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Microorganisms

01 x 10* CFU/mlI 1 x 10° CFU/ml 11 x 10° CFU/mI

Samples’ 0100% | O50% | [010% | 10,000 | O 15,000 other
Concentration ppm ppm
Bacterial Type Gram Positive Bacteria
Code p S 6L
Strain Staphylococcus aureus ATCC 6538
Time Iterm Blank BiOBr BiOBr/SnTCPP | BiOBr/Ag@SnTCPP
1h VCY(CFU/ml) | 1*10° 9*10* 9*10* 9.5*10"
RP? (%) - 10 10 <5
LR® (Logso) - 0.046 0.046 0.022
4h VCYCFU/ml) | 1*10° 9*10" 8*10" 7*10"
RP? (%) - 10 20 30
LR® (Log1o) - 0.046 0.097 0.155
24h | VCYCFU/ml) | 1*10° 5*10° 2*10° <10
RP? (%) - 50 80 >99.9
LR® (Logso) - 0.301 0.699 >4
1-  Viable Count, 2- Reduction Percentage, 3- Logarithmic Reduction
Viable Cell Count

Staphylococcus aureus ATCC 6538

BiOB1/SnTCPP

BiOB1/Ag@SnTCPP
L

BiOBr/Ag@SnTCPP 4 BiOBr/SNnTCPP BIiOBr &luS 5 jea> ;0 6,550 9 s 6,50 slo e (AA-Y) o
el YF 54880 VE- £e Sooay Sy 598 Gl Cow

V¥4




Ololppion 9 (5 5 A —1F-Y

s gar —\-VE-Y

0a S b L o] (595001 938 collad (sl BIOBI 550615 923 550 595 (o) Sgape j9kaie 40 ()
5| e U BIOBISNTCPP wyaz 5g5bl5 525 s lalsle (SNTCPP) 128101 &l uSLaS (5,55
s y55 5 BIOBI 4 i _Jle (55505 528 odlai BIOBI/SNTCP s ags onlas s, oS (3,
Sl e300 (Sl B) el Sas L oY S Lol L DCP g MO (RhB (950015 928
ol ol las 2ls aiBo Y- 5l s oo p0 Ar 5P dgas 0 aalllas 5,50 5, slacanV]
s 6355 5l o ipd Al BIOBT s s ¥l (695 s 55 0030 s osdle g5 ISy
50 4 duoy B0 dg9a> SNTCPP L BIOBr coslus (rizman 09 Sy 498 il S o 50 5l p
9 45l SNTCPP (65 5l daws a5 ol o ol & cpl .8l iol58) (ZYA) BIOBr a4 cees (5,95
S g0 0,85 0 Sl Ca oS 5l S 4 yie a5 iyl Sligeen Suwsyo 4 BIOBr s 5 CB
Jbd JeS 5,000 slaaisT Lawgi MO a5 o8 ol mls e go 5] 1 (558 a5 lendly aes )5 4
e L T S RUL REILN L
3550005 525 slacelad o 5ias ool by, s b BIOBI/BIOCHPANI 52 dus 35005 56 (¥
iges 55515 528 e 55t )5 ) Lol B0 s ) 2 PANI L BIOBI (slaccy j5slS 53l
s )55 &)y 6yt 635 lblS 2 lad BIOBI/BIOCIHPANI oS 5 .ol PANI (oS 5 LBIOBY
0330 e 9 4Bl il Jln (695 I 98 5, Sdas ol i (Sye e Gl & MO
slac e o puman .cwl Lalls- BIOBr i, Y/0 sga> BIOBI/BIOCI/PANI oS )5 (5,95 Jb1S g8
el b8l (g5 oo dal (wy 2 DCP o 55 g RNB o 155 (6l aie S j5pelS 5l (65950615 928
a5 0 i SIS 55l s oS 5 PANT L BIOBI (ot e 4 1 o pmalS sili (5 g 515 23
Ui So s PANI 4 BIOBr s o158l o2 51 iomen 0l Cad (6,956 428 01,8 )0 ous
ol 3bhaz Gleasly Sege 5 398 @l i wnl Gl 0,00 (655500 528 collad mlidl o Sl
oalidl ]y eals adgisns b (gslulas aulgs oo PANI g BIiOXS (1l pogdle .ol oais (g uSo5lusl EIS

2595 0 g8 Gibg couizmen LS i | (5,95 0l g a3l Gagm ) o] (oS 55k caims



Lol ools idgy Jotwl b MO (5,95 56 ol (e (Sdigh joad 955 (olss lylo Jotl o
au Al aaBo YFe o ol o35 ooyl as Cdl il Sye 9 il 5l e BIOBI/BIOCI/PANI
Al caws

$9550 558 Clad ot i osl (g, S L ciSee Ly BPST 5 BPT (gla 550G 528 (Y
S ols GLad (6595 w2 @l (85 1B (o) 2 0590 MO o 155 (sl 0ud i (sl g UL 923
355 51 e 659l 528 Codled 4iBs Vo Se o Spe e il o BPST 4 BPT (gl 55515 423
DBl Sgre St BP 50 0 80 (il L lale jonslS 6l cnl (b3 o Ses 5 (g lauk wssls plas
2 e Jgeme sble, sloog xS lp JT ol (o3l Wil o BP@porphyrin as ols jlas gl
Ol (S Hg et 093 S 0 Shas 2l sl Al bl el sl 58 GlaoeST 5 oy
oo ¥T Sy s 4 MO aS el s oozl (BPST- Jlowes 5 BPT-lowns) loes 5| S 5
s 55 4 BPST- Jlases 5 BPT- Lo (sl 5506187528 L MO g 155 .ol bl 5 e 55 il Coos
sls les 1) leily A0 7 5 A 7 aids VY- o

«oalls BIOBI sLasg 58Ul (5555 ol 2 sbagly ool ans Sl 5 (6595 <dad o)l sl
oLi> BIOBr (slaamiogl o ¢ 55l Sye ,s il o BPST 5 BPS BP slac juelS sil
BB 5l Jol> (S0 558 Wl od 1) «ulS Gioled 0 BP o jonalS il b annlie j3 1) (655 (590
S i oonlin 5,05 by a3l PANL L oad o5lol cu sl ,o 0iS i 1) 25,5 (63,3
5 BIOBr (s Ssg iUl Jolas Juds a0 595 b ooy adgs slae™h" g5lulaz 005l (iol38l saias ol
ol oad Jialsil il ais BPST 4 BPT . alls BIOBF 55 250l b alie ) .ol PANT 343k
ety 098 ol o PANTBIOBI (e 3l oo 31 sains oLis a5 o 35 o Liales & |y o9
S5 Ol adg stz BB sk 4 iin 8 )e 0aiiS wlas (nlply el a5 U 928l o
3,138 o 55l oa Lol o Sl

Dt gy Lol gy S Lo 5 Lol (39, S 5l 51 BIOBIIAG s lgiSy .05 530 (F
STy 48 et i g 0l BLis e e 4l o 1y YL b i BIOBI/AG o jenelS il
55 s alls BIOBI 4y s 6, <dled BIOBIAG ey 55,0855 1,8 Lyl (55615 523
2 Sy 95 Liels & RhB g DCP MO T slaoa VT o 55 003k ols lis JT slaoassV]
Goyb IMO (5,95 o 365 0 b g 9,8l 5lasl als slaolos] Gillas 5 c00g LYF-/F ¢ s3game
5558 A5 i MO (5,55 g 35 (sl shol Jsb 355 s a0 DY o5 o ol Lo i il
55 el ol als asy 0,85 l3sil b Jise ek 4 wiilss o BIOBF (slaamiwgil L onds osi sl

Vo)



DS e 65 ol Loy g Sl (S 551 5l g a8l v9e L JUis) BIOBITAG < jgealS 5il
SlaS 0 05027 g ools STy b 10 99350 02 bo,ds &l 3gik 0 09350 (slacyg mSUl pizman
Sl baese )3 35250 H2O (sloJoSge L BIOBT grlaws (55, 52 95 b oad algs sloo i S SB)b
00 g5 slagold dad ol iy g co 0ai¥T o 55 el § ain o STy OH (gla 1S53l ass
SLasT5s s 1 0,5 eslitul Ise 5 T 51 Gawe 5 I (slizl i sl lsioe 1) aanls 513 L
el 05 43 g (39 (oo b by Cllad ailen ol

