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Abstract

Introduction: Bismuth vanadate is one of the most widely used
semiconductors for photoelectrochemical water splitting using
sunlight due to its activity in the presence of visible light, stability,
and cost-effectiveness. In addition to having a suitable band gap, this
semiconductor has disadvantages such as high electron-hole
recombination. In this research, with the aim of reducing electron-
hole recombination and increasing the efficiency of bismuth vanadate
photoelectrodes, templated mesoporous titanium dioxide prepared
by P123, F127, and Brij 58 copolymers were used.

Methods: The effect of three and two-block copolymers on the
properties of prepared mesoporous synthesized titanium dioxide and
their effect on the bismuth vanadate photoelectrode was investigated
by FE-SEM, XRD, UV-vis, and BET analyses. These copolymers
changed the porosity by creating cavities of different sizes, resulting
in different loads of bismuth vanadate on titanium dioxide.

Findings: To evaluate the photoelectrochemical results, LSV and
electrochemical impedance spectroscopy were performed on the
photoelectrodes. Absorption in the visible region showed an increase
in current at a potential of 1.23V vs RHE and a low charge transfer
resistance in Meso TiOz / BiVO4 samples. The results showed that the
templated mesoporous titanium dioxide increases the activity of
bismuth vanadate up to 2.5 times.
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Fabrication and characterization of templated mesoporous TiOz/BiVO4 photoelectrodes

Extended Abstract

Introduction

Hydrogen is introduced as a clean fuel that
can be created by water splitting from two
great sources such as water and sunlight.
Among  the
photoelectrochemical (PEC) water splitting
and hydrogen production, bismuth
vanadate (BiVO4) has attracted a lot of
attention as a visible light photoanode for
the oxidation of water to oxygen in
photoelectrochemical cells.[1-2]

Several reports have shown that different
semiconductors can be connected with
BiVO, in a heterojunction form to reduce
electron/hole recombination.[3-4]

This research improves the half-reaction of
water oxidation and thus the
photoelectrochemical water splitting by
heterojunction stracture of TiO,/BiVO,4 and
using three different co-polymers P123,
F127, and Brij58 to prepare mesoporous
templated TiO: by sol-gel method. After
synthesis and coating of TiO, and
characterization of the prepared layers by
SEM and XRD analyses, BiVO4 was coated on
them and the current-voltage (I/V) analysis
was carried out to investigate the PEC
performance. I/V analysis of the resulting
photoelectrodes showed an increase in
current for TiO2/BiVO4 at 1.23 V vs. RHE.
Also, electrochemical impedance
spectroscopy of the obtained samples
showed a decrease in charge transfer
resistance for Meso TiO,/BiVO4 samples.

materials used for

Materials and Methods
A Shimadzu spectrophotometer was used to
obtain UV-vis absorption spectra. A Bruker

D8 advanced instrument using CuKa

radiation (A=1.5406 A) was employed to

record X-ray diffraction (XRD) patterns. To
investigate the samples morphology and
thickness, field emission scanning electron
microscopy (FE-SEM, Hitachi S4160, Japan)
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was used and to determine the elemental
composition of the materials energy-
dispersive X-ray spectroscopy (EDS) was
applied.

A three-electrode system was utilized to
evaluate the activity of the working
electrodes. N» gas was bubbled into the
reaction vessel to remove dissolved O; and
vigorous stirring was applied to the mixture
at room temperature. TiOz/ BiVOs films
with 1 cm? active size on FTO were used as
the working electrode (WE). Platinum (Pt)
mesh and Ag/AgCl were employed as
counter electrode (CE) and reference
electrode (RE),
electrolyte solution of 0.5 mol L-1 Na;SO4 in
water (pH 6.8). PEC measurements were
performed by the wuse of an IM6x
electrochemical = workstation (Zahner,
Germany) to monitor the 1/V characteristic
in the presence of a solar simulator
(AM1.5G, 100 mW/cm?, Optic Niroo).
Electrochemical impedance spectroscopy
(EIS) was measured in a frequency range
from 0.01Hz to 100 kHz, by applying a 10
mV AC amplitude under an outer bias
voltage of 0.6 V (vs. Ag/AgCl/saturated KC],
equal to 1.23 Vggg).

Results and Discussion

X-ray diffraction pattern (XRD) of
mesoporous templated TiO; film prepared

by P123 block copolymer on FTO, shows the
peaks related to anatase crystalline phase

respectively, in an

formation at a certain 26=25.4°. Also, the

peaks related to the presence of Bismuth
Vanadate are well visible in the sample.[5-
6]

As can be seen in the UV-vis spectra, all of
the mesoporous TiO, films increase the
transmission of visible light compared to
FTO substrates. The results also show that
the mesoporous TiO; prepared by P123
copolymer has the highest amount of light
transmission in the visible region compared
to other layers. Also, bismuth vanadate has
good absorption from wavelength of 350
nm to visible range wavelength of around
520 nm.[7]
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FE-SEM images of mesoporous TiO;
synthesized by P123, F127, and Brij58
clearly show mesoporous films with open
cavities without cracking and with a
wormlike morphology. FE-SEM cross-
sectional images of TiO2/BiVO.4
photoelectrode clearly show two separate
layers of TiO; and bismuth vanadate above
the FTO. Also, the cross-sectional images of
the TiO; templated film on the FTO show
that the coating is done well. It should be
noted that all samples have approximately
the same thickness of about 270 nm for
TiO2. On the other hand, the P123 sample
shows a very uniform and smooth surface.
The Ti02/BiV0, film shows interconnected
mineral wormlike branches with
considerable porosity.

P123 interfacial film with the highest
porosity has the lowest refractive index. In
other words, the refractive index decreases
with increasing porosity and therefore light
transmittance is improved. These results
are in good agreement with the results
previously reported.[8]

The BET curves for the best mesoporous
TiO film (P123) show a type IV isotherm
curve that confirms the mesoporous
materials. Specific surface areas and total
pore volume were 138.65 m?g! and 0.233
cm3gt , respectively. It is noteworthy that
films with a larger surface area absorb
higher Bismuth Vanadate and therefore, the
light harvesting and the performance of the
photoelectrode is increased.[9-10]

In order to evaluate the
photoelectrochemical performance of the
electrodes, [/V curves of TiO2/BiVO,
photoelectrodes were investigated. The
TiO,/BiVO4 photoelectrode showed a higher
photocurrent than bismuth vanadate and
titanium dioxide alone. Also, BiVO04/TiO:
(P123) photoelectrode showed the highest
current of about 1.19 mA/cm? at 1.23 V vs.
RHE.

The Nyquist plots of the electrochemical
impedance spectrum showed that bismuth
vanadate presents the highest charge
transfer resistance. This charge transfer
resistance significantly decreases for the
BiVO04/TiO, (P123) electrode. This shows
that the charge transfer Kkinetics at the
electrode and electrolyte contact interface
is effectively improved by designing a
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heterogeneous connection with titanium
dioxide.

This behavior is also consistent with the
photoelectrochemical activities of these
electrodes.

