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HIGHLIGHTS

e A novel Z-scheme heterojunction g-
C3N4/CQDs/FeVO4 (CCF) was
synthesized.

e The CCF is used to activate perox-
ymonosulfate to Levofloxacin (LFX)
photodegradation.

e CQDs play a vital role in the enhance-
ment of the photocatalytic performance
of CCF.

e The Z-scheme transmission mechanism
of CCF facilitates the photodegradation
of LFX.
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GRAPHICAL ABSTRACT

A novel Z-scheme g-C3N,/CQDs/FeVO, heterojunction photocatalyst was synthesized via microwave-
assisted hydrothermal method and utilized for the photodegradation of Levofloxacin (LFX) via perox-
ymonosulfate activation.
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ABSTRACT

Currently, it is still a significant challenge for photodegradation of the emerging pollutants using g-C3N4 (CN)
due to their interior visible light responsibility and rapid recombination of e /h". Herein, a novel Z-scheme g-
C3N4/CQDs/FeVO4 (CCF) photocatalyst was synthesized by initially preparing hollow tubular g-C3N4/CQDs (CC)
and then anchoring FeVO4 on CC. The morphology, structural composition and photoelectrochemical perfor-
mance of the CCF were investigated by comprehensive characterization such as FT-IR, XPS, XRD, SEM and
photoelectrochemical performance tests. The CCF shows superior photodegradation capability toward LFX via
activation of peroxymonosulfate (PMS), resulting in a photodegradation efficiency ~ 97.3 % in the optimal
conditions. Apart from the strengthened light responsibility, improved BET specific surface area and porous
texture of CCF, the improved photodegradation properties can be ascribed to the formed Z-scheme hetero-
junction between CC and FeVOy4, which can ameliorate the separation efficiency of e /h™ and accelerate their
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transfer rate. The addition of CQDs can also serve as a channel for promoting the rapid transfer of photo-
generated e /h*. The photodegradation processes of LFX including generation of reactive oxygen species (ROS)
and removal pathways were systematically explored by using radical capturing assays, electron spin resonance
(ESR) tests and liquid chromatography-mass spectrometry (LC-MS) techniques. To sum up, this study provides an
innovative method for regulating the photocatalytic activity of g-CsN4 via constructing Z-scheme hetero-
structures and incorporating CQD to degrade emerging contaminants.

1. Introduction

In the modern medical field, antibiotics are indispensable for the
treatment of diseases in both humans and livestock [1]. However, their
release into aquatic ecosystems has led to serious environmental
pollution and ecological risks due to large-scale production, incomplete
metabolism within the body and insufficient treatment methods [2,3].
Levofloxacin (LFX), a widely utilized fluoroquinolone antibiotic, is
commonly found in surface water, drinking water and sewage, which
raises significant concerns due to its potential risks to human health and
aquatic ecosystems [4]. It is quite emergency for developing
high-efficient removal technology to degrade the antibiotic contami-
nants [5]. In recent decades, considerable efforts have been focused on
the conventional wastewater treatment (CWT) technologies including
biological processes, osmosis, precipitation and adsorption due to their
well-established technology and straightforward application [6,7].
However, the efficacy of CWT technologies in removing LFX effluent is
often compromised owing to their high microbial toxicity together with
stubborn molecular structure. On a contrary, advanced oxidation pro-
cesses (AOPs) such as electrocatalysis, catalytic wet oxidation, photo-
catalysis and ozonation technology, hold promise for the mineralization
of notorious antibiotic contaminants [8,9]. This can be mainly domi-
nated by the highly oxidation reactive radicals including superoxide
(0%), hydroxyl radical (-OH) and singlet oxygen (102). Among these,
semiconductor photocatalysis technology has captured massive research
interesting for removing the persistent organic pollutants due to its ef-
ficiency, low cost and environmentally friendly [10]. In this process,
reactive oxygen species (ROS) like-OH, O3 or holes (h™) are typically
responsible for degradation of the contaminants. Particularly, SO ex-
hibits an even higher oxidation potential (~2.5-3.1 V (vs. NHE)), which
has greater advantages for the degradation of pollutants [11].
Commonly, SO7 is produced by activating persulfates such as perox-
ymonosulfate (PMS, HSOs) and peroxydisulfate (PDS, Szog’) [12].
Thus, incorporation of photocatalysis and PMS activation is a promising
approach for removing recalcitrant contaminants [13,14]. Accordingly,
it is quite crucial for developing photocatalyst with robust oxidative
reactivity and strong visible light responsibility to efficiently activate
PMS toward contaminant degradation [15,16].

Recently, graphite-like g-C3N4, a remarkable semiconductor photo-
catalyst with visible light responsibility, has attracted considerable in-
terest across various fields (photocatalysis, electrocatalysis and sensor)
because of its outstanding stability, easy synthesis, and distinctive
electronic performance [17]. However, the synthesis of pure g-C3N4 by
thermally treating the melamine, urea, or thiourea commonly suffers
from undesirable agglomeration, limited photoactive sites and rapid
recombination of the photogenerated charges [18,19]. Thus, it is
essential for meticulously regulating the composition and structure of
g-CsN4 to enhance its photocatalytic performance. Specifically,
morphological regulation and construction of heterojunctions with
other semiconductors are regarded as promising approaches for
improving the photodegradation capability of g-C3N4. Thereby, it is
extremely pivotal for choosing another catalyst with suitable conduction
band (CB) potential values and valence band (VB) to form hetero-
junction with g-CsNy.

