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Abstract

The layered double hydroxides (LDHs) are potential non-noble metal
photocatalysts. Unfortunately, the intrinsic activity of bulk LDHs is relatively low,
which limits their use. Herein, the ultrathin, porous and vacancy-rich CoAl-LDHs
nanosheets were prepared by exfoliation strategy. Then, they were assembled with the
early transition-metal carbides nanosheets (MXenes, TizCoTx) to afford a hybrid
2D/2D CoAl-LDHs/TizC2Tx photocatalyst via electrostatic assembly process. The
experiments indicated that the CoAl-LDHs/Ti3CoTx hybrids performed an excellent
visible-light photocatalytic activity for tetracycline hydrochloride (96.67%)
degradation. Diversified characterization techniques (SEM, TEM, AFM, N
adsorption-desorption analysis, XRD, FTIR, UV-vis DRS, photoelectrochemical test)
and density functional theory calculations (electronic and optical properties) have
indicated that such excellent photocatalytic activity was ascribed to the synergy and
the Schottky heterojunction formation between CoAl-LDHs nanosheets and TizC2Tx
nanosheets, which possessed markedly visible-light absorption, high specific surface
area, rapid electrons transfer and depressed electron-hole pairs recombination.
Keywords: Ultrathin layered double hydroxides; Vacancy-rich; MXenes; Schottky

junction; Density functional theory
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1. Introduction

Photocatalysis has received increasing attention in solving environmental
contaminants, such as dyes, antibiotics, phenols, volatile organic compounds (VOCs),
heavy metals etc., due to their eco-friendly and high-efficiency nature [1-4]. To date,
numerous semiconductor materials have been researched for environment remediation,
including TiO,, CdS, BiVO4, Ag3:PO4, g-C3Ns, Znln,Ss, MOFs, etc. [5-7]. However,
although these photocatalysts performed a considerable photocatalytic activity for the
removal of various contaminants, it is still hard to apply them in practical because of
some stubborn disadvantages among them, for instance, the low specific surface area,
the weak photostability, the high cost, the fast recombination of photoinduced carriers
[8, 9]. Therefore, it is still a research hotspot to explore a suitable photocatalyst with
good practical application potential.

In recent years, layered double hydroxides (LDHs), as a kind of two-dimensional
(2D) laminated materials, have been applied extensively in the field of catalysis due to
the easily prepared strategy and low cost. Besides, the LDHs possess large surface
area, flexible interlayer structure for electron transfer, visible-light (VSL) response
performance, abundant active sites, which endow them great potential application in
photocatalysis [8, 10]. The LDHs with the general expression of
[M 1" M3*(OH)2](A™)¥"-mH20], where M?" and M3" are divalent metals (Ca%*, Mg?",
Ni?*, Zn** or Co*" etc.) and trivalent metals (Al**, Fe*" etc.), respectively, and A™

represents a charge-balancing anion, typically is the COs* [10]. In the last few years,
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several LDHs have been studied in photocatalysis, such as NiAl-LDHs, CoAl-LDHs,
MgAI-LDHs, ZnTi-LDHs and so on [10, 11]. However, the previous studies indicated
that although the LDHs materials possess a certain VSL photocatalytic activity, the
pristine LDHs generally suffer poor photocatalytic performance because of the low
migration of charge, the fast recombination of photoinduced electron-hole (e™-h") pairs,
the dissatisfactory morphology and structural characteristics etc. [12]. Thus, a number
of researchers have moved towards improving the photocatalytic activity of
LDHs-based materials through designing morphology and dimension, creating surface
vacancies, and constructing composites with other materials [8, 12]. By designing
morphology and dimension of LDHs-based materials, the bulk LDHs could be
prepared into ultrathin LDHs nanosheets, which is usually obtained by exfoliation.
Compared to the bulk LDHs, the exfoliated LDHs nanosheets possess a larger specific
surface area and more active sites. Meanwhile, it is more likely to create surface
vacancies on the exfoliated LDHs. The surface vacancies (such as oxygen vacancies,
metal vacancies) could cause new energy levels to diminish the band gap thus
improving VSL response, as well as could act as the charge transfer adsorption sites to
suppress photogenerated e-h" pairs recombination [13, 14]. These optimization
measures could markedly promote the photocatalytic performance of the LDHs. For
instance, Zou et al. [11] had synthesized the ZnTi-LDH nanosheets contained
abundant oxygen vacancies, which could be as a high-efficiency photocatalyst for
selective oxidation of benzyl alcohol to benzaldehyde under VSL irradiation. As for

constructing composites, many related studies also have been done, and diverse
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materials have been combined with LDHs to build composite photocatalysts,
including noble metal nanoparticles, semiconductor materials and carbon materials
[10, 15]. For example, Wang et al. [15] found that the photocatalytic activity of
MgAIl-LDHs for the selective oxidation of benzyl alcohol to benzaldehyde under VSL
irradiation could be significantly enhanced when loaded the Au-Pd bimetallic alloy
nanoparticles on the surface of MgAI-LDHs. Wu et al. [10] found that O-doped
g-C3N4/CoAl-LDHs composite exhibited excellent VSL photodegradation activity for
dye removal. The construction of composites could give play to the advantages of
diversified materials, and the internal electric field could be formed between different
materials to accelerate the transfer of carriers, then boosting the photocatalytic activity
of composites.

In addition to the common materials mentioned above, recently, a new group of
2D nanostructure materials, namely, the early transition-metal carbides and nitrides
(MXenes), have received increasing attentions because of the excellent electrical
conductivity, hydrophilic, sufficient reactive sites, adjustable structure, and so on. The
first discovery of MXene (Ti3Cz) was in 2011, and they are often prepared via etching
out the A layers from MAX phase (M represents transition metal, A represents group
HIA/IVA element and X represents C and/or N element) with strong acid (such as HF
or LiF/HCIl) and the subsequent exfoliation processes [16-18]. MXenes possess a
universal equation: Mp+1 X, Tx (n=1-3, Tx represents the surface termination groups, eg.
-O, -F and -OH) [18, 19]. Many previous studies and density functional theory (DFT)

calculation indicated that the surface terminations strongly affect the work function of
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MXenes, inducing the MXenes more viable as heterogeneous catalysts range from
metallic to semiconducting, and they also could serve as the anchor sites for further
modifications with materials [20-22]. Up to now, more than 20 MXenes, including
TixCTx, TizsCaTx, Nb2CTx, VoCTy, TisCNTx and TasCsTx etc. have been reported [17],
and they exhibit great application potential in energy storage, electromagnetic
interference shielding, sensors, photothermal conversion, electrocatalytic and
photocatalytic fields [17, 20, 23, 24]. Previous studies proved that the photocatalytic
performance would increase markedly when decorated semiconductor photocatalysts
with MXenes. For instance, Su et al. [25] reported that the TisCa/g-C3Ny
heterojunction performed a 10 times higher photocatalytic H> evolution activity than
that of g-CsN4. Cai et al. [26] reported that Ti3Cz could significantly increase the
photocatalytic performance and stability of AgzPOs for the degradation of several
organic contaminants. Furthermore, some recent studies have also shown that the
MXenes could significantly improve the performance of LDHs, thus expanding their
application potential in fields such as electrocatalysis, supercapacitor, sensor, battery
and so on [27-30]. However, to date, there was still a lack of study on MXenes/LDHs
composites in photocatalysis.