Conclusion

In this study, in order to increase the
performance of bismuth vanadate in the
photoelectrochemical water splitting, a
mesoporous templated Ti02/BiVO04
photoelectrode was designed. First, in order
to optimize the mesoporous structures of
titanium dioxide, various block copolymers
were used. The performance of
photoelectrodes TiO, obtained by different
copolymers (Brij58, P123, and F127) in
connection with bismuth vanadate layers
was investigated. Finally, we succeeded in
presenting a new design, by adding a layer
of mesoporous templated TiO: on FTO
beside  BiVOs;, to  increase  light
transmittance and also reducing
electron/hole recombination in bismuth
vanadate photoelectrodes. This design
improved PEC performance of bismuth
vanadate up to 2.5 times.

Ethical Considerations compliance
with ethical guidelines

The cooperation of the participants in the
present study was voluntary and
accompanied by their consent.

Funding
No funding.

Authors' contributions

Conducting experiments: Niloufar Afzali;
Methodology and data analysis: Niloufar
Afzali, Reza Keshavarzi;

Initial writing: Niloufar Afzali, final writing:
Reza Keshavarzi.

Conflicts of interest
The authors declared no conflict of interest.

61



F5 0 30 1Y0,390 1P (sliwo;

9 3 Jlo

S5 B J5le 950 ST (63 pguilld 39,3193 98 (b duasuidio g i L
195 bwrgd ol IS 13 4] 359,15 o 13Ul gmmmmy b 4l JUas! g o

Tk ks 5l L,

) el o lago) SIS (idne opd soud 09,5 o3l )

I Ol gl e (e e o 05,5 15555 Ly Singi ¥
s VEOV [+ £/VE 1l b

VECV /2 UIA 154905 G,
VE N/ UYY 18 s b

S o Bpe @ Oshe 5 SRk (Sre s s> ) cld cle & Sl Sgeny dosde
ol 2l o ass 555 5l ool b Ol (oliends iUl g8 IS (gl Wbl dagd 0250, 0
s 1) oy 0,580 YL o il psan onles cslio Jlgp BIE 52313 1 ogMe blas) da
295501 9358 639 0t I3 5 0y 9 S oS 3l iRl Ban b Slikes Sl 3 1009,
PI23  clo oS b ond (605 LB Jobssiage ST (63 poslis ;I @hbly Cgommy sl
1051 6 psslis Lol 59y 2 (Sl 53 9 A £lb yadysS oyl 1 0 ooliol Brij 57 4 F127
XRD FE-SEM (clo jJUT Lowg cblly o jean 53 5 b o b osd i Lwgpoie
(28,5 )5 oyt 3,35 BET, UV—vis

aoni 5 g J5S lie 0 i el Sglise gl ol L lis bl bl jerdysS ) L cbaiBL
F8 i bl car Wad wSt 9 peslis gy p OBy Cgenn glite L
sl 36T 05 plosl Lo 39 SUIgigh 9y 2 (lhordy iUl uiligel 9 LSV (glaflUT ¢ oo Sl
Jzl cuglio 9 1.23V vs RHE sty 5 bz ptall (dye a0l 0 ol do 5580l 598
2,8 culi |, Meso TiO,/ BIVO, (la diges j3 o5 )b

5 JH5S (lis )3 35 b o (55 B gigie deST (63 paslid o o (LS gl 16 55 Aot
o gk ply Y0 U1y Slobly gomy cudlad 355 (59, p blly Cgomnn Cglite (g1)35,b dis )

ONlgs g Sl (gl 353 olwd
355 03zl M s ygu0 4 Wlio

DOLI:
10.30495/jnm.2022.30716.1966

(S slaojly
spmS1 (63 il «lably Oogany Blos, dogs
o ploandg pSUl g3 COSS yga50

S5k Lo, i ghamo Bt g

el eleiol ool oKL o Gane o 09,5 £ Sl
SAOIVYIVYOVY Q.OJ.'

R.keshavarzi@gmail.com : g 5SJ Gy


https://dx.doi.org/10.30495/jnm.2022.30716.1966

e Q‘bu'g © gouwnnt L @l Jlas! < LXW ‘_5,.;5_ SIB s 95 S| «° p”w 39;}'&"9355 ‘:’L.'. LWL WV calw

A oo Jolge 36 couv TiO2 Jsdsciegie slaylisle
Jole s 303 Gl 4 xS )5 Bl g sl s bl
ol g9y 2 2P 4 paie Jl g AL L 2w
o ¥0] 1l cnils sl lajlo Jsdsage slaki (g5l
o dB 5 oslizal b 58 whis ol S o,
225 o )18 ool 390 it plSin )3 &S Cnl (5USE )9
2 S bl o lyis o3l JymS 53 50 sbahs, )
Coleg 3 9 PH «ciliSdygn clle i glod Jio s sl 8
b e ColSEygm Bl (o) s

cols dly b Pl S delse ol el oy il
DS Salgs dlool didl ylejle JSdouie duwST 60 poslis slapls

) (Sob sk 9 Th gide g 4 cuslio adsl dlge Sl
B Jxdsiogie jlislo L TiO2 ohd 3850 i ) (5LSS)50
sl )15 52 (63L Jles el Jload (555

POl gonms cax bl lyis 4 TlacilsE s Jly )
SyodisS WyS o 18 eolaiwl 3j50 JSdsiiegie dlge cilu
Yewsgl il Gl o dtn 7 g SlacslisEyse Sk
P Sol glojordysS clle @ g L[] wile “5S
At cilise S e e S5 42 38 o] Jsloxe

Dgdge sdeal V Slpu Juwe cdale &S uee clale S g
Gl o se 5YL geBle 3 g 58 sl fuuse
slaylisbogie ans 3 |y B GEE e cpl X9 oo St
VY Y0] 1S e i) il ol

O et (a8l o 3,Shos 350 (sl Lo Sladow )57 ol o
598 3 ol lerdg Sl g8 CAISE s 4B g
0l (538 B ya930 TIO2 jglme ;5 obly gommn 39,581
o35 oslizal Brij58 5 F127 P123 cikises yad 55w L
o yoeisS b TiO2 Sl Y 5 s 5| Gy ysbate cnl sl
XRD 5 SEM (sla 301 L o as (sl 4 ki 5 cilieo
39,Slgigd 8,5 8 b ol (g9, p holbly Sgoman I gl &Y
Sl 5 505 lolis UV-Vis 4 SEM 3l | Lly sl
358bos (s 3 a8 26 b ol )9 Rl 5 Sielshse
58 31 3Ws ol T ol alandy iSllgig OIS 1o g )
oy il Ti02 yois 13 Sl lsbly Cogamsy (sl 39S
b 905 1 alondy pSI uilaal UL pizman sl s )
b wges sl b Jml Ceglio > 2l 0 4 Job
2y lis 1, Meso TiOz/ BiVOs

4 -Surfactants

5 -Structure -directing

6 -Non-ionic

7-Hydrophilic

8 -Hydrophobic

9 -Micelles

10 _Critical micelle concentration (CMC)

ay

dodlo

5P @l Sl oital (dly (aeg JB e il ]l
Sk glbcdse glis @ byl 008 Sl 5 uly ey
Ot sl 43S 00 oAV (19 5 G bae Jocngd
ol a5 e (Se 551 5 5 5 el Bpe Ol
ol o lglid st 93 51 ol 28 Sl oalizl L g o 59,40
CASS sl S B oS (dlge 5> 9 dbul wedysd ygi g
Sgoy dlord ol (59500 My g ) (alendy pSlgiss
OieleS] jolitoy Fye 555 Wlgigh Sy lsisay (BIVOa) sl
g Jols o alandsSllgigh JolS' sk 1> s 4 O
Cusl 03)5 o dpa |y (3l drg b ST 5 jg00
R