Carbon quantum dots (CQDs), a category of zero-dimensional
nanomaterials featured with their small size and unique optical prop-
erties, shows diverse potential applicability [20]. CQDs, since their first

discovery in 2004, has attracted significant interest for various fields
including bioimaging, drug delivery, photocatalysis, and sensor tech-
nology owing to their low cytotoxicity, outstanding biocompatibility,
and convenient synthesis [21-23]. Particularly, CQDs exhibit excep-
tionally superior photocatalytic performance toward refractory organic
pollutants due to its extraordinary conductivity and semiconducting-like
behavior [24,25]. Our previous work confirmed that its distinctive
molecular structure and nanoscale size of CQDs can be utilized to modify
the morphology of the catalyst by controlling its crystallization and
growth processes, thereby enhancing the photodegradation perfor-
mance of the final photocatalyst [26]. Besides, FeVO4 with a bandgap of
approximately 2.0-2.5 eV shows better visible-light responsibility,
which is commonly applied as an accessible photocatalyst for the water
splitting and the degradation of organic pollutants [27]. However, its
photocatalytic performance is commonly influenced by its morphology,
particle size, shape, and surface area, etc [28]. To our knowledge, FeVO4
can be used as a co-catalyst for enhancing the photocatalytic perfor-
mance of another catalyst by constructing a heterojunction [29,30].
Because its band structures (~-0.14 eV for CB, ~ 1.99 eV for VB) of
FeVO4 match well with g-C3N4 (0.06 eV and 2.70 eV), it can be an
available selection for constructing heterojunction with g-C3N4 for
enhancing their photocatalytic properties [31].

Herein, a novel Z-scheme g-C3N4/CQDs/FeVO,4 (CCF) heterojunction
photocatalyst was developed by a two-step strategy involving the use of
CQDs to induce the formation of tubular CC with impregnation coupled
with annealing method and then anchoring of FeVO4 on the surface of
above formed CC by microwave solvothermal method. The obtained
CCF was subjected to a systematic characterization with a series of
techniques, including SEM, TEM, FT-IR, XRD, XPS, photo-
electrochemical measurements, etc. Its photocatalytic properties were
explored by photodegrading the LFX via activation of PMS under xenon
lamp light source (500 W). The optimum photocatalytic performance
was obtained by optimizing the photocatalytic operation parameters
including dosage of applied catalysts, initial concentration of the LFX,
applied concentration of PMS, aqueous pH. Finally, its potential
degradation mechanism and possible degradation routes were eluci-
dated by performing radical capture assays, ESR measurements and LC-
MS analysis. Consequently, this work provides a systematical investi-
gation on the insight about the improvement of photocatalytic property
of g-C3Ny through combination with CQDs and FeVOy.

2. Materials and methods
2.1. Chemicals and reagents
All the utilized chemicals were of analytical grade and could be used

without any further treatment. More descriptions are shown in the Text
S1 (Supplementary Material).

2.2. Preparation of CQDs and g-C3N4

The specific preparation method of CQDs and g-C3N4 monomer can
be found in the Text S2 (Supplementary Material).

2.3. Preparation of g-C3N4/CQDs (CC)

The CC was prepared and optimized according to a previous method
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Fig. 1. (a) Schematic representation of synthesis process for CCF; (b) SEM images of FeVOy; (c) CC and (d) CCF; (e) TEM image of CCF; (f-h) High-resolution

transmission electron microscopy (HR-TEM) images of CCF.

[32]. Typically, 1.0 g of the generated CN precursor (Text S2) and 10 mL
of CQDs solution (1 g-L™1) were mixed and a suitable amount of anhy-
drous ethanol was added. The mixture was placed into a round-bottom
flask and then transferred to a rotary evaporator for evaporation. The
collected powder-like product was calcined at 500 °C for 2 h under Ny
atmosphere to obtain CC.

2.4. Preparation of g-C3N4/ CQDs/FeVO4 (CCF)

The g-C3N4/CQDs/FeVO4 (CCF) was prepared utilizing a simple
microwave-assisted hydrothermal method. Initially, 1.0 mmol of
FeCl3-6 HoO was dissolved into 50.0 mL of deionized water to form a
clear orange solution (Solution A). Also, 1.0 mmol of NH4VO3; was
dispersed into another 50.0 mL of deionized water and heated to 80 °C
for preparing another solution (Solution B). After that, solution B was
dropwise added to solution A under vigorous stirring, resulting in a
yellow solution. Then, 1.0 g of CC was ultrasonically dispersed into the
precursor solution and stirred continuously. Then, the mixture was
transferred to a microwave digestion vessel and maintained at 180 °C for
60 min in a microwave reactor. The resultant precipitate was gathered
and rinsed repeatedly with deionized water and absolute ethanol. Sub-
sequently, the above-obtained precipitate was dried at 60 °C for 24 h,
followed by grinding with an agate mortar to obtain CCF. Similarly, the
mass ratio of the binary CC to FeVOy in the ternary CCF was optimized
by varying the concentration of the precursor solution ranging from 5:1,
3:1, 3:2, 1:1-1:5 and the resulting catalysts were designated as CCF-5:1,

CCF-3:1, CCF-3:2, CCF-1:1 and CCF-1:5, respectively.
2.5. Photocatalytic degradation experiment

The photodegradation experiments were performed via a photore-
action equipment (BL-GHX-V, China), which was installed with a cir-
culation and cooling mountings to keep a temperature around 25 °C and
a 500 W xenon lamp as the light source to offer continuous energy. For
the photodegradation reaction, 50 mL of LFX solution was added into a
quartz photoreactor and then photocatalysts were uniformly put into the
LFX solution under stirring. Afterward, the solution pH was regulated to
a required value. Before reaction, the suspension was maintained in a
darkness environment for 30 min to attain an adsorption-desorption
equilibrium. Then, PMS solution was added into the suspension and
the photodegradation reaction was initiated by turning on the xenon
lamp. During the degradation stage, 6 mL aliquots were withdrawn at
preset time interval of 30 min and then treated with centrifugation for
removing the residual photocatalyst. Concurrently, 6 mL deionized
water was re-added into the reaction system for remaining a constant
volume. The clear supernatant was gathered for further analysis through
the UV-vis spectrophotometer (TU-1900, China) under the maximum
absorption wavelength. The concentration of residual LFX was
computed with a standard work curve. At last, the degradation effi-
ciency of LFX was assessed based on the subsequent Eq. (1):
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Fig. 2. (a) The XRD patterns and (b) FT-IR spectra of FeVO,4, CQDs, g-C3N4, CC and CCF.

LFX degradation rate (%) = [(Co — C;)/Co] x 100

= [(Ao —A:)/Ao] x 100 (€8]

where Cy and C; denote the concentration of LFX at time 0 and t,
while Ap and A, refer to the absorbance intensities of the solution at time
0 and t, respectively.