b Coibge b ool bg, S L BIOBI/AG@SNTCPP 5 BIOBI/AG@TCPP (sl g5 Jl15 525 (
635515 525 olled ity llids xies cins gla b, 5l oslitsl L o g 5 lllS 525 ol . aidd it
Wlg oo A 0925 35 3 (cwyp 3550 (S0 598 (L o8 MO 55 (6l o s LS
AG D135l ol 1o 0gdle 05l (S 49 03guzme H0 L ljdl g BIOBI (o5 5l BISS jrals el
slaciz oS 55k ce g 00,5 Jos €7-NT g5lulos saue lp (G951 sladls laie 4y wles o
(S 09 3l e )0 ey sskaie 4 ied (Rl (6,95 B 928 005l s 5 il ralS |, €D
95 Ordrs SleS 5 bk Glsl 6l AQ age jlaie b ool ags BIOBITAG 555 6l alls cl o
ol eledge Joe 09 Sl 2,55 ke 5,59 3l (lsis 4 aped s a5 Wb b (T (318 uSLeS
0951 5 009 (KSily 5 j95 (598 Lz 4y o8 UV-Vis ol )0 (558 sl aawsly 4y oS 5
et 9 63 ey YL BIOBIAG@SNTCPP ¢yl s .05 o Jiite (solbdass 4 o gants
ol anlllas oyl gl sl BIOBI (sloamiogil plys Y/ 45 ol ails (g y58 00 pobus slodigel
Gl cinlpl WS Cogii 1) e-h" glacds ol 5o b 4 wilgs co 9515 518 45 v oo
A (655060 98 o) 05y el (855 L BIOBITAG <o 55,05 L

e s e > 0 05illy o], a goladass 3l oolitl b T looais¥T 55515528 4y 320
35 Ol a5 555 Jansgi 00l 0y 0 i 9 2SI S 5 5L (65950 928 slaasl 4o L
e 595 G oy 3lilS 938 TS (e 5w oa 518 Sl o | (655l 938 TS LTS
mdes Sl by lagoladas ;o 0 a9 xSl (sloaiss (oS 55k a5 ol (55900 0l oo o
5 Sl olse Jle plgie 4 Tl (0 2SIl Jlaml glomn yile b (JsST50 (9,580) 00iiS oS (s0le
59 N i (Sye 598 50 Sel)S (6,95 0U1 58 SLS 5 Al cpl o g, ol Sl Gigas 4 b)S

S CyemalS o oyl 5l 0 o 5 Sgemn sl p 3B oS 4 by Bua Al oyl

Vay



sl slaegorme onl b sl 035 (s 2y SlasS 5 b silambes coles o 5 (PANI) solo oy U
Sl oLl Sz g WD e S (ST Dgenn 4l 0l Mol slacyj5aT gl g 350
5l oolil Uy b3 dbl5 528 oyl ozl aizd § 18 onlizl 590 T glooats¥T o 156 10 s 95 b0 523
BIOBI claami ol 655 cdles ol gl aalol ,0 g wias lulids et il (slos,
S, (6,9 w58 Gl 65956 g8 dlad BIOBI 4l 5 oo 2ol lacy 55 65k g 3430
Cedled s Lacos jomlS il aS ol ylid ol . a5uls pwyp Sye y9 Ll Cov ol Joloe jo JI
i el BIOBI glaamiogil a o 55V (55 5Jb15 g3

Colad g andly (alS o] Bl wisdioo (Capeld) obe rdis b bS5 aSST 1
ol el Ol 3wl p apedin SlaS S ogms Grizmes s Gl Lol 05U g8
I8 Sy s b o DloS 5 w50 0l Qi (G yed e AT (Sloj b0 (5,95 98 odled
oelS el oS s oo Jal colaa le |y o xSl coads s Sl 59 b S ey ST 50 0,5 o0
9 SeSgydee JSool, 4 Cale 5o 08 e GieST S0l 4 mhaw jo el Sla 5ST J5SUge
397 4 Sl S5 lagn pdyn S9dce Los¥T o5 Cel ol 0 g wedioe o H2O2
) Sl 638 e A Lol 09 S o 55 (nl s e )95 oS eles bacn 28
(sl 0 o3l (A1) (39,501 51 53 d Jli gl oyl Sy SN 318 51 2158 ol

il sl o )b JUl 4 106 o 50800 sboJsSge 0ol agd gl 55l gi8 5o o IS gkay
ol nlpl 09b o0 Jate DS 0,5 ST ol Jloz aliws 40 6318 Slacn 23,0 5o 53 ST &S
Lo e yz Nigdon JLSle Job 5o )b &8> s Sl g WS (oo 518 Ll 1 d Lol b (y5es]
A 393 (598 iz baly L 4 598 iz LUl Sl slaasly plsie o

cCir eSS 5k A 4o BIOBHBIOCHPANI 3> au CaslS il o5 ol oli oy98 b
L PANI 5,ls YU 5,55 ceallad PANI/BIOBI i j5alS 5l  BIOB a a0y — 35,2501 gl
S5 ssb 4 g aS oo Joe 9S8l 0dindy lgie 4 S (SopSUl Culas g ol medse LSl
3,90 BPST § BPT BP (slacyj5alSsili BIOBI (5,58 bz gy 05 o0 15 sk> Jb (oS 550
VL 655 cellad gl BPST o jonalSili a5 ols i 655 sz (o eSoslail b S )15 oo
L

- 6Sb 3l Jlub i g, BIOBI/AG@SNTCPP 5 BIOBI/SNTCPP BIOBr b :Shas e
booad o 51 o bl 0o cudlad wiols las o9 B collad (Sye y (b o o

oie Jole plgie 4 SNTCPP SNTCPP L ouy oles 59508938 )0 b oo (Rl (i mdygy oS5

VoY



aS apd co olid gl auS e bl ) Hei b ool adgy slro e g Lo yg xS SNTCPP .aiS' o Jos )55
Sbas s Gl el AQ L BIOBE S5 5 by il Sl o JLail S

D9 o0 595l 25
&5l gz PY Jsaz 50 4ods j5b 4 MO oan ¥ 5 50 o i SLS 5 (555 Collad s
S35 558 0, Shae 00l yiiw loace j5.0lS gl don a5 ol cdlive gl 4 a5 b .ol 00l
~CupealS (55, s il 695l 58 Sl 5 ol s Lalls BIOBY & S (5 3L,

285 18 Gy 3,50 o yis g b IS5l sl als sla gialesT 5,k 5l s e

Al ol o odls ayd slo, g3l 928 L MO oa Y1 o, (F-V) Jgux

S P Ao S o P Aoy

(4835 YE+) (4835 Y¥+)

BiOBr YA BP@TCPP A0 (aido )\ +)

BiOBr/SnTCPP YA BP@SnTCPP A8 (aids V+)
BiOBr/iTCPP A BP/Ag q¢

BiOBI/itTCPP YA BP/Ag@TCPP A (aids O)

BiOBr/Ag &\ BP/Ag@SnTCPP 4+ (aids V)
BiOBr/Ag@TCPP A BiVO, vy
BiOBr/Ag@SnTCPP ad BiVO,/TCPP 2%
BiOBr/BiOCI/PANI (BP) AQ BiVO4/SnTCPP AY

Vof




sl ~¥-1F- ¥

5 oSS Sz )y Olblenian 3155 cnl yo Jole @bl g oad s )5 aloxl sl )5 4y azgi L Ll o
28,5 oo wlyl san o 15 saalsl
clossstsdyse 4 phiws @ly Fiw ol )0 alise byl )l 15 0,5 092 () ™
el ety slo i3l (658 edled o Loy T il anlllae 5 VL prhans Corls § ayas
oS Sgoas L 50,5 CujmalS 6l o] 5l oS 5 L TiO2 ZNO slable ) s 5l eolazwl =
ool
5 (HaS, Hp, Oz, COp, CO, NHg) (6515 S 10 o0h jiias (sl 155l bl 435 & Slac o)y @
(Hg() 52 S
e 4l 50 (500 (Hla ey S L by (il dld) Jld SLS 5 Koo leolinal
Lol ST Sgomn b (50,5 CojemlS 10
olia 00,8 CedVlo) ST sloosiu¥T plo o595 0 s jiie slayg bS48 o Shoe (o) p
(ormilaS 5l 555 sl ol s cp0lalgns) oS (T 5 (008 5 5hy
09I o Glye 4 DLaS 5l gl g st gbdsbe (b
At oo )5 (owyn Grigres iliBie lele 055 )l lacnpdis b sl ol

0590w ddgi wiles

AT






Low g



Tranzmittance [ (%T)

Tranzmittance J(%T)

100

a0

20

70

60

il T T T T T T T T T T T T
3800 3600 3300 3000 2700 2400 2100 1800 1500 1200 q00 =]
Wavenumbers f (cm-1)
BIiOBI/SNTCPP .5 i FT-IR (b
1)
70
B
500
-/—”_“""‘\Mw\ 515
40 1 3438 2087 47
1543 1330
1647
30 4
20
10
0
T T T T T T T T T T T T
3800 3600 3300 3000 2700 2400 2100 1300 1500 1200 an0 B0

Wavenumbers from-11

BiOBI/Ag@TCPP .5 5 FT-IR ol

YOA



a0

it

B0

wn
=}

.
=1

513

//M\/“
/*"”‘\

1718 1508 1330

Tranzmitance ! (%T)

w
=}

Pl L

3438

T T T T T T T T T T
3900 3600 3300 3000 2700 2400 2100 1800 1500 1200
WWigvenumiers J(cm-1)

BIiOBI/Ag@SNTCPP .5 ;5 FT-IR (il

Q00 E00

40

Tranzsmittance § (%T)

T T T T T T T T T T T T
3900 3600 F300 3000 2700 2400 2100 1800 1500 1200 Q00 GO0
Wigvenumbers J (cm-1]

PANI .S 5 FT-IR il

AR



100

a0

an

70

=]

S0

Transmittance f (%T)

[u] T T T T T T T T T T T T
3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 Q0o B00
Wavenumbers S (cm-11
1 1 £ . . . o _ .
BiOBI/BIOCI/PANI (BP) 5> dw o505l FT-IR (il
100

a0 4

80 1

704
[y
£
g
o
E
E
@
o
=

0

T T T T T T T T T T T T
3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 a00 E00
Wavenumbers J(cm-1)

BPT y50al5 5l FT-IR (il

V-



Tranzmittance S (%T)

100

an -

a0

0

G0

T T T T T T T T T T T T
3900 3600 3300 3000 2700 2400 2100 1800 1500 1200 |00 G600
Wavenumbers 1 (cm-1)

BPST 56005 5l FT-IR il

il



\PY



»T.og@lw



[1] Diaz-Uribe, C. E., and Miranda, J. (2014). Photo-Fenton oxidation of phenol with Fe
(11)-tetra-4-carboxyphenylporphyrin/SiO, assisted with visible light. Journal of
Photochemistry and Photobiology A: Chemistry, 294, 75-80.