(i 5 awsle by Ggomy 53 Jgome 00l S5 blse Sl (S
b SalSige culis glp) V¥ €V sp oSl S5
OFP @i 3 Slec & dloo Jegl OV gge Jobo 4 bguye
Cub)ls g Cambae (I [IV-VY] dd 0 LS psda |) Spe
YI¥ d935) Conl it (B o5lnl 4 O LiluS] 4 4545 L (VB)
yauo dgd 3 (CB) Lisluy Hlg a8 Jbs )5 (RHE & s ¢y
Seslisdgey paw Sy S5 oS il RHE & s g
Jadady by ganny (I VA=V Y] conl 59)0un 4 o535
Sy Sl ond S5 Cuald i) polis g dlse I oS
oxd S5 sblje (obos 3929 b [VF V] W Clusay cuslie
@ i ol Vb S 53l @gusll ggd gt 4 olo ol el
A8l (o0 e il G lgis

b lg5 e cilises (gl solbdes 4 Canl 03l Sl LB1S s
Sl el sals b wed ol Lgn hblly e
Boe 3Sdes g (eal Wy S bl 0pin 9]l
0] DALa] @l WSl 2S5 b @hibly Egam
G (VY] dedlgus oadlS g [PV ] s o ¥ +— V4] S
ol 0

b by Sgomny s s o8 150l )55 VY] o) Ken o7
Y o JS> S sl (BIVOS/ZNO clypgl) seus s,
cov (RHE 4 s cdg VIVY )3 gopegio il )3 yeel Lo V)
S sl IS V] ) en s ThgesS Cusl Sye yg Ll
bood can jl g ©blly Ggenn 0l asuie (559 by
bl Sgoums b awslio ,> (BiVO4/TiO2) wuSles aolis
@& poslis ol @Bl il Ve mWem? 5 cos s
Solite S Gl b g ilisee sla b9y b Slg5 (oo 2]

I -Monoclinic Scheelite
2.Lee
3 Kimura

0-YE :(£1) V¥ ) oo . opgi dlgo dlone



RULSCPWIITT

99, 9 3190
o3liw! 3,90 3‘90 -) .Jg-\e-
okijle oS, il pb b d g
Merck Tetraisopropyl orthotitanate 4L.S s s 5 55! psstis Ti[OCH(CHs)2]4
Merck BH C2HeO
Ethanol
Merck 3 gl C3HeO
Aceton
Merck ol 03k Jglbs s CsHsO
Anhydrous isopropanol
Merck Sl S5 JS 9,08 HCl
Hydrochloric acid (36% wt)
Aldrich J 8 g\ C4H100
1-butanol
Poly(ethylene glycol)-block-poly(propylene [HO(CH2CH20)n(CH2CH(
glycol) -block-poly(ethylene glycol), (block CH3)O)m(CH2CH20)Nh],
Sigma-Aldrich copolymer Pluronic) P123 [P123, average n/m
=20/70]
Merck Brij58
CnH2n-1(0CH2CH2)Yoh,
(B58,n/y =16/20)]
S5 L edd ady VT osnST Wl Lluy 4l
Dyesol )
FTO conducting glass 12 ( sg-1 F-Sn0:

YYIY 30 yeshsS cpl 5l o8 <18V F127 Jolo ags jelaio 4
Sl g0 i Joo YIY &lBlas 8,k 5 i s Joibl jud oo
O o2 & lpd cod S gl ool 2,5 VIAY 4 Lle sl
<S5, 5,3 HCI/Ti(Et0)s Jgloma ctas alsyo 3 15 46Lo) g
Glas Jglno o) 15 L3 F127 Jgbono @ ol ol 5 2055 &
—aY conlel U1 (slod p3 el ¥ e 4 ()65 ob 4 3 e

[V ]ew! sl

woiss 5l osliwl b TiOz gl Jw Jglow and

Brij58
5 Uigy alde ¢ Brij58 5) (o)l Jolro (sand psbaio &
YVIE 5 BLij58 yasdisS )5 ¥ 5 cglis opl b s 03,5 Jos
oo dm deye g e Jebem) e
ol lp b 8Ll ol & gy 4 ) 5,5 HCI/Ti(EtO)s
Bl sl S0l 5y0 0o 11 55 HC/TH(EEO)s Sy

0A-YE H(£T) VY Y Ee v .y dlgo dlome

i g,
P123 youlsS 31 o3liiol LTIO: ddyl Juw Jolore dug

@ oplad o) g o] 4 Lde al G550 25 UV L
Bl gy 2055 op & bailpd Cov Sl ol p)5 WV
Joibiy =Y #, 5 YEIY 3 P123 oS 55 F aBlas job 4 .0
Joloe oyl a5 a8Lsl HCI/Ti(OEt)a Joloo 4 (yasr g 15 >
slod o celo ¥ Gde 4 (0505 o &l s STy )5 5 Blad

Vel Sl godlsl bl

F127 yoslysS j1 03kl L TiO2 adgl Jaw Joloo dugs

41



e ulabl, © gouwnnt L @l Jlas! < LXW ‘_5,.;5— SIB s 95 S| «° ‘Aww Dg;ﬂbﬁ"ﬁ ‘:’L.'. LWL WV calw

S Bl dxp> e glod b (S8l o) 9y el N Se

IRt g;'g)'l{
B gk it 9 (335 Rodme

G S 53 9 450 |y Cdg Sl Joloro slaiad S)b S
) b 0ol 1,3 1) T o 295801 JSad (gtaws 53 9 ilie 39801 ]
Celgy S plgie PHEPIA b Cllgw e )Vse o Jle
st & KC glusl Jgloma b Ag/AGCT 3550 o1 o3lizd
4 o il o Sl 9 €857 )13 o3limal 390 g0 39 S
ags sloslggd ol o jd g (03,5 odlatul e 59,80l leie
19 2-d &S 0D a8 )T o)l \8 ol 4545 4 TiO2/BiVOs jl osss
Oliwlgpusly ol 3l ool b s S 8l )0 1y osds 00l

5 5 pSell (liosds yiSlgish anl s )l Jol> ol

1 oK

G 39l Cawts sl Shimadzu  jregidg Sl ol |

Bruker  o%uws a8 edlal UV-vis  Lis la
Cu Ka (A= 1.5406 A) b 5 oslizsl L D8Advanced
&lp s odlizel (XRD) S5l axsl il slagXl el 4l

G oSy Sue l da diges s 5 Tolsiige ()
15 ozl 15 Hitachi S4160 (FE-SEM) s,

@L:s
b diged (g ldbw (o)

356 Jsdso TiO2 obs (XRD) (il 55 bl 5!
od V1 381 8 (g5 48,5 )8 P123 (Ssly yorlysS' L ond
0S5 3 o sl (slaslé s sslaio & (FTO) ygils s o
2 Oush B S5 4 bgye slacSy sl ois o3l ol (V)
YO =YO/F° 5 UL ol Sy g 0 odnliie 095 4 e YO
sad oanlin iy slacSy )b 3 (Vo)) gush oasla b
2 38 601 56 4y bgsyo g a8 ad b (YoF) 5 (YVV) (V2 +) S0
TiO2 anatase (JCPDS card ) sload jasuio JSG5 (g9,

