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KEYWORDS Abstract Developing of a rapid and efficient photocatalyst for the removal of antibiotics with high
Antibiotics; concentration in wastewater remediation is of great importance. 3D marigold-like ZnIn,S,/Ti;C,
3D marigold-like; was successfully fabricated by coupling 2D Ti3C, nanosheets with hierarchical 3D ZnIn,S, using
ZnIn,S,/TisCo; a hydrothermal method. The degradation efficiency of ZnlIn,S,;/TizC, composite for tetracycline
Photocatalysis; (50 mg/L) and 7-Aminocephalosporanic acid (25 mg/L) within 120 min and 90 min can reach up
Synergistic effect to 91% and 95%, respectively. The introduction of Ti;C, modulates the 3D marigold-like architec-

ture of Znln,S,, which not only boosted its photon capture performance and adsorption capacity
caused by the increased specific surface area, but also effectively separated photo-generated elec-
trons and holes via the well-defined 2D/2D interface between Znln,S; and TizC,. The synergistic
effect of physical adsorption and photocatalytic degradation contributes to the high degradation
efficiency and fast degradation performance. Znln,S,/Ti;C; still exhibits high photocatalytic activ-
ity and excellent physicochemical stability after many cycles.
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1. Introduction

Since the discovery of antibiotics, they have been widely used because
of their excellent bacteriostatic and bactericidal effects. However, with
the mass production and abuse of antibiotics, especially after the
prevalence of COVID-19, its pollution to the environment is increas-
ingly serious, thus antibiotics have become a new pollutant (Ahmed
et al., 2015). In order to solve this problem, a large number of scholars
have explored various methods to remove antibiotics, such as adsorp-
tion (Gao et al., 2012), biological degradation (Micoine et al., 2013),
and chemical oxidation (Yan et al., 2017), et al. However, the problems
of high energy consumption and high cost of these traditional methods
restrict their application seriously (Deng 2020). Moreover, with the
rapid development of photocatalytic technology, photocatalysis exhi-
bits great potential in the degradation of antibiotics (Liang et al.,
2021, Huang et al., 2016a, Huang et al., 2016b).

Photocatalytic technology is based on the oxidation and reductive
of photo-generated electrons and holes generated by semiconductor
materials under incident light irradiation (Abdul Mubarak et al.,
2022, Huang et al., 2014, Huang et al., 2019). It can excite O, and
H,0 into "O5 and "OH, which have a strong redox ability to degrade
antibiotics. Photocatalysts, including TiO, (Meng et al., 2019) and
ZnO (Kassem et al., 2021) have been widely used to degrade organic
pollutants. However, due to its inherent defects, such as poor excita-
tion ability of visible light, poor stability and insufficient exposure of
active sites, the photodegradation efficiency of antibiotics is still not
satisfactory (Qu et al., 2020). Ternary sulfide ZnIn,S, is a typical vis-
ible light-driven photocatalyst with an adjustable band gap (2.06—
2.85 eV). Its layered structure exhibits good photocatalytic activity
and stability (Kulkarni et al., 2017, Peng et al., 2022). It can be used
in various fields such as hydrogen evolution (Jing et al., 2010, Chen
et al., 2014, Yuan et al., 2et al., 2et al., 2et al., 2et al., 2et al., 2et al.,
2016, Peng et al., 2021), photocatalytic CO, reduction (Ye et al.,
2019), organic pollutants degradation (Lu et al., 2019, Hao et al.,
2021) and environmental remediation (Gao et al., 2017, Li et al.,
2014). In addition, compared with binary sulfides (CdS (Guo et al.,
2022a), Sb,S; (Wang et al., 2016a)), ZnIn,S4 has similar optical prop-
erties but does not contain toxic metal ions. Compared with other tern-
ary sulfides CuGasS, (Leach and Macdonald 2016) and Zn;In,Sg (Wu
et al., 2018), ZnIn,S, has the advantages of easy preparation and rel-
ative stability in the photocatalytic process. However, some disadvan-
tages, including poor light absorption ability, poor photo-generated
carrier migration ability, and fast photo-generated electron-hole
recombination, have hindered its further application. Modifying semi-
conductor photocatalytic materials with other materials, such as Ags-
PO,@ZnIn,S,, ZnIn,S4@MoO5 (Ouyang et al., 2021, Zhang et al.,
2021), and p-Znln,S4/RGO/n-g-C3Ny4 (Yu et al., 2020), effectively
improve the activity of ZnIn,S,. Therefore, functional modifications
are desired for Znln,S4-based photocatalysts(Raja et al., 2021).

