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A B S T R A C T

Overcoming rapid charge carrier recombination and restricted visible-light harvesting in single-component 
photocatalysts remains a formidable challenge for efficient solar-to-hydrogen conversion. In this work, an in 
situ self-assembly strategy is employed to construct a high-performance heterojunction by integrating zinc in
dium sulfide (ZnIn2S4) nanoflowers with non-Ti3C2-type titanium carbonitride (Ti3CN) MXene nanosheets. The 
optimized 3 wt% Ti3CN/ZnIn2S4 composite exhibits a remarkable visible-light-driven hydrogen evolution rate of 
603.3 μmol g− 1 h− 1, which represents a 2.4-fold enhancement over pristine ZnIn2S4 while maintaining excep
tional cyclic stability. Ultra-violet photoelectron spectroscopy analysis and Density functional theory calculations 
reveal that the higher work function of Ti3CN (4.58 eV) compared to ZnIn2S4 (4.07 eV) drives upward band 
bending at the interface, thereby establishing a robust built-in electric field. This tailored architecture facilitates 
ultrafast, directional electron injection from ZnIn2S4 to the Ti3CN matrix, effectively suppressing charge 
recombination. Furthermore, the Ti3CN component serves as a superior electron sink where the calculated Gibbs 
free energy of hydrogen adsorption (ΔGH*) is optimized to − 0.21 eV, leading to a significantly reduced reaction 
overpotential. This study provides a robust strategy for the rational design of MXene-based heterojunctions and 
offers a solid foundation for green hydrogen production in large-scale renewable systems.

1. Introduction

The increasing demand for clean energy and carbon-neutral tech
nologies has stimulated intensive research on solar-to-chemical energy 
conversion [1–5]. Among various renewable-energy routes, photo
catalytic water splitting provides a promising strategy for directly con
verting solar energy into storable hydrogen fuel [6,7]. Hydrogen is 
regarded as an attractive secondary energy carrier because of its high 
gravimetric energy density and clean utilization process [8,9]. Never
theless, practical solar hydrogen production still relies heavily on the 
development of photocatalysts with efficient light harvesting, rapid 
charge separation, abundant reaction sites, and long-term stability [10].

Extensive efforts have been devoted to photocatalytic platforms such 
as metal oxides [11,12], graphitic carbon nitride (g-C3N4) [13,14], 
metal sulfides [15,16], and metal-organic frameworks (MOFs) [17,18]. 
Among them, zinc indium sulfide (ZnIn2S4), a representative ternary 

metal chalcogenide, has attracted considerable attention for photo
catalytic hydrogen evolution owing to its visible-light response, suitable 
band structure, low toxicity, and good physicochemical stability 
[19–21]. However, pristine ZnIn2S4 still suffers from rapid recombina
tion of photogenerated electron–hole pairs and insufficient surface cat
alytic kinetics. Recent studies have shown that defect/doping regulation 
and lattice-strain engineering can effectively improve charge separation 
and surface proton-reduction kinetics in ZnIn2S4-based systems [22,23]. 
Meanwhile, alloy cocatalyst modification and S-scheme heterojunction 
construction have been demonstrated as efficient approaches to promote 
carrier migration while maintaining strong redox capability [24,25]. 
More recently, plasmonic coupling, dual built-in electric fields, and 
MOF-derived core-shell interfaces have further expanded the structural 
design strategies for ZnIn2S4-based photocatalytic H2 evolution [26–28]. 
Recent reviews have also summarized the rapid development of 
ZnIn2S4-based hybrid materials and composite photocatalysts for 
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hydrogen evolution and solar-to-chemical conversion [29–31].
To overcome the intrinsic kinetic limitations of semiconductor 

photocatalysts, rational heterostructure construction has been widely 
adopted to broaden light absorption and accelerate spatial charge sep
aration. In this context, ZnIn2S4/MXene-related systems have recently 
demonstrated that MXenes can act as charge-transport layers or elec
tronic bridges to facilitate interfacial carrier migration [32,33]. More 
broadly, two-dimensional materials are attractive for interfacial charge 
regulation because their short carrier-transport pathways and abundant 
surface sites are favorable for electron migration [34,35]. MXenes, as a 
rapidly developing family of two-dimensional transition-metal carbides, 
nitrides, and carbonitrides, possess metallic conductivity, tunable sur
face terminations, and rich surface metal sites, making them promising 
cocatalysts and electron mediators in photocatalytic systems [36,37]. 
Nevertheless, most MXene-assisted photocatalytic systems still focus on 
conventional MXene compositions, especially Ti3C2-based structures, 
whereas the role of non- Ti3C2-type titanium carbonitride MXenes in 
regulating ZnIn2S4 band alignment and charge-transfer behavior re
mains insufficiently explored [38,39].

Herein, we construct a close-contact ZnIn2S4/Ti3CN heterojunction 
through an in situ self-assembly strategy. By introducing Ti3CN as a non- 
Ti3C2-type MXene component, this work aims to establish an efficient 
interfacial electron-transfer pathway, suppress charge recombination, 
and clarify the role of Ti3CN in band regulation and photocatalytic H2 
evolution. This study provides a non-Ti3C2-type MXene-assisted strategy 
for designing ZnIn2S4-based heterojunction photocatalysts with 
improved charge separation and surface reaction kinetics.