J[6] (no. 21-1272)

sl YO=VARCNAA® &+ /0° X0V 5 XRD (sladls .am>
5 (F2) QN ((+0)) psl Slmiio & e & N
JCPDS Card )uib o FTO ais 4 bgye YJSS » b

[r+ #]no.00-014-0133

2 -Counter Electrode (CE)
3 -Reference Electrode (RE)

h ¥

Lol @y 2055 o0 & bulyd cod S gl wilis 25 VA 4

o 9055 mb 4 56l slod 0 Cel ¥ e 4 ol Jolore L
23,5 o3lel SlisaY (¢l o

b (6 S B JSdSiog 30 TiO2 sy angs

2 Siledinge Jolye jlan L8 ol ) 0ud ans sl Jsloce
Slaceyw b oy 4 5ygaboe (abg by bwg Cole
P123 gl ddbdy o Lo YA 5 YA DA Xe 795 5 2959
St 69y p Ao Yo B YO s Cosby > Brij58, F127
oY 515 SlsaY (7 Q sq1) FTO (ble, clbais
Q@ Eb doin S g9y 3,8 Bl s yd Yoo glod (o ol ags
aSus S oSy A e a])E cpl BAd Cul 488 VO Coe
ol 3wl same 05 > ) o s )3 45 29 e
5 Mo e nizmen bl Jos 4 (pSsly gam (23D,
Gl ald ol Jsb ) 5o i Jlasl 5 old S5 (ol ool
bocels ) G 4ol 8 olo dop For glod )0 o 28] 0
S Sl 5 el 4> 35 Bl 3 ) (s il et
S JAS 15 & i 5 (525 eilS By 5 305 oS
Jlsogse uSlis> sl ol | (Siashls Ll oiians
Jol8 Bl g (puljgu g LT 5B 4 (3,8 At psl 0l (g5 B

YA] 250 o0 035lasBly iliSE g

9 CabS obnl jolate & dwl Syt (p)5 +/VPA) Jgo o/ 0¥
Sl S VY Jolora il oo £ 3 < Jglona sl el 3
ol 4 s Ssamy (p)5 +IVAR) Jgo o oY g 5 43 J>
Joo +/eeY s > poda dlae &S pl 5l am S adlsl
da g o a8lsl ] 4 (NHaVO3) cbblgle pasgel (p,5 +/YYY)
 J5b55 sl JSI Jiash 5 1F (JlS 0 o
& iy St ) lbiots sl Sl g e IV
b oasS 58 )yl g9y celw YF dgds 5 A adlsl Joloxo
Jolore Jo ) ookl 51 B ] comday Glas Sy o Jglo

Y] il e Slasay oabe] 5 00 Blo

Ti02/BiVO041 59 519593 s

gy kg poslis 1ST (o b eas Sl 4Y la FTO

2 Fe e VY gas g 3959 oy b )pabst (a3 by
A Cuow g B SLisayY by Ggam Juw Jolowe jd sl

—4Y Cblly Gaonn saekd Nus SL JolS job 4 el b
dapd Vo gy o cddid Cuowo Al Ve Cdedy ol JLiS

A O 9 Ngd Sl B A8)S )8 ED doian (g9, IS ol
I'-Nanocrystallinity

0-YE :(£1) V¥ ) oo . opgi dlgo dlone



Intensity (Counts)

(b) TiO2 Meso-layer

101,
200
U e

(a) FTO

24,5 1,3 PI2Z3 5ok odysS b 0ash (65 Jibiciagso THO2 ok (XRD) (el 552 (il (591 -) S5
83l oo FTO & bt yo i (5,18 Cuadle Sy FTO (g9,

Intensity

® BiVO,

2 theta

BiVO04 plud (XRD) SG! o5 o1yl gy (5951 =Y U

b Sy 42l )3 55 hoee Olise (i L Y Lo 4
o dienl Pl g o ol Sl Gegingie el eslinl L
i3 il iy by b adl Y FTO jgie ol A5y so
Pl e G Slgie (S o9 see ORIF) Shy o
sl oz (233l o5 sge ORI L 1) Sl b 29 Sllgigd
ol Sblly Sgouy (izren bl 9 Sl 3,8kes g )58
Ty Job Gy s odgdne U YONM goo Job I (celie
V] 2l eyl 1,0Y-nm

100 BiVO,

% _— Tl-()zﬂp 123
— TiOy/F 127

80 —— TiO,/ Brij 58

—— FTO (7 ohm/ sq
70

60

T( %)

50
40
30
20
10

0

300 350 400 450

Ti02 Jodstegjo saY ()98 st

S9y p oM Ay JHSegie S oY (gyge slail
Gl dbio Coglie (sl sl o3 ol ¥ S » FTO
c b mpesiontle p ol Vool > edlatwl 3y FTO
g3 el el bayYaie cpl plod 29 o0 sdnline a5 &len
Onoeed b 0 FTO (glains gl b dwslio 3 JSyo )5
G P123 joidysS 5l 00 s a¥g30 oS a0 oyl ol

550 600 650 700 750

‘Wavelength (nm)

FTO gl iy 595 2 TiO2 JodSingio Y g 9ne b -Y IS

0A-YE H(£T) VY Y Ee v .y dlgo dlome



e 130Ty ogonanyt b 4Bl JUaT (5 85 (5305 I J5dho 930 mST (53 ol 395 Ngisd oty duaseise bl

2 ool HlI8 56 TiO2 Jsdswegie slapld ()9 (sloyiel)l o
Do el Bb byl )l pl Sl cops JualS gl #Bly
a5 bkl e waw WU 5 L csy e
Glapld cuss olps 9 55 e U (Ellipsometry )
Ol 2 () o) oS enn 1y Gla ol > 48,6 4 TiO2
Sib oY )9 el oy hp e s U Geios
d)90 FTO d]w day):) “9y 2 TiO2 u_><.la.w O odS 4\591:
L dgu5 o0 sdnlin 45 @fuhm Lol 045 u»)‘)f A ‘_J9J.? 5 @LJ
(S oS s o lagls 555 e S
@ dg b Ol 4 b SRl ks cusld upo
cupd b sladiges o5 290 0 odalin 0l Cuf (5)9e lacid

SS9 b o LS (gl )5 98 )Tl CanS

On pld 2gdie odalis zody @ ) oo 3 oS psbplen
- oo oablS s (il b cuwsls cups 0 @yle 4 )
w5 Sl Caol 0ad (555 NS oS (0l b wls ol b
3Sles ) oo s Wayial )l cpl S5 (ggw 5LV A] cldly
295 033k 495 y9e8 Oliwe LialBI b @Bly )3 S oo Ll 59 Sl g8
“so 35 Jsw 03l Gl el o @bl Sl ond ()l gen