Moreover, the photodegradation reaction was examined by utilizing
the pseudo first-order reaction kinetic model, as listed in the Eq. (2):

InC,/Co = —kt @

where k is the apparent rate constant (min ). Cp and C; resemble the Eq.
(1.

Notably, the photodegradation operational parameters were sys-
tematically investigated by changing the initial concentration of LFX
(5 mg-L~! to 40 mg-L 1), the dosage of catalysts (5 mg to 40 mg), the
solution pH (3, 5, 7, 9 and 11), and the utilized amounts of PMS (0.5 mL
to 2.5 mL).

Moreover, the generated intermediates of LFX were explored utiliz-
ing liquid chromatography-mass spectrometry (LC-MS Ultimate, Amer-
ica) technology. The durability of the prepared photocatalysts were
revealed via multiple recycling degradation tests with identical condi-
tion. For each cycle process, the reclaimed photocatalysts was rinsed
with deionized water to remove any residual substances. Additionally,
the recycled photocatalysts were investigated with SEM and FTIR for
consolidating the compositional and structural changes before and after
utilization.

The production of ROS during the photodegradation process was
revealed with free radical trap assay. In the experiment, the adopted
radical scavengers were methanol (MeOH) for trapping hydroxyl radi-
cals (-OH) and sulfate radical (SO%), isopropanol (IPA) for sacrificing
-OH, p-benzoquinone (p-BQ) for consuming the superoxide radical
anion (0%"), L-Histidine (L-His) for scavenging the singlet oxygen (102),
potassium iodide (KI) for detecting surface-bound free radicals, L-
Ascorbic acid (L-AA) for suppressing the general radical and dimethyl
Sulfoxide (DMSO) for scavenging Fe>*. To further elucidating the gen-
eration of ROS, electron spin resonance (ESR) was conducted via 5, 5-
dimethyl-1-pyrrolin-n-oxide (DMPO) as spin trapping agent for
capturing the O3, -OH and SO radicals. Apparently, the free radical
trap assay was performed under the same conditions as the above
photodegradation reaction, with the exception of the inclusion of spe-
cific scavengers.

To reveal the mineralization degree of LFX by CCF, total organic
carbon (TOC) removal rate was calculated according to expression (3):

TOC removal rate = [(TOC, — TOC)/TOC,| x 100% 3

where, TOCy and TOC are the TOC values of fresh and degraded LFX
solution, respectively.

All photodegradation experiments were conducted in triplicate and
the gained results were statistically calculated using the analysis of
variance (ANOVA) method, which are displayed as the average of the
measurements with error bars representing the relative deviation from
this average. The variables were analyzed based on their impact on the
response at a 95 % confidence level, with a significance threshold of
p < 0.05.

2.6. Material characterization and performance testing

More information on material characterization together with the
corresponding performance testing was shown in Text S3 and Text S4
(Supplementary Material).

3. Results and discussion

The preparation process of the ternary CCF is exhibited in Fig. 1a.
The process primarily consists of three steps: (i) Melamine and cyanuric
acid were reacted to form the g-CsN4 precursor at 80 °C. The intro-
duction of CQDs is involved in the self-polymerization reaction of the
precursor, resulting in the formation of the hollow CC binary composite.
(ii) The FeCls-6 H5O as the Fe source and NH4VOs3 as the V source are
introduced into the CC binary composite and thoroughly mixed through
magnetic stirring. (iii) Finally, the FeVO4 is embedded onto the CC
composite via a microwave-assisted hydrothermal method, yielding the
CCF heterojunction photocatalyst.

The morphology and microstructure of the FeVOy4, CC, and CCF
composites were explored using the scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The prepared
FeVO,4 exhibits a nanorod structure with a cross-sectional diameter of
approximately 25-50 nm (Fig. 1b). Fig. 1c presents the SEM image of
CC, where the incorporation of CQDs involved in the self-polymerization
process of the CN precursor, finally altering its crystallization process
and yielding a hollow tubular morphology. After the formation of the
ternary CCF, the nanorod FeVOy either attaches to the surface or in-
tercalates internal the CC matrix, thereby establishing a heterojunction
between the binary CC and FeVO4 (Fig. 1d). The TEM image of CCF was
shown in Fig. 1e, it reveals the co-existence of nanosheets and nanorods,
which correspond to CC and FeVOy, respectively [33]. The conversion of
the hollow tubular CC to nanosheet is attributed to the
ultrasonic-induced effects during the TEM preparation process. How-
ever, the CQDs within both CC and CCF are not identifiable, possibly due
to their small particle size and low concentration within the binary CC
and ternary CCF. The high-resolution TEM (HR-TEM) image of CCF
(Fig. 1f) shows that the lattice spacings of about 0.275 nm aligns with
the (200) lattice plane of g-C3N4 and 0.320 nm correspond to the (112)
lattice plane of FeVOy4 (Figs. 1gand 1h), strongly providing the evidence
for the formation of the CCF heterojunction.
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Fig. 3. (a) The survey XPS spectrum of CCF composite; The high-resolution XPS spectrum of (b) C1s, (c) N 1s, (d) O 1s, (e) Fe 2p and (f) V 2p.

