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ABSTRACT
Mo2TiC2 MXene was exfoliated in situ using hydrofluoric acid solution and subsequently integrated with CdIn2S4 through 
physical stirring and grinding. The composite material demonstrated exceptional photocatalytic hydrogen evolution (PHE) 
activity without the loading of any noble metal co‐catalysts, achieving a hydrogen production rate as high as 3.35 mmol·h−1 g−1. 
This represents a 55.83‐fold enhancement compared to pristine CdIn2S4 and surpasses the performance of most reported 
CdIn2S4‐based photocatalytic materials. Furthermore, the composite material maintained consistent hydrogen evolution per
formance throughout four consecutive cycling tests, demonstrating excellent cycling durability. Through systematic experi
mental analysis and theoretical simulations, it was confirmed that a Schottky heterojunction forms between CdIn2S4 and 
Mo2TiC2 MXene. In this composite system, CdIn2S4 primarily serves as the light‐absorbing component, whereas Mo2TiC2 

MXene functions as an efficient co‐catalyst. The formation of the Schottky junction drives the directional migration of pho
togenerated electrons from CdIn2S4 to Mo2TiC2 MXene. The resulting interfacial potential barrier significantly suppresses 
electron backflow, whereas the inherent high electrical conductivity of Mo2TiC2 MXene and its abundant exposed active sites 
further accelerate the hydrogen evolution process. This study demonstrates the significant potential of Mo2TiC2 MXene as a 
novel co‐catalyst for photocatalysis oriented toward renewable energy.

1 | Introduction

The contradiction between rising global energy demand and the 
depletion of fossil fuels and environmental deterioration is 
becoming increasingly acute [1, 2]. The development of clean and 
renewable energy sources is imperative for achieving sustainable 
development [3]. Hydrogen energy is lauded as an ideal and the 
most promising energy carrier, by virtue of its high energy den
sity, zero‐carbon emissions, and sole production of water [4, 5]. 

Presently, more than 95% of hydrogen originates from fossil fuel 
reforming, which generates a large amount of CO2 emissions and 
does not fall under the category of green hydrogen [6]. Therefore, 
employing renewable energy to power water splitting for green 
hydrogen production represents a pivotal strategy to tackle con
current energy and environmental challenges [7]. Among them, 
solar‐driven photocatalytic water splitting for hydrogen produc
tion technology can directly convert abundant solar energy into 
chemical energy (hydrogen energy), and the reaction process is 
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environmentally friendly and green, and is considered a highly 
promising low‐carbon hydrogen production approach [8]. PHE 
technology mimics natural photosynthesis by utilizing a semi
conductor photocatalyst. Upon irradiation with sunlight of en
ergy exceeding its bandgap, electron‐hole pairs are generated. 
These charge carriers then drive redox reactions, with electrons 
facilitating proton reduction and holes mediating water oxidation 
[9, 10]. This technology theoretically only uses water and sunlight 
as raw materials, and the reaction conditions are mild, making it 
an extremely attractive low‐cost hydrogen production solution 
[11, 12].

However, the widespread implementation of this technology is 
still hampered by the performance of photocatalysts [13, 14]. 
Addressing the core challenge requires the concurrent realiza
tion of efficient solar light capture, charge separation, and sur
face hydrogen evolution reaction (HER) kinetics [15]. The 
ternary chalcogenide CdIn2S4 has emerged as a promising 
candidate for PHE owing to its unique physical and chemical 
properties [16, 17]. Firstly, it has an appropriate band gap of 
approximately 2.0–2.4 eV, which enables it to effectively absorb 
visible light and even some near‐infrared light, significantly 
improving the utilization efficiency of solar energy [18]. Sec
ondly, compared with CdS which is prone to photo‐corrosion, 
the crystal structure of CdIn2S4 is more stable. The In3+ ions in 
it can effectively inhibit the photo‐dissolution of Cd2+, demon
strating excellent resistance to photo‐corrosion and long‐term 
stability [19]. Although CdIn2S4 has the aforementioned ad
vantages, its photogenerated carrier separation efficiency still 
needs to be further improved, and the insufficient surface active 
sites also limit the full performance of its HER [20].

Introducing co‐catalysts to construct Schottky heterojunctions is 
an effective strategy [21]. The barrier formed at the metal‐ 
semiconductor interface can facilitate one‐way transport of 
photogenerated electrons and maximally suppress electron‐hole 
recombination, ultimately significantly enhancing the utiliza
tion efficiency of photogenerated charges [22]. In recent years, 
MXene, a novel two‐dimensional material renowned for its high 
conductivity and strong electron‐accepting ability, has found 
extensive applications in fields including supercapacitors, 
lithium batteries, electrocatalysis, and photocatalysis [23]. 
Among them, Mo2TiC2 MXene, with its unique layered struc
ture, excellent conductivity, rich surface chemical properties 
and controllable electronic structure, has laid a solid foundation 
for the construction of efficient photocatalytic systems [24]. 
Compared with traditional catalysts, Mo2TiC2 MXene possesses 
a higher specific surface area and more exposed active sites, thus 
promoting the adsorption and activation of reactant molecules 
and enabling the construction of intimate heterojunctions with 
other semiconductors for enhanced carrier separation and 
transport [25]. On the other hand, using Mo2TiC2 MXene with a 
large specific surface area as a carrier can anchor small‐sized 
semiconductor nanomaterials through interfacial effects, effec
tively mitigating their aggregation problem and thereby 
ensuring the stability of active sites and the reaction efficiency 
during the photocatalytic process [26].

