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APICHON WATCHARENWONG, Ph.D., 146 PP.

ANODIZATION/ CARBON MONOXIDE/ PHOTOCATALYSIS/

TUNGSTEN TRIOXIDE/LANGMUIR-HINSHELWOOD

Carbon monoxide is one of the most acutely toxic air pollution which can be
decomposing by photocatalytic process using WO; catalyst. In this studied, WOs3
was prepared by anodization technique. Oxide layers were grown on W foil
substrates in corrosive media. The morphologies of nanoporous WO; structures were
characterized by Field emission scanning electron microscope (FESEM). Effect of
anodization time (1, 2, 4 and 6 h) was investigated. Nanoporous WO; films grown in
0.15 M NaF electrolyte for 2 h at 45 V not only yield a good photoelectrochemical
response of 0.103 mA.cm”, but also yield a good performance in degradation of
carbon monoxide up to 45% by UVA and 31% by visible light. In addition, kinetics
parameters are presented from data on carbon monoxide using variant concentrations
and analyzed within the framework of the Langmuir—Hinshelwood model. The reactivity
constant is 0.759 ppm min" and Langmuir adsorption constant is 0.0079 ppm™. This
study indicated that even using unmodified WO; film, photodegradation of carbon
monoxide can achieve. Thus further development of WOs to have more performance

in photocatalytic activity should be studied.
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2)  MIMPLAY ABNIZTUIUMTNOUNIAVBIEITNIAIN IAT UNGINU NS B
[ 1w R ' [ J X o o Z}J :
ADATNATTUIMAUHI 0g9INNTFOIINUALNAIITY W3 DUUUAUNDVYDIA1TNIAU 1YY Favy
o q Ya & a o ¢ ¥ q9 A A o v o 7 o qYa
mldaianasounoglurnauduuuagnnszduliindoun lldneuandunuua viildina
ad = J J A i 1 ad = '
ANNLVIAUAAUDANATOUNINAUTUDUA HIDFDITNVRIBIANATOY (59071 Taa (Hole) U

9 ] ] .+ 1 ad ~ Y o Y 4 9 o o J - o
medgdanval b, @audianaseungnnszdulidineuandunuuaunusiedydnual ¢, ¥

] v
2 a =

Yya ad a o o Aa 2 s s 3w
¥inadmanasou taz laadanszawegirvesansnaal1i laanmnavu luausiuuaaziluaa

U

A 7 A o o ad A I ad v o % & o
ﬂﬂﬂclf]lﬂ’ﬁ HNIDNITUDRNATDUNA (Strong Oxidant) LL@%ﬁ)mﬂﬁli’f]ubl‘l‘lﬂ’f]uﬂﬂ"]fulmu@] fmﬂum

J A o

S e iodnATOUNA (Hoffman, Martin, Choi and Behnemann, 1995) Llﬁﬂﬂéﬁgﬂ‘ﬁ 2.2

231 nalnavesdfisenllnnzazlada
nanmisvesnszuaums I laazaz lada aoldnsaaulasoon ladiilu

ansalfaserannsonanslageaunis 2.1-2.6 (Liu, Penga, Ke, Peng and Yan, 2007)

WO, + v ——> e + h, 2.1)
h, + OH —> OH 2.2)
h, + HO ——> OH + H (2.3)
e, +0, — 0 (2.4)

cb

R + OH ——> R (Oxidize) (2.5)
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h, +e, ——>  Heat (recombination) (2.6)

H 4 4 [ aan a v [ a -
Teannauguuua (h',) aihilfnsewendmduny leasondalooou (OH )

]
= a A %

Y
° Aa a aw . v o o Jd
wliina leasengasada (OH) nazdwi v Tuanavenii (H,0) Naadarvisanu lasoon las

U

= <3| a aov Y LY ' adg A v J - o aan
nlaswihnleasonFasadadiomuny drudianaseuiinouansunuua (¢,) 32ilgazen

]
=

= % [ a a A v d o 9 a
seandunuluanacendiou (0,) ngaaadInimanlasesn laaililuanascondiou
| IS J J aw .-
nlaouluidluglulesoon loaisadauoulosou (0,7)
) Y o w a A a a o = v v adg
dmsumsthiauaiibazi uanleasonsasana (OH) Fuiludrsdianason
1139 (Strong Oxidizing Agent) taziin1u309 11 1un15v11JA5 019 (Highly Reactive) 93951
9 d' a d' a Aa A ] Y Y 1 ann d' L4
nihnaagTuanavedwaiy (R) Neaaaid wioed Inarnivesdnsslgnset uaz Taanraus
J + <] v ad L .. a Y v
HUUA (h,) NEINITDTUDIANATOU (Oxidized) 910 TranaveINaiy R) 16 1aoasa ua lu
9
a [ 73 v aan o a aan
nszuums langas lagauuuldiiaaulasoon ladiiluduswlfnseniu msmalgnse
1 a a o a I aan U d' a g 1 a aAan 1
serinleasonGasadanazuaiy witlulgnseraniinadu daunsnal§isesgning
a Id Aaaa & a 49{ 9 9 1 [
Teauazuanwiuilfnsersosanadulaiosndn (Kwaguchi, 1994; Matthews, 1990) @21
4 J a o { o ann J I 4 J
glnloSeonlamsadanoulosou aansanzilgnsede i 1dilulalaswunlesoonlua

(H,0,) A9FUNITN 2.7 (Al-Ekabi, Edwards, Holden, Safarazadeh-Amiri and Story, 1991)

20, + 2H ——>  H0,+ 0O, 2.7)

2
P cda 2 4 oo ad Aa P
TaTasnuilesoan loannavutludrsusidnasouna uaz'lalasunles
J v o aan 1 Y o aan v aad ~ v 4
pon lyadsauisniljnsede 111400 Tasazvinlgasenudanaseuinouandunyua

(¢ ,) lvina laasondaisana aeaunis 2.8-2.9

HO, + e, —> OH + OH (2.8)

HO, + O, —> OH + OH + O, (2.9)
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232 thdeiinansznudeljisenIilnnzaslada
o 1 aaa Y = va o o A 2w o A
D ansulnsen szdestguaniiailulanydni wiea13nadai 7
1 1 o a d‘ 1 Y a Aaan o w a a ?1}./ 9
AnsoneUduoIRourasiuiauds ione liinalfase lumsthiauansriaiuag 1a Tag
Y = dy =i =~ A Y o Y A g a a Y dy a v
vzAvalinunuIndisane esnindesiimihiniluasgadauaiy uniuiIveads

v v 9 9
Uz Faudunilsluduasudingyneunmaiialfnsonlunmsihvauaiyludunoude
k4

[ Z}J Q‘ a % 1 aAan o Yy A d’a Q‘ dgf 1 Y o
aaiulunmsiulsunadasalgasesemIainunaanuuniu danalionsinis
U 9
malfizen T lanzaz lagmnuuinduaulide
o & o { {

2) anuduuas suiludedindsudaeununiisanenegnsequld
a aaa dy a o ' aaa & A = 9 I A o
AAUYATVUNUAIVDIANUTIUNTE FIm TN uTuaNuNLaIz)un s IuIY

Y dy & o w a anna = A dy Y

Teaeulvnmnnau F39zonsIMsnalgns el Tomain uuINIUAIE (Zhao and Yang, 2003)

Yy 9 a9 a a0 A 2 v .
3) ANV UVULTUAUUDIFITUANH HINUAUNWUUINUYU Iﬂﬂf’fjﬂlﬁﬂl%g

a

dawalilsezansnmuesl§ser I Tnnzaz lagminzanas iesnn luvmz iinalgns ol
d' Yy 9 Q' Y a' 4? 1 Y a a A== Q' 49! é Y Zjl aan
eanuduTuE uAUNBIUIzno IdNad 1T oA e Rsa uUL Feve TUdvdal§Rserns

dovaatoasuany s liinasasimisinalgnse11diesas (Guettai and Amar, 2005)

v
% J v A U

31} dy Aa ana A a I3 I Y o o = a & A
‘Ll@ﬂﬂTﬂuuWHﬂN’JﬂI@\?@’)Lﬁﬁﬂj‘]ﬂi8111/]’(?(1%15‘0@,@{5]@?(15]1@ﬂlﬂuﬂlﬂﬂ1ﬂﬂﬂﬁ1ﬂﬂ10ﬂ%uﬂﬁu\‘]‘VI

9

Asl¥inanisdesaael@iiosaide (Noguchi and Fujishima, 1998)

9 o ]

4) daljnsal duihisidrgediannlunszuiums I lanzas laga a9

A Y a v A o & Y o =2 = ° 1 Y
ﬂ’lila@ﬂiﬂf%uﬂm@qgﬁﬂﬂlwn'lgﬁu ﬂ’llﬂu@]'E'Nﬂ']ﬁﬂTL!\‘lﬂ\‘]ﬂfl’lﬂ'ﬁ’lﬂ’liﬂiﬂﬂ’liﬂ’l\ﬂui’nJﬂTJ

~ a A o w A Y| @ a @ gl./ a aan 2 o =i o
uerag uazwanun s lumsthiia wetlosiumsnamsdudimsinal iz ondsiagnuugii

q

I ldadedalnssi lunszuaunis Il lanzas lagaldun udy nazauauadaia
(Stainless steel) Fludu (Thomas, 2003)

