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Abstract: Photocatalysis offers a sustainable approach for recalcitrant organic pollutants degradation,
yet it is still challenging to seek robust photocatalysts for application purposes. Herein, a novel NiFe
layered double hydroxide (LDH)/covalent triazine framework (CTF-1) Z-scheme heterojunction
photocatalyst was rationally designed for antibiotics degradation under visible light irradiation. The
NiFe-LDH/CTF-1 nanocomposites were readily obtained via in situ loading of NiFe-LDH on CTF-1
through covalent linking. The abundant coupling interfaces between two semiconductor counterparts
lay the foundation for the formation of Z-scheme heterostructure, thereby effectively promoting the
transfer of photogenerated electrons, inhibiting the recombination of carriers, as well as conferring
the nanocomposites with stronger redox ability. Consequently, the optimal photocatalytic activity of
the LDH/CTF heterojunction was significantly boosted for the degradation of a typical antibiotic,
tetracycline (TC). Additionally, the photodegradation process and the mineralization of TC were
further elucidated. These results envision that the LDH/CTF-1 can be a viable photocatalyst for
long-term and sustainable wastewater treatment.
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1. Introduction

Antibiotics have become widely utilized in treating infections for humans and vet-
erinary, as well as in agriculture for crop improvement [1]. Up to now, Tetracycline (TC)
has become one of the most common antibiotics for use and production [2]. Nonetheless,
with the recent increase in antibiotic use, the discharge of antibiotic residues into aquatic
habitats is unavoidable, leading to refractory contamination sources [3]. Antibiotics and
their degradation products may have severe implications for the environment, for example,
antibiotics could enhance bacterial resistance or damage key production cycles of crops
and animals [4]. As a result, there is a pressing need for sustainable and environmentally
friendly technology to address the related concerns.

Recently, semiconductor-based photocatalysis emerges as a compelling and viable
strategy for solving the problem of recalcitrant organic pollution because of the combined
merits of green, low-cost, recyclable, and using renewable solar energy [5,6]. However, the
application of photocatalysts in organic pollutant degradation is largely plagued by the
undesirable recombination of photo-generated electrons and sluggish transfer of the charge
carriers [7]. More recently, interfacial engineering through the construction of Z-scheme
binary photocatalysts has been widely demonstrated as a valid approach to tackle these
issues. The Z-scheme photocatalysts are typically built upon two photocatalysts with
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staggered band structure and abundant coupling interfaces. The Z-scheme electron trans-
fer pathway is intrinsically beneficial for the efficient migration of charge carriers [8].
To date, various Z-scheme heterostructure photocatalysts, such as Bi-based [9,10], metal
oxide-based [11], and metal sulfide-based [12] heterojunctions, have attracted tremendous
interest in antibiotic degradation. Despite substantial advances, classic Z-scheme het-
erostructure photocatalysts are limited in their practical applications due to their aligned
band topologies, interfacial contact area, and substrate transmission during photocatalytic
processes, resulting in low photocatalytic efficiency [13]. Lately, a combination of inor-
ganic and organic semiconductors has been proposed as a feasible strategy to improve the
photocatalytic efficiency of photocatalysts [14-16].

The molecular formula of layered double hydroxides of non-precious metals (LDHs) is
[M2+(1,X)M3+X(OH)2]X+[A“_X /n]-mH0, which is a group of inorganic compounds similar
to hydrotalcite and is used to balance the residual positive charge on the LDH, where M2+
is a divalent metal ion, M3* is a trivalent metal ion, and A"~ is an organic or inorganic
anion [17,18]. LDHs have become attractive candidates for cocatalysts because of their
unique properties, including a considerable specific surface area, superior ion exchange ca-
pabilities, an orderly layered structure, and strong maneuverability. Additionally, a variety
of cation compositions and layer-intercalated anion choices are available, allowing for fine
interfacial tailoring and changeable modulation of the band gap of LDHs via coupling with
other materials. Pure LDH, on the other hand, has an inadequate photocatalytic perfor-
mance due to fast charge recombination following irradiation [17], and thus modifications
were commonly made.

