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The performance of any photocatalyst relies on its solar harvesting and charge separation characteristics.
Fabricating the S-scheme heterostructure is a proficient approach for designing next-generation photo-
catalysts with improved redox capabilities. Here, we integrated ZnIn,S, (ZIS) and MoS, nanosheets to
develop a unique S-scheme heterostructure through an in situ hydrothermal technique. The designed
ZIS/MoS; heterostructure showcased a 2.8 times higher photocatalytic H, evolution rate than pristine ZIS
nanosheets. The steady-state optical measurements revealed enhanced visible light absorption and
reduced charge recombination in the heterostructure. Transient absorption (TA) spectroscopy revealed
the interfacial electron transfer from ZIS to MoS,. The X-ray photoelectron and electron/hole quenching
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TA spectroscopic measurements collectively confirmed the integration of both semiconductors in an
S-scheme manner, facilitating enhanced H, production in the case of the heterostructure. This study
highlights the importance of in-depth spectroscopic investigations in advancing the photocatalytic per-
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Introduction

The utilization of semiconductor photocatalysis for hydrogen
generation is increasingly recognized as a feasible approach to
meet the higher demands of current energy consumption.’ > A
significant obstacle in this domain is the inefficient spatial
segregation of photogenerated electrons and holes in the
photocatalysts. In this regard, the van der Waals hetero-
structure has been regarded as a potential candidate for over-
coming this obstacle by providing vertical isolation to the
charge carriers in different semiconductors.®

Following the discovery of graphene and its extraordinary
properties, there has been renewed interest in the world of
science for two-dimensional (2D) layered materials. This group
includes metal chalcogenides, transition metal oxides, and
other 2D materials.” One of the classes in this field is that of
transition metal dichalcogenides or TMDCs. These are fasci-
nating because they provide a wide range of structural and
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formance of S-scheme heterostructure-based photocatalysts.

optoelectronic properties, including high carrier mobility,
tunable band positions, a large number of surface-active sites,
and strong light-matter interactions.®® These unique traits
make 2D TMDCs ideal for constructing high-performance
optoelectronic and photocatalytic devices.” ! Along with the
strong light-matter interaction, an efficient photocatalyst
should exhibit other essential properties like enhanced solar
energy absorption, appropriate redox potential, slower carrier
recombination and rapid carrier transport towards the photo-
catalytically active sites.">"® It is hard to have all these pro-
perties in a single 2D material. The construction of the van der
Waals heterostructure with other 2D materials is one promis-
ing approach that utilizes the individual properties of its con-
stituent materials and advances their photocatalytic perform-
ance. Recently, step scheme (S-scheme) heterojunctions, which
provide enhanced photocatalytic activity by improving charge
separation and retention of strong redox potentials, have
gained significant attention in nanotechnology and materials
science."* The S-scheme heterojunction offers an advanced
charge transfer pathway by allowing electrons in the conduc-
tion band (CB) of one semiconductor, which is an oxidation
photocatalyst (OP), to recombine with holes in the valence
band (VB) of another semiconductor, called a reduction photo-
catalyst (RP), preserving the strong redox potentials of the
respective charge carriers.'>'® This unique mechanism dis-
tinguishes it from traditional type-II heterojunctions and has

This journal is © The Royal Society of Chemistry 2025
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been proven to facilitate more efficient charge separation,
leading to improved photocatalytic performance. A series of
S-scheme heterostructures has been utilized in photocatalytic
applications."” %

