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Abstract: Enhancing the photocatalytic performance for contaminant degradation to accelerate the
large-scale application of photocatalysis still is an enduring challenge. Herein, ternary PDI/BiOCl-
BiPO,4 composited materials with the different contents of PDI were designed and constructed by the
multi-step compound method. The tetracycline hydrochloride and rhodamine B were chosen as tar-
geted pollutants to investigate the photocatalytic performance of PDI/BiOCl-BiPO4 composited ma-
terials. The structure and component of BiOCl-BiPO4 and PDI/BiOCl-BiPO, samples were detailedly
characterized by a sequence of physical and chemical characterizations. The optimized PDI/BiOCl-
BiPO4 sample, namely PDI(5%)/BiOCl-BiPOy, exhibited the excellent photocatalytic activity for
tetracycline hydrochloride and rhodamine B degradation. The major active species that were holes
(h*) and superoxide radicals (O, ™) also can be determined in the photocatalytic degradation process
by active species trapping experiments. Furthermore, the photoelectrochemical and fluorescence mea-
surements manifest the crucial role of PDI material. It can reduce the recombination of photo-excited
charge carrier and improve the separation and transfer of photo-generated electron-hole pairs, which
is beneficial to the photocatalytic reaction process. It is anticipated that our work would provide a
counterpart to prepare the high-efficiency composited material in heterogeneous photocatalysis.

Keywords: PDI; BiOCl/BiPOy; photocatalytic; degradation; contaminant

1. Introduction

Currently, energy and environmental issues have attracted great attention all over the
world. Recent years, the overuse of antibiotic has seriously damaged ecological environ-
ment and harmed human health [1-3]. Tetracycline hydrochloride (TCH) is considered
as one of the most commonly used antibiotic for the cure of pneumonia, trachoma, and
bacterial dysentery [4-6]. Nevertheless, its long-term retention determines the prolong time
in the water body or environment, so the elimination of TCH still needs to be addressed
immediately [7-10]. Photocatalytic technology is a promising strategy to resolve water
pollution problems and provide the green energy demand, attributing to the advantages
of non-toxic, cheap, sustainable energy, stable and reusable photocatalysts [11-14]. The
degradation of TCH through photocatalytic technology is an idea approach. It can’t only
utilize the solar energy, but also avoid the secondary pollution. Raja [14] et al. found that
the hierarchical ZnIn;S, /rGO/SnS, heterojunction photocatalyst possessed the higher pho-
tocatalytic activities for hydrogen evolution and photocatalytic degradation performance
towards tetracycline (TC). The enhanced photocatalytic active mainly is attributed to the
hexagonal and layer structured material and the synergetic effect of ZnIn,S, /rGO/SnS, het-
erojunction photocatalyst. Zhi [15] et al. reported that the direct Z-scheme ZnIn,S;@Mo0Os3
heterojunction was prepared and evaluated by the degradation of tetracycline hydrochlo-
ride under visible light irradiation. The ZnIn,S;@MoO3; composited material displayed a
high photocatalytic performance, which could degrade 94.5% of TCH with 90 min. The
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mechanism for degradation of TCH and the possible reaction pathway were also pro-
posed. In addition, the NiFe;O4/g-C3Ny heterostructure was designed and prepared to
degrade the tetracycline hydrochloride antibiotic [9]. The optimized NiFe,O4/g-C3sNy
sample exhibited high photocatalytic degradation efficiency with 94.5% in 80 min under
visible light irradiation. These reports clearly indicate that photocatalytic pollutant degra-
dation is an effective means to resolve the antibiotic contamination, but the photocatalytic
systems still exist some deficiencies. Herein, it is necessary to explore some novel or
effective photocatalysts.

BiOClI material with a layer structure consists of [Bi;O,]°* slab interlaced by double
halogen slabs, resulting in the formation of internal static electric fields, which is beneficial
to the separation of photo-generated electron-hole pairs. It is the unique structure that urges
photogenerated carriers to easily facilitate separation and transfer leading to the enhanced
photocatalytic performance [16]. In addition, it has the merits of high chemical stability,
corrosion resistance and non-toxicity. So BiOCl is regarded as the excellent photocatalytic
substrate. However, there is still need for improving their photocatalytic activity before
practical use. Zhuang [17] et al. prepared the BiOCl with oxygen vacancy via a novel
strategy to improve the photocatalytic performance. Su [18] et al. studied that reduced
graphene oxide nanosheets (RGO) were introduced into 50% BiOCl/BiOI hollow flowerlike
microspheres to improve the photocatalytic degradation of rhodamine B under visible light
irradiation. These strategies can effectively improve the photocatalytic performance of
BiOCl], especial for the composited method.