In this work, we reported the preparation of ultrathin, porous and vacancy-rich
CoAl-LDHs nanosheets by exfoliation strategy. Meanwhile, the composite of
CoAl-LDHs nanosheets/Ti3C2Tx MXenes also had been fabricated via an electrostatic
assembly process (the negatively charged TizCoTx MXenes and the positively charged

CoAl-LDHs nanosheets [31]). Then, the VSL photocatalytic performance of the
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synthesized photocatalysts was estimated toward the photodegradation of tetracycline
hydrochloride. Multiple techniques were introduced to study their composition,
morphology, and photoelectric characteristics (SEM, TEM, AFM, XRD, FTIR, XPS,
N: adsorption-desorption analysis, UV-vis DRS, PL, photoelectrochemical test).
Furthermore, the electronic and optical properties (such as band structures, density of
states, effective mass of electron, dielectric function, loss function, conductivity, work
function and so on) of photocatalysts were investigated by DFT calculation.
Experimental and theoretical results manifested that the nanohybrids performed
superior VSL photocatalytic performance. This work would open a new facile path for
preparing the efficient LDHs-based composites, and can be hopefully applied in

photocatalysis, photoelectrochemical devices and so on.

2. Experimental

2.1. Synthesis of photocatalysts

The CoAl-LDHs nanosheets were prepared according to the follow steps: in
details, 0.015 M of Co(NOs3)2:6H-0, 0.005 M of AI(NO3)3-9H>0 and 0.05 M of urea
were added into 70 mL of ultrapure water, and continuous stirring for 1 h at room
temperature to get a mixture. Then, the mixture was treated by hydrothermal reaction
at 120 °C for 24 h, finally, the bulk CoAl-COs?>"-LDHs were obtained. Subsequently,
an anion exchange process was performed, namely, 0.5 g of CoAl-CO3*-LDHs was
added into 500 mL of aqueous solution, which contained NaNOs3 (0.75 M) and HNO3

(3 mM). The mixture was sealed after deoxidation with N> gas, and stirred 48 h to
7
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convert the CoAl-COs*-LDHs into CoAl-NO*-LDHs form. Follow this, the
exfoliation process was performed by dispersing 0.5 g of CoAl-NO*-LDHs in 500
mL of formamide, the mixture was then sealed after deoxidation and vigorously
stirred for 24 h to get the exfoliated CoAl-LDHs nanosheets suspension, then the
CoAl-LDHs nanosheets (CAL) suspension was obtained by centrifugation (10,000
rpm, 10 min) and redispersed in deoxidized ultrapure water, the concentration was
determined (about 1.0 mg mL™") [32].

The preparation process of TisC,Tx MXenes had been reported in our previous
study [22]. The obtained few-layer or single TizC.Tx nanosheets (TCT) suspension
was about 2.0 mg mL™".

The CoAl-LDHs/Ti1;C,Tx composites were prepared as follows: a certain amount
of Ti3C,Tx nanosheets suspension (1.0 mL, 2.5 mL, 5.0 mL, 7.5 mL, 10.0 mL) was
added to 100 mL of CoAl-LDHs nanosheets suspension dropwise, and continuous
stirring for 3 h at room temperature under N> flow. Then, the CoAl-LDHs/Ti3C2Tx
composites were obtained by vacuum filtration and finally dried in a vacuum oven
overnight. The nominal weight ratios of Ti3C,Tx to CoAl-LDHs were 2, 5, 10, 15 and
20 wt% (CAL/TCT-2, CAL/TCT-5, CAL/TCT-10, CAL/TCT-15, CAL/TCT-20),
respectively. The schematic illustration of the synthesis process for the
CoAIl-LDHs/Ti;C2Tx composite was displayed in Fig. 1. The related information of

Materials and Characterization had been showed in the supplementary information.
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2.2. Theoretical calculations

The CASTEP method was employed for the DFT calculations, and the
exchange-correlation function was set as GGA-PBE. Meanwhile, the spin-polarized
Hubbard DFT+U was applied to for all optimizations, and the value of U was 3.52 eV
for Co. Energy cutoff, SFC tolerance and k-point were set 340 eV, 2 x 107 eV atom™!
and 3 x 3 x 1, respectively. A 4 x 4 x 1 supercell was adopted for the CoAl-LDHs and
Ti3C202 model (The model of TizC202> was chosen for TisC;Tx calculation). The
model of O-defective CoAl-LDHs, Co-defective CoAl-LDHs and O&Co-defective
CoAl-LDHs were built based on the perfect CoAl-LDHs. The O&Co-defective
CoAl-LDHs/Ti3C20, model was constructed by placing TizC20, model 3 A above the
O&Co-defective CoAl-LDHs to form a heterogeneous structure. The ionic cores were
set as ultrasoft pseudopotentials to promote transferability and decrease the number of
plane waves needed in the expansion of the Kohn-Sham orbitals [32]. A more than 15
A vacuum space was introduced to avoid the interference interaction between the

neighboring systems.

2.3. Photocatalytic test

The photocatalytic activity of the prepared photocatalysts was evaluated toward
the photodegradation of 10 mg L' of tetracycline hydrochloride (TCH). Namely, 100
mg of samples were dispersed in 100 mL of TCH. Before irradiation, a 60 min dark
adsorption test was carried out to attain adsorption-desorption equilibrium.

Subsequently, the photocatalytic test was implemented under the VSL irradiation for
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60 min (a 300W Xenon lamp (PLS-SXE300, Perfectlight corporation, Beijing) was
served as the photo source, A > 420 nm, the average visible light intensity was ca. 100
mW c¢m? measured by a light meter (HS1010)). The cycle experiments were carried
out as follows: the reaction solution in the photocatalytic system was removed by
centrifugation (8000 rpm, 5 min) after the completion of one-stage photocatalytic
experiment, and then the residual photocatalyst was re-dispersed in 100 mL of TCH
for the next photocatalytic experiment. In each photocatalysis process, 1 mL of

mixture was sucked out and filtrated for concentration determination at intervals [33].

