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Abstract

Solar energy is one of the most abundant resources on Earth. Utilizing this
energy is the key for the future sustainable development. Photocatalytic technology
is a technique that can harness such energy using a photocatalyst. It absorbs the
photon of light to make various reactions, which are useful in a wide range of
applications, such as water splitting (H2 and Oz generation), self-cleaning surface,
air purification, and pollutant degradation. In recent years, BiVO4 has emerged as
a promising photocatalyst because it shares some similar advantages comparable to
the traditional photocatalyst, TiO», including high chemical stability, low
production cost, abundance, and non-toxicity. In addition to this, BiVO4 possesses
a narrow bandgap (~2.4 eV), which allows BiVOs to function in visible light region,
unlike TiO> with a wide bandgap (3.2 e€V), which can only absorb ultraviolet light.
However, the photocatalytic activity of BiVOs is still considered to be low for
commercial use. In this thesis, different techniques were used to enhance the
photocatalytic activity of BiVOs-based photocatalysts in organic pollutant
degradation via controlling properties of BiVO4 (morphology and bandgap) and

incorporation with SnS,.

The first approach began with KCI as a directing agent used in BiVOg4
precursor for hydrothermal method of BiVOs. The result showed KCl concentration
influenced the formation of BiOCI intermediate, crystal growth, and bandgap of
BiVOs. As a result, it altered the morphology of BiVO4 and increased the relative
intensity ratio of (040) to (121) plane, corresponding to the increase in exposed
{010} facets of BiVO4. Consequently, the photocatalytic performance of BiVOys is
improved, the BiVO4 sample with shuriken-like structure exhibits the highest
photocatalytic activity, owing to its narrow bandgap and highest exposed {010}
facets of BiVO4. The KCI concentration in the precursor affects the bandgap of
BiVOs4 by introducing defects to BiVOs. The shuriken-like BiVO4 was used to study
the defects by calcination at various temperature in different atmospheric condition.

Oxygen vacancies was found to be the defects and exhibited a linear correlation



with bandgap of the BiVOs. Finally, KCI concentration in the precursor and
calcination conditions were found to influence oxygen vacancies in BiVOas.

Therefore, bandgap of BiVOs4 can be tunable by controlling these two factors.

Another technique used a polyhedral BiVO4 to incorporate with SnS; via
solvothermal synthesis to produce BiVO4/B2S3/SnS> composite. Various molar
ratios of BiVO4 to SnS; were used to achieve high photocatalytic performance for
the composite. The sample with a ratio of 0.03:1 (BiVO4 to SnS») was found to
demonstrate the highest photocatalytic activity for rhodamine B degradation among
the samples. The photodegradation rate of this sample is 2.9 times that of a single
BiVOs4. The enhancement in the photocatalytic performance could be ascribed to
the formation of heterojunction in the composite, which in turn facilitates the charge
migration between individual components in the composite. A dual Z-scheme
model was proposed to explain pathway of charge migration in the system. To
further understand the incorporation technique, the shuriken-like BiVO4 was also
incorporated with SnS; via the same procedure and molar ratios of 0.03:1 (BiVO4
to SnS) as the composite with the polyhedral BiVOs. The comparison results of
both composites showed that they shared a lot of similarities except for morphology,
which could be the cause behind their difference in the photocatalytic activity. The
composite with the shuriken-like BiVOs exhibits the highest photocatalytic
performance due to the narrow bandgap and the morphology of the shuriken-like

BiVO4, which could enhance the electron transfer efficiency in the composite.

This thesis work presents two effective techniques to enhance the
photocatalytic performance of BiVOs-based materials in photodegradation of
rhodamine B. The composite produced using the shuriken-like BiVO4 demonstrates
superior photocatalytic activity, and its dual Z-scheme process may extend its
potential application to CO:2 reduction. This thesis provides an insight to the
morphology modification and bandgap engineering of BiVOs as well as

incorporation technique via chemical reaction by two materials.

II



Contents

ADSIIACE ..ottt sttt et sttt st et I
ACKNOWIEAZMENT ...t e aae e e s VII
LSt OF TaDIES. ...eeiieeiieie et IX
LISt O FIGUIES ..ottt e e et e e eae e enaeeesnaeeennaees X
L. INEEOAUCTION ..ttt ettt sttt et as 1
1.1, Back@round..........cccoooiieiiiiiiiiiiecieeee ettt e e 1
1.2, AImS and ODJECLIVES ...eouvieiiieiieciie ettt ettt ettt 2
1.3, ThesiS OULHNE ....cooueiieriiiiiiieciteteeee et 3
RETEICICE ...ttt 5

2. LAtErature REVIEW .......cocuiiiiiiiiiiiiieiceieetee ettt 9
2 B o (V0 10 1oz 1 3 R 9
2.1.1. Photodegradation of organic pollutants.............c.ccceevevrercerercnnenne 11

2.2, PhotOCAtalYSES ...eccuiiieiiieciie ettt eraeeen 14
221, Metal OXIACS ..eveeuiieiiieiieeiie et 15

222, Metal SUIfIES ...cc.eeeiriiiiiiieiieiceee e 16

2.3. Bismuth vanadate (BiVO4) ....c.coceeriiiiiiiniiiiieieceee e 16
2.3.1.  Crystal structure and phase transition.............cceceeveeverieneeniennenn 17
2.3.2. Hydrothermal Synthesis..........ccccceeeuieriiriiieiieeiieie e 20
2.3.3.  Limitation of monoclinic BiVO4........cccocceiiiiiiiiiiiiiiiiiieee 22

2.4. Strategy fOr IMPIrOVEMENT ......c.eeeeiuireriiieeeiieeeiieeeieeesieeeeveeesaeeeseaeeeaaeeas 24
2.4.1. Morphological CONtIOl.........ccccuviieiiiiieiiieeie e 24

2.4.2. Bandgap modification ..........ccccceeeviiieiiiieeiiieeriee e 26
2.4.3.  Producing COMPOSILE ......ccceeeveerireiieiieeieeniieeieeeiee e eseeeeveeeee e 27

2.5, SUIMMATY c..etiiiiiieiiee ettt ettt e e st e e sateeesabeeetbeesaseesaneens 29
RETEIEICE .....eiiiiieiiee e 31

3. MENOMAS .. et 49
3.1 MALerials oo e e 49
3.2, CharacteriZation ........cocueiueeiuieeieesiie ettt ettt eee et e e e e 49



IV

3.2.1.  X-ray diffraction (XRD) .....cooovuiieiiieeiiecieeceeeee e 49

3.2.2.  Field emission scanning electron microscopy (FESEM)............... 50
3.2.3. Energy dispersive x-ray spectroscopy (EDX or EDS)................... 50
3.2.4.  UV-Vis spectroscopy (UV-VIis)......ccerirriiienieniiieiieeieeie e 50
3.2.5. X-ray photoelectron spectroscopy (XPS) ....ccceovvevvierieniiiniienienne 51
3.2.6.  Specific surface area measurement............eccveerueerveeneeenveeneennenn 52

3.3. Measurement of photocatalytic activity for rhodamine B degradation... 52

RETRICNCE ... 55
The Effect of Potassium Chloride on BiVO4 Morphology and Photocatalysis for
Rhodamine B Degradation..............cccoueeiiiieiiieeiiiecieeeeeeeee e 57
4.1, INErOUCTION .ttt st 57
4.2, EXPerimental ..........ccceeviiiiiiiiieiiie et 58
4.2.1.  Preparation of BiVOs samples.........cccceeevieevciiieniiieeeiieeeiie e 58
4.2.2.  CharacteriZation ............coceeruerieriienieeienieeie ettt ettt 59
4.2.3. Measurement of photocatalytic activity for rhodamine B degradation
........................................................................................................ 59

4.3. Results and diSCUSSIONS .......ccueeviriiriiriiniienieeieneeseeeee e 60
4.3.1. Crystal structures of the samples ..........ccceceeviieiiienieniiienieeieee, 60
4.3.2.  Morphology of BiVO4 samples ........ccccccveevivienciieeniieeeiee e 63
4.3.3.  Optical absorption properties of the samples..........ccccceevvrerveeenneen. 68
4.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples
........................................................................................................ 71

4.3.5. Photocatalytic activities of the samples for rhodamine B degradation
........................................................................................................ 72

4.4, CONCIUSION ...ttt ettt et st 75
RETETEICE ...ttt 76
. The Effect of Calcination on Optical Properties of BiVOs4 Prepared via
Hydrothermal ROULE ........c.cooiiiiiiiiiiiieiceeee e 81
5.1 TNIOAUCHION ..ottt 81
5.2, EXPerimental ........ccoooiiviiiiiiiiiieiieie et 83
52,10 MaterialS ..eeviiiiiiiiiiiieieeeeeeee e 83
5.2.2.  Preparation of BiVO4 samples.........ccccveeviiiiiiieeiiieeiieeciie e 83
5.2.3.  CharacteriZation .........cocueeiuieeiienieeieeeiie ettt et 84
5.3. Results and diSCUSSION.........eeiuiiiiiiiiiiiiieiieeie et 85



5.3.1. Morphology and microstructure of the samples............ccccceveenn..e. 85

5.3.2.  Crystal structure of the samples .........cccccveerciieeriieeiiieeeeeeeeee 86
5.3.3. X-ray photoelectron spectroscopic (XPS) analyses of the samples
....................................................................................................... 88

5.3.4. Optical properties of the samples .........ccccoeveeriieiienciiinienieeee, 91
5.3.5. Relationship between the addition of KCl and oxygen vacancies in
the KCI-BiVO4 SAMPIES ...ooovvieiieiiieiieeieeieeee et 97

5.4, CONCIUSIONS ....eouiiiiiieriieieeie ettt ettt sttt et sae e neeens 101
RETEIEICE ...ttt 102
. Enhanced Photocatalytic Activity of BiVO4/Bi2S3/SnS, Heterojunction for
Photodegradation of Rhodamine B under Visible Light...........cccccocenininee. 109
6.1, INtrOdUCTION......eiiiiiiieiie e 109
6.2. EXPEerimental.......c.cccccueiiiiiiiiiieciieece et e 110
6.2.1.  Preparation of SNSo......cccciiiiiiieiieeeee et 110
6.2.2.  Preparation of BiVO4 ....ccoeeviiiiiiiiiicieeeeee e 111
6.2.3.  Preparation of BiVO4/Bi2S3/SnS, composites..........ccceeeveeenenne 111
0.2.4.  CharacteriZation..........coeeveruierierienieesieee et 112
6.2.5. Measurement of photocatalytic activity for rhodamine B degradation
..................................................................................................... 112

6.3. Results and diSCUSSION .....ccueeveriieriiiiiiniiniieieeiieeee e 113
6.3.1.  Crystal structure of the samples ..........cccceevevieiieniienieniieiees 113
6.3.2. Morphology and microstructure of the samples............cccccuue.. 115
6.3.3.  Optical absorption properties of the samples ...........cccceevveernenne 116
6.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples
..................................................................................................... 117

6.3.5.  Photocatalytic activities of the samples for rhodamine B degradation
..................................................................................................... 120

6.3.6. Possible mechanism for photocatalytic activity enhancement of
BiV04/Bi2S3/SnS; heterojunction for rhodamine B degradation 124

0.4, CONCIUSION ..ottt ettt ettt ettt st e e e enbeeeneeenne 128
RETEIEIICE ...ceiieeieeieeee et et ettt et e e e 129
Comparison of BiVO4/Bi2S3/SnS> Composites with Different Morphologies of
BIVIO4 ottt 135
7.1 INEOAUCTION......iiiiieiieciie ettt et ettt es 135
7.2, EXPerimental.........ccccoociiiiiiiniieiieiie ettt 136



7.2.1.  Preparation of BiVO4/Bi2S3/SnS; composites .........c.cceeeeveeenneenn. 136

7.2.2.  CharacteriZation ........ccoouieiuieriieiieiieeiee st ettt 136

7.2.3.  Measurement of photocatalytic activity for rhodamine B degradation
...................................................................................................... 137

7.3. Results and diSCUSSION.......ccueruieriirieriieiieienieeie ettt 137
7.3.1.  Crystal structure of the samples...........ccecceeviiriiiiniiiiieniecieeee 137

7.3.2.  Morphology and microstructure of samples ...........ccccoeeeerveennenn. 139

7.3.3.  Optical absorption properties of the samples............cccccceervenenn. 141

7.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples
...................................................................................................... 142

7.3.5.  Photocatalytic activities of the samples for rhodamine B degradation
...................................................................................................... 143

7.3.6. Possible explanation for enhanced photocatalytic activities in S-
BiVO4/SnS> composites for rhodamine B degradation................ 146

T4, CONCIUSION ...eiiitiiiiieiie ettt ettt st e e 148
RETEIENCE ... 149

8. Discussion and Prospect for FUture ..........ccocovveeviieeiiieicieececeee e 153
8.1. Discussion of fIndings .........ccceeviieniieriieiieeiieieeie e 153
8.1.1.  Preparation of BiVO4 using KCl as a directing agent.................. 153

8.1.2.  Preparation of BiVO4-based composites via incorporation with SnS»
...................................................................................................... 158

8.2. Photocatalytic performance (rhodamine B degradation) comparison of
BiVO4-based photocatalysts and their potential applications ............... 160

8.3. Recommendations for future Work..........ccocevvieviiiiniineniiniienienes 162
RETEIENCE ... 165

9. CONCIUSION ..ttt ettt ettt e bt e et e sbee et e e saeeenee 173
List Of PUDIICAtIONS ...c.viiiiiiiieiiie e 175
PN 0] 157116 1 ' s USRS 177
APPENAIX Bttt ettt st ea 181
APPENAIX C ottt ettt ettt e ettt s be et e e be e taesbeeaeeens 184
APPENAIX D L ettt 186

VI



Acknowledgment

First of all, I would like express my most sincere gratitude to my supervisor,
Prof. Keiichi N. Ishihara, whose advice, guidance, and insight has a tremendous
help on the completion of my thesis work. His academic freedom in the laboratory
creates a creative environment for my research. I also would like express my
profound appreciation to Prof. Hideyuki Okumura and Prof. Takaya Ogawa for

their helpful and valuable comments as well as suggestions on my research.

I would like to thank to Japan Internation Cooperation Agency (JICA) for
AUN/SEED-net PhD program scholarship for their financial support throughout
my doctoral degree. [ would like to thank to Mr. Yohei Takemonto, who has helped
me purchase materials and laboratory equipment for my research and assisted me
in other technical stuff. I also appreciate Prof. Takeshi Yabutsuka for allowing me

to use the FESEM and EDX measurement.

Last but not least, I would like extend my gratitude to my beloved parents and
family for their continuous support and encouragement. Special thanks to my
Cambodia friends and my lab mates for being supportive and encouraging to me

during our time we has spent together.

VI






List of Tables

Table 2-1. RhB photodegradation with measurement condition by various

photocatalysts and their bandgaps (Eg). ...cceevveeeveenieeiiieniieeieenieeieens 13

Table 2-2. Crystal phase and optical properties of commonly studied photocatalysts.

Table 2-3. Physical properties of monoclinic BiVO4 [56,60]........cccccocveviriennnene. 17

Table 2-4. Low indices of crystal face in /2/a for monoclinic BiVOs, and the
matching ones in the settings 12/b and C2/c. [115]..cccveeecvieecnveennnnnn. 24

Table 4-1. Relative intensity ratio, physical properties and photocatalytic
performance of BiVO4 with a different amount of KCl..................... 61

Table 5-1. XPS relative peak areas of V3" and V** from V 2ps2, estimated % oxygen
vacancies (V,) and bandgaps (E;) of the pristine BiVO4 and the KCI-

BiVOys calcined at various temperatures, either in Ar gas or in air.... 90

Table 5-2. XPS peak areas of V°" and V*' from V 2ps», estimated % oxygen
vacancies (V,), and bandgaps (E,) of the KCI-BiVO4 with various

conCentrations OF KCl...... i 98

Table 6-1. Comparison of molar/weight percent BiVOs, specific surface area, and
pseudo-first-order-kinetic degradation constant, for SnS>, BiVO4, and

BiVO4/SnS> composites with various BiVOs-to-SnS; ratios........... 116

Table 7-1. Bandgap, specific surface area, RhB degradation efficiency and

photodegradation constant rate of the samples. .........cccceeveviernnenns 145

IX



List of Figures

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

. Schematic representation of photocatalytic reaction [7]........ccccceeuvenneee. 10
. Schematic diagram of pollutant degradation mechanism [13]. .............. 12
. The photodegradation pathway of rhodamine B by TiO2 [29] ............... 13

. Typical metal oxides, metal sulfides and their band positions for potential

APPLICALIONS [A1]. eriieiiieeiie ettt s 15

. Crystal structures of (a) tetragonal scheelite and (b) tetragonal zircon-type

BiVOs4. The crystal structure of monoclinic scheelite is similar to
tetragonal scheelite (a) except for some small changes in the atomic
position of Bi, V, and O. The images showing Bi ions surrounded by VO4
ions of (c) tetragonal scheelite (ts-BiVOs), (d) monoclinic scheelite
BiVO4 (ms-BiVOs), and (e) tetragonal zircon-type BiVO4 (tz-BiVOys),
including local coordination of Bi-O and V-O bond lengths in A. [62].18

. Schematic representation of optical bandgap of (a) tz-BiVO4 and (b) ms-

BIVIO4 [65]: wvvreeeeeeeeeeeeeeeeeeeeeeseeee e es e e eeseeee s es e es e e s eseeeee e 19

. Phase transition of BiVOs via thermal treatment. [64].............cccueeeee. 20

. Schematic diagram of (a) spatial separation of photogenerated electrons

and holes on the {010} and {110} facets [102] and (b) difference in energy
band levels for both facets of BiVOa4. [97].....ovviiieiiiiiiieeeeeee 23

. Conduction band and valence band of BiVO4 [108] respective to redox

potentials at pH 7 of various compounds [109]. .......ccceverviniinininnns 23



Fig. 2-10. Schematic representation of three different types of heterojunctions and
their band alignments [140]. The green arrows represent the charge

(electrons and holes) MIGration...........ccueeecuveeeiiieeniiee e 28

Fig. 3-1. Schematic of apparatus setup for the photocatalytic RhB degradation

INEASUTEITIENT. eevivveieneeeeeeeeeetteeeeeeeeeeetreaanaeseeeeeessnnnaeesesesesessnnnaeasseseseens 53

Fig. 4-1. Schematic illustration of the preparation procedure of the BiVO4 samples.

Fig. 4-2. XRD patterns of BiVO4 with a different amount of KCI (mmol).......... 61

Fig. 4-3. XRD diffractograms of Bi3 with a different heating duration of
hydrothermal synthesis at 160 °C. .........cccceeviiriieiiiniieieee e 63

Fig. 4-4. FE-SEM micrographs of (a) Bi0 (0 mmol KCl) and (b) Bil (1 mmol KCI);
and the top-view and side-view micrographs of (c) Bi2 (2 mmol KCl), (d)
Bi3 (3 mmol KCl), and (e) Bi5 (5 mmol KCI). ......ccecvviiiiiiiiiiienen. 64

Fig. 4-5. Schematic illustration of BiVO4 formation with different morphologies,

corresponding to KCl concentrations............ceeeveeeeueeercieeenciieesieeenveeenns 66

Fig. 4-6. FE-SEM micrograph of Bi3 heated in the autoclave at 160 °C for (a) 0 min
(precursor), (b) 30 min, (c) 45 min, (d) 1 h, (e) 2 h, and (f) 12 h. (g)

Schematic representation of crystal growth of the shuriken-like BiVOa.

Fig. 4-7. (a) UV-Vis absorption spectra and (b) Tauc’s plot of BiVO4 with a
different amount of KCl..........ccociiiiiiiiiiiice e 68

Fig. 4-8. UV-Vis absorption spectra of the BiVO4 samples without KCI addition
(B10), with 3 mmol KCI (Bi3) added before NH4VOs3, with 3 mmol KCI
(B13) added after NH4VO3, and BiVOs prepared using pure BiOCI (1
mmol) as a source of Bi** with the addition of KC1 (2 mmol) and NH4VOs

X1



(1 mmol) in a solution with a pH value of 1.8 to simulate the procedure of

the Bi3 SamPIe. ...cuviiiiiieiiiiece e e 70

Fig. 4-9. XRD diffraction patterns of the precursor and BiVOs prepared using pure
BiOCl (1 mmol) as a source of Bi** with the addition of KC1 (2 mmol)
and NH4VOs (1 mmol) in a solution with pH value of 1.8 to simulate the
procedure of the Bi3 sample.........cccooovieeiiiiiiiiieiieceece e, 70

Fig. 4-10. (a) XPS survey spectra of BiVO4 samples and high-resolution XPS
spectra of (b) Bi 4f, (¢c) V 2p, (d) O 1s, and () C1 2p. cveeeeevveevvieerennns 71

Fig. 4-11. Photodegradation of RhB solution without any photocatalyst and with
BiVO4 samples prepared with a different amount of KCI under visible
Tight (A > 420 NM).eeieiiiicieeceeeceeee e eeeeaee s 72

Fig. 4-12. (a) Pseudo-first-order kinetic degradation of RhB by BiVOs prepared
with a different amount of KCI precursor; (b) Variation of both
photocatalytic degradation rate constant (k) over Sper (k/Sper) and
relative intensity ratio Ii40)/I121) with respect to the KCl concentration in
precursor; (¢) Linear relationship between k/Sger and relative intensity
ratio Iio40/I(121); and (d) Reusability test of the Bi3 sample for RhB
degradation over four cycles under visible light (A > 420 nm). ............. 73

Fig. 4-13. XRD patterns of the Bi3 sample before* and after irradiation (4 cycles)
under visible light (A > 420 nm). * It is the same data as indicated in Fig.
B2 e ettt st 75

Fig. 5-1. SEM images of (a) pristine BiVOs, (b) KCI-BiVOs, (c) KCI-BiVO4 400-
air, (d) KCI-BiVO4 400-Ar, (¢) KCI-BiVO4 500-air, (f) KCI-BiVO4 500-
Ar, (g) KCI-BiVO4 600-air, and (h) KCI-BiVO4 600-Ar....................... 86

Fig. 5-2. XRD patterns of pristine BiVO4 and KCI-BiVOa. ....ccceeviriviiiniincnnen. 87

Fig. 5-3. XRD patterns of KCI-BiVOjs calcined at different temperatures in (a) air

and (b) Ar gas, including their respective magnification charts at 20 = 10°

XII



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

to 27° and 26 = 10° to 36°. All peaks without symbols correspond to the

5-4. XPS spectra of BiVO4 and KCI-BiVO4 samples calcined in air at various
temperatures: (a) survey spectra and high-resolution spectra of (b) Bi 4f,

(c) V 2p, (d) CI 2p, and (e) O 1s orbitals. ......ccceevveeciieniiniieieeieeenne, 89

5-5. XPS survey spectra of BiVO4 and KCI-Bi1VO4 samples calcined in Ar gas
at different temperatures and high-resolution XPS spectra of (b) Bi 4f, (c)
V 2p, (d) Cl 2p, and (e) O 1s orbitals........cccoueeeerieeniiieiieeieeeieeeees 91

5-6. Photographs of pristine BiVO4, KCI-BiVOy4, and calcined KCI-BiVOy4 at

various temperatures in air and AT ZaS.......ccceeveereriierieneenienieneee e 92

5-7. UV-vis absorption spectra (left) and (F(R)hv)? vs hv plot (right) of pristine
BiVO4 and KCI-Bi1VOs4 calcined at different temperatures in (a-b) air and
(C=A) AT ZAS. 1ottt et et 93

5-8. (a) UV-vis absorption spectra and (b) (F(R)hv)? vs hv plot of KCI-BiVOu,
KCI-BiVOs4 600-air, and KCI-BiVOs 600-air-Ar (KCI-BiVOs was
calcined at 600 °C in air and then Ar gas). .....cccceeeveeeriieeiieeeiiee e 95

5-9. Correlation between bandgap and oxygen vacancies of the samples..... 96

5-10. Relationship between oxygen vacancies and KCI concentration of data

calculated from XPS spectra and bandgap..........ccccceeereieencieeniieenieeens 99

6-1. XRD patterns of BiVO4/SnS; samples with various ratios of BiVO4 and

6-2. XRD pattern comparisons of SnS», Bi>S3, BiVOs4, and 0.12 BiVO4/SnS;

COMIPOSILC. 1nvvrreirreeeireeeireesteeesteeestteeessreeessseeessseeessseesssseessneesssseenseens 114

6-3. FE-SEM micrographs of (a) SnS», (b) magnified image of SnS», (¢) BiVOs,
and (d) 0.03 BiVO4/SnS; with schematic illustration.......................... 115

XIII



Fig. 6-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in 0.03
BiVO4/SNS2. ittt 116

Fig. 6-5. (a) UV-Vis diffuse reflectance spectra and (b) (F(R)hv)* vs. hv plot of
SnS>, BiVOs, and the BiVO4/SnS> composites with various ratios of
BiVO4. i 117

Fig. 6-6. (a) XPS survey spectra of 0.03 BiVO4/SnS; and pure SnS, and high-
resolution XPS spectra of (b) Sn 3d orbital and (c¢) Bi 4f and S 2p orbital.

Fig. 6-7. Valence band XPS spectra of bare BiVOs, Bi2S3, and SnSo................. 120

Fig. 6-8. (a) Photocatalytic RhB degradation for various photocatalysts; (b) pseudo-
first-order-kinetics for RhB photodegradation; (c) RhB degradation
efficiency of 0.03 BiVO4/SnS; over four cycles; and (d) the effect of
methanol, ascorbic acid (AA), and isopropyl alcohol (IPA) on RhB
photodegradation by 0.03 BiVO4/SnS; under visible light irradiation (A >
420 M) FOr 240 MM c.eviiiiiieiiieecieeeeiee e e e eeeeeeeeeeaeeesaee e 121

Fig. 6-9. Variation of photodegradation rate constant (k) with respect to molar ratio

OF BIVO4/SNS0. . 122

Fig. 6-10. XRD patterns of 0.03 BiVO4/SnS: before and after RhB
Photodegradation. ..........cceceeeeiiiieriie e e 123

Fig. 6-11. Calculation model (left) and proposed model for heterojunction (right)
of band energy structures of BiVOs, Bi2S3, and SnSz of........ccceeee. 125

Fig. 6-12. Proposed charge-transfer pathway models, RhB degradation mechanism
of BiVO4/Bi12S3/SnS; under visible light illumination, and band energy

diagram of RhB [43—45]. ...t 127
Fig. 7-1. XRD patterns of composites with different types of BiVOa................. 138
Fig. 7-2. XRD patterns of BixS3, SnSz, P-BiVOy4, and S-BiVOa...........cc..c......... 139

X1V



Fig. 7-3. FE-SEM micrographs of (a) SnS., (b) P-BiVOs4, (¢) P-BiVO4/SnS,, (d) S-
BiVO4, and (€) S-BiVO4/SNS2. crrevvveeeeeeeeeeeeeeeeeeeeeeeeee oo seeeeeoee 140

Fig. 7-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in P-BiVO4/SnS,.

Fig. 7-6. (a) UV-vis absorption spectra and (b) (F(R)hv)? vs hv plot of SnS,, P-
BiVOs, S-BiVOs, P-BiVO4/ SnS;, and S-BiVO4/ SnSa.....ocvevveneeneen. 141

Fig. 7-7. (a) XPS survey spectra of SnSz, P-BiVO4/SnS», and S-BiVO4/SnS»; and
high-resolution XPS spectra of (b) Sn 3d, and (c) Bi 4f and S 2p orbitals
Of the SAMPIES. ...ooiiiiiieiie e 142

Fig. 7-8. (a) Photodegradation of RhB solution in presence of SnS,, P-BiVOs, S-
BiVOs4, P-BiVO4/ SnS;, and S-BiVO4/ SnS; photocatalysts under visible
light (A >420 nm); and (b) their pseudo-first-order kinetic degradation.

