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Adopting the construction method of S-scheme heterojunction photocatalyst, which exhibits exceptional photo
redox performance and efficient charge transfer characteristics, effectively enhances the efficiency of photo-
catalytic degradation. In this study, an efficient S-scheme CeCuOs/g-C3N4 (CCO/CN) binary heterojunction
photocatalyst has been developed through a sol-gel and ultrasound oscillation-assisted hydrothermal method for
the degradation of tetracycline (TC) in wastewater. The composite material exhibits optimal photoresponse
characteristics, significantly enhancing the separation efficiency of photogenerated carriers. The 40 % CCO/CN
binary heterojunction composite not only achieves a TC degradation rate of 92.9 % after 180 min of visible light
irradiation at pH 5.0 but also exhibits superior performance compared to pure CCO and CN, with a 1.69 and 2.65
times enhancement, respectively. Advanced characterization techniques, including XRD, XPS, TEM, SEM, FTIR,
DRS, and PL were employed to analyze the properties of the catalyst. Moreover, this study corroborates the
exceptional stability of the CCO/CN catalyst through five consecutive photocatalytic degradation cycles, with the
TC degradation rate remaining above 90 %. The results of radical trapping experiments indicate that the S-
scheme photocatalytic degradation mechanism is responsible for the observed effects. The findings of this
research provide new insights into composite photocatalysts for antibiotic wastewater treatment and ecological

protection and thus warrant further investigation.

1. Introduction

The acceleration of global economic growth has resulted in a cor-
responding increase in water demand [1], and the discharge of indus-
trial wastewater, agricultural drainage, and domestic sewage has
gradually increased, thereby posing a significant threat to the aquatic
environment [2]. Antibiotics represent a significant pollutant, with
extensive utilization across diverse industrial sectors, including health-
care, animal husbandry, fisheries, and agriculture [3]. Tetracycline (TC)
[4], an antibiotic commonly employed for the treatment of bacterial
infections in humans and animals, tends to accumulate in organisms and
water bodies due to its incomplete biodegradation and high mobility in
wastewater [5]. In light of the pervasiveness of TC in various water
bodies and its inherent characteristics concerning degradation and sta-
bilization, the development of efficient and targeted degradation tech-
nologies has become a pressing necessity [6].

The high costs associated with existing treatment technologies limit
their widespread application, thereby impeding their ability to
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effectively address the significant challenge of antibiotic pollution [7].
At present, photocatalytic technology is attracting considerable interest
as a potential solution for the degradation of pollutants. During the
photocatalytic process, highly reactive species such as -0z and -OH
effectively oxidize large organic pollutants into smaller compounds,
ultimately leading to their complete mineralization into harmless HyO
and CO; [8,9]. Meanwhile, graphitic carbon nitride (g-C3N4) [10] has
demonstrated considerable potential in the field of photocatalytic
degradation of organic pollutants. [11] This is due to several factors,
including its non-toxic nature, low cost, environmental friendliness,
adjustable morphology, high physicochemical stability, unique elec-
tronic configuration, and excellent energy storage capabilities [12-14].

Despite the considerable promise g-C3N4 displays in photocatalysis,
it is not without its limitations. These include high photogenerated
carrier recombination rates, weak light absorption capacity, low cata-
lytic activity, and a relatively small specific surface area, which collec-
tively hinder its application in photocatalytic sulfate activation [15-17].
However, researchers have discovered that a series of modification
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techniques—such as ion doping [18], noble metal modification [19],
supercritical fluid (SCF) [20,21] treatment, and the formation of het-
erojunctions with other semiconductor materials [22]—can effectively
adjust g-C3Ny4 bandgap, inhibit the recombination of electrons and holes,
and enlarge its specific surface area. These modifications result in a
reduction in the recombination rate, an expansion of the visible light
absorption range, and an enhancement of charge separation efficiency,
thereby significantly enhancing g-C3N4 photocatalytic degradation ca-
pacity for a variety of organic pollutants under sunlight or visible light
illumination.