[2] Diaz-Uribe, C., Vallejo, W., and Ramos, W. (2014). Methylene blue photocatalytic
mineralization under visible irradiation on TiO, thin films doped with chromium. Applied
surface science, 319, 121-127.

[3] Rahimi, R., Yaghoubi-Berijani, M., Zargari, S., Rabbani, M., and Shariatinia, S. (2016).
SnTCPP-modified ZnO nanorods prepared via a simple co-precipitation method: Application
as a new photocatalyst for photodegradation and photoreduction processes. Research on
Chemical Intermediates, 42(5), 4697-4714.

[4] Wang, Q., Hui, J., Li, J., Cai, Y., Yin, S., Wang, F., and Su, B. (2013). Photodegradation
of methyl orange with PANI-modified BiOCI photocatalyst under visible light irradiation.
Applied Surface Science, 283, 577-583.

[5] Entezari, F., and Niknahad, A. (2020). Synthesis of a new Fe304 modified with CuV,0¢
nanocomposite and application as a high performance photocatalyst in photodegradation of
methylene blue. J. of Applied Chemistry. In Persian. 15(54), 113.

[6] Meng, X., and Zhang, Z. (2016). Bismuth-based photocatalytic semiconductors:
introduction, challenges and possible approaches. Journal of Molecular Catalysis A:
Chemical, 423, 533-549.

[7] Wenderich, K., and Mul, G. (2016). Methods, mechanism, and applications of
photodeposition in photocatalysis: a review. Chemical reviews, 116(23), 14587-146109.

[8] Meng, X., Li, Z., Chen, J., Xie, H., and Zhang, Z. (2018). Enhanced visible light-induced
photocatalytic activity of surface-modified BiOBr with Pd nanoparticles. Applied Surface
Science, 433, 76-87.

[9] Wu, Y., Xu, F., Guo, D., Gao, Z., Wu, D., and Jiang, K. (2013). Synthesis of ZnO/CdSe
hierarchical heterostructure with improved visible photocatalytic efficiency. Applied surface
science, 274, 39-44.

[10] Leary, R., and Westwood, A. (2011). Carbonaceous nanomaterials for the enhancement
of TiO, photocatalysis. Carbon, 49(3), 741-772.

[11] Bannister, F. A. (1935). The crystal-structure of the bismuth oxyhalides. Mineralogical
magazine and journal of the Mineralogical Society, 24(149), 49-58.

[12] Zhang, K. L., Liu, C. M., Huang, F. Q., Zheng, C., and Wang, W. D. (2006). Study of
the electronic structure and photocatalytic activity of the BiOCI photocatalyst. Applied
Catalysis B: Environmental, 68(3-4), 125-129.

[13] Zhang, L., Wang, W., Sun, S., Jiang, D., and Gao, E. (2015). Selective transport of
electron and hole among {0 0 1} and {1 1 0} facets of BiOCI for pure water splitting. Applied
Catalysis B: Environmental, 162, 470-474.

[14] Ye, L., Zan, L., Tian, L., Peng, T., and Zhang, J. (2011). The {001} facets-dependent
high photoactivity of BiOCI nanosheets. Chemical Communications, 47(24), 6951-6953.

[15] Song, G., Wu, X., Xin, F., and Yin, X. (2017). ZnFe,O, deposited on BiOCI with
exposed (001) and (010) facets for photocatalytic reduction of CO, in cyclohexanol.
Frontiers of Chemical Science and Engineering, 11(2), 197-204.

[16] Tan, C., Zhu, G., Hojamberdiev, M., Okada, K., Liang, J., Luo, X., Liu, P. and Liu, Y.
(2014). Co304 nanoparticles-loaded BiOCI nanoplates with the dominant {001} facets:
efficient photodegradation of organic dyes under visible light. Applied Catalysis B:
Environmental, 152, 425-436.

[17] Ye, L., Chen, J., Tian, L., Liu, J., Peng, T., Deng, K., and Zan, L. (2013). BiOlI thin film
via chemical vapor transport: photocatalytic activity, durability, selectivity and mechanism.
Applied Catalysis B: Environmental, 130, 1-7.

\5¥



[18] Li, J., Zhang, L., Li, Y., and Yu, Y. (2014). Synthesis and internal electric field
dependent photoreactivity of BizO4 CI single-crystalline nanosheets with high {001} facet
exposure percentages. Nanoscale, 6(1), 167-171.

[19] Di, J., Xia, J., Ge, Y., Xu, L., Xu, H., He, M., Zhang, Q. and Li, H. (2014). Reactable
ionic liquid-assisted rapid synthesis of BiOIl hollow microspheres at room temperature with
enhanced photocatalytic activity. Journal of Materials Chemistry A, 2(38), 15864-15874.

[20] Xia, J., Zhang, J., Yin, S, Li, H., Xu, H., Xu, L., and Zhang, Q. (2013). Advanced
visible light photocatalytic properties of BiOCI micro/nanospheres synthesized via reactable
ionic liquids. Journal of Physics and Chemistry of Solids, 74(2), 298-304.

[21] zhang, X., Ai, Z., Jia, F., and Zhang, L. (2008). Generalized one-pot synthesis,
characterization, and photocatalytic activity of hierarchical BiOX (X= ClI, Br, 1) nanoplate
microspheres. The Journal of Physical Chemistry C, 112(3), 747-753.

[22] Ahern, J. C., Fairchild, R., Thomas, J. S., Carr, J., and Patterson, H. H. (2015).
Characterization of BiOX compounds as photocatalysts for the degradation of
pharmaceuticals in water. Applied Catalysis B: Environmental, 179, 229-238.

[23] Wang, G., Luo, X., Huang, Y., Kuang, A., Yuan, H., and Chen, H. (2016). BiOX/BiOY
(X, Y=F, Cl, Br, 1) superlattices for visible light photocatalysis applications. RSC advances,
6(94), 91508-91516.

[24] Song, J., Wang, B., Guo, X., Wang, R., and Dong, Z. (2016). Hierarchical
nanostructured 3D flowerlike BiOX particles with excellent visible-light photocatalytic
activity. Journal of Nanoparticle Research, 18(8), 1-11.

[25] Liu, Y., Xu, J., Wang, L., Zhang, H., Xu, P., Duan, X., Sun, H. and Wang, S. (2017).
Three-dimensional BiOI/BiOX (X= CI or Br) nanohybrids for enhanced visible-light
photocatalytic activity. Nanomaterials, 7(3), 64.

[26] Feng, Y., Liu, C., Chen, J., Che, H., Xiao, L., Gu, W., and Shi, W. (2016). Facile
synthesis of BIOI/CdWO 4 p-n junctions: enhanced photocatalytic activities and
photoelectrochemistry. RSC advances, 6(44), 38290-38299.

[27] Sfaelou, S., Raptis, D., Dracopoulos, V., and Lianos, P. (2015). BiOI solar cells. RSC
advances, 5(116), 95813-95816.

[28] Wu, D., Ye, L., Yip, H. Y., and Wong, P. K. (2017). Organic-free synthesis of {001}
facet dominated BiOBr nanosheets for selective photoreduction of CO, to CO. Catalysis
Science and Technology, 7(1), 265-271.

[29] Jin, J., Wang, Y., and He, T. (2015). Preparation of thickness-tunable BiOCI nanosheets
with high photocatalytic activity for photoreduction of CO,. RSC advances, 5(121), 100244-
100250.

[30] Li, H., Shang, J., Ai, Z., and Zhang, L. (2015). Efficient visible light nitrogen fixation
with BiOBr nanosheets of oxygen vacancies on the exposed {001} facets. Journal of the
American Chemical Society, 137(19), 6393-6399.

[31] Cheng, H., Huang, B., Wang, P., Wang, Z., Lou, Z., Wang, J., Qin, X., Zhang, X. and
Dai, Y. (2011). In situ ion exchange synthesis of the novel Ag/AgBr/BiOBr hybrid with
highly efficient decontamination of pollutants. Chemical Communications, 47(25), 7054-
7056.