Among the materials used for constructing S-scheme het-
erojunctions, ZnIn,S, (ZIS) and molybdenum disulfide (MoS,)
are two promising candidates due to their favourable band
structures and photocatalytic properties.>*** Ternary metal
chalcogenides, especially II-11I,-VI, semiconductors like ZIS,
are gaining recognition in photocatalysis due to their suitable
band gaps, easy synthesis routes, varied catalytic functions,
and cost-effectiveness. ZIS, a ternary metal chalcogenide, has
gained attention for its stable physicochemical properties,
tunable bandgap, and excellent visible light absorption.>*>?®
However, despite the high photocatalytic potential of ZIS, its
performance is often limited by the fast recombination of
charge carriers. On the other side, MoS,, a 2D TMDC, offers
high conductivity and an optimal electronic structure for
photocatalytic hydrogen evolution.”” By integrating these two
semiconductors in an S-scheme heterojunction, synergistic
effects can enhance light absorption, facilitate efficient charge
separation, and boost overall photocatalytic performance.
Previous studies on the ZIS/MoS, heterostructure have indi-
cated their potential in hydrogen evolution reaction (HER)
application.”®*® Despite these advancements, several chal-
lenges remain, including the need for better control over the
morphology of the heterojunction and the optimization of
interfacial contact between the semiconductors to minimize
energy losses during the charge transfer process. One promis-
ing direction for further enhancing the performance of
S-scheme photocatalysts lies in using transient absorption (TA)
spectroscopy to study the ultrafast dynamics of charge transfer
at the semiconductor interface. Ultrafast spectroscopy can
provide crucial insights into the lifetime and pathways of
photogenerated charge carriers, allowing researchers to fine-
tune the material’s properties for maximum efficiency.>*> To
date, very limited reports are available in the existing literature,
where TA spectroscopy has been to investigate the responsible
photophysical processes in S-scheme heterostructures for their
enhanced photocatalytic performance.**** Deng et al. fabri-
cated the In,03/Nb,Os5 heterostructure and performed TA spec-
troscopic measurements. This study revealed the generation of
strong interfacial electric fields (IEFs) at the S-scheme inter-
face, which promoted rapid charge transfer, significantly redu-
cing recombination rates and enhancing photocatalytic CO,
reduction.’® Similarly, Li et al. designed an S-scheme hetero-
structure comprising organic (g-C;N,) and inorganic (CdS)
semiconductors. They explored the S-scheme charge transfer
pathways responsible for the improved H, production in the
heterostructure by performing various experimental and
theoretical measurements.** To the best of our knowledge, no
report in the literature discusses the ultrafast charge carrier
dynamics in the S-scheme ZIS/MoS, heterostructure. A detailed
spectroscopic investigation is needed to explore the charge
transfer characteristics in this unique heterojunction and its
effective utilization in photocatalytic H, production.

This journal is © The Royal Society of Chemistry 2025
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In this work, we have provided an in-depth discussion of
the charge transfer dynamics in a novel S-scheme ZIS/MoS,
heterostructure using pump-probe TA spectroscopy. A simple
and cost-effective hydrothermal synthetic route was followed to
construct the heterostructure. TEM and HRTEM measure-
ments demonstrated the formation of a van der Waal hetero-
structure between these two semiconductors. The ZIS/MoS,
heterostructure displayed substantially enhanced photo-
catalytic H, production compared to pristine systems. Steady-
state spectroscopy disclosed enhanced absorption and reduced
charge recombination in the case of the heterostructure. XPS
studies suggested the formation of the S-scheme interface,
which exhibited the directional electric field. The underlying
mechanisms of charge separation and transfer within the het-
erojunction were elucidated using TA spectroscopy. The ultra-
fast study revealed the interfacial electron transfer and con-
firmed the S-scheme interface. Our findings highlight the role
of interface engineering and morphology control in optimizing
the performance of S-scheme heterojunctions, paving the way
for further progress in sustainable hydrogen production
technologies.

