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Fenton-like photocatalysis, an advanced oxidation technology, is considered a promising method by
which to degrade tetracycline antibiotic (TC) pollutants, but it remains a challenge to achieve a high
degradation efficiency in an environmental friendly way. Herein, cluster structures assembled by 2D
nanosheets of reduced CuNiFe mixed-metal-oxides (re-CuNiFe-MMOs) have been synthesized through a
combined hydrothermal and polyols-solvothermal reduction process. The synergistic effect induced by
multiphases of MMOs and the CuNi alloy endows the obtained re-CuNiFe-MMOs with superior Fenton-like
photocatalytic activity for the degradation of TCs without the use of any additional oxidants, which is mainly
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the synergy of the multiphases. The degradation rate of TC reaches 100% in just 4 minutes with a constant
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1. Introduction

Tetracycline antibiotics (TCs) are widely applied to treat
human and animal diseases due to their low cost and excellent
antibacterial activities." However, owing to their long half-life
and poor biodegradation characteristics, a large amount of TC
residue has accumulated in water sources, which seriously
threatens ecosystems and the health of human beings and
animals.>* Therefore, it is crucial to explore a cheap, safe and
effective way to degrade TC contaminants.

The advanced oxidation process (AOP) has been considered
one of the promising ways to degrade various types of organic
pollutants (e.g. antibiotics) into low- or non-toxic small mole-
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, and this can be maintained at 95.5% after 12 cycles. This study provides an envir-
onmentally friendly approach for the treatment of antibiotic pollutants directly using visible light.

cules in water, because it can generate various types of reactive
oxygen species (ROSs) to accelerate the degradation reactions.’
Recently, the Fenton and photocatalysis methods became
popular for the degradation of toxic contaminants.®
Unfortunately, the effectiveness of the Fenton processes is
strongly dependent on the pH value of the solutions. They
often require a large amount of oxidizing agent such as hydro-
gen peroxide (H,O,) or persulfate, and also produce large
amounts of iron sludge, which are difficult to separate from
the catalyst afterwards.” Additionally, although the photocata-
lysis can use ROSs produced by photogenerated electrons (e™)
and holes (h") to oxidize and degrade antibiotics,® it is limited
by poor visible light utilization and lots of recombination of e™
and h'.° Photocatalysts with multiphases of metal and semi-
conductor are expected to solve the above-mentioned pro-
blems. They can be readily modified to adjust their bandgaps,
efficiently transfer interfacial charges, and significantly reduce
recombination of photogenerated e~ and h'. Therefore, their
use has now become one of the effective ways to improve the
degradation efficiency.’® Transition metals (such as Cu, Fe,
and Co) can produce different valence states to form multi-
phase interfaces (e.g. biochar modified CuFeO,, CuFe,O,/
Bi,03, and CuCo,S,)."* ™ In addition, the efficient transfer of
e~ or h" greatly promotes the production of active free radicals,
enhancing the catalytic degradation performance.'*'® If the
electrons and abundant H,0, produced by the photocatalysis
can be directly used in the Fenton-like process, it will avoid
the use of oxidants and simultaneously promote the effective
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separation of photogenerated e /h" pairs. Hence, synergy of
the photocatalysis and Fenton-like effects can be applied to
generate highly reactive free radicals without an oxidant, thus
improving the efficiency of oxidative degradation.

The microstructure of the catalyst is an important factor
influencing its photocatalytic performance.'® Two-dimensional
(2D) ultrathin heterostructures have large photosensitive surfaces,
which can shorten the carriers’ migration distance, provide mul-
tiple surface reaction sites, and reduce the energy barrier for reac-
tions, all of which are favorable for the effective migration and
transfer of photogenerated carriers to achieve superior catalytic
performance.”” ™ It is worth mentioning that the nanosheet-
assembled clusters not only have the features of 2D ultrathin
heterostructures, but also provide stable structures to prevent
severe agglomeration of the nanosheets.?** Therefore, these 2D
ultrathin heterostructure-based Fenton-like photocatalysts con-
taining multiphases of metals and semiconductors are effective
in solving the problem of antibiotic contamination in an environ-
mentally friendly manner.

In this study, a cluster structure assembled by 2D
nanosheets of reduced CuNiFe mixed-metal-oxides (re-CuNiFe-
MMOs) (Fig. 1) has been successfully synthesized through a com-
bined hydrothermal and polyol solvothermal reduction (HPSR)
process. When used as a Fenton-like photocatalyst but without
adding H,0,, these re-CuNiFe-MMOs nanosheets can achieve an
outstanding degradation efficiency for TCs, including tetracycline
(TC), chlortetracycline (CTC) and oxytetracycline (OTC). The excel-
lent performance has been assigned to the following reasons. (1)

A CuNiFe-MMOs
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The cluster structure assembled by the re-CuNiFe-MMOs
nanosheets can offer a large specific surface area and expose
more active sites, which are beneficial to the catalytic degradation
process; (2) the re-CuNiFe-MMOs with multiple nanophases
(including CuNi, Cu,0, CuO, FeO and NiO) have adjustable band-
gaps and can facilitate effective electron transfer, both of which
improve the utilization of visible light; (3) the synergy of photoca-
talysis and the Fenton-like effect not only results in a high oxi-
dative degradation ability for TCs, but also avoids the use of
strong oxidants in the Fenton-like process, which can be pro-
duced by the photocatalysis process and hydroxyl oxidation on
the surface of the catalyst; (4) a large number of defects (e.g:
oxygen vacancies (OVs)) formed by the in situ reduction of
CuNiFe-MMOs can react with oxygen molecules and provide more
ROSs, thus accelerating the degradation rate of the TCs. Based on
the above analysis, the synergetic effects of the CuNi-nanophase,
FeO and Cu mixture oxides can effectively enhance Fenton-like
photocatalysis towards the degradation of TCs without the need
for oxidants. Therefore, this study is of great significance in the
development of an environment friendly approach for the highly
efficient treatment of TC pollution without oxidants.

