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ABSTRACT

Organic dyes have attracted a lot of attention due to their long-term environmental
toxicity and short-term damage to health. The process of photocatalysts with the use
of semiconductors for efficient use of solar energy in the degradation of dye pollutants
has received much attention for environmental improvement. Electron transfer is the
most important and fundamental step in photocatalysts processes. The efficiency of
electron transport is the function of the location energy level of valence layer and the
conduction layer relative to the reduction potential of the adsorbed particles on the
catalyst. One of the methods of preventing recombination of electrons/holes is direct
conductivity of electron and holes to the other catalyst. This is possible using
heterojunction photocatalysts with different valence and conduction band potentials.
In other words, the coupling of two semiconductors, the valence and conduction
bands, have different energy levels, causing more effective separation. The purpose of
this study is to investigate different Load transmission mechanisms in pair and p-n
junction photocatalysts.
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Figure 1: Basic principle of photocatalysis [5].
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Figure 2: Schematic representation of heterogeneous coupling in which the transfer of electrons and holes between the coupled photocatalysts occurs from
one surface to another, thereby inhibiting recombination [10].
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Figure 3: Photocatalytic degradation of the mixed dye over AgBr-Ag3PO4/MWCNTSs under visible-light irradiation [10].

BIOBI/BIOI L awglis 15 (5,4 coyllad BiOBroglo1/BiOI (g5
oo e b
BiOBroglo1/BIOI 53, » 5,55 sloel> (ol Jliml jI5g50
YL VB 5l Lays SIS 1o b ay sl o slgiig ¥ USS o
4 I 5 wigd e Jiie—+ VPV 5l CB L )/-Y eV BIOl
~+IA% €V 5l CB L5 VY'Y €V BiOBrgglyy sYLs VB 3l 55 byl
obln (ol oo Ngd oo Jiiie Jaglih> ¥o Spe o v
23 Lo S gy Sy a8 4 b o o 515 s (B2
ey e VP eV iYL Cadge 4wl 0 BIOI sYLVB
4S5 s cnl 0098 kg gl A>Fee YV - VSl 58 (65,0 L
a0l &S > YU 4 BiOBrgglos slp-VYA RV a ) of ol 0
sl S 4 BiOBroolg/BIOl su oMol il Jisls a3 oy
5y S, i BIOCI/BIOI 3 BIOBHBIOI al_is. Ll
SR 49 CBS (6 iien (6,58 el Wilgi e BIOBIgglg1/BiOI
S o Jgs BIOCHBIOI 4 BIOBI/BIOI L dvlie 15 yiaglid> ¥+ -
eV ;o BiOBryglyy au-Y/-# eV s¥L mas 1o Lacyg Sl eyl s
VB | Loo o> o Jlis alaii o (ylojed job 4 Qigds oo Jalio —V/IVA
S e &S > /Y eV BiOl 4y /Y'Y €V BiOBroglos sYL
U155 BiOBIoolg /BIOl (5,55 1550515 Ly MO oo 3 4\ g 55
Col 00
o Juil s s el s sl VY] il ST
1,0 JS_s Syl CASIRGOITNTS Lt (g0 youd 35 ,:Slgisd
ool slgiios

Gasd Jg wiisg AGPO, 4 4 AGBI-AGPO, PL slaci b
Sl as s AgB-AGPO/MWENTS 5 codly zals o Sy
BIOBIBIOl asy |, 1" e [VY] Lo 5 'Lz ot ents (55505
5 05 sloxy| BiOBoglga/BION (5,55 (5518 JisLs a8 o 5 il
o, alalaiols 3 alegl 0,90 8 s MO (g 55 5 1, ol codled
odsi Ldlaie s BiOBIoolgy/BiOl JisLos ool cazgn I e
5k a5l wb LSl (IS b 4 09d e 598 Sl el it
2L 695 w5 Rl g ST Sl 9 Dde (g B
S By oSSt (63,51 08 oo cpots | il Sl g )35 oo
5 VYAV 5 YA YIAA o 5 4 BiOI 4 BiOBrqglg; BiOBr
90 ol S 035 e (V) (65,0 ol s (@hV)7 (555l
gl T Silicg e sla e Jawg VB §CB Juwilsy S
Vb plp (SSLS Oge sla gz jl (olign b (Vi) (02 551000
s FIA pH S AGAGCH Jlie ;3 =38V 5 <V/-F V. -\
S NPV g = APV —-IAPV Jslse #IApH s NHE Jlis
L ol Lo (Ecp) CB Jumeily 1 55 (golbdans gl el sy
BIOBr Ly slie Ecg eyl by .l S35 ppolie s & Vg
S NFV 9= IAS V o=+ APV |yl 35 4 BIOI 5 BiOBrogly;
alal)) b (5,5 j5b 4 (Eve) VB Joiliy cogdle 4060 00 (058
5 BiOBryglos BIOBr Eyg ,olie g, (sl 5l .o 033 Cyemass (4
s ol VoY €V 5 VYV eV . V/-Y eV L Ll BiO
VoY eV 51, g o jige jsb a I ool ogs by a8 5,8 sunlie
b o sl (oplplo s o sy BiOBrgglpy jo VYY eV 4