2. Experimental

2.1. Preparation of Ti3CN MXene nanosheets

Ti3CN MXene nanosheets were synthesized via a modified oxidative 
etching process using a LiF–HCl solution. Typically, 2 g of Ti3AlCN 
precursor powder was gradually introduced into an etchant mixture 
consisting of 3.2 g of LiF dissolved in 40 mL of 9 M HCl. The suspension 
was maintained at 40 ◦C under continuous stirring for 24 h to facilitate 
the selective removal of Al layers. Following the etching process, the 
resulting solid residue was harvested and subjected to several washing 
cycles with 1 M HCl and deionized water (DI) through repeated centri
fugation until the supernatant reached a neutral pH (≈6–7). To achieve 
effective exfoliation, the sediment was re-dispersed in DI water and 
subjected to multiple oscillation-centrifugation cycles, followed by 
probe sonication for 1 h. Finally, the colloidal dispersion was centri
fuged at 3500 rpm for 30 min, with the dark-colored supernatant being 
collected to obtain the delaminated Ti3CN MXene nanosheets.

2.2. Preparation of ZnIn2S4 nanoflowers

ZnIn2S4 nanoflowers were synthesized by a simple hydrothermal 
method. Firstly, 1.8 mmol (244.8 mg) of ZnCl2 and 1.8 mmol (527.7 mg) 
of InCl3⋅4H2O were dissolved in 24 mL of H2O and stirred for 15 min. 
Then, 3.6 mmol of thioacetamide and 6 mL of glycerol were added to the 
solution. The mixture was transferred to a water bath at 80 ◦C and 
stirred continuously for 2 h. After cooling, the product was washed with 
0.1 M dilute hydrochloric acid, followed by repeated washing with 
water and ethanol. Finally, ZnIn2S4 nanoflower catalysts were obtained 
after freeze-drying.

2.3. Preparation of ZnIn2S4–Ti3CN composites

ZnIn2S4–Ti3CN composites were synthesized via electrostatic self- 
assembly. Firstly, ZnIn2S4 nanoflowers were prepared according to the 
synthesis procedure described in the above. Then, 100 mg of ZnIn2S4 
powder was dispersed in 100 mL of water and fully ultrasonicated to 
form a homogeneous solution. A certain amount of freshly prepared 

Ti3CN MXene nanosheet solution (concentration: 10 mg/mL) was added 
to the ZnIn2S4 solution, and the mixture was magnetically stirred under 
an inert atmosphere for 1 h. The resulting suspension was freeze-dried 
until completely dry to obtain ZnIn2S4–Ti3CN composite powder. In 
addition, to investigate the effect of different mass ratios on photo
catalytic performance, ZnIn2S4–Ti3CN composites with different Ti3CN 
MXene mass fractions (1%, 3%, 5%, 7%) were prepared by adjusting the 
addition amount of Ti3CN MXene solution. In the subsequent experi
ments of this work, “ZnIn2S4–Ti3CN” specifically refers to the sample 
with a Ti3CN MXene mass fraction of 3% relative to ZnIn2S4. For com
parison, 1%Pt–ZnIn2S4 (1% Pt mass fraction relative to ZnIn2S4) was 
prepared by the photodeposition method.

2.4. Characterization and theoretical method

The apparatus for the characterization and the computational details 
can be found in the Supporting Information.

3. Results and discussion

3.1. Materials synthesis and characterization

The preparation process of the ZnIn2S4– Ti3CN composite catalyst is 
illustrated in Fig. 1 (a). The specific steps are as follows: HF generated in 
situ by the reaction of LiF and HCl was used to etch the Al layer in the 
Ti3AlCN MAX phase, thereby preparing multilayer Ti3CN MXene. These 
multilayer Ti3CN MXene were further treated with ultrasonic exfoliation 
technology to obtain single-layer Ti3CN nanosheets. Through this elec
trostatic self-assembly approach, the pre-synthesized ZnIn2S4 nano
flowers were effectively integrated with the exfoliated Ti3CN 
nanosheets. This strategy successfully constructs an intimately coupled 
heterostructure, ensuring a seamless interface that is essential for 
facilitating efficient charge communication between the two 
components.

The morphological features and structural evolution of the as- 
prepared samples were systematically investigated through a combina
tion of scanning electron microscopy (SEM), atomic force microscopy 
(AFM), and transmission electron microscopy (TEM). It can be seen from 
the TEM and SEM image that ZnIn2S4 exhibits a nanoflower 
morphology. As shown in the TEM image (Fig. 1 (b)) and the SEM image 
(Fig. 1 (c)), ZnIn2S4 exhibits a typical nanoflower-like morphology. SEM 
characterization results (Fig. 1 (d) and 1 (e) ) show that the pristine 
Ti3AlCN MAX phase exhibits a bulk structure. After the etching and 
exfoliation process, this structure transforms into Ti3CN nanosheets, 
which on a porous anodic aluminum oxide substrate, intuitively 
demonstrating the morphological evolution from the bulk Ti3AlCN MAX 
phase to Ti3CN nanosheets. Fig. 1(f–j) and Fig. S1 present the TEM and 
AFM characterizations of Ti3CN nanosheets. The TEM image in Fig. 1 (f)
reveals a layered nanosheet structure of Ti3CN deposited on a copper 
grid. The high-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) image and the corresponding elemental 
mapping results (Fig. 1(g–j)) confirm the uniform distribution of Ti, C, 
N, and O elements within the Ti3CN framework, demonstrating the 
successful synthesis of Ti3CN nanosheets. AFM analysis further verifies 
the monolayer nature of Ti3CN MXene. The height profile along the 
white line in Fig. 1 (k) and Fig. 1 (l) indicates a thickness of approxi
mately 1.83 nm. Consistently, the three-dimensional AFM image in 
Fig. 1 (m) shows a nanosheet morphology with a thickness of about 
1.80 nm, further confirming the single-layer structural characteristic of 
Ti3CN MXene [40].