This study successfully fabricated a Schottky heterojunction 
photocatalyst by integrating HF‐etched Mo2TiC2 MXene with 
CdIn2S4 nanospheres via physical stirring and grinding. 

Characterization results revealed that the heterostructure 
effectively modulates the band alignment between the two 
components, establishing a significant interfacial potential dif
ference that drives directional charge separation. The estab
lished Schottky junction facilitates efficient interfacial charge 
transfer, wherein Mo2TiC2 MXene acts as an effective co‐ 
catalyst to capture photogenerated electrons from CdIn2S4 and 
suppress charge recombination. Consequently, the CdIn2S4/ 
Mo2TiC2 MXene composite exhibits remarkable photocatalytic 
activity. This work not only proposes a novel strategy for 
designing high‐performance CdIn2S4‐based photocatalysts but 
also provides fundamental insights into the reaction mechanism 
of Schottky heterojunctions.

2 | Experimental Section

2.1 | Preparation of CdIn2S4

In a typical synthesis, 1 mmol CdCl2, 2 mmol InCl3, and 5 mmol 
thioacetamide were dissolved in 30 mL deionized water under 
stirring. After complete dissolution, 7 mmol NaOH was intro
duced, yielding a yellow suspension. This suspension was then 
transferred to a 50 mL autoclave and maintained at 180°C for 
12 h. The resulting product was collected via centrifugation after 
cooling, washed repeatedly with deionized water and ethanol, 
and dried at 70°C to obtain the final yellow CdIn2S4.

2.2 | Preparation of Mo2TiC2 MXene

In a 100 mL polytetrafluorethylene‐lined container, add 15 mL 
(40%) HF and 15 mL water. Weigh 2 g of Mo2TiAlC2 powder 
and slowly add it to the reaction vessel in batches. The reaction 
was stirred at 40°C for 48 h, followed by centrifugation of the 
resulting slurry to obtain a viscous precipitate. Then, add 30 mL 
of 10% TMAOH solution to the centrifuge tube, ultrasonicate, 
and transfer it to a 100 mL beaker. Stir at room temperature for 
12 h (sealed with plastic film). After the stirring is completed, 
centrifuge again and wash. The final product is dried for 2 h in a 
vacuum environment at 60°C, and then can be obtained as 
Mo2TiC2 MXene.

2.3 | Preparation of CdIn2S4/Mo2TiC2 MXene

The CdIn2S4/Mo2TiC2 MXene composite material was prepared 
by combining physical stirring and grinding. A mixture of 
CdIn2S4 (50 mg) and Mo2TiC2 MXene (1 mg) was subjected to 
ultrasonic treatment in 30 mL of anhydrous ethanol for 10 min 
to ensure uniform dispersion. Then, they were continuously 
stirred for 3 h. The resulting mixture was stirred in an 80°C 
water bath and evaporated to complete dryness, and then 
transferred to a mortar for thorough grinding. Finally, 20 wt% 
Mo2TiC2 MXene/CdIn2S4 (named CMT‐20) was obtained. By 
adjusting the mass ratio of Mo2TiC2 MXene to CdIn2S4, different 
Mo2TiC2 MXene contents were prepared, including 5 wt%, 10 
wt%, 15 wt%, and 25 wt% Mo2TiC2 MXene/CdIn2S4 samples, 
named CMT‐5, CMT‐10, CMT‐15, and CMT‐25, respectively. 
The specific preparation process is shown in Figure 1a.
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2.4 | Light‐Driven H2 Evolution Experiment

The PHE experiment was conducted in a 60 mL sealed glass 
reactor. The specific procedure was as follows: 10 mg of catalyst 

sample was added to a reactor containing 30 mL of lactic acid 
solution (LA, 10% vol). After sealing, the mixture was subjected 
to ultrasonic dispersion for 2 min. Before initiating illumination, 
high‐purity nitrogen was purged through the reaction system for 

FIGURE 1 | (a) Schematic illustration of the material synthesis process; (b–d) SEM images of CdIn2S4, Mo2TiC2 MXene, and CMT‐20 samples, 
respectively; (e, f) TEM and HRTEM images of CMT‐20; (g) EDS elemental mapping and (h) elemental mass percentage chart of CMT‐20.
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3 min to ensure an oxygen‐free environment. The photoreaction 
was carried out under illumination from a 300 W xenon lamp 
with continuous stirring. The amount of hydrogen produced 
was quantitatively analyzed every hour using a gas chromato
graph (Tianmi GC00 type, TCD detector, 13X molecular sieve 
chromatographic column, N2 carrier gas). The hydrogen evo
lution experiment is also carried out in the same way in 
different systems, including 10% methanol solution, 0.25 M 
Na2S/0.35 M Na2SO3 solution, 0.1 M ascorbic acid solution (SA), 
and 15% triethanolamine solution (TEOA).