Fig. 7-9. XRD patterns of (a) P-BiVO4/SnS: and (b) S-BiVO4/SnS> before and after

ITAAIALION ...t 145
Fig. 7-10. Valence band XPS spectra of S-BiVO4 and P-BiVOs4 ..........cceneeee. 146

Fig. 7-11. Proposed charge-transfer pathway models of P-BiVO4/SnS; (left) and S-
BiVO4/SnS; (right) COMPOSILES. ...cccvveeeiiieeiiieeiieeeiie e eeiee e 147

Fig. 8-1. Band energy structures of shuriken-like BiVOs (S-BiVOs) and
BiVO4/Bi2S3/SnSz (S-BiVO4/SnS2) composite relative to energy level of
the redoX couples [S3]. o 161

XV






1. Introduction

1.1. Background

Technology advancement provides a favorable condition for humanity to
thrive and accelerate industrialization. However, it does not come without a cost;
the rapid growth in both the human population and industrialization produces
overwhelmingly man-made pollutions, leading to a tremendous impact upon the
environment, eco-system, and human health. Thus, the removal of that pollution
from the environment requires an effective technique. Among various approaches
used to tackle pollution problems, photocatalytic technology is one of the effective
approaches for solving environmental issues, such as wastewater treatment, air
purification, and CO; reduction [1,2]. A photocatalyst harnesses light energy to
directly oxidize organic pollutants or generate reactive oxygen species (ROS) for

eliminating contamination in the environment [3].

A widely used photocatalyst is titanium dioxide (TiOz) due to its high
reactivity, photostability, non-toxicity, chemical stability, and low cost [4]. Despite
its many advantages, TiO, photocatalyst possesses a wide bandgap of ~3.2 eV,
which can absorb only ultraviolet light, constituting only about 5% of sunlight at
the surface of the Earth [5,6]. As a result, an alternative photocatalyst such as
monoclinic bismuth vanadate (BiVOs) has been extensively studied in recent years
[7-9] because it has a narrow bandgap of 2.4-2.5 eV, which can harness the visible
light, in addition to other benefits similar to those of TiO2, such as photostability,
non-toxicity, and low production cost [10,11]. Moreover, BiVOs-based
photocatalysts have demonstrated their promising photocatalytic performance

under visible light in the degradation of various pollutants in an aqueous medium



[12-18]. Nevertheless, BiVO4 is not without problems. Its photocatalytic
performance is hindered by poor charge separation and high recombination rate of
electron-hole pairs [19,20]. Therefore, BiVOs-based photocatalyst still needs
further research and development to enhance its photocatalytic activity to become

an efficient photocatalyst for commercial use.

The photocatalytic performance of BiVOy is influenced by several factors,
such as morphology, crystal structure, exposed facet, optical properties (e.g.,
bandgap), and electron-hole recombination rate [16,21-23]. Hence, developing a
technique that can manipulate one or more of these factors is highly desirable to
make an improvement on BiVOs. Moreover, the development and understanding of
a technique influencing the properties of a photocatalyst are essential to advance

the knowledge on not only BiVOs, but also the photocatalysis field.
1.2. Aims and objectives

As mentioned above, developing a novel technique is essential for further
pushing a limit of the photocatalytic performance of BiVO4 under visible light and
for its future in photocatalysis applications. The aims of this thesis are to prepare,
characterize, and study the BiVO4-based photocatalysts via different techniques for
enhanced photocatalytic performance with regard to organic pollutant degradation.
Rhodamine B is used as a model organic (dye) pollutant in this thesis since it is
widely used in textile industries and one of the most common contaminants in

industrial wastewater [24-27].

The different approaches are conducted to control the morphology and optical
properties of the BiVO4-based photocatalyst in order to improve its photocatalytic

activity. Therefore, the objectives of the thesis are stated as follows:

1) Use potassium chloride (KCl) as a directing agent in BiVO4 preparation to
control crystal growth, morphology, and bandgap of the BiVOa.

2) Calcine the BiVOs, prepared with KCl in precursor, to investigate its optical

properties



3) Incorporate BiVO4 with SnS> through chemical reaction via solvothermal

method to produce composite photocatalyst.

4) Compare and study two different BiVO4-based composites prepared with
different morphologies of BiVOa.

1.3. Thesis outline

This thesis structure is presented below:

Chapter 1 overviews the background of the project and presents the aims and

objectives of the thesis. The framework of the thesis is also outlined.

Chapter 2 reviews the basic understanding and mechanism of photocatalysis,
including the type of photocatalyst and the application in photodegradation of
organic pollutants. The most recent and relevant literature related to BiVOs-based
photocatalyst and the strategic approaches to enhance its photocatalytic

performance are demonstrated and discussed.

Chapter 3 describes the methods for experiment, characterization, and

photocatalytic activity evaluation.

Chapter 4 investigates and discusses the effect of KCl concentration in a
precursor of BiVO4 on morphology, crystal growth, optical properties, and
photocatalytic activity of the final product of BiVOs.

Chapter 5 studies the defects in the BiVOy4, prepared with KCl in the precursor,
via calcination in different conditions. The effect of calcination condition and KClI

concentration on optical properties of the BiVOj are also studied and discussed.

Chapter 6 investigates the enhanced photocatalytic activity of BiVOs-based
composites (BiVO4/Bi2S3/SnS;) under visible light to determine a suitable molar
ratio of SnS»:BiVO4 for the composite. Possible mechanisms of charge-transfer
pathways in the composite, leading to photocatalytic activity enhancement, are

studied and discussed.



Chapter 7 compares and studies two BiVOs-based composites
(B1VO4/Bi12S3/SnS») prepared with the same procedure used in Chapter 6, using two
different morphologies of BiVOs (polyhedral BiVOs4 and shuriken-like BiVOs).

Chapter 8 discusses the findings of this study. In addition, the chapter also
compares the photocatalytic performance (rhodamine B degradation) of the BiVOs-
based photocatalysts produced in this thesis and examines their potential

applications. Finally, recommendations are proposed for future research.

Chapter 9 presents summary and conclusion of this thesis work.
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2. Literature Review

This chapter comprehensively reviews the latest scientific literature on
experimental discovery and development for BiVO4-based photocatalysts. The first
part of the chapter provides an overview of photocatalysis to understand the basic
mechanism, application in the degradation of organic pollutants, and photocatalysts.
The latter part focuses on BiVOs photocatalysts, such as crystal structure, phase
transformation, hydrothermal method, and limitations. Finally, recent approaches
and techniques used to improve the photocatalytic performance of BiVOs—based

photocatalysts are explored and discussed.
2.1. Photocatalysis

Ever since the breakthrough in photocatalysis made by Akira Fujishima and
Kenichi Honda [1], the field of photocatalysis has been elevated and attracted much
research due to its potential applications in solar energy conversion [2]. In recent
years, a considerable amount of research on photocatalysis has focused more on
applications for environmental decontamination, such as air and water purification,
CO:> reduction, and especially pollutant degradation [2—5]. Furthermore, since a
photocatalyst can utilize solar energy, which is renewable and abundant energy on
Earth, it perfectly fits an environmentally friendly material used for sustainable

development in the future.

Photocatalysis involves photogeneration of electrons and holes by light
energy, initiating a chemical reaction at the solid surface. At least two reactions,
oxidation and reduction must happen simultaneously in order to balance the process
and avoid any change on photocatalyst [2]. Fig. 2-1 illustrates the schematic
representation of photocatalysis, using TiO2 as an example. When photocatalyst

absorbs incident photons with energy higher than its bandgap, electrons jump from



the valence band to conduction band, which in turn generates electron-hole pairs.
For example, to produce photogenerated electron-hole pairs in TiO, with a bandgap
of 3.2 eV, it requires light with a wavelength (1) shorter than 390 nm (UV region).
Thus, a photocatalyst with a narrower bandgap such as BiVO4 (~2.5 eV) can absorb
light with a longer wavelength locating in the visible light region, consequently
having better light absorption efficiency than that of the wide-bandgap TiO,. After
excitation, the photogenerated electrons and holes migrate and perform a redox
reaction at the surface of the semiconductor. The redox reaction in water can
generate reactive oxygen species (ROS) that decompose organic pollutants into
CO2, H20, and other harmless substances [6]. The recombination of the electron
and hole can happen both inside and at the surface of the semiconductor, releasing
the absorbed photons as heat instead [7]. The high recombination rate greatly
reduces the efficiency of photocatalytic activity and renders the photocatalyst
useless. The recombination rate can be suppressed by controlling surface and bulk
properties of the photocatalyst, such as crystallinity, oxygen vacancies, particle size,
and surface trap state [8—10]. Additionally, incorporating two or more
photocatalysts has also been found to suppress charge recombination due to the

formation of heterojunction [4,11].
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H,O CO,

Fig. 2-1. Schematic representation of photocatalytic reaction [7].
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2.1.1. Photodegradation of organic pollutants

As mentioned in Section 2.1, reactive oxygen species (ROS) are generated by
a redox reaction at the photocatalyst surface. The ROS are highly reactive due to
the unsaturated bonds and generally include free radicals (hydroxyl radical, *OH;
superoxide radical, O>"; and perhydroxy radical, HO>¢) and molecular form
(hydrogen peroxide, H2O»; and singlet oxygen, !02) [3,12]. The ROS can react with
organic pollutants and chemically alter them to form harmless by-products such as

COz, H>0, and mineral acid [3,6].

The photodegradation process of organic pollutants by photocatalyst consists
of three potential mechanisms, as shown in Fig. 2-2 [13]. First one is a direct
reduction-oxidation reaction with organic pollutants when electrons or holes reach
the photocatalyst surface without recombination and react with pollutant directly
[4,14,15]. The second one involves a two-step process in which electrons come into
contact with Oz and produce O™ radicals, or holes oxidize H2O to produce *OH.
Then, both radicals can react and decompose the pollutant. The last one is similar
to the second process, except that the radicals produced by electron-hole pairs can
conduct further reaction to form more ROS (*OH, HO»°, 02", H20.), which then

degrade the pollutants to become by-product (H2O, CO», inorganic acid).
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Fig. 2-2. Schematic diagram of pollutant degradation mechanism [13].

Rhodamine B (RhB) is one of the most common organic dyes in the textile
industry and industrial wastewater [16—19]. This dye is hazardous to any organism
because it exhibits carcinogenic and mutagenic behaviors [20,21]. As such, for
many years, a lot of research has been extensively conducted to find a suitable
photocatalyst for removing RhB [22-25]. Moreover, RhB is often used as a model
dye monitoring photocatalytic activity of photocatalysts [17,26-28]. The RhB
photodegradation process by photocatalyst involves several steps and finally
produces CO> and H>O as by-products [29], as demonstrated in Fig. 2-3. The RhB

photodegradation by various photocatalysts are shown in Table 2-1.
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Fig. 2-3. The photodegradation pathway of rhodamine B by TiO, [29]

Table 2-1. RhB photodegradation with measurement condition by various photocatalysts

and their bandgaps (Ey).
Photocatalyst  E,(eV)  Lightsource Reaction Degradation Ref.
condition efficiency
(irradiation time)

TiO» 32 500 W Xe 100 ml RhB (0.01  ~40% (4.5 h) [29]
lamp, A>420 mmol L), 0.05 g
nm photocatalyst

BiVO4 2.48 500 W 80 ml RhB (0.01  ~97% (6 h) [30]
halogen mmol L), 0.08 g
lamp, A>420  photocatalyst
nm

SnS, 2.3 300 W Xe 100 ml RhB (0.02 ~68% (2 h) [31]
lamp, visible mmol L), 0.05 g
light photocatalyst

Sn0O; 3.6 Mercury 100 ml RhB (0.02  ~92% (4.5 h) [32]
lamp, A=365 mmol L), 0.045
nm g photocatalyst

CdS 2.29 500 W 40 mL RhB ~93% (2 h) [33]
mercury (0.015 mmol L),
lamp 005 g

photocatalyst
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2.2. Photocatalysts

Metal oxides and metal sulfides are common types of photocatalysts, which
are intensively studied in past decades [34,35]. The typical oxide and sulfide
materials are listed in Table 2-2. These materials possess various values of the
bandgap, which determine their ability to absorb light energy, corresponding to the
wavelength of light. As a result, the bandgap greatly influences the photocatalytic

performance of these materials.

Table 2-2. Crystal phase and optical properties of commonly studied photocatalysts.

Photocatalyst Crystal phase Bandgap (Eg)  Light absorption Reference

region
TiO; Rutile Tetragonal ~3.0eV A<414 nm [36]
TiO; Anatase Tetragonal ~3.2eV A<388 nm [36]
BiVO, Monoclinic ~2.5eV A<496 nm [30]
BiVO4 Tetragonal ~2.9eV A<428 nm [37]
SnO; Tetragonal ~3.6 eV A<345 nm [32]
ZnO Hexagonal ~3.3eV A<376 nm [38]
SnS» Hexagonal ~2.2eV A<564 nm [39]
CdS Hexagonal ~2.3eV A<540 nm [33]
BixS; Orthorhombic  ~1.4eV A<886 nm [40]

Besides the bandgap of the photocatalyst, band-edge positions, which refer to
conduction band minimum (CBM) and valence band maximum (VBM) potentials,
are another important factor in choosing a potential application for a photocatalyst
[41]. As shown in Fig. 2-4, photocatalysts with a large positive potential of VBM
possess strong oxidation abilities to produce *OH radicals and degrade pollutants.
Moreover, they can induce the O evolution process. Water splitting application
requires a photocatalyst with CBM potential more negative than 2H'/H» potential
and VBM potential more positive than H>O/O; potential. If photocatalysts exhibit

14



strong reduction abilities due to large negative potential, they could be used for CO»

reduction or H, evolution.

Photocatalysts with strong reduction abilities

No ‘OH or O,” for CO, reductim,f and H, evolution
4 No O,” ZnS
3 SIC g
S af Ta.N. TaON Cds SN - Cu,0
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(pH=17) Potential photocatalysts for

overall water splitting
Photocatalysts with strong oxidation abilities

for pollutant degradation (-OH) and O, evolution

Fig. 2-4. Typical metal oxides, metal sulfides and their band positions for potential

applications [41].

2.2.1. Metal oxides

Metal oxides are exceptionally important materials as photocatalysts. Their
rise in popularity in photocatalysis has begun after the discovery of the Honda-
Fujishima effect [1], in which TiO was used to conduct water splitting using light
irradiation. Metal oxides such as TiOz, ZnO, and SnO; have been extensively
studied in the photocatalysis field, owing to their abundance in nature, exceptional
stability, biocompatibility, and low production cost [35]. However, their drawbacks
are wide bandgaps (Fig. 2-4), which only work in the UV light region and limit
their applications. As a result, an alternative oxide such as BiVOs has attracted a
substantial amount of attention from many researchers. Its advantages are that it
possesses similar benefits to the mentioned oxides above and narrower bandgap
(~2.5 eV), which can harness visible light and increase its light absorption
efficiency [30,42—44]. Further information on BiVOs is discussed later in Section
2.3.
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2.2.2. Metal sulfides

Metal sulfides are known to possess relatively smaller bandgaps than metal
oxides, and most of them can be used in the visible light region [34]. Although a
narrow bandgap can absorb more light, it also provides a narrow gap for
photoexcited electrons and holes to recombine, resulting in an increase in
recombination rate and lowering the efficiency of photocatalytic performance. For
example, Bi>S3 with a bandgap around 1.4 eV exhibits a low photocatalytic activity
due to the fast recombination rate of charge carriers [45,46]. On the other hand,
SnS> possesses a relatively wider bandgap (~2.2 eV) than that of BixS; and
demonstrates great photocatalytic activity for pollutant degradation [39] and H>
production [47,48]. In addition, SnS> can be used in acid and neutral aqueous
solution due to its chemical stability. Moreover, SnS; has been reported to exhibit
strong adsorptivity for RhB dye, which is very useful for RhB removal even without
light irradiation [49]. However, metal sulfides, including SnS [50,51], suffer from
photocorrosion due to S* ions prone to oxidation by photogenerated holes [52].
Therefore, incorporating metal sulfides with more stable materials like metal oxides
is a common strategy not only for promoting their stability, but also for suppressing

their rapid combination rate of photogenerated electron-hole pairs [53,54].
2.3. Bismuth vanadate (BiVOj)

Bismuth Vanadate (BiVOs), also known as bismuth vanadium oxide, is well
known for its bright yellow color and its application in pigments. First use of BiVO4
dates back almost a century ago when a patent of BiVO4 was reported in the medical
field in 1924. Later in 1976, BiVO4 was first synthesized as a solid material [55].
In recent decades, the use of BiVO4 extends to the photocatalysis field owing to its
narrow bandgap, which can harness visible light [56-58]. In addition, BiVO4
possesses other common advantages of oxide materials, including non-toxicity, low
cost of production, stability, and abundance. As a photocatalyst, the most widely
studied crystal phase of BiVOs is monoclinic scheelite structure because of its
exceptionally high photocatalytic activity, compared with other crystal phases [59].
The physical properties of monoclinic BiVOy are listed in Table 2-3.
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Table 2-3. Physical properties of monoclinic BiVO4 [56,60]

Formula BiVO,

Color Yellow

Molecular weight 323.92 g mol’!

Melting point ~940 °C

Boiling point 1997 °C

Density 6.1 gm?3

Bandgap 24¢V

Solubility Insoluble, soluble in strong acids

2.3.1. Crystal structure and phase transition

In nature, BiVOs occurs as pucherite with an orthorhombic crystal structure
[61]. In a laboratory setting, BiVO4 can be synthesized in three crystal phases, such
as monoclinic scheelite BiVO4 (ms-BiVOys), tetragonal scheelite (ts-BiVOs4), and
tetragonal zircon-type BiVO4 (tz-BiVOs), as shown in Fig. 2-5. The zircon-type
structure consists only of the tetragonal phase, while the scheelite type possesses
two possible phases: tetragonal and monoclinic phases [59]. There is a difference
between zircon-type and scheelite structures: six VO4 surround one Bi ion for the
former and eight VO4 bound to one Bi ion for the latter [62]. On the other hand, the
distinction between the two phases of the scheelite structure is the distortion of local
environments of Bi and V ions in the monoclinic structure. ts-BiVOs has only one
type of V-O bond with a length of 1.72 A, while two types of V-O bond (1.69 A
and 1.77 A) exist in ms-BiVOs [63].
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Fig. 2-5. Crystal structures of (a) tetragonal scheelite and (b) tetragonal zircon-type BiVOa.
The crystal structure of monoclinic scheelite is similar to tetragonal scheelite (a) except for
some small changes in the atomic position of Bi, V, and O. The images showing Bi ions
surrounded by VOj ions of (¢) tetragonal scheelite (ts-BiVOs), (d) monoclinic scheelite
BiVO4 (ms-BiVOys), and (e) tetragonal zircon-type BiVOs (tz-BiVOs), including local
coordination of Bi-O and V-O bond lengths in A. [62]

Among the three crystal structures, ms-BiVO4 demonstrates the highest
photocatalytic activity. Firstly, if ms-BiVOys is compared to tz-BiVOs, the superior
photocatalytic performance is due to the bandgap of ms-BiVO4 (2.4 €V), which is
narrower than that (2.9 eV) of tz-BiVOs [64]. The O-O bond length in ms-BiVOg4
is longer than that of tz-BiVOs, which in turn decreases the repulsion between Bi**
lone electrons and O 2p, resulting in narrowing the bandgap of ms-BiVOs, as
illustrated in Fig. 2-6 [65]. On the other hand, Tokunaga et al. [64] reported that
ms-BiVO4 (2.41 eV) and ts-BiVOs4 (2.34 eV) had similar bandgaps and electronic
structures. However, ms-BiVOs shows greater photocatalytic activity in O2
production than st-BiVOs. They suggested that the high photocatalytic activity of
ms-BiVO4 under visible light was attributed to the distortion of the Bi-O

polyhedron in ms-BiVO4 by a 6s° lone pair of Bi*" [64].
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Fig. 2-6. Schematic representation of optical bandgap of (a) tz-BiVO4 and (b) ms-BiVO,
[65].

BiVO4 with the tetragonal zircon-type structure is commonly obtained via
low temperature synthesis [59,66,67]. The phase transition from tz-BiVOs to ms-
BiVOs4 and ts-BiVOs4 can be achieved via thermal treatment [61,64], as shown in
Fig. 2-7. An irreversible transformation from tz-BiVOs to ms-BiVOs happens at
670-770 K, while the ms-BiVOs reversibly transit to ts-BiVOg4 at 528 K [61]. Thus,
it indicates that tetragonal zircon-type structure is a metastable state of BiVOa.
Nevertheless, ts-BiVOs and ms-BiVOs can be synthesized using an aqueous-
solution process at room temperature by controlling the preparation time (4.5 h for
ts-BiVO4 and 46 h for ms-BiVO4) [64]. Other factors and synthesis methods can
also influence the crystal structures of BiVOs. For example, the crystal phases of
BiVOs (tetragonal zircon-type and monoclinic scheelite phases) could be
determined by the pH of the BiVO4 precursor for the hydrothermal method [66].
Another report utilized microwave-hydrothermal reaction to transform tz-BiVO4 to
ms-BiVO4 by controlling the irradiation time (10-22 min) at a fixed 800 W of the
irradiation power [68]. Another study reported that mechanical crushing of BiVO4
powder at room temperature could also cause an irreversible phase transition from

tz-BiVO to ms-BiVOs4 [61].
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Fig. 2-7. Phase transition of BiVOy via thermal treatment. [64]

2.3.2. Hydrothermal synthesis

BiVOs4 can be prepared by various methods, including solid state synthesis
[69,70], hydrothermal or solvothermal route [71,72], phytosynthesis [73], sol gel
process [74], and homogeneous precipitation [75]. Among them, the hydrothermal
method is one of the most commonly used techniques for the preparation of BiVOs,
owing to its ability to control the crystal growth, morphology, and crystal structure
via synthesis parameters, such as pH of precursor, structure-directing agent,

synthesis time and temperature, reactant concentration [66,76—78].

In the hydrothermal method, the common starting materials for BiVO4 are
Bi(NOs)3-5H,0 (Bi*" source) and NH4VO; (V' source). Both starting materials
are often dissolved separately in a nitric acid solution for Bi(NOs3)3-5H>0 and a
basic solution (NaOH or ammonia solution) for NH4VOs3 to ensure a complete
dissolution prior to mixing [76,79,80]. It is noted that NH4V O3 is more soluble in
hot water and basic solution (ammonia) [81]. However, one-pot hydrothermal
synthesis in ultrapure water is also possible to produce BiVO4 [82]. A possible
chemical reaction in the preparation stage of BiVO4 can be expressed as follows

[66,67]:
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Bi** + 2H,0 = BiOH2* + H;0" (2-1)

BiOH*" + H,0 = BiO" + H30" (2-2)
BiO"+ NOs™ = BiONO;s | (2-3)
BiONO; | + VO3~ = tz-BiVOs | + NO;3~ (2-4)

Firstly, Bi(NO3)3-5H>0 is hydrolyzed in an aqueous solution, as can be seen
in the reaction (2-1) and (2-2), generating BiO" and H3O". In reaction (2-3), BiO*
reacts with NO;3™ to produce slightly soluble BIONOs. After that, the slightly soluble
BiONO:s further reacts VO3~ to form BiVO4 [reaction (2-4)]. The BiVO4 forming at
this stage often is tz-BiVO4 because the formation of tz-BiVOs is kinetically
favorable when there is a sudden increase in pH due to the introduction of the basic
solution of NH4V O3 [66,83]. The transition from tz-BiVO4 to ms-BiVO4 can occur

by prolonging the aging period [64] or using hydrothermal route [66,67].

As mentioned above, the monoclinic scheelite structure exhibits high
photocatalytic activity. Thus, it is preferable to obtain ms-BiVOs as the final
product via synthesis. Tan et al. [66] demonstrated the effect of pH of precursor on
the crystal structure of BiVO4 using hydrothermal synthesis (200 °C for 40 min).
He found that pure ms-BiVO4 could be obtained at either pH of 0.59 (a strong acid
condition) or pH range of 4.26-9.76. This result was supported by another study
[84], in which pure ms-BiVO4 was attained at pH values of 4 and 7 via hydrothermal
method (185 °C for 6 h). In contrast, Ressnig et al. [85] obtained pure ms-BiVOy at
a pH range of 14 (hydrothermal route, 160 °C for 5 h), while Zhang et al. [86]
reported that pure ms-BiVOs was obtained at pH value of 8.8 and 11.5. These
contradicting results indicate that although the pH of the precursor influences the
crystal phase of BiVOs, it cannot be solely used to determine the crystal phase of
the final product of BiVOa. Thus, other parameters of hydrothermal synthesis, such
as heating duration, should be taken into consideration for the preparation of pure

ms-BiVOs. For instance, Zhao et al. [67] suggested that prolonging the heating
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duration of the synthesis up to 10 h could completely transform tz-BiVO4 to ms-
BiVOs. Furthermore, pure ms-BiVO4 could be acquired at a wide pH range of value

of 1-9 by prolonging hydrothermal duration up to 24 h at 180 °C.
2.3.3. Limitation of monoclinic BiVO4

Although BiVOg4 has a narrow bandgap (2.4-2.5 eV) and can harness visible
light, its photon absorption is limited to the wavelength of light shorter than 517
nm. Thus, there is still a significant number of photons of sunlight in the visible
light region that BiVO4 is unable to absorb. Previous studies suggested that
reducing the bandgap of photocatalysts could improve their light absorption

efficiency, in turn enhancing their photocatalytic performance [87-90].

Furthermore, the photocatalytic activity of BiVOys is inhibited by poor charge
separation and rapid combination rate of photogenerated electrons and holes [91,92].
Abdi et al. [91] revealed that the said issues were caused by the remarkably low
charge mobility (~4 x 102 cm? V! s7!) of BiVOs, compared with that of other
metal oxides, such as Fe;O3 (0.5 cm? V1 s7), WO; (10 cm? V! s71), and Cu,O (6
cm? V! s71). Various methods have been used to improve the charge separation and
suppress the recombination rate of charge carriers, such as reduction of particle size
[93], forming heterojunctions [94], and doping with atoms [43,95]. Another
interesting technique is facet engineering of BiVOs. The well-known facets of
BiVOs4 responsible for the reduction and oxidation reactions upon irradiation are
{010} and {110}, respectively [96-98]. The preferential redox reactions of {010}
and {110} facets are attributed to the difference in energy band levels of both facets
(Fig. 2-8) [97], which enable the charge transfer, resulting in the accumulation of
electrons and holes on {010} and {110} facets, respectively. Tan et al. [98]
suggested that BiVOs with dominant {010} facets possesses a large number of
available photogenerated electrons at the surface of BiVO4, promoting the electron
transfer efficiency and lowering the rate of electron-hole recombination [98]. As a
result, photocatalytic activity of BiVOs is enhanced with the increase in the exposed

{010} facets, which is consistent with many experimental studies [44,79,99-101].
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Fig. 2-8. Schematic diagram of (a) spatial separation of photogenerated electrons and holes

on the {010} and {110} facets [102] and (b) difference in energy band levels for both facets

of BiVO,. [97]

Another limitation of BiVO4 is related to its band energy structure, as

depicted in Fig. 2-9. Although BiVOs possesses the valence band potential positive

enough to oxidize H,O for O2 evolution, its conduction band potential lacks

overpotential for H, evolution (-0.41 V for 2H"/H,) and CO; reduction (at least -
0.05 V for HCHO/CO,) [62,103,104]. Incorporating BiVOs with other
photocatalysts (e.g., Bi2S3 [105], CdS [106], and CuxO [107]) is one of the solutions

to extend its potential applications to H> production and CO> reduction.
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Fig. 2-9. Conduction band and valence band of BiVO4 [108] respective to redox potentials

at pH 7 of various compounds [109].
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2.4. Strategy for improvement

As described in previous sections, BiVOy is a promising photocatalyst with
many advantages. However, its photocatalytic performance needs further
improvement for commercial use. This section aims to review and discuss strategies,
such as morphological control, bandgap modification, producing composite, for

enhancing the photocatalytic activity and overcoming the limitation of BiVOa.
2.4.1. Morphological control

As described in Section 2.3.3, maximizing the exposure of {010} facets is
important to enhance the photocatalytic performance of BiVOs. Controlling the
morphology and crystal growth of BiVO4 is a common approach to increase the
exposed {010} facets of BiVO4. Several studies reported that BiVO4 with dendritic
or shuriken-like structures exhibited high exposed {010} facets and enhanced
photocatalytic activity [95,99,110-113].