The morphology of the ZnIn2S4–Ti3CN composite was characterized 
by TEM and SEM. TEM images (Fig. 2 (a)) show ZnIn2S4 nanoflowers 
anchored on Ti3CN MXene nanosheets. In the HRTEM image (Fig. 2
(b–d)), lattice spacings of 0.32 nm and 0.27 nm are assigned to the (102) 
plane of ZnIn2S4 [41, 42] and the (100) plane of Ti3CN MXene, 
respectively. A distinct interface is observed between the two 
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components, indicating tight interfacial contact and heterojunction 
formation [43]. HAADF-STEM elemental mappings (Fig. 2(e–l)) show 
homogeneous distributions of the constituent elements, supporting the 
successful fabrication of the composite. SEM image (Fig. 2 (m)) further 
reveals Ti3CN nanosheets covering the ZnIn2S4 nanoflowers, and the 
corresponding EDS mapings (Fig. 2(n–t)) confirm uniform elemental 
distribution. The ultrathin Ti3CN MXene nanosheets enhance light ab
sorption and facilitate electron transport owing to their high conduc
tivity [44]. Meanwhile, few-layer Ti3CN remains light-permeable, 
providing a structural basis for improved photocatalytic H2 evolution. 
The slight mismatch between the C and Ti elemental maps is mainly 
attributed to the contribution of the carbon support film in TEM, since 
the C signal is not exclusively derived from Ti3CN. Therefore, the Ti and 
N distributions provide more direct evidence for the spatial distribution 
of the Ti3CN component.

The crystal structures of all samples were analyzed by X-ray 
diffraction (XRD). From the XRD pattern of Ti3CN (Fig. 3 (a)), it can be 
seen that the main peak of the (104) crystal plane of Ti3AlCN disappears, 
indicating that Al has been removed from Ti3AlCN to form Ti3CN MXene 
[43]. In addition, the (002) diffraction peak shifts to a lower angle 
relative to Ti3AlCN, shifting negatively from 9.6◦ to 6.3◦, which can be 
attributed to the increase in the interlayer spacing of Ti3CN MXene, 
further proving the successful preparation of Ti3CN MXene [44]. Fig. 3 

(b) shows that the diffraction peaks at 21.6◦, 27.5◦, 47.3◦, 52.5◦, and 
55.7◦ match the (006), (102), (112), (1012), and (022) crystal planes of 
ZnIn2S4 [45,46]. Fig. 3(c–d) are local magnification views of Fig. 3 (b). 
In Fig. 3(c–d), we observed that with the increase of Ti3CN MXene 
content, the peak positions shift to higher angles, moving from 27.5◦ and 
47.3◦ to 27.8◦ and 47.6◦ respectively. The observed lattice distortion 
strongly suggests a robust interfacial interaction between ZnIn2S4 and 
Ti3CN MXene, further validating the successful construction of the 
ZnIn2S4–Ti3CN heterojunction. To fully elucidate the underlying inter
action mechanisms at the atomic level, comprehensive investigations 
and advanced spectroscopic analyses remain ongoing.

X-ray photoelectron spectroscopy (XPS) was employed to elucidate 
the surface composition and interfacial electronic interaction in the 
ZnIn2S4–Ti3CN composite. The survey spectrum (Fig. 3 (e)) displays 
characteristic signals of Zn, In, and S from ZnIn2S4 together with Ti, C, 
and N from Ti3CN MXene, confirming the coexistence of both compo
nents and consistent with the elemental distributions observed by TEM 
and SEM.

To elucidate the interfacial electronic modulations and directional 
charge migration, comprehensive XPS and in-situ light-irradiated XPS 
analyses were performed. In-situ light-irradiated XPS has recently been 
demonstrated as an effective technique for tracking photoinduced 
charge redistribution and electron-transfer pathways in heterojunction 

Fig. 1. (a) Schematic representation of the synthesis of ZnIn2S4–Ti3CN MXene; (b) TEM image of ZnIn2S4; (c) SEM of pure ZnIn2S4; (d,e) SEM images of Ti3AlCN and 
Ti3CN; (f-j) HAADF-STEM images with corresponding EDS mappings for Ti, C, N, and O; (k, l) AFM image and height profile; (m) 3D AFM visualization.
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photocatalysts, since light-triggered binding-energy shifts can reflect 
changes in the local electron density of specific elements [47–51]. 
Therefore, the binding-energy variations observed under illumination in 
this work can provide useful evidence for the interfacial charge-transfer 
behavior of the ZnIn2S4/Ti3CN heterojunction. In the C 1s spectra (Fig. 4
(a)), the deconvoluted peaks correspond to C–Ti, C–Ti–O, C–C, 
C–O/C–N, and C––O bonds.