[32] Dong, F., Xiong, T., Yan, S., Wang, H., Sun, Y., Zhang, Y., Huang, H. and Wu, Z.
(2016). Facets and defects cooperatively promote visible light plasmonic photocatalysis with
Bi nanowires@BiOCI nanosheets. Journal of Catalysis, 344, 401-410.

[33] Ai, Z., Ho, W., Lee, S., and Zhang, L. (2009). Efficient photocatalytic removal of NO in
indoor air with hierarchical bismuth oxybromide nanoplate microspheres under visible light.
Environmental science and technology, 43(11), 4143-4150.

VPO



[34] Xu, H., Wu, Z., Ding, M., and Gao, X. (2017). Microwave-assisted synthesis of flower-
like BN/BiOCI composites for photocatalytic Cr (V1) reduction upon visible-light irradiation.
Materials and Design, 114, 129-138.

[35] Shang, J., Hao, W., Lv, X., Wang, T., Wang, X., Du, Y., Dou, S., Xie, T., Wang, D. and
Wang, J. (2014). Bismuth oxybromide with reasonable photocatalytic reduction activity
under visible light. Acs Catalysis, 4(3), 954-961.

[36] Xu, L., He, F., Wang, C., Gai, S., Gulzar, A., Yang, D., Zhong, C. and Yang, P. (2017).
Lanthanide-doped bismuth oxobromide nanosheets for self-activated photodynamic therapy.
Journal of Materials Chemistry B, 5(39), 7939-7948.

[37] Yu, Y., Cao, C., Liu, H., Li, P., Wei, F., Jiang, Y., and Song, W. (2014). A Bi/BiOCI
heterojunction photocatalyst with enhanced electron-hole separation and excellent visible
light photodegrading activity. Journal of Materials Chemistry A, 2(6), 1677-1681.

[38] Jia, X., Cao, J., Lin, H., Zhang, M., Guo, X., and Chen, S. (2017). Transforming type-I
to type-11 heterostructure photocatalyst via energy band engineering: a case study of I-
BiOCI/I-BiOBr. Applied Catalysis B: Environmental, 204, 505-514.

[39] Ye, L., Su, Y., Jin, X., Xie, H., and Zhang, C. (2014). Recent advances in BiOX (X= Cl,
Br and 1) photocatalysts: synthesis, modification, facet effects and mechanisms.
Environmental Science: Nano, 1(2), 90-112.

[40] Di, J., Xia, J., Ji, M., Wang, B., Yin, S., Zhang, Q., Chen, Z. and Li, H. (2016).
Advanced photocatalytic performance of graphene-like BN modified BiOBr flower-like
materials for the removal of pollutants and mechanism insight. Applied Catalysis B:
Environmental, 183, 254-262.

[41] Oller, 1., Malato, S., and Sanchez-Pérez, J. (2011). Combination of advanced oxidation
processes and biological treatments for wastewater decontamination—a review. Science of
the total environment, 409(20), 4141-4166.

[42] Peng, H., Chan, C. K., Meister, S., Zhang, X. F., and Cui, Y. (2009). Shape evolution of
layer-structured bismuth oxychloride nanostructures via low-temperature chemical vapor
transport. Chemistry of Materials, 21(2), 247-252.

[43] Zhang, J., Shi, F., Lin, J., Chen, D., Gao, J., Huang, Z., Ding, X. and Tang, C. (2008).
Self-assembled 3-D architectures of BiOBr as a visible light-driven photocatalyst. Chemistry
of Materials, 20(9), 2937-2941.

[44] WEei, P. Y. Q. G. L. (2009). Bismuth oxyhalide compounds as photocatalysts. Progress
in Chemistry, 21(09), 1734.

[45] Cheng, H., Huang, B., and Dai, Y. (2014). Engineering BiOX (X= CI, Br, 1)
nanostructures for highly efficient photocatalytic applications. Nanoscale, 6(4), 2009-2026.
[46] Hahn, N. T., Hoang, S., Self, J. L., and Mullins, C. B. (2012). Spray pyrolysis deposition
and photoelectrochemical properties of n-type BiOl nanoplatelet thin films. ACS nano, 6(9),
7712-7722.

[47] Zhang, K. L., Liu, C. M., Huang, F. Q., Zheng, C., and Wang, W. D. (2006). Study of
the electronic structure and photocatalytic activity of the BiOCI photocatalyst. Applied
Catalysis B: Environmental, 68(3-4), 125-129.

[48] Liu, Q. C., Ma, D. K, Hu, Y. Y., Zeng, Y. W., and Huang, S. M. (2013). Various
bismuth  oxyiodide hierarchical architectures: alcohothermal-controlled synthesis,
photocatalytic activities, and adsorption capabilities for phosphate in water. ACS applied
materials & interfaces, 5(22), 11927-11934.

[49] Ganose, A. M., Cuff, M., Butler, K. T., Walsh, A., and Scanlon, D. O. (2016). Interplay
of orbital and relativistic effects in bismuth oxyhalides: BiOF, BiOCI, BiOBr, and BiOIl.
Chemistry of Materials, 28(7), 1980-1984.

\55



[50] Zhang, X., Li, B., Wang, J., Yuan, Y., Zhang, Q., Gao, Z., Liu, L.M. and Chen, L.
(2014). The stabilities and electronic structures of single-layer bismuth oxyhalides for
photocatalytic water splitting. Physical Chemistry Chemical Physics, 16(47), 25854-25861.
[51] Ekthammathat, N., Kidarn, S., Phuruangrat, A., Thongtem, S., and Thongtem, T. (2016).
Hydrothermal synthesis of Ag-doped BiOl nanostructure used for photocatalysis. Research
on Chemical Intermediates, 42(6), 5559-5572.

[52] Liu, Z., Wu, B., Zhu, Y., Yin, D., and Wang, L. (2012). Fe-ions modified BiOBr
mesoporous microspheres with excellent photocatalytic property. Catalysis letters, 142(12),
1489-1497.

[53] Wang, R., Jiang, G., Wang, X., Hu, R., Xi, X., Bao, S., Zhou, Y., Tong, T., Wang, S.,
Wang, T. and Chen, W. (2012). Efficient visible-light-induced photocatalytic activity over
the novel Ti-doped BiOBr microspheres. Powder technology, 228, 258-263.

[54] Nussbaum, M., Shaham-Waldmann, N., and Paz, Y. (2014). Synergistic photocatalytic
effect in Fe, Nb-doped BiOCI. Journal of Photochemistry and Photobiology A: Chemistry,
290, 11-21.

[55] Tripathi, G. K., and Kurchania, R. (2016). Effect of doping on structural, optical and
photocatalytic properties of bismuth oxychloride nanomaterials. Journal of Materials
Science: Materials in Electronics, 27(5), 5079-5088.

[56] Sanchez, E., and Lopez, T. (1995). Effect of the preparation method on the band gap of
titania and platinum-titania sol-gel materials. Materials Letters, 25(5-6), 271-275.

[57] Kato, S., Hirano, Y., lwata, M., Sano, T., Takeuchi, K., and Matsuzawa, S. (2005).
Photocatalytic degradation of gaseous sulfur compounds by silver-deposited titanium dioxide.
Applied Catalysis B: Environmental, 57(2), 109-115.

[58] Lee, K. M., Lai, C. W., Ngai, K. S., and Juan, J. C. (2016). Recent developments of zinc
oxide based photocatalyst in water treatment technology: a review. Water research, 88, 428-
448.

[59] Radha, R., Gupta, U. N., Samuel, V., Muthurajan, H., Kumar, H. H., and Ravi, V.
(2008). A co-precipitation technique to prepare BiNbO, powders. Ceramics international,
34(6), 1565-1567.

[60] Gao, M., Zhang, D., Pu, X., Shao, X., Li, H., and Lv, D. (2016). Combustion Synthesis
and Enhancement of BiOCI by Doping Eu®* for Photodegradation of Organic Dye. Journal of
the American Ceramic Society, 99(3), 881-887.

[61] Zong, Y., Li, Z., Wang, X., Ma, J.,, and Men, Y. (2014). Synthesis and high
photocatalytic activity of Eu-doped ZnO nanoparticles. Ceramics International, 40(7),
10375-10382.

[62] Haase, M., and Schéafer, H. (2011). Upconverting nanoparticles. Angewandte Chemie
International Edition, 50(26), 5808-5829.

[63] Xu, J., Ao, Y., Fu, D., and Yuan, C. (2008). A simple route for the preparation of Eu, N-
codoped TiO, nanoparticles with enhanced visible light-induced photocatalytic activity.
Journal of colloid and interface science, 328(2), 447-451.

[64] Dash, A., Sarkar, S., Adusumalli, V. N., and Mahalingam, V. (2014). Microwave
synthesis, photoluminescence, and photocatalytic activity of PVA-functionalized Eu®**-doped
BiOX (X= Cl, Br, I) nanoflakes. Langmuir, 30(5), 1401-14009.

[65] Di Valentin, C., and Pacchioni, G. (2013). Trends in non-metal doping of anatase TiO:
B, C, N and F. Catalysis today, 206, 12-18.

