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This work reports the synthesis of new and efficient composite photocatalysts (Bi;2Si020/g-C3N4) via the con-
trolled hydrothermal method. The Bi;,Si050/g-C3N4 composites were characterized by XRD, SEM-EDS,
HRTEM, FT-IR, XPS, DRS, BET, PL, and EPR. In comparison to pure Bi;,Si020 and g-C3Ny, the Bi;,Si050/g-C3N4
materials showed significantly higher photocatalytic activity for degradation of crystal violet (CV) under visi-
ble-light irradiation (99% in 48 h). The 5 wt% Bi;,Si0,0/g-CsN4 composite revealed the highest rate constant
of CV degradation (0.078 h™1); 15 and 2 times larger than the constants obtained with individual Bi;25i02¢
and g-C5Ny, respectively. Further investigation of the photocatalytic activity of the 5 wt% Bi;5Si040/g-C3N4
materials were performed on other organic pollutants. 98% degradation of 2-hydroxybenzoic acid (2-HBA)
and 99.5% degradation of rhodamine-B (RhB) were achieved upon exposure to visible-light irradiation for
72 h with 5 wt% Bi;,Si0,0/g-C3N4. Bi12S10,0/GO (graphene oxide) composites were also synthesized to com-
pare the photocatalytic activities of different Bi heterojunctions. It was found that Bi;,Si0,0/g-C5N4 photoca-
talysts had enhanced photocatalytic activity in degradation of CV and 2-HBA and were considerably more
stable in recycling experiments in comparison to Bi;,Si0,0/GO photocatalysts. Lastly, the plausible photoca-
talytic mechanism for the Bi;,Si0,0/g-C3N4 composite material was proposed and the principal active species
involved in the photodegradation of CV were investigated using scavenger and ESR experiments. The
Bi12S10,0/g-C3N4 composite demonstrates good photocatalytic activity, stability and reusability, demonstrat-

ing its prospective use in photodegradation applications under visible-light irradiation.
© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

Dyes and pigments represent an important category of com-
pounds used in the development of numerous industry sectors. Tri-
phenylmethane dyes (such as Crystal Violet (CV)), in particular, have
found significant applications in food, cosmetics, paper, and leather
industries [1]. A major cost of the use of such dyes is the serious envi-
ronmental pollution they cause with an estimated amount of
10-15% discharge of dyestuffs into wastewater [2]. These dyes might
alter the aquatic ecosystems by interfering with the penetration of
light, and thus affecting the photosynthetic reactions in aquatic
plants. In addition, these dyes pose serious hazards to aquatic organ-
isms and to humans, since they are potential carcinogens, mutagens,
and toxic compounds [3]. Different methods have been advanced for
the removal of dyes such as biodegradation, membrane filtration,
adsorption, coagulation, flocculation, and photocatalytic degradation
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[4]. Photocatalysis presents a set of benefits when compared to tradi-
tional technologies used in treatment of wastewater: fast oxidation
kinetics, oxidation of contaminants with low concentrations, absence
of polycyclic side products, and high efficiency [5—7]. In recent years,
photocatalytic methods have been successfully used to degrade tri-
phenylmethane dye contaminants. Crystal violet decomposition has
been studied using several systems that produce active species,
including TiO; [8], ZnO [9], Bi;WOg [10], BaTiO5 [11], and BicAg,0,
[12]. Among various semiconductors, TiO, found significant uses
because of its stability, high efficiency, and non-toxicity. Nonetheless,
the fast rate of recombination of the photogenerated electron-hole
pairs and the need for UV irradiation for TiO, activation still hinder
the practical applications of TiO, [13]. Research is thus still focused
on developing efficient visible-light-responsive photocatalysts and
investigating their photocatalytic performance in various important
applications.

Bismuth compounds, such as Bi03, BiOX (X = halogen), Bi;0,CO3,
BiVO,, Bi,SiOs, and Bi;,Si0,g have drawn great attention due to their
high photocatalytic activity and excellent stability [14]. Bi;2SiOzg

1876-1070/© 2021 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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(BSO) is a member of Bi-containing oxide compounds with a body-
centered cubic structure (space group 123), thus belonging to sillenite
family. BSO exhibits a convenient bandgap energy (2.6 eV) and good
photoconductivity, and is thus considered a prospective candidate
for photocatalysis [15]. He and Gu reported the synthesis of BSO pho-
tocatalyst through chemical solution decomposition and its active
role in photocatalytic degradation of Congo red, which was similar to
the efficient activity of P25 TiO, [ 16]. Nevertheless, the high recombi-
nation rate of the photo-generated electrons and holes within single-
component photocatalysis remains a limiting factor for applications.
In that regard, chemical and morphological modifications of BSO are
applied to reinforce the separation of photo-generated electron-hole
pairs and to increase its surface area [17].

