©l& o|24E 713t 500
mg BAE& UE F o &4 oAl 10 N3l AAS EHE 3
At CdAS - ZnS/Nafion Feo =AAEHLS dAHFEe] (26mg) Fuls
gt Aol =9 F(60CoA 10¥7F) Nafion filmg A AF b3 o
=TS 718t S0 mg §dlE HEI °lF TA 5HjE 343l AAS
4% 3do. AASe Mz Table 4-13 ZAn

Cd, Zn o[ o] oig HAPHL Fig. 4-2 o] 0.1-1.0 mg/L Y

Al linear s}A) uYEIgon], ARHo2RY Aida b ol e o

=3 2t CdS+7Z2nS/510, vl - Z2n ( 0.24 ppm, 3.7 mmole ), Cd ( 0.46

ppm, 4.1 mmole ) . CAS-ZnS/Nafion Zn) - Zn ( 0.27 ppm, 4.16 mmole),
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Table. 1. AAS Analytical Conditions for Analysis of Nation Si0,
Catalysts.

— T - il " L T — P e i ——

Standard Atomic Absorption Conditions for Zn and Cd Analysis

Ca L ]

Zn Light Source:Hollow cathode Band Pass : 1 mm

(CA) Burner Head : Single Slot S1it width : 320 mm
Lamp Current : 5(3) mA wWavelength : 213.9(228.8 )nm
Sensitivity :0.01 ug/mL Linear Range : 1 (2) ug /L

Flame Description : Air-acetylene

Oxidizing, Fuel Lean, Blue

e mole £ Zn, cd olge] EAYEL & F U

EDAXe| o8 =zAEHoziE Fig, 4-3 ge 2#HEHo dojzon,
0o e zAHEA ARE AUtk CdS-ZnS/Si0, EHujdME  7.13
atomic%e] Cds}+ 5.29 atomic %9 2Zng IFddS4 g3, CAdS-ZnS/

Nafion Zujojx = 39.4 atomic % Cd, 6.12 atomic % Zn, & &9l

ukge] o@ Eole] zgwstEs @R AP Fig. 4-4 o9 go] Zn

I Cde] HZF #AEA ®HIFRAS HASFT Uk oF S0AIZE AES

CdS-ZnS/Nafion &wujje] A9 Zn/Cd gro]l 0.1504 T.42 WHIAEL
E g Aok E3E #Fye] o] w=dMdA HAMowE HIAZT FAIH
o} Butee AlFl7] Ael Zn/Cde] A& AASOHA BAE Al 1)

s ww A IS G5 Aok
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Photolysis System for Water Spliting

reaction
vial

—

photo OO
catalyst

Ui

l
Xe—lamp housing power supply

Fig. 4-1. A Schematic Diagram of Photo-reaction System.
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AAS Absorbance

Fig.

1 0 Wl ey W e o eyl T g TR T ool T A Al e e T A el T e e e i B AU i S R R e AR b e b

- PR SR m g Ty S el ol By O R RN e e ol o B el e oy o e e o e o
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04 0.6 08 f 1.2 1.4 16
Concentrotion (ppm)

4-2. The Calibration Curves of Cd and Zn frgm the Analysis
of Standard Solution by Atomic Absorption
Spectrophotometer.



FS= SSTSCNT PRST= 2Z200LSEC

- powder
= powder KV=20,0 TILT= 0.0 TKOFFw32.6

\ BKG PTlw 4.0 BKG PT2=14.0
| NOST
, i 20-NOV-89

CONCENTRAT } ON

(A)

WT . % AT . % X 8.E.

S$IK 393.37 72.490 0.47
$ XK 13.31 135.20 1.20
COoL 21.07 7.13 1.93
INK 9.26 3.19 2.74

ZnKoc

i 2.00 4.08 6.99 8.00
17BCNT 8.64KEV 18V/<ch A EDAX

A =4 KV=20.0 TILT= 0.0 TKOFF=32.6
BKG PTi= 4.4 DBXG PT2=14.0
NOST
20-NOV~-89
CONCENTRAT | ON

WY .% AT . X X §6.E.

£ X 26.335 3J34.46 0.?9
CoOL ©7.37 39.42 1.06
ZNK 6.08 6.12 4,92

e e S

100.00
ZnKex
. _ . - Bk
2.4 4.00 6.04 B.68
27T 2CNT 1. 7BKEV 18vV/.ch A EDRAX

Fig. 4-3. Analytical Results for Cd and Zn Analysis by EDAX.
(a) CAdS-7ZnS/S102 catalyst. (b) CAdS-ZnS/Nafion catalyst.
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A =4 KU=20.0 TILT= 0,0 TKOFF=32.6

BX3 PTl= 4.4 BKG PT2=14.0
NOST

20-NOV-89
CONCENTRATION

WT . % AT . % % S.E.