2.5 | Photoelectrochemical Test

5 mg of the catalyst was dispersed in 300 μL of the mixed so
lution (containing 30 μL of 5% Nafion solution and 270 μL of 
ethanol), and after ultrasonic treatment to form a uniform 
dispersion solution, it was coated on a 1 × 2 cm2 ITO conductive 
glass as the working electrode. In a 0.2 M Na2SO4 electrolyte, a 
three‐electrode system (a platinum electrode as the counter 
electrode and a saturated calomel electrode as the reference 
electrode) was used, and the photoelectrochemical performance 
was tested using an electrochemical workstation (AMETEK 
VersaSTAT4‐400) and a 300 W xenon light source.

2.6 | Materials Characterization

The surface morphology and microstructure of the samples 
were analyzed using scanning electron microscopy (SEM, ZEISS 
SIGMA 500) and transmission electron microscopy (TEM, Talos 
F200S). The crystal phase and chemical composition were 
examined by x‐ray diffraction (XRD, Rigaku INTT‐2000) and x‐ 
ray photoelectron spectroscopy (XPS, Thermo Fisher K‐ 
ALPHA). The optical properties of the materials were investi
gated via ultraviolet‐visible diffuse reflectance spectroscopy 
(UV–Vis DRS, PerkinElmer Lambda 750) and photo
luminescence/time‐resolved photoluminescence spectroscopy 
(PL/TRPL, Fluoromax‐4). Electrochemical performance tests 
were carried out on a VersaSTAT4‐400 workstation, including 
photocurrent response, linear sweep voltammetry (LSV), elec
trochemical impedance spectroscopy (EIS), Tafel plots, and 
Mott–Schottky (M‐S) measurements.

2.7 | Density Functional Theory Calculation

Based on the CASTEP module in Materials Studio software, first‐ 
principles calculations were performed to analyze electronic 
structure properties such as band structure, density of states, and 
work function. The Perdew–Burke–Ernzerhof (PBE) functional 
under the generalized gradient approximation was employed to 
describe the exchange‐correlation interactions, with a plane‐ 
wave cutoff energy set at 400 eV. For the k‐point grid, a 
9 × 9 × 2 grid was selected for the CdIn2S4 system, whereas a 
2 × 2 × 2 grid was adopted for the Mo2TiC2 MXene system.

3 | Results and Discussion

3.1 | Structural and Morphological Analysis

Figure 1a shows the preparation process of each material. 
Firstly, the aluminum layer in the Mo2TiAlC2 MAX phase was 
selectively etched by a hydrofluoric acid aqueous solution to 
successfully prepare multi‐layer Mo2TiC2 MXene. Then, spher
ical CdIn2S4 was synthesized by the hydrothermal method. 
Finally, a binary composite material of CdIn2S4/Mo2TiC2 

MXene with a tightly bound structure was obtained through 
physical stirring and grinding processes. The morphology and 
microstructure of CdIn2S4, Mo2TiC2 MXene, and CMT‐20 het
erojunction composite materials were systematically character
ized using SEM, TEM, and HRTEM [27]. As shown in Figure 1b, 
the pure phase CdIn2S4 exhibits a typical flower‐like spherical 
structure. Figure 1c indicates that after etching and layering 
treatment, the obtained Mo2TiC2 MXene presents a large area 
layered morphology. In the CMT‐20 composite material 
(Figure 1d), the CdIn2S4 nanoflower balls grow on the surface of 
the Mo2TiC2 MXene nanolayers, forming a closely integrated 
structure. This intimate interface contact facilitates shorter 
charge transfer distances and enhances charge transfer effi
ciency [28]. The TEM images of CMT‐20 further confirmed that 
the CdIn2S4 flower‐like particles were successfully loaded on the 
surface of Mo2TiC2 MXene (Figure 1e). Since the CdIn2S4 

flower‐like particles completely covered the Mo2TiC2 MXene, in 
the HRTEM image of CMT‐20 (Figure 1f), only the 0.32 nm 
lattice fringes corresponding to the (311) crystal plane of 
CdIn2S4 could be observed, whereas no lattice fringes of 
Mo2TiC2 MXene were detected. To probe the elemental 
composition and distribution of CMT‐20, energy‐dispersive x‐ 
ray spectroscopy (EDS) mapping was performed. Figure 1g il
lustrates the elemental mapping of Cd, In, S, Mo, Ti, and C. 
Each element is indicated by a different color, and its outline 
closely matches the morphology of the sample, confirming the 
successful preparation of the binary composite material. 
Figure 1h further lists the mass percentages of each element in 
CMT‐20, with the notably low Ti content in agreement with the 
elemental mapping results.