The unique properties of graphitic carbon nitride (g-C3N4) have
received great research interest over the past years. g-C3N, exhibits a
narrow bandgap (2.7 eV), strong absorption of visible light, good
chemical stability, nontoxicity, and excellent electrical properties
[18]. Additionally, g-C3N4 can be readily prepared via thermal con-
densation of other commercially affordable nitrogen-rich reactants
(e.g., urea, melamine, etc.) [19]. Consequently, g-CsN4-based materi-
als present a potential candidate for several photocatalytic important
processes like degradation of pollutants, CO, reduction, and water
splitting, among others [20]. As shown in Table 1, different g-C3N,4
composite materials have recently been reported with enhancement
of photocatalytic activities for the degradation of crystal violet and
improvement in charge carrier separations [21-29].

To the best of our knowledge, the synthesis of Bi;3Si0O50/g-C3Ny
composites and their photocatalytic applications under visible-light
irradiation have not been reported yet. Herein, Bi;,Si050/g-C3N4 com-
posite photocatalysts were prepared via template-free hydrothermal
synthesis and the materials were elaborately characterized via vari-
ous techniques (XRD, SEM-EDS, HRTEM, FT-IR, XPS, DRS, and BET).
The Bi;,Si0,0/g-C3N,4 composites exhibited considerable improve-
ment in photocatalytic degradation efficiency of crystal violet (CV)
under visible-light irradiation, as compared to pure Bi;»SiO59 and g-
C3Ny4. In addition, The Bi;,Si0,0/g-C3N,4 photocatalysts were effi-
ciently tested in photodegradation of other organic pollutants (2-
HBA and RhB). Lastly, the possible photocatalytic degradation mecha-
nism and the involved reactive moieties in the degradation of the CV
dye by the Bi;,Si0,(/g-C3N4 composite were studied and discussed.

2. Experimental
2.1. Materials

The chemical reagents were obtained from the respective suppli-
ers and used without additional purification: bismuth nitrate, 5,5-

Dimethyl-1-pyrroline N-oxide (DMPO), cetyltrimethylammonium

Table 1

bromide (CTAB), and sodium azide from Sigma-Aldrich; p-benzoqui-
none from Alfa Assar; CV dye from TCI; ammonium oxalate and
sodium silicate from Osaka; 2-hydroxybenzoic acid and urea from
Katayama; and isopropanol, sodium hydroxide, nitric acid (reagent-
grade), ammonium acetate, and methanol (HPLC-grade) from Merck.
Deionized water, purified using a Milli-Q water ion exchange system
to obtain a resistivity of 1.8x107 {)-cm, was always utilized in the
experiments.

2.2. Apparatus and instruments

X-ray powder diffraction (XRD) was measured using a MAC Sci-
ence MXP18 equipped with Cu-Ka radiation, operated at 80 mA and
40 kV. High-resolution transmission electron microscopy (HRTEM)
images, selected area electron diffraction (SAED) patterns, and
energy-dispersive X-ray spectra (EDS) were performed on a JEOL-
2010 instrument (accelerating voltage = 200 kV). Field-emission
scanning electron microscopy-electron dispersive X-ray spectroscopy
(FE-SEM-EDS) was performed on a JEOL JSM-7401F instrument
(accelerating voltage = 15 kV). 15 kV was used to generate the Al-Ka
radiation. A ULVAC-PHI instrument was used for High-resolution X-
ray photoelectron spectroscopy (HRXPS) and a ULVAC-PHI XPS, PHI
Quantera SXM was utilized for Ultra-violet photoelectron spectros-
copy (UPS). A Hitachi F-7000 instrument was used for Photolumines-
cence (PL) measurements. The Brunauer-Emmett-Teller (BET)
specific surface areas were analyzed by a Micrometrics Gemini auto-
mated system utilizing nitrogen gas as the adsorbate at liquid nitro-
gen temperature.