! Jia
2 Mott-Schottky

YAF-PAE € (161) 1Y /55 6sS ) wlsdUos (ele ay pulns



Yaq

15095 589 534BT )3 0 pin/ Y ISl (S K395 YRRL »2 SI9 0 /ULSed 9 YN Mb

—
J— 2

L

BiOBr BiOBrysly; BiOl

Products

BiOBrooly;  BiOI

DIY] Gy 35 Gl cos BIOBr0.910.1/BiOI o Kaal ,lislo phaw ;o ,b Jlisil o lge b F S8
Figure 4: Schematic illustration of the charge transfer through the BiOBr0.910.1/BiOl heterojuction interface under visible light irradiation [12].

[VY] CASIRGOITNTS  pbaws (s yuds 392505553 s JUE 5 00 adgi 555 )b (slaJol> (ondans olas 31 oI5 o 2 JSib
Figure 5: Schematic diagram of the interfacial photogenerated charge carriers separation and transfer within the photoelectrode of ternary
CdS/RGO/TNTSs hybrids [13].

4 LUMO Jis 55 HOMO™ (g5, slocys Sl oo )90 4

Sl ay alizee (gl )o))35 abowgy a5 (815 (6,9 Comnlu Lo
S5y A5 bS8 (o g Sl ot gl o Sy aamlocigus
0z sl TNTS (CB 4y Ldlaiie g oo 0,255 RGO s LUMO
Jeelss fsie & VIVAVY €V laT JsiGiSis alols o wigdh oo 30,55
Ot ol Wge b 9 T slagdl g 815 gy 2 sloys S (e

2 Highest unoccupied molecular orbital

SLope S CAS (g ym poba Y lp o S0 y98 (A v
Jds 40 YV eV CB culaa Jlgs a4 -5+ \ 8V VB cod bl (s,
Totd VIF eV=Ey Ul ja o 0,8 a ,amis (S xS0 sl
51 RGO ;0 LUMO! jlas 3l 00isSs o5 (sl g 58Ul puops - Aigi o0
097 WS (o0l ply> RGO €S (SOl s e 3k
sl CAS CB 5| 505 -¥/f eV RGO (g5l s

! Lowest unoccupied molecular orbital

YAF-PAE € (161) 1Y /55 6sS ) wlsdUos (ele ay puins



w1509 B9 3ALL )3 08/ Yg Sl (S )igs YA )3 U9 0/ VLIS 9 YW Mb

9-C3N, a4 Jliil astiws BIOCLBI VB cod )b aily 1o odlizes
33573 (19,8 algi o ygh 4 Copnlam A1 15 S0 (Sg 3l akin
(S0 9 e Deh & Blg §-C3Ny/BIOClogBros (g9 yud (555
LUMO- Y/YY eV (55,1 SIS o 4 asilgi o RNB? slo JgSUge
RhB sl Js-SIge 1o oo iigmsts (slacys 2SIl g 5 25 HOMO
LUMO ey 5V by s 4 BIOClogBrop CB il 4 o3
2 30 (6,8 el i )5 .5 )ls BiOClogBrg, CB 4 1355, ools
sebiles g b oo laz oo il Hge b 4 RNB 5 G-CoNy JsSUge g0
RhB 1555 aolo auoyo Vo v o 50 Caawloads ools jlid # S 0 oS
sl 0 )5S

sl cllod cule (g sl V0] 2 S 57 g
OSTy ienST gl rslaslols 4y 90 o olatoles] Vb (595
:BQ) " eS gy assols plodl g aswgs AGIAGCOFTGO 13 ¢y
&5 g (Lo i oaing, 1 AD) " wigal SYIST (O IS0, oo,
b .oz 5,8 esliul 3)90 (OH sag, : TBA) "SIl Ly
U g STy el 50 LaBQ (09331 o5 w23 00 (LS (025
a8 Cl cploaims (lid 90l MO (5,55 co 0 il 8 0 oKl
e (5598 (693U o 55 AT 3 o (ST AigS gl ST

