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ABSTRACT

This research aimed to develop an innovation to prevent the spread of germs to
keep people healthy and away from various diseases. In the study, we aimed to develop
innovative electrochemical cells to eliminate microbial contaminants in food equipment
and thereby to prevent people spreading germs by sharing food equipment in public

places.

In the first phase, a simple method was developed for preparing bismuth
vanadate (BiVOy) thin film using an automatic dip-coating method, focusing on enhancing
photoelectrocatalytic (PEC) property, ensuring high reproducibility, and efficiently scaling
up properties. A precursor solution concentration, dipping speed, and calcination
temperature were optimized to obtain the highest photoelectrocatalytic BiVOq
electrodes for water oxidation. The characteristics of the developed BiVO, electrodes
were studied related to the PEC activities improvement. Notably, the reproducibility and
scale-up ability of BiVO, electrode preparation were tried out. In addition, the developed
BiVO, electrode to organic dye degradation and the catalytic mechanism at the electrode
surface was tested. It was found that both the dipping speed and calcination temperature
of the fabricated BiVO, electrode process are significantly influenced by the PEC
properties. A calcination temperature of 450 °C was selected with an optimum condition
for BiVO, photoanode preparation for the highest PEC water oxidation and had good
charge transfer process properties. The proposed automatic dip-coating method presents

high efficiency for the large scale of BiVO, thin film fabrication, and it was highly



reproducible at a low relative standard deviation of less than 5%. The developed BiVO,
electrode eliminated methyl red organic dyes by more than 70% within 1 hour under
the PEC process. The development of a simple and highly reproducible technique for
preparing BiVO, thin films was highly efficient in PEC water oxidation properties.

The second phase is a study and design of an electrochemical cell prototype for
eliminating microorganisms with a capacity of 6,000 ml, using large bismuth vanadate
electrodes developed in the first part. At optimal conditions in a 0.5 % NaCl electrolyte
solution with the applied potential set at 2 V, light intensity at 33.48 W/cm? completely
eliminated E. coli in contaminated food equipment within 10 mins. The developed
electrochemical cell prototype showed significantly better microbial degradation
efficiency than UV and saline- treatment processes. The results show that an
electrochemical prototype cell was obtained by the photoelectrocatalytic principle with
high efficiency in microorganism degradation. The proposed cell prototype is simple,
convenient, and environmentally-friendly. It is suitable to develop a cell prototype as
an innovative food equipment washing machine to prevent the spread of harmful germs

in the community.

Keywords: Dip coating method, BiVO, electrode, Photoelectrocatalytic cell, Organic and

microorganisms degradation.
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v A

PR v o 1 a a &
wenanfdslutadud A dnegitlunisaivaununiniasusednininveadlni

o
s =

ashwthAenssuumawssniiduusesasfsathifudhdalihdendnn Geanunsasild
panvaeds ansldinelianisiedouunuumauisies (Spin coating) [12] wiafelalasines
uea [13] n15n3eam1aaillnia (Electrochemical deposition) [14] uaogn4lsAniuinaila
fanan fAdsdifesfdananete Meeruanunsalunisesnuuulussuuainavuelug) msaiuas
ANuVLYRsdNasA it lTAaN21a1299 YeamATANITARBULUUTY I BILAL
lelnsmesuea Jumsunszvaunsdeutisgseinvenneiealalasimosueauasnisniamng
il Fagaduidgmdidyreunadafnan FatumAlAN SRS EuUNans sy
Flwihuuuiiseuarazmniunisueierunnanaddddfunisfinsandmivnuided duneda
NSWSEURFUULUUUAGTU (dip coating) [15] feduwmedafiauisonaulandanudenis
Fananlsuniign wiegdlsinumaiadaingrimnyiinmsiusenu axdslidedinieanis
AuAuANu A uanIziazas A dAyAediddedidnlunisindouflduans
Awtthenusazasldliviniutn aumndninaindesifnveseu Tunisaauauss e W
whiuldmnads iliAndamnisedesfiduudmansasaudldualiiny
Fedugifeisaulaiaumaiamandansisiriuuugmadeulii anuaunsolunis
AruAuAIITDsiuldansla1zas wasansonisuelundazadsldiiueg9d
(Reproducible) Inganlavszgndldini osgaadoudnludid dsannsodslusunsunisyieny
iielvanansomugusnsnilunisjuiansesivadlumsazats muaNszeznan wagyududs
fuiusulunsuyiansesivluasazats uaviiddyie nsldiesesguindeudaluifatnsa
verevmanavesiansesiuliiued i Ssannsoantediiadnagvesnmsuiadeu uaziaiu

a aaa

oisufmilonimaliansiueieuluudy Fganunsaiindsednsamlunisiiaufgizeins



a

Mdnwerdunidgegauasiainanslunsndadaluiasfsdnilunsimuisesennisndn

Wandlvdaaly muidelauisaimugasusuudmiuindelsavuaunsaloinisiaedad
Usgdvznm Fuimunsegeniiiondndvinedesndsdlusunanladely

1.5 Uszlpwifiianinesldsu

- Idosdanudlmilunmawisadalaiiarsiafahidussansamaddumssingelsauy
gunsalens meweialnlndianlasazazladn

- Ifesdenuslndlunisaagmadiadlvifidusuulunssnidelsauugunsaiomis
wazannsailuidudeyaiiensfinusiosenvensaina uazldnuiBsndudsely

- \¢avsiinsntesyanstnsnnyadusuunisnissdelsauugunsniomns

- Ignduuuugunsalsnidelnindidnlnsnsaslain

- IemeunsluanuuszaAvng wagdfissilunsasszivunmnuniluguteyadidud
gausUILAIUAING
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2.1 WoBlala (€ coli)

Escherichia coli 3o E. coli \Suiauuaiiiusydniiu (Normal flora) finuldluan1d
vosnuuazdniidengu Insundazlivisunsevionelsniouss ileegludldastisdeserms
fussuusgmudily uivnnide £ coli gnan Wihdsruusag vessumeiagyilfiialsefnde
suust wu Tsafadessuumadudaans Tsadeviuauosdnay wagnsfndolunszumden
Hudu uazilidle £ coli visaneiugivhlmiAalsnganszald Tnsmsvudouvesdoluamns
ot vailile £ coli iaunsarelsngaanszsas (Diarrheagenic £ coli) axdinalnnsre
TsAuazanunsn afrsansfivldunndrafuluudazaisiugidu 1We Enterotoxigenic £ coli @
Buaewugiiadrsansiy enterotoxin iliiAnonsviessrsuuidsundu drowmandui
w3o1¥e Enterohaemorrhagic £. coli #ia$19a13fiw Shiga M AAIN15919953998 19U
delugniden neliAnngueinisdindeauatuanuazlanedeundy

2.1.1 dnwalrsUIauagEsTINg
E. coli ununailiSaunsuauguumia (rod shape) fivuiadisus 1.1-1.5 x 2.0-6.0
lulasuns aneviug dwlvg wdeuiils (motile) lngende flagella Nilogsauds Aanandlugun
2.1

ﬁ{n—*"'}

The E-Coli Bacterium

[

U 2.1 dnwaizgusisvendie £ coli [16]

\WWe E coli liia1sauas (non-spore forming) @unsataseylea visluaniiziideandiau
(aerobe) wazan1zNliiiioandiau (facultative anaerobe) UnAdIN1I0LAIYUUDINITEITUANY
IluriealUfinis Ya9ammqll 7 - 46 semnwal¥ea pH ¥810NIAdA 4.4 - 10 § capsule



U149 uegseudviiidenudeanimuwinaeusegladigy $43ney audeduiuazludu
v A

ageadlaviare iy egluinlduiunaieduans wignyiaiewlenud 60 asreaidea Wi 30
a
Wil

2.1.2 auﬂim’iﬁmmawﬁa (Classification)
Escherichia coli (£ coli) \uanafisademudifomgmidlsaiinmeesiuie
Theodor Escherichia %’@agﬂu Family Enterobacteriaceae, Tribe Escherichia, Genus
Escherichia, Species coli L%@Iuaqaﬁﬁmma serotype wazmane biotype fetiulunissuunis
Aodefanuenl AuaLTRvaLB LAY

2.1.3 AaNURvaLaURLIY

WOUALAUYDN E. coli Hegnainvianeviln s

- Somatic antigen (O-antigen) Wuansuszneu lipopolysaccharide ngjﬁlu
Furewinwad danaudAnuanuieuds 121 °C nunsnseuuarueanosed JagUuiey
Useanad 171 ¥iln

- Capsule antigen (K-antigen) 1 ua15Usgnau polysaccharide ﬁﬂ‘WU‘Vi’eJﬂZfﬂJ
\ad 19U capsule, envelope w3 fimbriae fiufaLuaATiouazaqu O-antigen ¥inls 1Folsl
ansane nguiuluneudsy O sniuidsus viane K-antigen @oneulasnisdud 100 °C
uw 2.5 97 Tus videdl 121 °C iy 2 Falas dagtiunueg Uszann 100 vila

- Flagella antigen (H-antigen) 1Judiuaes flagella Usgnaumie protein i
3nn flagellin gnvhanedigamgil 100 °C angiiug Aliideulmazlal wu H-antigen Jaqy
WULED 56 %A

a v v a

Antigen O, K kag H lamaudanisnenainuazgdauduingiiunnsieiy

Y
a a

aaduly N15TIMUN LAZNITUEN serotype YeuTaNTT uBg AUTTnuoILaURLIUME T
E. coli O157:H7, O6:K15:H16, O142:H6, O29:H7/30/32, O119:H5/H6 Way O128:H7/12/21
s

2.1.4 msvrliiAnlsauoadie Escherichia coli
USinaeadie EPEC (Enteropathogenic E. coli) fnliiiAnTlsavioadelunuog
23 107-10° Wwadseniuvesems nguiltduaeiusivinlmanlsadalnglsiadaansivegrig
106 9 107 fszozindauseunn 6-36 $21us 1ie E. coli MliAnlsalununasdnsenavily
\Anlsadsl)
2.1.4.1 189529 (Gastroenteritis)
- Enterotoxigenic E. coli (ETEC) @519toutnalsnendu 2 vin Ao
nongdusdalunuaitusou (heat-labile enterotoxin, LT) Way M90S UL ANUAIINS B



(heat-stable enterotoxin, STa wag STh) Wummﬁwﬁ’aujﬂ%y’miﬂdwL%ﬁ%ﬁﬁ;ﬁﬂ@ﬂiﬂﬁ@ﬁ’;ﬂ@q
anans n3fnw ETEC lugnansyibimstunalnnmisiialsaiiinaraladansesiteumnalsnen
Fu 2 wila Uagiiu ETEC vilviAnlsavipadoquussluiinnan wagviossassouq Tuaurld e
Authuavensfififouuegdosiide 10° Judnlsnls

- Enteropathogenic E. coli (EPEC) ilunguiidndnyosarniduanmg
lsavioesaeguustlunnmsn auds 2 vau ludsemamdsiann liialsaludlng lashmen
Fu Inanadaairsansilonsiuniuiuimaduesarldidn

- Enteroinvasive E. coli (EIEC) fnwaien1aTuall WugNssy wagnisuin
Tsandefuide Shicella ligasuiniauanlng a%1a Shiga-like toxin- (SLT-) uaz Shiga-like
toxin-Il (SLT-I) vinliinlsaviossienanelsadn Uanvies dnues uazideneanltugaanse iald
nuAunn Iy

- Enterohemorrhagic E. coli (EHEC) WUﬂigaLLiﬂﬁ'auﬁ’gaLﬁm Hu
E. coli 0157 angugAinuunae £ coli 0157:H7 vilsiiAness 190 nsnnLa end anld
(Hemorrhagic colitis) iaaide waztinviosguuss wulaluaunnis wazlsm hemolytic uremic
syndrome (HUS) Fanuldluauyniousnuinnludnuaznisn awvglaneluiin diegaanse
Juden ondeu Favridewnanvendu Bondn elslglnmendu (Verocytotoxin) #3e
elsnendu (Verotoxin) 395019138ndaii91 elslalnnendiain £ coli (Verocytotoxigenic
E. coli e VTEC) nenduililaniinmueufaundoiu We Shisella Sudunmenduilin Shisa-
like toxin (SLT) n3szuinfinainnissussmuemsdudeuwdofiléiuaudouliifisme
i wewesine$ iounnu wuAuTINsthAile

2.1.4.2 Mavutlaanizondusiladain E coli
nauiineliiinlsn laun dlslnd 1,2,4,6,7,9, 15, 16, 18 way 75
% = a a P A a Y A = Y ° v a
A514 aimlaezjwmwmaaqmmamuﬁamw wzy}aﬂamal,ﬂummmama yMliialsa
nssietlaanydniay nnglanaznsieladniay

2.1.5 matindeqdunie
Horauridnneaunuiadonveiiieussndohiaiuamaidelhiaalseun
wywe d0 naRAIUNYNTTUSYYIMITA99 wupfiSuenatuiouluomsuazd wuafise
wiardloraviliguilaafinernsinuninisinme viedediadaiuiedarudidusgnedd
wdesnisnsiinafidndonuaiiBomantu Welsild iansgaydedndn Tn1smugu
wnedansan(kiling) nsdudalnhibition) wazn1side (Removal) tues wievilwusiaan
\Hoqauniddaiivansiidail



2.1.5.1 NISATUANNINNIENIN
- msldpnuseu
1) Ausaugs
o st Tudifeniiguungdi 100 °C WWunan 5-10 il
® nsmaLaeslsd (Pasteurization) Tdaaumad 62.8 °C 1uiian 30 wil wie
71.6 °C \Wunian 15 3wl
® Tyndallization 1¥gauvndi 80-100 °C 1furaan 30 w1t 131 3 Ads usiay Ass
v 24 T

o nsldlevnieglaanusu TagldesesileNnsoninndetsnnusu (Autoclave)

2) ANuToun
FBilaunsaviategdunsglaiiiesiosay 50-80 fanulunisvinlid Usiaanige
= 1 a Yo i v Y o Aa a a & & =
Felaifienldiu uwisgldunlunisawenomsirinuafisenasyluomsifsadeluunieq
a o 1 < o Y a = < & = o a A v
gaumndl -35 °C egresanhiagyiliiandnuindduead Jsagyharsuuaiisels

- MsldpauEe
a4 o a = o= a a 4 A & Y
Aawdesaunsaldlunisnivanadunidle Geusyansninvesnduidesduegiuniy
g1Ipau N1sTirdudssinalegdunsdlainandesinlnintenvveweavainisluwad
41N VLV U TUE oYY Auneludesinadianiuauuin viligadanyin

- m9le5ed
v Ao 4 & S v a o = o a e
$98 MdAue AR UAUITINS LAY uAzHlgIUIANITVIEANEAINE Faviangqaun3d
107 Fadnldarunugaunsdll 2 viia Ao
1) lonizing radiation laielsaluingilinuaiiusou
2) Fsddanshlean Wusdnldlunisaunugdunidiuunn lnefina selaseasnees
\waa LU DNA RNA TUsAULaza158uvsoaue

- msloarsied
P o Y Q ’oj 1 -«.ﬂy ¥ g.J/ 4 = wa 1 d’l’ v 1
answninanusadiulddudienselauuasdedinuanddlunisdndaliotng

swSugdluanududunig nalnnisvhaedelida Ae azargleiuly Envelope w3ovinle
lUshunaznsnihnddnvesdelisaduaninly arseiindenldiuwnswaneiiagg

1) Sodium hypochlorite 1 Uua1susenauvuesnasiu 140U Disinfectant alfgyieu
TuriesujiRns dndenuwualounivue waziazodldnieg willgnsinnioulany

2) Chlorine sintglun1smansieluunuszun aszinetigvsvetnasiuazanasniniiil

< ! =) = a a6 dy a

anilussvsediansdunsgvueuunniiuly



3) lodine aaﬂqw%gﬁwm&%alﬁﬁ ¥4 Influenza Qﬂ‘zht,%aé’wmm%u%ul,ﬁm 70 ppm
winuuduvaslelofuardeuatlinavs eansdunsduuegunteidevedlolofiu Ae seany
WAouiled ofilduegluguues Tincture iodine 2% usid1aglugUaas Povidone - iodine
(Betadine) agszmelAndiioras win1seengysd Tincture iodine Taild

4) Formaldehyde 138 Formalin 37% vhaneidelad usviansazareuazlofiiy de
dowdeun Wi disinfectant lékad

5) Glutaraldehyde Tuguvas 2% waufiu Bicarbonate buffer (Cidex ) %ﬁq‘ifl'ﬁgﬁzhl,%a
Th¥aldvualu10 undl 4of Ao anunsoudiedesiiefluedldlaglivinlieradsanm Fudily
Tuiveueiosdleldfuazdeoonine

6) Ethyl alcohol iluthenshideditesldfumnnednnisansannaznauls damznou
Tusiudaedostuliliidognyinats n1siiu Sodium hydroxide aunsadudanisduiavs
nznewlusiiu vhligvsniseidedty

7) Hydrogen peroxide ﬁqwéiumiﬁﬂmaL%alajﬁmﬂﬁfﬂﬁﬂﬁmﬂ%’é’mma stm,ﬁagﬂ
fuoulel Catalase Tuiloifofazaanefuiniweandiaudumosy ndnionavisandsn 19
VQADBNIINUNE

2.2 mallalnladianlnsazazlafndmiundndogdunsd

!
=

wadallndidnlnsezaglafndumaiefidenseduansiinidfiadawidunelun
FuaTiINSLNINNTIAT WOUYeINaNd39 (Band cap energy, Ee) %@Qﬁ’]’iﬁﬂﬁ?ﬁ’ﬁfﬂ‘]
Faansiainhivanvanewiln Wy TiO, [17], ZnO [18], BIVO, [19] wag WO; [20] agvilviiAn
mimﬁauﬁmaﬂﬁLﬁﬂmaummmm%aueﬁ (Valence band; VB) lugauaun1sin (Conduction
band; CB) Alaziintosdna (hole; h) Fauszaiduuan wslidngdlwinnsusniiduuindily
wfunsmidenilvididnnsouiidunnivadgdalafhandauelunlugstaluiualneds
213024 vondiau (0, Afmindalwiualnelvinaredy syyadaszvesguivesoonles
°0,) Beamdudadadiusannludwiliinaedueyyadassusyyalonsonda (Hydroxyl
radical, °0H) Fsazifuansfifauifiduioondladfusannamisnoondladidosdunidly
svuuldifuedned wazduiiddyiianfesudalifiuelundléd nsladndlaiihduunidie
wendidnnseusenandunisthagrilfiAagesing (h) Sruaumniifiavidalui Seaed
auannsagluniseandladiiievianeideqdundgiaamindaluiTaonsa uenaindds
anunsneendladilvinaeiduayyadasy wusyyalensanda (Hydroxyl radical, °OH) Fadu
ansiifauiAlumseondladansdunisfiusmnannsounsesnaniniidaluilueandlad

e

aunsdnegluasavarguasiinuugunsalenmsiedeiiussdniam iliiAnnssuiunis

(%
o v A a

MAInadUNITlunataelfularaINaIensEUIUNIg
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v 1
2.3 n1snauU2 linasneRun
Asau lniansAasdaiuUseansnnlunszurunsinlndidninsazazlasn
NagnainvianyTsaail