2.3. Preparation and characterization of Bi;»Si05¢ /g-C3Ny4

The preparation of the g-CsN4 was carried out by calcination of
melamine in a muffle furnace under atmospheric conditions. 5 g of
melamine was transferred into an alumina crucible and heated to
540 °C for 4 h. 10 °C/min was used as the heating rate. The sample
was then cooled to ambient temperature and put into an agate mor-
tar for grinding. The obtained powder is graphitized carbon nitride
(g-C3N4) photocatalyst. In parallel, 0.17 mmol of sodium silicate
(Na,SiO3) and 2 mmol of bismuth nitrate (Bi(NO3);#5H,0) were dis-
solved in 10 mL of 3 M sodium hydroxide. After stirring for 30 min,
the pH was adjusted to 13.3 by dropwise addition of 2 M NaOH. The
mixture was placed in a 30 mL Teflon-lined autoclave and heated to
100 °C for 4 h. The obtained precipitate was collected by filtration,
washed with deionized water several times, and then dried for 24 h
at 60 °C. The sample was ground in an agate mortar, and the obtained
powder is Bi;;Si05 photocatalyst. In solution A, 0.95 g of the pre-
pared g-C3N,4 was dissolved in 10 mL of ethylene glycol, and 0.05 g of
cetyltrimethylammonium bromide (CTAB) was added and stirred for

Degradation of the CV dye by graphitic carbon nitride composites under visible light irradiation.

Composite photocatalyst  g-CsNy(wt%) Visible lamp  Catalyst dosage (gL~!) Photocatalytic activity

Reference photocatalyst/ Enhancement factor Reference

SrFeO3_»/g-C3Ny4 96 150 W 0.1 95% decomposition in 24h g-C3Ny4: 4.8 [21]

Ag3VO04/g-C5Ny 40 500 W 1.0 75% decomposition in 2.5h g-C3N4: 115 [22]
AgsV04: 6.6

CaTiO5/g-C3Ny4 333 300W 04 99.76% decomposition in 3h  g-C3N4: 2.5 [23]
CaTiOs3: 1.5

Zn0/[g-C3Ny 20 solar light 1.0 97% decomposition in 3h g-C3Ny: 14 [24]
Zn0: 1.4

Sn0,/g-C3Ny4 70 500 W 0.1 99% decomposition in 25min  g-C3Ny4: 5.06 [25]

Co-MOF/g-C3Ny4 MaX 303 0.2 95% decomposition in 80min  g-C5Ny4: 1.64 [26]

Co-MOF: 4.71

H-ZSM-5/g-C3N4 28 300 W 0.67 98% decomposition in 35min [27]

CaCO3/g—C3Ny 3 1.0 76% decomposition in 3h g-C3Ny4: 3.52 [28]

GA/g-C3Ny 30 300W 0.2 44.5% decomposition in 3h [29]

Bi;,Si00/g-C3Ny 5 150 W 0.1 99% decomposition in 48 h g-C3Ny: 2 This study

Bi1,Si00: 15
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Fig. 1. XRD patterns of the as-prepared Bi;,Si0,0/g-C3N,4 samples with different weight percentages (%).
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Fig. 2. FE-TEM and EDS of the as-prepared 5wt%-Bi;,Si0»0/g-C3N4 composite.
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20min.InsolutionB,0.05gofthepreparedBi;,Si0,owasdissolvedin10mL
ofethyleneglycol,and0.07 gofureawasadded andstirred for20min.The
two solutions were then mixed and stirred for 40 min. The obtained mix-
turewasplacedina30mLTeflon-lined autoclaveand heated to 100 °Cfor
4 h. The obtained precipitate was filtered, washed with 500 mL alcohol
solution (water:alcohol=3:2) and 2000 mL deionized water, and then
driedfor24hat60°C.Thecollectedmaterialwasgroundinanagatemortar,
and the obtained powder is the Bi;»Si0,0/g-C3N4 composite photocata-
lyst.

2.4. Photocatalytic experiments

The photocatalytic activity of Bi;»SiO50/g-CsN4 composites was
assessed by degradation of CV dye (in addition to 2-HBA and RhB)
under visible-light irradiation using 150 W Xe arc lamp. The reactor
was fixed at a distance of 30 cm from the light source, and the light
intensity was maintained at 31.2 W/m?. In a typical run, 10 mg of the
photocatalyst and the aqueous suspensions of CV, 2-HBA, or RhB
(100 mL, 10 ppm) were added to the reaction vessel (Pyrex material).
Then, HNO3 or NaOH solution was used to adjust the pH of the sus-
pension accordingly, and it was stirred about 30 min in the dark using
a magnetic stirrer prior to irradiation to establish the adsorption/
desorption equilibrium. 5 mL aliquots were collected at specific irra-
diation time intervals. The catalyst was removed from the aliquots by
centrifugation. The residual CV dye (2-HBA, or RhB) was quantified in
each cycle using HPLC-PDA-MS. The photocatalytic experiments
were performed in duplicates to ensure reproducibility. Error bars
represent the standard deviations of duplicate runs.