First of all, it should be noted that the mentioned facets, corresponding to the
enhanced photocatalytic activity of BiVOs, are {010} facets of the space group no.
15 with 12/a setting. While most research used the /2/a setting [44,80,99], 12/b and
C2/c settings were also used in some studies [114—116]. Thus, the low indices of
crystal facets in /2/a and their corresponding facets in the 12/b and C2/c settings are
listed in Table 2-4.

Table 2-4. Low indices of crystal face in /2/a for monoclinic BiVOs, and the matching ones

in the settings 12/b and C2/c. [115]

Settings Low indices of crystal face

R/a {001} {100} {010} {011} {110} {101}  {11T}
/b {100} {010} {001} {101}  {O11} {110} {111}
C2/c {100} (101} {010} {110} {111} {001} {011}

A common strategy to control the morphology and increase the exposure of

{010} facets of BiVOs is to utilize a structure-directing agent in the synthesis, such
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as TiCls [80], NaCl [100,117,118], ammonium carbonate [79], ethylenediamine
[76], and glycerol [119]. It is worth mentioning that both TiClz and NaCl contain
CI” ions, which could be the main reason for the increase in the exposed {010}
facets of BiVO4 because Cl™ ions were found to stabilize the {010} facets, as
reported by Xie et al. [118]. They conducted density functional theory (DFT)
calculations and found that the surface energy of {010} facet was reduced when C1~
ions were adsorbed on the said facet. Thus, the crystals of BiVO4 grew slowly in
[010] direction, resulting in preferential crystal growth along the {010} planes and
promoting the exposure of {010} facets [118]. However, another study conducted
by Wang et al. [80] demonstrated that some metal chloride, such as AlCI3, CuCl,
ZrCly, and FeCly, exhibited no significant effect on the {010} facets of BiVOas. It

might be due to the synthesis condition and CI” concentration in the solution.

The enhanced {010} facets of BiVOs are also reported in some research, using
BiCls as a source of Bi*" for BiVO4 synthesis [99,114]. BiCl; also contains CI” ions,
which could be the cause of the enhanced {010} facets. However, the synthesis
route of BiVO4 using BiClz may be different from the one using the directing agent
containing CI” ions. Generally, the directing agent containing C1” was used at a later
stage of BiVOg4 preparation [80,118], thus, tz-BiVO4 would be formed before the
addition of CI” ions, as shown in reaction (2-4). Whereas, when BiCl; is hydrolyzed,
the reaction (2-1) and (2-2) occur to produce BiO*, which then reacts with CI” to
form BiOCI precipitate [reaction (2-5) below] [120]. In this synthesis route, the
formation of BiOCl happens before the addition of VO3~ ions. As a result, BiOCl
may act as an intermediate before transforming into BiVOs, as shown in reaction

(2.6). The possible reactions are shown as follows [114,120,121]:
BiO" + CI” = BiOCl | (2-5)

BiOCI | + VO3~ = BiVOs |+ CI” (2-6)

Moreover, the CI” concentration is reported to affect the formation of BiOCl

[122]. Therefore, in addition to the effect on the {010} facets of BiVOs, changing
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in CI” concentration in the preparation route with BiOCI as intermediate would
significantly influence the properties of BiVOs, especially its crystal growth and
morphology. Moreover, this technique may produce BiVOs4 with various
morphologies, possibly including the shuriken-like or dendritic structure since there
is a report [112] of the dendritic structure obtained via BiVOs preparation with
BiOCl as intermediate. However, the effect of CI” concentration on BiVO4 using

this approach has not yet been explored.
2.4.2. Bandgap modification

Bandgap engineering is one of the important techniques to improve light
absorption efficiency and photocatalytic activity of photocatalysts. Many
approaches have been carried out for bandgap modification, including doping
[88,123], modifying oxygen vacancies [89,124], and building composites with
other photocatalysts [125]. Among them, controlling oxygen vacancies is one of the

promising techniques and is often used to tune the bandgap of the oxide materials.

Oxygen vacancies are common point defects found in metal oxides [126,127].
The oxygen vacancies in the oxides are reported to create defect levels inside the
electronic bandgap, either just below the bottom end of the conduction band or just
above the upper end of the valence band [127,128]. It would result in a decrease of
the bandgap due to overlapping of the defect states with either the conduction band
minimum or the valence band maximum [127,128]. The techniques for introducing
oxygen vacancies in the oxides involve the oxygen-deficient environment, chemical
reduction, plasma treatment and hydrogen treatment [89,127,129]. In addition,
thermal treatment is also an effective technique to control oxygen vacancies in
oxide materials because calcining the oxide in air (oxygen-rich atmosphere) could
reduce oxygen vacancies [130,131], while an opposite outcome was obtained if the

oxide was calcined in an oxygen-deficient atmosphere (N2, H2, and Ar) [88,89,132].

Although the effect of calcination in the oxygen-deficient atmosphere on
oxygen vacancies has been studied on BiVO4 [88,89,132], studies on calcination in

the oxygen-rich atmosphere have not been focused regarding oxygen vacancies in
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BiVO4 [70,133—-136]. Since either atmospheric conditions of thermal treatment
(oxygen-rich or oxygen-deficient atmosphere) may alter oxygen vacancies in
BiVOy4, research on the influence of both calcination conditions is needed to achieve

greater insight in controlling oxygen vacancies and tuning bandgap of BiVOa.
2.4.3. Producing composite

Composite photocatalyst has proved very effective in achieving greater
photocatalytic performance, compared with pure photocatalyst [23,54,137,138]. It
is attributed to the heterojunction and its hybrid energy band structure, allowing
charge transfer between photocatalysts, which in turn promotes charge separation

and suppresses the photoinduced electron—hole recombination [11,54,139].

The heterojunction composite can be categorized into three types [140], as
shown in Fig. 2-10. Type I heterojunction involves transferring electrons and holes
from both CB and VB of a wider-bandgap material (Ti0>), respectively, to those of
narrower-bandgap material (Fe2O3). Although the formation of heterojunction in
type I can enhance the photocatalytic activity by facilitating charge transfer and
improving the charge separation efficiency, redox ability of the heterojunction is
weakened due to accumulation of electrons and holes at the narrower-bandgap
material [141]. In type II heterojunction, a material possesses both CB and VB
positions more positive than those of another material. In this system, there are two
possible charge migration pathways between both materials. Taking WO3 and
BiVOs as an example of the first pathway, electrons from CB of BiVO4 migrate to
that of WOs3, while holes from VB of WOs transfer to that of BiVOs, ascribed to the
nature of charge transfer. The result of this system is similar to type I, in which the
charge separation efficiency is improved at the cost of weakening the redox ability.
However, if a Z-scheme is established in the heterojunction, the second charge
transfer pathway occurs. In the Z-scheme system, electrons from CB of material
combine with holes from VB of another material, as shown in Fig. 2-10, in which
BiVOs4 and g-C3N4 [142] are used as an example. It is a desirable pathway because
not only is the charge separation efficiency improved, but also the redox ability of

the heterojunction is enhanced. Lastly, type III heterojunction represented by
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BiVO4 and SbsSes is displayed in Fig. 2-10. The band structure of SbsSes is
exceptionally more negative than that of BiVOs. The benefit of type III is similar
to that of Z-scheme in type Il as both charge transfer and redox ability are enhanced

due to the recombination of electrons from CB of BiVO4 and holes from VB of

SbsSes [140,142].
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Fig. 2-10. Schematic representation of three different types of heterojunctions and their
band alignments [140]. The green arrows represent the charge (electrons and holes)

migration.

BiVOs4 has been successfully incorporated with other materials, such as BixS;
[105], CdS [5], TiO2 [108], BiOCl [143], and LaVO4 [138]. The photocatalytic
performances of the BiVOs-based composites are greatly improved. Some studies
have reported that the Z-scheme process was established in the system when
incorporated with CdS [5], Cu20 [107], and g-C3N4 [137]. As a result, the redox
ability and the photocatalytic activity of the composite were enhanced
simultaneously, which are very useful for applications such as water splitting and

CO; reduction.

Although there have been many reports focusing on BiVO4-based composites
as described above, those studies did not focus on the chemical reaction between
two photocatalysts that could produce another material. One of the possible reasons
is that those materials may not easily react with BiVO4 due to the high chemical
stability of BiVO4. However, Wang et al. [4] have suggested that Bi** and S* ions

have a strong chemical interaction, which could produce Bi>Ss. In their study, they
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produced a ternary BiVO4/Bi2S3/MoS: composite by synthesizing MoS; in the
presence of BiVO4 via hydrothermal synthesis. During the reaction, not only did S*
ions from thioacetamide react with Mo*', but also BiVOsa, in turn producing both
MoS; and Bi>S;. Another study from Yu et al. [144] has also reported the
preparation of ternary BixS3/SnS»/Bi>O; composite via a one-pot solvothermal
method, in which Bi(NO3)3-5H>0, SnCl,-2H>0, and CH4N>S were mixed together.
The formation of Bi>S3 was also due to the interaction between Bi*" and S* ions
during the synthesis. Thus, in both studies, the formation of Bi»S3 happened when

S?- ions reacted either with BiVO4 or with Bi*" ions in the solution.

To date, there is no research on the formation of Bi»S; from the chemical
reaction between BiVOs and another metal sulfide as starting materials. This
research can be intriguing to study and explore because individual photocatalysts
can be prepared and designed separately to achieve desirable photocatalytic
performance. Then, the photocatalytic activity may be further improved by
incorporation of both photocatalysts via a chemical reaction, resulting in producing

Bi2S; as interface and facilitating charge transfer between both photocatalysts.
2.5. Summary

The photocatalysis field has garnered much attention from both academic and
industrial sectors due to its potential applications, especially pollutant degradation,
for future sustainable development. The literature provides an overview and recent
progress in photocatalysts, especially BiVOs, which has emerged as a promising
photocatalyst owing to its many merits. However, BiVOs still suffers from
drawbacks (poor charge separation and rapid combination rate of photogenerated
electrons and holes), which hinder its photocatalytic performance. Many
approaches have been employed to improve the photocatalytic activity by either
remedying the problems (controlling exposed facets of BiVO4 and incorporating
with other photocatalysts) or enhancing another aspect of BiVO4 such as light
absorption efficiency (bandgap reduction). Despite the fact that many effective

techniques have been done for enhancing the photocatalytic performance of BiVO4
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thus far, some parts of research areas have not been explored and studied. These

interesting areas are revealed as follows:

Firstly, morphology and crystal growth of BiVOs may be influenced by
BiOCl intermediate when there is a change in concentration of CI™ in the precursor
for BiVO4 preparation via hydrothermal synthesis. Thus, various morphologies
(possibly including shuriken-like structure) of BiVO4 may be obtained using this
technique. Secondly, thermal treatment of BiVOs under different atmospheric
conditions may be used to control oxygen vacancies and modify bandgap of BiVOas.
Lastly, incorporating BiVO4 with another photocatalyst via chemical reaction may
further enhance their photocatalytic performance due to the formation of another
component, which potentially acts as an interface connecting both photocatalysts,

consequently facilitating the charge transfer in the composite.
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3. Methods

This chapter describes materials and their purity used in this study as well as
methods for characterization and photocatalytic measurement of the samples. As

for sample preparation for each sample, it is described later in its respective chapter.
3.1. Materials

Thioacetamide (C:HsNS, 98%), acetic acid (CH3COOH, 99.7%), ethylene
glycol ((CH20H)2, 99.5%), L-ascorbic acid (CsHgOs, 99.6%), and thiourea
(H:NCSNH2, 98%) were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). The tin(IV) chloride pentahydrate (SnCls-5H20, 98%),
ammonium vanadate (V) (NH4VO3, 99.0%), bismuth (III) nitrate pentahydrate
(Bi(NO3)3-5H20 99.5%), methanol (CH30H, 99.8%), and isopropyl alcohol
((CH3).CHOH, 99.7%) were supplied by Nacalai Tesque (Kyoto, Japan). The
rhodamine B (CasH31CIN203, > 95%) was purchased from Tokyo Chemical
Industry (Tokyo, Japan). All chemicals were analytical grade and used without
further purification. Deionized water (DI water) was obtained from the Direct-Q

water purification system (Millipore).

3.2. Characterization

3.2.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a widely used technique to determine crystal
structures of materials. This thesis work used XRD data to investigate the crystal
structures of the samples. XRD measurement was conducted using a Rigaku
RINT2100 at 40 kV and 30 mA with Cu Ka radiation (A = 0.15418 nm). Each

sample was scanned in a 20 angle range from 10° to 80°. The obtained diffraction
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patterns were identified by matching with the standard pattern from ICDD (The

International Centre for Diffraction Data) database.
3.2.2. Field emission scanning electron microscopy (FESEM)

Field Emission Scanning Electron Microscopy is one of the most used
methods to study the morphology and microstructure of materials. FESEM uses
electrons instead of light to capture micrograph images produced by detecting
secondary and backscattered electrons. It requires a high vacuum in order to avoid
the disturbance caused by gas molecules, which can interfere with the emitted

secondary and backscattered electrons [1].

In this study, the microstructure and morphology of each sample were
observed using an FESEM (Hitachi SU6600 Scanning Electron Microscope). It was
performed at 15-20 kV with a working distance of around 10 mm. A small quantity
of each sample powder was spread on a double-sided carbon tape. All samples were

sputtered with Au to avoid a charging effect prior to FESEM analysis.
3.2.3. Energy dispersive x-ray spectroscopy (EDX or EDS)

Energy Dispersive X-ray spectroscopy is an analytical technique used to
identify the element in the sample for elemental composition analysis. EDS is often
included as a part of SEM due to the benefit of carrying out the elemental analysis
and microstructure examination at the same time [1]. In this study, EDX data were
obtained using Bruker EDX detector attached with FESEM and operated with
accelerating voltage of 20 kV.

3.2.4. UV-Vis spectroscopy (UV-Vis)

UV-Vis spectroscopy is a characterization method to record absorption
spectra of materials using ultraviolet (UV) and visible (Vis) light. The UV-Vis
diffuse reflectance spectroscopy (DRS) is a useful technique to measure reflectance

spectra of solid and powder samples.

Present work used DRS to study optical properties of the samples using

reflectance spectrum obtained from a Lambda 750S UV/Vis/NIR

50



Spectrophotometer with BaSO4 as reference. The reflectance spectra were
converted to absorption spectra via the Kubelka—Munk function as shown below,

in Eq. (3.1) [2,3]:

a (1-R)?

F(R) = 3 R (3.1

where F(R), a, S, and R are the Kubelka—Munk function, absorption coefficient,
scattering coefficient, and reflectance, respectively. The calculated F(R) was

plotted against wavelength to realize a light absorption graph.

The bandgaps (E¢) can be estimated using the following formula [2—4]:

n
ahv = A(hv — E,)? (3.2)

where o, hv, and A are absorption coefficient, incident photon energy, and a
constant associated with the material, respectively. The F(R) from Eq (3.1) is
commonly used to replace a in the Tauc’s plot ((¢hv)*™ vs. hv) [3,5,6]. The value
of n depends on transition types of semiconductors; 1 and 4 are for direct and
indirect transition, respectively. In the case of this study, SnS,, BixS3, and BiVO4
are direct transition semiconductors; hence, n = 1 is used in Eq (3.2) [3,7]. Thus,
the estimated Eg value of the sample was determined by extrapolating the linear part
of the curve to intercept the x-axis in the graph of Tauc’s plot. Fig 1 in Appendix D
also demonstrates the estimated bandgaps of SnS, and BiVO4 using n = 1 is more

consistent with those reported by other research [2,4,8—10].
3.2.5. X-ray photoelectron spectroscopy (XPS)

X-ray Photoelectron Spectroscopy is a surface analytical technique based on
the photoelectric effect to identify the chemical elements and their chemical state
near the surface of the samples. This technique works by measuring the kinetic

energy and photoelectron when X-ray of particular energy is used to excite the
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surface of a sample. Binding energy can be calculated using the energy of incident
X-ray minus the known kinetic energy and work function of element. Since each
electron possesses a characteristic value of binding energy, this can be used to

determine elements in the sample.

This thesis work used a JPS-9030 X-ray photoelectron spectrometer to obtain
XPS data for studying the chemical state and composition of the samples. XPS was
operated with Mg Ka radiation on the sample powder, which was evenly spread

over a carbon tape on the sample holder.
3.2.6. Specific surface area measurement

In this study, the specific surface area was measured and evaluated using
nitrogen gas adsorption with a FlowSorb III 2305 Micromeritics Instrument
(Shimadzu, Japan). The measurement of the specific surface area is based on
Brunauer-Emmett-Teller (BET) theory, which explains the gas molecules adsorbed
on the surface of a solid. Flowsorb III determines the area of a sample by calculating
the amount of adsorbate gas molecules on the sample at or near the boiling point of

the said gas, assuming a form of a monomolecular layer.

3.3. Measurement of photocatalytic activity for rhodamine B

degradation

Evaluation of photocatalytic activity was conducted via the photodegradation
of RhB dye under visible light irradiation using a 500 W Xe lamp (Ushio, UXL-
500D-0) equipped with a UV cutoff filter (AT = 420 nm). The intensity of light
from the Xe lamp was 100 mW/cm? calibrated using a Spectroradiometer (S-2440
model II). After passing through the cutoff and water filters, the sample solution

received around 40 mW/cm? of light intensity.

In each measurement process, 30 mg of the photocatalyst was put into a
certain quantity of RhB solution (5 mg/L, 0.01 mmol/L) in a beaker with 100 mL

capacity. Specific experimental condition of each sample for RhB degradation is
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further described in their respective chapter. The solution was magnetically stirred
and maintained at 25 °C during irradiation. About 3 mL of sample solution was
taken every 60 min, and the photocatalyst powder was filtered out by a syringe filter
(0.22 um, PTFE). The absorbance of each RhB solution was measured using a UV—
Vis spectrophotometer (Lambda 750S UV/Vis/NIR). Then, the concentration of
RhB was determined from the absorbance intensity at Amax = 554 nm. Before
irradiation, the establishment of adsorption-desorption equilibrium between
photocatalyst and RhB solution was achieved to ensure an accurate result of
photocatalytic activity. The measurement setup for photocatalytic degradation of

RhB dye is shown in Fig. 3.1.

Cutoff filter
Xe Lamp A > 420nm

Rhodamine B
and
photocatalyst

UV-Vis
spectroscopy

Magnetic stirrer

Fig. 3-1. Schematic of apparatus setup for the photocatalytic RhB degradation

measurement.

Degradation efficiency (%) of the dye was determined using Eq (3.3):
Co—C
Degradation efficiency (%) = [y] x 100% (3.3)
0

where Cyp and C; are initial dye concentration (+=0) and dye concentration at any

sampling time, respectively.
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In addition, the photodegradation rate constant (k) was determined using a pseudo-

first-order reaction expressed as follows:
Co
In (—) = kt (3.4)

Ce

where k and ¢ are photodegradation rate constants and irradiation time, respectively.

54



Reference

[1]

[2]

[3]

[4]

[9]

[10]

D.K. Schroder, Semiconductor material and device characterization, 3rd ed.,
John Wiley & Sons, 2015.

Y.C. Zhang, Z.N. Du, K.W. Li, M. Zhang, Size-controlled hydrothermal
synthesis of SnS; nanoparticles with high performance in visible light-driven
photocatalytic degradation of aqueous methyl orange, Sep. Purif. Technol.
81 (2011) 101-107. https://doi.org/10.1016/j.seppur.2011.07.016.

X. Gao, G. Huang, H. Gao, C. Pan, H. Wang, J. Yan, Y. Liu, H. Qiu, N. Ma,
J. Gao, Facile fabrication of Bi2S3/SnS: heterojunction photocatalysts with

efficient photocatalytic activity under visible light, J. Alloys Compd. 674
(2016) 98—108. https://doi.org/10.1016/j.jallcom.2016.03.031.

G.Zhao, W. Liu, Y. Hao, Z. Zhang, Q. Li, S. Zang, Nanostructured shuriken-
like BiVO4 with preferentially exposed {010} facets: Preparation, formation
mechanism, and enhanced photocatalytic performance, Dalt. Trans. 47
(2018) 1325-1336. https://doi.org/10.1039/c7dt04431c.

G. Zhang, X. Du, Y. Wang, H. Wang, W. Wang, Z. Fu, Controllable
synthesis of SnS> nanostructures with high adsorption and photocatalytic
activities, Mater. Sci. Semicond. Process. 64 (2017) 77-84.
https://doi.org/10.1016/;.mssp.2017.03.010.

Y.C. Zhang, Z.N. Du, K.W. Li, M. Zhang, D.D. Dionysiou, High-
performance visible-light-driven SnS,/SnO; nanocomposite photocatalyst
prepared via in situ hydrothermal oxidation of SnS; nanoparticles, ACS Appl.
Mater. Interfaces. 3 (2011) 1528—1537. https://doi.org/10.1021/am200102y.

A. Walsh, Y. Yan, M.N. Huda, M.M. Al-Jassim, S.H. Wei, Band edge
electronic structure of BiVO4: Elucidating the role of the Bis and V d orbitals,
Chem. Mater. 21 (2009) 547-551. https://doi.org/10.1021/cm802894z.

Z.Y. Bian, Y.Q. Zhu, J.X. Zhang, A.Z. Ding, H. Wang, Visible-light driven
degradation of ibuprofen using abundant metal-loaded BiVO4 photocatalysts,
Chemosphere. 117 (2014) 527-531.
https://doi.org/10.1016/j.chemosphere.2014.09.017.

S. Tokunaga, H. Kato, A. Kudo, Selective preparation of monoclinic and
tetragonal BiVO4 with scheelite structure and their photocatalytic properties,
Chem. Mater. 13 (2001) 4624—4628. https://doi.org/10.1021/cm0103390.

N.G. Deshpande, A.A. Sagade, Y.G. Gudage, C.D. Lokhande, R. Sharma,
Growth and characterization of tin disulfide (SnS>) thin film deposited by
successive ionic layer adsorption and reaction (SILAR) technique, J. Alloys

55



56

Compd. 436 (2007) 421-426. https://doi.org/10.1016/j.jallcom.2006.12.108.



4. The Effect of Potassium Chloride on BiVO4
Morphology and Photocatalysis for
Rhodamine B Degradation

4.1. Introduction

Over past decades, bismuth vanadate (BiVOs) has become one of the most
widely-studied photocatalysts ascribed to its favorable properties such as
nontoxicity, low cost, narrow bandgap (E.~2.4 eV), and stability [1]. As a
photocatalyst, BiVO4 has been known for its usage in the degradation of organic
pollutants [2—4] and oxygen evolution in water splitting [5,6]. Of all three existing
phases of BiVOs, only monoclinic scheelite BiVO4 is commonly used due to its
superior photocatalytic performance compared with tetragonal scheelite and
tetragonal zircon-type counterpart [7-9]. Besides the crystal phase of BiVOs,
morphology has a significant impact on the photocatalytic activity of BiVOs as well.

As discussed in Section 2.4.1 (Chapter 2), increasing exposed {010} facets
leads to a remarkable enhancement of the photocatalytic activity of BiVO4[2,10—
13]. Directing agents (TiClz [6] and NaCl [14]) containing C1” could be used to
enhance the exposed {010} facets [6,14]. In addition to the effect on the {010}
facets, Cl” ions may also influence the crystal growth and morphology of BiVO4 in
the synthetic route involving BiOCI intermediate because the change in CI”
concentration could alter the formation of BiOCl intermediate in the precursor [15].
To date, no study has focused on the effect of CI” concentration influencing the
formation of BiOCI intermediate (in the precursor of BiVOs), which may play a
significant role in controlling the morphology of BiVOa.
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In this study, BiVOys is synthesized via one-pot hydrothermal synthesis, in
which KCl is used as a source of CI” ions. Although KCIl was used in the BiVO4
synthesis to compare with NaCl in the previous report [14], the effect of KCl on
BiVOg4 has not been thoroughly studied yet. Thus, the present study investigates and
discusses the effect of KCI concentration on the BiVOj4 synthesis route, morphology,
crystal structure, photocatalytic activity, and other properties. Rhodamine B (RhB)
is selected as a model dye to evaluate the photocatalytic performance of each
sample because, as mentioned in Section 2.1.1 (Chapter 2), it represents one of the
most common organic dyes in the textile industry and industrial wastewater [21—
24]. The BiVO4 prepared with 3 mmol of KCI, exhibiting ‘“shuriken-like”
morphology, demonstrates a superior photocatalytic degradation of RhB dye under
visible light illumination because of the enhanced exposed {010} facets and the

narrow bandgap.

4.2. Experimental

4.2.1. Preparation of BiVO4 samples

BiVO4 was synthesized via hydrothermal synthesis. Briefly, 0.485 g of
Bi(NO3)3-5H2O (1 mmol) was hydrolyzed in 30 ml of ultrapure water and
magnetically stirred for 5 min. Then, a certain amount of KCI1 (0, 1, 2, 3, and 5
mmol) was added to the solution to form a white suspension (slightly soluble
BiOCl). After 2 min of stirring, 117 g of NH4VOs3 (1 mmol) was put into the white
suspension, whose color then turned yellowish orange. The pH of the suspension
was adjusted to 1.8 using ethanolamine. The suspension remained under stirring for
1 h and agitated under ultrasonication (45 Hz) for another 1 h. Then, it was
transferred to a 50 ml stainless-steel autoclave with a Teflon liner, heated in an
electric oven at 160 °C for 12 h. After the heat treatment, the autoclave was allowed
to cool down to room temperature. The BiVO4 samples were then collected and
washed several times with ultrapure water and ethyl alcohol, further dried at 90 °C
overnight. The samples were labeled as Bi0, Bil, Bi2, Bi3, and Bi5 based on the
amount of KCI (0, 1, 2, 3, and 5 mmol) used in the precursor. The schematic

illustration of the preparation procedure can be seen in Fig. 4-1.

58



Ethanolamine

H,0 (30 ml) . NH,VO;(1 mmol) NH,4VO; (1 mmol)
Bi(NO)3.5H,0 (1 MmOl) sy —_—

Kcl (0,1, 2,3

pH138 |

E e
.

and 5 mmol) R

—

and 1h under ultrasonication bath

160°Cfor12h
—

Oven

Hydrothermal
synthesis

] 1 h under stirring

Fig. 4-1. Schematic illustration of the preparation procedure of the BiVO, samples.

4.2.2. Characterization

The crystal phase of the sample was determined using an X-ray diffraction
(XRD) diffractogram obtained from a Rigaku RINT2100 with Cu Ka radiation (A
= 0.15418 nm). Microstructures and morphologies of each sample were
investigated using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope)
operated at 20 kV, where Au was sputtered on all samples prior to the analyses.
UV-vis diffuse reflectance spectra (DRS) were obtained using a Lambda 750S
UV/Vis/NIR Spectrophotometer equipped with a 60 mm integrating sphere. X-ray
photoelectron spectroscopy (XPS, JPS-9030 X-ray photoelectron spectrometer)
was conducted with Mg Ka radiation using O 1s = 530.0 eV as reference. The
Brunauer—Emmett—Teller specific surface area (Sper) of the samples was measured
via the single-point BET method using N> gas adsorption with a Flowsorb III 2305

Micromeritics instrument (Shimadzu, Japan).
4.2.3. Measurement of photocatalytic activity for rhodamine B degradation

Evaluation of photocatalytic activity was conducted via the photodegradation
of rhodamine B (RhB) dye under visible light irradiation. The experimental setup

is described in Section 3.3 (Chapter 3). For each photocatalytic measurement, 40
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ml of RhB solution (0.01 mmol L!) that contained 30 mg of the photocatalyst was
poured in a 100 ml capacity beaker. Before light irradiation, the solution was
agitated in the dark under ultrasonication for 10 min and magnetically stirred for
another 50 min to achieve adsorption-desorption equilibrium between the
photocatalyst and RhB solution. The detailed sampling process and analysis are

explained in Section 3.3 (Chapter 3).

