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ABSTRACT

This research aims to develop the use of Photoelectrocatalysis (PEC) technique to
produce hydrogen gas from organic dye degradation. The electrodes utilized in this study were
divided into anode electrode and cathode electrode and further subjected under the catalytic
condition of applied potential and visible irradiation. The study was categorized into three parts as
follows:

The first part was the Cyclic Voltammetry Deposition (CVD) technique essential for the
preparation of Cu,O deposition on F-doped Tin Oxide glass (FTO) to enhance the hydrogen
production efficiency. The FTO/Cu,O electrode was characterized in either of physical properties,
photo-responds, morphology, crystalline structure or photoelectrocatalytic activity for hydrogen
production. The second part was the preparation of FTO/WO,/BiVO, electrode intended for organic
dye degradation. Methylene blue (MB) at 5 mg/L was used as organic dye sample. The final part
was incorporation of FTO/Cu,O electrode and FTO/WO,/BiVO, electrode for hydrogen production
from organic dye degradation under catalytic condition of applied potential and visible irradiation.

The results of this study showed that the optimum condition for FTO/Cu,O electrode from
hydrogen production to fabrication by Cyclic Voltammetry Deposition (CVD) technique has applied
potential range of -0.5 V to 0.5 V vs. Ag/AgCl, scan rate of 50 mV/s for 20 cycles and temperature
level of electrolyte at 55°C without adjusted pH value. The FTO/Cu,O electrode can be enhanced by
hydrogen production of photoelectrocatalytic activity under visible light. Moreover, the

FTO/WO,/BiVO, electrode showed high efficiency of photoelectrocatalytic activity for MB

&)



degradation. Finally, the collaboration of two electrodes can be degraded into methylene blue (MB)
up to 95 % with applied potential of 0.4 V vs. Ag/AgCl under visible irradiation 75 W without the

adjusted pH value for 150 min and was able to generate hydrogen of 95 pL/min.

Keywords: photoelectrocatalysis technique, hydrogen production, methylene blue degradation
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3.1 gUnsalazmnsiad
3.1.1 asnal

A a
M1319N 3.1 LA AR

VNN 3

aA o a\ a v
A5AUHHUIIHIVEY

a ay
a13ny 1NIe 8110
1. noules (In Twiasn Analytical reagent Univar
(Copper(Il) nitrate; Cu(NO,),)
2. Tnunangen lumsa Analytical reagent Univar

(Potassium nitrate; KNO,)

3. ASANIAAN

(Tungstic acid; H,WO,)

4. denfad) lumsn

(Bismuth(III) nitrate; Bi(NO,),)

= J aa
5. NUUAYNAV) ﬂ@ﬂll“]fﬂ DEYNADS

Analytical reagent

Analytical reagent

CACTNY Analytical reagent

(Vanadium(IV) oxide acetylacetonate; C,,H,,0,V)

S a
6. NIADTHAN

(Acetic acid; CH,COOH)

=) =
7. 02 HAD DLW AU

(Acetyl acetone; CH,COCH,COCHy,)

Analytical reagent

Analytical reagent

Sigma-aldrich

Univar

Merck

RCI Labscan

Panreac




a v

a13ny NI 8110
8. wonTwtion langen loa Analytical reagent Panreac
(Ammonium hydroxide; NH,OH)
9. Tadew lansonloa Analytical reagent Univar
(Sodium hydroxide; NaOH)
10. Txsiaey Favla Analytical reagent Univar
(Sodium sulfate; Na,SO,)
11. 14 ﬁ'i?mug Analytical reagent Sigma-Aldrich
(Methylene blue; MB)
12. lnuoa Analytical reagent ACI Labscan
(Ethanol; CH,CH,0OH)
13. aethe (1) Fawln Analytical reagent Univar
(Copper(II) sulfate; Cu(SO),)
14. AIAMI N3N Analytical reagent Univar

(Tartaric acid; (CHOHCOOH),)
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A A d
3.1.2 !ﬂi@ﬂﬂﬁ!!ﬁ%@.ﬂﬂiﬂl

a A A ¢
13191 3.2 Llﬁﬂﬂlﬂiﬂﬂll@!,mgﬂﬂﬂim

A A ¢ v Ay
!ﬂﬁ@ﬂuf’)!!ﬁ$@‘ﬂﬂ5m ?In! 8110

1. nszanii Tl 735191-1EA SIGMA-ALDRICH
(Fluorine doped tin oxide; FTO)
2. e lvl - -
(Copper wire)
3. DeNd 153 DURO 20 Pettex
(Epoxy resin)
4. 1n3038uTANAg - -
(Spin coating)

Y .
5. 90U z Wisd
(Oven)
6. N Models 30-750 Memmert
(Furnace)

d‘ o A A a 14

7. 1303 2aa anlnTas W Tatimes UV-2401PC SHIMADZU

(UV-Vis spectrophotometer)

8. 139 nATzHmaad 1

(Potentiostat)

9. 11 101819849 Ag/AgCl

(Reference electrode)

Polarization unit PS 07
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A A ¢
!ﬂi@ﬂ“ﬂ!!ﬁ%@ﬂﬂﬁm

10. 92 1lhase Pt

(Counter electrode)

11. via®a LED

(LED lamp)

12. HapANaaa

(Tungsten lamp)

13. 1500 g3 02

(Solar cell)

14. 1A3093971 pH

(pH meter)

Yo @
15. Cﬂﬁ’]Wi‘Uﬂ’li(ﬂﬂa@\i

(Experimental box)

a < 1
16. NADIYANITAUDIANATOUMLUADINTIA

(Scanning Electron Microscope; SEM)

a < U
17.ﬂ€ljﬂ\‘lﬂaﬂiﬁﬂﬁ)ﬂlﬁﬂﬁﬁﬂul!ﬂﬂﬁ'ﬂﬂﬂiWﬂ

(Scanning Electron Microscope; SEM)

A a J 2 v Al J
18.A799AUATIEHNTAYAUVUUUDITIT DN

(X-ray Diffraction Analyzer; XRD)

25W Light Capsule

60W Standard bulb

FG2-1

JSM6510

SU8230

X Pert Pro MPD

Panasonic

Philips

Mettler Toledo

JEOL

HITACHI

PANAlytical
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.
e
@

19.1A5097A5 121 A Tag XPS

(X-ray Photoelectron Spectroscopy; XPS)

4 v A a 4
20.15933aduRuaugMaad v

(Electrochemical impedance spectroscopy; EIS)

JPS-9010TR

VersaSTAT?3

JEOL

AMETEK
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(FTO/Cu,0)
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v Y Y
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o o A kY
32.1.1 manuazeranszanyi 1l FTo fvuanuniie 2 cm azenn
o . & . ¥ o & o
3cm Tagiiuer 1 Sonicate JU@15a2818 10 %v/v Ethanol 11117321 15 min 919U WM 1FAN
anvazealiuia
v Y
32.12 duenszant v Fro fhanuazeraunds Tdaedn ladiny
Y
aelluartlanusesnediy Epoxy resin vanie 2 cm 817 1 cm IMNUUITDIUNIT Epoxy resin
9
urteartin vz 1897 Ivlvh Fro
) H Y
3.2.1.3 @39e5nedaii Cu,0 asuunszanti 1w Fro faedn Tuiuda Tae
Y a . Y Y 4 . v ¥ &
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32.1.6 192 1 Fro/cu,0 itaSeuldarnimaiia Cyclic voltammetry
deposition (CVD) untiFouifeunuva 1 FTo/Cu,0 Miasouainimaiin Amperometry
LA . L 2 a A da au Y N
deposition 1199 Fix potential deposition (FPD) Fudumatanionlslunisasaarsnaaii Cu,O
NIBMIRsaasnedath Cu,0 Tagldmdangluihaani -0.4 v vs. Ag/agCl Fuszazina1 420 s
Tuasazaedidnlns lasinseneudae 0.1 M Cu(S0), uaz 0.1 M tartaric acid Y3ua1 pH 1Ay

A

pH 9 @18a1502a10 3 M NaOH Ngugil 80°C [37.38] As31/91 3.3

a

-
.nf.l.:\ th 0.5V
20 eyeles

Ag/hlsCa
FTO

Pt wire

C )

(@ (b)

v Y
sUf 3.3 naaadTmisasenda lldh FTO/Cu,0 Areimatin (a) 1matia Cyclic voltammetry

deposition (CVD) ttag (b) MANA Amperometry deposition (FPD)

322 maassnt hlhashednilumssdaddendunss (FTO/WO,/BiIVO,)
3’, X ) o w a I g‘/
msteseuva Idharsfdnilunisiideddeondunidlasldiiluaa v
& KX o o A A Y A ) o = o
uelua Feasnedninidenly Ae wo, iaz Bivo, Tasviinmsassasuunszaniii i Fro
Y ax . . o = v o ¥ = . v
A19733 Spin coating [5] TA81i1n13A59 WO, MiFuludiuiu 1 ¥u nazasa Bivo, 13vuuen
. 4.2 v v (2
U 5 FU FalTuaeUfInD 111
322.1 13801582019 0.1 M WO, 910 H,WO, 1.2492 g aza181u 30% v/v
a g { a o 3
NH,OH 131105 50 mL a1n1iuhensazate 11 Reflux TaonsIdanudoungumngil 60°C 11y
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54



3225 nszamih i FTo avhanuazeraioudesudqlidaasuunieq

Spin coating 1INUUKEARITAZA1D 0.1 M WO, (1190 3.2.2.1) T¥daninszanir v Fro

a

Z . v < J . Y o = 0, 3
AINUUNINIT Spin AYAIINLTT 1,000 rpm LTJL!L’JE]”I 1 min umuﬂﬂaqumwnu 150°C LTJ‘L!L’JE]”I

U

o 4 y 2 2 o
5 min A9g1 3.3 Mnniuina 13 1%a lluguas
o ¥ A g Y 9 Y a A .
3226 W i aduawds (1nde 3.2.2.5) naUNIAARIUUIATEI Spin
v v
coating NN UKBATITALAY 0.1 M BiVO, 31099 3.2.2.4) Iiarminszanir i Fro

g 2 A \ 2 g o . o & .
Lﬂu%uﬁ 2 A9 1NYUVDI WO, 11NUUNINIT Spin Y’?IJ’JEJﬂ’NiJ!i? 1000 rpm 1Wlunan lmlnLLﬁI’J

a

1 v v b v 9
i lleviigaingil 150°C Wuna 5 min mimiune 1% i uduassigsn 4 ase auasy s

Fu (lisausuves wo,) udnirlihwiganigil 550°C 1unan 60 min A3317 3.6 [5]

a

BiVO,(5)
WO, (1)
FTO

y 4
&

L 150°C | 550°C
— : —_—
1000rpm 60 s y i 5min [| 1 60 min I]

Spin coating

Drying Calcination
~ asy = g S Y ) . .
51 3.6 uansITmseseua Wi FTo/wo,/Bivo, aemaiin Spin coating

Y 1]
3227 aevdliinBuasninmaninds Tasaeduaisliuazdanudle

9
Epoxy resin 5019 Epoxy resin ue Aenunsashvs i FTO/WO3/BiVO4Vl“IJGl‘]95JQ1uulﬁI

323 msAnwaazitvnzansaznalnmsiial §asenfivrlddhdmso

w

o 29y a o
NITUIUNINMIATYDNLUATNIINGASR ﬂ1°ﬁlll$liﬂ§!ﬂ1~!

A Y

H 1 v
deldagnnznangalumsmiouin lduaInadmsunaalalasouuda

[

ES o o J v & ) [ a o ° a9
mﬂuummmmuiaumJm"lﬂﬂmaiuﬂmmwa@mw”laimmumﬂﬂizmumﬁm%mmu
v
awv A

a 7 3 o a 7
unsd luaudseil Ididenlda15aza1s Methylene blue (MB) tHudiunuvesddondunsd

Y o YA A . g’/ g’;
Tunisnaaedlasiiniinaaoslugniia (Experimental box) Tagaa Tvwe Tuauazya v

55



Y
unTnagniuegluaisazals MB anududy 5 ppm Tuansazats 0.1 M Na,S0, taz 19472 Tah
g & a o o &
Ag/AgCl iTut 11871984 911013 aunasanar 1¥vasansaauanuduueas 25 wiilu

urasf AL (AununaImiia) aagiln 3.7

S ppm methylene blue (MB)

in (@D{alh‘( ),

v v k4
sui 3.7 l,mmmiﬁnmi’mnummm3"1,1/\1ﬂmaiummzm”l%lﬂnmTm@?mmﬂigmumiﬁmﬂ

U

A J

a2 Y a a o
qYDUDOUN fJuazmswa@mw'laTﬂmu

9 H HY
nndwhmsman s imuzausazna lnmsmalgnsonas ldihdms

[

o a9 a o v 1 dal
ﬂ’izUﬂuﬂﬁﬂﬁ]@ﬁﬂ’ﬂmm$ﬂﬁwaﬁﬂ?%ulaiﬂiﬁ]uﬂﬂﬁﬂulﬂu

[

3231 msAnaameginnzaudnsunszumsihsaddon
msAnannimunaudmiunszuumsmsaadonsnmsay
3qususzndnan e Tua Ae 92199 Fro/wo,Bivo, nazir IWihuaina fe 47
FTO/Cu,0 Iﬂ&lmii’ﬂﬂ'mﬁ@ﬂﬂﬁuLLﬁdﬂlmﬁﬁa%mﬂ MB ﬁ’wm’%m UV-Vis spectrophotometer

N1999A21081IAAY 400-800 nm ATIVTAAINITGANAULAIIN? 30 min IUATY 150 min 1AL

[ a A o

o d I o a A o = 9
muralosiFuavesllszansnmumsnInddonounsd

[ ~

° = A Pl A g o ° a9 a P
MmMsaneIImsIdmeinien nluileselunszurumsmsaddondunsd

Y

(e3aza1e MB) aaao hlil

() Anuinavesardnd buin (Effect of applied potential) 11 13/ALIAN

o

dag vl Idvihmsdnuadnd IWihn 02V, 0.4 v, 0.6 V, 0.8 V uaz 1.0 V vs. Ag/AgCl 1o 13

a A J a

1 [ 1 o o [ aa a H
Taardnd i naiusomdaddonduniduaznmnaaniaslalasnunielduaaddidani

D.

