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Solid-waste-recycled CuO/CzN,4 S-scheme
heterojunctions for efficient photocatalytic
antibiotic degradationf
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With the increasing severity of antibiotic pollution, the development of effective green photocatalysts for the
degradation of organic pollutants in water has attracted extensive attention. Herein, we have prepared CuO/
C3N,4 S-scheme heterogeneous photocatalysts via recycling Cu resources from Cu-containing electroplating
sludges. By mediating the acid leaching process, copper in electroplating sludges was dissolved selectively, while
other metal species were retained in the residues. The CuO/C3N,4 S-scheme heterojunction not only effectively
suppressed the recombination of photogenerated charge carriers of CzN,, but also preserved the strong redu-
cing electrons of C3N4 and the strong oxidizing holes of CuQ, retaining the outstanding redox ability of CuO/
C3Ny4. Therefore, CuO/C3N,4 photocatalysts exhibited good catalytic performance in the degradation of tetra-
cycline (over 95% in 2 h). In addition, CuO/C3N4 S-scheme heterojunctions achieved a high mineralization rate
(45% in 2 hours), thus reducing secondary pollution during the degradation. This work provides a reliable direc-
tion for designing novel S-scheme heterojunction photocatalytic materials by using metal sources in solid waste.
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Introduction

Among the critical resources essential for human survival,
water reservoirs have endured substantial pollution, further
exacerbating the crisis.'™ The excessive and improper utiliz-
ation of antibiotics has led to pervasive contamination of
water resources, profoundly threatening the ecological
balance.®” In response to this urgent issue, diverse strategies
have been developed, such as photocatalytic degradation,®
electrochemical ~ degradation®"' and biodegradation.'?
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Notably, photocatalytic degradation has been extensively inves-
tigated due to its ability to harness renewable solar energy,
aligning with sustainable and environmentally friendly
practices.”*™® Photocatalysis holds immense promise in tack-
ling the challenge posed by antibiotic pollution in water."®

As the key to photocatalytic degradation, the issue of how to
improve the separation efficiency of photogenerated carriers
needs to be urgently resolved.'”>* To solve this problem, it is a
common method to construct heterojunctions. However, in
the conventional type II heterojunction structure, the carrier
separation efficiency is improved at the expense of the redox
capacity of the catalyst.”® By forming an internal electric field
between an oxidation catalyst and a reduction catalyst, the
S-scheme heterojunction can not only ensure the effective
carrier separation of both catalysts, but also improve their
redox capability.>*>®* Among the common photocatalysts, C;N,
has garnered significant attention due to its narrow band gap,

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0000-0002-0701-5948
http://orcid.org/0000-0002-4623-2216
https://doi.org/10.1039/d3nr06410g
https://doi.org/10.1039/d3nr06410g
https://doi.org/10.1039/d3nr06410g
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr06410g&domain=pdf&date_stamp=2024-03-25
https://doi.org/10.1039/d3nr06410g
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016013

Published on 29 Kudo 2024. Downloaded on 02/08/2024 3:31:22 PM.

Nanoscale

suitability for visible light absorption, facile synthesis, excel-
lent thermal stability, and robust acid and alkaline
resistance.>” > Although the narrow band gap of C;N, brings
a good visible light absorption capacity, it restricts the redox
capacity of C;N,. In addition, pure-phase C;N, also exhibits
drawbacks in photocatalysis, such as high carrier recombina-
tion rate.*>** By combining C3N, with CuO with its more posi-
tive valence band to form an S-scheme heterojunction, the
carrier separation efficiency and redox ability of C3N, can be
intensively improved.