Notably, the C–Ti signal in the composite is significantly attenuated 
compared to pristine Ti3CN, which is ascribed to the physical shielding 
of the MXene surface by the intimately anchored ZnIn2S4 nanoflowers. 
Detailed analysis reveals that the C–Ti and C–Ti–O peaks exhibit distinct 
negative binding energy shifts from 282.2 eV and 283.0 eV to 281.9 eV 
and 282.9 eV, respectively. These modulations are synchronized with 
the positive shifts observed in the Zn 2p (Fig. 4 (b)), In 3d (Fig. 4 (c)), 
and S 2p (Fig. 4 (d)) orbitals relative to pristine ZnIn2S4. Specifically, the 
Zn 2p3/2 and 2p1/2 peaks shift from 1022.0 eV and 1045.0 eV to 
1022.1 eV and 1045.1 eV, while the S 2p3/2 and 2p1/2 signals move from 
161.6 eV and 162.8 eV to 161.9 eV and 163.1 eV, respectively. Addi
tionally, the Ti–N peak in the N 1s spectra (Fig. 4 (e)) shifts negatively 
from 397.1 eV to 396.8 eV. Such a consistent redistribution of binding 
energies confirms strong interfacial electronic coupling, signaling a 
spontaneous electron flow from ZnIn2S4 to the Ti3CN matrix.

The directional nature of this migration was further corroborated by 
in-situ light-irradiated XPS analysis. Upon illumination, the C–Ti and 
C–Ti–O peaks undergo an additional negative displacement to 281.7 eV 
and 282.6 eV, respectively, while the Zn 2p peaks intensify their positive 
shift to 1022.6 eV and 1045.6 eV. Similar intensified shifts are observed 

for In 3d (to 445.2 eV and 452.8 eV) and S 2p (to 162.0 eV and 
163.2 eV). These dynamic responses confirm that photoexcited electrons 
are effectively extracted from ZnIn2S4 and injected into Ti3CN, which 
acts as a robust electron sink.

To resolve the peak overlap between Ti 2p and In 3d3/2 in the opti
mized composite (Fig. 3 (f)), a high-loading (50%) “Enhanced” sample 
was further analyzed (Fig. 4). The Ti–C/Ti–N 2p3/2 and 2p1/2 features of 
pristine Ti3CN are located at 455.9 and 461.8 eV, respectively, while 
those of the ZnIn2S4–Ti3CN enhanced composite are located at 455.7 
and 461.6 eV, indicating slight negative shifts. Under light irradiation, 
these peaks further shift to 455.6 and 461.5 eV. Meanwhile, the In 3d3/2 
peak shifts positively from 452.7 to 452.9 eV. Although the shift 
magnitude is small, these coordinated changes are consistent with 
interfacial electronic interaction and photoinduced electron transfer 
from ZnIn2S4 to Ti3CN.

3.2. BET analysis of ZnIn2S4–Ti3CN system

Meanwhile, the BET analysis (Fig. S3 and Table S1) shows that 
ZnIn2S4, Ti3CN MXene, and their composite (ZnIn2S4–Ti3CN) exhibit 
type-IV adsorption-desorption isotherms. Compared to pristine ZnIn2S4, 
the ZnIn2S4–Ti3CN composite has a slightly reduced BET surface area 
but remains higher than that of Ti3CN MXene. This is due to the tight 
interfacial heterostructure between ZnIn2S4 and Ti3CN, which optimizes 
the material's surface structure and increases the contact area with water 
molecules, enhancing ion adsorption and diffusion. Further details are 
provided in the supplementary materials. The detailed nitrogen 

Fig. 2. (a-d) TEM and HRTEM of ZnIn2S4–Ti3CN composite; (e-k) HAADF-STEM images of the ZnIn2S4–Ti3CN composite with corresponding EDS mappings for S, In, 
Zn, Ti, C, N elements; (e-k) SEM of pure ZnIn2S4; (l) Bright field TEM image of ZnIn2S4–Ti3CN composite; (m-t) SEM of ZnIn2S4–Ti3CN composite with corresponding 
EDS mappings for elements S, In, Zn, Ti, C, N.
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adsorption-desorption isotherms and corresponding pore structure pa
rameters are also provided in Fig. S3 and Table S1 of the Supporting 
Information, accompanied by the specific apparatus and computational 
details.

3.3. Photocatalytic hydrogen evolution performance and mechanism 
study of ZnIn2S4–Ti3CN system

Under visible light irradiation, a comparative analysis of the pho
tocatalytic hydrogen production performance between pure ZnIn2S4 and 
ZnIn2S4–Ti3CN series catalysts was conducted. As shown in Fig. 5(a–b), 
compared with pure ZnIn2S4, ZnIn2S4–Ti3CN composites with different 
Ti3CN contents exhibited significantly improved photocatalytic 
hydrogen production performance. Among them, 3% Ti3CN– ZnIn2S4 
showed the optimal activity, with a hydrogen production rate of 
603.3 μmol g− 1 h− 1, which is 2.4 times that of pure ZnIn2S4 
(254.0 μmol g− 1 h− 1), so “ZnIn2S4–Ti3CN” refers to the optimized 
sample containing 3 wt% Ti3CN, consistent with the definition already 
given in the Experimental section. This enhancement is mainly attributed 
to the addition of Ti3CN, which effectively reduces the recombination of 
photogenerated carriers, hence improving the photocatalytic hydrogen 
production efficiency. However, with further increase in Ti3CN content, 
the photocatalytic activity decreases due to the light-shielding effect. 
After four consecutive 5 h cycles under visible-light irradiation (20 h in 
total), the 3 wt% Ti3CN/ZnIn2S4 composite maintained stable H2-evo
lution performance, indicating good stability and reusability (Fig. 5 (c)). 
In addition, the effect of different catalyst masses on hydrogen pro
duction efficiency was investigated (Fig. 5 (d)). The correlation between 
photocatalyst dosage and hydrogen evolution efficiency was systemat
ically investigated. The results indicate that the hydrogen production 
rate increases almost linearly when the catalyst mass is maintained 
below 20 mg. However, as the dosage reaches 150 mg, the catalytic 
activity gradually plateaus, primarily due to the light-shielding effect 
where excessive catalyst particles impede effective light penetration and 

scattering within the suspension. Furthermore, the apparent quantum 
efficiency (AQE) was determined as a critical metric to evaluate the 
solar-to-chemical energy conversion capability. As a paramount indi
cator of photocatalytic performance, AQE provides essential theoretical 
guidance for assessing the feasibility of these materials in practical large- 
scale applications.