The construction of g-C3N4 semiconductor heterostructures typically
leads to the generation of an internal electric field, which facilitates the
broadening of the light absorption range and enhances the separation
efficiency of photogenerated carriers. Consequently, it is concluded that
the construction of heterostructures represents an efficacious modifi-
cation strategy for improving the photocatalytic performance of g-C3Ny.
For instance, heterojunctions formed by combining g-C3N4 with semi-
conductor materials such as g-C3N4/BiOCl [23], SbVO4/g-C3N4 [24],
Ta3N5/BiOC1 [25], CdMOO4/CdO [26], CoO—CuBi204 [27], and g-C3N4/
CeyS3 [28] have exhibited remarkable photocatalytic activity. As a
result, researchers have shown a keen interest in developing doped and
composite photocatalysts that are responsive to visible light and possess
a narrow bandgap energy. Furthermore, the advancement of S-scheme
heterojunction photocatalytic degradation technology has emerged as a
prominent research area in environmental applications, with significant
potential for addressing environmental pollution concerns. In 2019, the
Yu [29] team pioneered the concept of the S-scheme heterojunction,
ingeniously combining oxidative photocatalysts (OP) with reductive
photocatalysts (RP) to achieve effective retention of active electrons and
holes. This led to a significant facilitation in the efficient separation of
electron-hole pairs [30,31]. It has been demonstrated that the novel S-
scheme heterojunction photocatalyst can markedly enhance the effi-
ciency of charge separation. The strong internal electric field endows the
material with the capacity to facilitate the transport of charge carriers at
the heterojunction interface, thereby markedly enhancing the photo-
catalytic activity. Moreover, the distinctive “stepwise” charge transfer
mechanism of the S-scheme heterojunction guarantees that the two
semiconductors retain their redox capabilities following the formation
of the heterojunction. When the two semiconductors exhibit interlaced
energy band structures and possess appropriate Fermi levels (Ef), the
disparity in their Fermi levels results in the formation of a potential
gradient at the interface [32]. This gradient induces electrons to flow
from higher energy levels to lower ones until an equilibrium state is
achieved. This flow process gives rise to the generation of an intrinsic
electric field (IEF) at the interface, accompanied by the bending of the
energy bands. The IEF accelerates the migration of photogenerated
charge carriers, while the curved energy bands serve as “directional
channels,” precisely controlling the migration paths of photogenerated
electrons and holes [33]. This results in effective spatial separation of
charge carriers and maintains a robust redox ability. In this regard, rare
earth elements have attracted considerable interest due to their
distinctive properties. The utilization of rare earth metals as dopants can
effectively introduce impurity energy levels into the forbidden band,
thereby reducing the band gap of g-C3Ny4. The research conducted by the
Bechambi [34] team provides an illustrative example of how the Fermi
level can be tuned by doping with the rare earth metal Ce [28], which
serves to narrow the band gap of ZnO, thereby significantly enhancing
its photocatalytic performance [35]. In recent times, there has been a
growing interest in such photocatalytic materials among the scientific
research community, including CeO2/g-C3N4 [36], LayCez07/g-C3Ny
[37], and Ti-doped Ce-MOF and BiOCl [38].

The perovskite-type metal oxide cerium copper oxide (CeCuOs) [39]
is non-toxic, environmentally friendly, and exhibits exceptional perfor-
mance in photoelectric sensitivity, with minimal secondary toxicity is-
sues [40,41]. To date, there is no published literature on the use of
CeCu0s/g-CsNa heterojunctions as photocatalysts for the degradation of
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tetracycline (TC). This represents an area of research that we are keen to
explore further. By simulating the potential Type-II mechanism and S-
scheme charge transfer modes on the surface of CeCuOs/g-CsNs, we
found that the enhanced photoreactivity during TC decomposition is
attributed to the retention of carrier pairs with high redox activity and
their faster separation rates. In conclusion, this study not only explores
the practical design of stepped CeCuOs/g-CsN4 S-scheme heterojunction
photocatalysts but also provides a valuable reference for the advanced
treatment of antibiotic wastewater, offering significant scientific and
practical insights.

2. Experimental
2.1. Preparation of samples

All reagents employed in the experiment were of analytical purity,
including cerium nitrate hexahydrate(Ce(NO3)3-6H20), copper nitrate
hexahydrate(Cu(NO3)2-6H20), citric acid(CgHgO7), melamine, ethylene
glycol, anhydrous ethanol (CoHgO), silver nitrate (AgNOs), benzoqui-
none (BQ), isopropanol (IPA), and tetracycline (TC). The tetracycline
(TC) drugs were procured from Sinopharm Chemical Reagent Co., Ltd.
All experiments were conducted using deionized water at room
temperature.

2.1.1. Preparation of g-C3N4

The g-C3N4 precursor should be prepared at 80 °C for 24 h. It should
be gradually heated to 550 °C at a rate of 2 °C per min, maintaining this
temperature for 4 h [42]. Subsequently, the material should be washed
thrice with deionized water and dried in a vacuum environment at 80 °C
for 24 h to obtain g-C3N4 powders and named as CN.

2.1.2. Preparation of CeCuO3z Powder (CCO)

The requisite quantities of Ce(NO3)3-6H50 and Cu(NO3)2-6H20 were
weighed according to a molar ratio of 1:1 and dissolved in an appro-
priate amount of deionized water. The solution was then stirred thor-
oughly to obtain a mixed solution, designated as Solution A. A proper
quantity of C¢HgO7 was subsequently added to the abovementioned
solution and stirred until complete dissolution occurred. Typically, the
amount of acid citric employed was 1.5 to 2 times the total molar
number of metal ions. As mentioned earlier, ethylene glycol was added
dropwise to the solution, with stirring maintained throughout. The
quantity of ethylene glycol employed was typically equivalent to the
molar number of CgHgO;. Subsequently, the solution was heated and
stirred at 80-90 °C until a uniform solution was formed. The sol was
then permitted to stand at room temperature, allowing for the gradual
gelification process to occur. The duration of this process may vary
considerably, depending on the soil concentration and the prevailing
environmental conditions. The gel is dried at temperatures between 80
and 100 °C to remove residual moisture and solvents. This results in the
formation of a dried gel. The dried gel is subsequently subjected to a
calcining process at temperatures between 500 and 800 °C for a duration
of between 4 h. This step is essential for forming CeCuO3; powder, which
is designated CCO.