JseansmnuazlssnianasnuInNgs

Q

56



4 da 2
) AnpInavesuIANUNAIve0 I (Effect of surface area of electrode)
= ,&’ Aa & o = A 2 2 A Y 1
Tumsanmvuanunnvesd 1wiin1sfn s 4 cm’ uag 8 em’ e 1ins1uNvUIAvD
é’ Aa A 1 o v A Y a o 9 aa Aa A 1 [
Wi lnanemsnsaddouuazmnanns lalasnumelduaadidiiianse i eg1als
(3) fnEINaveIA NN NLaIN1RUATLUY (Effect of intensity for light source)
Tumsansianuduuaanldunszuuiininaassluszezviannurassuiianaanming
TasAnsaNUuLaan 1FuATZUDN 25 W, 50 W tag 75 W e 1N 3117 nave9n s el
1 o v A Y a o Y aa Aa A 1 [
nagamMImaddeutazmInannalalasnumelduadddianielu serals
(4) ANYINAVDIAT pH U8381502218 MB (Effect of pH of electrolyte solution)
TunsAnyma pH vosasazate MB 1aAny1aA1 pH ¥eea1sazatefnal pH 5, pH 7,pH 9 t1ag
1 A 4 ~ [ o w A a 9
A1 pH 3uAuvesasaza1e s linsudaan s e aunumMImIaddoNuasnMsHanny
lalaspumelduadiaiia
= a aan A2 ) o o v a9
3232 msanynalamsimadgnsernas lihdmunszuaumsmiaadon
a o
wazmswaama lalasou
= a aan d' g}/ o (% o v A Y
msdanmnalnmanednsenas ldhdmSunszurumsmiaddon
a o o g’-’ ' .
sazmswaama lalasnu lasmsanyinalananua 5 naln 1aun Photoelectrocatalysis (PEC),
[ Y
Photocatalysis (PC), Electrocatalysis (EC), Light 1182 Dark #na Invo3 PEC Uuiimsisalgnaen
Y ) o 0 Aaa ) = ' = v 2 4
seuauazdnd lvvh naln pC imasalgisedisuaaiioisdiunon uaaeta liihisaesas
Tuszuy dauna’ln ECvmsisalgnseiaiednd laiiiesediadon an1az Light insliuas
v 9
unszuuiiesedafed Taelitinsldia Il vaygatean1ig Dark lifims g Inldwas 1
Y 9
imslgaseiaaanazdnd lrlifwaszuy miwhimanSeuiondseansammshanly
o v A Y a A J
MIMIATIONBUNTE
9
3233 msanyimsfTeumeuilseansainveav i ua Tnadimsy
o w A Y a o
ATTUIUMIAIIATToNIazMINaans laTasiau
= a a g I = y
TumsnSeuienlsyans s IihdlumsuZeumeuda v
Y A A ] [ [ 1 =~ A Aa o %‘ Y a I 9]
Maa1uun Tnanlanya s lunsesamsaaiudianaseuuaiadgin Ininailuna
9 3’; ~ =l 9 a I~ =\ [ g’;
laTasiau Taelgd 1 Fro/cu,ofieTouldanmaiia cvb ifSeuieyduva I
d‘ = 9 a g’/ d‘ A [ a a o
FTO/Cu,0 fesenlavinmadia FPD uazaa v ptiegududseansaimveanisiiau
[ A

saunusznet i Fro/wo,Bivo, uazan 1 FTo/Cu,0 dwmsumsmisaadonsunid

a o
uazwaﬁﬂw"laiﬂmu

57



3.2.3.4 M3ANYIAICOD (Chemical oxygen demand)

) = 1 d' A Y a a [ g‘/
NINTANHIAT COD LW’E)EJ‘L!EJL!‘iJi%Z‘T‘VITJﬂ"IWﬂWi‘I/I"IQ"IHSIJ’E)\i"U’JllV\IﬁWﬁ”Ii

S
(3 %

x o 3’; o o a 4
Aeanihmaaesn i lumsmdaadendunss

=® %) A a o w A Y a s o
3235 ﬂWiﬁﬂ‘H”I'lJ%iJW]ﬁﬂT"]f]l%Iiﬂﬁﬁ]lﬁﬂLﬂﬂﬂTﬂﬂﬁSiJ'Jl!ﬂ”liﬂﬁ]ﬂﬁfJ’f)iJi’]u‘ﬂﬁfJ

2 2

o ) A a Y o A 1
mitadsuasma le Tasnunmnavuiiuldvdnmsununvesin Taslu

Y o A Y A a = ) A a ds! @ A 2] A
fﬂi‘ﬂﬂﬁ’t)\‘]UlﬂuTU’Jliﬁll'ﬂ‘]ﬂWf]@lﬂﬁnJﬂill'lﬂiﬂ'lc]fulﬁi@ilﬁ]uﬂlﬂ@%u @Qqﬁlﬂ‘ﬂ 3.8 ﬂw"laimmmn

~ X

! Y d‘ SOI a o Q =) H
wavunt It Inaazd ldununiiludase mMldaunsatadsuasiislalasnun
Y

9 9 1 H
watuls nazdSuinlvdwe Tualieggenaiva lidaIna mefesdulildvesiiei

Y v Y T Y P Y
1 Iithee Tuamsunmulsmasmalelasnuinnavunyd lniua Tna G Iide Tua fe

b4 H
Y a A

11t Fro/wo,Bivo, tazta IWihuaTna Asea 11 Fro/cu,0 mmeldannzuadidiban

ANV 75 W

i Potentiostat

photo-anode Oz‘coz

D

C ﬂ N =
MB,H 4
o MBHO {ptoto-cattiod
H t?j N
2
H O
2
5 ppm methylene blue (MB)

in0.1 M Na,SO,

d' o oY Aa é’ Y o A %‘ A
31 3.8 uaasmsasrvianialalaswuinavu lasldnanmsunuii luiuse

[ a A o

323.6 msanyimanaalalasaunnnszuiumsmiaddondunsd laens
o Jd a
Uszgnd Iaaagioz (Solar cell)

A Y Aaa a o w a9
Lﬂﬂqﬂﬁﬂiﬂzﬂﬂ‘ﬂq@iuﬂ"ﬁWﬁﬁqaiﬂilfﬂu‘ﬂ"lﬂﬂig‘ﬂﬂuﬂ"liﬂﬁ]ﬂﬁﬂ@ll

A J o a A J

a v Ay Y1 o v A . £
DUNTYUASTANIITNIINIVIATIDUDUNTY ﬂ?ﬂﬂ]iiﬁﬂ?ﬁﬂﬁﬂﬂ?ﬂ’mmﬁﬂﬁ Potentiostat 31N UU

Jd A =

o o 1 I o I 1 o A 1 o 4
wueaazaInanulszgnd l¥nuwaags oz dalniuuvassuiiandnd lddwmunses

q

58



Y Y Y
Potentiostat Iag¥iIMsasiInveuaagsoztniui lnhue Tuauazasinauveusadgos
Y 9y 1 ] Y
wndue i Ina Taeslautinns 14499 1di161994 1i1e 9910 Tidean1sTaainssuaninavy

H Y 9
131/ 3.9 M Irlfsisaresquegluasazaro MB anududy 5 ppm 1Fuaslugrdddaiiu

G

v
=y =

1 o A o Y ay} 1 o J Y J gz
urasnudiauas TagiinisIdinwasazaidnd ldihdlrowadasos 100 liihwe Tuauay

g’/ o W g’/ = a A o a o
"ll’Jh],V\l‘lf’\hl,LﬂIVIﬂ AUy ﬂ1ﬂuuﬁﬂ‘]ﬂ1ﬂ38’LT“I/]‘ﬁﬂ1Wﬂ1i°l/n\ﬂuﬂluﬂ1'iNaﬁﬂWGﬁhlaIﬂilﬂuﬂ1ﬂﬂ15

~

[ Sol ~ ~ a = a A o o v A 9 a o
Gli')ﬂ')ﬂlﬁlﬂ@]iuWﬂgﬂllﬂuﬂiuﬂﬁlﬁﬁllﬁg‘ﬁﬂ‘ﬂ'lﬂ58?ﬁ/]‘ﬁﬂ']Wﬂ1i1/l'l\ﬂuGluﬂ']iﬂ'ﬁ]ﬂﬁﬂ’E)3J'E]u“l/l &

v
=

Tagy1n15A529IANTQANAULEIVBIETAZA18N N4 30 U1 A101ATD UV-Vis spectroscopy 1

=

¥29AINEIIAAU 400 - 800 nm HaziFTeuneVUTzANTAINAITNINIUTENIUNAIA LA

[ 4 J dyw o S [ a
dnd 191015049 Potentiostat 1Az 1ad g3 o2 UonAINTTIINITYszgndldiunassdalu

Q

D

a d‘ A U o w dy U o 9 Y a 7 a
TITUBIN LWE]EJUEJHi$“]J“]JﬂﬁﬂYDﬂu’)TﬁﬁJﬁﬂuflﬂ%N1u1ﬂﬂ5ﬂﬂﬂu’ﬁﬁiu‘ﬁ‘iihﬂﬂﬁ

3 ppm methylene blue (MEB)

in (CTRINa,80,

o a A "

a a g ) /9 ¥ o ¢
3‘1]7] 3.9 Llﬁ'ﬂ\iﬂ"liWﬁﬁll8Iﬂilﬁ]uﬁ]1ﬂﬂiﬁﬂﬂuﬂ?iﬂ"lﬁ]ﬂﬁ'ﬂﬂi]f]u‘ﬂﬁﬂIﬂﬂﬂWiﬂi%fJﬂﬂﬂl“UﬂUL“ﬁaa

Eﬁ 8% (Solar cell)

59



A
unn 4

A v a
namsIdetazenisemna

4.1 wamaa3saud 1iihasnedii cu,0 lumswaama'lalasiou (FTO/Cu,0

electrode fabrication)
= v o . .
4.1.1 wamsanuwavearasing lvlvh (Effect of applied potential range)
v
mM3Anu1FIeveenrdng I 1dviinmsAnuinaaidng ldifmieduuanuas
a % I a VA o
MR TUAVABNANA Cyclic voltammetry deposition (CVD) F a1 uinaiialvinlariinis
Y X [ ¥ v

Warun e l¥lunsase@1snedail cu,0 asuunszaniii 1w Fro e 19 1847 1olshh

a A

FTO/Cu,0 fiszansamlumsaanialalasmunngau Tasduanmsanymdnd i
naguan msansfiadnd il -0.4 v, -0.5 V uay -0.6 V fviuasand luihdmwan 147
0.5 v arnmsnaasanui 47 i lFavesmidnd i -0.4 v 1 0.5 V msasavesansia
#1111 Cu,0 Faliansnnseuaquitanszenin I FTo 31l 4.1 () dewasinled
UszanammanalfiselunswaamaelaTasnuanas iesanadngllmaedmauds 'l
fsanedemsaTansnadinh Cu,0 asunszamir i Fro 921 l95evesadng i

o [

{ a o 3’; o ?1’1 a I y
#1-0.6 V 09 0.5 Vinamsaaagasvesna i sl duiases Indifludd dagalin 4.1 )
[ ' Y
esnnms lgamdng Idmedruaunmnmnuld dewaldifaanuderieve i ldidwaz i
Y Y ] v
¥ yausasinervd Iihasnan U 1dnuee 18 druaa Idn 19190 eadnd Inihan
= =i < o o < o 9
-0.5V 840.5 V vs. Ag/AgCl @1115095981350992101 Cu,0 aseuagunanszami v o 14
pgnauysainazasai I ifauaediniunannis lalasiauldedalidsed@niam
v 9 v ] Y
fa3U 4.1 o) dniudeiimsidenaidnd lddimeduani -o0.5 vieldniseseuaa T
) [ a o 9 a Y I 1 1w
FTO/Cu,0 dmSunaame lalasnudmesmaiin CVD mnmsnaasdnaasliifiud adnd i
o a aan @ o I @ ?x‘a
aruaviinnumwizinigasnumsinalfaseiianduves co’ Tiiilu cu,0 (Cu) daiu
[ I Y] o W X ) )
ardnd ldihauavdeiludnlsdraylunisaiuaunisesaesnedani Cu,0 vunszanii
195 FTO dremaiia cvD
g . R o {1 o
UM saneIaang Wi inediuuan Tagviinisanyinaidng il
o 1 U 0’ H 4 H
03V,0.5Vuag 0.7V amuaaidang Iidrmavnldananmsanvuiiedrsduldn -0s5v

1 g’/ d‘ = 9 g’/ G é ()
AINNIINAADINUIN 511’)11/‘]17\11 FTO/Cu,0 ﬂl@liﬁml’lﬂ M 3 ANNECTIWITOATIFITNIAIUT Cu,O O



vunszanih Wi Fro Idedeauysal dsgia 4.1 d - n Suhlunadeuamiamsganiuuas

wazantiane I lndbn lasazas lagalunmsnaanialslasauas 11

(a) (b) ()

(d) (e) ®
31 4.1 vaasdanuznanmenmuen Wi FTo/cu,o Nwsouldanmatia cvb Tagldea
voarnAng i (a)-0.4 VE3 0.5 V, ()05 Ve 0.5V, () -0.6 VA1 05V, (d) -05V

= = =
D903V, (e)-0.5VDI0.5Vuay ()-0.5Vai0.7V

1) auiianmsganauLes
1 A g’/ gJJ o Y o J
manadouanIsganauuaaued Wiy sildamusosiuaania
[ 1 [ 1 o 4 ~ T
NAINUIZHIDUWAINUTZHINUAUNIFEN (CB) vazuou@aum (VB) ¥3ohiseninal Band

3‘; 1 < U ° ?,‘, g’/ Aa A
gap energy; E, 0111097 laihiien E, deeveununvzdanaiinlivs i niudidseansamly

! 4
Y o

a o A Y o = <3 Y < a ana A o a
miwammcﬁ“laiﬂmum LWET%T”HW@QNHL‘WEJQLaﬂ‘L!@EJﬂﬁ"IlJﬁmﬂﬂﬂaﬂi‘c’l”liﬂﬂ%u"llﬂﬂu”lmﬂ
FY

3 o ' o o 4 ) > 1
FumalaTasnuldniemslsamasnu@ornuwis ldlumsnaamalaTasou 12 lwdhlani
[ ~ ~ < a o 9 £ [ Y] a [9 ~
A1 E, Muaufganszannsanaanis lalasouldunigamuiy Tasaaaumslalasiaun
a Y 1 A a dg@' @ 3’1 3’1 A A a A A
asanan'ld 910N IZUaNnAIUINNTZUIUNT PEC adrud? TWinddszansanng

o [ a o ] $ [y [ 3}/

dmfundanalalasounisiian B, iuau anmsneadng idniedunan woa 421
d‘ Y LY dl =2 = A 1 aa A d' (%
FTO/Cu,0 #1%¥19veea1dnd 1 -0.5 v 81 0.5 Vv iAimsganduuasriddibauniiga s
d' A A d' d' ﬁ' o 1 a0 L% 1 =
71 4.2 TasisuganduuaanaueIAaY 860 nm WeImA E, HA WA 1.4 eV 1aueniy

Y U

anuansalumsganduudenazsildinanisueniuves ¢ wag b Swruwniinani

61



?x‘a =< A [ 1 9 @ 1 a A g a o
"”IJ'Jll‘Wﬁ"I GINNaﬂ1§ﬂﬂﬂﬂuufﬁﬂ\‘lﬂaT’Jﬁﬂﬂﬂﬂ’E]Qﬂ'].lﬂ"lﬂi%tlﬁ‘l/]l,ﬂﬂeﬂui]"lﬂﬂ"liNﬂ@]ﬂ?‘ﬂ)’llaiﬂiﬁlu

aalugilin 4.3

1.5

Absorbance /a.u.

<
W

S
hiad 1 VY PRURRRRRer L

200 400 600 800 1000
Wavelength /nm

v Y
51 4.2 1aA9 Absorption spectra ¥84n15ANHIAIANG Il Td1uuInTunsiaT o Wi

FTO/Cu,0 dmfunanma lalasnusiomaiia cvD

A Aac o v a o
2) avianaldlasdanlasazas lagadmsunannis lalasau
= A ad = ) @ a o
msaneaviane i lasanlasazes ladad msunanma laTasauain
aan A v W E Y a ad A Aa Ty aa a 1
Ugnsetsanduaesitgromaiinlilnddnlnsazaz laganinisssarsnaididauazal
[ d' a 1 d‘ a tg é =\ @ @ 4 v [
Ang 1 -0.2 V vs. Ag/AeCl Tag@aa1uaInszuannavy Faianuduiusulsduas sy
=y [ { a a 1 1 3’; { Z/
Wsuasmalalasnunwanld d1vinnaanszuaunuaadiia lwinesen ldiuainse
a (4] ] ?;‘; H 1 1 Y]
nanma lalasinlduin anwanianaasanu 42 19 FTO/Cw,0 N lFsavesardng Tuih
9 A ~ Y a0 a o ~ Y] ~
amuand 0.5 v luannziliuasiisnszugninmswaama lalasaugeaiga asgii 4.3 90
¥ a1 Aa X A o <
wansnaasataadliiiu anszuannavunmsHannis la Tasmuilu ldamunszuiuns
v Y H k)
PEC tazwainadulinnudonndosnuaniianisganauuas asgii 4.2 auiuiudenan

[ ) [ : ) o o o a o
dad llihmeduuindmsuaTaansnedii Cu,0 asvunszanyi i Fro dmsunaamas

lalasaui 0.5 v dremaiia CVD

62



Time /s

0 10 20 30 40 50 60 70 80 90

Photocurent /pA

-80 /r
light
-100 - dark

H g}/ H 1 [ 4
310 4.3 uda s Amperograms ¥0992 11 FTO/Cu,0 MiasouTdavinnis@nuyiardng 1
) Y a A =\ J a o
NNAULINABNANA CVD D15 811N81A1 Photocurrent 11AMINAANS 18 TaT1aU

meldaniiz Iiuaa (light) tag 111vuas (dark)

= 1 U o o d‘ o (2 = g’;
11An15ANE1¥9vean1And i wmuzandimiunisasentda 1ol
Y ] . ) o o a o [ (Y]
FTO/Cu,0 MMgmnaua Cyclic voltammetry deposition dwmsunaameslalasnunui mdnd Tl
v = A ) ) ~ A o &
MmanuauiniINzay Ao -0.5 V uagadnd Inihmaduuinininzau fie 0.5 V Aaiug9ve9
adng Ilihimanzay Ao -0.5 V 83 0.5 V vs. Ag/AgCl
412 WanIsANYINAYLIA pH Yasa15aza1udtanlaslan (Effect of pH of
electrolyte solution)
[ ad 4
1) anYAENINNEMNYBIaITazawdlan las s
Aadg o 4 o o a o
asazarwoan Ing lasin 1 lumswsonan Il Fro/cu,0 dwiunaanie
o 1 ad
laTasuilsznouais 0.01 M Cu(NO,), itaz 0.1 M KNO, Mn15fnu1a1 pH veda1sazaiedian
s 1 1 L
Taslaviimuzanluaniiznsaesu na1s tazwaeoy IagAnEINAT pH 3, 5, 7 4ag 9 11AKNA
] Aad . 4 1 1 a X
AMINAABINYI e1Fazaredian g lasiniai pH ¥1AAI1 7 1NANTANASNBUUBIAITALAY T4
a o A A o ' o
prunannHaved laasonlod lovon (OH) Nledlumsazatedn1izaing 1) d11505I06°
o 4 a I 14 -4 o ]
nuaeles an leeeu (Cu™) inatlunzneuves astileslaasenlad (CuOmH),) vi1lv la