Compared with traditional cocatalyst, the 2D materials with con-
trollable interfaces and a relatively high specific surface area can offer
a larger number of advantages for the migration ability of photogener-
ated charge carriers (Guo et al., 2022b). MXenes (Ti3C,) is a new type
of transition metal carbides, which can be obtained by selective etching
of the A-element from the MAX phases (Qiu et al., 2022, Wang et al.,
2023). It has become a significant and increasingly popular class of
post-graphene 2D nanomaterial, since the discovery of Ti;C, in 2011
(Wang et al., 2018). Owing to its unique physical and chemical prop-
erties, such as adjustable band gap, hydrophobicity, anisotropic behav-
ior of carrier mobility, metallic conductivity, favorable optical and
mechanical properties (Hong Ng et al., 2017), it has shown stupendous
potential in electrochemical devices, membrane separation, catalysis,
sensor, adsorption and cell imaging (Ling et al., 2014, Peng et al.,
2014, Ding et al., 2017, Li et al., 2020). MXenes have excellent elec-
tronic conductivity, convenient for the separation and transfer of
photo-generated electrons. In addition, owing to its adjustable work
function (1.6-6.0 V), which relies on the difference of surface func-

tional groups, the interface Schottky junction between Ti3C, and most
photocatalysts can be constructed as an electron sink to inhibit the
recombination of photoexcited electrons and holes (Cai et al., 2018,
Yang et al., 2019a, Liu et al., 2019a). Cao et al. prepared 2D/2D
Heterojunction of ultrathin MXene/Bi,WOg4 nanosheets and showed
high photocatalytic activity for CO, reduction (Cao et al., 2018).
Cheng et al. synthesized the composite of MXene/CdLa,S, via a facile
hydrothermal method. The composite exhibited enhanced photocat-
alytic activity for the production of hydrogen (Cheng et al., 2020). Fur-
thermore, the Cui group reported 2D layered CdS@Tiz;C,@TiO,
composites with enhanced visible-light-driven photocatalytic activity
for organic pollutants degradation (Liu et al., 2019b). Therefore, intro-
ducing Ti;C, into Znln,S,; is expected to solve the above
disadvantages.

Herein, inspired by this, a 3D marigold-like ZnIn,S4/Ti;C; hetero-
system coordinating with 2D/2D interface was successfully fabricated
by a simple hydrothermal method (Scheme 1). The photocatalytic
activities were assessed by the degradation of tetracycline (TC) and
7-Aminocephalosporanic acid (7-ACA). Compared with the pristine
Znln,S,, the intense interfacial contact between ZnlIn,S, and Ti;C, sig-
nificantly increased the specific surface area and reactive site of all
ZnIn,S,/Ti5C, heterojunction photocatalysts, thus their photocatalytic
activities were improved. The degradation mechanism was studied by
characterization analysis and photoelectrochemical tests, and the
enhanced photocatalytic activity was explained. Therefore, this study
is expected to provide a new strategy for the efficient removal of
antibiotics.

2. Experimental

2.1. Preparation of Ti;C, ultrathin nanosheets

Similar to the previous study (Cao et al., 2018), Ti;C, ultrathin
nanosheets were synthetized by selective etching the MAX
phase, and then ultrasonic stripping of multilayer Tiz;C,. In a
typical procedure, 300 mg of TizAlC, powder was slowly
added to a plastic container containing 20 mL of HF solution
(content > 40%), sealed and stirred magnetically for 72 h at
room temperature. The suspension was then filtrated and fil-
tration residue was washed with DI water several times until
pH > 6. The resulting precipitate was dried overnight at
60C in a vacuum. The obtained dried solids were re-
dispersed and vigorous stirred in 20 mL of DMSO for 12 h.
Afterwards, the suspension was centrifuged and washed multi-
ple times with DI water remove the remaining DMSO. The
collected precipitate was re-dispersed to 20 mL of DI water,
and an ultrasound was performed in the ice bath and Ar for
120 min. Finally, the suspension was centrifuged at 5000 rpm
for 10 min to remove the multilayer TizC,. The concentration
of Ti;C, suspension was about 1 mg/mL.

2.2. Preparation of TizCs/ZnIn,S; (MZ)

Various amounts of Tiz;C, (3 mg, 6 mg, and 9 mg) were dis-
persed in 50 mL of DI water to form suspensions by ultra-
sound, respectively. And then ZnCl, (0.5 mmol), InCl;-4H,0O
(1 mmol), and excess L-Cysteine were added into the above
suspensions. After stirred magnetically for 3 h, 2 mmol of
thioacetamide (TAA) was added. Afterwards, the resulting
solutions were transferred to 100 mL Teflon-lined autoclaves
and heated at 160 °C for 12 h. After cooling, light yellow-
green precipitates were separated by centrifugation at
10000 rpm for 10 min and washed with DI water and ethanol
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Scheme 1  Schematic illustration of the fabrication process of pristine ZnIn,S; and 3D marigold-like ZnIn,S,/TizC,.

several times. The resulting precipitates were dried in a vacuum
oven at 60 °C for 12 h. MZ composites prepared with 3 mg,
6 mg, and 9 mg of Ti;C, were named as MZ-3, MZ-6, and
MZ-9, respectively. As a comparison, pure Znln,S,; was also
prepared by the above method without Ti;C,.

