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photoredox catalysis†
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Benefiting from their excellent light-capturing ability, suitable energy band structure and abundant active

sites, transition metal chalcogenides (TMCs) have been attracting widespread attention in heterogeneous

photocatalysis. Nonetheless, TMCs still suffer from sluggish charge transfer kinetics, a rapid charge

recombination rate and poor stability, rendering the construction of high-performance artificial

photosystems challenging. Here, a ternary dumbbell-shaped CdS/MoS2/CuS heterostructure with

spatially separated catalytically active sites has been elaborately designed. In such a heterostructured

nanoarchitecture, MoS2 clusters, selectively grown on both ends of the CdS nanowires (NWs), act as

terminal electron collectors, while CuS nanolayers, coated on the sidewalls of CdS NWs through ion

exchange, form a P–N heterojunction with the CdS NW framework, which accelerates the migration of

holes from CdS to CuS, effectively suppressing the oxidation of sulfide ions and improving the stability of

CdS NWs. The well-defined dumbbell-shaped CdS/MoS2/CuS ternary heterostructure provides

a structural basis for spatially precise regulation of the charge migration pathway, where photogenerated

electrons and holes directionally migrate to the MoS2 and CuS catalytic sites, respectively, ultimately

achieving efficient carrier separation and significantly enhancing photoactivity for both photocatalytic

hydrogen generation and selective organic transformation under visible light. Moreover, we have also

ascertained that such ion exchange and interface configuration engineering strategies are universal. Our

work features a simple yet efficient strategy for smartly designing multi-component heterostructures to

precisely modulate spatially vectorial charge separation at the nanoscale for solar-to-hydrogen conversion.
1. Introduction

With the rapid increase in global energy demand, energy and
environmental issues have become increasingly prominent,
driving the rapid development of sustainable clean energy.1–3

The advantages of solar energy, including abundance, sustain-
ability and environmental friendliness, render solar-driven
photocatalysis a viable solution to the aforementioned chal-
lenges.4,5 In the past few decades, photocatalysis technology has
been thrivingly developed including photocatalytic hydrogen
production, CO2 reduction and nitrogen xation, selective
organic transformation, and environmental remediation.6–8

However, its development is retarded by the conned light
absorption scope, poor photostability, and high electron–hole
recombination rate of semiconductor materials, reducing the
ring, Fuzhou University, New Campus,

stry, Fujian Institute of Research on the

Sciences, Fuzhou, Fujian 350002, P. R.

tion (ESI) available. See DOI:

14790
solar energy conversion efficiency and posing signicant chal-
lenges in constructing robust and sustainable articial photo-
catalytic systems.9–11

Among the diverse semiconductor materials, transition
metal chalcogenides (TMCs) have been widely explored due to
their suitable energy band structure, outstanding light-
capturing ability and enriched active sites.12,13 However, wide-
spread applications of TMCs in heterogeneous photocatalysis
are still hindered by sluggish charge transfer kinetics, severe
photo-corrosion and a rapid charge recombination rate. To
solve these problems, multifarious strategies have thus been
proposed to optimize the photocatalytic efficiency of TMC
photosystems, such as metal or non-metal element doping, co-
catalyst loading and heterojunction engineering.14–16 Among
them, co-catalyst modication represents a simple and feasible
method for constructing high-efficiency TMC photocatalytic
systems by providing abundant surface catalytically active sites
and reducing the activation energy of surface redox
reactions.17–20 Nevertheless, it should be emphasized that the
interfacial integration mode between TMCs and co-catalysts is
of paramount importance for the effective separation of pho-
togenerated charge carriers, which is heavily dependent on
© 2024 The Author(s). Published by the Royal Society of Chemistry
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applicable interface engineering techniques, aimed at meticu-
lously constructing directional charge transfer pathways.

Constructing TMC heterostructure photosystems via exqui-
site, easily accessible, and tunable interface conguration
regulation provides a feasible and efficient approach to enhance
the photoactivities by maximizing the synergy of ingredients for
enhanced interfacial charge transport and separation. In such
a well-designed nanoarchitecture, favorable energy level align-
ment among the building blocks, decent interface integration
fashion, and increased active sites concurrently enhance the
carrier transport kinetics, prolong the carrier lifetime, and
enhance the stability of heterostructure photosystems.21–23

Apart from heterojunction engineering, spatially precise co-
catalyst loading on heterostructure photocatalysts provides an
additional efficacious route to further strategically mediate
charge migration by remarkably reducing the activation energy,
providing charge trapping sites, and reinforcing charge ow
impetus. Inspired by the structural merits of one-dimensional
(1D) TMCs, which feature spatially unidirectional high-effi-
ciency charge transport along the 1D framework, we believe that
selectively positioning appropriate co-catalysts at both ends and
sidewalls of 1D TMCs for designing a dumbbell-shaped
composite photocatalyst is benecial for engendering spatially
separated vectorial charge migration channels. In this way,
carrier migration pathways over the customized dumbbell-
shaped heterostructure can be precisely modulated, which
signicantly diminishes the charge accumulation and enhances
the charge separation.