' M '
amnsorh I lFaunemsoud i 18 asgia 4.4

63



1 pH3 1] pH 5 T pH7 Iy pH9 Iy pH 11 1

ﬂﬁ 4.4 UAAIDNHUSNWNMINNYDINITAY a”IEJi’JLaﬂI@]’ivlm/WlﬁﬂTJwﬂ”l pH @]N"’]

FIMSANYUNLANAAT pH 4 1AL 6 91ANITNAADINUIT #1592 Q18

adg I 1 @ a @ A A

maﬂim"lawnm pH 6 83ANANITANALNDUVDITITDL Y ﬂ\‘lg‘ﬂ‘ﬂ 4.5 UANA1 pH 3-5 ]llll,ﬂﬂﬂﬁ
= o [ = G g’/ a d

ANASNBDUVDINITATANY ﬁNLﬂhl‘]J‘VITﬂiiﬂﬂy”lﬂ”lilﬁiﬂiﬂﬁlll%h/ah FTO/Cu,0O ﬂ'JEJL‘V]ﬂLlﬂ CVD IN®

WIANIZV09A1 pH Nitvunzauae 1

[ = = | o o e i
| pH 3 11 pH 4 11 pH5

|
b - W leersemsmd)  cecemmd b - =

ﬂﬁ 4.5 LAAIANHAUSNWNNININVDIAIIAY ﬁ"lfJ’f)LﬁﬂI@lillaﬂﬂﬁﬂTJuﬂ”l pH @]N“”]

Y v
2) anvazN1eMennYesl Wi FTo/Cu,0 ninsonla
= 1 ad A o o =

AMSANEIAT pH YB9a15aLa1881an 15 lan Nz aud M unsias oy

3‘/ aa s o [ 1 {
9117 Fro/cu,0 Tasldarsazaredianlns lasiniinisdsuai pH 7 3, 4, 5 uaz 6 9103

1 e A a 9 a g a1 o

naaeenu 32 11 Fro/cu,0 nwsenlaninaisazarwdianlns lavinal pH 3 dnyazues

v v
i Ifhidludnasuazifansnaaaenuesasnidanin Cu,0 ¥ ld iaunsov U 1dauld

A3 4.6 (a) ¥l FTO/Cu,0 fszon ldnndisazaedianTns lasifinl pH 4 ansonts

d

a1519@2111 Cu,0 asuunszami luih Fro 18disudnitos éﬁgﬂﬁ 4.6 (b) Mted o Tt

k) ad a1 o J 1 A 9 ad 4
FTO/Cu,O ﬂ?ﬂﬁTﬁagfnfli’]mﬂIﬁihlaVWlﬂ”I pHS CARITGR pH Lill@usuﬂﬂﬁ15a$a1ﬂﬂlﬂﬂiﬁ51ﬂﬂ

d o

= 2 o o o k) ] A
TIUITDATIFITNIAIUT Cu,O ﬂﬂﬂuﬂigﬂﬂUTUlWﬁT FTO "l,ﬂ'f)fn\iﬁlnaljm a931UN 4.6 (c) uag

Y

?1‘1 A A ) ad St Y o 1
7' Fro/cu,0 Miadonldainarsazaredianias lavinal pH 6 Iadusunwizdiuung

64



drsazarela lUiimsnagey vinnisnaassnua liawsnassd@13ne@a1i1 Cu,0 asuu
1 Y
nszanii i Fro lduduades dagii 4.6 (4) daiuieimisidennt pHvesdsazale
a g g o o a & ) a o v a o
sianlas lavinmunzaudmsuaiouda Wi FTo/cu,0 aromatin CVD dmSunaanis
{ A ad J o ' o 1
laTasiauiian pH 5 (pH 3uduvesasazaredan las lan) v ld Lidenarlumsdsua pH
ad J < Y1 ' ' A g ' =
vesesazaworan las last 1inmanaasuinlain ¥ pH Midlunsaseuvzlinnumuizay
4 ar o . ) 1
Tumseseuasazanaiie e oulauu19uea13ned11 Cu,0 Laga pH NANUANIZIZY

@ V2 ad I3 a d A A 9y
lﬂﬂﬂ‘Uﬁll‘U@W]Nﬂ18ﬂ1wmﬂﬂﬁ1iﬁ$a18’ﬂmﬂiﬂiulaﬂ!tﬁ%‘l’\laNUNﬂMiﬂNllﬂ

(a) (®) (c) (d)
51 4.6 naasanvazmanmenmveia i FTo/cwo fssen ldnnaisazaredianins lav

Namnza pH NUana1eny

413 HamsAn¥INave MK TVeIaIsazaedianinslan (Effect of electrolyte
temperature)
= A ad 7 k4
MIANBIgUHANNIMINZ ANYDIEITazaI8dian a5 lannlsznouaie 0.01 M
Cu(NO,), Haz 0.1 MKNO, 1aviin1sdnuifiguugil 15°C, 25°C 35°C, 45°C, 55°C uag 65°C
) [ ?x‘z a 4 a o
dmsumsasouan 1 FTo/Cu,0 Arematia cvb e 191unsnannis laTasiau 11nms
1 =< 2 o o o Y C4
NAADINUI NNANIZAINNTOAT 1815090211 Cu,0 asuunszaniit I FTo 1dvdaauysel
= o = 3‘, d' = Y A A A
vohmsnSeuiienan Idihimsonla Tasnisnaaeuduiianisganaunauazanianig

WiadidnInsnzas ladadmsunaanialalasauas 11

65



1) awniansganauLes
' A e A o Y = a
Amsganauuaaveid i FTo/cu,0 Mmseu ldvinmsdnuigumngil
a3 Jd @ A 1 a adg 4
Yosasazatwoianlas lan fe3ii 4.7 1Inmsnaaeanu gunglvesdisazaledian ns las
dl o = A ] aa A dldd' é = Y (%
1 55°c iamsganauuasluriuaimdananga ¥snanisnaasslinnuaeandony
[ A a a [ Y] ~ A o J [
Anszuaiinavinmseaaniaslalasiou aegli 48 uazilodiuiuAiuounasay
9 v H v
(Band gap energy; E.) 090 ol 1diman 1.4 ev dalimnuaunnamaunasauTaenilives
2 o o < [ 2w o = 1w A
13198211 Cu,0 Taena i E, veaasnedanit Cu,0 BAMAY 1.9-2.1 eV [12] 910zl 4.7
Y 3 J A A a ac S A dy 1 Y a A
uaasldimiud iWemnguugivesaisazalesian las lasmuuiniu dawaldinanisganau
] aa Aa 3 o 1 aan 1 g’; 4 3 aan
uaslusddmdauinay guduldilgasenlslumsesenas i idlul§asouuugani
9 A 9 aa 1 o | o Y a I RIS = o o
JoU LA 1 iNgandt 55°C dewarlinansvgauuruilduyesa15nIdi1 Cu,0
9 9

pan1nnszanii 1 FTo vaiwsihmsas e dewari1d9 Tl ldanansa 19au'ld aniuis
o g’/ § o v a g ) [ a o
wue1vr Il nmas ldsirnisnaaevautianisIn Tndianlasazas lagadmsunanniy

lalasauae 'l

1.5

Absorbance /a.u.

0.5

0 ) I L) 1

200 400 600 800 1000
Wavelenth /nm

4 . Y 1 ag P
51 4.7 @@ Absorption spectra 49997 191 FTO/Cu,0 Migizon lannaisazaedianiag lavi

MUl (a) 15°C (b) 25°C (c) 35°C (d) 45°C 1A (e) 55°C AremAlin CVD

66



2) awfaneldlndidnlnsazas lagadmSunaamy lalasau
1 { a g =) a‘/ {
anszua lihiinavunnmsaaamalalasnuvesi Wi FTo/Cu,0 %

Y o a

= dl 1 dl o Y d' Y =
W’]iﬂllllﬂ ﬂ\?qﬁjlhﬂ 4.8 AINNTITNAADINUIT NYUHHY 55°C ﬂWﬂiﬁﬁmwﬂmmmmmxufdinﬂ
a o 2 g = 9
m'iwa@mw"laimmuqqqfﬂ GHQLﬂun‘]J@”I?Jﬂi%TJ'JUﬂ"Iﬁ PEC LIaZHANITNAADINANNTADANADN
v A o A A N ad s A 2 1 Y a
ﬂUﬂ1ﬂ15@ﬂﬂQULlﬁ\‘]ﬂ\‘]§ﬂﬂ 4.7 LaJ’e‘)’e‘gmﬁg1JGummiasmﬁlﬂmﬂimulamwugwu ﬁ\iwaiﬁmﬂ

] Y
ﬂ1ﬂ§$££ﬁl1"l1]3ﬂﬂﬁlll°b'uﬂu

Time /s

= — =
1 1

)
S
1

A
Sha e s |

(a)

——(b)

N
o
1

— ()

— (@

-80 =

(e)

-100 -~

517 4.8 udA3 Amperograms v 1 FTo/Cu,0 fisiton 1dainasazaredidn Tas lavi

gl (a) 15°C (b) 25°C (c) 35°C (d) 45°C 1Az (¢) 55°C MBnAiin CVD

I A A 2 a g
vinmsfSeuisuauiamsgananudeazauiiani i ladian Tnsnzaz la

o o a o : @ o & A
%ﬁﬁTﬁiUNa@]ﬂWlﬂﬁIﬂilﬂu G?\iNﬂﬂWﬁVIﬂﬂ@\iﬁﬂ’ﬂﬂJﬁ@ﬂﬂéjﬂﬂﬂu muuamwﬂu‘ﬁmmzﬁmm

Q Rl
v
=1

asazarweidn las ladmue ouda liih FTO/Cu,0 #18tnAtin CVD Ao Nguugiin 55°C

k

67



4.1.4 HaMIANHINAVDY Scan rate (Effect of scan rate)
= 1 d' ) [ =S g’; 9
ASANYIAT Scan rate NIz aNdIMTUMTIAT oy 19 FTO/Cu,0 Aae
mAdA CVD 1831115 ANYIAT Scan rate N 25 mV/s, 50 mV/s, 100 mV/s ila& 200 mV/s 911N19
NAABINLIN AN Scan rate N 50 mV/s, 100 mV/s LA 200 mV/s @1UNTAATIAITNIANT Cu,0 B
o 9 [] 4 g’/ [ ~ 1
vunszanii vl FTO TAed19auysain 3 @n19g uaaA1 Scan rate 7l 25 mV/s 111150
Y i1 Y v v
Il umseseurd Wi 18 dissarmnanisaalasvestd lWihnisasimsdsiung
a 1 g’/ a <3 o ] o o
wu'l dawaldan lddifaanudemedluses vl 19 luaiwnsair1d140ula 395113
] '
S euisuauiianieg i Iihnmaese 11l
1) auiansganauLes
A A (9111 A A Y 1 ~
auiamsganaunauesta 1l FTo/ cu,0 Miwsonlda1nal Scan rate 7
50 mV/s, 100 mV/s 11ag 200 mV/s 4311 4.9 9INHANITNAABINYI1 NA1 Scan rate 50 mV/s U
o dad 3

1 Y
ﬂ”lif]ﬂﬂﬁuuﬁﬂluﬂf%ﬂﬁmﬁﬂﬂ%ﬁﬂ C]NWﬁﬂ"lﬁ‘ﬂﬂﬁ@ﬁﬁﬂ’ﬂllﬁ’f)ﬂﬂéjﬂﬂﬂﬂﬂiﬂixllﬁ‘ﬁlﬂﬂ%umﬂ

[ I

= =}

a o @ o 1 zgzl/ Y 1w = 1
manaama lalason a3 4.10 vaziiomuna veadd i 18wy 1.3 ev &A1 E, anas
1 = a ad 14 Y I (L] =) 1 ~
nIIMsAnYIguglvesaisazatwdanlng lan uaaaliifiuiin Scan rate Inanomsms oy
2 U 1 4 2 o o A A Y 1
92191 FTO/ Cu,0 danaden E, voaa15n9d21i1 Cu,0 Muavas 91 4.9 uaasliiviud

i1 Y
11/A1 Scan rate anasdawaliinamsganauudslusidmdanniu uadinadidadinavesnis
1 v Y Y = = o q Y a o ¥ o
aAfl1 Scan rate AIT19AY A1 scan rate 1 25 mV/s Hrasilaa Tddufanmsdaisas smduine

g}/ (2N Aaa = ) @ Aa o ]
1 I ldnagevauiamaInlasdn Insazas lagadvisunannis la Tasuas 11l

68



—
()} \S]

Absorbance /a.u.

<
W

0 L) L) L) 1

200 400 600 800 1000
Wavelength / nm

3U% 4.9 uAAY Absorption spectra YDINIFANY A1 Scan rate N (a) 50 mV7s, (b) 100 mV/s 1az

(¢) 200 mV/s Jumsasenva W FTo/Cu,0 Mematin CVD

Y Aa g o @ a o
2) auianaldlnomnlasazes ladadmsunaamalaTasau

= A Aaad = o [ a o
maanuaviane i Tasidanlasazes ladadvisunanmalalasauain
a ] A a g zgxlz ' g/} A I
m3aamuaInszuannatuyet i anmanisnaasanya 92110 FTo/cu,0 #il%an

A Y Y a 1 a 24 ~

Scan rate 1 50 mV/s n1eldan1zldnaunaainszualuniseaanialalasinuuiniga

@ A < & 1 A a 49! = 9 o 1
95UN 4.10 mgﬂu”lﬂ@nuﬂizmumi PEC L1z AN IS UaNINAVUNAINNUTDAAADINUAINIG

U
S 1

A @ A A A 1 aa a Yy 3 K 1 A
AANAULN ﬂ\iqﬁj‘ﬂ‘ﬂ 4.9 Lllﬂll‘ﬂ1ﬂ1§ﬂﬂﬂﬁuuﬁﬁlu%')ﬂ')ﬁlﬂﬁu”lﬂ LLﬁﬂQi‘HL‘WHﬂQﬂT Eg NUAVA

[

1 a aan o g Y I 1w {
daralimanalfasotidnfuvesinaedlumslalasnunnmsldadad Wi imdui

s
o

-0.2'V vs. Ag/AgCl i1 Tolili 1961 Scan rate 50 mV/s inadnszuanIniga

69



Time /s
0 10 20 30 40 50 60 70 80 90

0 1 1 1 1 1 1 1 1 J

ﬁqﬁ

:
L

oy
<
1

©
S
1

Photocurrent / pA

1o rqr‘(“

-150 - dark
light

514 4.10 uaas Amperograms n1swaan1aslaIAs1919INA15ANYIAT Scan rate i (a) 50 mVJs,
9
(b) 100 mV/s taz(c) 200 mV/s lumsiasonaa 1 FTo/Cu,0 dremaiin cvD neld

annzlvias (light) uaz laldiuas (dark)

A g A W a a S A A kY '
el umstudulszansaimvesin 1 Fros cu,0 Awsenldanm
=2 o Y =2 o a a @ a ~
Scan rate 50 mV/s 9911 lnaaeuIassadundn dagiuine mveonsatunazFuad vl
Y H v
ae'ld TasyhmsulSeuieunuan 1 FTO/ cu,0 11971 Scan rate 7 100 mV/s
3) Ipseadawan
2 v
msfny1laseas1ananvest I FTo/ cu,0 MiwsouldanwamsAnen
A1 Scan rate A18INATA X-Ray Diffraction (XRD) 91An15NAa04W U1 A5z Inih FTO 711
& s A 2 v ad oA 1) s o o o o o o
Sn0, 1uedAlsEnoUMIUNMTAENLUSITONGN 20 117D 26.1°, 34.1°, 38.2°, 52.0°, 55.0°, 62.0°,
o o & v ad @ ) . A s o o
65.6° Az 78.7° LALMTABAVUTITIONTUDY Cu,0 JATIA3 19 Cubic WUN 20 191AY 37.1°, 42.8
0 4 o Q % ‘ﬂ' é g}l
uag 73.2° A59NU (111), (200) uaz (311) MNEIRY (JCDS 78-2076) [41] ezl 4.1 Fav2 Tl
Aq Y ~ v d” v aa 4 Y = A
FTO/Cu,0 N19%A1 Scan rate 71 50 mV/s AMNITIAENVUVDITIFONFV09IATIA319NAN Cu,0 N
v oo g}/ A FA A a0 . A ]

asanunuY Wi FTO/Cu,0 1195A1 Scan rate 1 100 mV/s 1agiinn Intensity NU1NAN Fawans
dyd 9 @ 1 A a g a o ~ ?1’1 ~
naaesliiaNudeandesnumnIzuannatuInmMInaans la lasuian 1 FTo/cu,0 #