S K 26.33 354.46 0.79
CoOL 67.37 39.42 1.06
ZNK 6.08 6.12 4.92

dpm - el = e

ZriKe
* i - | : Hhullmhhdhmn
‘ 2.0 4.0 6.94 8.898
—rcCHNT 1. 7 BKEV iBeVVch A EDAX
A =1-—-1
Ko NOZ

v =20, 0 TILT= ¢.U TKOFF=322.6
eKiz PT1= 2.0 BEKG PTZ2=14.0
MOST
N -FEB-90
COCENTEAT T ON

WT %% AT L7 % S.E.

71 27.41 |
12.58 .46 =.
Fe 1

IS

h_

L .
I MK 49,728 27.12 .10
l 100.00

thKm

{ . Aok l

M‘w-—l-—hﬁ-
2.00 4.90 6.00 8.0

2S13CHNHT 2.30KEV 18V/ch A EDAX

Fig. 4-4. Analytical results for Cd and Zn analysis by EDAX
(a) before i1rradiation
(b) after irradiation for 50 hour
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F1g. 4-5. Scanning Electron Microscope Images (30,000 expansion)
of the Surface of the (A) CdS.ZnS/SiO, Catalyst and
(B) CdS.ZnS/Nafion Catalyst.
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Ao 4.3

Fig. 4-6. SEM images (30,00u expansion) of surface of the
(a) CdSs.znS/Nafion, excess sulfide coating
(b) Cds.znS/Nafion, equimolar coationg of sulfide.
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227N

b

Fig. 4-7. Scanning Electron Microscope Images (30,000 expansion)
of the Surface of the (a) CdS/Nafion Catalyst and
(b) ZnS/Nafion Catalyt.
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Fig. 4-8. Phtogeneraton of H: from ZnS.CdS/Nafion by various
light source 50mg of catalyst in 12ml of deaerated

0.5M Na,S solution was used,
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The Amount of H2 Generated (mlL)
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Fig. 4-9. Hydrogen production by light irradiation on
7nS.CdS/Nafion curve(a): 1000 W Oriel Xe lamp
curve(b): 500 W Oriel ¥Xe lamp.
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F1g. 4-10.Plot of the catalyst efficiency for H,generation
curve(a) : CdS.ZnS/Nafion, equimolar coating of
sulfide
curve (b) : CdS.zZnS/Nafion, excess sulfide coating.




Iﬂ]GCtOI’ TCD

Integrator

Gas Chromatograph System for HZ2 Analysis

Analytical Conditions:

Carrler Gas : nltrogen

with flowrate 30 mU/min to each of sample and reference column

Analytical Column : Porapak Q {80 -~ 100 mesh), 1/8 inch, 6 ft, SS tube
Detector : TCD, negative polarlty
GC Oven Temp : 40 C

Standard Gas : 2063 ppm H2 In N2 balance

Fig. 4-11. Gas Chromatographic System for Hydrogen Analysis
form the Water Photolysis Reaction by the

Photo-catalyst.
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fig. 4-12. GC Chromatograma from the Analysis of Hydrogen

Generated from the Photoreaction. Peaks at 0.35 min
of retention time 1s correspond to the hydrogen.
Sample gas was analyzed by GC every hour.
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Fig. 4-13. Plots of the Catalyst’s Efficiency for the Hydrogen
Generation. The efficiency was measured by every

hour for 4 different photo-catalysts.




SEMe]l 9j3t ERIFY 4 AAges o9 O
CdS-ZnS/Si0, ¢+ CdS-ZnS/Nafione) AL Fig, 4-59 o} %3 =
Al 2ol wet &&°] oZ2A YEpytth Nation film  #fq] Sulfiade
g YA H,S x3894& Nafion filme]l =9AHAH <= nitrate

Lollo] 7l euw (Fig. 4-6(a)) ¢ nitrate F&Ao} AHA Nafion film

S H,S & gojd Sulfides FAPAASH ( Fig. 4-6(b)d o] A&

vmel Hw ¥ A Bo ¢fm @de Sulfide coatingo] o] $of

Mom Azl we Fae wAHE F 2w sbzF Z/bEAch (Fig. 4-

w3 oA AZH 7 Zvle) FFHY SEMo] oF EuEA A

Fig. 9¢ Fiqg. 103 Ztoh 510:¢ Zvje] 7 ¢ Nafion ZHuofo] H]3}

o Fmo] R FASHA coatingo] Ho] &L B = git}l Nafion

off wadEFurt JAFHA A (CS/Nafion, ZnS/Nafion)e] SEM ZAis
ZnS/Nafion Zuje] 7A-$ Cds/Nafion o] H]sled coating® ¢
kel #7717y HR A S U (Fag. 4-7) . o]AE& 7z} Sulfide
stehey ¥AAl dolvb= microcrystallation Aol M=z =27 o

Zolz} Ayztdch
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A 4d FFMY mZEFA

