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Introduction

In the twenty-first century, an increasing number of
people are concerned about these two main chal-
lenges: environmental pollution and energy crisis [1].
Recently, many new methods and strategies have
been proposed and reported to solve these challenges
[2]. There is no doubt that photocatalytic technology
may be an ideal method to deal with the above-
mentioned challenges due to its green and efficient
features, which will have a powerful influence on
environmental protection [3, 4]. However, the
rational design and preparation of highly efficient
photocatalyst is a major difficulty in the realization of
this technology [5]. In the reported studies, the pre-
pared photocatalysts just can only be excited by the
ultraviolet light, while the sunlight mainly consists of
the visible light and infrared light [6]. Therefore, it
remains a big challenge to design and explore an
ideal photocatalysts to effectively utilize the visible
light [7].

Bismuth oxyhalide (BiOX), as a new layered
semiconductor photocatalytic material, has attracted
more and more attentions because of its good light
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absorption and easily controlled band -electronic
structure [8]. The crystal of the BiOX is a layered
structure formed by the interweaving [Bi,O,1*" lay-
ers and double slabs of halogen ion layers. Due to the
interaction between the atoms in the layer, bismuth
oxyhalide materials show good anisotropy in optical
and electrical aspects. Therefore, it has been widely
applied in the photocatalytic degradation of different
pollutants in the environment, hydrogen production
by decomposing water, nitrogen fixation, CO, con-
version, etc. [9-12]. However, the monomer bismuth
oxyhalide phase materials still have many short-
comings and these drawbacks may lead to low light
absorption capacity, which hinders its further appli-
cation in photocatalysis. At present, the effective and
popular ways to enhance the photocatalytic perfor-
mances of the bismuth oxyhalide materials mainly
include morphology control, element doping, bis-
muth-rich strategy, semiconductor recombination
and defect engineering, etc. [13-17]. Recently, the
bismuth-rich bismuth oxybromides have been widely
concerned, such as BisO,Br [18], BizO4Br [19], and
BisOsBr, [20]. Many research work have found that
the bismuth-rich strategies can effectively regulate
the band structure of bismuth oxyhalides and then
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improve the photoresponse performance [21].
Accordingly the photocatalytic performances of the
BiOBr are greatly improved [22]. Besides the bis-
muth-rich strategies, the internal structure, the mor-
phology of the BiOBr semiconductor also shows a
great influence on its performance [23]. Three-di-
mensional (3D) flower-like structures constructed at
the nanometer scale have shown the advantages of
abundant active sites and well stability [24]. There-
fore, the photocatalysts with a three-dimensional
flower-like structure are expected to show better
photocatalytic performance [25]. In addition, element
doping is also an important means to improve pho-
tocatalytic performance [26]. Relatively speaking,
element doping has been widely used as a simple and
effective method for the nanomaterials modification
[27]. Among these, the non-metal (N, C, P, S, etc.)
doping can reduce the band gap of the composites
and increase the utilization of visible light [28]. Fur-
thermore, these doped heteroatoms can be obtained
by cheap and environmentally friendly hydrothermal
or solvothermal methods [29]. Jiang et al. prepared
bismuth oxybromide doped with nitrogen or sulfur
with urea or thiourea as doping source, and the
obtained composite showed high photocatalytic
activity and well durability [30].

Recently, carbon quantum dots (CQDs) have been
widely used because of their many attractive char-
acteristics, such as abundant earth resources, green
environmental protection, and low cost [31]. These
carbon-containing materials can expand the use
range of light through the up-conversion effect [32].
Many studies have shown that the CQDs can transfer
electrons and promote charge separation [33]. In
addition, it is reported that carbon quantum dots
show up-conversion luminescence, which can effec-
tively utilize sunlight [34]. With the carbon quantum
dots, light with a large wavelength can convert into
another one with a small wavelength [35]. Because of
these outstanding characteristics, CQDs are consid-
ered to be excellent co-catalysts for the improvement
of photocatalytic activity of semiconductor compos-
ites. Therefore, the CQDs have been added into many
semiconductors for the photocatalytic performance
improvement, such as CQDs/BiOBr [36], CQDs/
C3Ny [37], and CQDs/Bi, WO [38], etc.