3. Results and discussion

3.1. Morphology structure

The morphology of prepared photocatalysts was studied by FESEM, TEM and
AFM measures. As shown in FESEM images, obviously, the Ti3AlC; was a block
structure before the etching (Fig. 2A). However, a beautiful accordion-like lamellar
structure of multilayered Ti3C,Tx emerged after the aluminum layer was etched out
(Fig. 2B). Further, the delaminated Ti;C,Tx was acquired through the ultrasonication
exfoliation of the multilayered Ti;C.Tx, resulting in the forming of few-layer or single
Ti3CoTx sheets (Fig. 2C). These results were highly consistent with previous study
[20]. As for the CoAl-LDHs, the bulk CoAl-LDHs showed the laminated structure
with a smooth surface (Fig. 2E). However, after mechanical exfoliation, the
CoAl-LDHs became ultrathin nanosheets, and their surface was no longer smooth,

which might be due to the forming of more porous structures in the exfoliation
10
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process (Fig. 2F). Furthermore, according to TEM and HRTEM analysis, it was
obvious that the exfoliated CoAl-LDHs were irregular strip-shaped nanosheet
structure, and there were rich pores distributed on the surface of CoAl-LDHs sheets
(Fig. 21, J), which could provide more active sites for the reactants, then enhancing
the photocatalytic activity of the photocatalyst. Further, the HRTEM images revealed
that the lattice spacing of 0.260 nm corresponded to the (012) plane of CoAl-LDHs
[8], meanwhile, the local lattice distortions were obvious in HRTEM images, which
could be due to the generation of vacancies (Fig. 2G, H), some previous studies had
also reported the similar phenomenon [13, 32]. For the delaminated Ti;C,Tx, the TEM
image showed that they were random nanosheets, which contained three or four layers
of monolayer Ti;C>Tx sheets (Fig. 2D). Besides, the HRTEM image indicated that the
lattice spacing of 0.216 nm should correspond to the (002) plane of TisC,Tx (Fig. 2H),
meanwhile, some disordered lattices also had been found, which should be due to the
existence of carbon material in the Ti3CoTx [9]. As for the CALTCT-15, it was clear
that the CoAl-LDHs nanosheets were decorated with some other sheets, which should
be the Ti3C,Tx sheets (Fig. 2K). Meanwhile, it could be found that there are two types
of contrast fringes in the HRTEM image of CALTCT-15 nanohybrid (Fig. 2L). In
addition, the AFM analysis (Fig. 3A) further reveal that the diameter of CoAl-LDHs
nanosheets up to micron scale, and their apparent thickness was determined to be
about 3.2 nm, which was about consistent with four layers of CoAl-LDHs nanosheets
(the thickness of a single CoAl-LDHs layer was about 0.756 nm according to the
XRD result), and they were much thinner than the unexfoliated CoAl-LDHs (24-34

11
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nm, about 32-45 layers (Fig. S1)). For TizC,Tx sheets (Fig. 3B), they were nanoscale
in diameter, and the thickness of Ti3C.Tx sheets were about 5.1 nm, indicating that the
Ti;C.Tx sheets were about three layers, however, the thickness of multilayered
Ti3C;Tx reached to 60-100 nm (about 40-67 layers (Fig. S2)) [34]. As for the
CALTCT-15 (Fig. 3C), obviously, the lower height of 3.5 nm should be assigned to
the CoAl-LDHs nanosheets, while the higher height of 5.1 nm could be ascribed to
Ti3C,Tx nanosheets. This result revealed that TizC>Tx sheets “face-to-face” decorated
on the surface of CoAl-LDHs nanosheets, and the combination of the two nanosheets
had no significant effect on their thickness. These AFM results were very close to
previous reports and verified the few-layered nanosheet structure of prepared
photocatalysts [32]. Further, the element composition and distribution were further
studied by the EDS analysis and elemental mapping. The EDS characterization
showed the composition of each element, and the results were displayed in Table 1.
Obviously, the Co/Al ratio (2.6:1) in bulk CoAl-LDHs was close to that in the
synthesis mixture (3:1), while the ratio in CoAl-LDHs nanosheets was only 1.51:1,
suggesting the rich Co vacancies were produced during the mechanical exfoliation
process [32]. Meanwhile, the relative content of O was also decreased after the
exfoliation process, suggesting the O vacancies also existed, the similar phenomena
had also been observed in some previous studies [32]. Furthermore, the EPR results
also verified that the O vacancies were existed in the CoAl-LDHs nanosheets. As
displayed in Fig. 4A, compared with bulk CoAl-LDHs, the CoAl-LDHs nanosheets
peformed distinctly increased EPR signal at g=2.000, corresponding to the electrons

12
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captured by O vacancies [35]. As for the CALTCT-15, the Co/Al ratio in CALTCT-15
(1.46:1) was close to that of in CoAl-LDHs nanosheets, however, the content of C
was increased due to the introduction of Ti3C,Tx. Furthermore, the elemental mapping
displayed the Al, Co, O, Ti, and C elements were uniformly distributed in composite
(Fig. 2). The above results confirmed that the ultrathin CoAl-LDHs nanosheets,
Ti3C2Tx and CoAl-LDHs/Ti3CoTx 2D/2D nanohybrids were successfully prepared,
meanwhile, the CoAl-LDHs nanosheets possess abundant pores and vacancies.

The surface area and porosity of photocatalysts perform a significant part in their
photocatalytic activity. As displayed in the N> adsorption-desorption isotherms (Fig.
4B), the type-1V isotherm with an H3 hysteresis loop existed in all samples, which
demonstrated the presence of mesoporous structure in these photocatalysts [10]. In
details, the average pore size, pore volume and specific surface area of the samples
were showed in Table 2 and Fig. S3A. The average pore diameters of TizCyTx
nanosheets, CoAl-LDHs nanosheets and CALTCT-15 nanohybrids were 2.520 nm,
3.372 nm and 4.726 nm, respectively, the pore volume were 0.014 cm? g”!, 0.162 cm?
g and 0.203 cm?® g'!, respectively, and the specific surface area were 4.502 m? g,
36.546 m? g! and 51.098 m? g, respectively. Compared with the TisCoTx and
CoAl-LDHs, the CALTCT-15 nanohybrids possesses higher specific surface area and
mesoporous features, which could promote the exposure of the active sites, and the
diffusion of contaminants and active substances during the photocatalytic process,

thus improving the photocatalytic performance of CALTCT-15 nanohybrids.
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3.2. Crystal and chemical structure

The XRD results of obtained photocatalysts were presented in Fig. 4C.
Obviously, after TizAIC2 was etched by acid solution, the characteristic peaks at 6.9°,
18.8°,29.5°, 44.3° and 61.9° were assigned to the (002), (004), (006), (105) and (110)
reflection of TizCyTx, respectively [36]. The (002) at 7.8° and (004) at 19.2° of
Ti;AlC, were widened and moved to lower angle side (Fig. S3B), signifying the
elimination of Al interlayer and the developing of Ti3C2Tx nanosheets [5, 37]. For the
CoAIl-LDHs nanosheets, the diffraction peaks appeared at 20 = 11.7°, 24.0°, 34.8°,
39.2° and 46.9° were agreed with the (003), (006), (009), (012) and (018) lattice
planes of the pure CoAl-LDHs reference (PDF-#38-0487) [10]. Thus, the interlayer
distance (doo3) of CoAl-LDHs nanosheets was about 0.756 nm based on the formula
of 2dsinf=nA (where d represents the dooz, n=1, A=0.15406 nm), and the gallery height
was about 0.279 nm (brucite-like layer thickness was 0.477 nm) [38]. According to
the XRD patterns of five nanohybrids, both of Ti3C.Tx and CoAl-LDHs nanosheets
dominating phases were existed, and the characteristic peak strength changes with the
change of content. The above results demonstrated that the two materials were well
combined, and the introduction of Ti3C2Tx did not affect the phase of CoAl-LDHs.