2. Experimental
2.1. Synthesis of re-CuNiFe-MMOs

The chemical reagents used in the experiments are described
in the ESI Text S1.T The heterostructure clusters assembled by
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Fig. 1 Schematic illustration of (A) the fabrication of the re-CuNiFe-MMOs 2D-heterostructure and (B) its Fenton-like photocatalytic mechanism for

TC degradation.
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the re-CuNiFe-MMOs nanosheets were fabricated through the
HPSR method based on the following procedures.
Cu(NO3),-3H,0 (4 mL, 10 mM), Fe(NO;);-9H,0 (4 mL, 10 mM),
and Ni(NOj3),-6H,0 (5 mL, 20 mM) were mixed first, then urea
(6 mL, 10 mM) was added into the mixture with continuous
stirring for 30 min. After the mixture had been heat-treated at
140 °C for 10 h inside a 25 mL Teflon-lined stainless-steel auto-
clave, the CuNiFe-MMOs precursor was obtained. This precur-
sor and 10 mg of NaHCO; were then mixed with 15 mL of
ethylene glycol, followed by a solvothermal reduction process
performed at 160 °C for 2 h. After the reaction solution had
been naturally cooled down to room temperature, the re-
CuNiFe-MMOs were collected by washing alternately with
water and ethanol three times and then dried under vacuum at
60 °C for 2 h. The preparation methods of the re-CuFe-MMOs,
re-CuNi-MMOs, and re-FeNi-MMOs were similar to those of
the re-CuNiFe-MMOs, except that Ni, Fe and Cu, respectively,
were not available in the raw materials.

2.2. Characterization methods

The microstructures and morphology of the samples were
characterized using a field emission scanning electron micro-
scope (FE-SEM, JEOL, S-4800), and a transmission electron
microscope (TEM, JEOL JEM-2100) with a selective region elec-
tron diffraction (SAED) function. The element distribution
inside the samples was detected using an energy-dispersive
X-ray spectrometer (EDS, TN5400, 15 keV). The crystalline
structures of the samples were measured using powder X-ray
diffraction (XRD, Bruker D8, with Cu Ka as the source of radi-
ation). The surface area of the prepared materials was
measured using a Brunauer-Emmett-Teller (BET, Micromeritics
TRISTAR 3020 V) method. Surface functional groups were ana-
lyzed using a Fourier transform infrared spectroscope (FT-IR,
Nicolet IS10). Molecular structures were studied using a Raman
spectroscope (InVia microconfocal spectrometer, Renishaw
Corporation) with a He-Ne laser at a wavelength 4 of 514 nm and
a power of 10-20 mW. The element bonding and valence band
positions (Eyg) were studied using an X-ray photoelectron spectro-
scope (XPS, PHI-5000C ESCA system) with Al Ka as the radiation
source, and calibrated using C 1s of the surface contaminant at
284.6 eV. UV-vis diffuse reflectance spectroscopy (Cary 5000
UV-Vis-NIR with a Pb smart detector) was used to monitor the
bandgaps of the materials under the wavelength range of
200-800 nm. The efficiency of the photogenerated charge transfer
was tested using a photoluminescence spectroscope (PL, F-7000,
Hitachi Limited). Analysis using electrochemical impedance
spectroscopy (EIS) was performed using an electrochemical work-
station (CHI660E, Shanghai Chenhua). Electron paramagnetic
resonance (EPR) spectra (Miniscope MS-5000 EPR spectrometer
at 293 K) were recorded with 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethylpiperidine (TEMP) used as spin
probes.

2.3. Assessment of Fenton-like photocatalytic performance

The Fenton-like photocatalytic activity of the prepared catalysts
against TCs (including tetracycline, chlortetracycline, and oxy-
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tetracycline), and non-tetracycline antibiotics ampicillin (AMP)
and kalamycin (KAN) were tested using multi-tube photo-
catalytic reaction equipment (JOYN-GHX-BC, Shanghai Joyn
Electronic CO., Ltd) with a 150 W Xe lamp, which was
equipped with a cut-off filter (1 > 420 nm) to obtain a visible
light source. In the experiments, 10 mg of the catalyst was first
mixed into an antibiotic solution (40 mL, 10 mg L"), and kept
in the dark under N, for 30 min to achieve an adsorption-de-
sorption equilibrium before visible-light irradiation. During
the degradation of the TCs, 3 mL of the suspension was
removed regularly with a 0.22 pm wavelength filter. The con-
centration of TC was determined based on its absorbance
wavelength using a UV-vis spectrophotometer (UV-1800,
Shimadzu). The intermediates generated during the degra-
dation process were analyzed using liquid chromatography-
mass spectrometry (LC-MS, Varian 310). The mineralization
efficiency was quantified using a total organic carbon (TOC)
analyzer (TOC-VCPH, Shimadzu). For identifying the contri-
bution of ROSs, radical trapping tests were performed by
adding scavengers into a mixed solution of antibiotics, includ-
ing triethanolamine (TEA, 1 mM), benzoquinone (BQ,
0.01 mM), isopropanol (IPA, 1 mM), and furfuryl alcohol (FFA,
1 mM). To detect superoxide radicals ("O,”) and hydroxyl
radicals ("fOH), 10 mg of sample powder and 10 pL of DMPO
were evenly dispersed in 2 mL of deionized water, then the sus-
pensions were illuminated under a 150 W Xe lamp with a UV
cutoff filter (A > 420 nm) for 4 min and the supernatants of the
suspension were collected for analysis using EPR spectroscopy.
Meanwhile, using the same detection method as described
above, TEMP was used as a spin trap to detect singlet oxygen
(*0,). For evaluating the degradation of TC into CO,, H,O, and
other inorganic small molecules, 50 mg L™ of TC was sub-
jected to Fenton-like photocatalytic degradation, and 20 mL of
the suspension was taken out regularly with a 0.22 pm filter.
Finally, E. coli culture experiments were performed using the
solution removed above for verification (Text S27).