In the past decade, covalent triazine-based frameworks (CTFs) have received tremen-
dous attention as newly developing organic carbon material for photocatalytic application.
Due to the unique features such as tailorable band gap energies, customizable layered
structure, and high thermal/chemical stability [19], CTFs exhibited valuable potential in
visible-light-driven photocatalytic environmental remediation [20,21]. It has been demon-
strated that the triazine-based-conjugated framework of CTFs is beneficial for broadening
their photoresponsive range, and stacking layers structure in CTFs can speed up photoin-
duced carrier transfer [22]. It is not known yet how CTFs will perform in a Z-scheme
heterostructure photocatalytic system for organic pollutant degradation.

The hypothesis that the Z-scheme heterostructure can increase the interfacial contact
area between two semiconductors allows for better visible light absorption and photo-
generated electron and hole (e” /h*) separation and transfer kinetics. For the sake of
boosting photocatalytic behavior, the forceful electronic coupling effects at the boundary of
heterostructure can be exploited to change the interaction between components and vary
their electronic structures.

Herein, we developed a Z-scheme heterostructure LDH/CTF-1 via the LDH nanosheets
covering the CTF-1 surface and choose a typical antibiotic TC as a targeted contaminant to
explore the photocatalytic ability of LDH/CTF-1 under visible light irradiation in this work.
Compared with a single semiconductor counterpart, the LDH/CTE-1 photocatalyst can
form a Z-scheme heterojunction between LDH and CTF-1, so that photogenerated e~ /h*
couples will separate significantly. As a result, the as-prepared photocatalyst has good TC
removal ability and stability, especially when the mass ratio LDH/CTF-1 = 40%, paving
the door for the development of further Z-scheme photocatalysts.

2. Materials and Methods
2.1. Preparation of CTF-1

CTF-1 was synthesized based on our previous work [23]. Firstly, 5.12 g 1,4-dicyanobenzene
was added to a beaker and slowly injected with 40 mL Trifluoromethane acid at 273 K.
The obtained solution was stirred at 303 K until it solidified and then left to stand for
3 days. Dichloromethane (2 x 80 mL) and NH3-H,O (3 x 200 mL) were used to wash
the obtained solid and then redispersed in NH3-H,O (200 mL). After centrifuging with
ultrapure water and methanol, the obtained solid was extracted respectively by methanol
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and Dichloromethane using Soxhlet extraction. The precipitate was dried in a vacuum
oven at 353 K for 12 h. Then, the pure CTF-1 was obtained after grinding.

2.2. Preparation of LDH/CTF-1

NiFe-LDH/CTEF-1 nanocomposites were synthesized by a reported method with minor
modifications [24]. In short, the as-prepared CTF-1, Ni(NO3),-6H,O (0.48 mmol), and Fe
(NO3)3-9H,0 (0.24 mmol) were firstly dispersed in 100 mL ultrapure water with ultrasonic
treatment for 30 min and stirred for 2 h. NH4F (54 mM) was then dissolved in the above
solution. After that, a 60 mL aqueous solution containing 0.72 mmol NaOH and 1.8 mmol
Na,CO3 was added dropwise under vigorous stirring at room temperature. After agitating
for 5 h, the suspension will be aged for 1 d, washed with water and ethanol several times
to make the pH reach 7, and collected by centrifuging. Finally, an earthy yellow powder
was obtained across freezing-drying for 12 h. The initial mass ratio of CTF-1 to NiFe-LDH
was regulated at 20%, 40%, 50%, and 60%; meanwhile, the corresponding products were
denoted as LDH/CTF-1-20%, -40%, -50%, and -60%, respectively. As a comparison, we
used the same method without CTF-1 to obtain the pure NiFe-LDH, which was called
LDH. A mechanical physical mixing LDH and CTF-1 sample (Mix) was also prepared as a
comparison, with the mass ratio LDH/CTF-1 = 40%.

2.3. Photocatalytic Activity Tests

The photocatalytic activities of the nanocomposites were evaluated by the degradation
of TC under visible light irradiation (A > 420 nm). Visible illumination was obtained by
a 300 W Xe lamp (PLS-SXE300C, Beijing, China) equipped with a 420 nm cutoff filter.
Typically, 20 mg of the sample were dispersed into a 100 mL of 40 mg L~! TC aqueous
solution. Before irradiation, the suspensions were fiercely magnetically stirred for 120 min
in the dark to reach the adsorption—desorption equilibrium. Then, visible light irradiation
was carried out. At given reaction time intervals, 2 mL of the reaction suspensions were
taken out and filtered through a 0.22 um membrane to remove the photocatalyst powder,
and the concentration of TC was monitored by a UV-vis spectrophotometer (GEN10S
UV-vis, Boston, MA, USA) by checking its characteristic absorbance at 357 nm.

