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A new photocatalyst of Bi/BiOl/Carbon quantum dots (CQDs) was synthesized via a simple method.
Photocatalytic performance of Bi/BiOlI/CQDs was evaluated by photodegradation of RhB. Experiment
indicated that the introduction of CQDs could improve the photocatalysis activity of BiOl obviously.
Moreover, there is a optimum percentage of CQDs. In this photocatalytic system, the enhanced
photoactivity was mainly attributed to the heterojunction interface between CQDs and BiOl, as well as
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1. Introduction

Nowadays, energy shortage and environmental pollution are the
two key issues facing the world."” Since photocatalysis by
semiconductors has been regarded as one of the most efficient
ways to resolve water pollution and energy issues, semi-
conductors emerge in large numbers."***> Recently, BiOX (X =
Cl, Br, I) attracts a lot of attention due to its outstanding
performance.*'***'* Among them, BiOI has obtained much
attention because of its strong absorption under visible light
irradiation, which would improve the utilization of solar
energy.*'* Nevertheless, the photocatalytic performance of BiOI
is limited by its fast recombination of the photo-excited elec-
tron-hole pairs.**>'® In order to resolve this problem, BiOI-base
heterojunctions have been designed to improve its photo-
catalytic activity, which include BiOl/g-C3;N,,""** BiOI/TiO,,"
BiOI/CdS,® BiOI/ZnO,** BiOI/Bi,WOg,>> BiOI/BiOBr,* BiOI/
BiPO,,** etc. However, due to the large-size materials in these
hybrid systems, the contact interfaces are insufficient and
incompact. Hence, perfect interfaces couldn't be constructed
and surface defects would emerge. As a result, the electron-hole
pairs would tend to recombine on surface defects and affect the
photocatalytic performance. Therefore, to overcome this affect,
small size materials could be introduced to BiOI material to
construct tight touch interfaces.>>*®

Carbon quantum dots (CQDs), which is a new kind of carbon
materials with size less than 10 nm, has a lot of virtues, such as
low cytotoxicity, excellent biocompatibility, chemical inertness,
low-cost.>”** More importantly, the conjugated 7 structure of
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revealed that O,'~, *OH and h* were the main active species during the photocatalysis process.

CQDs give it excellent electron transfer/reservoir properties.>®
Recently, a series of CQDs-based materials have been devel-
oped, such as CQDs/TiO,,*** CQDs/g-C3N,,* CQDs/Bi,WOg,**
and CQDs/BiOBr.**” CQDs/Bi,M00g,*®* CNS/CQDs,** CQDs/
Bi,0ol3," CQDs/PpPD,* etc. Nevertheless, the study on struc-
ture-performance relationship of CQDs-based materials is still
relatively insufficient and the photocatalytic mechanism of
CQDs-based materials is expected to be investigated further.

Herein, Bi/BiOI/CQDs nano-materials were prepared
successfully via a facile method. The relationship between
structure and properties of the photocatalyst is studied by
different techniques. The rhombohedral Bi was found in BiOI/
CQDs matrix, which could be transformed from the BiOBr
matrix during the growth process of CQDs under high temper-
ature and pressure,*” and it may exhibit superior surface plasma
resonance (SPR) effect in photocatalytic process. To the best of
our knowledge, the SPR effect would improve the photocatalytic
performance of the photocatalyst.>**~** Bi plays two main roles
in photocatalysis. On the one hand, Bi can be used as an elec-
tron donor and conductor, promoting the separation of elec-
tron-hole pairs. On the other hand, its SPR effect could prompt
the photocatalyst to harvest more light absorption.”** However,
as far as we know, no existing report is about the synthesis of
the Bi/BiOI/CQDs ternary material. Therefore, the photo-
catalytic performance of Bi/BiOI/CQDs nano-materials is eval-
uated by photo-degradation of rhodamine (RhB). Finally,
a reasonable mechanism of RhB photodegradation by Bi/BiOl/
CQDs was proposed based on free radicals trapping
experiments.