2.3. Evaluation of photocatalytic activity

Firstly, 20 mg of the prepared sample was added into 100 mL
of 50 mg/L tetracycline (TC) solution and 25 mg/L 7-
Aminocephalosporanic acid (7-ACA) solution, respectively.
The adsorption—desorption equilibrium was then obtained by
stirring in the dark for 30 min. And then, the photodegrada-
tion reactions were performed by the visible light (300 W Xe
lamp with a cut-off filter, A > 420 nm). After a certain irradi-
ation time, 5 mL of the suspension was taken out, and the pho-
tocatalyst was then removed with a 0.22 pm filter before
measurement. The absorbance of suspensions at 356 nm was
measured by a Shimadzu UV2600 spectrophotometer at a cer-
tain interval to monitor the change of concentration of TC.
The concentration of 7-ACA was determined by high-
performance liquid chromatography (HPLC, APSS80-
16PLUS), which used an ultraviolet detector and an RP;5 col-
umn (dimension 4.6 x 250 mm, 5.0 um), with sodium acetate-
acetic acid buffer solution and acetonitrile (90:10, v/v) as efflu-
ent at a flow rate of 1.0 mL/min. The injection volume was
10 puL. The degradation efficiency is calculated by Eq. (1).

n=(1-c/c) x 100% (1)

where 7 is photodegradation efficiency, ¢y is the initial concen-
tration of adsorption—desorption equilibrium, and ¢, is the
remaining concentration, respectively.

To assess the stability of photocatalytic activity of the pho-
tocatalyst, the sample was collected by centrifugation after one
test, washed with DI water several times and dried for the next
cycle test.

3. Results and discussion

3.1. Characterization of all samples

The crystal structure of the TizC,, Znln,S,, and MZ compos-
ites was investigated by XRD analysis. As shown in Fig. S1,
the most intense diffraction peak at 38.7° (20) in the TizAlC,
pattern disappeared, and 9.6° allotted to the (002) plane of
Ti3C, moved to lower angles, indicating that TizAlC, was suc-
cessfully converted to TizC, after etching treatment by HF
(Alhabeb et al., 2017). XRD patterns of other samples are
shown in Fig. la, the decreased peak intensity of the synthe-
sized TizC, indicated that the MAX powder lost its crys-
tallinity after Al etching (Tariq et al., 2018). There are three
strongly characteristic diffraction peaks at 21.6°, 27.7°, and
47.2°, corresponding to (006), (102), and (110) lattice planes
of hexagonal ZnIn,S; (JCPDS No0.72-0773). After combina-
tion, the typical peaks of MZ composites are almost
unchanged compared with that of the pristine ZnlIn,S,, sug-
gesting the excellent crystal structure of Znln,S, is still main-
tained in MZ composites. However, no obvious Ti;C, peaks
can be found in the patterns of MZ composites owing to its
low content (Cao et al., 2018).

To further study the recombination between ZnlIn,S,; and
TizC,, the surface element components and charge transfer
in TizC,, Znln,S4, and MZ-6 were studied by XPS analyses.
From the survey scan of the MZ-6 (Fig. 1b), the concomitant
C, O, S, Ti, Zn, and In elements were detected. An obvious Ti
peak could be seen through the high-resolution map of Ti 2p of
MZ-6 (Fig. lc), indicating the successful synthesis of ZnIn,S,/
Ti3C,. And the peak showed a shift in relation to that in the
pristine Ti3C,. Noticeable shift of bind energy was observed
in the high-resolution XPS spectra of Zn 2p (Fig. 1d), suggest-
ing that the electrons transfer from Znln,S, to Ti;C, in the
Schottky junction, which indicates the close and robust inter-
action between TizC, and Znln,S;. The Schottky junction
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Fig. 1 (a) XRD patterns of Ti;C,, Znln,S,4, MZ-3, MZ-6, MZ-9. (b) XPS survey spectra of TizC,, Znln,S, and MZ-6. (c) Ti 2p, (d) Zn

2p, (e) In 3d core-level spectra of MZ-6, respectively.

can significantly improve the carrier separation rate and pho-
tocatalytic activity of sample (Ou et al., 2021).

