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Metastable B-Bi,Os exhibits high catalytic performance due to its suitable band gap, greater dielectric
permittivity and conductivity. However, the difficultly in preparing B-Bi,Os and B-Bi,Oz based materials is
still a problem to be overcome. In this work, porous Bi/B-Bi,Oz@carbon photocatalysts were prepared for
the first time by using an atmosphere switching strategy during the post-cooling of metal-organic
framework (MOF) pyrolysis. The crystal phase structure and composition of Bi/p-Bi,Os@carbon could be
easily adjusted by simply switching the cooling atmosphere from N, to air when cooled to different
temperatures. The photocatalytic activities of the material were evaluated by degradation of emerging
pollutant fluorescent whitening agent (FWA) 351 under simulated solar light irradiation. It was observed that
10 mg L FWA 351 was completely degraded within 4 h using the optimal photocatalyst. The
mineralization efficiency reached 60% in 6 h. Active species trapping experiments confirmed that hole
oxidation was responsible for the degradation of FWA 351. The increased activity was due to the improved
visible light utilization resulted from the reduced bandgap of Bi/p-Bi,Oz@carbon and the surface plasmon
resonance effect of bismuth metal, as well as the facilitated interfacial electron migration and charge carrier
separation through multi-interface transfer paths. The proposed strategy provides new ideas for designing
and synthesizing functional materials. The efficient degradation and mineralization of FWA 351 with Bi/f-
Bi,Os@carbon also confirmed its potential for future application in wastewater treatment.
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Environmental significance

Bi/B-Bi,Oz@carbon was fabricated using an atmosphere switching strategy in the post-cooling of MOF pyrolysis. The crystal structure and composition
could be easily adjusted by switching the cooling atmosphere from N, to air when cooled to different temperatures. Compared with traditional preparation
methods of multi-component photocatalysts, this strategy has the advantages of simple procedure, low energy consumption and environmental
friendliness. Synergistic effects of the reduced bandgap of Bi/p-Bi,O;@carbon, the surface plasmon resonance effect of bismuth metal, and the interfacial
electron separation and migration through multi-interface transfer paths were responsible for the improved performance. Electron-deficient species
attacked the fluorescent whitening agent 351 molecule, resulting in the breaking of C—=C bonds and opening of aromatic rings, ultimately mineralizing
into CO,, H,O and inorganic salts.

1. Introduction from sewage treatment plants and eventually enter the
environment.” Recently, these fluorescent brighteners have
been reported to be harmful to aquatic organisms and
humans due to their association with cancer, genetic
mutations and eczema."® Hence, it is meaningful to seek
effective removal strategies for such compounds in
wastewater. Advanced oxidation technologies are useful for
the removal of FWAs with high efficiency."® However,
problems, such as the production of iron mud, the use of
large amounts of chemical reagents in Fenton oxidation, and
strict operating procedures for ozone oxidation, are still

Fluorescent whitening agents are widely used in manufacture
of paper, textiles, detergents, plastics and other daily
necessities due to the increasing pursuit of clean and white
appearance of products." However, most of these fluorescent
whitening agents are difficult to biodegrade due to their
stable chemical structure, which makes them escape easily
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important factors hindering their wide applications. In recent
years, photocatalytic technology powered by green sunlight
energy has attracted increasing attention and considered to
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be a sustainable technology with potential application
prospects. Nevertheless, such photocatalytic degradation of
fluorescent whitening agents has not been reported so far,
thus exploring this technology to remove FWAs from
wastewater becomes a necessary research topic. For this
purpose, the design and preparation of photocatalysts are the
prerequisite for the engineering application of photocatalytic
degradation of FWAs.

Bismuth oxide (Bi,O3) has attracted widespread attention
because of its high electrical conductivity, narrow energy
band gap, non-toxicity, high abundance and good stability.
Bismuth oxide consists of high-temperature-stable o and &
phases and metastable B and y phases.” Among them,
metastable B-Bi,O; has the smallest bandgap (1.48-2.58 eV)
and exhibits higher activity than other crystalline bismuth
oxides.® However, its bandgap is not narrow enough for the
wider response range to visible light. To date, various
strategies have been adopted to address these issues,
including coupling it with carbon materials and precious
metals as well as constructing heterogeneous structures with
other semiconductors, through which the light harvesting
and charge carrier dynamics can be effectively improved.”™"
However, metastable B-Bi,O; is easily transformed into a
stable state when the temperature changes, which makes it
difficult to prepare f-Bi,O; by conventional methods.
Therefore, development of novel -Bi,Oz based photocatalysts
and their facile preparation methods are of great
significance.