In this experiment, the AQE of 100 mg catalyst was tested at different 
wavelengths (Fig. 5 (e)). It was found that the quantum efficiency is 
positively correlated with the light absorption capacity. Especially 
under 350 nm monochromatic light irradiation, the AQE of 
ZnIn2S4–Ti3CN composite reaches 1.4%.

The light-harvesting capabilities of the as-prepared photocatalysts, 
which fundamentally dictate their solar energy conversion efficiency, 
were evaluated via ultraviolet-visible diffuse reflectance spectroscopy 
(UV-Vis DRS). All samples exhibit a broad absorption response spanning 
from the UV to the visible region. Compared to pristine ZnIn2S4, which 
shows relatively moderate visible-light absorption, the introduction of 
Ti3CN MXene significantly enhances the optical absorption intensity. 
Specifically, as the Ti3CN content increases, the ZnIn2S4–Ti3CN com
posites demonstrate a progressively extended photoresponse range and 
heightened absorbance across the visible spectrum. This optical 
enhancement is primarily ascribed to the narrow bandgap and the 
characteristic metallic nature of the Ti3CN MXene matrix.

Beyond intensifying light harvesting, the 2D architectural merits and 
superior metallic conductivity of Ti3CN facilitate the creation of high- 
speed channels for the separation and migration of photogenerated 
carriers. This synergistic effect not only optimizes the utilization of 
incident photons but also increases the density of accessible surface 
active sites by promoting the efficient export of photogenerated elec
trons. Consequently, the UV-Vis DRS analysis not only elucidates the 
intrinsic optical properties of the heterojunction but also serves as a 
critical indicator of its potential photocatalytic activity, providing 
essential insights for the rational design of high-performance composite 
catalysts.

Fig. 3. (a) XRD patterns of Ti3AlCN, Ti3CN; (b) x- ZnIn2S4–Ti3CN (x = 0, 1, 3, 5 and 7%) and (c-d) Enlarged partial view of; (e) XPS survey spectra of ZnIn2S4, Ti3CN 
and ZnIn2S4–Ti3CN composite; (f) High resolution XPS spectra of Ti 2p and In 3d3/2 in Ti3CN and ZnIn2S4–Ti3CN Enhanced composite.
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Fig. 5(f–h) shows the electron paramagnetic resonance (EPR) spectra 
of ZnIn2S4 and ZnIn2S4–Ti3CN using TEMPO as the trapping agent under 
dark and light irradiation conditions. TEMPO is a nitroxide radical probe 
with a characteristic EPR signal. Under light irradiation, photogenerated 
electrons can reduce TEMPO to an EPR-silent or much less EPR-active 
species, such as TEMPOH, resulting in the attenuation of the TEMPO 
signal [52,53]. Under dark conditions, ZnIn2S4 and ZnIn2S4–Ti3CN show 
comparable EPR signal intensities, indicating that no obvious TEMPO 
reduction occurs in the absence of light. After 5 min of light irradiation, 
the EPR signal of ZnIn2S4–Ti3CN becomes weaker than that of pure 
ZnIn2S4, suggesting that more photoinduced electrons are available to 

participate in the reduction of TEMPO in the composite system. As the 
irradiation time is extended to 10 min, the EPR signals of both samples 
further decrease, while ZnIn2S4–Ti3CN still exhibits a more pronounced 
signal attenuation than pristine ZnIn2S4. This result indicates that the 
ZnIn2S4–Ti3CN composite possesses more efficient photoinduced elec
tron generation and transfer ability, which is consistent with its 
enhanced photocatalytic H2 evolution performance.

3.4. Optical and photo-electrochemical properties

The efficacy of photocatalytic hydrogen evolution is fundamentally 

Fig. 4. High resolution XPS spectra of (a) C 1s, (b) Zn 2p, (c) In 3 d, (d) S 2p, (e) N 1s and (f) Ti 2p and In 3d3/2.
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dictated by the generation, spatial separation, and transfer kinetics of 
photogenerated charge carriers. To comprehensively evaluate these 
dynamic processes, experimental techniques such as transient photo
current response, electrochemical impedance spectroscopy (EIS), and 
photoluminescence (PL) spectroscopy were systematically employed. In 
the comparative analysis, the ZnIn2S4–Ti3CN composite exhibited a 
stronger photocurrent response than pure ZnIn2S4 (as shown in Fig. 6 
(a)), which reveals that charge carriers are separated more efficiently 
in the composite [54]. Furthermore, the EIS of ZnIn2S4– Ti3CN (see in 
Fig. 6 (b)) showed a smaller semicircle diameter compared with pure 
ZnIn2S4, indicating that the composite has lower charge transfer 
impedance, thereby promoting efficient charge transport [55]. It can be 
seen from Fig. 6(c–d) that after adding Ti3CN, the photoluminescence 
intensity of ZnIn2S4–Ti3CN is significantly reduced, which indicates that 
the introduction of Ti3CN effectively inhibits the recombination of 
electron-hole pairs [56]. In conclusion, Ti3CN plays a crucial role in 
promoting the separation and transport of photogenerated electrons, 

thereby significantly enhancing its photocatalytic hydrogen production 
performance.