4.3. Results and discussions

4.3.1. Crystal structures of the samples

Fig. 4-2 shows XRD patterns of BiVO4 with different concentrations of KCIl.
All the samples exhibit characteristic peaks of monoclinic BiVO4 (ICDD PDF No.
00-014-0688), especially the two split peaks at 18.5° and 35°, which are often used
to distinguish between tetragonal and monoclinic phases. The former (18.5°)
correspond to (110) and (011) planes, while the latter (35°) can be assigned to (200)
and (002) planes. It is also noticeable that the intensity of the peak at 30.5°,
corresponding to (040) plane of BiVOa4, becomes more intense as the concentration
of KCl is increased. To make a comparison, the relative intensity ratio of (040) to
(121) plane (Iio40)/I121)) for each sample was calculated (Table 4-1). The Io40/I121)
intensity ratio rises from 0.46 to 2.46 as KCl concentration is increased from 0 to 3
mmol, while it decreases when KCl content reaches 5 mmol. It demonstrates that
the addition of KCI influences the preferential growth of BiVOs crystals along
{010} planes. A previous study [14] using NaCl as a directing agent reported that
CI” anions played an important role in stabilizing and controlling the exposed {010}
facets. The mentioned study also suggested that CI” anions were adsorbed on the
said facets, in turn reducing the surface energy of {010} facets and slowing the
growth rate in [010] direction. A similar result was also reported for the synthesis

utilizing TiCls [6].
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Fig. 4-2. XRD patterns of BiVO4 with a different amount of KCI (mmol).

Table 4-1. Relative intensity ratio, physical properties and photocatalytic performance of

BiVO, with a different amount of KCl.

Soet E oaoe
Sample  Loo/I121y Eg* (eV) ) degradation i) (x10"2 min™!
efficiency (%) /m? g'!)
Bi0 0.46 2.48 2.8 70.1 5.03 0.18
Bil 1.17 2.45 1.1 81.7 6.60 0.60
Bi2 1.68 2.43 0.84 93.4 10.2 1.2
Bi3 2.46 2.34 0.63 94.7 11.4 1.8
Bi5 1.72 2.35 0.51 63.9 4.75 0.93

@ E, is Bandgap value; ® Szer is BET specific surface area; © k is photodegradation rate

constant; ¢ k/Sger is ratio of photodegradation rate constant over BET specific surface

arca

The additional content of KCI not only affects the crystal growth of BiVO4

but also produces another phase in the samples, as seen in Fig. 4-2. The small peaks
at 12°, 24.1°, 25.9°, 32.5°, 33.5, and 36.5° can be assigned to (001), (002), (101),
(110), (102), and (003) plane diffraction of tetragonal BiOCI (ICDD PDF No. 00-

006-0249), respectively. These peaks become more visible in samples with higher

KClI concentrations. The BiOCl could be an intermediate material before the growth
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of BiVOy4 crystals. A possible chemical reaction can be expressed as follows

[18,19]:

Bi** + 2H,0 = BiOH?*' + H;0" (4.1)
BiOH?' + H,O = BiO" + H;0" (4.2)
BiO" + CI” = BiOCl | (4.3)
BiOCl | + VOs™ = BiVOs |+ CI” (4.4)

The synthetic reaction begins with the hydrolysis of Bi(NO3)3-H>O [reaction
(4.1) and (4.2)]. The BiO" derived from hydrolysis reacts with CI” to form the
BiOCl precipitate [reaction (4.3)], which further reacts with VO3~ to form BiVOs4
[reaction (4.4)]. Both BiVO4 and BiOCI are present in the precursor, as shown in
Fig. 4-3. In addition, the elevated temperature and pressure during the hydrothermal
process may accelerate the conversion from BiOCl to BiVOas. Fig. 4-3 demonstrates
that the conversion from BiOCIl to BiVO4 was nearly completed when the sample
was heated for 45 min, and prolonging the heating duration to 12 h exhibits no
significant change in terms of the crystal structure. Moreover, an incomplete
transformation can be seen, as the residual BiOCl is still present in the sample due

to the excess amount of CI” present in the solution.
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Fig. 4-3. XRD diffractograms of Bi3 with a different heating duration of hydrothermal
synthesis at 160 °C.

4.3.2. Morphology of BiVO4 samples

Morphologies of BiVOs4 prepared with a different molar amount of KCl are
depicted in SEM micrographs, as can be seen in Fig. 4-4. A rod-like BiVO4 (Fig.
4-4a) can be obtained when the synthesis is prepared without KCI. The anisotropic
growth of rod-like structure may be attributed to the pH~1.8 of the precursor [9].
The shape of particles has been found to transform from polyhedron to rod-like
structure due to an increase in pH value, which in turn lowers the solute
concentration [9,20,25,26]. When 1 mmol of KCl is added, the BiVOs particles take
a short rod-like form, as shown in Fig. 4-4b. As the amount of KCI1 further rises to
2 mmol, the BiVO4 particles assume a form of cruciate structure (Fig. 4-4¢). Further
additional amount of KCI (3 mmol) allows a suitable condition for dendritic
structure with small branches grown out from four arms to assume a shuriken-like
structure, as can be seen in Fig. 4-4d. Fig. 4-4e illustrates the BiVOs structure
resembles a tabular block with an uneven assembly of small particles as the

concentration of KCI reaches 5 mmol.
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Fig. 4-4. FE-SEM micrographs of (a) Bi0 (0 mmol KCl) and (b) Bil (1 mmol KCl); and
the top-view and side-view micrographs of (c¢) Bi2 (2 mmol KCl), (d) Bi3 (3 mmol KCI),
and (e) Bi5 (5 mmol KCl).

The morphology evolution of BiVOs from rod-like structure to dendrite and
then to tabular form visibly correlates with the increase in KCI concentration as
depicted in Fig. 4-4. A similar transformation of BiVO4 has been reported by Xi
and coworkers [5], except that the phenomenon occurs when the acidity of the
precursor is increased. It is worth mentioning that they synthesized BiVO4 using
BiCl; as a source of Bi**. Thus, the chemical reaction involving the BiOCI
intermediate could be similar to the current study. According to this study and theirs,
either increasing acidity or Cl” concentration could provide a similar outcome of
the morphological evolution of BiVOs. A plausible reason is related to the solubility
of BiOCl. Since BiOCl is the intermediate phase followed by its transformation into
BiVOs4, the number of BiOCI particles in the precursor could dictate the crystal
growth of BiVOs because the particle number influences the free Bi** ions, which
react with VO3~ ions during the BiVO4 formation. It is known that both H3O" and
CI” ions play a major role in the dissolution of BiOCl to form BiCls™ through a
chemical reaction (4.5) [15]:

BiO* + 2H;0" + 4CI” = BiCls™ + 3H,0 4.5)
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In the case of this study, the additional CI™ ions (more than 1 mmol of KCI)
could dissolve more BiOCI, decreasing the number of BiOCI particles in the
precursor and increasing the concentration of the Bi** solute in the precursor
solution. The detailed calculation of the BiCls™ concentration, corresponding to C1”

content in the precursor, is included in Appendix A.

The morphology of BiVOs4 can be explained as follows. The BiOCI
precipitates during the preparation stage due to homogeneous nucleation. Its growth
rate is relatively slow as they take the form of nanoparticles, as shown in Fig. 4-5
and 4-6. At 1 mmol addition of KCl, the number of particles of BiOCl is large. Also,
the concentration of free Bi** ions in the solution is substantially low, leading to
difficulty in the nucleation of BiVOa. Thus, the formation and growth of the BiVO4
crystals mainly depend on the transformation from BiOCI to BiVOj4 via the reaction
(possibly, also diffusion) with VO3™. As the concentration of KCl is increased, the
number of BiOCl particles decreases, and more free Bi** ions are generated. Since
the homogeneous nucleation of BiVOs is rather difficult, the BiVO4 particles
transform from the BiOCI particles and can grow larger in volume by the reaction
between the free Bi** and VOs™ ions. As a result, raising the concentration of KCI
leads to different morphologies of the samples, as depicted in Fig. 4-4c to 4-4e. The
formation of BiVOs4 with different morphologies, corresponding to the
concentration of KCI, is depicted in Fig. 4-5. It is worth mentioning that the
shuriken-like BiVOys (the dendritic structure) in Fig. 4-4d can be obtained with the
addition of 3 mmol KCI. The directional growth of the BiVO4 crystals may be
attributed to the variation in the relative growth rate of each crystal facet.
Additionally, the dendrite BiVOj4 tends to have a crystal preferential growth in the
[001] direction [27-29] due to the high surface energy of {001} facets [30].
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The morphological evolution of the shuriken-like BiVO4 (Bi3) at different
stages of the hydrothermal route is depicted in Fig. 4-6. Fig. 4-6a shows a
micrograph of nanoplates (a thickness of 30 —40 nm), which are BiOCl based on
the XRD pattern in Fig. 4-3. The aggregation of nanoplates can be seen at the
reaction time of 30 min under elevated temperature and pressure in Fig. 4-6b. The
BiOCl nanoplate would go through a self-assembly process via oriented attachment,
which involves particle coalescence by rotating and interacting to match a mutual
crystallographic orientation[31]. At the reaction time of 45 min, as shown in Fig. 4-
6c, the nanoplates stacked and joined together to form a star-shaped structure
through oriented attachment. During the formation process, BiOCl also transformed
to BiVO4 when they reacted with VO3~ ions in the solution, according to the XRD
result in Fig. 4-3. Based on Fig. 4-6d to 4-6f, the crystal growth of BiVO4 from 1 h
to 12 h was dominated by Ostwald ripening process in which dissolution occurs on
small particles, and their ions reprecipitate on the larger particles[32,33]. The
variation in the relative growth rate of each individual facet promoted the uneven
deposition rate to form a defined shuriken shape as it grew larger. The BiVOs
crystals grow faster in the [001] direction due to the high surface energy of {001}
facets[30]. It is worth mentioning that the BiVOy crystals also grew along {010}
planes because the CI™ ions stabilized {010} facets and significantly reduced the
growth rate in the [010] direction [ 14]. The final product of the shuriken-like BiVO4
with a smooth surface possesses a diagonal length of around 12 um with a thickness
of 1-1.5 um. Fig. 4-6g illustrates the crystal growth of the shuriken-like BiVO4

during the hydrothermal process.

In addition to the role of the BiOCI formation and its dissolution, the CI™ ions
also decrease the surface energy and stabilize {010} facets of BiVO4 during the
hydrothermal synthesis [14]. Therefore, it is understandable that BiVO4 has the
preferential growth in a 2D plane along the {010} planes with a smooth surface as
the concentration of CI™ increases. The preferential growth along the {010} planes

in relation to the concentration of Cl™ ion is consistent with the XRD results.
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4.3.3. Optical absorption properties of the samples

Absorption properties of as-synthesized samples were evaluated by UV-Vis
diffuse reflectance spectra. Fig. 4-7a shows absorption spectra of the samples,
converted from reflectance data of the samples using Kubelka-Munk function in Eq.
(3.1). It is observed that the absorption edge of BiVO4 has a redshift correlating
with the increase in the content of KCI, which is consistent with the color of BiVO4
as it changes from yellow to orange. Thus, it indicates BiVO4 samples prepared
with higher KCI content can absorb a broader wavelength of visible light. However,
there is no significant difference in absorption edge of the sample after further

addition of KCI content from 3 mmol (Bi3) to 5 mmol (Bi5), as shown in Fig. 4-7a.

(b)
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Fig. 4-7. (a) UV-Vis absorption spectra and (b) Tauc’s plot of BiVO4 with a different
amount of KCI.

Bandgap of each sample is determined using Eq (3.2) and Tauc’s plot
[(F(R)hv)’ vs. hv], as illustrated in Fig. 4-7b, where the bandgap of the samples can
be estimated by extrapolating the linear part of the curve to intercept x-axis. The
estimated E, values of the samples are listed in Table 4-1 (p61). The Bi0 has E,
value of 2.48 eV, which is similar to a previous report [10]. Interestingly, the E,
value of the sample is decreased as the KCI content rises, indicating that the addition

of KCl in the precursor influences the optical absorption properties of BiVOa.
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Unlike absorption spectra, the Tauc plot (Fig. 4-7b) visibly reveals that the £, value
of Bi3 (2.34 eV) is narrower than that of Bi5 (2.35 eV). Therefore, E, values of the
BiVO4 sample follow the order of Bi0 > Bil > Bi2 > Bi5 > Bi3.

The current finding differs from prior studies [6,14], which reported that the
concentration of CI” from NaCl and TiClz had no obvious effect on the absorption
edge and bandgap value of the BiVO4 sample. It could be ascribed to the different
conditions of synthesis, in which CI” was added in different orders. Both previous
studies added the CI™ after NH4VOs; thus, BiVOs could have already formed,
whereas Cl™ in this study was introduced before NH4VO;3 addition. In order to
confirm this, two BiVO4 samples were prepared via changing the order of adding

KCl to the precursor, under otherwise identical conditions (3 mmol of KCI).

The absorption spectra of the samples are shown in Fig 4-8. When CI™ was
introduced into the precursor after NH4VOs3, the absorption spectrum of the sample
exhibit no significant difference from that of the sample without KCI, which is
consistent with the previous studies [6,14]. It could be said that if CI” was added
after NH4V O3, the tetragonal zircon-type BiVO4 intermediate had already formed
due to its low formation temperature [7]. Thus, the sample prepared with KCl
addition after NH4VOs, in a sense, goes through a similar formation process as the
one without KCI addition. On the other hand, the sample prepared with KCI
addition before NH4V O3 would go through a different formation route, in which the
monoclinic BiVOs was converted from BiOCI intermediate, as revealed in XRD
patterns in Fig. 4-3. To further confirm this, pure BiOCI powder (1 mmol) was used
as a starting material with the addition of KCl (2 mmol) in a solution with a pH
value of 1.8 to simulate the preparation of the Bi3 sample. The results demonstrate
that the absorption spectrum (Fig. 4-8) and the XRD patterns (Fig. 4-9) of the
BiVOs sample prepared using pure BiOCl as a Bi** source are indeed similar to
those of the Bi3 sample prepared with KCl addition before NH4VO3. Moreover,
both samples exhibit tails in their absorption spectra, indicating defects present in
the samples. The result suggests that the synthetic route used in the current study

may introduce defects into BiVO4 and create impurity levels, influencing the optical
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properties of BiVOa. Further study on this matter will be conducted and discussed

later in Chapter 5.

—a—Bi0
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Fig. 4-8. UV-Vis absorption spectra of the BiVO4 samples without KCI addition (Bi0), with
3 mmol KCI (Bi3) added before NH4VO;, with 3 mmol KCI (Bi3) added after NH4sVOs3,
and BiVO; prepared using pure BiOCI (1 mmol) as a source of Bi** with the addition of
KCI (2 mmol) and NH4VOs; (1 mmol) in a solution with a pH value of 1.8 to simulate the

procedure of the Bi3 sample.
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Fig. 4-9. XRD diffraction patterns of the precursor and BiVOs prepared using pure BiOCl
(1 mmol) as a source of Bi** with the addition of KCI (2 mmol) and NHsVOs (1 mmol) in

a solution with pH value of 1.8 to simulate the procedure of the Bi3 sample.
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4.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples

Elemental composition and chemical state of various samples were analyzed
using XPS spectra. In Fig. 4-10a, the XPS survey spectra of the as-synthesized Bi0,
Bi3, and Bi5 samples confirmed the presence of Bi, V, and O elements. Fig. 4-10b
shows two peaks at 164.6 and 159.3 eV, which are assigned to Bi 4fs/; and Bi 4172,
respectively. In Fig. 4-10c, the V 2p12 (524.4 eV) and V 2p32 (516.8 V) spectra of
V 2p orbitals correspond to V—O bonds, indicating the existence of V' in the
samples [4]. Fig. 4-10d displays O 1s spectra with a peak at 530 eV, assigned to the
bonding with the lattice oxygen (Bi—O) of BiVOs4 [34-37]. Based on high-
resolution XPS spectra, the different amount of KCI has no significant influence on
the chemical state of BiVO4. However, a small amount of Cl is detected for BiVO4
prepared with additional KCI (Bi3 and Bi5). In Fig. 4-10e, two spin orbital peaks
of Bi3 located at 199.5 and 198.2 eV, respectively, associate with C1 2pi/2 and Cl
2p32 of CI” in BiOCI [35]. Whereas, the Cl 2p orbital peaks of the Bi5 sample
exhibit a slight blueshift to 200.3 and 198.6 eV, respectively, when KCl and BiOCl

content is increased, in accordance with the XRD result (Fig.4-2).
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Fig. 4-10. (a) XPS survey spectra of BiVO4 samples and high-resolution XPS spectra of
(b) Bi 41, (c) V 2p, (d) O 1s, and (e) Cl 2p.
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4.3.5. Photocatalytic activities of the samples for rhodamine B degradation

Photocatalytic activities of the as-synthesized BiVOs with different
concentrations of KCI were evaluated by plotting the photodegradation of RhB
(Cy/Co) against irradiation time (t), as shown in Fig. 4-11. To determine the stability
of the RhB solution in the test condition, a photolysis of the blank RhB solution
was also conducted without any photocatalyst. As a controlled test, the photolysis
of the blank RhB solution showed no significant decrease in concentration over 240
min, implying RhB solution remained stable in this photocatalytic test condition.
Under the same condition, the concentration of all RhB solutions containing the
photocatalyst was drastically reduced over a period of time. After 240 min of
irradiation, the Bi3 sample exhibited the highest photocatalytic performance as
about 94.7% of RhB was degraded. It was followed by Bi2 (93.4%) with only a
slight difference. Whereas, Bi5 only degraded about 63.9% of RhB, which
demonstrated the lowest photocatalytic activity among the samples. The temporal
absorption spectra of RhB solution in the presence of each sample are shown in Fig.

1 (Appendix B).
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Fig. 4-11. Photodegradation of RhB solution without any photocatalyst and with BiVO,
samples prepared with a different amount of KCI under visible light (A > 420 nm).

To further study and compare the photocatalytic performance of the samples,

photodegradation rate constants were determined utilizing a pseudo-first-order
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reaction equation as in Eq. (3.4). The values of & obtained from /n(Cy/Cy) vs. kt plot
in Fig. 4-12a are also listed in Table 4-1 (p61). Using the specific surface area (Szer
in Table 4-1) of each sample, the photodegradation rate k per specific surface area

(k/Sper) 1s used to compare the photocatalytic degradation of RhB for each sample.
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Fig. 4-12. (a) Pseudo-first-order kinetic degradation of RhB by BiVO, prepared with a
different amount of KCI precursor; (b) Variation of both photocatalytic degradation rate
constant (k) over Sger (k/Sger) and relative intensity ratio Ioaoy/I(r21) with respect to the KCl
concentration in precursor; (¢) Linear relationship between k/Sger and relative intensity
ratio Ii40/I(121); and (d) Reusability test of the Bi3 sample for RhB degradation over four
cycles under visible light (A > 420 nm).

Fig. 4-12b demonstrates the relationship between £/Sper and relative intensity
ratio Io40y/I(121) with respect to the concentration of KCI. The k/Sper value surges
along with the I040)/I(121) ratio when KCl content is increased until it reaches around
3 mmol and then goes down when it reaches 5 mmol. Both the &/Szer values and
the L40)/I(121) ratios follow a very similar trend, and they can be used to create a

linear relationship between them, as plotted in Fig. 4-12¢c. The figure indicates the
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linear dependency of k/Szer on the intensity ratio Ii40y/I121) of the samples. It is
commonly known that a combination of various aspects, such as morphology,
bandgap, crystal structure, and specific surface area influences the photocatalytic
performance of photocatalysts. Based on the results in this study, the relative
intensity ratio Io40)/I(T21) plays a major role in the enhanced photocatalytic
degradation of the RhB dye. The increase in the I040/1(121) intensity ratio associates
with the enhanced exposure of {010} facets, promoting the photocatalytic activity
of the BiVOs4 [2,5,6,10-12]. The shuriken-like BiVO4 with a molar ratio of 1:3
(Bi:Cl) exhibits the highest RhB photodegradation ascribed to the highest relative
intensity ratio I40/I(121). The narrowest bandgap of the Bi3 sample among the
samples may also contribute, to some extent, to the enhancement of the
photocatalytic performance as it could provide superior visible-light absorption.
Based on the above experimental results and analyses, it could be concluded the
KCI concentration (via modification of the reaction path) is one of the key factors
that influence the crystal growth, crystal structure, morphology, and optical
property of BiVOa, which in turn affect the photocatalytic performance of BiVOa.

Reusability test was conducted for the Bi3 sample in order to study its
stability. The test was repeatedly run for fours cycles under identical conditions.
After each cycle, the photocatalyst was collected and recovered via centrifuge and
put in a fresh RhB solution for another run. It should be noted that the weight of the
sample might be reduced each time due to the recovery process. Fig. 4-12d shows
that the Bi3 sample exhibits good stability, as the RhB degradation efficiency of the
Bi3 sample only decreases slightly from 94.7% to 90.8% after four cycles. A loss
of photocatalyst during the recovery process might be responsible for the reduction
in RhB degradation efficiency. Moreover, there is no significant change in the
crystal structure of the Bi3 sample after irradiation for four cycles, based on the

XRD result in Fig. 4-13.
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Fig. 4-13. XRD patterns of the Bi3 sample before* and after irradiation (4 cycles) under
visible light (A > 420 nm). * It is the same data as indicated in Fig. 4.2.

4.4. Conclusion

The BiVOs samples with different morphologies were synthesized using a
varied amount of KCl in the hydrothermal synthesis. The concentration of CI” ions
from KCI played a major role in the crystal growth of BiVOs via the formation of
BiOCl intermediate and the order of the KCI addition in the precursor that altered
the intermediate phase, which influenced the final morphology of the BiVO4. The
shuriken-like BiVO4 (Bi3) with the molar ratio of 1:3 (Bi:Cl) exhibits the highest
photocatalytic performance for RhB degradation among the as-synthesized samples
owing to the high relative intensity ratios of I(o40)/I(121) and the narrow bandgap. The
present work contributes to the development of various dye degradation systems.
The findings provide an important clue into the effect of CI” concentration on BiOCl
intermediate, influencing the crystal growth, light absorption property, and

morphology as well as the photocatalytic performance of BiVOa.
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5. The Effect of Calcination on Optical Properties
of BiVO4 Prepared via Hydrothermal Route

5.1. Introduction

Photocatalyst is a fascinating material, which can harness light energy to
promote a chemical reaction for various applications such as water spitting [1],
pollutant degradation [2], hydrocarbon production [3], and self-cleaning effect [4].
A commonly-used semiconductor photocatalyst is TiO», with a wide bandgap of
3.2 eV. This material, however, works only under ultraviolet light, which occupies
only about 5% of sunlight at the surface of the Earth [5,6]. Therefore, numerous
research has been performed to seek alternative photocatalysts with narrower
bandgap, which can harness visible light energy, such as Fe;O3 [7], BiVO4[1], SnS»
[8], CdS [9], etc.

In particular, the BiVO4 with monoclinic structure has attracted significant
interest from researchers due to its bandgap around ~2.5 eV [10] and other
advantages such as low cost of production, non-toxicity, abundance, and stability
[11]. However, although the BiVO4 with a bandgap of 2.5 eV can harness visible
light, its photon absorption is limited to a wavelength shorter than 500 nm.
Considering that there are still a significant amount of photons of sunlight in
wavelength of 500-600 nm, narrowing bandgap of BiVOs could further improve its
light absorption efficiency and photocatalytic performance, as evidently shown by
a previous study [12—14]. Hence, the ability to tune the bandgap of BiVOs is crucial
for achieving optimal performance for various applications. Many studies have
been conducted to modify the bandgap of a photocatalyst via various techniques,
such as doping [13,15], controlling oxygen vacancies [14,16], incorporating with

other photocatalysts [17], etc.
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The study [18] in Chapter 4 reveals that an addition of KClI in the precursor
of BiVOys influences not only the morphology but also the bandgap of BiVOas.
Furthermore, the photocatalytic performance of the BiVO4 prepared with KCl is
enhanced compared with that of pristine BiVO4. Although KCl addition has been
shown to narrow the bandgap of BiVOs, the underlying cause behind the effect has
not been clarified yet. Identifying the cause could lead to a discovery of a novel

technique to control the bandgap of BiVOas.

A possible explanation could be that KCI may induce defects in BiVO4 during
the synthesis, which introduces an impurity band inside the bandgap (of pristine
BiVO4) and extends the light absorption edge of BiVO4 to the longer light
wavelength range. The likely defects produced during synthesis could be oxygen
vacancies in BiVOs since they are the common point defects found in metal oxides
[19,20]. Oxygen vacancies have been demonstrated to reduce material bandgap by

introducing defect levels inside the electronic bandgap [20,21].

Thermal treatment can be an effective method to study oxygen vacancies
present in metal oxides. Calcining metal oxides with oxygen vacancies in air
(oxygen-rich atmosphere) can cause oxygen to fill the vacancy, reducing the
number of oxygen vacancies in the materials [22,23]. Whereas calcining them in an
oxygen-deficient atmosphere including nitrogen (N>) [13,23], hydrogen (H>) [24],
and argon (Ar) atmosphere [ 14] could retain the level of oxygen vacancies or further
introduce oxygen vacancies in the material, depending on the calcination condition.
Among oxygen-deficient calcination, H> gas may cause an undesirable reduction to
the metal oxides due to its strong reducing ability [25], while N> gas may introduce
an N-doping effect in the oxide materials [13,23]. On the other hand, Ar gas has
been found to induce only a mild effect on oxygen vacancies in BiVOs, and the
doping effect by Ar gas has not been reported yet [14,26]. Considering this matter,
Ar calcination is a suitable option to examine oxygen vacancies in the material to

retain oxygen vacancies in BiVO4 without introducing doping effect.

This study aims to control oxygen vacancies and bandgap of BiVOs using

different calcination conditions (oxygen-rich and oxygen-deficient atmosphere).
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The study also examines the correlation between oxygen vacancies and the bandgap
of BiVOs. In addition, the current work intends to clarify the underlying cause
affecting the optical properties of BiVOs, prepared with KCI addition in the
precursor. In this study, the BiVO4 sample was synthesized via a hydrothermal
method, in which KCI was added to the BiVO4 precursor. This work explores the
change of oxygen vacancy level via heating the sample at different temperatures in
either air (oxygen-rich atmosphere) or Ar gas (oxygen-deficient atmosphere). The
morphology, crystal structure, surface chemical state, and optical properties were
examined and discussed. The result showed that the bandgap value of the sample
prepared with KCl almost restored to that of pristine BiVO4 when calcined in air up
to 600 °C, while the value was not changed if calcined in Ar up to 600 °C, strongly
indicating an involvement of oxygen vacancies in the sample. The correlation of
the KCI concentration with oxygen vacancies in the BiVO4 sample will be also

discussed.