As one of the indispensable metals in our daily life, copper
products are widely used in all walks of life. However, the
extensive use of copper products has resulted in large amounts
of copper-containing solid waste.’® Considering prevailing
resource scarcity, these solid waste materials represent misallo-
cated reserves of accessible metal resources.***” In our work, a
simple approach was employed to extract copper from solid
waste through acid leaching and integrate it with C;N, to fabri-
cate CuO/C3N, composite heterojunction  materials.
Considering that both CuO and C3;N, are n-type semi-
conductors with significant difference in electronic band posi-
tions, a novel S-scheme heterojunction could be constructed.
The formation of the S-scheme heterojunction was verified
through the characterization of Mott-Schottky curves and
band structures. Due to the electrons in C3;N, at the high
Fermi level drifting to CuO at the low Fermi level, the C3N,
interface became positively charged and the CuO interface
became negatively charged, creating an internal electric field
directed from CuO to C;N,. At the same time, the energy
bands at the C;N, and CuO interfaces were also bent upward
and downward, respectively. This band bending and the for-
mation of the internal electric field effectively inhibited carrier
recombination and increased carrier lifetime from 1.32 ns to 4
ns. In addition, strong reducing electrons and oxidizing holes
were retained in the conduction band of C;N, and the valence
band of CuO, respectively, which preserved the strong redox
ability of CuO/C;N,. After a photocatalytic reaction for 2 h, the
degradation rate of tetracycline exceeded 95%, and its mineral-
ization rate approached 50%. These results confirmed the sig-
nificant photocatalytic performance of the CuO/C3;N,
materials.

2. Experimental
2.1 Chemical reagents

The following reagents were directly used without further puri-
fication: sulfuric acid (H,SO4, Guangzhou Chemical Reagent
Factory), melamine (Macklin, 98%), cyanuric acid (Macklin,
99%), potassium hydroxide (KCl, 99.8%, Macklin), ethanol
(99.8%, Macklin) and Nafion (5%, DuPont). All experiments
used deionized (DI) water.

2.2 Synthesis

Pretreatment of the copper-bearing solid waste. The solid
waste was supplied by Shenzhen Suntak Circuit Technology
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Co., Ltd. Firstly, the copper-bearing solid waste was dried at
70 °C for 24 h and broken into powder. Then, the powder was
soaked and dissolved in 1 M H,SO, solution followed by stir-
ring for 3 h. The Cu leachate was obtained after filtration.

Synthesis of CuO/C;N,. The typical process of preparing
CuO/C;3N, catalyst with different proportions was as follows:
2 g of melamine and 2 g of cyanuric acid were added into a
mixed solution of 2 ml of Cu leachate and 28 ml of water, and
the mixture stirred for 2 hours after half an hour of ultrasound
treatment. The resulting suspension was centrifuged at 11 000
rpm for 5 minutes; the sediment obtained was composed of a
macromolecular polymer containing copper ions. Different
proportions of CuO/C;N, composites were obtained by calcin-
ing 4 g, 3 g, and 2 g of the precipitate in a covered crucible at
550 °C in a muffle furnace for 2 hours, which were named as
CuO/C3Ny-1, CuO/C3N,-2 and CuO/C3N,-3, respectively.

Synthesis of CuO. 2 g of melamine and 2 g of cyanuric acid
were added into the mixed solution of 2 ml of Cu leachate and
28 ml of water, and stirred for 2 h after half an hour of ultra-
sonication. The resulting suspension was centrifuged at 11 000
rpm for 5 minutes and the sediment composed of a macromol-
ecular polymer containing copper ions was obtained. The
dried macromolecular polymer was calcined in an open cruci-
ble at 550 °C in a muffle furnace for 2 h to obtain the CuO
catalyst.

Synthesis of pure C;N,. The other procedures of the syn-
thesis method remained unchanged, except that the Cu lea-
chate was replaced by DI water.

2.3 Characterization studies

Scanning electron microscopy (SEM) images were taken using
a field emission scanning electron microscope (FESEM) on a
ZEISS Merlin (Zeiss) spectrophotometer to observe the mor-
phology. Powder X-ray diffraction (XRD) patterns were recorded
using a Bruker D8-Advance X-ray diffractometer with Cu Ka
radiation (4 = 0.154 nm) at 40 kV and 40 mA. Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) images of the nanostructures
were recorded on an electron microscope (FEI-TALOS-F200X)
operating at an accelerating voltage of 200 kV. Diffuse reflec-
tance UV-vis spectra (DRS) were recorded on a SHIMADZU
UV-2600i spectrophotometer. Fourier transform infrared
(FTIR) spectroscopy was performed on a Bruker INVENIO R
within the range from 4000 to 400 cm™'. X-ray photoelectron
spectroscopy (XPS) was monitored on a Thermo Scientific
K-Alpha photoelectron spectrometer. The steady-state and
time resolution photoluminescence (PL) spectra were used to
analyze photogenerated electron-hole separation efficiency.
Electrochemical testing was carried out by using an electro-
chemical analyzer (CHI660e).