Recently, BiPO4 has aroused many scholars’ attention, because it possesses excellent
ultraviolet active, stability, strong oxidation ability, non-toxicity and unique electronic prop-
erties. The inherently induced effect of phosphate radical is beneficial to the separation of
electron-hole pairs, which is considered to be the reason for enhancing photocatalytic activ-
ity compared to TiO, [19-21]. It can show the better performance for pollutant degradation
than that of P25, and the photocatalytic active of BiPOj is twice that of TiO; for the degra-
dation of methylene blue (MB) due to the inductive effect of phosphate group (PO; ") [21].
However, its wide band gap of 3.85 eV and high charge recombination limit the photocat-
alytic performance [22,23]. Therefore, introducing a suitable semiconductor to reduce the
band gap and improve the separation efficiency of photo-generated charge carriers is an
effective strategy to enhance the photocatalytic performance. Currently, perylene diimide
(PDI)-based photocatalysts with n-type organic semiconductor have been applied in photo-
catalytic pollutant degradation and water splitting [24,25]. PDI material possesses narrow
band gap and suitable conduction band position, which can improve the visible light ab-
sorption and photocatalytic activity of semiconductor photocatalyst [26-28]. Zhu [26] et al.
reported that the p-Ag,S/n-PDI self-assembly supramolecular heterojunction was formed
via hydrogen bonding and 7t— stacking. Thereinto, the photocatalytic performance of
p-AgxS/n-PDI composited photocatalyst was respectively 5.13 times and 1.79 times higher
than pure PDI for phenol degradation and O, evolution under full-spectrum light irradi-
ation, which indicated the advantage of PDI material. Li [27] et al. studied that a novel
BiVO,/self-assembled perylene diimide (BiVO,4/PDlIsa) organic supermolecule photocat-
alyst was designed and fabricated via an in situ electrostatic assembling method. The
composite material displayed a higher photocatalytic performance for TC degradation,
which could reach the degradation efficiency of 81.75% within 30 min under visible light
irradiation. The enhanced photocatalytic active was mainly due to the introduction of
PDI material. Similarly, PDI as a novel and highly efficient cocatalyst was introduced
on graphitic carbon nitride/bismuth tungstate composite to enhance the photocatalytic
degradation of tetracycline in water [28]. These results furtherly demonstrate that the
PDI material can be considered as an excellent material to improve the photocatalytic
performance of semiconductor photocatalyst.

According to the above reasons, a ternary PDI/BiOCl-BiPO, composited material was
designed and prepared. The PDI/BiOCIl-BiPO, composited photocatalysts were evaluated
by the degradation of RhB, and the degradation of tetracycline hydrochloride under visible
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light or simulated solar light irradiation. The PDI/BiOCl-BiPO4 composited photocatalysts
were detailedly characterized by X-ray diffraction (XRD), UV-vis diffuse reflectance (UV-vis
DRS), Scanning electron microscopy (SEM), and Fourier transform infrared (FTIR) spectro-
scopies. Obviously, the light absorption capacity of composited material was remarkably
enhanced. In addition, the improved photocatalytic activity can be manifested by the
photoelectrochemical tools. The photocatalytic reaction process also was demonstrated
by the active species trapping experiments. Herein, the possible reaction pathway was
proposed via the above results and analysis.