2.1.3. Preparation of the Photocatalyst CeCuO3/g-C3Ny4

2.0 g of g-C3N4 was added to a beaker containing 20 mL of CoHgO to
prepare the photocatalyst. Subsequently, the mixture was subjected to
sonication for 30 min, to ensure homogeneous dispersion. Subsequently,
0.2 g of CeCuO3 (CCO) powder was introduced, and the mixture was
continuously stirred for 2 h using a magnetic stirrer to facilitate the
thorough mixing of the two materials. Subsequently, the mixture was
subjected to a 10 h drying process at 80 °C in a blast drying oven to
remove the solvent. Once the sample had been dried, it was transferred
to a crucible and preheated at 250 °C for 1 h before being allowed to cool
naturally to room temperature. Subsequently, the sample was ground to
obtain the 10 % CCO/CN composite catalyst, designated 10CCO/CN.
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The steps mentioned earlier were repeated to prepare composite cata-
lysts with varying proportions, with the only alteration being the ratio of
g-C3Ny4 to CCO. The preparation of composite catalysts with different
proportions of CeCuOs and g-C3N4 was completed, resulting in the for-
mation of 20 %, 30 %, 40 %, and 50 % CeCuO3/g-C3N4 (CCO/CN)
composite catalysts, designated as 20CCO/CN, 30CCO/CN, 40CCO/CN,
and 50CCO/CN, respectively.

2.2. Characterization of samples

In this study, X-ray diffraction patterns of each photocatalyst were
recorded using a Lal-6000 X-ray diffractometer with Cu Ko target (XRD,
Shimadzu Corporation, Japan). The molecular structure and solid sur-
face were determined using TENSOR 27 Fourier Transform Infrared
Spectrometer (FT-IR, Bruker AG, Germany) and ESCALAB,50 X-Ray
Photoelectron Spectrometer (XPS, Bruker AG, Germany). S4800 Scan-
ning Electron Microscope (SEM) and H-600 Transmission Electron Mi-
croscope (TEM) are both from the Hitachi Group in Japan, which
exploited to observe morphologies and conditions of the samples.
UV-Vis absorption spectra of as-obtained photocatalysts were measured
by Lamb-das5 UV-Visible spectrophotometer (UV-Vis DRS, Perki-
nElmer, USA) in the tested range of 300-900 nm. Photoluminescence
spectra were detected by the RF-540 British spectrophotometer (PL,
Shimadzu Corporation, Kyoto, Japan).

2.3. Photocatalytic activity experiments

The present study aims to assess the photocatalytic performance of
the synthesized composite photocatalytic material through a systematic
simulation of the degradation process of tetracycline (TC) aqueous so-
lutions under conditions of simulated sunlight exposure. The photo-
catalytic activity tests for all samples comprise two distinct phases: a
dark reaction phase and a photoreaction phase. Previous studies have
indicated that the mean concentration of antibiotics in wastewater
emanating from the field site is roughly 20 mg/L [43]. Accordingly, the
1 L deionized aqueous solution containing 20 mg of tetracycline (TC)
was prepared with precision to emulate sewage samples encountered in
the field. In each photocatalytic degradation experiment targeting TC, a
Xenon lamp light source with a constant light intensity of 20 mW/cm?
was employed, focusing on the effect of its visible light component on
the reaction. The specific procedure entailed the suspension of 0.02 g of
the prepared photocatalyst in 100 mL of tetracycline (TC) aqueous so-
lution with a 20 mg/L concentration. Initially, the suspension was stir-
red without light for 30 min to achieve equilibrium between tetracycline
(TC) and the photocatalyst concerning adsorption and desorption.
Subsequently, the suspension was exposed to the Xenon lamp while
continuing to be stirred. Throughout the reaction, 5 mL of the reaction
suspension was collected at 30 min intervals and subjected to centrifu-
gation at 5000 rpm with a centrifuge radius of 10 cm for 3 min. This was
done to separate the supernatant for subsequent analysis. The absor-
bance was determined using a UV-1800PC spectrophotometer at the
absorbed wavelength line of 356 nm, and the data were subjected to
analysis to investigate the photocatalytic activity of the catalyst [44].

To comprehensively evaluate the performance differences of com-
posite photocatalytic materials with various composition ratios, an
experimental group was explicitly set up in which the original CCO
material was gradually replaced with an equivalent amount of CCO/CN
composite material at gradients ranging from 10 % to 50 % (a total of
five gradients). This approach facilitated a comprehensive evaluation of
the performance differences of the materials in question. The afore-
mentioned experimental procedures were repeated to collect the cor-
responding absorbance data. To ensure the reliability of the
experimental results, all degradation experiments were conducted in
quintuplicate to measure the absorbance of the solutions. All experi-
ments were performed at room temperature to minimize errors in the
photocatalytic effect, with optimal laboratory ventilation and a uniform
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stirring speed provided by the magnetic stirrer. Furthermore, we
ensured that the specifications of the light source used in all experi-
mental groups were consistent to minimize the potential for error during
the experimental process.