[66] Jiang, G., Li, X., Wei, Z., Jiang, T., Du, X., and Chen, W. (2014). Growth of N-doped
BiOBr nanosheets on carbon fibers for photocatalytic degradation of organic pollutants under
visible light irradiation. Powder technology, 260, 84-89.

\PY



[67] Jiang, G., Li, X., Wei, Z.,, Wang, X., Jiang, T., Du, X., and Chen, W. (2014).
Immobilization of N, S-codoped BiOBr on glass fibers for photocatalytic degradation of
rhodamine B. Powder technology, 261, 170-175.

[68] Jiang, G. H., Li, X., Weli, Z., Jiang, T. T., Du, X. X., and Chen, W. X. (2015). Effects of
N and/or S doping on structure and photocatalytic properties of BiOBr crystals. Acta
Metallurgica Sinica (English Letters), 28(4), 460-466.

[69] Khan, M., Cao, W., Li, J., Zaman, M. I., and Manan, A. (2014). Density functional
theory calculations for the investigation of (Ag, N) codoping effect on the electronic and
optical properties of anatase TiO,. International Journal of Modern Physics B, 28(18),
1450112.

[70] Modak, B., Srinivasu, K., and Ghosh, S. K. (2014). Photocatalytic activity of NaTaO3
doped with N, Mo, and (N, Mo): a hybrid density functional study. The Journal of Physical
Chemistry C, 118(20), 10711-107109.

[71] Tang, H., Ao, Y., Wang, P., and Wang, C. (2014). Graphene-wrapped bismuth
oxychloride nanocomposites: Synthesis, characterization, and enhanced photodegradation of
methylene blue. Materials science in semiconductor processing, 27, 909-914.

[72] Dai, K., Peng, T., Ke, D., and Wei, B. (2009). Photocatalytic hydrogen generation using
a nanocomposite of multi-walled carbon nanotubes and TiO, nanoparticles under visible light
irradiation. Nanotechnology, 20(12), 125603.

[73] Wang, S., and Zhou, S. (2011). Photodegradation of methyl orange by photocatalyst of
CNTs/P-TiO; under UV and visible-light irradiation. Journal of hazardous materials, 185(1),
77-85.

[74] Zhang, M., Shao, C., Zhang, X., and Liu, Y. (2015). Bismuth oxychloride/carbon
nanofiber heterostructures for the degradation of 4-nitrophenol. CrystEngComm, 17(38),
7276-7282.

[75] Weng, B., Xu, F., and Xu, J. (2014). Hierarchical structures constructed by BiOX (X=
Cl, 1) nanosheets on CNTs/carbon composite fibers for improved photocatalytic degradation
of methyl orange. Journal of nanoparticle research, 16(12), 1-13.

[76] Deng, F., Lu, X., Zhong, F., Pei, X., Luo, X., Luo, S., Dionysiou, D.D. and Au, C.
(2015). Fabrication of 2D sheet-like BiOCl/carbon quantum dot hybrids via a template-free
coprecipitation method and their tunable visible-light photocatalytic activities derived from
different size distributions of carbon quantum dots. Nanotechnology, 27(6), 065701.

[77] Di, J., Xia, J., Ji, M., Wang, B., Yin, S., Xu, H., Chen, Z. and Li, H. (2016). Carbon
quantum dots induced ultrasmall BiOl nanosheets with assembled hollow structures for broad
spectrum photocatalytic activity and mechanism insight. Langmuir, 32(8), 2075-2084.

[78] Di, J., Xia, J., Ji, M., Xu, L., Yin, S., Zhang, Q., Chen, Z. and Li, H. (2016). Carbon
quantum dots in situ coupling to bismuth oxyiodide via reactable ionic liquid with enhanced
photocatalytic molecular oxygen activation performance. Carbon, 98, 613-623.

[79] Chen, Y., Lu, Q., Yan, X., Mo, Q., Chen, Y., Liu, B., Teng, L., Xiao, W., Ge, L. and
Wang, Q. (2016). Enhanced photocatalytic activity of the carbon quantum dot-modified BiOl
microsphere. Nanoscale research letters, 11(1), 1-7.

[80] Mehraj, O., Mir, N. A., Pirzada, B. M., and Sabir, S. (2015). Fabrication of novel
AgsPO4/BIOBr heterojunction with high stability and enhanced visible-light-driven
photocatalytic activity. Applied Surface Science, 332, 419-429.

[81] Cao, J., Xu, B., Luo, B., Lin, H., and Chen, S. (2011). Novel BiOI/BiOBr heterojunction
photocatalysts with enhanced visible light photocatalytic properties. Catalysis
Communications, 13(1), 63-68.

VPN



[82] Cao, J., Xu, B., Lin, H., Luo, B., and Chen, S. (2012). Chemical etching preparation of
BiOI/BiOBr heterostructures with enhanced photocatalytic properties for organic dye
removal. Chemical Engineering Journal, 185, 91-99.

[83] zhang, J., Xia, J., Yin, S., Li, H., Xu, H., He, M., Huang, L. and Zhang, Q. (2013).
Improvement of visible light photocatalytic activity over flower-like BiOCI/BiOBr
microspheres synthesized by reactable ionic liquids. Colloids and Surfaces A:
Physicochemical and Engineering Aspects, 420, 89-95.

[84] Liu, Z., Ran, H., Wu, B., Feng, P., and Zhu, Y. (2014). Synthesis and characterization of
BiOI/BiOBr heterostructure films with enhanced visible light photocatalytic activity. Colloids
and Surfaces A: Physicochemical and Engineering Aspects, 452, 109-114.

[85] Liu, H., Cao, W., Su, Y., Wang, Y., and Wang, X. (2012). Synthesis, characterization
and photocatalytic performance of novel visible-light-induced Ag/BiOl. Applied Catalysis B:
Environmental, 111, 271-279.

[86] Li, X., Mao, X., Zhang, X., Wang, Y., Wang, Y., Zhang, H., Hao, X. and Fan, C. (2015).
Citric acid-assisted synthesis of nano-Ag/BiOBr with enhanced photocatalytic activity.
Science China Chemistry, 58(3), 457-466.

[87] Ye, L., Liu, J., Gong, C., Tian, L., Peng, T., and Zan, L. (2012). Two different roles of
metallic Ag on Ag/AgX/BiOX (X= CI, Br) visible light photocatalysts: surface plasmon
resonance and Z-scheme bridge. Acs Catalysis, 2(8), 1677-1683.

[88] Yu, C., Cao, F., Li, G., Wei, R., Jimmy, C. Y., Jin, R., Fan, Q. and Wang, C. (2013).
Novel noble metal (Rh, Pd, Pt)/BiOX (Cl, Br, 1) composite photocatalysts with enhanced
photocatalytic performance in dye degradation. Separation and Purification Technology, 120,
110-122.

[89] Jang, J. (2006). Conducting polymer nanomaterials and their applications. Emissive
materials nanomaterials, 189-260.

[90] Wang, Q., Hui, J., Li, J., Cai, Y., Yin, S., Wang, F., and Su, B. (2013). Photodegradation
of methyl orange with PANI-modified BiOCI photocatalyst under visible light irradiation.
Applied Surface Science, 283, 577-583.

[91] Xiao, J., Chen, W., Wang, F., and Du, J. (2013). Polymer/TiO, hybrid nanoparticles with
highly effective UV-screening but eliminated photocatalytic activity. Macromolecules, 46(2),
375-383.

[92] Liao, G., Chen, S., Quan, X. I. E., Chen, H., and Zhang, Y. (2010). Photonic crystal
coupled TiO,/polymer hybrid for efficient photocatalysis under visible light irradiation.
Environmental science and technology, 44(9), 3481-3485.

[93] Horikoshi, S., Serpone, N., Hisamatsu, Y., and Hidaka, H. (1998). Photocatalyzed
degradation of polymers in agueous semiconductor suspensions. 3. Photooxidation of a solid
polymer: TiO-blended poly (vinyl chloride) film. Environmental science and technology,
32(24), 4010-4016.

[94] Zhang, K., Liang, J., Wang, S., Liu, J., Ren, K., Zheng, X., Luo, H., Peng, Y., Zou, X.,
Bo, X. and Yu, X. (2012). BiOCI sub-microcrystals induced by citric acid and their high
photocatalytic activities. Crystal Growth and Design, 12(2), 793-803.

[95] Shi, X., Chen, X., Chen, X., Zhou, S., Lou, S., Wang, Y., and Yuan, L. (2013). PVP
assisted hydrothermal synthesis of BiOBr hierarchical nanostructures and high photocatalytic
capacity. Chemical engineering journal, 222, 120-127.

[96] Chang, F., Luo, J., Wang, X., Xie, Y., Deng, B., and Hu, X. (2015). Poly (vinyl
pyrrolidone)-assisted hydrothermal synthesis and enhanced visible-light photocatalytic
performance of oxygen-rich bismuth oxychlorides. Journal of colloid and interface science,
459, 136-145.

159



[97] Afzal, S., Daoud, W. A., and Langford, S. J. (2013). Photostable self-cleaning cotton by
a copper (I1) porphyrin/TiO, visible-light photocatalytic system. ACS applied materials and
interfaces, 5(11), 4753-4759.