The phase composition and crystal structure of CdIn2S4, 
Mo2TiC2 MXene and CdIn2S4/Mo2TiC2 MXene were further 
analyzed using XRD patterns [29]. As shown in the Figure 2a, 
the CdIn2S4 sample exhibits distinct diffraction peaks at 2θ 
values of 14.13°, 23.26°, 27.37°, 28.63°, 33.15°, 40.77°, 43.45°, 
and 47.55°. These peaks are indexed to the (111), (220), (311), 
(222), (400), (422), (511), and (440) crystal planes, respectively, 
confirming the cubic phase (PDF#27–0060) [30]. These results 
confirm that the synthesized sample is pure cubic‐phase 
CdIn2S4 with good crystallinity. The Mo2TiC2 MXene 
(Figure 2b) was successfully synthesized by etching the 
Mo2TiAlC2 MAX phase with hydrofluoric acid (HF). The orig
inal Mo2TiAlC2 MAX phase exhibited main diffraction peaks at 
2θ values of 9.43°, 18.99°, and 28.61°, indexed to the (002), (004), 
and (006) crystal planes, respectively [31]. In the XRD pattern of 
the resulting Mo2TiC2 MXene, these characteristic peaks shifted 
significantly to lower angles, appearing at approximately 6.83°, 
13.71°, and 20.63°. This shift signifies the successful etching of 
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the Al layer, accompanied by a structural transition from a 
closely packed three‐dimensional (3D) MAX phase to a two‐ 
dimensional (2D) MXene composed of nanosheets stacked via 
weak van der Waals forces [32]. The introduction of surface 
terminal groups (−O, −F, −OH) and the intercalation of water 
molecules collectively contributed to a significant expansion of 
the interlayer spacing (d002) in the MXene. Figure 2c shows the 
XRD pattern of the CdIn2S4/Mo2TiC2 MXene binary hetero
junction. When the loading amount of MXene is low, the 
diffraction pattern of the composite is largely consistent with 
that of pure CdIn2S4, and no distinct diffraction peaks corre
sponding to Mo2TiC2 MXene are observed, likely due to its low 
content and weak diffraction signal. When the content of 
Mo2TiC2 MXene increases to more than 10%, a clear weak 
diffraction peak emerges at 2θ = 18.99°, confirming the suc
cessful formation of the composite between CdIn2S4 and 
Mo2TiC2 MXene.

The chemical composition, oxidation states, and local chemical 
environments of relevant elements on the photocatalyst surface 

were systematically investigated by XPS [33]. It should be noted 
that all high‐resolution XPS spectra were calibrated using the C 
1s standard peak (284.80 eV) for binding energy correction [34]. 
In the high‐resolution Cd 3d spectrum of pure CdIn2S4 

(Figure 2d), two characteristic peaks are observed: one at a 
binding energy of 405.16 eV, assigned to the Cd 3d5/2 orbital, 
and another at 411.90 eV, corresponding to the Cd 3d3/2 orbital. 
These features collectively confirm the presence of Cd2+ [35]. 
Figure 2e displays the In 3d spectrum, which exhibits a well‐ 
defined doublet with peaks located at 444.76 eV (In 3d5/2) and 
452.30 eV (In 3d3/2), indicating that the In element exists in the 
form of In3+ in CdIn2S4 [36]. Meanwhile, the high‐resolution S 
2p spectrum (Figure 2f) shows two distinct peaks at 161.42 and 
162.66 eV, which are attributed to the S 2p3/2 and S 2p1/2 

spin–orbit components, respectively, further verifying the exis
tence of S2‐ [37]. For the pristine Mo2TiC2 MXene material, the 
C 1s XPS spectrum (Figure 2g) can be deconvoluted into four 
components with binding energies at 282.97 eV, 284.80 eV, 
286.04 eV, and 288.68 eV, corresponding to C‐Ti/Mo, C‐C/C=C, 
C‐O, and C=O bonds, respectively [38]. The Mo 3d high‐ 

FIGURE 2 | (a–c) XRD patterns of CdIn2S4, Mo2TiC2 MXene, and composite catalyst CMT‐x; (d–i) High‐resolution XPS spectra of the 
corresponding samples: (d–f) Cd 3d, In 3d, and S 2p spectra for CdIn2S4 and CMT‐20; (g, h) C 1s and Mo 3d spectra for Mo2TiC2 MXene and 
CMT‐20; (i) Ti 2p spectrum for Mo2TiC2 MXene.
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resolution spectrum (Figure 2h) exhibits three characteristic 
peaks: those at 229.53 and 232.64 eV are assigned to the Mo‐C 
bond in the 3d5/2 and 3d3/2 states, respectively, whereas the 
peak at 235.64 eV is attributed to the Mo‐O bond (3d3/2) [39]. 
Furthermore, the Ti 2p spectrum (Figure 2i) displays two peaks 
at 455.68 and 461.75 eV, which are assigned to Ti‐C bonds, along 
with an additional peak at 458.26 eV corresponding to Ti(II) 
species [40]. The presence of the C‐Ti/Mo peak at 282.97 eV in 
the C 1s spectrum is consistent with the metal‐carbon signals 
observed in both the Mo 3d and Ti 2p spectra, collectively 
confirming the successful synthesis and formation of the ternary 
carbide Mo2TiC2 MXene. The absence of a C‐Ti/Mo peak in the 
C 1s spectrum of CMT‐20 (Figure 2g) is likely due to the low Ti 
content in the composite. In the high‐resolution spectrum of Mo 
3d, the peak at a binding energy of 225.88 eV should be assigned 
to S 2s, originating from the CdIn2S4 component present in 
CMT‐20 (Figure 2h) [41]. Additionally, the relative intensity of 
the high‐resolution Mo 3d signal in CMT‐20 is significantly 
lower than that in Mo2TiC2 MXene, and no high‐resolution Ti 
2p signal was detected. This is likely due to the complete 
encapsulation of Mo2TiC2 MXene nanosheets by CdIn2S4 and 
the relatively low overall addition amount of Mo2TiC2 MXene. 
To support the XPS analysis results, inductively coupled plasma 
optical emission spectrometry (ICP‐OES) was further employed 
to determine the actual content of metallic elements in CMT‐20 
[42]. The results showed that the contents of Cd, In, Mo, and Ti 