5) guugl dioannumassuiiauasnelfinannudouneluszuudiuun
$11n Fazdawalisanmsifal iz lunisihiavaiiy Idies iiesin Taeia 11y

nszuauns I Tangaz lagaludesns Iiaussuunguugigansedinwnula aedn

1 =

gurigiiinzanTaena livzegszning 20-80 osruvaTed (Herrmann, 1999)

v A v W

a o <] o A = = Y Ao ad
6) DONFIIUUASAITUBANATOUAIDUC HIIZUHUINIUAINUDIANATOU

) Y
A v A @ adg an A a

ieilosiumsiiansnauinsmdiniudnaswesdanaseunulea nselfnseTsnoudiusu

E4
Wil 1&enndu eondnurzsaudmsidnaseusunaiiuglulefoon ledisaraueu loson

v ad

uazanninizilfiserde I Idifulelasnuilesoonlad Fuilududidnasoui
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= % é é 1 Y a [ a aan d' [} a 9 d%l Y
FHULIIDNAINU Gﬁﬂﬂ%ﬁﬂﬂaiﬂlﬂﬂﬂﬁi'lﬂ'lilﬂﬂﬂgﬂiﬁln‘W’ﬂﬂ15ﬂ@ﬂﬁa1ﬂMaWH1ﬂM1ﬂﬂlu@’Jﬂ

(Hwang, Lee and Choi, 2003)

2.4 GERTIG &)
v oA A A [l I EY 1 a A A A A 1 [ v A
Sadvsenauuuman lihudazyialianuenaau ¥ienNudAAULANAIAY ST

[ 91& =1 1 Z}J = A [l [} -7 2 -7
Uszennaramnsosud 1asaEond1 uag Wulinnuenaaueglurie 4x 107897 x 107 was

U o AAA A 1 A ?z}/ U ' v Y YA 1 o A
AIUIIANUANNYNIAAUYIINT HIDTAUNIULAN ﬂ§$ﬁ11/]$5]1i]$vlﬂﬁ'lﬂ'liﬂiﬂiulﬂ!i‘c’lﬂ’J’l AN

U

[

R S A A A A Y
1049 11H1Y 1183 AF I IAUAINANVEIIAAY LazANNDVDIRA LA I Al naT iU
A ] I 9, . o AAA A = o Vo oaAa
aauiman 1W#h (Blectromagnetic Spectrum) Tagss@ntinudgeazingsauganisani
A o A 1 <3 Yy a 1 [ Y 1 o Aa o Sldl
AMude aauusman Iihstaas q Jualnasy udiunassuiauaznisasiasulan
] o 1A vad o W A v A A A Yy <3 [ Y <3
uananu uanliguiafdingmiounune waouh ld1ddrennuE umnuanuEues
(299 x 10° wasapIu1M) taziinasaudsiluluglvesnau Taonasnuuasiaoniiun 14
Tulgasen T lnazaz lagadiulneg vweglugiedansililemn nazesa93dida (Serpone and
Perpone, 1989)
Y] o I o 4 1 < % 4 1 ]
Ssddans hlomadlussd@naumiman lwih Fainwennaauegluse 100-400 1 Tuwas
= A ] o Y v A o I Y ] v A A (% v
lnaauiia liuanaa (Non-Tonizing) 59d@0ans111 Teraailwduuisvesssdriauanaa la

(9

wazuanga lile aunsauia1dilu gie (Uv-A) wiefiddansi T Teanniue1n (Long wave

UVR %30 Near UVR %30 Black Light) g31) (UV-B) #3053@0aa31 11 Teraanaunais (Middle
1] v

UVR %70 Sunburn Radiation) 11azg3% (UV-C) W3059@0an31 11 Tetaanaudu (Short wave

UVR %50 Germicidal Radiation) 214813AAUY895 98 1195196199 1aaeaan1s19i 2.5

A1319% 2.5 ANNEINaUIUFIIA19Y

alnasused anueMnaL (1 luwag)
Visible Radiation (Light) 400-760
Ultraviolet 100-400
UV-A 315-400
UV-B 280-315
Uv-C 100-280
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msmeuadlunszurums I lanzes lade Wunsldndenususzoulugdves
v 9
wa991u TWaow (Photon Energy) Muinweaziliinalfnseniuld ennsodiuiulddae

aun159 2.10 (Goswami, Kreith and Kreider, 2000; Thomas, 2003)
E=hv=— (2.10)

o Amasnu Iinou (39)
1 = [ N4 5ad 1 A =\
2 ANANNUDINANA (4.135 x 10 agaﬂmauhammum)

=3

f

A

f

A 1 d‘ 1T A =1
v A9 AU (1DIUIN)

= ' <3 6 1T a a

A9 ANANULIULAN (299 x 10 LUATADIUIN)

A

f

\ 4
9 ANANEIAAU (U1 1UINAT)

o v w1 Aaa o s A 3 ' ™ 9 ]

dmsuansalfnsoisaanlaseon lad msmenasiilunramasnunszaul
a adg o 9 =1 A A ) [ 1 1 ] 1 [
AADIANATOUNU Taa A091AN81IAAUN I NAINULINNIAIFDINUDLNAIIY 2.6
ad ¢ A 1 ~ T 9 9 A A 9 [ A
2189501 1128 ounua1 luaun1sN 2.10 U9 lFuasniuaAInueIInaA UL pINIIHI D

E4 v
Ny 476 W Tuiwes UfAsendazinadu e uaaedsdunsi 2.11

he  (4.135x107 2eV +s)x (299 x10° m/s)
A=— = = 476nm (2.11)
E 2.6eV
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' o a A o = Y U T A a 4
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L. 1o A A - .
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3

(K] a ¢ A a < 1 o A 4 o @ 1
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Q q
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J 1 o A { J
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1 ' v 9
aaulusandn 260 W Tumas 18 vazanso liina o Taun 141se Teani lumsaiiie 1sa
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ed.

J
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aianaseuIeg inaluaisilsznenlanuaniinisendi arsilsznoulaeesAudu viso
A
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asdszneuFetou (Complex compound) Iﬂﬂhﬁj‘iﬂﬂmﬂﬁi@u A TanzNITUFTU 130
A
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=} 1 ]
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a

] d' 1 Y a a dy Y d' =\ v A = ]
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nelvinagUuunTaseadrelunnua ey 151 1aase Inuea (Tetragonal) 90 Insoniin W30

Tulundatin Sludu

d v d
252 misidszgnaldnsmanlaseanlya
] < I a o { o W ) o
wiaauoon las lyaluTanenaugsundinn vazamnsoui ldssgna 19
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T8lunanraneansay iy 81anIas 1asiia (Electrochromic) (Patra et al., 2004) AISKLEULLDS
(Gas sensor) (Cantalini et al., 1996; Lozzi, Ottavianoa, Passacantandoa, Santuccia and Cantalinib,

2001) waznszuIums 1 Tanzas lada (Watcharenwong et al., 2008) /1A
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tauauiamunzanlums Iadumasmesuasesiveldnsiv ananimeimanguvgiglaa
3) TWlanzag laganemanszquilnsonlaomsnieuas ldndus sl §nsen
= ) Y a Aaana ?zl/ ) L Y v =
gz liinalgnseniug Tasawnsniumlszgna 4 lanurainnatganoau snmsanun
Y o I 1 o
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2.6 pszuINmsuelu vy

o I a o Y a o dy a Y
ﬂizmumiuauiu"lmcwuu,ﬂumsémﬂmﬁnﬂﬁLﬂﬂ@@ﬂ"lmﬂuuwumwuwmTam

v o (3 v

melfifadnyazmmzuumsnegih Taemsldanuaesdnd I TavenliRrduiany

F2
=

msazanei i nszuaumsiigniadu Tae Bengough-Stuart 11dl 1923 (Wernick, Pinner and

a [

= 9 =~ I Y 3 I A =
Sheaaby, 1987) n'mmﬂmﬂﬂmzamuanLﬂmﬁﬂﬂqﬂﬂszﬂaumﬂ Fuoon lyanin1uu1al
v

U q
v

o dy 1 = v . 2R A I < 4
ANYUSIUDUUUY (Compact) (TYNIIFU Barrier FIUANMUHUIU TN 0.1-2.0L1J@5!G]f11l§] UBDN

Re

AumnaruaRisueenlsd Yusgiuaududuvesmsazarenir i nazAanud

{ o’ <] 1w d ] :
And 1S uazsueen i guguduruguenasvan azvzlimsnoanilunoda

UnTane (Cell wall) aneaI31i 2.4

Cell wall

Unit-cell

Pore

:‘r Porous Layer

N

p R

Barmier Layer

JUn 2.4 Tﬂsqaiwﬂmaﬂmawuawamuﬂmaﬂ%@ (Wernick, Pinner and Sheaaby, 1987)

douiifanigndnuinuisiigniunldlunisine iNewaurTagaiee g
luTeifion (Niobium, Nb) (Sieber, Hildebrand, Friedrich and Schmuki, 2005) 103 Inifiou
(Zirconium, Zr) (Tsuchiya and Schmuki, 2004) (L& Witlow (Hafnium, Hf) (Tsuchiya and Schmuki,
2005) UNUNIQY (Tantalum, Ta) (Wei, Macakand, and Schmuki, 2008) Tnmiiswy (Titanium, Ti)
(De Tacconi et al., 2006; Chanmanee et al., 2007; Sadek, Zheng, Latham, Wlodarski and Kalantar-

zadeh, 2008) LagNIAY (Tsuchiya et al, 2005; Watcharenwong et al., 2008) Fudu Tagaunso
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a < 1% J o % a <
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0= a = (2.13)
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¥y o JY I o = 1 A 9 o ]
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Ce 1,C (2.15)

C, ab a

C.a-S 2.16)
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Lot i (2.17)
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o AN dAa
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P2 - A )
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warsananszuIums I Tanzas laga awiseesuieladsaunis (Andrew, Jishun and

David, 2006)

k K
A (gas) =<—2—>  Af(adsorp) ——  products (2.18)
kd

a 4 a o 1 aaa a
NITUIUNITAAAAVOIN U UAIVDIA NS AT orem1seTue]ld lag
A J . = o S 3 a 1 o VoA
uaunaﬂaimmau (Langmulr Isotherm) FILUUIADILAUNYTAITHUAZIUINNA K UIN
a @ a a I Aa $ [ a [ a [ ?z‘/
AanuuurmveImsganna Innuiudaszniounaziuasgnaaanninmauany Ay

UPnsemigaandnnsnetue laaaaunsi 2.19 (Andrew, Jishun and David, 2006)

A (gas) %» A (adsorp) (2.19)
d
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d' A d' a
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a a a a a [ a a
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0

NaANzaNgaLaAIAITuNIIN 2.22
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1+ k e

4 0 dd
ngannInanzauga k/k, =k

[

9 AIANNBNTINITRAAR

[

ANINOATINITAYAITOON

D) DD 2D
o

.
=h.