! Photoelectrochemical

2 ghi

® Density Functional Theory
4 Mulliken

® Rhodium boride

6 Song

" Benzoquinones

8 Ammonium oxalate

° Tert-Butyl Alcohol

Visible light
(A=380~440nm)

O] 8 gl oo 3gamme LS ojlalay 3l 5 4 TIO,
bgi (ol 4 00l S0s ST MB (5558 (6,956 w5
sl sl IS, 45 TNTS elacs (5, smir MB (sl JsSso
el 1 gt e o 0SS (o0 9 1 (F07) ST 5
(= opdhe witen (S5 slasSse 4325 (sl (598 oS S|
OB (55 oatsainil» (slogysiSIl PECT T (sjlulaz azl b sl
Pt og,=Sl s atwgus b > b g Ti (bl oty 4y e s 4 TNTS o
Wl S g b oo Jie (2l e 55 5l (30 wlg s
slaisSly o o5 job @ (lgs (oo |y 00 laa (loya 5 Ly 2SI
Ol 08 Jrole (i CJlad g ool (595 (555§ PEC
Job (3 SYsb 5 (5 59 Oliee (23S Sl (AU el (e s
Vo Gagim (ml )9 il (ol Cujanals w50 b ol> oe
el 00l 5155 MO (o 55 auoyo
i bl as atbs, s )55 1VF] Gl sSen T s
3 Somb s 45 il so < IYA MY/Y Sg0> G-C3Ny onigloil
(S0 e (5853 lbIS i b Lo oyl s .l BIOBY g BIOC
oy 1581 g-CaNy L BIOCBI, St i 3] aiay wlgsos
Ll o Seas b wlgs oo e 695 6930 9502 ool
S BIOCKBI, ot ytias 59 (a2 (50 Wigy o o ol el
90-CaNg 90 12 ¢ S pe 195 il Caod 09 00ls gl G-C3Ny
oIS alols s 4y ailgi oo (/A o0 /Y =X) BIOCLBI,
9 DFTT (555555 201 lilons 3o i S5 08 S50 45 50
el -CyNy 3 ;50— BIOCLBr, CB iy ' Sy
CB 4y 45 wUfs Il G-CiNy CB 5 oot (sl 25l
Lo, i g gty Jitie o] YL eailiy [ Joa BIOCLBr,

Visible light
(A=380~575 nm)

IVE] S50 595 il o G-CaNW/BIOCKBI | x (5% s (5555 593 db1S ¢ (555 (65955 cedland a3l ol )lo o8 JSi
Figure 6: Schematic illustration of the enhanced photoactivity onto g-C3N4/BiOCIxBri. hybrid photocatalyst under visible light irradiation [14].

YAF-PAE € (161) 1Y /55 6sS ) wlsdUos (ele ay pulns


https://www.google.com/search?sxsrf=ALiCzsbn8WAmVL1ybu5U6tTMgL-S_2Pbzg:1664028872674&q=Ammonium+oxalate+%DA%86%DB%8C%D8%B3%D8%AA&spell=1&sa=X&ved=2ahUKEwjIq-fOzq36AhUrhf0HHYHBAkYQkeECKAB6BAgBEDI
https://www.google.com/search?sxsrf=ALiCzsbwmPrJjjt_GDn3Nb-_LEeJVbIEFg:1664028957064&q=tert-Butyl+alcohol+%DA%86%DB%8C%D8%B3%D8%AA+tba&spell=1&sa=X&ved=2ahUKEwi5tYb3zq36AhX9_7sIHQGpDkYQkeECKAB6BAgBEDI