were 21.63%, 38.04%, 11.31%, and 2.96% (Table 1), respectively, 
indicating the successful formation of a composite between 
CdIn2S4 and Mo2TiC2 MXene. XPS analysis can also be 
employed to study the charge transfer behavior between cata
lysts [43]. The changes in binding energy reflect alterations in 
electron cloud density: in the composite material, the binding 
energies of the Cd 3d, In 3d, and S 2p orbitals all increased, 
whereas that of Mo 3d decreased. This phenomenon arises from 
the interfacial coupling and strong electronic interaction be
tween CdIn2S4 and Mo2TiC2 MXene, indicating that electrons 
are transferred from CdIn2S4 to Mo2TiC2 MXene, which further 
confirms the successful construction of a heterojunction be
tween the two materials [44].

3.2 | Photocatalytic Performance Assessment

The PHE performance of CdIn2S4/Mo2TiC2 MXene composite 
materials and their individual components was evaluated under 
300 W xenon lamp irradiation, using lactic acid (LA) as the hole 
scavenger. As shown in Figure 3a, pure Mo2TiC2 MXene and 
CdIn2S4 exhibit relatively low hydrogen production rates due to 
the rapid recombination rate of photogenerated carriers. It is 
notable that the composite material CdIn2S4/Mo2TiC2 MXene 
(CMT‐20) with a mass ratio of 20% demonstrates the optimal 
PHE activity. Its hydrogen production rate reaches 
3.35 mmol·h−1 g−1, which is 3350 times and 55.83 times higher 
than that of pure Mo2TiC2 MXene and CdIn2S4, respectively. 
This significant improvement can be attributed to the charge 
redistribution effect induced by the Schottky heterojunction, 
which promotes electron enrichment on the surface of Mo2TiC2 

MXene, thereby enhancing the catalytic activity [45, 46]. When 

TABLE 1 | Elemental analysis results of CMT‐20 by ICP‐OES 
analysis (wt%).

Sample Cd In Mo Ti
CMT‐20 21.63 38.04 11.31 2.96

FIGURE 3 | (a) Comparison of PHE rates among Mo2TiC2 MXene, CdIn2S4 and CMT‐x composites; (b) Evaluation of PHE performance for CMT‐ 
20 using different sacrificial reagents; (c) Cyclic stability test of CMT‐20 over 20 h of PHE; (d) Measured AQE values for CMT‐20 at different 
wavelengths; (e) Performance comparison of various CdIn2S4‐based photocatalysts; (f) XRD patterns of CMT‐20 before and after PHE.
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the mass ratio of Mo2TiC2 MXene exceeds 20%, the PHE per
formance decreases. This is mainly due to the excessive 
Mo2TiC2 MXene generating a “shielding effect”, which weakens 
the light absorption ability of the CdIn2S4 semiconductor [47, 
48]. On the contrary, when the content of Mo2TiC2 MXene is 
lower than 20%, the hydrogen production activity also de
creases. This may be because the insufficient Mo2TiC2 MXene 
content leads to a reduction in the heterojunction interface and 
insufficient electron transmission channels, thereby reducing 
the carrier separation efficiency [49, 50]; at the same time, the 
insufficient active sites also limit the ability of photogenerated 
electrons to participate in the reduction reaction, thereby 
inhibiting the generation of hydrogen [51, 52]. As shown in 
Figure 3b, under different sacrificial reagent conditions, the 
order of the rates of H2 production by photocatalysis is: 
LA > TEOA > SA > Na2S/Na2SO3 > methanol. When using 
sacrificial reagents other than lactic acid, the photogenerated 
holes cannot be effectively consumed, thus more easily recom
bine with photogenerated electrons, making it difficult for 
effective hydrogen gas release active sites to form on the surface 
of the photocatalyst, and thereby inhibiting the overall photo
catalytic reaction [53, 54]. Furthermore, the CMT‐20 catalyst 
exhibits excellent stability. During four consecutive cycling ex
periments, its photocatalytic activity did not show any signifi
cant decline, indicating that this material has good durability in 
solar‐driven hydrogen production (Figure 3c) [55]. As illustrated 
in Figure 3d, the apparent quantum yield (AQE) of CMT‐20 at 

wavelengths of 420, 450, 475, 500, and 520 nm was 0.35%, 0.71%, 
0.44%, 0.26%, and 0.20% respectively, indicating that this catalyst 
can effectively utilize visible light to achieve hydrogen produc
tion through photocatalysis. It is worth noting that the hydrogen 
generation rate of CMT‐20 reached 3.35 mmol·h−1 g−1, which 
was superior to most of the previously reported photocatalysts 
based on CdIn2S4 (Figure 3e, Table 2). The XRD test conducted 
20 h after the reaction showed that the crystal structure of the 
CMT‐20 composite material did not undergo any significant 
changes, further confirming its excellent photostability 
(Figure 3f) [56].