2.4. Detection of reactive radicals

To evaluate the role of reactive radicals in the photocatalytic reac-
tion, anhydrous ethanol (CzHsO), silver nitrate (AgNOs), benzoquinone
(BQ), and isopropanol (IPA) were successively introduced into the sys-
tem. Specifically, benzoquinone (BQ) was employed to quench super-
oxide radicals (-O2—), while isopropanol (IPA) was utilized to quench
hydroxyl radicals (-OH). Furthermore, silver nitrate (AgNOs) was
employed to capture e, while anhydrous ethanol (CzHsO) was used to
capture h™. These manipulations were conducted to ensure the accurate
detection and analysis of the contributions of the various radicals pre-
sent during the reaction [45].

3. Results and discussion
3.1. X-ray diffraction analysis

The X-ray diffraction (XRD) pattern of the prepared catalyst is shown
in Fig. 1. This analysis is used to characterize the crystal structure of the
prepared photocatalyst. The crystalline phases of the samples were
investigated through XRD, and the pure CCO pattern exhibits a series of
clear and prominent characteristic peaks. The pattern for pure CCO
displays a sequence of distinct and prominent characteristic peaks cor-
responding to lattice diffraction of (110), (111), (200), (211), (220),
(221), and (222). The 20 values were found to be 29.63°, 36.50°, 42.40°,
52.58° 61.52°, 65.70°, and 77.57°, respectively. These peaks are under
the standard pattern of CeCuOs (JCPDS NO.75-1531). It is noteworthy
that two high-intensity characteristic peaks are observed at 12.89° and
27.69°, which correspond to the (100) and (002) planes of g-CsN4
(JCPDS NO.87-1526), respectively. Moreover, the XRD patterns of the
10-50CCO/CN nanocomposites exhibit all the diffraction peaks of CN
and CCO, with no evidence of impurity peaks. This provides compelling
evidence that the CCO/CN composites have been successfully synthe-
sized and are high purity [46-48].

3.2. Material surface analysis

To gain a deeper understanding of the surface elemental composition
and valence state distribution of CN, CCO, and CCO/CN samples, XPS
measurements were conducted. Fig. 2(a-f) presents the prepared sam-
ples’ XPS spectra. Fig. 2(a) depicts the XPS survey spectrum of the
composite catalyst, which unambiguously corroborates the presence of
C, N, O, Ce, and Cu elements. This serves as a prerequisite for subsequent
elemental composition and valence state analysis. Further analysis of
Fig. 2(b) reveals that the C 1 s peaks at 284.6 eV and 288.1 eV corre-
spond to C—C bonds and N-C=C bonds, respectively [49]. These are
attributed to impurity carbon and sp2 hybridized carbon in g-C3N4. The
N 1 s peak at 398.7 eV in Fig. 2(c) is attributed to C-N=C and N-(C)s
bonds [50,51]. In the fitted spectrum of Fig. 2(d), the O 1 s peaks at
532.2 eV and 530.3 eV indicate -O2 and hydroxyl oxygen (O—H) [52],
respectively. The presence of O—H bonds suggests the presence of
adsorbed water molecules on the sample surface. Fig. 2(e) reveals the
valence state of copper, with peaks at 952.9 eV and 933.2 eV corre-
sponding to Cu 2ps,» and Cu 2p; /o, respectively. This indicates the
presence of Cu in the +2 valence state [53,54]. Fig. 2(f) illustrates the
binding energies of the characteristic peaks of the Ce 3d orbitals, with
882.9, 885.5, and 898.4 eV corresponding to Ce 3ds/2, and 901.2 eV,
907.9 eV, and 917.3 eV about Ce 3ds,». The binding energy peaks at
885.5 eV and 901.2 eV can be attributed to the Ce>*valence state, while
the remaining peaks are attributed to the Ce**valence state. This in-
dicates that Ce atoms exist simultaneously in both the +3 and + 4
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Fig. 1. XRD patterns of CCO, CN, and CCO/CN.

valence states within the material [55]. This suggests that Ce may be
partially oxidized to CeO5 and partially doped into carbon nitride, which
facilitates the migration of photogenerated carriers. [56,57]. Notably,
XPS spectral analysis also indicates that the CCO/CN sample contains
only C, N, O, Cu, and Ce elements, with no other impurity elements
detected. The XPS results offer strong evidence for successfully forming
the heterojunction structure between CCO and CN. However, they also
corroborate the findings of the XRD analysis, thereby providing a deeper
comprehension of the material’s structure.

3.3. Infrared spectra analysis

As shown in Fig. 3, the Fourier Transform Infrared (FT-IR) spectra of
the CN, CCO, and CCO/CN samples were presented. Initially, it is
observed that the photocatalysts, comprising CN, CCO, and CCO/CN in
proportions ranging from 10 % to 50 %, exhibit broad and overlapping
spectral bands within the range of 3600-3000 cm~! [58]. In the case of
the pure CN sample, a series of sharp and intense vibrational peaks
within the interval of 1641-1100 cm ™! are attributed to the C=N and
C—N bonds in heterocyclic compounds [59]. In particular, the distinc-
tive peak at 808 cm ™! corresponds to the vibrational mode of the s-
triazine ring. Moreover, as documented in the literature, the CCO sample
displays a distinct Raman band at 454 cm™!. It is worthy of note that
copper oxide has a primary Raman band at 628 cm ™}, which is derived
from the wagging and bending vibrations of Ce—O and Cu—O [60,61].
In contrast, the band at 460 cm ™! indicates the stretching and vibrating
of Ce—O and Cu—O [62-64]. Notably, the characteristic peak value at
808 cm ™! (as illustrated in Fig. 1b) corresponds to the breathing mode of
the S-thiazine ring unit in g-C3N4. The XRD and XPS measurements
provide strong proof. The heterojunction photocatalyst CCO/CN has
been prepared successfully.