5.2. Experimental

5.2.1. Materials

In this study, all chemicals with analytical grade were used without further
purification.  Bismuth (III) nitrate pentahydrate (Bi(NO3);-5H20, 99.5%),
ammonium vanadate (NH4VOs3, 99.0%), ethanolamine (2-aminoethanol, C;H7NO,
> 97.0%) were supplied by Nacalai Tesque. Potassium chloride (KCl, 99.5%) was
purchased from FUJIFILM Wako Pure Chemical Corporation. Ultrapure water
(18.2 MQ.cm at 25 °C) used for synthesis was obtained via the Direct-Q water

purification system (Millipore).
5.2.2. Preparation of BiVO4 samples

BiVO4 was prepared via a typical hydrothermal synthesis with additional KCI.
First of all, 0.001 mol of Bi(NO3)3-5H>0 was put in 30 ml of ultrapure water. After
5 min of stirring, 0.003 mol of KCIl was added into the solution to form barely
soluble BiOCl. Then, 0.001 mol of NH4VO3 was put into the suspension. Then, the
pH of the solution was adjusted to 1.8 using 0.6 ml of 1M ethanolamine. After 1 h
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of constant stirring, ultrasonication (45 Hz) was used to agitate the suspension for
another 1 h. Then, it was transferred to a 50 ml stainless-steel autoclave with a
Teflon liner, which was sealed and placed in a pre-heated oven at 160 °C for 12 h.
When the autoclave cooled down to room temperature, the as-synthesized BiVOs
was taken out from the autoclave, washed several times with ultrapure water and
ethyl alcohol, and dried at 90 °C overnight. This sample was denoted as KCI-BiVOas.
For comparison, a pristine BiVOs sample, without KCI addition in the precursor,
was prepared via the same procedure. Finally, the KCI-BiVO4 sample was calcined
in a tube furnace either under ambient air or Ar atmosphere (pressure of 0.04 MPa)
for 1 h at different temperatures of 400 °C, 500 °C, and 600 °C. The samples were
denoted as KCI-BiVO4 T-air and KCI-BiVO4 T-Ar, where T represents the calcined

temperature.
5.2.3. Characterization

The X-ray diffraction (XRD) diffractograms of as-prepared samples were
measured using a Rigaku RINT2100 with Cu Ka radiation (A = 0.15418 nm)
operated at 40 kV and 30 mA. The microstructure and morphology of each sample
were observed using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope),
where all samples were sputter-coated with thin Au film to prevent electronic
charge-up. The x-ray photoelectron spectroscopy (XPS, JPS-9030 x-ray
photoelectron spectrometer) was conducted with Mg Ka radiation using O 1s peak
at 530 eV as reference. The UV-vis diffuse reflectance spectra (DRS) were obtained
using a Lambda 750S UV/Vis/NIR Spectrophotometer equipped with a 60 mm
integrating sphere.
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5.3. Results and discussion

5.3.1. Morphology and microstructure of the samples

Morphologies of the samples are shown in SEM micrographs (Fig. 5-1). The
pristine BiVO4 sample (Fig. 5-1a) exhibits a rod-like structure, while the KCI-
BiVO4 sample (Fig. 5-1b) possesses a shuriken-like structure. The morphology of
shuriken-like BiVO4 caused by the addition of KCl has been discussed in Chapter
4 [18]. The KCI-BiVO4 samples are calcined at different temperatures either under
ambient air (Fig. 5-1c, 5-1e, and 5-1g) or under Ar atmosphere (Fig. 5-1d, 5-1f, and
5-1h). Based on Fig. 5-1c to 5-1f, there is no significant change when KCI-BiVO4
is heated at 400 °C and 500 °C for both in air and Ar gas. However, the morphology
of KCI-BiVOy is altered noticeably when the temperature becomes 600 °C either
under air or Ar gas (Fig. 5-1g and 5-1h). The surface of KCI-BiVO4 becomes
smoother at 600 °C. Earlier studies have also found that the BiVOj4 particles become
more spherical with a smoother surface at the temperature above 500 °C due to the

BiVO;4 crystallization process [27,28].
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Fig. 5-1. SEM images of (a) pristine BiVOs, (b) KCI-BiVOs, (¢) KCI-BiVO4 400-air, (d)
KCI-BiVO4 400-Ar, (e) KCI-BiVO, 500-air, (f) KCI-BiVO4 500-Ar, (g) KCI-BiVO4 600-
air, and (h) KCI-BiVO, 600-Ar.

5.3.2. Crystal structure of the samples

Fig. 5-2 shows XRD patterns of BiVO4 with and without addition of KCI.
Both samples exhibit monoclinic structure (ICDD PDF No. 00-014-0688), except
that the KCI-BiVO4 sample possesses a strong intensity at 30.5°, corresponding to
(040) plane due to the effect of CI” on the crystal growth of BiVO4 [29].
Furthermore, the XRD diffractogram of the KCI-BiVO4 sample displays small
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peaks of a tetragonal BiOCI at 12°, 24.1°, and 25.9°, assigned to (001), (002), and
(101) planes (ICDD PDF No. 00-006-0249), respectively.

T
© .
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Il | 11 TR | well u 1 al
| Tetragonal BiOCI
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Fig. 5-2. XRD patterns of pristine BiVO4 and KCI-BiVOs.

The KCI-BiVO4 samples are calcined at different temperatures in air (Fig. 5-
3a) and Ar gas (Fig. 5-3b). The KCI-BiVO4 sample retains the monoclinic structure
of BiVOy after calcination either in air or in Ar gas. The peak intensity of BiOCI
phase decreases as the temperature increases in either condition of calcination since
BiOCl is reported to decompose and convert to Bi24O31Clio at a temperature above
400 °C [30-32]. However, there is no Bi24031Clio phase observed in this study, as
shown in Fig. 5-3. Instead, another crystal phase appears in Fig. 5-3b when KCI-
BiVOsis heated to 600 °C in Ar atmosphere. The diffraction peaks of the mentioned
crystal phase at 11.5°, 23.6°, and 32.6° can be assigned to (002), (013), and (200)
planes of Bi4V,019 (ICDD PDF No. 01-086-1181) [33], respectively.
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Fig. 5-3. XRD patterns of KCI-BiVOys calcined at different temperatures in (a) air and (b)
Ar gas, including their respective magnification charts at 20 = 10° to 27° and 26 = 10° to
36°. All peaks without symbols correspond to the BiVOs.

In the present study, the formation of Bi4V201¢ in the KCI-BiVO4 600-Ar
sample can be explained as follows. The BisV201¢ belongs to BixO3—VO> system
with V4 instead of V3* [33,34]. According to the previous works [33,35], BiaV2010
can be synthesized by heating the mixture of Bi»O3 and VO; at a temperature higher
than 550 °C in vacuum. To date, there is scarce research on Bi4V2010, and no report
has indicated production of Bi4V201¢ via the thermal treatment of BiVOy; that is,
no BisV2010 phase would be observed when BiVOs4 phase is annealed at a
temperature range of 300-700 °C under Ar atmosphere, as demonstrated by an
earlier study [14]. The plausible explanation of BisV,01¢ appearance in the KCI-
BiVO4 600-Ar sample is that the pre-formed BiOCl decomposes and loses Cl at
high temperatures, and further reacts with V** to form BisV>010 phase. It is worth
mentioning that V#* exists in BiVOs in response to oxygen vacancies in the BiVOs
to maintain charge neutrality [36,37]. It is thus indicated that a considerable number
of oxygen vacancies are already present in KCI-BiVOs, and more vacancies are

further introduced by oxygen-deficient calcination.
5.3.3. X-ray photoelectron spectroscopic (XPS) analyses of the samples

XPS analysis was used to study the surface chemical state, including
vacancies and composition of the samples. XPS survey spectra in Fig. 5-4a

demonstrate the existence of Bi, V, and O elements in both BiVO4 and KCI-BiVO4
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heated at various temperatures in air. Fig. 5-4b shows Bi 4f XPS spectra of BiVO4
and KCI-BiVOs, corresponding to Bi** of BiVOa. Both spectra are composed of
two peaks at 164.6 and 159.3 eV, each corresponding to Bi 4fs» and Bi 417,
respectively [38]. There is no significant change in the core level of Bi 4f when the
KCI-BiVOg4 sample is calcined up to 600 °C in air. On the other hand, in Fig. 5-4c,
an asymmetry spectrum of each sample, assigned to V 2p3» of BiVOs, can be
deconvoluted into two peaks, V°© (516.9 eV) and V*" (515.3 eV) [2,14]. The
existence of V4" has been reported to indicate the presence of oxygen vacancies in
BiVO4[36,37]. The peak areas (in cps) of V3" and V** are listed in Table 5-1. In
Fig. 5-44d, it is displayed that the KCI-BiVO4 sample possesses a small peak at 198.6
eV, assigned to Cl 2p of BiOCI [39]. The peak disappears when the temperature
becomes 600 °C, which is in agreement with XRD patterns in Fig. 5-3a. Lastly, O
1s peaks of the samples (Fig. 5-4e) at 530 eV corresponds to the bonding of Bi—O
in BiVO4 [39,40].
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Fig. 5-4. XPS spectra of BiVO4 and KCI-BiVO; samples calcined in air at various
temperatures: (a) survey spectra and high-resolution spectra of (b) Bi 4f, (¢c) V 2p, (d) Cl
2p, and (e) O 1s orbitals.
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Table 5-1. XPS relative peak areas of V> and V* from V 2p;», estimated % oxygen
vacancies (V,) and bandgaps (E;) of the pristine BiVO4 and the KCI-BiVO; calcined at

various temperatures, either in Ar gas or in air.

Sample Peak area V5*  Peak area V¥ % Oxygen E; (eV)
(%) (%) Vacancy, V, (%)
KCI-BiVO4 91.2 8.8 4.4 2.34
KCI-BiVO4 400-Ar  91.2 8.8 4.4 2.34
KCI-BiVO4 500-Ar  91.2 8.8 4.4 2.34
KCI-BiVO4 600-Ar  90.8 9.2 — 2.34
KCI-BiVO4 400-air  94.4 5.6 2.8 2.42
KCI-BiVO4 500-air  95.5 4.5 22 2.44
KCI-BiVO4 600-air  95.7 4.3 22 2.45
BiVO4 96.1 3.9 2.0 2.48

2 since KCI-BiVO4 600-Ar contains BisV,01o phase, V*" may come from both BisV2010
and oxygen vacancies in BiVOs. Thus, the oxygen vacancies in BiVO4 cannot be
estimated using relative areas of V3" and V**.

The Bi, V, and O elements are also observed in XPS survey spectra (Fig. 5-
5a) of the KCI-BiVO4 sample calcined in Ar gas. Similar to the KCI-BiVO4 sample
calcined in air, the core level of Bi 4f (Fig. 5-5b) and O 1s (Fig. 5-5¢) exhibits no
apparent change when calcined up to 600 °C in Ar gas. Likewise, the V 2p3/2 spectra
of the sample calcined in Ar gas are similar to those of the sample calcined in air
except the relative peak area of V°" and V#* (Table 5-1), which is discussed later.
Fig. 5-5d illustrates a small peak of Cl 2p (198.6 eV) of BiOCI [39] in the KCI-
BiVO4 600-Ar sample, indicating residual CI remains in the sample even though
BiOCl phase disappears in XRD patterns (Fig. 5-3b). It suggests that either residual
BiOClI may still exist in the form of amorphous or residual chlorine is present in the

sample.

90



(a ) ( b ) Bi 4f,., Bi 4ty

159.1

KCI-BiVO, o1s ) ) iacy KCI-BiVO,
600-Ar O KLL \ V2p Bi 4f;, Biaf;, 159.1 \00-Ar
s c1s N\ 164.4

S N5Q0-Ar Bi 4p. : Bi5d| S KCI-BIVO,
S | KCIBVO; ¢ ) Bt e S 1593 \go0ar |
> N400-Ar o e >
i 2
o | kerBivo, o KCI-BiVO,
£ £ 400-Ar
BiVO,
T T T T T T T T T
1000 800 600 400 200 0 168 166 164 162 160 158 156

Binding Energy (eV) Binding energy (eV)

V2

(€) Ve .1 (d) (e) ots
kciaivo, 51\?;.3 Cl2p  kergivo,

600-Ar y/ 198.6  600-Ar 530

y KCI-BIVO
S [KCI-BIVO, = 198.5° KCIBVO,l = 530 GOO-Alr )
S so0r 5153 g 'A&Hﬁ g, 8
> " > > 530 KCI-BiVO,
2 focc;.ilvo“ 515.3 2 1%7 rcievo,|a —
o [ 1] 00-Ar || & 530
£ £ =

1986

KCI-BIVO,
. 400-Ar
KCI-BlVO,. 515.3 KCI-BIVO, 530
" ol KCHBIVO,
AN " sivo,
BivO, 515.3 WW\NMW’VWW BIVO,

520 5‘;8 5‘;6 514 262 2(‘JO 1538 19')6 1€|)4 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Fig. 5-5. XPS survey spectra of BiVO4 and KCI-BiVO, samples calcined in Ar gas at
different temperatures and high-resolution XPS spectra of (b) Bi 4f, (c) V 2p, (d) CI 2p,
and (e) O 1s orbitals.

The % oxygen vacancies (Vo) in Table 5-1 can be estimated using the peak
area of V°" and V*" in the V 2p32 XPS spectra, assuming that each oxygen vacancy
site generates two equivalent of V*'. Thus, the % oxygen vacancies (V,) is

calculated using the following Eq (5-1) [37].

vV, = Peak area V** X 0.5 X 100% (5.1
° "\ Peak area V** + Peak area V5* ' 0 1

5.3.4. Optical properties of the samples

Fig. 5-6 illustrates the different colors of all the samples. Pristine BiVO4
exhibits bright yellow color while KCI-BiVOys is orange in color. When KCI-BiVO4
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is calcined at different temperatures in Ar gas, its color changes from orange to dark
green. Likewise, when KCI-BiVOs is calcined in air at 400 °C, it also shows similar
dark green in color. However, the color alters to bright yellow, similar to pristine

BiVO4 when the temperature is increased to 500 °C and 600 °C.

o @
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ke
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i o T
Pristine KCI-BiVO;\\ =
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Fig. 5-6. Photographs of pristine BiVO4, KCI-BiVOs, and calcined KCI-BiVO; at various

temperatures in air and Ar gas.

The optical properties of the samples are investigated using UV-vis diffuse
reflectance spectra (DRS). Absorption spectra are transformed from reflectance
spectra using Kubelka-Munk function, F(R) = (I-R)’/2R, where R is diffuse
reflectance. The absorption spectrum of each sample is depicted in Fig. 5-7a and 5-
7c. Since BiVOys is a direct transition semiconductor, the plot, F(R)hv)’ vs. hv, can
be used to estimate the bandgaps [10,40,41], where each bandgap value (Ey), as
shown in Table 5-1, is determined by extrapolating the linear part of the curve in
Fig. 5-7b and 5-7d. Based on Fig. 5-7, the pristine BiVO4 sample exhibits the £,
value of 2.48 eV, similar to that of pristine BiVOs reported by an earlier study [10].
On the other hand, the KCI-BiVO4 sample possesses a narrower E; of 2.34 eV,
indicating that the addition of KCI (in precursor) reduces the E, value of BiVOa.
Figure 5-7 also demonstrates the absorption spectra and bandgap of the KCI-BiVOg4
sample, calcined at various temperatures either in air (oxygen-rich gas) or in Ar gas

(oxygen-deficient gas).
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Fig. 5-7. UV-vis absorption spectra (left) and (F(R)hv)’ vs hv plot (right) of pristine BiVOs4
and KCI-BiVO; calcined at different temperatures in (a-b) air and (c-d) Ar gas.

As shown in Fig. 5-7a and 5-7b, the absorption edge of the KCI-BiVOs4
sample calcined in air exhibits a blueshift, and the E, value of the sample calcined
at 600 °C in air is almost that of the pristine BiVOa. On the other hand, the E,; value
of the KCI-BiVO4 sample remains to be at 2.34 eV, as shown in Fig. 5-7c and 5-7d.
Since BiOCl possesses a bandgap of about 3.3 eV [42], which is substantially wider
than that (2.34-2.48 eV) of BiVOs, it may not influence the bandgap of BiVOa.
Moreover, earlier study [42] reported no significant change in bandgap of BiVO4
in BiIOCI/BiVO4 composite even with their interface formed at a nanosized level.
Thus, the modification of the bandgap may not be originated from the residual
BiOCl in the samples (XRD result in Fig. 5-3). The Bi4V2011 phase, on the other
hand, is only observed in KCI-BiVO4 600-Ar (Fig. 5-3b), whose E, value is equal
to those of KCI-BiVO4, KCI-BiVO4 400-Ar, and KCI-BiVO4 500-Ar. Thus, the
small amount of Bi4V>2011 might not influence the bandgap of BiVO4. Hence, the

change in the bandgap is more likely to be attributed to oxygen vacancies, which
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had been found to influence the light absorption and bandgap of BiVOs4 [36,37].
This result is consistent with the presence of oxygen vacancies from the XPS result.
The oxygen vacancies in metal oxides are reported to create defect levels inside the
electronic bandgap, either just below the bottom end of the conduction band or just
above the upper end of the valence band. This would result in a decrease of the
bandgap due to overlapping of the defect states with either the conduction band

minimum or the valence band maximum [20,21].

The present study shows the bandgaps of KCI-BiVO4 samples before and
after Ar-calcination (400, 500, and 600 °C) are unchanged. This result defers from
that of earlier report [14], which revealed that bandgap values of Ar-calcination
BiVO4 were slightly reduced by 0.02 and 0.05 eV at temperatures of 500 and 700 °C,
respectively, compared with untreated BiVOs. It was attributed to an increase in
oxygen vacancies. The different outcomes between the said report and this study
could be a large number of oxygen vacancies already present in the untreated KCI-
BiVOs4 (from the XPS results). Thus, calcining the KCI-BiVO4 sample in Ar could
not further induce more oxygen vacancies in the sample. To confirm this, the KCI-
BiVO4 sample was first calcined at 600 °C (1 h) in air, then at 600 °C (1 h) in Ar
gas. The sample was allowed to cool to room temperature in between both
calcinations. Bandgaps of the samples were determined using the Tauc’s plot, as
shown in Fig. 5-8. The result showed that the bandgap of the said sample increased
from 2.34 to 2.45 eV when calcined in air (600 °C for 1 h), and then decreases to
2.40 eV when calcined in Ar (600 °C for 1 h). It implies that if the amount of oxygen
vacancies in KCI-BiVOy is relatively low, Ar calcination could induce oxygen
vacancies and reduce the bandgap of KCI-BiVOs4. The results of this study are in
agreement with those of previous study [43], in which the BiVO4 was annealed in

air at 450 °C for 2 h before being heated in Ar gas (300 — 400 °C for 2 h).
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Fig. 5-8. (a) UV-vis absorption spectra and (b) (F(R)hv)’ vs hv plot of KCI-BiVO,, KCI-
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then Ar gas).

It is worth mentioning that although absorption edges and bandgaps remain
unchanged for the Ar-calcination samples (Fig. 5-7c and 5-7d), their baselines of
absorption spectra (550-800 nm) shift upward, which could be ascribed to the
change in color (dark green) of Ar-calcination samples in Fig. 5-6. This
phenomenon has also been observed by Qin et al. [44], who treated BiVO4 film by
electrochemical and chemical (NaBH4) reduction. They mentioned the dark green
color occurred after the electrochemical and chemical reduction treatment, which
generated a considerable amount of V** in BiVOa. Hence, the dark green color of
BiVO4 might be caused by electrical energy and the large amount of V** present in
the BiVOas. In the case of the current study, a likely cause of the color change is
heat energy (instead of electrical energy) and the large amount of V4" present in the
KCI-BiVO4 sample, which would explain the dark green color of Ar-calcination
samples. It suggests that high temperature may modify the surface state of BiVO4
that possesses a considerable amount of V#* It is further confirmed by the KCI-
BiVO4 400-air sample, which exhibits a greenish-yellow color (Fig. 5-6) due to a

moderate amount of V** still present in the sample. On the other hand, the KCI-
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BiVO4 500-air and KCI-BiVO4 600-air samples display bright yellow, comparable

to the pristine BiVO4, because of their low amount of V**,

Table 5-1 shows the relationship between V, and E, of all the samples. The
Evalue decreases along with an increase in the V, value, strongly suggesting that
an increase in oxygen vacancies narrows the bandgap of the sample, which is
consistent with earlier research [36,37,45]. As a result, the correlation between
bandgap and oxygen vacancies in present study can be constructed in a linear
relationship, as plotted in Fig. 5-9. A similar linear relationship between bandgap
and oxygen vacancies has been reported in ZnO thin films, produced via varying
the oxygen partial pressure [16]. It should be noted that the data of KCI-BiVO4 600-
Ar are not used to construct Fig. 5-9 because the said sample contains Bi4V2019
phase (from XRD results), possessing V** states that are not responsible for oxygen

vacancies in BiVOa.
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Fig. 5-9. Correlation between bandgap and oxygen vacancies of the samples.
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Based on all results and analyses, it can be inferred that a large number of
oxygen vacancies was produced during the sample preparation of BiVO4 with the
addition of KCI, which in turn narrows the bandgap of BiVO4. The bandgap value
of KCI-BiVOy4 can be restored to that of pristine BiVO4 by heating the sample in
air. When the KCI-BiVO4 sample is calcined in air (oxygen-rich atmosphere), the
oxygen from the air can effectively fill the oxygen vacancies [22,23] in the BiVO4
system as temperature increases, leading to reducing some vacancy defects and
restoring its E, value close to that of pristine BiVOs. Conversely, when the KCl-
BiVO4 sample is calcined in Ar gas (oxygen-deficient atmosphere), the oxygen
vacancies remain in the system, resulting in no change in its £, value. Therefore, it
can be concluded that the addition of KCI during BiVOs preparation induces
additional oxygen vacancies in the KCI-BiVO4 sample and narrows the bandgap of
the sample. The underlying cause behind this effect will be discussed in the next
section. Additionally, the bandgap value of KCI-BiVOj4 can be tunable by heating

the sample in different atmospheric conditions, as shown in Fig. 5-8.

5.3.5. Relationship between the addition of KCI and oxygen vacancies in the

KCI-BiVO4 samples

Based on study [18] in Chapter 4, KCl concentration could influence the
bandgaps of BiVOs due to the defects in the BiVOs crystal structure. The study in
this chapter suggests the defects could be the oxygen vacancies introduced via
addition of KCl to the BiVO4 precursor. Thus, there should be a connection between
KCI concentration and formation of oxygen vacancies in the KCI-BiVO4 sample.
In order to confirm this point, the KCI-BiVO4 samples were prepared with different
concentrations of KCI (0, 1, 2, 3, 4, and 5 mmol). The E, and V, [Eq (5-1)] values
of the samples produced with various KCI concentration are listed in Table 5-2, the
values of which are determined using Tauc’s’s’s plot (Fig. 1 in Appendix C) and

XPS V 2ps) spectra (Fig. 2 in Appendix C).
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Table 5-2. XPS peak areas of V>" and V** from V 2ps, estimated % oxygen vacancies (V,),
and bandgaps (E,) of the KCI-BiVO4 with various concentrations of KCI.

KClI Peak area Peak area V,” from XPS E, (eV) V,” from E,
concentration V°" (%) V* (%) V 2p3n (%) value (%)

in KCI-BiVO4

5 mmol 91.0 9.0 4.5 2.35 4.2

4 mmol 90.8 9.2 4.6 2.32 4.8

3 mmol 91.2 8.8 44 2.34 4.4

2 mmol 94.2 5.8 2.9 243 2.7

1 mmol 95.6 44 2.2 245 23

0 mmol 96.1 3.9 2.0 2.48 1.7

? oxygen vacancies, V5, are estimated using XPS V 2p;; spectra and Eq (5-1);
b oxygen vacancies, V,’, are estimated using E, and correlation between bandgap and
oxygen vacancies in Fig. 5-9.

The relationship between oxygen vacancies and KCl concentration is
demonstrated in Fig 5-10. There are two data plotted in the figure. One set of data
is calculated using the Eq (5-1) and XPS V 2ps/; spectra (Table 5-2), and the other
is using the E, values (Table 5-2) and correlation between bandgap and oxygen
vacancies (Fig. 5-9). Both results are comparable and follow a similar trend, where
oxygen vacancies increase along with an increase in KCl concentration up to 3

mmol and remain almost constant from 3 to 5 mmol of KCI.
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Fig. 5-10. Relationship between oxygen vacancies and KCl concentration of data calculated

from XPS spectra and bandgap.

The increase in oxygen vacancies corresponding to the addition of KCI (Fig.
5-10) could be explained as follows. Generally, the formation of oxygen vacancies
in metal oxides is involved with the oxygen-deficient environment, the chemical
reduction, the dynamics of ionic defects, the plasma treatment, and the hydrogen
treatment [14,20,46]. In case of this study, a plausible explanation of the increase
in oxygen vacancies along with KCI concentration could be the reduction reaction
of V3" to V* by CI” during the synthesis. The existence of V#* in the final product
of BiVO4 generates oxygen vacancies to retain charge neutrality in the BiVOs
sample [37,47]. Considering the reaction (5-2) below, the formation reaction of
VO?** (V*) ions is favored, as the change in Gibbs free energy (AG® = -11.66 kJ

mol™) is negative at standard condition of 298.15 K and 1 bar (see the calculation

(b) in Appendix A).

2VO5~ (aq) + 2CT (aq) + 8H* (aq) = 2VO?* (aq) + Clz (g) + 4H20 (1) (5-2)

(V5+) (V4+)
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Moreover, earlier study has reported a small amount of V** was produced in
a solution of V> and chlorine [48]. Thus, adding more CI~ would result in
generating more VO?" with V#*, which could contribute to the formation of oxygen
vacancies in BiVOs. Although this does not accurately represent the actual
condition of synthesis, which involves other chemicals and hydrothermal
conditions, it may provide an insight on the correlation between concentrations of
CI” and V*, which is in good agreement with the increase in oxygen vacancies in

the KCI-BiVO4 sample.

On the other hand, the increase of oxygen vacancies is almost constant from
3 to 5 mmol of KCI (Fig. 5-10) because only the addition of KCI might not be able
to induce more V*' ions since the process also depends on acidity. It is also worth
mentioning that there is a small decrease in oxygen vacancy levels calculated from
bandgaps of the KCI-BiVO4 sample with KCl of 5 mmol (Fig. 5-10). It might imply
that the bandgap of KCI-BiVO4 could be influenced by other minor factor besides
oxygen vacancies. The minor factor might possibly be a Cl-doping effect caused by
a small amount CI existing in the KCI-BiVO4 sample. The Cl observed in KCI-
BiVO4 (the XPS result) could correspond to both BiOCI and Cl elements in the
sample. Earlier studies on the Cl-doping effect on optical properties of ZnO [49]
and CdS [50] found that the bandgaps of both materials widened with the increase
in Cl-doping concentration. This doping effect might also occur on BiVOys, resulting
in a slight increase in bandgap when KCI concentration increases. Therefore, the
oxygen vacancies calculated using the bandgap of the sample might be

underestimated and less accurate at a relatively high concentration of KCI (5 mmol).

The above analysis indicates that KCI concentration in the BiVOs precursor
influences oxygen vacancies, in turn modifying the bandgap of BiVO4. Therefore,
oxygen vacancies and bandgap of BiVOs could be controlled not only by
calcination conditions, but also by varying KCl concentration during the BiVOs

preparation.
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5.4. Conclusions

The KCI-BiVO4 sample was synthesized via hydrothermal method with
addition of KCI in the BiVO4 precursor, and compared with pristine BiVOs4. The
KCI1-BiVO4 sample exhibits narrower bandgap compared with pristine BiVOs
sample. The bandgap modification is ascribed to the oxygen vacancies, which could
be partially eliminated via calcination of the sample in air (oxygen-rich atmosphere)
up to 600 °C. The linear correlation is found between the amount of oxygen
vacancies in the KCI-BiVO4 sample and the bandgap value, in which an increase in
the former reduces the latter value. Since altering the KCIl concentration in the
BiVO4 precursor and the calcination condition would influence the level of oxygen
vacancies in BiVOy, it is thus possible that the bandgap of BiVO4 can be tunable
via controlling these two factors. These findings are beneficial not only in the field
of photocatalysis, but also in other potential applications that involve bandgap

engineering.
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6. Enhanced Photocatalytic Activity of

B1V04/B1,S3/SnS, Heterojunction for
Photodegradation of Rhodamine B under
Visible Light

6.1. Introduction

In recent years, a tremendous effort has been made to develop efficient
photocatalysts due to their potential applications in water splitting [1-3], CO
reduction [4,5], and pollutant removal [6—8]. A good photocatalyst needs a suitable
bandgap to work in the visible light region, in addition to satisfying other important
criteria, e.g., abundance, low cost, nontoxicity, low electron—hole recombination
rate, and stability. Photocatalysts such as SnS; and BiVOs fit most of these
conditions; in particular, they can absorb visible light because their bandgaps are
2.18-2.4 eV [1,9]. Although both materials have many advantages as a single
photocatalyst, incorporating them with different photocatalysts to form a
heterojunction has proved very effective in attaining superior photocatalytic activity
[1,10—12]. The interface can act as a bridge allowing electrons to migrate between
photocatalysts, which, in turn, suppress the photoinduced -electron—hole
recombination and improve the performance of photocatalysts [11,13]. In addition,
the heterojunction may also induce a Z-scheme system in which the redox ability is

enhanced via coupling two or more narrow-bandgap semiconductors [1,14].