3. Results and discussion
3.1. Synthesis and characterization

The Fenton-like photocatalyst of the cluster structure
assembled by the re-CuNiFe-MMOs hetero-nanosheets was
synthesized through the HPSR process, as illustrated in
Fig. 1A. First, the urea is gradually hydrolyzed into ammonia
and carbonate at 140 °C, which creates an alkaline condition,
and thus offers plenty of nucleation sites, and CuNiFe-MMOs
nanosheets are formed within the confined growth space.
Then, the three-dimensional (3D) assembly of the nanosheets
gradually results in the oriented arrangement of the
nanosheets, which are perpendicular to each other to reduce
their interaction energy (Fig. S1t).>> Subsequently, the
reduction of the CuNiFe-MMOs at 160 °C in ethylene glycol in
the solvothermal system with the assistance of NaHCO; pro-
duces multimetal and multivalent re-CuNiFe-MMOs with mul-
tiphase interfaces. Fig. 2A and B show that the re-CuNiFe-
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Fig. 2 (A) SEM image, (B) TEM image with the SAED pattern in the inset,
(C) HRTEM image, (D) EDS pattern with elemental mapping in the inset,
of the re-CuNiFe-MMOs catalyst. (E) XRD patterns and (F) Raman
spectra for the re-CuNiFe-MMOs (a), re-CuFe-MMOs (b), re-CuNi-
MMOs (c), and re-FeNi-MMOs (d).

MMOs have nanosheet-assembled clusters with an average
nanosheet (7 layers) thickness of 4.2 nm and an average
specific surface area of 126 m”> g~ (Fig. S2 and Table S17).
Such a stable cluster structure can offer a good number of
exposed active sites and maximize their catalytic activities. Its
SAED pattern exhibits a polycrystalline nature (Fig. 2B inset),
in which different diffraction rings are identified as facets of
FeO (002), Cu,O (111), CuO (111), and CuNi (111). The
HRTEM measurement image shows their corresponding lattice
spacings of 0.259, 0.246, 0.232, and 0.208 nm (Fig. 2C). The
disordered regions (marked in red circles) and the dislocations
of the lattice fringes (marked in a blue circle) on the surfaces
of the re-CuNiFe-MMOs nanosheets correspond to the amor-
phous structures or structural defects (e.g. OVs and grain
boundaries).>* Additionally, the EDS results prove the existence
of Cu, Fe, Ni and O, which are uniformly distributed on the re-
CuNiFe-MMOs nanosheets (Fig. 2D). In Fig. 2E, the XRD peaks
of re-CuNiFe-MMOs at 35.5°, 38.7°, 48.7°, 61.5°, 66.2°, and
68.1° are attributed to the (111), (111), (202), (113), (311), and
(220) faces, respectively, of CuO (JCPDS No. 48-1548). The peak
of the CuNi alloy (JCPDS No. 09-0205) at 43.5° is located
between those of Cu (JCPDS No. 04-0836) and Ni (JCPDS No.
65-0380). Cu,O at 36.5° (JCPDS No. 65-3288) and FeO at 34.5°
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(JCPDS No. 49-1447) also co-exist, while NiO remains amor-
phous without showing any diffraction peaks. XRD peaks of
Cu oxides, Fe oxides and CuNi-alloy were not detected in the
samples of re-FeNi-MMOs, re-CuNi-MMOs, and re-CuFe-
MMOs, respectively. The existence of multiphases can also be
confirmed by the Raman spectra (Fig. 2F). The peaks at 303,
320 and 553 cm™! are assigned to the Fe-O, Cu-O, and Ni-O
stretching vibration modes of FeO, CuO, and NiO,
respectively.>>>” The peak at 286 cm™' is the symmetrical
stretch of Cu-O in Cu,O. The peaks at 480 and 675 cm™! are
due to the Fe-O vibration of the inevitable Fe,O; in air.?® All
the above peaks can be observed in the re-CuNiFe-MMOs,
whereas the peaks of Ni-O, Fe-O, and Cu-O are absent in the
re-CuFe-MMOs, re-CuNi-MMOs, and re-FeNi-MMOs, respect-
ively. For all the samples, the positions of the Fe-O and Ni-O
peaks remain nearly unchanged, whereas for the re-CuNiFe-
MMOs, the Cu-O peaks are red-shifted compared with those
of the re-CuFe-MMOs, but are blue-shifted compared to those
of the re-CuNi-MMOs.**