The roles of active species in this photocatalytic process were
investigated using scavenger experiments to remove each species
individually. Precisely, the following scavengers were added
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respectively: IPA (1.0 mM) for eOH; BQ (1.0 mM) for «O,~; AO
(1.0 mM) for h*; and lastly SA (1.0 mM) for '0, [21]. The respective
experimental procedures were similar to the abovementioned photo-
catalytic test.

3. Results and discussion

3.1. Characterization of Bi;»Si050/g-CsN,4 composites

3.1.1. Phase structure

The XRD patterns of the Bi;,Si0,0/g-C3N4 composite samples are
presented in Fig. 1. The patterns show that the prepared materials
were well crystallized without impurities. Two peaks characteristic
of g-C3N,4 appear at 20 positions equal to 13.1° (100) and 27.8° (002).
All prepared samples contain the Bi;3SiO5o phase (JCPDS-
00-037-0485) and the g-C3N,4 phase (JCPDS 87—-1526) [30—32]. The
morphology of the 5wt%-Bi;;SiO,0/g-CsN, samples recorded by
transmission electron microscopy (TEM) is displayed in Fig. 2. The
TEM image reveals the interfacial interaction between Bi;,SiO59 and
g-C3N,. The lattice spacing of 0.358 nm relevant to the (220) crystal
plane of Bi;,Si0,0 and that of 0.326 nm associated to the (002) crystal
plane of g-C3N, are in close contact with each other [31,33]. More-
over, the EDS spectrum shows the existence of Bi, Si, O, C, and N ele-
ments. These results reveal the formation of the Bi;;Si0,0/g-C3Ny4
phase in the material, which is conducive to separation of photo-
induced carriers and high photocatalytic activity.

Fig. 3 displays the FT-IR spectra for Bi;»SiO,/g-CsN4 samples with
different contents of Bi;»SiO50. The absorption peaks located around
430 cm~!, 570 cm™!, and 860 cm~! correspond to the stretching
vibration modes of Bi—0 bonds, SiO4*~ groups, and Bi—0-Si bonds of
Bi;»Si00, respectively [34]. The absorption peak at 812 cm™! is
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Fig. 3. FTIR spectra of the as-prepared Bi,Si020/g-C5N4 samples with different weight percentages (%).
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attributed to the characteristic breathing mode of s-triazine, and
those at 1241, 1319, 1409, 1569, and 1642 cm™! are related to the
stretching modes of C—N heterocycles in g-CsN4 [35]. The characteris-
tic peaks of Bi;Si0y in the Bi;,Si0,0/g-C3N4 composites became
more distinct as the Bi;;Si0,o content increased, in agreement with
the XRD patterns.

Bi,Si050/g-C3N4 composites can be formed as proposed in
Egs. (1 — 5). The experimental results infer that compounds synthe-
sized under different hydrothermal conditions have undergone the
following series of changes: BiSi309 —BisSis012 —Bi,SiOs
— Bi,Si0,q. Different composition of bismuth silicates can be pre-
pared as described in the equations below, which are specific accord-
ing to the pH control of the hydrothermal synthesis [34].

2Bi** + 3Si03~ — BirSi3Oq (1)
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3.1.2. X-ray photoelectron spectroscopy

Fig. 4 shows the XPS spectra of the g-C3Ny, Bi12Si050, and 5wt%-
Bi1,S10,0/g-C3N,4 samples. The survey scan XPS spectra (Fig. 4a) show
a consistent chemical composition of the prepared materials;
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Fig. 4. High resolution XPS spectra of the Bi;,Si040, g-C3N4 and 5wt%-Bi,Si0,0/g-C3N4 composite: (a) total survey, (b) Bi 4f, (c) Si2p, (d)O 1s,(e)N1s,and (f)C1s.
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Fig. 5. FE-SEM and EDS of the as-prepared Bi;,SiO50, g-C3N4, and 5wt%-Bi;,Si020/g-C3Na.

precisely C-1 s and N-1 s peaks of g-C3N, as well as Bi-4f, Si-2p, and
0-1 s peaks for Bi;,Si0,¢ and all the respective peaks for the compos-
ite sample. The spectra in Fig. 4b display two symmetrical peaks for
the Bi materials binding energies of 163.7 and 158.1 eV for Bi;,Si050,

Table 2
Composition and characterization of Bi;3SiO20/g-C5N4 samples.
EDS of atomic ratio(%) Eg