9 A1AINNIIPANA



29

A

WAIINN1ITRARATITOUNTOUUAIVEIA NI 1[N omd nsaatedlves

a ~ J a 49! A = = Aaaa A a 49{ a Y o
’ﬁ'liEJL!‘VIiﬂﬂglﬂﬂﬂlulhﬂwﬂ1ﬁﬂ1ﬂu’d\1QD ﬂgﬂiEJTVILﬂﬂGlluﬁ'nﬂiﬂﬂ‘ﬁﬂ'lﬁlvlﬂﬂﬂf’fMﬂWi2.24

(Andrew, Jishun and David, 2006)

A (adsorp) L products (2.24)
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Aana % I o a [
U301 (Fernandez et al., 1995) Fudlulaunuusiasuauiios-guraa aeauns (2.25)

k KC,
= ——— (2.25)
1+ KC,
4 A o a ann A g 1 =
1o r, f0 ammmﬂﬂﬂgﬂim (WADUADUIN)
A ' A o a ana A g 1 =
k. 09 mmmmmmﬂﬂﬂgﬂim (WADUADUIN)
A v ~ o A 1T Aaad
K A9 AAINNITQAFUNTNNTAUAD (ADWNION)
A Yy 9 4] a A g
C, A9 ANMIUTIUYDINTUANY (WD)

[ { o I
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1 [ [ [ a ann 1 [ 9 9 [ o Y
sENINTIUNAVV0IBATIM NN 01 1/r nagdaunatuesnnududuveanas 1/, i ld
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1

L (2.26)
kK C, k,

= | —
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INTUNITN 2.26 IWBONINITOUNNTAYIN C0 N C 1@]@] NIAAAULA 0 DY tiﬂ”]

vaguuunaumsIndld dsaunsi 2.27
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A A Y 9 a 9 o Aa g
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05C, In2

+
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A A =i Y 9 o I3 B & Yy 9 a g a
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A A Yy 9 o o v
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'
o v A 4

KC >> 1 oasimsinalnsenaziinIndgiuunvestfnserd1aungue (Zero Order Reaction)

AaauMIN 2.29

,_,
I
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(2.29)

~ A Yy v W A9 o ]
AINAUNIIN 2.26 UBANUUVUIUUDINIGUATUDY (Herrmann, 1999) aum

o w

[ a aaa Y F) aan A & . .
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AaauMIIN 2.30

r=kKC=k,C (2.30)

=} = 1 ~ [ a ann 1 =
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d' d' o a a [ ] = d' 3 J =
NAUNIIN 2.29 (HBINNTDUNNTABIN C, D3 C 1A Ndardaud 0 09 t 1ag)

5ﬂ§ﬂllﬂﬂﬁuﬂ1ﬂﬂﬁllﬁ} AaauNITN 2.31 (Jose, Pedro and Ariovaldo, 2006)

C,-C=k,t (2.31)



31

MNeuMsh 2,31 iWeunua C = 0.5C, awsadagiuuvaums i ldasauns

0 (2.32)

=i A o a a o 1 = =i 4 ]
ANFAUNITN 2.30 LWUBNINITOUNNTALIN CO 9 C ‘lﬂc] NI[AINAULA 0 DI t‘lﬂc]

[

ﬂ;sﬂl,muanmﬂmj"lﬁ’ AaUNITN 2.33 (Jose, Pedro and Ariovaldo, 2006)
C
In —2=k_ t (2.33)

MNeunsh 2.33 iWeunuaA € = 0.5C, awsadagluuvaums i ldasauns

(2.34)
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WO, + hv —> e t hy (4.6)
e T O, — 0, (4.7)
cO + O, — (O, (4.8)
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J o Yo a s o A
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sspza ANUTUTUVD IR T ANUTUTUVD IR
S miveuneuen lud (NON) = T miveuneuen lud (RO
(117) Larag I waadaia (11M) Larag I uaadaia
0 198.1 202.7 15 208.0 205.0
1 207.4 203.0 16 208.0 205.2
2 209.8 202.8 17 208.3 205.3
3 210.0 202.9 18 208.3 205.1
4 209.6 202.9 19 208.1 205.1
5 209.9 2034 20 208.3 205.1
6 209.7 204.0 21 208.7 205.0
7 209.6 204.2 22 209.1 205.1
8 209.0 204.5 23 209.1 204.8
9 209.2 204.7 24 209.1 204.8
10 208.8 204.8 25 209.1 204.8
11 209.1 204.8 26 210.0 204.9
12 208.8 205.0 27 2104 205.0
13 208.6 205.1 28 210.6 205.0
14 208.3 205.2 29 211.0 205.0
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oouae | MSvouweuen’lyd (SN | prpua a3 vouvouen lud (Widw)
(117) g weraImiia (117) g weraImiia

30 2114 204.9 80 225.1 204.7
35 211.6 204.8 85 2253 204.6
40 212.7 204.7 90 228.9 204.5
45 213.9 204.7 95 229.7 204.7
50 215.6 205.0 100 233.0 204.7
55 218.1 205.1 105 234.1 204.7
60 219.7 205.0 110 238.2 204.7
65 219.9 204.8 115 239.0 204.6
70 220.4 204.7 120 240.1 204.6
75 2222 204.7
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25 J o Y v a s o A
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segza AN NTUYD I ' » I AN YUY I
S amivouueusn lud NOY) BN mivouueusn lud @NON)
(U1M) g uerddia (U1M) g ueraddia
0 202.4 201.3 13 212.6 211.4
1 203.4 201.5 14 211.8 211.9
2 208.8 202.3 15 210.8 212.7
3 211.9 203.2 16 212.4 213.4
4 213.5 204.2 17 210.0 213.8
5 214.0 205.1 18 212.1 2143
6 2143 205.8 19 214.4 214.7
7 214.7 206.7 20 209.8 215.0
8 214.0 207.5 21 208.1 2154
9 213.5 208.2 22 210.9 215.5
10 213.0 209.1 23 210.0 215.9
1 212.6 209.8 24 2115 216.4
12 2124 2102 25 2122 216.1
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segza AN YUY I ssgza AN YUY I
S mivouueusn lud @NON) S mivouueusn lud @NON)
(U1M) ey uerddia (U1M) ey ueraddia

26 211.5 216.5 95 242.9 185.2
27 212.3 216.8 100 244.3 184.5
28 210.9 216.8 105 2442 184.4
29 2115 217.1 110 246.1 183.2
30 212.3 217.1 115 248.5 182.6
35 215.8 215.5 120 252.0 182
40 218.3 205.8 125 255.0 180.6
45 221.5 197.0 130 256.2 180.1
50 222.3 194 .4 135 269.4 179.2
55 221.3 192.8 140 273.8 178.9
60 226.8 191.5 145 268.8 178.1
65 227.1 190.5 150 264.7 177.2
70 229.1 189.3 155 267.9 176.1
75 229.6 188.8 160 269.2 175.4
80 232.5 187.6 165 277.5 174.9
85 234.8 189.9 170 281.6 174.2
90 235.6 186.2 175 281.6 173.5

180 283.6 172.8
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¢ 2 Yo (a s o Y
asvouNouen lua Ingldnulfnsainihoin Tvauda

sspza ANUTUTUVD IR = WA ANUTUTUVD IR
areugg | mSveumeuenled @RS | aqeuag miveuneuen lud (NON)
(119) g0 ¢ miia (119) g0 RE Jmiia
0 200.0 200.0 200.0 15 201.2 202.6 201.0
1 200.1 200.6 199.7 16 201.3 202.9 200.8
2 200.3 200.2 200.0 17 201.4 2034 201.1
3 200.3 200.6 200.8 18 201.6 203.7 201.4
4 200.4 200.8 200.5 19 201.8 203.9 201.3
5 200.5 200.9 200.6 20 201.9 204.1 200.8
6 200.6 200.5 200.0 21 201.9 204.6 201.1
7 200.7 200.6 200.6 22 201.9 204.9 201.4
8 200.8 200.7 200.8 23 201.9 2054 201.1
9 200.9 200.9 200.6 24 201.9 205.7 201.1
10 200.8 201.3 200.8 25 201.9 206.1 201.1
11 200.9 201.5 201.0 26 201.9 206.0 201.3
12 201.0 201.8 200.8 27 201.9 205.9 201.4
13 201.1 202.3 200.8 28 201.9 205.8 201.6
14 201.1 202.5 201.1 29 201.9 205.9 201.6
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afueumouen laa lasldtalfnsainihninTnauda (de)