Fig. 2a displays the XRD patterns of the obtained FeVO4, CQDs, g-
C3Ny, CC, and CCF catalysts. The XRD pattern of pure g-C3sN4 shows the
distinct characteristic diffraction peaks at 13.1° and 27.0°, corre-
sponding to (100) and (220) crystal planes, respectively [34]. The
characteristic peaks of FeVO,4 at 27.8°, 30.1°, 41.9°, and 54.7° corre-
spond to the (-210), (-212), (113), and (-314) crystal planes respectively,
which are well coincidence with the results of standard JCPDS (JCPDS
No. 71-1592). We can easily identify the characteristic peaks of FeVO4

and g-C3Ny4 in the XRD pattern of CCF. However, because of the near
overlap of the characteristic peak of the (220) crystal plane of g-CsN4
with the (-210) crystal plane of FeVOy, only a single peak can be
observed. The functional groups of CCF were disclosed through Fourier
Transform Infrared (FT-IR) spectroscopy. The characteristic peak of
g-CsNy at 808 cm ™ is associated with the vibrations of the triazine ring
units (Fig. 2b) [35]. Additionally, all the samples display a broad ab-
sorption peak centered approximately at 3420 cm ™}, which is the O-H
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Fig. 4. (a) UV-vis DRS and (b) Tauc plots of FeVO,, g-C3N4, CC and CCF; (c) N, adsorption-desorption isotherm curves and (d) pore size distribution plots of FeVOy,

g-C3Ny4, CC and CCF.
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bonds stretching vibrations of adsorbed water molecules. Two promi-
nent peaks of FeVO, exhibit at 708 cm™! and 520 cm™?!, which are
linked to the bending vibrations of Fe-O and V-O [36]. Furthermore,
C-N/C=N heterocycles stretching vibrations lead to a series of infrared
peaks in 1200 ~ 1670 cm . For CQDs, the peaks observed at
2937 cm ™! and 2876 cm ™! are attributed to the stretching vibrations of
C-H bonds. The characteristic peak at about 1068 cm™! corresponds to
the stretching vibrations of C-O [37]. Notably, all these peaks observed
in the aforementioned samples are identifiable in the spectrum of CCF.
The combined findings confirm that the CCF composite was synthesized
successfully.

The XPS analysis presented in Fig. 3a reveals the chemical compo-
sition and surface chemical states of CCF. The survey XPS spectrum of
CCF shows that the peaks are associated with C1s,01s, N 1 s, Fe 2p,
and V 2p, indicating that CCF is composed of C, O, N, Fe, and V and
thereby confirming the successful preparation with CQDs, g-C3Ny4, and
FeVO,4. Additionally, the high-resolution C 1 s XPS spectrum reveals that
three characteristic peaks at binding energies of 284.8 eV, 286.3 eV, and
288.6 eV are associated with C-C, C-N, and N-C=N bonds, respectively
(Fig. 3b). The high-resolution N 1 s XPS spectrum reveals that the peaks

at 398.0 eV, 399.1 eV, and 400.5 eV are associated with C-N = C, N-
()3, and N-H bonds in Fig. 3¢. The O 1 s XPS spectrum presents three
peaks at 530.1 eV, 532.0 eV, and 533.3 eV, which are associated with
lattice oxygen, adsorbed oxygen, and surface hydroxyl groups, respec-
tively (Fig. 3d). In Fig. 3e, the peaks at 711.1 eV and 724.8 eV in the Fe
2p XPS spectrum correspond to Fe 2ps 5 and Fe 2p; /5 orbitals of Fe?*
The peaks observed at 713.1 eV and 727.3 eV are attributed to the Fe
2ps,2 and Fe 2p1 / orbitals respectively, associated with Fe3* jons. The
presence of satellite peaks at 719.9 eV and 733.3 eV confirms the
presence of both Fe?* and Fe>* in the CCF heterojunction. In Fig. 3f, the
V 2p peaks at 516.7 eV and 523.9 eV are related to the V 2p3/» and V
2p1/2, confirming the presence of V> in the composite [28]. The XPS
analysis further verifies that g-C3N4, CQDs, and FeVO4 coexist in the
CCF.

Subsequently, the physicochemical properties of the synthesized
photocatalysts were systematically analyzed by UV-vis diffuse reflec-
tance spectroscopy (UV-vis DRS). Pure FeVO4 demonstrates the ability
to absorb visible light, with its absorption edge occurring at ~ 550 nm
(Fig. 4a) [36]. In contrast, CC exhibits a wide absorption spectrum
extending from the UV to the visible region, lacking a distinct absorption
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edge, which is consistent with its inherent brownish-gray characteristic.
Furthermore, CCF demonstrates a broad visible light response ranging
from 200 nm to 700 nm, indicating strong light absorption capability.
The absorption peak of CCF exhibits an apparent red shift ~ 50 nm
compared to pure g-C3Ny, suggesting that CCF has a higher visible light
utilization efficiency and a narrower bandgap. This enhancement
significantly strengthens the photodegradation capability toward
pollutant. The bandgaps (Eg) of the aforementioned photocatalysts were
determined following the Kubelka—Munk equation (aho = A (ho -
Eg)"/ 2), where ho refers to the photon energy, a stands for the absorption
coefficient, Eg denotes the band gap value of semiconductor and A is the
absorption, and n =1 for direct transition and 1/2 for the indirect
semiconductor. The Eg values for FeVO4 and g-C3N4 are 2.13 eV and
2.64 eV, which were obtained by extrapolating the tangent at the band
edges to the coordinate axis (Fig. 4b).

Subsequentially, N2 adsorption-desorption tests were utilized to
analyzing the specific surface area and pore structural properties of the
synthesized samples. As presented in Fig. 4c, all the photocatalysts
including FeVOy, g-C3Ny4, CC, and CCF are classified as typical type IV
isotherms with H3-type hysteresis loops according to the IUPAC classi-
fication system. This suggests the existence of mesoporous structures
within these materials [38]. The specific surface areas of FeVOy, g-C3Ny4,
CC, and CCF were 17.36 m2g~ !, 22.67 m2g~ !, 72.18 m2g~!, and
69.34 m2-g~ L, respectively. Obviously, the CC composite photocatalyst
exhibits the highest specific surface area, indicating that the integration
of CQDs enhances the corresponding structural property. The larger Sggr
of CC not only facilitates pollutant adsorption but also exposes more
active sites. After incorporating CC with FeVOy, the Sggr of the CCF
composite decreased slightly compared to CC, likely due to the attach-
ment of rod-like FeVO,4 on both the exterior and interior surface of the
hollow CC structure. This decrease in Spgr indirectly confirms the for-
mation of heterojunctions between FeVO,4 and g-C3Ny, likely attributed
to enhanced interfacial contact. By comparison, the FeVO4 has the
smallest specific surface area because of its larger particle size.

