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A B S T R A C T

Converting sunlight into chemical fuels using semiconductor photocatalysts has garnered significant attention, in 
which how to maximize the utilization of short-lived, surviving photogenerated charges in surface catalytic 
reactions is crucial. Herein, we propose a strategy via semi-embedding cocatalyst adjacent to the interface of 
composite photocatalyst, to reduce the migration distance of photogenerated charges and maximize the inter
facial charge utilization via two migration pathways from both sides. Owing to the partial collapse of MIL-125 
(Ti8O8(OH)4-(O2C-C6H4-CO2)6) and strong interaction between the noble metal and sulphide-containing ions, a 
ternary composite photocatalyst ZnIn2S4-Pt-TiO2 was constructed via self-assembling of ZnIn2S4 on semi- 
embedded Pt-TiO2, which exhibits a greatly improved photocatalytic hydrogen evolution under visible light 
(≥420 nm), showing an order of magnitude higher activity compared with the traditional ZnIn2S4/TiO2 com
posite. The ZnIn2S4-Pt-TiO2 gives apparent quantum efficiencies of 38%@380 nm, 27%@420 nm and 24%@440 
nm for photocatalytic hydrogen production, which surpasses most of the ZnIn2S4-based photocatalysts. DFT 
results indicate a significant electron transfer from heterojunction interface to the adjacent Pt, which results in 
strong interaction between Pt and H atoms and guarantees the efficient proton reduction for H2 evolution. This 
work provides a unique strategy that benefits the interfacial charge transfer and utilization in photocatalysis.

1. Introduction

Solar-driven artificial photosynthesis for producing solar fuels en
ables the storage of solar energy as chemical fuels, which is of great 
significance in addressing energy and environmental issues as well as 
promoting sustainable and economical fuel generation [1]. Photo
catalytic water splitting is one of the core processes of artificial photo
synthesis, involving complex chemical reactions across multiple 
timescales [2]. However, a significant challenge arises due to the slug
gish kinetics of surface catalytic reactions, which typically occur on a 
timescale of nanoseconds or even seconds, and the key lies in how to 
maximize the utilization of short-lived, surviving photogenerated 
charges in surface catalytic reactions [3].

Some earlier studies have already proposed effective strategies to 

enhance photocatalytic performance, including loading cocatalyst [4], 
constructing composite structures [5], and introduction of high-pressure 
phases [6]. These investigations provide valuable methodologies for 
improving the photocatalytic hydrogen production activity of materials, 
particularly for TiO₂-based systems. Loading suitable cocatalysts on the 
surface of semiconductor photocatalysts can efficiently capture the 
photogenerated charges produced by light excitation and undergo redox 
reactions with adsorbed species on the cocatalyst surface [7]. Since the 
timescale of charge generation and separation is always faster than 
surface reactions, it is crucial to ensure that photogenerated charges can 
reach the cocatalyst surface as quickly as possible, be utilized to the 
greatest extent, and reduce charge recombination [8]. Therefore, the 
proper cocatalysts should be constructed at sites where photogenerated 
charges are accumulated.
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Composite photocatalysts exhibit remarkable advantages in the 
separation of photogenerated charges during photocatalysis, primarily 
attributed to the interfacial microstructures that facilitate effective 
charge separation. Within composite photocatalysts, an interfacial 
electric field promotes the spatial segregation of photogenerated 
charges, making the interfacial region a prime spot for charge accu
mulation [9]. For example, two composites, TiO2 and ZnIn2S4 (ZIS) have 
been constructed as the classical heterojunction photocatalyst for pho
tocatalytic reactions [10]. The disparate band structures between these 
two semiconductors offer an extra impetus for the separation and 
transfer of photogenerated charges. Furthermore, Ti3+ doped TiO2/ZIS 
[11], ZIS/TiO2-x with oxygen defects [12], ZIS/TiO2 hollow spheres with 
O, S‑dual-vacancy defects [13] have been constructed. To elevate the 
charge-involved surface reactions in TiO2/ZIS heterojunction, proper 

cocatalysts were introduced as the reactive sites. Ag/ZIS/TiO2 [14], ZIS- 
Au-TiO2 [15] and carbon dot-decorated ZIS/TiO2 [16] photocatalysts 
have been designed, exhibiting a substantial enhancement in photo
catalytic hydrogen production compared to TiO2/ZIS. Despite the 
enhancement in catalytic performance achieved through the introduc
tion of cocatalysts, the precise locating sites of cocatalysts is not been 
considered, and how the locating sites influence the separation and 
utilization of photogenerated charges in composite catalysts remains 
elusive. It is important to note that the interfacial region harbors a 
higher concentration of photogenerated charges in composite photo
catalysts and the cocatalysts should be located near this region to better 
capture the photogenerated charges. Meanwhile, since the cocatalyst 
serves as the active site for catalytic reactions, these active sites need to 
be exposed rather than fully covered to hinder mass transfer. However, 