- ANUIANTUYD NI - ANUIANTUYD NI

oouas | M5vouweusnlud RGN | praua a3 vouveuen lud (Wiidw)
(119) g0 g% Amiia (119) g0 ¢ Jmila
30 201.9 206.0 201.9 105 202.5 206.2 198.9
35 202.3 206.0 201.8 110 202.5 206.2 198.4
40 202.7 205.9 202.4 115 202.2 206.1 197.9
45 202.7 205.8 202.1 120 202.1 206.2 197.4
50 202.8 205.7 202.2 125 202.3 206.4 197.0
55 202.6 205.8 201.6 130 202.4 206.5 196.5
60 202.4 205.8 201.1 135 202.6 206.6 195.8
65 202.6 205.8 200.5 140 202.7 206.7 194.9
70 202.7 205.9 200.2 145 202.6 206.7 194.6
75 202.5 205.9 199.0 150 202.7 206.6 194.1
80 202.5 206.0 199.4 155 202.4 206.7 193.6
85 202.4 206.0 199.7 160 202.5 206.7 192.8
90 202.4 206.0 199.5 165 202.4 206.6 191.7
95 202.4 206.0 198.6 170 202.6 206.6 190.1
100 202.3 206.1 198.7 175 202.4 206.4 189.6
180 202.4 206.2 189.3
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Y dy Y ) [ = aan a A o w
MIN 4 Joyanmisnaasuiiesdudmisunmsanynjise i lanzas lagaivenistinia

© ¢ % Yo 1a s o Y
s ueuveuen lua lasldnlgnsainihan Tnaudd

Yy Y 99 4 J Aaxag
ANnuduTuveIN AT UoUNBUDN lad (fiditdw)
JLULIANTY 5 5 5 5
. WO, 1 53139 WO, 2 53139 WO, 4 53139 WO, 6 53139
e (W1 ) . . . .
(0.081 mA/cm) (0.103 mA/cm)) (0.076 mA/cm") (0.065 mA/cm")
0 200.0 200.0 200.0 200.0
1 200.0 199.8 199.0 200.0
2 199.6 199.7 199.0 200.0
3 198.9 199.2 199.0 199.7
4 199.6 198.9 198.8 199.6
5 200.4 198.9 198.8 199.7
6 201.1 198.7 198.9 199.6
7 201.8 198.4 198.8 199.6
8 202.2 198.0 198.8 199.6
9 202.5 197.8 199.0 199.7
10 202.9 197.5 199.1 200.4
11 203.2 197.4 199.0 200.5
12 203.6 197.3 198.8 200.6
13 204.0 197.2 198.8 200.4
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Y dy Y ) [ =2 Aaaa a A o w
MIN 4 Joyanmisnaasuiiesdudmisunisanynljise I lanzas lagaivenisinia

o s 7 Yo (a s o Y '
MaasvouNonen lva lagldnslgnsainmain Tnauda (ae)

9y 9 99 4 J A d
ﬂ’J]iJL"UiJ"Uu"’llf)x‘]ﬂ]‘ﬂiﬂTi‘iJf]UiJf]uf]ﬂll%ﬂ (WNLoW)

EE AR GRPRL] ; ; ; ;
. WO, 1 53139 WO, 2 $3139 WO, 4 53139 WO, 6 53139

L (W) 5 > 2 2

(0.081 mA/cm) (0.103 mA/cm) (0.076 mA/cm) (0.065 mA/cm")
14 205.0 197.1 198.8 200.5
15 205.0 196.8 198.7 200.3
16 204.7 196.6 198.7 200.4
17 204.3 196.6 198.6 200.5
18 204.3 196.4 198.5 200.5
19 204.7 196.2 198.6 200.5
20 205.0 196.1 198.6 200.6
21 205.0 196.1 198.4 200.7
22 204.7 196.2 198.3 200.8
23 204.3 196.0 198.5 200.7
24 204.3 196.1 198.5 200.7
25 204.7 195.9 198.4 200.6
26 205.0 195.9 198.3 200.6
27 204.7 195.9 198.4 200.5
28 205.0 195.6 198.5 200.7
29 205.4 195.6 198.7 200.8
30 205.8 195.4 198.5 201.0
35 205.0 195.2 197.9 200.9
40 205.4 194.9 198.0 201.0
45 205.0 194.9 197.6 200.7
50 205.0 194.1 197.5 200.8
55 204.7 193.9 197.1 200.7
60 205.0 193.6 196.3 200.7
65 205.4 193.4 196.6 200.7
70 205.8 193.5 196.3 200.4
75 206.1 193.2 195.7 200.6
80 206.1 193.0 195.2 200.4
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Y dy Y o [ = aan a A o w
MIN 4 Joyanmisnaasuiiesdudrmsunmsanungnsolnlanzas lagavenistiia

o s 7 Yo (a s o Y '
MaaivouNouen lva lagldnslgnsainmain Tnauda (ae)

Yy 9 ) 4 J A g
ANUAUTUYDINIFANS VD UNDUBN Lel (WD)

328121NY ; ; ; ;
. WO, 1971 | WO,292113 | WO, 492139 WO, 6 %2139

Had (Un) 5 2 2 2

(0.081 mA/cm’) | (0.103 mA/cm’) | (0.076 mA/cm) (0.065 mA/cm")
85 205.8 192.6 195 200.5
90 206.1 192.5 194.8 200.4
95 206.5 192.1 193.9 200.1
100 206.1 192.0 193.4 200.0
105 205.8 191.7 193.0 200.0
110 205.4 191.9 192.4 199.9
115 205.4 191.8 191.7 200.0
120 205.8 191.6 191.5 199.5
125 205.0 191.5 191.1 199.5
130 204.7 191.4 190.8 199.8
135 204.3 191.0 190.8 199.6
140 203.6 190.5 190.9 199.5
145 203.2 190.4 191.0 199.3
150 203.6 190.6 191.2 199.3
155 202.9 189.9 191.4 199.3
160 203.2 190.0 191.5 199.2
165 202.5 190.1 191.6 199.3
170 201.8 190.3 191.7 198.4
175 202.2 190.1 191.8 198.5
180 201.8 190.0 191.9 198.6
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Y dy Y ) [ =2 Aaaa a A o o
MIN .5 Joyanisnaasuiiesdudmisunsanynljise I lanzas lagaivenisinia

o ¢ o Yo (a o4 o It
s ueuueusn lva laglsnalgnsainainily

segza AN UV IR N, AN UV IR
S asveuNeuen lud (o) | » W asveuneuen lud (o)
i) | ¢ =10 fifudy | ¢ =so @by | (i) | c,=10d@iudy | c, =50 fifudy
0 11.0 52.0 16 11.9 52.0
1 11.0 51.0 17 11.8 52.0
2 11.0 50.1 18 11.9 51.9
3 11.0 50.0 19 12.0 51.8
4 11.0 49.9 20 11.8 51.7
5 11.3 50.0 21 11.9 51.8
6 11.4 49.9 22 12.0 51.9
7 11.5 50.0 23 12.1 51.9
8 11.7 51.4 24 12.0 52.0
9 11.8 51.5 25 12.0 52.2
10 12.0 51.3 26 11.9 52.0
11 12.0 51.7 27 12.1 51.9
12 11.9 51.8 28 12.0 51.9
13 11.8 51.9 29 12.1 52.0
14 11.8 51.8 30 12.2 52.0
15 11.8 51.9 35 12.1 52.0
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Y dy Y ) [ =2 Aaaa a A o w
MIN .5 Joyanmsnaasuiiesdudmisunisanynljise I lanzas lagaivenisinia

maansuouneuen lud lagl¥aalfnsainininilude)

segza AN YUY I segza AN YUY I
S mivouueusn lud @NON) S mivouueusn lud @NON)
i) | ¢ =10dfdy | c,=so@Wdy | (i) | ¢ =10dfdy | C, =50 fifudy
40 12.0 52.1 115 12.0 52.1
45 12.1 523 120 12.1 52.0
50 12.2 522 125 12.1 522
55 12.2 52.0 130 12.2 52.0
60 12.1 51.8 135 12.2 52.1
65 12.2 52.0 140 12.1 52.0
70 12.1 51.8 145 12.0 52.0
75 12.1 51.8 150 12.0 51.9
80 12.2 51.7 155 12.1 52.0
85 12.0 51.9 160 12.0 52.2
90 12.1 51.9 165 12.1 52.3
95 12.3 51.9 170 12.1 52.2
100 12.2 52.0 175 12.1 52.0
105 12.1 52.1 180 12.1 52.0
110 12.0 52.3
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w6  Feyawamsanwlfnsenlvlaladalumsiiamamsveuneuenlea

[ a L= Y A =Y a d' 9}9; U d‘
aulgnsainlsluniinaaesne Tvanseasuias 2 aas nlsimaenisuen e

a

ATLANYUNYUVDIFAN1TNAADY
L= %] 1 aan
lutianselgnsen
= 1 0o A a ) 1 =) Y- 4
nilsldsuuvastuiiauds 2 ¥iia 1aun 1aggie (Mercury lamp Y119 250 Tad)

4 aa a Y- A {
ANNBIAAU 365 W1 TUNAT LazuaeIFdia (Halogen lamp Y119 150 3ad) MR
g1IAAUNINNI 400 11 TUINAT

Yy Y a v o 7 % Ry
mmmmurjmummﬂwmmaumuaﬂ%ﬂ 200 NNLBY

9 = ann a o o o 4 4
M358 9.6 Yeyanansanylgns eI la lagalumsihianesasvenueuen loq
9y 9 oY 4 J ad
mmmmsuusuaﬂﬂwm‘mauuauaﬂ“quﬂ (WNLoW)
ILHZI0 1Y - —
- HENgID uadddaua
Hera () z 3 z 2 2 Z 3 Z 3 2

AIIN 1 ATIN 2 nay AIIN 1 ATIN 2 nay

0 2227 203.0 212.9 196.3 209.6 203.0

10 215.3 201.5 208.4 196.3 209.1 202.7

20 213.2 201.2 207.2 195.5 208.9 202.2

30 211.4 200.8 206.1 195.1 208.2 201.7

40 210.0 200.7 205.4 194.9 207.7 201.3

50 208.9 200.1 204.5 194.1 207.5 200.8

60 208.2 199.7 204.0 193.6 207 200.3

70 207.3 199.5 203.4 193.1 206.7 199.9

80 206.5 199.2 202.9 192.8 206.2 199.5

90 205.4 199.5 202.5 192.1 205.7 198.9
100 204.1 199.4 201.8 191.5 205.4 198.5
110 203.6 198.5 201.1 191.0 204.3 197.7
120 202.9 197.7 200.3 190.5 203.1 196.8
150 199.9 196.9 198.4 189.5 202.6 196.1
180 198.1 196.8 197.5 188.3 201.8 195.1
210 197.8 195.4 196.6 187.7 200.5 194.1
240 197.5 195.6 196.6 187.1 199.4 193.3
270 197.2 195.4 196.3 186.8 198.6 192.7
300 197.0 195.4 196.2 186.1 197.7 191.9




