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Covalently bonded bridging between different semiconductors is a remarkable approach to improve the
transfer of charge carriers at interfaces. In this study, we designed a ternary heterojunction (MBG)
combining of molybdenum diselenide (MoSe;), black phosphorus nanosheets (Bpn) and graphitic car-
bon nitride (GCN). Among this MBG of MoSe;/Bpn/GCN, (i) the covalently bonded bridging effect be-
tween Bpn/GCN facilitates directional charge carrier transfer, meanwhile (ii) a Z-scheme heterojunction is
formed between MoSe,/GCN to enhance the separation of photogenerated carriers. Furthermore, (iii) this
composite exhibits an increased absorption for visible light. Using this MBG, photocatalytic degradation
of over 98% of moxifloxacin is achieved within 20 min, with O,*~ confirmed as the primary photocatalytic
active species. These findings provide novel insights into the construction of efficient heterojunction by
covalently bonded bridging.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The escalating global population has led to the wide use
of antibacterial medicines in aquaculture, animal husbandry, and
healthcare [1,2]. Among these medicines, moxifloxacin (MOX), clas-
sified as a fluoroquinolone, garners significant attention due to
its remarkable antimicrobial activity against a broad spectrum of
microorganisms, including Gram-positive, Gram-negative, anaero-
bic, and atypical strains [3-5]. However, MOX exhibits poor degra-
dation within the animal body, resulting in the majority of the
compound being excreted in its unaltered form [6]. Once arriv-
ing at the wastewater treatment plants, conventional treatment
processes commonly encounter challenges in effectively degrading
MOX, leading to the release of MOX, posing substantial ecologi-
cal risks and threats to human health [7,8]. Therefore, it is cru-
cial to find suitable treatment to remove MOX from wastewater.
Currently, among various water treatment technologies [9,10], pho-
tocatalysis has gained much attention as it can use economic so-
lar energy and exhibit high removal efficiency of fluoroquinolones
[11-13].

In photocatalytic process, the property of the photocatalysts
play a crucial role in determining the photocatalytic efficiency [14].
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Metal-free graphitic carbon nitride (g-C3Ny4), with its non-toxicity,
suitable band structure and stable physicochemical properties [15],
is considered a potential material for photocatalytic treatment of
wastewater, compared to metal oxygen/sulfide semiconductor ma-
terials such as titanium oxide (TiO,) and chromium sulfide (CrS)
[16-19]. However, the photocatalytic performance of g-C3N4 needs
improvement due to its poor inherent conductivity and high re-
combination of photogenerated electron-hole pairs [20,21]. Unfor-
tunately, the traditional modified approach may cause undesirable
m-m stacking during synthesis, hindering the separation of photo-
generated carries [22]. Previous research suggests that heterojunc-
tion construction by loading other semiconductor materials onto
g-C3Ny is a feasible approach [23,24]. Recent studies have found
that metal selenides are superior to metal sulfurs/oxides in con-
ductivity due to the certain metallicity of selenium (Se) element
[25,26]. Molybdenum diselenide (MoSe;), for instance, possesses a
narrow band gap that enables efficient absorption of a broad range
of sunlight. Previous studies have found that MoSe, can serve as
a reservoir for photogenerated electrons in heterojunction photo-
catalysts [27,28], with its energy band position well-suited for re-
ducing dissolved oxygen in water and generating free radicals [29].
For example, in order to enhance the photogenerated carrier sep-
aration efficiency of g-C3Ny4, Zhang et al. synthesized an all-solid
Ag3P0,4/g-C3N4/MoSe, ternary photocatalyst. Herein, MoSe, plays
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Fig. 1. (a) TEM image and (b) HRTEM image of MBG, (c) C 1s and (d) N 1s XPS spectra of GCN and MGB, (e) P 2p XPS spectrum of MBG, (f) ESR spectra of GCN, MG, BG

and MBG.

a critical role as the electron transfer mediator, facilitating rapid
electron migration between heterojunctions [30]. Similarly, black
phosphorus nanosheets (Bpn) can serve as cocatalysts to modify
g-C3N, substrate due to their tunable energy band structure, fast
charge transfer and broad light absorption ability. The formation
of heterojunctions can regulate the electronic band structure on
the surface of the complex, enhance the light absorption ability
and photogenerated charge separation [31-33]. However, the load-
ing black phosphorus through van der Waals force or electrostatic
interaction cannot provide a direct interface contact, resulting in
larger energy barriers for charge transfer between heterojunction
interface [34,35]. Therefore, it is crucial to design an effective path-
way for interface charge transfer across the heterojunctions.