FESEM and EDX measurements were used to analyze the
morphology and composition of TizAlC,, multilayer TizC,,
ultra-thin TizC,, pristine ZnIn,S;, and MZ-6 composite,
respectively. The results are shown in Fig. 2, the original Tis-
AlC; is a bulk layered ternary carbide (Fig. 2a). After HF etch-
ing, accordion-like Ti3C, is obtained (Fig. 2b). The few-layer
ultrathin Ti;C, nanosheets were then obtained by DMSO-
intercalation assisted ultrasonic exfoliation (Fig. 2¢). As shown

2.5 ym

in Fig. 2d-f, pristine ZnIn,S, is a 3D marigold-like hierarchical
architecture assembled from a large number of nanosheets.
The diameters of these assembled 3D ZnlIn,S, vary from 6 to
10 pm. Further observation shows that the nanosheets on
the surface of these microspheres are incomplete and irregular.
When Ti3C, is introduced, 3D marigold-like hierarchical archi-
tecture does not change due to the small amount of TizC,.
Interestingly, the diameter of the composite decreases signifi-
cantly, but the nanosheets on the surface become more regular
(Fig. 2g-1). Meanwhile, the elemental mapping of MZ-6 shown

Fig. 2 FE-SEM images of (a) Ti;AlC,, (b) multilayer Ti;C,, (¢) ultra-thin Ti;C,, (d-f) pristine ZnIn,S, and (g-i) MZ-6. (j) EDX

elemental mapping of MZ-6.
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in Fig. 2j demonstrates that Zn, In, S, Ti, and C are uniformly
distributed in the sample. The 2D nanosheets of Ti;C, self-
assemble and modify the hierarchical architecture of ZnlIn,S,,
which can give the sample a scattering cross section, and make
it have good capability of antibiotics capture and photon trap-
ping(Wang et al., 2021).

TEM characterization was then used to further discuss the
morphology and internal structure of MZ-6. As well as SEM
results, 3D structure with severe agglomeration can also be
found in Fig. 3a, and the diameter of MZ-6 is around 2 pm.
HRTEM image shown in Fig. 2b also displays the spiny exte-
rior of MZ-6. The clear lattice fringes with a spacing of 0.32,
0.22, and 0.26 nm belonged to ZnIn,S; (102), ZnIn,S,
(108), and TizC, (0110) can be observed from the magnified
interface (Fig. 3c), successful verifying the 2D/2D interface
formed between ZnlIn,S, and TizC,, which can effectively facil-
itate the charge separation during photocatalysis. In view of
the above characterizations, the possible construction mecha-
nism of 3D marigold-like ZnIn,S,/Tiz;C, can be proposed.
Zn*" and In®" in the solution were adsorbed on the negatively
charged surface of TizC,. Then, in-situ hybridization of ZnlIn,-
S, on Ti;C, nanosheets was simultaneously carried out by
hydrothermal crystallization process, and the strong 2D/2D
interface interaction between ZnIn,S, and TizC, was produced
(Yang et al., 2019b). Afterwards, the 2D ZnlIn,S,/Ti;C, sub-
units were assembled to construct the well-defined 3D
marigold-like hierarchical architecture (Wang et al., 2021).

To understand the light-harvesting capability of TizC,,
ZnlIn»S4, and MZ composites, ultraviolet—visible diffuse reflec-
tance spectra were carried out. As shown in Fig. 4a, TizC,
exhibits a high absorption band in the visible region due to
its dark color, the same as the previously reported work
(Lukatskaya Maria et al., 2013). However, Znln,S, gets a
great improvement on the light absorption due to the introduc-
tion of TizC,. All MZ composites showed an obvious improve-
ment of light absorption in the range of 450-800 nm, and with
the increase of TizC, content, the light absorption intensity of
MZ composites increased slightly, suggesting the effective
improvement of ZnIn,S, light absorption through the Ti;C,
loading. The band gap values of ZnIn,S,, MZ-3 and MZ-6
can be calculated by the Tauc equation (ahv)" = A (hv - E,).
The band gap value of ZnIn,S, is estimated to be 2.36 eV
(Fig. 4b). The band gap becomes narrower after the addition
of Ti;C,. The values of the band gap energy of MZ-3 and
MZ-6 were 2.33 eV and 2.27 eV, respectively. Moreover, the
exact conductive band (CB) potential of MZ-6 was calculated
to be -0.90 V (ENHE = EAg/AgCl + 0.197 (V)) by Mott-

Schottky measurement. Thus, the valence band (VB) of ZnIn,-
S4is 1.37 V.