The typical functional groups of the obtained photocatalysts were investigated
through FTIR analysis. As showed in Fig. 4D, The absorption at 2366 c¢cm™ for all
samples ascribed to the antisymmetric C=O stretching, which due to the atmospheric
CO; [39]. For the Ti3C,Tx nanosheets, the peak at 3442 ¢cm™! was mainly ascribed to

the -OH which terminated on the Ti;C,Tx and water molecules and -OH group [1, 40].
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The bands at 1647 cm™!, 1335 cm™!, 1049 ¢cm™!, 895 ¢cm™! and 559 cm™' correspond to
the stretching vibration modes of C=0, C-C, C-Ti, C-F and Ti-O groups grafted onto
Ti3C,Tx, respectively [18, 41]. For the CoAl-LDHs nanosheets, the broad peak
centered at 3440 cm! corresponds to the O-H stretching vibration of interlayer H,O
and H-bonded -OH group [42]. The peak at 1552 cm’! was indicative of the H-O-H
(8-H20) deformation vibration [43]. The peaks at 1354 ¢m™!, 837 cm™! and 977 cm’!
were due to the v; stretching vibration and the bending modes of CO3* [40, 43]. The
troughs located in the low-frequency region (550-810 cm™') were generally
corresponded to the stretching and bending vibration of M-O, O-M-O and M-O-M the
crystals [8]. As for the CoAl-LDHs/Ti3CoTx nanohybrids, they had the homologous
FTIR spectrum as the CoAl-LDHs, which could due to the fact that there was a small
amount of Ti3C2Tx in the nanohybrids. The FTIR results verified that the composites

had abundant functional groups, contributing to improve the photocatalytic activity.

For determining the surface chemical composition and valence state of the samples,
XPS analysis was introduced. Based on the XPS survey spectra (Fig. 5A), the TizC,Tx
nanosheets mainly composed of Ti, C, O elements, the CoAl-LDHs nanosheets
mainly contained Co, Al, O elements, and the CALTCT-15 nanohybrids contained Ti,
Co, Al, C, O elements, demonstrating the composites were successfully fabricated.
Furthermore, the high-resolution XPS spectra of Ti 2p, Co 2p, Al 2p, O 1s and C 1s
were revealed. As displayed in Fig. 5B and Fig. S4A, the Ti 2p spectra of TizCyTx
nanosheets and CALTCT-15 nanohybrids included six characteristic peaks. The

binding energy at 454.4 eV (455.1 eV), 455.7 eV (457.5 eV), 458.0 eV (458.4 V),
15
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459.8 eV (460.0 eV), 462.0 eV (461.8 eV), 464.1 eV (464.1 eV), corresponded to
Ti-C 2p3p, Ti?* 2p3p, Ti-O 2psp, Ti-C 2pis, Ti2* 2pis, Ti-O 2pis, respectively. [5, 44].
Compared with TizCoTx nanosheets, the position of characteristic peaks in
CALTCT-15 nanohybrids had some changes, which should be due to the presence of
CoAl-LDHs nanosheets. We could know from the Co 2p spectra (Fig. S4B and Fig.
5C) that there were eight characteristic peaks in bulk CoAl-LDHs, CoAl-LDHs
nanosheets and CALTCT-15 nanohybrids [44-46]. In bulk CoAl-LDHs (CoAl-LDHs
nanosheets), the peaks at 781.7 eV (781.3 eV) and 797.9 eV (797.7 eV) represented
Co®" 2ps3n and 2pip, the peaks at 783.3 eV (783.1 ¢V) and 799.5 eV (799.7 eV)
indicated Co** 2ps.2 and 2p1.2, and the corresponding satellite peaks presented at 787.3
eV (786.5 €V) and 803.4 eV (803.7 ¢V) for Co*", and the corresponding satellite
peaks presented at 790.5 eV (789.7 V) and 805.9 eV (806.1 €V) for Co?*". As for the
CALTCT-15 nanohybrids, the peaks at 781.3 eV and 797.6 eV represented Co** 2ps.
and 2pip, the peaks at 783.5 eV and 803.1 eV indicated Co*" 2p3» and 2pis.
Furthermore, the corresponding satellite peaks located at 787.3 eV and 807.1 eV for
Co**, and the corresponding satellite peaks located at 791.6 eV and 813.6 €V for Co*".
Furthermore, the existence of Co vacancies might be further confirmed by the Co
content based on XPS results as some previous studies had reported (Fig. S4B)
[47-50]. Firstly, the rough atomic percent of Co in CoAl-LDHs could be determined
by XPS spectra, the results indicated that the percent of Co in the bulk CoAl-LDHs
(39.83%) was higher than that of in CoAl-LDHs nanosheets (30.76%), which was
consistent with the EDS results, indicating the existence of Co vacancies [47, 48].
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Meanwhile, the area ratio of Co?>" and Co** peaks for CoAl-LDHs nanosheets was
0.52, obviously lower than that of bulk CoAl-LDHs (0.64), which also confirms the
presence of Co vacancies in CoAl-LDHs nanosheets [49, 50]. Fig. 5D and Fig. S4C
revealed the characteristic binding energy peak of Al 2p at 74.0 eV and 73.9 eV for
CoAl-LDHs and CALTCT-15, respectively, indicating that Al was the +3 oxidation
state in the form of Al-OH [38]. The O 1s showed in Fig. 5E and Fig. S4D, E, it is
observed that the O 1s for CoAl-LDHs could be fitted to four characteristic peaks at
530.2 eV, 531.2 eV, 532.2 eV and 533.6 eV, corresponded to the Co/Al-O, O
vacancies, hydroxyl bonding and adsorbed H>O, respectively [35, 51]. For the Ti:C,Tx,
there were three characteristic peaks at 529.2 eV, 530.8 eV and 532.5 eV, which were
assigned to Ti-O, Ti-C-O and Ti-OH bonds, respectively [52, 53]. Compared to two
pure single materials, the O 1s of CALTCT-15 included five characteristic peaks at
527.8 eV, 530.0 eV, 531.1 eV, 532.4 ¢V and 533.6 eV, corresponded to the Ti-O, the
Co/Al-0O, O vacancies, hydroxyl bonding and adsorbed H>O, respectively. As showed
in Fig. 5F and Fig. S4F, the C 1s spectra of Ti3CoTx nanosheets was deconvoluted into
four speaks at 280.9 eV (C-Ti), 284.4 eV (C-C), 285.4 eV (C-0O) and 286.1 eV (C=0)
[9, 54]. As for the CALTCT-15 nanohybrids, there were five peaks at 280.0 eV, 282.3
eV, 284.2 eV, 285.7 ¢V and 286.4 eV, which were ascribed to C-Ti, C-Ti-O, C-C,
C-O and C=O0, respectively [9, 44]. Therefore, the XPS results further affirmed the
co-existence of CoAl-LDHs and Ti3CoTx in the CALTCT-15 nanohybrids, meanwhile,
the existence of O and Co vacancies also could be confirmed according to the XPS
results.
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3.3. Photocatalytic performance