The degradation efficiency (DE, %) was calculated by the following equation:

oy Co—Ci

DE (%) = G

where Cy (mg L™!) is the initial concentration of TC, and C; is the concentration of TC after
the irradiation time of t.

For trapping experiments, BQ (1 mM), IPA (1 mM), and EDTA-2Na (1 mM) were used
as scavengers of superoxide radicals (-O, ™), hydroxide radicals (-OH), and photogenerated
holes (h*), respectively. The concentration of TC was measured by Shimadzu Prominence
LC-20A high-performance liquid chromatograph (HPLC). The total organic carbon (TOC)
assays were conducted on a Shimadzu TOC-L CPH analyzer (Kyoto, Japan).

2.4. Characterization and Performance Measurement

All details are shown in the supporting information, including material and chemical
characterization, and identification of the degradation intermediates.

3. Results and Discussion
3.1. Crystal Structure, Morphology, and Physicochemical Properties

Powder X-ray diffraction (PXRD) spectroscopy was used to analyze the crystal struc-
ture of the synthesized samples, which was compared in Figure 1. The (003), (006), (012),
(015), (018), (110), and (113) lattice planes, proving the hydrotalcite-type NiFe-LDH struc-
ture, are ascribed to the reflections at 11.3°, 23.1°, 34.2°, 39.0°, 46.4°, 60.1°, and 61.1° for
pure NiFe-LDH (JCPDS No. 51-0463) [25]. Diffraction peaks for pure CTF-1 were found at
17.8°,23.6°, and 27.3°, respectively. The peak at 27.3 ° was associated with the accumulation
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of layered aromatic structure [26], whereas the other two peaks were related to oligomer
formation [27]. It should be highlighted that no CTF-1 peaks can be seen in the LDH/CTF-1
nanocomposites, presumably because the signal of CTF-1 is hidden by the development of
LDH nanosheets on the surface of CTF-1. However, with the increased amount of CTF-1,
the CTF-1/LDH-25% exhibits all the characteristic diffraction peaks of CTF-1, indicating
the co-existence of LDH and CTF-1 (Figure S1).

CTF-1
LDH/CTF-1-60%

l....,_ ks N - LDH/CTF-1-50%

~ LDH/CTF-1-40%

Intensity (a.u.)

" ” " LDH/CTF-1-20%
(003), (006) (012};. (015) (00152(1 13)LDH|
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Figure 1. XRD patterns of pure LDH, CTF-1, and the LDH/CTF-1 nanocomposites.

Figure 2 shows the Fourier transform infrared (FT-IR) spectra of LDH, CTF-1, and
LDH/CTF-1 nanocomposites. The strong band at 1563 cm ! in pure LDH could be caused
by bending vibrations of CO32~ ions intercalated in the lamellar structure [28], whereas
the other bands below 800 cm ! are attributed to the translational modes of metal-oxygen
(Ni-O and Fe-O) and metal-oxygen—metal (Ni-O-Fe) bands [29,30]. In CTF-1, the typical
adsorption peaks at 1508 and 1357 cm ™! are attributable to conventional triazine ring
stretching modes [31]. The CTF-1 diffraction peaks steadily intensify as CTF-1 content
increases, at the expense of LDH peaks. Meanwhile, large bands around 3359 cm~! and
1623 cm ™! are also seen, ascribing to the hydroxyl stretching mode corresponding to
metal hydroxyl groups coupled with hydrogen-bonded interlayer water molecules and the
hydroxyl deformation mode of water [28,32].

LDH

LDH/CTF-1-20%

o

LDH/CTF-1-60%

CTF-1

Transmittance (%)

T T T T
4000 3200 2400 1600 800

Wavenumber (cm™)

Figure 2. FT-IR spectra of pure LDH, CTF-1, and the LDH/CTF-1 nanocomposites.