Results and discussion

The ZIS nanosheets and ZIS/MoS, heterostructures (ZIS/MoS,-
2, ZIS/Mo0S,-5, ZIS/M0S,-10 and ZIS/MoS,-15) with different
weight % of MoS, (2, 5, 10 and 15 wt%) were synthesized
using a robust and cost-effective hydrothermal method. The
pristine MoS, nanosheets were obtained using the liquid-exfo-
liation technique. We performed XRD to study the structural
properties of all the pristine and heterostructures. Fig. 1la
shows the XRD patterns of the as-synthesized ZIS, MoS,, ZIS/
MoS,-2, ZIS/Mo0S,-5, ZIS/Mo0S,-10 and ZIS/MoS,-15 hetero-
structures. The XRD pattern of ZIS shows a good resemblance
with the hexagonal crystal structure of ZIS (JCPDS 01-089-
3963)."*2 On the other side, the MoS, XRD pattern exhibits
peaks at 20 values of 14.5°, 32.8°, 33.6°, 35.9°, 39.6°, 44.3°,
49.9°, 58.4° and 60.5°, corresponding to the reflection planes
of (002), (100), (101), (102), (103), (006), (105), (110) and (008),
respectively.>>° The presence of these peaks confirms the hex-
agonal phase of MoS,. In the case of heterostructures, we
observed the presence of the planes related to both ZIS and
MoS,. However, the intensity of the MoS, planes increased
with the increasing amount of MoS, in heterostructures.

Next, we studied the surface morphology of the synthesized
materials using transmission electron microscopy (TEM) and
high-resolution TEM (HR-TEM). Fig. 1b and c¢ show the TEM
image of ZIS and MoS,, respectively. Both the pristine systems
exhibit a nanosheet-like morphology, as also observed in the
field emission scanning electron microscopy (FESEM) images
of both the pristine systems (Fig. S1t). As shown in Fig. 1d, the
growth of the ZIS nanosheets was observed on top of MoS,
nanosheets in ZIS/Mo0S,-10, which indicated the formation of
the van der Waals heterostructure. Fig. 1(e-g) shows the
HR-TEM images of the ZIS, MoS,, and ZIS/MoS, hetero-

Nanoscale, 2025,17, 7908-7916 | 7909


https://doi.org/10.1039/d4nr05043f

Published on 25 shkurt 2025. Downloaded on 7.11.2025 11:22:51 e pasdites.

Paper

@[T 1

J o
# # *

- AE | ). zsiMosy15
# « A# # i ZISIMoS-10| §

*
# . A # )\ 2ZISIMoS2-5

*

« X \ ZisiMos;-2
A A zis ()

JCPDS-ZnIn,S,
.I .].l .!l ln'l r '.'
10 20 30 40 50 60 70
20 (degree)

—
JCPDS-MoS,

MoS, (#)
A AA.

Intensity (a.u.)

View Article Online

Nanoscale

50nm

Fig. 1 (a) XRD pattern of the as-synthesised ZIS, MoS,, ZIS/M0oS,-2, ZIS/M0S,-5, ZIS/MoS,-10 and ZIS/MoS,-15 heterostructures. TEM and HRTEM
images of the as-synthesized (b and e) ZIS, (c and f) MoS,, (d and g) the ZIS/MoS,-10 heterostructure.

structure. For ZIS, the interplanar spacing was found to be
0.32 nm, corresponding to the (102) plane of hexagonal ZIS.
On the other hand, the HR-TEM image of MoS, shows the
lattice fringes with a d-spacing of 0.27 nm corresponding to
the (100) plane observed at a 26 value of 32.8° in the XRD
pattern of MoS, (Fig. 1a). The HR-TEM image of the ZIS/MoS,
heterostructure (Fig. 1g) disclosed the two different lattice
fringes with d-spacing of 0.32 nm and 0.27 nm, corresponding
to the (102) and (100) planes of ZIS and MoS,, respectively,
which portrays the clear interface between the ZIS and MoS,
nanosheets in the heterostructure.

Furthermore, all the pristine and heterostructures were uti-
lized in the photocatalytic reaction, in which the H, pro-
duction was monitored under solar light illumination. Fig. 2a
shows the photocatalytic H, yield for all the synthesized
materials. The pristine MoS, did not show any photocatalytic
activity, which was also observed -earlier.”®*® The ZIS
nanosheets displayed a H, generation yield of 2276 umol g™*
under 5 h solar irradiation, resulting in a H, production rate
of 455 pmol g~' h™' (Fig. 2b). This H, production rate
increased to 602 pmol g~* h™" when 2 wt% of MoS, was inte-
grated with ZIS nanosheets. The highest evolution rate was
measured for the ZIS/MoS,-10 heterostructure as 1280 umol
g~' h™, which is nearly 2.8 times higher than that of pristine
ZIS. Two other important photocatalytic parameters, solar-to-
hydrogen conversion efficiency and apparent quantum
efficiency (irradiation wavelength = 400 nm), were also found
to be improved in the case of the ZIS/M0S,-10 heterostructure
as compared to those of ZIS nanosheets. Detailed calculations
are provided in the ESL Also, the ZIS/Mo0S,-10 heterostructure
shows better H, evolution performance in comparison with
many previously reported heterostructure-based photocata-
lysts, as listed in Table S3.7 However, further increment of
MoS, (15 wt%) decreased the evolution rate to 813 pmol g
h™'; this is possibly due to the suppression of the ZIS active