[98] Devi, L. G., and ArunaKumari, M. L. (2013). Enhanced photocatalytic performance of
Hemin (chloro (protoporhyinato) iron (111)) anchored TiO, photocatalyst for methyl orange
degradation: a surface modification method. Applied surface science, 276, 521-528.

[99] Yao, B., Peng, C., Zhang, W., Zhang, Q., Niu, J., and Zhao, J. (2015). A novel Fe (ll1)
porphyrin-conjugated TiO, visible-light photocatalyst. Applied Catalysis B: Environmental,
174, 77-84.

[100] Liu, J., Fan, Y. Z., Li, X., Wei, Z., Xu, Y. W,, Zhang, L., and Su, C. Y. (2018). A
porous rhodium (I11)-porphyrin metal-organic framework as an efficient and selective
photocatalyst for CO, reduction. Applied Catalysis B: Environmental, 231, 173-181.

[101] Yao, M., Meng, Y., Mao, X., Ning, X., Zhang, Z., Shan, D., Chen, J. and Lu, X.
(2018). New insight into enhanced photocatalytic activity of morphology-dependent TCPP-
AGG/RGO/Pt composites. Electrochimica Acta, 282, 575-581.

[102] Sayama, K., Nomura, A., Arai, T., Sugita, T., Abe, R., Yanagida, M., Oi, T., Iwasaki,
Y., Abe, Y. and Sugihara, H. (2006). Photoelectrochemical decomposition of water into H,
and O, on porous BiVO, thin-film electrodes under visible light and significant effect of Ag
ion treatment. The Journal of Physical Chemistry B, 110(23), 11352-11360.

[103] Xu, L., Wei, Y., Guo, W., Guo, Y., and Guo, Y. (2015). One-pot solvothermal
preparation and enhanced photocatalytic activity of metallic silver and graphene co-doped
BiVO, ternary systems. Applied Surface Science, 332, 682-693.

[104] Zhang, L., Tan, G., Wei, S., Ren, H., Xia, A., and Luo, Y. (2013). Microwave
hydrothermal synthesis and photocatalytic properties of TiO,/BiVO, composite
photocatalysts. Ceramics International, 39(8), 8597-8604.

[105] Mahmoud, W. E., and Al-Ghamdi, A. A. (2011). Synthesis and properties of bismuth
oxide nanoshell coated polyaniline nanoparticles for promising photovoltaic properties.
Polymers for Advanced Technologies, 22(6), 877-881.

[106] Raza, W., Bahnemann, D., and Muneer, M. (2018). A green approach for degradation
of organic pollutants using rare earth metal doped bismuth oxide. Catalysis Today, 300, 89-
98.

[107] Cho, M., Chung, H., Choi, W., and Yoon, J. (2004). Linear correlation between
inactivation of E. coli and OH radical concentration in TiO, photocatalytic disinfection.
Water research, 38(4), 1069-1077.

[108] Dalrymple, O. K., Stefanakos, E., Trotz, M. A., and Goswami, D. Y. (2010). A review
of the mechanisms and modeling of photocatalytic disinfection. Applied Catalysis B:
Environmental, 98(1-2), 27-38.

[109] Som, T., Troppenz, G. V., Wendt, R., Wollgarten, M., Rappich, J., Emmerling, F., and
Rademann, K. (2014). Graphene Oxide/a-Bi,O3 Composites for Visible-Light Photocatalysis,
Chemical Catalysis, and Solar Energy Conversion. ChemSusChem, 7(3), 854-865.

[110] Du, M., Xiong, S., Wu, T., Zhao, D., Zhang, Q., Fan, Z., Zeng, Y., Ji, F., He, Q. and
Xu, X. (2016). Preparation of a microspherical silver-reduced graphene oxide-bismuth
vanadate composite and evaluation of its photocatalytic activity. Materials, 9(3), 160.

[111] Tan, Q., and Xu, H. (2014, November). Photocatalytic Degradation of Methyl Orange
over BIiOCIxBrl-x (0 x 1) Solid Solutions. In 2014 International Conference on
Mechatronics, Electronic, Industrial and Control Engineering (MEIC-14) (pp. 353-356).
Atlantis Press.



[112] Liu, H., Cao, W. R., Su, Y., Chen, Z., and Wang, Y. (2013). Bismuth oxyiodide—
graphene nanocomposites with high visible light photocatalytic activity. Journal of colloid
and interface science, 398, 161-167.

[113] Rajagopal, R., Krishnan, R., Ramasubbu, A., and Kamaludeen, B. A. (2015,
December). Synthesis of Bi;WOg-RGO nanocomposite for photocatalytic application. In
2015 International Conference on Smart Sensors and Systems (IC-SSS) (pp. 1-6). IEEE.

[114] Tian N, Huang H, Zhang Y, He Y. Enhanced photocatalytic activities on
Bi,0,C03/ZnWO, nanocomposites. Journal of Materials Research. 2014;29(5):641-648.
[115] Raizada, P., Kumari, J., Shandilya, P., Dhiman, R., Singh, V. P., and Singh, P. (2017).
Magnetically retrievable Bi,WOQOg/FesO, immobilized on graphene sand composite for
investigation of photocatalytic mineralization of oxytetracycline and ampicillin. Process
Safety and Environmental Protection, 106, 104-116.

[116] Xue, Z., Wang, T., Chen, B., Malkoske, T., Yu, S., and Tang, Y. (2015). Degradation
of tetracycline with BiFeO3 prepared by a simple hydrothermal method. Materials, 8(9),
6360-6378.

[117] Yan, D. Y. S., and Lam, F. L. Y. (2015). Development of a novel photocatalyst for the
advanced antibiotic oxidation of wastewater. SpringerPlus, 4(2), 1-2.

[118] Chu, X., Shan, G., Chang, C., Fu, Y., Yue, L., and Zhu, L. (2016). Effective
degradation of tetracycline by mesoporous Bi,WQOg under visible light irradiation. Frontiers
of Environmental Science and Engineering, 10(2), 211-218.

[119] Guan, D. L., Niu, C. G., Wen, X. J., Guo, H., Deng, C. H., and Zeng, G. M. (2018).
Enhanced Escherichia coli inactivation and oxytetracycline hydrochloride degradation by a
Z-scheme silver iodide decorated bismuth vanadate nanocomposite under visible light
irradiation. Journal of colloid and interface science, 512, 272-281.

[120] Booshehri, A. Y., Goh, S. C. K., Hong, J., Jiang, R., and Xu, R. (2014). Effect of
depositing silver nanoparticles on BiVO, in enhancing visible light photocatalytic
inactivation of bacteria in water. Journal of Materials Chemistry A, 2(17), 6209-6217.

[121] Zhang, L. S., Wong, K. H., Yip, H. Y., Hu, C., Yu, J. C., Chan, C. Y., and Wong, P. K.
(2010). Effective photocatalytic disinfection of E. coli K-12 using AgBr-Ag-Bi,WOg
nanojunction system irradiated by visible light: the role of diffusing hydroxyl radicals.
Environmental science and technology, 44(4), 1392-1398.

[122] Balat, M. (2008). Potential importance of hydrogen as a future solution to
environmental and transportation problems. International journal of hydrogen energy,
33(15), 4013-4029.

[123] Kanhere, P., and Chen, Z. (2014). A review on visible light active perovskite-based
photocatalysts. Molecules, 19(12), 19995-20022.

[124] Hsieh, S., Lee, G., Davies, S., Masten, S., and Wu, J. (2013). Synthesis of Cr,O3 and Pt
doped RuO,/Bi,03 photocatalysts for hydrogen production from water splitting. American
Journal of Environmental Engineering, 3(3), 115-120.

[125] Sharmin, R., and Ray, M. B. (2012). Application of ultraviolet light-emitting diode
photocatalysis to remove volatile organic compounds from indoor air. Journal of the Air and
Waste Management Association, 62(9), 1032-1039.

[126] Wang, S. L., Wang, L. L., Ma, W. H., Johnson, D. M., Fang, Y. F., Jia, M. K., and
Huang, Y. P. (2015). Moderate valence band of bismuth oxyhalides (BiOXs, X= Cl, Br, I) for
the best photocatalytic degradation efficiency of MC-LR. Chemical Engineering Journal,
259, 410-416.

[127] Choi, Y. I, Jeon, K. H., Kim, H. S., Lee, J. H., Park, S. J., Roh, J. E., Khan, M.M. and
Sohn, Y. (2016). TiO,/BiOX (X= CI, Br, I) hybrid microspheres for artificial waste water and

A



real sample treatment under visible light irradiation. Separation and Purification Technology,
160, 28-42.

[128] Mi, Y., Zhou, M., Wen, L., Zhao, H., and Lei, Y. (2014). A highly efficient visible-
light driven photocatalyst: two dimensional square-like bismuth oxyiodine nanosheets.
Dalton Transactions, 43(25), 9549-9556.

[129] Cao, X., Lu, Z., Zhu, L., Yang, L., Gu, L., Cai, L., and Chen, J. (2014). A new family
of sunlight-driven bifunctional photocatalysts based on TiO, nanoribbon frameworks and
bismuth oxohalide nanoplates. Nanoscale, 6(3), 1434-1444.