2. Results and Discussion

The crystal structure and composition of PDI, BiOCl, BiOCl-BiPO, and PDI/BiOCl-
BiPO4 composite photocatalysts with the different PDI contents were characterized by X-ray
diffraction (XRD) measurement, as shown in Figure 1. The BiOCl-BiPO4 composite material
showed the main specific diffractive peaks at 20 = 12.0°, 24.1°, 25.9°, 32.5°, 33.5°, 36.6°,
40.9°, 46.7°,49.7°, 54.1°, and 58.6°, which could be assigned to the (001), (002), (101), (110),
(102), (003), (112), (200), (113), (211) and (212) lattice planes respectively for the tetragonal
phase BiOCl (JCPDS.NO.06-0249). [29] In addition, the diffraction peaks of 20 appeared in
20.1°,29.5°, 31.3° could be well indexed to (101), (200), (102) crystal planes of hexagonal
phase BiPO, (JCPDS No. 15-0766) [30], respectively. These results indicated that the BiOCl-
BiPO,4 composite material was successfully prepared. Furthermore, the diffraction peaks
at PO and P1 were attributed to the characteristic peaks of PDI material, and the XRD
diffraction pattern in the range of 24-28° could be ascribed to the m—m stacking structure.
It can be easily found that the relative intensity of P1 was higher than that of PO, suggesting
that PDI had a highly ordered 7t— stacking structure and small d-spacing of — stacking
after self-assembly [31,32]. The special structure was beneficial to the migration of photo-
generated electron-hole pairs, which was convenient for the improvement of photocatalytic
performance. Compared to the nude PDI, the PDI/BiOCl-BiPO, composited material
also showed the characteristic diffraction peaks of PDI, revealing that PDI/BiOCl-BiPOy
composited materials were successfully synthesized by the multi-step compound method.
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Figure 1. The XRD patterns of PDI, BiOCI-BiPOy4, PDI(2%)/BiOCI-BiPOy4, PDI(5%)/BiOCl-BiPO4 and
PDI(8%)/BiOCl-BiPO4 samples.

The composition of PDI, BiOCI-BiPO4, PDI(2%)/BiOCl-BiPOy, PDI(5%)/BiOCl-BiPOy4
and PDI(8%)/BiOCI-BiPO, samples was furtherly demonstrated by Fourier transformed
infrared spectra (FTIR) measurement, as exhibited in Figure 2. For PDI/BiOCI-BiPO,

composite photocatalysts, the characteristic vibration in the range of 1300600 cm~! was
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ascribed to the POi* ions, implying the existence of BiPO, material in the as-prepared
BiOCI-BiPO, and PDI/BiOCI-BiPO, composited photocatalysts. Thereinto, 1032 cm™!
and 598 cm~! were ascribed to the stretching vibration and bending vibration of O-P-O
in POy group, respectively [23,30]. Combining with the XRD pattern results, it can be
obtained that the BiPOj is successfully introduced on the BiOCl material to construct the
BiOCI-BiPO4, PDI/BiOCl-BiPO4 composite materials. The peaks of PDI supermolecule
were mainly focused at 1653 cm~! and 1695 cm ™!, which were assigned to C=C and C=0O
stretching vibrations, respectively [24,31]. Obviously, the PDI/BiOCI-BiPO, composite
photocatalysts with different PDI contents also displayed the weak signal of the typical
PDI characteristic peaks, indicating the existence of PDI in the as-prepared composited
photocatalyst. The result furtherly uncovers that the PDI/BiOCI-BiPO,4 composited materi-
als are successfully synthesized by the multi-step compound method. Furthermore, the
SEM images of BiOCl-BiPOy, PDI and PDI(5%)/BiOCl-BiPO4 were shown in Figure 3. Dis-
tinctly, Figure 3a,b showed that the BiOCI-BiPO, sample was composed of some particles
and blocks. Figure 3¢c,d displayed that the PDI material was a layered structure to form
the large-block material. After the combination of PDI and BiOCI-BiPO, materials, their
morphologies were reconstructed, as exhibited in Figure 3ef.
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Figure 2. FT-IR spectra of PDI, BiOCI-BiPO,4, PDI(2%)/BiOCl-BiPO4, PDI(5%)/BiOCl-BiPO4 and
PDI(8%)/BiOCl-BiPOy4 samples.

The optical properties of PDI, BiOCI-BiPO,, PDI(2%)/BiOCl-BiPO,4, PDI(5%)/BiOCl-
BiPO4 and PDI(8%)/BiOCI-BiPO4 samples were researched by UV-vis DRS measurement,
as exhibited in Figure 4. Evidently, the BiOCI-BiPO4 composite photocatalyst revealed
the light absorption ability in UV light region, indicating that it possesses the UV-light
photocatalytic performance. In addition, the DRS pattern of PDI material showed a large
range of visible light region, suggesting that it owns the visible light absorption ability.
After the incorporation of PDI material on the BiOCI-BiPO, composite photocatalyst, the
visible light absorption ability of BiOCI-BiPO, composite photocatalyst had a significant
enhancement, and their absorption efficiencies were gradually improved with the PDI
content increasing, suggesting that the PDI can improve the light absorption ability and
range of semiconductor photocatalyst. This phenomenon manifests that the PDI material
plays an important role in the composite materials and the enhancement of light absorption
ability is beneficial to photocatalytic reaction process.
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Figure 3. SEM images of BIOCI-BiPOy (a,b), PDI (c,d) and PDI(5%)/BiOCI-BiPOy (e f).
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Figure 4. UV-vis DRS spectra of PDI, BiOCI-BiPO,4, PDI(2%)/BiOCl-BiPOy4, PDI(5%)/BiOCl-BiPO4
and PDI(8%)/BiOCl-BiPO,4 samples.