2.3.1 maiRwEndRnsganauLaT
NMsAnwraadoglusssunalusun 2.2 asnudtuasidvsunaminlu

a

35U UABLETimuauTiunde Visible light ﬁQﬁfJuLﬁﬂﬁﬂiz%m%ﬂmiumsmmﬁuuaﬂu
5YINVIARLINN miﬁaé’aﬁwﬁ‘lﬂuﬂ'13m?qawuﬁasﬁgﬂw%mi%é’aqﬁauﬁ’mumi@@ﬂﬁuum
Tugafimuendiuvisible light) Wuifeniu wasdefiasanainuduiusvesd Band gap
energy (Eg) TUAINE1IAG Y (Wavelength, A) Tutafi aueadiy muniseuanai Eg Tu

aUASA 2.1 WUNENSNIIAISiAN Eg < 3.1eV

25
UV  Visible : Infrared - »
E 2 ,
< _
NE - Sunlight without atmospheric absorption
S 15 A
§ - 5778K Blackbody
g \ H,0 Sunlight at sea level
05|/ Atmospheric absorption
w0 band
Q —2- €O, H,0

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

JUN 2.2 Usinauvesuasnteglusssuviinyisanueniniueige [21]

1240

Fo oMb D /e 2.1
g (eV) p

Tnei Fg Ao Band Gap Energy
A #o Wavelength (nm)

nmsAnyarsieinidlilunsedeuuiimddalafindy wuihasisfaddulieg
shefunansylindsilaudAfiunnsistuly udainmsfionsandl Eg 91nguil 2.3 wuinvsatnu
ponlas (WOs,) nardaimuuan (BVO,) wiunzaufiavthunldiduansnaiitilunisnisuuin
Falniin ilesanansisininisaesuilailen Band Gap Energy firoussuay daasmauaues
w’%alﬁmmsﬁfmulé’ﬁiuﬁtmLLaaﬁmmaqLﬁu(Visible light) LLam’mmiﬁﬂmwudﬂmsﬁaﬁaﬁﬁﬁq



aariadadng lw1ganauIaud (Valence band; VB) drnesululunisuin® sagvinlv

a aaa a U v
WAnuizeneandndulan

Vacuum ENHE
0

2

1
-2.5

-3.0

- 2.0
L -15

35f -10

L -0.5
L o

55 1.0

L 15
- 2.0

Fof 25

- 3.0

I Conduction band edge

sey |2.1ev |2ev
2.4 ev

N Valence band edge

------ Hy/H,0

---- 0/H,0
26ev 21ev

1.
cuo cu,0 [29ev [3.2ev

TayNg

Fe,0,

BiVO,

80 35

TIO,

31]1'7i 2.3 #1 Band Gap Energy (Eg) 201579811 [22]

2.3.2 WATANIPSEUTELUNS
flduung Ao Tuvosezno 3o nauvesezmoufiduTiududuuieg vutag
5993 (Substrate) FsgnaruaulagnszuIUNTAUATIINFENIN 115039 (Deposition) Tavans
Asdthansahunilnduiiduuaieliiesennilulde fedunmseieufiduundi

AENUaINA8ISRAal

2.3.2.1 NM13A33wUUIN (Dip coating)
Dunswieuilduuislnenisindisessu (Substrate) quasluansazay
A% duanssadiu (Precurson) wﬂmﬂﬂmmmmmaqaumﬂLmvmmmwummaamsaﬁw
Foans aduilduunsununluiy mﬂuumsaaiwmumsqmmaauLLamugﬂuwmﬁzma
londvhavanseeniiiovinliiduaunsadafnuuinvesiisesdulsd daansuneunsnisly

U7l 2.4

Substrate
~ Coating
“a " 7
Precursor I A
solution ¢ \ & E
\ Ve ° : 4 : e L] °
. L ® . ® ° L
PO ejEm| * i - ®e -
e* e » =i s g
e B iy ™
** o o
Step 1 Step 2 7 Step 3 ) Step 4

gﬂﬁ 2.4 139394 UUTUARBY (Dip coating) [23]



2.3.2.2 MIATIVUMLLABS (Spin coating)
HumawTeuiduudaeiinmanyuiisessu Tneduuuisesiutuae
penansara1efigeanisnialy Mndwhnmsmgunissannui ilviasazaisuisdiuas
N1z Ry uIui uAYDIRT893Y uaruIsdIuIEnIEERan U ILT U TR LA ST UY
Mnuthisesiuryhmsssmedieioivharaisoen duansunounismislusuil 2.5

'

- -
Depositing the Rotational Evaporation of
solution spreading out solvent

gﬂﬁ 2.5 msm’%’mwmum’ﬂm (Spin coating) [24]

2.3.2.3 nMansauualnineis (Sputtering)
nsatiameds flo nszurumsmnsiidndetnails AAntudlefuthues
Fanla ) grauvdonszumndngeymandanugiaueymavesianiiogivininnsvanesnin
nsgvIUMItanAnduainnisdenesluiudy (Momentum) Y9I9YNANEINUZITII BT TY
fusynavesianfignuu efvesiangnuyusieeyniafiindeny sznoufiiivesiagazgn
nszideeenuiesnnmsrussnivezaesfiiatanuazeun AN 91y FenUsngnsniia
allane3indu (Back- sputtering) wsnatmmaiataned (Simple sputtering) Tmazmamﬁmqm

a LY dy 1 o & U a & a s X [ = A
DRNUIINNIVDIIEAA U azlunemniuiafsessuiatduiduu1st Ui muammﬁmﬂugﬂm
2.6

P22
T —— "
/ s . Sputtered Sputtering target
. ° o e target
A'_ ... ® o atoms
Ll
%o

et / 1 \ | s

S

Sputtering gas

5UN 2.6 nsnTawuvalnmess (Sputtering) [25]




2.3.2.4 m3nsemneadlnil (Electrochemical deposition)
Bumswieufiduunslasnishlianslunensg uufiniivestuay
Taenslvidndluiivdonszualudi vilileseuvesansioglumsazansiin fisens fndulae
losouvesansavindeuilusudidnasouitravvesdidninsauaziuasuanmduansidu
vowdmanogiiianiings Fuansiunounisnddugud 2.7

Potentiostat

WE: Working Electrode
R: Reference Electrode
C: Counter Electrode

g‘l.l‘ﬁ 2.7 mM3nseneLadilni (Electrochemical deposition) [26]

2.3.2.5 man3emelniiuuunyu (Electrospinning deposition)
< ad = a6 1% Yo 1Y LY v
Jwismswseuildauuissmegnishidndluiinivansavaneuaziisessu
lneidnedwesilussdlsznouiiamunnundaunaisazate a1sazaneilasudndlniiezgn
dnoanly inliAndudunfivwadndeuiuiuvuuiansessundulavenseTan idaudiun
Tlile Fauansnsesalugun 2.8

Syringe

\
-§ Polymer solution

I Spinneret

Fibers

Collector

5UN 2.8 M3nSeagluiuuuvsu (Electrospinning deposition) [27]



2.3.2.6 N13M33LLUU Sol-gel process
Jumasdsiaguilulaenmaiansazarsunyijisen lnsnisiaey
anuznveamadiienin “sol” Teglusuvesansuviuaseifivuineynauszana 0.1-1
luaseu wasnzfiuduiunendlifussfoudonit “Gel” anfuthansildluliany
Soufigumgiilugdliiin 1,000 esmiwadea azldndnfusiluguuuuingg wu w@ule (Fiber)
ualstaa (Aerogel) @lstaa (Xerogel) wa (Powder) ﬁauam%ﬁmaumm‘%’ﬂugﬂﬁ 2.9

Heatmg

Xerogel Film Dense Film

Solution of Precursor Coating

Evaporation
Hydrolysis &
Condensation

e %

= X

Gelling Wet Gl
0 Supemr’\rslr;‘:g
Prempl(ahom
[#]
0&3
Sol Umform Powder

Spinning &

Fibers

sUl 2.9 Msr3auuu Sol-gel process (28]

Heating
—_—

Dense Ceramic
or Glass

2.3.2.7 NMSM3IUUU Electric arc discharge process
Junswseudanuilulasnisteunszualuinazanusedngdidnly
Wielieyniaianisuandnaisidunaiauisou antusynIafiuanfiaziinn1smuiuLas
1 Y Pl 5 Q‘de’fl a0 Y1 v 1 a (Y cal v a 1 °
nemlminvlndualne 5Hdenaziialtaetes wndniunilaenaasiivuialiainae
wazlduveUunaney dauwanitunaunsnsslugun 2.10

10



Graphite

rod @ . "L-soul

Deposit—" Graphite
rod (+)

discharge
power

|_source | [Vacuum
um;
@ pump

g‘l.l‘ﬁ 2.10 N3V Electric arc discharge process [29]

233 MafinUszansnmnisaanudidnnseu

i eansA aiaignaseudisndanunasazyihliAnnisuensening
518nmseu e Tt uLauni1syi (Conduction band: CB) futing®e119 h* fiLaulliaus
(Valence band; VB) #smnlsifinisaneleuuszgazsinlitinnseu e Tnasnsaudu h* 13en
Usangnisaifana1nin Recombination auifioanudondlatlymidanann uazaunsadiy
Uszansnmuasnszuiumsinledidninsasazlafnlalnoimuiaudinsdsmnudidnasoudiin
1nMInseduasisfi dalldvainnanss erfidu msiAnlans [30] 1u Pt, Fe uay Au
s Inglisuniauaunisda (Conduction band; CB) agganinuaun1sii (Conduction
band: CBJuasaNsAe tletisludsiudidnaseulanieiy waymsldansieiii 2 viavie
111N 2 YN ﬁ?fammmﬁ’@gﬂwaumﬂalﬂl@’fwmﬂwawmfu p - n junctions [31], n-n
junctions [32] wag Z-Scheme junctions [33] %38 Surface Plasmon udu

2.4 nATeMAEadas
MAMIMUNINITUNIIIARITesAsIt UM TR IImaTanTsansIAnU AT 87
Flutirgodnslifiuazuasdmiunmamdngdunisliiussansnings lnedsddnlunis
fwuimadaifenaidenansisinhilmngay F9ldinsdnwansisiahii e
lnoonlsd (TI0,) WWufusauizendisdntuiuasduansfsiuhiidussansnmlumsueni
waziinqdunidasnuiadiafiosninmaaiias uisnovaueswouadlutaed Ultraviolet (UV)
ag1uien §anasuvausunadeslunaisssusnd v 0s91n TiO, 979 Band gap energy
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a v v o oA v a a Y o o = o o = | Y
An1ne [34] dsdwiveldussaniamgeianaisimuliansi sinhgandulugsuasiion
=3 . . . o A A = a dysv a 2 o a &
1oAY (Visible light) FeiUTaaunlunassssus@ uananiddiarsfannhisaula Ao
awueanlen(Wo,) uay Jainume (BiVO,) 21nn1sAneansnesiniinisasdianuindens
Band gap energy fianunsananaulugisuasiiniueaiiuld (Visible light) Feuadlutgifiaziioy
TusssuvrAuazaalniagll wenainiuaransnemainnenadedl waviaud (Valence
band; VB) #ddndluiduuanuin ilididnaawlunisiiaujisersendndulsdusgiad
[35] wallalun1siautalnilaensesansieiatiasuuivestalni1asdieg 2 35udng
AU Ao N1In3aaldiImIsnennLarn1sns st maal dainasnvusilaaula iag
= = a a = O v a = . .
AnwuaviUSeuiisumalinnisnsadaliilaenisldimaianisnyuweiiou (Spin coating) N3
n3an1uadl il (Electrodeposition) Tagianizinailan1sguiadau (Dip-coat technique)
lagunannisvesnaialazidunisiitaliiluguluansisiniiduaisazats Jegmauves
a Ao < A Al 1 = & Y & | a
weiedfedumaiiaidigsenisnietalui 1190 wazanansaveeanalilueged
AstulunuIdsidadivuifraulatmuiniswssu i lnensladansiesaign WOs, BiVO, uay

Wisuiieuriu TiO, Weliniiuseansamadlunisminwelugunsaienms tnalaseudieu
wwdaansiwihuazimaianisgundevaisnsnhuutlwiieliflguaudd Tnladidnlas

a = = @ Y °o w v o v o o A a acv
avarlafingsiign  wasianeagiaundudilnidmsueadduiuudmiuidagedunsd

Tugunsalanmssield
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uni 3
35115 LUIU

3.1 1A383die unsal uwazasiadl

3.1.1 @sLAdl

asiad LS9 Siie
1. Sasmlumsnmnumlansn Analytical reagent Univar
(Bismuth nitrate pentahydrate;
Bi(NO3)s.5H,0)
2. NINDLHAN Analytical reagent RCl Labscan
(acetic acid; CH3;COOH)
3. LaNUBA Analytical reagent RCI Labscan

(Ethanol; C,HsOH)

4. wouluiily Analytical reagent

(Ammonia; NH3)

5. loweunanlsn Analytical reagent
(Sodium chloride; NaCl)

6. luneulansonlayn Analytical reagent
(Sodium hydroxide; NaOH)

7. ufsueenlanesdiaa @iy Analytical reagent

(Vanadium oxide acetylacetonate; C;oH14,05V)

8. oxahanzTlau Analytical reagent Loba
(Acetylacetone; CsHgO»,)

Panreac, Germany

Univar

Univar

Merck

Chemie




asLail N30 fva

9. nsnlalasAasin Analytical reagent Univar
(Hydrochloric acid; HCl)

10. T9LAsuyiaLsv Analytical reagent EMSURE
(Sodium tungstate; Na,WO,)

11. lnmideuesezlelailosoonlen  Analytical reagent EMSURE
(Titanium tetraisopropoxide; Cy,Hz504Ti)
12. diaLse Analytical reagent Panreac
(Methyl REd; C15H15N3OZ)
3.1.2 \n3eailouazgunsal
eesilouarguUnsal U e

1. nszantlwin -
(Fluorine doped tin oxide; FTO)

2. anelnainneanns .
(Copper wire)

3. DN 153U DURO 20
(Epoxy resin)

4. gy UN 55
(Oven)

5. AN -

(Furnace)

6. AnAATY .
(Hood)

Sigma-Aldrich

Pettex

Memmert

Wisd, China

VATIGUL




esesiiouazgunsal U e
7. \A30INIUES MSH-20A Wisd
(Hotplate Stirrer)
8. LA3psdneAigs WUC-A02H Wisd
(Ultrasonic cleaner)
9. ip3esinAUSunamdlag PM3 Sanwa
(Multi meter)
10. \n3esing-3aida awnlallaiines UV-1601 SHIMADZU
(UV-Vis spectrophotometer)
11, w3adinszimaliih VersaSTAT 3 Ametek
(Potentiostat)
12. lnHe1984 Ag/AgCL -
(Reference electrode)
13. 93l Pt -
(Counter electrode)
14. viaenly LED - Panasonic
(LED lamp)
15. 13aeTae pH FG2-| Mettler Toledo
(pH meter)
16. NADIYANIIAUBANATEULUUEDINTIA JSM 6510 JEOL
(Scanning Electron Microscope)
17, pSediAseinsidouusedend  RINT 200HT Rigaku

(X-Ray Diffraction Analysis)




A A ¢ v
Lﬂﬁ@QN@LLagq‘Uﬂﬁm ?u gie

18. \n30ailoTinsesisnn - OXFORD
(Energy Dispersive X-ray System)

20. LA3esAlATIZY ORP ORP60 APERA
(Oxidation reduction potential, ORP)

3.2 N1INNaDdY

3.2.1 mMamssntalnihansned
Ao AN vee = o o A o Y & [ =2
nuAdeiladanwasiemiiimuzauie i duda e lua Tngvinnisdnuw
Yiavadansiaiadn TiO,, WOs wag BiVO, memaila Dip Coating WelvitinUssdniangsan
Tumaiinufisereendwduluasavaisun uaslivszansnmlunisesndladiieqdunidgesn
HumaunsnItufssalUll

3.2.1.1 nswsEuANsazaIuas AL

- MSWSENAITaza1Y BiVO,

W3UE1TaZa1E BiVO, 210 0.075 M Bi(NOs)s.5H,0 0.9095 g lu Acetic
acid 25 ml avmmumumammﬂu e 0.075 M CyoH1405V 0. 4971 giumiauma Acetyl
acetone 25 ml ava1vaudvesarsaranoiindiien thansavaresaewansty a1ntutily
Sonicate tWutan 30 Wil Aldansazate 0.0375 M BiVO,

- MIRILUAITAZAIY WO;

WS eNasazaly 0.1 M WOs 91 Tungstic acid (H,WO,) 1.2492 g
azanglu 30% Ammonia (NH.OH) U393 50 ml anniiutiansazansly Reflux tnglaa
fouigaumail 60 esmwalea Wunan 1 $3lus (agazdenihmsmuaugumgiivasy3unns
Tnaftegiane AuANUIIAsasnsiAn 30% Ammonia (NH.OH) wazazdedlaansazanelalsl
i)

- ANSWsBNENTarans TiO,
LS gUANTALae TiO, 31NA1SHEN Ethanol 35 ml AU Titanium
trataisopraoxide 1 ml wag HCL 0.5 ml Whasazaely ﬂumaamamimmuqmqmmﬁmm
~ ~ & ) a = ~ v a . &
a1sazans?l 60 ssAwaldud 1uan 1 97lus (rewldu ethanol 13989 o lAUIUINTANN) N9
17 24 TiluaieliinUisenauysal



3.2.1.2 A19939a13T98th
- MSM3ENLKUSBISUNSEan Wi (FTO)
auazennszantilniin FTO Taethnssanilnihiisiown ns x
817 WIAU 2x3 wuAuns waalu Sonicate Tuansavane detergent Wuiian 10 i NaOH
Wuan 30 wndl Ethanol WWuan 10 Wil wazthndu Wunan 10 il awdsu ansduvinle
wiks Yanszaniladlh FTO fivhanuazeraudauniaamisiilaiih 91nduvihnisudsituiinns
Feuvesnszaniliii FTO sufivhlndilifiawinning x 812 Wiy 2x2 wuiuns