The surface-active site is an essential factor affecting photo-
catalytic degradation efficiency. Therefore, the specific surface
areas and pore sizes of Ti;C,, ZnIn,S,;, and MZ composites
were determined. As shown in Fig. 4c. TizC, has a typically
reversible microporous adsorption curve (type I curves), indi-
cating that the material is mainly composed of micropores
(Sun et al., 2020). Both ZnIn,S4 and MZ composites exhibit
IV-type adsorption with the H-3 type hysteresis loops, which
implied that mesoporous structures are occur in these samples.
Meanwhile, the specific surface area of TizC,, ZnIn,S,, MZ-6,
and MZ-9 was 4.67, 43.27, 71.46, and 34.9 m?/g, respectively.
MZ-6 has the highest specific surface area due to the well-
defined 3D hierarchical architecture. However, excess of
Ti3C, in MZ-9 leads to the agglomeration of the components,
thus the specific surface area of MZ-9 is unambiguous
decreased. Higher specific surface area is conductive to the for-
mation of more surface active sites, and strengthens the pho-
ton capture, which can enhance photocatalytic activity (Xiao
et al., 2018). Fig. 4d shows the pore size distribution curves
of the samples. The distribution of pore size for ZnIn,S, and
MZ-6 is mainly below 5 nm. Combined with the previous
SEM results, the well-defined 3D hierarchical architecture ini-
tiated by introduction of Ti3C, is helpful for the formation of
mesoporous and the increase in specific surface areas. Thus,
MZ-6 is expected to be the most promising photocatalyst.

3.2. Photocatalytic measurement

To investigate the photocatalytic activities of TizC,, Znln,Sy,
and MZ composites on antibiotics under visible light irradia-
tion, the photocatalytic degradation of TC and 7-ACA was
assessed. In order to test the stability of all samples, blank tests
were used to check for metal leakage from the samples and the
content of related metals was detected by ICP. No Zn, Ti and
other metals were detected, indicating good stability of all sam-
ples. The degradation efficiencies of all samples for TC are
shown in Fig. 5a. The concentration of TC is not varied in
the blank experiment, implying that TC possess high stability.
In addition, Ti5C, barely exhibits a degradation effect on TC.
However, the photocatalytic degradation efficiency of pristine
ZnlIn,S, is about 70.2%. Moreover, the photocatalytic effi-
ciency of MZ composites is significantly improved after incor-
poration with Ti;C,. MZ-3 exhibits a degradation efficiency of
approximately 86%. MZ-6 shows the optimum photocatalytic
degradation, its degradation efficiency for TC can reach up to

Fig. 3 TEM (a, b) images of the MZ-6 and HRTEM of the enlarged area of the block (c).
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91% after 2 h of visible-light irradiation. Unfortunately, the
photocatalytic degradation efficiency of MZ-9 only has 82%.
Clearly, the introduction of Ti;C, can effectively improve the
photocatalytic activity of ZnIn,S,, but there is an optimal ratio
between ZnlIn,S; and TizC,. Besides TC, 7-ACA was also
degraded under visible light. The result is shown in Fig. 5b,
7-ACA also possess high stability under visible light irradia-
tion. As was the case with the TC, all MZ composites are more
efficient than pristine ZnIn,S,. Similarly, after 90 min of visible
light irradiation, MZ-6 shows the best degradation efficiency
on 7-ACA, which can reach up to 95%.

Furthermore, the experiments were quantitatively
explained by the pseudo-first-order reaction kinetics equation.
The results are shown in Fig. S4a and Fig. S4b, MZ-6 shows
the highest photocatalytic activity for TC (k = 0.01947 min~")
and 7-ACA (k = 0.02999 min~'). The above results indicate
that MZ-6 is an effective photocatalyst for the degradation
of different antibiotics.

Besides photocatalytic activities, the adsorption activities of
all samples were also investigated. As shown in Fig. S3, the
adsorption—desorption equilibrium of all samples for TC and
7-ACA can be reached within 30 min. Meanwhile, among all
the samples, MZ-6 exhibits the best adsorption capacity for
TC and 7-ACA, which can achieve 29.4% and 14.5%, respec-
tively. Ti53C, has barely adsorption capacity, and Znln,S, only

reached 11.7% and 8.4%. Similarly, the trend of the adsorp-
tion activities of all samples are in consist with their BET speci-
fic surface areas, indicating that the BET specific surface areas
and the well-defined pores distribution play fundamental roles
in their adsorption performance. Consequently, the reason
why MZ-6 has the superior degradation performance: MZ-6
possesses higher specific surface area, which not only provides
more transmission paths and improves the absorption and uti-
lization of visible light, but also enriched the surrounding con-
centration of antibiotics. Afterwards, the instruction of TizC,
has a positive promoting effect for the photocatalytic degrada-
tion of ZnIn,S,. Unfortunately, the further increase of TizC,
results in severe agglomeration in MZ-9, which significantly
decrease its exposure of active sites and photodegradation
performances.