116

Y a aaa a o o o 4 4
M1319 1.7 Yoyagaunigil luvaznaassgis e I la lagalumsihiamans uenseuon lua

EFI AR UMY (eImIiale)
Tums e LaggIte uaadaia
(Wi asadt 1 Asait 2 Asadt 1 A 2

0 32 36 35 34
10 36 39 37 35
20 41 43 41 38
30 47 48 44 40
40 51 54 45 42
50 55 60 46 45
60 58 63 48 47
70 60 64 51 50
80 61 65 53 51
90 62 65 54 52
100 63 67 55 53
110 63 67 57 54
120 63 68 58 55
150 64 68 62 58
180 64 68 62 59
210 64 68 63 60
240 64 68 63 61
270 64 68 63 61
300 64 68 63 62
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Y = aaa Y = C% d c!'
.7 ‘ll@%q{ﬁﬂ]‘iﬂﬂ‘]sl'lNﬂﬂTiﬂ@‘]Jﬁu?NﬂQ nsm"lwwuﬂwammmmmﬂu"lmaan"lmwn

)}

Al o

v Y d Jy aaa a
Nnemstiniamamiveuneuon lsanelfnsenilanzaslada
[ a c’d‘ Y A =Y a d' 9}9; U d‘
- sulgnsainldlunmnaaesne Tvansestlsuias 2 aas nldimasnisuen tive
AIVANQUNYUUIFANIINATDY
! (Z 1 Aaaa @ I A o v
- wlslasudnsalgnserismau laseon laangniaseudre75ue Tuladud
¢ g o o 2 o o A
45 Tyaa 1uszoznaiuana i une 1 2 4 uag 6 52103 Mud1ay Faliainay
vutnduvesnszud lWihnnisnszdualouase 0.081 0.103 0.076 uaz
a A o Jd a o
0.065 Naaueuilmliaemanasuamwag auaay
1 ZI/ A o Yo 1 aaa @ o a
- Tugazas hvhmsmanosey 15 s w75 enismau lnseon Tadvinn 20 amesu@nns
o Jdo ] ] a
Maaau lasean Ty 1uIu 5 LAY LAVAZ 4 ATIUSUAINAT)

- 1aeg e (Mercury lamp Y118 250 TAd) AWEIIAAY 365 U1 THINAT

Yy Y a v o % % PRy
- mmmmurjmummﬂwmm@umuaﬂ"lw 200 NNLBY

9 = aan a o o ® 14 4

M3 9.8 deyamsanwilfnsen Il Taazas lagalunmsmsihiamanisuenuueuen lod
Y @ I @ J a3 o & A
agisdian laseon ladniiumsdunnziiuszoznar 1 uaz 2 52 Tuedalian

' a A o 4
anmuuiuvesnszua ihanmsnszdudaenasie 0081 wag 0.103 Haateuiluls

ADANT 1K UALLAT A1UAIA

AU In IS veueuon laa (RdY)
5LUZIIANIBLLE . .

it WO, 1 %2113 (0.081 mA/cm’) WO, 2 %2113 (0.103 mA/cm”)
afait1 | mdie mae afaii1 | ndedio e

0 205.3 203.1 204.2 203.5 218.5 211.0
10 200.4 200.4 200.4 198.9 2034 201.2
20 196.7 196.8 196.8 193.8 198.5 196.2
30 194.1 1934 193.8 189.4 191.3 190.4
40 191.4 190.4 190.9 185.1 185.7 185.4
50 189.8 187.8 188.8 180.7 181.3 181.0
60 186.7 184.4 185.6 175.9 177.4 176.7
70 183.4 181.2 182.3 170.7 172.5 171.6
80 180.0 178.4 179.2 165.7 167.2 166.5
90 173.4 175.8 174.6 161.5 162.9 162.2
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9 = ann a o o ® 14 4

M8 doyamsanylfnsen v laazas lagalunmsmsihiamansuenueuen loq
Y @ Ia @ J 3 o & A
arenseau lasoon laaniumsduanziiluszezing 1 uaz 2 92 Tuadelian

' a A o 4
armuiuvesnszua ihainmsnszdudenasie 0.081 wag 0.103 Haateuiluls

ADANT MUFUALLAT AN (D)

Yy Y ] 14 d A
ANUAUTUYBINFAS Vo UV UDN 5d (WD)

FLYZIAMIULE n ] n ]
. WO, 1 %3113 (0.081 mA/cm’) WO, 2 %3113 (0.103 mA/cm’)

(u’]ﬂ) Y v Y v v v v Y v v
59N 1 59N 2 nay 59N 1 59N 2 nay
100 171.1 172.6 171.9 157.0 159.4 158.2
110 168.8 169.1 169.0 152.7 156.2 154.5
120 165.5 166.5 166.0 148.3 152.4 150.4
150 160.4 160.1 160.3 142.2 146.6 1444
180 155.4 155.8 155.6 136.4 140.8 138.6
210 151.1 150.2 150.7 130.6 135.0 132.8
240 146.1 1454 145.8 124.8 129.2 127.0
270 142.7 140.1 1414 119.0 1234 121.2
300 138.3 135.1 136.7 113.2 117.6 1154
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9 = aana a o o ® 14 4
M3 .9 Joyamsanynlfnsen i laazas lagalunmsmsihiamanisuenueuen lod

Y @ Ia @ J a3 o & A

areiaaau lasoon lsanmumsdunsiziiiuszezine 4 uaz 6 92 Tuadadian

' a A o 4
anmuuiuvesnszua ihainmsnszdudeuesie 0076 uaz 0.065 Haateuilials

AOMT NIBUALIAT
AN NTUY IS UeuNeUeN lud (RADY)
TR ARG A ; ,
. WO, 4421113 (0.076 mA/em’) WO, 6 421113 (0.065 mA/cm’)
) T3 T3 3 T3 T3 3
asan 1 | asen2 nay asan1 | asen2 | mae
0 213.2 206.4 209.8 212.9 218.7 215.8
10 209.3 202.4 205.9 209.6 215.9 212.8
20 203.1 198.7 200.9 206.4 212.4 209.4
30 200.4 195.1 197.8 203.1 209.7 206.4
40 197.1 192.4 194.8 200.4 206.3 203.4
50 194.4 189.7 192.0 197.5 203.0 200.3
60 191.4 186.4 188.9 194.7 200.8 197.8
70 188.5 183.4 186.0 191.4 197.4 194.4
80 185.4 180 182.7 187.8 193.1 190.5
90 181.1 177.6 179.4 183.7 190.4 187.1
100 179.1 174.3 176.7 180.1 187.1 183.6
110 176.3 171.8 174.1 177.1 184.2 180.7
120 173.4 168.9 171.2 173.8 181.1 177.5
150 168.5 163.2 165.9 168.4 176.4 172.4
180 163.2 158.4 160.8 163.7 171.7 167.7
210 158.4 153.2 155.8 158.1 166.9 162.5
240 153.1 148.7 150.9 153.1 161.1 157.1
270 148.7 145.1 146.9 148.1 156.8 152.5
300 145.3 140.4 142.9 143.7 151.1 147.4
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T

oA Y o d '4
.8 %@Hﬁﬂ]ﬁﬁﬂ’ﬂ]ﬂﬁmﬂﬂ!!ﬁdQﬂ1!uﬂ!!ﬁ\1ﬁu 9ﬂ1'§1|1Uﬂfc{1cﬁﬂ1§ﬂ9uﬂﬂuaﬂ‘lmﬂ

aelfnzenlanzazlada

[ a c’d‘ Y A =Y a d' 9}9; U d‘
- pulgnsanlslunisnaaessne Tvanseslsuag 2 ans nlHivdenteuen tive

a

AIUANYUUHNUBIYANITNAND

U Q

- gusalgnseniimanlasoon ladngnindondoisue Tulawdui 45 Toad il

4 4o S . ”
s21I01MILezna1N 2% 2 Tue nla1a Nl uyeanszua IMH91ns
Y 9 ] [ a a o g a dy cs'
NIZAUAIGUAUNINY 0.103 Uadusuiulidoms1usuainas yuranun
a @ ) ] ] a
20 MIAFUANAT (NITau 1a500n THa91UIU 5 URY UNUAL 4 AT IIFUAILAT)
= 1 0o A a F) 1 =) Y- 4
- wisnlAsunvassuiianas 2 ¥iia 1@un ua9gie (Mercury lamp Y119 250 TAA)
4 aa a Y- A {
ANNBIAAY 365 W1 TUINAT LaziaeI T (Halogen lamp Y119 150 3a¢) NTAY
g1IAAUNINNI 400 11 TUINAT

Yy Y a v o % % PRy
- mmmmurjmummm%mmaumuaﬂﬂw 200 NNLBY

9y =2 1 o a A o o o 4 JY
M99 V.10 ﬂl@Haﬂ'liﬁﬂE'lNaﬂl@ﬁlLﬂﬁ\‘lﬂuuﬂl!ﬁ'\‘]‘ﬂilﬂE]ﬂ1i‘]J1‘]J@ﬂWGlfﬂ13“1Jﬂull€]u€]ﬂ]l“]fﬂﬂﬁ]ﬂ