To elucidate the origins of the varied photocatalytic activities, the 
light-harvesting capabilities of the synthesized samples were investi
gated via UV-Vis diffuse reflectance spectroscopy (DRS) (Fig. 6 (e)). 
While pristine ZnIn2S4 exhibits a restricted visible-light response, the 
ZnIn2S4–Ti3CN composites display a progressively broadened and 
intensified absorption profile across the visible spectrum with increasing 
MXene content. This optical enhancement is inherently governed by the 
exceptional visible-light harvesting characteristics of the Ti3CN matrix. 
Crucially, beyond maximizing photon capture, the highly conductive 2D 
architecture of Ti3CN establishes high-speed channels for the separation 
and migration of photogenerated carriers while simultaneously 
exposing abundant surface active sites. Therefore, the integration of 
Ti3CN synergistically optimizes both incident light utilization and 
charge transfer dynamics, fundamentally underpinning the superior 
hydrogen evolution performance of the composite system.

Fig. 5. Photocatalytic activity analysis: (a) Time-dependent photocatalytic hydrogen generation of ZnIn2S4–Ti3CN composites with different Ti3CN contents; (b) 
Comparative graph of average photocatalytic hydrogen production rates for ZnIn2S4–Ti3CN composites with various Ti3CN contents; (c) Cyclic stability test of the 
3 wt% ZnIn2S4–Ti3CN photocatalyst over four consecutive 5 h cycles (20 h total irradiation). (d) Photocatalytic hydrogen production rates of ZnIn2S4–Ti3CN 
composite materials at different masses; (e) Apparent quantum efficiency (AQE) of ZnIn2S4–Ti3CN composite; (f) EPR signals of TEMPO as the electron-trapping agent 
for ZnIn2S4 and ZnIn2S4–Ti3CN under dark conditions; (g) EPR signals of TEMPO as the electron-trapping agent for ZnIn2S4 and ZnIn2S4–Ti3CN after 5 min of light 
irradiation; (h) EPR signals of TEMPO as the electron-trapping agent for ZnIn2S4 and ZnIn2S4–Ti3CN after 10 min of light irradiation.
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Based on the energy band alignment analysis shown in Fig. 6 (f), the 
conduction band (CB) and valence band (VB) positions of ZnIn2S4 before 
and after contact with Ti3CN are compared. Before the contact, the CB of 
ZnIn2S4 is positioned at − 0.95 eV, with a bandgap (Eg) of 2.64 eV, and 
the VB is at 1.69 eV. After forming the ZnIn2S4–Ti3CN heterojunction, 
the CB shifts to − 0.70 eV, with the bandgap decreasing to 2.46 eV, while 
the VB increases to 1.76 eV. This shift in the energy band structure in
dicates the formation of a staggered type heterojunction, which is 
beneficial for enhancing charge separation and transport, providing a 
more favorable environment for photocatalytic hydrogen production. 
The potential alignment and bandgap narrowing are thermodynamically 
favorable for efficient photocatalysis, supporting the feasibility of the 
composite for enhanced hydrogen evolution performance under visible 
light.

3.5. Theoretical calculation and possible photocatalytic mechanism

To deeply investigate the interfacial electron transfer characteristics 
between ZnIn2S4 and Ti3CN MXene, a comprehensive analysis of the 
energy level structure of the ZnIn2S4–Ti3CN heterojunction was per
formed. The work function of the samples was measured by ultraviolet 
photoelectron spectroscopy (UPS), as shown in Fig. 7(a–c). To ensure 
accuracy, we first calibrated the Fermi edge using the UPS spectrum of a 
gold (Au) substrate treated by argon (Ar) ion sputtering. This step 
ensured that the reference zero point of the binding energy of all UPS 
spectra was set based on this calibration point. The formula for calcu
lating the work function (Φ) is: Φ = hν − (Ecut off − EFermi), where hν is 
the incident photon energy (21.22 eV), Ecut off is the binding energy of 
the cut-off edge, and EFermi is the Fermi edge, set to 0 eV [57]. Based on 
this, the cut-off edge binding energies of ZnIn2S4, Ti3CN MXene, and 
ZnIn2S4–Ti3CN composite obtained from Fig. 7(a–c) are 17.15 eV, 
16.64 eV, and 16.92 eV, respectively, and the calculated work functions 
are 4.07 eV, 4.58 eV, and 4.30 eV, respectively. The valence band (VB) 
position was measured by valence band XPS spectrum (Fig. 7(d–e)). 
Using formulas ENHE = Φ + 1.63 − 4.44 and ENHE = Φ + 1.70 − 4.44, the 

valence band potentials of ZnIn2S4 and ZnIn2S4–Ti3CN were calculated 
to be 1.69 eV and 1.76 eV, respectively [58]. The band gaps of ZnIn2S4 
and ZnIn2S4–Ti3CN measured by the Kubelka-Munk method (Fig. 7(f–g)) 
are 2.64 eV and 2.46 eV, respectively [58,59]. Calculated based on 
formula (ECB = EVB − Eg), the conduction band positions of ZnIn2S4 and 
ZnIn2S4–Ti3CN are − 0.95 eV and − 0.70 eV, respectively. It should be 
noted that the work function obtained from UPS is inherently 
surface-sensitive, especially for a composite sample, and may therefore 
be influenced by the surface-exposed component, local interfacial 
coverage, and surface terminations. Accordingly, the measured work 
function of the ZnIn2S4–Ti3CN composite is interpreted here as an 
effective near-surface electronic parameter rather than an absolute bulk 
value. Nevertheless, the proposed interfacial energy-level diagram is 
supported by the consistent trends obtained from UPS, valence-band 
XPS, in-situ XPS, and DFT calculations, which collectively indicate 
electron transfer from ZnIn2S4 to Ti3CN and the upward band bending of 
ZnIn2S4 after contact.