- MInFaan s uuikusessunszanitliin (FTO) semadans
JuAdau

1) MInFaanshsiath BiVO,

thnsyan FTO fvhanuavenauasuiaaivudaiu Tguaduasazane
BIVO, wénilUeufigamgfi 150 asaueaidoa Wunat 5 unit wdaidl iy winiluund
gounfl 550 asrweaioa e 1 4alus Aaglddaluih Frossivo,

2) Mms3sansiaiani WO,

1nsan FTO Mvhanuaveauasiisainud iy luguadly

a@15azany WOs LLa”aﬂﬂlﬂaUﬁqmmﬁ 150 arrwaldoa 1Wuna 5 undt udnedlndu ud
ihlwnfigamndl 550 esmigaidoa Wunan 1 43l faglddaliih FTo/ wos

3) M3RFaansAeth Tio,
thnsgan FTO fivharmiazeiauasuisadnudadu luduasly
ansavas TIO, wdnhleuflgamnd 100 esmiwara iuna 30 uit udaielilmsy wén
ihluwniigungd 550 ssaigaidoa Wuian 1 dalus faglddalwin Fro/ Tio,

Mniuidalihansisinhusazsiauntadnisiliiwdafuhduimdone
Flwiduanelnuaziadousiudae Epoxy resin seauuss Anwiaudalnlndidnlnsnzazla
AnvestalaiinlunaiAnufiSeneendnduluih fewdedinsesimaniilnih Tavhmsinm
Tuangliuasuaghiliuas Tuasazanedidnlnglad 0.5 M Nacl Wngliind 1.0 V il
Faviszansnmluninfaufiisereendiadurenir Taen1sinrsandnszuaiildainns
AnufAsereendinduluansavansinneldanmeiifiuasnsedu (Photocurrent) Lilaidenans
A ifauiAlnlndidnlnsezaglafnfidfian dwmiunmsAnumavosnaiamsnieiliduung
@57 aathuud i Tnefnwinazilieuiisuinaiin Dip Coating, Spin coating way
Electrodeposition kagfinnsanUseuiisunnantaane seoly



3.2.1.3 mMswlSsuisumaianswseudlladn FTO/BivO,
Tun19iwseud Wi FTO/BIVO, 1938501559 BIVO, A rewnaiia
Dip Coating, Spin coating Way Electrodeposition dvunsunismssudilniisemaluil

- mawdeudalaiiin FTO/BIVO, deimafianisa3auuuiy (Dip coating
technique)

thnszantilwily FTO wndu Tuasazans 0.0375 M BIVO, antuiily
ouflgamndl 150 ssrwaldoa 1Wunan 5 udl wdnilenilgamad 550 ssmwaldoa 1y
e 1 4alas dhdalutih FTo/Bivo, indadnnsdiluii arnduihdiuiivmdededaliingy
aneliuazndouriudg Epoxy resin seauusi agladalih FTO/BIVO,

- mawdoudalily FTO/BIVO, deweiianisniauuunisvauni og
(Spin coating technique)

WS8UEITAEANY BIVO, 910 0.075 M Bi(NO3)5.5H,0 0.9095 g“Lu Acetic
acid 25 ml asmaamﬁwﬁalﬁmﬁ’u waz 0.075 M CyoH1405V 0.4971 giumiagma Acetyl
acetone 25 ml ava1vaudvesarsaraneiindiien thansavareaewansty a1ntusily
Sonicate vWurian 30 Wit Aldasazate 0.0375 M BIVO, ¥inszaniilui FTO fiviiaan
A¥019LA7 NURANSazans0.0375 M BiVO, LLé’m%é’aﬁ%muLﬁmﬁé’mwL%q 1,000 rpm 1Hu
e 1wt mnduihlueuiigumnil 150 ssewadea \unan 5 unit uduhlusnilgumnd
550 aerwaidua Wunan 1 $alus dadaliiin FTO/BIVO, usetnlwiinduanglvuasindey
TusaE Epoxy resin 59 agladalnih FTO/BIVO,

- mawiseudalniih FTO/BIVO, dewmaiinnisnsamaniilnii
(Electrodeposition)

M3 8UEITAZA8 BIVO, 970 10mM Bi(NO3)s.5H,0 0.2854 ¢ Tu 10 ml
YDIA1TAZAIY 35mM VOSO4.xH,0 0.2425 g U5U pH Aaensalunin auld pH <0.5 AUl
g1saza18aunun UsU pH Aenag 2 M CHsCOONa 19la pH 5.1 udaealuninlila pH 4.7
anvhewintinduliasuuiinms 50 ml aldansazanediionde vanszantilidia FTO fivi
AmEzoad Tadnsilii anduimsudeiudinsieueesnszandiladh FTo
Fruitlnilddvuianing x 817 Wi 2x2 wuians mntuthaudivdesedaliiiu
aelrludaadoustudae Epoxy resin soauuta thialnihiisefuanglwlungetuaisazans
BiVO, w3l neldinaiin amperometry daewp3as potentiostat Mnszanililh FTO
Judavienu (Working electrode) 199 211 Ag/AgCL LT ud 21l W18198 (Reference
electrode) waglddalui1 Pt 1fudaluingas (Counter electrode) mrunuAA NSl



+1.9 V wisumuaNgumgivesaisavated 35-40 sxrwaded Wuan 5wl udadiluwnd
gl 550 aermwaed Wuian 1 9alus agldaluih FTO/BiVO,

3.2.2 AnwiAnudnwaly (Characteristic properties) ¥astalwiinisdosls

Anwnudnyarvestd ihasisdninwieuls Ineagldmaiianse
iwseslemnzadlunnTIvaeuin fall

M15199 3.1 Anwiaudnvazestaliinasiadnhneseula

ARIAN YL wellavioiaiosile

- Anwrandanieuas - UV-Vis spectrophotometer

- ﬁmﬂ’lmiLﬁmUﬁﬁ%maaﬂ%mﬁ'ﬂuﬁ’l - Potentiostat (Amperometry)

- Anwrruauudaaillninlunisdsiau | - Potentiostat (EIS)

dianmsou

- Anwaudiniedaugwinen - Scanning Electron Microscopy (SEM)

- AnwlAseasawan - X-ray diffraction spectrophotometer
(XRD)

- 99AUTENDUNINLA] - Energy dispersive X-ray spectrometer
(EDX)

3.2.3 Anwnalnanissaiisenaiaufiseiidaluih
el ansavanedidnlnsled uazanzseiitiussavsnmiia
faud tamvinisAnwnalnalunisiiaufisen neldaanzsaiisene duiolui
- msasalitiingnedndlnih (Electrocatalytic ; EC)
- ﬂﬁLﬁQ%ﬂWﬁﬂﬁ’mLLm (Photocatalytic ; PC)
_ nsisstaliiindaeuasuasdndlaiiy (Photoelectrocatalytic ; PEC)

+

—ts

Potential/V
Nlenusjod

[+

2
i
o

a

©

Anode

5Udi 3.1 Anwnalnansisstalwdivhedndlaiih (Electrocatalytic ; EO)



Cathode

Anode

@)

Visible light

~—

;s‘dﬁ 3.2 Anwinalnanisisealnilismeuas (Photocatalytic ; PC)

visible light

5 "OH

AnudeScmwnnductol H:O Cathode

5Uii 3.3 Anwnalnanisisstalwiivheuasuasdndlndi (Photoelectrocatalytic ; PEC

3.2.0 ANWINSA90LA® E. coli
ANWIN1SATALT 8 £ coli taeladlud1ansnadid areldnszuirunisinle
Sianlasmzazladin lne@dnwinisitimesseludl

navaAFng AT lAkAsTUU

- NAYBIANULULEAINILATTUY

- nalnanisfinuiseieendwnduniglussuy

- SyUiBUNaTRIt T LANAVBITINHY AunuadaRalss), nedwne (Cu),
=} L% =

MDA (Brass), @ingd (Zn)



~
Anode \; ——
]

@)

Visible light

U 3.4 n1sidne £ coli meldnszuiunisinlndidninsazaglasin

3.2.5 Anwuazeenuuuadiuuudmiuiinge £ coli
vhnseenuuuwadliledidninsazaglafin el lumaddunuuiaiivii
dmsuidndelugunsaionnng Sasdnumsiimeseaselud
- msreiussuasdalih
- dnwaensthasdigdwas
- wavesnBiuTuvesBidnlnglad (mmduduidesfigaingaald)
- ggnslday

plastic

LED light

SS ; Cathode E ie

. e FTO/BiVO,; Anode
A

Visible light

interval

JUT 3.5 nsdngunsaliaddunuudmsuidadio £ coli meldnszuiunisinladidnlnsaz
mglain



Tunsfinsmsiidnde £ coli ldvinsasisdeunsanaswende E coli lag
N13AARMIUNANITATANNY 10 W19 wazthdendinisidaly drop plate UuB1NTUde Eosin-
methylene blue agar (EMB) wazvin1sumdutian 24 2lus 7 37 °Cuit olh1d ol nns
wWigdule nanedulaladfianunsatiulduaziuiing ey
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uni 4

NAN15)AYRALDNSIUNE

nuATelFAnyBmawsuialiiharssinihdasvnuien (Bismuth vanadate, BIVO,)
Arewmallansgundeusuudnludfasuuiansessunseantliinvigeesulauiiueenled
(Fluorine doped tin oxide, FTO) iilotszgndldfutalwihueluadmiunisAnwaudilnls
Sidnlmsavarlafnlunisiinufisereendinduluaisazarsinnieliannefifuas e
seaiiu lngldvhnsfnuanioeflmnandianlunismisudalain FTO/BIVO, waglddnu
AN vasTIdIUE TR BIVO, Uudaliil FTO/BIVO, Tl iwu aud@nis
AANAULAY f81A3 09 UV/Vis spectrophotometer Anwianuagnidug uinga doinied
Scanning electron microscope (SEM) Anw1lAssas19uan RTIGERR X-ray diffraction (XRD)
waz audRnnudumunsailng daewp3es Electrochemical impedance spectroscopy
(B1S) savisAnunalnnisidsnsifnufisenfidalnil audFlnlndidnlnsezaslafinduiuns
fdnansdunid uarandilnlndidnlnsaenzlafndmiunsrndniteadunid neldasuwa
nsnnaesfaselul

4.1 wansAnuvinvasansnadath

4.1.1 wan1sAnwrandflnlndianlnsazazlafinlunisiinufisereendiadulu
ansazaneih

9NM3ANYINSITElfvinsnTaasisdan Wos, TiO, uay BIVO, asuunszan FTO
aremaianisguaiou(Manual) wasdnwiantAlnledianinsnznzlafnlunisiiaujisen
sondinduluasavaren Ingldinafeuommelsum’ neldnismuaudndluihasdii 1.0 v
Tnelddalningnsdadu Ag/acCl way Pt 1dutalniihgae luaisazanedidninslad 0.5 M Nacl
Huinan 90 Junit TnednTauamne 10 Junil ilegnisnevaussesialiiiharsiiafaiusay
via Tuanneilvuauarlailinas Tinansvaassdsgi 4.1 wuinnsesa BIVO, asuu nszan
$043U FTO anunsalirnnszuainnmainujiteisenfnduluasazaeinainiign sesasn
fio WO, uay TiO, muadu usteeslsfinaiielinanisinudanudaaudedu Selddnu

auUAnsgaAndukasedudunanisganauLaad i



600

500

400

Light on

300

200 (A)

Photocurrent (UA)

100

5‘1.]‘VI 4.1 ANTZLAINNNTY U’JUﬂ’ﬁIWIG}@E}ﬂ“{jLWUWUENH’W]’JEJ“U Al (A) FTO/BiVO,, (B)
FTO/WOs5 wag (D) FTO/TIO, msflmmslﬁamaLLaﬂiu%aawmwmaaLmu Tua1sazane 0.5M NaCl 7
Fnglnilnwingu 1.0 Tad

4.1.2 namsAnwaUANIIRANULAS

wadalnlpdidnlnsavezladndunadaivhausauiussniiuasmasdnglui ans
novausauasosiliihan st isfieuddyegnaun U7 4.2 wansauiRinisgandu
LLaqsuaqsi]'ja"LWﬁﬂ FTO wWan, FTO/BIVO,, FTO/TIO,, wagFTO/WOs5 L?M@@ﬂﬁmmﬁmmmmﬁu
WU 360 nm, 520 nm, 390 nm, Lag 430 nm ALEIRU 1 e I aAINA1ILLAY (Band
gap energy; Eg ) [36] 2naun1s Eg= 1240/A laviniu 3.44 eV, 2.3 eV, 3.17 eV, uag 2.88 eV
AINAIAU LLangﬁ 4.3 LLamfm‘v\lmmé’mﬁuﬁ‘iwdwé’uﬂizﬁw‘émi@@ﬂﬁuuaqﬁ’uﬁmé’wu
Lauvastaluin FsanunsamAndsnunauresaliiin FTO/BIVO, Idwihiu 2.3 eV wazd
ﬁué’ummmmmiumi@jmﬂﬁuLLaﬂuﬁNﬁ'mmuauﬁulé’mm’iﬁ%ﬂ%lﬂﬂ FTO/TIO,, Wway
FTO/WO; 1 899109 2 M1 FTO/BIVO, A mdssunay (Eg) fuaund 5edsnavinles
UszAnsnmnsiinufiseneendinduluansazansinffandida i lddued 197 Fema
aonadosiuanRlnlndidnlnsazaglafnlugui 4.1



Absorbance

15 A
A S
1 ~
“ . (B); 2.30eV
05 | \\(Q);Z.SSE X
S = ——
0""I""I"’\"I"\"I""I""
200 300 400 ~ 500 600 700 800

Wavelength (nm)

E‘Lh‘/:ll 4.2 MIRANAULAIYDY (A) FTO, (B) FTO/BIVO, (C) FTO/TIO, wag (D) FTO/WO; lag
w3susemalansIuAReULUY (manual) igaumgiinisundalaii 550 °C

(ahv) ¥2(a.u.)

15 2 25 3 3.5 4 4.5

Photon energy (eV)

Ul 4.3 anidiitussenineduyssansnsgandunasiuamdanuuauvestaludii (A) FTO
(B) FTO/BiVO4 (C) FTO/TIO, W@z (D) FTO/WO5 Lagta3 um 38t nAlAN15JUiAd 0 UL UY
(manual) Mgaumiin1sdalnga 550 °C



4.2 wannsAnenATansASENTa TN FTO/BIVO,

4.2.1 wan1sAnwianiiluladidnlasazazlafnlunisiindfizereendnduly
Asazae

mﬂmiﬁﬂmmﬂszLLaiumSLﬁmJﬁﬁ%maaﬂ%L@%’uiuaﬁazmHifwsuaqsif’ﬂ‘vxlﬂﬁ
FTO/BIVO, 91001303392 lllfndaeimaile Dip Coating (Manual), Dip Coating (Machine),
Spin coating wae Electrodeposition Tuasazanedianlnslan 0.5 M NaCl aeldan1iznisiss
freuaslugisiinnsuesiunazdndlifiad 1.0 V vs. Ag/AcCl WUl FTO/BIVO,
w3susuwalla Dip Coating (Machine) a1unsanauausanatlunsiinufisensendiadu
gosildAninswieudomain Dip Coating (Manual), Spin coating &z Electrodeposition
wanas3UTl 4.4 mnmanisAnwanansadudulddndaladi Fro/Bivo, fusyAnsaiwlunis
denudidnnseud Aanddalai1 FTO/BIVO, 9annsin euldsaainaiia Dip Coating
(Machine) Fsaulawauisnseseatalniih FTO/BIVO, #emadla Dip Coating (Machine) Tu
nsAnwsely

1200

1000 -

Light on

o]
o
o

400
~(A)

Photocurrent (UA)

200

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

U 4.4 ArnszuaainnszuaumsiilnesndiaduvesindieisnsnTendaluin (A) dip
coating method [manuall, (B) dip coating method [machine] (C) spin coating method and

(D) electrochemical deposition ﬁqquﬁiummmﬁﬂﬂﬂﬂ 550 °C



4.3 n1sAnwran1aza1eqlunisns et 2lwd 1 BiVO, fa8imaila dip coating method

[machine]

4.3.1 NAYDIAUTNTUVDIETAZANY BIVO,
4.3.1.1 wans@nwantflnledianinsazazladnlunisiinujisereendindu
lugnsazaneih
mﬂﬂmiﬁﬂmmﬂszLLaIuﬂﬂsLﬁmﬂﬁﬁ%maaﬂ%m%’ﬂumiasmaﬁwaq
T2l FTO/BIVO, Tnsesldainanududuresansazarofadu@aimiuiagm) 0.0250 M,
0.0375 M, 0.0500 M, 0.0750 M, waz 0.1000 M anuddiu fsguil 4.5 nudnimnadutuves
asavanesadu@amninuian) 0.0375 M dansawnieudalniin FTo/Bivo, ilirnszualy
naRnufiseeendniuluasazaneilfinniian wesilefiuanududuvesansazanedadu
(Tadmuen) dwaldanszuadldanasmuddu Wunaiewnanidlornududufiau
e i dnmsinzinvesasavars Jadnnuneaunniiuluri giguuedamn
mmmmﬁmwwmLﬁuﬁuﬁqwaaamﬂé’mﬁ’umsamﬁuuawaa%ﬂﬂﬁw FTO/BIVO, Wit wiile
Wuaududuresanssadu@adnnuian) @‘i’QLLamiugUﬁ' 4.6 Feiliidinanansd sy
5LﬁﬂmauﬁlumiLﬁmﬂgjﬁ'%maaﬂ%Lmsi'j’u’[,uaﬁazmaﬁmmaa Fatfumnuidutuvesansavaiedy
Fu@atmauen) fmnzanluniseIoudalaih FTO/BiVO, shemedla dip coating method
[machine] Aopnanduduil 0.0375 M

1800
1600 -
1400
1200 A
1000

800 - = L (C)
600 - )
400 - | (A)
200 -

Light on

«---

Q
=0
o
=

Photocurrent (LA)

(E)

Ul 4.5 Anszuannnszuiumslilneendinduresiiianandudusiieg fe (A) 0.0250 M,
(B) 0.0375 M, (C) 0.0500 M, (D) 0.0750 M, wag (E) 0.1000 M vp9a15azane BiVO, neldns
wemeuadlugsinsuaadiu Tuansazate 0.5M NaCl Afngludnviy 1.0 Thaa



4.3.1.2 nan1sAnwauRnIsaanauLAs

Mnwansieuifisuautiinisgandunasostaluila FTO/BIVO, 7
wisldananuiduduresasazatedeiu(Dainiunan 0.0250 M, 0,0375 M, 0.0500 M,
0.0750 M, wag 0.1000 M fnua1au MnEanuIiisaTuvesasarane e u(asimun
LAR) LWN%Uﬂﬁ@]ﬂﬂﬁuLLmLﬁﬁJ%u waziilefuInAmE ey (Band gap energy; Eg ) 910
auns Eg= 1240/A leindu 2.95 eV, 2.36 eV, 2.33 eV, 2.38 eV, uag 2.21 eV muUaIsiu A
wanslu 3UA 4.6 uarguil 4.7 andeyadsnamatiuayuaiuannsalunmsganauadlutism
veadturesdalwih FTO/BIVO, mseulditanizsineg urogndlsimudiofiunnududuves
miﬂasmag’qﬁu(ﬁaﬁmmmmm)mﬂ%u%Lﬁué’ﬂwmmsaﬂﬁaﬁuaqms@mﬂﬁmm Fauanslidin
famnumuesiiduansiafa BVO, iRautiialiindsesdmanonmantinisawiulsyed

=

Rt wansliiuInAIANUluTuYeIEITnazatefad u(Dasivminuae) Nwunay i

¥

HastaAmuauRnIsganAuLaLazaudRlunsnUf A e IRl FTO/BIVO, Mwiseula

\

Absorbance
()
oo

(AN
0.4 A 2.95 eV\
0.2 -
0 —_——
300

Wavelength (nm)

Ui 4.6 n1sganduuasestaliiih FTO/BIVO, Twdoudaenimnduduresasnasanssadiu
(T vULAR)5A199) Ao (A) 0.0250 M, (B) 0.0375 M, (C) 0.0500 M, (D) 0.0750 M, wag (E)
0.1000 M



(ahv) ¥2(a.u.)