According to the Barrett-Joyner-Halenda (BJH) method, the pore size
distributions of FeVO,4, g-CsN4, CC, and CCF photocatalysts were
7.71 nm, 21.36 nm, 5.67 nm, and 10.34 nm, respectively, as shown in
Fig. 4d. Although CCF does not possess the largest surface area or
optimal pore structure properties, other factors can still contribute to
CCF having higher photocatalytic performance. Additionally, the
decrease in specific surface area and pore size indirectly confirms the
formation of heterojunctions between FeVO,4 and g-C3N4 mainly due to
the enhanced interfacial contact.

In view of the above investigation on the CCF by comparison with g-
C3Ny, the preparation condition of CCF was optimized by varying the
mass ratio of used CC and FeVO,4 based on the investigation of photo-
catalytic degradation of LFX via PMS activation (Fig. 5a-c). With the
increasing of the mass ratio of CC to FeVOy, the photocatalytic degra-
dation rates of LFX initially increase and then decrease. Notably, when
the mass ratio of CC to FeVO,4 in CCF is 3:1, the generated photocatalyst
(CCF-3:1) exhibits the highest degradation efficiency of 88.9 %. The
photocatalytic degradation rates for catalysts with different ratios (CCF-
5:1, CCF-3:2, CCF-1:1, and CCF-1:5) are 84.8 %, 86.3 %, 64.7 %, and
56.3 %, respectively. Moreover, all the photodegradation processes
follow a pseudo-first-order kinetic process, with degradation rate con-
stant (k) values of 0.00865 min~' (CCF-5:1), 0.01135 min~* (CCF-3:1),
0.00887 min~!  (CCF-3:2), 0.00596 min~'  (CCF-1:1), and
0.00474 min~! (CCF-1:5). Based on these results, CCF-3:1 was selected
as the optimal photocatalyst for further studies. The operational pa-
rameters for the photodegradation of LFX were subsequently optimized
to further enhance the removal efficiency. These parameters included
the initial concentration of LFX, the amount of CCF applied, the solution
pH, and the volume of PMS used. In Fig. 5d, the concentration of LFX
increase from 10 mg-L~! to 50 mg-L "}, the removal rates decrease from
90.3 % to 56.1 %, indicating that the initial concentration significantly
affects the final photocatalytic removal efficiency. There are two
possible reasons: (i) higher initial pollutant concentrations may shield
part of the light from entering the aqueous solution, thereby reducing
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the visible light utilization efficiency; (ii) higher concentration of LFX
solution produces more intermediate products, which can interfere both
the adsorption and degradation. Therefore, 10 mg-L™! of LFX was
selected for subsequent experiments. The k values for the above pho-
todegradation  (Fig. 5e-f) are 0.01393 min~! (10 rng~L‘1),
0.00815 min ! (20 mg-L™Y),  0.00572 min~! (30 mg-L ™),
0.00459 min~' (40 mng’l), and 0.00402 min~! (50 mg~L’1), respec-
tively. Additionally, in Fig. 5g, the optimal dosage of the photocatalyst is
20 mg, achieving the maximum photocatalytic degradation rate of
90.9 %. Lower dosages minor 20 mg results in underutilization of light,
as some of the light passed through the solution without participation on
the reaction. Conversely, an excessive amount of photocatalyst
exceeding 40 mg leads to light obstruction and scattering phenomena.
The pseudo-first-order kinetic model also adequately simulates the
process of photodegradation of LFX, with k values of 0.00741 min!
(5 mg), 0.00939 min? (10 mg), 0.01464 min? (20 mg),
0.01199 min~! (30 mg), and 0.00603 min~! (40 mg), respectively
(Fig. 5h-i).

The impact of aqueous pH on the photocatalytic degradation rate of
LFX (20 mg-L’l) was investigated using CCF (20 mg) to activate PMS
under light. When the pH increases from 3 to 5, the photocatalytic
removal rate significantly increases from 61.3 % to 95.8 % (Fig. 6a),
with k values increasing from 0.0056 to 0.01468 min~! (Fig. 6b).
However, as the pH continue to rise to 7, 9, and 11, the removal rates by
CCF show a marked decreasing trend, dropping to 81.6 %, 42.5 %, and
17.7 %, respectively, with k values significantly decreasing to
0.00974 min~!, 0.00435 min™!, and 0.00129 min~. It is clear that
weakly acidic condition favors for the removal of LFX, while strong
acidic and basic conditions inhibit the photocatalytic reaction. This
observed phenomenon can be explained as follows: when the pH = 3,
PMS mainly exists as HySOs, which is unfavorable for generating highly
active sulfate radical (SOZ). In alkaline conditions, LFX primarily exists
in its anionic form (LFX"), while PMS mainly exists as HSOs and SO%‘.
This results in electrostatic repulsion between LFX and PMS, signifi-
cantly hindering the breakdown of LFX. Additionally, in strongly acidic
condition, the protonation-deprotonation equilibrium of O3 is dis-
rupted, resulting in O3 consumption [39,40]. Conversely, at elevated pH
levels, the SO produced from PMS activation reacts with OH™, con-
verting into eOH, which reduces oxidation capability. Furthermore, a
key degradation mechanism of LFX involves the breaking of the piper-
azine ring. Under weakly acidic conditions, the cationic form of LFX is
more prone to undergo reactions that open the piperazine ring. Thus, the
degradation rate is more significant in the weakly acidic condition.
Consequently, the highest degradation rate approximately 95.8 % can
be gained at the optimal pH ~ 5. Commonly, the concentration levels of
PMS determine the amount of ROS generated. 1 mol-L™! of PMS was
selected as the stock solution in the photodegradation process. In
Fig. 6d, with the dosages of added PMS increasing from 0.5 mL to
1.5 mL, the photocatalytic degradation rate of LFX significantly increase
from 72.9 % to 97.3 %, and meanwhile the k values show a gradual
improvement from 0.0077 min~! to 0.01911 min ! (Fig. 6e), confirm-
ing that an appropriate amount of PMS can promote the photo-
degradation of LFX. However, with the continuous increase of the PMS
dosages to 2 mL and 2.5 mL, the photodegradation rates of LFX are
74.3% and 70.2 % respectively, finally leading to k values of
0.00786 min~! and 0.00664 min~'. This can be reasonably interpreted
by the fact that a small amount of PMS leads to insufficient contact
between ROS and LFX. Furthermore, an overabundance of PMS in the
degradation system interacts with produced electrons and radicals (like
SO7), transforming into a less active radical (such as SO%). This process
results in unfavorable competitive reactions within the degradation
system. Additionally, excess SO may lead to self-quenching, thereby
reducing oxidation capability [41]. To sum up, the optimal dosage of
1 mol-L™! PMS for LFX degradation is determined to be 1.5 mL.