2.4 Photocatalytic degradation measurements

Photocatalytic tetracycline degradation was carried out in a
quartz reactor equipped with a cooling water circulation
device. Typically, 20 mg of the catalyst were dispersed into
100 ml of 30 mg L™ tetracycline aqueous solution at room
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temperature. A 300 W Xe lamp was used as a visible light
source, placed 10 cm above the reactor. At first, the suspension
was stirred in the dark for 30 min to achieve the equilibrium
of absorption and desorption. Then, 5 ml of the sample was
extracted under light every half hour to record the ultraviolet
absorption spectrum to determine the tetracycline
concentration.

2.5 Photoelectrochemical measurements

An electrochemical workstation (CHI660e) was used to
measure the photocurrent responses and electrochemical
impedance spectra (EIS). All the tests were carried out by using
a three-electrode system, including a reference Ag/AgCl elec-
trode, a counter electrode of Pt foil, and a working electrode of
ITO glass-supported photocatalyst. To prepare the working
electrode, the ITO glass was cleaned by ultrasonic cleaning
with acetone, ethanol and DI water. Then, 100 pl of photo-
catalyst ink was dropped onto the ITO glass and dried under
an infrared lamp. The ink was prepared by ultrasonically
mixing 10 mg of photocatalyst and 50 pl of Nafion in a solu-
tion of 1560 pl of DI water and 390 pl of ethanol. 0.1 M K,SO,
solution was used as the electrolyte. The I-¢ curve was recorded
under illumination (300 W xenon lamp). EIS measurements
were carried out at open circuit voltage (OCP). The Mott-
Schottky data were collected at 1 kHz. The carrier concen-
tration was estimated according to the Mott-Schottky
equation:

where Cgc is the capacitance derived from the electrochemical
impedance obtained at each potential with 1 kHz frequency in
the dark, ¢ is the dielectric constant, ¢, is the permittivity in a
vacuum, and Np, is the donor density.

3. Results and discussion

Fig. 1a shows the XRD pattern of the raw sludge. The main
phases contain CaCOj3, BaSO,, Cu,FesSg, BaCuO, 3¢ and SiO,.
X-ray fluorescence (XRF) was used to analyze the content of
each element in the sludge. The main metals in the raw sludge
were Cu, Fe and Ca, which were 50.8%, 16.4% and 16.4%,
respectively (Fig. 1b). Fig. 1c depicts the fabrication process of
the CuO/C;N, catalysts. The plating sludge containing copper
was first dried and broken, and then soaked in the acid solu-
tion. The metal species were dissolved by acid leaching, and
then Fe’" and Ca®* were precipitated by controlling the
amount of acid and anions added. Meanwhile, the copper ions
were retained in the leachate. Melamine and cyanuric acid
were added to the Cu leachate solution. During the stirring
process, melamine and cyanuric acid were connected through
hydrogen bonds (N-H---N/O) to form macromolecular poly-
mers. Copper ions were anchored on the surface of the
polymer due to pH changes. The obtained suspension was
subsequently subjected to centrifugation and drying processes,
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Fig. 1 (a) XRD pattern of the sludge. (b) Pie chart of the elemental dis-
tribution of the sludge. (c) Schematic illustration of the synthetic process
of CUO/C3N4.