w1595 59 3B )3 08/ Yg iUl S Higs YR 12 5900 /ULed 9 YIS b

9= 9L Sdlad mudgs sl Ses g5l VU (028 s
B o 4 acwloads slgi iy AGIAGCO51GO ala>ds
wgdhe dy .09l S o8 Sl A ey Ll S 0 e g Sl
(k=B jeb a4 dase glos o b el S o coB L 8 F
ol eamms Gl oty slagys 2SI sslolae 5 JUid! Wy oo
09I JLa 5 9 ST 0w ndy (lgie 4 1T 45 398 o0 Sl 5l
1y 0 il 59 S Sz (S 53k 4619 195U (S ealS s 5
woileasle BLVB ciy 0 a5 obbo,bs cud 5ol 4005 S
oddgmtd sl y9 =Sl yloje (H209 CO;p (Jlis lsic 4y) S
Q&)ﬁi Cewd 4 Lgl)_: o..\_M:s_JJ._’> Q)A_Amf‘ M‘?”LSA rGO c.la.w S9)
G i 08 oai ST a5eS S coli o a5 wams als |, Hy0,
J_.\J‘B)‘:A o)_a.s u‘)dyl_: ‘U_o’“ B ij.c w‘ J...‘! L?. MO UM..\M.S‘
st § 3 555 SPR 31 Sy g (sl (e 5 b
155 e SPR 1 g %o et 8 rhans (53, Loyg pSUI (rozrats

g bl jdes

! Kubelka — Munk
2 Surface Plasmon Resonance

S

W85 1,8 oolail 590 0uig; lgie 4 TBA L AD o5 K
oy VY as Voo 5l AQIAGCO5TGO-1.0 (5,55 (555U cudled
g Loo oo ool plo . cdl jials 42 8o V0 )0 (TBA) as,0 YO 4 (AO)
S esliial L MO (5,55 <o 56wl j0 (1ST5 (slaisS (5 "OH
A SSge LSLsS Al b gillas aiiws AG/AGCO5TGO (5,5 555U
Sgmis om0 00} (yrat it g (glasyl 5l aS s e Wil alsld
9035 e (59339 iUl elae @y 4z gl b ooty (nl o b b
‘L)_’l =) 05M_C W ML”D@ <YY'V 9 Y/A lJ.)..l‘)..l A92C03 LB 5VB
el GO —ialS” Juily 5l 50— AGCO; CB  J—uilsy
J250 1GO elas 4y AQHCO; LB (o () 00 gt (sl y9 !
5 l) (h+) Lbo)_ﬁ> 9 (e_) A_A_‘BLJ M 6Lbu$rs.|‘ ‘5:|A.> as a-\.a}w‘sa
Ag u‘)oyl_: u}o_u.:)l.: ‘U_" » 05)'{.9 ASSA =9y Ag/A92C03-rGO
Lol sl gy, 5 sl sol)l57 Sl (50,55 i 5 (SaiSTy o
O3gil Bl bl o g a0 S0 (S S lawe 10 SPR gl
Loy Sl el 00s ools i ¥V IS j0 a5 jobo los .5 ls 1 8 0 085
ools JLauil Sype yo8 il ot AGCO; culan g a4y cud b los
223 oo (2Rl ) Lo i g Lacyg w1 (oS 53k a0 Wigl o

6,900 cJlas AGIAGCO5TGO (5,55 5555 ¢l ply
ool ams o plis oo ¥ (6,95 (6,956 B> 451, YU (5,9

-1

.

T
=

L
——

(THS 54 "A) [vBUN0g

L

T
o

L2

T
L

.

T
+—

DVl 5ye 595 ol cos AGIAGICOSTGO (s 95 5955 b Jl JSg5le 5 5,55 59 lllS 2aSTy ¥ S
Figure 7: The photocatalytic reaction and charge transfer mechanism of the Ag/Ag,COs;-rGO photocatalyst under visible-light irradiation [15].
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Figure 8: Schematic diagram of electron-hole pairs separation and the possible reaction mechanism over g-CsN./ZnTcPc photocatalyst under visible light
irradiation [16].
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Figure 10. The separation process of electrons and holes in BisO;I/Bi,O; composite [17].
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Figure 12: Possible photocatalytic mechanism for degradation of dyes (MO, MB) over BiVO,/CeO, nanocomposites under visible light irradiation [19].
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light irradiation [22].
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Figure 15: Schematic representation of the proposed energy band structure for p-NiO/n-ZnO heterojunction. Ecg: lower level of conduction band; Eg:
Fermi level; Evg: upper level of valence band [24].
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Table 1: Summary of previous research results.