Metal-organic (MOFs) exhibit unique
organic-inorganic hybrid compositions and adjustable pore
structures, and are multi-dimensional networks formed by
the coordination and self-assembly of metal ions or clusters
with organic ligands.'>"® Based on these properties, MOF
materials can be used as precursors or templates to construct
various functional materials. In this context, Liu et al
reported MOF-5 as the template for porous carbon synthesis
for the first time in 2008."* Since then, a variety of MOFs
have been used to synthesize carbon, metal, metal oxide,
metal sulfide and their composite materials by regulating the
pyrolysis conditions.’™'® These pyrolysis products not only
retain some of the long-range order structures and porosity
of MOF precursors, but also have the advantages of high
purity, small particle sizes and easy to obtain single metal
atoms. Moreover, periodic assembly of metal ions or clusters
in MOFs can effectively avoid the agglomeration of metal
based products.’” In general, MOF derived metal oxide based
nanomaterials have better catalytic activity than traditional
precursors.'® At present, the preparation of MOF-derived
materials is mainly based on the organic skeleton of Zn, Cu,
Co, Fe and Ni transition metals.'®*' The trivalent bismuth
ion has a unique-valence electron configuration (4f*5d'%6s?),
large ionic radius and strong affinity to O and N atoms.
Bismuth-MOF with metal Bi as a coordination center
becomes an ideal candidate precursor or template due to its
characteristics of high symmetry and abundant open pore
structure and reactive sites.”>** For example, the derivative
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Bi@C nanocomposites were prepared with calcined Bi-MOF,
by which the current response signal of the tested compound
can be effectively improved due to its abundant surface
reaction sites and large specific surface area.* Zhang et al.
designed a plate-like Bi/a-Bi,O;-C heterostructure with
boosted potassium storage performance through a structure-
inheritance strategy derived from MOFs.>® It is worth noting
that although Bi/a-Bi,0;-C photocatalysts have been
prepared through Bi-MOF pyrolysis, the preparation method
reported so far has the disadvantages of a complicated
process caused by multi-step pyrolysis or high energy
consumption (600-900 °C). Furthermore, few cost-effective
methods for controlling the crystal phase structure and
composition have been reported, and the exact mechanism
of Bi/B-Bi,Oz@carbon materials derived from MOFs needs
further investigation. Therefore, it is still a challenge to
develop novel pyrolysis processes and explore the derivation
mechanism of MOFs for the preparation of multi-functional
materials.

In this work, for the first time, we prepared porous visible-
light responsive Bi/B-Bi,O;@carbon photocatalysts by using
the atmosphere switching strategy during post-cooling of
MOF pyrolysis. The crystal phase structure and composition
of Bi/p-Bi,O;@carbon could be easily adjusted by simply
switching the cooling atmosphere from N, to air when cooled
to different temperatures. To our knowledge, there is no
literature report on the preparation of materials by using the
atmosphere switching strategy in post-cooling of MOF
pyrolysis. It was found that by using the optimal
photocatalytic catalyst BBC-400, FWA 351 (10 mg L") could
be completely removed from water within 4 h, and the
mineralization efficiency reached 60% in 6 h. Compared with
the traditional preparation approaches of multi-component
photocatalysts, the strategy reported here has the advantages
of simple procedure, low energy consumption and
environmental friendliness. To have a better understanding
of the structure-performance correlation, the photocatalytic
mechanism of Bi/p-Bi,Os;@carbon for the removal of FWA
351 was also investigated from the crystal phase structure
and composition, photoelectric and spectroscopic properties
of the photocatalyst, and identification of active substances
in the reaction.

2. Experimental
2.1 Materials

Methanol and bismuth nitrate pentahydrate were obtained
from Sinopharm Chemical Reagent Co., Ltd. FWA 351 (Cyg-
H,3Na04S,) and terephthalic acid (H;BTC) were provided by
Macklin Biochemical Co., Ltd. All chemicals were analytically
pure, and the water used was deionized water.

2.2 Synthesis of the CAU-17 precursor

The CAU-17 precursor was fabricated by a solvothermal
method reported in the literature.”® Typically, 150 mg of
Bi(NO3);-5H,0 and 750 mg of H3;BTC were dissolved in 60

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4en00973h

Published on 19 dekabr 2024. Downloaded by Fail Open on 23.07.2025 08:26:06.

Environmental Science: Nano

mL of methanol by ultrasound. Then, the solution was
quickly poured into a 100 mL hydrothermal reactor and
heated at 120 °C for 24 h. The white precipitate was collected
and washed 4-5 times with methanol. Finally, the product
was dried in a vacuum oven at 60 °C for 6 h.

2.3 Preparation of porous CAU-17 derived Bi/p-Bi,Oz;@carbon
photocatalysts

Porous Bi/p-Bi,Os;@carbon photocatalysts were prepared by a
one-step pyrolysis of CAU-17 (Scheme 1). Typically, 0.5 g of
CAU-17 was loaded in a quartz boat and placed in a tube
furnace, and then heated at a rate of 2 °C min™* to 600 °C
and reacted in a nitrogen stream for 2 h at this temperature.
When the furnace was cooled to specific temperatures (100
°C, 200 °C, 300 °C, 400 °C, 500 °C or 600 °C), the nitrogen
atmosphere was switched to air atmosphere, and the sample
was further cooled to room temperature in air atmosphere.
The samples obtained at different atmosphere switching
temperatures were respectively denoted as BBC-100, BBC-200,
BBC-300, BBC-400, BBC-500 and BBC-600. For comparison,
samples obtained from CAU-17 pyrolysis in air at 600 °C for 2
h and then cooled directly in air were labeled as BBC-air.

2.4 Characterization

X-ray diffraction (XRD) patterns were obtained using an
X'Pert3 powder diffractometer [Cu Ko radiation (1 = 1.54056
A)]. X-ray photoelectron spectroscopy (XPS) was performed
using an ESCALAB 250Xi system. Morphology and elemental
distribution were observed on a JSM-6390LV scanning
electron microscope (SEM) and Talos F200X transmission
electron microscope (TEM). The thermal behavior of
materials was examined by thermogravimetric (TG) analysis
using a STA449C thermal analyzer from 30 °C to 800 °C at a
heating rate of 10 °C min™" in a nitrogen flow of 100 mL

min~'. Using BaSO,; as a reference, diffuse reflectance
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spectroscopy (DRS) testing was performed using a UV-3600
Plus spectrophotometer. Nitrogen adsorption—-desorption was
analyzed by Brunauer-Emmett-Teller (BET) wusing a
BELSORP-Max physisorption analyzer. Photoluminescence
(PL) spectra were obtained wusing a Cary Eclipse
fluorophotometer. The surface charge properties of the
materials in solution were analyzed using a Zetasizer Nano
ZS analyzer.