yielding macromolecular precursors containing copper
species. Subsequently, the macromolecular polymers were cal-
cined at 550 °C, leading to the formation of CuO/C;N, cata-
lysts. The specific experimental procedures can be found in
the ESI.t We carried out an ICP test on the Cu®*" concentration
in the solid waste leachate solution and the solution after
being treated. The Cu®** concentrations were 14 255.6 mg L™
and 39.7 mg L™, respectively, indicating that the copper ions
in the waste were almost completely adsorbed and had a very
good utilization rate. SEM images in Fig. S2t depict the mor-
phologies of different samples, including pure C;N,;, CuO/
C3N,-1, CuO/C;3N,-2, and CuO/C;N,-3. The lamellar structure
of C;N, without the addition of copper extract was observed
and is shown in Fig. S2a.t This two-dimensional sheet struc-
ture effectively enhanced the exposure of C;N, active sites and
utilization of visible light. Meanwhile, the 2D sheet structure
also greatly shortens the carrier mobility path from the bulk
phase to the surface and reduces the carrier recombination
efficiency. Upon the introduction of the copper-containing lea-
chate, the flake morphology of the -catalysts remained
unchanged, as revealed in Fig. S2b-d.f Nanoparticles were
observed on the surface of the sheet structure of CuO/C;Ny,
which were likely copper oxide nanoclusters (Fig. S2d¥).

To investigate the morphology of copper oxide and C3;Ny,
further characterization of CuO/C3;N,-2 was conducted using
transmission electron microscopy (TEM). TEM images pro-
vided direct visualization of the two-dimensional nanosheet
structure of C3N, (Fig. 2a). In Fig. 2b, the lattice spacing values
of 0.25 nm and 0.33 nm can be observed, belonging to the
(111) crystal plane of CuO and the (002) crystal plane of C3N,,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) TEM image and (b) HRTEM image of CuO/C3N4-2. EDS
elemental distribution mappings of (c) C, (d) N, (e) Cu and (f) O of CuO/
C3N4-2.

respectively. This confirmed that the copper species were
loaded onto C;N, in the form of copper oxide after the calcina-
tion process and formed a heterogeneous interface. Cu and O
elements were concentrated within the particle clusters, while
C and N elements were uniformly distributed throughout the
nanosheet structure. In Fig. 2f, it was observed that oxygen
element also existed in the C;N, sheet area. Considering that
the macromolecular precursor was calcined under an air atmo-
sphere, oxygen element was inevitably doped into the C;N,
lattice. Some studies have shown that oxygen doping could
effectively regulate the electron state density and band struc-
ture of C;N, and improve the catalytic efficiency.*®?° This
spatial distribution of elements provided additional evidence
supporting the presence of CuO in the form of clusters on the
surface of the C;N, sheet.

In order to further explore the composition and phase
structure of the as-synthesized samples, X-ray diffraction
(XRD) patterns and Fourier transform infrared (FTIR) spec-
troscopy measurements were conducted. Pure C;N, exhibited
diffraction peaks at 12.8° and 27.5°, agreeing well with the
(100) and (002) crystal planes of C;N,, respectively (Fig. 3a).
Different proportions of CuO/C3;N, catalysts were prepared by
changing the calcination amount of the macromolecular
polymer precursors. From CuO/C3;N4-1 to CuO/C3N,;-3, the
increasing intensity of peaks at 35.2° and 38.6° attributed to
the (1—11) and (111) crystal planes of CuO, respectively, indi-
cated that the content of CuO increased gradually. In Fig. 3b,
IR signals at 815 cm™", 1150-1700 cm™ ", and 3000-3400 cm ™
were attributed to the structural bending of tri-s-triazine units,
stretching vibration modes of C-N heterocycles and N-H
stretching of the amino groups, respectively (Fig. 3b).
Compared with pure C;N,;, CuO/C3;N, showed no obvious
change, indicating that the structure of C;N, remained
unchanged despite the modification of CuO.

The absorption capacity of visible light plays a crucial role
in the photocatalytic performance of a photocatalytic material.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (a) XRD patterns and (b) FTIR spectra of pure C3N4, CuO/C3N4-1,
CuO/C3N4-2 and CuO/C3zN4-3. (c) UV/Vis absorption spectra and the
corresponding Tauc plots of pure C3N; and CuO/C3N4-2. (d) XPS
valence band energy plots of pure C3N4 and CuO.