The photocatalytic performance of the obtained photocatalysts was evaluated via
the photodegradation of TCH under VSL irradiation. Before the photodegradation test,
a 60 min dark adsorption test was carried out to attain adsorption-desorption
equilibrium. As showed in Fig. 6A, compared to the TizCoTx and CoAl-LDHs
nanosheets, the CoAl-LDHs/Ti3C>Tx nanohybrids performed preferable adsorption
capacity for pollutants removal, and the maximum adsorption removal efficiency was
13.54%. The improved adsorption performance of CoAl-LDHs/Ti3C2Tx nanohybrids
could attribute to the high surface area and porosity of the nanohybrids, meanwhile,
the oxygenated groups on TizC>Tx could further enhance pollutant adsorption, then
enhancing the photocatalytic activity of photocatalysts. Under VSL irradiation (Fig.
6B), obviously, the CoAl-LDHs nanosheets showed the better photocatalytic
performance for TCH removal compared with the bulk CoAl-LDHs, which could be
attributed to the forming of rich vacancies and porous structure in the CoAl-LDHs
nanosheets. Furthermore, after the introduction of Ti3C,Tx, the CoAl-LDHs/Ti3CoTx
samples performed the superior photocatalytic activity for TCH removal compared
with the single-phase, and they were in the order of CALTCT-15 (96.67%) >
CALTCT-20 (94.10%) > CALTCT-10 (90.45%) > CALTCT-5 (79.80%) > CALTCT-2
(75.80%) > CoAl-LDHs (50.46%) > bulk CoAl-LDHs (32.64%) > Ti3C2Tx (19.54%)
(Table S1). Noticeably, an excess of TizCTx nanosheets could cause negative
influence on the photocatalytic activity, which should be due to the light shielding

effect [55]. Thus, the control over the ratio of TizC,Tx nanosheets to CoAl-LDHs
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nanosheets was vital to attain optimal photocatalytic activity of the nanohybrid.
Meanwhile, according to the rate constant (k) based on the pseudo-first-order kinetic
model (Fig. S5A, and Table S1), the CALTCT-15 nanohybrids performed the highest
removal rate for TCH. Compared with the single-phase photocatalysts, the improved
photocatalytic activity for nanohybrids should be due to the synergistic effect between
Ti3C2Tx nanosheets and CoAl-LDHs nanosheets. Furthermore, the photocatalytic
performance of CALTCT-15 nanohybrids was further estimated toward the
photodegradation of other two typical antibiotics (ciprofloxacin hydrochloride (CFH),
sulfamethazine (SAZ)), the results showed that the CALTCT-15 sample performed the
lower photocatalytic removal efficiency for CFH and SA than that of TCH, and the
maximum removal efficiency was 90.45% and 80.17% for CFH and SA, respectively
(Fig. S5B), the different degradation efficiencies of TCH, CFH and SAZ in the
photocatalytic system might be due to their different structures, the similar results also
had been obtained in our previous study [33].

Since the pollutants would be converted to intermediates during the degradation
process, thus the high removal efficiency of pollutants does not mean they have been
thoroughly broken down into CO; and H»O. Therefore, the TOC analysis was
performed over CALTCT-15 nanohybrids for determining the mineralization degree
of TCH. As displayed in Fig. 6C, the removal rate of TCH was a little faster than its
mineralization rate. In details, the CALTCT-15 nanohybrids performed 78.46%
mineralization efficiency of TCH, under the VSL irradiation for 60 min. Thus, the
TOC results had given the credible evidence to verify the good mineralization of TCH
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contaminant over the CALTCT-15 nanohybrids upon VSL illumination.

The photostability of the present CALTCT-15 nanohybrids was further studied
by performing the cyclic tests for the photocatalytic degradation of TCH (Fig. 6D).
Consequently, the CALTCT-15 nanohybrids retained about 83.16% activity for TCH
degradation even after five consecutive test cycles, indicating the CALTCT-15
nanohybrids could be as a stable photocatalyst. The reduction in degradation
efficiency should be due to the unavoidable loss of the photocatalyst in the cyclic
experiments and the adsorption of some refractory intermediate products on the active
site of photocatalyst [8]. The phase and structural stabilities of the CALTCT-15
nanohybrids were further studied through XRD analysis, obviously, the crystal
structure of CALTCT-15 nanohybrids had no significant variation in the prolonged
photodegradation process (Fig. 6E). Therefore, the CoAl-LDHs/Ti;C,Tx
nanocomposite with high photocatalytic performance would be a promising

photocatalyst, and might be applied in environmental conservation in practical.

3.4. Optical-electrical characteristics analysis

In order to analyze the reasons for the excellent photocatalytic activity, the
optical-electrical properties of the photocatalysts had also been studied by UV-vis
DRS, photoelectrochemical and photoluminescence tests. As displayed in Fig. 7A, the
UV-vis DRS spectrum showed the light response property of the samples, apparently,
the bulk CoAl-LDHs displayed a significant absorption for UV, while had low

absorption peak in the visible region, although there was a broadband in the visible
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region centered at 500 nm (due to d-d transitions of octahedral Co*" within the
CoAl-LDHs layer) [8, 12]. Compared with the bulk CoAl-LDHs, the ultrathin
CoAl-LDHs nanosheets performed an improved absorption capacity for both UV and
visible region. The improvement should attribute to the reduction in thickness and the
formation of vacancies for CoAl-LDHs nanosheets, some previous similar studies had
also reported this phenomenon [56]. For the Ti3C,Tx nanosheets, it could be seen the
Ti;C,Tx performed significant absorption in the range of UV and VSL, which could
be attributed to the black color nature of Ti3C2Tx [57]. As for the CoAl-LDHs/Ti3C>Tx
nanohybrids, the introduction of the Ti3CoTx could markedly increase the absorption
of VSL, and with the increase of TizC,Tx content, the absorption intensity of
CoAIl-LDHs/Ti3C;Tx nanohybrids gradually increased, which was very helpful to
increase the VSL photocatalytic performance of the nanohybrids. Additionally, the E;
of the CoAl-LDHs was estimated from the Tauc’s equation: ahv = A(hv - E,)"? [58].
According to the calculation, the £ of bulk CoAl-LDHs and CoAl-LDHs nanosheets
was about 2.66 eV and 2.04 eV, respectively (Fig. 7B), which directly proved that
ultrathin CoAl-LDHs nanosheets possess a greater response to VSL, thus the better
photocatalytic performance would be performed. Tan et al. [56] also reported that the
E; of NiAl-LDHs could be adjusted from 2.10 eV to 1.78 eV by exfoliating bulk
NiAl-LDHs to monolayer NiAl-LDHs, and the reduced band gap of monolayer
NiAl-LDHs should be attributed to the abundant surface vacancies on monolayer
NiAl-LDHs. Furthermore, the potentials of conductor band (CB) and valence band
(VB) for CoAl-LDHs were determined by the following equations: Evg=X-E*+1/2E,
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Ecg=Evp-Eg. In this study, the calculated VB and CB of bulk CoAl-LDHs was 1.61
eV and -1.05 eV, respectively, and the VB and CB of ultrathin CoAl-LDHs nanosheets
are 1.30 eV and -0.74 eV, respectively. Obviously, the VB maximum was moved up,
and the CB minimum was moved down, resulting in the better VSL response.

