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Abstract: In this study, a ternary CdS-ZnS-BiPO4 nanocomposite, synthesized by a solvent-assisted
heating method, demonstrated the highest visible light-induced photocatalysis towards the degra-
dation of methylene blue (MB) when comparing with BiPOs, CdS-BiPOs, and ZnS-BiPOs. Transmis-
sion electron microscopy (TEM), X-ray powder diffraction (XRD), and UV-Vis diffuse reflectance
spectroscopy (UV-vis DRS) were used to characterize the prepared nanocomposites. From UV-DRS
results, the energy band gap of the prepared BiPOs structures was 4.51 eV. When CdS nanoparticles
were deposited on BiPOs surface by a solvent-assisted heating method, the prepared nanocompo-
sites exhibited visible light-responsive photocatalytic degradation toward MB (20 ppm). At a molar
ratio of Cd to Zn as 1:7, the prepared CdS-ZnS-BiPOs nanocomposites exhibited the best photocata-
lytic activity in degrading 95% of MB dyes, out-performing pure BiPOs, CdS-BiPOs, and ZnS-BiPOu
due to its enhanced charge separation efficiency and the lowered carrier recombination from the
efficient p-n junction of unprecedented ternary composites. The investigations on mechanism con-
clude that the major reactive species responsible for MB degradation are holes and oxygen radicals.
For practicality, the degradation efficiency for different dyestuff (Fast Green FCF, Rhodamine 6G,
Acid Blue 1, methyl orange, and methyl red) degradation in the different water matrix samples
(pond water, seawater, and lake water) by the prepared CdS-ZnS-BiPOs nanocomposites was eval-
uated.

Keywords: solvent-assisted heating; CdS-ZnS-BiPOs; white-light LED; photocatalytic degradation

1. Introduction

Apparel plays an important role in our society and contributes to a large part of the
global economy; however, the typical textile dyeing method involves excess amounts of
dyestuffs, which are eventually discharged as wastewater, imposing technical challenges
on the wastewater treatment facility [1-3]. Adsorption, filtration, coagulation, and bio-
degradation are all traditional processes used in the water treatment industry [4-9]. These
approaches have limitations in terms of cost, feasibility, time required, and environmental
impacts [10]. Despite the fact that adsorption is a common process for removing toxic
textile dyes it could be incapable of degrading or mineralizing organic contaminants from
the environment [11]. To make matter worse, some dyes are relatively stable such that
conventional water treatments are limited in the decolorization of dyes. Among the dif-
ferent methods, photodegradation using semiconductor metal oxide is a potential green
environmental protection technique because it can directly break down dye molecules in
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effluent to harmless ones, such as COz and H20. Thus, a new method of employing pho-
tocatalysts in breaking down dyes has been developed as an alternative option for effec-
tive treatment of wastewater containing organic dyes [12-18]. In the pioneer work, TiO:z
catalyst was attractive due to its nontoxicity, low cost, and high chemical stability [19].
However, with low quantum efficiency (<20%), the photocatalytic activity of TiO2 is inef-
ficient, leading to high operation cost for industrial applications as high-energy UV light
is required for water treatment [20]. Its shortcoming arises from its high charge recombi-
nation rate in its inherited material property. As a result, research efforts in improving
photocatalytic materials have been made to meet the current challenge in the textile in-
dustry [2].

Some novel materials, such as BiPOs photocatalysts, were synthesized in 2014 to find
materials with high photocatalytic activity [21,22]. The high charge separation efficiency
made BiPOu photocatalysts highly photocatalytic. However, its poor visible light respon-
siveness limits its applicability in degrading the dyestuffs. Many systematic follow-up
works have analyzed the morphology-dependent photocatalytic performance and found
ways to improve the visible light absorption characteristics which enable sunlight-in-
duced catalysis, a promising technology for future sustainable wastewater treatment op-
tions [23]. In 2012, the BiPOs+~CdS composites with varying CdS compositions were pre-
pared using a microwave-assisted method, and their performance in the degradation of
10 ppm methyl orange (MO) under visible light irradiation was evaluated [24]. The results
show that the BiPOs+—CdS composite (30.1 wt% CdS) performed the best as 98.1% of MO
degraded by a 400 W halogen lamp (>400 nm) within 5 h due to the enhanced visible light
absorption. However, cadmium is a toxic constituent in the photocatalyst developed from
cadmium chloride, potentially imposing environmental issues during the synthesis and
water treatment [25,26]. To dilute the concentration of toxic cadmium-ions as an alternate
photocatalyst option, PVP-capped ZnS (20 wt%) and CdS nanoparticle mixtures were syn-
thesized using a microwave irradiation method and demonstrated good visible light-in-
duced degradation of 10 ppm methylene blue (MB) solution and achieved 81% degrada-
tion after 6 h of halogen lamp irradiation (500 W, emission range of 400-800 nm, without
filter) [27]. Therefore, we expected the photocatalytic activity of BiPO+~CdS composite to
be improved by mixing with ZnS nanoparticles due to its sufficient negative conduction
band bottom potential for the photodegradation process [28,29]. To investigate the opti-
mal composition of photocatalysts, a series of experiments was carried out on CdS-ZnS-
BiPOs nanocomposites with different molar ratios of Cd/Zn precursor. In addition, there
has been no report on the proposed one-pot synthetic approach for a ternary nanomaterial
and investigation of CdS-ZnS-BiPOs nanocomposites for photocatalysis until now.