To investigate the influence of copper oxide on the absorption
capacity of C;N,, UV-vis absorption spectra were recorded.
Compared with pure C3N,, CuO/C;N,-2 demonstrated a notice-
able red shift in the absorption edge after the introduction of
CuO. This observation indicated that the formation of a CuO/
C;3N, heterojunction effectively broadened the wavelength
range of light utilized by the catalyst. Moreover, the absorption
intensity of the catalyst in the visible range was significantly
enhanced in comparison with pure C;N,. This finding con-
firmed that the introduction of CuO contributed to the
improvement of photon utilization efficiency of C;N, during
the photocatalytic process, leading to an enhanced overall
photocatalytic performance of C;N,. By employing the
Kubelka-Munk equation, the band gaps of pure C;N, and
CuO/C;3N,-2 catalysts were calculated to be 2.98 eV and 2.90 eV,
respectively. CuO loading thus reduced the band gap of C3N,
by approximately 0.08 eV. Moreover, the VB-XPS spectra of
C;3N, and CuO are shown in Fig. 3d. These suggested that the
VB was 2.38 eV and 1.71 eV for CuO and C;N,, respectively.

To investigate the chemical states of pure C3N, and CuO/
C3N,-2, X-ray photoelectron spectroscopy (XPS) was employed.
Compared with pure C3;N,, CuO/C3N,-2 exhibited additional
binding energy peaks around 940 eV (Fig. 4a), which can be
attributed to the presence of copper. High-resolution Cu2p
XPS spectra of CuO/C;N,-2 are shown in Fig. 4b. The peaks at
951.8 eV and 932.0 eV were assigned to Cu®2p;, and
Cu**2ps),, respectively. The apparent satellite peaks at 961.7 eV
and 941.9 eV in Fig. 4b indicate that the copper species was
copper oxide rather than elemental copper or cuprous oxide.
The high-resolution XPS spectra of N1s reveal peaks at 397.5
eV, 398.9 eV, and 400.1 eV, corresponding to nitrogen bonded
in C-N=C in sp® hybridization, the N-C; bond in sp* hybridiz-
ation, and the amino C-N-H bond in sp® hybridization,
respectively (Fig. 4c). The ratio of sp® hybridized nitrogen to
sp® hybridized nitrogen was calculated for the C;N; and CuO/
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Fig. 4 (a) XPS survey spectra of pure C3zN4 and CuO/C3N4-2. (b) High-
resolution Cu2p XPS spectra of CuO/C3N4-2. High-resolution XPS
spectra of (c) N1s and (d) Cls of pure CzN, and CuO/C3N,4-2.

C;N, samples, and it was 2.45 and 1.53, respectively. These find-
ings suggested that the incorporation of copper species partly
occupied the position of sp>-hybridized nitrogen of C3N,,
leading to a decrease in the content of sp>hybridized nitrogen.
Additionally, the N/C atom ratio decreased from 0.75 to 0.6
upon the modification of copper oxide, indicating the emer-
gence of nitrogen vacancies in the sp? hybrid nitrogen sites.

Fig. 4d displays the high-resolution XPS spectra of C1s. The
peaks at 283.8 eV, 285.1 €V, and 287.1 eV were in agreement with
graphitized carbon, the C-NH, bond, and sp® hybrid carbon,
respectively. In comparison with C;N,, the proportion and posi-
tion of carbon atoms connected to the amino group in CuO/C;3;N,
samples were significantly changed, indicating a strong inter-
action between copper oxide and C-NH,. The ratio of sp> hybrid
carbon to sp® hybrid carbon decreased from 1.61 to 1.03, which
aligned with the change trend observed in the N/C atom ratio.
This further confirmed the influence of copper oxide loading on
the chemical environment of carbon and nitrogen elements of
C;N,. Moreover, the presence of C-N=C structures in the N1s
spectra and N-C=N structures in the C1s spectra demonstrated
the existence of the tri-s-triazine ring structure in the sample.

