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In this study, we successfully construct a non-noble metal-based Schottky photocatalyst MX@MIL-125
(MX is shorted for TisC, MXene) by combining the Ti-based metal-organic framework MIL-125(Ti) with
Ti3C, MXene. Leveraging the unique surface properties of MXene, a close and uniform distribution of
nano-cake-like MIL-125(Ti) was achieved on the two-dimensional Ti3C, MXene layers. The introduction
of Ti3C; MXene not only broadens the light absorption range but also adjusts the local coordination
structure between the interfaces. This heterojunction significantly promotes the separation and trans-
fer of photogenerated carriers. The photocatalytic N, reduction efficiency of MX@MIL-125-20 is 11-fold
higher than that of pristine MIL-125(Ti) (48.8 vs. 4.6 umolg.,~! h~'), and the photodegradation efficiency
of tetracycline hydrochloride (TCH) is increased by about 18 % (92.95 % vs. 74.67 %). This work may provide
new insights for the design of innovative photocatalysts for various chemical redox reactions.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Metal-organic frameworks (MOFs) are a class of porous
inorganic-organic hybrid materials, which have broad application
prospects in the fields of environment, industry, and energy [1-5].
Their ordered structure, high surface area, abundant active sites,
and structural flexibility make them effective and potential can-
didates for the development of efficient and stable photocatalytic
systems [6-8]. Titanium-based MOFs represented by MIL-125-(Ti)
have become a research hotspot due to their structure tunabil-
ity and surface functionality. MIL-125(Ti) consists of metal clus-
ters and terephthalate linkers, which serves as photon-capturing
antennas [9]. By adjusting synthetic conditions, the pore struc-
ture and chemical properties can be effectively altered to opti-
mize catalytic performance [10,11]. However, MIL-125 as a pho-
tocatalyst face challenges, mainly including the short-wavelength
light absorption in the UV region, fast charges recombination and
slow separation of photocarriers, which leads to inefficiency per-
formance of the photocatalytic reactions [12-14].
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Constructing heterojunctions is one of the important strategies
for separating electron-hole pairs in photocatalytic semiconductor
materials [15,16]. This allows electrons and holes to be sepa-
rated for a longer time, sufficient for reduction and oxidation
reactions. It makes full use of the synergistic combination of
various materials, which often have complementary properties.
This combination leads to performance enhancement that exceeds
individual components. In recent years, MXene, as an emerging
two-dimensional (2D) transition metal layered structure, has
attracted widespread attention in the field of catalysis due to
its excellent metallic conductivity, unique surface properties, and
good chemical stability [17-20]. Thus, MXene, represented by
Ti3C,Tx, exhibit excellent catalytic performance. Among various
heterostructures, heterostructures constructed by MXene and MOF
materials have several significant advantages [21]. (1) Due to their
atomically thin geometric thickness and relatively high surface
area-to-volume ratio, they provide a large surface area-specific
capacity. (2) The coverage of MOF materials enhances the chemical
stability of MXenes, and maintains their inherent conductivity [22].
(3) The interfacial interactions in the heterostructures promote
the redistribution of the electronic structure, thereby accelerating
the redox reaction [23]. Therefore, constructing MXene-based
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Scheme 1. Schematic diagram of the fabrication of MX@MIL-125-x composites.
(nano MIL-125(Ti) TBOT: Tetrabutyl orthotitanate, BDC: benzene dicarboxylate).

MOF heterostructure is considered an effective way to improve
photocatalytic reaction performance [24].

In this study, we have synthesized MX@MIL-125 Schottky
heterostructure and further optimized the morphology of nano
MIL-125 particles on the 2D MXene nanosheets. The opti-
mized MX@MIL-125-20 with intimate interface has exhibited the
best photocatalytic performance. By the introduction of MXene,
MX@MIL-125 composites could exhibit the enhanced photocat-
alytic activity. Under visible light, MX@MIL-125-20 exhibits a pho-
tocatalytic nitrogen fixation of 48.8 umolge~'h~1 vs. pure MIL-
125(Ti) with 4.6 pumolgea~' h=1, and the degradation efficiency of
tetracycline hydrochloride is also increased by 18%. The distinct
fermi level of MXene and MIL-125(Ti) also effectively promotes
charge transfer. It has been found that the electron transfers from
the Ti3C, MXene to MIL-125(Ti). Under illumination, MIL-125(Ti)
is excited, and then photogenerated electrons will transfer from
conduction band of MIL-125(Ti) to Ti3C; MXene driven by built-in
electric field. This study offers new insights for efficient N, conver-
sion and advances photocatalytic wastewater treatment in support
of sustainable development goals.