3.2. Fenton-like photocatalytic performance

The catalytic performance of the re-CuNiFe-MMOs was evalu-
ated by UV-vis spectra for TC degradation under visible light
irradiation. The ring-opening degradation of the TC molecules
can be identified by two characteristic absorption peaks at
370 nm (benzene) and 245 nm (naphthalene) (Fig. $37).*° In
this Fenton-like photocatalysis reaction system, the synergistic
effect of FeO and the multivalent oxidation states of Cu signifi-
cantly enhances the capability for TC degradation even
without adding H,O,. Fig. 3A shows that with an initial TC
concentration of 10 mg L™" at a pH value of 7.2 and a catalyst
dosage of 0.25 g L', when no catalyst is used under visible
light irradiation, very little TC is degraded. Whereas upon
using the optimized re-CuNiFe-MMOs without H,0, (Fig. S4-
S6t), an optimal TC removal rate of 99.9% can be achieved in
4 min with a constant reaction rate (K) of 1.65 min™", which is
much higher than 72.1% (K = 0.44 min~") for re-CuFe-MMOs
(Fig. S7A and S8AT), 60.6% (K = 0.23 min~") for re-CuNi-MMOs
(Fig. S7B and S8Bf) and 46.5% (K = 0.12 min™") for re-FeNi-
MMOs (Fig. S7C and S8Cft). The good linear relationship
between In(C,/C,) and the irradiation time reveals pseudo-
first-order kinetics (Fig. S8Dt). Additionally, the re-CuNiFe-
MMOs show a much better catalytic performance than the
CuNiFe-MMOs (Fig. S9f), confirming that the Fenton-like
photocatalytic activity is mainly derived from FeO and the
multivalent oxidation states of Cu. Owing to the existence of
amphoteric molecules, pH variation will result in different
molecular forms of TC. TC exists as protonated TC" when pH <
4, whereas it is mainly in the form of neutral TC at a pH of
4-7.5. It becomes the anion TC™ when pH > 7.5. Clearly, the
pH value influences the adsorption capacity and performance
of the catalyst. In our case, under visible light irradiation for
4 min using the re-CuNiFe-MMOs catalyst, the TC removal rate
increases from 28.1% to 78.2% when the pH value is increased
from 3.0 to 4.5. It can reach nearly 100% at a pH of 7.2,
whereas it gradually decreases from 62.2% to 51.6% when the

This journal is © the Partner Organisations 2023
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Fig. 3 Profiles of (A) TC degradation catalyzed by the prepared catalysts and (B) different pH over the re-CuNiFe-MMOs. (C) Profiles of TC degra-
dation with the inset showing the corresponding pseudo-first-order kinetic models over polyol reduced CuNiFe-MMOs (red) and H, reduced
CuNiFe-MMOs (blue) with catalase (solid) and without catalase (hollow). (D) Graph showing the corresponding degradation efficiency in the cycling
test catalyzed by the prepared catalysts. (E) Degradation for high concentrations of TC using the re-CuNiFe-MMOs catalyst. (F) TOC removal
efficiency using the prepared catalysts. (G) Graph showing the reproduction concentration of E. coli in the solution culture after TC degradation at
different times. (H) Degradation rate of TCs catalyzed by the re-CuNiFe-MMOs. (Operating parameters: after 30 min of adsorption equilibrium under

anaerobic dark conditions, 0.25 g L™ catalyst, 10 mg L™ TC (A—D and H)

pH value is further increased from 9.5 to 11.0 (Fig. 3B and
Fig. S107). This can be explained by the fact that the electron
density of TC in its neutral state is much higher than those in
the acidic or alkaline states, which is conducive to the attack
of free radical species.*’ "0, is the dominant free radical at
neutral pH, which maintains a high degradation efficiency of
TC.>> Whereas under acidic or basic conditions, a large
amount of H" or OH~ will react with "0,~ or the catalyst to a
certain extent, which directly affects the degradation perform-
ance of the catalyst on the TC.>* As discussed above, polyol
reduction results in multiphases and a large number of associ-
ated OVs on the catalyst surface, thus suppressing the recombi-
nation of photogenerated electrons and holes, which together
with the assistance of the Fenton-like effect improves the

This journal is © the Partner Organisations 2023

, 50 mg L™* TC (F and G), 25 °C, pH 7.2).

visible light-induced Fenton-like photocatalytic degradation
performance.
In contrast, in Fig. 3C, H,reduced CuNiFe-MMOs
(Fig. S11%) is largely inferior in performance under the same
conditions as for polyol-reduced re-CuNiFe-MMOs. This is
mainly due to the surface the —OH groups can produce a large
amount of H,O, which is involved in the Fenton-like reaction
system of the re-CuNiFe-MMOs. This can be proven by catalase
tests in the TC degradation process. Catalase can consume the
produced H,0, during the reaction with 76.8% degradation by
using the polyol-reduced re-CuNiFe-MMOs catalyst, but the
degradation rate hardly changed when using the H,-reduced
re-CuNiFe-MMOs catalyst. This also proves that the H,O, pro-
duced by the surface -OH groups in the catalytic reaction