Photoelectrochemical properties had been regarded as a reliable basis for
assessing the photocurrent response and the photoinduced carrier separation efficiency
for the photocatalysts. As shown in Fig. 7C, the TizC,Tx sample performed a
negligible amount of photocurrent, but the photocurrent intensity of CALTCT-15
nanohybrid enhanced significantly compared to that of CoAl-LDHs sample. In
addition, the charge mobility was evaluated according to the arc radius in the EIS. It is
commonly believed that the smaller arc in the EIS represents the less charge transfer
resistance [33]. As depicted in Fig. 7D, clearly, the CALTCT-15 nanohybrid has the
lowest charge migration resistance. The photocurrent and EIS results suggested that
the CALTCT-15 nanohybrids exhibited the improved electron transfer process, which
could be due to the existence of abundant vacancies on CoAl-LDHs nanosheets,
meanwhile, the introduction of Ti3CoTx could result in the forming of built-in electric
field between CoAl-LDHs and Ti3CoTx, thus effectively decreasing the recombination
of photogenerated e-h" pairs and increasing the photocatalytic performance of
photocatalysts [59].

The PL analysis was implemented to better comprehend the separation and
migration of the photoinduced carriers of these photocatalysts (Fig. 7E). The emission
peak of CALTCT-15 nanohybrid at 620 nm was lower than that of CoAl-LDHs
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nanosheets, suggesting the recombination of photoinduced carriers was effectively
suppressed because of the interfacial charge transfer between CoAl-LDHs and
Ti3C,Tx [10, 60]. Meanwhile, for the CoAl-LDHs nanosheets, obviously, a shoulder
peak at 648 nm and several small peaks were appeared at 640-680 nm regions, which
should attribute to the forming of vacancies in the structure of CoAl-LDHs nanosheets.
The previous studies indicated that the vacancies could act as luminescent sites in the
photoluminescence process [13]. However, this phenomenon was not very obvious in
the CALTCT-15 composite, which might be influenced by Ti;C.Tx. Moreover, to
analyze the dynamics of carriers separation, the time-resolved PL spectrum of the
photocatalysts were showed (Fig. 7F, Table S2) [12]. It could be seen that the carrier
average lifetimes (t) of CoAl-LDHs nanosheets and CALTCT-15 were 2.87 and 3.64
ns, respectively, indicating the addition of TizC.Tx was beneficial to restrain the

recombination of photoinduced e-h" pairs and lengthen the carrier lifetime [10, 60].

3.5. Theoretical calculations

Theoretical calculation is an economical and effective method to explore the
material's properties [61]. In order to further clarify the reasons for the improvement
of photocatalytic performance. In this study, the optical and electronic properties of
perfect CoAl-LDHs, O-defective CoAl-LDHs, Co-defective CoAl-LDHs,
O&Co-defective CoAl-LDHs, TizC;02, and O&Co-defective CoAl-LDHs/TizC20;
composite were calculated based on the DFT. Their geometric structures and lattice

parameters were showed in Fig. S6 and Table S3. The lattice types for all samples

23



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

were 3D triclinic. As is known to all, the energy levels and the E, perform a key part
in deciding the photocatalytic activity of the photocatalyst. Based on the calculation
results, the E; of perfect CoAl-LDHs was 2.62 eV (Fig. S7A), which was close to
previous theoretical calculation results [36]. For the O-defective CoAl-LDHs, it was
obvious that the down-shift of conduction band minimum (CBM) resulted in the
decrease of Eg (2.11 eV) (Fig. S8A). However, the valence band maximum (VBM)
moved up for Co-defective CoAl-LDHs, meanwhile, Co vacancies resulted in the
appearance of a new vacancy level (Fig. S8B), which made the electrons to be easily
excited into the CB under light irradiation [62]. As for the O&Co-defective
CoAl-LDHs, the shift of band edges and the form of new vacancy level both existed
(Fig. S8C). Many previous studies had also reported that the presence of vacancies
would lead to the happen of these changes, which could improve the response to light
and thus increasing the photocatalytic properties of the material [13, 63]. Moreover,
the semiconductor type of CoAl-LDHs could be confirmed by the corresponding band
structure. As displayed in Fig. S7A, the VBM and CBM of CoAl-LDHs samples were
distributed at G point and Z point, respectively, manifesting the CoAl-LDHs was
indirect band-gap semiconductor, and the presence of vacancy would not change the
semiconductor type of CoAl-LDHs, it was consistent with the experimental result.
Moreover, the band structure of Ti3C2O: has also been shown in Fig. S7TB. Obviously,
the substantial electronic states crossing the Fermi level for Ti3C20z indicated that the
metallic characteristics, which was beneficial for electron transport [41, 57]. For the
O&Co-defective CoAl-LDHs/Ti3C202 composite (Fig. S7C), the E; was hardly be
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shown because of the overlap of their band structures. Meanwhile, their total density
of states (TDOS) and partial density of states (PDOS) were also shown in Fig. S7 and
Fig. S8. It was obvious that the CoAl-LDHs systems mainly were composed of O 2s,
O 2p and Co 3d orbitals, and the VBM and CBM of CoAl-LDHs mainly were O 2p
and Co 3d orbitals, respectively (Fig. S7D and Fig. S8D, E, F). For the Ti3C20: (Fig.
S7E), the near-Fermi bands of TizC,02 were represented mainly by finite C 2p, O 2p
and Ti 3d orbitals. As for the O&Co-defective CoAl-LDHs/Ti3C20; composite (Fig.
S7F and Fig. S9), the DOS mainly comprised of C 2s, C 2p, O 2s, O 2p, Co 3d, Ti 3d,
Ti 4s, Ti 5p and P 3p orbitals. Additionally, the band structure diagram was matched
with the DOS diagram as displayed in Fig. S9. The more intensive curve in band
structure diagram corresponded to the higher peak intensity in DOS diagram, which
signified the more electrons in that, otherwise, the fewer electrons there were. The
more electrons could be beneficial to produce more carriers during photocatalytic
process [1, 61]. It was obvious that the band structure of defective CoAl-LDHs and
CoAI-LDHs/Ti3C202 was more intensive than that of perfect CoAl-LDHs, implying it
would possess higher photocatalytic performance. Besides, the effective mass of
electron is another crucial index to assess the transfer behavior of electrons in
materials [64]. According to the calculation, the effective mass of electron for
CoAl-LDHs,  O-defective = CoAIl-LDHs,  Co-defective @ CoAl-LDHs  and
O&Co-defective CoAl-LDHs was 0.175, 0.102, 0.116 and 0.144, respectively.
Obviously, the defective systems possessed the smaller effective mass of electron,
suggesting the higher mobility of electron. Thus, the separation of photoinduced e-h*
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pairs and photocatalytic activity would be enhanced in the defective systems [65].