7910 | Nanoscale, 2025, 17, 7908-7916

sites after the introduction of excessive MoS,. After that, we
also performed the recyclability and stability test for the ZIS/
MoS,-10 heterostructure. Fig. S2at shows the recycling H,
evolution data for the ZIS/Mo0S,-10 heterostructure. The
photocatalyst was found to be stable and retained its H, evol-
ution performance (92%) after three cycles of 5 h reaction
time. The stability of the ZIS/MoS,-10 heterostructure photo-
catalysts was also illustrated by XRD measurement, which
was recorded after the photocatalysis (Fig. S2bt). No signifi-
cant change was observed in the XRD pattern after the photo-
catalysis, which further confirmed the photostability of the
photocatalyst.

To investigate the reason behind the superior photocatalytic
performance of the ZIS/MoS,-10 heterostructure as compared
to those of their pristine systems, we conducted an in-depth
spectroscopic investigation using a wide range of spectroscopic
techniques, including steady-state absorption and photo-
luminescence (PL) spectroscopy, X-ray photoelectron spec-
troscopy (XPS) and femtosecond transient absorption (TA)
spectroscopy. Fig. 2c displays the steady-state absorption
spectra of ZIS, MoS, and the ZIS/MoS,-10 heterostructure. The
ZIS absorption spectra exhibit a peak maximum of around
390 nm, which originates from the higher energy
transition.">*® In the heterostructure, the absorption was
observed to be enhanced as compared to that of pristine ZIS
due to the presence of MoS,. The characteristic A and B exci-
tonic peaks were also observed in the bare MoS, flakes and
heterostructure, as shown in Fig. 2d. A and B excitons orig-
inate from the transition between the conduction band
minimum and spin-split valence band maxima at the K point
in the momentum space.’”*® The enhanced visible range
absorption is beneficial for the heterostructure in photo-
catalytic hydrogen production. The PL spectra portray the
recombination characteristics of charge carriers in the bare
ZIS and ZIS/MoS,-10 heterostructure after photoexcitation at

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 H; production (a) yields and (b) rates of ZIS, MoS,, ZIS/MoS,-2, ZIS/MoS,-5, ZIS/M0S,-10 and ZIS/MoS,-15 heterostructures. (c) Steady-state
absorption spectra of ZIS, MoS,, and ZIS/MoS,-10. (d) Enlarged view for ZIS/MoS,-10. (e) Photoluminescence spectra of ZIS and ZIS/MoS,-10 after

photoexcitation at 350 nm. (f) Band position estimation for ZIS and MoS,.

350 nm, as shown in Fig. 2e. The ZIS spectra exhibit a broad
PL emission extending beyond 700 nm with a peak maximum
of around 435 nm. The 435 nm peak originated from the
direct recombination of the conduction band electrons and
valence band holes, whereas the extended broad emission in
the red region is attributed to the trap state mediated recombi-
nation.”® The PL intensity decreased in the heterostructure,
which suggests the reduction in the recombination between

This journal is © The Royal Society of Chemistry 2025

the CB electrons and VB holes of ZIS, possibly due to the inter-
facial charge transfer in the heterostructure. The band gaps of
ZIS and MoS, were calculated as 2.64 and 1.73 eV, respectively
(Fig. S3b and S3ct), with the help of DRS spectra, whereas the
XPS VB spectra determine the respective VB of both semi-
conductors as 1.62 and 0.50 eV, respectively, as shown in
Fig. S3a.t By combining these two pieces of information, the
respective band positions were estimated and are shown in

Nanoscale, 2025, 17, 7908-7916 | 7911
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Fig. 2f. ZIS and MoS, show a staggered type band alignment in
the heterostructure.