Inorg. Chem. Front., 2023,10, 567-578 | 571
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system of the re-CuNiFe-MMOs avoids the utilization of the
additional oxidants in our Fenton-like reaction. Further
investigations of recyclability and stability were performed for
the re-CuNiFe-MMOs catalyst toward TC degradation. The
Fenton-like photocatalytic degradation efficiency can be main-
tained at 95.5% over 12 cycles without showing apparent mor-
phology changes (Fig. S12-S14 and Table S2t). The slightly
decrease in the degradation performance is mainly due to the
attachment of degraded intermediates on the catalyst surface.
In contrast, the degradation rates of the re-CuFe-MMOs, re-
CuNi-MMOs, and re-FeNi-MMOs are significantly reduced to
22.2%, 13.4%, and 11.6%, respectively, after 12 cycles, which
are all much lower than that of the re-CuNiFe-MMOs (Fig. 3D).
To demonstrate the applications, the re-CuNiFe-MMOs was
used to catalyze the degradation of a high concentration of TC.
At TC concentrations of 10, 25, 50, 75, and 100 mg L™, the
obtained degradation rates were 99.9%, 94.6%, 90.8%, 87.4%,
and 82.7% with K values of 1.65, 0.075, 0.040, 0.023, and
0.015 min™", respectively, under visible light irradiation for
120 min (Fig. 3E). The degradation of high concentrations of
TC produces a large number of intermediates, which compete
with the parent molecules to occupy the active sites on catalyst
surface, thus inhibiting its photocatalytic degradation
efficiency. TC degradation can also be confirmed via its miner-
alization efficiency which is quantified by the TOC value
(Fig. 3F). Catalyzed by the re-CuNiFe-MMOs, the decompo-
sition efficiency of TC (50 mg L") reaches 51.1% under visible
light irradiation for 15 min (Fig. S15%), and the TOC value
becomes 26.4%. When the TC degradation rate reaches 98.2%
after 90 min, the TOC value becomes 70.2%, indicating that
most of the TC has been degraded to CO, and H,O, and only
some is degraded into organic small molecule intermediates,
which would be further degraded into harmless inorganic
matter as the reaction continued. The above two values are much
higher than 74.4% (K = 0.0077 min™") and 44.8% for the re-CuFe-
MMOs, 62.1% (K = 0.0038 min~") and 40.5% for the re-CuNi-
MMOs, and 51.3% (K = 0.0035 min~") and 37.7% for the re-FeNi-
MMOs. Therefore, the synergistic effect of the photocatalysis and
Fenton-like process could greatly promote the degradation of TC
at a high concentration. This synergetic effect can also be demon-
strated by testing the proliferation concentration of E. coli. As
shown in Fig. 3G, living E. coli has a concentration of 17 500
cfu mL™" in the original 50 mg L™" TC solution, whereas the
amount of E. coli within the degraded TC solution catalyzed by
the re-CuNiFe-MMOs increased to ~52 000000 cfu mL™" after
proliferation at 37 °C for 12 h, indicating that the TC concen-
tration is degraded to less than 1 mg L™".

In addition, the universality of the re-CuNiFe-MMOs toward
the catalytic degradation of chlortetracycline and oxytetracy-
cline was further investigated. As expected, the re-CuNiFe-
MMOs exhibits outstanding catalytic activities for oxidation of
both CTC and OTC (10 mg L"), and the removal rates are
97.7% (K = 0.57 min™") and 93.3% (0.32 min~"), respectively,
in 10 min (Fig. 3H and Fig. S167). All the above analysis results
indicate that the re-CuNiFe-MMOs with multiple nanophases
and stable 2D hetero-nanostructured clusters allow excellent
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Fenton-like photocatalytic performance and reusability toward
TC degradation, which creates great potential for their practi-
cal applications. Additionally, two kinds of non-tetracycline
antibiotics, AMP and KAN, were selected to verify the universal-
ity of the degradation performance (Table S3 and Fig. S177).
The degradation rates of AMP and KAN at 10 mg L™" under
visible light are 97.8% (16 min, K = 0.25 min™") and 97.0%
(20 min, K = 0.18 min™"), respectively, further confirming that
the re-CuNiFe-MMOs is universally applicable to the degra-
dation of other types of antibiotics.

3.3. Intermediates and pathway of TC degradation

Based on above analysis, the re-CuNiFe-MMOs system enables
the Fenton-like photocatalysis process to produce lots of "O,",
causing the generation of a series of intermediates during the
degradation of TC, which can be monitored by LC-MS. The
MS’s full scan mode was used to select the mass-to-charge
ratio (m/z) values of the main intermediates, and the obtained
results are shown in Fig. S18.F The possible molecular struc-
tures of the main intermediates are listed in Table S3.1 The
functional groups (e.g. amine groups, phenolic groups, and
double bonds) of TC can be attacked by O, and "OH due to
their relatively high electron densities. Different types of inter-
mediates (26 in total) can be monitored during the Fenton-like
photocatalysis process for TC degradation. The loss of func-
tional groups and ring opening reactions are the two main
decomposition mechanisms of TC contributing to the
phenomena of dehydroxylation, demethylation, hydroxylation,
and amide bond cleavage."®

According to the above results, three possible TC degra-
dation pathways were proposed, as shown in Fig. 4. For route I,
the C14 and C15 double bonds with their highest electron
density in TC are preferentially attacked by ROSs to generate
primary intermediate TC1 (m/z = 461). Reactions with ROSs at
the C1 and C18 double bonds of TC1 can produce intermedi-
ate TC4 (m/z = 477). TC4 undergoes a dehydroxylation reaction
at position C6 to form TC8 (m/z = 459), followed by a deamida-
tion reaction at position C18 to generate TC12 (m/z = 400).
TC15 (m/z = 343) is also produced after the removal of the
amino and methyl groups of TC12 at positions C2 and C6,
respectively. For route II, the TC molecule is converted to TC2
(m/z = 431) because of the demethylation process at position
C2. Then, demethylation at positions C2 and C6 and dehydrox-
ylation reaction at position C13 of TC2 produce TC5 (m/z =
403). Subsequently, TC5 can undergo a series of processes of
deamination, dehydrogenation, and amide bond cleavage, at
positions C2, C14 and C15, and C18, respectively, resulting in
the formation of TC9 (m/z = 376). Then, TC9 undergoes dehy-
drogenation at positions C3 and C4, and is further degraded
by oxidative reactions, undergoing loop opening and hydroxy-
lation at C7 and C12 to generate TC16 (m/z = 337). After that,
due to the unstable structure of the enol form in TC16, it is
transformed into the ketone form,** and a ring-opening reac-
tion occurs to produce TC18 (m/z = 297)."® Simultaneously, the
dehydroxylation reaction of TC2 occurs at position C6 to form
TC6 (m/z = 417). The 'OH radical can attack positions C1, C2,
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Fig. 4 The pathways for TC degradation in the re-CuNiFe-MMOs
system under visible light irradiation.