2.5 Activity evaluation

FWA 351 was selected as the target pollutant to evaluate the
photocatalytic activities of the materials, and is chemically
stable because its molecular structure contains aromatic
rings linked to strong electron-attracting sulfonyl groups.
Photocatalytic experiments were conducted in a CEL-
LAB500E photochemical reactor (Beijing Zhongjiao Jinyuan,
China). The incident luminous flux was determined to be
3900 Ix. Typically, 25 mg of the materials was dispersed in 50
mL 10 mg L™ aqueous FWA 351 solution. Prior to
illumination, the suspension was stirred in the dark for 40
min to ensure an adsorption-desorption equilibrium. Then,
a 500 W xenon lamp was turned on to begin the
photocatalytic reaction. Subsequently, 3 mL of reaction
solution was extracted at regular intervals and centrifuged
(10000 rpm, 5 min). The absorbance at 348 nm was
monitored using a UV-1800 UV-vis spectrometer to determine
the concentration of FWA 351. The mineralization of FWA
351 by Bi/p-Bi,Os;@carbon was tested using a Vario total
organic carbon analyzer.

2.6 Electrochemical measurements

Electrochemical properties of photocatalysts were measured
using an electrochemical analyzer (Chenhua CHI660C,
Shanghai, China) in a three-electrode cell with 0.5 M Na,SO,
aqueous solution as an electrolyte. To prepare the working

TP

F

eN e0 @ H ©Bi Bi,O3

Scheme 1 Schematic diagram for the preparation of Bi/B-Bi,Osz@carbon composite photocatalysts.
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electrode, 5 mg of the synthesized samples were
ultrasonically mixed with 10 uL of Nafion solution (5%) and
1200 pL of ethyl alcohol to form a slurry, which was then
coated onto clean FTO glasses with an effective area of 0.5 x
0.5 cm®. Then the electrode was dried in a vacuum chamber
for 12 h at 60 °C. The calomel electrode and platinum wire
separately acted as reference and counter electrodes.

3. Results and discussion
3.1 Crystal phase composition and morphologies

The phase composition and crystal structure were analyzed
by XRD. Fig. 1a shows that the positions of all the
characteristic diffraction peaks were almost the same as
those of the simulated XRD pattern of CAU-17 reported in
the literature,”” except for the slight difference in the relative
intensity of the major diffraction peaks between the Bi-MOF
and the simulated CAU-17. This was related to the preferred
orientation and particle size of the material as well as the
intensity of the light source. Fig. 1b shows the XRD patterns
of Bi-MOF derivatives obtained under different conditions. It
could be found that the diffraction peaks of the carbonized
products (BBC-100, BBC-200, BBC-300, BBC-400 and BBC-500)
were attributed to elemental bismuth (JCPDS No. 44-1246)
and thermodynamically metastable tetragonal B-Bi,O3 (JCPDS
No. 27-0050), and no other impurity peaks were found.
Furthermore, the intensity of the diffraction peak of -Bi,O;
and Bi increased and decreased with increasing atmosphere
switching temperature, respectively. The reason might be that
higher residual temperature and longer time air exposure
could further oxidize more Bi components formed by the
decomposition of the carbon skeleton to form B-Bi, 0.8 1t
was noteworthy that a part of the B-Bi,O; phase began to
transform into stable monoclinic a-Bi,O; (JCPDS No. 41-
1449) with the further increase of atmosphere switching
temperature (600 °C). A similar phase transition was
observed in the BBC-air sample obtained by pyrolysis in air
(labeled diamonds in Fig. 1b). Notably, metastable B-Bi,O;
has significantly higher photocatalytic activity than other
crystalline Bi,O; due to its more suitable band gap of ~2.58

@)

JJ J l ll l l I ‘ Bi-MOF
JJ N CAU-17 simulated
U

Intensity (a.u.)
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Table 1 Content of components determined by the XRD Rietveld
method

Sample Bi (Wt%) Bi,0; (Wt%) Carbon (wWt%)
BBC-100 7.1 5.0 87.9

BBC-200 5.5 11.5 83.0

BBC-300 0.3 27.2 72.5

BBC-400 0.1 83.5 16.4

BBC-500 — 100.0 —

BBC-600 — 100.0 —

eV, higher visible light utilization, and greater dielectric
permittivity and conductivity.>**°

The Rietveld refinement method was used to analyze the
XRD pattern and determine the percentage of the phase, and
the results are shown in Table 1. It could be seen that with
the increase of atmosphere switching temperature, the
content of bismuth and carbon decreased, but that of Bi,O3
increased. When the temperature was regulated to 500 °C or
600 °C, the components were oxidized to Bi,Oz. To confirm
the results, the contents of elements in the material were
determined using an Elementar Vario EL elemental analyzer
(EA, Germany) and Perkin Elmer Optima 8300 inductively
coupled plasma-mass spectrometer (ICP-MS, Japan), and the
results are shown in Table S1.f It could be seen that the
change of elemental composition was consistent with the
results shown in Table 1. These results indicated that it was
feasible to obtain a multi-component photocatalyst
containing metastable B-Bi,O;, Bi and carbon with an
adjustable component content by simply adjusting the
atmosphere switching temperature during the post-cooling of
MOF pyrolysis.