In this study, we provided four interesting results about XS-BiPOs nanocomposites
(X=Cd, Zn). First, a solvent-assisted heating synthesis of CdS-BiPOs, ZnS-BiPOs and CdS-
ZnS-BiPOs nanocomposites was demonstrated. Ethylene glycol was used as a solvent to
allow high-temperature heating of reactants enabling the formation of intimate contact
between the components as a crucial requirement for outstanding interfacial properties
such as electronic interaction and charge transfer. Second, another goal of this study is to
use a light emitting diode (LED) (400-800 nm, 0.42 W/cm?) as a light source for light irra-
diation. Third, the photocatalytic activity and practicability of the prepared nanocompo-
sites were evaluated from its ability to degrade MB, Fast Green FCF (FCF), rhodamine 6G
(R6G), Acid Blue 1 (SB), MO, and methyl red (MR) in different water matrix samples un-
der visible light irradiation. Finally, the possible photocatalytic mechanism for the MB
degradation of the prepared XS-BiPOs nanocomposites (X = Cd, Zn) was elucidated
through scavenging experiments.
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2. Results and Discussion
2.1. Characterization of CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs

Figure 1A displays the morphologies and composition of BiPOs, CdS-BiPOs, ZnS-
BiPOs and CdS-ZnS-BiPOs nanocomposites analyzed by TEM and energy dispersive spec-
trometer (EDS). First, the BiPO4 sample prepared by the hydrothermal method appears
rod-shaped and measures 1-2 pm in length and 150 nm in width. EDS analysis also re-
veals 60.68% (wt%) Bi, 8.02% P, and 31.3% O elements in the BiPOs sample. TEM image of
CdS-BiPOs nanocomposites shows CdS nanoparticles with size of 5+ 3 nm were deposited
on the BiPOs surface. EDS analysis reveals 63.9% Bi, 10.25% P, 24.31% O, 1.13% Cd, and
0.41% S elements in CdS-BiPOs nanocomposites. For ZnS-BiPOs nanocomposites, ZnS na-
noparticles were deposited on the surface of BiPOs and 66.3% Bi, 7.92% P, 23.52% O, 1.38%
Zn, and 0.88% S elements are present in the ZnS-BiPOs nanocomposites from EDS analy-
sis. As materials used for control experiments, CdS, ZnS, and CdS-ZnS nanoparticles were
prepared and analyzed by TEM and HR-TEM as shown in Figure 1B. Some CdS-ZnS na-
noparticles were found in TEM and HR-TEM images as core-shell particles, which are
shown in Figure 1B. Finally, for CdS-ZnS-BiPOs nanocomposites (the precursor solution
containing the molar ratio of Cd to Zn at 1:7), CdS-ZnS nanoparticles deposited on the
BiPOs surface during EDS analysis confirms the presence of 60.48% Bi, 8.91% P, 26.53% O,
2.2% Zn, 0.29% Cd, and 1.29% S elements.

TEM EDS EDS
@A) = o

noseoms a S sl

(B) TEM [

HT-TEM

Figure 1. (A) TEM images and EDS spectra of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs
(the precursor solution contained the molar ratio of Cd to Zn at 1:7) nanocomposites. (B) TEM and

HR-TEM images of CdS, ZnS, and CdS-ZnS (the precursor solution contained the molar ratio of Cd
to Zn at 1:7) nanoparticles.

The phases and purities of the products were identified via XRD analysis. The XRD
pattern of BiPOs as shown in Figure 2 was in agreement with the standard data of pure
monoclinic BiPOs (JCPDS 80-0209) [23]. For CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPO4
nanocomposites, the XRD patterns of these samples were similar to that of BiPOas. The
main peaks for hexagonal CdS nanoparticles (JCPDS 77-2306, 20 values at 24.8°, 26.5°,
28.2°, 36.6°, 43.7°, and 51.8°) and cubic ZnS nanoparticles (JCPDS 65-0309, 20 values at
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28.6°, 47.6°, and 56.5°) as shown in enlarge spectra of Figure 2 were not found in CdS-
BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs nanocomposites [27]. This may be because only a
few CdS, ZnS, and CdS-ZnS nanoparticles were deposited onto the BiPOs surface, and the
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Figure 2. XRD spectra of CdS-BiPOs, ZnS-BiPOs, CdS-ZnS-BiPOs, CdS, ZnS, and CdS-ZnS samples.