The photocatalytic performance of PDI, BiOCI-BiPOy4, PDI(2%)/BiOCl-BiPO4, PDI(5%)/
BiOClI-BiPOy4 and PDI(8%)/BiOCI-BiPO, samples was investigated through the degrada-
tion of Rhodamine B (RhB) and tetracycline hydrochloride (TCH). Figure 5 showed the
photocatalytic activity of RhB degradation for PDI, BiOCI-BiPO,, PDI(2%)/BiOCl-BiPOy,
PDI(5%)/BiOCl-BiPO4 and PDI(8%)/BiOCl-BiPO4 samples. Evidently, the blank experi-
ment exhibited a negligible activity, and the nude PDI also displayed a weak photocatalytic
performance in comparison to the other composite materials. However, after the incor-
poration of BiOCl-BiPO,4 composited semiconductors, the PDI/BiOCI-BiPO, composite
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photocatalysts had an enhancement photocatalytic performance for the degradation of RhB.
Thereinto, the degradation efficiencies of PDI(5%)/BiOCIl-BiPO4, BiOCI-BiPO, and PDI
samples were 98%, 97% and 79% respectively, as shown in Figure S1. The composite materi-
als showed a close degradation efficiency in 150 min degradation time, but the degradation
rate of PDI(5%)/BiOCI-BiPO4 was much higher than that of the other samples, as displayed
in Figure S2. The apparent rate constants (k) of the RhB degradation for PDI(5%)/BiOCl-
BiPO,, BiOCI-BiPOy4 and PDI samples were 0.037 min~—!, 0.027 min~! and 0.07 min—".
It can be obtained that the PDI/BiOCI-BiPO4 composited material showed an enhance-
ment photocatalytic performance in comparison to BiOCI-BiPO, and PDI materials. The
result suggests that the introduction of PDI material does boost the photocatalytic perfor-
mance of semiconductor photocatalysts, which is in accordance with the DRS measurement.
Evidently, it can be obtained that the PDI(5%)/BiOCl-BiPO4 exhibited the highest photocat-
alytic performance than that of the other composite samples. In order to further explore the
stability of PDI/BiOCl-BiPO, composite photocatalysts, the PDI(5%)/BiOCl-BiPO, sample
was continuously investigated, as shown in Figure S3. There appears slight decrease for
the RhB degradation efficiency of PDI(5%)/BiOCl-BiPO, sample after three cycles, sug-
gesting that the PDI(5%)/BiOCl-BiPO, composite photocatalyst possesses the stability and
reusability. At the same time, these photocatalysts were also applied to the degradation
of TCH under simulated solar light or visible light irradiation, as shown in Figure 6a,b.
Similarly, it can be easily obtained that the PDI(5%)/BiOCl-BiPO, photocatalyst owned
the highest photocatalytic activity under simulated solar light or visible light irradiation.
The degradation efficiency of tetracycline hydrochloride degradation for PDI, BiOCI-BiPOy,
PDI(2%)/BiOCl-BiPOy, PDI(5%)/BiOCl-BiPO4 and PDI(8%)/BiOCl-BiPOy4 samples was
shown in Figure S4. Obviously, the degradation efficiencies of PDI(5%)/BiOCI-BiPOy,
BiOCl-BiPOy4 and PDI samples were 81%, 77% and 60% simulated solar light irradiation,
respectively. The plot of —In (C;/Cy) vs. irradiation time for TCH degradation kinetics
furtherly demonstrated the enhancement photocatalytic performance of PDI(5%)/BiOCl-
BiPOy. The apparent rate constants (k) of the THC degradation for PDI(5%)/BiOCl-BiPOy,
BiOCI-BiPO, and PDI samples were 0.0135 min~!, 0.0127 min~! and 0.0066 min~!, as
displayed in Figure S5.This result is consistent with the result of RhB degradation, indi-
cating the advantage of PDI incorporated. In addition, the photocatalytic performance of
PDI/BiOCl-BiPO4 composite photocatalysts has an obvious improvement in comparison to
BiOCl-BiPO,4 sample under visible light irradiation, indicating that the incorporation of PDI
is beneficial to the enhancement of photocatalytic activity. The conclusion is in line with the
above result for RhB degradation. Because the introduction of PDI can improve the visible
light absorption ability of BiOCl-BiPO4 sample, which is also consistent with the DRS mea-
surement. Besides, the comparison of degradation efficiencies of different photocatalysts
was exhibited in Table 1, which fully demonstrated the advantages of PDI/BiOCl-BiPOy4
composite photocatalysts. These results fully demonstrate the advantages of PDI material
and the application potential in the photocatalysis.