X-ray photoelectron spectroscopy (XPS) analysis was used to determine the surface
chemical states and composition of catalysts. The survey spectra of pure LDH, CTF-1, and
LDH/CTEF-1-40% samples are shown in Figure 3a. LDH/CTF-1-40% exhibits the peaks
corresponding to C, N, O, Fe, and Ni elements, indicating the existence of LDH/CTE-
1 nanocomposites. The high-resolution areas of Ni 2p for the as-synthesized LDH and
LDH/CTF-1-40% samples are compared in Figure 3b. Two spin-orbit doublets, Ni 2p3/»
and 2p; /», appear at the binding energy of 855.2 and 872.8 eV and two associated shake-up
satellites (Sat.) of LDH may be fitted to four peaks, implying that the nickel element in LDH
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is in the divalent form [30]. In addition, the high-resolution Fe 2p spectra of LDH (Figure 3c)
show a set of Fe 2p3/, and 2pq/, peaks at 712.1 and 725.4 eV, as well as two satellite peaks
(Sat.) attributable to the existence of Fe>* species in LDH [33]. The peaks at 399.2 eV in
the N 1s spectra of CTF-1 (Figure 3d) correspond to sp?>-hybridized aromatic nitrogen
(pyridinic N) in the triazine ring [34]. Furthermore, the binding energies for the Ni 2p and
Fe 2p areas in the LDH/CTF-1-40% nanocomposite are 0.2 and 0.6 eV lower than those of
pure LDH, respectively. The peak of N 1s, on the other hand, shifts positively by 0.7 eV.
This event shows that photo-excited charge carriers can help LDH and CTF-1 communicate.
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Figure 3. (a) XPS survey spectra, high-resolution X-ray photoelectron spectra in (b) Ni 2p; (c) Fe 2p;
and (d) C 1s regions of LDH, CTF-1, and LDH/CTF-1-40%.

The morphology of the nanocomposite was investigated by ultra-high-resolution
scanning electron microscopy (HRSEM) and transmission electron microscopy (TEM).
The pure LDH (Figure 4a) is made up of several small nanosheets with a diameter of
100-300 nm that tend to agglomerate into bigger aggregates of several micrometers. CTF-1
had a tiered stacking structure when it was in its natural state (Figure 4b). The HRSEM and
TEM photos (Figure 4c,d) of LDH/CTF1-40% samples clearly show the uniform NiFe-LDH
nanosheets dispersed on the CTE-1 surface, albeit a few loose nanosheets are occasionally
visible. Closer observation reveals that average thickness of the ultrathin nanosheets
is less than 10 nm. When photocatalysis occurs, the widespread distribution of LDH
on the surface of CTF-1 could greatly contribute to quantum efficiency because of the
tight binding at the interface [35]. In addition, the visible equally lattice fringes with a
spacing of 0.25 nm can be seen in Figure 4e, which corresponds to the (012) plane of the
pristine LDH while CTF-1 shows an amorphous state [24,25], which further confirms the
coexistence of LDH and CTE-1. The EDS mapping results (Figure S2) indicate that C, N,
O, Ni, and Fe are uniformly distributed in LDH/CTEF-1, further confirming the formation
of LDH/CTEF-1 heterostructure.
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Figure 4. HRSEM images of (a) LDH; (b) CTF-1; (c) LDH/CTF-1-40%.TEM images of (d,e) LDH/CTF-1-40%.

The Brunauer-Emmett-Teller (BET) and pore size distributions are calculated by N»
adsorption—desorption isotherms. All isotherms and hysteresis loops were matched with
conventional IV isotherms (P/Py > 0.6) and H3-type (Figure 5), showing that mesoporous
materials with wedge-shaped holes generated by flaky loose buildup have characteristic
adsorption lines [30,36], which correspond to the results observed by SEM. As illustrated
in Figure 5, the pore size distribution curves show that the pore size distributions of LDH
and the LDH/CTF-1-40% samples are similar in the region of 2 nm to 70 nm. Due to
the aggregation of LDH nanosheets and the self-assembly of LDH in CTF-1/LDH onto
CTE-1, we can see an obvious peak at 2-10 nm. These results are consistent with the
above examination of the isotherms. The BET surface area and pore volume (Table 1) of
LDH/CTF-1-40% (206.6 m? g~ ! and 0.72 cm® g~! nm !, respectively) are lower than those
of pristine LDH (281.3 m? g1 and 0.95 cm® g~ ! nm ™!, respectively). The stacking of LDH
on the CTF-1 covered part of their stack pores with LDH nanosheets, which are responsible
for their morphological properties, result in a 40% reduction in surface area compared to a
single LDH.