Based on the above considerations, a series of bis-
muth-rich 3D flower-like Bi4OsBr, composites are
designed and prepared through a one-step in-situ
reaction process, in which the sulfur is doped and the
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CQDs is introduced as the charge mediator and vis-
ible light converter. The obtained CQDs/S-Bi4OsBr,
composites are carefully studied through physical
and chemical characterizations, as well as the DFT
calculations. The CQDs/S-Bi4O5Br, composites exhi-
bit heavily enhancement of the photocatalytic
degradation efficiency and well stability for different
kinds of pollutants. Furthermore, the active compo-
nents of the CQDs/S-Bi4OsBr, composites are dis-
cussed and confirmed based on the ESR
characterization and free radical trapping experi-
ments. It is believed that this work will provide an
innovative view for constructing 3D flower-like bis-
muth-rich BiOX composites for environmental
remediation.

Experimental
Materials

Ciprofloxacin (CIP), Ofloxacin (OFLX) and Tetracy-
cline (TC) were purchased from the Aladdin Chem-
ical Co., Ltd. Other reagents are purchased from the
Sinopharm Chemical Reagent Co., Ltd. All of the
reagents are used directly without purification.

Sample preparation and characterization

The Carbon Quantum dots were synthesized by
hydrothermal synthesis of citric acid and ethylene-
diamine. And the BiyOsBr, was prepared through a
solvothermal method according to the reference with
minor modification [15]. Lastly, the 0D-CQDs were
composited onto the S-doped flower-like BisOsBr,
microspheres through a one-step in-situ reaction
process. In the supporting information part, the
sample preparation process, characterization, and
DFT calculation of the flower-like CQDs/S-BisOsBr,
composites are detailed described. And the prepara-
tion process of flower-like C,/S,~Bi;OsBr, compos-
ites is depicted in Fig. S1.

Photocatalytic performance evaluation

The photocatalytic performances evaluation was
conducted in a quartz reactor with a 300 W xenon
lamp (PLS-SXE300) as the visible light source. Gen-
erally, 40 mg of prepared samples is dispersed in
200 mL of CIP solution. After the adsorption—
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desorption equilibrium was achieved, then the illu-
mination experiment was started. At a specific sam-
pling time point, 4 mL of the solution was collected,
filtered and then measured the absorbance at the
characteristic absorption peak to calculate the CIP
concentration. The cycles tests are conducted in detail
as: the remaining solution was filtered and washed
through a 0.22 pum filter membrane, and then dried in
an oven at 60 °C for 6 h to obtain the recovered cat-
alyst. Then, the second round of photocatalytic per-
formance was carried out with the recovered catalyst
under the same reaction condition. Totally, the above
experimental process was repeat for five time for
investigating the stability of the prepared CQDs/S-
BisOsBr, phtotocatalyst.

Results and discussion
Morphology and microstructure

The crystal structure of the samples are evaluated by
XRD (Fig. 1). Firstly, the crystal phases of BisOsBr;
(JCPDS: 37-0699) and BiOBr (JCPDS: 09-0393) sam-
ples are confirmed by XRD characterization. The
main diffraction peaks of flower-like CQDs/S-BisOs.
Br, composites modified with different contents of
sulfur and/or CQDs well correspond to the standard
card of BiyOsBr,, which proves that the crystal
structure of Bi,OsBr; remains unchanged after sulfur
and CQDs are introduced. It should be noted that
because the content of CQDs is low, there is no
related peak is found [40]. These two tiny peaks at
3840 degrees may can be assigned to the reduced Bi’
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Figure 1 XRD patterns of as-prepared samples.
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(JCPDS: 44-1246), which may be due to the high
content of Bi** and the reduction of a small amount
of Bi by ethylene glycol.