2. Results and discussion
2.1 Compositional and structural information

The XRD pattern is shown in Fig. 1a. All diffraction peaks of
BiOI could be indexed to tetragonal BiOI (JCPDS No.10-0445). As
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and (f) C 1s.

for Bi/BiOI/CQDs, some new peaks appeared at at 23.9°, 27.2°,
38.0° and 39.6° which could be indexed to the (101), (012), (104)
and (110) crystal planes of rhombohedral Bi (JCPDS Card No.44-
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(a) XRD patterns of Bi/BiOlI/CQDs materials, and XPS spectra of Bi/BiOl/CQDs samples. (b) Survey of the sample; (c) Bi 4f; (d) O 1s; (e) | 3d

1246). It should be transformed from the BiOI matrix during the
growth process of CQDs under high temperature and pressure,
which may exhibit superior surface plasma resonance (SPR)
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effect in photocatalytic process.'*** Furthermore, the (110),
(200), and (212) were shifted to larger angles, which may be
attributed to the interaction between BiOI and CQDs.* In
addition, there are no obvious diffraction peaks of CQDs, which
could be explained by its low amount in Bi/BiOI/CQDs mate-
rials. Similar result could be found in other systems.*”

The XPS spectra of BiOI/CQDs samples (Fig. 1b) indicates
that Bi/BiOI/CQDs contains Bi, O, and C and I elements. As for
the high-resolution spectra of Bi (Fig. 1c), two peaks located at
156.6 and 162.0 eV can be assigned to the Bi 4f;,, and Bi 4f;, of
Bi*" in Bi/BiOI/CQDs, respectively. Furthermore, the peaks
located at 158.2 and 163.3 eV can be attributed to Bi 4f,,, and Bi
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Fig. 2 FTIR spectra of Bi/BiOlI/CQDs materials with different CQDs
amounts.
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4fs,, of elemental Bi," respectively, which is consistent with the
results of XRD. The O 1s spectrum in BiOI (Fig. 1d) can be fitted
into three peaks located at 530.1, 531.9 and 533.3 eV (which are
attributed to O in the BiOI and other components, such as OH
and H,0). Two peaks located at 619.1 and 632.1 eV (Fig. 1e) can
be assigned to the I 3ds/, and I 3d3/, of I 3d in Bi/BiOI/CQDs, and
619.7 eV is attributed to I-O bond. Fig. 1f displays the high
resolution XPS-spectra of the C 1s in samples. The peaks at
284.6, 286.1, 288.6 eV can be attributed to C-C/C=C, oxygen-
ated carbon and nitrous carbon for C 1s in Bi/BiOI/CQDs
material, respectively.” The XPS analysis indicates that the
intimate integration of CQDs and BiOI has been constructed in
Bi/BiOI/CQDs materials.

Fig. 2 shows the FI-IR spectra of BiOI and Bi/BiOI/CQDs
materials with different CQDs loading amounts. The absorp-
tion peaks located at 3432 cm ™' and 2921 cm ™~ can be assigned
to the stretching vibrations of O-H and C-H. The peak at
1572 cm™ ' is associated with the C=O stretching vibration
whereas the peak at 1466 cm ™" is attributed to the absorption
peaks of -COO™. These reveal the existence of CQDs. The peak
at 493 em™" is associated with the Bi-O stretching mode in the
BiOBr materials.” The FT-IR result shows that CQDs and BiOBr
had been successfully coupled together which is consistent with
the XPS analysis.

2.2 Morphology and microstructure analysis

The SEM and TEM were shown in Fig. 3. Fig. 3a and b are the
SEM images of BiOL. It indicates that BiOI has a shape of hollow
microsphere-like structure assembled with lots of BiOI nano-
sheet. TEM images of BiOI (Fig. 3e and f) are in accordance
with SEM. Nano-sheets can be found from the edge of sphere-
like structure. Fig. 3c and d display SEM images of Bi/BiOl/

200 nm

Fig. 3 SEM images of (a and b) BiOl, (c and d) Bi/BiOI/CQDs, TEM images of (e and f) BiOl, and (g and h) Bi/BiOI/CQDs.
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Fig. 4 Nitrogen adsorption—desorption isotherms of the BiOl and Bi/
BiOI/CQDs-0.4 materials.

CQDs. It can be seen that microsphere collapse after the CQDs
is introduced into the BiOI, which may be ascribed to the high
temperature and pressure during the grow process of CQDs. At
present, BiOI nano-sheets turn into loose aggregations without
specific shape (Fig. 3g). High-resolution TEM (HRTEM) image
of Bi/BiOI/CQDs (Fig. 3h) shows that the lattice spacing of
0.320 nm, 0.328 nm and 0.282 nm can be observed, which can
be attributed to the (002) crystal plane of CQDs,*® the (012)
crystal plane of Bi*® and the (110) crystal plane of BiOL. It can be
observed obviously that several dark dots (CQDs) are dispersed
on the surface of BiOI nanosheets (Fig. S2), which suggests
that the CQDs has been modified on the BiOI nanosheets
successfully.