Table 1. BET surface area and pore volume of LDH, CTF-1, and the LDH/CTF-1-40% samples.

Catalyst Pore Volume Average Pore Size BET Surface Area
y (cm3 g~1nm—1) (nm) m2g1)
CTF-1-40% 0.72 14 207

CTF-1 0.13 24 22
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Figure 5. Nitrogen adsorption—-desorption isotherms and relevant pore size distribution curves (inset)
of LDH, CTF-1, and the LDH/CTF-1-40% samples.

3.2. Optical and Photoelectrochemical Properties

Use the UV-vis diffuse reflectance spectra (UV-vis DRS) to evaluate the optical charac-
teristics of LDH, CTF-1, and the LDH/CTF-1 samples (Figure 6a). The optical semiconduc-
tor absorption morphologies of the LDH/CTF-1-40% and bare LDH samples were identical,
showing that the intrinsic semiconducting nature of LDH was preserved following the
addition of CTF-1. The intrinsic absorption of LDH, which involves the ligand metal and
metal-metal charge transfer, produces a band at 200-318 nm [37,38], and another absorption
peak around 750 nm is associated with d-d transitions of Ni2* jons in LDH [29]. After the
addition of CTF-1, the maximum absorption edge of LDH/CTF-1-40% showed a small blue
shift. The strong interfacial interactions between CTF-1 and LDH are demonstrated, which
play an important part in improving the charge transfer to enhance the photocatalytic activ-
ity. Moreover, for confirming the respective band gap, the plots of the specific absorption
band edge using a transformed Kubelka-Munk function to calculate [39,40] (Figure S3),
and the corresponding band gap (Eg) energy of pure LDH, CTF-1, and LDH/CTF-1-40%
samples is calculated to be 2.34, 2.94, and 2.40 eV, respectively.

When compared to LDH, the photoluminescence (PL) intensity of LDH/CTEF-1 het-
erojunction drops dramatically, as seen in Figure 6b, which means that the introduction of
CTF-1 could effectively suppress the photocarriers’ recombination of the LDH, benefitting
the separation of electron-hole pairs. This may be due to the band structure matching
between LDH and CTF-1, so the introduction of CTF-1 can effectively inhibit the optical
carrier recombination of LDH, thus improving the carrier transmission efficiency.

The transient photocurrent responses and electrochemical impedance spectroscopy
(EIS) analyses were used to further examine the charge migration and recombination
properties. The photocurrent of the LDH/CTF-1-40% nanocomposite is substantially
higher than that of bare LDH, CTF-1, and the other ratio LDH/CTF-1 nanocomposites,
as shown in Figure 6¢, showing that the LDH/CTE-1-40% nanocomposite has the fastest
charge separation rate. This could be due to the synergistic impact of the LDH/CTF-1
heterojunction, which considerably improves the separation of photo-generated e~ /h*
pairs, prevents charge recombination, and extends the lifespan of charge carriers, enhancing
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photocurrent density. In addition, EIS analysis results are similar. Figure 6d exhibits the
EIS difference of LDH, CTF-1, and LDH/CTF-1 nanocomposite. We can clearly see that
the relative size of the arc radius is CTF-1 > LDH > LDH/CTF-1-60% > LDH/CTF-1-50%
> LDH/CTF-1-20% > LDH-CTF-1-40%, which proves that LDH/CTF-1-40% has more
effective charge separation and electron transfer capabilities.

LDH
~ ka) CTE-1 500{(P) LDH/CTF-1-60%
=" o S— LDH/CTF-1-40%| ~— LDH/CTF-1-50%
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Figure 6. (a) UV-vis DRS; (b) PL spectra; (c) photocurrent responses; (d) EIS Nyquist plots for the
pure LDH, CTF-1, and the LDH/CTE-1 nanocomposites.