The microstructure and morphology of the flower-
like CQDs/ 5-BisOsBr, composites are further studied
by FESEM and HRTEM. It can be clearly seen that the
prepared BiOBr sample is shown as monodisperse
micron-size microspheres with a diameter of 4 pm, in
which the microspheres are formed by stacking a lot
of nanosheets (Fig. 2a). Nevertheless, the prepared
BisOsBr, sample is flower-shaped microspheres with
a diameter of about 1 um (Fig. 2b). This evolution of
the morphology between these two bismuth oxybro-
mide may be due to the fact that the self-assembled
process of the BiOBr nanosheets is influenced by the
transformation of perfect spheres into flower-like in
the rich bismuth solution. The morphologies of the S-
BisOsBr, and CQDs/S-BisOsBr, composites still
retain the flower-like microspheres with the same
size as the BiyOsBr, (Fig. 2c-e). Figure S2 shows the
FESEM and HRTEM images of other C;y/S¢—BisOsBra
composites with different magnification scales and
TEM images of CQDs. It can be seen from the fig-
ure that the size of the prepared pristine CQDs is
about 10 nm with well dispersion. Due to the low
contents of S doping and CQDs modification, the
structure and morphology of CQDs/S-Bi4OsBr;
samples are not greatly affected. Furthermore, the
TEM, HRTEM, and corresponding EDS-mapping
characterization are carried out to further explore the
morphology with the images as shown in Fig. 2f-i.
As shown from the images, the observed lattice
fringes with the spacing of 0.28 nm and 0.32 nm
belong to the crystal plane of Bi4OsBr, (020) and the
crystal plane of CQDs (002), respectively. Therefore,
the HRTEM images further proves that the CQDs are
successfully modified onto the S-doped BisOsBr; to
form composites. In addition, the Bi, Br, O, C, and
S elements are uniformly distributed on the observed
microsphere (Fig. 2j—n), which can also prove the
composition of the CQDs/S-BisOsBr, sample.
Therefore, the actual content of each element in the
C10/S6-BisOsBr, composites are analyzed by the EDS
characterization with the results as shown in Fig. S3.
From the figure, it can be found that the content of
C element in the C;0/Ss—BisOsBr, composites is about
0.73% (wt. %) and the content of S is determined to be
5.09% (wt. %).

Figure 3 is the FI-IR spectra of CQDs/S-BisOsBr;
composites. It can found that the strong characteristic
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Figure 2 FESEM image of
samples: a BiOBr;

b Bi,OsBr»; ¢ S¢-BiyOsBry; d,
e C,¢/Se-BisOsBr,; -

i HRTEM image of C;o/Ss—
BisOsBr,; j—n Elemental
mapping images of each
element in C;y/Sg—BisO5Br».
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Figure 3 FT-IR spectra for as-prepared samples.

peak at 526 cm ™' of the composites is due to the Bi-O
tensile vibration [41], and the two characteristic peaks

1981

d=0.281 nm
Bi,05Br,(020)

d=0.32 nm _
CQDs(002)

Cc 500nm

at 3430 cm™ ! and 1600 cm ™' may correspond to O-H
tensile vibration and bending vibration, respectively
[32]. However, the characteristic peak at 1100 cm ™" of
the S¢—BisOsBr, and C;9/S¢—Bi4OsBr, composites may
be from the Bi-S bond, which proves that the sulfur is
successfully doped into the BisOsBr, composite [42].
No characteristic peaks assigned to the CQDs are
detected for the C;¢/S¢-BisOsBr, composite, which
may be due to the low content of CQDs.

Figure 4 shows the N, adsorption isotherms and
the pore size distribution curves (inset) of CQDs/5-
BisOsBr, composites. From the figure, it can be found
that these four composites all show property of
mesoporous materials. Compared with BiOBr, the
specific surface area of other composites are relatively
high. Particularly, the specific surface area of the Cyo/
S¢-Bi,OsBr, (63.942 m?/ g) is 24.63 times that of BiOBr
(2.596 m?/ g). Therefore, the flower-like CQDs/S-Bi,.
OsBr, composites may show an adsorption
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Figure 4 N, adsorption—desorption isotherms and corresponding
pore-size distribution plots (inset) of as-prepared samples.

advantage for the pollutant molecules in the photo-
catalytic experimental.