Catalyst code C N Bi Si 0]
g-C3Ny 3549 6551 - - - 2.50eV
1wt%-Bi;251020/g-C5Ny 36.84 6121 0.04 0.04 1.87 2.60 eV
3wt%-Bi1,S1020/g-C3Ns 3571 5846 039 0.02 541 245eV
5Wt%-Bi125i020/g-C3Ng 42.64 2063 1438 039 2198 236eV
7wWt%-Bi1251020/g-C5Ny 3571 5846 039 0.02 541 2.52eV
10Wt%-Bi;2Si020/g8-CsNgs 3514 5739  1.03 015 629 2.51eV
20wt%-Bi;,Si020/g-CsNs 3753 5791 0.24 014 417 2.56 eV
50Wt%-Bi;2Si020/g-CsNg  42.61 20.63 1438 039 21.98 241eV
Bi12Si020 - - 68.62 147 2990 238eV

and 163.4 eV and 157.7 eV for 5wt%-Bi;,Si020/g-C3N,4. These patterns
represent the characteristic peaks of the respective spin-orbit split-
ting of Bi-4fs), and Bi-4f;,; conforming to Bi*? ion [36]. Fig. 4c shows
the binding energy of Si 2ps, located at 100.8 eV, which infers a tet-
ravalent oxidation state of Si [34]. The asymmetry in the O-1 s spectra
(Fig. 4d) can be split to result 3 different peaks at 529.0, 530.8, and
533.0 eV by the XPS peak-fitting program, respectively corresponding
to Si—0, Bi—O0, and surface hydroxyl groups (or adsorbed H,0) bind-
ing energies [15]. The N-1 s spectra (Fig. 4e) show splitting into three
peaks at 398.5, 399.6, and 401.1 eV. The first one corresponds to the
sp>-hybridized N in triazine rings (C—N=C), the second is ascribed to
tertiary N in N-(C); moieties, and the last to amino functional groups
in C—N—H pattern. Another small peak is observed at 404.8 eV, and it
is related to positive charge localization or charging effects in the het-
erocycles [37,38]. Lastly, Fig. 4f presents the C-1 s spectra with two
peaks at 284.6 eV, from external hydrocarbon in the instrument, and
characteristic 287.7 eV. The latter infers the presence of g-C3N4 as a
characteristic peak of the sp-bonded carbon (N—C=N) [39,40].
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Table 3

Kinetic parameters (rate constants and linear
regression coefficients R?) for photocatalytic
degradation of CV at various Bi;,Si0»0/g-C3N4

samples.

Sample K(h') R?

Bi12Si020 0005 097
1wt% Bi;pSi0n0/g-C3Ns  0.042  0.99
3wt% Bi12Si020/g-C3Ny 0.045 0.97
5wt% Bi;»Si050/g-CsN,  0.078 098
7Wt% Bi;»Si0s0/g-CsNs 0051 0.98
10wt% Bi12Si020/g-C3Ns  0.048 0.97
20wt% Bi;»SiO20/g-C3Ng  0.052 0.98
50wWt% Bi;Si020/g-CsN;  0.027 098
g-C3Ny 0.038 0.97

Altogether, these spectra confirm the presence of graphite-like car-
bon nitride in the prepared materials.

3.1.3. Morphological structure and composition

The morphologies of the as-prepared pure g-C3N,, pristine
Bi;3Si0z9, and 5wt%-Bi,Si0,0/g-C3N, samples were investigated
using FE-SEM. g-C3N, demonstrated a stacking layer-like structure
(Fig. 5a), in agreement with the literature [41]. Bi{»SiO,o sample
appeared as a stacked-triangle-plate structure (Fig. 5b). This special
morphology allows to easily identify the Bi;,SiO,q in the SEM image
of the Bi;,Si0,0/g-C3N4 composites. Fig. 5c displays the formation of
the composite structure and the deposition of the plate-like Bi;3Si0
on the surface of g-C3N4. In line, the SEM-EDS results affirm the coex-
istence of Bi;,Si0, and g-CsN4 and the presence of C, N, O, Si, and Bi
in the composite material (Table 2).
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3.1.4. Optical absorption properties

The UV-Vis diffuse reflectance spectra of the different materi-
als are depicted in Fig. 6a. The absorption edges of Bi;3SiOa0
appeared around 521 nm and that of g-C3N4 was positioned
around 496 nm. These peaks conform to the pale-yellow appear-
ance of the samples. The absorption band displayed in the
Bi;,Si0,0/g-C3N,4 spectra resembles the ones appearing in pure
g-C3N4. Thus, introducing Bi;,Si0y¢ into g-C3N4 had very small
impact on optical properties. The bandgap energies of Bi;,Si050,
g-C3Ny, and 5wt%-Bi;5Si0O50/g-C3N4 are estimated to be about
2.38, 2.5, and 2.36 eV, respectively, according to plots of (ahv)? as
a function of the photon energy (hv) (Fig. 6b) [42]. The DRS
results indicate that the photocatalysts should possess visible-
light photocatalytic activity.