In this study, we employed a pre-polymerizing method to syn-
thesize g-C3N4 and successfully constructed g-C3Ny4-based ternary
heterojunctions that are rich in N-vacancies (Supporting informa-
tion). Material characterization revealed that Bpn was directly con-
nected to N atoms in g-C3N4 (GCN) through a P-bridging, form-
ing N-vacancies, promoting visible light absorption and charge
carrier transfer at the heterojunction interfaces. Simultaneously,
a Z-scheme heterojunction was formed between MoSe, and
GCN, enhancing the separation of photogenerated carriers. Conse-
quently, the degradation performance of this ternary composite,
MoSe,/Bpn/GCN (MBG), for MOX was significantly improved un-
der the visible light irradiation. Finally, the mechanism of photoin-
duced MOX degradation by MBG was elucidated.

The morphology and structure of MBG nanocomposites were
investigated by transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM). Fig. 1a de-
picts a three-dimensional coral-like porous structure of MBG,
which can facilitate the interaction between the substrate and the
active sites on the photocatalyst surface during catalysis. Fourier
transform infrared spectroscopy (FTIR) results (Fig. S1 in Support-
ing information) reveal the presence of a typical broad peak rang-
ing from 1200 cm~! to 1700 cm~!, corresponding to the stretch-
ing modes of C-N and C=N heterocycles [36]. Additionally, the in-
tense peak at 810cm~! is attributed to the tri-s-triazine ring mode
[37]. Similar absorption peaks observed in all samples suggest the
preservation of the basic framework of GCN during the synthe-
sis process. HRTEM image presented in Fig. 1b displays that lat-
tice stripes with spacing of 0.32nm and 0.34 nm, corresponding to
MoSe, (004) crystal plane and Bpn (021) crystal plane, respectively
[18,38]. This observation confirms the successful construction of a
ternary heterojunction comprising MoSe,, Bpn and GCN. Further-
more, Fig. S2 (Supporting information) demonstrates the uniform

distribution of C, N, Mo, Se, P elements in the energy dispersive x-
ray spectroscopy (EDS) elements mapping images. The morphology
and structure of MBG nanocomposites have significant implications
for their potential applications in photocatalysis.

X-ray photoelectron spectroscopy (XPS) was employed to deter-
mine the elemental composition and surface chemical state of the
composites. Fig. S3 (Supporting information) exhibits the elemen-
tal spectra of GCN and MBG, displaying clear peaks of C, N and
0. Nearly no signal of Mo, Se, and P is observed due to their low
concentrations in the samples. In C 1s XPS spectra (Fig. 1c), the
peaks at 288.2, 286.6 and 284.8eV in both GCN and MBG corre-
spond to N-C=N in the GCN framework, NHy (x = 1, 2) at the edge
of heptazine unit, and standard C-C, respectively [39]. Similarly, in
N 1s XPS spectra (Fig. 1d), MBG exhibits peaks similar to those of
GCN, where the peaks at 398.5, 399.5, 401.0 and 404.5eV are at-
tributed to C-N=C (Ny(), tricoordinate nitrogen (N3c), amino group
(N—Hy) and positively charged heterocycle, respectively [40]. As
shown in Fig. S4 (Supporting information), the peaks of 130.5eV,
131.3eV and 135.2eV correspond to P 2p;p, P 2py), and oxidized
phosphorus of the P element in Bpn, respectively. Similarly, the
peaks of P 2p;;; and P 2p;j, are located at the same position in
MBG (Fig. 1e), implying the basic composition of Bpn in MBG is
maintained. The peaks at 133.3 and 134.4eV represent P-N and
P=N bonds, respectively, indicating that Bpn is connected to GCN
through a P-bridging [18,41]. Furthermore, the presence of electron
spin resonance (ESR) signals at g = 2.002 in Fig. 1f indicates the
existence of N-vacancies resulting from the surface defects of N in
GCN. The ESR signal of N vacancies in MBG is stronger than those
in Bpn/GCN (BG), MoSe,/GCN (MG) and GCN, revealing the forma-
tion of abound covalent bonds when the heterostructure involving
GCN, MoSe, and Bpn is constructed [42,43]. The N-vacancies can
effectively adjust the band structure of g-C3N4, improve the ability
of visible light capture, and increase the number of surface-active
sites, thereby improving the photocatalytic performance [44,45].