In addition, the optical properties, including dielectric function, absorption
coefficient, reflectivity, refractive index, extinction coefficient, loss function and
conductivity of the samples had been calculated, which could have important
influence on the photocatalytic performance of materials. Firstly, the study of typical
optical properties of materials commonly depends on the dielectric function [64]. The
complex dielectric function includes two parts: g(®) = €i(®w) + iex(w) (e1 and &
represents real and imaginary part, respectively), in which the & corresponded to the
polarization and the € explained the energy dissipation in the system [66]. From the
real dielectric function (g1) (Fig. 8A), it was obvious that the electron polarization
existed in the CoAl-LDHs system. Meanwhile, the vacancy would reduce the electron
polarization. The &> of dielectric function was showed in Fig. 8B, for the CoAl-LDHs
system, the intensity became slightly higher in the presence of vacancies. As for the
Ti3C20,2 and CoAl-LDHs/Ti3C20;, a prominent peak was at 4.1 eV. It was worth
noting that the composite system exhibited the shift of the absorption peak to the
lower energy direction as well as the decreasing sharpness of the peaks, which might
be due to the mixed transition and the considerable band gap reduction [66].
Meanwhile, the existence of vacancy and TizC2O: could endow them optically
metallic property, which could be beneficial to their photocatalytic activity. The light
absorption efficiency performed the significant role in the photocatalytic process, and
the calculated absorption coefficient was displayed in Fig. 8C. It was clear that the
existence of vacancies could increase the light absorption efficiency to some extent.
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Furthermore, the introduction of TizCoTx could significantly increase the light
absorption efficiency by CoAl-LDHs. This result was consistent with that of the
experiment. The reflectivity coefficients were showed in Fig. 8D. The major peaks of
the CoAl-LDHs system located in lower energy region. Since the light reflectivity
was positively correlated with the light absorption in the medium, an overall red-shift
was produced in the reflectivity spectra of the defective system, thus resulting the
narrow of band gap [64]. Meanwhile, the refractive index n(w) and extinction
coefficient k(w) for samples were displayed in Fig. 8E, F, clearly, the presence of
vacancies and Ti3C2Tx would increase the refractive index of the CoAl-LDHs, thus the
CoAIl-LDHs/Ti3C;Tx hybrids possessed the higher n compared to other samples.
However, the k was decreasing in the presence of vacancy and Ti3CoTx. The higher
refractive index and lower extinction coefficient would improve the photocatalytic
performance of the material by increasing its utilization of light. The energy loss
function corresponding to the energy region, in which the electrons were not typically
restricted to their lattice sites and exhibited plasma oscillations upon light irradiation
[66]. Meanwhile, the energy loss function could reflect the energy losses by a rapid
electron penetrating across the medium. As showed in Fig. 8G, the CoAl-LDHs
performed a well-defined abrupt loss peaks at 2.8 eV, however, a lowered loss peaks
moved to the lower energy in the defective system, which were associated with the
frequency of the plasma resonance. In the TizC,Tx system, no obvious loss peak was
observed, which should owe to the metallic nature. As for the CoAl-LDHs/Ti3C,Tx
sample, the energy loss function was obviously lower than that of CoAl-LDHs system.
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The energy loss function spectra indicated that the existence of vacancies and TizC2Tx
in CoAl-LDHs/Ti13C,Tx system could significantly reduce the energy loss of electrons
during photocatalytic process, then improving the photocatalytic performance of
CoAIl-LDHs/Ti;C2Tx hybrids. The conductivity also had been calculated (Fig. 8H),
and it was clear that the introduction of metallic Ti3C>Tx could significantly improve
the conductivity of the CoAl-LDHs material, thus accelerating the migration of
carriers and improving photocatalytic performance. These calculation results indicated
that the introduction of vacancies and TizC,Tx materials can improve the optical
properties of CoAl-LDHs material, thus improving their photocatalytic performance.
In addition, the work function (WF) of material plays an important role in the
study of interfacial charge transfer, and could determine the transfer direction of the
photogenerated electrons between the semiconductor and the cocatalyst [21]. As
displayed in Fig. S11, the calculated WF of CoAl-LDHs, O-defective CoAl-LDHs,
Co-defective  CoAl-LDHs, O&Co-defective  CoAl-LDHs, TizC20O2 and
CoAIl-LDHs/Ti13C202 was 5.91 eV, 5.74 ¢V, 5.43 eV, 5.09 ¢V, 4.55 eV and 4.80 eV,
respectively. Obviously, the defective CoAl-LDHs systems possessed a lower WF,
which meant that the photoinduced electrons in the defective system were more likely
to migrate to the surface. Meanwhile, the Ti3C2O; performed a lower WF than that of
CoAl-LDHs systems, suggesting the charges could readily flow from TizC2O: to
CoAl-LDHs once contacted [54, 57]. Furthermore, the Fermi level (Er) of samples
could be converted by using the following formulas (1-3) [67]. Thus, the Er of
CoAl-LDHs, O-defective CoAl-LDHs, Co-defective CoAl-LDHs, O&Co-defective
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CoAl-LDHs, Ti3C20;2 and O&Co-defective CoAl-LDHs/Ti3C202 was 1.00 eV, 0.83 eV,

0.52 eV, 0.18 eV, -0.36 eV and -0.11 eV, respectively.

EF (VS VAC) = EVAC B 1 4 T (1)
EF (VS NHE, pH = ()) = —45- EF (VS VAC) .......................................... (2)
EF (VS NHE, pH = 7) = EF (VS NHE, pH = ()) - 0059pH ........................... (3)

The theoretical results showed that the formation of vacancies and the introduction of
Ti3C,Tx MXenes could improve the electronic and optical properties of CoAl-LDHs,
which would increase the response to VSL, accelerate charge transfer, reduce e-h*
pairs recombination, then increasing the photocatalytic performance of the material,

these results were consistent with the experimental results.

3.6. Photocatalytic mechanism analysis

For exploring the photocatalytic mechanism, the main active substances during
photocatalytic process had been determined via radical trapping tests. As displayed in
Fig. 6F, the photocatalytic degradation of TCH was obviously restrained after adding
the p-benzoquinone (BQ, -O,~ scavengers) and triethanolamine (TEA, h* scavengers).
The photodegradation efficiencies were decreased to 37.87% and 43.21% for BQ and
TEA, respectively. It demonstrated that the -O,™ and h" play a significant part in the
photocatalysis. For the -‘OH radical, however, only 18.3% efficiency decline in the
presence of isopropanol (IPA, -OH scavengers), indicating that -OH radical was not
the main active substances. To verify this point, a N> purging test (excluding O2) was

also performed. These results manifested that the photodegradation performance was
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inhibited clearly, affirming the dissolved O: performed a significant part for the
forming of active substances in the photocatalysis [68]. It could conclude that the -O,",
h*, and -OH worked together during photocatalytic process, and the ranking of impact
was -O2” >h" > -OH.