338 wk-go A8¥d BYPge Xenone lampel #-& filter x| ¢gn

2 475mme] YEHE AR ESHE HlnsHi, Xe lampg FHoR AL

s @ AH Awe Fdow N weANAL wa such (Fig.
208 500 Web 1000 We] Xe lampE& 2}z CdS-ZnS/Nafion =
o StellM Wlagk A3 Fig., 4-99 Ao, FHehe AxXURE 2 A
Soe] s&° zole Fig. 4-103 ZEu FEule 48 58 57

2 thew gol MAlHYTh YW FHuE  we-§7] (Pyrex vial,

7lell Na,S EH(0.1M, 12mg )& Y& X sep-

o
tumoz §718 Bus WANZ o §dFel mol de FE AAN

7] YA B2 vacuum Ate]ollA] sonication Al AHi] degassing &
Azl & AAE2 {7IE purging AT, A4 E7IA Yoz F

MY wegr1E BIehbe A AN T Aztel AAEE
GC

als

AHS £ AM&3td #FITh (Fig. 4-11) . GCeo FNzH L
Table 2 ¢ #Ht, GCeo 3 F4 4 wg87d 0.5mge] FLE
gas-tight syringe 24 $dF HWMSE7IZHEH 0.50 g2 ZAAEE
Hald GCol A FUYFoEAN o|Foffdu. T4 dAd %7l carrier
gas¢l AAHTY gm=z TCDE negative polarity 2 A sl =A E

dem (Fig. 4-12), AFEH Al8d FF7lAE E dAF4LA F&E71~ A
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Table 2. The GC Analytical Conditons for Hydrogen Analysis.

i T T T L A

Experimental Conditions

[ L . . il . —— i vy il — P

e P L e

Column Porapak Q 1/8” 6 ft S.S.
80-100 mesh
Carrier Gas nitrogen with flow rate

reference column : 30 mL/min, ,
sample column : 30 mL/min.
GC Oven Temperature 40 C

Injector packed column injector. 100 C
Detector TCD, 100 C, negative polarity
Attenuation 2 9] T=-29 1=

Sample 0.5 mL 1njected

Standard H,/N, 2063 ppm H,/N,, 0.5 mL 1injected

I . il I i . il ikl Pl

zZAoA FAREA AzA Adx FE/AE AU T a&S5AFC ANS

g 7} Zvje] oo e zuh: CdS-ZnS/Si0,, 50 mg (11.5 mg sulfide)
, CdS.ZnS /Mafion,50 mg ( 7 mg sulfide ) ; CdS/Nafion, 50 mg , ZnS

/Nafion, 50 mg ).

GC XAl $4 peak o AH=e ma=zuiE gl baseline o] of &4

itk dAA ggo oz peak ©3A  tfale] peak height & AR H.

ool FEES 24" F4d volume (mg)o® ST
2 Zujel sag4 aee 2y Fde Fig. 4-137% o, Cds/

Nafion Zuj7} CdS-ZnS/Si0, Zvlo] wlsld WHAY FauA &



&°] Fuljold F3UATh
ZnS ¢} CdS & ztz} Nafioned o2 coating 3 o o] Al A"Hl o] A

7nS-CdS/Nafion Zvje] ujste] #go] @Ad @gich =3 CdSr}

O
T

UHFA vje ol olEge] FAU(0.01m¢g ) HEHUAT. ZnS =7}

l-—l

L

CdS Fulio] ®]3te band gap energyr} Jolx EF3i f8&o &

& Ayels Alg® #do] UV light& FFale 718l 2ZnS  Zuj}

T8 HeS T g e "ol AZHH, CAS Zvjr} &&o]
T 92 olfe= He A orjE AT bigAg == i REE recom-

bination =+ 7tgolgtn A zZtEoh
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v frdAM Alzxzd FSuie 2E& ¥u Hd¥FAHE FH O EF S0 A

g Fuh AxFd dleteq &g ofF ¥ & F AU

H, FE=uje] FL&L Fu]9 supporting material o] welx Elm A

= el 2 FHelzk de g F AU EF SWe AL oinie

recombination o] ®lmA #HA dolg stsAel Uttm AzET a9

ng oy FRHY VEAY FRohE Aesd EFEUE ARew R

FEge] $48 Zuje siwel 5 4 Yom AzZETh
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captions

Fig. 2-1.

Fig. 2-2.

Fig. 2-3.

Fig. 2-4.

Fig. 2-5.

Fig. 2-6.

Fig. 2-7.

Fig. 2-8.

Schematic diagram of system for utilization of solar
energy 1n a photoelectrosynthetic reaction

(e.g., H2O0— H, + 1/2 O,). 1 and 2 represent the
light-absorbing system and support; the dashed line
around 1 and 2 represents a possible stabilizing
layer on the system. 3 and 5 are redox couples,
eilther 1n solution or i1ncorporated onto the surface
of the system; they act as the primary electron and
hole acceptors. The final reaction 1s catalyzed by
oxidation and reduction catalysts, CAT, and CATg:
respectively.