3.1.5. BET and adsorption-desorption isotherm

Fig. 7 displays the nitrogen adsorption-desorption isotherm of
5wt%-Bi1251050/g-C3N4. The samples exhibit a type-IV isotherm,
which suggests that they are mesoporous materials [43]. It can
also be observed that the hysteresis loop belongs to type H3,
which suggests the existence of slit-shaped pores that result from
the aggregation of plate-like particles in general [44]. The specific
surface areas of g-CsN, and Bi;,Si0O,0 were 17.60 and 0.27 m?/g,
respectively. The specific surface area declined from 17.60
(g-C3N4) to 9.92 m?/g (5wt%-Bi;,Si0,0/g-C5N,4) upon loading the
Bi;2Si0g particles on the g-CsN,4. This can be due to the partial
clogging of the surface and pores of the g-C3N4 by the Bi{»SiOyg
particles. Lastly, the specific surface area of 5wt%-Bi;,Si00/g-
C3N,4 is much larger than that of the pure Bi;;SiO,o. This is
because g-CsN, restricts the aggregation of the Bi;;SiO,g particles
in the composite sample [35].

1 g—=r
———— — ] © |
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0.6
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0.2
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Fig. 8. Continued.
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Fig. 9. (a) Cycling runs in the photocatalytic degradation of CV in the presence of Swt%-Bi;,Si0,0/g-C5N4, (b) XRD of the sample powder before and after the degradation reaction, (c)

SEM images of the sample powder before and after the degradation reaction.

3.2. Photocatalytic activity of Bi;»Si05¢/g-CsN,4 composites

To study the photocatalytic activities of Bi;Si020/g-C3N4 compo-
sites, CV dye was used and the photodegradation investigation was
performed using visible-light irradiation. Fig. 8a presents the varia-
tion of the CV degradation rates on the catalysts with the irradiation
time. The best photocatalytic activity among all catalysts was
observed with the 5wt%-Bi;,SiO,0/g-CsN4 sample, achieving a CV

degradation of 99% after 48 h of visible-light irradiation. The reaction
kinetics of the CV degradation process was investigated more using
the plots of In(Co/C) as a function of visible-light irradiation time (hr)
and by calculating the rate constants of the reactions. The CV photo-
degradation reaction over these catalysts was found to fit the
pseudo-first-order kinetics equation In(Co/C) = kt (Fig. 8b) [45].
Table 3 summarizes the rate constants of the different tested sam-
ples. The degradation rate constant over 5wt%-Bi;»SiO50/g-C5Ny is
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7.8x1072 h™!, which is 15 and 2 times more than the constants
obtained over the Bi;,Si0,0 and g-CsNy4, respectively. 2-hydroxyben-
zoic acid (2-HBA) and rhodamine B (RhB) were also used as target
pollutants to further investigate the photocatalytic performance of
5wt%-Bi;,510,0/g-C3N4. About 98% of 2-HBA and 99.5% of RhB were
photodegraded upon exposure to visible-light irradiation for 72 h,
respectively (Fig. 8c). This further attests for the important photoca-
talytic activity of 5wt%-Bi;3Si020/g-C3Ny, in line with the results
achieved in degrading the CV dye.

The durability of the 5wt%-Bi;,Si0,0/g-C3N4 composite was
tested during five consecutive CV photodegradation cycles. The
photocatalyst was collected by centrifugation after each cycle and
reused in the next run. As shown in Fig. 9a, the photocatalyst
retained its high catalytic activity for 5 successive runs. Moreover,
the XRD patterns of the reused 5wt%-Bi;,Si0,0/g-C3N4 composite
remained in close match with those of the fresh powder, with
only a small difference in their relative intensities (Fig. 9b). Lastly,
the morphology of the 5wt%-Bi;3Si050/g-CsNs was compared
before and after the reactions using SEM images, showing no sig-
nificant change after five reaction cycles (Fig. 9c). These

experiments demonstrate the photostability of the 5wt%-
Bi12Si020/g-CsN4 composite.