3.4. Morphology and microstructure analysis

The morphologies of the photocatalysts were characterized using
SEM and TEM, and their loading states were investigated in great detail.

Fig. 4 presents high-resolution images of the CCO, CN, and CO/CN
samples obtained in this study. Fig. 4(a) illustrates the ordered
arrangement of CCO nanoparticles with an approximate diameter of 25
nm. Fig. 4(b) illustrates the irregular layered structure of the pure CN,
which is characterized by a multitude of nanosized sheet aggregations
with a relatively flat surface. Fig. 4(c) illustrates the formation of the
CCO/CN nanomaterial through a composite process stimulated by hy-
drothermal action. From a morphological perspective, the material
under examination features the interweaving and stacking of CCO
nanoparticles with CN sheets. In the CCO/CN pattern, the CCO particles
are uniformly distributed on the CN sheets, resulting in the formation of
a heterostructured interface. [39]. Fig. 4(d) depicts the TEM image of
the CCO/CN composite, where the bright regions correspond to CN and
the dark regions to CCO. The CCO particles are distributed within the CN
and exhibit a certain degree of aggregation. This observation corrobo-
rates the SEM results, thereby confirming the successful doping of CCO
into CN. It is noteworthy that the interface between CCO and CN facil-
itates continuous interfacial e~ transfer, thereby enhancing charge
transfer and photocatalytic efficiency [65].

3.5. Optical properties analysis

To further verify their optical properties, UV-Vis DRS spectra were
measured for CCO, CN, and CCO/CN samples, to document the light
absorption range and optical properties of the prepared photocatalysts.
Asillustrated in Fig. 5, UV-Vis DRS is also a useful analytical method for
studying the bandgap energy of photocatalysts. The absorption edges of
the CCO, CN, and CCO/CN samples are observed to be at approximately
633, 516, and 574 nm [64], respectively (Fig. 5a),. In comparison to the
pristine CN, the CCO/CN sample exhibits a notable redshift, thereby
confirming that the photoactivity of the prepared samples can be
effectively excited by visible light, thus enhancing their light absorption
efficiency. The estimated bandgaps of CCO, CN, and CCO/CN were
calculated using the formula [¢hv = C(hv — Eg)P] (Fig. 5b) [66], resulting
in values of approximately 1.96, 2.40, and 2.16 eV, respectively. These
findings indicate that the photocatalysts exhibit photoactivity in the
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Fig. 2. XPS survey spectrum of CCO/CN (a); high-resolution XPS spectra of C 1 s (b), N 1 s(c), O 1 s (d), Cu 2p (e), and Ce 3d (f).

visible region. This also corroborates the hypothesis that the photo-
activity of the obtained samples can be excited by visible light, in
accordance with the observed alterations in the absorption edges. Upon
contact between CCO and CN, the bandgap width of CCO/CN is

observed to narrow unintentionally. This variation is primarily attrib-
uted to the synergistic effect of CCO nanoparticles within the CCO/CN
heterojunction system, which exhibits a cooperative interaction be-
tween its intrinsic absorption characteristics and staggered layered
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Fig. 4. SEM images of CCO (a), CN (b), and CCO/CN (c); TEM image of CCO/CN (d).
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structure. It can therefore be concluded that an intermediate band gap is
required for photocatalysts to achieve maximum photocatalytic activity.
The CCO/CN samples demonstrate the most significant photogenerated
electron-hole pairs separation efficiency, indicating their superior pho-
tocatalytic performance.

3.6. Photoluminescence spectroscopy analysis

In general, the level of photocatalyst activity is dependent on the
effective separation of photogenerated e- and h+. Fig. 6 explores the
separation rate of photogenerated electron-hole pairs on the surfaces of
CCO, CN, and CCO/CN samples, presenting their PL characteristics
under an excitation wavelength of 290 nm. By preceding research, a

greater peak intensity in the PL spectrum is indicative of a diminished
lifetime of photogenerated carriers, which harms the efficiency and
activity of photocatalysis. CN materials display robust PL emission
characteristics. However, with an increase in the quantity of CCO
incorporated, the photogenerated electron-hole pairs separation effi-
ciency of the CCO/CN composite photocatalyst undergoes notable al-
terations. It is noteworthy that the emission peak intensity of 40CCO/CN
decreases significantly, which directly indicates the effective suppres-
sion of the recombination of photogenerated carriers and further high-
lights the excellent photocatalytic performance of the material. It is
noteworthy that the slight variations in the PL emission peaks of the
CCO/CN samples indicate the successful establishment of an S-scheme
charge transfer mechanism between CCO and CN. Moreover, the
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Fig. 6. PL emission spectra of CCO, CN, and CCO/CN.
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incorporation of the S-scheme heterojunction system has the additional
benefit of further enhancing the photocatalytic performance of the
catalyst. In particular, this significantly extends the lifetime of useful
photocarriers, enabling them to function at higher redox potentials and
effectively driving the recombination of useless photocarriers. [67,68].