Table 1. Comparison of degradation efficiencies of different photocatalysts.

Pollutant Amount of Photocatalytic

Catalyst Pollutant Concentration Catalyst Efficiency References
BisCaTisFeO1g MB 1 x 1072 M, 100 mL 100 mg ~55%, 180 min [33]
BiysO31Clyg TCH 10 mg L=1, 100 mL 100 mg 80.1%, 150 min [34]
Cuy O-TiO, TCH 30 mg L1, 50 mL 50 mg 81.4%, 240 min [35]
CdS-TiO, TCH 50 mg L~1, 50 mL 50 mg 87%, 480 min [36]
Bip 5511 5Nb, Tig 5Cro 5012 TC 6.66 mg L=1, 50 mL 100 mg 89%, 300 min [37]
PDI(5%)/BiOCl-BiPOy RhB 10 mg L1, 50 mL 25 mg 98%, 150 min Present work

PDI(5%)/BiOCI-BiPOy

TCH 10 mg L1,50 mL 25 mg 81%, 150 min Present work




Catalysts 2023, 13, 688

7 of 14

1.0 -

0.8 -

0.6 -

c/C,

0.4 1
10 ppm RhB

—8—rDI

== Bi0CI-BiPO,

0.2 4—e—roiewysiocrsivo,

=@=PDI(5%)/BiOCI-BiPO,
PDI(8% )/BIOCI-BiPOy
Blank

0 30 60 9 120 150

0.0

Time (min)

Figure 5. The photocatalytic activity of RhB degradation for all of as-prepared samples as a function
of irradiation time under metal halide lamp irradiation.
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Figure 6. The photocatalytic activity of tetracycline hydrochloride degradation for PDI, BiOCI-BiPOy,
PDI(2%)/BiOCl-BiPO4, PDI(5%)/BiOCl-BiPO4 and PDI(8%)/BiOCI-BiPO, samples as a function of
irradiation time (a) under simulated solar light irradiation (b) under visible light irradiation.

In order to furtherly explore the possible reaction mechanism in photocatalytic reaction
process, the active species trapping experiments of PDI(5%)/BiOCl-BiPO, sample as a
model material were carried out, as displayed in Figure 7. Generally speaking, the t-BuOH,
EDTA-2Na and p-benzoquinone (BQ) were used as the scavengers to trap hydroxyl radicals
(#OH), holes (h*) and superoxide radicals (6O, ™), respectively. Prominently, it can be found
that no obvious inhibiting action can be found using 1 mmol/L t-BuOH as the scavenger
to quench the eOH, but the degradation rate of RhB decreased in a certain extent in this
photocatalytic reaction process. This phenomenon illustrates that the #¢OH is not main
active species in the PDI(5%)/BiOCI-BiPO;, system. Interestingly, it can be seen that the
degradation efficiency was completely inhibited after the addition of BQ and EDTA-2Na,
suggesting that the h™ and eO, ™ active species played an important role in the PDI/BiOCl-
BiPO4 composited photocatalyst in the photocatalytic reaction process. Herein, it can be
concluded that the h* and eO,~ were the main active species in the PDI/BiOCIl-BiPO,
composited photocatalysts.



Catalysts 2023, 13, 688

8 of 14

1.0 ~

0.8 4

_ 0.6 4
<
@)
0.4 -
10 ppm RhB
0.2 _+ EDTA-2Na
“ | p-BZQ
—&— t-BuOH
0.0 —&— Blank-PD1(5%)/BiOCI-BiPO4
0 20 40 60 80 100 120 140
Time (min)

Figure 7. Active species trapping experiment of PDI(5%)/BiOCIl-BiPO, sample in the photocatalytic
reaction process.