As shown in Fig. 2a, the photocatalytic degradation of MOX by
MBG was significantly enhanced compared with GCN, MG and BG.
The optimal photocatalytic activity of MBG was observed when the
addition of MoSe, and Bpn was 5mg and 10 mg, respectively (Figs.
S5a and b in Supporting information). Over 98% of MOX are re-
moved in water under visible light irradiation within 20 min by
MBG, whereas GCN only achieves ~31%. Furthermore, the pseudo-
first-order kinetics curves (Fig. 2b) illustrate the relative photocat-
alytic degradation activity as follows: MBG > MG > BG > GCN,
and the reaction rate constant of MBG (~0.196 min—!) is about 6.3
times than that of pure GCN (~0.031 min~!). This remarkable im-
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Fig. 2. (a, b) Photocatalytic performance and corresponding first-order kinetics curves of prepared photocatalysts. (c) UV-vis diffuse reflectance spectra (DRS) of MoSe,, Bpn,
GCN and MBG, (d) EIS spectra of GCN, MG, BG and MBG, (e) photocurrent response of GCN, MG, BG and MBG, (f) PL spectra of GCN, MG, BG and MBG.

provement in photocatalytic degradation indicates the formation of (@) 10 (b) Dark
heterojunction structure among MoSe,, Bpn and GCN, rather than -~ Irradiated
a simple physical mixture. Compared to previously reported pho- o8 E
tocatalysts (Table S1 in Supporting information), the synthesized { " control £ Loadd LEGEL H
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ement, indicating that metal leaching is negligible in the solution.
Furthermore, to assess the reusability of MBG, we conducted cycle
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experiments. After 10 photocatalytic experiments (Fig. S6 in Sup- . Trradiated .
porting information), MGB remains higher photocatalytic efficiency, z A A z
indicating its excellent stability. z By =4 P—

The optical characterization of the material reveals that the ad- 5 V B { O 5 - - 7 .
dition of Bpn and MoSe, causes a red-shift the absorption edge = V = :
of MBG relative to GCN, enhancing the absorption of MBG in cox e

the visible light range, as shown in Fig. 2c. Moreover, Kubelka-
Munk function plot (Fig. S7 in Supporting information) reveals that
the band gaps (Eg) of GCN, Bpn, and MoSe, are calculated to be
~2.66, ~0.70 and ~1.58 eV, respectively [46,47]. The semiconduc-
tor material charge transport properties were observed by electro-
chemical impedance spectroscopy (EIS). The Nyquist arc radius of
MBG in Fig. 2d shrinks, indicating that the loading of MoSe, and
Bpn on the GCN can benefit the effective transfer and separation
of photogenerated carriers. Furthermore, the transient photocur-
rent response of the samples was determined under the irradia-
tion of visible light. As shown in Fig. 2e, the current density gen-
erated by the ternary heterojunction MBG is significantly higher
than that of GCN, indicating that MBG can increase the light ab-
sorption ability and reduces the re-combination of photogenerated
carriers. This observation is further supported by photolumines-
cence (PL) spectra (Fig. 2f), where MBG presents the lowest signal
intensity among the samples. The aforementioned photoelectron-
performance proves that introduction of Bpn and MoSe;, into GCN
can improve the absorption of visible light. In addition, due to
the excellent conductivity of Bpn and MoSe,, the electron trans-
fer ability of the ternary heterojunctions is improved. More impor-
tantly, the formation of heterojunctions restricts the recombination
of photogenerated charges, ultimately improving the photocatalytic
performance.