C13 and C18, TC6 to form TC10 (m/z = 352) through dehydr-
oxylation and deamination reaction. Then, due to the attack of
"OH radicals, the deamination reactions at position C2 and the
cleavage of the C1 and C18 double bonds of TC10 generate
TC13 (m/z = 318). Further dehydroxylation and demethylation
reactions at positions C2 and C6 of TC13 produce TC17 (m/z =
301). This TC17 undergoes demethylation, hydroxylation, keto-
nization, double bond cleavage, ring-opening reaction and dia-
ldehyde reaction at positions C3, C4, C6, C8, C11, and C16,
respectively, to form TC18 (m/z = 297). For route III, hydrogen
and hydroxyl at positions C5 and C6 on TC are dehydrated and
converted into anhydrous tetracycline TC3 (m/z = 427).
Through TC3 demethylation in the amino group at position
C2, TC7 (m/z = 399) appears. The amide at position C18 of TC6
is attacked by free radicals, and is further deaminated and con-
verted into TC11 (m/z = 384). Then, TC11 undergoes a ring-
opening reaction at C18, resulting in the formation of TC14
(m/z = 346). As the degradation reaction is further progressed,
these intermediates are further oxidized into organic small
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molecules with m/z values of 274, 256, 230, 200, 189, 183, 148
and 84 through a series of dissociation and ring-opening pro-
cesses. Finally, the above products are mineralized into harm-
less inorganic substances by the generated ROSs in the reac-
tion system, and the TC structure is completely destroyed.

3.4. Catalytic reaction mechanism

Further analysis was carried out to reveal the catalytic mecha-
nisms for TC degradation. First, XPS spectra were compared
for the fresh and used re-CuNiFe-MMOs (Fig. 5). As expected,
Cu, Fe, Ni, and O can be clearly detected in the survey spectra
(Fig. S191). The high-resolution spectrum of Cu 2p has two
strong peaks at 933.1 and 952.9 eV for spin orbits of Cu 2p 1/2
and Cu 2p 3/2, which can be decomposed into three pairs of
peaks, i.e. 932.1 and 952.1 eV, 933.0 and 952.8 eV, and 933.7
and 953.7 eV, corresponding to Cu’, Cu" and Cu*", respectively
(Fig. 5A).>> After application to degrade TC, in the fresh and
used re-CuNiFe-MMOs, the percentage of Cu** decreased sig-
nificantly from 69.5% to 58.7%, whereas the percentages of
Cu’ and Cu® increased from 21.4% to 27.5%, and 9.1% to
13.8%, respectively. For Ni 2p, the peaks of Ni 2p3/2 and Ni
2p1/2 can be divided into two pairs of peaks, ie. 855.0 and
872.8 eV, and 856.0 and 873.7 eV (Fig. 5B). They can be
assigned to Ni’ and Ni**, respectively, corresponding to CuNi
and NiO. Comparing before and after use in the catalytic reac-
tion, the percentage of Ni’ decreased from 30.1% to 26.6%,
while the percentage of Ni*" increased from 69.9% to 73.4%.
For Fe 2p, two strong peaks at 712.1 (Fe 2p 3/2) and 723.8 eV
(Fe 2p 1/2) can be divided into two pairs of peaks at 710.7 and
723.2 eV, and 713.7 and 726.2 eV, corresponding to Fe*" and
Fe*', respectively (Fig. 5C)."® The percentage of Fe** in the
used sample is increased significantly from 49.3% to 57.2%,
accompanied by a decrease of Fe** content from 50.7% to
42.8%. In brief, XPS analysis shows that during the Fenton-like
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Fig. 5 The detailed XPS survey spectra analysis of Cu 2p (A), Fe 2p (B),
Ni 2p (C) and O 1s (D) for the fresh and used re-CuFeNi-MMOs catalyst.
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photocatalytic degradation of TC by the re-CuNiFe-MMOs, an
increased proportion of high-valence Cu®>" and Fe’" is partially
converted to Cu” and Fe®*, which demonstrates that changes
in Fe(ir)—Fe(ur) and Cu(1)—Cu(u) occur during the radical gene-
ration.”> Additionally, there are three deconvoluted O 1s peaks
at 530.6, 531.2 and 531.8 eV corresponding to lattice oxygen,
defect oxygen and hydroxyl oxygen, respectively (Fig. 5D).*°
The degradation reaction causes the proportions of lattice and
defect oxygen to decrease from 39.8% to 32.0% and 34.2% to
33.1%, respectively, due to their activation for the dissolved
oxygen,®” while the proportion of hydroxyl oxygen is increased
from 26.0% to 34.9% because of the attachment of constantly
generated OH™ on the surface of the re-CuNiFe-MMOs.

Next, the optical absorption properties of the samples were
analyzed by UV-vis DRS. In Fig. 6A, owing to the multiple
valence of Cu, the re-CuNiFe-MMOs, re-CuFe-MMOs, and re-
CuNi-MMOs all exhibit strong light absorption capabilities,
which are mainly due to the excitation transition of Cu 3d°
from d,._. to d,,. Meanwhile, iron oxides containing samples
of the re-CuNiFe-MMOs, re-CuFe-MMOs, and re-FeNi-MMOs
show red shifts. According to the relationship between the
tangent of (a¢hw)* and the energy (hv),*® the corresponding
bandgap energies (E,) of the re-CuNiFe-MMOs, re-CuFe-
MMOs, re-CuNi-MMOs and re-FeNi-MMOs were calculated to
be 1.63, 1.71, 1.85 and 1.99 eV, respectively (Fig. 6B). These
data agree well with the values calculated using the formula E,
(eV) = 1240 27" (where 1 is the wavelength of maximum absorp-
tion). Since the band structure determines the generation and
migration of the photogenerated carriers, the valence band
positions (Eyg) were studied by using VB-XPS (Fig. 6C). The Eyg
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values of the re-CuNiFe-MMOs, re-CuFe-MMOs, re-CuNNi-
MMOs, and re-FeNi-MMOs are 0.54, 1.08, 1.25, and 1.32 eV,
respectively. Their corresponding conduction band edge poten-
tials (Ecg) are calculated to be —1.09, —0.63, —0.60 and —0.67
eV, respectively, according to the equation Ecg = Evg — Ej.
Because the Ecg value is more negative than the potential of
0,/'0,” (—0.33 eV vs. NHE), the dissolved O, in the solution
can be converted to "O,~ by the activation of conduction band
electrons. Hence, the re-CuNiFe-MMOs has the highest nega-
tive value for Ecg, and is the most efficient to produce ‘O,~ for
high catalytic activity.