Nano MIL-125(Ti) was prepared by the assembly of TBOT and
BDC organic linker by the solvothermal method. Ti3C, MXene
monolayers or a few layers were fabricated from acid etching of
Ti3AlC, bulk crystals and subsequent exfoliation of the accordion-
like structure through LiCl intercalation, then the solid MXene
was obtained from dry freezing. Finally, MX@MIL-125 composites
were synthesized by wet impregnation method (Detail synthetic
pathways of MIL-125(Ti), Ti3C; MXene and MX@MIL-125 compos-
ites are shown in Supporting information). Nano MIL-125(Ti) with
cake-like morphology were bonded onto the surface of the Ti3Cy
MXene nanosheets by electrostatic interactions (Scheme 1) [25].

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were adopted to characterize the morphology
and structure of Ti3C, MXene, MIL-125(Ti), and MX@MIL-125(Ti)-
Xx. The morphology of as-synthesized Ti3C, nanosheets (Fig. 1a)
shows a lamellar structure with a rough surface. The MIL-125(Ti)
in MX@MIL-125 composites exhibit regular cake-like morphology
with a diameter of ~500 nm and are homogeneously distributed
on the Ti3C, MXene nanosheets (Fig. 1b, Figs. S1 and S2 in Sup-
porting information). For MX@MIL-125-2.5, -5, -10, the distribu-
tion ratio of Ti3C, MXene in the composite is low and only a few
MXene nanosheets can be observed (Fig. S1). For MX@MIL-125-20,
MIL-125(Ti) was evenly and compactly distributed on the surface
of the T3C, MXene nanosheet with intimate contact, which is the
optimized material for the photocatalytic application. With an in-
creased amount of MXene, MX@MIL-125-40 shows that a few MIL-
125(Ti) nanoparticles are sparsely distributed on the T3C, MXene
nanosheet, which is underutilized (Fig. S1). The different addition
of MXene in the composites resulted in a change in the uniformity

Chinese Chemical Letters 37 (2026) 111391

of the distribution of nano MIL-125(Ti) on the surface of MXene
nanosheets. The energy-dispersive X-ray spectroscopy (EDS) analy-
sis reveals the presence and uniform distribution of Ti, C, and O el-
ements in MX@MIL-125-20, indicating the successful fabrication of
MX@MIL-125 composites (Fig. 1c). MIL-125(Ti) is anchored on the
MXene surface, which is conducive to electron transfer and surface
catalytic reactions.