Upnsen T lanzas lage

Yy 9 ) 4 J A g
ANVAUTUYDINIFAS VD UNDUBN Lye (WNLOW)
TLYTINNYLUA - -
- L3O 15 Sl T[]
(1) 7 3 T3 2 7 3 7 3 2
ATIN 1 ATIN 2 InaY ATIN 1 ATIN 2 InaY
0 203.5 218.5 211.0 204.4 200.4 202.4
10 198.9 203.4 201.2 201.5 197.6 199.6
20 193.8 198.5 196.2 198.9 194.8 196.9
30 189.4 191.3 190.4 196.0 192.0 194.0
40 185.1 185.7 185.4 193.1 189.2 191.2
50 180.7 181.3 181.0 190.2 186.4 188.3
60 175.9 177.4 176.7 187.3 183.6 185.5
70 170.7 172.5 171.6 184.4 180.7 182.6
80 165.7 167.2 166.5 181.5 177.8 179.7
90 161.5 162.9 162.2 178.8 174.9 176.9
100 157 159.4 158.2 176.1 172.0 174.1
110 152.7 156.2 154.5 173.4 169.1 171.3
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9y =2 1 o a A o o o 4 JY
M99 V.10 ﬂl@Haﬂ'liﬁﬂE'lNaﬂl@ﬁlLﬂﬁ\?ﬂ1luﬂl!ﬁﬁﬂu¢]ﬂﬂ1iﬂ1ﬂ@ﬂ1‘;ﬁﬂ15U6H3J@u€]ﬂ]l“]fﬂﬂﬁ]ﬂ

Upnson T lanzas lade (do)

Yy 9 ) 4 J A g
ANUAUTUYDINIFAS VD UNDUBN Lel (WNLOW)
TLYTIANNYLUA ” -
- L3O 15 Sl ST
(1) 7 3 7 3 2 7 3 7 3 2
ATIN 1 ATIN 2 InaY ATIN 1 ATIN InaY
120 148.3 152.4 150.4 170.7 166.2 168.5
150 142.2 146.6 144.4 165.9 161.3 163.6
180 136.4 140.8 138.6 161.1 156.4 158.8
210 130.6 135.0 132.8 156.3 151.5 153.9
240 124.8 129.2 127.0 151.5 146.6 149.1
270 119.0 123.4 121.2 146.7 141.7 144.2
300 113.2 117.6 115.4 141.9 136.8 139.4
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IS

v = Y Y A v o d da
2.9 ‘ll@?q{ﬁﬂ]'ﬁﬂﬂH1WﬁTf’]Qﬂ31N!‘IJN‘IJH!'§NﬂH‘Uf’]\‘]ﬂ“l“]fﬂ“lﬁﬂf’]uuﬂuﬂﬂvl“lfﬂ‘nﬂ 3]

Uszansmumsihtameljisenliinnzazlada

[ a c’d‘ Y A =Y a d' 9}9; U d‘
- pulgnsanlslunisnaaesne Tvanseslsuag 2 ans nlHivdenteuen tive

a

AIUANYUUHNUBIYANITNAND

U Q

- dusalgnseniimanlasoon ladngnindondoisue Tulawdui 45 Toad il

4 R e : ”
J2E21221N520217819 2 F2Tue NN uruIduYsInszud 191 g
Y 9 ] [ a A Iq d a dy d‘
NIEAUAIIUTUNINDY 0.103 Haaueuiludiavarstusuainas vuranun
a ] ) ] ] a
20 31ruaas (eaeulasoon Teas1uiu 5 uny uHuaz 4 13 1UFUALIAT)
[ A 4
- U9y (Mercury lamp UU1A 250 TAA) AWEIAAU 365 U1 TUIUAS
= ' Yy Y a 9 o s P
- wdsnlasumanuE I uE uduYIMEAIT UBULOUDN LHA 50 100 200 300 400

A g
iag 500 W

9 = aan a o @ & 14 s
M3 11 deyamsanylgnsenTnlaazas lagalumsihamaaisveuveueon ladn

Y Y a g AA g
ANUVUVULTUAU 50 WNLBY

Yy 9y ) 4 J A g
ANUAVTUYDINIFAS VD UNDUBA Lel (WNLOW)
TLYTINNYLUA o
o C, =50 Wit u
(W) 7 3 7 3 7 3 7 3 7 3 3

ATIN 1 ATIN 2 ATIN 3 ATIN 4 ATIN 5 InaY
0 50.4 52.3 55.5 48.2 53.2 51.9
10 49.6 50.4 534 46.7 51.2 50.3
20 48.3 48.9 52.6 44.5 49.2 48.7
30 46.5 46.8 50.4 43.1 47.6 46.9
40 45.2 44.8 48.8 41.0 45.2 45.0
50 43.1 42.6 46.4 38.7 43.6 42.9
60 41.3 40.7 44.4 36.5 41.8 40.9
70 39.7 38.9 42.1 34.8 39.6 39.0
80 38.1 36.7 40.1 325 37.8 37.0
90 36.1 34.6 384 30.1 35.6 35.0
100 34.7 32.6 36.5 28.8 33.8 333
110 32.5 304 34.1 26.5 31.7 31.0
120 30.7 29.1 32.5 24.4 29.8 29.3
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9 = aan a o @ & 14 S
M3 11 deyamsAnylgnsenInTaazas lagalumsihiamaaisveuveuon ladn

Y Y a g AA g '
ANUVUUULT VAU 50 NNIDU (M1D)

Yy 9 ) 4 J A g
ANUAUTUYDINIFAS VD UNDUBN Lel (WNLOW)

FLULININIYLE —
. C, = 50 WD
(1) 7 3 7 3 7 3 7 3 7 3 2

5 ASIN ASIN 3 AN 4 59 5 Ny
150 27.4 25.9 29.4 21.4 26.5 26.1
180 24.2 22.1 26.4 18.6 23.8 23.0
210 21.1 19.7 23.8 16.4 20.4 20.3
240 18.7 16.4 20.4 13.2 17.6 17.3
270 15.9 14.1 17.5 10.2 14.9 14.5
300 13.4 11.1 14.3 7.9 11.6 11.7
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9 = aan a o @ & 14 s
M3 912 Fdeyamsany1lgnsenInTaazas lagalumsihamaaisveuveuon ladn

Y Y a g AAdg
ANV UVULTUAU 100 1L1ae 200 WNLDY

9y 9 99 4 J A d
ﬂ’J]iJL"UiJ"UN“UfNﬂ]G]iﬂ1iUf]uuf]u’é]ﬂ"lf’]fﬂ (WNLeW)

TSYLLINNYLLE o o
- =100 WNLOY C, =200 WHLtow
(W) ] ] = ] ] =

AN 1 ATIN 2 may AN 1 ATIN 2 may

0 102.2 100.8 101.5 203.5 218.5 211.0
10 99.2 98.5 98.9 198.9 203.4 201.2
20 96.3 95.9 96.1 193.8 198.5 196.2
30 93.7 92.6 93.2 189.4 191.3 190.4
40 90.2 89.4 89.8 185.1 185.7 185.4
50 86.4 86.2 86.3 180.7 181.3 181.0
60 82.5 83.3 82.9 175.9 177.4 176.7
70 79.1 80.5 79.8 170.7 172.5 171.6
80 76.2 77.6 76.9 165.7 167.2 166.5
90 73.4 74.6 74.0 161.5 162.9 162.2
100 70.0 71.8 70.9 157.0 159.4 158.2
110 67.1 69.1 68.1 152.7 156.2 154.5
120 64.2 66.1 65.2 148.3 152.4 150.4
150 59.1 61.0 60.1 142.2 146.6 144.4
180 54.0 55.9 55.0 136.4 140.8 138.6
210 48.9 50.8 49.9 130.6 135.0 132.8
240 43.8 45.7 44.8 124.8 129.2 127.0
270 38.7 40.6 39.7 119.0 123.4 121.2
300 33.6 355 34.6 113.2 117.6 115.4
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M3 .13 FeyanisAnuilsedniainvesdfnserInTanzaz lagalunistiianiy

s s Yy Y a o AA g
mmaumuaﬂ"lcmmmmmmuﬁmu 300 400 g 500 NNt

32821301

Y Y [ J J A d
ﬂ’ﬂll!ﬁllllslluﬂlﬂﬂﬂ1“ﬁﬂ1§ﬂﬂuuﬂuﬂﬂ1%ﬂ (W)

C, =300 #iidy C, =400 fifid C, =500 fifitd
RIYLUT " o - " " - " " -

(‘Ll'lﬁ) AIIN 1 ATIN 2 nagy AIIN 1 ATIN 2 Ry AIIN 1 ATIN 2 Ry
0 308.6 | 3044 | 3065 | 4056 | 4009 | 403.3 | 5082 | 5048 | 506.5
10 3000 | 299.5 | 299.8 | 3995 | 3960 | 397.8 | 5051 | 4962 | 500.7
20 2954 | 2950 | 2952 | 3928 | 3905 | 3917 | 500.1 | 492.0 | 496.1
30 290.6 | 2907 | 2907 | 3885 | 3842 | 3864 | 4951 | 487.8 | 4915
40 2857 | 2862 | 2860 | 3849 | 3805 | 382.7 | 490.5 | 4836 | 487.1
50 280.8 | 2814 | 28L.1 | 380.1 | 375.0 | 377.6 | 4856 | 479.4 | 4825
60 2758 | 2764 | 2761 | 3721 | 3710 | 3716 | 481.0 | 4749 | 4780
70 270.5 | 2716 | 2711 | 3675 | 3656 | 3666 | 4763 | 4704 | 4734
80 2653 | 2669 | 2661 | 3633 | 3584 | 360.9 | 4715 | 4659 | 468.7
90 2603 | 2609 | 260.6 | 3572 | 3544 | 3558 | 4665 | 461 | 4638
100 25501 | 2552 | 2552 | 3502 | 3488 | 349.5 | 4613 | 4562 | 4588
110 251.0 | 2504 | 2507 | 345.1 | 340.1 | 342.6 | 4558 | 4514 | 4536
120 2458 | 2458 | 2458 | 337.1 | 3335 | 3353 | 4503 | 4466 | 4485
150 2352 | 2360 | 2356 | 327.0 | 3234 | 3252 | 4392 | 4322 | 4357
180 2254 | 2262 | 2258 | 3169 | 3133 | 3151 | 4281 | 4178 | 423.0
210 2156 | 2164 | 2160 | 3068 | 3032 | 3050 | 417.0 | 4034 | 4102
240 2058 | 2066 | 2062 | 2967 | 293.1 | 2949 | 4059 | 389.0 | 3975
270 1960 | 1968 | 1964 | 286.6 | 283.0 | 2848 | 3948 | 374.6 | 3847
300 1862 | 187.0 | 186.6 | 2765 | 2729 | 2747 | 3837 | 360.2 | 372.0
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Y = [ d' Y Z v 1 aaa QU d
Gumqgamsﬁnmwmmmmmmm%mwmmmﬂg]nsanmamu"lmaan"lmﬂ

aeilszansmmmsiniafsmiveuneuenlsadelfnsenwlanzaylada

'