Photoluminescence emission arises from the recombination of the
free charge carriers, and a lower emission intensity generally reflects
a lower electron-hole recombination rate, and consequently a more
efficient photocatalytic activity. PL emission spectra were thus
recorded to understand the photogenerated processes in the pre-
pared semiconductors [41,45]. The spectra of the Bi;5Si020/g-C3Ny
composites are depicted in Fig. 10. Among all samples, 5wt%-
Bi;3Si020/g-C3N4 had the lowest PL intensity. This result confirms
that the efficient transfer of photoinduced electrons between
Bi;,Si050 and g-C3N4 enhances the ability of this composite to sepa-
rate the photoinduced electron-hole pair, consequently increasing
the photocatalytic activity in line with our previous results.

3.3. Characterization and photocatalytic activity of other Bi;»SiO
composites (Bi;55i050/GO)

In order to compare the catalytic activity of Bi;»Si0,0/g-C3N4 com-
posites to other Bi composite materials, Bi;3Si0,0/GO (graphene

PL Intensity (a.u.)

—19%Bi;5510,¢/g-C3N,
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Fig. 10. PL spectra of the as-prepared Bi;,Si0,0/g-CsN4 samples with different weight percentages (%).
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oxide) composites were also prepared with varied GO contents via a
simple hydrothermal method. The synthetic procedure and the char-
acterization of the prepared composites (XRD, TEM, FTIR, XPS,
SEM-EDS, BET, and UV—vis DRS) are described in the supplementary
materials (Figs. S1-S7). The photodegradation study was performed
using CV dye under visible-light irradiation. Bi;3Si050/20wWt%-GO
sample showed the best photocatalytic activity among all composite
catalysts (Fig. S8), achieving 99% degradation of CV after 96 h of visi-
ble-light irradiation. The degradation rate constant over Bi;2SiO20/
20wt%-GO was 5.0x1072 h~!, which is 10 times more than the con-
stant obtained over pure Bi;5SiO,0. Considering 2-hydroxybenzoic
acid (2-HBA) as a target pollutant, about 66% of 2-HBA was photode-
graded upon exposure to visible-light irradiation for 96 h with the
Bi;,Si0,0/20Wt%-GO composite. Fig. S9 shows the photocatalytic
activity of the Bi;,Si0,0/20wt%-GO composite in repeated recycling
experiments, which decreased to 36% degradation efficiency in the
fifth run. In conclusion, Bi;,Si0,0/GO composites had reduced photo-
catalytic activity in degradation of CV and 2-HBA and were less stable
in recycling experiments in comparison to Bi;,Si0,0/g-C3N,4 photoca-
talysts.

3.4. Photodegradation mechanisms of CV

Scavenger experiments were performed to provide better under-
standing of the roles of the active species in this photodegradation
process. Ammonium oxalate (AO), benzoquinone (BQ), isopropanol
(IPA), and sodium azide (SA) were added as scavengers for the h*,
«0,", *OH, and '0, potential active species, respectively [21]. The
experimental results in the presence and absence of the four scav-
engers on the photocatalytic degradation of the CV dye with 5wt%-
Bi1,Si040/g-C3N4 catalyst under visible-light irradiation are summa-
rized in Fig. 11a. h* and '0, species were found to have less important
roles in the photocatalytic degradation of CV since negligible changes
in the degradation efficiencies were observed upon adding AO and
SA. In contrast, the introduction of the IPA and BQ scavengers had a
noticeable inhibitory effect on the degradation process, inferring that
*OH and ¢0,~ radicals are the principal active species in the proposed
decomposition of CV.

Next, ESR spin—trap technique (with DMPO) was employed to
detect the reactive radicals. Fig. 11(b) and (c) show the absence of
any ESR signal in the dark. However, the principal signals for DMPO-
*OH (intensity ratio: 1:2:2:1) and DMPO-e0,  (intensity ratio:
1:1:1:1) spin adducts were detected in the reactions under visible-
light irradiation [46]. The intensity of the signals gradually increased
with the prolonged reaction time. Thus, it can be concluded that the
photocatalysts are activated upon exposure to visible light, and eOH
and 0, active radicals are generated. In conclusion, the ESR and
scavenger experiments indicate that eOH and 0, radicals are the
principal active species in the photodegradation of the CV using the
herein reported composite material, whereas h* and '0, have less
important roles in the process.