Next, we conducted XPS studies to explore the surface
chemical states of the synthesized bare and heterostructures.
The high-resolution XPS (HR-XPS) spectra (Fig. 3) confirm the
presence of Zn, In, S, and Mo in the pristine and hetero-
structures. For ZIS, the HR-XPS spectrum of Zn 2p (Fig. 3a)
exhibits two peaks at 1021.9 and 1045.0 eV, corresponding to
2pss» and 2p4,,, respectively. In Fig. 3b, two peaks at 444.9 and
452.4 eV are attributed to the 3ds/, and 3d,,, of In 3d.?° The S
2p spectrum for ZIS (Fig. 3d) showed two characteristic peaks
at 161.6 €V (2ps),) and 162.7 eV (2py,),>® whereas for MoS,, S
2p peaks were observed at 162.0 and 163.1 eV. Additionally,
two peaks of Mo 3ds,, and Mo 3d;,, were found at 228.5 and
231.6 eV, respectively (Fig. 3c), for pristine MoS,.>® It is worth
noting that the peaks related to ZIS (Zn 2p, In 3d and S 2p)
were observed to be shifted to lower binding energy in the
heterostructure. Conversely, Mo 3d of ZIS/MoS,-10 experienced
a positive shift to higher binding than pristine MoS,. These
outcomes are attributed to the electron migration from MoS,
to ZIS when they are integrated to form a heterostructure,
resulting in a generation of the interfacial electric field at the
interface with the direction from MoS, to ZIS. The above
results indicate a formation of the S-scheme heterojunction
between both nanosheets.”*?*
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To validate the S-scheme formation and investigate the
interfacial photophysical processes involved in the superior
photocatalytic performance of the ZIS/MoS, heterostructure,
we employed state-of-the-art Femtosecond TA spectroscopy for
pristine nanosheets and their heterostructure. Fig. 4a shows
the TA spectra of ZIS as a function of different pump-probe
time delays following the photoexcitation at 370 nm. The
spectra exhibit a strong photo-induced bleach signal in the
spectral range of 400-600 nm, with the peak maxima around
420 nm. In our previous work, we have already assigned this
bleach maxima to the transition from the CBM to the VB
states."®?® In addition to a strong bleach maximum, we
observed a weak and broad bleach signal in the red region of
the spectra, which originated from the mid-band gap trap state
transitions.”® The TA kinetics of ZIS, portrayed in Fig. 4c,
reflects the time-dependent carrier population at the corres-
ponding state monitored at the bleach maxima (~420 nm).
The TA kinetics was fitted using a multiexponential function
with one growth (z, = 0.2 ps) component and three decay com-
ponents (z; = 5.6 ps, 7, = 52.4 ps and 73 > 1 ns), which are tabu-
lated in Table S4.1 The growth of the bleach signal signifies
the time involved in the cooling of the hot carrier to the par-
ticular energy state that is being monitored. Meanwhile, the
decay time constants correspond to the trapping and recombi-
nation processes. The first two decay time constants (z; =

T

3dsp In 3d 3d3p

Intensity (a.u.)

ZIS/MoS,-10

445 450 455

Binding Energy (eV)

(d) S2p
) zIs
s N
> '

2 3 Mos,
‘D L :
< N

5 : ZIS/MoS,-10

158 160 162 164 166 168
Binding Energy (eV)

Fig. 3 High-resolution XPS spectra of (a) Zn 2p and (b) In 3d for ZIS and ZIS/MoS,-10 and (c) Mo 3d for MoS, and ZIS/MoS,-10. (d) S 2p for ZIS,

MoS; and ZIS/MoS,-10.
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Fig. 4 TA spectra of (a) ZIS nanosheets and (b) the ZIS/MoS,-10 heterostructure after photoexcitation at 370 nm. (c) Comparative TA kinetics of ZIS
and ZIS/MoS,-10, monitored at 420 nm. Ultrafast photophysical processes, such as electron trapping and interfacial electron transfer (IET) processes

in (d) bare ZIS and (e) the ZIS/MoS, heterostructure.