The migration and separation efficiencies of photo-generated charge carriers can be
reflected and monitored by photoelectrochemical (PEC) measurement, as demonstrated in
Figure 8. In a general way, the photocurrent intensity can disclose the separation efficiency
of photo-generated charge carriers. In addition, an effective charge carrier separation
and a fast interfacial charge transfer process can be monitored by the electrochemical
impedance spectroscopy (EIS) measurement [38]. Obviously, the PDI/BiOCl-BiPO4 sample
displayed the higher photocurrent density than that of the BiOCI-BiPO, sample, sug-
gesting that PDI/BiOCl-BiPO4 samples possessed a much higher separation efficiency
of photo-generated charge carrier. For PDI/BiOCl-BiPO4 samples, the PDI(5%)/BiOCl-
BiPO,4 sample showed the highest photocurrent density than that of PDI(2%)/BiOCl-BiPOy
and PDI(8%)/BiOCl-BiPOy4 samples, indicating that the optimal content of PDI material
was 5%. In addition, it can be easily obtained that the above result is consistent with
the sequence for photocatalytic performance measurement. In a general way, a stronger
transportation ability of charge carriers can be directly reflected by a smaller radius of the
semicircle. What is more interesting is that the curve radius on the EIS Nyquist plot of
PDI(5%)/BiOCl-BiPO4 sample is smaller than that of the other samples, indicating that
the improved charge carrier separation and charge carrier mobility is in line with the
above photocurrent pattern. In addition, the results can be furtherly demonstrated by the
PL measurement, as shown in Figure 9. The photoluminescence (PL) emission spectra
have been widely used to investigate the efficiency of charge carrier trapping, migration
and transfer, and understand the fate of electron/hole pairs in semiconductor particles.
The lower PL intensity of PDI(5%)/BiOCl-BiPO, sample indicated that it possessed the
weaker recombination probability of photo-generated electron-hole pairs. These results
demonstrate that the introduction of PDI can reduce the recombination of photo-generated
holes and electrons and be beneficial to the photocatalytic reaction process.
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Figure 8. (a) The transient photocurrent response of PDI, BiOCI-BiPOy4, PDI(2%)/BiOCl-BiPOy,
PDI(5%)/BiOCl-BiPO4 and PDI(8%)/BiOCI-BiPO,; samples simulated solar light irradiation.
(b) The electrochemical impedance spectroscopy (EIS) of PDI, BiOCI-BiPOy, PDI(2%)/BiOCI-BiPOy,
PDI(5%)/BiOCl-BiPO,4 and PDI(8%)/BiOCl-BiPO4 samples.
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Figure 9. Steady-state fluorescence spectra of PDI, BiOCI-BiPO4, PDI(2%)/BiOCIl-BiPOy,

PDI(5%)/BiOCl-BiPO4 and PDI(8%)/BiOCI-BiPO,4 samples.

Based on the above experimental results and previous reports, a possible photocatalytic
reaction mechanism is proposed. The possible mechanism of the enhanced photocatalytic
activity for composite PDI/BiOCl-BiPOy4 photocatalyst is shown in Figure 10. Firstly, the
PDI and BiOCI-BiPO4 materials were irradiated under simulated solar light, and the photo-
generated electrons and holes will be produced in the conductor band (CB) and valence
band (VB) position of material. Because of the existence of p-n heterostructure between
BiOCl and BiPO, materials [39,40], the photo-generated electrons will migrate toward
BiPOy. Besides, it can be obtained from the previous reports that the Ecg and Eyp for BiOCl
(BiPOy4) were —0.43 and 3.02 eV (—0.34 and 3.53 eV for BiPOy) respectively [41], and the
Ecp and Eyp of PDI were —0.93 and 0.87 eV [42]. If the separation and transfer pathway
of photo-generated electron-hole pairs follows the type II heterojunction, the electrons in
the CB position of PDI will be transferred to the CB position of BiOCI-BiPO,4 and holes
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in the VB position of BiOCl-BiPO4 will be transferred to VB position of PDI. However,
when the holes of VB position of BiOCI-BiPO4 were transferred to the VB position of PDI,
it did not have enough ability to oxidize H,O into the eOH radicals (E¢opy /120 = +2.68 V
vs. NHE) [43], because it owned more negative potential. Therefore, when the PDI and
BiOCl/BiPO, materials are irradiated, the photo-generated electrons and holes maybe
follow the Z-scheme transfer mechanism to accomplish the photocatalytic reaction.

E il 0,
: - ’\;,;L"-: :v:/
= R i
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Figure 10. Proposed mechanism of the enhanced photocatalytic activity for PDI/BiOCIl-BiPO,
composite photocatalysts.