Based on the above experimental and theoretical results, Fig. 7 (h)
schematically summarizes the interfacial energy-level alignment of the 
ZnIn2S4–Ti3CN heterojunction. Due to its lower work function and 
higher Fermi level, ZnIn2S4 shows an obvious tendency of electron 
migration to Ti3CN MXene compared with Ti3CN MXene. This is further 
verified by the positive shift of the binding energy of the In 3d peak 
(Fig. 7(d–e)), proving that electrons are indeed transferred from ZnIn2S4 
to Ti3CN MXene. When ZnIn2S4 is in contact with Ti3CN MXene, the 
Fermi levels of the two converge and reach the same level. Moreover, the 
energy band of ZnIn2S4 bends upward after contact with Ti3CN MXene, 
which effectively inhibits the backflow of electrons and promotes the 
effective separation of photogenerated electrons and holes, providing 
favorable conditions for improving the photocatalytic hydrogen pro
duction performance [60,61].

Fig. 8(a–c) present the structural models of ZnIn2S4, Ti3CN MXene, 
and the ZnIn2S4–Ti3CN composite formed by these two components. 
Subsequent calculations of the band structures of these materials (see in 
Fig. 8(d–f)) reveal that ZnIn2S4 exhibits typical semiconductor 

Fig. 6. ZnIn2S4 and ZnIn2S4–Ti3CN: (a) Photocurrent responses; (b) EIS Nyquist plots; (c) Photoluminescence (PL) spectra and (d) PL of single ZnIn2S4–Ti3CN sample; 
(e) UV-visible diffuse reflectance spectra of different samples; (f) Schematic illustration of band structures of ZnIn2S4 before contact and ZnIn2S4–Ti3CN after contact.
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characteristics. After compositing with Ti3CN MXene, the band gap of 
the composite narrows—this indicates enhanced light absorption in
tensity, which is consistent with the earlier experimental results on band 
structure. Additionally, the band structure of the composite becomes 
dense and smooth, suggesting improved electrical conductivity [62]. 
Meanwhile, the density of states (DOS) of ZnIn2S4, Ti3CN MXene, and 
the ZnIn2S4–Ti3CN composite was analyzed (Fig. 8(g–i)). The conduc
tion band of the composite is primarily composed of Ti orbitals, 
demonstrating that the active sites are located on Ti atoms. To further 
clarify the electron migration process within the composite, the differ
ential charge density distribution at the interface of the ZnIn2S4–Ti3CN 
composite was simulated.

The top view and front view (Fig. 9(a–b)) clearly illustrate electron 
accumulation on the Ti3CN side (yellow regions) and electron depletion 
on the ZnIn2S4 side (blue regions), which is a clear indication of electron 
migration from ZnIn2S4 to Ti3CN. Furthermore, the plane-averaged 
differential charge density plot (Fig. 9 (c)) provides additional evi
dence for dynamic electron transfer under light irradiation. At the 
interface between ZnIn2S4 and Ti3CN, the negative value on the ZnIn2S4 

side reflects electron consumption on its surface, while the positive 
value on the Ti3CN side indicates electron accumulation on its surface. 
This confirms that electrons are mainly transferred from ZnIn2S4 to 
Ti3CN MXene. Further analysis of the Gibbs free energy of hydrogen 
atom adsorption (Fig. 9(d–f)) shows that the ΔGH* value of the 
ZnIn2S4–Ti3CN composite is − 0.21 eV, compared with − 0.38 eV for pure 
ZnIn2S4. The ΔGH* value of the ZnIn2S4–Ti3CN composite is closer to 
zero than that of pure ZnIn2S4, meaning the composite has a lower 
overpotential and is more conducive to hydrogen production.

In addition, theoretical calculations were conducted to analyze the 
cross-sectional work functions of ZnIn2S4, Ti3CN MXene, and the 
ZnIn2S4–Ti3CN composite, which were determined to be 5.63 eV, 
6.16 eV, and 5.95 eV, respectively (Fig. 10(a–c)). This result shows that 
the higher work function of Ti3CN MXene drives electrons to migrate 
from ZnIn2S4 to Ti3CN MXene. The convergence of work functions 
causes the energy band of ZnIn2S4 to bend upward, which facilitates the 
effective separation of electron-hole pairs and thereby enhances the 
efficiency of photocatalytic water splitting for hydrogen production.

Moreover, theoretical calculations were used to conduct an in-depth 

Fig. 7. UPS and band structure analysis: (a-c) UPS spectra of ZnIn2S4, Ti3CN MXene, and ZnIn2S4–Ti3CN; (d-e) Valence band XPS spectra of ZnIn2S4 and 
ZnIn2S4–Ti3CN; (f) Tauc plots for band gap of ZnIn2S4 and ZnIn2S4–Ti3CN; (g) Schematic illustration of band structure for ZnIn2S4, Ti3CN MXene, and ZnIn2S4–Ti3CN 
composites. (h) Schematic illustration of the interfacial band alignment and charge-transfer pathway in the ZnIn2S4/Ti3CN heterojunction.
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investigation of the reaction mechanism of ZnIn2S4 and its composite with Ti3CN during water adsorption and decomposition. As shown in 

Fig. 8. Schematic structure models (a-c), Energy band structure (d-f) and Density of states (g-i) of ZnIn2S4, Ti3CN and ZnIn2S4–Ti3CN.