To determine the bandgap, the UV—vis DRS spectra shown in Figure 3 were analyzed.
BiPOs sample displays a strong UV light absorption from 200 nm to 275 nm wavelength
but a very weak absorption after 275 nm, indicating a weak absorption of near-UV and
visible-light; thus, this material is not suitable to be used as a sunlight-responsive photo-
catalyst. After depositing CdS onto BiPOs, the absorption in visible light was significantly
improved up to 550 nm in CdS- BiPOs composites. Incorporating ZnS into BiPOs only ex-
hibits UV light absorption, indicating that ZnS-BiPOs nanocomposites can absorb UV ab-
sorption like BiPOs samples. Similar to CdS-BiPOs nanocomposites, CdS-ZnS-BiPOs nano-
composites exhibit strong absorption in UV and visible regions from 200 nm to 500 nm
even though the precursor for zinc ions is seven times higher than cadmium ions in syn-
thesis. The comparison between the absorption characteristics of the BiPO4 composites in
Figure 3A and the absorption characteristics of nanoparticles without BiPOs in Figure 3C
strongly confirms that the visible light absorption for CdS-BiPOs, ZnS-BiPOs, and CdS-
ZnS-BiPOs nanocomposites was entirely attributed to hybrid CdS, ZnS, and CdS-ZnS na-
noparticles.

The band gap energy (Eg) can be evaluated from the UV-DRS spectra via a Tauc plot
of (hva)? versus (hv) and extrapolation of the linear portions of the curves to the energy
axis as shown in Figures 3B,D:

ahv = B(hU - Eg)z

where a is the absorption coefficient, hv is the photo energy, E; is the indirect band gap
energy, and B is a constant. The estimated optical band gaps of the prepared samples are
shown in Table 1. The band gap value of BiPOxs is 4.03 eV corresponding to UV region
absorption. The band gap values for CdS and ZnS nanoparticles are 2.75 eV and 3.98 eV,
respectively and higher than their bulk counterparts, which is due to reduced particle size
showing quantum confinement effects [27]. The band gap value of CdS-ZnS nanoparticles
is 3.08 eV and is located between that of CdS and ZnS nanoparticles. The band gap values
of CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs nanocomposites are 2.27 eV, 3.01 eV, and
2.43 eV, respectively. These results clearly confirm that the electronic structures of all
nanocomposites differ from BiPOs. The variation in the bandgap may be due to depositing
different types of nanoparticles, resulting in different degrees of charge separation effi-
ciency and recombination rates of the photoinduced electron-hole pairs. This caused the
prepared nanocomposites to have different photocatalytic efficiencies.
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Absorbance (a. u.)

Absorbance (a. u.)

Table 1. Measured energy gap (E;g), the level of conduction-band (CB) edge, and valence-band edge

(VB) for the prepared samples.

Series Eg (eV) CB (V) VB (V)

Cds 2.75 -1.00 1.75

ZnS 3.98 -1.43 2.55
CdS-ZnS 3.08 -a -a

BiPOxs 4.03 041 451
CdS-BiPOs 227 -a -a
ZnS-BiPOs 3.01 -a -a
CdS-ZnS-BiPOs 248 -a -2

2 When p-type CdS, ZnS, or CdS-ZnS come into contact with n-type BiPOs to form a p-n junction,
the Fermi energy levels of CdS, ZnS, CdS-ZnS, and BiPOs tend to ascend and descend to achieve
an equilibrium state, and it was difficult to calculate the VB edge and CB edge potential for the
prepared nanocomposites. Because of no Xcdaszns value, there is no VB edge and CB edge potential
for CdS-ZnS nanoparticles.
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Figure 3. (A) UV-vis DRS spectra and (B) (Ahv)®® versus hv curves of BiPOs (black), CdS-BiPOs (red), ZnS-BiPOs (blue),
and CdS-ZnS-BiPO: (olive) composites. (C) UV-vis DRS spectra and (D) (Ahv)? versus hv curves of CdS (red), ZnS (blue),
and CdS-ZnS (olive) nanoparticles.