The elements in the flower-like CQDs/S-Bi4OsBr,
composites are studied by XPS analysis with the
spectra shown as in Fig. 5. Figure 5a illustrates that
the peaks of Bi, O, and Br elements can be found in
the BisOsBr, composite, while the extra peaks of
S and C elements are observed in the C;4/S¢—BisOsBr,
composite. It is worth noting that the appeared few
characteristic peaks belonging to the C 1s in Bi4OsBr,
and S¢-BisOsBr, composites may be attributed to the
instrument but not from the added carbonaceous
material [43]. Figure 5b—f are the XPS spectra of the Bi
4f, O 1s, Br 3d, S 2p, and C 1s, which are used to
compare the Cjo/S¢-BisOsBr, composite with pure
samples (Bi4OsBr, or S-BisOsBry). From the Bi 4f
spectra (Fig. 5b), the peaks at 159.5 eV and 164.8 eV
are Bi 4f;, and Bi 4f5), of Bi®* for the Bi,OsBr, com-
posite [44]. Furthermore, the binding energy of Bi 4f
shifts towards the lower direction with the S doping.
This phenomenon may be due to the fact that the
radius of S is larger but the electronegativity smaller
than the Br and O atoms, which also can explain the
binding energy shift forward negative direction of
the Br 3d and O 1s spectra compared to the un-doped
BisOsBr, composite. Exactly, as shown in the O 1s
spectrum (Fig. 5¢), the peak located at 530.7 eV cor-
responds to the Bi-O bond, and the peak at 532.3 eV
may attribute to chemically adsorbed oxygen [45].
The peaks located at 68.3 eV (Br 3ds,) and 69.3 eV (Br
3d3;2) as shown in the Br 3d spectrum (Fig. 5d) can be
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attributed to Br™ [46]. In addition, Fig. 5e shows XPS
spectra of S 2p with the fitted binding energies loca-
ted at 159.2 and 164.5 eV, which corresponds to the S
2p3;z and S 2pq;. In addition, as shown in Fig. 5f, the
binding energy peaks at 284.7 and 286.3 eV are rela-
ted to C—C and C=0 groups of CQDs in the Cyo/Ss—
BisOsBr, composite [47].

Optical absorption properties

To study the influence of S doping and CQDs mod-
ification on the photocatalytic performance of BisOs.
Br,, the optical absorption characteristics are studied
by DRS spectroscopy with the spectra as shown in
Fig. 6a (200 nm < A < 800 nm). From the figure, it is
obviously found that the absorption region of the
BisOsBr, composite is very narrow. But when the
sulfur is doped, the absorption range of S-Bi4OsBr,
composites is extended and the strength is relatively
enhanced. Furthermore, when the CQDs are intro-
duced, the light absorption range of the Cyo/Ss—Bis-
OsBr, shifts toward a higher wavelength with the
intensity significantly enhanced. Therefore, the pho-
ton capture ability of the flower-like Cyo/Ss—BisOsBr,
composite may be effectively improved. The band
gap energy (Eg) of the prepared composites is calcu-
lated based on the UV-DRS results with the spectra as
shown in Fig. 6b. As listed in the figure, the estimated
Eg of BiyOsBry, Se-BiyOsBry, and Cy0/Se-BisOsBr; is
2.13 eV, 2.06 eV, and 1.8 eV, respectively. Therefore,
it can be concluded that the S doping and introduc-
tion of CQDs could reduce the Eg of the composite,
and then improve the absorption capacity of visible
light.

Figure 7 is the Mott-Schottky (MS) measurement
diagram of CQDs/5-BiyOsBr, composites. As shown
in the figure, the slopes of the curves for these three
composites are positive, which proves that the pre-
pared Bi405BI'2, 56—Bi405BI‘2, and C10/86—Bi405B1'2
photocatalysts are n-type semiconductors. Further-
more, the flat-band potential of BiyOsBr;, S¢—BisOsBr;,
and Cy/S¢-BisOsBr, composites are estimated to be
— 0.31, — 0.35, and — 0.39 V vs. SCE (calomel elec-
trode), respectively. Generally speaking, the con-
duction band (CB) potential of n-type semiconductors
is 0.2 V smaller than the flat band potential [48].
Thus, the CB potentials of the Bi4OsBr,, S¢—BisOsBr;
and Cy0/S¢-BisOsBr, composites are calculated to be
— 051, —055 and — 059V wvs. SCE at pH=7
(equivalent to — 0.27, — 0.31, and — 0.35 V vs. NHE
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Figure 7 The MS plots for estimating flat-band potentials of the
as-prepared CQDs/S-Bi4OsBr, composites.

(normal hydrogen electrode)), respectively. There-
fore, according to the obtained E, value, the valence
band (VB) potentials of the samples are thus calcu-
lated to be 1.86, 1.75, and 1.65 V vs. NHE at pH =7,
respectively.