3.7. Photocatalytic activity analysis

To ascertain the photocatalytic activity of the CCO, CN, and CCO/CN
samples, multiple photocatalytic tetracycline (TC) degradation experi-
ments were conducted under visible light excitation over 180 min. The
results of the degradation process are presented in Fig. 7 and Table 1. As
illustrated in Fig. 7(a), the absence of a photocatalyst resulted in the TC
content remaining unaltered throughout the experimental procedure.
However, when pure CCO and CN samples were added separately, the
photocatalytic degradation rates of TC reached 55 % and 35 %,
respectively, within the 180 min experimental range. This outcome is
primarily ascribed to the restricted light absorption capacity inherent in
the monomeric materials and the influence exerted by their single-
crystal lattice structures. Nevertheless, establishing a heterojunction
system encompassing CCO and CN resulted in a marked improvement in
the removal efficiency of tetracycline (TC) by the CCO/CN composite
material. Under identical experimental conditions, the removal effi-
ciency of 40CCO/CN reached 92.9 %. Furthermore, the rates of photo-
catalytic tetracycline (TC) degradation exhibited by the CN, CCO, and
CCO/CN samples were found to be in direct correspondence with their
PL emission intensity order, thereby reinforcing the crucial role that
accelerated separation of photogenerated electron-hole pairs plays in
facilitating the efficiency of the photocatalytic process.

Notably, within the optimal doping ratio range, the catalytic per-
formance of the photocatalyst exhibited a positive correlation with the
doping amount of CCO. As the concentration of CCO in the CCO/CN
samples increased (up to 40 %), the bandgap of CN doped with CCO
exhibited a gradual decrease, accompanied by an expansion of the light
response range. This was due to an increase in the number of CCO
nanoparticles in contact with CN nanosheets, leading to the formation of
additional active site S-scheme heterojunction units. The degradation
performance was optimized when the CCO content reached 40 % due to
the synergistic promotion. However, excess CCO content (>40 %)
proved detrimental to the CCO/CN samples. This was because uncon-
tacted CCO nanoparticles could result in light absorption oversaturation,
which in turn would lead to a reduction in the utilization rate of visible
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Table 1
Results of visible-light-driven degradation of TC in CCO,CN and CCO/CN
samples.

Sample name Degradation rate (%) Kt (Min™1) Ry

CN 35 0.00231 0.92126
cco 55 0.0038 0.98729
10CCO/CN 63.9 0.00488 0.95781
20CCO/CN 66.9 0.00498 0.95401
30CCO/CN 81.5 0.00787 0.96399
40CCO/CN 92.9 0.01152 0.90281
50CCO/CN 77.9 0.00658 0.95843

light. At this juncture, the recombination rate of electron-hole pairs
decelerated, and competition with the S-scheme heterojunction reduced
active sites during the photocatalytic reaction. As a result, the bandgap
increased gradually, the visible light response range diminished, and the
recombination rate of electron-hole pair accelerated, leading to a
decline in degradation performance.

It is worth mentioning that the photocatalytic degradation of TC
essentially adhered to first-order linear kinetics. Additionally, Fig. 7(b)
displays the TC degradation kinetics curves for the CCO, CN, and CCO/
CN samples, all falling within the doping ratio range of 10-50 %. The
kinetic constants were 0.0038, 0.00231, 0.00488, 0.00498, 0.00787,
0.01152, and 0.00658 min L. The linear reaction rate of the 40 % CCO/
CN sample was 1.69 and 2.65 times that of the CCO and CN samples,
respectively. Furthermore, the performance of CCO/CN photocatalysts
and other binary heterojunctions for photocatalytic degradation of an-
tibiotics under visible light is compared in (Table 2).

As illustrated in Fig. 8(a), to evaluate the stability and reusability of
the prepared heterojunction photocatalyst, we conducted repetitive
experiments using the 40CCO/CN sample. Following five photocatalytic
cycles, a slight decrease in the degradation efficiency of TC was
observed. It is hypothesized that this reduction in efficiency may be
attributed to mass loss of the sample during consecutive cycles of use.
Nevertheless, despite this slight decline, the photocatalytic removal rate
of TC remained around 90 % throughout the five cycles, clearly
demonstrating the excellent stability and recyclability of the hetero-
junction photocatalyst.

Subsequently, the CCO/CN powder samples were meticulously
collected and rigorously dried once the reaction had reached comple-
tion. Once the catalytic continuous response was complete, the micro-
scopic morphology and XRD and XPS analyses of the photocatalyst were
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Fig. 7. Photocatalytic degradation efficiency(a) and first order linear equation fitting graph (b) for CCO,CN, CCO/CN.
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Table 2
Performance of other binary heterojunctions for photocatalytic degradation of
antibiotics under visible light.