To evaluate photogenerated carrier separation and trans-
mission efficiency of pure C;N, and CuO/C;3;N,, photocurrent
measurements, electrochemical impedance spectroscopy (EIS),
steady-state photoluminescence (PL) spectroscopy and time-
resolved photoluminescence (TRPL) spectroscopy were con-
ducted, as depicted in Fig. 5. The photocurrent generated by
CuO/C;N,-2 (about 0.4 pA cm™?) under xenon lamp illumina-
tion was 2.6 times greater than that of pure C;N, (about
0.15 pA cm™?, Fig. 5a). The photocurrent generated by CuO/
C;3;N4-1 and CuO/C3Nu-3 under the same xenon lamp was
0.28 pA cm™> and 0.32 pA cm >, respectively. These results
indicated that the introduction of CuO significantly enhanced
the separation efficiency of photogenerated electrons and
holes. The EIS spectra showed that the electrochemical impe-
dance of CuO/C;3N,-2, CuO/C3N,-3, CuO/C3N,4-1 and pure C3N,
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Fig. 5 (a) Photocurrent responses, (b) EIS spectra and (c) PL spectra of
pure CzN4; CuO/C3N4-2, CuO/C3N4-2 and CuO/CzNg4-3. (d) TRPL
spectra of pure CsN4 and CuO/C3N4-2.

increased gradually (Fig. 5b). This suggested that the charge
transfer ability at the interface between CuO/C;N, and solution
was substantially higher than that between pure C;N, and
solution, ultimately improving the photocatalytic efficiency.
The fluorescence intensity of CuO/C;N, was considerably lower
than that of pure C;N, (Fig. 5¢). This indicated that the intro-
duction of CuO effectively suppressed the recombination of
photogenerated electrons and holes, leading to enhanced
visible light utilization efficiency. By employing double expo-
nential function fitting, the average lifetimes of pure C;N, and
CuO/C;3N,-2 were calculated to be 1.32 ns and 4.00 ns, respect-
ively. The average lifetime of CuO/C3;N,-2 was approximately
three times greater than that of pure C;N,, indicating that CuO
decoration significantly decreased the recombination rate of
photo-induced charge carriers.

To investigate the effect of CuO modification on the photo-
catalytic performance of C3N,, tetracycline (TC) was utilized as
the target pollutant for degradation under xenon lamp
irradiation. Tetracycline has caused significant environmental
harm due to its widespread misuse. For comparison, the same
degradation tests were performed with commercial CuO. The
degradation experiments were performed using a 30 mg L™
tetracycline solution with 20 mg of catalysts under xenon lamp
illumination, preceded by a 30-minute adsorption test in the
dark. The results demonstrated that the degradation rate of TC
can exceed 95% within 2 hours using CuO/C;N, as the catalyst,
whereas the degradation rates of pure C;N, and CuO were only
around 50% (Fig. 6a). This tremendous improvement in degra-
dation efficiency using CuO/C;N, as the catalyst was primarily
attributed to the introduction of copper oxide. The presence of
copper oxide enhanced carrier separation efficiency, increased
visible light utilization, and reduced carrier recombination
rates, thereby facilitating the improved photocatalytic
efficiency. In Fig. S3,t it is shown that the degradation rate of
the sample was over 90% after five cycles. This result indicated
that our samples have good stability under catalytic reactions.

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) Photocatalytic performance of CuO, pure C3N4, CuO/C3Ny4-1,
CuO/C3N4-2 and CuO/C3N4-3 for the removal of TC. (b) Mineralization
rate and TOC removal efficiency of TC over CuO/CsNjz-2. ()
Photocatalytic mechanism of CuO/C3N4-2 under visible light.

It can be observed in Fig. S4} that the morphology of the CuO/
C;3N,4-2 had no obvious change after 5 cycles. In addition, the
peak position in the XRD pattern had no significant deviation,
suggesting that our samples had good stability. By comparing
three CuO/C;3N, catalysts, it was found that the photocatalytic
degradation performance of CuO/C;N,-2 was better than those
of CuO/C;N,-1 and CuO/C;N,-3. This was due to the low CuO
content of CuO/C3N,-1, resulting in the limited formation of
heterojunctions. Moreover, the high CuO content of CuO/
C;N,-3 caused the agglomeration of CuO on the surface of
C;N,, leading to its low photocatalytic activity.