The surface morphology of the materials was surveyed by
SEM. Fig. 2a and b show that a uniform hexagonal prism
structure with a smooth surface, clear boundary and length
of 5 um was observed in the CAU-17 sample. After pyrolysis,
except for the obvious change in the morphology of the BBC-
600 sample, the other carbonized products (BBC-100, BBC-
200, BBC-300, BBC-400, BBC-500) were similar to the original
CAU-17, but the surface of the carbonized products became
less smooth with many particles evenly embedded in the

Intensity (a.u.)

(b) ¢ a-Bi, 0, (JCPDS NO. 41-1449)
IR AR BBC-Air

ol WX NN BBC-600

W ¥ vy  BBC-500

J\ W W__ Y%y BBC-400

W . Wy . BBC-300

L BBC-200

BBC-100

V B BL,0, GCPDS NO. 27-0050)
|| . *Bj (JCPDS NO. 44-1246)

5 10 15 20 25 30 35 40 45 50
20 (degree)

10 20 30 40 50 60 70 80
20 (degree)

Fig. 1 XRD patterns of (a) CAU-17 and Bi-MOF, and (b) BBC-air, BBC-100, BBC-200, BBC-300, BBC-400, BBC-500 and BBC-600.
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Fig. 2 SEM images of (a and b) CAU-17, (c) BBC-100, (d) BBC-200, (e) BBC-300, (f) BBC-400, (g) BBC-500, (h) BBC-600 and (i) BBC-air.

framework. The TG curves showed that the CAU-17 precursor
began to decompose when the temperature rose to 400 °C
(Fig. S17), and the carbon in ligands was gradually converted
to graphitized carbon, accompanied by the formation of
metals and metal oxide particles, resulting in the roughness
of the material surface.®® In addition, metallic bismuth
migrated to the surface and was further oxidized to form
more Bi,O; particles on the inner and outer surfaces of the
materials, which agglomerated and grew larger with the
Oswald ripening.** This result was confirmed by the fact that
some fine particles adhered uniformly to the surface in
Fig. 2c-h. The difference in the growth rate of Bi,O; particles
and the disappearance rate of carbon components may be
the reason for maintaining the columnar structure at lower
temperatures. In addition, due to the different initial

temperatures when switching to the air atmosphere, the
duration of air annealing of these samples must be different.
With the increase of switching atmosphere temperature, the
time required for the air calcination process of the BBC-T (T
=100, 200, 300, 400, 500, 600) samples gradually increased.
High temperature accompanied by prolonged air exposure
inevitably led to the oxidation of component carbon and
elemental bismuth. For example, when the atmosphere
switching temperature was higher than 500 °C, more carbon
and bismuth metal components were oxidized, and parts of
the columnar structure began to collapse. When the
atmosphere switching temperature was increased to 600 °C,
only a small amount of the columnar structure remained,
and the collapsed material began to be sintered. The SEM
image of the sample calcined in air at 600 °C (BBC-air)

(C) \/ ‘Bi (012)
f 0.328 nm.

WA & X

52 BiO, Q01)
": 0.319 nm

10 nm

Fig. 3 (a) TEM image, (b and c) high-resolution TEM images and (d) elemental mapping images of BBC-400.

This journal is © The Royal Society of Chemistry 2025
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showed that the original columnar morphology and pore
structure of CAU-17 were completely destroyed, forming a
uniform staggered coral morphology (Fig. 2i).

To investigate the detailed microstructure, TEM images of
BBC-400 were further analyzed. Many spherical particles were
observed inside the material (Fig. 3a). High-resolution TEM
images of the spheres exhibited two distinct lattice spacings
of 0.328 and 0.319 nm (Fig. 3b and c), which were consistent
with the (012) crystal plane of metal Bi and the (201) crystal
plane of Bi,O3, respectively.®>** The results further confirmed
that a part of metal Bi was oxidized after being in contact
with air and formed spherical Bi,O; particles. In addition,
some particles have a core-shell structure composed of an
unoxidized metal Bi core and Bi,O; shell formed by air
oxidation. The elemental mappings of the representative
BBC-400 sample also revealed the uniform distribution of C,
Bi and O elements in the composite (Fig. 3d).

XPS was wused to analyze the surface elemental
composition and chemical state of CAU-17, BBC-100, BBC-
400, and BBC-600 (Fig. 4). The XPS survey spectra showed
that all samples were composed of Bi, O and C elements
(Fig. 4a), and the peak intensities of C 1s and Bi 4f decreased
and increased with the increase of atmosphere switching
temperature, respectively. As shown in Fig. 4b, the binding
energy peaks at 159.5 eV and 164.8 eV in CAU-17 were
attributed to Bi 4f,, and Bi 4f;, of the Bi-O bond,
respectively.®® After calcination, the position of the peak

(b) BiO B0 Bidf
\
L __4/ \¥ J/ \ CAU-l7
—_~ - Bi-O Bi-O-.\
g 2 \ Bi-Bi Bi-Bi
2 ) / A/ .\_BBC-100
oy o -
2 Z Bi-0 Bi-0
2 2
= =
= = BBC-400
Bi-O Bi-O
BBC-600 BBC-600
1200 900 600 300 0 168 164 160 156 152
Binding Energy (eV) Binding Energy (eV)
() Cls @ H,0/0H O 1s
M O in bismuth-oxo
4 CAU-17 N
CAU-17 \BEQ
~ O,/OH™
= - C -~ H.0 =
3’, _ C-(C z
e R <9 BBC-100| < |BBC-100 Bi-0
ES — & z
g - é e WOIR
= o = ’ -0
c=0 €O = |BBC-400
BBC-400
O,/0H"
C-C -
a5 H,0 -
BBC-600 BBC-6