The N, adsorption-desorption isotherms (Fig. 4) of the BiOI
and Bi/BiOI/CQDs-0.4 materials were used to further study their
microstructures. The BET surface area of the Bi/BiOI/CQDs-0.4
(24.1518 m* g™ ) is larger than pure BiOI (9.6596 m” g™ ). In
addition, the BET surface area of Bi/BiOI/CQDs-0.2 and Bi/BiOI/
CQDs-0.6 are 10.0151 and 25.3789 m> g~ '. These data indicate
that BET surface areas of the Bi/BiOI/CQDs increase with the
increase of CQDs amounts which can be attributed to the
formation of the porous structure during the CQDs introduced
process. Fig. S31 suggests the existence of mesoporous in the
BiOI/CQDs materials which is consistent with the results in the
literature.*® Furthermore, the increased BET surface area of Bi/
BiOI/CQDs also benefits from the excellent adsorptive perfor-
mance of CQDs.* It has been widely recognized that a higher
BET surface area is advantageous for absorb more active species
and reactants on its surface, which thus favors the improvement
of photocatalytic performance.*

2.3 Optical and electronic properties

Photoabsorption capability is an important factor influencing
the photocatalytic performance of photocatalysts,* and is
usually evaluated by UV-vis diffuse reflectance spectra (DRS). As
shown in Fig. 5, the absorption edges of Bi/BiOI/CQDs materials
show red shifts compared with BiOI, which means that the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 UV-vis spectra of BiOl and Bi/BiOI/CQDs materials.

optical absorption in visible light is enhanced. The DRS results
suggest that CQDs may play an important role in utilizing
visible light and such produce more photoexcited e -h" pairs.
The band gap of Bi/BiOI/CQDs materials were estimated via the
classical Tauc approach. As shown in Fig. 6, the band gap of Bi/
BiOI/CQDs materials become smaller than that of BiOI. A nar-
rower band gap means a higher photocatalytic performance in
visible light.*®

Photoluminescence (PL) intensity of photocatalysts is
capable of characterizing the recombination efficiency of pho-
togenerated e~ and h'.°* As is known, weaker intensity repre-
sents lower efficiency of e~ and h* recombination.?® As shown in
Fig. 7, all the materials have strong emission peak centered
between 370 and 400 nm with an excitation wavelength of
275 nm. Bi/BiOI/CQDs materials display lower PL intensity than
that of pure BiOl, indicating the decreasing recombination
efficiency of e~ and h". This phenomenon can be ascribed to the
highly efficient photoexcited carrier transfer ability between the
interacted interface of CQDs and BiOI, leading to the effective
separation of the e~ and h*.*°
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Fig. 6 (xhv)¥? vs. hv curves of Bi/BiOI/CQDs materials with different

contents of CQDs.
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2.4 Photocatalytic tests

The photocatalytic performance of Bi/BiOI/CQDs with different
CQDs was evaluated. The absorption-desorption balances
between the catalyst and RhB were achieved in 30 min before
photocatalysis. Fig. 8a shows that Bi/BiOI/CQDs samples have
much better photocatalytic performance than BiOI. The Bi/
BiOI/CQDs-0.4 material displays the best photocatalytic
performance. All of the RhB was photodegraded at 105 min. The
corresponding fitted Langmuir-Hinshelwood models (Fig. 8b)
show that the photodegradation of RhB obeys pseudo-first-
order kinetics well. The Bi/BiOI/CQDs-0.4 material has the
maximum rate constant of 0.0266 min~'. It indicated that
proper introduction of the CQDs is beneficial for the improve-
ment of the photocatalytic performance of BiOI. The photo-
catalytic performance of Bi/BiOI/CQDs in this work is compared
with that of the recent reported Bi-based catalysts (Table S17). It
indicates that Bi/BiOI/CQDs exhibits excellent photocatalytic
performance, and the photodegradation efficiency by Bi/BiOl/

3
(b)
| A
= BiOI
®  Bi/BIOI/CQDs-0.2
2F | A BiBIOVCQDs-0.4
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S
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(a) Photodegradation kinetic curves, (b) fitted Langmuir—Hinshelwood models for degradation of RhB with Bi/BiOI/CQDs materials under

visible light irradiation, (c) XRD patterns of the Bi/BiOI/CQDs-0.4 photocatalyst before and after being used for four times. (d) UV-vis absorption
spectra of RhB solution in trapping experiments by Bi/BiOI/CQDs materials at 60 min illumination.
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Fig. 9 Schematic of the separation and transfer of photogenerated charges in the Bi/BiOI/CQDs hybrid material combined with the possible

reaction mechanism of photocatalytic procedure.