The separation capabilities of the photogenerated e /h"
pairs were further investigated by employing PL, photocurrent,
and EIS analysis. The PL intensity is significantly influenced
by the photocatalytic activity, since its emission signal is
derived from the energy released by the recombination of car-
riers.'® Fig. 6D presents the emission spectra of the prepared
samples under an excitation wavelength of 350 nm. A strong
emission peak at 430 nm can be observed and the emission
peak intensity order for the prepared catalysts is re-FeNi-
MMOs > re-CuNi-MMOs > re-CuFe-MMOs > re-CuNiFe-MMOs.
The re-CuNiFe-MMOs having the smallest emission peak
intensity clearly indicates that it has the best separation
efficiency for the photoexcited carriers. The separation
efficiency of the photogenerated e /h* pairs can be revealed by
transient photocurrent responses and the impedance tech-
nique. Generally, the stronger the photocurrent responses, or
the smaller the impedance, the more effectively the photogene-
rated electrons and holes can be separated, which leads to a
higher photocatalytic activity. Fig. 6E clearly illustrates that the
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Fig. 6 (A) UV-vis DRS spectra, (B) Tauc plots, (C) VB-XPS spectra, (D) PL spectra, (E) transient photocurrent curves, and (F) Nyquist plots for EIS for

the prepared samples. ((a) re-CuNiFe-MMOs, (b) re-CuFe-MMOs, (c) re-CuNi-MMOs, (d) re-FeNi-MMOs).
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re-CuNiFe-MMOs has the highest photocurrent density. The
EIS Nyquist curve of the re-CuNiFe-MMOs in Fig. 6F plots the
minimum impedance to transfer electrons, and the corres-
ponding equivalent circuit diagram is given in the inset.
Additionally, radical trapping experiments were carried out
to prove the identity of the active species produced during the
oxidative degradation on the photocatalyst surface.*
Triethanolamine, tert-butanol (TBA), p-benzoquinone and fur-
furyl alcohol were selected as the probe reagents to quench h',
'OH, '0,~ and 'O, radicals, respectively. As depicted in Fig. 7A
and Fig. S20A,f the addition of TBA, FFA, TEA and BQ
decrease the degradation rates of TC from 99.9% to 87.4%,
42.0%, 23.6% and 8.1%, respectively, whereas almost all the
TC can be degraded if the scavenger is absent. This indicates
that "O,” radicals contribute to the photocatalytic reaction,
which can be confirmed by carrying out the scavenging experi-
ments under anaerobic conditions (Fig. S20Bt). Compared
with that of only 6.7% without any scavenger, the TC degra-
dation rates are only 3.4%, 4.5%, 6.0% and 5.3% after trapping
‘0,7, h', "OH and '0, with BQ, TBA, TEA and FFA, i.e. almost
unchanged. In comparison with the results of the re-CuFe-
MMOs, re-CuNi-MMOs, and re-FeNi-MMOs, the re-CuNiFe-
MMOs shows the highest catalytic degradation efficiency and
is strongly affected by the trapping reagents, due to the numer-
ous generated active species. The radical trapping experiments
for CTC and OTC clearly show that "O,™ plays a key role in the
photocatalytic degradation reaction of TCs in the re-CuNiFe-
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MMOs catalysis system. In addition, the capture experiment
was carried out under aerobic and anaerobic conditions in the
dark (Fig. S21%). The results confirmed that the main active
oxygen species to degrade TC is O, under dark conditions.
To gain further insight into the effects of defects (e.g. OVs)
on the catalyst, EPR tests were performed (Fig. 7B and
Fig. S227). The EPR line widths of the prepared samples are
broadened due to the generated copper oxide (Cu-O) or ferrite
oxide (Fe-O) vacancies. Both the re-CuNiFe-MMOs and re-
CuFe-MMOs show higher and broader signal intensities with g
(hy/ugB) of 2.0025-2.0060 than the re-CuNi-MMOs and re-FeNi-
MMOs with g of 2.0035-2.0055. This is mainly due to the
larger number of defects caused by the multiple oxidation
states of Cu and Fe. The vacancy defects can promote charge
separation and can be transformed into reactive species, thus
leading to the enhanced Fenton-like photocatalytic activity.
The generation of active species is further proved by EPR using
DMPO and TEMP as spin-trapping reagents (Fig. 7C-E).** The
signal intensities of ‘O,~, 'OH and 10, are clearly increased
with reaction times prolonged from 0 to 4 min under visible
light. A similar trend can be observed when the Fenton-like
reactions progressed from 0 to 45 min under dark conditions,
although the signals are much weaker. The intensity attenu-
ation of these signals can be observed to be in the order re-
CuNiFe-MMOs < re-CuFe-MMOs < re-CuNi-MMOs < re-FeNi-
MMOs under the same irradiation time (Fig. S237), confirming
that the re-CuNiFe-MMOs can produce the largest number of
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light irradiation. (B) EPR patterns of the prepared catalysts. (C—E) EPR spectra of "O,~, "OH, and 'O, using the re-CuNiFe-MMOs under visible light
and in the dark at different reaction times. ((a) re-CuNiFe-MMOs, (b) re-CuFe-MMOs, (c) re-CuNi-MMOs, (d) re-FeNi-MMOs, (e) CTC, (f) OTC).