To date, no attempt has been made to fabricate the BiVO4/SnS; heterojunction

despite many publications on SnS; and BiVO4 [7,15]. One of the reasons for this
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could be an occurrence of the reaction between Bi** and S?~ that leads to formation
of BixS3 at elevated temperatures [6,16]. It would be challenging to obtain a
BiVO4/SnS; heterojunction without formation of Bi,S3. However, the composites
containing Bi2S3, such as BixS3/ZnS [17], Bi2S3/MoS: [5,18], and TiO2/Bi2S3 [3],
have been shown to promote photocatalytic activity. Furthermore, earlier
researchers have demonstrated that both SnS; and BiVOs were successfully
fabricated with BixS; to produce Bi2S3/SnS; and BixS3/BiVOs, respectively,
exhibiting enhanced photocatalytic performance in dye degradation [15,19-21].
Additionally, ternary heterojunction based on Bi»S; (e.g., Bi2O3/Bi2S3/MoS: [2],
Bi2S3/SnS»/Bi203 [6], and BixO3/Bi2S3/MoS, [16]) have also been proven to
improve the photocatalytic activity. Therefore, viewed from a different perspective,
Bi2S; formation from the reaction between SnS; and BiVOs might enhance
photocatalytic performance of the composite via formation of a ternary

heterojunction.

In this study, the BiVO4/Bi2S3/SnS; heterojunction was thus synthesized by
combining SnS> and BiVO4 via ultrasonic mixing and solvothermal synthesis. The
formation of Bi2S3 during the synthesis would then constitute a ternary composite
with SnS; and BiVO4. Various molar ratios of BiVO4 to SnS, were prepared to
investigate the properties of three-phase photocatalysts (BiVOas, Bi2S3, and SnS;)
and optimize the amount of BiVOs in the composite. The photocatalytic
performance of the composite was compared with pure BiVO4 and SnS;, and the
charge transfer pathway in the heterojunction system was examined. A dual Z-
scheme model was then proposed to consistently explain the enhanced

photocatalytic activity of BiVO4/Bi,S3/SnS» heterojunctions.
6.2. Experimental
6.2.1. Preparation of SnS2

Preparation of SnS; was conducted via a typical synthesis method. The
powder of SnCls-5H20 (5 mmol) was dissolved in 40 mL of 5% (v/v) acetic acids

under magnetic stirring. Then, 10 mmol amount of thioacetamide was added to the
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solution. After 30 min of vigorous stirring to achieve a homogeneous solution, the
solution was transferred to a stainless-steel autoclave attached with a Teflon liner
to fill 80% of its maximum capacity (50 mL). It was then put in a preheated electric
oven at 150 °C for 12 h under autogenous pressure. After letting the autoclave cool
to room temperature, SnS; precipitate was collected via centrifuge at 4000 rpm for
5 min. The SnS, was then washed several times with DI water and ethanol, and

dried at 90 °C overnight.
6.2.2. Preparation of BiVO4

Typical hydrothermal synthesis was used to prepare BiVOa. The first solution
was prepared by dissolving 2.43 g of Bi(NO3)3-5H20 in 20 mL of 2 M HNOs acid,
and the second solution was made by dissolving an equimolar amount of NH4V O3
in 2 M NaOH solution. Then, the second solution was poured drop by drop into the
first solution. The clear solution turned yellow as BiVOs precipitate was formed.
The mixture solution was continuously stirred for another 10 min before adding 1
mL of acetic acid into the solution. After 1 h of stirring, the solution was transferred
to the stainless-steel autoclave with a Teflon liner. The autoclave was heated at
180 °C for 24 h. Finally, BiVO4 precipitate was collected, washed, and dried at
90 °C overnight.

6.2.3. Preparation of BiVO4/Bi2S3/SnS2 composites

The composite was prepared using ultrasonic mixing and solvothermal
synthesis. A specific amount of BiVO4 (0.01, 0.03, 0.06, and 0.12 mmol) was mixed
with 1 mmol of SnS> in 40 mL of ethylene glycol. The mixture was thoroughly
mixed via ultrasonication at 45 kHz for 1 h before transferring to the autoclave. It
was then sealed and heated at 150 °C for 8 h. The final product of the composite
was obtained through washing and drying, following the same procedure as stated
in Sections 6.2.1 and 6.2.2. The composites with different ratios of BiVO4 to SnS»
were denoted, respectively, as 0.01 BiVO4/SnS,, 0.03 BiVO4/SnS,, 0.06
BiVO4/SnS;, and 0.12 BiVO4/SnS,.

111



For reference, a bare BixS; was synthesized as follows. First, 5 mmol of
Bi(NO3)3:5H20O was dissolved in 40 mL of ethylene glycol via sonication for 10
min. After that, Thiourea (10 mmol) was added to the solution and magnetically
stirred for 10 min. The homogeneous solution was then transferred to a stainless
steel autoclave attached with Teflon-liner and heated at 160 °C for 18 h. The Bi2S3
precipitates were then collected and washed several times with deionized water and

ethanol, and dried at 90 °C overnight.
6.2.4. Characterization

X-ray diffraction (XRD) measurement was conducted using a Rigaku
RINT2100 at 40 kV and 30 mA with Cu Ka radiation (A = 0.15418 nm), where the
diffractogram was obtained via scanning the sample in a 26 angle range from 10°
to 80°. Microstructures and morphologies of the samples were investigated using
an FE-SEM (Hitachi SU6600 Scanning Electron Microscope) equipped with
Bruker EDX operated at 15 and 20 kV for SEM and EDX, respectively, where all
samples were coated with Au via sputtering prior to the analyses. UV—Vis diffuse
reflectance spectra (DRS) were obtained using a Lambda 750S UV/Vis/NIR
Spectrophotometer with BaSO4 as reference. X-ray photoelectron spectroscopy
(XPS, JPS-9030 X-ray photoelectron spectrometer) was conducted with Mg Ka
radiation using C 1s =284.8 eV as reference. The Brunauer—Emmett—Teller (BET)
specific surface area was measured and evaluated using nitrogen gas adsorption

with a FlowSorb III 2305 Micromeritics Instrument (Shimadzu, Japan).
6.2.5. Measurement of photocatalytic activity for rhodamine B degradation

Evaluation of photocatalytic activity was conducted via the photodegradation
of RhB dye under visible light irradiation using a 500 W Xe lamp (Ushio, UXL-
500D-0) equipped with a UV cutoff filter (AT = 420 nm). In each measurement
process, 30 mg of the photocatalyst was put into 80 mL of RhB solution (5 mg/L,
0.01 mmol/L) in a beaker with 100 mL capacity. The sampling procedure is

described in Section 3.3 (Chapter 3). Before irradiation, the establishment of
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adsorption—desorption equilibrium between photocatalyst and RhB solution was

achieved to ensure an accurate result of photocatalytic activity.

Since SnS, exhibits exceptionally strong adsorptivity for RhB dye [22], an
initial dye concentration (Co) for each photocatalytic test would be different,
depending on the ratio of BiVO4/SnS; composites, after achieving an adsorption—
desorption equilibrium. To ensure that all samples had relatively similar initial
concentrations at the start of illumination, all samples were subjected to the
adsorption—desorption process twice. Each sample was added to a RhB solution,
which was then agitated by sonication for 10 min and magnetically stirred for 60
min in the dark. Then, the sample was collected via centrifuge and put into a fresh
RhB solution, where the adsorption—desorption procedure was performed again
prior to the photocatalytic test. This devised method allowed an initial RhB
concentration (Cp) to be similar for each photocatalytic test, using various

composite ratios.

6.3. Results and discussion

6.3.1. Crystal structure of the samples

The crystalline phases of as-prepared samples with different ratios of BiVO4
to SnS, were investigated through XRD (X-ray diffraction) patterns, as shown in
Fig. 6-1. The characteristic peaks at 14.9°,28.3°,32.3°,49.5°, and 52.4° correspond
to (001), (100), (101), (110), and (111) planes of hexagonal SnS,, respectively
(ICDD PDF No. 00-023-0677). Other visible peaks can be observed at 18.7°, 19.0°,
28.8°, and 30.5°, assigned to (110), (011), (121), and (040) planes of monoclinic
BiVOs, respectively (ICDD PDF No. 00-014-0688). In addition to these obvious
peaks, there are four small peaks at 22.3°, 23.6°, 24.9°, and 25.2°, which can be
assigned to (202), (101), (130), and (310) planes of orthorhombic Bi>S3,
respectively (ICDD PDF No. 01-089-8965). The XRD patterns of individual
synthesized materials (BiVOs, SnS>, and Bi»S3) are shown in Fig. 6-2. These
characteristic diffraction peaks confirm three crystal phases of SnS,, B>S3, and

BiVOys in the composites. As the content of BiVO4 during the synthesis is reduced,
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the diffraction intensities of BiVO4 and Bi>S3 decrease and almost disappear for the
0.01 BiVO4/SnS; sample due to the very low content of BiVOs and Bi2S3 in the
composite. According to the result, the content of Bi»S3 depends on the initial

concentration of BiVO4 during the hydrothermal synthesis.
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Fig. 6-1. XRD patterns of BiVO4/SnS; samples with various ratios of BiVO4 and SnS,.
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Fig. 6-2. XRD pattern comparisons of SnS,, Bi,S3, BiVOs, and 0.12 BiVO4/SnS; composite.
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6.3.2. Morphology and microstructure of the samples

Fig. 6-3a and 6-3b reveal agglomerates of SnS», composed of ultrafine
nanoparticles with a diameter of approximately 50 nm. On the other hand, BiVO4
exhibits micron-sized polyhedral particles with a smooth surface, i.e., particular
features of microcrystals with many facets, as observed in Fig. 6-3c. The ultrafine
nanoparticles of SnS; and microparticles of BiVO4 explain a large difference (more
than 100 times) in the specific surface area of SnS> and BiVOs in Table 6-1.
Furthermore, Fig. 6-3d shows a micrograph image of the 0.03 BiVO4/SnS;
composite, in which the nanoparticles of SnS; are attached to, and cover, the
particles of BiVOas. Based on the EDS elemental mapping of 0.03 BiVO4/SnS: in
Fig. 6-4, the elements of Sn, S, Bi, V, and O are uniformly dispersed in the

composite, indicating good distribution of BiVO4 and SnS; after the incorporation.

Fig. 6-3. FE-SEM micrographs of (a) SnS», (b) magnified image of SnS,, (c¢) BiVO4, and
(d) 0.03 BiVO4/SnS; with schematic illustration.
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Fig. 6-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in 0.03 BiVO4/SnS..

Table 6-1. Comparison of molar/weight percent BiV Oy, specific surface area, and pseudo-
first-order-kinetic degradation constant, for SnS,, BiVO4, and BiVO4/SnS, composites with

various BiVOy-to-SnS; ratios.

Molar Percent  Weight

b
Sample of BiVO4 Percent of Seer® (m? g!) 1((1 0% min")
(mole %) BiVO, (wt %)
SnS» 0 0 75.7 0.60
0.01 BiVO4/SnS, 1.0 1.7 83.3 1.40
0.03 BiVO4/SnS, 2.9 5.1 74.7 1.60
0.06 BiVO4/SnS, 5.7 9.6 68.5 1.25
0.12 BiVO4/SnS,  10.7 17.5 56.3 0.68
BiVO4 100 100 0.6 0.55

@ Sper is BET specific surface area; ° k is photodegradation rate constant

6.3.3. Optical absorption properties of the samples

UV-Vis diffuse reflectance spectra (DRS) were used to study the optical
properties of as-prepared samples. The reflectance spectra were converted to
absorption spectra via the Kubelka—Munk function using Eq. (3.1). The absorption
spectra of the samples are plotted in Fig. 6-5a; all composites exhibit absorption

edges around the wavelength of 550 nm, indicating that they are photoactive in the
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visible light region. The curves of 0.06 BiVO4/SnS; and 0.12 BiVO4/SnS; are
noticeably different from the remainder as their absorption regions extend beyond
550 nm. This could be attributed to an increase in the content of Bi,S; in the

composite.
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Fig. 6-5. (a) UV-Vis diffuse reflectance spectra and (b) (F(R)hv)* vs. hv plot of SnS,,
BiVOy, and the BiVO4/SnS; composites with various ratios of BiVOs.

The bandgaps (E,) can be estimated using Eq. (3.2). The (F(R)hv)? vs. hv
graph (Tauc’s plot) can be plotted as in Fig. 6-5b, and the E; values are evaluated
by extrapolating the linear part of the curve to intercept the F(R) = 0 line. The E;
values of BiVOs4, SnS,, and Bi,S3 are accordingly estimated to be 2.38, 2.18, and
1.46 eV, respectively, which are similar to those in previous reports [23,24]. In
addition, the effective Eg values of 0.01 BiVO4/SnS2, 0.03 BiVO4/SnS,, 0.06
BiVO4/SnS,, and 0.12 BiVO4/SnS; are estimated to be 2.17, 2.17, 2.11, and 2.04
eV, respectively. It appears that the apparent E value of the composite is decreased
with an increase in BiVOs. This bandgap modification may be ascribed to a small
composition variation of SnSz, BiVOs, and Bi2S3, especially near the interface. This

bandgap reduction effect is also reported in previous publications [3,16,19].
6.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples

The XPS survey spectrum of 0.03 BiVO4/SnS> composite is shown in Fig. 6-

6a, demonstrating that it consists of Sn, S, Bi, V, and O elements, which are in
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agreement with the EDS result. The chemical state of each element, investigated
via the high-resolution XPS analyses, is shown in Fig. 6-6b and 6-6¢. As observed
in Fig. 6-6b, two separate spectra with peaks at 494.89 and 486.49 eV (with an
energy difference of 8.4 eV) correspond to Sn 3ds» and Sn 3ds» of Sn**, respectively,
for a common SnS; [4,10,19]. On the other hand, for the 0.03 BiVO4/SnS;
composite, it is noted that both Sn 3d peaks shift to the higher binding energy side
by about 0.30-0.35 eV, compared with those of pure SnS,. The blueshift observed

in the Sn 3d spectra is also found in, and synchronous with, the S 2p spectra.
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Fig. 6-6. (a) XPS survey spectra of 0.03 BiVO4/SnS; and pure SnS; and high-resolution
XPS spectra of (b) Sn 3d orbital and (¢) Bi 4f and S 2p orbital.

As shown in Fig. 6-6¢, the S 2p3» (161.34 eV) and S 2p12 (162.52 eV) peaks,
corresponding to typical Sn-S bonds of pure SnS; [4,9,10], also exhibit a blueshift
in the binding energy by 0.1-0.3 eV for the 0.03 BiVO4/SnS; composite.
Furthermore, the synchronized binding energy shift is also observed, with an
opposite direction, for the Bi 4f spectra. The spectral peaks for the 0.03 BiVO4/SnS;
composite at 158.75 and 164.34 eV, which belong to Bi 4f7» and Bi 4f52 of BiVOas,
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respectively, exhibit the redshift, by 0.2-0.5 eV, compared with Bi 4f peaks (159.23
and 164.53 eV) of pure BiVO4[15]. Importantly, the synchronous phenomena are

reproducible.

The shift of binding energy in the core-level of XPS spectra should be largely
attributed to the change in electron concentration of semiconductors due to the
interaction between SnS; and BiVO4 [25]. As the electron concentration decreases,
the binding energy of the semiconductor increases, and vice versa, due to the so-
called electron screening effect [26]. When a heterojunction is formed through
chemical interaction, the Fermi energy levels of both materials are adjusted,
allowing the electron transfer between materials to achieve equilibrium [10,25,26].
In the case of the 0.03 BiVO4/SnS, composite, it implies that SnS, has a higher
Fermi energy level than that of BiVOs, thus the electron migrates from SnS; to
BiVOs. This consequently reduces the electron concentration of SnS; and increases
that of BiVOs. As a result, the Sn 3d and S 2p spectra of the composite exhibit the
blueshift, while Bi 4f spectra exhibit the redshift.

Furthermore, the broad peaks of the Bi 4f exhibited in the 0.03 BiVO4/SnS,
composite may be caused by the presence of Bi»S3. The Bi 4f7,> and Bi 4f5/, spectral
peaks of a typical Bi,S; are reported to be at 158.4 and 163.8 eV [27], respectively,
which are slightly lower than those of BiVO4. Moreover, the S 2p peaks at 161.45
and 162.81 eV in the 0.03 BiVO4/SnS> composite could also correspond to S*~ of
Bi2S3 [28]. The results from XPS spectra and XRD patterns (Section 6.3.1) strongly
suggest the coexistence of SnS, Bi2S3, and BiVOs in the composite. Additionally,
the shifts in binding energy indicate that the interaction among SnS», Bi,S3, and
BiVOys in the 0.03 BiVO4/SnS, composite involves a chemical bonding rather than

a physical contact only.

Fig. 6-7 illustrates valence band XPS spectra of pristine SnS», Bi,S3, and
BiVOs. The difference between the Fermi level and VBMs (valence band
maximums) of SnS;, BixS3;, and BiVOs is found to be 1.3, 0.3, and 2 eV,
respectively. Fermi level positions of SnS;, Bi,S3, and BiVO4 with respect to their

VBs (valence bands) can be determined from the potential difference between VBM

119



and Fermi level from the valence band XPS spectra [12]. The result indicates that
SnS; and BiVOs are n-type semiconductors, whereas Bi»Sz is a p-type

semiconductor, which is in agreement with prior studies [2,6,16].
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Fig. 6-7. Valence band XPS spectra of bare BiVOs, Bi,S3, and SnS,.

6.3.5. Photocatalytic activities of the samples for rhodamine B degradation

Photocatalytic activity was evaluated via concentration reduction in RhB
(rthodamine B) dye solution over time, as shown in Fig. 6-8a, where Cy is the initial
RhB concentration at the time of light irradiation (t = 0), and C; is the RhB
concentration at any sampling time during irradiation. Blank RhB (a control test) in
Fig. 6-8a demonstrates that the RhB dye solution was stable under this test
condition without any photocatalyst in the solution and that the photolysis of RhB

dye was negligible over 240 min of visible light irradiation. Conversely, the

120



concentration of RhB decreased over time for all other RhB solutions containing
any photocatalyst, evidencing that photocatalysts used in this study respond to
visible light (A > 420 nm). Importantly, all composited powders exhibit higher
photocatalytic degradation of RhB than that of bare SnS», Bi2S3, or BiVO4 under
visible light irradiation for over 240 min. The temporal evolution of RhB absorption

spectra for each photocatalyst can be seen in Fig. 2 of Appendix B.
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Fig. 6-8. (a) Photocatalytic RhB degradation for various photocatalysts; (b) pseudo-first-
order-kinetics for RhB photodegradation; (c) RhB degradation efficiency of 0.03
BiVO4/SnS, over four cycles; and (d) the effect of methanol, ascorbic acid (AA), and

isopropyl alcohol (IPA) on RhB photodegradation by 0.03 BiVO4/SnS; under visible light
irradiation (A > 420 nm) for 240 min.

The degradation rates were compared using a photodegradation rate constant
(k), assuming a pseudo-first-order reaction model, In(Co/Ct) = kt, as shown in Fig.
6-8b. The kinetic model fits the data well, and the k value ofthe 0.03 BiVO4/SnS;
sample is about 2.3 times or 2.9 times greater than that of a single SnS> or BiVOas,
respectively (Table 6-1). As shown in Fig. 6.9, the photocatalytic activity of the

composite is enhanced as the content of BiVO; is increased from 0.01 to 0.03,
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whereas further addition of BiVO4 leads to a reduction in photocatalytic activity of
the composites (0.06 BiVO4/SnS; and 0.12 BiVO4/SnS»). It is thus reasonable to
consider that an optimal molar ratio exists at a relatively low concentration of
BiVOs4. One possible reason could be the variation in the “effective” specific
surface area. As shown in Table 6-1, the specific surface area of the composites
mostly decreases with an addition of BiVOs, ascribed to the significantly small
value of bare BiVOs (0.6 m?*/g). Furthermore, the interfacial reaction and
agglomeration of powders may affect the effective active area for photocatalytic
activity. As previously mentioned, the formation of Bi»S3 is intensive as the amount
of BiVOy in the composite is increased. Although a small amount of Bi2S3; would
be favorable for the composite, excess content may lead to deterioration of the
photocatalytic performance because Bi>S3 has a low photocatalytic activity of RhB
degradation compared to SnS; and BiVOs, possibly due to its rapid recombination
rate of the photogenerated electron-hole [17]. Thus, excessive Bi2S3 could act as a
recombination center for electron-hole pairs in the composite, which is similar to

the findings of previous studies [13,19].
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Fig. 6-9. Variation of photodegradation rate constant (k) with respect to molar ratio of

BiVO4/ Sn82.
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In addition to the photocatalytic activity of the material, stability and
reusability are also important to determine its value in practical applications. Thus,
the reusability test was also conducted by collecting the used sample (0.03
BiVO4/SnS») after irradiation via centrifuge and putting it back into the fresh RhB
solution. The same procedure for the photocatalytic activity measurement was
repeated in this reusability test. Fig. 6-8c shows the degradation efficiencies of 0.03
BiVO4/SnS, composite over four cycles, illustrating stability and reusability of the
0.03 BiVO4/SnS, composite. A slight loss (around 6%) of the degradation
efficiency in the 4th run could be due to a loss of photocatalyst during the recovery
process. Furthermore, the stability of the composite was also confirmed by XRD
pattern before and after irradiation (Fig. 6-10), in which the crystal structure of 0.03
BiV0O4/SnS; was not significantly altered after RhB degradation process.

SnS,
= BiVO,
® Bi,S,

L]
L ,
J . A After

Intensity (a.u)

20 (degree)

Fig. 6-10. XRD patterns of 0.03 BiVO./SnS; before and after RhB photodegradation.

To determine main reactive species responsible for RhB photodegradation by
0.03 BiVO4/SnS; during irradiation, scavenger tests were conducted using various
types of scavengers. In this study, methanol (10 mM) [6], ascorbic acid (AA, 10
mM) [29], and isopropyl alcohol (IPA, 10 mM) [16] were used as the scavengers
for superoxide radicals (O2"), holes (h"), and hydroxyl radicals (*OH), respectively.
As shown in Fig. 6-8d, the addition of methanol into the system has only a slight
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effect on RhB degradation, indicating that O>" radicals play a minor role in the
degradation process. Conversely, AA (h" scavenger) and IPA (*OH scavenger)
greatly suppress photocatalytic RhB degradation. The result strongly suggests that
h" and *OH radicals are the main reactive species for the RhB photodegradation
process with the 0.03 BiVO4/SnS; photocatalyst under visible light (A > 420 nm)

irradiation.

6.3.6. Possible mechanism for photocatalytic activity enhancement of

BiVO4/Bi2S3/SnS:2 heterojunction for rhodamine B degradation

A plausible photocatalytic mechanism of the BiVO4/Bi2S3/SnS2
heterojunction could be explained by understanding the band energy structures of
the photocatalysts, as illustrated in Fig. 6-11. The empirical equations (6.1) and
(6.2) are often used to estimate the band edge of the semiconductor, such as
conduction band edge potential (Ecp) and valence band edge potential (Eyz)

[15,19]:

Eyp = x —E®+ 0.5E, (6.1)
ECB = EVB - Eg (62)

where, y is absolute electronegativity of a semiconductor, determined by the
geometric mean of absolute electronegativity values of constituent atoms. £, values
of SnS,, BixS3, and BiVOs are 2.18, 1.46, and 2.38 eV, respectively (in Section
6.3.3). The absolute electronegativity values of Bi, V, O, Sn, and S are 4.69, 3.6,
7.54, 4.3, and 6.22 eV, respectively, taken from Pearson’s experimental data [30].
The value E° is the energy of the free electron on the hydrogen scale, which is 4.5
eV. According to this calculation, Ecp and Eyz of SnS; are estimated to be —0.09
and 2.09 eV, respectively, whereas BiVO4 exhibits Ecp of 0.47 eV and Eyp of 2.85
eV, and Bi2S;3 possesses Ecp of 0.33 eV and Evs of 1.79 eV.

The calculated values of band positions of SnS: in the present study are similar to
those in earlier research [11]. Moreover, the calculated values are similar to the
experiment ones reported by Huang et al. [31]. Likewise, the calculated values

(band positions) of the BiVOs are also closed to those reported in the literature
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[32,33]. In comparison with experiment values (Ecz = 0.21 eV and Evg =2.56 eV)
[34], they are about 0.2—0.3 eV difference. In contrast, the calculated values (Ecz =
0.33 eV and Evg = 1.79 eV) of Bi2S; in the current work are not matched with those
(Eca ~0.1 eV and Evg ~ 1.5 eV) in previous reports [13,35,36] because they used
different value of the absolute electronegativity of Bi, which was 4.12 eV [37,38]
instead of 4.69 eV (Pearson’s data) [30]. In fact, the band positions values of BixS3
calculated using 4.12 eV are closer to those (Eczg = —0.18 eV and Evg = 1.22 eV)
measured in experiment results [39], compared with those (Ecs of 0.33 eV and Evp
of 1.79 eV) using 4.69 eV. Thus, it may be more reasonable to use 4.12 eV (the
absolute electronegativity of Bi) specifically for Bi»S; in the present study. Thus,
the more suitable Ecp and Evg values of Bi2S3 are 0.05 eV, and 1.51 eV, respectively.
Additionally, including the positions of Fermi levels of SnS», Bi2S3, and BiVO4
from XPS results in section 6.3.4, the band energy structures (calculation model) of

BiVOs4, SnS;, and BiS3 can be constructed, as shown in Fig. 6-11.
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Fig. 6-11. Calculation model (left) and proposed model for heterojunction (right) of band
energy structures of BiVOys, Bi,Ss, and SnS; of

In the calculation model of the band energy structures (Fig. 6-11), the
conduction bands (CBs) of BiVOs, Bi2S3, and SnS; are less negative than —0.33 eV
(O2/ O27) to generate O™, which is inconsistent with the scavenger test in Section
6.3.5. It is worth noting that the XPS results (Section 6.3.4) suggest that the

photocatalysts are chemically bonded at the interface, and their Fermi levels are
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aligned in the heterojunction. Thus, another model with consideration of the
heterojunction in the composite is proposed to fit the experiment results. For this
study, the Fermi levels of BiVO4 and Bi»S3 are assumed to be aligned with that of
SnS», thus that the CB potential of BixS3 (after adjustment) could possess an
overpotential to reduce dissolved Oz to O2™ for consistency with the result of
scavenger test (Section 6.3.5). Therefore, their band energy structures are
accordingly adjusted, creating a heterojunction as depicted in Fig. 6-11. It is worth
mentioning that it is possible for the CB position of Bi>S3 in the composite to be

more negative than —0.33 eV (O2/ O2"), as reported by previous research [6,40].

To understand the charge-transfer pathway in the BiVO4/Bi2S3/SnS2
heterojunction system, two possible models are explored and examined for the
charge transfer process, as proposed in Fig. 6-12. All of the photocatalysts in both
models are capable of generating electron-hole pairs upon visible light illumination
due to their narrow bandgaps. In model A, the photogenerated electrons (e”) would
migrate from the CB (conduction band) of Bi2S3 to CBs of SnS, and BiVOas. Thus,
0;" radicals would not be produced by the heterojunction since the CBs of both
SnS> and BiVOs are incapable of reducing dissolved O to produce O™ because
their CBs are less negative than —0.33 eV (O2/ O2™) [16]. On the other hand, the
generated holes (h") would move from the VBs of both SnS; and BiVOs to the VB
of Bi2Ss. In this scenario, the heterojunction also could not oxidize H>O to form
*OH because VB of Bi,S3 is less positive than 2.72 eV (for *OH/H>0) [8,16]. It has
been reported that O,™, *OH, and h" play major roles in the RhB photodegradation
process [16,32,33]. Although model A might improve charge separation of
photoinduced electrons and holes, it would be less efficient as the composite would
be unable to produce O>" and *OH to degrade the RhB dye. Moreover, the model
is inconsistent with the trapping experiment (the scavenger test in Section 6.3.5) in

which O," and h", *OH were observed in the RhB degradation process.
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Fig. 6-12. Proposed charge-transfer pathway models, RhB degradation mechanism of
BiV04/Bi:S3/SnS; under visible light illumination, and band energy diagram of RhB [43—
45].