[130] Yuan, Q. L., Zhang, Y., Yin, H. Y., Nie, Q. L., and Wu, W. W. (2016). Rapid, simple
and low-cost fabrication of BiOBr ultrathin nanocrystals with enhanced visible light
photocatalytic activity. Journal of Experimental Nanoscience, 11(5), 359-3609.

[131] Zhang, K. L., Liu, C. M., Huang, F. Q., Zheng, C., and Wang, W. D. (2006). Study of
the electronic structure and photocatalytic activity of the BiOCI photocatalyst. Applied
Catalysis B: Environmental, 68(3-4), 125-129.

[132] Yang, Y., Zhang, C., Lai, C., Zeng, G., Huang, D., Cheng, M., Wang, J., Chen, F.,
Zhou, C. and Xiong, W. (2018). BiOX (X= CI, Br, 1) photocatalytic nanomaterials:
applications for fuels and environmental management. Advances in colloid and interface
science, 254, 76-93.

[133] Sen, T., Mishra, S., and Shimpi, N. G. (2016). Synthesis and sensing applications of
polyaniline nanocomposites: a review. RSC advances, 6(48), 42196-42222.

[134] Ma, L., Su, L., Zhang, J., Zhao, D., Qin, C., Jin, Z., and Zhao, K. (2016). A
controllable morphology GO/PANI/metal hydroxide composite for supercapacitor. Journal of
Electroanalytical Chemistry, 777, 75-84.

[135] Geethalakshmi, D., Muthukumarasamy, N., and Balasundaraprabhu, R. (2016).
Measurement on the structural, morphological, electrical and optical properties of PANI-CSA
nanofilms. Measurement, 92, 446-452.

[136] Mahato, N., Parveen, N., and Cho, M. H. (2015). Synthesis of highly crystalline
polyaniline nanoparticles by simple chemical route. Materials Letters, 161, 372-374.

[137] Rao, H., Chen, M., Ge, H., Lu, Z., Liu, X., Zou, P., Wang, X., He, H., Zeng, X. and
Wang, Y. (2017). A novel electrochemical sensor based on Au@PANI composites film
modified glassy carbon electrode binding molecular imprinting technique for the
determination of melamine. Biosensors and Bioelectronics, 87, 1029-1035.

[138] Nagash, W., and Majid, K. (2016). Synthesis, characterisation and study of thermal,
electrical and photocatalytic activity of nanocomposite of PANI with [Co(NH3)4(C12HgN>)]
Cl3.5H,0 photoadduct. Chemical Physics, 478, 118-125.

[139] Yang, Y., Zhang, C., Lai, C., Zeng, G., Huang, D., Cheng, M., Wang, J., Chen, F.,
Zhou, C. and Xiong, W. (2018). BiOX (X= CI, Br, 1) photocatalytic nanomaterials:
applications for fuels and environmental management. Advances in colloid and interface
science, 254, 76-93.

[140] Ai, Z., Ho, W., and Lee, S. (2011). Efficient visible light photocatalytic removal of NO
with BiOBr-graphene nanocomposites. The Journal of Physical Chemistry C, 115(51),
25330-25337.

[141] Sun, J., and Bi, H. (2012). Pickering emulsion fabrication and enhanced supercapacity
of graphene oxide-covered polyaniline nanoparticles. Materials Letters, 81, 48-51.

[142] Li, W., Tian, Y., Zhao, C., Zhang, Q., and Geng, W. (2016). Synthesis of magnetically
separable FesO4@PANI/TIO, photocatalyst with fast charge migration for photodegradation
of EDTA under visible-light irradiation. Chemical Engineering Journal, 303, 282-291.

\YY



[143] Xue, C., Zhang, T., Ding, S., Wei, J., and Yang, G. (2017). Anchoring tailored low-
index faceted BiOBr nanoplates onto TiO, nanorods to enhance the stability and visible-light-
driven catalytic activity. ACS applied materials and interfaces, 9(19), 16091-16102.

[144] Geng, Y., Li, N., Ma, J., and Sun, Z. (2017). Preparation, characterization and
photocatalytic properties of BiOBr/ZnO composites. Journal of energy chemistry, 26(3), 416-
421.

[145] Maisang, W., Phuruangrat, A., Randorn, C., Kungwankunakorn, S., Thongtem, S.,
Wiranwetchayan, O., Wannapop, S., Choopun, S., Kaowphong, S. and Thongtem, T. (2018).
Enhanced photocatalytic performance of visible-light-driven BiOBr/BiPOs composites.
Materials Science in Semiconductor Processing, 75, 319-326.

[146] Tian, Y., Li, W., Zhao, C., Wang, Y., Zhang, B., and Zhang, Q. (2017). Fabrication of
hollow mesoporous SiO,-BiOCI@PANI@Pd photocatalysts to improve the photocatalytic
performance under visible light. Applied Catalysis B: Environmental, 213, 136-146.

[147] Cui, H., Zhou, Y., Mei, J., Li, Z., Xu, S., and Yao, C. (2018). Synthesis of CdS/BiOBr
nanosheets composites with efficient visible-light photocatalytic activity. Journal of Physics
and Chemistry of Solids, 112, 80-87.

[148] Zhang, M., and Li, J. (2020). Preparation of porphyrin derivatives and C60
supramolecular assemblies as a sensor for detection of dopamine. Dyes and Pigments, 173,
107966.

[149] Shiragami, T., Ozawa, H., Kajihara, K., Matsumoto, J., and Yasuda, M. (2015).
Visible-light-driven Fuel Cell Constructed by Germanium (IV) Porphyrin/TiO, Electrode
Using Alcohols as an Electron Donor. Chemistry Letters, 44(3), 265-267.

[150] Zhu, J., Huo, X., Liu, X., and Ju, H. (2016). Gold nanoparticles deposited polyaniline—
TiO, nanotube for surface plasmon resonance enhanced photoelectrochemical biosensing.
ACS applied materials and interfaces, 8(1), 341-349.

[151] Rahimi, R., Shariatinia, S., Zargari, S., Yaghoubi-Berijani, M.., Ghaffarinejad, A., and
Shojaie, Z. S. (2015). Synthesis, characterization, and photocurrent generation of a new
nanocomposite based Cu-TCPP MOF and ZnO nanorod. RSC Advances, 5(58), 46624-
46631.

[152] Rahimi, R., Zargari, S., Yousefi, A., Yaghoubi-Berijani, M., Ghaffarinejad, A., and
Morsali, A. (2015). Visible light photocatalytic disinfection of E. coli with TiO,—graphene
nanocomposite sensitized with tetrakis (4-carboxyphenyl) porphyrin. Applied Surface
Science, 355, 1098-1106.

[153] Qu, S., Xiong, Y., and Zhang, J. (2018). Graphene oxide and carbon nanodots co-
modified BiOBr nanocomposites with enhanced photocatalytic 4-chlorophenol degradation
and mechanism insight. Journal of colloid and interface science, 527, 78-86.

[154] Yu, C., Cao, F., Li, G., Wei, R., Jimmy, C. Y., Jin, R, Fan, Q. and Wang, C. (2013).
Novel noble metal (Rh, Pd, Pt)/BiOX (Cl, Br, 1) composite photocatalysts with enhanced
photocatalytic performance in dye degradation. Separation and Purification Technology, 120,
110-122.

[155] Stankovich, S., Piner, R. D., Nguyen, S. T., and Ruoff, R. S. (2006). Synthesis and
exfoliation of isocyanate-treated graphene oxide nanoplatelets. Carbon, 44(15), 3342-3347.
[156] Spitalsky, Z., Danko, M., and Mosnacek, J. (2011). Preparation of functionalized
graphene sheets. Current Organic Chemistry, 15(8), 1133-1150.

[157] Prabhu, Y. T., Rao, K. V., Kumar, V. S. S., and Kumari, B. S. (2014). X-ray analysis
by Williamson-Hall and size-strain plot methods of ZnO nanoparticles with fuel variation.
World Journal of Nano Science and Engineering, 2014.

[158] Andrade, A. B., Ferreira, N. S., and Valerio, M. E. (2017). Particle size effects on
structural and optical properties of BaF, nanoparticles. RSC advances, 7(43), 26839-26848.

\YY



[159] Cao, J., Xu, B., Lin, H., Luo, B., and Chen, S. (2012). Chemical etching preparation of
BiOI/BiOBr heterostructures with enhanced photocatalytic properties for organic dye
removal. Chemical Engineering Journal, 185, 91-99.

[160] Yao, S., Zheng, R., Li, R., Chen, Y., Zhou, X., and Luo, J. (2019). Construction of Z-
scheme LaNiO3/SnS, composite for boosting visible light photodegradation of tetracycline.
Journal of the Taiwan Institute of Chemical Engineers, 100, 186-193.

[161] Shen, F., Zhou, L., Shi, J.,, Xing, M., and Zhang, J. (2015). Preparation and
characterization of SiO,/BiOX (X= CI, Br, 1) films with high visible-light activity. RSC
Advances, 5(7), 4918-4925.