The crystal phase pattern and surface functional group of
MX@MIL-125-x photocatalysts were in detail characterized. Com-
paring the X-ray diffraction (XRD) patterns of TizAlC, and TizCy
MXene, the (002) peak of MXene shows a negative shift (Fig. S3
in Supporting information). This phenomenon indicates that the
lattice expansion of Ti;C, occurs under HF etching and intercala-
tion of LiCl, resulting in a negative shift of the diffraction peak
at low angles. The synthetized MIL-125(Ti) was consistent with
the simulated, as shown in Fig. S4 (Supporting information). The
XRD pattern (Fig. 1d) of MX@MIL-125-x exhibits similar character-
istic diffraction peaks with MIL-125(Ti), suggesting that the crys-
talline structure of MIL-125(Ti) remained intact after being loaded
onto 2D Ti3;C, MXene. Additionally, the peak at ~6.8 was ascribed
to the (002) plane of Ti3C, MXene, suggesting the coexistence of
MIL-125(Ti) and Ti3C, MXene. The crystal structure of the com-
posite remains unchanged, but the intensity of the characteristic
peaks is reduced due to the electrostatic interactions between MIL-
125(Ti) and Ti3C, MXene. In the Raman spectra (Fig. 1e), the signal
peak of the composite material is roughly the same as that of MIL-
125(Ti). The bands at 1611, 1448 and 1143 cm~! is attributed to the
in-plane vibration mode of the benzene ring, whereas the peaks
at 863 and 631 cm~! are assigned to out-of-plane vibration mode
or C-H stretching of the benzene ring [26]. The addition of MX-
ene did not change the structure of the composite, but with the
increase of MXene content, the characteristic peak of MIL-125(Ti)
gradually decreased. This indicates the interactions between Ti3C,
MXene and MIL-125(Ti). In the FT-IR spectra (Fig. 1f), the com-
posite materials retain the same characteristic peaks as the initial
MIL-125(Ti), including the characteristic peak of the carboxylate
(0=C=0, C=0) at 1300-1600cm~! and the stretching vibration
(O-Ti-0) at the short wavelength (400-800cm~1) [27]. The Raman
and FT-IR for Ti3C, MXene were also measured (Fig. S5a and b in
Supporting information) and the peaks assigned to Ti3C, MXene in
the composite was not obviously observed, due to the overlapping
peak. The nitrogen adsorption-desorption isotherms and pore size
distribution of MIL-125(Ti) and MX@MIL-125-20 shown in Fig. S6
(Supporting information). It shows that MIL-125(Ti) and MX@MIL-
125-20 both have Type-I isotherms without hysteresis loops, which
indicate the abundant micropores. The BET surface area of MIL-
125(Ti) is 970.34m2/g and MX@MIL-125-20 is slightly reduced to
931.97 m?/g. Importantly, MX@MIL-125-20 composite still has a
large BET surface and high porosity, which facilitates mass transfer,
and provides support for rapid electron and hole transfer reactions
[28].

To study the surface chemical states and the local electronic
structure, the X-ray photoelectron spectroscopy (XPS) was pro-
cessed. The XPS survey spectrum (Fig. 2a) of MIL-125(Ti), MX@MIL-
125-20 and Ti3C, MXene shows the existence of C, O, and Ti ele-
ments. As shown in Fig. 2b, the high-resolution Ti 2p spectrum in
MIL-125(Ti) shows two main peaks at 458.65 and 464.58eV, at-
tributed to Ti 2py;, and Ti 2p3, orbitals of Ti%*, and slight shoul-
der peaks at 457.32 and 463.27eV, attributed to Ti 2p;, and Ti
2p3, orbitals of Ti3*, respectively. For Tiz;C, MXene, the Ti 2p
spectrum contains three sets of double peaks designated as Ti—-C
bond (454.56 and 460.32 eV), and Ti-O bond (457.79 and 462.84 eV
for Ti*t, 455.78 and 461.39eV for Ti3*+) [29]. By hybridization
MIL-125(Ti) with 2D Ti3C, MXene, there are two sets of double
peaks attributed to Ti*t (458.60 and 464.33eV) and Ti3* (456.10
and 462.85eV), and the double peaks of Ti-C bond (460.90 and
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Fig. 1. The SEM images of (a) MXene and (b) MX@MIL-125-20, (x=2.5, 5, 10, 20, 40). (c) The elemental mapping of MX@MIL-125-20, (d) Powder XRD pattern, (e) FTIR, and

(f) Raman spectroscopy.
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Fig. 2. XPS spectra of (a) full spectrum, high-resolution (b) Ti 2p, (c) C 1s, and (d) O 1s, (e) UPS spectrum of MIL-125(Ti) and Ti3;C, MXene and (f) valence band spectrum of

MIL-125(Ti).

454,77 eV). Compared to MIL-125(Ti), the Ti peaks attributed to
Ti*t and Ti3* in MX@MIL-125-20 shift to lower binding energy,
while with the reference to Ti3C; MXene, Ti peaks assigned Ti-C
negatively shift to higher binding energy, indicating the electrons
transfer from Ti3C, MXene to MIL-125(Ti) in MX@MIL-125-20. In
the C 1s spectrum of MIL-125(Ti) (Fig. 2c) shows three peaks at
284.80, 286.19, and 288.59eV, attributed to C-C, C-0, and C=0,
respectively [30]. For MX@MIL-125(Ti)-20, besides the above three
peaks, an additional peak at 282.40eV was observed, which can
be assigned to C-Ti, similar to the peaks in Ti3C, MXene [26].
The high-resolution O 1s XPS spectra (Fig. 2d) exhibited that four
peaks were attributed to -OH, C=0, Ti*t-0 and Ti3*-0O respec-
tively. Similarly, compared to MIL-125(Ti), the four peaks’ posi-
tions in MX@MIL-125-20 are also shifted. The offset in binding