Photon energy (eV)

U 4.7 emuduiusseninadissavimIgandunasiuamdsnuuauyeadaluiln FTO/BIVO,
AP3BUAILAUTNTUTOIENTNAZAUFIAU(TAINIIULAR)A99 AD (A) 0.0250 M, (B) 0.0375
M, (C) 0.0500 M, (D) 0.0750 M, uag (E) 0.1000 M

4.3.2 NaveIsIUIUTUVR BIVO,
4.3.2.1 HaNSANYIENWRIENSNNEANYB A L

Tunse3euilduuns BIVO, saunutulunsediinadeuseansnimuas
audilnlnazazlain lEvinisAnwinavessautunes BVO, 71 1, 2, 3, 4, uay 5 4u lénanns
vaassdazuil 4.8 wuiimsasedalulin FTo/BvO, Ssdnnudulunisnafing udvesiidu
BIVO, Baidudiy uandliifiudsUSunauasanumnununwedBVO ANt uuuRmt 42 blsin
Tnanisn3ednluiin FTO/BIVO, 71 1 $u wudnilduung BiVO, finnuariavewasfuidodentu
mﬂ‘ﬁqm Faudlefiansandnvarnanen msnautuimngasvo st Wi FTO/BIVO, e
wiAfia dip coating method [machine] 3udend 1 4u lunisfnwanauiainddnlnazasladn
dmsunmainuiiseneendisiiluansazaneiisely

(A) (B) (@ (D) (E)
UM 4.8 anvauen1aNenInwestd il FTO/BIVO, Ndnwiutulun1snisi (A) 1, (B) 2, (O) 3,
(D) 4, wag (E) 5 Tu



4.3.2.2 nansanwantflnledianinsazazladnlunisiinujizereendindu
Tuansazanei
snuan1sfnwiandilnledidnlnsaznzlafnlunisiinufisen
ponBnduresh lnevinsinusiuauvestaluih FTO/BIVO, wuindt edmaudulunisnss
104 BVO, Wintuagvilidnszuailianamudiiu wandidiuinnumnvesiiduiinase
UszAnsnmlunmsifaufisevestaliii FTo/Bivo, iflefiduiamnumuunniiulvdmasie
nstuldvesuasay vhldnisdeiudidnasouiiianidalainleli Sehlisyansamly
nsifinufisenanas wansliiiuitmnunnvesilduinaneanUAnisganiuiaiuasnisaesiiu
Sidnaseuiiiavida i lunmsifauiaseeendnduluasazae Fafueisedlfiden
St ud imuavanlunisias sud 2 lia FTO/BIVO, fasinaia dip coating method
[machine] fofl 1 4

2500
<
2000 - Ligrllt on
=
c
o 1500 (A)
-
o 1000
o
S
c 500 B) /(C)
o (D)
0 @, .‘—ﬂ'f@.
70 80 90

Ul 4.9 Annszuannnszvaunsiulneandinduvesit vesdali FTO/BIVO, duruduly
n15ASaN (A) 1, (B) 2, (O) 3, (D) 4, waz (E) 5 9u Aelanisisemenadlurieinnsuaadiu Tu
a15azany 0.5M NaCl fenglndwindu 1.0 Thas

4.3.2.3 Han13ANY AN RN IAANAULAS
MnHaMaUIsufsuanifinisgandusasostalwih FTO/BIVO, 1
WA T UIesanTazate 0.0375 M laswssuifisustunutilunisnsed 1,2, 3,4,
weE 5 4 nranmsAnwnuidiosuutuvesansararededu@atnuien) Snalonseiu
auUAnNIIAANAULAS waziflomuanAngsuLau (Band gap energy; Eg ) 91ndun1s Eg=
1240/A I§vinfy 2.29 eV, 2.17 eV, 2.10 eV, 2.05 eV, uay 1.93 eV auandiu faguf 4.10 uaz



903U 4.11 uandliiiudntalaiia FTO/BIVO, findoudinsrisiimsazaneasu(Dasiv
Muen) $117u 1 9 T mdnuuey whity 2.3 eV fedenndpafudmdsnuunures BIVO,
[37] anansnfudunisgandunaslurisfisusmoadiuldifuthduliihuelun FTO/BIVO, way
dwmasennausililaazaylafinlunniauifsseendindulumsavanethii

1.6 -

0.8 -

Absorbance

0.6 -

0.4 A

0.2 A

Olllllllllllllllllllllll T s T T — T T
300 350 400 450 500 550 600 650 700

Wavelength (nm)

;nl‘ﬁ 4.10 mi@mﬂﬁuuawaqsﬁgﬂw% FTO/BIVO, insasasuautusine @e (A) 1, (B) 2, (C) 3,
(D) 4, wag (E) 5 Hu



(ahv) 2 (a.u.)

— (A); 2.3eV
1.5””'2""”2'.5””§'”'3'.5””4'1””4.5
Photon energy (eV)

SUN 4.11 anuduius seninadudsedns nmsganduiasduaindsuwauresdbui
FTO/BIVO, Ml9381A8d U un19e Ao Ao (A) 1, (B) 2, (O) 3, (D) 4, uag (E) 5 Tu

4.3.3 Namaﬁwznaﬂumiﬁjmmiazaw
4.3.3.1 HansAnwdnwENIMEn el

n1sm3euianu1e BiVO, levinnis@nwszezalunisquaisazany
Jasiuien 7 0, 5, 10, 15, Wag 20 Ju#t Ienansmaassfsgud 4.12 WA T
FTO/BIVO, Benailumsguiiindudvesiida BIVO, Buduiu lnensndstalali FTO/BIVO, 1
0 3unit (alfinsugdalwialuansazans) nuirfidunns BVO, Sanuuuazasiianoves
Fanthinluianniign defudefinrsandnsugnaneninszeznarlunisiudadmiuiend
wanzauveata i1 FTO/BIVO, Aaewnadla dip coating method [machine] i 0 3undi lu
nsfnwaaniindnlnageylaindmiumainujiteeendnduluasazaeivioly

- 5 =
0 AU 5 Ui 10 U | 15 Ui 20 Ui
(A) (B) (@) (D) (E)

gﬂﬁ 4.12 Snuagnenenmuesialaiiin FTO/BIVO, ﬁiwmaﬂuﬂﬁﬁjuﬁ (A0, (B)
5,(0) 10, (D) 15, wag () 20 Jundl



4.3.3.2 nansanwantflnledianinsazazlafnlunisiinujisereendindu
Tuansazanet
91nuan1sAnwiantilwlndianingas mulaaﬂiumilﬁmﬂﬁﬁ%m
pondinturasinaIngudl 4.13 LLammmuLLalumimngﬂimaaﬂeﬁmwiumammaum
{2l Fro/BivO, ‘Wmﬁumnaﬂumiwmsaumauaumﬂmmmwmmﬂmu AnszuaT L
azanas wansliifiuiszeznanlunstuiinadeuss@nsnmmainufiseneendinduifion
dalwih FTO/BIVO, Bsorafinnanumuesiuiidufiinniudeifiussszalumsguuiutu
Frfusregnanfivmnzaniiaatunsgudaliih FTo aduasararedammiunen fefl 0 Juni
(iwrdalwdhluansazanequudfsiuag) fewada dip coating method [machine] davinly
dalwih FTO/BIVO, fivssAvsnmATiarlunisfnufiseneenfinduluarsazaienin

1000
900 -
800
700
600
500
400
300
200
100

0

Light on
]

Photocurrent (UA)

Time (3)

Uil 4.13 Anszuaainnszurumslilaeendinduvesnihwesialiih FTO/BIVO, fiszeziianly
A39u7 (A) 0, (B) 5, (C) 10, (D) 15, wax (E) 20 3wl aalansissneuaslugrsiinnsusaiu
Tuansazae 0.5 M NaCl idndlndintu 1.0 Taas

4.3.3.3 HaMSANBIENTANIRANAULAS
f\]"lﬂﬂ?iﬁﬂw’mﬂi@ﬂﬂﬁﬂLLﬁﬂ“ﬂ@ﬂ“ﬂf’ﬂWﬂﬂ FTO/BIVO, 711015 562
wszwaﬂumiajmﬁLLmﬂﬁmﬁ’u mﬂgﬂﬁ 14.4 WU’jWﬁiSEJSL’Ja’]ﬁjN 0, 5, 10, 15, kag 20 U9
L?N@@ﬂﬁuuaqﬁmmmmm?{u 570, 620, 590, 530, way 630 nm MuEy Wieurlumuinea
NS9O (Band gap energy; Eg ) annauns Eg= 1240/A lawindu 2.17 eV, 2.0 eV, 2.10
eV, 2.33 eV uay 1.96 eV auafu Lﬁaﬁﬂmmmé’mﬁuﬁ‘izmwé’wszﬁw'émmi@@ﬂﬁuLL&N
FuAmFsunouvesd i welun denanslunind 4.15 ldamdasunauaoad 2l



FTO/BIVO, fiszeziaailunisguil 0 3undt Iiviidu 2.1 eV lngagdannaintasvesnsmusng
auduitelflunisdunnen Eg dsnanldegstaauiign ansodusufnuadnivmsa
vostranalumsguudiiie lddnvasiiduuises BIVO, fmunzanlunisganduuadudisi
pueaiuldfiRmdulwiwelun FTO/BIVO, uasvinliliaaaudAliinaeaylafnddluns
Lﬁ@Uﬁﬁ'%maaﬂ%l,m%’uiumiazawﬁw

1.4 4

@ 1

(&)

T

O 0.8 -

[u-

3

0.6 -

2 . (B); 2.0eV

0.4 -

0.2 MRS
~ N NN
~ NN \\
\\ \\\\\

O.......................\....\.r‘.\.‘.\........

300 350 400 450 500 550 600 650 700
Wavelengt (nm)

U 4.14 magandunaswesdalalitn FTO/BIVO, flsgaznanlunsdusiieg fe (A) 0, (B) 5, (C)
10, (D) 15, uag (E) 20 Aunil



(ehv) 12 (a.u.)

15 2 25 3 35 4 4.5
Photon energy (eV)

SUR 4.15 mnudusius sendnadulszans nisgandunasiuand s uuauvesd i
FTO/BIVO, Miszaliantunisgusngg e (A) 0, (8) 5, (C) 10, (D) 15, uag (E) 20 Fui

4.3.4 naveIsnISILuNIuUas
4.3.4.1 wansAnwENuEIsEA YR LT

Tumsinsauiiduuns BIVO, lavinsfinednsnsalunisquaswes FTO
TuansaraneTaiminuien ﬁé’mwL%ﬁiumﬁjmwaﬁgﬂw% FTO 41 (A) 10, (B) 15, (C) 20, (D)
25, (E) 30, ua (F) 35 mm/s 913Ut 4.16 wuimangataluih FTo/BivO, Bsdasusaluns
Juaniutudnuardnesiidy BIVO, Aonaeat Funainszesnailunsdusiaansasansnadiy
Jastmunesestalwihanauiioruislunmsguanniwilsiiansfsinih daimuiann
ingitnthdaliidesasie uiedislsfnumiddeifinsanannefivnzananAnszua
nntaliindieienld Feinvaudsilnledidnlasaazlafnlunisfinuiiseeondinduly
asazaeniaoly

10 mm/s 15 mm/s 20 mm/s 25 mm/s 30 mm/s 35 mm/s

(A) (B) @ (D) (E) (F)
JUN 4.16 dnwaiznianieninuestabililn FTO/BIVO, N18nsnaalun1sguas (A) 10, (B) 15, (O)
20, (D) 25, (E) 30, wag (F) 35 mm/s



4.3.4.2 nansanwantflnledianinsazazlafnlunisiinujisereendindu
Tuansazanet
9nuan1sfnwiandiluladidnlnsazazlafnlunisiinuiisen
pondindure ﬂ'misLLaiumsLﬁmUﬁﬁ%maaﬂ%m%’uiumsazmmfwﬁsﬂg’ﬂvdﬂﬁ FTO/BIVO,4
wanIfag Uil 417 nudrdnsudalunisquasvead 2l FTO asluansazatsdaiim
MUNAIRLIINTUIN 10 — 25 mm/s Anszuaiiliagiiiuiu waefidhsusannndt 25 mm/s
fio M18m5157 30 - 35 mm/s ANsEUEanas INJUT 4.16 Anwagmenenminegfuvesidud]
auunAuly vilidawadonisdausidnasounind uansi st lUged i 1via Tk
Usgdngnmlunisiinuisenanas wandiviudnsnsalunisquasdnadeusz@nsainnis
Anufiseneendinduiiiandrdalaih FTo/Bivo, ftusninilunisduasiimnzandiaelu
nsgudalaiia FTo asluansazaredaivaunan fefl 25 mm/s faemaila dip coating
method [machine]

4000
~~ Light
<C 3500 - Sans
= 3000 1 i
1= ; | D~ (C()A
S 2500 - |
bt — (B
= 2000 - — E
© 1500 - 6
% Lighto
S 1000 ;
O 500 A !
v
0 T T T T
0 10 20 30 40 5 60 70 80 90

Time (S)

gﬂﬁ 4.17 Anszuaannnszuaunsinlneendnduvesiivesdalni FTO/BIVO, Hensuiqlu
n133uas (A) 10, (B) 15, (C) 20, (D) 25, (E) 30, Uag (F) 35 mm/s n1elinisisenigunasluyad
Aueaiu Tuansazaie 0.5 M NaCl adngluiwviidu 1.0 Thad



4.3.4.3 samsAnwaniAnsganiiuues

1.4 -
1.2 ~
S 1
@ L
N\
2 038 | NN (C); 2226V
o D, X (B); 2.29 eV
n 0.6 A T
'g AN (D); 2.36 eV
0.4 - F); 2.36 eV
0.2 - (A); 2.37eV
N
0 \\\ S

—r r | r . rr 1. 1. ©t. 1 1T T 1 T Sy |\\l — 1 1 Tt r Tt 1t 1 T 1 17T
300 350 400 450 500 NGB0 600 650 700
Wavelengt (nm)

gﬂﬁ 4.18 maamﬁuuawaa%ﬂﬂﬂw FTO/BiVO, ﬁé’mwﬁﬂumsiuaa Ao (A) 10, (B) 15, (O)
20, (D) 25, (E) 30, wag (F) 35 mm/s

(D):245ev

(ahv) Y2 (a.u.)