A plausible mechanism that accounts for the high photocatalytic
activity of the Bi;,Si050/g-C3N4 composite can be postulated based
on the previous experiments Fig. 12). The electrons in the valence
bands of g-C3N4 and Bi;,Si0,¢ are excited to the respective conduc-
tion bands upon irradiating the composite with visible light, leaving
holes (h*) in the valence bands. The photoinduced electrons in the
conduction band of g-C3N4 can transfer easily to the surface of
Bi;1,Si04, and the h* in the valence band of Bi;»SiO5 can likewise
transfer to the surface of g-C3N,. This transfer consequently decreases
the possibility of electron-hole recombination. The production of
reactive oxygen species, that are responsible for the CV decomposi-
tion, is induced once electrons reach the conduction band of
Bi;,Si040. The photodegradation of CV can occur via a photosensitiz-
ing process mediated by Bi;Si0,0/g-C3Ny4, in addition to another
photocatalytic route, which enhances the photocatalytic activity.
Fig. 12 shows that the photosensitization and photocatalysis pro-
cesses are preceded simultaneously. The reaction between the photo-
sensitized and photogenerated electrons and the oxygen on the
surface of the semiconductor generates ¢0O,~ radicals. In turn, these
oxygen species can further react with H" ions (and subsequently with
electrons and water) to produce ¢OH radicals; Eqs. (6) — ((9). «OH
radicals can also be produced by the reactions between photogener-
ated holes and OH™ ions or H,0; Egs. (10) and (11). These cycles
occur continually upon irradiating the system by visible light [47],
consequently leading to the photodegradation of CV dye (or 2-HBA)
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by the active radical species (¢O,~ and eOH) after several cycles of

Ve CV(or2 — HBA) + 05 /°OH — degradedcompounds (12)
photo-oxidation; Eqs. (12) and (13).
— + —_ L
*0; + H' + e”—~HOO 6) CV**(or2 — HBA) + 0, /°0OH — degradedcompounds (13)
HOO* + H,0 — *OH + H,0, (7)
_ Metal-organic frameworks (MOFs) have also been reported as effi-
[0) 2H" H,0 8
2t G ® cient photocatalysts for degradation of dyes [48—51]. The photocata-
H,0, + e~ — *OH + OH- (9) lytic mechanism of Bi;,Si050/g-C3N4 in the degradation of CV is
similar to that of reported MOF-based catalysts and the reported
h* +OH- — °*OH (10) composite materials herein had comparable photocatalytic activities
using a visible light source.
h* +H,0 — *OH + H* (1) The photocatalytic degradation mechanism of CV dye under UV or

visible light has been reported to proceed by generating carbon-
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centered radicals resulting in the cleavage of the conjugated molecule
and nitrogen-centered radicals in N-dealkylation processes [52—54].
Additionally, hydroxylated products have also been detected in CV
degradation using visible-light-induced semiconductor systems
[47,55]. The proposed photocatalytic mechanisms using Bi;»SiO50/g-
CsN4 system in this work should provide some insight for this dye
decolorization application.

4. Conclusions

In this work, a template-free hydrothermal method was used to
synthesize new Bi;,Si0,0/g-C3N,4 heterojunction for photocatalytic
degradation applications of organic contaminants. The prepared
materials were characterized by XRD, SEM-EDS, HRTEM, FT-IR, XPS,
DRS, BET, PL, and EPR. The 5wt%-Bi;,Si050/g-C3N,4 catalysts signifi-
cantly enhanced the degradation efficiency of crystal violet in com-
parison to pristine Bi;,Si02¢ and g-C3N,4. The optimal rate constant of
the CV photocatalytic degradation with the Bi;,Si050/g-CsN4 compos-
ite was found to be 15 and 2 times greater than the constants
obtained with Bi;,Si0,o and g-C3N,4 catalysts, respectively. Bi;;SiOo/
GO composites were synthesized to compare the Bi;2Si020/g-C3Ny4
heterojunction to other Bi composite materials, and were found to
have reduced photocatalytic activity and stability in degradation of
CV and 2-HBA. The 5wt%-Bi;,Si020/g-C3N4 composite material was
further tested for the photocatalytic degradation of 2-HBA and RhB,
yielding 98% and 99.5% degradation with visible-light irradiation for
72 h, respectively. The higher photocatalytic activities of the compos-
ite catalyst can be explained by formation of a heterojunction
between Bi;,Si0,0 and g-C3N,4, leading to efficient reduction of the
recombination of photogenerated electron-hole pairs. Reactive «OH
and ¢0, " radicals were found to be the major reactive species in the
CV degradation. In conclusion, the Bi;,Si0,0/g-C3N4 composite dem-
onstrated good photocatalytic activity, stability and reusability for
photodegradation of organic compounds (CV, 2-HBA, and RhB) under
visible-light irradiation. These results demonstrate the prospect of
the Bi;»Si020/g-C3N4 heterojunction in photocatalytic degradation
applications.
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