292 290 288 286 284 282 280 538 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV)

Fig. 4 (a) XPS survey spectra of CAU-17, BBC-100, BBC-400 and
BBC-600. High resolution XPS spectra of (b) Bi 4f, (c) C 1s and (d) O 1s.
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binding energy of Bi*" in the obtained material BBC-100
shifted, indicating that the chemical environment of bismuth
in the two materials changed significantly. In addition, the
two weak peaks at 156.4 eV and 161.7 eV were signals of Bi
af,,, and Bi 4f5, of the Bi-Bi metal bond, respectively. The
above results confirmed the coexistence of Bi,O; and Bi
components in composites.*® Notably, no Bi-Bi signal was
found in the BBC-400 and BBC-600 samples, which was
inconsistent with the XRD results of metallic bismuth
detected in BBC-400. The reason for this difference might be
that most of the metallic bismuth on the superficial surface
was oxidized to Bi,O;z at higher temperature, while metallic
bismuth on the deep surface was undetectable due to the
lower surface depth detected by XPS compared with XRD. In
addition, the crystal conversion from B-Bi,O; to a-BiO; at
higher temperature resulted in the wider lattice spacing of
BBC-600, which was mainly responsible for the lower binding
energy of BBC-600 than that of BBC-400.>>2° The high
resolution peaks of C 1s spectra (Fig. 4c) at 284.6 eV, 285.2
eV, 286.0 eV and 289.0 eV were ascribed to C=C (sp®), C-C
(sp®), C-O and C=0, respectively.*” The graphitization of the
carbon component in the organic skeleton was beneficial for
the separation and transport of charge carriers generated by
the photo-excitation of materials. The two peaks at 531.4 eV
and 533.5 eV in the O 1s XPS spectrum of CAU-17 were
attributed to the Bi-O bonds and the O in bismuth-oxo
clusters of CAU-17, respectively. The other peak at 531.8 eV
was attributed to the chemisorbed H,O/OH on its surface
(Fig. 4d).*® For the product after pyrolysis, the three
characteristic peaks of the O 1s spectrum corresponded to
oxygen atoms in the Bi-O bond (529.8 eV), hydroxyl groups
or O, (532.0 eV) and adsorbed H,O (533.6 €V), respectively.*”
These results further confirmed the successful preparation of
the Bi/B-Bi,O;@carbon photocatalyst.

3.2 Pore structure, specific surface area and optical
properties

N, adsorption—-desorption isotherms were measured to
analyze the pore properties and specific surface area of the
prepared samples. As shown in Fig. 5a, CAU-17 showed a
type-I adsorption isotherm, and the pore size distribution
curve of CAU-17 in Fig. 5b also presented a narrow pore
distribution with a peak value of about 0.7 nm, indicating
the existence of micropores in the structure. Moreover, due
to the collapse of a part of the carbon skeleton, the
adsorption of BBC-100, BBC-200, BBC-300 and BBC-400
changed from type-I to type-III, and the pore size distribution
changed from a micropore structure to coexistence of
micropore and mesoporous structures. Thus, the total
adsorption capacity and macro-molecule adsorption could be
guaranteed.’® The BET surface area of CAU-17 was measured
to be 482.5 m* g'. After pyrolysis, the BET surface area of
BBC-100, BBC-200, BBC-300 and BBC-400 decreased to
120.78, 112.4, 102.2 and 73.29 m> g ', respectively. In
addition, at a higher temperature of the switching

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) N, adsorption-desorption isotherms and (b) pore-size distribution of CAU-17, BBC-100, BBC-200, BBC-300, BBC-400, BBC-500 and

BBC-600.

atmosphere, more carbon was oxidized, and the larger pores
were formed, which was the reason for the gradually
decreased specific surface area as the switching atmosphere
temperature increased. This further confirmed the important
role of the carbon skeleton structure in improving the
specific surface area and adsorption capacity. In addition,
BBC-500 and BBC-600 have macroporous and non-porous
structures with type-III adsorption isotherms, which could be
responsible for their small specific surface area (BBC-500:
10.47 m*> ¢!, BBC-600: 8.832 m* g ') and poor adsorption
capacity.

The optical response of the samples was evaluated by UV-
vis DRS. As shown in Fig. 6, the higher the atmosphere
switching temperature, the weaker the photoresponse of
pyrolysis products. In particular, when the initial atmosphere
switching temperature was lower than 400 °C, the light
absorption of the Bi/B-Bi,Os;@carbon photocatalysts (BBC-
100, BBC-200, BBC-300, BBC-400) increased significantly due
to the presence of a more non-oxidized carbon matrix. When
the atmosphere switching temperature rose to 500 °C, the

absorption band edge of the obtained BBC-500 sample was
located at 558 nm. In addition, the appearance of two
absorption band edges in BBC-600 was related to the
coexistence of the o-Bi,O; phase and [-Bi,O; phase. The
bandgap energies (E,) were estimated based on Tauc plots
((ahv)* = A(hv — Eg)).*" As shown in Fig. 6b, compared with
CAU-17, the E, values of pyrolysis products obviously
reduced. These results indicated that the pyrolysis treatment
could significantly promote the absorption and conversion of
sunlight, which was conducive to the improvement of the
catalytic activity of the materials.