Energy bands and two-dimensional representation of a
semiconductor lattice.

Schematic representation of (a) n—type semiconductor
prhotoelectrochemical cell. (b) p~type semiconductor
cell.

Photoelectrochemical solar cell based on
polycrystalline (e.g., chemically vapor deposited or
oxldized Ti metal) Ti0, photoanode, where water 1is
oxidized, and fuel cell cathode (Pt and C will also
work) , where oxygen 1s reduced. (a) diagram of cell;
(b) energy levels and movement of holes and electrons
in cell. See D. lLaser and A.J. Bard, J. Electrochem.

soc., 123, 1027(1976).

Structure of layer formed on Si upon deposition of
Pt and annealing, as determened by Auger electron

spectroscopy (see G.A. Hope, F.R.F. Fan, and

A.J. Bard, J. Electrochem. Soc., 130, 1488(1983).

Representation of hydrogen generation scheme.

Schematic representation of a photocatalytic
reaction on a platinized semiconductor particle.

A comparison of supported and unsupported

semiconductor. In unsupported particle (top) light
absorbed in bulk leads to e~ h' pairs that mainly

-71 -~



Fi1g.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fi1g.

4-1.

4-3.

recombine. Semiconductor supported on a transparent
substrate (bottom) allows e~ h* pairs to form mainly
near surface.

Phtocatalysis on 1rradiated semiconductor.
A catalytic multicomponent arry for fuel generation.

Representation of enerqgy level requiements for
sensitized photoelectrochemistry at a semiconductor
surface.

Illustration of photon harvesting polymer sensitizing
n-type semiconductor (cf, Fig.3-3(a))

Charge tuansfer 1n sensitizer layers.

Illustration of variable separation of S chemically
bound to surface.

(@) Representation of energy transfer to a surface
bound electron acceptor
(b) Energy level scheme for p-type semiconductor

Note that this 1s exactly like Fi1g.3-3(b) except for
the mechamstic details. For an n-type semiconductor
the required energy level diagram would be like
Fig.3-3(a)

A Schematic Diagram of Photo-reaction System.

. The calibration Curves of Cd and Zn from the Analysis

of Standard Solution by Atomic Absorption
Spectrophotometer.

Analytical Results for Cd and Zn Analysis by EDAX.
(a) CdS-ZnS/Si02 catalyst. (b) CdS-ZnS/Nafion catalyst.

Fig. 4-4. Analytical results for Cd and 7n analysis by EDAX

(a) before irradiation
(b) after i1rradiation for 50 hour

F1g. 4-5. Scanning Electron Microscope Images (30,000 expansion)

of the Surface of the (A) CdS.ZnS/Si0, Catalyst and

(B) CdS.ZnS/Nafion Catalyst.
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Fig.

F1g.

Fig.

Fig.

Fig.

Fig.

fiqg.

Fig.

4-6. SEM 1mages (30,000 expansion) of surface of the
(a) CdS.ZnS/Nafion, excess sulfide coating
(b) CdS.ZnS/Nafion, equimolar coationg of sulfide.

4-7. Scanning Electron Microscope Images (30,000 expansion)
of the Surface of the (a) CdS/Nafion Catalyst and
(b) ZnS/Nafion Catalyt.

4-8. Phtogeneraton of H2 from ZnS.CdS/Nafion by various
light source 50mg of catalyst in 12ml of deaerated
0.5M Na,S solution was used.

4-9., Hydrogen production by light i1rradiation on
ZnS.Cds/Nafion curve(a): 1000 W Oriel Xe lamp
curve(b): 500 W Oriel Xe lamp.

4-10.Plot of the catalyst efficiency for H feneration
curve(a): CdS.ZnS/Nafion, equimolar coating of
sulfide
curve (b) : CdS.ZnS/Nafion, excess sulfide coating.

4-11. Gas Chromatographic System for Hydrogen Analysis
form the Water Photolysis Reaction by the
Photo—-catalyst.

4-12. GC Chromatograma from the Analysis of Hydrogen
Generated from the Photoreaction. Peaks at 0.35 min
of retention time 1s correspond to the hydrogen.
Sample gas was analyzed by GC every hour.

4-13. Plots of the Catalyst’s Efficiency for the Hydrogen
Generation. The efficiency was measured by every
hour for 4 different photo—-catalysts.

_73_



(1) E. Becquerel, C.R. Acad. Sci., 9, 561 (1939).

(2) W.H. Brattain and C.G.B. Garrett Bell Syst. Tech. J., 34,
129 (1955).

(3) D.M. Chapin,C.S. Fuller, and G.L. Pearson, J. Appl. Phys.,
25, 676 (1954).