15 2+, 2825 3 3.5 4 4.5
Photon energy (eV)

SUR 4.19 mnudusius sendnaduyszdns nnsgandunasiuandsauuauvesd i
FTO/BIVO, 1805 153lun153uas fie (A) 10, (B) 15, (C) 20, (D) 25, (E) 30, kag (F) 35 mm/s



211307 4.18 uansautAnisganduuasvostaluia FTo/BivO4 7
m%wﬁmé’mwL%ﬁiumﬁjmaqﬁLmﬂﬁhaﬁ’u Ao 7 10, 15, 20, 25, 30, uaz 35 mm/s AUANU
wuannsagenduuaslurisiinueaiiu dausaueniadud 500 - 600 nm uduly e
ilUmuIAINa91uLay (Band gap energy; Eg ) a1naunns Eg= 1240/A lawindu 2.37 eV,
2.29 €V, 2.22 eV, 2.36 eV, 2.38 Laz 2.36 eV nua1ny 1l ad nw1Auduius sEnan
FulsyAnianagandunasiuamdanuuauresiafiuelun duandunmi 4.19 1de
wdaunauvesia i FTo/BivOd ﬁm%wﬁamwé’mﬂL%faiuﬂﬂiajmaﬂﬁ 15, 20, way 25
mm/s sudsy dedianudaauandigalunisduiamian Eg levindu 2.40 eV, 230 eV,
uaz 2.45 eV ouddy nautinspandusasinaniuduldindaluih Fro/sivos fineu
16 annsadudiuandinsgandunadluiaiinmeadiuliiduedied

4.3.5 NavaITRI IS UNTAITU
4.3.5.1 NaNISANYIANBUZNINIEAINYBI2 LN

INNITANEIERTNINUNITAITuYeITlH FTO/BIVO, Aremaila
dip coating method [machine] 18nsus3lunshsuvastludia 91 (A) 10, (B) 15, (C) 20, (D)
25, (E) 30, wae (F) 35 mm/s ULanesa3ua 4.20 NUILlans s WA FTO/BiVO, Ndmsusaly

o X a X o = a6 N ] as = ° a
MMAUULANTUS NwalzEV0IWAN BIVO, Aogqasasilaniianuuny uazdanuadiaueliyann
L Avy v ) v o < | a = < £ o v ~
Tu Faldnansnaassaaieiuladednsniilunisguas Ao Weausunduvintaualnid
szgynatdulatuansiaeInIsnsadesIuiafdauaisnemuinizin Nt liidesas
| 2 = =3 A a ] @\ wa a & a

2819L5AMNULIN BNANISANYIATANUTAAUT Y FeAnwraudalnlndanlnsasnzlafnlunis
AaufAseeendinduluaisavareiisell

10 mm/s 15 mm/s 20 mm/s 25 mm/s 30 mm/s 35 mm/s

(A) (B) (@) (D) (E) (F)
JUA 4.20 dnwanianenmvesdalniin FTO/BIVO, Tdnsnsalunisfstu (A) 10, (B) 15, (O)
20, (D) 25, (E) 30, waz (F) 35 mm/s

4.3.5.2 nansdanerauiflnladidniasazazlainlunisifnujizereandindu

Tuansazanei
9n3U7 4.21 uansAnszualunisiinufAzenoendinduluaisazane
ihiidalaidin FTo/Bivo, nuindlerfiusasusilunmsieduvesdalifiannduain 10 - 30 mm/s



! Ay v o X A o < ' A A o < !
AINTERaNlAastinaY wasgnsnsIuINNT1 30 mm/s A 18M31453 35 mm/s AMNSTLAanAY
wandliiugnsuslunishsiuvestalnihiinaseuseansnmlunsinuiiseneendndulu
ansazanein it vl FTO/BIVO, uaziidnsnsan 30 mm/s tirinszuaiiainindnsng
U FeanAaInUSNYULN1INEA VeIt NS suls Waudiiaauuieinanenis

] 1 a aa v va v & @ < = O & A Y
darudianaseuiidimintlwiiled dadugnsnsilunisfatilnihduiimunzaunanves
TN FTO/BIVO, Aol 30 mm/s aaewnaila dip coating method [machine] & 413l
Usavinmadlunmsiinujiseneenginduluaisazaie

2700
(B)
—
< 2600 -
=
= 2500 -
c
L 2400 |
5 ®) ©) (D) F)
O 2300 -
s A
o ]
= 2200
o
2100 A
2000 . . . .
10 15 20 25 30

35

Speed up ( mm/s)

Ul 4.21 Arnszuaainnsyuaumsinlneendinduvesiivestaluiin FTO/BIVO, AshsEalu
A15A9TU (A) 10, (B) 15, (C) 20, (D) 25, (E) 30, wag (F) 35 mm/s Aglansisanguadbug99
snuaadiu Tuansazate 0.5 M NaCl Adnglniinwindu 1.0 1had

4.3.5.3 uan1sAnwaudAnIsganauLes

mﬂgﬂﬁ 4.22 LLamauﬁ’ami@mﬂﬁuuawm%ﬂw% FTO/BIVO, i3t
Fresnsnialunisied uvesdaliliiuansneiu Ae 7 10, 15, 20, 25, 30, Ay 35 mm/s
sy Bugandusadlurisinisueadiuiirrmeniadu 530, 538, 550, 530, 529, uay 530
nm mudey Wethlumuiaandsuway (Band gap energy; Eg ) 31n@uns Eg= 1240/A
Ty 233 eV, 2.30 eV, 2.25 eV, 2.33 eV, 230 uay 2.33 eV A1ua1a U 1T af nun
AruduiiusserinadinssAnanisgandunasiudmdsnuuauesiaiiuelun duandusy
7 4.22 IFAmdauuavvosialilii FTO/BIVO, fisnsgalunsieduil 20 mm/s Tawiny



2.35 eV Mnaudin1sgandunaninaidudulainvalailn FTO/BIVO, Mwmieuld awise
GGG I NZ RGN

1.4 -

o

(D); 2.33eV
(F); 2.33 eV

Absorbance
o o o o
N

[N}
1

(A); 2.33eV

0

TSR

300 350 400 450 500 550 600 650 700
Wavelengt (nm)

=

U7 4.22 nsminisgandunasuesialuii FTO/BIVO, fisnsngalunisisiu fo (A) 10, (8) 15,
(O) 20, (D) 25, (E) 30, wag (F) 35 mm/s

(ahv) ¥2(a.u.)

5 2 7 25 3 35 4 45
Photon energy (eV)

U 4.23 nsmluansauduiusserinsdussansmsgandunasiuamdsnuuauyeada b
FTO/BIVO, fignsnilumsfsu fie (A) 10, (B) 15, (C) 20, (D) 25, (E) 30, uag (F) 35 mm/s



4.3.6 wamaqqquﬁiumﬂm%’ﬂw% FTO/BIVOq4
4.3.6.1 HaNIANWENWAENIMEN eIl

TunuidedldinToudalain FTo/BVO, Tngyhnisnansisfan
BIVO, asuuiangesiu FTO sewmadla dip coating method [machine] wérthluwigamadl
fn9 iileAnungamgiiivnzaulunisnioadaluil FTo/BivO, Tnevinisfnungamgilunis
P (NBuLNN) 25°C, 300°C, 350°C, 400°C, 450°C, 500°C, 550°C, hag 600°C T\]’lﬂéﬂﬁl 4.24
wanslifudnuasnianisnmvesiidy BIVO, igamgiishen wuidegumailuninmngaidu
Snwaizvesiiduiinsuaniinannduesadiuldda[3s, 39] ﬁqlé’ﬁwlﬂﬁﬂwmmamﬁ’aﬁuﬁ‘]m'al*u

T V. . B = E = i3

RT(25°C) 300 °C 350 °C 400 °C 450 °C 500 °C 550 °C 600 °C

(A) (B) © (D) (E) (F) (G) (H)
U7l 4.24 Fnungnanisninvasdalaiin FTO/BIVO, (A) noulk Lagndaunnigamad (8)
300°C, (C) 350°C, (D) 400°C, (E) 450°C, (F) 500°C, (G) 550°C, Waz (H) 600°C

4.3.6.2 wan1sanwranvnlnladianlnsezazlafinlunisiiaujisersendndu
Tuansavaneth
91nnan1sAnwaudAlnlndidnlnsazazladnlunisiinujizen
penfindulumsararethesdaliil FTO/BIVO, iwdesldannisudaliiigamnd 300°C,
350°C, 400°C, 450°C, 500°C, 550°C, hag 600°C mm;ﬂ‘ﬁ' 4.25 LAAIAINSEWALUNTS
AaufAseeendinduluasazatoiiigamndl 300 - 450°C AnszualunisiAnufAzen
aaﬂ%l,m’?uiumia”mﬂﬁﬁLﬁmmﬁﬁumuﬁﬁu uazAnszualumsiinUfisoieendiatuan asi
gauvgdl 500 - 600° Cwmmammu 450 °C Wiannszualunisiiauiseneendinduly
asaranetganigamgisue sthwiildgensniey Feanusaduduldfmavesgamniily
rsundinareUssAnmuasauORIlaB Enlasasaslain saflinadelasadndn uas
Fnuardugiuiner Wedudunavesgamnilunsindivanzay Jadesfiansanamansd
fananfisidnluidedaly
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sUfl 4.25 AnszuaainnszuaunisTalnoendinduveaiivestaluiln FTO/BIVO, (A) fouwmn
LLawﬁﬁLmﬁqmm:ﬁ (B) 300°C, (C) 350°C, (D) 400°C, (E) 450°C, (F) 500°C, (G) 550°C, wag (H)
600°C A1elinsisenlaslurainnsIuaadiu luaisazats 0.5 M NaCl Adngluindu
1.0 Than

4.3.6.3 Han1sAnwIENTRNIIRANAULAS

nmaFeuifisvanifnisgandusasiosialuin FTO/BIVO, fwou
§annnsandalaliindigaumndl 300°C, 350°C, 400°C, 450°C, 500°C, 550°C, Wag 600°C iile
drlumuinuAmdsuwau(Band gap energy; Eg ) anaunis Eg= 1240/ 91nkan15naaes
Wyl FTO/BiIVO, iwdesldarnniswdalyily flgaumgd 300, 350, 400, 450, 500, uax
550 °C 13ugANAUALTIAINE1IAAY 530, 539, 555, 540, 610, Uag 611 nm weluduin
ATNRIIULAU (Eg) TAlinAy 2.39, 2.30, 2.23, 2.29, 2.03 wag 2.02 eV mua1iu waziiiouiy
RUMAINTINIGDG 600 °C wudw%ﬂﬂﬁﬂﬁﬁauﬂ’aﬂﬁ@mﬂﬁuu,m Fainangamgifiganniduly
v AR du109 BIVO, 1T 0N IMLazABAAR DITUNANINIIATNT KL 9INNNTRITAUNE
nsfnwautinisgandunasastialifimuindalii FTo/Bivo, fwesldngamaiinizmn
fi 450°C fAn1sgandunadlugiefinueafiudauinnnitgamniinisindug wansfagud
4.26 Lﬁaﬁﬂiﬂﬂﬂ?ﬂuﬁuﬁuﬁ“izﬂ’jﬂﬂﬁmUizawémmiﬂﬂﬂﬁuLLaﬂﬁUﬁ’]WﬁNWULLaU%aQ%’JWWLLE)I‘HG]
Fauandlugud 4.27 wudfigamginissndalnihil 450°C fnisganduuasnniian uagldan
nE UL UTeITa i FTO/BIVO, Idvihiu 2.2 eV Sedwarhlinisisuiiseoondiatuly
miazmaﬁwﬁﬂiz?ﬁm%ﬂ’]wﬁﬁqm
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SUT 4.27 Auduius seminaduuseAns nsganduuasiuAwdauko uresd Al
FTO/BiVO, 91 FTO/BIVO, (A) figuiin wagndauammigil (B) 300°C, (C) 350°C, (D) 400°C, (E)
450°C, (F) 500°C, (G) 550°C, kag (H) 600°C



4.3.6.4 NaYDIAIAUAIUNIUNILAT LN

TnnsAnwAInud U unaeiiniive st 2l FTo/Bivo, 1
wisnla s gaungd 25°C (RT), 300°C, 350°C, 400°C, 450°C, 500°C, 550°C, uat
600°C faeimaia Electrochemical Impedance Spectroscopy; (EIS) vt MA@ un5a a6
Sudnasouvestaliliiuelun FTO/BIVO, fiwseudiemaia dip coating method [machine]

NUIMNITH TN Ta g 450°C fAANUAUNIUNTEINIUUSERRENan LanIRIFUN
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500
b
— 450 - ()
E 400 A
e
S 350 -
[}
sl\-J 300 -
' 250 - o e © O o °
200 - . o
150 A %
)
100 - e
50 - ol [ 4
0 30 —‘_I_ o _. T T
0 100 200 300 400 500
Zim (ohms)
16000
14000 ®RT (25°C)
~~ 12000 ®300 °C
€ 10000 ©350°C
< 400 °C
S, 8000
9450 °C
@ 6000
7K
N 4000 S0gNe
2000 0 £
o (@ © 600 °C
0 10000 20000 30000

Zim (ohms)

SUT 4.28 319l Nyquist plots T3l FTO/BIVO, ; (a) Aewutin wasmdasntaluliiigumn

#199 uaz(b) nsmveegaumaiilunsluling 300 - 600°C
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AR 4.1 AAENUTNUYR A T FTO/BIVO, ﬁLm'%aulé’mﬂﬂmsLmﬁqmmqﬁ 25°C (RT),
300°C, 350°C, 400°C, 450°C, 500°C, 550°C, ay 600°C

Calcination temperature Charge Transfer Resistance; Rct
§(®) (Ohm)
Room temperature (RT) 20,800
300 2,455
350 945.7
400 276.5
450 138.4
500 204.5
550 2115
600 652.8

91015797 4.1 WandiAuIAIALA UL TEIRUBLANATEUVDS
U3 FTO/BIVO, iiggaumnail 450°C dAanuinuniunisasuyszyeeiianyinlv
a o ::4' o v I V1 = a a ! 1 a &
ddnaseuansawmdeuiinluludaliiilase waslivsednsamlunisdeiudidnaseulunis
WnUATeneendiatuvesd1asdbiia FTO/BIVO, g anagenns 0afiuAInsehalunis
a aaa a LY H (Y ~ = (Y ' A v Y & 1 a
AnuiTeneendintuvenil AsgUn 4.25 a1nran1sAnwinenananansagudulaiduee9a
Wetunavesgunndnldlunisiund waneautfnisdwudianaseud Aaning s lailn
FTO/BIVO, §99u338Tnud1n1sii1Aaungil 450 °C @111308AAIANNATUNIUNTTEINY
didnmseulduniigndsdwarilidaluila FTO/BiVO, Arunisiwifigaumgfinanaiavinbile

q
va o

HrlwihAifaudaiafaslunsinujAzeneendindy
4.3.6.5 HaveIgUNInalATIaIINEN
MnnNsfnwnavesgamgiselassadimdnvesdalni1 FTO/BIVO,
fremadia X-ray Diffraction; (XRD) wudilassadnandnuesialifin FTO/BIVO, fignmgiinig
wusnaneiy fmsieauuidiondi 20 Wiy 28.9° aznseiu sruy 121 Sansaiy szuu
JCPDS Maneian 14-0688[40-43] anansndudulassadrandnves BIVO, vutalwilr ifuwuy
monoclinic 8 in13tan 400 - 600 °C d udulassadrand ndl dauantad Alunis
Lﬁmﬂﬁﬁ%maaﬂ%l,m%’ummﬁwmaiﬁam'wwmﬁqéffmLLaqszj"Nﬁmuauﬁu Faguil 4.29
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UM 4.29 TassasrsndnvosnszanthlwiaFTO wag 49l FTO/BIVO, Aol wazvdamn

Pl Ngaumgieneg

4.3.6.6 navesgamginsunialiihrodagwinevesdaluih

NAsANYIHaYeIg AN i g ANe1vesd Al FTO/BIVO,
AMYlAFN1ILNDUVIINITHR LLawé’aﬁwmﬁLmﬁqmmﬁ 300°C, 350°C, 400°C, 450°C, 500°C,
550°C, waz 600°C sYNaniganIsAtBanNnTauluUUEaInIIn (Scanning electron microscope;
SEM ) nuindnumzdnguinervestaliila FTO/BIVO, dewhmsinidnumeiuindunse
nasvundndeufndu Wovhnisiwadalaiin FTO/BIVO, figaumgfl 300 - 450 °C dnway
ﬁyuﬁaﬁLflul,ﬁﬂﬁmmmmLLu'umﬂ%umwuﬂwsLﬁu%umaaqmmqﬁ Tnefigauwndifi 450 °C fiufind
nsnaeusanAuLinuuwiuAimd Wi wasdlevihnnamndaluda Fro/sivo, 7
gaumqdl 500 - 600 °C AnwaugRuivestliifivuailngduuasdanmdugnguundy
LAnIRagUR 4.30 éziﬂmaaaﬂﬂaamummuLLasuaamimmJgﬂ'imaaﬂszjlmjumaaummmu
mwwmammamivxlﬁ’mamgmwmmuawmmmmwwumuwmummm danalvidl
UsyAvsnmgdlunnfnuiterfiioviivesdalnih Fro/Bivo,



a

g‘d‘ﬁ' 4.30 79 SEM 2994921957 FTO/BiVO4 NOULKAN LLawé’QLmﬁqmuqu 300°C, 350°C,
400°C, 450°C, 500°C, 550°C, way 600°C

4.3.6.7 nansAnesdUsznaumaevastalaifin FTO/BIVO,

MnnmsRneesfUsznaunisaiivasialuiln FTO/BIVO, i afusy
n1sn3aansiafanl BVO, Twneuldainnisndalaig guvgf 450 °«C Faduaniagi
wangaui aalunisiinl fAseneandindy Fim13137 4.2 nudadalin FTO/BIVO, §
BIAUTENOUYDY Bi 0Y 4.35 %, HosAUsenauved Sn oy 71 %, JosAUsznauves Si oy 1.38 %,
flasAusznauvat V oy 0.99 %, Lazilesrusznauves O 8g 22 % INHANITANYIAINGT?
anunsafusulfesrednauiaesdusznoumaniivufamiindalnih edusunisiogues Bi, v,
O vufithdalwih FTo/Bivo, IWidusenad

A9199 4.2 NANNSANEA9AUTENDUNILANURIT NN FTO/BIVO, samaiin EDX

Element Weight % Compound %  Formula
Si K 1.39 2.98 SiO,
V K 0.99 1.77 V,0s
Sn L 71.20 90.40 SnO,
Bi M 4.35 4.85 Bi.Os
@) 22.06
Totals 100.00




4.3.7 nansiieuiisumadelunswdendalalin FTO/BIVO,
wdnAnmanefiunzadlunswientaliin FTO/BIVO, Mewmeia dip
coating method [machine] l§mniSsuifisuiunisnieadalwindaemeda dip coating
method [manual] & Spin coating [44] ImEJ‘vhmﬁﬂmqﬁuauﬁ’ﬁm'NWaw%lﬂﬁﬁ
FTO/BIVO, fesneasdensioluil

4.3.7.1 NansANISN YL MUE I LT

nnansseLtaliin FTO/BIVO, Tngvmsisansiaia BiVO, aq
Uudan s895U FTO e ewmAil A Spin coating, Dip Coating [Manuall, kag Dip Coating
[Machine] 993U 4.31 WUITENWALNINBA MBI BIVO, LT suseinaila Spin
coating Aantidali FTO fnnsinnzinvesans BiVO, Liifufawinduazasnaue dau
Tl in3eudaemaiia Dip Coating Manual]l A1UNS BIVO, wanIn15inefiafi At
Tl lasiiane wazdficounindaliin FTO/BIVO, 7in3sudaemaila Dip Coating
[Machine] Saouiiudnuasresfiduunsdeusazainaneninizduegadna uegdlsfiny
Wlenaidaiau JelfhluAnwnuantaussely

o o

Spin Manual Machine

(A) (B) (@)
JUN 4.31 dnwagnianienmuestabniin FTO/BIVO, Mnsusieinaila (A) Spin coating, (B)
Dip Coating [Manual], itag (C) Dip Coating [Machine]

4.3.7.2 wan1sanwrantilnladianlnsezazladnlunisiiaujizersendindu

Tuansavaeii
INAINIELANIsnaUauBInauaslunisiinufse1eendinduly
ansazansuvestaliliih FTO/BIVO, fim3sudiemnaiia Spin coating, Dip Coating [Manual,
wag Dip Coating [Machine] mﬂgﬂﬁl 4.32 wudnensshalunisiinuisetsandinduly
dsavanet el FTO/BIVO, wSeusemaila Dip Coating [Machine] lrrnszualy
nafnUiiseneendindulumsazansuniugsnidalaih FTo/Bivo, fwdeuse mafia Dip
Coating [Manual] wag Spin coating augfy @ dlinagenadesfudnumznIanIenIngin