2.2. Degradation Performance of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs

The photocatalytic performance of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-
BiPOs nanocomposites was evaluated by measuring the rate of MB degradation (20 ppm)
under visible irradiation. According to our previous experience, the degradation effi-
ciency decreased with increasing dye concentration [23,30-34]. This is because the exces-
sive coverage of dye on the active surface of photocatalysts leads to a decrease in the pho-
tocatalytic activity. Thus, 20 ppm MB was selected for the experiment. The variations in
the MB concentration (C/Co), where Co is the initial MB concentration, and C is the MB
concentration at time t, with the irradiation time for BiPPOs, CdS-BiPOs4, ZnS-BiPOs, and
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CdS-ZnS-BiPOs nanocomposites were found in Figure 4A. Prior to irradiation, each cata-
lyst (0.20 g) was introduced to the 20 ppm MB solution for 30 min (indicated as “—30 min”
in Figure 4A) in the dark for the system to reach equilibrium. The change in MB concen-
tration for each composite after this equilibration time is found negligible, reflecting neg-
ligible dye adsorption on each nanocomposite. As another control experiment, direct pho-
tolysis of MB without any photocatalysts was also analyzed under identical conditions,
and no change was found in MB concentration during 60 min photolysis (Figure A2). In
addition, the results of MB degradation in the presence of CdS, ZnS, and CdS-ZnS nano-
particles were also found in Figure A2. The degradation efficiency within 60 min irradia-
tion time followed the order: CdS-ZnS (55%)> CdS (40%) > ZnS (10%), indicating that the
CdS-ZnS nanoparticles had higher photocatalytic activity. The result was the same as the
previous literature [27]. From Figure 4A, the MB variation changes only slightly after pho-
tolysis in the presence of BiPOs and ZnS-BiPOs nanocomposites due to weak absorption
of visible light from its high-energy band gap discussed earlier. In contrast, the extent of
MB degradation (87% degradation efficiency) changed dramatically within the 60 min of
light irradiation in the presence of the CdS-BiPOs nanocomposites. Furthermore, the high-
est degradation efficiency (95% within 60 min) was found in the presence of CdS-ZnS-
BiPOs nanocomposites due to the different degrees of charge separation efficiency and
recombination rate, which will be discussed in the degradation mechanism section.

The photocatalytic degradation kinetics for MB was then investigated as shown in
Figure 4B, and the photodegradation process matched with a pseudo first-order reaction
model. The rate constants (k) for MB degradation by BiPOs, CdS-BiPOs, ZnS-BiPOs, and
CdS-ZnS-BiPO4 nanocomposites were determined to be 0.0008, 0.0339, 0.0011, and 0.0461
min, respectively. Clearly, the rate constant for CdS-ZnS-BiPOs is almost 57.6 times
higher than that for BiPOs. The relative kinetic parameters are summarized in Table 2. In
addition, the degradation quantum yields of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-
BiPOs are 0.0703, 2.98, 0.0966, and 4.05, respectively. These results designate the quantum
yield of the CdS-ZnS-BiPOs nanocomposites is elevated when compare to the BiPOs, ZnS-
BiPOs, and CdS-BiPOs photocatalyst.

Table 2. Pseudo-first-order rate constants for photocatalytic MB degradation by the prepared com-
posites under visible light irradiation.

Series Pseudo-First-Order Kinetic Equation k (min) R?

BiPOx y =0.0008x - 0.0201 0.0008 0.9787
CdS-BiPPOs y =0.0339x + 0.0043 0.0339 0.9891
ZnS-BiPOx y =0.0011x + 0.0178 0.0011 0.9512

CdS-ZnS-BiPOs y =0.0461 - 0.0998 0.0461 0.9851

To understand the role of Cd in the catalyst for the MB degradation, different molar
ratios of Cd to Zn from the precursors used in the preparation of CdS-ZnS-BiPOs nano-
composites were evaluated as shown in Figure 5A. The photocatalytic activity increases
initially as the Cd/Zn ratio decreases from 1:0 to 1:7 and the catalytic performance peaks
at 1:7 Cd/Zn ratio. Then, further increase in Zn content from Cd/Zn 1:7 ratio decreased its
photodegradation ability due to high content of ZnS nanoparticles in the CdS-ZnS-BiPOx
nanocomposites decreasing the visible light absorption. Thus, the molar ratio of Cd to Zn
was selected to be 1:7 in the preparation of CdS-ZnS-BiPOa. The loading effect of CdS-
ZnS-BiPOs nanocomposites on photodegradation of MB was evaluated and the results are
shown in Figure 5B. During 60 min light irradiation, increasing mass of CdS-ZnS-BiPOx
nanocomposites from 0.05 g to 0.20 g increased the degradation rate from 49.5% to 94.5%.
Further increase in the mass of CdS-ZnS-BiPOs nanocomposites to 0.40 g did not increase
the degradation rate. Thus, the optimum mass of CdS-ZnS-BiPOs was selected to be 0.2 g
for further study.
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Figure 4. (A) Degradation of MB (C/Co) over time and (B) the corresponding pseudo-first order linear transform of MB

degradation rate in the presence of BiPOs (black), CdS-BiPOs (red), ZnS-BiPOs (blue), and CdS-ZnS-BiPOs (olive) nano-
composites under visible light irradiation.
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Figure 5. Degradation of MB (C/Co) over time (A) in the presence of CdS-ZnS-BiPOs nanocomposites with different molar
ratio of Cd to Zn, which 1:0, 1:5, 1:7, 1:9, and 1:11 are represented as S1, S2, S3, 54, and S5, respectively, and (B) degradation
activity at different amounts of CdS-ZnS-BiPOs nanocomposites (Cd:Zn = 1:7) within 60 min light irradiation.