(4) J.F. Dewald, Bell Syst. Tech. J., 39, 615 (1960).

(5) P.J. Boddy and W.H. Brattain, J. Electrochem. Soc., 109,
1053 (1962).

(6) D.R. Turner, 1bid., 108, 108 (1961).

(7) H. Berg, Naturwissenschaften, 47, 320 (1960).

(8) G. Barker and A. Gardner, Elektrokhimiya, 9, 1684 (1973).

(9) R. Memming, J. Electrochem, Soc., 116, 785 (1969).

(10) Vv.J. Myamlin and Y.V. Pleseov, "Electro-chemistry of
Semiconductors'", Plenum Press, New York, 1967.

(11) A. Fujishima and K. Honda, Nature, 238, 37 (1972).

(12) A.J. Bard, J. Photochem., 10, 50 (1979).

(13) A.J. Bard, F.R.F. Fan, G.A. Hope, R.G. Keil, ACS Symp.
Ser., Nl1. 211, 93 (1983).

(14) A.J. Bard, J. Photochem., 10, 50 (1979).

(15) A.J. Bard, Science, 207, 139 (1980).

(16) S.R. Nozik, Annu. Rev. Phys. Chem., 29, 189 (1979).

_74...



(17) R. Kemming in "Electroanalytical Chemistry'", A.J. Bard,
ed., Marcel Dekker, Kew York (1979).

(18) M. Wrighton, Acc. Chem. Res., 12, 303 (1979).

(19) H. Gerischer 1in "Physical Chemistry-An Advanced Treatise'',
H. Eyring, D. Henderson, and W. Jost, eds., Academic
Press, New York (1970).

(20) S.R. Morrison, "Electrochemistry at Semiconcuctor and
Oxidized Metal Electrodes', Plenum, New York (1980).

(21) A. Fujishima and K. Honda, Bull. Chem. Soc. Japan, 44,
1148 (1971) 3 Matire, 238, 37 (1972).

(22) (a) F.R.F. Fan, G.A. Hope, and A.J. Bard, J, Electrochem.
Soc., 129, 1647 (1982); (b) F.R.F. Fan, R.g. Keil, and
A.J. Bard, J. Am. Chem. Soc., 105, 220 (1983);

(c) G.a. Hope, F.R.F. Fan, and A.J. Bard, J. Electrochenmn.
Soc., 130, 1488 (1983); (d) F.R.F. Fan, T. Varco-Shea,
and A.J. Bard, J. Electrochem. Soc., 131, 828 (1984).

(23) F.R.F. Fan, B. Reichman, and A.J. Bard, J. Am. Chem. Soc.
102, 1488 (1980).

(24) D.C. Bookbinder, N.S. Lewis, M.G. Bradley, A.B. Bocarsly,
and M.S. Wrighton, J. Am. Chem. Soc., 101, 7721 (1979).

(25) D. Miller, A.J. Bard, G. McLendon, and J. Ferguson,

J. Am. Chem. Soc., 103, 5336 (1981).

_75_



(26)

(27)

(28)
(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

S.N. frank and A.J. Bard, J. Phys. Chem., 81, 1484 (1977).

Coperative project sponsored by the Gas Research Institute;

A.J. Bard, A. Campion, M.A. fox, S.E. Webber, J.M. White,

K. Kakuta, K.H. Park, M.F. Finlayson, and A. Ueno.

A.J. Bard, Science 207 (1980) 139.

A. Nozik, Ann, Rev. Phys. Chem. 29 (1978) 189.

For a review see H. Gerischer, F. Willig, '""Reactions of

Excited dye Molecules at Electrodes', Topics 1n Current

Chemistry 61 (1973) 33.

(a) W.J. Albery, A.W. Foulds, J. Photocnem. 10 (1979) 41.

(b) T.I. Quickenden, G.K. Yim, J. Phys. Chem. 83 (1979)
2796.

D.A. Holden, W.A Rendall, J.E. Guillet. Ann. NY Acad. Sci.

366 (1981) 11 (Proceedings: Luminescence from Biological

and Synthetic Macromolecules, Eighth Katzir Conference).

S.E. Webber, "The Triplet State of Polymers with Pendent

Aromatic Chromophores', (a reviw), Contemporay Topics 1in

Polymer Science (to be published, 1982).

J.S. Hargreaves, S.E. Webber, Macromolecules 15 (1982) 424.

S. Tazuke, H Tomono, N. Kitamura, K. Sako, N. Hayashi,

Chem. Lett. 85 (1979)

For example, 1t can be shown that 1f P chromcphoric units

of the polymer extend 1into solution, and the polymer

....76...



occupies area A A,2This monolayer 1s equivalent to a 1 c¢cm

pathlength of concentration (c)eff = (P/A)1.67 X 10-°

M. An extinetion coefficient of 60,000 M-l eml
(which 1s smaller than many dyes) would yield an OD of 1.0.
To be of practical use, the polymer extension must be
smaller than the diffusion length of an exciton

(37) P.E. Avots-Avotins, M. Deumie, S.E. Webber, Macromolecules
14 (1981) 105.