In addition to degradation efficiency, the ability to minera-
lize tetracycline is an important parameter to evaluate the pro-
duction of highly toxic intermediate products and secondary
pollution during the degradation process. TC samples
degraded by CuO/C3;N,;-2 were collected every half an hour,
and the mineralization rate and total organic carbon (TOC)
removal rate were measured. After two hours, the mineraliz-
ation rate of tetracycline approached 50%, and the total
organic carbon content decreased by 30% (Fig. 6b). In con-
trast, the mineralization rates of some other catalytic materials
for the photodegradation of tetracycline are given in Table S1.f
These results confirmed that the catalyst exhibited not only
excellent degradation efficiency, but also good mineralization
ability to decompose tetracycline, ensuring the transformation
of the pollutant into less harmful byproducts.

In order to explore the mechanism of photocatalytic degra-
dation of heterojunctions formed by CuO and C;3;N,, the sche-
matic diagram of band structure was composed, as shown in
Fig. 6¢c. To obtain the carrier concentrations of C;N, and CuO,
the Mott-Schottky curves were tested at 1 kHz, as shown in
Fig. S5.1 The slopes of the curves are both positive, indicating
that C;N, and CuO are n-type semiconductors. According to
the Mott-Schottky equation, the carrier concentrations of C;N,
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and CuO were 3.07 x 10" em™ and 7.36 x 10" cm™, respect-
ively. Based on the relationship between the carrier concen-
tration and the Fermi level, such a carrier concentration
caused the Fermi level of an n-type semiconductor to shift by
about 0.1 eV towards the conduction band at room tempera-
ture.*® As the Fermi level of C3N, was higher than that of CuO,
an interfacial charge transfer occurred after contact between
C3;N, and CuO. Electrons drifted from C3;N, to CuO. As a
result, the C3N, side lost electrons with positive charges, and
the CuO side obtained electrons with negative charges,
forming an interfacial electric field (IEF) and causing the band
to bend. This resulted in a typical n-n S-scheme heterojunc-
tion structure consisting of a reduction photocatalyst (C3N,)
with a higher Fermi level and an oxidation photocatalyst (CuO)
with a lower Fermi level. This promoted the transfer of elec-
trons from the conduction band of CuO to the valence band of
C;N,. Compared with a conventional type II heterojunction, an
n-n S-scheme heterojunction structure not only ensures the
separation of photogenerated carriers, but also maintains the
high redox capacity of the catalyst. Therefore, CuO/C3;N, cata-
lysts that form S-scheme heterojunctions show both good TC
degradation performance and good TC mineralization ability.

4. Conclusions

In this study, we present a straightforward method to synthesize
CuO/C;3N, S-scheme heterojunction photocatalysts for the effective
degradation of tetracycline. This work combined the recycling of
metal resources from solid waste with the preparation of photoca-
talysts. The S-scheme heterojunction was constructed by exploiting
the Fermi level difference between CuO and C;N,. The formation
of CuO/C;N, S-scheme heterojunctions not only facilitated the sep-
aration and transportation of photogenerated charge carriers, but
also inhibited their recombination, thereby enhancing the utiliz-
ation of visible light by the catalyst and leading to an improved
photocatalytic performance. After the formation of the S-scheme
heterojunction, the carrier lifetime of the catalyst increased from
1.32 ns to 4 ns, approximately tripling the original charge mobility.
Meanwhile, the formation of the S-scheme heterojunction also
retained the strong redox ability of the catalyst, contributing to its
effective degradation and mineralization performance in the tetra-
cycline degradation. In comparison with pure C;N,, the photode-
gradation performance of tetracycline using CuO/C;N, as the cata-
lyst was significantly enhanced, achieving approximately a 50%
mineralization rate and total organic carbon (TOC) removal of
tetracycline in 2 hours. This research not only introduces a novel
approach for the recovery of metallic elements from solid waste,
but also demonstrates its effective utilization in the development
of advanced photocatalysts.
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