A more plausible scenario might be that of model B in Fig. 6-12, involving a
dual Z-scheme process. Based on this model, we can explain the presence of O>™,
*OH, and h* for the RhB degradation process. In the dual Z-scheme process, the
photoinduced e from the CBs of both SnS: and BiVOs could migrate to and
recombine with h"in the VB of Bi»S3. Consequently, € from the CB of Bi»S3 would
be able to react and reduce the dissolved O2 in H>O to produce O™ because the CB
of BixS3 is more negative than —0.33 eV. According to the scavenger test, O™
played only a minor role in the RhB degradation process by the 0.03 BiVO4/SnS»
heterojunction, which fits well with the current model in which there is the low
optimal content of Bi»S3 in the composite. Meanwhile, since h” in the VB of Bi»S3
quickly recombine with ¢ transferred from BiVOs and SnS;, it would leave h* in
the VBs of BiVO4 and SnS», the former of which would oxide H>O to generate *OH
(2.72 V vs. NHE). Although the VB of SnS; is not negative enough to produce *OH,
the h"™ would decompose RhB directly because the VB of SnS; (2.09 eV) is more
negative than HOMO of RhB (0.95 V vs. NHE) [43—45]. Thus, the dual Z-scheme
model is consistent with the experimental result, and may be used to explain the

charge-transfer pathway of the BiVO4/Bi2S3/SnS> heterojunction system.
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6.4. Conclusion

In summary, three-phase photocatalysts consisting of BiVOs, Bi2S3, and SnS»
were prepared by the chemical reaction between BiVO4 and SnS» via solvothermal
synthesis. The composite photocatalyst produced via a molar ratio of 1:0.03
(SnS2:BiVO4) demonstrates the highest photocatalytic performance for RhB
degradation among the prepared samples. The composite is proved to be stable after
several cycles under visible light irradiation. The main reactive species for the
photocatalytic degradation of RhB for 0.03 BiVO4/SnS; are h" and *OH, whereas
O;" also plays a minor role in the degradation process. The enhanced photocatalytic
activity is attributed to the formation of Bi2S3, allowing a suitable condition for the
electron pathway (the dual Z-scheme model) in the BiVO4/Bi2S3/SnS>
heterojunction. I believe this discovery of beneficial formation of BixS3 could
encourage more research that focuses on materials prone to reaction with each other
at elevated temperature and pressure. The finding may provide a different approach
for preparing ternary composite by taking advantage of the chemical reaction

between combined photocatalysts.
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7. Comparison of B1VO4/B12S3/SnS, Composites
with Different Morphologies of BiVO4

7.1. Introduction

Composite photocatalyst has garnered much attention in recent decades due
to its advantages over a single photocatalyst, such as the suppression of electron-
hole recombination [1,2], efficient charge separation [3,4], and enhanced light
absorption [5]. Among the composites, BiVOs-based composites have
demonstrated a promising result by many research in pollutant degradation [4],
water splitting [6], H> production [7], and CO: reduction [8], attributed to the
favorable properties of BiVOs, including photostability, narrow bandgap (~2.4 eV),

and non-toxicity [9].

The study [10] in Chapter 6 has demonstrated that an enhanced
BiVO4/Bi2S3/SnS> composite can be produced by the chemical reaction between
BiVO4 and SnS> via a solvothermal method. Earlier report [6,11] have suggested
that the photocatalytic activity of the composite depends on the morphology of its
individual components. Thus, the BiVO4 with different morphologies would be able
to influence the photocatalytic performance of BiVO4/Bi2S3/SnS; composites. It is
worth mentioning that the process of BiVO4/Bi2S3/SnS; synthesis involves the
chemical reaction between two materials to produce the third one, the expected

outcome may differ from the conventional process.

In this work, the BiVO4/Bi2S3/SnS, composites with two different
morphologies of BiVOs (shuriken-like BiVO4 and polyhedral BiVOs4) were
prepared by incorporating each of them with SnS; using solvothermal synthesis.

Based on previous research [10], the BiVO4/Bi2S3/SnS> composite with a molar
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ratio of 1:0.03 (SnS2:BiVO4) exhibits the highest photocatalytic activity. Thus, the
molar ratio of 1:0.03 (SnS2:BiVOs) was used in this study. Both composites were
measured and characterized via various methods to compare and study their
properties, such as morphology, crystal structure, optical absorption, surface
chemical state, and photocatalytic activity. The results show the photocatalytic
degradation of RhB in the presence of the BiVO4/Bi,S3/SnS> composite depends on
the morphology of BiVOa.

7.2. Experimental

The preparation of the shuriken-like BiVOs is described in Section 4.2 of
Chapter 4, whereas the preparations of polyhedral BiVOs, Bi>S;, and SnS, are
shown in Section 6.2 of Chapter 6.

7.2.1. Preparation of BiVO4/Bi2S3/SnS2 composites

The BiVO4/Bi2S3/SnS> composite was prepared via the method used in
Chapter 6. The preparation of the composite with different morphologies of BiVO4
started with mixing 0.03 mmol of either shuriken-like BiVO4 (denoted as S-BiVOs)
or polyhedral BiVO4 (denoted as P-BiVO4) with 1 mmol of SnS; in 40 ml of
ethylene glycol via ultrasonication for 1 h. Then, the suspension was transferred to
a Teflon-liner inside a stainless steel autoclave, which was heated in a pre-heated
oven at 150 °C for 8 h. The obtained composite was collected via a centrifuge,
washed several times with DI water and ethanol, and then dried at 90 °C overnight.
Finally, the powder sample was ground for 1 min. The composites prepared with S-
BiVOs and P-BiVOs were denoted as S-BiVO4/SnS; and P-BiVO4/SnS,,

respectively.
7.2.2. Characterization

The crystal structures of the samples were measured using a Rigaku
RINT2100 with Cu Ka radiation (A = 0.15418 nm) to record X-ray diffraction
(XRD) diffractogram. Microstructures and morphologies of the samples were

analyzed using an FE-SEM (Hitachi SU6600 Scanning Electron Microscope)
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equipped with Bruker EDX operated at 20 kV. Prior to the analyses, each sample
was sputtered with Au to avoid the charging effect. A Lambda 750S UV/Vis/NIR
spectrophotometer equipped with a 60 mm integrating sphere was used to record
UV-vis diffuse reflectance spectra (DRS. a JPS-9030 X-ray photoelectron
spectrometer was used to measure X-ray photoelectron spectra. It was conducted
with Mg Ka radiation using C 1s = 284.8 eV as reference. A Flowsorb III 2305
Micromeritics instruments (Shimadzu, Japan) with N> gas adsorption was used to

determine the specific surface area (Sper) of the samples.
7.2.3. Measurement of photocatalytic activity for rhodamine B degradation

Photocatalytic degradation of thodamine B (RhB) was used to evaluate the
photocatalytic activity of the samples. The experimental setup consisted of A 500
W light source (Xe lamp, UXL-500D-O, Ushio), a water filter, a UV cutoff filter
(AT = 420 nm), and a 100ml beaker on a magnetic stirrer. The measurement was
conducted at room temperature (25 °C). The light intensity (source) with 100
mW/cm? (calibration with a spectroradiometer, S-2440 model II) was used to
illuminate the sample solution, with around 40 mW/cm? after passing through water
and cutoff filters. Powder of photocatalyst (30 mg) was dispersed in 40 ml of RhB
solution (0.01 mmol L"), agitated with ultrasonication (10 min), and magnetically
stirred (50 min) in dark to attain adsorption-desorption equilibrium. As SnS»
demonstrates strong adsorptivity for RhB dye [12], we followed the previous
method [10] by performing adsorption-desorption procedure twice with fresh RhB
solution in order to allow initial RhB concentration (Co) to be similar for all samples.
During the irradiation, around 3 ml of RhB solution was taken every 60 min. The
supernatant was filtered with a syringe filter (0.22 um, PTFE) and analyzed using
the Lambda 750S UV/Vis/NIR Spectrophotometer.

7.3. Results and discussion

7.3.1. Crystal structure of the samples

Crystal phases of S-BiVO4/SnS; and P-BiVO4/SnS; composites are
illustrated in Fig. 7-1. The XRD diffractograms of both composites display similar
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patterns. The characteristic peaks correspond to hexagonal SnS> (ICDD PDF No.
00-023-0677) can be seen in both composites at 14.9°,28.3°,32.3°,49.5°, and 52.4°.
Other noticeable peaks at 19.0°, 28.8°, and 30.5°, corresponding to (011), (121),
and (040) planes of the standard monoclinic BiVOs, respectively (ICDD PDF No.
00-014-0688). In addition, a small peak at 25° can be assigned (130) plane of
orthorhombic Bi,S; (ICDD PDF No. 01-089-8965). This peak would become more
visible if the BiVO4 content was increased, based on the previous study [10]. There
is a visible difference between both composites around the peak at 30.5°, assigned
to (040) plane of BiVOa, where the peak intensity of S-BiVO4/SnS; is higher than
that of P-BiVO4/SnS,. It can be ascribed to the relative intensity ratio I40)/I(121) of
S-BiVOs, which is greater than that of P-BiVOs, as shown in Fig. 7-2. The high
Lio40)/I(T21) indicates the preferential orientation along {010} planes of BiVO4
[13,14]. It should be noticeable that the relative intensity ratio Io40)/I(121) of S-BiVOa,
2.46, reduces to that of 1.14 of S-BiVO4/SnS,, perhaps because the S-BiVO4/SnS,
composite was ground into smaller particles, which could lose its preferential
orientation. Nevertheless, both composites retain crystal structures of both SnS; and

their respective BiVOas.
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Fig. 7-1. XRD patterns of composites with different types of BiVOs.
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Fig. 7-2. XRD patterns of Bi,S3, SnS», P-BiVOs, and S-BiVOsa.

7.3.2. Morphology and microstructure of samples

Fig. 7-3 depicts micrograph images of SnS;, P-BiVOs, P-BiVO4/SnS,, S-
BiVOy4, and S-BiVO4/SnS;. In Fig. 7-3a, SnS; possesses nanoparticles with a size
of ~50 nm, while P-BiVOj4 (Fig. 7-3b) and S-BiVO4 (Fig. 7-3¢) exhibit polyhedron
with a diagonal length of ~5 um and shuriken shape with a diagonal length of ~12,
respectively. Fig. 7-3c and 7-3f illustrate the P-BiVO4/SnS; and S-BiVO4/SnS»,
respectively, demonstrating the micro-sized particles covered with the
nanoparticles of SnS>. Moreover, the shapes of P-BiVO4 and S-BiVOs are still
visible after being covered by the nanoparticles of SnS;. It is further confirmed by
EDS mapping in Fig. 7-4 and Fig. 7-5, demonstrating the existence of Sn, S, Bi, V,

and O elements.
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Fig. 7-3. FE-SEM micrographs of (a) SnS,, (b) P-BiVOs, (¢) P-BiVO4/SnS,, (d) S-BiVOs,
and (e) S-BiVO4/SnS,.

Fig. 7-4. EDS elemental mapping of Sn, S, Bi, V, and O elements in P-BiVO4/SnS..

Fig. 7-5. EDS elemental mapping of Sn, S, Bi, V, and O elements in S-BiVO4/SnS,.
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7.3.3. Optical absorption properties of the samples

Absorption spectra of the samples were transformed from reflectance spectra
using Kubelka-Munk function in Eq. (3.1), and the absorption spectra were plotted
in Fig. 7-6a. According to the figure, all the samples are capable of absorbing visible
light because their absorption edges are in a range of 520-570 nm. It is worth
mentioning that S-BiVO4 exhibits tailing in the absorption spectrum due to the
presence of the oxygen vacancies (confirmed in Chapter 5). The absorption
spectrum can be used to estimate bandgaps of each sample is using equation Eq
(3.2). Since SnS> and BiVOs are direct transition materials (n = 1, described in
Section 3.2.4 of Chapter 3) [15,16], (F(R)hv)’ vs. hv graph can be used for Tauc’s
plot, as shown in Fig. 7-6b [13,17,18].

(@) (b)

—=—5nS, SnS,, E,=2.18 eV
—e—P-BIVO, P-BIVO,, E,= 2.38 eV
—A—S-BiVO, S-BiVO,, E,=2.34 eV
—e—P-BiVO,/SNS, P-BIVO,/SNS,, E,;= 2.17 eV Y
—4—S-BIVO,/SnS, | |S-BIVO,/SnS,, E;=2.17 eV
— >
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I 3
L
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Wavelength (nm)

Fig. 7-6. (a) UV-vis absorption spectra and (b) (F(R)hv)? vs hv plot of SnS,, P-BiVOa, S-

BiVOy4, P-BiVOy4/ SnS,, and S-BiVO4/ SnS.,.

Bandgap value of each sample can be determined by extrapolating the linear
part of the curve to intercept x-axis. The estimated E, values of SnS», S-BiVOs, and
P-BiVO4 are 2.18, 2.34, and 2.38 eV, respectively, similar to earlier reports
[14,19,20]. On the other hand, effective E, values of S-BiVO4/SnS; and P-
BiVO4/SnS; are around 2.17 eV. Based on the results in Chapter 6, Bi,S; exists in
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the BiVO4/Bi12S3/SnS> composite, and its bandgap (1.46 eV) could be determined
in the composites with higher content of BiVOs. Since this work uses low content
of BiVO4 with the ratio of 1:0.03 (SnS2:Bi1VOs), the effect of Bi2S3 is too small to
observe in the Tauc’s plot. Based on the above result, there is no significant

difference in terms of the bandgap between S-BiVO4/SnS; and P-BiVO4/SnS,.
7.3.4. X-ray photoelectron spectroscopic (XPS) analyses of the samples

The XPS survey spectra of SnS,, S-BiVO4/SnS,, and P-BiVO4/SnS; are
shown in Fig. 7-7a. The survey spectra indicate that the samples are composed of
Sn, S, Bi, V, and O elements, which are consistent with the result from EDS. High-
resolution XPS spectra in Fig. 7-7b (Sn 3d) and 7-7¢ (Bi 4f and S2p) demonstrate

the chemical state of the samples.
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Fig. 7-7. (a) XPS survey spectra of SnS,, P-BiVO4/SnS,, and S-BiVO4/SnS,; and high-
resolution XPS spectra of (b) Sn 3d, and (¢) Bi 4f and S 2p orbitals of the samples.

As can be seen in Fig. 7-7b, the two peaks at 494.9 and 486.5 eV correspond
to the splitting peaks of Sn 3d, belonging to Sn*" of a typical SnS; [15,21,22]. Both
S-BiV04/SnS», and P-BiVO4/SnS; composite also possess the splitting peaks of Sn
3d at 495.3 and 486.8 eV, which have a blueshift to the higher binding energy by
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0.4 eV, compared with SnS,. In Fig. 7-7c, the blueshift is also observed in S 2p
spectra of both composites, where both peaks of S 2p shift by about 0.1-0.4 eV,
compared with those of SnS; (162.5 and 161.3 eV). The S 2p peak fittings can be
found in Fig. 2 of Appendix D. Fig. 7-7c also shows the splitting peaks (Bi 4f) of
P-BiVO4 (164.5 and 159.2 eV) and S-BiVOs (164.6 and 159.3 eV) are similar in
value and only different by 0.1 eV. The splitting peaks of Bi 4f correspond to Bi**
of a common BiVO4 [23]. After forming composite, those Bi 4f peaks have redshift
to lower binding energy, 159.2—158.8 eV and 164.5—164.3 eV for P-BiVO4/SnS>,
and 159.3—158.9 eV and 164.6—164.2 eV for S-BiVO4/SnS.. These shifts are in
the opposite direction, compared to Sn 3d and S 2p. The shift of binding energy in
the composites is likely due to the electron screening effect [24], which has been
explained in Section 6.3.4 of Chapter 6. It also indicates a formation of the
heterojunction in the composite [10]. It should be mentioned that the broad peak of
Bi 4f may also be caused by the existence of Bi,S3, whose peaks located at 158.4
and 163.8 eV [25].

XPS results demonstrate Both S-BiVO4/SnS;, and P-BiVO4/SnS; composites
exhibit similar chemical states at the core level of XPS spectra and the
heterojunction of BiVO4/Bi12S3/SnS,. Therefore, different morphologies of BiVO4
in BiVO4/B12S3/SnS, composites do not have any significant change in the chemical

state.
7.3.5. Photocatalytic activities of the samples for rhodamine B degradation

RhB degradation was used to evaluate the photocatalytic performance of the
as-synthesized samples. Fig. 7-8a shows the degradation of RhB over time in the
presence of the photocatalyst. After 4 h of irradiation, SnS;, P-BiVOs, P-
BiVO4/SnS2, S-BiVO4, and S-BiVO4/SnS: exhibit the RhB degradation efficiency
of 14.2%, 13.1%, 32.6%, 41.1%, and 48.8%, respectively. The S-BiVO4/SnS,

composite demonstrates the highest RhB degradation efficiency among the samples.
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Fig. 7-8. (a) Photodegradation of RhB solution in presence of SnS,, P-BiVOs, S-BiVO,, P-
BiVO4/ SnS,, and S-BiVO4/ SnS, photocatalysts under visible light (A >420 nm); and (b)

their pseudo-first-order kinetic degradation.

For comparison, photodegradation constant rate (k) of each sample was
calculated using pseudo-first-order reaction in Eq. (3.4), producing a graph in Fig.
7-8b. Thus, the slopes from linear lines of all samples are their k values, which are
shown in Table 7-1. The samples can be arranged in the descending order of &
values from big to small, as follows: S-BiVO4/SnS; > S-BiVO4 > P-BiVO4/SnS;, >
SnS; > P-BiVOas. It is worth mentioning that the & value of P-BiVO4/SnS> is 2.9
times greater than that of P-BiVOa4, while S-BiVO4/SnS» exhibits the £ value only
1.2 times that of S-BiVO4. Both P-BiVO4/SnS; and S-BiVO4/SnS; are improved
over their individual components in terms of photocatalytic degradation of RhB
likely due to the dual Z-scheme model proposed in Chapter 6. Moreover, the k value
of S-BiVO4/SnS; is higher than that of P-BiVO4/SnS; by 1.7 times although their
bandgaps and specific surface areas (Sper) values are equal. Although single S-
BiVOs4 exhibits high photocatalytic activity, the amount of S-BiVO4 used in the
composite is rather low. Thus, its individual photocatalytic activity may not
contribute to the composite unless it possesses morphology, which can enhance the
charge-transfer pathway in the composite. Furthermore, S-BiVO4 possesses a large
number of oxygen vacancies (Chapter 5), narrowing the bandgap and promoting
light absorption efficiency. To some extent, this may also contribute to the
improved photocatalytic activity of S-BiVO4/SnS,. Therefore, the enhanced
photocatalytic activity of S-BiVO4/SnS, may be attributed to the narrower bandgap
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and higher Ii40/I(121) ratio of S-BiVOs (increase in {010} facets [13,14,26]),
compared with those of P-BiVOs. This will be discussed in a later section. Finally,
both composites exhibit their stability by showing no significant alteration in the
crystal structure after being used in the RhB degradation process, as shown in Fig.

7-9.

Table 7-1. Bandgap, specific surface area, RhB degradation efficiency and

photodegradation constant rate of the samples.

Sample Ef*(eV)  Sger”(m?*g') RhB degradation k¢ (%107 min™)
efficiency (%)

P-BiVO4 2.38 0.6 13.1 0.55

S-BiVO4 2.34 0.6 41.1 2.2

SnS, 2.18 75.7 14.2 0.60

P-BiVO4/SnS; 2.17 74.7 32.6 1.6

S-BiVO4/SnS, 2.17 74.7 48.8 2.7

@ E, is Bandgap value; ° Szer is BET specific surface area; © k is photodegradation rate

constant

(a) -~ . 8nS, (b) s sns,
I" = = BiVO, . = 5 = BiVO,
= - ® Bi,S,

J V-
e AA After

Intensity (a.u)
Intensity (a.u)

Before

n
J = » Before

T T T T T T T T T T T T

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Fig. 7-9. XRD patterns of (a) P-BiVO4/SnS, and (b) S-BiVO./SnS, before and after

irradiation
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7.3.6. Possible explanation for enhanced photocatalytic activities in S-

BiVO4/SnS:2 composites for rhodamine B degradation

Both P-BiVO4/SnS; and S-BiVO4/SnS» possess some similarities in terms of
the surface chemical states, effective bandgaps, crystal structure, and specific
surface area, based on XPS, optical absorption, XRD, and BET results, respectively.
According to SEM results, their morphologies are different due to their source of
BiVOs. Thus, it is plausible that both composites are likely to follow the same
model (dual Z-scheme), which is proposed for BiVO4/Bi,S3/SnS, composite (P-
BiVO04/SnS») in Chapter 6. In addition, Fig. 7-10 displays XPS valence band spectra
of S-BiVO4 and P-BiVO4 and demonstrates that their differences between the Fermi
level and valence band maximum (VBM) are almost the same (2 eV). Since their
bandgap values are different (2.34 and 2.38 eV for S-BiVOs4 and P-BiVOs,
respectively), their band edge potentials are slightly different. However, as S-
BiVO4 and P-BiVOs4 possess the same energy gap value of 2 eV between the Fermi
level and VBM, their Evs would be the same after the alignment of the band energy
structures. Using these results and the data from Chapter 6, charge-transfer pathway

models of both composites can be made and compared, as shown in Fig. 7-1.

Fermi level
S-BiVO,

Eyg=2.0eV L i

I '] ML LA 4/
Ly o |’|” PR A R

Intensity (a.u)

Binding Energy (eV)

Fig. 7-10. Valence band XPS spectra of S-BiVO4 and P-BiVO4
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Fig. 7-11. Proposed charge-transfer pathway models of P-BiVO./SnS, (left) and S-
BiVO.4/SnS; (right) composites.

The enhanced photocatalytic activity of the S-BiVO4/SnS> composite,
compared with that of the P-BiVO4/SnS> composite, could be explained as follows.
As mentioned above, the S-BiVO4 possesses large number of oxygen vacancies,
introducing defect levels that produce tailing in the absorption spectrum (Fig. 7-6a)
and narrow bandgap of S-BiVOs. Thus, S-BiVO4 exhibits superior light absorption
efficiency than that of P-BiVOs, which in turn may contribute to the enhanced
photocatalytic activity of the S-BiVO4/SnS> composite. In addition, S-BiVOs
exhibits higher relative intensity ratio of l40)/I(121), indicating the higher exposed
{010} facets. The {010} facets have been known to be active reduction sites,
accumulating electrons after photoexcitation [27-31]. The XRD results
demonstrate the S-BiVO4/SnS> composite exhibit higher Iio40)/I(121) ratio of the S-
BiVOs, compared with that of the P-BiVOys in the P-BiVO4/SnS; composite. Thus,
the more exposed {010} facets, the more accumulation of electrons at conduction
band (CB) of S-BiV 4, leads to the enhanced electron transfer from CB of S-BiVOg4
to VB of BixS; (Fig. 7-11), consequently suppressing recombination rate and
promoting charge separation efficiency [27]. As a result, the photocatalytic
performance of the S-BiVO4/SnS, composite is improved. The chemical reaction
between S-BiVOs and SnS> might modify the surface of S-BiVOys in the composite
to some extent, however, the majority (bulk) of crystal structures of the individual
components (S-BiVO4 and SnS,) in the composite remain unchanged (XRD result).

Thus, the enhanced photocatalytic activity of the S-BiVO4/SnS; composite,
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compared to that of P-BiVO4/SnS», could happen at the sites, in which the chemical
reaction induces only mild effect, and the exposed {010} facets of S-BiVOs still

remain and in contact with BiSs.

Based on the above analyses, the photocatalytic performance of the
BiVO4/Bi2S3/SnS> composite can be further enhanced using different morphologies
of BiVOs with superior morphology (e.g., high exposed {010} facets) and narrower
bandgap. Nevertheless, it should be pointed out that this method may only work if
the particle size or the specific surface area of BiVO;s is similar to that of BiVO4
used in the present study because small particle size or high specific surface area of
BiVO4 could lead to an increase in the reaction rate of BiVO4 and SnS;, resulting
in a substantial change of the composite properties. Consequently, more
optimization of the solvothermal method may be required to achieve a desirable

result.

7.4. Conclusion

The BiVO4/Bi,S3/SnS> composites with different morphologies of BiVOs
were prepared via solvothermal route. The results show that the surface chemical
states, effective bandgaps, crystal structures, and specific surface areas of both P-
BiVO4/SnS: and S-BiVO4/SnS: samples do not significantly differ from each other.
The composites could retain morphologies of their respective BiVO4 to some extent,
which in turn influences their photocatalytic performance. The S-BiVO4/SnS;
sample exhibits higher photocatalytic degradation of RhB than that of the P-
BiVO4/SnS, sample, where the bandgap and morphology of S-BiVOs were
attributed to for facilitating the electron-transfer pathway in S-BiVO4/SnSz. These
findings indicate that the BiVO4/Bi,S3/SnS> composite can be further improved

using BiVO4 with morphology that can promote electron migration in the composite.
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8. Discussion and Prospect for Future

This work aims to improve the photocatalytic activity of BiVOs-based
photocatalysts for the RhB photodegradation. The present study demonstrates two
main approaches to enhance the photocatalytic performance (RhB
photodegradation) of BiVOs-based photocatalysts via hydrothermal/solvothermal
method. One utilized KCl as a directing agent during BiVO4 preparation to control
the various properties of BiVO4 and produce the shuriken-like BiVO4 (Chapter 4
and 5). Another realized a BiVOs-based composite (BiVO4/Bi2S3/SnS2) by
incorporating BiVOs4 and SnS» through a chemical reaction (Chapter 6).
Additionally, further enhanced photocatalytic performance of BiVOs-based
composite can be achieved by combining the shuriken-like BiVO4 and SnS»
(Chapter 7). This chapter discusses the findings identified in both techniques. It also
compares photocatalytic activity (RhB photodegradation) of BiVOs-based
photocatalysts in this study and their potential application. The last part presents

recommendations for future work.
8.1. Discussion of findings

The discussion is organized into two subsections for both techniques: BiVO4
preparation using KCl as a directing agent and preparation of BiVOs-based

composite via incorporation with SnS,.
8.1.1. Preparation of BiVO4 using KCl as a directing agent

This study revealed the shuriken-like BiVO4 with a narrow bandgap exhibited
superior photocatalytic degradation of RhB among the samples, mainly due to its
high exposed {010} facets (high relative intensity ratio I40)/I121)). The increase in
exposed {010} facets appears to enhance the photocatalytic performance of BiVOu,
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which is consistent with many studies [1-7]. Wang et al. [7] and Yao et al. [3] found
the photocatalytic activity of BiVO4 for O» evolution was enhanced with the
increase in exposed {010} facets. However, the {010} facets of BiVOs4 are known
for the site for reduction reaction, while {110} facets are responsible for oxidation
reaction [5,6,8]. At first glance, it seems counter institutive to increase the reduction
site ({010} facets) to enhance O> evolution (oxidation reaction). However, Tan et
al. [6] argued that enlarging the {010} facets allowed a larger number of surfaces
available for photogenerated electrons. It facilitated the electron transfer to the
{010} facets and suppressed the electron trapping on {110} facets, which led to the
loss of photogenerated holes through recombination of electron-hole pair. As a
result, the increase in the {010} facets improved both photo-reduction and photo-
oxidation efficiency. The high exposed {010} facets are beneficial not only for the
O2 evolution, but also for the degradation of organic dyes, such as methylene blue

[1] and RhB [9,10], which are in line with the results found in this study.