3.3 Photocatalytic degradation of FWA 351 by Bi/p-
Bi,O;@carbon

The degradation of FWA 351 (10 mg L") in aqueous solution
(25 ©°C, initial pH 5.5) was selected to investigate the
photocatalytic activity of the as-synthesized samples. For
comparison, the degradation of FWA 351 by commercial
Bi,O; was also investigated under the same conditions.
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Fig. 6 (a) UV-vis DRS spectra of the samples and (b) plots of (ahv)? vs. photon energy of the samples.
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Fig. 7 (a) Photocatalytic degradation of FWA 351 by CAU-17, Bi/B-Bi,Osz@carbon photocatalyst and commercial Bi,Os; (b) evolution of total
organic carbon with illumination time; (c) FT-IR spectra of FWA 351, BBC-400, BBC-400 after dark adsorption and recovered BBC-400.

Fig. 7a shows the evolution of FWA 351 concentration with
illumination time. It could be seen that the photocatalytic
performance of CAU-17 was quite poor, and only 18% of FWA
351 could be degraded within 4 h. By contrast, the
photocatalytic activity of the pyrolyzed materials was
obviously improved. With the increase of the atmosphere
switching temperature, the performance of the pyrolyzed
materials first increased and then decreased, with BBC-400
having the best performance, for which the degradation
efficiency for FWA 351 reached 89% within 4 h.

The removal efficiency of the total organic carbon
(TOC) was further measured to evaluate the potential
secondary pollution hazards in the FWA 351 degradation
process. As shown in Fig. 7b, the TOC removal rate could
reach 60% within 6 h. It was worth noting that the TOC
removal efficiency did not change significantly within 2-4

hours of light illumination, indicating that the
intermediate product formed in this period was relatively
stable. With a prolonged light duration, the TOC began to
decrease gradually, suggesting that the intermediates could
be further degraded wuntil FWA 351 was completely
mineralized. To confirm that the elimination and
mineralization of FWA 351 was not due to the adsorption
of FWA 351 or its by-products on the catalyst surface, the
FT-IR spectra of FWA 351, fresh BBC-400, BBC-400 after
dark adsorption and the recovered BBC-400 were obtained.
The results are shown in Fig. 7c. It could be seen that
the characteristic peaks of FWA 351 were blue shifted
after dark adsorption, indicating that there was a strong
interaction between FWA 351 and BBC-400. These
characteristic peaks of FWA 351 disappeared in the FT-IR
spectrum of the recovered BBC-400, confirming that FWA
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Fig. 8 Effects of various parameters on the degradation of FWA 351: (a) FWA 351 concentration, (b) dosage of the photocatalyst, (c) pH and (d)

anions.
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351 was removed by effective degradation rather than by
surface adsorption of the material.

3.4 Effects of reaction conditions on the degradation of FWA
351

Fig. 8 shows the influence of various operating parameters
on the removal of FWA 351 by BBC-400 under simulated
sunlight irradiation. As shown in Fig. 8a, photolysis in the
absence of a photocatalyst resulted in only a slight reduction
in the concentration of FWA 351. The reason may be due to
the chemical reaction of the C=C bonds in the structure
under light irradiation, but the aromatic ring-opening is
difficult. To further verify the conclusion, the TOC values of
FWA 351 before and after photolysis were measured, and the
results showed that the mineralization was negligible (1.6%,
6 h). Nevertheless, when a small amount of catalyst (0.25 g
L™") was added, the removal efficiency for FWA 351 was
significantly improved, indicating that photocatalysis was the
main reason for the decrease of the concentration of FWA
351. With the increase of catalyst dosage, the adsorption and
removal efficiency of FWA 351 increased. The reason was that
more photocatalysts could provide more adsorption and
catalytic reaction sites, which were conducive to the
photocatalytic removal of pollutants. When the dosage of the
photocatalyst was 0.5 g L', satisfactory removal efficiency
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Fig. 9 (a) Reuse of BBC-400 in removing FWA 351; (b) XRD patterns and (c) SEM images of BBC-400 before and after four cycles of reuse.
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could be achieved. Further increasing the dosage of BBC-400
did not significantly improve the degradation efficiency due
to the fact that excessive photocatalyst would increase the
light scattering and reduce the effective utilization of light.
Considering the application cost, the optimal dosage of the
photocatalyst was determined to be 0.5 g L. The effect of
the concentration of FWA 351 on the removal efficiency is
shown in Fig. 8b. It could be seen that BBC-400 had a robust
ability to degrade FWA351 even at higher concentration (20
mg L', 30 mg L"), and the degradation efficiency reached
77% and 48% within 4 h, respectively. At lower concentration
(5 mg L), FWA 351 could be completely degraded within
2 h.