energy indicates an interaction between MXene and MIL-125(Ti),
and the transfer of electrons occurs at the MX@MIL125-20 inter-
face. Additionally, the work function (@) of MIL-125(Ti) and Ti3C,
MXene was measured using ultraviolet photoelectron spectroscopy
(UPS) (Fig. 2e). The cutoff edge energies (E ) for MIL-125(Ti)
and Ti3C, MXene are 16.63 eV and 16.98 eV, respectively. By sub-
tracting the cutoff edge energy (E.uof) from the photon energy
(21.22eV), the @ values for MIL-125(Ti) and Ti3C, MXene are cal-
culated to be 4.59 and 4.24 eV, respectively [31,32]. Using the for-
mula @ =F, — E;, where E, is the vacuum potential (0eV), the
Fermi energy levels for MIL-125(Ti) and Ti3C, MXene are calcu-
lated to be —4.59eV and —4.24 eV, respectively [33,34]. Thus, the
electron transfers from the Ti3C, MXene to MIL-125(Ti) when both
materials come in contact [35,36]. The charge transfer induced by
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Fig. 3. (a) UV-vis DRS, (b) photoluminescence spectra, (c) electrochemical impedance spectra, (d) transient photocurrent response, (e) photocatalytic NH; evolution over
time, (f) the NH;3 formation rate over MX@MIL-125-x samples, (g) control blank experiment, (h) cyclic experiments and (i) in-situ FT-IR.

the distinct Fermi energy levels of MIL-125(Ti) and Ti3C, MXene
also generates a space charge region, which induces the built-in
electric field [37,38]. The valence band of MIL-125(Ti) is calculated
to be 2.95eV (XPS) from the UPS valence band spectrum (Fig. 2f).
According to the formula Eyg (vs. NHE)=® + Eyg (vs. NHE) - 4.44,
where 4.44 refers to the conversion of vacuum level to electrode
potential (pH 0), and the instrument’s work function @ is 4.2eV,
the value used for Eyg (vs. NHE) is 2.71eV, which is used for sub-
sequent band analysis [39,40].

To analyze the light absorption abilities, UV-vis diffuse re-
flectance spectra (UV-vis DRS) of MX@MIL-125-x photocatalysts
were employed (Fig. 3a). Compared to MIL-125(Ti), significantly
enhanced absorption of MX@MIL-125 composites in the UV-visible
regions were observed, due to the black MXene’s strong absorp-
tion in the full spectrum. With the increase of the addition content
of MXene, the absorption edge of the composites gradually took
redshift and further shifted to the visible region. The phenomena
indicates that the composites exhibit enhanced visible light ab-
sorption ability. The band gap values of MX@MIL-125 photocata-
lysts were determined according to the Kubelka-Munk equation.
As shown in Fig. S7 (Supporting information), the Eg value for
MIL-125 (Ti) is 3.40eV, while the band gaps are narrowed to be
3.06, 2.80, 2.88, 2.61, and 2.15eV for MX@MIL-125-2.5, MX@MIL-
125-5, MX@MIL-125-10, MX@MIL-125-20 and MX@MIL-125-40, re-
spectively. To investigate the separation efficiency of photogener-
ated carriers, the photoluminescence (PL) spectra (Fig. 3b) of MIL-
125(Ti) and MX@MIL-125 composites were conducted. MIL-125(Ti)
has a strong emission peak at 396 nm, corresponding to a rapid re-
combination of photogenerated carriers. However, MX@MIL-125-20
shows the weakest PL intensity, which indicated the efficient sup-
pression of the recombination of photogenerated carriers, and the

superior photocarrier separation efficiency. From electrochemical
impedance spectroscopy (EIS) curves (Fig. 3c), MX@MIL-125-20 has
the smallest radius in all tested samples, indicating lowest charge
transfer resistance. The transient photocurrent curves in Fig. 3d
exhibited that MX@MIL-125-20 has the highest photocurrent re-
sponses among all the materials. Combined with PL, photocurrent,
and ESI measurements, it can be concluded that the introduction
of MXene as an electron transfer medium is very beneficial in pro-
moting the separation of photogenerated electrons and holes [41].