Photocatalytic activity analysis

The photocatalytic performance of CQDs/S-BisOsBr;
composites was evaluated by photodegradation of
CIP under simulated visible light irradiation. Fig-
ure 8a shows the CIP photodegradation curve for the
S-doped Bi,OsBr, photocatalyst. From the figure, it
can be clearly seen that there is almost no change of

@ Springer

] Mater Sci (2022) 57:1977-1993

(b)
2.5 —BisOs5Br
— S4-BigO5Brp
— C,,/S¢-BigO5Bra
2.0 4
o
‘:;1.5 E
F—
<
1.0 " 2.06eV 213eV
0.5
1.75 1.80 1.85 1.90 1.95 2.00 2.05 2.10 2.15 2.20
0.0 - T T T T
1 2 3 4 5 6 7

hV(eV)

the CIP concentration without any photocatalyst
added, which indicates the good stability of CIP
under irradiation. Before the light source is turned
on, the CQDs/S-Bi4OsBr, photocatalysts are dis-
persed into the CIP solution for 30 min without a
light source to eliminate the influence of adsorption
on degradation. From the figures, it is easily found
that the concentration of CIP solution is not changed
after 10 min stirring, which indicates that 30 min for
the adsorption-desorption equilibrium establishment
is enough. Compared with the un-doped ozone bis-
muth composites (BiOBr and Bi,OsBry), the S-doping
Bi4OsBr, shows a much higher photodegradation rate
of CIP, especially for the S¢—BisOsBr, composite. The
degradation rate of S6-Bi,OsBr; is as high as 80.2%
within 60 min. Furthermore, with the CQDs intro-
duction, the CQDs/5-Bi4OsBr, composites show
much better photocatalytic performance compared to
the pure ones (BiyOsBr, and S¢BisOsBr,) (Fig. 8b).
The most striking is that the C;0/Ss—Bi4OsBr, com-
posite with an appropriate content of CQDs shows
excellent performance with the degradation rate of
93.5% within 60 min. This may be due to the fact that
the visible light absorption capacity of the CQDs/Se—
BisOsBr, composites could effectively be enhanced
when the CQDs are introduced [49]. It is worth not-
ing that when the introduced CQDs are too much, the
active site of the S¢—BisOsBr, composite might be
blocked, and then the photocatalytic performance
will be weakened. Figure 8c shows the kinetic equa-
tion diagram of CIP degradation for the prepared
composites. It can be found that C;o/S¢-BisOsBr,
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Figure 8 Photocatalytic activity of the samples a, b for the CIP degradation, ¢ for the Kinetics of CIP degradation, d for the degradation

of different pollutants.

shows the highest k value (0.03798 min~") for CIP
photodegradation, which is 1.96, 6.01, 10.13 and 26.38
times than that of Se-BisOsBr, (0.01937 min™"), Cyo—
Bi,OsBr, (0.00632 min~'), BiyOsBr, (0.00375 min™")
and BiOBr (0.00144 min™}), respectively. To further
investigate photocatalytic performance of the flower-
like C;9/S¢-BisOsBr, composite, other three different
types of substance are selected as a simulated pollu-
tant to be photodegraded under the same condition
(Fig. 8d). It can be found from the figure that the
photodegradation efficiencies of the Cyo/Ss—BisOsBrs
composite are very high, and the efficiencies of Cyo/
S¢-Bi4OsBr, composite are close to 100% for RhB,
93.5% for CIP, 95% for TC and 88% for OFLX under
visible-light irradiation within 20, 60, 60, 60 min,
respectively. Therefore, C;9/Ss—BisOsBr, composite
may hold a competitive photocatalytic activity for

different kinder of pollutants under visible light
irradiation. Additionally, the photocatalytic perfor-
mances of the prepared flower-like Cyo/Ss—BisOsBr;
composite for the CIP and RhB degradation under
visible light are further compared with related pho-
tocatalysts reported on some studies published in
recent years (exactly as shown in Table S1)
[36, 50-56]. It is easy to find that the C;¢/Ss—BisO5Br,
composite in this work exhibits a predominant cat-
alytic activity compared to the other listed photocat-
alysts. Remarkably, compared to the similar C3N,—
Bi4Os5Br, and BiOBr/CDs/C3;N,4 composites, the Cqo/
S¢-BisOsBr, photocatalyst displays a much higher
CIP degradation rate under the visible light irradia-
tion, which is a strong evidence for the microstruc-
tural privilege of the 3D flower-like structure with
reasonable band gap structure caused by the S-
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doping and CQDs introduction. The comparison
results proves that the prepared flower-like Cyo/Se—
BisOsBr, composite may show great application
potential in the organic wastewater treatment field.
Photocatalyst not only needs excellent photocat-
alytic performance but also needs enough stability,
which plays a vital role in its practical application
[57]. Therefore, CIP degradation experiments are
carried out for four cycles with the flower-like Cyo/
S¢—Bi4OsBr, composite as the photocatalyst (Fig. S4a).
The figure shows that the CIP degradation rate for
the Cy0/S¢-BisOsBr, just shows a slight decrease
(from 95.5% to 83.3%) after four cycles tests, indicat-
ing that the composite possesses excellent photocat-
alytic stability under simulated visible light
irradiation. Furthermore, the C;¢/S¢—BisOsBr, com-
posite is characterized by XRD after cycle tests with
the patterns shown as in Fig. S4b. From the figure, it
is obviously found that the XRD pattern of Cyo/Ss—
Bi,OsBr, before and after cyclic testing show no sig-
nificant changes, indicating that the crystal structure
of the flower-like C;0/S¢-BisOsBr, composite is
maintained during the photocatalytic reaction pro-
cess. Therefore, it is expected that the prepared
flower-like C;0/S¢-BisOsBr, composite may be an
ideal photocatalyst in the wastewater treatment field.