3. Experimental Section
3.1. Experimental Materials

All the chemicals involving in synthetic catalysts were of analytical reagent grade
and no further purification. Bismuth nitrate pentahydrate (Bi(NOj3)3-5H,0), sodium phos-
phate dibasic dodecahydrate (NaH;POy4-12H,0), hexamethylene tetramine (CgHi2Ny),
potassium chloride (KCl), lithiumchloride (LiCl), perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCD), imidazole (C3H4N>), 3-aminopro-pionic acid (C3H;NO;) trimethylamine
(CsH15N), hydrochloric acid (HCI), nitric acid (HNO3), ethanol (EtOH), rhodamine B
(RhB), tetracycline hydrochloride (TCH) benzoquinone (BQ), tert-butyl alcohol (t-BuOH),
ethylenediaminetetraacetic acid disodium (EDTA-2Na). Deionized water was used for all
the experiments.

3.2. Catalyst Preparation

PDI: Firstly, 1.38 g (3.507 mM) of perylene-3, 4, 9, 10-tetracarboxylic dianhydride,
18 g of imidazole and 2.50 g (28.06 mM) of 3-aminopro-pionic acid were heated at 110 °C
for 4 h under the protection of argon in a three-necked flask. In the next moment, the
reaction mixture was dispersed in 300 mL of HCI (2 M) and 100 mL ethanol, and they were
continuously stirred for one night. Then, the final red solid was washed to neutral with
distilled water and filtrated through a 0.22 pm membrane filter. Finally, the collected red
solid was dried under vacuum at 60 °C in oven and powdered for further applications.

0.54 g of bulk PDI was dispersed in deionized water (100 mL). Then, triethylamine
(800 uL) was added under vigorous stirring. After stirring for 1 h, nitric acid (4.0 M, 35 mL)
was added and then the mixture was stirred again for 3 h to form the self-assembled PDI as
a dark red solid, which was fully washed and centrifuged. Finally, the collected sample
was placed in a vacuum drier at 60 °C.

BiOCl-BiPOy: In a typical procedure, 5.0 g of Bi(NO3)3-5H,O was dispersed on 15 mL
deionized water in a three-necked flask, then 5.5 mL of concentrated HNO3 was added into
the above solution and continuously stirred until the reaction mixture was dissolved. In the
next moment, 3.0 g of hexamethylene tetramine was dissolved in 15 mL of deionized water
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and transferred into the above reaction solution, and 5 mL of deionized water was used to
wash the remaining sample. Subsequently, the three—necked flask were heated and kept
reflux reaction at 80 °C for 6 h. The obtained Bi(OH); sample was further dried at 60 °C
after reaction. The Bi(OH)3, KCl, LiCl and NaH;PO4 samples (mass ratio Bi(OH)3:KCL:LiCl
=0.6:3.3:2.7 and molar ratio Bi(OH)3:KCI:LiCl = 0.6:3.3:2.7) were mixed and fully grinded.
Next, these samples were transferred into a crucible at 500 °C for 2 h. Finally, the collected
sample was dispersed in deionized water, and was washed and filtrated, and the collected
sample was placed in a vacuum drier at 60 °C.

PDI/BiOCI-BiPOy: The PDI samples with different qualities and 0.5 g of BiOCI-BiPOy4
sample were dispersed in 50 mL of ethanol in a 100 mL Teflon autoclave, and these samples
were uniformly mixed by ultrasonication for 60 min. In the next moment, the mixed
solution was sealed and maintained at 150 °C for 4 h. Finally, the sample was washed
to neutral with distilled water and filtrated through a 0.22 pym membrane filter, and it
was dried under vacuum at 60 °C in oven. The mass contents of PDI in the PDI/BiOCI-
BiPO4 composite materials were adjusted to be 2%, 5% and 8%, which were labeled as
PDI(2%)/BiOCl-BiPOy4, PDI(5%)/BiOCI-BiPO4 and PDI(8%)/BiOCI-BiPOy, respectively.