1971 Scan rate 1 50 mV/s HAmszuaiunni asgii 4.10

70



[ ] ® SnO,
u e Cu,0
a"
[ ] - | |
(©) ° u .
=
S
b °
2 | 0 ° .
2
=
]
(a)
T T T T L
5 20 35 50 65 80
20 / degree

57 4.11 1dA3 XRD pattern ¥013 (2) n3z9mi1 I FTO, 92 14 FTO/Cu,0 MieSsuainmaiin

CVD 9191 Scan rate (b) 100 mV/s 42 (c) 50 mV/s

4) dugIuImMe
= [ g a 3’, d' = 9 = 1
msanpIanyaiuAved i Fro/ cu,0 Miaseuldasinfnyin
Scan rate MY NILAUAIGINANA Scanning Electron Microscopy (SEM) INNITNAADINDIN
Y 9 H v v
anbauziuAve917 Il FTo/Cu,0 1191 Scan rate 11 50 mV/s Aag1lit 4.12 (b) Hanwmzgiing

= ~ =\ =\ I ~ v 3‘.: Aq Y A
FHQAYUUASUIYNIANTINAY nmmzﬂugwgummnmwﬂﬂﬂw FTO/Cu,0 ﬂGlGIfﬂ1 Scan rate 1

Y

' o Qldg A A [ % a Aaan A v W g a I %))
100 mV/s mwam“lwuwuwmﬁnwaiumamwﬂgmmmwummmmmﬂuﬂw"laiﬂ‘mu”lﬂ

=

kA Y H 1 v 9 v
11NN anyuzNuAIve2 1T FTO/Cu,0 #1971 Scan rate 11 100 mV/s A9 4.12 (a) Wuh
a A I v 9 ! o Y= j’ Aa o o a A A v o ¥
Aiimsamgiilunquieuveseyma awma ldinundduda lumsnal s eisanduvein
a I [2) { RS { 1 { .
mailumalaTasnuntoonaiia I FTo/Cu,0 11981 Scan rate 1 50 mV/s Fawan1snaand
dyd 9 o 1 A a da! a o [ ~
ilianudeandosnuaminszuaninavunnmseaanialalasoudaszili 4.10 91nnsnaaes

Y J A I Aa Y ] 1 [ a o
Llﬁﬂ\?iﬂLﬁu’J"lﬂ'J"liJ"U?ﬁUﬁgﬁiﬂﬂ'J"IZJL‘]JHEWEHEUOQN’JWU”I“IIﬂﬂﬂl?thﬁTﬁQNaﬁﬂﬂ"lilﬂﬂﬂ”I%

4
°

Aa J
llﬁiﬂilﬂuﬂWﬂﬂﬁﬁﬂ’J“]ﬂ!

71



(@ (b)

d' (3 &' a g}/ d' = 9 a
§1J°n 4.12 LHAANNIN SEM LLﬁﬂQﬁﬂHﬂl%WMW’JﬂJ@QﬂJ’ﬂWﬁ”I FTO/Cu,O Tlmiflll]’lﬂ NUNAUA CVD

7M1 Scan rate (a) 100 mV/s ttag (b) 50 mV/s

H 9
5) avesngaduvessignania T
= a o Aa 9 ¥ A A Y
msAnyuaveonFatuvessIgnAIviiga 1 FTo/ cu,0 wseuldaain
HAMSANYIAT Scan rate NHLIZANAIBNATIA X-ray Photoelectron Spectroscopy (XPS) 310Ha
' 3’1 d' Y1 d' [ d' a A
nmsnaaoanya1 92 197 FTo/Cu,0 114A1 Scan rate 11 100 mV/s A931/71 4.13 (a) iRATinVD Cu
] 1% 1 % @ { a v 3
2p TUF21ING1IUN 932.6 eV 11aY 952.6 eV FIATINUTNAVDI Cu,0 Niltavesndasuiilu cu’
A @ Y 2 A Y o o a G
[42,43,44] 1nmanisnaaesausooudu lanaa i 1dmswanumatiansaioy
2 I Z 9 1 J dy v a A 1 o ~
yuuuiuda I Fro/cu,0 1deg19auysal vonaniidunaiia sn3d lugrandsaiui
& v oA A d J o a a
486.7 eV 118Y 495.1 eV HIa5InUAAY0Y SnO, Miluesllsenevvesnszamirliih FTO iRafin
Y99 0 1s TUFIINa191UR 531.5 eV FIaTeanufinoendauveiinuunmzanunvest i
1] ) ] 1] v
uazinaiinued C 1s 71 290.1 eV 12 191 FTO/Cu,0 111971 Scan rate 1 50 mV/s 43317 4.13 (b)
INANAVOY Cu 2p TUBNNWAINUN 932.7 eV 1A 952.5 eV ATINUNAVYDY Cu,0 UIavoonFiaTu

Ay cu” wuRearutd I ldan Scan rate 7 100 mv/s uata 1 FTo/Cu,0 71981 Scan rate

' Y
=

1 50 mV/s 1A Intensity NI FawaminaaoslinnuaeandeenuaInszuaMnaIuINMT

a 9 [ d' Y = [ d‘ dyw a A
wa@mw”laimmu ﬂﬂg‘ﬂ“ﬂ 4.10 UazWavod InTIds WKHAN A5UN 4.11 UENINUIUNANAVDI

U

v Y 9
0 1s Tues1aNd191U 531.7 eV FaasanuiinvoseonaniuusnarIming i azinafinues
' v ' N
C 1s Tugranasa1ui 288.9 eV uada 1l FT0/Cu,0 711971 Scan rate 1 50 mv/s liilsingiin
1 [l Y
¥94 Sn 3d 1H991AMNIATIE13N9AI1 Cu,0 asuunszanii I FTO fanunuivestuans
KR o o ~ 1 o Y o g’z A d 4 )
149211 Cu,0 NN 3 nm M 1 VATIFUVes SnO, MiTluesrilseneuvesnszaniiilvih
FTO 99 li1/51ng#inves Sn 3d
Y Y
guuaiusagudulalunaia cvb amsolslunismsouai T
dﬂ!
a

° v W A a a o Yy Aa a Al
FTO/Cu,O ﬁ1ﬁ3ﬂwmu1ﬂ5$'ﬁ‘V]‘ﬁﬂTWﬂ”lﬁNa@ﬂ1G]5]1aiﬂﬁﬁ]u‘lﬁllﬂigﬁﬂ‘ﬁﬂﬁl‘Wﬂﬂﬂﬂ U

72



932.6 486.7 (a)
\’JSZL\'/\\—C“\ZP. :
495.1
>
z £
] =
= 8
e =
= L]
T T 1 T T T 1
975 955 935 915 510 500 490 480 470
Binding Energy / eV Binding Energy / eV
C1
315 O1s 290.1 s
2
£
8 z
E g
2
=
T T T 1 T T T 1
540 535 530 525 520 9295 290 285 280 275
Binding Energy / eV Binding Energy / eV
(b)
932.7 Cu?
952.5 uzp ¢ Sn 3d
\Wﬁ:‘”’)/
& &
£ -
T T T T T 1 I I I I I
975 965 955 945 935 925 915 515 505 495 485 475 465
Binding Energy / eV Binding Energy / eV
531.7
O1s Cls
2 288.9
z Z \
.g E ; \
g £
E —
T T T 1 T T T 1
540 535 530 525 520 295 290 285 280 275
Binding Energy / eV Binding Energy / eV
A 3 A
gﬂﬂ 4.13 LA XPS spectra voev2 1 FTO/Cu,0 N Scan rate (a) 100 mV/s 1ag (b) 50 mV/s

73



6) wamsanuanFuadl i
= ' ) ¥ A A Y =
msanEImANuAIUNIMYeIt Il FTo/ cu,0 Mimsonld minmsdnyn
A Scan rate MUNITAUAIYNATA Electrochemical Impedance Spectroscopy (EIS) 91AKNANS
] Y 1 { { % I
naaoanu 12 1 FTO/Cu,0 A1 Scan rate 11 50 mv/s meldeaarngiliuas Fuiluldai
a Y 9 A [ A Y I v 2 (% ' =
N32UIUNS PEC Himanuduniudesiiga asgili 4.14 naasldiiunan ldihdanand
a a U ] a g a a Y g‘; a Aaaa A v W g Y
dszaniamlumsdeiiudanasouuinuiiniie Wi lunsinal§aseisanduir v
I (2 Yt A dyd 9 o 1 A A da!
naelumalelasaulaanga anwamsnaassiilianudeandosnuaINTzuaNNATUIIN
a © [ A A 3’/ 1 A =
mskdanmalalasou aegdn 4.10 1211 FTO/Cu,0 A1 Scan rate 71 50 mV/s UAnszua
a X A v A g ¥ ' ' H A 9 A E
matuviniga vaie lulduasunszoy wuar a2 lddhiiamnudiumumusuinyu
o { <3 1 { A 1 aan 1 o aa Aa
1307 4.14 nasaIfifiudnszuaums PEC diimsisaljnzerdaeadnd ihuazuadimdall

o 9/?:’/ A 9 o Y a o Y =1 Aa a
N’m/lﬂml’J"h/\lﬂmmmmmumuaﬂm T]Wslﬂﬁ"]ll']iﬂWﬁ@]fﬂ“]fulai@ilﬁ]uul@@ﬂ'lﬁllﬂi$ﬁﬂ‘ﬁﬂ1w

10000 = 2
A A (a)
- A
8000 o
“ 2
A
g 6000 o S . ® (o)
= g
(=]
° N A . * m ()
.N. 4000 + . X
A ’ P [} [ ] =
Pt L m =
2000 - o  _m"™
al
m
0 L] L] L] L] 1
0 2000 4000 6000 8000 10000
7' / ohm

51N 4.14 ueaans 1w Nyquist plots ¥4 (a) 921971 FTO/Cu,0 A1 Scan rate 1 100 mV/s 1614
annei lulvuas, (o) ¥2'1Wh FTO/Cu,0 A1 Scan rate 71 50 mv/s meldanein luld
werg, (o) 92 151 FTO/Cu,0 A1 Scanrate 1 100 mV/s n1eldaninziliuasuasy

(d) V219 FTO/Cu,0 A1 Scan rate 11 50 mv/s meldanzilviias

74



a J 9 ' a3 g
A1INN 4.1 uﬁmmmmmumuuazmmﬁmuﬂﬁmﬂmm"m% FTO/Cu,0

318MI f11 Scan rate 100 mV/s fi1 Scan rate 50 mV/s
a d = =) = L=
NIFIUNINTH EXY B UlNN!!fN HUa “lNN!!EN
mméﬁumu 9031 32759 7769 29982
AEINIEED 1.8504x10°  1.3221x10°  3.3065x10°  2.2638x10°

A vad 1 & A 1 =

911015197 4.1 udaaliiiungs Il FTo/cu,0 e Scan rate 50 mvys

' ¥ ag ¥ 7 A ¥

AnNuAIUNIUNS Inavesdanaseuioana19 1Wvh FTO/Cu,0 A1 Scan rate 100 mV/s 149
1 ] A v Y 1 < &

luanmedtinaas lufiues saldniniufeainuamisovesmanulsgyvestaldh
A v P A ~ 9 2 v 2

FTO/Cu,0 A1 Scan rate 50 mV/s Mg laangifivasfinmwiniga uaasldiauiig i

[ 1

= I ~ &~ 9 o [ ~ ,-j( a
asnaniianuilugnguinniige anudeandeanuNavoInIn SEM adg1il 4.12 NurIves
?x‘/ o < 1 3}/

2 191 FTO/Cu,0 M1 Scan rate 50 mV/s Haauvguszuazilugnguwinniia T
d' 1 o Y a a ’cf a Y zgx’/ 9 49!
FTO/Cu,0 71 Scan rate 100 mV/s ¥ 1¥iAan1simzaaveatius nanii i ldunvu
1 o Y a a A a o ~
denarhldinalszansnmmsnanma lalasnumnniga
4.1.5 HAMSANHINAVRITIUIUTOU (Effect of number of cycle scan)
= o o o ~ ?,‘, 9 a A
m3AnpIsuIuseud i umsesenda 1vih Fro/cu,0 dremadia cvb 14
RINTANHINAVDITIUIUTOUN 10 50U, 20 50U UAT 30 50U VIANANITNAABINY I
?1’1 =< 2 o o ) 9 ] 4 ra
N9 3 4012 @150a39e519A 11 Cu,0 asuunszamit Wi Fro 1dedvauysal Taglime
9
an995v0952UY dawali liinases Indvesaa Tl 3uh lunadevaniamsganaunaauas
A Aa g o o a o [
auiamaldledianlasazas ladadmsunaanalalasnuse li
1) auiamaganaueas
= wa A = 0 A 9 A
MIANYIANIANITGANAULTININMIANITIUIUTOVINE To TN 151615 By
g’a ) [ a o 1 3’./ A 9
7 19 Fro/cu,0 dwsundanalelasiou arnwanisnaasanudi 92 1w Fro/cu,0 #1%
o d' [ d' = A ] aa A dd’ =\ Y [
TIusoUN 20 50U A31N 4.15 Tmmsganaundslurrddiiaangauazinnudoandesny
[ A A ds! a 2 [ ~ 1 A 3’_,
Anszudiinaruainnisnannialalasion aegii 416 Amisganauuasvesia i
Aq Yo = o A A Y A 3 v A ]
FTO/Cu,0 N1F51uusoui 10 501 931 4.15 awnsaganauuas Idifisaanios ioaninlds
° =< = ) Ay a 1 1 < = Y A
TIUIUTOVYDINITAI T3 NIA1 Cu,0 NToanu 1 uavg1a lsnamdainansganauneas

g’u Aq Yo =~ A A A =~ A
611?]\16113“11/‘]1;,\[1 FTO/Cu,0 Nl uIuseun 30 50U HAMNITAANAULUAINGINGA LHBIN1TINAIY

75



9 ' s
viveet IWihilguiuseugeiiga mimiuh liiimsnaaeuauianie i ladidnlasng

[

az lagadmsunannis la lasauae 1

—_
(9]

Absorbance /a.u.

o
W
1

200 400 600 800 1000
Wavelength /nm
v v 9
310 4.15 uaA g Absorption spectra Y099 11 FTO/Cu,0 TunistaSenan s iuan

(a) 10 501, (b) 20 591 UAE (c) 30 301 AEMALA CVD

A a g o [ a o
2) aviana I lasidnlasazes lagadmsunannis lalasau
a 1 A A a o A Aa 4 %
MIAAMUAINTSUANAAINATHANNIY 18 TATIAUDINNITT AIFUDIUN
o w = o G} g}/ 1 g’;
dmFumsany1iuIuseuvesmsasenda Wi FTo/Cu,0 mnnanisnaasanya 92 Tulih
A Yo A =) 2'.: =l ~ [ ~ =
FTO/Cu,0 N1Fiwausoun 20 seulumswdeua Iihiianszuageiiga aegii 4.16 Hawa
= Y @ ' A o = J ] <3 H
mMInaaeslinnuaeanaoInuAINITgaNauLEs a9 4.15 uaed1a lsnawaa Tl FTo/cu,0
d' Yo d' a0 d' 9 1 o d' d' 3‘/ dl =
AlF5uusouN 30 I0VVAINIZUANTDENITIUIUTOUN 20 501 1391092 TWH17 30 SRU
a o @ 1 1 aa 1 H ]
anuvuunn ) hlduaiimsdaiivessanaseunnmanszguanuaaazm E, 1nd1an
o Y = ] Aaa A Y Y 1 Yo A U Y a 1
mldmsganaunaslusiimdalddesniinmslgswausoud 20 sou dwwaldinaninszue
a o d‘ 9 1 A 1 g’/ = d' d' ] Y g‘./ d‘ a
1NMINanns ba Tasnuniseni selinivfenaniizn luliuasvesd IWin 30 sou 1Aa