5.6 ps and 7, = 52.4 ps) were assigned to the trapping and de-
trapping of the charge carriers in the mid-band gap trap
states, respectively (Fig. 4d). The longest-time component (z; >
1 ns) is attributed to the electron-hole recombination. The
role of individual carriers (electrons and holes) in the relax-
ation dynamics of the semiconductors is usually determined
with the help of electron/hole quenching experiments.***° In
our study, we used benzoquinone (BQ) and TEOA as electron
and hole quenchers, respectively, to find out the contribution
of the respective charge carriers in the transient bleach signals
of the pristine systems. As shown in Fig. S2a and S2b,f the
comparative kinetic profiles monitored at bleach maxima of
ZIS validate the domination of electrons in the ZIS bleach
signal, as the bleach signal completely quenched around
100 ps with the addition of BQ, whereas the kinetics was
observed to be similar in the case of TEOA.

Next, we carried out our transient spectroscopic investi-
gation for the ZIS/MoS,-10 heterostructure to understand the
interfacial charge transfer phenomena. It is worth mentioning
that we maintained similar experimental conditions through-
out the TA measurements. The TA spectra of the hetero-

This journal is © The Royal Society of Chemistry 2025

structure (Fig. 4b), dominated by a broad bleach signal,
peaking around ~423 nm, show a spectral similarity to the
pristine ZIS nanosheets. Fig. 4c shows the comparative TA
kinetics of ZIS before and after the integration of MoS,
nanosheets. The kinetic profile was observed to be accelerated
in the case of ZIS/MoS,-10, with reduced decay time constants
(z1 = 2.7 ps and 7, = 30.2 ps) as compared to that of pristine
ZIS (z1 = 5.6 ps and 7, = 52.4 ps), which affirms the interfacial
charge transfer from the ZIS to MoS, side. This charge transfer
reduced the charge recombination in the ZIS side as the con-
tribution of the 7; reduced by half (Table S471) in the case of
the heterostructure (25% for ZIS and 12.5% for ZIS/MoS,-10).
As the bleach signal is dominantly contributed by the elec-
trons, the faster TA kinetics can be evidently assigned to the
thermodynamically feasible interfacial electron transfer (IET)
from the ZIS CB to MoS, VB, as shown schematically in
Fig. 4e. This is an important characteristic evident for the S
scheme interface.>>*" In the case of the S-scheme heterojunc-
tion, the generated directional electric field from MoS, to ZIS
allows electron migration in the opposite direction, i.e., from
ZIS to MoS, after the light irradiation."®

Nanoscale, 2025,17, 7908-7916 | 7913
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Furthermore, we conducted TA spectroscopy for another
constituent of the heterostructure, i.e., MoS,, in the spectral
range of 600-720 nm. Fig. 5a shows the TA spectra of pristine
MoS, nanosheets after 370 nm photoexcitation. The spectrum
comprises two bleach signals with maxima positioned at
~684 nm and ~620 nm, assigned to the A and B excitonic
peaks, respectively. The formation of these excitons in MoS, is
schematically illustrated in Fig. 5d. These excitonic features
retained their spectral identity in the case of ZIS/MoS,-10, as
portrayed in Fig. 5b. The TA decay kinetics of A excitons for
bare MoS, and the heterostructure (Fig. 5¢) were fitted multi-
exponentially in three-time constants, as listed in Table S47 (z;
=3.02 ps, 7, = 69.9 ps and 73 > 1 ns for MoS,, 7; = 0.94 ps, 7, =
15.7 ps and 73 > 1 ns for ZIS/MoS,-10). Faster kinetics was
observed for the heterostructure compared to individual MoS,
kinetics, which was expected because of the participation of
MosS, holes in the recombination processes with the interfacial
transferred electrons from ZIS (Fig. 5e). The stronger influence
of the TEOA (hole quencher) addition as compared to that of
BQ (electron quencher) in the kinetic profile of pristine MoS,
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(Fig. S4c and S4dft) also supports the above findings, which
suggest the recombination of the ZIS CB electrons and MoS,
VB holes due to the IET process. The involvement of the MoS,
holes in the S-scheme recombination process suppressed the
recombination on the MoS, side, as indicated by the reduced
proportion of the longest decay component related to charge
recombination (z; > 1 ns) in the heterostructure (16.7%) as
compared to that of pristine MoS, (33.4%). Consequently, the
electrons of the MoS, CB are isolated, and they actively partici-
pate in the photocatalytic H, reduction process.