The influence of pH on the degradation of FWA 351 was
investigated. As seen in Fig. 8c, in the range of pH 5.0-9.0,
the degradation efficiency increased with the decrease of the
pH value. The reason was that the pH value affected the
photocatalytic activity in different ways. For instance, the pH
value not only affected the surface charge properties of the
photocatalyst in solution, but also determined the existing
forms of the target pollutant, which ultimately affected the
adsorption capacity of the photocatalyst for the target
pollutant and the subsequent interfacial reaction. The
measured zeta potential (-36.1 eV) indicated that the surface
of the Bi/B-Bi,Oz;@carbon composite photocatalyst was
negatively charged. In addition, since FWA351 is a derivative

(b)
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of sodium sulfonate, its pK, value is as low as —-0.92,*
indicating that FWA351 exists in the form of an anion under
the experimental conditions. Therefore, FWA351 had the
same charge properties as BBC-400, and there was
electrostatic repulsion between BBC-400 and FWA351. As the
pH value increased from 5.0 to 11, the electrostatic repulsion
was enhanced, resulting in a significant decrease in the
adsorption of the target substance, which was one of the
important reasons for its poor pollutant removal efficiency at
a higher pH value. In addition, holes could oxidize hydroxyl
radicals to form hydroxyl radical active substances. The
formation of hydroxyl radical was also affected by the pH
value. It should be noted that when the pH value was
adjusted to 3.0, the characteristic peak of FWA 351 at 348 nm
completely disappeared after dark adsorption. Since FWA 351
was stable in acid media, it could be concluded that the
decrease of the FWA 351 concentration in the dark
adsorption stage was due to the adsorption rather than the
decomposition of FWA 351. However, a new absorption peak
appeared at 251 nm after illumination, and the peak intensity
increased gradually with the extension of illumination time.
The reason was that FWA 351 adsorbed on the catalyst
surface was degraded and the resulting intermediates were
further desorbed into the solution. In particular, common
anions in water had little effect on the photocatalytic reaction
process (Fig. 8d), indicating that the BBC-400 photocatalyst
had excellent anti-interference ability for the degradation of
FWA 351.

3.5 Reusability and stability

To further evaluate the stability and reusability of the
material, the recycling tests were performed. The BBC-400
powder was recovered after the photocatalytic reaction and
reused four times. The result showed that the
photocatalytic activity of BBC-400 was only slightly reduced,
and 83% of FWA 351 was removed after four consecutive
cycles (Fig. 9a). The mineralization efficiencies for FWA-351
during the recycling were measured, and the results are
shown in Fig. S2.f It could be seen that the mineralization
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efficiency for FWA351 of the first three cycles exceeded
56.7%, and mineralization efficiency dropped to 25.7% after
the fourth cycle. The loss of photocatalysts caused by the
recovery process and the partial occupation of active sites
by small molecular intermediates that were not mineralized
in time may be the main reasons for the significant
decrease in mineralization efficiency after the fourth cycle.
In addition, XRD and SEM images of fresh and the
recovered BBC-400 showed no remarkable change in the
material (Fig. 9b and c), indicating that the Bi/B-Bi,-
O;@carbon photocatalyst prepared had excellent stability
and durability for reuse. In addition, considering the risk
of secondary contamination caused by the release of the
metal ions from the photocatalyst, the leaching of bismuth
ions were investigated. After exposure to light for 2 h, 4 h
and 6 h, respectively, the photocatalyst particles were
removed with 0.22 um ANPEL polyethersulfone membrane
filters (China), and the bismuth ions in the supernatant
were analyzed by ICP-MS. The results showed that no
bismuth ions were detected in the samples, which proved
that the Bi/B-Bi,O;@carbon photocatalyst prepared in the
present work had satisfactory stability. These further
confirm that the Bi/B-Bi,O;@carbon photocatalyst had good
practical application prospect.

3.6 Photocatalytic mechanism

3.6.1 Photoelectric  performance evaluation. The
photocurrents were measured to explore the mechanism of
promoting the performance of the materials. Fig. 10a shows
that with the increase of atmosphere switching temperature,
the photocurrent density first increased and then decreased,
and BBC-400 exhibited the highest photocurrent density. In
addition, the smallest Nyquist semicircular diameter of BBC-
400 and BBC-600 in electrochemical impedance spectroscopy
(EIS) also confirmed their lowest charge transfer resistance
(Fig. 10b), which meant rapid charge transfer and high
current density.>® It was worth noting that although the
impedance of BBC-600 was similar to that of BBC-400, the
photocurrent density of BBC-600 was significantly lower than
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Fig. 10 (a) Photocurrent responses and (b) EIS Nyquist plots of CAU-17, BBC-air and Bi/B-Bi,Os@carbon photocatalysts.

1510 | Environ. Sci.: Nano, 2025, 12, 1501-1514

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4en00973h

Published on 19 dekabr 2024. Downloaded by Fail Open on 23.07.2025 08:26:06.

Environmental Science: Nano

that of BBC-400. The reason was related to the different
contents of the crystal phase structure and component in
the photocatalysts obtained at different atmosphere
switching temperatures. For instance, with the increase of
the initial atmosphere switching temperature, the content
of metal bismuth first increased and then decreased,
while the amount of carbon and Bi,O; gradually decreased
and increased, respectively. When the temperature was 400
°C, the obtained BBC-400 contained metal bismuth,
B-Bi,O; and carbon components, and the composition
proportion achieved was the best under these conditions.
The best performance was attributed to the improved
visible light utilization resulted from the reduced bandgap
of Bi/B-Bi,Os;@carbon and the surface plasmon resonance
effect of bismuth metal, as well as the facilitated
interfacial electron migration and charge carrier separation
through multi-interface transfer paths. However, when the
temperature was increased to 600 °C, metal bismuth and
carbon in the material were completely oxidized, and the
above-mentioned synergistic effects were significantly
weakened. In addition, the lowest peak PL intensity
confirmed that BBC-400 had the lowest electron/hole
recombination (Fig. S3f), which was related to the
effective separation and transfer of charge carriers through
multi-interface paths formed by carbon, metallic bismuth
and bismuth oxide. In addition, the high activity B-Bi,O;
formed in BBC-600 was responsible for the higher
photocurrent of BBC-600 than that of the BBC-air
sample.”