.59.::3
g 4y JodSilog po whd 039 s mtd 9 (2 wlind
BET

s wkd iy slp OJsr Cl2ly g ol clodes odie
Wigas (gl sl 003 83,51 & JS5 53 TiO2 (P123) selscios s
Cul Jod5ciogie dlge (sdasiv &S IV go slodpn bxie S
oyi IS w9 059 pdaw (glacelue [Ve-A] amd o ol |,
J¥YYem3gl o \WASD M2 sdsciegie ki 4 bgiye
4 god 0329 gdaw (slaelue 35 o oanlie 45 4eSlen (Cunl
JIe 208163 poslis wld g aw Colue Il Sy
S Hiios slo 058 g a1d I Bl plojlus
BET 5 jl onds dubrs clyis b 5 Ske [FY-FY |ca
Coluws gl slaphd Yoore S Cul (pl o JB S
doncs > &S 03,8 il (g iy loLly Cgomy Hlie il pdaw
o ol 29SUlgh 5 Slas g 01 (6ol ez 555 05k ol
Ogony 9 gaw Colus Yoore o 0 (lgion (Jile 4 b
)15 s (galasl, ,S00S, b odd s bl

ay

~¥ Slase puld (oig)y (9 S Sy Sue yrglad
sawd (6 S I J5dSciog 30 TiO2 s

S5y 2 Ti02 Jodbiagie gord (55 oY (Vb lod
25 gy (F95SI gSg Ko b 0ad )by gl FTO yy
FE-SEM ol ol o35 0391 ¥ S > (FE-SEM) _lsse
boodd (5l lagld wlidcsy, owlie jaie 4
oy 0jlul 5 )58 e o dlatly (Bl g Al (Sl sl jersS
P123 :j osis as slapld 4 by ¥ JSS Nus a8)S
4 o wble 7 YOYe i cusb » Brij58 , F127
95 S S ek g il Gleeyis b Jobegie lapld s
"o ol ) FE-SEM pglas 3 silop)S' cwlidesn, <o L

V-]

slopld (gl wlas Jhd (Sile FE-SEM j5las 1 eolil L
F127, P123 3l ous 4 silep,S wlidcsu, b Jodscieg e
VY 5 SIEYENNY C ANYEY Sl s 4 Brij58

W03} (eSS ylegil A/VY

wlo wlggd  wges  woye  ghie FE-SEM  yglas
S e Y g el ord ool lis ¥ JSs ,3TiO2/BiVO4
sloie FTO (YU 3 zadds g5 oo 1y &lably Cgouns 9 TiO2
o 53y 5 Ti02 633 (6,8 ki (e clae sl 55
& Cal pasuiie polal cpl 5 MolS aad o ol |y FTO ass
ool o 4S5k 4 0l pbdl ogh Sl ©jgon SliaY
Ti02 ol 5 cosl Gaseiio ol ¥ 5 b 0uS163 poslid ok
S Gl S5 4 P pizmen el odpe 4V 5 4 o
TiO2 (ol jogl YV« 25s LS Lo ys Colses s diges don
Iy Blo 5 c&lgss jluw (daw P123 &g 8y 51 .5 1,
1, plae Slis b gl Brij 58 ol yicman am3 o ol
ol g 2 Blo (i waw 092y (ol b (Jg w30 (L5 395
mOled 9 o0 yg s B el yg Yy Aol )3 g Egde

A a0l 30 UV-VIS (ol bawgi gadge (pl &5 ok

e U aay BB S5 L) ob 4 ate i | JSS
(b Js)

SLeld glp e pan WU @ )y
gl (1 youdy oS b ol kg’ JodStiog 3o

Sl 29 s Ol ) ook B &S (g g0 Jelgs 505 (S
oS w‘)..a d)ﬁfb}l.ﬁ‘ 2 ..\mbup CansS w).ao “‘\;‘{LS"

Sl sy g osle SIS e 0 6 S B clapld
1 -Wormlike

0-YE :(£1) V¥ ) oo . opgi dlgo dlone



SEMWV: 150KV | WD:0s1mm | Lior] wmasTescay
SEMMAG:1000kx | Det:BSE

Viow fiekd: 2.08 jm _ Date{midy): 030120 RMRC FESEM

P123 (@ youlsS 31 o0 angd S50 sBAY (YL (5lod) FE-SEM (Glamo juiid 539 S 198wy ;S0 1 gluad —£ JSeud
Baiges alade g g Brij-58 (e F127 (c

SEM HV: 15.0 kV WD: 12.07 mm Liling MIRAS TESCAN|
SEM MAG: 75.0 kx Det: SE
View field: 2.77 pm | Date{midly): 08123i20 RMRC FESEM

BiVO4 I (oYU W) FE-SEM (gl pai (9,1 GgSuwg S ygliai—0 JSWS

0A-YE H(£T) VY Y Ee v .y dlgo dlome




e 130Ty ogonanyt b 4Bl JUaT (5 85 (5305 I J5dho 930 mST (53 ol 395 Ngisd oty duaseise bl

31 03!l b sawd (s S AB TiO2 s (o SBGY (0w o (g 031> 4 by po Oledb] - Jous

il (S3h 5\ yosesS
(Ao 5) Jodsu CnKS s TiOz ob3
Yq VLV P123
Yo \,vo F127
Yy \AY Brij58
TiO, (P123)
160 -
140 -
"w 120
& 100 -
2 80 -
E 60 -
g 10
20 |
D T T T T 1
00 02 04 06 08 1.0

SS9 50 oSl 65 panlind musud (SBald (459 L lg-da Glede (S Soxie T JSW

st boanig ySJI pasdlauel

g iUl diges pole o ) )b JU] Caoglie ()0 yglatods
slaggoe ad pbal plerdg Sl Guiliel - gySejlul
odd 03y Lis A S5 )3 oleeudip piSU) uligel cays N nsSoU
@ ol okl a8 s oph a SO Jold b poue ol ool
V¥ Db g0 0305 Cnad g yiSI digos prdans jd 5l Jal cesglio
s 3l 1y b Jis) caoglia S5 «lsbly Cgoms [¥5
UialS sy LB ey BiVOs / TiOz (P123) 34,
obod a0 b Js St oS dad o i cpl b e
poslisl daST (63 b g%enl Ngn (b b ey il 5 398
97Vgigd (slacllad b ol cul b oo e s 4

D) cisllas 35 og Sl oyl olod

I -Nyquist

N

s Lounig 8155 98 5 ,Slos

Wy ol Jges abesdyySllggd 3Slas (uyp Hslites
~9559 10 )S )y poslis Mt (63 /by oy (gladg xS
Cyglbmo pd 0l 0dd plas odsciogie paslis duwST (65 24,8l
LS| (63 g Wblly Ggeun 3 giiy Sby blly Sgom
BiVOs / TiOz 548l fpizman oy i 365 5l s posles
~ ol el des VN 0900 3 1) e ot (P123)
E3590 opl (Y US3) ol lis RHE & s g WYY )3 mope
S5 o 39,581 5 (cll A3l o 83 LY & il e
Copig UV-vis U1 ) 5,5 o @jgo yiag y95 il ond
poslisy e (63 a8l 3 Jodss GRalBIL (@ (5 b sl
dal,8 il > g 48,5 g0 @blly gemns | 6y (6)l35)b
st (g s nlon 300) 1 sl 2L 1y iy 5 ] 55
BiVO4 / TiO2 (P123) . 4Y ¢ wl paw » cwlio )b
FE-SEM }JUl) o2 59y 3 4Y 9 comlio (lod o e 4