2.3. Degradation Mechanism of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOu

In order to prove high-charge separation efficiency and low recombination rate of the
photogenerated e/h* pairs made CdS-ZnS-BiPOs nanocomposites highly photocatalytic
active, conventional instrumental methods, including electric impedance spectra (EIS),
photocurrent and photoluminescence (PL) experiments were performed. First, the char-
acteristics of charge separation were studied using EIS analysis. A high photocatalytic ac-
tivity of a material often leads to a high charge separation efficiency, resulting in a low
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charge resistance. Figure 6A summarizes Nyquist plots collected from nanocomposites.
The diameter of semi-circles for the CdS-ZnS-BiPOs nanocomposites is the smallest when
comparing to those of the BiPOs, CdS-BiPOs and ZnS-BiPOs nanocomposites, suggesting
that CdS-ZnS-BiPOs has the most efficient charge separation among all nanocomposites.
The second best-performing photocatalyst in this study was CdS-BiPOs nanocomposites
while the poorest performance was observed from BiPOs nanocomposites. Secondly, the
photocurrent responses of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs nanocom-
posites were found to evaluate the charge separation efficiency. Photocurrent responses
of different nanocomposites are summarized in Figure 6B, in which photocurrent re-
sponses of CdS-BiPOs and CdS-ZnS-BiPOs are higher than those of BiPOs and ZnS-BiPOs,
demonstrating improved charge separation as a result of the p-n junction formed between
P-type and N-type semiconductors. A p-n junction can improve the charge separation
through the Schottky barrier effect, which is similar to a previous study on electron trans-
fer from a semiconductor to a metal [19]. This contributes to the interfacial charge transfer
between the semiconductors, thus improving the photocatalytic activity.

Reducing the recombination rate of the photogenerated e-/h* pairs effectively made
a material increasing the photocatalytic activity. Exothermic recombination of e~/h* pairs
can be studied through the measurement of PL; a low recombination rate is thus expected
to produce a low luminescence intensity. The e/h* pairs recombination during MB degra-
dation by the prepared nanocomposites was determined by PL (excitation wavelength:
325 nm) as shown in Figure 6C. The lowest luminescence intensity of the CdS-ZnS-BiPOx
nanocomposites was obtained when comparing to those of the BiPOs, CdS-BiPOs, and
ZnS-BiPOs nanocomposites, suggesting that the e-/h* pairs recombination was restricted
due to a p-n junction between CdS-ZnS nanoparticles and BiPOs. In summary, the excel-
lent photocatalytic activity of the CdS-ZnS-BiPOs nanocomposite was derived from a
higher charge separation efficiency and a lower recombination rate than BiPOs and ZnS-
BiPOs nanocomposites.

Radical- and hole-trapping experiments were performed to elucidate the photocata-
lytic degradation process for the CdS-ZnS-BiPOs nanocomposites. The MB degradation
rate was suppressed by adding the hole and the oxygen radical scavenger (Figure 7) such
as ethylenediamine tetraacetate (EDTA) and benzoquinone (BQ), respectively, but the
degradation rate was only slightly inhibited upon the addition of the hydroxyl radical
scavenger (tert-butanol (t-BuOH)) under visible light irradiation. As a result, holes and
oxygen radicals are the primary active species involved in the decomposition of the ad-
sorbed MB on the nanocomposites.



Catalysts 2021, 11, 1095 10 of 19

300
| @A) BiPO,
i —— CdS-BiPO,
ZnS-BiPO,
200 —— CdS-ZnS-BiPO,
g
=
c -
N’
N 1004
0 200 400 600 800 1000
7’ (ohm
0.02 (ohm)
(B) BiPO,
1 —CdS-BiPO4
0154 ZnS-BiPO,

— CdS-ZnS-BiPO,

0.05-

Lo s —

Current density (LA/cm?)
o

0 1 ! 3 ’ ! Y ‘g i T
0 50 100 150 200 250 300
2 Time (s)
© BiPO,

—— CdS-BiPO,
—— ZnS-BiPO,

—~ 20- —— CdS-ZnS-BiPO,

=

&

(=

R 104

400 450 500 550 600
Wavelength (nm)

Figure 6. (A) EIS, (B) photocurrent, and (C) photoluminescence spectra of the BiPOs (black), CdS-
BiPOus (red), ZnS-BiPOs (blue), and CdS-ZnS-BiPOs (olive) composites.
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Figure 7. Trapping experiments of the CdS-ZnS-BiPOs nanocomposites for MB degradation (C/Co) under visible light ir-
radiation: EDTA, BQ, and t-BuOH (each 2 mM) were scavengers for holes, oxygen radicals, and hydroxyl radicals, respec-

tively.