Photocatalyst Degradation Time Target Ref.
g-C3Ny4/BiOCl 89.33 % 120 min Tetracycline [23]
SbVO,4/g-C3Ny 82.30 % 150 min Tetracycline [24]
TasNs/BiOCl 89.60 % 60 min Tetracycline [25]
CdMo0,/CdO 88.48 % 90 min Norfloxacin [26]
CoO-CuBiy04 89.50 % 90 min Tetracycline [27]
g-C3Ny4/CesSs 98.00 % 90 min Tetracycline [28]
CeCuO3/g-C3Ny4 92.9 % 180 min Tetracycline This work

conducted. These formed the basis for evaluating its stability and re-
covery potential. As illustrated in Fig. 8(b) and 8(c), the nanoscale CCO
particles are securely embedded in the CN layer, exhibiting no in-
dications of fracture or deformation. This evidence substantiates the
assertion that the continuous catalytic reaction has not compromised the
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microstructure of CCO/CN. Additionally, the XRD spectrum depicted in
Fig. 8(d) of the CCO/CN heterojunction demonstrates that the diffrac-
tion peaks of its crystal lattice align precisely with those of the individual
CCO and CN crystals, indicating that the crystal structure of the CCO/CN
remained unaltered throughout the continuous reaction process. More-
over, the XPS analysis presented in Fig. 8(e) corroborates the stability of
the elemental composition on the sample surface, with no significant
alterations observed. These findings further corroborate the structural
stability and exceptional catalytic activity of the CCO/CN hetero-
junction throughout the continuous reaction process.

We conducted an exhaustive investigation into the pivotal role of
active substances in the TC decomposition process within suspensions,
with particular attention paid to the influence of pH on the TC adsorp-
tion process. To this end, the requisite experiments were conducted,
wherein alterations were observed by adjusting the pH of the pollutant
solution. As illustrated in Fig. 9, the experimental conditions were
established with pH values of 3, 5, 7, 9, and 11 (with a permitted
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Fig. 8. Degradation results (a) of five photocatalytic cycle experiments of 40CCO/CN, (b) TEM images, (c) SEM images, (d) XRD pattern, and (e) XPS spectra of CCO/
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deviation of +0.2). The experimental results demonstrated that the
photocatalytic activity was relatively low and significantly inhibited in
solutions with pH values of 3, 7, 9, and 11. Fig. 9 also clearly illustrates
the TC decomposition results of CCO/CN under different pH environ-
ments, among which the most significant degradation efficiency was
obtained at a pH of 5 [69]. Further analysis indicated that, in a neutral
pH environment of the TC suspension, the adsorption of TC onto CCO/
CN was more efficient. Consequently, the degradation effect of the
material on pollutants was also the most significant. Additionally, there
was a more adequate correspondence between active sites and TC. Given
the aforementioned experimental outcomes, we optimized and
controlled the TC solution’s pH to 5.0 throughout the photocatalytic
process, intending to attain the most efficacious degradation effect.

3.8. Photocatalytic mechanism

It is apparent that to attain a comprehensive understanding of the
photocatalytic degradation of tetracycline (TC), it is fundamentally
essential to elucidate the contributions and mechanisms of action of
each active species, which include h™,e”, and -O3, and -OH. To this end,
we introduced active species scavengers into the photocatalytic system
to conduct quenching experiments. Specifically, as illustrated in Fig. 10,
we employed AgNOs to scavenge e, BQ to scavenge -O3, IPA to scav-
enge -OH, and CHeO to scavenge h'. Fig. 10 depicts the outcomes of the
active species quenching experiments conducted with the CCO/CN
composite catalyst. The experiments demonstrated that the quenching
of any of these active species resulted in a notable decline in the pho-
tocatalytic degradation efficiency of TC, thereby substantiating their
indispensable roles in the photocatalytic process [70]. Further analysis
revealed that the photocatalytic degradation of pollutants involved the
participation of e”, h*, -0z, and -OH. Notably, O3 can generate -OH
species through a series of reactions, which directly participate in the
oxidative catalytic degradation of pollutants and attack TC contami-
nants. However, from the perspective of TC degradation pathways,
while -OH species play an auxiliary role, they are not the primary
contributors.

To determine the locations of the valence band (VB) and conduction
band (CB) for the CCO and CN photocatalysts, we employed the
following empirical equation [71]:

Eys = X — Ee + 0.5Eg

Ecg = Evg —Eg

Specifically, the X values for CCO and CN, calculated according to
the formula, are approximately 5.05 eV and 4.72 eV [72]. In this
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Fig. 9. Effect of pH value on the performance of TC degradation by CCO/CN.
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context, Ee means the energy of free electrons on the hydrogen scale
(~4.5eV) [73]. Based on the information mentioned above, it is possible
to estimate the CB¢co edge values and VB¢co edge to be —0.43 eV and
1.53 eV, respectively. Similarly, the estimated values for the CB¢y and
the VBcy are —0.98 eV and 1.42 eV.