Electrons produced in Ag can easily be transferred to AgBr, then to

A PO?/?\llla\;;/CNTs AgsPO,. Through this method, the generated electron/hole pairs can be B Rgg f;;f“"hs'” [10]
0 effectively separated and thus increase the photocatalytic activity.
BiOBroglo1/BiOl structure can produce more photocarriers under
BiOBI,.l/BiOI visible light compared to BiOBr/BiOl and BiOCI/BiOl. Finally, MO [12]
0970 photocarriers efficiently separate the BiOBrolo1/BiOl heterogeneous 91 %
junction.
The amount of *OH produced decreases. This result may be due to the MB
CdS/RGO/TNTs lowest recombination rate and the longest carrier lifetime in the ternary 70 % [13]
composite system. 0
Excited electrons in RhB molecules tend to transfer to CB,
y . BiOClysBro, due to the higher potential between the LUMO of the dye RhB
9-CsN4/BIOCloBro and CB, BiOClygBro,. As a result, photocarriers in both g-CsN, and 100 % [14]
RhB molecules are effectively separated.
The SPR effect can greatly promote the charge separation in Ag,COs Phenol &MO
Ag/Ag,CO5-rGO and transfer the electron to rGO, which is beneficial to generate more 90 % [15]
holes and "OH species for pollutant decomposition. 0
The excited electrons on ZnTcPc can be easily injected into g-CsNa,
which makes the charge separation more efficient and reduces the
g-C3N4/ZnTcPc possibility of recombination. Electron/hole pairs generated in g- RIS ég';/'°r°phe"°' [16]
CsN4/ZnTc are effectively separated under laser and visible light 0
irradiation and have a lower electron/hole recombination rate.
When the amount of BisO-I reaches above 80.48%, the recombination Malachite areen
BisO;1/Bi,O; of electrons and holes in the BisO71/Bi,Os composite decreased 100 O/g [17]
compared to Bi,O3 alone, which contributed to its higher activity. °
This surface charge transfer process prolongs the carrier
20wt% lifetime by suppressing the recombination of electron-hole RhB [18]
Bi;M0Og/gCsN,4 pairs, which is more favorable for enhanced photocatalytic 100 %
degradation.
When the amount of BiVO, reaches above, the recombination
BiVO,/CeO of electrons and holes in the BivVO,/CeO,composite decreased MO & MB [19]
o compared to CeO, alone, which contributed to its higher 80 %

activity.
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Photocatalysts Results of p-n heterojunction photocatalyst Degradation percentage of dye (%)

The electron/hole pairs excited by the p—n junction structure formed in p-
BiOl/n-(BiO),CO; are effectively separated. Therefore, the heterogeneous

BiOl/(BiO),COs structure of BiOl/(BiO),CO; showed better photocatalytic properties than gl\él(; [22]
(Bi0),CO; and BiOl alone, on the degradation of MO under visible light ?
irradiation.
The charge carriers were effectively separated through the p-n heterojunction
formed at the surface of the AgsPO4/BiPO, heterogeneous structure. Reactive Blue-21
AgsPO4/BIPO, Therefore, the high photocatalytic activity in the AgsPO./BiPO, composite is 100 % [23]
strongly attributed to the heterogeneous p-n structure, and the strong visible
light absorption is also attributed to the sensitivity of AgsPO, to BiPO,.
In general, the effective charge separation process increases the surface charge MO
NiO/ZnO transfer efficiency and then leads to higher activity of the heterogeneous 100 % [24]
structure of n-type ZnO and p-type NiO.
The probability of electron and hole recombination decreases significantly, CR
CuBi04/SnO,  thus leading to the production of more electrons on the p-CuBi,O, surface and 83/60 % [25]
more holes on the SnO; surface, respectively, which act as powerful oxidants. 0
The possible reason for the enhanced photocatalytic performance of p-
CUBILO/CeO CuBi;,04/n-Ce0; in the photocatalytic reduction of CR dye can be explained CR [26]
2 2 by the heterogeneous p-n junction formed by the electron/hole separation 83/60 %
process model under UV light irradiation.
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