3.6.2 Identification of active substances. The active
substances of the photocatalytic reaction were determined by
trapping  experiments.  Herein, @ EDTA-2Na,  AgNO;,
p-benzoquinone (BQ) and isopropanol (IPA) separately acted
as trapping agents for holes (h*), electrons (e7), superoxide
radicals (-O, ) and hydroxyl radicals (-OH). In addition,
because the amount of the capture agent added has a large
effect on the photocatalytic reaction, the amount of
scavengers added was set at the same level (1 mmol L") to
make a reliable comparison. Fig. S41 shows that the
inhibition sequence of trapping agents on the degradation of
FWA351 was EDTA-2Na > BQ > AgNO; > IPA, indicating that
the effect of active substances on the degradation of FWA 351
was as follows: h* > .0, > -OH.

The previous characterization results indicated that
B-Bi,O; was the main component of the composite
photocatalyst, and its more positive valence band endowed
the holes with superior oxidation ability. Therefore, it could
oxidize pollutants either directly through hole oxidation or
indirectly through hydroxyl radicals produced by hole
oxidation of water molecules and hydroxyl ions. In addition,
the low concentration of OH in natural water and its
competitive adsorption with FWA351 could explain the
reasons for the relatively small amount of hydroxyl radicals.
Furthermore, the precious metal-like properties of bismuth
in the photocatalyst accelerated the migration of electrons
from the conduction band of B-Bi,O; to Bi, and further

This journal is © The Royal Society of Chemistry 2025
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reduced O, in water to produce -O, . To elucidate the
photocatalytic mechanism theoretically, an empirical method
was further used to calculate the band structure of the
material. From the previous analysis, it could be inferred that
the composition of BBC-500 was almost pure B-Bi,Oz, so
representative  BBC-500 was selected for the calculation.
According to the empirical equations: Eygy = X — E€ + 0.5E,,
Ecg = Evg — E,. Herein, X is 5.957 eV for B-Bi,0;. E€ is 4.5 eV.
E, is 2.44 eV for B-Bi,O;. Therefore, the Eyg and Ecp of
B-Bi,O; were 2.67 eV and 0.23 eV, respectively. Because the
Ecp of B-Bi,O;3 (0.23 eV) was significantly positive compared
to the redox potential of -0, /O, (-0.33 eV),? it was inferred
that the generation of -O,” was due to the plasma resonance
effect of metal bismuth. In addition, the Eyg of B-Bi,O;5 (2.67
eV) was obviously more positive than the redox potential of
-OH/OH™ (1.99 eV),** which confirmed that B-Bi,O; has a
strong ability to oxidize OH to produce -OH.

3.6.3 Proposed photocatalytic mechanism. According to
above results, the mechanism of the photocatalytic
degradation of FWA 351 by the Bi/p-Bi,Oz@carbon
photocatalyst was proposed. As depicted in Scheme 2, FWA
351 adsorbed on the carbon skeleton reacted with the holes
of pB-Bi,O;, superoxide radicals produced by electron
reduction of oxygen molecules on Bi components, and a
small amount of hydroxyl radicals, respectively. These
electron-deficient active species attacked the FWA351
molecule, resulting in the breaking of C=C bonds and the
opening of the aromatic rings, and ultimately completely
mineralizing into carbon dioxide, water and inorganic salts.
The multiple functions of each component and their
synergistic interactions could explain the enhancement of
photocatalytic activity. For instance, the C-frame in the Bi/B-
Bi,O;@carbon photocatalyst not only enhanced the
adsorption of target pollutants, but also promoted the
separation and transfer of electrons. Moreover, the surface
plasmon resonance effect of bismuth metal endowed it with
a dual function of promoting visible light absorption and
carrier separation. The deep valence band location of the
Bi,O; photocatalyst contributed to the direct hole oxidation
and the indirect oxidation of hydroxyl radicals to degrade
pollutants.

CB=0.23¢V
B-Bi, 04
VB=2.67eV"

FWA 351 co, H,0

Scheme 2 Schematic diagram for the degradation of FWA 351 by the
Bi/B-Bi,Oz@carbon photocatalyst.
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4. Conclusion

In summary, the Bi/B-Bi,Os@carbon photocatalyst was
successfully prepared by MOF pyrolysis, and the crystal phase
structure and components in the composite photocatalyst
were easily regulated by simply switching the atmosphere
when cooled to different temperatures. The strategy reported
here has the advantages of easy operation, low energy
consumption and environmental friendliness, through which
problems such as difficult preparation, insufficient
photoresponse range and unsatisfactory electron migration
of metastable B-Bi,O; were effectively solved. It was found
that the optimal photocatalyst BBC-400 could completely
remove FWA 351 (10 mg L") in water within 4 h, and the
mineralization efficiency reached 60% in 6 h. The
enhancement of activity was attributed to the synergistic
effects of improved visible light utilization resulted from the
reduced bandgap of Bi/B-Bi,Os/carbon and the surface
plasmon resonance effect of bismuth metal, as well as the
facilitated interfacial electron migration and charge carrier
separation  through  multi-interface  transfer  paths.
Furthermore, 83% FWA 351 could be degraded after four
consecutive cycles. The high activity, excellent stability and
recyclability of Bi/B-Bi,Oz;@carbon confirmed its potential for
future application in wastewater treatment.
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