(Operating parameters: 0.25 g L™* catalyst, 25 °C, 10 mg L™ TC, pH 7.2).
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active species in the reaction process, thus showing the best
TC degradation performance.

3.5. Fenton-like photocatalytic enhancement mechanism

Based on the above analysis, a Fenton-like photocatalytic
enhancement mechanism can be proposed for the efficient
degradation of TCs in the re-CuNiFe-MMOs system under
visible light irradiation, and is illustrated in Fig. 1B. The
photogenerated electrons e~ from the valence band (VB) easily
migrate to the conduction band (CB) at a relatively low poten-
tial, thus leaving a lot of holes in the VB (eqn (1)). Then, those
electrons egy are transferred by the CuNi nanophases immedi-
ately, and are captured by O, on the surface of the catalyst. They
can form the main source to provide "O,”, which promotes the
migration and reaction of photogenerated electrons, thus acceler-
ating the separation of the carriers (eqn (2)). Since the negative
potential of the CB (—1.09 eV) of the re-CuNiFe-MMOs is much
lower than the standard reduction potential of O, (E(0,/'0,7) =
—0.33 eV vs. NHE)," the electrons trapped in the CB can be
rapidly reduced by the dissolved oxygen to ‘O, , which then
forms H,O, by reacting with eg, and H,O (eqn (3)).*”” The "OH
generated by eg; and H,O, (eqn (4)) then reacts with ‘O, to
produce 'O, (eqn (5)). The VB holes with a potential of 0.54 eV
are insufficient to oxidize surface-adsorbed H,O and OH™ to
generate "OH ((E° (H,O/"OH) = 2.38 eV vs. NHE, E’ (OH/'OH) =
1.99 eV vs. NHE).*” These separated holes are directly involved in
the catalytic oxidation of the TC. For the re-CuNiFe-MMOs, the
interfacial electron transfer can be significantly improved due to
the redox cycles of Fe*/Fe*" and Cu®*/Cu’, and the regenerated
Fe®" and Cu" significantly enhance the TC degradation. The stan-
dard reduction potential of Cu**/Cu" is 0.17 eV and that of Fe*'/
Fe’* is 0.77 €V, so Cu* can reduce Fe*" via thermodynamically
favorable electron transfer (eqn (6)—(9)).

re-CuNiFe-MMOs + iv — hyg™ + egy (1)
0, +egz — "0y~ (2)

‘0, +Hy0 + ey — H,0, (3)

egs + H,0, — "OH + OH™ (4)
'OH+'0,” — OH™ +'0, (5)

=Fe*" /=Cu"’ 4 H,0, — =Fe*" /=Cu*" +'OH+OH" (6)

=Fe*" + ey, — =Fe*" EY = 0.77 eV vs. NHE (7)
=Cu*" + ey — =Cu",E? = 0.17 eV vs. NHE (8)
=Fe’t + =Cu" — =Cu?*" 4 =Fe’" (9)

The polyols act as a reductant in the catalyst preparation
process, which can afford abundant -OH attached on the
surface of the re-CuNiFe-MMOs. This has been verified by the
IR results (Fig. S241). The —~OH groups act as electron donors
for the TC degradation, and the corresponding mechanism of
O, activation is shown in eqn (10) and (11). According to
eqn (12)-(14), a secondary reactive species generated by "O,~
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(e.g. "OH and '0,) then participates in the oxidative degra-
dation processes as shown by the following equations.

re-CuNiFe-MMOs-OH + O, — re-CuNiFe-MMOs-O + "0, + H™

(10)

‘0, 40, +2H" — H,0, +'0, (11)

‘0,” +2H,0 — '0, + H,0, + 2H" (12)

‘OH + H,0, — HO;" 4+ H,0 (13)

HO," — H' +°0,~ (14)

[2=Cu™,0Vs] + 0, — [=Cu*" + =Cu™] + 0, (15)
[2=Fe*", OVs] + 0, — [=Fe*" + =Fe?'| +°0,~ (16)

'02’/102/'OH/hJr + TCs — CO, + H,0 + inorganic ions
(17)

In the Fenton-like photocatalytic degradation process, the
OVs formed by the in situ reduction of the CuNiFe-MMOs can
adsorb O, and produce "O,~ (eqn (15) and (16)). Ultimately, TC
on the catalyst surface is efficiently decomposed into CO,, H,O
and other inorganic small molecules by all the ROSs formed in
the system (eqn (17)). In brief, the large specific surface area,
exposed active sites, tunable band gaps, valence changes of Cu
and Fe, and abundant defects (e.g. OVs) are the key factors
meaning that the re-CuNiFe-MMOs system has excellent cata-
Iytic activity for TC degradation.

4. Conclusions

A cluster-structure assembled by re-CuNiFe-MMOs nanosheets
has been integrated into the HPSR process for TC degradation.
Attributed to the 2D structured multiple nanophases of the
alloy and MMOs with multivalent Cu ions, a large specific
surface area and numerous exposed active sites have been
created. These 2D heterostructured clusters provide efficient
mass transfer. The interfaces of multiple nanophases form
abundant defects (e.g. OVs) and produce active radicals (O,
'0,, "OH and h"). Therefore, the as-obtained re-CuNiFe-MMOs
efficiently degrades TCs through Fenton-like photocatalysis
without using any additional oxidants. This work provides a
green method for highly efficient Fenton-like photocatalysis
for TC degradation.
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