To determine the active components generated during photo-
catalysis, various active trapping agents were employed, including

324.0 324.2 3244

Magnetic field (mT)
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Fig. 3. (a) Photocatalytic trapping experiments. (b, c¢) ESR spectra of DMPO-0,"~
and TEMPO-h*. (d) valence band (VB) XPS spectra of GCN, Bpn and MoSe,.

isopropanol (IPA), p-benzoquinone (BQ), disodium edetate (EDTA-
2Na), L-histidine, and AgNOs3, which act as active traps for hy-
droxyl radical ("OH), superoxide radical (O,"~), hole (h™), singlet
oxygen (10,), and electron (e~), respectively. As shown in Fig. 3a,
the inhibitory effect of BQ on the photocatalytic degradation of
MOX suggests the crucial involvement of O,"~ in the photocat-
alytic degradation. Moreover, the characteristic signals in the ESR
spectra in Figs. 3b and c obviously changes under the light irradi-
ation, confirming that these active species are formed over MBG.
The basic reaction formulas (Eqgs. S1-S4 in Supporting information)
involved are shown in the Supporting information [48,49]. Addi-
tionally, to clarify the energy band structures of the three semi-
conductors, the valence band (VB) values of GCN, Bpn, and MoSe,
were obtained based on the VB XPS spectra, respectively. As illus-
trated in Fig. 3d, the VB values of GCN, Bpn and MoSe, are ~2.24,
~1.05 and ~0.63 eV, respectively. By employing the calculation for-
mula: Eg = Eyp - Ecp, the conduction band (CB) values of GCN, Bpn,
and MoSe, were determined to be —0.42, 0.35, and —0.95¢eV, re-
spectively. These results provide valuable insights into the active
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Fig. 4. Schematic diagram of MOX degradation mechanism over MBG.

components generated during photocatalysis and the energy band
structures of the three semiconductors, which are critical for un-
derstanding the photocatalytic mechanism of MBG.

Based on the aforementioned results, we have inferred the
mechanism of photocatalytic degradation as illustrated in Fig. 4.
Bpn and GCN are characterized as p-type and n-type semiconduc-
tors, respectively, resulting in the rearrangement of energy band
positions to form p-n junctions [50,46]. The narrow band gap
of Bpn facilitates the excitation of electrons upon light exposure,
causing them to transfer rapidly to the CB of GCN through the
covalent bond between P and N atoms. This process leads to the
reduction of oxygen in water, generating O,°~ and facilitating the
MOX degradation. Furthermore, the formed Z-scheme heterojunc-
tion between GCN and MoSe, allows photoinduced electrons to
migrate to the VB of MoSe, and recombine with h*, leaving the
photogenerated electrons in the CB of MoSe, for the reduction of
0, to produce 05"~ (—0.33eV). N-vacancies also serve as electron
traps to enhance the separation of the photogenerated carriers on
the GCN surface [41,51], leading to the oxidation of adsorbed MOX
by h* in the VB of GCN.

Finally, the possible intermediates during the photocatalytic
degradation of MOX were analyzed by a liquid chromatograph-
mass spectrometer (LC-MS). Based on the identified intermediates
(Figs. S8-S13 in Supporting information), two possible pathways
are proposed (Fig. S14 in Supporting information). Pathway I: Un-
der the reaction of O,*~ in solution, the fluorine of MOX is re-
placed with —OH, and O,"~ adds hydrogen to the piperazine ring
to form P1. Finally, theses intermediates are mineralized into small
molecular substances, CO, and H,0. Pathway II: Hydroxyl addition
occurs on the piperazine ring, generating P2. Following deacidi-
fication, cleavage, removal of cyclopropane from the naphthalene
ring, as well as decarbonylation and dimethoxy reactions, P3 is
formed. By cleavage of the piperazine ring, P2 is converted into P4,
which further converts to P5. These intermediates are further de-
composed into P6 and eventually result in mineralization of small
molecules, CO, and H,O0.

In summary, ternary heterojunctions of MBG containing p-n
junctions and Z-schemes were successfully synthesized. Among
MBG, Bpn and GCN are connected through the covalent bond be-
tween P and N atoms, which facilitates the transfer of photogen-
erated electrons from Bpn to the CB of GCN. Meanwhile, the Z-
scheme heterojunction between MoSe, and GCN inhibits the re-
combination of photogenerated carriers. As expected, MBG exhibits
an impressive removal of over 98% for MOX within 20 min under
visible light irradiation, with a rate constant of 6.3 times higher
than that of the pristine GCN. In addition, O,*~ produced by pho-
togenerated electron reduction is identified as the primary pho-
tocatalytic active species responsible for MOX degradation. This

Chinese Chemical Letters 35 (2024) 109453

research holds significant potential for the advancement of efficient
heterojunctions in photocatalysis through covalently bonded bridg-
ing.
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