To further analyze the advantages of photocatalytic perfor-
mance of MZ-6, the photocatalytic degradation of MZ-6 for
TC and 7-ACA was compared with other similar photocata-
lysts reported in the literatures. As shown in Table 1. MZ-6
still has good 91% and 95% degradation efficiency for
50 mg/L of TC and 25-mg/L of 7-ACA, and the degradation
velocity reaches 113.8 mg/g-h and 59.4 mg/g-h, which is 1.5
and 14.8 times higher than other photocatalysts, respectively.
It is obvious that MZ-6 exhibits a highest photocatalytic
degradation performance. This result further indicated that
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in solution for 5 cycles using MZ-6 under visible light irradiation.

Table 1 Comparison of the photocatalytic degradation of TC and 7-ACA by different photocatalysts.
photocatalyst Dosage Antibiotics Volume Solid-to- Photocatalytic Degradation Ref

(mg) (mg/L) (mL) liquid Efficiency/Time Velocity

Ratio (g/L) (mg/g-h)

TiO»/Znln,S, 10 TC (20) 50 0.20 95.1%/120 min 47.6 (Liu et al., 2021)
Ce0,/Znln,Sy 10 TC (30) 50 0.20 91%/120 min 68.3 (Hao et al., 2021)
ZnIn,S4/BiPO 15 TC (40) 50 0.30 84%/90 min 74.7 (Lu et al., 2019)
ZnTn,S,/TasNs 20 TC (15) 60 0.33 89.95%/180 min 13.5 (Xiao et al., 2020)
ZnIn,S4/(CQDs) 20 TC (10) 80 0.25 85.07%/240 min 8.5 (Xu et al., 2018)
MZ-6 20 TC (50) 100 0.10 91%/120 min 113.8 This work
Ag-CsPbBr;/CN 100 7-ACA (10) 100 1.00 92.79% /140 min 4.0 (Zhao et al., 2019)
MZ-6 20 7-ACA (25) 100 0.20 95%/120 min 59.4 This work

MZ-6 could be considered as a promising photocatalyst for the
degradation of antibiotics.

To understand whether the antibiotics were removed in the
form of mineralization or conversion to other organic com-
pounds during photocatalysis, the total organic carbon
(TOC) of degradation products was detected. The results of
the TOC removal rates of TC and 7-ACA by photocatalysts
are shown in Fig. 5¢ and d. As it can be seen, the TOC removal
rates were lower than the degradation efficiencies during pho-
tocatalysis. But the trend of the TOC removal rate is similar to
that of the photocatalytic degradation curve. This is because
there are still small quantities of intermediates in the solution
that have not been wholly converted to inorganic substances
(Lu et al., 2019). Nevertheless, compared with the pristine
ZnIn,S,, the mineralization capacity of MZ-6 is demonstrated
to be significantly improved.

It’s very important to study the reusability of the photocat-
alyst in practical application. To this end, the stability and
reusability experiments were investigated. The photocatalytic
activity of MZ-6 only declines about 14.4% (for TC) and
11.2% (for 7-ACA) after 5 cycles (Fig. 5e), indicating that
MZ-6 possess an outstanding stability through the whole pho-
tocatalytic degradation process. The XRD patterns of MZ-6
before and after the photocatalytic reaction are shown in
Fig. S5, no obvious change in crystal structure was observed.
SEM and TEM images (Fig. S6) of MZ-6 after the photo
degradation showed that the 3d marigold like structure did
not change greatly, but there were some larger holes in some
spheres, which might be caused by the loss of some crystals
because of the repeated use, and this was the main reason
for the slight decline in photocatalytic performance of MZ-6.
The unchanged structure of the photocatalyst further proves
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that the photocatalyst has good chemical stability. In conclu-
sion, MZ-6 exhibits well-maintained degradation efficiency,
excellent stability and high practical application potential.

The effect of different pH values on the degradation were
explored. The result was clearly seen from Fig. 6a, the adsorp-
tion efficiency of MZ-6 on TC reached 36% at pH = 3.5, and
decreased with the increase of pH value, indicating that MZ-6
showed excellent adsorption properties under acidic condi-
tions. The change of TC overall removal by MZ-6 was also
same, which may be caused by the electrostatic interaction
between TC and MZ-6. As we know, TC is an amphoteric
compound with multiple ionizing functional groups, and
behaves in different forms under different pH conditions: pos-
itive ions (TCH3") (acidity), zwitterions (TCHY) (neutral), and
negative ions (TCH /TC3) (alkalinity)(Xiang et al., 2020).
Meanwhile, the surface of ZIS was positively charged when
pH< 2.4 and negatively charged when pH > 2.4 (Luo et al.,
2022). Therefore, a stronger electrostatic attraction between
positively charged TC and negatively charged MZ-6 under
acidic condition, which promoted the adsorption of TC. And
the electrostatic repulsion was produced under alkaline condi-
tion. However, the better stability and the smaller particle size
of the prepared samples also accelerated the separation of pho-
togenerated electron-hole pairs, resulting in more active sites
of contact between the catalyst and TC, thus the superior
removal efficiency of TC in wide pH range could be achieved
by MZ-6. In addition, the effect of pH on 7-ACA was clearly
seen from Fig. 6b, the enhanced removal of 7-ACA was
achieved both acidic and alkaline conditions. This phe-
nomenon could be caused by the decomposition of 7-ACA
(Sahoo et al. 1996).