WdankIuLn aunsatudulalasduneinvauiinianienininnisassiduansnesilaesng
avavedasonuantRvestaliinlunsinufiseldeegalivsednsnin
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U 4.32 Anszuaninnszuaunistilnesndinduresivesdalifin FTO/BIVO, fwdsude
weilianseaetliwu (A) spin coating, (B) dip coating method [manuall, waz (C) dip
coating method [machine] Aeldnisisssaswaslugasfiansiueniiu luarsazats 05 M
NaCl Aignslalfwingu 1.0 Thad

4.3.7.3 nan13AnwaudFn1snanauLes

21N3UA 4.33 uansaut@nisnandunaseadlwia FTO/BIvO, 7
WMIBUAI8 3 mAdAlaLA LATA Spin coating, Dip Coating [Manual], Wag Dip Coating
[Machine] 1l o lUFMur A ndas1ukau (Band gap energy; Eg ) 91na@un1s Eg= 1240/A
W‘waL?N@Jﬂﬂﬁmmﬁmmmmﬁu 520 nm, 630 NM, WaT 575 nm MUEIRU 1EaFUAN
WHIULAU (Eg) LAy 2.38 eV, 1.96 eV, hag 2.15 eV Aua1au deAnwanuduwus
spminedulszdvdanmagandusastuamdsusauresafiuelun Wefinnsuinisganiu
wadlugreiinnsueiiu nuiinswsendaliih FTO/BiVO, aewmeaila Dip Coating [Machine]
finmsganfiuuaaninnIunaila Spin coating wag Dip Coating [Manual] é’mamiuguﬁ 4.34
wazldrmdsnuuaurastalifia FTO/BIVO, Wity 2.25 eV anauiawtfinisganduuas vl
annsaduduldindaluia FTO/BIVO, wisudasmaiia Dip Coating [Machine] fistamuniuy i
mmmmsa@mﬂﬁul,mﬂmmﬁmumLﬁuﬁﬁiu%uawﬁqﬁaﬁw BiVO, Fsasmavinliiinnisueniiu
93B1dnAT0U () uar Yo (h) waninnsdeiudidnmeuiinamindalaily vilide ht



Usuauunn damaludauszansnmnisiinuiiseteendmduluaisazaraur Nyl
FTO/BIVO, Aeldimsissmsuastasiinnsimandiy laidueeed
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Ul 4.33 nsgandunaswesiliilh FTO/BIVO, fiwFeudeimaiia (A) spin coating, (8) dip

coating method [manual], k&g (C) dip coating method [machine]
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SUT 4.38 audunius semineduusedns nsgandunasiud mdanuuauvesd L
FTO/BIVO, M3 s lwdnaaamaila (A) spin coating, (B) dip coating method [manual],
ey (C) dip coating method [machine]



4.3.7.4 HaveA1nNaUNIUNIAil i

g nsAneA1ALd I umaai i ve s A lwin FTo/BIVO, 7
w3sulaanmatanige Fomsine 3 weidns Uszneudewada Dip Coating (Manual),
Dip Coating (Machine), wa¥ Spin coating lasla tnadl A Electrochemical Impedance
Spectroscopy; (EIS) Tumsiasiesk wuinmsadeialniihgaemaia Dip Coating (Machine) i
AP IFIUNUNTAINTUUTEY (Charge Transfer Resistance; Ret) tioeign uanafaguil 4.35
Tngfansanaindaia3 vasnaunsa Nyquist plots uaudige wazideduanan Ret Ay
s1eazidealunnsd 4.3
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gil‘ﬁ' 4.35 n37% Nyquist plots 42ll#1 FTO/BIVO, TaSeusaewmaila (A) Spin coating,
(B) Dip Coating [Manual], &g (C) Dip Coating [Machine]



AN9199 4.3 ArALEunLYeIR i FTO/BIVO, finssdnemaie Dip Coating [Manual],
Dip Coating [Machine], uwag Spin coating

BiVO4 thin film preparation Charge Transfer Resistance; Rct
Technique (Ghm)
Spin coating 608.5
Dip coating (Manual) 688.6
Dip coating (Machine) 138.5

9NA15197 4.3 wandbiiuinaanudumunsdeiudidnnseuves
A FTO/BIVO, finsassdaldihdhemaila Dip Coating (Machine) flaudumiunis
dsutszaosiigavinlviBidnnseuannsaindeuiidnluluda i lf e uasiivseansnwly
mia'am"mﬁLﬁﬂmauiumil,ﬁmﬂﬁﬁ‘%maaﬂ%Lm%’usuamfwwi]d’ﬂﬂ/\lﬂﬂ FTO/BIVO, Tanadanados
furnszualumaifinujiseeonfndurani dasuil 4.32

4.3.4.5 naveanadaminssliiiasisiniveduguinevestaluih

MnnsAnunalan1sasadliiiansh aineduguineves
%QIWWWFTO/BiVOLl finsasemada Dip Coating (Manual), Dip Coating (Machine), k&g Spin
coating IﬂBiﬁi’fﬂﬁaﬂﬁ;amiﬂﬁﬁLﬁﬂmauLL‘U‘Uﬁaﬂﬂim ( Scanning electron microscope; SEM )
wuidnuardaguineivesi il FTO/BIVO, fisswemadia Spin coating fidnumeade
nssnaudendaiu finuvguse wasfienudugngu dlansetalwilh FTO/BiIVO, Femada
Dip Coating (Manual) WummﬂwmuiﬂiwLﬂummawumiﬁ]mimaumﬂmluLﬂui zilgu
sastaianadugngugs N s FTO/BIVO, mginalla Dip Coating (Machine)
wumwummawaﬂmaﬂwmsmmwm'iamLﬁmmwaqaqﬂmwuwLLuummmeummlw%
FTO/BIVO, Ra3Ufl 4.36 99nwan1s@nwdagiuinewesdaluil FTO/BiVO, daeinaila Dip
Coating (Machine) azidiulsinfidnunzveseunavuutuduiiufiatalih Jsidamsdndes
fhetraduszifou aseurquisuituiifuihdrliihegasiiave wandsifufeivsinaeansi
fni1 BIVO, MnnwenazsnzanlunsiinUiiten dsaliiiuszdvsnndidlunisiiaufisen
oonduduiiiantidalid



gﬂﬁ" 4.36 01 SEM et 2luiiln FTO/BIVO, TimSausaewmnailn (A) Spin coating, (B) Dip
Coating [Manual], Wwag (C) Dip Coating [Machine]

4.3.4.6 HaveIRMNANdelATIATIMNEN

mﬂmsﬂﬂmmammammmmaimqaiwwaﬂsuamlw% FTO/BIVO, i
Wieusae 3 waidla deedsdledinszinisidsnuuressaddng (x- ray Diffraction; XRD)
wulassadendnvesnszanthlaliih FTO 8 sno, Wuesddszney Snmsdeauusedisndi
2 theta WA 26.8°°, 34.1°,38.0°,52.0° uag 55.1° SNG]’ix‘lﬂUIﬂi\‘iﬁ’i’N tetragonal [45]
wulassadnawdnvostaluia FTO/BVO, fiw3eudaeinaiia Dip Coating [Machine] wa Dip
Coating [Manual ] 1uiuy monoclinic finsiaentuuseddndd 2 theta i 28.9° Fanss
fuseuu 121 wavaeandesiudoyalugiuteya JCPDS maneian 14-0688 [46] daudaludi
FTO/BIVO, fiwSuudewmaiia Spin coating WARIXRD peak ansfiaith BiVO,lidniau ﬁ’qgﬂﬁ'
4.37 9194 091197 BIVO, Tim3sudaeimnaiia Spin coating AiRantndaludfiusunanies
Auluiflesdenszsuannaniauunyundseildldduiidudivnannniunadadug aull
AUN507LATIRY XRD 161



® SnO,

° ¢ Bivo,

intensity (a.u.)

20 30 40 50 60 70
2 theta

SUT 4.37 Tassadrawdnues (A) nszanthlwilh (FTO) , 42l FTO/BIVO, Mw3sudeimaia
(B) Dip Coating [Manual], wag (C) Dip Coating [Machine], (D) Spin coating

e

0.3.4.7 WM eEEE 18NN FTO/BIVO,

nmsanenswisdalniiiuelun BIVO, Mneuldaninada Dip
Coating (Manual), Dip Coating (Machine), k&g Spin coating Tnensiseudaliiiglunsas
wadla wazasvdeuautRlnlndidnlnsng muiaﬁﬂiumitﬁmﬂﬁﬁ%aWaaﬂ%m%’ﬂumiaumaﬁw
mﬂsUw 4.38 memﬂi‘vLLa‘Lumimﬂﬂgﬂimaaﬂmmu‘luaﬁavmammaamlw%wmeﬂm
2198 3 il waz EJaﬂﬂmﬂivammwmaamsmiwmmlWﬁw FTO/BIVO, LaNA15041
ﬂizamﬁmwmﬁmmwmWmi‘v\lﬂw FTO/BiVO, fwseusewmade Dip Coating (Machine) il
Aadeveinszld (median) mﬂﬂg‘jﬁ%maaﬂ%ms{i’uslumiazawﬁmmﬁqﬂ uagdlandesuy
UIM5FIUFUNNS (Relative standard deviation, %RSD) Weuninnalla Spin coating kag Dip
Coating (Manual) amuanduegrasiuladn %ﬂﬁﬁ?ﬁaﬂszmumiﬁﬁmmLLaJ'usJ’ﬂqaﬁm%’Umi
wedaliih FTo/BiVO, WilsyavsnmgdlunisiinufAseeendnduluasaraieth way
annsovhenldiduedned Sefiotndugauts veunaianisiumedouuuulfiedesguinion
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gﬂ‘ﬁ 4.38 nansFnIMssELsesia i FTO/BIVO, fhewaila (A) Spin coating, (B) Dip
Coating [Manual], ta (C) Dip Coating [Machine]



4.3.4.8 NaNISANYVUIANUNRIUD9T LW
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gil‘ﬁ 4.39 wan15yngvesta ki FTO/BIVO, fiwunn (A) 4 cm? uay (B) 81 cm? t@3auinaila
28 Dip Coating [Machine]

TunsAnwinisaenevuinvesdalidn FTO/BIVO, fimseudaewmaila Dip Coating
[Machine] neldaninefimngay wagnsiaaeuand@lnladidnlnsasnzlafnainnansouus
avavestalwihuelun FsldvihnnsAnwauaiuiiiivesialiindivuin 4 cm? uas 81 cm?
wazdeRnuUszansamuesnsmseudalniiuelun BVO, wuurhdwusle) NngUiA 4.39
wuiAnszLanMaAnUfAseeendinduluasazaetifiauiaiiuiiia 4 cm? Anseua
WU 2,500 PA 1A% AU UTRY 81 cm? AnsEuamindy 10,100 pA axuiulddndnszua
Wuduegelivod A overevuiaiud Adlna Tu deued aenuduldldlunisifa
Uszdns nmuazauauisalunisvensauianisldauseld Insanizedned adalii
FTO/BIVO, tagesvialiidinsyuaninnsiiauffsenoondinduluansavareihiivensulaly
Ussﬁm%mwmw‘hsgwmmLﬁmmummgmﬁuﬁm% (%RSD) g Favavendanszuaunisidl
ATuLsiuggadmiuNawIewdalidin FTO/BIVO, dwalvianunsndusugaudewesisnisqu
wasuuuUsaluTRdmiunsmssuilduuneansi it BIVO, sanssuaunisidne azaan
annsavnaildiuedned wasmnzauivzvesvunaiionsldiusely



4.4 namsdneransTivnsaudmsuNM st aasBunsd

Tunsanwanneitmnzanlumsisnanssunidsetalii FTO/BIVO, Mr3euldd
amwmmzauﬁqﬂéfammﬁﬂ Dip Coating (Machine) kagn1snaasulsz@nsn1nn135a91nn
a158unsd Tneld ansazaraMethyl Red Wudaunuansdunisisudu TdaisazareNacl \u
arsazaredidninglad Uuins 50 mL lngld@nwimsfimessneidnasienisiinujfzen
Fasteluil

4.4.1 wagaumnfinisiwndalwih
MnmsAnymavesgamniniswd i FTo/Bivo, igumgfiuandsiy Tay
14 Methyl Red \Husunuamsdun3sizuiu wuhgamaiininendalaiihd 450°C anansarda
Methyl Red 16 72 % Tuszeziian 60 unil dawadilddonadesiuainssua A1Aug1umIY
T LART U wasdnungysdugiuing1ii At laidaavuiwdy Fomlvanse
Aaufasenldunn dadudaalidalai FTO/BIvVO, AwTsuannisniigumgd 450°C &
Uszavsnnlunisida Methyl Red wanasisguit 4.40

80 1 ‘
20 1 —8—RT(25°C)
] 300 °C
60 1
g ] 350 °C
= 50 ]
=~ 400 °C
-C% ]
S 40 1 —450 °C
2
A 30 1 —500 °C
o o
O\ 20 A ——550 °C
] ——600°C
10 1
0
0 10 20 30 40 50 60
Time (min)

a |

JUN 4.40 nan1s9atninfigaumniniesienisfiidn Methyl Red Mivian 60 wiil agld NaCl
JuasazaneBidnlnslad



4.4.2 mapnuduuresansdunidiusy
nMsAnwIANLdITureEsBunsgisudu (Methyl Red) Tne@inwfiainy
Wt 5, 10, 15, wag 20 ppm nelaaniiznisisemisnas waglidndlvil 2 V aannisunaes
W‘waLﬁammLsﬁm%usuaami“aw%LﬁﬂimlaﬁLﬁmﬁuUi“ﬁw%mwmiﬁﬁm Methyl Red anas 1y
fiaududu 5 ppm FUszanEamnIsmda Methyl Red Ieigsandl 71 % Tuszezinan 60 undl
uanafsguTl 4.1 LLamiwmumUi zAN5N1NUVDITE ‘U‘U‘UU@EJﬂUﬂWﬂ’J']ZJL‘UJJ“UH‘UBQﬂﬁaua’]EJ
Sunidie Frsfosdnvilosuioriiunsnumunsidnassunsdusasunang
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70

60 —e—5ppm

50 10ppm

15ppm
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a6 a

5‘1J‘VI 4.41 {aPNIULTNTUYDIANTOUNIBLITUAUADNIIANIN Methyl Red 711381 60 w19l Tagly
NaCl \Juasazanedianlnslad

4.4.3 nannUuTuvesansazarsdaninslad
= £ o a < 3 £ @
ANNNANITANYIAIUT LT UVDIETaLa188LanLashas taaly NaCl Ly
asavaredianlasladlunisidnasounsdddou Methyl Red Aadudu 0.25%, 0.5%,
1%, 1.5%, 2%, Lag 3% 1NNITNAABINUINAIUITANITA Methyl Red 1o 41%, 41%, 45%,
49%, 52% waz 71% luan 60 U9 auaisu azwiulaiilemnuduturesasazaudian
losladiindudsedngannisindn Methyl Red liNTUAIY AI3UN 4.42 agelsfinuainua
nsAnwanudutusgavesasazatedianiasladneeusuldvesaudnieaufunnisiie
dlanlnsazaglafndnsunisnauausasavIRURtaIsazatedantnslad wuInNANuuTun
I v v A a [ v [y a [ A a A o 1 A
0.5 % WJumnudutuivunzanivansulaneiiusaviivesingsedanagiuiriussuuiie
Uszgnaldiuidnoqdunidlusunansely



80

70 ] —e—3% NaCl
S 60 ] 296 NaCl
2 ™
.cg; 50 1.5% NaCl
:‘,’ 40 1% NaCl
% 30 -0.5% NaCl
> ]

20 -0.25% NaCl

10 ]

0 ~ T T T T T
0 10 20 30 40 50 60

Time (min)

3UT 4.42 warnududuresasazatedidnlaslas NaCl ian1sinda Methyl Red 74381
60 ur¥t Mealnin FTO/BIVO, NmuNTu

4.4.4 waveswinvosiiliiualng

PnsAnwImsUSeuiisutalniualnedmsunisisaansdaunss Methyl
Red Tnglddnlniualnafiunnseiu ldud densd nosndos Nesns uay aunuIaaaRa Laz
195210 FTO/BVO, LT udalniuelun 9annanisnaaesasiuladn aunuaaada i
Usgdninmasanlunisiidn Methyl Red a@nansamdnld 90% lusseziian 60 Ui sedadun
AD NOILAY NBUNGDY way dInNed suanU éfﬂgﬂﬁ 4.43 $90MLER IS NYAENINIYN NS
Falriiuplnaneusazndsisn Methyl Red wugnudenisiisad dandrdqlndn dansd
voundnsinsinnzinuosansanefinaninga i %””JIWWWV]@@meé’qmsﬁﬁmﬁmgwqmmzﬁﬁ

'
o a

MiiRmdameuns aunuaaaianfmidallinsinnzinvesanssiisldiiansannseud
Al finnsneit 4.4 ansansAnwnandlfiiudn daunuaaaiia 918159ndNIY
Sudnaseu neldnsyinusaufuiudalniy FTo/BiVO, Swhlkiusvansandinlunisiide
Methyl Red UaNINBUED dunuiaaana Sadlrnumuniy wasiisanfiusyndamanzdmdunis