~ U A o A 1 a3 o 9 a
dark current NEINNANITDU Gﬁdﬂ@?WLﬂuﬁMUﬁﬂﬂﬂﬂlﬂﬂlﬂﬂuﬂ PEC

76



Time /s

-30 - JUp
3 Y e T X0
= SN TN ﬂ\ ............
~
~—
=
g: 60 l\-\ \sg.‘ \£c\)~d
h \-‘-- - 9
=
[P]
§ -90
= (b)
o
-120 r (

dark
-150 light

Al Y 1]
51N 4.16 uaas Amperograms Tunmswaanasla Tasonve i T FTo/Cu,0 19 uiuseun

(a) 10 591, (b) 20 30U KL (c) 30 501 ﬁ}’mmﬂﬁﬂ CVD

Y] '
[ Y o =

s useufiminzaudmsunisies o lliharsiednh cu,0
aspunszanth 11lvh FTo demaiia cvb dwmsulflumswaanialalasau A 20 sou
4.1.6 wamsanmsnSeufeuialiiharsieing cu,o lunmswanmalalasioy
dio'ldan e fmmeandufumsiaienda i Fro/ce,o Taelinadia
Cyclic voltammetry deposition (CVD) Fadlumaiing 1dviinns wannasuund i n iy
Uszansamueada i FTo/cuo dmfunaamalalasiouy i euden e i
FTO/Cu,O ﬁmdi gUINNAUA Amperometry deposition 30 Fix potential deposition (FPD) “?;Ql‘ldju
masiafionldiulasia il mafiatiszslunsldmdnd e anariisinua [37] Tag
IdimsiFouieuauiive st il e il autiAmsgandunas auiamaTlladidn

o @ a o [ a
Tasngas lagadmsunanma lalasnu Tnssadananuas dugiuine

77



1) aniansganaues
A aa A ¥ A A

nnmsnaasafseuiisuauiamaganauuasia I FTo/cu,0 Migs on
Y i 9 Y [
1801099 2 madia e T¥imswdaa E, veeua lwih sinmsnaasanudr ¥2ludh Fro/cu,0 #
wsou 1d9nmaiia Cyclic voltammetry deposition (CVD) Jifi1N159ANAULEININNT 1,000 nm
d‘ o v (% Y Y 1 g‘/ td'
WaMUIBAMAUNAIY (Energy band gap; E)) 1a1oen11 1.2 eV naza2 1a FTO/Cu,0 0
1389 1ININATIA Amperometry deposition (FPD) HA1n159ANAULAIN 590 nm 110114 I0A1

@ T v @ 1 <3 1 g’/
HOUWA9IU (Energy band gap) TNy 2.1 eV #3317 4.17 naasliiiunvalah FTo/cu,0

o X

v Y
nlavimsiaunaumnlagldinaiin cvbd lumseseuaa T FTo/cu,0 anisganaunas
9 4 Yy v

Tugrauasddidaninna192 14 FTo/cu,0 fwTeusrimmatia FPD uenvintl 92 1
tﬂ' G a = ti' 1 g‘} d’ ~ a

FTO/Cu,0 Migsenanmaia CVD B E, iuaunanvs I FTO/Cu,0 Ninseuninmaiia FPD

=R A 1 wa ad = ) @ a o I A A g

Felinaneautianma I Tndian Insnzas lagadmsunannis lalasmwiluedao ieluns

fugudszansnmlumsnaamalalasnu 3uh luneasvauiane I Tndidn Tnsnzas lade

dmisunaans lalasauas 11

1.5

Absorbance / a.u.

0 | ] ] 1

200 400 600 800 1000
Wavelength / nm

|l Y 1
51N 4.17 u@AQ Absorption spectra ¥4 (a) N3z a1 Wi FTO, (b) ¥2 Tl FTO/CU,0 Mo

1@nnmaiia FPD uag (c) 92 1vlvh FTo/Cu,0 Miwsonldninmaiia CVD

78



A ad ) @ a o
2) awtanmalnledanlnsazaz ladadmsunaanialelasiou
= a 24 a 1 A a g
AIAABINISHAANIY 18 1ATIAUINNITAAMINAINTEUANAAVUUD
“ o 202 4 oA w2 -
mM3Anp1INsTeuReuv9 Wi FTo/cu,0 Miwsenldaninne 2 imatia 1ananisnaass
1 3’, A a 9 a a1 a o 1
wu 921w Fro/cu,0 Mwisonlaanmaiia cvb fisnszualumswaanialslasmuganii
9 H ]
2147 FTO/Cu,0 imseuninmaiia FPD 01 3 11 aagdd 4.18 meldmsldanzmaisatieg
uerauazadnd i Readui -0.2 V vs. Ag/AgCl Fanan1inaaoiaenndoana1nIzganan

HaaAgUN 4.17 0d19%AY

Time /s
0 10 20 30 40 50 60 70 80 90

0 1 1 ] 1 1 1 1 1 [
( (a) j~——
< 397 o 4\
= (
= 60 -
L
1.
o
=
2 90 4
_‘g (b)
& (7 r
I ( r/l\ dark
-150 light

$ a o g’/ {
51N 418 ua@as Amperograms 3nmswanny lalasouvosi 1 FTo/cu,0 fmsenldan

(a) (NALA FPD tag (b) thalln CVD

3) Tassadwan
Y 4 v
msany laseas1ewanda 1l FTo/cu,0 Minsonldninnsaeunaiin
' o Ry & < X v ad oA o

nwu1 aszanii 1 FTO 7% sno, iuesrdszneay wumsiaenuuvessIdonshn 20 aseny
4 Y H

26.1°,34.1°, 38.2°, 52.0°, 55.0°, 62.0°, 65.6° uag 78.7° Mg uvuTIddngv2 11 FTo/Cu,0 #
w3on ldarnmatia Cyclic voltammetry deposition WUMSIAEIUUTITIBAFUBI Cu,0 TATaarde
Cubic WUT 20 11191 37.1°, 42.8° 1A 73.2° @540 (111), (200) 1AL (311) MNP (JCDS 78-

2 A 9 = = (% g’; A A a
2076) [41] #43 Insead1andnuunidednuda 1 FTo/cu,0 Meseuvinmadin Amperometry

deposition taaal¥ifiudinmisiassuva I Fro/cu,0 Tasldimaiia Cyclic voltammetry

79



=2 v

= S A Ay Yo o 2 1o q ¥ P = o
deposition Gﬁﬂlﬂumﬂuﬂﬂllﬂﬂ1ﬂ1§W@luﬁluiﬂﬂm%ﬂﬁiﬂiﬂﬁiNNﬂﬂ‘ll?)ﬂﬁ"liﬂ #9U1 Cu,O

alasunasly Fashulassad ey cubic NHauiane I ledidnlnsazas lasana

© JLJ:IJM JT“ u ®
ﬂ WUUJWJNMM

x _

(b)
T 4 er

Intensity / a.u.

|
|
(2)
5 20 35 50 65 80
20 / degree

51N 4.19 @AY XRD pattern Y09 83 () n3zani i FTo, (b) 92Tl FTO/Cu,0 s onld

vinmaia FPD uag (o) 1 1l Fro/cu,0 tigsonlaninmaiia cvb

4) dugIuImne
=2 o ' 3 Aa 2 A A Y g
mMsfnIanyurgls1e Aiunavesrd Il Fro/cu,0 esenlaninng
a 1 o ,&’ AAa o = ,i’ a d =\
2 malla W anvazwuiiveInszanth Wi FTo Tanvazivuanilueyniansanay I
Y ] 4 A = 2 o o Aq ¥ a
VAT UHIUEUENA191/52178) 100 — 300 nm (HBATIANTNIAIN Cu,0 NFINALA Amperometry
.. Y dy a ? = J < = Yy A a a4 a o
deposition WU anyuznuAvestd lvhiligUnailuaumasuadiviisziairenaant via
] 4 [ &‘ a gl./ a
iduruguénateszana 100 — 400 nm wazanvagiuAIveend 1 FTo/cu,0 Tagldimaiin
. . A v X a g A A = =~
Cyclic voltammetry deposition uaﬂymzwummugﬂmmmaammmwmﬂmﬁﬂau FIUAIY
<3| 2 P E— a
yguszuazaNdugnguwinniiialddh FTo/Cu,0 MiaSouainmaiia Amperometry
.. @ % 1 g ia o o 1 o a o
deposition #1931 4.20 FedanaliTinuNAIFuATIINNI M ldawsondaans laTasaula
1 9
1IN doandesnuaInszuaaszii 4.18 wazanunuvesta Il Fro/cu,0 Taeldinaiin

Cyclic voltammetry deposition Ianurudszan 250 nm @Tﬂg‘ﬂ 4.18 (e)

&0



(a)

(b)

(c)

(@)

()

©)

()

(e)

sUf 4.20 udaenIn SEM Midsveedived (a) nszaniii i FTo, (b) 92 1 FTo/cu,0 @

wien'ldvinmaia FPD (o) 1214 FTO/Cu,0 fissenlainmaiia CVD, 7 SEM

v

Masve1egeued () nszamit i FTo, (0) 9214 FTO/Cu,0 Mesonlanin

madia FPD (¢”) 92 11l FTO/Cu,0 M3 onlaninmaiia CVD, 71w SEM 1i@ad Cross

section Y84 (d) n3zani1 1vih FTO tag () ¥2'1Wvh FTo/Cu,0 Mwisen laninnatia

CVD

81




42 mamseiend llihasnsdnilumsmiaddessunss (FTO/WO,/BiVO,)
42,1 Envamanmasmvear?lilih FTo/wo Bivo,
ilonseasnadani WO, UM 1 Funazateasiaini BiVO, 111U 5 i
asuunszami1 i FTo §aemadia Spin coating uaztih'llmniigungil ss0°c Soudesudy

H b4
A o Y

Iadlua Wi FrowoyBivo, Aliansazaesta lwiwiludmaeadion dagil 4.21 et la14

[

Y
Fuan e Tuadmsumaaddendunssae 1

v 9 [
sUA 4.21 uaasdnyazniimenmvesid i Frowo,Bivo, ieienlaainmaiia Spin

coating

4.2.2 audAmsganauuag

= v A g’/ . A A 4

msAnuduianisganaundsvesil Wi Frowoysivo, itmiey 1dain
v v

IA1IA Spin coating 1MINMINAABINYI 97 11 FTO/WO,/BivO, iaimsganauueasil 515 nm

[ d' d‘ o 1 Y 1 v é v ! @ é (% o .
Aagiin 4.22 ilefuan E, 14ny 2.4 ev daasanue E, Tasna lvesansnedanh Bivo,

Y ' = g . Y A o
[45,46] ugas I unamnsamsonta i FTo/wo,/Bivo, s auraiaimisansiaianinis

v 1 v v H 9

ganduua ldmniza1sneaai1 Bivo, 1Hes91nuausuyesa1inig1il Bivo, N mausu

~ J & o o <~ 1 Aa Y g’z Y 1 <3
NUINHNAITINNIU WO, FeumanoUsunuved WO, ‘VlW’J‘ViuT"U’JllV\IﬂWHE)EJi]ulliJﬁﬂﬂiﬂmuﬂﬁ

i 9
A o W v 1R Y

msgandunaslagany uazhddgsuwo, egand lduluvaihld liawsaasiadam

A v &
ﬂﬁ@ﬂﬂﬂuuﬁﬂllﬂuulﬂﬂ

82



(a)
(b)

Absorbance / a.u.
—_ ™)
— [} ) o)
1 1 1

o
W
1

0 I I I I I 1

200 300 400 500 600 700 800

Wayvelength / nm

517 4.22 1@A9 Absorption spectra ¥0497 1W1 (2) FTO 11az (b) FTO/WO,/BiVO,

4.2.3 anvamanindidnlasazazlada

D.

msAnsauiane Il Insdn lasazas ladavesia i Frowo,Bivo,
wion I8 lumaiialiasereendmsulumsazaredidnliag laviilsenovld@remdfiaung
A s ppm aza1vlu 0.1 M Na SO, 91nHamM3nAaeany Anszuaiinaduninns
malfaseeendaduuesinlilih FrowoyBivo, Taeldin Tuh pedluin lnvhae (Counter
electrode; CE) 19a1@nd i 1.0 V vs. Ag/agCl wazl¥minnuduuasdi 25 w ansoiia
anszualdunnt 1 mA sagdl 4.23 () nazidlendouda Iihsaeenaa luih pe s Tudh
FTO/CwO @t IdWannmadinnised ouainvuaoui 1 uazldadndiuazanumdunaa
@eriu nu Radnszugnnniims 1496l prifow 2 i1 dagd 4.23 () naaslifiun

=<

g’/ ] 1 ] a g YA 3
41 1 FTo/Cu,0 relumsasriusianasou ldaeey

&3



< 15 o
=
E (a)
2 4 — ~— — —
=
5 | — )
Q
8
(=]
= 05 -

0 L T T T T T T T 1

0 10 20 30 40 50 60 70 80 90

Time /s

v v 9
517 4.23 naas Amperograms ¥0992 11 Fro/wo,Bivo, Tasldua 11590 (a) Pruaz

(b) FTO/Cu,0 Tuasazaie 5 ppm MB aza1e1u 0.1 M Na,SO,

[ g’/ a o dyd o g’/ g‘/ a =) g}/
againluaudtetiteauladue1va I 2 viia Ae 42 1vh
Y
FTO/WO,/BiVO, iaz 43 11 FTo/Cu,0 mvitaususudmsunanmig lalasiauain
o v aY a =4 9)3}/ . o Y A g H

aszuIumMsmIaddendunsd laglead I Frowo,sivo, ivirhindues Tadhue Tualu
v H v 2
mMsoond lagadeudunidiazta Wi FTo/cu,0 simthindluaa Inlihua Tnalunssaadin

) v 9
Tnadlumasls Tasnu e liinadssaniamgegalumaiausauniuvesia 2 47l 39

v
a2 v A

Y o =2 ~ a aan g ) [ °
Ulﬂ“lfl1ﬂ13ﬁﬂ‘H1ﬁﬂ1’J$ﬂLﬁN1$ﬁMlLﬁ8ﬂ’ﬁllﬂﬂ13!1‘1@‘]J;]ﬂifﬂ“lflell’]lh‘lﬁ1ﬁ1ﬁiﬂﬂigﬂ’luﬂTiﬂﬁ]ﬂﬁ

9 a ~ J a o g}/ [
goudunsouazmnanns la lasauluruaouas i

84



43 wamsanyiaazivanzaunaznalnmstdalfaseridrlddhdmso

o v AY a A ¢ a o
ﬂ§$‘]J'J‘Mﬂ"lﬁﬂ"l‘ﬂﬂﬁﬂﬁﬂ»lﬂ‘la!‘ﬂiﬂ!!ﬁ%ﬂ]iﬂﬂﬂﬂ]“ﬁﬂﬁiﬂi!‘ﬂu

= d' o v AY a = J
43.1 wamsanannzimnzanlumsmanadondunis
= d' o v A Y a A J o ' [
mMsanIanzimuzanlunssisaddoudunidusin1sniaus 1y
Y Y
senain Wi Fro/wo,Bivo, uazan i Fro/cu,0 1dvmsanmanizvesaidnd 1w
j‘ { A 3’./ 1 a a 4 4
vranunaIveav? 1 anudunaanazal pHvesa15azaedan ias lan el 14
Usgdninmnanga Taeldunaung (MB) Nanududu s ppmazatelu 0.1 M Na,S0,
< Y] a 4
151105 50 mL Wudunuvesddoudunse
43.1.1 dndlvlih
(Y] ~ o o 0o w A a 4 o {
msansmdng lihnlddmsumsaadeudunis lammsanuing
#nd i 0.2 v,04 V,0.6 V, 0.8 Vuaz 1.0 Vvs. AgAeCl Tagldanudunasii 75 w a1nama
U 1 o { o w s < S 1 o
mMInaaanu ardnd i 0.2 v ansamaaaisazate MB 18 90 tledidud adng v
A o w v s d 21 o A o w
N 0.4 vasamaaaisazals MB 1a 97 1lesitGud ardnd Idan 0.6 v aruisasida
¢ S 1 @ ~ o w
@15aza19 MB 1d 97 o5 iFud ardnd 1Wd1n 0.8 Vv amisanivaaisazals MB 1d 92

s d VW A o w -4
Lﬂaiwummgmﬁﬂﬂ%lﬂm 1.0 Va1y159n19aa139¢ 018 MB UI,@Q{ 92 Lﬂﬂi!%u%ﬂ1ﬂiuiZﬂ$L’Jﬁ1

D.