The p-NRR performance of the catalysts was evaluated upon
visible-light irradiation (A > 400 nm) without a scavenger. Com-
pared to the initial MIL-125(Ti), the photocatalytic nitrogen fix-
ation performance of MX@MIL-125-x has significantly improved
(Fig. 3e), due to the more favorable charge separation and transfer
at the MXene@MIL-125 composite interface. The N, reduction rate
(Fig. 3f) of MX@MIL-125-20 was approximately 11-fold higher than
that of pristine (48.8 vs. 4.6 pumolgc,~! h~1). With the increased
amount of MXene, the photocatalytic performance gradually im-
proved. However, excessive MXene into composites caused a de-
crease in NH3 production rates, which is caused by the underuti-
lization of the material due to the uneven distribution. The vari-
ous MOF-based photocatalysts and their performance in the pho-
tocatalytic pNRR were summarized in Table S1. Considering the
light conditions, the photocatalyst dosage, the volume of solution,
the test method and other factors, the comparison cannot be ac-
curately explained. Furthermore, to demonstrate the necessity of
light irradiation and N,, we conducted blank control experiments
(Fig. 3g), in which the detected ammonia in the comparative exper-
iments was negligible. The photocatalytic stability test of MX@MIL-
125-20 is shown in Fig. 3h, where the ammonia yield remains
essentially stable over four cycles. Moreover, MX@MIL-125-20 re-
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mained crystal structure, and chemical composition based on pow-
der XRD (PXRD), Raman, FTIR, and XPS (Figs. S8-S10 in Support-
ing information), however, SEM (Fig. S8) shows that the morphol-
ogy of nano-cake-like MIL-125 in the composites occurred a small
amount of damage.

To further explore the mechanism of the photocatalytic nitro-
gen reduction reaction, in-situ FTIR was used to track the reac-
tion intermediates. As shown in Fig. 3i, a series of overlapping
peaks appear near 3400cm~! under irradiation, corresponding to
the stretching vibrations of N-H/O-H [42]. The peak at 1644 cm™~!
is caused by the chemical adsorption of N, on the catalyst surface
[43]. In addition, the two weak peaks at 1050cm~! and 1373 cm™!
are related to the stretching vibrations of N=N and N-N, further
confirming the capture and activation of N, by MX@MIL-125-20
[44]. The bands at 1232cm~! and 2935cm~! correspond to the
characteristic vibrations of NH4* [45]. As the irradiation time in-
creases, the intensity of these characteristic peaks increases, indi-
cating the continuous occurrence of N, activation and conversion.

To gain a deep understanding of the interfacial interactions
and electronic properties of MX@MIL-125, density functional the-
ory (DFT) calculations were performed to determine the differen-
tial charge density (Fig. 4a). In the optimized configuration, the
charge redistribution on MIL-125(Ti) surface is partially electron-
accumulated, indicating that electron transfers from Ti;C, MXene
to MIL-125(Ti), which is consistent with the XPS and UPS exper-
imental results. However, under the visible light, MIL-125(Ti) is
excited, and then the photogenerated electrons at the conduction
band (CB) of MIL-125(Ti) migrate to Ti3C, MXene driven by the
built-in electric field. Furthermore, Bader analysis reveals an elec-
tron transfer of 0.27e at the interlayer of the heterostructure. As
shown in Fig. 4b, a significant charge transfer at the interface was
also observed [46]. The density of states of the d-orbital (Fig. 4c)
shows that the electronic density near the Fermi level in MX@MIL-
125 is stronger than that in MIL-125, which is consistent with
the smaller bandgap of MX@MIL-125 in Fig. S7. Energy diagrams
of these two hydrogenation pathways for the reduction of N; to
NH3 are illustrated in Fig. 4d, and the adsorption energy of N,
on MX@MIL-125 is —0.49eV, smaller than the adsorption energy
of —0.15eV on MIL-125(Ti) (Figs. S11 and S12 in Supporting in-