(38) J.f. Pratte, S.E. Webber, "Intraccil Triplet-Triplit
Anninilarion in Poly(2-vinylnaphthalene) 1in Benzene
Solution", (submitted).

(39) J.E. Guillet, private communication.

(40) (a) K. Itaya, A.J. Bard, Anal, Chem. 50 (1978) 1487.

(b) P.J. Peerce, A.J. Bard, J. Electroanal. Chem 112 (1980)
97.

(41) See, e.g., (a) K.J. Wynne and G.B. Strut, Ind. Eng. Chem.
Prod. Res. Dev. 21 (1982) 23; (b) G. Wegner, Angew. Chem.
Int. Ed. 20 (1981) 361.

(42) See, E.g., (a) R.W. Murray in "Electroanalytical Chemistry,

Volume 13", A.J. Bard, Editor, Marcel Dekker, Inc., New

York, 1n press; (b) P.J. Peerce and a.J. Bard, J.

Electroanal. Chem. 112 (1980) 97; (c) H.S. White, J. Leddy

and A.J. Bard, J. Am. Chem. Soc., 1n press;

....77_



(d) C.R. Martin, I. Rubinstein and A.J. Bard, 1bid.:
(e) D. Buttry and F.C. Anson, 1bid.

(43) (a) H. dahms, J. Phys. chem. 72 (1968) 362.

(b) I. Ruff and V.J. Friedrich, 1bid., 75 (1971) 3297.

(44) T. Henning, H.S. white, A.J. Bard, J. Am. Chem. Soc.

103 (1981) 3937.

(45) R.W. Murray, private communication.

(46) R.R. chance, A. Puock, R. Silbey i1n Advances 1in Cnemical
Physios Vol. 37, I, Progogine and s.A. Rice, eds., Wiley
Interscience, New York (1974).

(47) A. Campion, A.r. Gallo, C.B. Harris, H.J. Robota and
P.M. Whttmore, chem. Phys. Lett. 73 (1980) 447.

(48) (a) H. tribursch, H. Gerischir, Ber. bunsenges Phys. Chem

/3 (1969) 850.
(b) M. Spitoer, M. Luke, H. Gerischer, chem. Phys. Lett.

56 (1978) 577.

(49) W. Arden, P. fromherz, Ber. Bunsenges. Phys. chemn.

82 (1978) 868.
(50) (a) U. Lechish, D.J. Williams, Macromolecules 13 (1980)
1322. (b) U. Lechish, R.w. Anderson, D.J. Williams,

(b) U. Lechish, R.w. anderson, d.J. williams,

Macromolesules 13 (1980) 1143.

(51) M. Migita, M. Kawai, N. Magata, Y. sakata, S. Misumi,

.....78_.



Chem. Phys. Lett. 53 (1978) 67.

(52) r. Memming and K. Kobs, Chem. Phys. Lett. 80 (1981) 475
(53) H. Kuhn, J. Photochem. 10 (1979) 111.
(54) A.T. Poulos, C.K. Kelley, R. Simone, J. Phys. chem.

85 (1981) 823.

_79_..



	MONO1199002753.pdf
	[표제지 등]
	BIBLIOGRAPHIC DATA SHEET
	제출문
	요약문
	SUMMARY
	목차
	제1장 서론
	제2장 반도체에서의 광전기화학 반응
	제1절 광전기화학 시스템
	제2절 반도체형 광촉매
	제3절 광전기화학 셀
	제4절 입자반도체 시스템
	제5절 통합된 시스템(Integrated chemical system)
	제6절 광전기화학반응의 응용

	제3장 광촉매반응에 관한 이론적고찰
	제1절 Multicomponent array 시스템
	제2절 광증감제층 내의 에너지전이와 소멸
	제3절 광증감제층 내에서의 전하이동
	제4절 반도체 표면으로의 전자에너지 전이
	제5절 전자-홀 쌍의 전환
	제6절 Array 내에서의 표면과 경계면의 분석

	제4장 수소제조용 광촉매의 제조와 효율측정
	제1절 실험장치 및 방법
	제2절 광촉매의 제조
	제3절 광촉매의 조성 및 물성 측정
	제4절 광촉매의 효율측정