3.3. Mechanism considerations

The recombination process of the photoexcited electron-hole
pairs is usually illustrated by the photoluminescence (PL) spec-
troscopy (Chen et al., 2017). Photocatalysts produce electron-
hole pairs under light irradiation. And then, the photoinduced
carrier migrates to the surface of the photocatalyst for a redox
reaction. The combination of electrons and holes produces a
fluorescence signal that can be observed by photoluminescence
spectra. In general, the higher photoluminescence intensity is,
the more severe recombination of photo-generated electron-
hole pairs is (Wang et al., 2016b). Herein, the fluorescence
spectra of pristine ZnIn,S,, MZ-3, and MZ-6 series composites
were determined by PL. As shown in Fig. 6¢c, owing to the
band gap recombination of photo-generated electrons and
holes, a broad peak or pristine ZnIn,S; is observed near
468 nm. The fluorescence intensity of all MZ composites is
lower than that of ZnIn,S,, suggesting that the hybridization
of TizC, nanosheets with ZnIn,S,; can significantly reduce
the electron-hole pairs recombination, which further indicates
that the photocatalytic activities of MZ composites are
improved.

To further investigate the spatial separation and transfer of
the charge carriers in photocatalysis, photoelectrochemical
tests were carried out (Tan et al., 2019). The electronic conduc-
tivity and the charge carrier transfer capacity of photocatalysis
can be evaluated by the transient photocurrent response curves
and electrochemical impedance spectra (EIS) (Yang et al.,
2018). The results of transient photocurrent response of ZnlIn,-
S4 and MZ composites under intermittent solar simulator irra-
diation are shown in Fig. 6d. The positive photocurrent curve
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Fig. 6 Photocatalytic degradation of TC (a) and 7-ACA (b) over different pH. (c) PL spectra of ZnIn,S;, MZ-6 and MZ-9. Transient
photocurrent responses (d) and EIS (e) of ZnIn,S4, and MZ composites. (f) Trapping experiment of active species during the

photodegradation of TC and 7-ACA.
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of ZnIn,S, shows that it is an n-type semiconductor. The pho-
tocurrent density increases rapidly and reaches saturation
when the light is bright, but as soon as the light is turned
off, it immediately drops to nearly zero. Moreover, the pho-
tocurrent intensity of Znln,S, increased after the modification
of TizC,, but there is an optimized ratio between ZnIn,S, and
TizC,, and MZ-6 shows the highest photocurrent response.
The rise of photocurrent confirmed that MZ-6 Schottky junc-
tion can promote the separation of photocarriers, prolong the
life of photocarriers, improve the absorption of visible light,
and then promote the enhancement of photocatalytic activity.
However, excessive Ti;C, in MZ-9 results in a decrease in pho-
tocurrent intensity, which may be caused by strong light
absorption of Ti3C, and agglomeration of components. In gen-
eral, the smaller the semicircle diameter of the Nyquist dia-
gram is, the smaller the charge transfer resistance of
photocatalyst is. An arc radius per sample can be observed
in Fig. 6e, suggesting that only surface charge-transfer mode
occurred during photocatalysis. The smaller the semicircle
diameter of the Nyquist diagram of MZ-6 confirms the contri-
bution of a 2D/2D interface to conductivity. In comparison to
ZnlIn,S,, it is demonstrated that the electronic conductivity of
MZ-6 is higher due to electron transfer between Znln,S, and
TizC,. The lowest charge transfer resistance and highest elec-
tronic conductivity facilitate the most efficient charge separa-
tion for MZ-6. This is consistent with its significantly
enhanced photocatalytic activity.

Generally, hydroxyl radical ("OH), superoxide radical
("O7), and hole (h ") are three typical active substances for pol-
lutant degradation. To study the role of each active substance
during photocatalysis of MZ composites, corresponding mask-
ing agent was introduced to investigate the change of degrada-
tion activity of MZ-6 for TC and 7-ACA under visible light. In
these experiments, the masking agents used to eliminate "OH,
‘O3, and h™ were isopropanol (IPA), benzoquinone (BQ),
and ethylenediaminetetraacetic acid (EDTA), respectively.
The result is shown in Fig. 6f, the degradation efficiency of
MZ-6 for TC (7-ACA) decreased from 91% (96.75%) to
82.12% (86.34%), 29.52% (28.06%), and 62.82% (67.57%)