The photocatalytic activity of CCF toward LFX degradation was
evaluated by activating PMS under the optimal operation conditions
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confirmed in above investigations. In Fig. 7a, the photodegradation
toward LFX by pure g-C3N4 and FeVOy are relatively low with removal
rates of 22.3 % and 26.4 % respectively, indicating their limited pho-
tocatalytic activity. For the binary composites, CC exhibits a stronger
degradation rate up to 51.5 %, which can be attributed to its unique
hollow morphology and enhanced conductivity for the photogenerated
charges. This structure offers an enhanced specific surface area along
with additional active sites, consequently improving the photocatalytic
degradation efficiency. The photocatalytic degradation efficiency of
CN/FeVOy is relatively low at 53.6 %, suggesting the creation of a het-
erojunction between g-C3N4 and FeVO,. The CCF ternary system shows
the highest degradation rate reaching approximately 97.3 %. The higher
photocatalytic activity of CCF may be explained to several factors: (i) the
creation of a Z-scheme heterojunction enhances the separation of pho-
togenerated electron-hole (e’/h™) pairs; (ii) CQDs accelerate the sepa-
ration of photogenerated e /h" pairs; (iii) the greater specific surface
area provides abundant reactive sites for the adsorption and catalysis
reaction. Additionally, the photodegradation kinetics of LFX (Fig. 7b)
reveals that all the photocatalytic reactions follow a pseudo-first-order
kinetic. Among these catalysts, CCF possesses the highest k up to
0.02002 min’l, which is 13.8, 10.8, 5.34, and 4.88 times higher than
those of FeVO, (0.00145 min™!), g-CsN4 (0.00185 min '), CN/FeVO,
(0.00375 min 1), and CC (0.00410 min™!), respectively. By comparison
with the previously reported g-C3Ny4-based photocatalysts (Table S1),
CCF still exhibits higher advantages in photodegradation of pollutant.
The reusability of the photocatalysts is extremely crucial for the
practical application. Thus, the stability of the CCF was evaluated by
repeatedly recycling LFX photodegradation for five cycles. After each of
the cycle experiments, the recycled photocatalyst was washed and dried
before the next utilization. In Fig. 8a, the degradation efficiency of LFX
remains at 96.4 % after five cycles, decreasing by only about 3.6 %,
indicating that the CCF photocatalyst possesses outstanding stability and
reusability. The reduction of the photodegradation rate could be
attributed to the mass loss of the photocatalyst during recovery and the
blocking of the reactive sites by the formed intermediates [42]. Mean-
while, the mineralization degree of the LFX was assessed by monitoring
the TOC removal rate during the cycle degradation assay. As illustrated
in Fig. 8a, in the first cycle of the photodegradation experiment, the
CCF-PMS system achieves a notable TOC removal rate up to 63.2 %
toward LFX. After five consecutive runs, the TOC removal rate slightly
drops to 55.8 %, suggesting that CCF has outstanding ability to miner-
alize LFX into inorganic substances. Moreover, during the initial run, the
fact that the TOC removal rate (63.2 %) is lower than the photo-
degradation efficiency (99.6 %) can be ascribed to the generation of
intermediate products. The radical capture assays were performed for
investigating the ROS by adding isopropanol (IPA) for capturing -OH,
methanol (MeOH) for trapping -OH and SOZ~, L-Ascorbic acid (L-AA) for
suppressing the general radical, p-benzoquinone (p-BQ) for consuming
0%, L-histidine (L-his) for scavenging 102, potassium iodide (KI) for
eliminating surface-bound free radicals and dimethy] sulfoxide (DMSO)
for scavenging Fe>*, respectively. As shown in Fig. 8b, without adding
any scavengers, the removal rate of LFX in the CCF-PMS system can
reach 97.3 %. After adding IPA into the degradation system, the
degradation efficiency decreases to 72.4 %. However, with the intro-
duction of MeOH and L-AA solutions, the degradation efficiency declines
to 32.6 % and 11.2 %, respectively. Thus, it can be reasonably inferred
that in the CCF-PMS system for the photodegradation of LFX, SO%™ is the
primary reactive oxygen species (ROS), while -OH is the subordinate
ROS. Upon adding L-his to the solution, the degradation efficiency de-
creases slightly, indicating that !0, makes the least contribution to
photodegradation of LFX [26]. The addition of p-BQ significantly in-
hibits the degradation efficiency, demonstrating that O3 is among the
primary radicals involved in the degradation process. The addition of
DMSO indicates that the high-valent Fe3* also plays a certain role in the
degradation process. In summary, SO3~, O3, -OH, and 10, radicals all
participate in the photodegradation of LFX, the sequence of the action of
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catalysts; The Mott-Schottky curves of (e) FeVO,4 and (f) g-C3Ny.

LFX photodegradation is SO§ > 03 > -OH >'0,. Additionally, when
L-AA is involved into the system, almost no photodegradation reaction
occurs, indicating that ROS can be considered to originate from the
CCF-PMS system. Upon adding KI, the degradation efficiency drops by
roughly 31.0 %, which indicates that radicals participating in the pho-
todegradation process are also generated on the surface of the CCF
binding layer. Overall, the photodegradation of LFX through the
CCF-PMS system is an intricate catalytic reaction that encompasses
various radicals. To further investigate the practical applicability of the
prepared CCF, the photodegradation efficiencies of various contami-
nants including tetracycline (TC), rhodamine B (RhB), aureomycin
(AM), cefalexin (CLX) and ciprofloxacin (CPFX) by CCF-PMS were
collected and evaluated. As shown in Fig.8¢, with an identical irradia-
tion time of 180 min, the obtained degradation efficiencies of CLX, AM,
RhB, TC and CPFX are 37.24 %, 52.60 %, 93.19 %, 50.56 % and
72.36 %, respectively, revealing that the prepared CCF possesses
remarkable universality toward the photocatalytic removal of a variety
of refractory contaminants. The difference of the degradation effi-
ciencies for varied target pollutants can mainly be related to the intrinsic
selectivity of the synthesized photocatalyst and the complexity of the
pollutants. To further assess the stability of the photocatalyst after
recycling, the XRD, SEM and FT-IR of the used CCF were collected. As
illustrated in Fig. 8d-f, the used CCF reveals negligible changes before
and after the five cycles, further proving that CCF has excellent stability
and reusability.