CQDs-0.4 is higher than or is comparable to that reported in the
literatures. The stability of the photocatalyst is important for
the practical application. XRD spectra (Fig. 8c) indicate that the
regenerated photocatalyst exhibits excellent physical stability.
Meanwhile, Fig. S41 shows that the photocatalytic performance
could still be maintained after four cycles, demonstrating that
the Bi/BiOI/CQDs material has high photostability which is in
accordance with the result in Fig. 8c.

2.5 Mechanism of pollutant photodegradation

In order to elucidate the photocatalytic mechanism involved in
the photodegradation of RhB by Bi/BiOI/CQDs materials,
a series of photodegradation experiments with the addition of
different scavengers were carried out. The absorption peak
value of RhB at 553 nm analyzed by UV-vis spectrophotometer
could indirectly reflect the degradation efficiency after being
illuminated for 60 min (Fig. 8d). Fig. 3d shows that photo-
degradation activity decreases by 84.1% when BQ (O, scav-
enger) rate is added into the degradation system, which
indicates that O," " radicals play an important role in the pho-
todegradation process. Simultaneously, photodegradation
activity decreases by 37.7% and 23.0% when IPA ("OH scav-
enger) and KI (h" scavenger) is added into the degradation
system, respectively. It can be seen that the photodegradation
was completed at 60 min illumination when AgNO; (e~
acceptor) is added into the degradation system, demonstrating
that e” does not have direct effect to the photocatalytic process.
Therefore, it can be assumed that O,"~ radicals are main active
species during the photocatalysis process, while "OH and h*
plays a secondary and a third role in the photodegradation
process, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Based on the above experimental results, the photocatalytic
mechanism diagram of Bi/BiOI/CQDs hybrid materials is
proposed in Fig. 9. The enhanced photocatalytic activity of Bi/
BiOI/CQDs can be ascribed to the synergistic effects of several
factors. Firstly, for the formation of the heterojunction interface
among CQDs and BiOI, the photoexcited e~ can transfer from
BiOI to CQDs. Moreover, the delocalized conjugated structure of
CQDs makes it easier to transfer the photogenerated carriers,
resulting in efficient e -h" pair separation. Secondly, the up-
converted PL property of CQDs can convert longer wavelength
light to shorter wavelength light, which can in turn excite BiOI
to form photoexcited e -h" pairs.?® Thus, more e -h" pairs are
excited, result in an enhanced photocatalytic activity. The
photoexcited e~ can be captured by O, molecules in the system
to generate the O, ~ radicals. The generated O,"~ and the h"
would play important role in the photodegradation process,
leading to dramatic photocatalytic performance. Thirdly, Due to
the SPR effect of Bi, the visible light adsorption ability is
improved which leads to the increased photocatalytic perfor-
mance of Bi/BiOI/CQDs towards RhB degradation. In addition,
both Bi and CQDs serve as electron donor, thus more e -h"
pairs would be produced. Moreover, Bi could also be used as
conductor, promoting the efficient separation of e -h" pairs.
Therefore, the photocatalytic activity of Bi/BiOI/CQDs could be
enhanced effectively.

3. Conclusion

In summary, a novel Bi/BiOI/CQDs hybrid material was
successfully prepared through a facile solvothermal method
followed by a hydrothermal process. The CQDs were dispersed
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on the surface of microsphere-like BiOI and tight junctions were
formed. The photocatalytic activities of Bi/BiOI/CQDs materials
on RhB degradation under visible light irradiation increased
dramatically. The Bi/BiOI/CQDs-0.4 exhibited the optimal pho-
tocatalytic performance for the degradation of RhB. Further-
more, the Bi/BiOI/CQDs materials showed excellent reusability
and stability, which was valuable for the potential applications
of environmental protection. The enhanced photocatalytic
performance of Bi/BiOI/CQDs material was attributed to excel-
lent electron transfer ability and the increased light harvesting
capacity of CQDs. The radicals trapping experiments revealed
that O, and "OH were the main active species during the
photocatalysis process. This work was expectedly to provide
appropriate theoretical reference for the new development of
CQDs-based hybrid materials with high photocatalytic
performance.
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