Based on the aforementioned studies, possible mechanisms for the prepared nano-
composites were proposed as shown in Scheme 1. The conduction band edge (CB) and
valence band (VB) positions in BiPOs, CdS, and ZnS nanoparticles as shown in Table 1
were calculated using the equation:

EVB = X - EC + 05Eg

Ecg = Eyp — Eg

where X is the Mulliken electronegativity (Xsiros: 6.96 ev, Xcas: 4.87 ev, Xzns: 5.06 ev), and
Ec is the energy for free electrons of the hydrogen atom (24.5 eV). The photon energy of
white-light LED can be efficiently absorbed by the CdS-BiPOs and CdS-ZnS-BiPO4 nano-
composites, not by the ZnS-BiPOs nanocomposites. Considering the junction between CdS
and BiPOs, the electrons in the VB of the CdS nanoparticles can be excited to the CB and
result in an equivalent number of holes. Because the CB of the CdS nanoparticles is higher
than that of the BiPOs nanoparticles, partial electrons in CB of the CdS nanoparticles can
migrate to the CB of the BiPOs nanoparticles. Thus, CdS-BiPOs nanocomposites form an
efficient p-n junction interface. Once the electron reaches the CB of the BiPOsnanoparticles
can react with oxygen to generate oxygen radicals; on the other hand, the accumulated
holes on the CdS nanoparticles can oxidize organic substances (Scheme 1A). The junction
between ZnS andBiPOs requires a larger energy gap than that of visible light provided.
Thus, no p-n junction interface and no photocatalytic activity were found under white-
light irradiation in the case of ZnS-BiPOs (Scheme 1B). For CdS-ZnS-BiPOs, the electrons
in the VB of the CdS nanoparticles can be excited to its CB with generation of the equiva-
lent number of holes. Due to the larger energy gap and the VB and CB for ZnS nanoparti-
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NHE (V)
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cles, the fate for the generated electrons in the CB of the CdS nanoparticles can only mi-
grate to the CB of the BiPO4 nanoparticles. Then, oxygen radicals produced at the CB of
the BiPOs nanoparticles and the accumulated holes on the CdS nanoparticles were the
major reactive species involving MB degradation (Scheme 1C). Compared to the CdS-
BiPOs nanocomposites, ZnS nanoparticles provide a confinement effect for CdS nanopar-
ticles; as a result, the only relaxation process for all excited electrons under visible light
irradiation is to migrate to BiPOas. Therefore, the CdS-ZnS-BiPOs nanoparticles have im-
proved charge separation efficiency because of the confinement effect of the ZnS nanopar-
ticles.
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Scheme 1. Possible e- movement in different degradation system of BiPOs, CdS/BiPOs, ZnS/BiPOs, and CdS-ZnS-BiPOs.

2.4. Practical Applications of CdS-ZnS-BiPOu

For the practical applications of CdS-ZnS-BiPO, various organic dyes (FCF, R6G, SB,
MO, and MR) were tested under visible light irradiation (Figure 8A). From the results,
CdS-ZnS-BiPO, exhibited degradation activity toward all selected dyestuffs (nearly 54—
95% degradation within 60 min). Finally, the prepared CdS-ZnS-BiPO4 nanocomposites
were used to degrade MB in the water matrix samples (Figure 8B) and found nearly 90%
degradation efficiency on MB after 150 min of irradiation. The reduction of the photocata-
lytic performance of CdS-ZnS-BiPO, may be due to the presence of anions or radical scav-
engers in the water matrix samples. In addition, the seawater matrix leading to MB ad-
sorption by CdS-ZnS-BiPO4 was found, which may be due to the salting-out effect. Further
work on the improvement of the photocatalytic performance with other heterojunction
composites or under different light irradiation, such as carbon-based nanomaterials and
II-VI group quantum dots, UV light, and LED monochromatic light source (420 nm, 450
nm, 485 nm, 535 nm, 595 nm, 630 nm), is underway in our laboratory.
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Figure 8. Photocatalytic degradation curves for (A) different dyestuff (FCF, R6G, SB, MO, and MR) and (B) MB in envi-
ronmental water samples (seawater, pond water, and lake water) by CdS-ZnS-BiPOs nanocomposite.
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3. Materials and Methods
3.1. Preparation of BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOu

All chemicals, including Bi(NO)3-5H20, NasPOs, Na:S, ZnClz, CdCl, ethylene glycol
(EG), poly(vinyl-pyrrolidone) (PVP, MW: 40000 g/mole), Naz5SOs, ethanol, EDTA, t-BuOH,
and BQ, were purchased from Sigma Aldrich (St. Louis, MO, USA). MB, Fast Green FCF,
R6G, SB, MO, and MR were purchased from Invitrogen (Eugene, OR, USA). Milli-Q ul-
trapure water (18.3 MQ) was used in all of the experiments.