[ < A o a A o w
150 WIH #9517 4.24 uaasliiiunnadnd vl 0.4 v uag 0.6 v lidsz@niamlumsmida
dd‘ d' 4 o o w
a15aza1e MB ange aungiaidnd 1 0.8 v uag 1.0 vV anwanunsalumsmisadisazate
A Ao 1 dy o Y a aan a % %’ a I (2] a
MB aaad tifpannfiadnd llunarili ldiiead§iservendaduvesinnaiiumyeendou
a1 danainlilszansnmlumsiiiaaisazalo MB anaq

= v v o d' o [ o = a
ﬁnﬂﬂ?iﬁﬂ‘]&ﬂﬂ"lﬂﬂEJLI‘NﬁTﬂLWJJ15ﬁiJﬁTHi‘]Jﬂ”liﬂﬁ]ﬂﬁfJ@iJﬂuﬂiﬂ

Idaenlgardng 1 0.4 v vs. Ag/AeClivaitlumsszndandaa

85



100

80
=
£
N
<
S 60
)
0
a2
® 40
=
e
s 20
0 l- ] ] ] ] 1
0 30 60 90 120 150
Time (min)
97 % 97 %
100 = o9 9 } ’ 92 % 92 %
80 =
=
g
N
<
S 60 -
B
)
D
a
g 40 -
=
X
20 =
0
0.2V 04V 0.6V 08V 1.0V
Potential (V)

Y J o o w { 1 1w
51 4.24 vaaaefidualumsiivaaisazats MB Annuuanarsvesadnd I a1elu

32821787 150 1N

86



A Aa 2
4.3.1.2 mumwuﬁmmawﬂﬂﬂw
= i’ Aa g o o o w Y
ﬂWSﬁﬂB"IEU‘L!"IﬂW‘L!‘VIN'J"]JENEU’JIIWW"I?ﬂWSlIfﬂiﬂﬁ]ﬂ?ﬁia%aTﬂ MB Ilﬂ

9 1 1
Mmnsanp1vuaveand Wi 4 cm’ uag 8 em® Tasldaidnd Inlii@eaiud 0.4 V vs. Ag/agCl
v 9

uazlFanudunasi 7s W innamsnaasany 92 Ildwuie 4 cm’ awnsofisadisazate

v s s @ A4 4 L da g 2 o w v

MB 1@ 74 wlofidua nazilioinvnavesiunanilu s cm’ dnsamidaaisazalo MB 14
I 3 J o <3 v ¥ {a g @ [ a a

97 1Wodidua asgl 4.25 naaslimunvnaiunarvesid Il sduasenulsz@nsnwms

o o 4 A A Aa 2 ¢ 3 o o3 A X 1 o
AMIATITAZA1Y MB IWINNUYUIANUNHINNIY 1105 IFUANTAIANNNYUIFUAY
80

(a)

60

% MB Degradation

0 L) L) ) L) 1

0 30 60 90 120 150
Time (min)

100 - v

74 %

N D [}
(e} (] (e}
(] (] 1

% MB Degradation

N}
S
[

2 2
4 cm 8 cm

a

d‘ J 3 J o v =2 ci’ A 2
ETJTI 4.25 Llﬁﬂﬁlll'ﬂﬂmuﬁiuﬂ'ﬁﬂ'ﬁ]ﬂﬁ'ﬁaga'IEJ MB UY2NMITANEINAUDIVUIANUNKA (a) 4 cm

uaz (b) 8 ecm” Meluszezal 150 W

87



43.1.3 AMUAILES
= 9 o o o v A Y a 4 o
MIAnEIAANLEIE IMTUMSAsaddeudunid vinnsru
9 Y H
sanusznineda s Fro/woysivo, magzan I FTo/cu,0 lasiinsansanuduuasi
25 W, 50 W 1ag 75 W 9910m135naaoIny anuiuudasil 25 W annsomiadisazals MB 18
73 o 9 = o o Y - )
67 tloSidun Anuduuasd so W amsomiaaisazato MB 14 83 leSidua tazgaudy

J o

A o w 9 ¢ Yy a1 9
WEAN 75 W 1015001971508 0189 MB Vlﬂ 97 ulmwum ﬂ\iqﬁlﬂ 4.26 Lmﬂﬂwmummmmwu
o o I L K o w A A 9 < 2 /3 o
L!ﬁillﬂiwuﬁiiﬂ‘UL‘ﬂﬂi!%uﬂiuﬂﬁﬂﬁ]ﬂﬁﬁﬁ%ﬁﬁl MB l,llE)LWﬂJﬂ1ﬂ’J1m"U3JL!ﬁ\1ﬂﬁwmmﬂ’é}il“ﬁUSﬁl
o o 1A o o 2 A 9 E Y o =R = '
N1TNI1IA MB B ULRIINU u,maEm"l,iﬂ@numil,wnmmmmmummﬂmuﬂ@mmmmwammq
2
M3 lsauvean Inihae
100
80
60

40

20

% MB Degradation

0 | | | | 1

0 30 60 90 120 150
Time (min)

100 =
83 %

80+ 67 %

40

% MB Degradation

25W 50w 5W

- s 2 S o w = )
ETJ‘VI 4.26 Ll’c’fﬂQlﬂﬂilmuﬁiuﬂ15ﬂ1ﬂﬂﬁ1§ﬁ$ﬁ'IfJ MB UBINT1TANHINAUDIAITUIUNLLE

88



] ad J
4.3.1.4 f1pH ¥eea13azawdlan las las
= [ a d 4 Y
A5ANEIA1 pH V0@ 15azat80tanlas lay (a15aza1e MB) 14
o . 1 A . I 1 1 %,’ Q"
WIMsANEINAT pH 5, 7, 9 tazal pH Fudu Fuilurievesa pH muaasgIuiing 1nkanms
1 =1 Aa a o w Y Y A [
naaeanuN Nnanzidszaninmlumshidamsazats MB 1dInainesnumeluszezina
A o A o & A 19 9 & = o 1
150 W1f 931 4.27 avdwie LildidunisidenarlunisdSua pHvesa15azale

ad JR o A P ) % o v A A g X A
ﬂlaﬂjﬂi.lﬁﬂ WNINTADNTN NI TUUUICTUTIVIUNITNIVIATITAL DY MB NANICITUAU HIN

ANNZEUAUTAT pH 1WA 6

100 =
= 80 =
2
=
"g 60 +Default
&
S ~=pHS5
m 40
= =fe=pH 7
X
=)
20 —>é=pH 9
0 ] ] ] 1
0 30 60 90 120 150
Time (min)
97 % 97 % 98 % 99 %
100 =
80 =
=
B
= 60 -
=
<
1
)
[
a2 40 +
=)
=
X 20 -
0

Default pHS pH7 pH9

Y s 3 & o w '
E‘ljﬁ 4.27 U,ﬁﬂﬂlﬂﬂﬁl“ﬁuﬂﬁluﬂ']iﬂ'lfﬂﬂﬁ'liﬂga'lﬂ MB 6Uf)\‘l'ﬂ']ﬁﬁﬂ‘l&l']WE’I‘IIE]\WT] pH U83d150¢018

sianTaslan

89



(Y] a A J

432 wamstfSeuieunalnmsmdaadendunis
= ) o o v A Y a S Y o = g
msaneina lndmsumsmiaddendunid 1arimsany1naviva s na'ln
' . ¥ H . o { g o
1@10 1) Photoelectrocatalysis (PEC) na'lnil 1 1947 1Wh Fro/wo,/Bivo, simmthndludalulvh
913’1 o Y A g Z‘, 9 1 Aaaa Y
ue Tuauaz 1947 197 Fro/cu,0 simihindluda Ielihwa Tnanmeldmsis el §sendaeuaaiay
4 1 4 { o
adnd i Taeldanuduuasi 75 wuazldaidnd Wi 0.4 V vs. Ag/AeCl auday
9 Y
2) Photocatalysis (PC) na 1n#l 18 195972 T i usw@einununisineina'ln PEC aneldnisisa
Y )
Unse1daeuas 75 W 18908191887 3) Electrocatalysis (EC) na Inil 18 1942 Tl uau@enn
msfAnmInaln PEC uag PC ualdaninzmaisalfnsondronidnd i 0.4 v vs. Ag/AgCl
=\ ] = . dy Y o Y =~ ] = 1 9/3 3’, 2
(e9a8131Ae0 4) Light na 1nil 1aviims 1iuas 75 wiitesedraden Taelild9n Iihlagnadu
k4 L} gJ/ g‘l/ % 1 aan g‘/ QS‘ 1
uag 5) Dark na Inii laldmaan ldhuazdusalfnsenlaqnaau vinwanisnaasanua na'ln
o w <3 o w

PEC annsamsaasaza1s MB 1 97 wlefidud na'ln PC ansaisaasazate MB 14 26

-4 o w Y P-4 . o
L‘l]’t’)'i!“h'u@l ﬂallﬂ EC #151500193A81595 818 MB vlﬂ 7 Lﬂ@il"]j’u@ ﬂallﬂ nght dIUITDNIA

Y J < 4 o w Y s 3 4
715020919 MB ”lﬂ 7 1o31Fua Llﬁgﬂﬁllﬂ Dark #10139019AT1505018 MB Ulﬂ 1 losidua

=1

mMolunan 150 1d dagi 4.28 uaasliifiudna’ln PEC Alimaisalgasedreadnd luih

QU

=

aa a A a A o w YA 9 1% o Y
UagHaIaLlua ll1J§$ﬁﬂ‘ﬁﬂ']wﬁluﬂ'lﬁﬂ']fﬂﬂﬁ'ﬁﬁzﬂﬁlﬂ MB hlﬂﬂﬂﬁﬂ mmzﬁmmmiuﬂﬂ%ﬁm

Q

A o w a A g =
LW@ﬂWﬁ]ﬂﬁ’"ﬁﬂuﬂiﬂiuu%ﬁﬂ

90



100 =
80 =
=
2
N
5
S 60 -
St
&0
[
a
g 40 -
=
X
20 =
s \ I—
0 X ‘* m
0 30 60 90 120 150
Time (min)
100 97 %
80 =
=
=
-
S 60 -
[
} &)
&0
[
a
pm 40 -
= 26 %
X
20 =
7 % 7 %
1%
0 1 N
PEC PC EC Light Dark

d' J 3 L o w =2 ) @ o w
31]7] 4.28 waaudodiFua lumsmanaisazals MB ﬂlﬂﬂﬂTiﬁﬂHTﬂaIlﬂfﬂ“l’ii‘ﬂfniﬂﬁ]ﬂ

4.3.3 wamanSaumagui Wl walna
= =} =1 g‘/ o 1) 1 1 1 [
msanuInaveInTeouneud liia Inadrvsuslroisan1saaniu
[ ] Y
dianasou mosamindszaninmlumsmsaaisazats MB lavnmsufseuneuaa T
.2 2 ; - y
ualna Taun 9219 pe 2 19 FTo/cu,0 Miesenldninmaiia FPD waza 1 FTO/Cu,0
d' = 9 a Y v Y4 d' aa Aa
Maseulanmmain cvb meldaanzardnd Iihn 0.4 v vs. Ag/AeCl uas3dida 75 W
F) F)
meluszezinal 150 w1 mnkamsnaasanul Ml I podluaa Idua Tnaanso

o w < g { a
Msamsazats MB 14 70 o3 idud msldia v Fro/cu,0 fwsenldninmaiia FpD iy

91



9 9 1

i IWihunTna amnsamsaaisazais MB 14 g9 nlefiduduazmsldvalwih FTo/Cu,0 #
9

wiowldnnmaiia cvp ud e Ina ewnsamidaaisazais MB 18 97 wlefidud dazl

[ 9 9 H

#1 4.29 naaalfiFunmshauswiuvesta v FrowoBivo, agan i FTo/Cu,0 #

a ] J 1 1 ad 1 a a o
m%u”lﬁ’mﬂmﬂuﬂ CVD B8133NTaINIUBLINATDU "]f'JEJl‘%]JS%E‘TTITJﬂTiﬂTﬁ]ﬂ’c’niagfﬂﬂ MB @

A
nga

100

% MB Degradation
ES 3 g

N
(=]

0 {-4 L] 1 L L] 1
0 30 60 90 120 150
Time / min

100 y7 %
] 89 %

80 o 70 %

40 -

% MB degradation

20 =

(c)

v 9
51 4.2 naaudefiFudlunmsmivaasazalo MB vesmsfFemiiouda Iviuana
9 9 ' 9
(@) 9211 P, (b) 92 1911 FTO/Cu,0 MiaSon'ldainmatin FPD uaz (o) 92 v

FTO/Cu,0 Mssenlaninmaiia CVD

92



d
4.3.4 WaMs53IA31ZH COD
A I A o Aa A o w VoA ?,’, =
olumssudulszansamlumsmdaaisazals MB Nanvie ldiuiing
a o g‘./ a ] [ [ f
AA18VOITITOUNTININUA LA IMT 011 91AHANITNAADINUIT A1 COD anadnii

[

S <2 o =\ ~ Y I VA A o =\ a A o
50 Lﬂﬁ)il%uﬁﬂmiuizﬂm’mW 150 HIN ﬂﬁiﬂ‘lﬂ 4.30 LI,EWNslﬂmu’ﬂf,*fﬂ‘l’ﬂﬁlhlﬂﬂﬁﬂ\ill’dWi’E]‘L!‘I/]iEJ

U

A 1 1 1 a3 o U 1% o H
Waunaeog uavd1a lsnarun1siinusiunuvesaa iy Fro/wo,Bivo, wagaa v

o w a 1 a a I § [
FTO/Cu,0 ansamiaasounsd lasenaiitlseansamuazidunsensy1d

100 -e

80 =

% COD

20 -

0 1 1 1 1 1

0 30 60 90 120 150
Time / min

3 < 1 o v
ﬁﬂﬁ 4.30 I,Lﬁﬂﬂl,ﬂﬂi%uﬁmmﬂ”l COD ¥9d4N13IN1AEITaEa18 MB

_Y

4.3.5 WamsAnEIMINanmaslalasau

d' 2] A a Y
13NN 4.2 me‘iﬁmmmmﬂwvlaimmumwaﬂ”lﬂ

nal Paanasgame Y3anasm J3301A3530v049

(min) (mL) alasiaudinain tarlalasion
(mL) (mL)
0 20.50 0.00 0.00
30 18.50 2.00 2.00
60 15.50 3.00 5.00
90 12.40 3.10 8.10
120 9.10 3.30 11.40

93



A a o Y o A
1na1eh 4.2 naastSuaslumseaama laTasauTagldnanmsununves
E A 1 a o .
i luduse sinmsnaaeanunansonaanialalaswu’la 95 uL/min
[ d o d
4.3.6 wamanSauieuumasednd i laamsiscgnanuwadg3es (Solar cell)
% o < A i < 1y o
Tumsaneinisdszgnaldaunuewaagsoz otiumsdszndanaeaiu
o 1 [ a é Y o = = g’/ a A o W
AWNTINNUTUADUEINUETTNNA 39 TahnsnufSeuiisunalszansamlumsiiva
a A a o 1
a1sazate MBuazdlszaniamlunmsndanialalasian srnwanisnaasanuan lunis
% s A . " { o @ o
Uszgndlfiadgsozdaldardnd 1l i 4 v nazlfuasdunsizidronasaiaau 75 w

[

o w YR J <3 4 A < A Y1 A a A
qIUTN1VAT1TAL Y MB ulﬂﬂ\‘] 95 Lﬂ@‘ilcﬁu@l a93N 4.31 %Qﬂ@1ﬂ31ﬂﬂi$ﬁﬂﬁﬂ1wcluﬂ1i

U

o w Y @ y A .
MaalnameanUn1s 19n3ed Potentiostat

100 =

N
<
® 60 =
E“n —@— Solar cell
J5)
_ 40 .
=] —{— Potentiostat
X 20

0 ] ] 1 1

0 30 60, .90 120 150
Time (min)

100 = 95% 97 %
= 80 =
S
Og
= 60 =
<
o
3
a 40 -
=

20 =
X

0

Solar cell Potentiostat

d' a a o w 70 Y o Jd A
31]1’] 4.31 uaadlsz@nsmwmsmIndisazale MB Tﬂﬂﬂ?iﬂﬁ%ﬂﬂﬁi%ﬂﬂl%aa 1388

94



Y

A o o ’q ¥ Jd A [ a a
uonanilgiiinsnaaeslumslszgnd lfgadasognunasdlusssuma

o 1 Y Jd Aa . L { [] [ [
Tagvimsaeszuuiniusadgsozaalimdnd i 4 v Taolildvasaismau ualduas

flﬂﬂﬂ’NﬂTVl@] ] i’]J‘VI 4.32 ‘1611"]1’.]\1L’JE1"IL53J$]1!‘VI 11.30 Y. uag ﬁuﬁﬂ‘lfll’m"l 14.00 Y. 3UTLHLINN

U

I o o w v
1Wu 2 GH'JIINﬂiQ "l]"lﬂNﬁﬂ"liTlﬂaEIQWU'ﬂ AIWTONIVATITEA1Y MB Ulﬂ 88 nJ@smfu@ TGN