[ a L= Y A =Y a d' 9}9; U d‘
aulgnsainlgluminaaesae Inanseslsuas 2 aas Nldivaenisuen e

a

AIUANYUUHNUBIYANITNAND

U Q

s ~ Y

@ 1 aaa @ an v A <
ansalgnseismau lasoon loangnasoudiedisue Tulamsun 45 Taa 1y
4 49 ey . ”
52e211a1N 2oz 2 ¥2 118 AaAauuIduvenszua Iviiainng

Y 9 ] [ a A Iq d a dy d‘
NIZAUAIBUAUNINDY 0.103 Uaaueudulidomsrusuaiuas vuianun
a @ ) ] ] a
20 31ruaas (eaeulasoon Teas1uiu 5 uny uHuaz 4 13 1UFUALIAT)
[ A 4

1er9gto (Mercury lamp U118 250 AA) ANEIAAY 365 U1 TUIUAS

Y 9 a 9 o s s Aad
AMMTUTUE VAUYDINIFAS UBUNDUDN Ld 50 WD

a A Aq o w s P o Y
nFeumeuszeznnanlslunmsihiiaaisueunsusn loaaunsznavua 11l 1dd

' Y 9 Y Y
FuinInaaods Ininanua 5 51 TaeldupuiiaauuruaNaaeanININAa0d

o { s‘: v 1 aan v d
AN V.14 Feyamsanywavesswausenldahvesdusalgnsenisaau laseon ladae

Uszannmmsiiniamamsveuveuen laamelfisen T lanzas lade

Yy 9 [ 14 J A
ANMTUTUYBIMFAIT Vo UNDUDN L6 (HT1ON)
F2ULIIAMIYLA —
- C, =50 W
() 7 3 7 3 73 7 3 7 3 2

ATIN 1 AN 2 ATIN 3 AN 4 ATIN 5 DAY
0 504 52.3 55.5 48.2 53.2 51.9
10 49.6 504 534 46.7 51.2 50.3
20 48.3 48.9 52.6 44.5 49.2 48.7
30 46.5 46.8 504 43.1 47.6 46.9
40 45.2 44.8 48.8 41.0 45.2 45.0
50 43.1 42.6 46.4 38.7 43.6 429
60 41.3 40.7 44.4 36.5 41.8 40.9
70 39.7 38.9 42.1 34.8 39.6 39.0
80 38.1 36.7 40.1 32.5 37.8 37.0
90 36.1 34.6 384 30.1 35.6 35.0
100 34.7 32.6 36.5 28.8 33.8 333
110 32.5 304 34.1 26.5 31.7 31.0
120 30.7 29.1 32.5 24.4 29.8 29.3
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o { S:; v 1 aan v d
M3 .14 Jeyamsanywavesswauseulsahvesdusalgnsenisaau lasoon ladae

Uszansnmmstiniamaaiueuneuen laamelinze I lnazas laga (do)

Yy 9 ) 4 J A g
ANUAUTUYDINIFAS VD UNDUBN Lel (WNLOW)

FLULININIYLE —
~ C, = 50 WD
(W) 7 3 7 3 7 3 7 3 7 3 2
AT ASIN 5N AN 4 59 5 Ny
150 27.4 25.9 29.4 21.4 26.5 26.1
180 242 22.1 26.4 18.6 23.8 23.0
210 21.1 19.7 23.8 16.4 20.4 20.3
240 18.7 16.4 20.4 13.2 17.6 17.3
270 15.9 14.1 17.5 10.2 14.9 14.5
300 13.4 11.1 14.3 7.9 11.6 11.7
330 10.2 10.1 11.2 5.7 8.8 9.2
360 7.4 8.5 8.4 3.6 6.2 6.8
390 5.1 6.7 5.2 2.4 43 47
420 43 4.6 3.5 1.5 2.5 3.3
450 3.1 3.7 1.5 0.6 1.5 2.1
480 2.2 2.4 0.8 0.0 0.8 1.2
510 1.5 1.5 0.0 : 0.0 0.8
540 0.4 0.0 - - - 0.2
570 0.0 : : : : 0.0
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a1 msfnmmvaunamanivesdfnsenlniansazladaninil§iserdudn 1
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AT NN A.1 ﬂwauwamammmmmnmuﬁm%lum%mmauuauaaﬂ%@mmﬂ@mﬂu

322NN In (C/C)
MOUAI (W) | 50 ppm 100 ppm | 200 ppm | 300 ppm | 400 ppm | 500 ppm
0 0.00 0.00 0.00 0.00 0.00 0.00
10 0.03 0.03 0.05 0.02 0.01 0.01
20 0.06 0.05 0.07 0.04 0.03 0.02
30 0.10 0.09 0.10 0.05 0.04 0.03
40 0.14 0.12 0.13 0.07 0.05 0.04
50 0.19 0.16 0.15 0.09 0.07 0.05
60 0.24 0.20 0.18 0.10 0.08 0.06
70 0.29 0.24 0.21 0.12 0.10 0.07
80 0.34 0.28 0.24 0.14 0.11 0.08
90 0.40 0.32 0.26 0.16 0.13 0.09
100 0.44 0.36 0.29 0.18 0.14 0.10
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Treatment of CO in Photocatalysis process using WO,
a1Turiiln Funind ‘unz aAty Fmsuniaed

Amanpapha Chuensab’ and Apichon W'abchnrenwong:’

1a | 2¢ = E- 3 ¥ w & a =
Adatudinfny ;  a115d S Imnsudunatey duinimimnsiumani
winInendema luladgsind uasadun 30000

“Tnsdmi : 0-4422-4537, Tnims : 0-4422-4606, E-mail : w.apichon@sut.ac.th

asanlas0on19A (Tungsten wioxide, WO,) MumMsdunsz A e5uaTn At fu (Anodization) uuidp
Ugmiaday (Tungsten, W) Tuamnzaredh i Indeinlgeelsd (Sodivm fborre, Nab) AT ndw 0.15 Tuarf Tag
& . g 3 = , s = 2 4= , 4 s ¥ w -
wlinlasumszaznmiililumimaaesivandaiufe 1-6 $11ua gfnwIanY iz iuioon luddrendasganssmi
== . . o Y & a_d
S1AnA3PUUDYUADINGIA (Scanning electron microscope, SEM) MazaRidtanasauiifadyluzlvasnszualvdh
R A& o & a .
(Photocurrent density) thataaniiaaay lnsoenladilFlunvaasiniz viums Iillanzaz lada (Photocatalysis) T
mstiadisaiveuneuonled (Carton monoxide, €0) lasiamaulaseanlzsdnidanszgn uelulamduly

) 2 aaa

o 2 ] oo 4 4 o
dazaelndeurigenlsd .15 Timd i 45 Dad dunar 1 53Tua viednmilishdidade nuivesdnial§isn
¥

e & - ey iy, =& = . o T | ar =
sazunasiilanas @anslloan naadda) FaUs: lenfiinain: l@svnnnuifeiie mefammalulasly

mithiauafiveima Tagnszuana I lanza: lada
iy : Tllanzazlofa; dadau lasoenlad; ue Tulawdy; miveuneuanled
Abstract
Tungsten trioxide (WO,) was prepared by anodization, oxide layers were grown on tungsten foil substrates in 0.15

M NaF supporting electrolyte. The effects of anodization time (1-6 hr) variable on the oxide layer morphology which were

observed by scanning electron microscope (SEM) and photocurrent density were d. Selected samples were then tested

for their photocatalysis decomposition of carbon monoxide (CO), which 5 WO, in 0.15 M NaF electrolyte at 45 V for
anodization tume 1 hr. The effect of catalyst area (WO,) and light source (UV and visible) were described. This study was

conducted to seek better technology conditions to improve the efficiency of the photocatalytic process.

Keywords : Photocatalysis; Tungsten trioxide (WO,); Anodization; Carbon monoxide
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& = daa P . = = iy aa
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I (Working electrode) 1z 1umaiiify (Platimuas, Py 2 15 31 (Counter electrode) Taoqu
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Photocatalytic Performance of Nanoporous
WO; for Carbon Monoxide Removal

Arnanpapha Chuensab and Apichon Watcharenwong

Abstract—The photocatalytic oxidation has shown to be a
promising air purifying technology. Carbon monoxide is one of
typical indoor air pollution which can be decomposing by
photocatalytic process using WO; catalyst. In this studied, WO; was
prepared by anodization technique. Oxide layers were grown on W
foil substrates in corrosive media. The morphologies of nanoporous
WO; structures were characterized by scanning electron microscope
(SEM). Effect of anodization time (1, 2, 4, and 6 h) was investigated.
WO; films obtained from the anodization time of 2 h at 45 Vin 0.15
M NaF yielded the best photoelectrochemical response and also
yielded the good performance in photocatalytic activity. The removal
efficiency of carbon monoxide was 45% by UV light and 31% by
visible light.