In summary, all of these results explicitly prove that the combination between LDH and
CTEFE-1 expresses excellent photo-electrochemical properties. However, the photoelectricity
performance would decrease when the CTF-1 amount exceeded 40%. The introduction of
CTF-1 effectively enhances the visible light absorbability, but excessive CTF-1 could let the
heterojunction exhibit more properties of CTF-1, such as lower photocurrent density and
higher electrochemical independence (Figure 6¢,d), destroying the synergistic effect of the
LDH/CTEF-1 heterojunction.

3.3. Photocatalytic Degradation of TC

The degradation of TC under visible light irradiation was used to assess the photocat-
alytic capabilities of LDH, CTF-1, and LDH/CTF-1 nanocomposites. Figure 7a,b show that
the blank experiments (without photocatalyst) induced by visible light resulted in little
TC degradation as their concentration remained practically constant, indicating that the
addition of samples improves photocatalytic TC degradation. After 120 min of illumina-
tion, the degradation ratio of TC with LDH/CTF-1-40% was up to 85.6%, while those for
LDH, CTF-1, LDH/CTF-1-20%, LDH/CTE-1-50%, LDH/CTF-1-60%, and Mix were 38.7%,
9.0%, 77.2%, 68.0%, 61.6%, and 51.2%, respectively. All of the LDH/CTEF-1 heterojunction
showed superior photocatalytic behavior to pure LDH and CTE-1 under the same reaction
conditions, and the LDH/CTE-1-40% exhibited the best performance, corresponding to the
optical characteristic of the samples. The presence of CTF-1 in the nanocomposite was also
discovered to have a significant impact on their photocatalytic activity. Figure 7c depicts the
kinetics of TC degradation using various photocatalysts. The photocatalytic process agrees
well with the first-order reaction kinetics model, and the TC degradation rate constants
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for several samples were computed appropriately. The degradation rate constant of the
LDH/CTF-1-40% nanocomposite was 0.0100 min~!, which is about 6.30 times pure LDH
and 19.92 times pure CTF-1. Figure 7d shows the TC degradation process with LDH/CTEF-
1-40% with irradiation time, and the absorption peak ascribed to TC gradually decreases
within 120 min of illumination. In addition, after the photocatalytic degradation reaction of
TC, the TOC obtained by CTF/LDH-1-40% is 44.58%. Despite all this, the mineralization
process of TC contaminant still has no idea.

Light on 100
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Figure 7. (a) Photocatalytic degradation TC curves; (b) removal rate of TC solution;

(c) first-order-kinetic plots of TC degradation; and (d) time-dependent UV-vis spectra of TC solution
for the LDH/CTF-1-40% sample.

To investigate the TC degradation pathway and mechanism, the original TC solu-
tion and intermediates in the process of photocatalytic degradation were analyzed by
LC-MS/MS. The most possible photodegradation procedure for the formation of these four
key intermediates was provided based on the photodegradation intermediate products. As
shown in Figure 8, the molecular ion with m/z = 445 was designated as the TC molecule [41].
Compared to the TC parent molecular, the intermediate with P2 was generated via the loss
of two methyl groups owing to the low bond energy of N-C [42,43] and then transformed
into the molecular with P3 and P4 by the detachments of amino and H,O molecule and
cleavage of the fourth ring under the attack of the active species. In addition, the product of
P1 was formed by the hydroxylation of TC, which could readily create a phenoxy radical by
one-electron oxidation [41,44], further participating in the above reactions. The TC was also
converted into the intermediate with P5 produced because of the separation of the N-CHjs
group and the loss of the HyO molecule [35]. After additional oxidation to break the ring
and initiate the hydroxylation step, the intermediate containing P6 was formed. Further
oxidative breakdown and ring-opening events occurred as the reaction time increased,
resulting in intermediates P7 and P8. There are four key degradation reactions for TC
throughout the photocatalytic degradation process, including demethylation, ring-opening,
decarbonylation, and dihydroxylation [45,46]. These findings show that, after a period of
photodegradation time, TC molecules were successfully degraded into some intermediates
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and small molecules, and the continuing degradation reaction would eventually mineralize
CO,, H,O, and other small molecules.
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Figure 8. The proposed photocatalytic degradation pathway of TC.