Fig. 1. (a) Schematic illustration of the synthetic process of petal cake-like ZnIn2S4-Pt-TiO2 (ZIS-Pt-TiO2) ternary heterostructures; (b) SEM image of MIL-125; (c) 
SEM and (d) dark field TEM and corresponding EDX mappings of Pt-TiO2 (the white circles locate the Pt NPs); (e) SEM, (f) HAADF-STEM, (g) HRTEM image and (h) 
STEM image and corresponding EDX mappings of ZIS-Pt-TiO2; (i) XRD patterns, (j) Raman spectra and (k) pore size distribution of ZIS-Pt-TiO2 and related samples 
(inset: local enlargement of pore size distributions of TiO2 and Pt-TiO2).
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controllably introduce suitable cocatalysts at the interfacial region but 
not affect charge transfer and mass transfer processes, thereby fostering 
the utilization of long-lived charges in catalytic reactions still warrants 
in-depth investigation till now.

In this work, focusing on the assembly of cocatalyst at the interface of 
composite photocatalyst for accelerating surface reactions, we report a 
strategy to semi-embed Pt cocatalyst adjacent to the interface of com
posite photocatalyst and construct a ternary photocatalyst ZIS-Pt-TiO2. 
The ZIS-Pt-TiO2 is demonstrated to exhibit an order of magnitude higher 
activity for photocatalytic hydrogen production under visible light 
(≥420 nm) compared with the heterojunction photocatalyst. The 
ternary composite photocatalyst with semi-embedded Pt cocatalyst can 
efficiently promote the charge utilization for surface reactions and 
shorten the migration pathway of the charge carriers, resulting in a 
superior performance in hydrogen production, which will be instructive 
for rationally locating proper cocatalyst in the composite photocatalysts.

2. Results and discussion

2.1. Exquisite structural design of the photocatalyst

The construction of the composite photocatalyst involves first uni
formly introducing Pt nanoparticles onto the surface of MIL-125 
(Ti8O8(OH)4-(O2C-C6H4-CO2)6) and then transferring them to Pt-TiO₂. 
Subsequently, ZIS nanosheets are self-assembled onto the surface 
through a hydrothermal synthesis method [17]. Due to the partial 
collapse of MIL-125, Pt NPs are more prone to be semi-embedded in 
TiO2. Moreover, the strong interaction between the noble metal Pt and 
sulphide ions [18] is beneficial to forming a matched interface structure 
when ZIS is self-assembled on the Pt-TiO2 surface. In this way, the Pt 
nanoparticles are possibly to locate near the interface region between 
TiO2 and ZIS, and the uniform nanosheets structure can also benefit the 
mass transfer process. The overall construction process of the ternary 
ZIS-Pt-TiO2 catalyst is shown in Fig. 1a. Briefly, TiO2 was obtained from 
a Ti-containing precursor metal-organic framework, MIL-125, which 
was prepared by solvent-thermal method (Fig. S1), followed by the 
surface deposition of Pt nanoparticles (NPs) via impregnation. Then, Pt- 
TiO2 was obtained by pyrolysis of Pt-MIL-125 [19]. The Pt NPs were 
semi-embedded in TiO2 due to the partial collapse of MIL-125. After 
that, ZIS nanosheets were assembled on the surface of Pt-TiO2 by a low- 
temperature oil bath process to obtain ZIS-Pt-TiO2 [20]. As depicted in 
Figs. 1b and S2, the morphology of MIL-125 exhibits a round pancake 
apparent shape with a diameter of ~1 μm and a thickness of ~260 nm. 
After depositing Pt NPs on the MIL-125, the Pt NPs are uniformly 
distributed on the MIL-125 surface with a size diameter of ~3.5 nm 
(Figs. S3–S5). The Pt-TiO2 was then obtained from pyrolysis of Pt-MIL- 
125, with its morphology can be seen in Fig. 1c, showing an apparent 
size of around 600 nm (Fig. S6), which is smaller than its precursor MIL- 
125. TEM and corresponding EDX mappings show that Pt NPs maintain a 
high dispersion on the surface of TiO2 with the particle size unchanged 
(Fig. 1c–d). After fabrication of ZIS on the Pt-TiO2, Fig. 1e–f shows a 
petal cake-like ZIS-Pt-TiO2 ternary heterostructure, and the formed ZIS 
shows a flower-like nanosheet microstructure. It shows similar nano
sheet structure as pristine ZIS prepared under the same condition, with 
only the dispersion states differing (Figs. S7–S8). This difference may 
facilitate the photocatalytic reaction. Uniform distribution of Ti, O, S, In, 
Zn, and Pt elements further confirms the ternary heterostructure, with Ti 
and O elements distributed in the innermost, S, In and Zn elements on 
the outermost side (Fig. 1h). In addition, ZIS-TiO2 without introducing 
interfacial Pt NPs was prepared for comparison, which shows relative 
disordered dispersion (Fig. S9). It implies that the presence of Pt is 
beneficial for the well dispersion of ZIS on TiO2, and may provide well 
interaction between ZIS and TiO2.