Uszgnaldanuasenivuneanadivgluswanseluldiduegied
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JUN 4.43 wavesyiavestaliliiualnanen1sdidn Methyl Red 11381 60 Wil Tngld NaCl
\uasazanedidnlnslad
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4.4.5 wansanwInalnnsmInansounsy

nsAnwInalnnsida Methyl Red 7iamtigaluin FTO/BIVO, Tednwn
wanun 5 naln 1éuA 1) Photoelectrocatalytic (PEC) Wunalndidnluiinansa siavinay
aeldnslidndlniuazis sisuaslugaeafinsmeiiu 2) Electrocatalytic (EC) iiunad
Tl nsissURATedednglnin 3) Photocatalytic (PO) naladiisenisiinufAsend
i lnelduandiosograiion 4) Lisht nalniiluasegraien Tngladlddalui 5) Dark naln
dlallddnlaiuasiusaufiselan Tnedduusaunaiiu Control Alifinafnasazaned
dnlaslas NaCl annnan1snaasanulnluszeziia 60 U7 naln Photoelectrocatalytic &
Uszdnsanlunisiidaaisdunse (Methyl Red) lagafi gada 72 % s09a9u1fe
Electrocatalytic @111501190 Methyl Red lel 40 %, Photocatalytic @11150A190 Methyl
Red 16 29 %, Light @unsandn Methyl Red 16 2 %, Dark @unsamdn Methyl Red 18 1 %
Ffaguit 4.44 FefuFeanansodusuldfenalnlunmsifinfisendmsuidaasdunid (Methyl
Red) st udoedn1513 982l dedng liinazuaclug9f nnendu niedondn
nszuaunsledianinsazazlain (Photoelectrocatalytic ; PEC) 39agsilvsiuseansninlu
Msfdnansduvdiagn
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70
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c 60 EC
= 50 ] PC
© ]
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(Y 1
o ]
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sUN 4.44 nalnnisisanisiinufiseanisidnansdunid Maan 60 ui legld NaClvlu
ansazaneBianinslad



8.4.6 nansAnwIMTE oAl lunsiSnansdunsd

nAnInsvg1vest i lunsidn Methyl Red fifiantiad 2l
FTO/BIVO, Mdnwnsuauseulunisidniemn 10 seu finnududu 5 ppm vesesazans
Methyl Red 31ANAASNARBINUIT &@1115aMSA Methyl Red 16 100% Tuaiaausn uazaviiiy
Igidlosuiusevlunsmdnassunidifisiy Wesdudlunsmadn Methyl Red anaduaz
Suniiiisiuauseunsindasaus 5 seuidudull Tneanunsarsnlduszanm 70- 80 % &
wanslugui 4.45 Gensanasdsnandadudiiamnsasousulduazarunsadudulddeniny
wefosvastalii FTO/BIVO, Tunsidnanssunidienszuiunsiilndidnlnsaenslafinves

Falwilh FTO/BIVO, fimuntuldiduegred
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% Degradation

Uil 4.45 nansldgrvestaluiin FTO/BIVO. dwsunisfndn Methyl Red taan 20 undi Tae
14 NaCl \Juansazanedianlaslad

4.4.7 wansAnwINsmdne £ coli

AsAnwINSASaEe £ coli vosialwiih FTO/BIVO, Tn3ouls daemaia
Ilmdidnlnsazaglafin (PEC) Mnsissmainufidorsenslidndliihuagnslfuadiugag
Ponuodiu Tngldasazas 0.5 % NaCl Wuansazaredidnlaslas Wieutunisdnwnsidn
o £ coli fallimaiialnlndidnlnsaenglafin nanfelifininsinmainujisendaednglnih
wsauas neliansazane 0.5 % NaCl (non-PEC) uansazanedidninslas lavinnisasiaaeu
nsanaswede £ coli lnemsfinniunisridanng 10 unit WWuiian 30 it wudinsdidn
o E. coli $remeila PEC SUsvavsnmidnide £ coli téinin non-PEC agrafiulddaay
Tnganunsarsadslanun 100% 7281 10 Uit Tuves? non-PEC anunsarisnldiiies



Wntiey faguil 4.46 fiesnnmeiia PEC iluwmadianidinisisaedndlniiuaznisisesiewas
Tugeiiasueanu Jadunmsfiudssavsnmluniseentiadu £.coli iluee1an
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T e
és
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O 41
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Uil 4.46 namsindnide £.coli g (A) Mmadalnlndidnlasaznzlain (PEC) wag (8) lalld
wiallalnladidnlnsazagladn (non-PEC) neldansazane 0.5 % NaCl \luansazanedidinins
lad

4.4.8 wansanwnsldaliienlunsiidade £ coli

nMsAnwsuuseulunsidade £ coli vasdalnlin FTO/BIVO, Amsosld
shemadalnlndidnlnsaagladniidnnasinsiauifsersenisiidngliiuasnsliuas
Tugasiinnsmeadiu lagldasazats 0.5 % NaCl Wuarsazareddninslas Tnevnisdnen
Wavua 7 50U Idhn1snsaadeunIsanasuesite £ coli IAeN15AAAILNITATAYNY 10 WId
wudndiovinisiidnde £ coli $1uau 7 sy Ssansnsafdaitie £ coli ¢ 100% flaguit a.47
wanalfiiuindaliin FTO/BIVO, Sauiadios waziluszansamiinlunisinda £ coli wavss
annsaldausididueded



% Degradation
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5UN 4.47 waveensldalail FTO/BIVO, Mimwdutilun1sdndnie £ coli lagldimadialn
nddnlnsazezladn lasldaisazats 0.5 % NaCl Wuansazaredidninslas

4.5 NAN1SANYINITDDNLUULALANIIZTAUZEUVDBIAA AULUULAL WA d195Un15A190
- z ,
A159UNSY waLka E. coli

n13fnwan1IEi Iz aueyad s usuuad lilunsida Methyl Red 183
4l FTO/BIVO, ity Tdvhmsnysnsusalunsmuiliuissuy adndlaih e
duas Snwuzmsthasiegiadigszuy eluiiissdvinmiiaian Tneldtalnihaun 81
cm? 1 A1 Uty 5 ppm Methyl Red Tuaisagansdidnlaslas 0.5 M NaCl USuns
6,000 mL

4.5.1 wansdnwdaudliiuelun
nsAnusaudalwihuelua (FTO/BIVO,) dmiumsiinuisenlunisidn
Methyl Red lévihnsanusiuaudalndh FTO/BIVO, 71 3 44 uaz 43l FTO/BIVO, 1 6 99
wuTn15l LW 1 FTO/BIVO, 3 99 @1unsamiasm Methyl Red I 209% uas 921l
FTO/BIVO, 6 97 anunsarinda Methyl Red I¢f 27% luszewiian 60 undi faguil 4.48 il
Frunamiudifalunsifaufasevestalwiideusinasasazaneild wudnsruaudalih
welunail 6 44 feniluiiivesnisieufaselndifesiuusuasily



—o— 3 electrode
—0— 6 electrode

%Degradation
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sUM 4.48 wan1sfnudnuiudiliihueluasen1smda Methyl Red lngldansazane 0.5 M
NaCl Wuansavaredidniaslad

4.5.2 Han1sANEINISIALAU IRt LA
Tun15@n®1N152198 W1 U090 WA e lun wasdlndwalng WA

Snwaiznsnsialii 2 dnevay dnwazusnie mssalniuelualndfudaluiliualng
Snwazfiaesio nsealiiiweluavieiudalwiiualna ﬁqgﬂﬁ 4.49(a) wag 4.49(b) NN
M5NAaBIN3TNdA Methyl Red nunnsyedaliiueluslnddalviiualng anansamdnld
35% uazn1snsia e Tuslivinseonaindaliifiualng annsafdals 46% wansliifiuin
msnatalnfivihstuinlfAsnsdutaansiinamiinleand Seiusvansamnsminiia é’qg‘dﬁ'

4.50

5UN 4.49 uansdinuaizn1sIeiimiestalii (@) Tilwihueluneglnadaluiualng uay
(b) Valviihuelumeginstalniualng
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UM 4.50 wan1sAnwin1syediundsvestaliliinueluslng(nean) waglnalfaniusienisindn
Methyl Red Imgldansazans 0.5 M NaCl WWuansavaredianlnslan

4.5.3 HansAnwanwurNThasiegngssuy
nsfnwanvauznstasiegadgseuulaviinmsfing 2 suuuu oA nns
14 pump uag n5ld stiring Tunsthansidngszuy anguil 451 nudmsiansidgssuu
Tngld stiming a1u13aidn Methyl Red leunnninld pump 1ie391nn sl stiming a1unsn
auausas s lunmsuldiniinsly pump siliiinsnszaefvesasidngt dansduda
asazaneiitamtdalailiind SeszAniamlunsfidaansdunisiang

60
50

40
—&—pump
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%Degradation
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UM 4.51 wan1s@nwanuwazn1sdia1iieg1441g 3 uUAen1sn1Tn Methyl Red lagldy
a1sazans 0.5 M NaCl .luansazanedidnlaslas



4.5.4 wansAnwsnsidalunsyuiliunssuy

Tunms@nwdasuiilumsmyuiliunssuulunismda Methyl Red T9@nw
snsu33lu9 500-600 rpm %LﬁuléfdwmmL%'ﬂuﬂﬁmgml,iamﬂ%ﬁWﬁ&i@mﬁﬁ@ Methyl
Red fianneuludae usidlowfiuusanyuanniudaus 700 - 900 rpm viliussAnsamlunis
140 Methyl Red anas 9199ziAnanmsfinnmilunsvyusnnfuluilinanlunisduds
vosansiiRidalwidesAululiAnu e desas wanadazuil 4.52 annanisfine
fananuansliiiuiswaresnnuusslumsmyuilmnzauannsafiaUszansaimnismia
arsdun3dluszuulsilueend

70 - |
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c ]
2 50 ]
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B 401
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o\ 20 800 rpm
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JUN 4.52 nansfinwdnsiilunisvauiliunsyuusenisida Methyl Red ngldansazany
0.5 M NaCl 1fluansazanedanlaslas

4.5.5 wan1sanwa1dnglniin

Pinmsnwedndluifimngan asdfuldidediudnglniluniauanunn
Fuuszansnmlunisida Methyl Red Aiindumulugae 1dosannidelddndlniudssuu
WinTuarlutieissnmsdsihuvesdidnaseukarimienididnaseudririiualneld i wasi
Raihdalafiuelued hole (h) snntudsdsnaliiuszansnmluiauifseneendindulunis
M5t Methyl Red Tty widld@nslniiannnda 2 v Ussansnmlunsiidnansdunsd
anas onaLdunaunannislidnSlainigaiuluvilidaluiignihatsuioidanismaaues
Aamind 2l saueiinadesignisldvuvestalui dufulunismnaesdsudenlden
Fndluiding 2 v @fﬂgﬂﬁ 4.53
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3U# 4.53 nan1sAnwiandndsenisindn MR lagldansazae 0.5 M NaCl iluansavanedidn
lnslad

4.5.6 HaYBIAIULTNLET

INI5ANWINAVBIAMULTUUEIEINTUNITANDN Methyl Red 210015911974
SufusEnInet i FTO/BIVO, Id@nwifinanuduuasii 11.16, 16.74, 33.48 W/cm? wuin
AT ULEST 11,16 W/em?2 @ansan1dald 49%. 16.74 W/cm? anansanidals 549% uay
33.48 W/cm? @wnsamdnle 619% Sauanddiifiuinmanundusanaiiniueidudnnsidn
Windu iWesnuasaztienszdulifiindidnnseu (@) wazdering (h) liiAaufAsen
oonTunduldd fiud 4.50 udedrdlsinueuduuasiidivtuondmasieagnisldaunes
$alwii
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SU 4.54 Lan13ANEIANLLTULAIRDN15A9R MR laeldansazaie 0.5 M NaCl Wuaisazans
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dnleslas

4.5.7 nansAnwianwauzmM e siegaigssuy
nnmsAnmmMaidamsiegatdeadsuuilaeyinnsfnunszuud flow
wag batch Wuran 120 w1 é’fﬂgﬂ‘ﬁ' 4.55 Wu3nszuUiviinslnanuresansieg el
anunsardn Methyl Red 18 94% wasiindnszuuiildfinng flow ansaransegadmau wandls
Wudnfiuinvesdadin FTO/BIVO, finsduiaansazanemasanan 3wiliiussansanlunis
mdafinnuuuliiingg flow asavane leegsdaay
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JUN 4.55 nan1sAnwianuarnistiansmegiaudngssuusionsindn MR lagldansazay
0.5 M NaCl {uansazanedianlaslad

4.5.8 NANNSANWINITANIALD £ coli VIgaanunuU

JUN 4.56 wadsuuuulilndianiasasazlafindmsumdnde £ coli

N3UA 4.56 sonuuuLgad dukuuluyIuIng 6,000 mL Tagld gl
FTO/BIVO, 3117t 6 41 dalulihausuiaaaiia S1uau 3 44 Tuansazans 0.5 % NaCl uarls
FnSlading 2 vV maoan1sinda lngvhnsinunsioudisumaiiasie q lunisidade
E.coli i§si control, UV light, Saline (NaCl) wag PEC Imv‘l"}ﬂﬁajm’fau"lulﬁfua E. coli finu
duduiFasiu 10%° CFU/mL Wunan 5 undl yn 9 ads wdniAnwinishdade £ coli de
nszvaunsiuasyd nmstaludungde uaznsldmadelnlndidnlnsazazlafin Wunan 10
U1 MANTTUIUATT 1NRANNTNARY AagUT 457 nudunadalulndidnlnsazns
lafin anwsardide £ coli léfndn thluluasyd wae dulutunde Tunan 10 Wi eswnn
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JUN 4.57 nan1sAnwimsiUSeuiieunailadag « lunisidaiie £.coli

L

4.5 wan1sfnefnennnisiiaufizeteandindunassandunianinvalnii

Tl lFAnwiArdnenmnisiineendinduuazsindu (Oxidation reduction
potential, ORP) 4 s um131fines7 uansisaruarnisalunisujiseoreendindu (n1s
Anunselidianasew) wagiandu (nsiaujiseinssudianasen) Yo iAnT ARV
il FTo/Bivo, meldnisfnunalnmaisufaseniifmdhialnihisue 5 naln tdud 1)
Photoelectrocatalytic (PEC) Wunalniiissdhluiinansissauviauneldnsidnglniuas
waslugsiinusuendiu 2) Electrocatalytic (EC) unalnfissdnliliihdrednglwiiiieats
#1872 3) Photocatalytic (PO) unalnilisenisifiaufasendidalaiindsuaadieseaie 4)
Light Aenalniliuasedraion Inglilddalnd wazs) Dark nalnfildlddalniuaz i
Ufsela Taedduusmuna (Control) Ailifimsifvansazans  Bifinlaslad dalwihuagnns
$eUARFelRq :nmedt 4.5 wudnalaliledidninsazagladn fie1 ORP gefigafia 345 mv
dlowssuiisudunaln Electrocatalytic, Photocatalytic, Light, Dark ag control #1uga1su
Feanunsodudulddanalnnisndsufasendfuthdaluisdnglaiuasuanilianansis
autRnaiAnufizeneendinduldfifian duafuamigiunsiinoyyalonsenda (COH) Wieans
Suiiflantaialunsfinuiasereendiaduiifaniida i lfduesed uasvinlfseuud
FnenwnsiinufAsereendintuarsdunidliduegeivuszansaiw Feldnans@nuad



dapndedfuNan1sfnyIUsyaninmnisidnansdunsdddouuasiieqaunidnuinianniels
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d1172N15ANEN A1 ORP (mV)
control 193
Light 220
Dark 210
Photocatalytic 258
Electrocatalytic 292
Photoelectrocatalytic 345
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ABSTRACT

This research developed a simple method for bismuth vanadate (BiVO,) thin film using an
automatic dip-coating method. A precursor solution concentration, dipping speed, and calcina-
tion temperature were optimized to obtain the highest photoelectrocatalytic (PEC)
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KEYWORDS
BiVO, electrode for water oxidation. The BiVO, electrode was applied to organic dye degradation DIp coating; BIVO, thin film;
and studied the catalytic mechanism at the electrode surface. A calcination temperature of 450 °C photoelectrocatalytic

was optimized for BiVO, photoanode preparation for the highest PEC water oxidation and had
good charge transfer process properties. The proposed automatic dip-coating method presents
high efficiency for the large scale of BiVO, electrode fabrication, and it was highly reproducible at
a low relative standard deviation of less than 5%. The developed BiVO, electrode can eliminate
methyl red organic dyes by more than 70% within 1 hour. This research offers a new alternative
approach for a simple, convenient, reproducible, and scaled-up method for semiconductor thin
film fabrication.

oxidation; organic dye
degradation

Introduction deposition has significant limitations, such as being non-
reproducible and incompatible for large-scale prepara-
tion processes. Therefore, the application of an automatic
dip-coating machine is a promising alternative to address
this limitation. Importantly, there have been no research
reports on the development of BiVO, film preparation
using an automatic dip-coating machine.

Therefore, the objective of this research was to
develop a BiVO, film preparation technique with an
automatic dip-coating machine, manufactured by
a Thai company, that can control various essential
parameters in the dip-coating process thoroughly
and support the application of large-sized electrode
substrates suitable for industrial application. We stu-
died and developed the BiVO, electrode preparation,
characterisation, and application to remove organic
dyes, as shown in the following sections.
A significant novelty of this research is the ability to
prepare BiVO, semiconductor thin films in a simple
method, good scaling up, and a highly reproducible
process. The automatic dip coating machine coopera-
ted to study the optimum conditions for the initial
precursor solution, the deposition process, and calci-
nation temperature are essential in preparing the elec-
trodes in simple, quick, repeatable, and scalable
applications. It is suitable for application in PEC pro-
cess development for future applications for energy
and environmental management.

The photoelectrocatalytic (PEC) process is continually
being developed for energy and environmental applica-
tions because it is highly efficient, involves low power
consumption, is not complicated, and is environmentally
friendly [1-7]. The PEC process development usually
includes selecting the appropriate semiconductor for
the target reaction and improvement of the semiconduc-
tor film fabrication on the electrode substrate. Bismuth
vanadate (BiVO,) is one of the most common semicon-
ductors that researchers select for organic matter degra-
dation by the PEC process due to its good absorbance of
visible light and high positive potential of valence band
position suitable for oxidising the organic substances in
aqueous solution [8-14]. The critical point for developing
BiVO, electrodes in the PEC process is developing the
BiVO, film deposition on the electrode substrate. The
main goals of the development are effectiveness in the
target reaction, a simple method, an uncomplicated pro-
cess, good reproducibility, and being able to scale up for
application on a larger scale [15-19]. There are many
methods of BiVO, film fabrication, such as an electro-
chemical method [20-23], a spray method [24,25], a spin-
coating method [26-28], a sputtering method [29],
a hydrothermal method [30], and a dip-coating method
[31-34]. Of all the BiVO, film preparation methods
mentioned, a simple and well-scalable method is the dip-
coating method. However, the artificial dip-coated film

CONTACT Chatchai Ponchio 9 chatchai@rmutt.ac.th Q Department of Chemistry, Faculty of Science and Technology, Rajamangala University of
Technology Thanyaburi, Phathumtani 12110, Thailand
© 2021 Informa UK Limited, trading as Taylor & Francis Group



2 (&) P.TOMKHAM ET AL.