3.3 | Optical and Band Structure Properties

The UV–vis DRS results are shown in Figure 4a. Mo2TiC2 

MXene exhibits significant light absorption capability 
throughout the visible light range. The optical absorption range 
of CdIn2S4 is wide, with its absorption edge extending to 
600 nm. The composite catalyst CMT‐20 prepared by intro
ducing an appropriate amount of Mo2TiC2 MXene into CdIn2S4 

has significantly enhanced light absorption capability in the 
entire visible light region compared to pure CdIn2S4 [57]. This is 
mainly attributed to the strong light capture ability of Mo2TiC2 

MXene in the visible light range, which forms a synergistic ef
fect with CdIn2S4, thereby significantly enhancing the light 

TABLE 2 | Comparative hydrogen production rates of various CdIn2S4‐based photocatalysts.

Serial 
number Photocatalyst

HER 
(mmol·g−1 h−1) Sacrificial reagent Light source

Pub 
date Ref

1 Pt single 
atoms/CdIn2S4

0.82 10 vol% TEOA 300 W Xe 
lamp 
(λ > 420 nm)

2025‐ 
06‐06

Chemical engineering journal 
517 (2025) 164289

2 Cobalt‐doped 
CdIn2S4

0.83 20 vol% methanol solution 500 W Xe 
lamp 
(λ > 420 nm)

2025‐ 
01‐26

Journal of colloid and 
interface science 685 (2025) 
1122–1130

3 Iron 
phosphide/ 
CdIn2S4

1.28 10 vol% lactic acid 300 W Xe 
lamp 
(λ > 400 nm)

2025‐ 
04‐15

Inorganic chemistry 
communications 178 (2025) 
114552

4 ZnIn2S4/ 
CdIn2S4/ 
Co3O4

1.66 7 mL KHCO3 (aq) (0.5 M), 
5 mL TEOA, and 10 mL 
CH3CN

300 W Xe 
lamp 
(λ > 400 nm)

2024‐ 
04‐10

Surfaces and interfaces 48 
(2024) 104342

5 CoMoS4/ 
CdIn2S4

2.19 10 vol% TEOA 300 W Xe 
lamp 
(λ > 420 nm)

2023‐ 
08‐25

International journal of 
hydrogen energy 51 (2024) 
133–144

6 Mn3O4/ 
CdIn2S4

2.6 0.35 M Na2S/0.25M Na2SO3 300 W Xe 
lamp

2024‐ 
03‐12

Separation and purification 
technology 343 (2024) 127091

7 NH2‐UiO‐66/ 
CoFe2O4/ 
CdIn2S4

2.83 20 vol% TEOA 300 W Xe 
lamp 
(λ > 420 nm)

2022‐ 
01‐19

Chemical engineering journal 
435 (2022) 134740

8 MoSx/CdIn2S4 2.84 0.1 M Na2S/Na2SO3 300 W Xe 
lamp

2020‐ 
12‐14

Catalyst 10 (2020) 1455

9 This work 
CdIn2S4/ 
MXene

3.35 10 vol% lactic acid aqueous 300 W Xe 
lamp

— —
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absorption intensity of the composite material. To further 
evaluate the band gap energy of CdIn2S4, a Tauc plot was drawn 
based on the UV–vis DRS data [58]. By extrapolating the linear 
part of the (αhν)2 versus photon energy (hν) relationship curve 
to the x‐axis (Figure 4b), the bandgap energy of CdIn2S4 is 
approximately 2.13 eV. This band gap value indicates that 
CdIn2S4 has good visible light absorption capability and is 
suitable for visible light‐driven photocatalytic reactions. The 
Mottle‐Schottky (M‐S) test results (Figure 4c) indicate that 
CdIn2S4 is an n‐type semiconductor, and its M‐S curve shows a 
positive slope [59]. The flat band potential of the material 
relative to the saturated calomel electrode (SCE) was measured 
to be −0.90 V, and the corresponding conduction band potential 
(ECB) (vs. SCE) was −1.1 V. Since the ECB of n‐type semi
conductors relative to the standard hydrogen electrode (NHE) is 
typically 0.24V positive than that relative to SCE, the CB posi
tion of CdIn2S4 (vs. NHE) is −0.86V. Based on the bandgap 
values shown in Figure 4b, the valence band position (EVB) of 
CdIn2S4 can be further calculated as 1.27 V (vs. NHE).