Furthermore, ESR tests provided confirmation of the presence of the
primary ROS (0%, SO%", and ¢OH), in which DMPO was used as the spin-
trapping agent. The CCF system (with no PMS) exhibits four distinct and
consistent peaks with the intensity ratio of 1:1:1:1 under light irradia-
tion, suggesting the formation of the DMPO-03" adduct (Fig. 8g). No ESR
signals were observed under dark as the catalyst does not generate any
radicals without the light [43]. Upon introducing PMS into the CCF
system, the peaks exhibit significant differences compared to the
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previously identified ESR peaks (Fig. 8h). This suggests the simulta-
neous generation of ¢OH and SO3™ radicals in the CCF-PMS system under
light irradiation. Therefore, the ESR test results further confirm that O3,
eOH, and SO are the main ROS responsible for the photodegradation in
the CCF-PMS system.

Photoluminescence (PL) testing serves as an efficient method to
clarify the separation and recombination mechanisms of photo-
generated e/h'. In general, a lower PL intensity in heterojunction
composites indicates that the separation of e’ /h™ pairs is more effective
and recombination is less, finally resulting in better photocatalytic
performance. In Fig. 9a, in contrast to pure g-C3N4 and CC, CCF exhibits
the smallest PL emission peak intensity, manifesting that the recombi-
nation rate of photogenerated e /h* in the composite is significantly
reduced and CCF possesses higher photocatalytic activity than that of
others [43]. This can be mainly ascribed to the effective enhancement of
charge separation and accelerated migration of photogenerated carriers
within the nanocomposite structure [44]. Furthermore, the
well-separated and rarely recombined e /h* pairs lead to an enhanced
transient photocurrent response. As illustrated in Fig. 9b, all the pho-
tocatalysts show negligible transient photocurrent in the absence of
light. However, under illumination, the photocurrent density increases
quickly and subsequently levels off a specific value, indicating the high
photosensitivity of these samples [45]. By comparison, the CCF has the
highest transient photocurrent under illumination, confirming its
outstanding photosensitivity, rapid charge separation/transfer and
effective inhibition of recombination. From the EIS curve in Fig. 9¢, we
can observe that the radius of the arc of the CCF complex is significantly
smaller than that of the other three catalysts, demonstrating that the CCF
possesses smaller charges transfer resistance. The lower charge transfer
resistance of CCF can result in effective enhancement of the interfacial
charge transfer ability, finally leading to decline for the charges
recombination.

Generally  speaking, of the

photocatalytic  performance
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Fig. 10. Schematically illustration on the possible photodegradation mechanism of LFX by CCF-PMS system.

photocatalysts is mainly depended on the number of reactive sites,
which is closely correlated with ECSA of the catalyst. By investigating
the CV curves of the developed photocatalysts in non-Faraday regions,
the Cpp for FeVO4, g-C3N4, CC, and CCF was calculated as 18.50
mF~cm_2, 2.64 mF~cm_2, 22.79 mF~cm_2, and 39.29 mF~cm_2, respec-
tively (Fig. 9d). After further calculation with the equation described in
Text S4 (Supplementary Material), the ECSA values of FeVOy4, g-C3Ny,
CC, and CCF are 0.463 cm? 0.066 cm?, 0.569 cm?, and 0.982 cm?,
respectively. Clearly, CCF has the largest ECSA value of 0.982, con-
firming that CCF can provide the most reaction active sites for pollutant
adsorption and photodegradation throughout the photocatalytic pro-
cedure. The physicochemical properties of the semiconductors were
further elucidated through Mott-Schottky measurements, shedding light
on the potential photocatalytic degradation mechanism. As shown in
Fig. 9e-f, both of the g-C3N4 and FeVO,4 are n-type semiconductors
because of their positive slopes. By extrapolating the linear portions to
intersect with the x-axis, the flat band potentials (Eg) for g-CG3N4 and
FeVO,4 were determined to be 0.06 eV (vs. NHE) and —0.14 eV (vs.
NHE). It is widely recognized that the CB value of n-type semiconductors
is roughly equivalent to the Eg. Therefore, the CB positions (Ecp) for g-
C3N4 and FeVO4 are 0.06 eV (vs. NHE) and —0.14 eV (vs. NHE).
Considering the previously calculated bandgap (Eg) values of 2.64 eV for
g-C3Ny and 2.13 eV for FeVOy, the valence band (Eyp) positions for g-
C3N4 and FeVO4 can be obtained by the formula Eyg = Ep + Eg.
Accordingly, the Eyp values are 2.70 eV for g-C3N4 and 1.99 eV for
FeVOy.