In this work, a ternary dumbbell-shaped CdS/MoS2/CuS het-
erostructure photosystem was designed via progressive interface
modulation. Specically, as a proof-of-concept investigation, CdS
nanowires (NWs) are selected as a quintessential TMC substrate,
and then a dumbbell-shaped CdS/MoS2 binary nanocomposite
was prepared by selectively growing MoS2 clusters at both ends of
CdS NWs through a hydrothermal reaction. Subsequently, CuS
was uniformly coated on the sidewall of CdS NWs through a facile
ion exchange strategy. The thus-formed P–N heterojunction at the
contact interface between CdS and CuS promotes electron trans-
fer from CuS to CdS, while holes migrate from CdS to CuS under
the driving force of the built-in electric eld, avoiding the accu-
mulation of holes. At the same time,MoS2 clusters at both ends of
CdS provide abundant reactive sites to quickly trap the electrons
for photoreduction catalysis including photocatalytic hydrogen
generation and photoreduction of aromatic nitro compounds to
amino derivatives under visible light. The synergistic effect of
MoS2 and CuS concomitantly promotes the charge separation/
migration of the CdS/MoS2/CuS ternary heterostructure. Our work
conceptually demonstrates the smart design of robust, stable and
well-dened heterostructure photocatalysts with spatially sepa-
rated charge transport pathways for solar energy conversion.
2. Experimental section
2.1. Preparation of CdS nanowires (NWs)

CdS NWs were fabricated via a hydrothermal method. The
detailed synthesis procedures are provided in the ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
2.2. Preparation of the CdS/MoS2 nanodumbbell binary
nanocomposite

CdS/MoS2 nanodumbbells were prepared by a hydrothermal
method using CdS NWs as the substrate. The detailed infor-
mation on the synthesis procedures is provided in the ESI.†
2.3. Preparation of CdS/MoS2/CuS nanodumbbell ternary
nanocomposites

CdS/MoS2/CuS nanodumbbell heterostructures were synthe-
sized through a cation exchange strategy using CdS/MoS2 (CM

2)
nanodumbbells as the precursor. Specically, 100 mg of CM2

nanodumbbell catalyst was dispersed in 100 mL deionized
water under ultrasonic treatment. Then, a certain amount of
CuCl2$2H2O aqueous solution (0.1 M) was added to the above
suspension and vigorously stirred for 1 h. The samples were
precipitated, centrifuged, washed and dried overnight at 60 °C.
The loading percentage of CuS was controlled by adjusting the
volume of CuCl2$2H2O aqueous solution, and samples incor-
porating 0.2 mL, 0.4 mL, 1.2 mL, 2 mL, and 3.2 mL of 0.1 M
CuCl2$2H2O aqueous solution were designated as CM2Cu0.5,
CM2C1, CM2C3, CM2C5, and CM2C8, respectively.
2.4. Characterization

The crystal phase was explored by X-ray diffraction (XRD, X'Pert
Pro MPD, Philips, Holland). Morphologies were probed by eld
emission scanning electron microscopy (FESEM, Supra55, Carl
Zeiss, Germany). Transmission electron microscopy (TEM)
images were recorded using a TEM microscope system (JEOL-
2010). X-ray photoelectron spectroscopy (XPS) spectra were
collected on a photoelectron spectrometer (ESCALAB 250,
Thermo Scientic, America), for which the binding energy (B.E.)
of all tested elements was calibrated using the B.E. of C 1s
(284.80 eV). Fourier transform infrared (FTIR) spectra were
collected using an infrared spectrophotometer (TJ270-30A,
Tianjin, China). Raman spectra were studied using a Raman
spectrometer (Dxr-2xi, Thermo Scientic, America). Ultraviolet-
visible (UV-vis) light diffuse reectance spectroscopy (DRS) was
performed on a UV-vis spectrophotometer (Cary 7000, Varian,
America), for which the reectance background is BaSO4

ranging from 200 nm to 800 nm. Photoluminescence (PL)
spectra were recorded on a Varian Cary Eclipse spectrometer.
2.5. Photocatalytic hydrogen evolution