3.4 | Photoinduced Charge Transfer Efficiency

Photoluminescence (PL) spectroscopy can be used to evaluate 
the separation efficiency of photogenerated carriers in photo
catalytic materials. The basis for this is that when a semi
conductor is excited by light, the electron‐hole pairs produced 
will release fluorescence when they undergo radiative recom
bination [60]. The intensity of the PL signal directly reflects the 
recombination probability of photogenerated carriers. There
fore, a lower PL intensity usually indicates more effective charge 
separation [61]. Under 380 nm excitation, the PL emission 
spectrum shows that the emission peak of Mo2TiC2 MXene is at 
440 nm, and that of CdIn2S4 is at 510 nm (Figure 4d). However, 
the CMT‐20 composite catalyst shows a distinct emission peak 
at 500 nm, but its peak position has undergone a blue shift of 
approximately 10 nm compared to pure CdIn2S4 (510 nm) [62, 
63]. The overall PL strength of the CMT‐20 complex was 
significantly weakened compared with that of a single compo
nent. This strongly demonstrates that the introduction of 

FIGURE 4 | (a) The UV–vis DRS of Mo2TiC2 MXene, CdIn2S4 and CMT‐20; (b) Band gap diagram of CdIn2S4; (c) M‐S curves of CdIn2S4 at different 
frequencies; (d) The PL spectra of Mo2TiC2 MXene, CdIn2S4 and CMT‐20; (e) The TPPL spectra of CdIn2S4 and CMT‐20; (f) Transient photocurrent 
responses, (g) EIS Nyquist plots, (h) LSV, (i) Tafel of Mo2TiC2 MXene, CdIn2S4 and CMT‐20.
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Mo2TiC2 MXene has successfully constructed an efficient het
erojunction interface, greatly promoting the spatial separation 
of photogenerated electron‐hole pairs and suppressing their 
recombination within the bulk phase [64]. The time‐resolved 
photoluminescence (TRPL) test results (Figure 4e) show that 
the CMT‐20 composite material has the shortest average fluo
rescence decay lifetime (1.12 ns) (Table 3). The shorter lifetime 
indicates that the non‐radiative recombination path of photo
generated carriers is dominant, which usually stems from the 
efficient interfacial charge transfer process [65]. This means that 
electrons and holes can be rapidly separated in CMT‐20 and 
migrate to the surface to participate in the reaction, thereby 
providing crucial kinetic evidence for its significantly enhanced 
photocatalytic activity.

Photocurrent response tests were conducted on Mo2TiC2 

MXene, CdIn2S4 and CMT‐20 under 300W xenon lamp irradi
ation (Figure 4f). During the seven light‐dark cycles, each 
catalyst exhibited repeatable photocurrent responses within 
each light cycle. Notably, the photocurrent density of CMT‐20 
was significantly higher than that of Mo2TiC2 MXene and 
CdIn2S4, reflecting its superior light capture ability and stronger 
photogenerated carrier separation efficiency [66]. The test re
sults of electrochemical impedance spectroscopy (EIS) are 
shown in Figure 4g. Pure phase CdIn2S4 exhibits the largest 
Nyquist radius, which means it has the highest charge transfer 
resistance. In contrast, after introducing the Mo2TiC2 MXene to 
form the CMT‐20 composite material, the Nyquist radius 
significantly decreased, indicating that the construction of the 
Schottky heterojunction reduced the charge transfer resistance 
and significantly increased the interface charge transfer rate [67, 
68]. The hydrogen evolution activity of the material was eval
uated by linear scanning voltammetry (LSV). As shown in 
Figure 4h, under the same current density, CMT‐20 requires the 
lowest overpotential, indicating that its catalytic activity is 
optimal [69]. Further Tafel analysis (Figure 4i) revealed that the 
overpotential of CMT‐20 was closest to zero, indicating that a 
significant increase in current density could be achieved by 
applying a smaller overpotential increment, revealing its faster 
reaction kinetics process [70].

3.5 | Density Functional Theory Calculation 
Analysis

The electronic structures of CdIn2S4 and Mo2TiC2 MXene were 
calculated using density functional theory (DFT), and their 
structural models are shown in Figure 5a,d respectively. The 

results of the band structure calculation (Figure 5b) indicate 
that CdIn2S4 is a direct bandgap semiconductor with a theo
retical bandgap value of 0.97 eV. This value is lower than the 
experimental measurement, and this difference can be attrib
uted to the generally underestimated bandgap effect of the 
generalized gradient approximation (GGA) functional [71]. 
Further analysis of the density of states (Figure 5c) shows that 
the CB of CdIn2S4 is mainly contributed by p and d orbitals, 
with a small amount of s orbitals involved; whereas the VB is 
mainly composed of s and p orbitals. In contrast, the band 
structure of Mo2TiC2 MXene does not show a band gap 
(Figure 5e), indicating its metal‐like properties [72, 73]. This 
conclusion is further supported by the density of states plot 
(Figure 5f): the VB and CB of Mo2TiC2 MXene intersect at the 
Fermi level (Ef), and there is a broad energy band mainly 
contributed by d orbital electrons near the Ef, resulting in a 
significant electron density of states at this point and thus no 
formation of a band gap. Furthermore, the calculation also ob
tained the work functions (Φ) of the CdIn2S4 (311) crystal plane 
(Figure 5g) and the Mo2TiC2 MXene (002) crystal plane 
(Figure 5h), which were 4.91 and 5.19 eV respectively. The Φ 
reflects the minimum energy required for electrons to escape 
from the interior of the material to the surface. The lower the 
value, the easier the electrons escape [74]. The calculation re
sults showed that the Φ of Mo2TiC2 MXene was higher than that 
of CdIn2S4. Based on the relationship Ef = Evac ‐ Φ (where Ef is 
the Fermi energy level and Eac is the vacuum energy level), it 
was determined that the Fermi energy level of CdIn2S4 is higher 
than that of Mo2TiC2 MXene. Based on these results, the dif
ferences in the Φ and Ef between the two component materials 
induced the transfer of electrons from CdIn2S4 to Mo2TiC2 