High-resolution transmission electron microscope (HRTEM) image 
presented in Fig. 1g reveals that the lattice fringe spacing of 0.32 nm and 
0.29 correspond to the (102) and (104) lattice planes of hexagonal ZIS, 

respectively [20a,21]. Additionally, a lattice fringe spacing of 0.23 nm 
aligns with the (111) lattice plane of Pt [22], while a spacing of 0.35 nm 
is corresponding to the (101) lattice plane of anatase TiO2 [23]. The 
HRTEM image clearly shows that Pt is semi-embedded in TiO2 and sit
uated adjacently to the well-defined heterojunction between ZIS and 
TiO2. Notably, the deposition of Pt NPs results in a reduction of the 
porous TiO2 surface area from 119 m2/g to 90 m2/g (Fig. S10) and a 
slight increase in the average pore diameter (Fig. 1k), indicating that Pt 
NPs were prone to locate in the porous structure of TiO2. Further 
confirmation is provided by HAADF-STEM image, in which Pt NPs show 
an incomplete spherical shape indicating the semi-embedded state 
(Fig. S11). It is noteworthy that noble metal Pt exhibits a robust inter
action with sulphide ions, potentially facilitating the self-assembly of ZIS 
onto the Pt-TiO2 surface. This interaction is most likely to induce a well- 
matched interfacial structure among the components.

The X-ray diffraction (XRD) in Fig. 1i confirms that the ZIS-Pt-TiO2 
composite contains a mixed structure comprising anatase TiO2 [24] and 
hexagonal ZIS [20a] and while the present of Pt is not discernible due to 
its low content. Raman spectroscopy in Fig. 1j reveals characteristic 
bands at 144.2 cm− 1 and 128.5 cm− 1, which affirm the existence of 
anatase TiO2 [25] and the layered structure of hexagonal ZIS [26], 
respectively. The decreased intensity of band at 128.5 cm− 1 reflects the 
reduced amount of ZIS in the composite. The large anisotropy in layered 
systems typically allows for the identification of low-frequency rigid 
layer patterns, supporting this assignment [26a]. Notably, the intensity 
of characteristic Raman bands at 265.0 and 302.2 cm− 1, specific to ZIS, 
diminishes significantly in the ZIS-TiO2 composite, which suggests a 
suppression of vibrational behavior, indicating a strong interaction be
tween ZIS and TiO2. When Pt is introduced, the intensity of these Raman 
bands further decreases, hinting that Pt may enhance the interaction 
between TiO2 and ZIS. Given that a strong electron-phonon interaction 
can hinder the electronic mobility of semiconductors [27], the sup
pressed vibration behavior of ZIS may reduce the electron-phonon 
interaction, thereby increasing the electronic mobility accordingly.