To further study the removal effect of LDH/CTF-1 on TC, T.E.S.T. software was
adopted to analyze the toxicity of TC and its photocatalytic degradation products. As shown
in Table S1, the 50% fathead minnow lethal concentration of TC within 96 h is 0.90 mg L1
indicating that TC has strong toxicity to the species. The toxicity of the intermediate
produced in the initial stage of photocatalytic reaction may increase slightly, while the lethal
concentration of degradation products to minnows was higher than TC as the oxidation
process continues, indicating that toxicity was weakened. The 50% lethal concentration
of TC and its intermediate products after oral rats were generally high, indicating that
there was no lethal harm to the biological species. However, the toxicity of TC could be
effectively reduced after photocatalytic decomposition from the overall data changes in the
degradation pathway. It is necessary to predict the mutagenicity of TC and its intermediates
because of the threat of genetic contamination of TC. According to the photocatalytic
degradation pathways of TC corresponding to the data in the table, TC intermediates still
have mutagenicity in the early and middle stages of the photocatalytic reaction. However,
when intermediates are further mineralized into small fractions such as P4, P7, and P8,
they no longer have mutagenicity. In conclusion, the bioavailability of TC can be effectively
reduced through the photocatalytic degradation of LDH/CTE-1 heterojunction.

The oxidation of organic pollutants by h*, -OH, and -O,~ radicals is the most common
method of photocatalytic degradation [47]. Trapping studies with radical scavengers
were carried out to elucidate the photocatalytic mechanism and active species in the
photocatalytic degradation of TC on LDH/CTF-1-40% photocatalyst. As the result given in
Figure 9, the degradation rate constant of TC could be reached up to 0.013 min~! without
radical scavengers. With the addition of EDTA-2Na or IPA scavenger to the TC solution,
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the degradation rate constant was decreased by about 26 and 2.2 times, respectively, while
the degradation rate constant had no obvious change in the presence of BQ. It can be seen
from the trapping experiments that h™ is the main active substance and the minor role is
‘O™ in the photocatalytic degradation process.
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Figure 9. Trapping experiments of the active species for apparent rate constants of TC degradation
over the LDH/CTF-1-40% heterojunction.

Electron spin response (ESR) spin—trap technology was used to further investigate
the primary reactive species. The radical trapping compound 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) was used to record ESR spectra in the dark and after 10 min of visible light
irradiation [48]. As depicted in Figure 10a, no specific spectrum was observed on LDH, and
compared with the original CTF-1, the signal intensity of DMPO--O,~ on LDH/CTF-1-40%
is enhanced. Meanwhile, no DMPO--OH signal was detected in the pure LDH, CTF-1,
and LDH/CTEF-1-40% samples (Figure 10b). These results confirm the presence of -O; 7,
while no -OH could be found during the photocatalytic process. This is consistent with the
trapping experimental results.

DMPO--0,|  |(b) DMPO--OH|

i

[ "E
Fa Q' [\LDH/CTF-1-40%
& R ?{i ’[‘,’55 v ol
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A Ny
2 Ak,

Al b A
iAbashiied
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Magnetic field (G) Magnetic field (G)

Figure 10. ESR spectra for LDH, CTF-1 and LDH/CTF-1-40% (a) DMPO--O,~ and (b) DMPO--OH.

The stability and reusability of the catalyst are critical factors to consider when eval-
uating its suitability for practical applications. As shown in Figure 54, the degradation
capability of LDH/CTF-1-40% gradually decreased during four consecutive runs. In gen-
eral, all of the runs exhibited good reusability and more than 65% TC removal efficiency.
Furthermore, the XRD spectra of the sample from the beginning to the end of the reac-
tion are unaffected. This study further demonstrated the LDH/CTF-1 heterostructures’
outstanding reusability and stability.
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3.4. Photocatalytic Mechanism of LDH/CTF-1 Heterostructures