DFT calculation

To further understand the relationship between the
microstructure and properties of the Bi,OsBr, com-
posites, the electronic structure was calculated by the
CASTEP module based on DFT. The optimized
structures of the CQDs and Bi4OsBr, are shown in
Fig. S5a-b, at the same time, Fig. S5c-d is the two
types of S-doping sites (O sites and Br sites). As
shown in Fig. S5e that the formation energy of
S atoms in O sites is lower than that of Br sites, which
indicates that the S atoms are more easily doped into
O sites in BiyOsBr, structure.

To understand the charge transfer path, the elec-
trostatic potentials of BisOsBr,, 5-BisOsBr, and CQDs
surface models are calculated. As shown in Fig. 9a—c,
the work functions (®) of BisOsBr,, S-Bi;OsBr,, and
CQDs surface are calculated to be 6.86, 6.82, and
3.24 eV, respectively. It is obviously found that the ¢
value of S-BiyOsBr, is little lower than that of
undoped BisOsBr,, which means that S doping is
beneficial for electrons to escape from the surface of
BisOsBr, and then accelerate the photo-induced
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charge migration. When the CQDs are introduced
into the S-BisOsBr, composites, the work function of
5-BiysOsBr; is much greater than CQDs, therefore the
electrons will transfer from S-BiyOsBr, to CQDs to
find an equilibrated fermi level. Afterward, an
internal electric field is formed from CQDs to S-Biy.
OsBr,. And then the formed internal electric field
could further facilitate the separation and transfer
efficiency of the photogenerated carriers from S-Bi,-
OsBr, to CQDs. Moreover, this charge transfer path-
way is also kinetically favorable according to the
results of calculated charge effective masses.

The electronic density of states of BiyOsBr; and S-
BisOsBr, models are calculated. Figure 10a shows
that the valence band energy level of BisOsBr, is
mainly composed of Br 4p and O 2p, while the con-
duction band is mainly composed of the hybridiza-
tion of Bi 6p orbital electrons. For the S-Bi4OsBr,
model (Fig. 10b), it is obviously found that the dop-
ing level of S 2p near the fermi level is introduced
with the doping of S element. The introduction of
doping energy level can hybridize with O 2p orbital
electrons to form a new conduction band. It can be
concluded that the conduction band of Bi4OsBr;, shifts
upwards which is caused by the S doping. And the
band gap of the S-BiyOsBr, composites is then
decreased which is helpful to improve photocatalytic
activity.

Photo-induced charge properties

Figure 11 is the photoluminescence spectrum of the
prepared CQDs/S-BisOsBr, composites. From the
figure, it can be found that all the composites show a
peak around 465 nm after excitation from the light
with the wavelength at 325 nm. Otherwise, the fluo-
rescence intensity of the Cy9/Se—BisOsBr, sample is
lower than that of S¢—BisOsBr,, and the latter one is
much lower than the BiyOsBr,. Therefore, it is
believed that the recombination rate of photoelec-
tron-hole pair in the flower-like Cy0/S¢-BisOsBr; is
the lowest, then it also means that the separation of
surface charges in the composite is more effective
than the others and thus the photocatalytic perfor-
mance is promoted.

To further explain the possible mechanism of CIP
degradation, free radical trapping experiments are
carried out in this work [58]. Generally, three active
ions (‘OH, h™ and -O,") are the most common and
important substances participating. Therefore, the
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Figure 11 PL spectra of the as-prepared samples.