2.2. Photocatalytic H2 evolution performance

The performance of ZIS-Pt-TiO2 was assessed through photocatalytic 
hydrogen production under visible-light irradiation (λ ≥420 nm). The 
structure of the composite was optimized, with the ratio of ZIS to TiO2 
fixed at 1.0 for further investigation (Figs. S12–S13). Fig. 2a illustrates 
the hydrogen evolution rates of different photocatalysts under visible 
light. It is evident that neither TiO2 nor Pt-TiO2 is active under these 
conditions due to the limited light absorption ability of TiO2 in the 
visible light region (λ ≥ 420 nm). The hydrogen evolution rate of ZIS is 
relatively low (20.3 μmol/h), and further combined with TiO2 to form 
ZIS-TiO2 shows a comparable activity with ZIS itself. However, the 
deposition of Pt on ZIS results in a significant increase in activity, with a 
hydrogen evolution rate that is three times higher than that of bare ZIS. 
Surprisingly, the ternary composite ZIS-Pt-TiO2 photocatalyst exhibits a 
much higher activity than all the compared components. Its hydrogen 
evolution rate is >15 times higher than that of ZIS-TiO2 and 5.4 times 
higher than that of Pt-ZIS. This significant increase in activity indicates 
that the semi-embedded Pt cocatalyst can effectively improve the 
hydrogen evolution activity of the composite. The apparent quantum 
efficiency (AQE) of ZIS-Pt-TiO2 for photocatalytic hydrogen evolution 
was also measured at different wavelengths (Table S1). As shown in 
Fig. 2b, the measured AQEs reaches 39% at 380 nm, 27% at 420 nm, and 
24% at 440 nm. As far as we known, the AQEs of the ternary photo
catalyst shows superior performance compared with state-of-the-art ZIS- 
based photocatalysts reported in the literatures (Table S2). Furthermore, 
under the conditions of UV–visible light and the addition of a sacrificial 
reagent (TEOA), the hydrogen evolution of ZIS-Pt-TiO2 increases almost 
linearly over time, and its hydrogen evolution rate is more than twice 
the activity observed under visible light alone (Fig. S14b). Besides, the 
stability of ZIS-Pt-TiO2 was performed by cyclic tests. As shown in 
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Fig. 2c, the ternary photocatalyst ZIS-Pt-TiO2 exhibits good stability in 
consecutive cycles. The characterizations of the used ZIS-Pt-TiO2 pho
tocatalyst after cycles, including XRD, XPS, and SEM, show no signifi
cant differences compared to the fresh photocatalyst (Figs. S15–16).

To delve into how the interaction and locations of components 
impact the activity in ZIS-Pt-TiO2, various structured ternary photo
catalysts were compared (Fig. 2d). Initially, the positioning of Pt was 
adjusted away from the TiO2-ZIS interface. As illustrated in Fig. 2e, 
placing Pt NPs inside porous TiO2 derived from MIL-125 by in-situ 
packaging method [28], resulting in ZIS-Pt@TiO2, led to an inferior 
performance compared to ZIS-Pt-TiO2. When Pt NPs were predomi
nantly located on the ZIS surface rather than on the TiO2 surface (Pt-ZIS- 

TiO2), the HER activity decreased significantly. These observations un
derscore the importance of electron enrichment on titanium oxide fol
lowed by their transfer to the Pt NPs. In addition, the electrons generated 
on ZIS may also directly transfer to Pt NPs via Pt/ZIS interfaces in ZIS-Pt- 
TiO2, providing an additional electron migration pathway apart from 
the ZIS/TiO2 interfaces charge separation. Moreover, the formation of a 
well-defined heterojunction in the composite is pivotal for photo
catalytic activity. When ZIS was merely physically mixed with Pt-TiO2 
(Pt-TiO2 + ZIS), its photocatalytic activity greatly decreased, which is 
one-order-of-magnitude lower than the ZIS-Pt-TiO2. This suggests that, 
when the two semiconductors occasionally come into contact in the 
reaction solution, electrons might transfer from ZIS to Pt-TiO2 and 