A ] < A A = o Y 9 = v '
TIJ“VI 4.33 ’EJEJNul,iﬂﬂWNﬂG]S’NL’Jﬁ'IHWﬂﬂ 90 mluﬁﬂﬂﬂwmmmuumaﬂm mmwaiﬂamwa

U

mIsmaaaIsazats MB i lddszaninimmssidnanas

ﬂﬁ 4.32 ugasnsmana1sazals MB laemsilse EJﬂ@]blGIﬂ‘ﬁfa %ﬂgﬁs{’mllﬁﬂ@n‘n‘ﬁiﬁﬂ%Wa

100 - 88 %

% MB degradation

[
>

0 I I I I 1

0 30 60 90 120 150
Time (min)

Jd a

51 433 nanwlesiFudlumsiidaaisazats MB Tasnsilszgndl¥numadgsosdoes

AMUTITUBIN

95



a ) A a yy 7q ¥ s A
N1 19N 4.3 LLﬁﬂ\ﬁEﬂJ1ﬂiﬂlﬂiﬂ1cﬁulﬁjﬂilﬂuﬂﬂﬁﬁllﬂ mﬂmiﬂﬁzqm%waaqwz

na PBanasgame Y3anasma J331a3530v09

(min) (mL) alasiouiinaiu talalasion
(mL) (mL)
0 31.10 0.00 0.00
30 30.70 0.40 0.40
60 30.20 0.50 0.90
90 29.50 0.70 1.60
120 28.70 0.80 2.40

= a A o o ’q J
UONINMIANEIUTEANTAINNITMIAEITaZa18 MB Glumiﬂizqﬂmclwma
a Y o o =2 a a a o a2 9 v
qiflzlm’JEN‘V]Tﬂ"liﬁﬂ‘]el"I‘].Ii%ﬁ‘ﬂ‘ﬁﬂ"IWGI,UﬂﬁWﬁ@ﬂ'l“lfllﬁliﬂiﬁ]'lmﬂﬂ?]fl IMNMAANTINAADY ANATT N

~ 1 a o Y=R A
N 4.3 NUN ﬂ'lﬂJ'ﬁﬂW'ﬁ@]ﬂqullaT@ﬁmullﬂﬂﬁ 20 pL/min

96



v

=
unns

asidwamsIdauazdeiauaniz

a v

5.1 a3ilwamsIde

ao Ay vo = o ~ 2 2 o o o o a o
GLHQ”I‘L!') fluulﬂ‘vnﬂ15ﬂﬂ1&]1‘W@lu1ﬂ15l@ifJ?JGU'JllwﬂTﬁTiﬂQ@]jﬂTﬁTﬁﬁUNﬂﬁﬂWﬁqajﬂjlﬁ]u
v

v A a A o

o Y a adg =y 9 1 Aaan
ﬁ]1ﬂﬂi$1J’J‘Llﬂ”liﬂﬁ]ﬂﬁﬂﬂui’J‘Ll‘V]iﬂﬂ?ﬂlﬂﬂuﬂjv\liﬁﬂlaﬂiﬁiﬂzﬁxula"]fﬁﬂTflclﬁﬁﬂi’f]gﬂﬁliﬂﬂgﬂim

v

Y ) Y Y
dedng lliwazuaidida Feorden Infharsnedaii 2 viialdun 42 Wd e Tuanazaa Tnih

o [ % d' Y Aa a A a [ o v A 9Y
ualna 3J”I1/I”I\111!§’Jllﬂul‘W@i‘ViLﬂﬂﬂi%ﬁ‘V]‘ﬁﬂTWQij@ﬂ‘L!fﬂiNﬁ@]ﬂ?cﬁllaiﬂiﬁ]uuﬁgﬂ"liﬂ"ﬁ]ﬂﬁﬂi’)ll

a A J o w =

g}./ ) { a o 4 a 4 191‘1 ) 1
aunid Tagv llihue Tuarwmiinesnd lademaaddouduni duazan Iniua Inaviminlu
a o aa 4 %}
mswaans lalasmuanmsIalrsin
z “ 2 y . o
Juasusaiumsaneiamsesonya ih Fro/cu,0 vrhinduas Taiwa Tna
o ] a 9 a . .
dgriusunannigslalasiau anmaia Cyclic voltammetry deposition (CVD) Tuarsazaie
A P = A . .. 3|
aanTaslan 0.01 M Cu(NO,), 8z 0.1 M KNO, FunaUA Cyclic voltammetry deposition (CVD) 1Wu

A Ay Yo @ d%’ ) @ = 2w o A A
L‘Vlﬂuﬂﬂvlﬂ‘ﬂWﬂTiWﬁJuWﬂluN1ﬁ1ﬁiﬂ@liﬂﬁ1iﬂﬂ@]’)u1 Cu,0 ﬁ\‘]ﬂuﬂﬁgﬂﬂHWlJlWﬁW FTO I(W0INY

yad X

Y F H F
Uszansanluniswaamalalasou ldaassu luduaouilldiinmsaanunislalasnuinauu

9

[ A a dy aAa o o Y A =~
ﬁ]1ﬂﬂTﬁ’Jﬂﬂ1ﬂi$Llﬁkhf‘lﬂﬂ/nﬂﬂ"llumﬂﬂﬁiﬂ’JG]SUW mﬂmimam”lﬂamawmmxﬁﬂumﬂm&m

o oA

21991 FTO/Cu,0 91n1mAdia Cyclic voltammetry deposition (CVD) o ¥24A1ANEN -0.5 V 54

a

A 3 o ad I 1 A 9 A
0.5 V 191 Scan rate 50 mV/s L“]Jl!i]'lu’JL! 20 39U slumiazmamaﬂimllawm pH 13uaY nuUNHy

U

Y ]
55°C 1 I on ldanmadia cvb linFeumeudszansnnlumsnaamslalasmuny
9 ] v N Y
i i3 enainmaiia Amperometry Fuflumadiam@uiioulFsuludagiu w42l
Y

A A 9 a a 1 aa d o o 24 1 1
FTO/Cu,0 Msou ldanmaiia cvD mamnszuaninmsiassiniuma laTlasnuuinndi 3 i
A Y Ao d" 0o o a ~ g’/ o Y] a
delanluanudseiidszauanudisa lumsianunaiamaasouta 1 FTo/cu,0 dmiunaa
) o !91’1 g o 1 % ?1}1 ]
ma'la Tasutaziinerad I lUviausunua Iudwe Tuaae 11

y D y . g 2

Tuneuaeuuiumsanuinaeiouta I FrowoyBivo, it Tl

v a G

o o o 4 a . . : )
ueluadmSumsaddoudunis 1inmnaiia Spin coating IABNTATIAITNNAIN WO, A9UUNTLIN



° = ¥ =< X o o . = g ' =
111 FTO 1iies 1 Futazasa@1309d2101 Bivo, 80 5 U 9190151A209WU1 810150163 83
Y { o ad { o g
97 1vlvh Fro/wo,Bivo, iimuniamediuTnlasian Insnzes ladanauaz enunsoviuerin I
Y 9
Wlvhanusunud IihuaIna ldedrefidsea@nsam
?1’1 Y I =2 ~ o [ o 1 3’./
duasugamealumsanyanngimunzaunazna lnmsiinuswnusenaea i
. o ) @ a o o v a9
FTO/WO,/BivO, taz12 11 Fro/cu,0 dvsunaamalalasinusinnszuiunmsiidaddon
a 4 9 Aan Yy 9 I o = a A Jd Aa
aun3e lasldarsazaromnanug (MB) AN Ndn 5 ppm iudunuddondunsd anniu
Uszantnmlumshidadisazats MB 1InAIMsganaLLas mInHaninaaed laanzimungauy
v 4 H )
lumsmsamsazais MB Ao mAns 111 0.4 V vs. Ag/AgCl vinafiunatvesv liiudazsiia
N 8 em’ ANUWNLAITDaN 75 W Haza1 pH vead1sazals MB NTudu annsamenaisazale
Ve ¢ 3 A o a o A a 2
MB lans 97 Wedudnieluszezinar 150 WA uaziinsaaauns lalasunnadunnms
~ %’ a 1 a o Y=R .
unuinhluduse wun ewnsanaana lalasaulaog 95 uL/min
[ g’/ a o 4 1 a ad 1 1 aan
asiuluanuidstiawnsaagllaiunaiialdlnddanTasazaz ladaniinsisalgase
a ~

[ aa Aa a (7] o w ] Aa a
dedng lliuazuadd@daasonannis lalasuasmiaddondunis laos1etlssansan

yw J v Jd a
uennHasEslszyna I 9numadgsoz (Solar cell) Tdonale

k%
5.2 YalaualUY
v A o /a2y . ya A v
52.1 lumsasiatadSuiasmale Tasnunmavudiaivisalstnsavuia 25 mL e 14

[ Y 9 = % 1T A
mmmmnmﬂ?mmsmm“laTﬂmu"lﬂazmﬂ%mﬂuﬂ’nmu

98



UIFIUNIN

[1] Le, Y., Zhuyi, W., Liyi, S., Shuai, Y., Yin, Z., Jianhui, F., & Wei, D. (2012). Photoelectrocatalytic
performance of TiO, nanoparticles incorporated TiO, nanotube arrays. Applied Catalysis B:
Environmental, //3-714, 318-325.

[2] Yajun, W., Jie, L., Ruilong, Z., Jun, H., & Yongfa, Z. (2011). Enhanced photoelectric catalytic
degradation of methylene blue via TiO, nanotube arrays hybridized with graphite-like carbon.
Journal of Molecular Catalysis A: Chemical, 349, 13-19.

[3] Zulin, H., Zhangyan, D., Xue, B., Zhengfang, Y., Peng, W., Haixin, G., & Xin, H. (2016). Copper
nanoparticles sensitized TiO, nanotube arrays electrode with enhanced photoelectrocatalytic
activity for diclofenac degradation. Chemical Engineering Journal, 283, 514-523.

[4] Zhen, X., Xinjun, L., Juan, L., Liangpeng, W., Qingyi, Z., & Zhouyu, Z. (2013). Effect of CoOOH
loading on the photoelectrocatalytic performance of WO, nanorod array film. Applied Surface
Science, 284, 285-290.

[5] Ponchio, C., Atsuko, Y.N., & Yoshio, N. (2013). Photoelectrocatalytic performance of WO,/BiVO,
toward the dye degradation. Electrochimica Acta, 94, 314-319.

[6] Sapanbir, S.T., Kyle, R., Fumiaki, A., & Aicheng, C. (2015). Fabrication and photoelectrochemical
study of WO,-based bifunctional electrodes for environmental applications. Applied Catalysis
B: Environmental, /76-177, 464-471.

[7] Ligang, X., Jing, B., Jinhua, L., Qingyi, Z., Xuejin, L., & Baoxue, Z. (2016). A highly efficient
BiVO,/WO,/W heterojunction photoanode forvisible-light responsive dual photoelectrode
photocatalytic fuel cell. Applied Catalysis B: Environmental, /83, 224-230.

[8] Hyejin, J., Sang, Y.C., Honggon, K., Byoung, K.M., & Yun, J.H. (2016). Electrospun Mo-doped
BiVO, photoanode on a transparent conductive substrate for solar water oxidation. Catalysis

Communications, 75, 18-22.



UFIUYNIN (71D)

[9] Wei, C.L., Yuanxing, F., Rantej, K., Giacomo, E.C., Thomas, C.D., Zainab, T.Y.A.A., Sulaiman,
M.A., Christopher, C.P., Heyong, H., & Qiao, C. (2015). Marangoni ring-templated vertically
aligned ZnO nanotube arrays with enhanced photocatalytic hydrogen production. Materials
Chemistry and Physics, /49-150, 12-16.

[10] Bak, T., Nowotny, J., Rekas, M., & Sorrell, C.C. (2002). Photo-electrochemical hydrogen generation
from water using solar energy. Materials-related aspects. International Journal of Hydrogen
Energy, 27, 991-1022.

[11] Monika, G., Jaya, S., Vidhika, S., Anjana, S., Singh, A.P., Satsangi, V.R., Dass, S., & Rohit, S.
(2009). Enhanced photoelectrochemical activityof 120 Mev Ag9+ irradiated nanostructured thin
films of ZnO for solar-hydrogen generation via splitting of water. Advanced Materials
Research, 67, 95-102.

[12] Enrique, C.A., Xiao, Q.B., Carlos, R.A., Cerqueira, M.F., Dmitri, Y.P., Lifeng, L., & Yury, V.K.
(2015). Up-scaling the synthesis of Cu,O submicron particles with controlled morphologies
for solar H, evolution from water. Journal of Colloid and Interface Science, 456, 219-227.

[13] Weina, S., Xiaofan, Z., Shaohui, L., Bingyan, Z., Mingkui, W., & Yan, S. (2015). Carbon coated
Cu,0 nanowires for photo-electrochemical watersplitting with enhanced activity. Applied
Surface Science, 358, 404-411.

[14] Ru, M.L., Yun, M.C., Pu, W.W., & Pang, L. (2010). Effect of annealing on the electrodeposited
Cu,O films for photoelectrochemical hydrogen generation. Thin Solid Films, 5/8, 7191- 7195.

[15] Suzhen, R., Shaobo, M., Ying, Y., Qing, M., & Ce, H. (2015). Hydrothermal synthesis of
Fe,O,/polypyrrole/graphene oxide composites as highly efficient electrocatalysts for oxygen

reduction reaction in alkaline electrolyte. Electrochimica Acta, /78, 179-189.

100



UFIUYNIN (71D)

[16] Alagappan, A., Pravin, S.S., Tae, H.J., Hyun, H.L., Hyun, G.K., Wonyong, C., & Jum, S.J. (2016).
Fabrication of superior (X-Fe,O, nanorod photoanodes through ex-situ Sn-doping for solar
water splitting. Solar Energy Materials & Solar Cells, /44, 247-255.

[17] Shintaro, 1., Keisuke, Y., Maki, M., Hidehisa, H., & Tatsumi, I. (2012). Photoelectrochemical
hydrogen production from water using p-type and n-type oxide semiconductor electrodes.
Electrochimica Acta, 82, 397-401.

[18] Li, P, Yi, S., & Zhen, L. (2015). Hydrothermal synthesis of WO, films on the TiO, substrates and
their photochromic properties. Materials Sciencein Semiconductor Processing, 40, 479-483.

[19] Thais, T.G., Thalita, B.Z., Susana, I.C.D.T., Vinicius, R.G., Guilherme, J.Z., Danielle, P.O., & Maria,
V.B.Z. (2013). On the application of nanostructured electrodes prepared by Ti/TiO,/WO,
“template’: A case study of removing toxicity of indigo using visible irradiation.
Chemosphere, 9/, 586-593.

[20] Tasea51awndauug. 31 Tasead1uuiduug (online), 2558, htps:/commons.wikimedia.org
/wiki/File:Methylene_blue.svg. (25 @01AU 2558)

[21] Akira, F., & Kenichi, H. (1972). Electrochemical photolysis of water at a semiconductor electrode.
NATURE, 238, 37-38.

[22] Yoshinori, M., Bunso, K., & Yoshio, N. (2007). Photoelectrochemical properties of the Sulfur-doped
TiO, film electrodes: Characterization of the doped states by means of the photocurrent
measurements. Chemistry Letters, 36, 330-331.

[23] Susumu, T., Ryuhei, N., & Yoshihiro, N. (2004). A nano-modified Si/TiO, composite electrode for
efficient solar water splitting. Journal of Photochemistry and Photobiology A: Chemistry,

166, 107-113.

101


https://commons.wikimedia.org/

UFIUYNIN (71D)

[24] Soyoka, Y., Atsuko, Y.N., & Yoshio, N. (2005). Fabrication of CdS photoelectrodes coated with
titania nanosheets for water splitting with visible light. Journal of Electroanalytical
Chemistry, 585, 105-112.

[25] Chengkun, X., Yasser, A.S., William, B.I.J., & Shahed, U.M.K. (2007). Nanotube enhanced
photoresponse of carbon modified (CM)-n-TiO, for efficient water splitting. Solar Energy
Materials & Solar Cells, 97, 938-943.

[26] Zakrzewska, K., Radecka, M., Kruk, A., & Osuch, W. (2013). Noble metal/titanium dioxide
nanocermets for photoelectrochemical applications. Solid State Ionics, /57, 349-356.

[27] Yang, T., & Tetsu, T. (2005). Mechanisms and applications of plasmon-induced charge separation
at TiO, films loaded with gold nanoparticles. American Chemical Society, /27, 7632-7637.

[28] Jong, E.P., Toshiyuki, M., & Tetsuya, O. (2007). Spectroelectrochemical phenomena on surface
plasmon resonance of Au nanoparticles immobilized on transparent electrode. Electrochimica
Acta, 52, 5914-5923.