formation). The rate-determining step for MX@MIL-125 is the last
step from *NH3 to NH3, with a barrier energy of 1.53 eV, indicat-
ing that both pathways can be carried out. As shown in Fig. 4e,
a possible mechanism of catalytic reduction of N, to NH3 upon
MX@MIL-125 is proposed. Due to the lower E; level of MIL-125(Ti)
than that of MXene, the electron transfers from the Ti3C, MXene
to MIL-125(Ti) when both materials come in contact. Under illu-
mination, the photogenerated electrons in the conduction band of
MIL-125 are transferred to MXene due to the built-in electric field.
Ti3C, MXene acted as an electron reservoir, allowing the photogen-
erated electrons to accumulate on its surface. Ti in MXene serves
as an active site for N, adsorption. The interaction causes an en-
ergy band bending in MIL-125 and forms a Schottky barrier at
the MX@MIL-125 interface, effectively inhibiting electron backflow.
Thus, the formation of a Schottky heterojunction at the interface of
MX@MIL-125 effectively promotes the charge separation and trans-
fer, achieving effective photocatalytic reactions under visible light
illumination.

Besides, we also studied the photocatalytic degradation of
tetracycline hydrochloride (TCH). Without any catalyst, the self-
degradation efficiency of TCH remains almost unchanged within
240 min, indicating that TCH has poor self-degradation ability un-
der light [47]. The results in Fig. 5a show that MIL-125(Ti) degrades
TCH with a degradation rate of 74.67 % within 120 min under visi-
ble light. After the introduction of MXene, MX@MIL-125-x shows
a stronger response to visible light under the same conditions,
and MX@MIL-125-20 exhibited the best among all the MX@MIL-
125 samples, achieving a photocatalytic degradation capability of
up to 92.95%. Table S2 compares the photocatalytic degradation
performance of MIL-125(Ti) and its modified materials. The per-
formance of MX@MIL-125-20 is superior to that of other reported
MIL-125(Ti)-based materials. To compare the degradation rate of
different catalysts, the first-order kinetic model was adopted [48],
and matched well with the experimental degradation results under
visible light irradiation. From Fig. 5b, MX@MIL-125-20 has the best
photocatalytic degradation rate constant, reaching 0.01934 min~!.

To identify the predominant free radicals involved in the degra-
dation of TCH by the photocatalyst, we performed the free radi-
cal capture experiments, respectively [49,50]. Three types of free
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Fig. 5. (a) Photocatalytic degradation of TCH under visible light by MIL-125(Ti) and MX@MIL-125. (b) Linear fitting for pseudo-first-order kinetics. (c) Photocatalytic degra-
dation of TCH by MX@MIL-125-20 with different quenchers. EPR spectra of MX@MIL-125 with DMPO (d) in DI water, in MeOH (e), and (f) TEMPO in DI solution. (g)
Photocatalytic degradation of TCH by MX@MIL-125-20 at different pH levels. (h) Pseudo-first-order kinetics and rate constant (k) at different pH levels. (i) Recycling tests of

MX@MIL-125-20.

radical quenchers, terephthalic acid (PTA), benzoquinone (BQ), and
ammonium oxalate (OA) were adopted, which can capture -OH,
0,7, and h™, respectively [51]. It was found that the apparent
rate constant of photocatalytic degradation of TCH in the presence
of each free radical quencher was reduced to different degrees
(Fig. 5c). Notably, after capturing -O,~ and h*, the photocatalytic
degradation efficiency of the MX@MIL-125-20 catalyst decreased
significantly, from the original 92.95% to 57.31% and 75.93%, re-
spectively. It can be inferred that -0O,~ and h* are the main ac-
tive radicals for photocatalytic TCH degradation. Overall, the con-
tribution is in the order of -O,~ > h* > .OH. Besides, the electron
paramagnetic resonance (EPR) measurements (Fig. S13 in Support-
ing information) were carried out on MX@MIL-125-20, which fur-
ther confirms the existence of the active species generated in the
degradation process [52]. As shown in Figs. 5d and e, no obvi-
ous peaks are shown under the dark conditions. Under the visible
light, the characteristic peaks of DMPO--OH (1:2:2:1) and DMPO-
-0y~ (2:2:1:2:1:2) are observed. The signal of TEMPO-h* (1:1:1)

in Fig. 5f decreases with the irradiation time, which indicates the
generation of h* during the photodegradation process.