For further verifying the generation of these ROS during photocatalytic process,
the EPR spin-trap experiments were performed by using the CALTCT-15 nanohybrid
as the photocatalyst under VSL irradiation. As shown in Fig. 9A, there was no
obvious characteristic peak appeared for both DMPO--O," and DMPO--OH under
dark conditions, indicating the active substances could not be generated without light.
Furthermore, under VSL illumination, the peak intensity of the DMPO--O;" became
greater with longer VSL irradiation, demonstrating the production of the ‘Oz during
photocatalytic process. Meanwhile, the -O>" should be generated from the reduction
between photoinduced electron and O> due to the potential of the accumulated
electrons was more negative than that of the O; reduction to -0z (O2/:07", -0.046 eV)
[36]. For the DMPO--OH, it was obvious that four characteristic peaks (Fig. 9B)
appeared under VSL illumination, signifying that the ‘OH was also generated.
Nevertheless, the VB potential of CoAl-LDHs was more negative than the standard
redox potential of OH/-OH (2.40 eV) and H,O/-OH (2.72 eV) [36], therefore the
pathway to generate ‘OH by the oxidization of H.O was thermodynamically
improbable. Based on previous studies, another pathway could also be activated to
generate -OH, namely, the O catch the photoinduced electron to form -O>™ and then
producing the -OH [61]. Furthermore, the concentration of -‘OH and -O>" on different
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catalysts was further estimated by using the coumarin and nitroblue tetrazolium (NBT)
as the probe, respectively [69-74] (The details were shown in the supplementary
information). As displayed in Fig. 9C, the spectra of 7-hydroxycoumarin showed the
different fluorescence intensity on different photocatalyst, indicating the different -OH
concentration on different photocatalyst [69-71]. Meanwhile, the transformation
percentage of NBT was also different in different photocatalytic systems (Fig. 9D),
representing the different ‘O, concentration in different photocatalytic systems
[72-74]. However, compared with other photocatalysts, the CALTCT-15 sample
showed the highest fluorescence intensity and the NBT transformation percentage,
which means that the higher -OH and -O>™ concentration in this photocatalytic system,
thus endowing the higher photocatalytic performance, the results were consistent with
the above photodegradation results [69, 72, 75].

Based on the above experimental and theoretical results, a probable
photodegradation mechanism was proposed in Fig. 10. Under VSL irradiation, the
photoinduced electrons migrated from the VB to the CB of the CoAl-LDHs
nanosheets. Before contact, the Er is the chemical potential of thermodynamic
equilibrium, the Er of O&Co-defective CoAl-LDHs was 0.18 eV [76], and the Er of
Ti3C,Tx was about -0.36 eV. However, after contact, the electrons in TizCoTx with a
low WF flow into CoAl-LDHs with a high WF. Then, the CoAl-LDHs layer would
gather negative charge, meanwhile, the Ti;C.Tx layer would accumulate positive
charge. Finally, the two Er achieved equilibrium and this spontaneous interfacial
charge transfer will lead to the formation of an internal electric field at the interface
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[21, 77]. As a result, the internal electric field between interfaces could restrain the
recombination of e-h" pairs, thus increasing the chance of the photoinduced e and h*
to take part in the redox reaction on the surface [21, 78]. Meanwhile, the energy bands
of CoAl-LDHs would shift upward by 0.29 eV along with the Er. Therefore, the new
CB of CoAl-LDHs (-1.03 eV) is more negative than the new Er of TizCoTx (-0.11 eV),
and the photoinduced electrons could transfer from CoAIl-LDHs to TizC,Tx.
Furthermore, the CB and VB of CoAl-LDHs were bent upward after contacted with
metallic Ti3CoTx, resulting in the forming of Schottky junction at the interface, the
existing of Schottky barrier would prevent the electrons from diffusing back to the
CoAl-LDHs [21, 79, 80]. Thus, the excellent electron mobility of TizC,Tx could serve
as an electron trapping and shuttling site, which was beneficial for accelerating the
electrons transfer and subsequently suppress the recombination of photoexcited e-h*
pairs, leading to the increase in the number of e and h" participating in the
photocatalytic reaction [6, 7, 21, 22]. Besides, the new vacancy energy levels could be
produced due to the rich O and Co vacancies (Vo and V¢,), which could enhance VSL
absorption, meanwhile, the rich vacancies could also be as electron acceptors and the
temporary traps of electrons in CoAl-LDHs nanostructures, thus reducing the
recombination of e-h* pairs further [13]. Finally, the accumulated electrons quickly
transfer to the surface of Ti3C,Tx due to the excellent metallic conductivity, and could
reduce O: to generate -O>" due to the Er of Ti3C2Tx (-0.11 eV) was more negative than
the potential of O2/-O;" (-0.046 eV). In the meantime, the generated -O>~ could further
be reduced to generate -‘OH. In addition, the ‘OH could also be produced in the
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multiple electron reduction reactions (O2 — H202 — -OH) due to the strong redox
reactivity of the naked Ti sites on the surface of TizCoTx [26]. These strong oxidized
radicals (h*, -O,7, -OH) ultimately degrade antibiotic into CO,, H,O or others. The

mainly possible reactions for the antibiotic photodegradation were showed as follows:

CoAl — LDHs + VSL — CoAl — LDHs (€7 — hF)eeeeeeeemmmeeeenniiiiiiinnnen (4)
COAl—LDHs (e7) = TizCyTy (7) rrrverevrsrresuessnesuimrimniiiiiniiiniienisinnn, (5)
TigCoTy (€7) 4 0p =+ O rreesrsermmsiiisi s (6)
-0; + 5 N o 10 | & (OO (7)
“O0H 4 H*t 4 €7 = HpOpeeererreressemermnieeniiiiieiicii i, (8)
0, + 2HT + 27 > HyOpeeemrrmerrereremmmmiiiiiiii 9
HyO, + €7 = = OH 4 OH reerereeseemimmmnieeniiniii i (10)

ht + +0; + OH + TCH - Degradation products:««---«+«sseeesueeeennne. (11)

4. Conclusions

A hybrid 2D/2D CoAl-LDHs/Ti;CoTx  photocatalysts were prepared by
co-assembly of exfoliated CoAl-LDHs and TizCoTx nanosheets. Variety
characterization techniques revealed that the ultrathin CoAI-ELDH nanosheets
contained about four host layers (~3.2 nm) and they were porous accompany with rich
O and Co vacancies. Meanwhile, the Ti3C,Tx nanosheets were determined about three
layers (~5.1 nm). The photocatalytic degradation experiments manifested that the
optimized CALTCT-15 nanohybrid performed excellent VSL photocatalytic ability

towards TCH removal, which were 2.62 folds higher than that of pure CoAl-LDHs.
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The excellent photocatalytic activity should be attributed to the synergistic effect, the
porous and rich vacancies, and the Schottky junction formed of CoAl-LDHs and
Ti3C2Tx, which endowed the hybrid excellent physico-chemical and optical-electrical
properties, thus possess well VSL absorption, high specific surface area, rapid
electrons transfer and depressed electron-hole pairs recombination. Further, the
theoretical calculations had verified these merits of CoAl-LDHs/Ti3CoTx nanohybrids
based on the calculated electrical and optical characteristics (including band structures,
density of states, effective mass of electron, dielectric function, absorption coefficient,
reflectivity, refractive index, extinction coefficient, loss function, conductivity and
work function). This study would stimulate some new ideas in employing LDHs and
MXenes to build the novel and efficient heterostructure photocatalysts for

environmental remediation and some other applications.
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