Fig. 2. (a) Photocatalytic H2 evolution of different samples under visible light (λ ≥ 420 nm); (b) UV–vis diffuse reflectance spectrum (UV–vis DRS) and AQE of ZIS- 
Pt-TiO2; (c) stability experiment of H2 evolution over ZIS-Pt-TiO2 photocatalyst; (d) time course hydrogen evolution and (e) hydrogen evolution rate of different 
ternary catalysts.
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proceed with HER activity on Pt. Notably, this activity is still higher than 
the combined activity of ZIS and Pt-TiO2 alone. It reveals that the 
electrons may transfer from ZIS to Pt-TiO2 and proceed the HER activity 
on Pt when the two semiconductors occasionally contact with each other 
in the reaction solution. Lastly, the significance of Pt NPs being in semi- 
embedded for photocatalytic performance was further compared. 
Crucially, when Pt NPs were deposited on TiO2 (ZIS-Pt/TiO2) with a 
traditional impregnation method, resulting in a non-semi-embedded 
state, its photocatalytic activity is notably decreased, which is much 
lower than the ZIS-Pt-TiO2. Besides, the performance of ZIS-Pt-TiO2 
catalysts with different Pt NPs size were conducted, which lead to a 
different embedding degree. For instance, the smaller size (1.5 nm) may 
correspond to the deep degree of embedding, while the larger size (4.5) 
corresponds to the shallow-level degree of embedding. Fig.S17 show 
that Pt NPs with moderate embedding state (3.5 nm) can provide better 
performance. These results clearly demonstrate that embedding Pt NPs 
at the interface of heterojunction is extremely crucial for the utilization 
of photogenerated charges. Due to the intimate interfacial contact be
tween each component and the concentrated photogenerated charges at 
the interface region, the semi-embedding Pt facilitates rapid interfacial 

charge transfer and the occurrence of proton reduction reactions on Pt 
NPs, thereby significantly enhancing photocatalytic performance.

2.3. The function of cocatalyst and theoretical understanding

To further investigate the impact of semi-embedding Pt NPs at the 
interfacial region, additional explorations were conducted regarding the 
optimization of Pt NPs and the investigation of other metals besides Pt. A 
series of ZIS-xPt-TiO2 photocatalysts with varying amounts of Pt NPs 
were prepared (Fig. S18), and the content of Pt in the samples were 
determined by ICP-MS (Table S3). As illustrated in Fig. 3a and b, the 
introduction of only 0.023 wt% Pt significantly enhances the activity 
from 20.3 μmol/h of ZIS-TiO2 to 170.5 μmol/h of ZIS-Pt-TiO2, achieving 
a peak activity of 354.3 μmol/h with an optimal Pt content of 0.534 wt 
%. Further increasing the amount of Pt leads to a decrease in activity, 
potentially due to the agglomeration effect of Pt NPs. Moreover, the 
generality of such semi-embedded cocatalyst strategy was also demon
strated on other metals including Cu and Pd NPs in tannery composite 
photocatalyst (Fig. S19). As shown in Fig. 3c and d, when Pd NPs were 
introduced, it also shows a significantly enhanced photocatalytic 

Fig. 3. (a) Time course photocatalytic H2 evolution and (b) evolution rate of ZIS-xPt-TiO2 with different amount of Pt; (c) time course photocatalytic H2 evolution 
and (d) evolution rate of ZIS-M-TiO2 with different metal cocatalyst; charge density difference analysis: (e) Pt/TiO2 and (f) Pt-TiO2; Bader charge analysis: (g) side- 
view and (h) top-view of Pt/TiO2; (i) side-view and (j) top-view of Pt-TiO2; (k) hydrogen adsorption energy on the most negatively charged Pt site of Pt/TiO2 and 
Pt-TiO2.
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activity than the ZIS-TiO2, although it is not as high as Pt NPs, which 
correlates to the proton reduction capacity for different metals. The 
photocatalytic hydrogen production activity follows the order of ZIS-Pt- 
TiO2 > ZIS-Pd-TiO2 > ZIS-Cu-TiO2, which aligns with the activity trend 
of metal cocatalysts in photocatalytic hydrogen evolution reactions 
[8,19,29]. These results further confirm the irreplaceable role of semi- 
embedded Pt NPs in facilitating the utilization of interfacial charges 
for photocatalytic hydrogen production.

The above results demonstrate that within the ZIS-Pt-TiO2 compos
ite, Pt NPs existing in a semi-embedded state, primarily serve as the 
active sites for photocatalytic hydrogen production. To further investi
gate why the efficient charge transfer and charge utilization can be 
realized on the semi-embedded Pt NPs, DFT calculations were per
formed. Two distinct Pt-TiO2 models were constructed to represent the 
two types of interfaces, i.e., a fully exposed Pt nanocluster (Pt/TiO2) and 
a semi-embedded Pt nanocluster anchored on the TiO2 surfaces (Pt- 
TiO2). As shown in Fig. 2e–f, an analysis of charge density differences 
reveals that electrons migrate from TiO2 support to Pt nanocluster, while 
semi-embedding further facilitates the electron accumulation at the Pt- 
TiO2 interface. To depict the extent of electron transfer, Bader charge 
analysis was also conducted. Fig. 2g–j illustrates that Pt sites located at 
the interface of semi-embedded Pt nanocluster exhibit a more negative 
charge compared to those within fully exposed Pt nanoclusters. Beyond 
sufficient charge transfer, the hydrogen adsorption energy is also a vital 
parameter for hydrogen evolution reaction. As depicted in Fig. 2k, the 
semi-embedded Pt nanocluster displays a relatively stronger interaction 