Experiment
BiVO, thin film fabrication improvement

Conducting glass fluorine-doped tin oxide (FTO,
Bangkok Solar Co. Ltd., Thailand) was cleaned and
used as a substrate. A precursor 0.1 M BiVO, solution
was prepared by mixing 0.2 M of bismuth nitrate
pentahydrate (Bi(NO;)3;.5H,0, Sigma-Aldrich) in
acetic acid (CH;COOH, RCI Labscan) solution and
0.2 M of vanadium oxide acetylacetonate (C,oH,,05V,
Merck) in acetylacetone (CsHyO,, Merck) solution.
The mixed BiVO, precursor solution was then homo-
genised using a stirrer and ultrasonic process for
30 min. Figure 1 shows an automatic dip-coating
machine (Kazem Corporation Co., Ltd., Thailand) to
prepare BiVO, films on the FTO substrate. The pro-
posed dip coating machine is XYZ type cartesian robot
system using a teaching box. The stepping motor are
used to control X-axis for horizontal movement of the
FTO substrate and to move Y-axis for dip coating
tank. The trajectory planning of Z-axis for vertical
movement of FTO substrate is needed to achieve high-
performance position and velocity accuracy.
Therefore, AC servo motor with closed-loop PID con-
troller is applied to control Z-axis. High mechanical
efficiency can be obtained by using low friction ball
screw system. The gripper with pneumatic is designed
to grip a mirror with the maximum size at 1,000 x
1,000 mm. In the dip-coating development process, we
studied the effects of the initial BiVO, precursor

solution concentrations, dipping speed, dip-coating
time, lifting speed, and number of layer depositions.
The optimised calcination temperature of the dip-
coated FTO/BiVO, ranges from 300 to 600°C. We
determined the optimum conditions based on the
highest PEC water oxidation activity of the prepared
BiVO, electrodes. FTO/BiVO, prepared by traditional
spin-coating [27] and manual dip-coating methods [2]
were studied to compare the PEC properties and char-
acteristic improvement of the introduced automatic
dip-coating method.

Characterisation and PEC activities study

The morphology of the top view of the fabricated
FTO/BiVO, electrode surface was studied using
a scanning electron microscope (SEM, JSM-5410LV).
X-ray diffraction (XRD, JDX-3530) in the 26 range
from 20° to 70° was investigated to approve the crys-
talline structure of the BiVO, film. An energy-
dispersive x-ray spectrometer (EDX, LINK ISIS300)
was used to confirm the elemental composition of
the prepared BiVO, film. The absorption property
was studied using a UV/Vis spectrophotometer
(Shimadzu, UV-1601). The PEC activity for water
oxidation and charge transfer resistance was studied
using a voltammetry analyser (Princeton Applied
Research, Inc., VersaSTAT 3) in a 0.5 M NaCl electro-
lyte solution at an applied potential of 1.0 V vs. Ag/
AgCl under visible-light illumination.

Figure 1. Automatic dip-coating machine: (1) dip-coating tank, (2) substrate holder, (3) gripper, (4) teaching box, and (5) FTO

substrate.



Organic dye degradation study

We used the prepared FTO/BiVO, as an anode elec-
trode and stainless steel as a cathode electrode to study
the organic dye degradation under applied potential of
2.0 V and visible light irradiation conditions. Methyl
red (MR) in sodium chloride (NaCl) electrolyte solu-
tion was used to study the organic dye degradation
efficiency. A PEC cell reactor for MR dye removal was
designed by setting up the 9 x 9 cm? anode electrodes
parallel to the exact size of cathode electrodes in a -
6,000 mL container. A light-emitting diode (1.24 W/
em? [2]) visible light source is placed outside the PEC
cell and positioned close to the anode electrode side.
DC power supply (NPS306W) was used to control the
constant voltage at both electrodes while the anode
electrode was irradiated throughout the organic dye
removal process. We studied the effect of initial MR
concentration, NaCl electrolyte solution concentra-
tion, calcination temperature of BiVO, electrode pre-
paration, and catalytic mechanism by considering the
MR degradation efficiency. We measured the absor-
bance of MR dye relative to removal time at
a wavelength of 435 nm using a UV/Vis spectrophot-
ometer (Shimadzu, UV-1601). The MR degradation
efficiency was studied by calculating the percentage of
MR degradation, as show in the follow equation:

A0 — At

% MRdegradation = ( )xlOO (1)
where Ay is the initial absorbance of MR and A, is the
absorbance of MR at given time t.

Results and discussion

Optimisation and characterisation of the BiVO,
electrode fabrication

The BiVO, thin film deposition on FTO substrate with
the automatic dip-coating method by studying essential
factors such as initial BiVO, precursor solution concen-
tration, speed of dip-coating process, and calcination
temperature parameters. The criteria for the optimisa-
tion study were the highest photocurrent from water
oxidation and good characteristic properties.

Optimisation of the BiVO, electrode preparation
process

The concentration of the BiVO, precursor solution has
a significant effect on the photocurrent of the prepared
FTO/BiVO, electrode. (Figure 2(a)) shows that the water
oxidation photocurrent of the prepared FTO/BiVO,
electrode is proportional to the BiVO, precursor solution
concentration from 0.025 M to 0.0375 M. However, the
results showed the opposite effect when the initial pre-
cursor solution concentration was increased by 0.05 to
0.1 M. We confirmed that the proper precursor solution
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concentration resulted in the adhesion efficiency of the
semiconductor film to the electrode surface and effective
control of the fabricated electrode’s PEC activity. The
number of immersion layers is another factor influencing
the properties of the prepared BiVO, electrode.
(Figure 2(b)) shows that the number of dip-coating layers
is inversely proportional to the oxidation efficiency of the
prepared BiVO, electrode, and it is optimised at 1 layer.
Increasing the number of layers in the dip coating
resulted in decreasing PEC activity due to low charge
transferred at the high thickness layer of the fabricated
BiVO, electrode. The dipping speed of the FTO substrate
into the precursor solution, dipping time, and lifting
speed of the substrate from the solution were optimised
to obtain the most efficient PEC water oxidation of the
prepared BiVO, electrode, as shown in (Figure 2(c,d)).
We found that at high dipping and lifting speeds and
a short time of immersion in the solution, we could
obtain smooth, homogeneous, and thin film properties
of the prepared BiVO, electrode. We discovered that
light could pass through well with the appropriate
BiVO, content at the electrode surface, resulting in
high PEC activity for water oxidation. The optimum
conditions for the BiVO, electrode preparation using
an automatic dip-coating machine are summarised as
an initial precursor BiVO, solution concentration of
0.0375 M, dipping speed of 25 mm/s, lifting speed of
30 mm/s, and 1-layer deposition condition.

Effect of calcination temperature

The calcination temperature is one of the essential factors
affecting the characteristic and PEC properties of the
prepared BiVO, electrodes after the dip-coating process.
(Figure 3(a)) shows the yellow thin film colour after
calcination at the temperature from 300 to 600°C, consis-
tent with the colour of the monoclinic BiVO, semicon-
ductor [8,35]. We noticed that the thin film appearance
was not homogeneous when the calcination temperature
was too high, from 550 to 600°C, likely due to the thin film
peeling off the electrode surface. We found that
a calcination temperature of 450°C resulted in a highly
efficient PEC activity for water oxidation and a good
homogeneous thin film. (Figure 3(b)) shows the lowest
charge transfer resistance (Rct) at the electrode/electrolyte
interface at a calcination temperature of 450°C, which is
related to the highest photocurrent in (Figure 3(a)). The
results demonstrate that a suitable calcination tempera-
ture affects the reduction of the charge transfer resistance
at the BiVO, electrode/electrolyte interface, resulting in
enhancing the PEC activities of the fabricated FTO/BiVO,
electrode. Significantly, this calcination temperature
directly affects the change in the crystal structure of the
BiVO, semiconductor at the electrode surface.
(Figure 3(c)) shows that the crystal structure of BiVO,
changed to monoclinic when the calcination temperature
increased over 300°C. These results were consistent with
the yellow colour of monoclinic BiVO, after calcination at
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Figure 2. An optimisation study on the BiVO, thin film preparation process with an automatic dip-coating machine, varying the
essential parameters and considering the PEC water oxidation and the characteristic properties of the fabricated BiVO, electrode:
(a) effect of precursor solution concentration, (b) effect of number of BiVO, deposition layers, (c) effect of dipping speed of the FTO
substrate into the precursor solution, and (d) effect of lifting speed of the substrate from the precursor solution.

a temperature over 300°C. The XRD pattern at 2theta of
28.9° and 30.6 is good, related to the high photocatalytic
crystalline structure of the monoclinic BiVO, semicon-
ductor (JCPDS no 14-0688) [36-38]. This became more
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evident when the calcination temperature was raised
above 400°C, consistent with good PEC activity results
under 450°C conditions. We also confirmed the tetrago-
nal $SnO, crystal structure (JCPDS no. 041-1445) [39,40]
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Figure 3. Effect of calcination temperature on the fabricated BiVO, electrode using an automatic dip-coating machine: (a)
photocurrent response from water oxidation and the characteristics of the prepared BiVO, electrode, (b) Nyquist plot and charge
transfer resistance (Rct) value under visible light irradiation and applied potential of 1.0 V, (c) XRD pattern of FTO and FTO/BiVO,

electrode, and (d) SEM images and EDX results.
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Figure 5. Photocurrent response from water oxidation results of different sizes and seven reproduced BiVO, electrodes using an

automatic dip-coating machine,

on the FTO glass substrate at 2theta of 26.5°, 33.9°, 37.9°,
and 51.6°. (Figure 3(d)) shows the surface morphology
and chemical composition according to SEM and EDX
studies at the top view of the fabricated BiVO, electrode.
The SEM image shows that the surface morphology of
BiVO, changed depending on the calcination tempera-
ture. Increasing the calcination temperature from room

temperature to 300°C increased the porosity of the sur-
face, possibly due to the removal of organic matter con-
taminants, resulting in a clearer residual of the BiVO, at
the electrode surface. Arrangement of BiVO, morphology
density increased when the calcination temperature
increased over 400°C, related to a change in the crystal
structure with the XRD study results. The morphology of
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Figure 7. Percentage of MR degradation with the various catalytic mechanisms at the developed BiVO, electrode surface including
PEC, EC, PC, light, dark, and control conditions; inset of a photograph of MR solution colour at the origin (0 min) and after the

process (60 min).

BiVO; films begins to fuse largely when the calcination
temperature is higher than 550°C, which is an effect of
excessively high temperatures and could be another cause
of film deposition under high-temperature conditions.
Based on the results of character studies, we can be sure of
BiVO, deposition at the FTO surface and understand the
effect of the calcination temperature on the various prop-
erties of the prepared electrodes.

Reproducible and scaling-up performance study

We studied the seven reproduced BiVO, electrode pre-
parations with the automatic dip-coating machine under
optimum conditions and monitored the water oxidation
photocurrent  from each preparation, as shown in
Figure 4. We also studied the efficiency of the large-scale
repetitive BiVO, electrode preparation from an area of 4
to 81 cm®, We found that the photocurrent from water
oxidation increased significantly with the larger size of the
prepared BiVO, electrode, indicating the possibility of

increasing efficiency and capacity to further scale up
application. Notably, both electrode sizes provided an
acceptable oxidation current in the reproducibility effi-
ciency of the low relative standard deviation (%RSD)
value, indicating a high-precision process for BiVO, elec-
trode preparation. We can confirm the strengths of the
introduced automatic dip-coating method for BiVO,
semiconductor thin film preparation that it is easy, con-
venient, highly reproducible, and suitable to further scale
up application,

Methods comparison study

We compared the PEC efficiency and characteristics of
the BiVO, electrodes prepared from the developed auto-
matic dip-coating (machine) method with those prepared
from the traditional dip-coating (manual) and spin-
coating methods. (Figure 5(a)) shows that the BiVO,
electrode prepared from the developed method was sig-
nificantly more efficient in water oxidation than those
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Table 1. Comparison BiVO, photoanode prepared in different methods for organic removal applications.

Photoanode Preparation Reactor cell Light source Analyte Y%removal Reactor Ref
(size, cm?) Method component concentration capacity
(em?)
FTO/BiVO,  automatic Two electrode system; stainless steel White LED 1.24  Methyl red 70% after 1 h (6,000 mL)  This work
(81 cm?)  dip-coating as counter electrode Bias W/em? (5mgL™")
method potential: 2 V (A 2 420 nm).
FTO/BiVO,  Solvothermal Three electrode system; 300 W Xe lamp  Ofloxacin 99.3% after (160 mL)  [(41]
(20 cm?) polydopamine modified carbon (A = 420 nm). (8 mgL™") 2h
felt as counter electrode and Ag/
AgCl as reference electrode. Bias
potential: 1.5 V
FTO/BiVO,  Electrodeposition Three electrode system; Pt wire and 300 W Xe lamp  Bisphenol A 100% after (100 mL) (18]
SCE as counter and reference (A = 420 nm). (10 mgL™") 2h
electrode respectively. Bias
potential: 0.25 V vs SCE
FTO/BiVO,  Spin coating and  Three electrode system; Pt wire and 160 W Hg lamp ~ Methylene Blue 96% after 200mL)  (42)
annealing Ag/AgCl as counter and reference  (100mWem %), (20 mgL ™) 5h
electrodes respectively,
FTO/BiVO,  Electrodeposition Au decorated silicon photovoltaic 500 W xenon Rhodamine B 77.98% - [43)
(15 cm?) cell lamp Methyl orange 89.15%
(100mWem™)  Methylene blue  93.2% after
(10mgL~" each) 2 h.

FTO/BIVO,  Spray pyrolysis  Three electrode system; Pt wire and Xenon lamp with Phenol 70%afterah (250 mL)  [44]
(16 cm?) Ag/AgCl as counter and reference light intensity of (20 mgL™")
electrodes respectively. Bias 60Wm .
potential: 1.0 V vs Ag/AgCl
FTO/BiVO,  Drop coating and Three electrode system; Pt wire as 300 W Xe lamp  Methyl orange 96.6% after (40 mL) [45]
calcination counter electrode and Ag/AgClas — (100mWem ™). (10 mgL™") 2h

reference electrode

Bias potential: 2 V vs Ag/AgCl

prepared from the traditional methods. (Figure 5(b)) con-
firms the visible light absorption capacity of the BiVO,
clectrodes prepared from the dip-coating method,
whereas the spin-coating method has slight absorbance
properties, possibly due to the thinness of film deposition.
The fact that the BiVO, film prepared by the automatic
dip-coating machine is homogeneous and evenly smooth
confirms the well-developed method of reproducing elec-
trode properties. (Figures 5(c,d)) illustrate the crystal
structure and morphology of the BiVO, electrodes pre-
pared from different methods. We found that BiVO,
prepared by the dip-coating method exhibited a clearer
XRD peak characteristic of monoclinic BiVO, than that
prepared by the spin-coating method, confirming the
adherence ability of the BiVO, crystal structure prepared
with the developed dip-coating method. SEM results can
provide better understanding of the uniform and homo-
geneous characteristics of the BiVO, electrode prepared
by an automatic dip-coating machine that can achieve
clectrodes with excellent PEC properties.  Preparing
BiVO, electrodes with an automatic dip-coating machine
enables significant control of the substrate position, dip-
ping speed, and lifting speed, resulting in a homogeneous
thin film, better characteristics, and higher PEC activities
than with manual dip-coating and spin-coating methods.

Organic dye degradation efficiency

We applied the BiVO, electrode prepared from the devel-
oped automatic dip-coating method as a working elec-
trode to study the efficiency of organic dye removal by the
PEC process. MR was used as an organic dye sample to
test the performance of the developed BiVO, electrodes
for organic dye degradation application. We studied the
essential factors that significantly affect the MR dye degra-
dation efficiency, such as the initial concentration of MR
dye, NaCl electrolyte solution concentration, and catalytic
mechanism for maximum efficiency in dye removal.
(Figure 6(a)) shows the effect of the initial MR concentra-
tion on the degradation efficiency of the developed BiVO,
electrode with the PEC process. We found that the
removal efficiency increased with a lower initial dye solu-
tion concentration, which was consistent with the fact that
low dye concentrations will promote the diffusion of all
reactants in the degradation process. Therefore, in the
treatment process, it is necessary to first analyse the con-
centration of the initial dye solution to estimate the time
to achieve a complete degradation process. The concen-
tration of the electrolyte solution is another factor affect-
ing the efficiency of organic dye removal. (Figure 6(b))
shows the effect of the NaCl electrolyte solution concen-
tration directly proportional to the dye removal efficiency.
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Consistently, an increase in the concentration of the elec-
trolyte solution results in a more significant charge trans-
fer between the two electrodes, thus creating a greater
reaction on the electrode surface. Figure 7 confirms the
catalytic mechanism at the BiVO, electrode surface with
light and applied potential or PEC process for organic dye
degradation greater than the electrocatalytic (EC) and
photocatalytic (PC) process, respectively. The PEC pro-
cess can eliminate MR organic dyes by more than 70% in
1 hour with a noticeable colour change. These studies
show that the developed BiVO, electrodes can be effec-
tively applied to the degradation of organic dye under the
PEC mechanism. Table 1 shows the BiVO, photoanode
prepared with various methods, comparing this research
and previous research for organic removal applications.
A highlight of this research is the large electrode prepara-
tion process, which is easy, economical, and has the
efficiency of removing organic matter that is no different
from other research. More importing points of this
research are high reproducibility and the most significant
scale-up compared to other research.

Conclusions

A proposed automatic dip-coating machine was suc-
cessfully developed for BiVO4 thin film preparation
on a large scale. The optimum conditions for BiVO4
electrode fabrication with the highest PEC activity
were found as the initial precursor solution concen-
tration of 0.0375 M, dipping speed of 25 mm/s,
lifting speed of 30 mm/s, and 1-layer deposition
condition. BiVO, electrode calcinating temperature
is an essential factor affecting morphology, crystal
structure, and PEC properties. The optimised dip-
coating method provided high reproducibility for
BiVO, electrode fabrication, both a small and large
size. All BiVO, electrode characteristics were clari-
fied related to the PEC activity improvement. The
prepared BiVO, electrodes with an automatic dip-
coating method significantly present better charac-
teristics and higher PEC activities than the manual
dip-coating and spin-coating methods. Notably, the
developed BiVO, electrode can be applied to remov-
ing organic dye matter by the PEC mechanism by
more than 70% in 1 hour. This research offers a new
alternative approach to the simple, convenient,
highly reproducible, and scalable preparation of
semiconductor film, as well as to obtain an electrode
that is effective in the PEC process suitable for
energy and environmental applications.
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