Lbordg pSl uilagely

0-YE :(£1) V¥ ) oo . opgi dlgo dlone



RULSCPWIITT

16
’ BiVO/TiOy(P 123)
14 BiVO,/TiO, (F 127)
BiVO,/TiO, (Brij 58)
L2 BiVO,
N'E . TiO, (P 123)
<
<
Eo
N

0 0.2 0.4

0.6
V vs RHE (V)

0.8 1 12 1.4

15Uy Cogam b 0.5 48 5039, 9358 31 sl 2 IS loged - U5

(RHE &) Comad g V/TY iy 53 ) 0005 g (395801 51 Sy bawgs ool Camse ol ja Ja =Yg

(mA.cm?) o\ > J&> 59 /8 5 58
Y TiO; (P123)
ViAY BiVO4
AY BiVOa / TiO2 (Brij 58)
JAO BiVO4/ TiO2z (F 127)
(AR BiVO4/ TiO2z (P123)
20000
15000
€ 10000
N

5000

BiVO/TiO,(P 123)
— BiVO/TIO, (F 127)
—— BiVO/TiO, (Brij 58)
BiVO,

0 5000

7'

10000 15000

13Uy Cogommt (§W39 wSUI (Candi gyl (s goxin) (o2 owniig wiSII puuiline! (sl A JSUS

5 SIEYENNY C NYYEN/-S lp w4 Brij58, P123
TYe dg b Y pl Cobrs picren e jiogil A/VY VE/VY
9 g Yy oxaw P123 @505 . i (65 o)l yagil
ohis b oyl Brij 58 oLé csen b ol 1) Glo
culy Bl s mdaw gy cpl b Jg ol ol 05 51 ) plate
Ol 23 595 yose Bl el 98 Sy @ 3 9 £990 (0l
oo 82U 55 UV-VIS (ol by ggoge cpl &5 j4bo

0A-YE H(£T) VY Y Ee v .y dlgo dlome

Ogomt (loondy pSlgigh 5 Slae (LljBl jslaiod (3uios (nl
281065 il lably Crgoman 39S ol GIKE y> @lsbly
poslis ST (63 slaylidle (gilo dingy pslaiods ol 35 4
oslizal b 0 ooliol ] 5t el Lilisee Sl clnpaslisS )«
o obd ol o ki Ske FE-SEM ol
F127, 5l ord ang sile o5 (ulid cou, b Joedsegie

Y.



e 130Ty ogonanyt b 4Bl JUaT (5 85 (5305 I J5dho 930 mST (53 ol 395 Ngisd oty duaseise bl

S b
whply Oygo ledol olRiih gime 5 Jlo colos b G )

OB My e85 )l

t ksl ol : Ledalajl plox]

£85,9LiS L) (Ladl Bols il g Wnosly Joloo
«5305UiS Loy 1 ale )55 ¢ sl 85k radg) 5,150

&l o)l
03g; ghlie ()05 55y B il e iyl bl il

Reference:

[1]Rongé, ].; Bosserez, T., Huguenin, L.;
Dumortier, M.; Haussener, S.; Martens, J. A,
Solar hydrogen reaching maturity. Oil & Gas
Science and Technology-Revue d’IFP
Energies nouvelles 2015, 70 (5), 863-876.

[2]Choi, S. K.; Choi, W.; Park, H., Solar water
oxidation using nickel-borate coupled
BiVO4 photoelectrodes. Physical chemistry
chemical physics 2013, 15 (17), 6499-6507.

[3]Kim, Y. J.; Lee, Y. H.; Lee, M. H.; Kim, H. ],;
Pan, J. H,; Lim, G. L.; Choi, Y. S.; Kim, K.; Park,
N.-G.; Lee, C., Formation of efficient dye-
sensitized solar cells by introducing an
interfacial layer of long-range ordered

mesoporous TiO2 thin film. Langmuir 2008,
24 (22),13225-13230.

[4]Li, Y.; Wang, Q.; Hu, X;; Meng, Y.; She, H,;

Wang, L.; Huang, ]; Zhu, G., Constructing
NiFe-metal-organic frameworks from NiFe-

b o Slo] Sglite (sloeYage 51 ol (slo 30,ilgish 3,Slac
» F127 5 Brij58 , P123 cylie colayedsss J oslica
390 o lopdyiSllgish CElSS 5 bly oy (slaa LS
@ o Bl g el (e VI Gl S8 285 )15 )y
BiVOs 4V o s maw o caslie jb Js) osims oLis
L Ahb S @l b s sl o8 g5y 2 @Y 5 el
S92 03b (§ S AL Jiegie 4Y S Gl b imand 3550
0o S5l el iz g 498 s Staliél b FTO
Pl Jolw 3 Sles «lblly Goomns (sladg Sl 9558 43 04/

o (a3l ) Ol oliend Sl g6 B

gl GBI Jao! i1 (59 (SN Sl
by allbgs &g 4 pole 3aios ) BEaSes i )Seon

Cal 039 bl cols,

layered double hydroxide as a highly
efficient cocatalyst for BiVO4 photoanode
PEC water splitting. Chemical Engineering
Journal 2022, 433, 133592.

[5]Habibi, M. H.; Nasr-Esfahani, M,
Preparation, characterization and
photocatalytic  activity of a novel
nanostructure composite film derived from
nanopowder TiO2 and sol-gel process using
organic dispersant. Dyes and pigments

2007, 75 (3), 714-722.

[6]Quang, N. D.; Van, P. C; Majumder, S,
Jeong, J.-R.; Kim, D.; Kim, C., Optimization of
photogenerated charge transport using
type-Il  heterojunction  structure  of
CoP/BiV0O4: WO3 for high efficient solar-
driver water splitting. Journal of Alloys and
Compounds 2022, 899, 163292.

[7]Amini, M.; Keshavarzi, R.; Mirkhani, V,;
Moghadam, M.; Tangestaninejad, S.;
Mohammadpoor-Baltork, I; Sadegh, F,
From dense blocking layers to different
templated films in dye sensitized and

OR-YE :(£7) 1Y €+ + .95 Blgo Alone


https://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/05/ogst140091/ogst140091.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/05/ogst140091/ogst140091.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/05/ogst140091/ogst140091.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/05/ogst140091/ogst140091.html
https://ogst.ifpenergiesnouvelles.fr/articles/ogst/abs/2015/05/ogst140091/ogst140091.html
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp00073g/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp00073g/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp00073g/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c3cp00073g/unauth
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://pubs.acs.org/doi/abs/10.1021/la802340g
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S1385894721051664
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0143720806003081
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://www.sciencedirect.com/science/article/pii/S0925838821047022?casa_token=3VIzlDLaIc0AAAAA:EzgJda9xld7hsKTL8xwADQThWfO5mbB_RNWBmFixOUoiSQqepCkvabElZOy874y4Y5POcLPW6g
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth

Q1502 9 (55y9uiS

perovskite solar cells: toward light
transmittance management and efficiency
enhancement. Journal of  Materials
Chemistry A 2018, 6 (6), 2632-2642.

[8]Schwenzer, B.; Wang, L.; Swensen, J. S,;
Padmaperuma, A. B, Silverman, G
Korotkov, R.; Gaspar, D. ], Tuning the
optical properties of mesoporous TiO2 films
by nanoscale engineering. Langmuir 2012,
28 (26),10072-10081.