For the preparation of BiPOs samples, HNOs (4 M, 1 mL) was used to dissolve
Bi(NOs)s-5H20 (0.6062 g) in a beaker. Then, ultrapure water (46 mL) and NasPOs (3 mL,
0.833 M) were added to the beaker, and the mixture was magnetically stirred at 27 °C.
After 1 min, the mixture was delivered to a Teflon-lined stainless-steel autoclave and
heated at 180 °C for 24 h. Finally, white BiPOs solids were separated by centrifugation.
The solid was purified through a centrifuging-washing procedure (deionized water and
ethanol, three times) and then dried in a desiccator at 60 °C overnight.

CdS-BiPOs nanocomposites were prepared through a solvent-assisted heating
method. First, CdClz, Na2S, and PVP precursor solutions were prepared by dissolving
1.500 g of CdClz, 3.9023 g of Na:2S, and 0.1255 g of PVP, respectively, in 50 mL of EG. The
prepared BiPOs powder (0.3000 g) was dispersed in the CdClL2 precursor solution (0.127
M, 8.182 mL) first with magnetic stirring at 170 °C to yield a uniform mixture. Then, EG
(10 mL), NazS (0.517 M, 2.0 mL), and PVP (0.251%, 3.75 mL) were added to the above
solution, and the mixture was magnetically stirred at 170 °C for 30 min. After the solution
was naturally cooled to 27 °C, the precipitates were purified through a centrifuging-wash-
ing procedure (EG and ethanol, three times) and then dried at 60 °C overnight. For the
preparation of ZnS-BiPO4 nanocomposites, ZnClz precursor solution (0.127 M, 8.182 mL)
was used to replace CdClz precursor solution, and the other procedure was the same as
that mentioned above. In addition, similar procedure was performed to prepare CdS and
ZnS nanoparticles without adding BiPOs powder.

The prepared BiPOs powder (0.3000 g) was dispersed in the Cd/Zn precursor solution
(total volume: 8.182 mL), which was prepared by mixing 1.023 mL of CdCl2 solution (0.127
M) and 7.159 mL of ZnClz solution (0.127 M) first, with magnetic stirring at 170 °C to yield
a uniform mixture. Then, EG (10 mL), Na2S (0.517 M, 2.0 mL), and PVP (0.251%, 3.75 mL)
were added to the above solution, and the mixture was magnetically stirred at 170 °C for
30 min. After the solution was naturally cooled to 27 °C, the precipitates were purified
through a centrifuging—washing procedure (EG and ethanol, three times) and then dried
at 60 °C overnight. For evaluation of the photocatalytic performance for CdS-ZnS-BiPOs
nanocomposites with different molar rations of Cd/Zn, different molar ratios of Cd/Zn
precursor solutions were prepared as shown in Table 3. The rest of the procedure was the
same as mentioned above.

Table 3. Preparation of different molar ratios of Cd/Zn precursor solutions.

Molar Ratio of Cd:Zn Cd(NOs):2 (0.217 M) ZnCl: (0.217 M)
1:5 1.364 mL 6.818 mL
1.7 1.023 mL 7.159 mL
1:9 0.818 mL 7.364 mL
1:11 0.682 mL 7.500 mL

3.2. Characterization

The morphologies, the crystalline phases and the optical properties of the prepared
nanocomposites were found by a JEOL-2010 transmission electron microscope (TEM)
(JEOL Co., Ltd., Tokyo, Japan) at an accelerating voltage of 200 kV equipped with a
QUANTAX Annular XFlash QUAD FQ5060 (Bruker Nano, Berlin, Germany), a SMART
APEX II X-ray diffractometer (Bruker AXS, Billerica, MA, USA) with Cu Ka radiation (A
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=0.15418 nm), and an Evolution 2000 UV-Vis spectrometer (Thermo Fisher Scientific Inc.,
Madison, WI, USA) with BaSOs employed as the reference, respectively.

3.3. Degradation Process

The prepared BiPOs, CdS-BiPOs, ZnS-BiPOs, and CdS-ZnS-BiPOs nanocomposites
were used to degrade MB under visible light irradiation in a PCX-50A multichannel pho-
tochemical reaction system equipped with an LED disc (400-800 nm, 0.42 W/cm?, Beijing
Perfectlight Technology Co., LTD., Beijing, China) (Figure A1) [35-37], and their photo-
catalytic activity was evaluated based on our earlier reports with modifications [23,30-
34]. Prior to irradiation, 50 mL of 20 mg/L MB (20 ppm) aqueous solution containing 0.20
g of nanocomposites was stirred in the dark for 30 min. During illumination, 3.000 mL of
suspension was taken by a pipette and centrifuged (10,000 rpm) to remove the nanocom-
posites. Then, MB content was determined colorimetrically at 665 nm using a Synergy H1
Hybrid Multi-Mode Microplate Reader (Biotek Instruments, Inc., Winooski, VT, USA) ac-
cording to the Beer-Lamber law. The concentration of MB is proportional to absorbance
of MB, so the degradation activity (efficiency) of MB can be calculated by