MXene, ultimately resulting in charge rearrangement within the 
CMT‐20 composite material and achieving Fermi energy level 
balance at the interface [75–80]. This interface charge transfer 
behavior was also experimentally confirmed in the aforemen
tioned XPS tests.

3.6 | Photocatalytic Mechanism Analysis

To clarify the charge migration mechanism in the CMT‐20 het
erojunction, this study combined UV–Vis DRS, Mott–Schottky 
tests, and band structure calculations to determine the elec
trical properties of CdIn2S4 and Mo2TiC2 MXene. The results 
showed that CdIn2S4 is a direct bandgap semiconductor, whereas 
Mo2TiC2 MXene exhibits metallic‐like characteristics. Further, 
through DFT calculations, the interface structure between the 
CdIn2S4 (311) crystal plane and the Mo2TiC2 MXene (002) crystal 
plane was simulated. The calculation shows that the Ef of CdIn2S4 

is higher than that of Mo2TiC2 MXene. When the two were in 
close contact, the difference in Ef promoted the migration of free 
electrons from CdIn2S4 to Mo2TiC2 MXene until the Ef of the 
system reached equilibrium. This conclusion was also supported 
by XPS characterization.

Based on the above analysis, this study proposes the charge 
transfer mechanism at the CMT‐20 Schottky heterojunction 
interface, as shown in Figure 5i. Before contact, the Ef of 
CdIn2S4 is significantly higher than that of Mo2TiC2 MXene. 
After contact, under light illumination, CdIn2S4 is excited and 

TABLE 3 | Kinetic analysis of emission decay for CdIn2S4 and 
CMT‐20 samples.

Sample Lifetime, τ (ns) Rel (%) 〈τ〉 (ns) χ2

CdIn2S4 τ1 = 3.85 A1 = 22.41 1.19 1.43

τ2 = 150.93 A2 = 25.79

τ3 = 0.66 A3 = 51.80

CMT‐20 τ1 = 3.74 A1 = 23.83 1.12 1.50

τ2 = 135.29 A2 = 24.27

τ3 = 0.63 A3 = 51.90
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generates photogenerated electron‐hole pairs. Due to the dif
ference in Ef between the two, electrons spontaneously migrate 
from CdIn2S4 to Mo2TiC2 MXene until the system reaches 
charge equilibrium, forming a Schottky barrier and causing 
band bending. The photogenerated electrons are captured by the 
Mo2TiC2 MXene with metallic conductivity, which rapidly 
transfers to the reaction interface due to its high conductivity, 
thereby providing abundant catalytic active sites. Meanwhile, 
the formed band bending and Schottky barrier promote the 
electron to migrate unidirectionally from CdIn2S4 to Mo2TiC2 

MXene, effectively preventing the reverse flow of electrons and 

enhancing the separation efficiency of photogenerated carriers. 
Additionally, the addition of lactic acid (LA) as a sacrificial 
agent in the system can promptly consume the residual holes in 
CdIn2S4, generating the oxidized LA+, further inhibiting the 
recombination of electron‐hole pairs.

4 | Conclusion

CdIn2S4/Mo2TiC2 MXene composite photocatalyst was suc
cessfully prepared through combined physical stirring and 

FIGURE 5 | (a, d) Computed geometric structures of CdIn2S4 and Mo2TiC2 MXene; (b, c, g) Calculated band gap, density of states, and work 
function corresponding to CdIn2S4; (e, f, h) Calculated band gap, density of states, and work function corresponding to Mo2TiC2 MXene; 
(i) Proposed PHE mechanism for the CdIn2S4/Mo2TiC2 MXene composite.
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grinding. Experimental results demonstrate that the introduc
tion of Mo2TiC2 MXene significantly enhances both the PHE 
activity and stability of the composite. The CMT‐20 sample ex
hibits optimal performance, achieving a hydrogen production 
rate of 3.35 mmol·h−1 g−1, which is 55.83 times higher than that 
of pure CdIn2S4. Based on photoelectrochemical tests and 
theoretical calculations, a Schottky heterojunction is formed 
between CdIn2S4 and Mo2TiC2 MXene, establishing efficient 
charge transfer channels that promote the separation of pho
togenerated carriers and consequently enhance the PHE per
formance. This study verifies the feasibility of Mo2TiC2 MXene 
as a non‐noble metal co‐catalyst for PHE and provides new 
insights for developing clean energy technologies based on the 
unique physicochemical properties of MXene materials.
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