	제5장 결론
	참고문헌

	List of Figure
	Fig. 2-1. Schematic diagram of system for utilization of solar energy in a photoelectrosynthetic reaction (...)....
	Fig. 2-2. Energy bands and two-dimensional representation of a semiconductor lattice.
	Fig. 2-3(a) Schematic representation of n-type semiconductor photoelectrochemical(photoelectrochemicall) cell.
	Fig. 2-3(b) Schematic representation of p-type semiconductor cell.
	Fig. 2-4. Photoelectrochemical solar cell based on polycrystalline (...) TiO₂ photoanode, where water is oxidized, and fuel cell cathode (...), where oxygen is reduced....
	Fig. 2-5. Structure of layer formed on Si upon deposition of Pt and annealing, as determined(determened) by Auger electron spectroscopy (see G.A. Hope, F.R.F. Fan, and A.J. Bard, J. Electrochem. Soc., 130, 1488(1983).
	Fig. 2-6. Representation of hydrogen generation scheme.
	Fig. 2-7. Schematic representation of a photocatalytic reaction on a platinized semiconductor particle.
	Fig. 2-8. A comparison of supported and unsupported semiconductor....
	Fig. 3-1. Photocatalysis(Phtocatalysis) on irradiated semiconductor.
	Fig. 3-2. A catalytic multicomponent array(arry) for fuel generation.
	Fig. 3-3. Representation of energy level requirements(requiements) for sensitized photoelectrochemistry at a semiconductor surface.
	Fig. 3-4. Illustration of photon harvesting polymer sensitizing n-type semiconductor (cf, Fig.3-3(a))
	Fig. 3-5. Charge transfer(tuansfer) in sensitizer layers.
	Fig. 3-6. 표면에 화학적으로 결합된 S의 여러가지 분리의 예
	Fig. 3-7. (a) Representation of energy transfer to a surface bound electron acceptor...
	Fig. 4-1. A Schematic Diagram of Photo-reaction System.
	Fig. 4-2. The Calibration Curves of Cd and Zn from the Analysis of Standard Solution by Atomic Absorption Spectrophotometer.
	Fig. 4-3. Analytical Results for Cd and Zn Analysis by EDAX. (a) CdS·ZnS／SiO2 catalyst. (b) CdS·ZnS／Nafion catalyst.
	Fig. 4-4. Analytical results for Cd and Zn analysis by EDAX (a) before irradiation (b) after irradiation for 50 hours(hour)
	Fig. 4-5. Scanning Electron Microscope Images (30,000 expansion) of the Surface of the (A) CdS.ZnS／SiO₂ Catalyst and (B) CdS.ZnS／Nafion Catalyst.
	Fig. 4-6. SEM images (30,000 expansion) of surface of the (a) CdS.ZnS／Nafion, excess sulfide coating (b) CdS.ZnS／Nafion, equimolar coating(coationg) of sulfide
	Fig. 4-7. Scanning Electron Microscope Images (30,000 expansion) of the Surface of the (a) CdS／Nafion Catalyst and (b) ZnS／Nafion Catalyst(Catalyt).
	Fig. 4-8. Photogeneraton(Phtogeneraton) of H₂ from ZnS.CdS／Nafion by various light source 50mg of catalyst in 12ml of deaerated 0.5M Na₂S solution was used.
	Fig. 4-9. Hydrogen production by light irradiation on ZnS.CdS／Nafion curve(a) : 1000 W Oriel Xe lamp curve(b) : 500 W Oriel Xe lamp.
	Fig. 4-10. Plot of the catalyst efficiency for H₂generation curve(a) : CdS.ZnS／Nafion, equimolar coating of sulfide curve(b) : CdS.ZnS／Nafion, excess sulfide coating.
	Fig. 4-11. Gas Chromatographic System for Hydrogen Analysis form the Water Photolysis Reaction by the Photo-catalyst.
	Fig. 4-12. GC Chromatogram(Chromatograma) from the Analysis of Hydrogen Generated from the Photoreaction. Peaks at 0.35 min of retention time is correspond to the hydrogen. Sample gas was analyzed by GC every hour.
	Fig. 4-13. Plots of the Catalyst's Efficiency for the Hydrogen Generation. The efficiency was measured by every hour for 4 different photo-catalysts.

	칼라



MONO1199002753

92

1990

과학기술처

광전기화학을 이용한 수소제조에 관한 연구 ,제1차년도

<body>[표제지 등]

</body>

<body>BIBLIOGRAPHIC DATA SHEET

</body>

<body>제출문

</body>

<body>요약문

</body>

<body>SUMMARY

</body>

<body>List of Figure

</body>

<body>칼라

</body>

<body>목차

제1장 서론 14

제2장 반도체에서의 광전기화학 반응 16

 제1절 광전기화학 시스템 16

 제2절 반도체형 광촉매 19

 제3절 광전기화학 셀 23

 제4절 입자반도체 시스템 30

 제5절 통합된 시스템(Integrated chemical system) 35

 제6절 광전기화학반응의 응용 37

제3장 광촉매반응에 관한 이론적고찰 40

 제1절 Multicomponent array 시스템 41

 제2절 광증감제층 내의 에너지전이와 소멸 46

 제3절 광증감제층 내에서의 전하이동 50

 제4절 반도체 표면으로의 전자에너지 전이 53

 제5절 전자-홀 쌍의 전환 56

 제6절 Array 내에서의 표면과 경계면의 분석 59

제4장 수소제조용 광촉매의 제조와 효율측정 60

 제1절 실험장치 및 방법 60

 제2절 광촉매의 제조 61

 제3절 광촉매의 조성 및 물성 측정 64

 제4절 광촉매의 효율측정 80

제5장 결론 83

참고문헌 87

</body>

<figure>List of Figure

Fig. 2-1. Schematic diagram of system for utilization of solar energy in a photoelectrosynthetic reaction (...).... 17