A C
Degradtion activity = (1 — —) X 100% = (1 - —) X 100%
Ag Co
where Ao, A, and Co, C are the absorbance and concentration of MB when the irradiation
time is 0 and t, respectively. Similar procedures were performed for various dyestuffs
(FCF, R6G, SB, MO, and MR) and environmental water samples (seawater, pond water,
and lake water). The reaction rate can be also calculated using plots of In Co/C versus ir-
radiation time according to
Co
In(=2) = ke
"

where t is the irradiation time, and k is the pseudo-first-order rate constant of the reaction.
The quantum yield of a photocatalytic reaction is defined as the number of MB molecules
being degraded per photon absorbed. The rate constant of MB under visible light irradia-
tion can also calculate its reaction quantum yield according to the following equation

k

® = 2303 el

where ¢ is the reaction quantum yield, k is the pseudo-first-order rate constant of the
reaction, lo is the light intensity of the event light range at 400-800 nm (1.381 x 107), err is
the molar absorptive of MB at 420 nm (3.580 x 10° cm™ M), and I is the path length (1 cm)
of the reaction [38].

3.4. Evaluation of Charge Separation and Recombination Rate

The charge separation efficiency and recombination rate for the prepared nanocom-
posites were evaluated based on our earlier reports [23,30-34]. For determination of re-
combination rate of e/h* pairs, PL spectra were collected using a Varian Cary Eclipse flu-
orescence spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA). An indium tin
oxide (ITO) glass, coated by a slurry containing nanocomposite (5.0 mg) and methanol
(5.0 mL), was heated on the hotplate at 50 °C for 30 min to completely evaporate the meth-
anol. In the electrochemical cell, this coated ITO glass was used as an anode electrode, a
platinum foil was used as a cathode electrode, and Na250s solution (0.1 M) was used as a
supporting electrolyte. Photocurrent tests and EIS, which was used to study the charge
separation efficiency, were performed using a CHI-6122E electrochemical analyzer (CH
instruments, Inc., Austin, TX, USA) at room temperature.
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3.5. Free Radical Trapping Test

The free radical trapping test was used to obtain the major reactive species involved
in the MB degradation. The procedure was similar to the degradation process except hole-
, oxygen radical- and hydroxyl radical- scavengers (each 2 mM) were added to the MB
solution prior to the addition of nanocomposite.

4. Conclusions

In this study, we have demonstrated a solvent-assisted heating method to prepare
CdS-BiPOs, ZnS-BiPOs4, and CdS-ZnS-BiPO4 nanocomposites and evaluate their photo-
catalytic activities toward dyestuff degradation. The photocatalytic results indicate that
(i) the CdS-ZnS-BiPOs nanocomposites possess better photocatalytic performances (95%
within 60 min) than pure BiPOs, CdS-BiPOs, and ZnS-BiPOs nanocomposites under visible
light irradiation; (ii) the photocatalytic performance of the CdS-ZnS-BiPOs nanocompo-
sites is dependent on the molar ratio of Cd to Zn precursor solution, and the nanocompo-
site with molar ratio of Cd to Zn at 1:7 achieves the highest degradation efficiency; (iii) the
enhancement of the photocatalytic performance is due to the improvement of charge sep-
aration efficiency and the reduction of recombination from the efficient p-n junction cre-
ated in the CdS-ZnS-BiPOs composites; (iv) the photodegradation of MB and other dye-
stuff can be degraded with irradiation power density as low as 0.42 W/cm?; (v).This study
proves that the strong photocatalytic activity of the CdS-ZnS-BiPOs nanocomposites pos-
sesses is promising for its applications toward photodegradation of organic pollutants in
different water matrix samples.
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Appendix A

Figure A1l. The image of a multichannel photochemical reaction system. A detailed description of
the multichannel photochemical reaction system can be found in the following link.
Https://www.perfectlight.com.cn/Product/detail/id/35.html (visited on 09/05/2021).



Catalysts 2021, 11, 1095 17 of 19

] Light off on
- =

= 1 —=—MB only \\\V\ e o
& 06 —*Cds . e
& ] ~
—v— CdS-ZnS —

A 7nS v

0 | ! | ! | ! | ! | ! | ! | d | ! | d |
-30 20 -10 0 10 20 30 40 50 60

Time (min)

Figure A2. Degradation of MB (C/Co) over time in the absence of catalyst (black), and the presence of CdS (red), ZnS (blue),
and CdS-ZnS (olive) nanoparticles under visible light irradiation.
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