with the H atom (Eads = − 0.66 eV compared to − 0.58 eV, over the most 
negatively charged Pt sites at the interfaces of Pt-TiO2 and Pt/TiO2, 
respectively). This enhanced interaction is beneficial for the subsequent 
combination of hydrogen atoms to form molecular hydrogen. These 
theoretical calculation results indicate that the semi-embedded Pt NPs in 
the composite photocatalyst can efficiently concentrate electrons at the 
interface and exhibit a strong interaction with H atoms, thereby pro
moting the reduction reaction of proton to generate H2. Although the 
models used in the DFT calculations are simplified and may not fully 
capture the complexity of the actual catalyst, such as the exact number 
of Pt atoms, the precise embedding state between Pt and TiO2, or the 
presence of defects in TiO2, the more efficient charge transfer in 
embedded Pt is reasonable and aligns with theoretical expectations.

2.4. Charge dynamics and proposed mechanism

The effect of the semi-embedded Pt NPs on the charge dynamics in 
the ZIS-Pt-TiO2 composite was also investigated. As illustrated in Fig. 4a, 
electrochemical impedance spectrum (EIS) shows that the ZIS-Pt-TiO2 
shows the lowest charge transfer resistance in the Nyquist plots 
compared with all the cases including ZIS-TiO2 heterojunction 
(Table S4), which allows the rapid transport and separation of photo
generated charges [30]. Additionally, chopped light photocurrent 
measurements show that the ZIS-Pt-TiO2 exhibits a significantly higher 
photocurrent density than ZIS and ZIS-TiO2 (Fig. 4b), revealing the 
facilitated generation and transfer of photogenerated charges in the 

Fig. 4. (a) Electrochemical impedance spectroscopy (EIS) spectra; (b) i-t curves under chopped illumination; and (c) steady-state PL spectra of TiO2, Pt-TiO2, ZIS, ZIS- 
TiO2 and ZIS-Pt-TiO2; In-situ XPS spectra of ZIS-Pt-TiO2 in dark and under light illumination: (d) Ti 2, (e) O 1s, and (f) Pt 4f; (g) AFM image of ZIS-Pt-TiO2 and (h) 
corresponding SPV spectra on position 1 in panel g; (i) TEM image of photo-deposited Pt NPs on ZIS-TiO2 under visible light irradiation.
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ternary composite [31]. Furthermore, the recombination rate and life
time of photogenerated charge carriers were examined using steady- 
state photoluminescence (PL) and time-resolved photoluminescence 
(TP-PL) spectroscopy. As shown in Fig. 4c, the markedly reduced fluo
rescence peak intensity of ZIS-Pt-TiO2 suggests that the recombination 
of photo-induced charge carriers can be effectively inhibited by fabri
cation of ZIS on the surface of Pt-TiO2. This observation is further 
corroborated by TP-PL spectroscopy (Fig. S20), in which ZIS-Pt-TiO2 
exhibits the longest lifetime indicating the highest separation efficiency 
of photogenerated carriers in the ZIS-Pt-TiO2 catalyst [32]. Based on the 
above results, it is ascertained that the ZIS-Pt-TiO2 photocatalyst not 
only improve the charge utilization but also facilitate charge separation 
processes, thereby achieving an efficient photocatalytic hydrogen evo
lution activity.