In LDH/CTEF-1 nanocomposites, the energy levels of LDH and CTF-1 may have a
significant impact on charge carrier transfer direction and redox ability. The conduction
band (CB) potential was determined using electrochemical Mott-Schottky plots. In com-
parison to the typical hydrogen electrode (vs. NHE), the values for LDH and CTF-1 were
—0.32 and —1.03 V, respectively (Figure S5a,b). The valence band (VB) potential of LDH
and CTF-1 vs. SHE should be 2.02 V and 1.91 V, respectively, by their Eg determined in
the DRS study. Based on the aforementioned data, the likely transfer behavior of photo-
generated carriers and the photocatalytic process involved are hypothesized. The redox
potential of Op/-O,~ is —0.33 V at pH = 7, while that of HO/-OH is 2.38 V [49]. If the
heterojunction formed between LDH and CTF-1 was classic type-II, the electrons stored
in the CB of CTF-1 would transfer into the CB of LDH. Meanwhile, the h* in the VB of
LDH would move to the VB of CTF-1 in the same way. Because the CB of LDH was more
positive than O, /-O;~, no -O,~ would be created. However, these findings contradicted
the ESR experiment, which verified the formation of -O,~ on LDH/CTF-1-40%. As a result,
the type-II charge transfer mechanism for LDH/CTF-1 was shown to be unsuccessful.
Using the Z-scheme, we propose a better charge transfer direction for LDH/CTF-1 in this
study. The photocatalytic mechanism of Z-scheme LDH/CTEF-1 photocatalyst during TC
degradation is depicted in Figure 11. The photogenerated electrons in the CB of LDH will
recombine with the photogenerated holes in the VB of CTE-1, separating the holes in the
VB of LDH and the electrons in the CB of CTF-1. Because of its greater negative redox
potential than O,/-O, 7, the electrons in the CB of CTF-1 have a potential of —1.03 eV,
which can create -O, . While the holes in the VB of LDH have a potential of 2.02 eV, they
are unable to oxidize HyO to produce -OH because their redox potential is higher than that
of HyO/-OH. Both -O, ™ and h* are active radicals that can continually destroy TC. The
internal electric field created by the potent interface between LDH and CTF-1 can speed
up the recombination of photogenerated electrons in the CB of LDH and photogenerated
holes in the VB of CTF-1. The effective Z-scheme heterostructure preserved with superior
oxidic-ability is credited with superior photocatalytic performance.

Degraded
products
1.4 @ s TC
= ©6666
:|I|: -0.7 A an CB . 1.03V s @
2 L0881 — — 0,0, 033V
S”j 0.0 CB 032V
Z
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Degraded
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Figure 11. The photocatalytic mechanism for the degradation of TC on Z-Scheme
LDH/CTF-1 heterostructures.
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4. Conclusions

In conclusion, an innovative Z-scheme heterogeneous photocatalyst, NiFe-LDH/CTF-1,
was fabricated by directly growing NiFe-LDH on CTF-1 for photocatalytic organic pol-
lutants” degradation. The ability of the as-obtained photocatalysts to degrade TC under
visible light was carefully assessed. Compared to pure LDH and CTF-1, the photodegrada-
tion of the LDH/CTF-1 heterojunctions for the removal of organic pollutants was superior.
The LDH/CTF-1-40% exhibits the highest efficiency of TC degradation (85.6%) and had
a degradation rate constant that was approximately 6.30 times and 19.92 times greater
than that of pure LDH and CTF-1, respectively. Such astounding activity and stability
may be explained by the strongly connected heterointerfaces, increased specific surface
area, better light-harvesting capability, and improved charge—carrier dynamics behavior
of the semiconductor by the Z-scheme process. This paper demonstrates a successful
method for the breakdown of antibiotics that combines organic and inorganic semicon-
ductors with strong photoactivity. The focus of future studies could be on developing
efficient regeneration procedures as well as conserving and fixing active components on
the heterostructure surface.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12234111/s1, Figure S1: XRD patterns of pure LDH, CTF-1, and
the CTF-1/LDH-25% sample; Figure S2. EDX elemental mapping images of the LDH/CTF-1-40%
nanocomposite; Figure S3. Plots of (achv)? vs. the energy of absorbed light for pure LDH, CTF-1 and
the LDH/CTF-1 nanocomposites; Figure S4. Cycling runs for degradation efficiency of TC (a) and
XRD patterns of before and after reaction (b) over the LDH/CTF-1-40%; Figure S5. Mott-Schottky of
LDH (a) and CTF-1 (b); Table S1. Toxicity prediction of TC and its intermediates.
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