In light of the experimental findings, we propose two potential
mechanisms for the photocatalytic degradation or charge transfer pro-
cess involving CCO/CN. The first mechanism is the traditional Type-II
heterojunction mode on CCO/CN, as illustrated in Fig. 11(a). In a
traditional Type-II heterojunction [74], the separation of electron-hole
pairs results in the transfer of photoinduced e~ from the CN¢g to the
CCOcg, while photoinduced h™ migrate in the opposite direction, from
the CCOyp to the CNypg. However, an analysis of the results of radical
quenching experiments revealed that the migration of photogenerated
carriers in CCO/CN does not conform to the traditional mechanism. The
experimental results indicate that -Oy- are the primary active species
responsible for the photocatalytic degradation of TC. However, the
generation of -Os- is not conducive during the electron-hole pairs sep-
aration process of a traditional Type-II heterojunction [75], in contrast
to our experimental results. Hence, the photoinduced carrier transfer
mechanism of the Type-II heterojunction is not applicable in this case, as
the dominant role of active sites (e /h™) is not reflected. From the
perspective of heterojunction dynamics, this transfer scheme of CCO/CN
exhibits significant deficiencies, including electrostatic repulsion and
carrier consumption, which clearly contravene the original design
intention for the CCO/CN heterojunction. Therefore, a novel S-scheme is
proposed for the CCO/CN heterostructure (Fig. 11b). Despite its energy
band structure bearing resemblance to that of the Type-II scheme, the
migration pattern of carriers is wholly distinct.

As illustrated in Fig. 11b, in the absence of light, the CCO/CN com-
posite material demonstrated the ability to adsorb pollutants. When the
light energy exceeded the bandgap width (Eg) of the material, the in-
ternal electric field (IEF) of the S-scheme heterojunction activated the
photogenerated electron and hole pairs. Upon contact between the two
semiconductors, due to differences in their Fermi levels, e~ from CN
spontaneously flowed towards CCO until equilibrium was reached,
thereby forming an internal electric field directed from CN to CCO. The
strong charge transfer capability of the electric field facilitated the
transfer of photogenerated electrons from CCO to CN, leading to the
recombination of some e~ and h* at the interface. Concurrently, the
combined action of the internal electric field (IEF), Coulomb attraction
(CA) [64], and the driving force generated by band edge bending
resulted in an upward bending of the CN interface band due to electron
loss, while the CCO interface band exhibited a downward bending due to
electron accumulation. This bending of the interface bands effectively
regulated the unidirectional flow of photogenerated e~ and h™, facili-
tating the transfer of e” from CCO to CN while impeding the reverse
transfer of h™. This maintained the charge separation between the CN¢p
and the CCOygp, ensuring the retention of reducing e~ on the CN¢p and
oxidizing h* on the CCOyp [76,77]. As a result, the S-scheme hetero-
junction formed by combining CCO and CN effectively promoted the
separation of electron-hole pairs, thereby enhancing the photocatalytic
efficiency. Concurrently, the oxygen present in the solution reacted with
the electron to produce the -O»-, which rapidly attacked the pollutant
molecules and subsequently generated the -OH, thus directly partici-
pating in the oxidative degradation process [78]. The reactive species
reacted with pollutants to produce COy and H»0O, as well as other
harmless products. In conclusion, in comparison to the conventional
type-II heterojunctions, the S-scheme heterojunctions demonstrated a
superior separation efficiency of the photogenerated electron-hole pairs
and enhanced redox capabilities [79]. The formation of the S-scheme
heterojunction system facilitated the generation of -O- and other
reactive species during photocatalytic reactions, thereby enabling the
efficient degradation of various pollutants [80].
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Fig. 11. The possible mechanism of TC degradation by CCO/CN photocatalyst.

4. Conclusion

The objective of this study was to successfully synthesize S-scheme
heterojunction composites of CeCuOs/g-C3N4 (CCO/CN) with varying
weight ratios through a sol-gel and ultrasound-assisted hydrothermal
method and to evaluate their photocatalytic activity for the degradation
of tetracycline (TC) under simulated visible light. The photocatalytic
degradation rates of these composites were compared with those of pure
CeCuOs and g-C3Ny. In comparison to the pure CN, pure CCO, and other
CCO/CN composites, the 40CCO/CN catalyst demonstrated superior
stability and efficiency in its photocatalytic activity. In particular, under
20 mW/cm? xenon lamp irradiation at pH 5.0, the catalyst degraded
92.9 % of TC after 180 min and demonstrated excellent recyclability
after five cycles of use. Radical trapping experiments provided further
evidence that e~ and h' are essential for the photocatalytic process. The
improvement in the photocatalytic activity of the CCO/CN photocatalyst
can be attributed to the successful construction of a heterogeneous

11

interface scheme, which offers the following advantages: 1) The S-
scheme structure expanded the light-harvesting range of the hetero-
junction photocatalyst, thereby enabling a synergistic effect in photo-
catalysis. 2) The formation of the S-scheme heterojunction structure in
the CCO/CN binary photocatalyst inhibited the recombination of
electron-hole pairs on the surfaces of CCO and CN, thereby creating a
novel pathway for the effective separation of e~ and h*. In conclusion,
this research not only provides novel ideas and methods for constructing
high-efficiency composite photocatalysts but also makes significant
contributions to the effective treatment of antibiotic wastewater and
ecological environmental protection. Further in-depth research and
promotion of this work are warranted.
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