The result of this study also found that the KCIl concentration used in the
precursor could influence the morphology and the {010} facets of BiVOa4. Previous
studies used TiClz [7] and NaCl [11] as directing agents and found that the {010}
facets could be controlled by modifying the concentration of the directing agent.
Xie et al. [11] claimed that CI” ions in the Cl-containing agents played the main role
in controlling the {010} facets of BiVOas. Their DFT calculation revealed that the
CI” ions reduced surface energy of the {010} facets of BiVO4 when the CI” ions
were adsorbed on the said facets. Thus, more Cl ions in the solution suppressed the
growth rate in [010] direction, leading to the increase in {010} facets. Therefore,
CI” ions in KCI could also play a key role, influencing {010} facets in the present
study.

Unpon Comparison with the mentioned literature [7,11], CI” ions in this study
had another function for controlling morphology. It is worth mentioning that the
agent containing C1™ used in the literature [7,11] was added into the precursor at the
later stage of BiVOs preparation, in which tetragonal zircon-type BiVOs4 had
already formed [12], as described in Chapter 4. In contrast, this study added CI”
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ions (from KCI) to the precursor of BiVO4 before VO3~ addition (from NH4VO3).
Since the BiOCl readily forms by the reaction of Bi** and CI™ in water [13], the
BiOCl intermediate could form first before Bi** reacts with VO;™. This synthetic
route is similar to BiVO4 preparation using BiCls, containing both Bi** and CI”
[9,14]. In this synthetic route, the final morphology of BiVO4 was found to depend
on the number of BiOCI (intermediate) particles. Ackermann [15] claimed that the
concentration of H3O" ions and CI” dictated the formation and dissolution of BiOCl,
in turn influencing the number of BiOCl particles in the precursor. The morphology
of BiVOs was drastically changed when Xi and Ye [9] varied the acidity (H30"
ions) of the precursor solution and used BiCls (containing CI™ ions) as a source of
Bi** for BiVOs. In the case of this study, controlling C1~ concentration could also
alter the morphology of BiVO4 because Cl™ ions are another factor affecting the
number of BiOCl particles. Therefore, this study suggests that, in addition to the
role of controlling {010} facets, CI” concentration plays another major role in
shaping the final morphology of BiVOs in various forms, such as rod-like, cruciate,

shuriken-like and tabular structures.

Among various morphologies of BiVO4 produced in this study, the shuriken-
like structure was found to exhibit the highest photocatalytic degradation of RhB
due to its facetted structure that maximizes the relative intensity ratio Ii40)/I(121) and
exposed {010} facets. This finding is in agreement with that obtained by Zhao et al.
[1], producing a similar shuriken-like BiVO4 using ethylenediamine tetraacetic acid
disodium (EDTA) as a directing agent in glycerol/water mixed solvent. In fact,
many other studies [3,16-20], synthesizing similar cruciate or dendritic structure,
often found the structure exhibiting the high relative intensity ratio I40)/I(121) and
high exposed {010} facets of BiVOs. However, a result obtained by Li et al. [21]
revealed that if the cruciate or dendritic structure was made by small irregular
particles, it would not increase the relative intensity ratio Io40/I121). Therefore, it
suggests that BiVO4 should either be a single crystal with the exposed {010} facets
or a particle consisting of smaller particles with the {010} planes facing the same

direction to increase the relative intensity ratio Io40)/I121).
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Furthermore, the results in this work demonstrated that KCI concentration in
precursor also influenced the optical properties of BiVOa. The increase in the KCl
concentration reduced the bandgap of BiVOs4 due to the formation of oxygen
vacancies. These results do not match those observed in the previous studies [7,11],
in which the bandgap of BiVO4 remained unchanged regardless of differences in
CI” concentration (in the precursor). This could also be attributed to the different
synthetic routes (the order of adding CI™ ions in the precursor) used in the previous
studies and this work. As discussed in Chapter 5, the decrease in bandgap in this
study was caused by oxygen vacancies induced by CI™ ions, which might reduce
VO;~ (V¥) to VO** (V*) ions during hydrothermal synthesis. Since the previous
study [7,11] added CI™ ions to the precursor where tz-BiVO4 had already formed
[12], there would be few to no VO3~ ions left to interact with the CI™ ions; then,
oxygen vacancies may not be induced by increasing concentration of CI™ ions,

leading to the unchanging in bandgap of BiVOa.

The present work also found that the concentration of KCI could tune the
bandgap of BiVO4 via introduction of oxygen vacancies in BiVO4 during the
hydrothermal synthesis. Furthermore, a linear relationship between bandgap and
oxygen vacancies in BiVO4 was also discovered. Liu et al. [22] reported a similar
linear relationship between bandgap and oxygen vacancies in ZnO thin films,
produced via varying the oxygen partial pressure. Thus, it is also possible to modify
the bandgap of the BiVO4 sample with the addition of KCI in the precursor by
altering oxygen vacancy levels in BiVOs. The results in Chapter 5 demonstrated
that oxygen vacancies could be reduced by calcining the sample at a temperature
range of 400-600 °C in air (oxygen-rich atmosphere). The result is in line with other
works on TiO2 [23,24], which suggested that oxygen from air could effectively fill
the oxygen vacancies in the oxide materials with the increase in temperature,
resulting in widening the bandgap of the materials. The current study also found
that the BiVO4 sample with relatively low levels of oxygen vacancies could be
further induced by thermal treatment in Ar gas (oxygen-deficient atmosphere),
which is consistent with an earlier study by Tan et al. [25]. However, the BiVO4

sample with a large number of oxygen vacancies could not be further increased via
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calcination in Ar gas. These findings suggest bandgap of BiVO4 can be tunable by
both KCI concentration in precursor and calcination conditions via controlling

oxygen vacancies in BiVOas.

In this study, besides the main factor (the exposed {010} facets) enhancing
the photocatalytic performance (RhB degradation) of BiVO4, some minor factors
might also affect the photocatalytic activity of BiVOa. It was found that there was
residual BiOCl (XRD and XPS results in Chapter 4) present in the BiVO4 samples,
prepared with a high concentration of KCI. Thus, there was a possibility that the
residual BiOCI might be able to form BiOCI/BiVO4 composite. He et al. [26] and
Song et al. [27] reported in their respective studies that BIOCI/BiVO4 composite
exhibited enhanced photocatalytic activity for dye photodegradation. Thus, it might
have a minor effect on the photocatalytic activity of the BiVO4 samples in this study.
In addition to this, the Cl elements observed in XPS results indicate the presence of
Cl in not only BiOClI, but also in BiVO4 powder. Thus, we could not rule out the
possibility of CI” modification or Cl-doping effect on BiVOs4. Li et al. [28]
discovered that C1I” modification on the surface of BiVO4 improved photocurrent
density of BiVO4 because it facilitated a carrier transfer and enhanced a charge
separation efficiency. Therefore, the effect might also influence the
photodegradation of RhB in the present study. Future research may conduct a
detailed investigation on the effect of both BiOCI/BiVOs composite and CI”
modification on BiVO4 to further explore the benefits of the synthetic technique
used in this study.

This study demonstrates the synthetic technique for BiVO4 preparation, using
KCl as a directing agent and involving BiOCl intermediate. The technique is useful
for controlling not only the morphology of BiVO4 (the exposed {010} facets and
particle shape of BiVOy), but also the oxygen vacancies and bandgap of BiVOs. In
addition, the oxygen vacancies and bandgap of the as-synthesized BiVOs could be
modified via calcination conditions. Controlling these factors is essential for
improving the photocatalytic activity of BiVO4 and designing a high performance

BiVOyq for practical use. Moreover, there may be other interesting effects (involving
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residual BiOCl and Cl in BiVO4) produced by the mentioned method to be further

explored in the future research.

8.1.2. Preparation of BiVOs-based composites via incorporation with SnS:

The results in Chapter 6 found the photocatalytic activity (RhB degradation)
of BiVOs-based composite (BiVO4/Bi2S3/SnS») was higher than those of the single
BiVOs, Bi2S3, and SnS,. Earlier works have also reported that the composite
photocatalysts exhibit superior photocatalytic activity [29-32] because the
composite interface allows electrons to migrate between photocatalysts, in turn
enhancing the charge separation efficiency and suppressing the photoinduced

electron-hole recombination [30,33].

The results demonstrated Bi,S3 was produced from BiVO4 and SnS; during
solvothermal synthesis because Bi*" (BiVO4) and S? (SnS») are rather reactive at
elevated temperatures to form Bi2S3 [34,35]. It was found that the Bi>S3 may play
the main role in improving the photocatalytic activity (RhB degradation) of the
Bi1VOs-based composite because it might act as a bridge to connect SnS; and BiVOas.
The results are in agreement with those of previous studies [36—41], which
fabricated composites involving BixS3. Although Bi>S3 may be beneficial for the
composite, the high content of Bi>S; could act as a recombination center for
electron-hole pairs in the composite due to its rapid recombination rate of the
photogenerated electron-hole [33,38,41]. This could be the reason that the optimal
ratio of BiVO4:SnS; for the high photocatalytic performance is rather low (0.03:1)
since BixS3 content rises with the increase in the molar ratio of BiVO4:SnS,, as

evidently shown in the XRD result in Chapter 6.

In this work, the dual Z-scheme model was proposed to explain the possible
charge-transfer pathway in the BiVO4/Bi2S3/SnS> composite. A method used for
building the model relied on the individual band energy structure of each
photocatalyst and the experimental scavenger test (identifying the reactive oxygen

species). This kind of method is widely used by numerous studies [34,35,37,42,43].
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However, after forming heterojunction (especially a chemical contact), the
properties of the interphase of the composite may be altered. Moreover, B»S3 was
formed from Bi of BiVO4 and S of SnS, hence, there might be vacancies of Bi and
S in their respective site at the interphase. Thus, the bandgap of each component of
composite may not be the same as it was before the component was incorporated
into the composite. Hence, using the bandgap of the single photocatalysts to explain
the band energy structure of the composite might not be accurate. However, it is
rather difficult to investigate or measure the actual bandgap of composite interphase.
As a result, the current method is used with an assumption that the bandgap of each
component approximately remains the same after being incorporated into a
composite. Although the method might be flawed and far from perfect, it is still a
commonly used method to explain the charge-transfer pathway in the composite
[34,35,37,42,43] because it is useful to estimate the band energy structure of each
semiconductor in the composite and predict the direction of charge migration.
Nevertheless, future research may need to develop an effective technique to
investigate the electronic properties of the composite interphase in order to

construct an accurate representation of the band energy structure of the composite.

The results in Chapter 7 revealed that the shuriken-like BiVOs-based
composite exhibited superior photocatalytic activity in RhB degradation, compared
with the polyhedral BiVOs-based composite that possesses a wider bandgap and
lower exposed {010} faceting. Previous studies [44,45] reported that the
photocatalytic activity of the composite depended on the morphology of its
individual components. However, since the production of composite in this study
involved a chemical reaction, it could not exclude the possibility that some damage
has been done to the surface of the shuriken-like BiVOs4. Thus, the enhanced
photocatalytic degradation of RhB might be attributed to mildly affected sites on
{010} facets, which still could accumulate the photogenerated electrons and
transfer them to Bi2S3. The findings suggest that using a BiVO4 with high exposed
{010} facets and narrower bandgap for building BiVO4/Bi2S3/SnS> composite
could further improve the photocatalytic performance (RhB degradation) of the

composite.
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The present study demonstrates an incorporating technique for producing
Bi1V04/B12S3/SnS, composite using a chemical reaction between BiVO4 and SnS»
via solvothermal method. The formation of Bi>S;3 plays a crucial role in connecting
both BiVO4 and SnS: to create a dual Z-scheme system, which facilitates electron
transfer to enhance charge separation efficiency. As a result, the photocatalytic
performance in RhB degradation of the BiVO4/Bi12S3/SnS> composite has an
improvement over those of the single photocatalysts. Moreover, the further
enhancement of the photocatalytic activity can be attained by producing the
BiVO4/Bi2S3/SnS> composite, using the BiVO4 with high exposed {010} facets and
narrower bandgap. Therefore, these findings could provide a different approach for
preparing composite by taking advantage of the chemical reaction between

combined photocatalysts.

8.2. Photocatalytic performance (rhodamine B degradation)
comparison of BiVOs-based photocatalysts and their

potential applications

Among the BiVOs-based photocatalysts synthesized in this thesis, the
shuriken-like BiVOs4 (S-BiVOs4) and the BiVO4/Bi2S3/SnS; composite with
shuriken-like BiVOj as a source (S-BiVO4/SnS;) exhibit the highest photocatalytic
performance in photodegradation of RhB. It is worth mentioning that the S-
BiVO4/SnS> composite has a slightly better photodegradation rate (k) than that of
the single S-BiVO4 by around 1.2 times. Even though the composite shows better
performance, the enhancement over S-BiVOys is rather small after incorporating
with SnS,. Thus, it may not be worth adding additional steps to produce the S-
BiVO4/SnS> composite for RhB degradation. Therefore, the S-BiVO4 may be
sufficient to use for this purpose in order to avoid an unnecessary increase in time
and cost of production. Furthermore, S-BiVOs may have a potential application in
O, generation, as its valence band potential is suitable to oxidize water to O» [46].
Although it could not reduce H', it may still be used as the photoanode in a

photoelectrochemical cell for water splitting [47].
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On the other hand, the S-BiVO4/SnS> composite may be potentially useful in
other applications, compared with single S-BiVOs4, considering their band energy
structures. In this study, the conduction band potential of BixS3 in the composite
was estimated to be slightly more negative than O2/O>™ (-0.33 V) due to the
scavenger test in Chapter 6; it is consistent with a previous study [48]. In addition,
Liu et al. [49] reported the conduction band potential of Bi>S3 to be slightly below
2H'/H; potential (-0.41 V). Thus, the conduction band potential of Bi»S; might
locate between 2H/H> and O2/O;" potentials and may not be able to generate Ha,
as shown in Fig. 8-1. Based on the figure, although BiVO4 alone can oxidize H.O
to produce Oz due to its valence band (VB) potential being more positive than that
of H20/03, the conduction band (CB) potential of BiVOs is not negative enough for
COz reduction [50,51]. The S-BiVO4/SnS, composite, on the other hand, could
utilize the CB potential of Bi2S3 via the dual Z-scheme process for CO> reduction.
Previous research [52] has reported the CB potential of Bi»S3; was suitable for such
areductive reaction. Additionally, similar to the single S-BiVO4, the S-BiVO4/SnS,
composite might be potentially used for O evolution, however, it might need a
sacrificial electron acceptor such as AgNOs.

V vs. NHE (pH=7)
HCHO/CO, (-0.52V)

A A
] €0/C0,(-0.48V)
A -1.0 3 H 2H*/H, (-0.41V)
e e CH,0H/CO, (-0.38V)
g \\ 0.5 :=// 0,/0,"(-0.33V)
0k / \ 0.0 F\ > cHi/co, (0.24V)
| ) 4\ HCOOH/CO, (-0.166 V)
[ eeee\ 05 3 HCHO/CO, (-0.05 V)
1 k “ \t 5 H,0/0, (0.82V)
[ g f23ev 3
1.5
S-BiVO, 3
2 L | | 2.0
5 | 9
\ 7 | ]
\ | 22 3 -OH/H,0 (2.72V)
3k \H* R he 7 3.0
\ / 3
\\/ 353
403
S-BIVO S-BiVO,/SnS,
~BIVOs (BiVO,/Bi,S,/SnS,)

Fig. 8-1. Band energy structures of shuriken-like BiVO4 (S-BiVO4) and BiVO./Bi,S3/SnS;
(S-BiVO4/SnS,) composite relative to energy level of the redox couples [53].
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This study explores the possibility of the S-BiVO4/SnS> composite used in
COs reduction. Iwase et al. [54] reported CO: reduction to form CO, using a Z-
scheme system made of a CoOx/BiVO4, metal sulfides, and a reduced graphene
oxides (RGO) as electron mediator. Compared with the said system, the S-
BiVO4/SnS> composite may have a slight advantage since the current work
demonstrates the direct Z-scheme in the composite without electron mediators.
Sasaki [55] suggested that electron mediators may provide negative effects such as
light-shielding effect. However, the CO; reduction in this work might depend on
Bi2S3, which is relatively low in quantity in the composite. This issue may be
remedied by increasing Bi»S3 content via either increasing the molar ratio of
BiVO4:SnS; or prolonging hydrothermal duration. In addition, although the S-
BiVO4/SnS, composite may not be able to generate CH3OH or CO because the
conduction band potential of Bi>S3 might lack the overpotential for such reduction,
it may produce formic acid (HCOOH) or formaldehyde (HCHO) from CO> and
methanol (as a solvent), as reported by Chen et al. [52]. Moreover, to increase its
effectiveness, a metal nanoparticle cocatalyst, such as Pt, Au, Ag, or Rh, may be
selectively photodeposited on Bi»S3 in the S-BiVO4/SnS, composite to engineer
active sites for CO; reduction [56]. Since the bandgap of BizS; is the narrowest
among other components in the composite, the suitable light energy can be used to
excite only Bi2S; for the selective photodeposition. Base on the analyses, the S-
BiVO4/SnS> composite may have a potential application in CO; reduction, and its
effectiveness and photocatalytic activity for CO2 reduction may be enhanced with

some modifications.

8.3. Recommendations for future work

The suggestions for further study are presented as follows:

The photocatalytic degradation of organic pollutants in this study was mainly
based on the degradation of rhodamine B. Although it represents one of the most
common dye in industrial wastewater, there are other dyes whose properties are
different than those of rhodamine B, which in turn could influence the

photocatalytic activity of the photocatalyst. Thus, various dyes with different
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properties, for example, cationic and anionic dyes, should be used to measure the
photocatalytic degradation of pollutants in the presence of photocatalyst in order to

determine the effectiveness of the photocatalyst.

The changing in the exposed {010} facets of the BiVOs4 samples was
indirectly determined by measuring the relative intensity l(40)/I(121) ratio from XRD
pattern. Although this technique is effective and used by many research, the direct
identification and observation of the {010} facets and other facets of the BiVO4
samples could further improve the understanding of their interaction, which

contributes to the enhanced photocatalytic activity of BiVOa.

The incorporation of BiVO4 and SnS; via chemical reaction produced BizSs,
resulting in the formation of heterojunction and the enhanced photocatalytic activity,
based on the results from various characterization techniques. However, the
detailed interfacial study at the contact zone (interphase) has not been done due to
difficulty in measurement and observation. Therefore, there is a need for a direct
investigation on the morphology, optical properties, and other properties at the
interphase of the composite to further promote the understanding of the charge-

carrier migration in the composite photocatalyst.

As mentioned in Section 8.2, the shuriken-like BiVOs and the
Bi1V04/B12S3/SnS, composite may have potential applications in O; production and
CO2 reduction. Thus, future work may extend the measurement of the
photocatalytic performance beyond the pollutant degradation to CO> reduction and

O; generation.

As the specific surface area of a photocatalyst can influence its photocatalytic
activity, further improvement on the photocatalytic performance of the
BiVO4/Bi2S3/SnS> composite could be realized using nano-sized particles of BiVO4
as a source. However, since the incorporation technique involves producing a third
component via a chemical reaction, the size of particles will affect the reaction rate

of the materials. Therefore, future research may need to use different synthesis
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parameters (molar ratio of BiVOs to SnS», heating duration, and temperature) to

obtain the optimal result for the photocatalytic activity of the composite.
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9. Conclusion

Photocatalytic performance of BiVOs-based photocatalysts was enhanced via
two different techniques. First one was used to control crystal growth, morphology
and bandgap of BiVOs using KCl as a directing agent in hydrothermal synthesis.
KCl concentration is found to influence the formation of BiOCl intermediate, which
in turn alters the crystal growth and morphology of the final production of BiVOa.
In addition, the concentration of KCI in the precursor also introduces the defects
which reduces the bandgap of BiVOs. Shuriken-like BiVOs exhibits the highest
photocatalytic degradation of RhB under visible light owing to its high exposed
{010} facets and narrow bandgap.

The shuriken-like BiVO4 was calcined at various temperature in different
atmospheric conditions (either in air or in Ar gas) to study the defects and optical
properties. The defects are found to be oxygen vacancies, which influence the
bandgap of BiVOs. Calcining the BiVO4 sample in air reduces the level of oxygen
vacancies, subsequently widening the bandgap of the sample, while Ar calcination
of the sample retains the level of oxygen vacancies and maintains its bandgap value.
Moreover, KCI concentration in the precursor also affects the oxygen vacancies in
BiVOs. Therefore, KCI concentration and calcination can be used to control the

oxygen vacancies and alter the bandgap of the BiVOa.

Second technique utilized chemical reaction between BiVO4 and SnS; via
solvothermal synthesis to produce BiVO4/Bi2S3/SnS>  composite. The
heterojunction was formed in the composite. The composite with the molar ratio of
0.03:1 (BiVO4:SnS2) demonstrates the highest photocatalytic activity in RhB
degradation among the composites and the single photocatalysts (BiVOa, Bi2S3, and
SnS>) in this study. The dual Z-scheme model is proposed to explain the enhanced

photocatalytic preformation of the composites with formation of Bi>S3 as a key role.

Two BiVO4/Bi2S3/SnS; composites with different morphologies of BiVO4

(shuriken-like and polyhedral BiVOs) were prepared, using the same incorporation
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technique and molar ratio of BiVO4:SnS:z (0.03:1). Both composites share a lot of
similarities in terms of their properties except for morphology and photocatalytic
activity. The composite with shuriken-like BiVO4 exhibits superior photocatalytic
degradation of RhB, compared with that of the composite with polyhedral BiVOs,
attributed to the narrow bandgap and morphology (high exposed {010} facets) of
the shuriken-like BiVO4, which might facilitate the charge transfer in the composite.
Although the photodegradation rate of RhB for the shuriken-like BiVO4-based
composite is only slightly enhanced by 1.2 times that of the single shuriken-like
BiVOsy, the shuriken-like BiVO4-based composite with the dual Z-scheme process
might be able to reduce CO>. Therefore, the applications of the shuriken-like
BiVOs-based composite may potentially extend beyond pollutant degradation to

CO; reduction.
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Appendix A

a. Calculation of BiCl concentration at equilibrium (298.15 K and 1 bar)
when the amount of KCl increases

Table 1 Standard Gibbs free energies of formation (AGs°) for various species.

Species AG¢, k] mol! (298.15 K and 1 bar)[1]
CI" (aq) -131.23

CL (g) 0

H,0 (aq) 237.13

Bi** (aq) 82.80

BiO* (aq) -146.4

BiCly™ (aq) 4815

BiOCI (s) 322.1

VOs (aq) -783.6

VO (aq) -446.4

Using the Gibbs energies in Table 1, we could obtain the Gibbs energy change
(AG?®) of the reaction. The equilibrium constant (K) was then calculated using the

relationship between AG® and K through the following equation (1):
AG®° = —RTInK (1)
where AG® is the Gibbs energy change, R is the gas constant (8.314 J mol' K'!), T

is the absolute temperature (298.15 K), and K is the equilibrium constant. The

results of the calculation were shown in Table 2.
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Table 2 Reactions, Gibbs energy change, equilibrium constant K, and equilibrium

expression for the reaction.

AG® kJ mol!
Equilibri Equilibri
Reactions (298.15 K and qUITIbHU quit r'1urn
constant K expression
1 bar)
_ _ [BiO*][H*]?
Bi** (ag)+ Hz0 (1) = BiO" + Lidadil 00
7 (ag)t FLO () < Bi 7.93 0.0408 [Bi3*]
2H" (aq)
BiO" (aq) + 2H" (aq)+ 4CI” [BICL, ]
R aq 4731 19.4x 10" [BiOF][H*2[CI ]}

(aq) = BiCls (aq)*+ H20 (aq)

The total volume of the precursor was adjusted to 30 ml for all samples, and the
initial concentrations of Bi** and C1™ in the precursor were listed in Table 3. Since
the pH of the solution at equilibrium was about 1.8, the concentration of [H'] is
then approximately 0.016 M. Consequently, we can determine the concentration of
BiO", H', CI", and BiCl4™ at equilibrium (Table 3) using the equilibrium expression
in Table 2. The remaining BiO" and CI” can react with each other and form BiOCI.
Therefore, we can conclude that the increase in ClI™ content reduces the amount of

BiOCI and raises the BiCls™ ions in the solution.

Table 3 Initial concentration and calculated concentration of various species at equilibrium

(298.15 K and 1 bar).

Initial concentration of Concentration of various species in the solution at
various  species in equilibrium at 298.15 K and 1 bar (mol L)

Sample  o1ution (mol L)

Bi** cr BiO* H* cr BiCls”
Bil 0.033 0.033 0.032 0.016 0.029 0.001
Bi2 0.033 0.067 0.027 0.016 0.045 0.005
Bi3 0.033 0.100 0.022 0.016 0.056 0.011
Bi5 0.033 0.167 0.011 0.016 0.080 0.022
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b. Calculation of Gibbs energy change for possible reduced reaction from

VO3~ (V) to VO**(V#) at equilibrium (298.15 K and 1 bar)
Gibbs energy change (AG®) of the reaction is calculated by using the known Gibbs
energies of each species in Table 1. The equilibrium constant (K¢q) was then
calculated using the equation (1):
The reduced reaction from V> to V*' is expressed in reaction (2):

2VO0;™ (aq) + 2C1° (aq) + 8H' (aq) = 2VO?" (aq) + Cla (g) + 4H.0  (2)

AG® =-11.66 k] mol’!, (298.15 K and 1 bar)
Keq=110.37
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Fig. 1. Absorbance spectra of RhB dye solution (40 ml)as a function of irradiation time
under visible light (A > 420 nm) in the presence of (a) Bi0, (b) Bil, (¢) Bi2, (d) Bi3, and (e)
Bi5 samples.
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Fig. 2. Absorbance spectra of RhB solution (80 ml) as a function of time during the

degradation process under visible light (A > 420 nm) in the presence of (a) 0.01 BiVO4/SnS,,
(b) 0.03 BiVO4/SnS,, (c¢) 0.06 BiVO4/SnS; (d) 0.12 BiVO4/SnS;, () SnS», and (f) BiVOa.
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Appendix C
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Fig. 1. (F(R)hv)? vs hv plots and average bandgap values of KCI-BiVO4 with KCl
concentrations of (a) 0 mmol, (b) 1 mmol, (c) 2 mmol, (d) 3 mmol, (¢) 4 mmol, and

(f) 5 mmol. Each sample was measured three times, and the bandgap value of each

sample was determined using the average value.
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Fig. 2. High-resolution XPS spectra of V 2p3» of KCI-BiVO4 samples with KCl
concentration of (a) 0 mmol, (b) 1 mmol, (c) 2 mmol, (d) 3 mmol, (¢) 4 mmol, and

(f) 5 mmol.
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Appendix D

Fig. 1 shows Tauc’s plots of materials using either n = 1 (direct transition) or
n =4 (indirect transition) in equation 3.2. The estimated bandgap values of BiVOs,
SnS,, and 0.03 BiVO4/SnS; (n = 1, direct transition) are 2.38 eV, 2.18 eV, and 2.17
eV, respectively. These values are closed to those of pure BiVO4 (2.38-2.48 eV)
and pure SnS; (~2.2 eV) reported by earlier studies [1-5]. On the other hand, if n =
4 (indirect transition) is used, the bandgap values are smaller and not matched with
those of previous reports [1-5]. It indicates that n = 1 is more suitable to estimate

the bandgap of the samples.
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Fig. 1. Tauc’s plot using n = 1 (direct bandgap) and n = 4 (indirect bandgap) of (a)
pure SnS,, (b) pure BiVOs, and (c) 0.03 BiVO4/SnS> (BiVO4/Bi2S3/SnS»).
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Fig. 2. High resolution XPS spectra of S 2p orbitals with peak fittings of (a) S-
BiVO04/SnS», (b) P-BiV0O4/SnS», and (c) SnS»>. S-BiVO4/SnS; is BiV04/Bi2S3/SnS;
with shuirken-like BiVOa4, and P-BiVO4/SnS> is BiVO4/B12S3/SnS> with polyhedral
BiVOas.
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