3.3. Characterization of Samples

The morphological features were tested through scanning electron microscopy (SEM)
using a field emission scanning electron microscope (SU8000). Bruker D8 Advance X-ray
diffractometer was operated for testing the X-ray diffraction (XRD) patterns of samples with
Cu Ko« radiation (A = 0.15406 nm) at 40 kV and 40 mA. UV-Vis diffuse reflectance spectra
(DRS) were measured by UV-Vis spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan),
in which BaSO4 powder was took as the internal reflectance sample to collect the optical
properties over a wavelength range of 200-800 nm. Photoluminescence (PL) spectra were
analyzed by FLS980 fluorescence spectrometer at the excitation wavelength of A = 320 nm.
The Fourier transformed infrared spectra (FTIR) were in measurements on a Nicolet 4700
FT-IR spectrometer by KBr pellets. The photoelectrochemical measurements including the
photocurrent test, impedance spectra (EIS), and Mott—Schottky (MS) were detected in an
electrochemical workstation (CHI660E, Shanghai, China) coupled with a traditional three
electrode cell, in which Ag/AgCl electrode was performed as the reference electrode and
platinum wires was as the counter electrode. Overall, 10 mg of the sample was dispersed in
three drops of ethanol including 10 uL of Nafion solution, and then the solution was under
ultrasonication for 40 min. Herein, Ag/AgCl was used as a reference counter, a Pt wire
were used as a counter electrode, and an indium tin oxide (ITO) conducting glass dropped
by samples was used as a working electrode. The electrolyte solution (pH = 7.56) was
0.1 M NaSOy. The photocurrent tests were carried out under the visible light illumination.

3.4. Photocatalytic Activity Measurement

Photocatalytic performances for tetracycline hydrochloride (TCH) and Rhodamine
B (RhB) were investigated under the simulated solar light or visible light irradiation. The
detailed process was carried out as follows. Before exposure to light, 25 mg of photocatalyst
was added into 50 mL of 10 mg/L pollutant aqueous solution in a container. Prior to
irradiation, the suspensions were magnetically stirred in dark for 40 min to ensure the
establishment of an adsorption/desorption equilibrium between the photocatalyst and
pollutant. At given irradiation time intervals, 3-4 mL of suspension was collected and
centrifuged to remove the photocatalyst particles, then the residual pollutant solution was
analyzed by monitoring variations at the wavelength of maximal absorption in the UV-vis
spectra (UV-6300 spectrophotometer).

In order to probe the active species generated in the photocatalytic reaction process,
the t-BuOH, EDTA-2Na and p-benzoquinone (BQ) as the scavengers of hydroxyl radicals
(#OH), holes (h*)and superoxide radicals (¢O, ™) were respectively added into the RhB
solution to study the influence of different active species. The concentrations of t-BuOH,
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EDTA-2Na and BQ were 1 mmol/L. The photocatalytic degradation reaction was similar to
the above test condition except for adding scavengers in the RhB solution.

4. Conclusions

In this work, a ternary PDI/BiOCI-BiPO, composited material with the different
contents of PDI material was designed and prepared by the multi-step compound method.
The structure and component could be confirmed by the XRD and IR tools. The PDI/BiOCl-
BiPO,4 composite photocatalyst presented the improved absorption ability in comparison
to the BiOCI-BiPO,4 sample. The optimized PDI/BiOCI-BiPO,4 photocatalyst, namely
PDI(5%)/BiOCl-BiPO4 sample, has the highest photocatalytic degradation performance.
It is found that the h* and O, are major active species by the active species trapping
experiments. The PEC and PL characterizations demonstrate that the incorporation of
PDI material markedly reinforces the separation and transfer efficiency of photo-excited
electron-hole pairs, and prolong its life time in PDI(5%)/BiOCl-BiPO4 sample. In addition,
a possible reaction mechanism that the ternary PDI/BiOCl-BiPO4 composited materials
maybe follow the Z—Scheme reaction mechanism to participate in the photocatalytic
reaction process was proposed. This work provides an effective strategy to construct the
efficient composite photocatalyst for contaminant degradation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal13040688/s1, Figure S1: The degradation efficiency of all
of as-prepared samples for RhB degradation; Figure S2: Plot of -In (C;/Cy) vs. irradiation time
shows RhB degradation kinetics; Figure S3: Stability test of PDI(5%)/BiOCl-BiPO4 sample for RhB
degradation; Figure S4: The degradation efficiency of tetracycline hydrochloride degradation for PDI,
BiOCI-BiPOy, PDI(2%)/BiOCI-BiPOy, PDI(5%)/BiOCIl-BiPO4 and PDI(8%)/BiOCI-BiPO4 samples
under simulated solar light irradiation; Figure S5: Plot of -In (Ct/Cy) vs. irradiation time shows TCH
degradation kinetics under simulated solar light irradiation.
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