Based on the results of the radical control experiments, a possi-
ble reaction pathway for the photocatalytic degradation of TCH by
MX@MIL-125-20 is proposed, as shown in the following reaction
equations:

MIL-125 + hv — MIL-125 (ecs~ + hyg™) — MIL-125

(hyg*)+MXene (ecz™) (1)
MXene (ecg™)+ 0y — -0y~ (2)
H,0 < H*+ +OH- (3)

.0, +2H* - 2.0H (4)
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MIL-125 (hyg*)+OH- — -OH (5)

-0,~/h*[-OH + TCH — Degradation products (6)

Under the visible light irradiation, the electrons are transferred
from the conduction band (CB) in MIL-125(Ti) to Ti3C; MXene, and
the adsorbed O, on the surface of material interacts with the elec-
trons, and the -0O,~ is formed, which is the main active substance
for degrading tetracycline [53]. In addition, -OH is generated from
the combination of -0,~ with H* (H,0) and the combination of
h* in the value band (VB) in MIL-125(Ti) with OH~ (H,0) [54,55].
Thus, all three free radicals contribute to the photocatalytic
degradation of TCH in the system [56,57]. In addition, the UV-vis
absorption spectra of TCH degradation solutions at different re-
action times were collected and analyzed (Fig. S13 in Supporting
information). To further explore the dependence of MX@MIL-125
composite on pH, we studied the effect of pH on the photocat-
alytic TCH degradation by MX@MIL-125-20. Fig. 5g shows that
the photocatalytic TCH degradation efficiency of MX@MIL-125-20
decreases with the increase of pH, demonstrating that an acidic
environment is favorable for the photocatalytic reaction [58]. The
morphology of MX@MIL-125-20 after photocatalytic TCH degrada-
tion at different pH is shown in Fig. S14 (Supporting information),
which indicates that the structure is maintained under acidic and
neutral conditions, but collapses under alkaline conditions. In ad-
dition, the photocatalytic degradation reaction rate at pH 3 is the
fastest (Fig. 5h), reaching 0.02067 x 10-2Lmg~! min~'. In addition,
we also conducted cycle experiments of degradation experiments
on MX@MIL-125-20. It is shown in Fig. 5i that MX@MIL-125-20
still maintains good photocatalytic performance after four cycles.
Therefore, MX@MIL-125-20 composite has good stability, which is
a potential candidate for photocatalytic redox reactions.

In summary, we have designed a non-noble metal-based Schot-
tky photocatalyst MX@MIL-125, where nano MIL-125(Ti) is closely
and evenly distributed on the 2D Ti3C, MXene layer. Due to the
black body of Ti;C, MXene, the light absorption range of MIL-
125(Ti) is broadened, and thus the band gap is narrowed. Due to
the distinct Fermi level, electron transfers from the Ti;C, MXene
to MIL-125(Ti) when both materials come in contact. Under the
visible light, MIL-125(Ti) is photoexcited, and then photogenerated
electrons will transfer from MIL-125(Ti) to Ti3sC, MXene driven
by built-in electric field. Importantly, the formation of a Schottky
barrier at the MX@MIL-125 interface effectively suppresses elec-
tron backflow and the recombination of photogenerated charge
carriers, significantly promoting charge separation and transfer.
MX@MIL-125-20 exhibits a photocatalytic nitrogen fixation of
48.8pumol gea 1 h~1, which is 11-fold higher than MIL-125(Ti) with
4.6umol gcar~'h~1. Besides, MX@MIL-125-20 also performs an
enhanced photocatalytic HTC degradation of about 18 %, compared
to MIL-125(Ti). This study provides innovative insights into the de-
sign of MXene-based MOFs heterostructures for various chemical
redox reactions.
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