[29] Masayuki, Y., Syou, M., Koji, S., Keiji, N., & Takayoshi, N. (2008). Preparation and
photoelectrocatalytic activity of a nano-structured WO, platelet film. Journal of Solid State
Chemistry, /81, 175-182.

[30] Baoping, X., Hanxia, Z., Peixiang, C., Rongliang, Q., & Ya, X. (2006). Simultaneous photocatalytic
reduction of Cr(VI) and oxidation of phenol over monoclinic BiVO, under visible light
irradiation. Chemosphere, 63, 956-963.

[31] Akihiko, K., Keiko, O., & Hideki, K. (1999). A novel aqueous process for preparation of crystal
form-controlled and highly crystalline BiVO, powder from layered vanadates at room
temperature and its photocatalytic and photophysical properties. American Chemical Society,

121, 11459-11467.

102



UFIUYNIN (71D)

[32] Yasomanee, J.P., & Bandara, J. (2008). Multi-electron storage of photoenergy using Cu,0O-TiO, thin
film photocatalyst. Solar Energy Materials & Solar Cells, 92, 348-352.

[33] Cham, K., Jong, T.K., Ki, S.K., Seonju, J., Ho, Y.K., & Yoon, S.H. (2009). Immobilization of TiO,
on an ITO substrate to facilitate the photoelectrochemical degradation of an organic dye
pollutant. Electrochimica Acta, 54, 5715-5720.

[34] Maria, H., & Sandra, H. (2005). Photoelectrocatalytic degradation of diazo dyes on nanostructured
WO, electrodes. Electrochimica Acta, 50, 5278-5291.

[35] Wenzong, Y., Wenzhong, W., Lin, Z., Songmei, S., & Ling, Z. (2010). CTAB-assisted synthesis of
monoclinic BiVO, photocatalyst and its highly efficient degradation of organic dye under
visible-light irradiation. Journal of Hazardous Materials, /73, 194-199.

[36] Ponchio, C., Yoshinori, M., Shin, Y.K., Atsuko, Y.N., & Yoshio, N. (2009). Efficient photocatalytic
activity of water oxidation over WO,/BiVO, composite under visible light irradiation.
Electrochimica Acta, 54, 1147-1152.

[37] Ponchio, C., Shin, Y.K., Yoshinori, M., Atsuko, Y.N., & Yoshio, N. (2010). Enhanced
photoelectrocatalytic activity of FTO/WO,/BiVO, electrode modified with gold nanoparticles
for water oxidation under visible light irradiation. Electrochimica Acta, 55, 592-596.

[38] Hyunwoong, P., Ayoung, B., Yong, Y.A., Jina, C., & Michael, R.H. (2012). Photoelectrochemical
performance of multi-layered BiO,~TiO,/Ti electrodes for degradation of phenol and
production of molecular hydrogen in water. Journal of Hazardous Materials, 2/7-212,
47-54.

[39] Jianyu, G., Wenhong, P., Changzhu, Y., & Jingdong, Z. (2013). Novel one-step preparation of
tungsten loaded TiO, nanotube arrays with enhanced photoelectrocatalytic activity for

pollutant degradation and hydrogen production. Catalysis Communications, 36, 89-93.

103



UFIUYNIN (71D)

[40] Maria, A., Panagiotis, B., Nikoleta, S., & Panagiotis, L. (2008). Hydrogen and electricity generation
by photoelectrochemical decomposition of ethanol over nanocrystalline titania. International
Journal of Hydrogen Energy, 33, 5045-5051.

[41] Xiangmao, D., Kun, W., Chongjun, Z., Xiuzhen, Q., Shi, C., Zhen, L., Huakun, L., & Shixue, D.
(2014). Direct synthesis of RGO/Cu,O composite films on Cu foil for supercapacitors. Journal
of Alloys and Compounds, 586, 745-753.

[42] Liang, Z., Wen, D., Fengang, Z., Liang, F., & Mingrong, S. (2012). Interrupted growth and
photoelectrochemistry of Cu,O and Cu particles on TiO,. Electrochimica Acta, 80, 354-361.

[43] Ying, Y., Li, L.M., Wen, Y.H., Jia, L.L., Po, K.W., & Jimmy, C.Y., (2005). Coating MWNTs with
Cu,0O of different morphology by a polyol process. Journal of Solid State Chemistry, /78,
1488-1494.

[44] Ignacio, M.B., Marc, C., Chen, S., & Denis, F. (2015). Controlling the nanomorphology of thin
conformal Cu,S overlayers grown on Cu,O compact layers and nanowires. Materials Letters,
159, 47-50.

[45] Scott, S.D., Richard, J.H., & Kenneth, S.S. (2009). BiVO, as a visible-light photocatalyst prepared
by ultrasonic spray pyrolysis. Physical Chemistry C, 7/3, 11980-11983.

[46] Thalluri, S.R.M., Martinez, S.C., Virga, A., Russo, N., & Saracco, G. (2013). Insights from crystal
size and band gap on the catalytic activity of monoclinic BiVO,. International Journal of

Chemical Engineering and Applications, 4, 305-309.

104






MANUIN N

Nﬁx‘ﬂﬂ!Nﬂl!W%‘ﬂN%‘U”lﬂ”ﬁ



gortuddeInemaainaznaluladwiauszmdlne

uazinalulag

NIENTIIN A6

Electrochemical Fabrication of Cu,O Photocathode for
Photoelectrochemical Hydrogen Evolution Reaction

Pattranit Thonethep'. Somporn Moonmangmee’, Chatchai Ponchio'?

! Department of Chemistry, Faculty of Science and Technology, Rajamangala University of Technology Thanyaburi, Thanyaburi, Phathumtani 12110, Thailand

2 Bioscience Department, Thailand Institute of Scientific and Technolopical Research, Khlongluang, Pathumthani. 12120, Thailand
*chatchaif@rmutt.ac.th

Labomioy

4 RMUTT

R O

h‘,”

—.

In this study, we can fabricate Cu,0 on F-doped Sn0O, coated glass (F1O) substrates as photocathode for hydrogen evolution reaction by
electro-deposition techniques. Cyclic voltammetry as a new deposition method was studied 1o fabricate Cu,O photocathode in a mixed solution of
Cu(NC5), and KNCO; under a condition of low temperature and without pll value adjustiment. Amperometry or ixed potential deposition technique
as 4 previous method was used (o compare lor Cuy0) electrode fubrication under the situation of pll adjustment and higher temperature condition.
A photocurrent [rom hydrogen evolulion reaction was performed by keep polential at 0.2 V in 0.1 M Nua,80,; under visible irradiation comparing
with both [abricaied method. The Cu,(3 pholocathode from cyclic vollammeiry deposition method presents pholoelectrocatalytic aclivity higher
than that of amperometry deposition method with the optimum conditions. This electro-deposition technique represents the excellent method with

simple, fast and low cost of Cu,() photocathode fabrication for photoclectrochemical hydrogen evolution reaction.
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Abstract. In this study, CusO on F-doped SnQO> coated glass (FTO) substrates as photocathode for
hydrogen evolution reaction was fabricated by electro-deposition techniques. Cyclic voltammetry as
a new deposition method to fabricate Cu,O photocathode in a mixed solution of Cu(NO;); and
KNO; at low temperature and without pH adjustment was studied. Amperometry as a previous
method was used to compare for Cu,O electrode fabrication under the situation of pH adjustment
and higher temperature condition. A photocurrent from hydrogen evelution reaction was performed
constant potential of -0.2 V in 0.1 M Na,SO, under visible irradiation for both fabrication methods.
The Cu,O photocathode from cyclic voltammetry deposition method presented higher
photoelectrocatalytic activity than that of amperometry deposition method at the optimum
conditions. This electro-deposition technique represents the excellent method with simple, fast and
low cost of Cu,O photocathode fabrication for photoelectrochemical hydrogen evolution reaction.

Introduction

Fossil fuels are a major world power due to about 80% of the energy used in the world
comes from fossil fuels [1]. However, it is limited resource, running out soon [2, 3] and pollution
emission to the environment [4]. Therefore, the alternative energy which clean and sustainable are
require. One of the attractive energy which is clean, environmentally friendly. simple to prepare and
inexpensive is known as hydrogen fuel [5]. The photoeletrochemical (PEC) is considered to be a
suitable technique for hydrogen evolution reaction [4]. Many semiconductor materials have been
studied to improve photocatalytic activity such as TiO; due to its good catalytic activity and high
stability. However, TiO; only responds with UV light that existing low intensity in solar light with
width band gap energy (E, = 3 eV) [6. 7]. Cuprous oxide (CuyQ) is one of the attractive
semiconductor for visible light absorption with a narrow band gap energy (2.0 — 2.2 eV) [2. 3. 8-
11]. It has many advantage properties for Ho production such as high solar energy conversion, low
toxicity and good reduction potential for water splitting. Cu,O has been produced by many
fabrication methods such as radical oxidation [12], RF-magnetron sputtering [13], pulsed laser
deposition (PLD) [14]. chemical vapor deposition [15]. thermal oxidation [16]. hydrothermal
synthesis [17] and electro-deposition [18]. Especially, the electro-deposition method is extremely
used due to its simplicity, low cost [9] and easy to control the film thickness [1]. Normally, the
electro-deposition of Cu,O film is fabricated by Amperometry methode (fix potential) to deposit
Cuy0 at electrode surface [18]. Cyclic voltammetry is one of the attractive new electro-deposition
method to fabricate Cu, O with high deposition efficiency method by bias both positive and negative
potentials. In this work, the electrochemical fabrication of Cu,O photocathode and its
photoelectrocatalytic activity for hydrogen evolution reaction under visible light irradiation were
studied.

All rights reserved. Mo part of contents of misfggal may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications, www ftp.net. (ID: 203.158. \56-18/08/15,06:50:10)
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Experimental

The CuzQ films were grown on F-deped 2002 coated glaszs (FTQ) substrates by cyclic
voltammetry deposition technique (CVD). The fabricated CugO film electrode was uszed as an
elementary three-electrode cells. The FTO conductive glass was used as a working electrode. An
Aglt ol as a reference electrode and a platinum coil was emploved as a counter electrode. The
mized electrolyte consisted of 0.01 M copper nitrate and 0.1 M potassium nitrate. The vanable
potential ranges were studied for the optimum CugD film deposition by cyclic veltammetry. The
temperature and pH walues of electrelyte were waried from 15-65°C and pH 3-11, respectively.
Scanning rate was controlled at 100 mV/s for 20 cycles. Moreover, the CupO thin films prepared on
FTO substrate by fized potential deposition technicue (FPDY at -0.4 WV for 420 3 in mix solution of
0.1 M copper sulfate and 0.1 M tartaric acid adjusted to pH 9 with 3 I sodivm hydroxide and the
temperature at B0°C [ 18] was used to compare with the new CVD method.

The optical absorption spectra of CupD electrode films were measured by a TV -Vis
spectrophotometer (SHIWMADZTT, TTV-2401PC).

The PEC properties were studied by amperometry mode on a potentiostat. & CuzO film on
FTO was the working electrode. An AgfhgCl and platinum coil were the reference electrode and
the counter electrode, respectively. PEC properties were investigated at -0.2 V vz Agf8aC] in an
aquecus 0.1 M sodium sulfate under light and dark condition in order to study the hydrogen
evolutten efficiency from PEC process using 60 W lamp as the light source.

Results and discussion

The CuzO filin deposition was carried out using cyclic voltammetry technique (CV) within a
potential range of ¥ Vto v V (% and v were the optimization variants). The negative potential value
was varied at -0.4, 0.5 and -0.6 V under fized positive potential at 0.5 V. The negative potential at -
0.4V shows that CuzO film could net cover all FTO substrates. In contrast, the negative potential at
-0.6 W presents excessive Cuzl film grown on FTO substrate until the electrode became burn. The
negative potential at -0.5 WV was the appropriate condition for CuaO filin on FT'O substrate, no less
and burn. Therefore, the negative potential value was fixed at -0.5 V. Similarly, the positive
potential value was varied at 0.3, 0.5 and 0.7 V with fized negative potential at -0.5 V. Likewise,
the potential range at -0.5 V to 0.5V, CuzO film was grown on FT'O substrate more than the other
potentials and provided the high efficiency photocurrent for PEC of hydrogen evolution (Figurel
(&Y. Therefore, -0.5 WV to 0.5 WV potential range was selected for cyclic voltammetry deposition of
CuzO filmes with perfect coverage. In Figurel (B) UV-Vis spectra of CusOfilms at -05 Ve 0.0V
absorbs at 500-700 nm, which 13 good for narrow band gap energy. They showed the correlation
with higher photocurrent due to the effect of good visible light abserption.
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Figure 1 (A) The photocurrent responses of CuzO films as a funcheon of CV deposition with
cifferent positive potentials and fixed negative potential at -0.2 V. (B) TV-Vis spectra of CupO
films at the same photocurrent study condition.
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The electrolyte solution for CuyO film fabrication was adjusted to acidic, neutral and
alkalinc conditions (pII 3-11) in order to study the pll valuc cffect. Under the region of weak acid,
neutral and alkaline conditions (pH 6-11) the electrolyte was precipitated. Although the electrolyte
were not sedimented at acidic conditions (pH 3-4), Cu»O film was unable to growth on the I'TO
substrate. Absolutely, only at pH 5 Cu;() can be grown on the F'1'O substrate, which corresponds to
the default of electrolyte.

The electrolyte solution was studied with different temperatures at 15°C, 23°C, 35°C, 45°C,
55°C and 65°C. The UV-Vis spectra of CuzO films grown on FTO substrate at various temperatures
of electrolyte solution in the wavelength range of 200-1000 nm arc shown in Figurc2 (A). Tt was
demonstrated that the absorption peaks in the region of 400-1000 nm shifted to red color spectrum
with temperature increase indicating good visible light absorption with function of high
temperature. Figure 2B shows the same correlation of high photocurrent with high temperature
deposition. High-temperature deposition affected the visible light absorption ability of CupQ
film electrode resulting in high efficiency of hydrogen evolution. However, at temperatures above
65°C CwyO film was fallen-off. Thercfore, temperature of clectrolyte solution for CuO film
fabrication was selected at 55°C.
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Figures 2 (A) UV-Vis spectra of CupO films with different temperatures of electrolyte (a) 15°C
(b) 25°C (c) 35°C (d) 45°C and (c) 55°C, (B) The photocurrent of Cu,QO films obtained at
different electrolyte temperatures (a) 15°C (b) 25°C (¢) 35°C (d) 45°C under light and dark.

The optimal condition of Cu;O films grown on FTO substrate by cyclic voltammetry
deposition technique (CVD) was the potential range at -0.5 V to 0.5 V, scanning rate at 100 mV/s
for 20 cycles and temperature of electrolyte at 55°C (no pll adjustment}). It was compared with
Cu;0 film fabrication by amperometry deposition technique (IFPD) at fixed the potential. I'igure 3
(A) shows the absorption spectra from 200 to 1000 nm of (a) FTO substrate, (b) FTO/Cu,O FPD
film and (¢} FTO/Cu;O CVD film for band-gap energy of CipO film consideration. The absorption
edge for FTO/CuyO FPD film was about 510 nm, which is the absorption of visible radiation. It
rationally agrees with reports about band-gap cnergy of CupO semiconductor (2.0-2.2 ¢V) [18]. On
the other hand, FTO/Cu;0 CVD film was demonstrated an absorption spectrum shift to 600-900 nm
that correlated with band-gap energy of CuwO semiconductor less than 2.0-2.2 eV. The result
corresponds with the higher photocurrent responses than that of the FTO/Cu,O I'PD film as shown
in Figure3 (B). This result indicates the higher PEC activity of the I'T'(/Cu,O CVD film than that of
the FTO/Cu0 FPD film due to the effect of band-gap energy.

110



Key Engineering Materials Vol. 659 229

0 10 20 3¢ 40 50 60 70 A0 90
15 - |
5 -2 (a)
-~ 2 - <
2 -
£1s g 0
= [
g ;4 (c) =
E % 60 )
8.5 - (a) th) 2 T
0 : : : . 0 tight
200 400 600 800 1000
Wavelength / nm -100
Time /5 (B)

Figures 3 (A) TTV-Vis spectra of (a) FTO substrate (b) FTO/Cuy0 FPD and (o) FTO/CuaO
CWD, (B) The photocurrent responses of (a) FTO/Cuz0 FPD and (b) FTOWCus0 CVD at -0.2 W
i 001 M Mag2 Oy under light and dark,

Summary

CupD film on FTO substrate was successfully prepared by cyclic voltammetry deposition
technique, which is a new deposition methed with simple, fast and low cost. Especially, the new
Cuz0 photocathode represented high efficiency of photoelectrocatalvtic activity for hydrogen
evolution reaction under visiblelight irvadiati on.
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