To investigate how the photogenerated charges migrate across to the 
interface region of the ternary composite ZIS-Pt-TiO2, XPS spectra of 
ZIS-Pt-TiO2 in dark and under light irradiation were conducted. As 
shown in Fig. 4d, the XPS spectrum of Ti 2p3/2 in the dark exhibits a 
typical Ti4+ signal at 458.1 eV [33]. However, under light irradiation, an 
additional Ti3+ shoulder peak appears at 456.2 eV, which suggests that 
some electrons are trapped by the Ti 3d orbital of Ti4+, resulting in the 
formation of Ti3+ species [10a]. For the O 1s spectrum in Fig. 4e, two 
peaks are observed at 529.1 eV and 531.1 eV, corresponding to the 
lattice oxygen and oxygen vacancies, respectively [34]. The ratio of the 
peak areas for oxygen vacancies to lattice oxygen decreases from 0.32 to 
0.12 after light irradiation. Since oxygen vacancies are indicative of 
missing of electrons [34], this reduction suggests that some electrons are 
flowing back to fill these oxygen vacancies under light irradiation. Be
sides, the presence of vacancies can also act as electron trap sites to 
facilitate carrier spatial separation [35], which maybe one of the reasons 
for the excellent activity for the catalyst. The binding energy of Pt 4f in 
Fig. 4f exhibits the presence of typical Pt0 and Pt2+ bands [36]. After 
light irradiation, the binding energy of Pt0 shifts to a lower value state, 
and the ratio of Pt2+ to Pt0 decreases from 0.28 to 0.16, which confirms 
that Pt accepts electrons under light irradiation [36b]. Additionally, the 
binding energy of In 3d and S 2p and Zn 2p do not changed significantly 
under light (Fig. S21). The XPS results further support the efficient 
charge transfer within the ZIS-Pt-TiO2 composite.

The atomic force microscope (AFM) image and surface photovoltage 
spectra (SPV) provide further evidence for the charge transfer dynamics 
within the ZIS-Pt-TiO2 photocatalyst (Fig. S22). The AFM image in 
Fig. 4g clearly shows TiO2 as the dark substrate with brighter, 
nanosheets-like of ZIS attached on it. The SPV spectrum obtained from 
the TiO2 region (position 1) in Fig. 4h exhibits a positive photovoltage at 
a wavelength shorter than 380 nm, and a negative photovoltage longer 
than 380 nm. The turnover point corresponds to the band gap position of 
TiO2, suggesting that TiO2 is no longer photo-excited at these longer 
wavelengths. Interestingly, when TiO2 is not excited, the SPV spectrum 
reveals that electrons from ZIS are transferred to TiO2, generating a 
negative photovoltage. Furthermore, in-situ photo-reduction deposition 
of Pt NPs confirms the electrons transfer from ZIS to TiO2 on ZIS-TiO2 
under visible light (≥420 nm) irradiation with large amount of Pt NPs 
presented on TiO2 rather than on ZIS (Fig. 4i).

For better understanding the charge transfer across the interfaces, 
theoretical calculations were used to reveal the band structures of ZIS- 
Pt-TiO2 photocatalyst. The DFT calculated band structures and DOSs 
indicate that the VB of TiO2 mainly consists of O 2p, and the CB is 
strongly constituted by Ti 3d. As for ZIS, the VB and CB mainly consist of 
S 3p and In 5p, respectively (Fig. S23). The positions of Fermi level (Ef) 
of TiO2 and ZIS were aligned by plane-averaged electrostatic potential 
and work function calculations (Fig. 5a). Due to the differences in the Ef 
(Ef-TiO2 < Ef-ZIS), the electrons near the surface will transfer from ZIS to 
TiO2 until the equilibrium of the Femi levels of the two components 
[37]. To further verify such electronic interactions, charge density dif
ferences at the interface of TiO2-ZIS were analysed. As shown in Fig. 5b, 
electron accumulation on the TiO2 side, as well as electron depletion on 
the ZIS side, are observed. In this scenario, the built-in electric field will 
facilitate the transfer of photogenerated charge carriers at the interface, 
thus enhance the photocatalytic activity of the TiO2-ZIS heterojunction 
composites. Besides, the band structures of TiO2 and ZIS were further 
confirmed by experimental analysis. Tauc plots of TiO2 and ZIS 
(Fig. S24b) were obtained according to the UV–vis diffuse reflectance 
spectra (Fig. S24a), the corresponding bandgap energies were calculated 
to be 3.25 and 2.43 eV, respectively. The conduction band maximum 
levels of TiO2 and ZIS were estimated from the measured flat-band po
tentials by Mott− Schottky plots in Fig. S24c [38], and the energy band 

Fig. 5. (a) The electrostatic potential of TiO2 and ZIS; (b) charge density difference analysis for the interface of TiO2 and ZIS; proposed mechanism of photocatalytic 
H2 production reaction on ZIS-TiO2 (c) and ZIS-Pt-TiO2 (d).
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