[9]Kruk, M.; Jaroniec, M., Gas adsorption
characterization of ordered organic-
inorganic nanocomposite materials.
Chemistry of materials 2001, 13 (10), 3169-
3183.

[10]Gregg, S. J.; Sing, K. S. W.; Salzberg, H.,
Adsorption surface area and porosity.
Journal of The electrochemical society
1967,114 (11), 279Ca.

[11] (oo g 5l o3gpep eddBlS58 Mg g s SlnsS
Cojollal buwg JI gl oan¥l o9l TiOZ/ZrO2.

VOF=VEY L(FF) QYN g dlge dimgly — el doliluad,

[12]Park, Y.; McDonald, K. J; Choi, K.-S,,
Progress in bismuth vanadate photoanodes
for use in solar water oxidation. Chemical
Society Reviews 2013, 42 (6), 2321-2337.

[13]Uemura, Y. Kido, D. Koide, A;
Wakisaka, Y., Niwa, Y., Nozawa, S,
Ichiyanagi, K., Fukaya, R.; Adachi, S.-i;
Katayama, T. Capturing local structure
modulations of photoexcited BiVO 4 by
ultrafast  transient =~ XAFS.  Chemical
Communications 2017, 53 (53), 7314-7317.

[14]Hu, ].; Chen, W.; Zhao, X.; Su, H.; Chen, Z.,
Anisotropic  Electronic = Characteristics,
Adsorption, and Stability of Low-Index
BiVO(4) Surfaces for Photoelectrochemical
Applications. ACS Appl Mater Interfaces
2018, 10 (6), 5475-5484.

0A-YE H(£T) VY Y Ee v .y dlgo dlome

[15]Muraoka, K.; Vequizo, |. J. M.; Kuriki, R.;
Yamakata, A. Uchiyama, T.; Lu, D,
Uchimoto, Y.; Ishitani, O., Maeda, K,
Oxygen-Doped Ta3N5 Nanoparticles for
Enhanced Z-Scheme Carbon Dioxide
Reduction with a Binuclear Ruthenium (II)
Complex under Visible Light.
ChemPhotoChem 2019, 3 (10), 1027-1033.

[16]Walsh, A.; Yan, Y., Huda, M. N.; Al-
Jassim, M. M.; Wei, S.-H, Band Edge
Electronic Structure of BiVO4: Elucidating
the Role of the Bi s and V d Orbitals.
Chemistry of Materials 2009, 21 (3), 547-
551.

[17]Hong, S. J; Jun, H.; Lee, J. S,
Nanocrystalline WO3 film with high photo-
electrochemical activity prepared by
polymer-assisted direct deposition. Scripta
Materialia 2010, 63 (7), 757-760.

[18]Byun, S.; Kim, B. Jeon, S. Shin, B,
Effects of a Sn02 hole blocking layer in a
BiVO4-based photoanode on
photoelectrocatalytic =~ water  oxidation.
Journal of Materials Chemistry A 2017, 5
(15), 6905-6913.

[19]Kim, J. H,; Jang, ].-W.; Jo, Y. H.; Abdji, F. F.;
Lee, Y. H,; van de Krol, R,; Lee, J. S., Hetero-
type dual photoanodes for unbiased solar
water splitting with extended light
harvesting. Nature Communications 2016, 7
(1), 13380.

[20]Xia, L.; Bai, |J.; Li, ].; Zeng, Q.; Li, L.; Zhou,
B., High-performance BiVO4 photoanodes
cocatalyzed with an ultrathin a-Fe203 layer
for  photoelectrochemical  application.
Applied Catalysis B: Environmental 2017,
204,127-133.

[21]Pilli, S. K;; Deutsch, T. G.; Furtak, T. E,;
Brown, L. D.; Turner, J. A;; Herring, A. M,,
BiVO4/CuWO04 heterojunction photoanodes
for efficient solar driven water oxidation.


https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.rsc.org/en/content/articlelanding/2018/ta/c7ta09304g/unauth
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/la301450h
https://pubs.acs.org/doi/abs/10.1021/cm0101069
https://pubs.acs.org/doi/abs/10.1021/cm0101069
https://pubs.acs.org/doi/abs/10.1021/cm0101069
https://pubs.acs.org/doi/abs/10.1021/cm0101069
https://pubs.acs.org/doi/abs/10.1021/cm0101069
https://iopscience.iop.org/article/10.1149/1.2426447/meta
https://iopscience.iop.org/article/10.1149/1.2426447/meta
https://iopscience.iop.org/article/10.1149/1.2426447/meta
https://iopscience.iop.org/article/10.1149/1.2426447/meta
http://jnm.marvdasht.iau.ir/article_3272.html
http://jnm.marvdasht.iau.ir/article_3272.html
http://jnm.marvdasht.iau.ir/article_3272.html
https://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35260e/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35260e/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35260e/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cs/c2cs35260e/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cc/c7cc02201h/unauth
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://pubs.acs.org/doi/abs/10.1021/acsami.7b15243
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://chemistry-europe.onlinelibrary.wiley.com/doi/abs/10.1002/cptc.201900120
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://pubs.acs.org/doi/full/10.1021/cm802894z
https://www.sciencedirect.com/science/article/pii/S1359646210003465
https://www.sciencedirect.com/science/article/pii/S1359646210003465
https://www.sciencedirect.com/science/article/pii/S1359646210003465
https://www.sciencedirect.com/science/article/pii/S1359646210003465
https://www.sciencedirect.com/science/article/pii/S1359646210003465
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://pubs.rsc.org/en/content/articlelanding/2017/ta/c7ta00806f/unauth
https://www.nature.com/articles/ncomms13380
https://www.nature.com/articles/ncomms13380
https://www.nature.com/articles/ncomms13380
https://www.nature.com/articles/ncomms13380
https://www.nature.com/articles/ncomms13380
https://www.nature.com/articles/ncomms13380
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://www.sciencedirect.com/science/article/pii/S0926337316308736
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth

e 130Ty ogonanyt b 4Bl JUaT (5 85 (5305 I J5dho 930 mST (53 ol 395 Ngisd oty duaseise bl

Physical Chemistry Chemical Physics 2013,
15 (9), 3273-3278.

[22]Li, L.-P; Liu, M., Zhang, W.-D,
Electrodeposition of CdS onto BiVO4 films
with high photoelectrochemical
performance. Journal of Solid State
Electrochemistry 2018, 22 (8), 2569-2577.

[23]Tayebi, M.; Lee, B.-K., Recent advances
in BiVO4 semiconductor materials for
hydrogen
photoelectrochemical =~ water

production using
splitting.
Renewable and Sustainable Energy Reviews
2019,111, 332-343.

[24]Ho-Kimura, S.; Moniz, S. J. A.; Handoko,
A. D,; Tang, J.
photoelectrochemical water splitting by
nanostructured BiVO4-TiO2 composite
electrodes. Journal of Materials Chemistry A
2014, 2 (11), 3948-3953.