when IPA, BQ and EDTA were added, respectively. It indi-
cates that 05 and h™ are the major active substances in the
degradation of TC. Moreover, the pH values during the trap-
ping agent experiment were detected. The result is shown in
Fig. S7, the initial pH of the solution was different due to
the masking agent. The pH of the solution containing IPA
and EDTA decreased gradually with the increase of light time,
but the solution containing BQ was the opposite. Combined
their degradation efficiencies’ showed that this is mainly
caused by the degradation and intermediates product (CO,).
To better understand the photocatalytic degradation of MZ
composites for 7-ACA and TC, the intermediates were identi-
fied by LC-MS and HPLC-MS experiments. Similar to previ-
ous studies (Zhao et al., 2019), three typical species with the
value of m/z at 231, 229, and 146 can be observed in Fig. S8.
As illustrated in Fig. S9, we propose two different pathways
to degrade 7-ACA according to these typical species. In the
first reaction pathway, since B-lactam antibiotics are prone
to ring-opening reactions (Lima et al., 2020), the structure A
(7-ACA, m/z = 272.05) can be degraded to the structure B
(m/z = 231.04) with the ring-opening reactions of B-lactam.
As the degradation continues, structure C (m/z = 145.04) will
be degraded from structure B. And then, structure C converts
to CO, and H,O. In another reaction pathway, the -COOH
group falls off from structure A (7-ACA, m/z = 272.05) to
generate the intermediate D (m/z = 229.06). And with pro-
longed illumination, all intermediates tend to convert to CO,
and H,O. As shown in Fig. S10 and Fig. S11, The m/z of
TC is 445, two possible TC degradation pathways were ana-
lyzed. In pathway I, TC firstly produce structure B (m/
z = 417) through N-dealkylation reaction. Then h* attacked
electron-rich C1 = Cl18, resulting in structure C (m/z = 393),
structure B and structure C could further transform during
photocatalytic oxidation to form structure D (m/z = 349).
Subsequently, structure E (m/z = 279) was generated by decar-
boxylation and ring-opening reaction. In pathway II, TC was
demethylated to form structure F (m/z = 431). Afterwards,
structure F was further converted to structure G (m/
z = 398) by losing amino groups and H,O. Then, structure

Fig. 7 The mechanism of photodegradation and photoreduction of MZ-6.
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H (m/z = 284) was generated after losing aldehyde groups and
benzene ring-opening reaction. Ultimately, these intermediates
could be further decomposed into smaller non-polar molecular
materials, even CO, and H,O (Li et al., 2022).

On this basis, the possible photodegradation mechanism of
MZ composites was proposed. Firstly, ZnIn,S,/Ti;C,, which
has a large specific surface area of 3D marigold-like structure,
enrich antibiotics in its surrounding area via physical adsorp-
tion, so that the concentration of antibiotics around it is rela-
tively high. Secondly, under the irradiation of visible light, the
high specific surface area provides more transmission paths for
visible light. As shown in Fig. 7, photogenerated electrons are
excited from VB of ZnIn,S, to CB. Since the CB potential of
ZnlIn»S, is lower than the Fermi level of Ti;C,, photogenerated
electrons will be transferred to TizC, through the 2D/2D inter-
face between ZnIn,S; and Ti;C,. Meanwhile, the in-situ
Znln,S4/Ti3C, composite facilitates the close contact with each
other, greatly improves the interface charge migration and
photoinduced electron-hole pair separation, promotes the elec-
tron capture of Ti;C,, and significantly reduces the electron-
hole pair recombination. In addition, the Fermi energy levels
of ZnIn,S; and TizC, are lower than the potential of
0,/ 03, the electrons that accumulate on Ti;C; can be rapidly
transferred to the surface to participate in the formation of
‘O3, giving it strong oxidation properties. Finally, TC and 7-
ACA can be degraded byeO5 and h™. The reactions were
described as follows:

ZIS+hv —h™ +e” (2)
e +0,— -0, 3)
h* + TC/7 — ACA — CO, + H,0 (4)
-0; +TC/7 — ACA — CO, + H,0 (5)

4. Conclusion

In summary, well-defined 3D marigold-like MZ composites had been
successfully prepared by a simple hydrothermal method. The introduc-
tion of Ti3C2 ameliorates the disadvantage of sulfides being easy to
photocorroded by light to some extent. These composites exhibit out-
standing photocatalytic activity, The optimized MZ-6 composite pos-
sess the best photocatalytic degradation and adsorption activity for
antibiotics, and the removal efficiency of TC and 7-ACA exceeded
90% in a short time. Importantly, MZ still has excellent physical
and chemical stability and high photocatalytic activity after multiple
cycles. In addition, O3 and h™ play a major role in the degradation
of antibiotics. This study further confirms that Ti3C2 can be used as
a co-catalyst to broaden its application in rapid and efficient
photocatalysis.
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