During the degradation process, photogenerated electrons (e™) in
FeVO, and g-C3Ny are excited from the VB to the CB, while holes (h™)
remain in the VB. Defect energy levels can enhance the enrichment of e~
and influence their transfer direction. The Ecg of FeVO4 (-0.14 eV) is
more negative than that of g-CsN4 (0.06 eV), and the Eyp of g-C3N4
(2.70 eV) is higher than that of FeVO4 (2.27 eV). Assuming the photo-
catalytic degradation mechanism of CCF follows Type II, photo-
generated e~ in the CB of FeVO4 would transfer to the CB of g-C3Ny,
while h™ in the VB of g-C3N4 would transfer to the VB of FeVOy,. In this
scenario, the generated e react with O to form O3, and the generated
h* react with H,0 to produce -OH. This pathway could not take place,
because the CB potential of g-C3Ny4 (0.06 eV) is more positive than that
of the 02/057(-0.046 eV). This contradicts the presence of active sub-
stances (O3) identified in the free radical scavenging test results.
Therefore, it can be speculated that the Z-scheme is a suitable mecha-
nism for CCF in photocatalytic degradation of LFX. Based on this situ-
ation, we have revised the contents for confirming the Z-scheme
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mechanism of CCF. As shown in Fig. 10, upon light excitation of CCF
(Eq. (4)), electrons in the VB of g-C3N4 and FeVOy are initially stimu-
lated to their respective CB. The electrons in the CB of g-C3N4 then
transfer directly to the VB of FeVOy4, where they rapidly combine with
holes in the VB of FeVOy, thereby enhancing the efficiency of photo-
generated charge separation. In this process, the excellent conductivity
of CQDs in CCF acts as a charge transfer way, facilitating the rapid
movement of photogenerated electrons and thus improving the photo-
catalytic efficiency of CCF [26]. Given the more negative CB potential of
FeVOy4 (-0.14 eV vs NHE) relative to that of 05/03 (-0.046 eV vs NHE),
the photogenerated electrons can react with O, to form O3 (Eq. (5)).
Compared to the HyO/-OH (2.27 eV vs NHE), the VB of g-C3N4 (2.70 eV
vs NHE) exhibits a more positive potential. The abundant holes in the VB
of g-C3N4 can readily oxidize HyO, leading to the production of -OH (Eq.
(6)). These finding suggest that the effective creation of the CCF
Z-scheme heterojunction facilitates charge separation and transfer,
boosts redox activity, leading to an enhancement in photocatalytic ef-
ficiency [46].

Moreover, the activation of PMS within this system plays a surpris-
ingly significant role in further enhancing the photodegradation rate of
LFX. Initially, the photogenerated electrons in the CB of g-C3N4 are
trapped by PMS, leading to formation of SO% (Eq. (7)), and some of the
SO5™ then reacts with HoO to generate -OH (Eq. (8)). Additionally, based
on the XPS spectra showing the presence of Fe?' and Fe" in CCF, it is
reasonable to infer that Fe3* can be reduced to Fe®" by 03 (Eq. (9)), and
can also react with HSOjs to produce Fe?t and SO2™ (Eq. (10)). Subse-
quently, the generated Fe?" can further react with HSOj to oxidize back
to Fe®™, ultimately producing SO37(Eq. (11)), thereby achieving mutual
conversion between Fe?™ and Fe>*, and triggering the redox cycle of
Fe3* and Fe?*, which is beneficial for the continuous and quick gener-
ation of a large number of radicals. Additionally, radical trapping ex-
periments reveals the presence of non-radical 'O, in the CCF-PMS
system. In fact, O3~ can react with h*, H,0, and -OH to produce 102
(Egs. (12-14)). Finally, with the collaboration of SO3, 03", -OH, h*, and
10,, LFX is broken down into small inorganic molecules CO3 and H20 in
the CCF-PMS system (Eq. (15)). Thus, the charge separation in the Z-
scheme CCF heterojunction photocatalyst provides a large number of
photogenerated electrons for activating PMS. This process facilitates the
redox cycling between Fe*' and Fe?", and consequently enabling rapid
PMS activation. At the same time, it reduces the recombination of
photogenerated e /h" pairs, which in turn boosts the photodegradation
efficiency.
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Fig. 11. The potential pathways of photodegradation for LFX.
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To further investigate the photodegradation process of LFX by CCF
through PMS activation, three potential pathways toward LFX photo-
degradation were reasonably inferred by leveraging the known photo-
degradation intermediates with LC-MS technology [47]. Table S2
presents the details of potential degradation products and Fig. S1 shows
the obtained mass spectra of intermediates. As presented in Fig. 11, the
first pathway starts with the epoxidation of the piperazine ring, yielding
P1 (m/z = 392), then the removal of a carbonyl group to generate P2
(m/z = 364) and P3(m/z = 336). The removal of an acetamide methyl
group and carboxyl group occurs to obtain P4 (m/z = 307) and P5
(m/z = 292). The second pathway involves demethylation of LFX to
produce P6 (m/z = 348), followed by decarboxylation to form P7
(m/z = 304) and defluorination to produce P8 (m/z = 288). The third
pathway begins with the ring-opening reaction of the piperazine ring to
form P9 (m/z = 351), followed by the elimination of a methylacetamide
group and decarboxylation to yield P10 (m/z=309) and P11
(m/z = 236). Finally, P4, P5, P8, P12, and P13 are degraded into COo,
H,0, NO3, NHJ, and F, respectively [48-50].
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4. Conclusion

In summary, a novel Z-scheme ternary g-C3N4/CQDs/FeVO4 (CCF)
composite photocatalyst was synthesized by initially preparing hollow
tubular g-C3N4/CQDs (CC) and then anchoring FeVO4 on CC. The CCF
photocatalyst possesses distinctive tubular morphology, enhanced light
response capability and higher Sggr than those of neat g-C3sNy4. Under the
optimal conditions, the CCF shows a higher the photodegradation effi-
ciency toward LFX reaching 97.3 % compared to other monomers and
binary photocatalysts, which was 4.36 times of pure g-C3Ny4 (22.3 %). In
addition, CCF also shows superior durability after performing 5 cycles
photodegradation and can effectively mineralize the LFX into inorganic
substance with TOC removal rate ~ 63.2 %. This can be principally
because of the construction of Z-scheme heterojunction and CQDs as
carriers transport pathway, both of which can improve the separation
efficiency, accelerate the charges transport rate together with reduce the
recombination of the photogenerated charges. Free radical capture ex-
periments coupled with the ESR measurements reveals that the SO3, O3,
-OH, 10, are the ROS responsible for the photodegradation of LFX. The
identified degradation intermediates by LC-MS manifests that the
degradation ways of LFX by CCF mainly consisted of decarboxylation,
demethylation and ring-opening, etc. This work provides a novel
approach for improving photocatalytic properties of g-CsN4 by con-
structing heterojunction coupled with CQDs induction strategy.
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