[162] Bajjou, O., Bakour, A., Khenfouch, M., Baitoul, M., Faulques, E., and Maaza, M.
(2016). Structural and photophysical studies of few layers of reduced graphene oxide
functionalized with Sn (V) tetrakis (4-pyridyl) porphyrin dichloride. Synthetic Metals, 221,
247-252.

[163] Aydin, M. (2013). DFT and Raman spectroscopy of porphyrin derivatives:
Tetraphenylporphine (TPP). Vibrational Spectroscopy, 68, 141-152.

[164] Zhang, H., Niu, C. G., Yang, S. F., and Zeng, G. M. (2016). Facile fabrication of
BiOl03/BiOBr composites with enhanced visible light photocatalytic activity. Rsc Advances,
6(69), 64617-64625.

[165] Zhang, J., Lv, J., Dai, K., Liang, C., and Liu, Q. (2018). One-step growth of nanosheet-
assembled BIiOCI/BiOBr microspheres for highly efficient visible photocatalytic
performance. Applied Surface Science, 430, 639-646.

[166] Xue, C., Zhang, T., Ding, S., Wei, J., and Yang, G. (2017). Anchoring tailored low-
index faceted BiOBr nanoplates onto TiO, nanorods to enhance the stability and visible-light-
driven catalytic activity. ACS Applied Materials & Interfaces, 9(19), 16091-16102.

[167] Maisang, W., Phuruangrat, A., Randorn, C., Kungwankunakorn, S., Thongtem, S.,
Wiranwetchayan, O., Wannapop, S., Choopun, S., Kaowphong, S. and Thongtem, T. (2018).
Enhanced photocatalytic performance of visible-light-driven BiOBr/BiPOs composites.
Materials Science in Semiconductor Processing, 75, 319-326.

[168] Geng, Y., Li, N.,, Ma, J., and Sun, Z. (2017). Preparation, characterization and
photocatalytic properties of BiOBr/ZnO composites. Journal of energy chemistry, 26(3), 416-
421.

[169] Hu, S., Jiang, L., Tu, Y., Cui, Y., Wang, B., Ma, Y., and Zhang, Y. (2018). An efficient
photo-assisted BiOBr nanoplates support for electrocatalyst for methanol oxidation. Journal
of the Taiwan Institute of Chemical Engineers, 86, 113-1109.

[170] Lee, S., Park, Y., Pradhan, D., and Sohn, Y. (2016). AgX (X= CI, Br, 1)/BiOX
nanoplates and microspheres for pure and mixed (methyl orange, rhodamine B and methylene
blue) dyes. Journal of industrial and engineering chemistry, 35, 231-252.

[171] Rahimi, R., Zargari, S., Ghaffarinejad, A., and Morsali, A. (2016). Investigation of the
synergistic effect of porphyrin photosensitizer on graphene—TiO, nanocomposite for visible
light photoactivity improvement. Environmental Progress & Sustainable Energy, 35(3), 642-
652.

[172] Zargari, S., Rahimi, R., Ghaffarinejad, A., and Morsali, A. (2016). Enhanced visible
light photocurrent response and photodegradation efficiency over TiO,—graphene
nanocomposite pillared with tin porphyrin. Journal of colloid and interface science, 466,
310-321.

[173] Nath, B. K., Chaliha, C., Kalita, E., and Kalita, M. C. (2016). Synthesis and
characterization of ZnO:CeO,:nanocellulose: PANI bionanocomposite. A bimodal agent for
arsenic adsorption and antibacterial action. Carbohydrate polymers, 148, 397-405.

VY¥



[174] Rao, H., Chen, M., Ge, H., Lu, Z., Liu, X., Zou, P., Wang, X., He, H., Zeng, X. and
Wang, Y. (2017). A novel electrochemical sensor based on Au@PANI composites film
modified glassy carbon electrode binding molecular imprinting technique for the
determination of melamine. Biosensors and Bioelectronics, 87, 1029-1035.

[175] Shafaei, N., Peyravi, M., and Jahanshahi, M. (2016). Improving surface structure of
photocatalytic self-cleaning membrane by WO3/PANI nanoparticles. Polymers for Advanced
Technologies, 27(10), 1325-1337.

[176] Kaur, J., and Singhal, S. (2014). Facile synthesis of ZnO and transition metal doped
ZnO nanoparticles for the photocatalytic degradation of Methyl Orange. Ceramics
international, 40(5), 7417-7424.

[177] Hisaindee, S., Meetani, M. A., and Rauf, M. A. (2013). Application of LC-MS to the
analysis of advanced oxidation process (AOP) degradation of dye products and reaction
mechanisms. TrAC Trends in Analytical Chemistry, 49, 31-44.

[178] Fan, H., Jiang, T., Li, H., Wang, D., Wang, L., Zhai, J., He, D., Wang, P. and Xie, T.
(2012). Effect of BiVO, crystalline phases on the photoinduced carriers behavior and
photocatalytic activity. The Journal of Physical Chemistry C, 116(3), 2425-2430.

[179] Li, Y., Dong, S., Wang, Y., Sun, J., Li, Y., Pi, Y., Hu, L. and Sun, J. (2014). Reduced
graphene oxide on a dumbbell-shaped BiVO,4 photocatalyst for an augmented natural sunlight
photocatalytic activity. Journal of Molecular Catalysis A: Chemical, 387, 138-146.

[180] Fu, Y., Sun, X., and Wang, X. (2011). BiVO4—graphene catalyst and its high
photocatalytic performance under visible light irradiation. Materials Chemistry and Physics,
131(1-2), 325-330.

Yo



Abstract

In recent years, bismuth oxyhalides, BiOX (X = I, Br, Cl), have attracted much attention from
researchers due to their potential photocatalytic application as well as the removal of
pollutants. Researches show that among bismuth oxyhalides, bismuth oxybromide (BiOBr)
has a unique photocatalytic property. However, in BiOBr photocatalyst, the rate of electron
and hole recombination is high, which prevents the optical performance of this photocatalyst.
The aim of this dissertation is to improve the photocatalytic properties of bismuth
oxybromide due to the high rate of electron and hole pair recombination created in this
material and thus reduce the electron-hole recombination rate, create retrievability, improve
its physical, chemical, and optical properties, and finally, a significant increase in
photocatalytic performance. In this study, a set of modified nanoparticles and
nanocomposites based on bismuth oxybromide were synthesized and were used to evaluate
the photocatalytic activity in the degradation of organic pollutants. Prepared samples include
bismuth oxybromide (BiOBr) nanoparticles, tin porphyrin-sensitized bismuth oxybromide
(BiOBr/SnTCPP), (BiOBr/Sn-itTCPP), (BiOBr/Sn-iTCPP), Bismuth oxybromide doped with
silver and porphyrin (BiOBr/Ag), BiOBr/Ag@TCPP), and (BiOBr/Ag@SnTCPP), bismuth
oxybromide and polyaniline (PANI/BiOBr) nanocomposite, a ternary nanocomposite
consisting of bismuth oxychloride and bismuth oxide bromide and polyaniline
(BiOBr/BiOCI/PANI (BP)), synthesis of a ternary nanocomposite with porphyrin sensitizers
(BiOBr/BIiOCI/PANI@TCPP) and porphyrin from tin (BiOBr/BiOCI/PANI@SnTCPP),
synthesis of ternary nanocomposites doped with silver and porphyrin (BP/Ag),
(BP/Ag@TCPP), (BP/Ag@SnTCPP). Samples prepared were identified using X-ray
diffraction pattern (XRD), Transmission electron microscopy (TEM), Field emission
scanning electron microscope (FE-SEM), Map of the dispersion of elements on the surface
(Map), X-ray energy diffraction spectroscopy (EDS), Photoluminescence spectroscopy (PL),
UV-Vis electron spectra and Raman spectroscopy. The efficiency and photocatalytic activity
of the prepared samples were evaluated in the photodegradation of organic pollutants such as
methyl orange, rhodamine B, and 2, 4-dichlorophenol. According to the results, it was
observed that all synthesized nanocomposites have higher photocatalytic performance than
pure bismuth oxybromide. Furthermore, the possible photocatalytic mechanism on
nanocomposites was also discussed through radicals and holes trapping experiments. The
heterostructure improved photocatalytic activity dramatically, which greatly promoted the
migration rate of the photoinduced electrons besides limiting the recombination of
photogenerated electron-hole pairs. In addition, the stability of photocatalysts during several
stages of recycling was investigated and it was shown that nanocomposites are very stable
and can be reused without significantly reducing the degradation efficiency of photocatalysts.
The photocurrent response BiOBr, BiOBIi/BiOC/PANI, BiOBi/BiOCI/PANI@TCPP and
BiOBIi/BiOCI/PANI@SNTCPP  nanocomposites were investiged. The photocurrent
measurements demonstrate that the BiOBi/BiOCI/PANI@SnTCPP nanocomposite has higher
photoactivity. Moreover, sensitization of the BiOBr with silver and porphyrin is successfully
capable to develop a new type of photocatalyst system for disinfection of bacteria in visible
light irradiation.

Keywords: Bismuth oxyhalides, photocatalytic activity, porphyrin, photodegradation,
photocurrent, disinfection of bacteria.
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