Keywords—Anodization, Carbon monoxide,
Tungsten trioxide.

Photocatalysis,

I. INTRODUCTION

ARBON MONOXIDE (CO) is one of the most acutely toxic

indoor air. Tt is a colorless. odorless gas that is a
byproduct of incomplete combustion of fossil fuels. Common
sources of carbon monoxide are tobacco smoke, combustion
of candles and incense. Among the technologies developed for
the treatment of air pollution, the photocatalysis oxidation
process is considered to be a promising technology to
decompose carbon monoxide. It is the acceleration of a
photoreaction in the presence of a catalyst. Photocatalysis
depends on the ability of the catalyst to create electron—hole
pairs, which generate free radicals (hydroxyl radicals: OH’)
able to undergo secondary reactions [1]. Litter [2] reported
the basic principles of heterogeneous photocatalysis can be
summarized as follows. A semiconductor is characterized by
an electronic band structure. They are separated by a band gap
in which the lowest empty band was called conduction band
and the highest occupied energy band was called valence
band. When a divided semiconductor is illuminated with
photons of energy higher than or equal to its band gap energy.
an electron (&) from the valence band is promoted to the
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conduction and with simultaneous generation of a hole (h*) in
the valence band. The e (conduction band) and the h™
(valence band) can be trapped in surface states where they can
react with donor or acceptor species adsorbed. The energy
level at the bottom of the conduction band is actually the
reduction potential of photoelectrons and the energy level at
the top of the valence band determines the oxidizing ability of
photoholes. each value reflecting the ability of the system to
promote reductions and oxidations. And they can recombine
on the surface, show in Fig. 1

Adsorption Conduction band
- A
€
Reduction (/
Ox;+ne” —» Red;
w
v>Bmdesp) — 5 2 ¢ e
&
Oxidation -\v
T €
Red), —» Oxy+ne
Adsorption Valence band

Fig. 1 Schematic of photocatalytic process [3]

Tungsten trioxide (WO;) 1s technologically very important
semiconductive material that provides a broad range of
specific properties. These make the materials application such
as solar cells. sensing. electrochromic devices. and
photocatalysis. To date. many methods have been used to
prepare WOj; in form of powders, thin films, and colloids. for
example, sol-gel coating [4]. thermal evaporation [5]. and
anodization  [6]-[9]. However. self-organized WO,
nanoporous could be grown on W substrate, using relatively
simple electrochemical approach via anodization in
electrolytes containing fluorides. After reached equilibrium
sifuation. nanoporous oxide layers were obtained [9]-[12]. In
this present work, WO; nanoporous films were fabricated by
anodization of W substrates in aqueous electrolyte. The effect
of anodization time was evaluated by photoelectrochemical
response. The selected tested
photocatalytic activity by degradation of carbon monoxide
using UV and visible light.

catalysts  were their
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II. MATERIALS AND METHOD

A. Catalyst Preparation

Tungsten foil (Alfa Aesar, 0.25 mm thick. 99.95%) was
used as the substrate for oxide film growth. Before used. the
foil was cut (2 cm x 3 cm) mechanically, was polished to a
mirror quality smooth finish using silicon carbide sandpaper
of successively finer roughness (400. 600. 800, 1000, and
1200 grit). and cleaned in three 5 min steps in ultrasonicated
acetone. 2-propanol. and finally deionized water. It was then
dried under a flowing N; stream and used immediately. The
anodic growth experiment was performed in two-electrode
electrochemical cell using Pt as counter electrode and tungsten
foil as the working electrode. 0.15 M NaF was used as the
electrolyte and preselected anodization voltages at 45 V was
applied for 1 to 6 h anodization times. Finally. prepared
samples were washed by immersion in deionized water, dried
in a N, stream and then were annealed at 450 °C for 30 min.
Scanning Electron Microscope (SEM) was employed for the
morphological and structural characterization of formed
layers.

B. Photoelectrochemistry

A standard single-compartment, three-electrode
electrochemical cell was used for the photoelectrochemical
measurements. A large Pt coil (counter electrode) and an
Agl|AgCllsatd. KCI (reference electrode), along with the
working electrode, were immersed in 0.5 M Na,SOy
electrolyte. They were connected with a potentiostat
(AUTOLAB PGSTAT 30). using a slow potential sweep
(5mV/s) in conjunction with interrupted irradiation of the
semiconductor film. The wvisible light source was a 50 W
Halogen lamp (Philips, 12 V). The radiation source was
placed 5 cm away from the working electrode surface. All
electrolyte solutions were sparged with ultrapure N, for at
least 20 min prior to use. All measurements described below
were performed at the laboratory ambient temperature (25 + 2
°C) unless otherwise noted.

C. Photocatalysis

All the batch photocatalytic experiments were performed
in suction flask (2 L) and cooling water circulated on back
side and bottom of the photoreactor. The UV (250 W,
Mercury arc lamp) or visible light source (150 W, halogen
lamp) was placed 10 cm away from the catalyst (five plates
with total anodized area of 20 em?). The initial concentration
of carbon monoxide was fixed with 200 ppm in dark firstly
and then the light source was turned on. The residual carbon
monoxide concentration was detected by gas analyzer (Testo
950).

III. RESULTS AND DISCUSSION

A. Nanoporous WO; Films on Tungsten Substrates
The tungsten foils were anodized in 0.15 M NaF
electrolyte at 45 V for anodization time of 1, 2, 4 and 6 h,

62

respectively. The morphologies for the resultant WO; films
were shown i Fig. 2. In all cases considered essentially
similar nanoporous.

Fig. 2 SEM images of WO; nanoporous films obtained by
anodization of tungsten foil in 0.15 M NaF at 45 V for
(a) L. (b)2.(c)4and(d) 6h
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The photocurrent density of each prepared film at a fixed
potential 1.2 V as a function of a given anodization time was
shown in the Table 1. Thus. the sample grown in 0.15 M NaF
for 2 h at 45 V yielded the best photocurrent density of 0.103
mA-cm”. Expected, this was the best conditions of WO for
the photocatalytic activity. On the other hand. samples
obtained after longer periods of anodization such as 4 and 6 h
(Fig. 2c and d. respectively) show extended etching of the
initially formed oxide layer. This translates to a corresponding
decrease in the photocurrent density of 0.076 and 0.065
mAs«cm”, respectively. This is consistent with the studied of
Watcharenwong et al. [9] describes that the longer
anodization time. the rougher morphologies. The porous oxide
was not arranged neatly, obstructed the light by porous oxide
itself. Thus, the photocurrent density decreased.

B. Photocatalytic Performance of WO; Films under UV Light

Fig. 3 shows that the photocatalytic oxidation of carbon
monoxide by catalysts prepared with different anodization
time. WO; films were prepared in 0.15 M NaF electrolyte for
45 V with anodization time of 1. 2. 4. and 6 h. respectively.
The removal efficiency of carbon monoxide at 300 min was
33%. 45%, 32%, and 32%. respectively. The initial carbon
monoxide was 200 ppm. The results of the best photocatalytic
activity are primarily attributed to WO; anodized for 2 h.
Obviously seen that the photocatalytic performance of each
WO; films had similar trend to theirs photocurrent density
from Table 1. The prepared films from different anodization
time should be varying in different thickness. the longer
anodization time, the thicker oxide layer obtained. However,
the results shown that efficiency of carbon monoxide
oxidation by nanoporous WO; films was not depend on the
thickness of oxide layer. This is consistent with some studied,
Ngamou et al. [13] have reported that carbon monoxide
oxidation display a thickness-independent behavior over
LaCoOj catalysts. However, other catalysts such TiO, [14]
and Pt/TiO, [15]. [16] have been also used to investigated the
photocatalytic oxidation of carbon monoxide.
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Fig. 3 Effect of anodization time on the degradation
of carbon monoxide

TABLEI
ANODIZATION CONDITIONS AND PHOTOELECTROCHEMICAL PERFORMANCE
OF NANOPOROUS WO; IN THIS STUDY

Anodization Photocurrent density
(mAscm™)
Electrolyte Time (h)
1 0.081
NaF 0.15M at 2 0.103
43V 4 0.076
6 0.065

C. Photocatalvtic Performance of WO; Films under Visible

Light

The sunlight 1s the ultimate renewable energy source. but
the solar spectrum contains only about 4% of UV light.
Visible light is far more abundant 46% and thus a more useful
region in the solar spectrum. The developments of catalysts
into the visible light become an important topic in the
photocatalysis research today. WO; has more attentions in the
visible light because of its relative wider band gap. Thus, the
study of removal carbon monoxide using visible light was
investigated. WOs film prepared in 0.15 M NaF electrolyte for
45 V with 2 h anodization time was used and initial carbon
monoxide concentration was 200 ppm. Plots of [COJ/[CO],
versus irradiation time, the activities of the two light sources
(UV and Visible light) were compared. shown in Fig. 4. The
visible light was observed to show lower activity than UV
light. However. it was still having the ability to decompose
carbon monoxide via using WO;.
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Fig. 4 Effect of light source on carbon monoxide degradation

IV. CONCLUSION

Nanoporous WOj; films grown in 0.15 M NaF electrolyte
for 2 h at 45 V not only yield a good photoelectrochemical
response of 0.103 mA=cm™, but also yield a good performance
in degradation of carbon monoxide up to 45% by UV light
and 31% by visible light. This study indicated that even using
unmodifile WO; film. photodegradation of carbon monoxide
can achieve. Thus further development of WOj; to have more
performance in photocatalytic activity should be studied.
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