Fig. 6 shows a schematic representation of the proposed
photocatalytic H, production mechanism based on the spec-
troscopic investigation. In the ZIS/MoS, heterostructure, the
charge carriers (electrons and holes) were generated in both
the semiconductors after solar irradiation. Subsequently, the
CB electrons of ZIS migrated towards the VB of MoS, due to
the generation of the interfacial electric field in the S-scheme
manner (IET) and recombined with the VB holes of MoS,. This
interfacial recombination isolated the CB electrons of MoS,
and VB holes of ZIS. The ZIS holes interacted with a sacrificial

(b) ZISIMoS5-10
OI IIIIIIIIIIIII‘I‘IIIIIIIIIIIIIIIIVIIV-
-y
a)
o
E
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— D PS 100 ps
24 5ps 1ns
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Fig. 5 TA spectra of (a) MoS; and (b) the ZIS/MoS,-10 heterostructure after photoexcitation at 370 nm. (c) Comparative TA kinetics of MoS, and
ZIS/MoS,-10, monitored at the A excitonic position (687 nm). Ultrafast photophysical processes like the formation of A and B excitons and IET in (d)

MoS; and (e) the ZIS/MoS; heterostructure.
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Fig. 6 Schematic representation of the plausible mechanism of the
photocatalytic hydrogen production in the ZIS/MoS, heterostructure.

MoS,

agent, TEOA. In contrast, the electrons of the MoS, CB, having
a higher reduction potential, efficiently participated in the
photocatalytic reduction process and resulted in a higher H,
production for the ZIS/MoS, heterostructure in comparison
with both of its constituents solely.

Conclusion

In summary, we synthesized a unique S-scheme hetero-
structure between ZIS and MoS, using a hydrothermal tech-
nique. The TEM measurements confirmed the formation of a
van der Waals heterostructure between these two nanosheets.
Under solar energy irradiation, the hydrogen evolution rate
through photocatalysis in the ZIS/MoS, heterostructure was
quantified at 1280 pmol g~' h™', showcasing an increase of
almost 2.8 times in comparison with the hydrogen evolution
rate of pristine ZIS nanosheets. Steady-state absorption spec-
troscopy showed enhanced absorption in the visible range for
the heterostructure. The lower PL intensity of ZIS/MoS, is
attributed to the lesser recombination in the heterostructure.
XPS indicated the creation of a directional electric field from
MoS, to ZIS owing to the S scheme interface characteristics.
We further conducted ultrafast TA measurements to investigate
the interfacial charge transfer between these two 2D materials.
TA study demonstrated the faster decay kinetics for the hetero-
structure than for both the pristine systems. The quenching
experiment revealed the dominance of electrons and holes in
the ZIS and MoS, bleach signals, respectively. TA analysis con-
cluded that the interfacial electron transfer from the conduc-
tion band of ZIS to MoS, enhanced the S-scheme charge separ-
ation, which resulted in higher photocatalytic activity in the
heterostructure. Overall, this work provides a comprehensive
spectroscopic understanding of the interfacial charge carrier

This journal is © The Royal Society of Chemistry 2025
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dynamics in a 2D/2D ZIS/MoS, heterostructure. This detailed
exploration would be beneficial in designing state-of-the-art
van der Waal’s heterostructure-based S-scheme photocatalysts
and advancing their utilization for industrial H, production.
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