Fig. 9. Charge transfer and hydrogen adsorption analysis: Top and side views of charge density difference for ZnIn2S4-MXene composite (a, b), Planar-averaged 
electron density difference along Z-direction (c), with hydrogen adsorption structure models for ZnIn2S4 (d) and ZnIn2S4–Ti3CN (e), and free energy diagrams of 
photocatalytic hydrogen evolution for ZnIn2S4 and ZnIn2S4–Ti3CN (f).
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Fig. 10 (d), detailed structural models of pure ZnIn2S4 and the 
ZnIn2S4–Ti3CN composite during the water adsorption and 

decomposition stages are provided. Additionally, the Gibbs free energy 
changes of these two materials during the water splitting reaction were 

Fig. 10. Electrostatic potentials of the (a) ZnIn2S4, (b) Ti3CN, and the (c) ZnIn2S4–Ti3CN (Inserted: the correspond crystal structures of samples); (d) Structural 
models of water adsorption and decomposition stages for ZnIn2S4 and ZnIn2S4–Ti3CN; (e) Free energy diagrams of the whole hydrolysis process on photocatalysts.

Fig. 11. Schematic illustration of the photocatalytic H2 production mechanism of ZnIn2S4–Ti3CN.

Y. Song et al.                                                                                                                                                                                                                                    International Journal of Hydrogen Energy 248 (2026) 155902 

11 



calculated and analyzed (Fig. 10 (e)) to evaluate their catalytic effi
ciency. The results indicate that the ZnIn2S4–Ti3CN composite has a 
lower energy barrier than pure ZnIn2S4 in promoting the water splitting 
reaction, which means the composite can decompose water molecules 
more efficiently and thus improve catalytic hydrogen production per
formance. Furthermore, the free energies of the adsorbed states of *OH 
and *H are lower than that of the adsorbed state of water, which further 
confirms that the ZnIn2S4–Ti3CN composite can facilitate the complete 
water splitting process.

DFT calculations provide a robust theoretical foundation that ex
tends beyond experimental validation to reveal the intrinsic mecha
nisms of enhanced activity. By simulating the ZnIn2S4–Ti3CN interface, 
we substantiate that the MXene matrix fundamentally reconfigures the 
charge distribution, creating an energetically favorable environment for 
carrier separation. Crucially, the theoretical model identifies a signifi
cantly reduced overpotential, confirming that Ti3CN not only serves as a 
conductive mediator but also lowers the thermodynamic barrier for 
proton reduction. This synergy between theoretical insights and exper
imental evidence confirms that the rational design of this hierarchical 
heterostructure is the key driver of superior solar-to-hydrogen conver
sion. Collectively, the charge transfer dynamics and catalytic pathways 
within the ZnIn2S4–Ti3CN composite were systematically elucidated 
through a comprehensive integration of XPS, UPS, in-situ XPS, DFT 
calculations, and photoelectrochemical analyses (Fig. 11). Under solar 
irradiation, electrons in ZnIn2S4 are excited to the conduction band and 
rapidly migrate to the intimately coupled Ti3CN MXene nanosheets, 
triggering the reduction of surface-adsorbed protons (H+) into H2. 
Concurrently, the remaining photogenerated holes in the ZnIn2S4 
valence band are efficiently consumed by the sacrificial agent. Beyond 
merely acting as a highly conductive electron sink to accelerate charge 
transport, the Ti3CN matrix fundamentally dictates the interfacial en
ergetics. Specifically, the Fermi-level equilibration between the two 
components induces an upward band bending within ZnIn2S4, creating a 
robust interfacial built-in electric field. This directional driving force 
effectively suppresses electron backflow and mitigates severe carrier 
recombination, ultimately maximizing the overall photocatalytic 
hydrogen evolution efficiency.

4. Conclusion

In conclusion, a novel ZnIn2S4/Ti3CN MXene heterojunction was 
successfully engineered via a facile in-situ self-assembly strategy. The 
resulting hierarchical architecture achieves a peak hydrogen evolution 
rate of 603.3 μmol g− 1 h− 1 with an optimized 3% Ti3CN loading, rep
resenting a 2.4-fold increase over pristine ZnIn2S4 (254.0 μmol g− 1 h− 1) 
while maintaining robust stability and reusability. Experimental and 
computational results substantiate that the intimate interfacial coupling 
establishes high-speed charge transfer channels, where the metallic 
Ti3CN functions as an efficient electron conductor to rapidly extract and 
transfer photoexcited electrons from ZnIn2S4 for proton reduction. 
Crucially, Fermi-level equilibration at the interface induces upward 
band bending and a robust built-in electric field within ZnIn2S4, 
providing a directional driving force that effectively suppresses electron 
backflow and carrier recombination. Furthermore, DFT calculations 
confirm that the introduction of Ti3CN significantly lowers the reaction 
overpotential and thermodynamic energy barriers during the photo
catalytic water splitting process, thereby favoring H2 generation. 
Overall, this work provides a new paradigm and mechanistic guidance 
for the rational design of MXene-assisted heterojunction systems toward 
highly efficient solar energy conversion.
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