Enhanced

[25]Pan, ]. H.; Zhao, X.; Lee, W. [, Block
copolymer-templated synthesis of highly
organized mesoporous TiO2-based films
photoelectrochemical

applications. Chemical engineering journal
2011, 170 (2-3), 363-380.

and their

[26]Soler-1llia, G. ]J. d. A, Sanchez, C,;
Lebeau, B.; Patarin, J., Chemical strategies to
design textured
microporous and mesoporous oxides to
nanonetworks and hierarchical structures.
Chemical reviews 2002, 102 (11), 4093-
4138.

materials: from

[27]Crepaldi, E. L.; Soler-lllia, G. ]J. d. A;
Grosso, D.; Cagnol, F.; Ribot, F.; Sanchez, C,,
Controlled formation of highly organized
mesoporous titania thin films: from
mesostructured hybrids to mesoporous
nanoanatase TiOZ2. Journal of the American
Chemical Society 2003, 125 (32), 9770-
9786.

[28]Keshavarzi, R.; Jamshidvand, A,
Mirkhani, V,; Tangestaninejad, S.;
Moghadam, M.; Mohammadpoor-Baltork, I,
The effect of the number of calcination
steps on preparing crack free titania thick
templated films for use in dye sensitized
solar  cells. Materials Science  in
Semiconductor Processing 2018, 73, 99-
105.

[29]Khoomortezaei, S.; Abdizadeh, H,;
Golobostanfard, M. R, Triple Layer
Heterojunction WO3/BiV04/BiFeO3 Porous
Photoanode for Efficient
Photoelectrochemical Water Splitting. ACS
Applied Energy Materials 2019, 2 (9), 6428-
6439.

[30]Zhou, T.; Chen, S.; Wang, J.; Zhang, Y.; Li,
J; Bai, J.; Zhou, B., Dramatically enhanced
solar-driven water splitting of BiVO4
photoanode via strengthening hole transfer
and light harvesting by co-modification of
CQDs and ultrathin B-FeOOH layers.
Chemical Engineering Journal 2021, 403,
126350.

[31]Mardare, D.; Tasca, M.; Delibas, M.
Rusu, G., On the structural properties and
optical transmittance of TiO2 rf sputtered
thin films. Applied Surface Science 2000,
156 (1-4), 200-206.

[32]Hwang, K.-].; Yoo, S.-].; Jung, S.-H.; Park,
D.-W.; Kim, S.-I; Lee, ].-W., Synthesis and
characterization of nanostructured titania
films for dye-sensitized solar cells. Bulletin
of the Korean Chemical Society 2009, 30
(1),172-176.

[33]Stathatos, E.; Chen, Y.; Dionysiou, D. D.,
Quasi-solid-state dye-sensitized solar cells
employing nanocrystalline TiO2 films made

at low temperature. Solar energy materials
and solar cells 2008, 92 (11), 1358-1365.

03-YE :(ET) VY VEe e .o Slge alxo


https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth
https://pubs.rsc.org/en/content/articlelanding/2013/cp/c2cp44577h/unauth
https://link.springer.com/article/10.1007/s10008-018-3973-4
https://link.springer.com/article/10.1007/s10008-018-3973-4
https://link.springer.com/article/10.1007/s10008-018-3973-4
https://link.springer.com/article/10.1007/s10008-018-3973-4
https://link.springer.com/article/10.1007/s10008-018-3973-4
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://www.sciencedirect.com/science/article/pii/S1364032119303430
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://pubs.rsc.org/en/content/articlelanding/2014/ta/c3ta15268e/unauth
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://www.sciencedirect.com/science/article/pii/S1385894710011368
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubag.nal.usda.gov/catalog/6706221
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://pubs.acs.org/doi/abs/10.1021/ja030070g
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://www.sciencedirect.com/science/article/pii/S1369800117308041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://pubs.acs.org/doi/abs/10.1021/acsaem.9b01041
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S1385894720324785
https://www.sciencedirect.com/science/article/pii/S0169433299005085
https://www.sciencedirect.com/science/article/pii/S0169433299005085
https://www.sciencedirect.com/science/article/pii/S0169433299005085
https://www.sciencedirect.com/science/article/pii/S0169433299005085
https://www.sciencedirect.com/science/article/pii/S0169433299005085
https://koreascience.kr/article/JAKO200902727142810.page
https://koreascience.kr/article/JAKO200902727142810.page
https://koreascience.kr/article/JAKO200902727142810.page
https://koreascience.kr/article/JAKO200902727142810.page
https://koreascience.kr/article/JAKO200902727142810.page
https://koreascience.kr/article/JAKO200902727142810.page
https://www.sciencedirect.com/science/article/pii/S0927024808001840?casa_token=nin2MmCDM7kAAAAA:Svds1vJOqG30BXyYpH59SQXmWillMcZlf56PpqVngNI1L90EotNdP5He2oYFXKiYrOEfuEOwo3s
https://www.sciencedirect.com/science/article/pii/S0927024808001840?casa_token=nin2MmCDM7kAAAAA:Svds1vJOqG30BXyYpH59SQXmWillMcZlf56PpqVngNI1L90EotNdP5He2oYFXKiYrOEfuEOwo3s
https://www.sciencedirect.com/science/article/pii/S0927024808001840?casa_token=nin2MmCDM7kAAAAA:Svds1vJOqG30BXyYpH59SQXmWillMcZlf56PpqVngNI1L90EotNdP5He2oYFXKiYrOEfuEOwo3s
https://www.sciencedirect.com/science/article/pii/S0927024808001840?casa_token=nin2MmCDM7kAAAAA:Svds1vJOqG30BXyYpH59SQXmWillMcZlf56PpqVngNI1L90EotNdP5He2oYFXKiYrOEfuEOwo3s
https://www.sciencedirect.com/science/article/pii/S0927024808001840?casa_token=nin2MmCDM7kAAAAA:Svds1vJOqG30BXyYpH59SQXmWillMcZlf56PpqVngNI1L90EotNdP5He2oYFXKiYrOEfuEOwo3s

Q1502 9 (55y9uiS

[34]Afzali, N.;  Tangestaninejad, S,
Keshavarzi, R.; Mirkhani, V.; Nematollahi, J.;
Moghadam, M.; Mohammadpoor-Baltork, I.;
Reimer, M.; Olthof, S.; Klein, A.; Gimenez, S.,
Hierarchical Ti-Based MOF with Embedded
RuO2 Nanoparticles: a Highly Efficient
Photoelectrode for Visible Light Water
Oxidation. ACS Sustainable Chemistry &
Engineering 2020, 8 (50), 18366-18376.

[35]Jeong, H. W,; Jeon, T. H.; Jang, J. S.; Choi,
W.; Park, H., Strategic Modification of BiVO4
for Improving Photoelectrochemical Water
Oxidation Performance. The Journal of
Physical Chemistry C 2013, 117 (18), 9104-
9112.

[36]Klahr, B.; Gimenez, S.; Fabregat-
Santiago, F.; Bisquert, ], Hamann, T. W,
Photoelectrochemical and  Impedance
Spectroscopic  Investigation of Water
Oxidation with “Co-Pi”-Coated Hematite
Electrodes. Journal of the American
Chemical Society 2012, 134 (40), 16693-
16700.

08-YE (£1) VY ) Eo v . g0 dne .


https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/acssuschemeng.0c04682
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/jp400415m
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f
https://pubs.acs.org/doi/abs/10.1021/ja306427f