IPA, EDTA-2Na, and BQ are chosen as active ions
scavengers in this experiment. It is obviously found
that the IPA shows the least effect on CIP degrada-
tion, but the EDTA-2Na and BQ greatly reduce the
CIP degradation rate (Fig. 12a-b). Exactly, the CIP
degradation rate is decreased from 93.5% to 46.3% in
60 min with the ETDA-2Na addition, and for the BQ
is from 93.5% to 53.7% on the same reaction time.
Therefore, the experimental results show that the h™
and ‘O, play an indispensable role during the CIP
degradation on C;0/S¢-BisOsBr, photocatalyst. For
further detecting the generation of free radicals, ESR
measurements of the C;¢/Sg-BisOsBr, composite are
carried out which is listed in Fig. 12c-d [59]. From
Fig. 12¢, it is obviously found that no ESR signal of
‘O, is observed for the test sample in dark condition.
With the increase of illumination time, there are four
typical signal peaks appeared and the signal peaks
become larger and larger, which corresponds to the
characteristic peaks of the -O,™. On the other hand, as
shown in Fig. 12d, the longer the illumination time,
the weaker the three signal peaks corresponding to
h™. Therefore, the radical trapping experiments and
ESR study both prove that the produced -O,” and h*
play crucial roles for the CIP degradation process
with the C;0/S¢-BisOsBr, as effective photocatalyst.
The charge transfer performance of the prepared
CQDs/S-BisOsBr, composites are further character-
ized by the EIS test. As shown by the Nyquist
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diagram of impedance spectra in Fig. 13a, the Cyo/
S¢-BisOsBr, composite shows the smallest radius
compared to the other prepared composites, indi-
cating that it may show the highest charge separation
efficiency. Figure 13b is a transient photocurrent
response diagram of the prepared composites. It can
be observed that the photocurrent density of the
flower-like Cy/S¢—BisOsBr, composite is the highest
among these tested samples, which is stable at about
6 pA cm 2 under the visible light irradiation. There-
fore, it proves that the photo-generated charge carrier
separation in the flower-like C;0/Ss—BisOsBr, com-
posite is most effective [60].

According to the characterization and discussions,
the possible mechanism of organic pollutants degra-
dation and internal charge transfer path diagram on
the prepared flower-like C;y/S¢-BisOsBr, composite
are proposed with the figure shown as in Fig. 14.
Because of the S-doping, the appeared doping level
may be introduced into the band gap of Cy0/S¢—Bis-
OsBr, composite, which causes the obvious
enhancement of photocatalytic effect. The CQDs with
excellent electronic conductivity are introduced into
the S-doped BiyOsBr, composites as the charge
mediator. Because of the bridging effect between
these two substances, the separation efficiency of
optical carriers is further improved. Furthermore, the
CQDs could also absorb the light with a large
wavelength and emit another one with a small
wavelength [35], then more electrons will be stimu-
lated and then generate the -O,” active species.
Peculiarly, the separation of photogenerated elec-
trons may lead to the collection of h* on the doping
level with the S doping, then the organic pollutants
are oxidized to decompose. According to the analy-
sis, the activity of Cy9/Se—BisOsBr; is significantly
improved due to its special flower-like structure,
reasonable band gap structure caused by the S-dop-
ing, and the CQDs introduction.

Conclusion

In this paper, the bismuth-rich flower-like Cq(/Se—
BisOsBr, composite is prepared through a one-step
in-situ reaction process with the sulfur and the CQDs
introduced as the charge mediator. Comparatively,
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the C;9/S¢—BisOsBr, composite shows a good photo-
catalytic activity and stability for CIP photodegra-
dation with the apparent rate constants k of
0.03798 min~!, which is 26.3 times and 10.1 times
higher than that of the pure BiOBr and BiyOsBr,,
respectively. At the same time, it also shows a high
degradation effect for other pollutants. The excellent
activity of Cy9/S¢—BisOsBry can be attributed to the
special flower-like structure, reasonable band gap
structure caused by the S-doping, and the existence

of CQDs with the improved adsorption of the light.
According to the capture experiment results and ESR
test, it is proved that the produced -O,” and h*
radical play crucial roles for the CIP degradation.
Therefore, the prepared flower-like Cyo/Ss—BisOsBrs
composite can effectively degrade the different kinds
of pollutants under the absolutely visible light con-
ditions. Furthermore, this study can be used as a new
reference for the bismuth oxyhalide photocatalyst in
environmental restoration.
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