Fig. 2-2. Energy bands and two-dimensional representation of a semiconductor lattice. 21

Fig. 2-3(a) Schematic representation of n-type semiconductor photoelectrochemical(photoelectrochemicall) cell. 24

Fig. 2-3(b) Schematic representation of p-type semiconductor cell. 25

Fig. 2-4. Photoelectrochemical solar cell based on polycrystalline (...) TiO₂ photoanode, where water is oxidized, and fuel cell cathode (...), where oxygen is reduced.... 28

Fig. 2-5. Structure of layer formed on Si upon deposition of Pt and annealing, as determined(determened) by Auger electron spectroscopy (see G.A. Hope, F.R.F. Fan, and A.J. Bard, J. Electrochem. Soc., 130, 1488(1983). 29

Fig. 2-6. Representation of hydrogen generation scheme. 31

Fig. 2-7. Schematic representation of a photocatalytic reaction on a platinized semiconductor particle. 34

Fig. 2-8. A comparison of supported and unsupported semiconductor.... 36

Fig. 3-1. Photocatalysis(Phtocatalysis) on irradiated semiconductor. 42

Fig. 3-2. A catalytic multicomponent array(arry) for fuel generation. 45

Fig. 3-3. Representation of energy level requirements(requiements) for sensitized photoelectrochemistry at a semiconductor surface. 47

Fig. 3-4. Illustration of photon harvesting polymer sensitizing n-type semiconductor (cf, Fig.3-3(a)) 49

Fig. 3-5. Charge transfer(tuansfer) in sensitizer layers. 51

Fig. 3-6. 표면에 화학적으로 결합된 S의 여러가지 분리의 예 57

Fig. 3-7. (a) Representation of energy transfer to a surface bound electron acceptor... 58

Fig. 4-1. A Schematic Diagram of Photo-reaction System. 66

Fig. 4-2. The Calibration Curves of Cd and Zn from the Analysis of Standard Solution by Atomic Absorption Spectrophotometer. 67

Fig. 4-3. Analytical Results for Cd and Zn Analysis by EDAX. (a) CdS·ZnS／SiO2 catalyst. (b) CdS·ZnS／Nafion catalyst. 68

Fig. 4-4. Analytical results for Cd and Zn analysis by EDAX (a) before irradiation (b) after irradiation for 50 hours(hour) 69

Fig. 4-5. Scanning Electron Microscope Images (30,000 expansion) of the Surface of the (A) CdS.ZnS／SiO₂ Catalyst and (B) CdS.ZnS／Nafion Catalyst. 70

Fig. 4-6. SEM images (30,000 expansion) of surface of the (a) CdS.ZnS／Nafion, excess sulfide coating (b) CdS.ZnS／Nafion, equimolar coating(coationg) of sulfide 71

Fig. 4-7. Scanning Electron Microscope Images (30,000 expansion) of the Surface of the (a) CdS／Nafion Catalyst and (b) ZnS／Nafion Catalyst(Catalyt). 72

Fig. 4-8. Photogeneraton(Phtogeneraton) of H₂ from ZnS.CdS／Nafion by various light source 50mg of catalyst in 12ml of deaerated 0.5M Na₂S solution was used. 73

Fig. 4-9. Hydrogen production by light irradiation on ZnS.CdS／Nafion curve(a) : 1000 W Oriel Xe lamp curve(b) : 500 W Oriel Xe lamp. 74

Fig. 4-10. Plot of the catalyst efficiency for H₂generation curve(a) : CdS.ZnS／Nafion, equimolar coating of sulfide curve(b) : CdS.ZnS／Nafion, excess sulfide coating. 75

Fig. 4-11. Gas Chromatographic System for Hydrogen Analysis form the Water Photolysis Reaction by the Photo-catalyst. 76

Fig. 4-12. GC Chromatogram(Chromatograma) from the Analysis of Hydrogen Generated from the Photoreaction. Peaks at 0.35 min of retention time is correspond to the hydrogen. Sample gas was analyzed by GC every hour. 77

Fig. 4-13. Plots of the Catalyst's Efficiency for the Hydrogen Generation. The efficiency was measured by every hour for 4 different photo-catalysts. 78

</figure>

칼라

jpg