Photocatalytic hydrogen evolution measurements were con-
ducted using a 300 W Xe lamp (PLSSXE300D, Beijing Perfect
Light Co. Ltd, China) equipped with an optical cutoff lter (l >
420 nm) as the light source. Specically, 10 mg of the catalyst
was dispersed in 5 mL Na2S/Na2SO3 (Na2S : Na2SO3 = 0.25 mol :
0.35 mol) solution and stirred throughout the reaction. Photo-
catalytic activities were evaluated based on the H2 evolution
amount in the rst 2 h of the reaction. The H2 amount was
analyzed on an online gas chromatograph (Shimadzu GC-8A).
Cyclic photocatalytic H2 evolution measurements were carried
out as follows: the photocatalytic reaction system was thor-
oughly degassed aer the rst run reaction without separating
Chem. Sci., 2024, 15, 14778–14790 | 14779
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the photocatalysts or supplementing Na2S/Na2SO3 and, subse-
quently, the thoroughly degassed reaction system was irradi-
ated again under the same conditions.

The apparent quantum yield (A.Q.Y) of the reaction was
dened by the following equation:

A:Q:Yð100%Þ ¼ number of reacted electrons

number of incident photons
� 100%

¼ number of evolved hydrogen molecules� 2

number of incident photons
� 100%

(1)
2.6. Photocatalytic reduction performances

In a typical photoreduction reaction, a 300 W Xe lamp (PLS-
SXE300D, Beijing Perfect Light Co. Ltd, China) equipped with
a 420 nm cut-off lter (l > 420 nm) was used as the irradiation
source. 10 mg of catalyst and 40 mg of ammonium formate
(NH4HCO2) were added to 30 mL of nitroaromatics aqueous
solution (20 ppm), which was saturated with N2 bubbling under
ambient conditions. Before visible light illumination, the above
suspension was stirred in the dark for 1 h to ensure the estab-
lishment of adsorption–desorption equilibrium between the
sample and reactant. During the process of the reaction, 2 mL of
sample solution was collected at a certain time interval and
centrifuged to remove the catalyst completely at 12 000 rpm and
the supernatant was analyzed using a UV-vis absorption spec-
trophotometer (Thermal Genesis). Photoreduction of other
aromatic nitro compounds was also carried out under identical
conditions. The photoactivities of the samples are dened by
the following formula.

Conversion% ¼ C0 � C

C0

� 100% (2)

where C0 represents the initial concentration of nitroaromatics
and C is the concentration aer visible light irradiation for
a certain time.
2.7. PEC measurements

PEC water oxidation measurements were carried out on an elec-
trochemical workstation (CHI 660E, CHI Shanghai, Inc.) using
a standard three-electrode conguration and 0.5 M Na2SO4 (pH=

7) aqueous solution as the electrolyte. Pure CdS NWs, CM2 and
CM2C1 (1× 1 cm) were used as the working electrodes, and Pt foil
and an Ag/AgCl (KCl) electrode served as the counter electrode
and reference electrode, respectively. A 300 W Xe lamp (FX300,
Beijing Perfect Light Co. Ltd, China) equipped with a UV-cutoff
lter for visible light (l > 420 nm) was applied as the light source
for visible light irradiation. The potentials of the electrodes are
corrected against the reversible hydrogen electrode (RHE) via the
calibration equation as shown below:

ERHE = EAg/AgCl + 0.059pH + E˚Ag/AgCl (3)

(E˚Ag/AgCl = 0.1976 V at 25 ˚C)
14780 | Chem. Sci., 2024, 15, 14778–14790
3. Results and discussion
3.1. Characterization of heterostructures

Scheme 1 illustrates the preparation process of a dumbbell-
shaped CdS/MoS2/CuS ternary heterostructure. CdS NWs were
rst prepared by a hydrothermal method using ethylenedi-
amine as a chelating agent. Due to the increased surface energy,
there is a difference in reactivity between the tip and the rod
body of CdS NWs, and the selectivity of the tip is higher than
that of the rod body, leading to preferential axial growth.
Subsequently, a secondary hydrothermal reaction was carried
out to introduce a molybdenum source, and MoS2 clusters were
grown at both ends to prepare the dumbbell-shaped CdS/MoS2
binary nanocomposite. The MoS2 clusters at both ends of CdS
NWs serve as electron-capturing sites, promoting charge
transfer along the axial direction of CdS NWs and accelerating
carrier separation. Finally, considering that CuS (6.3 × 10−36)24

has a smaller Ksp value than CdS (8.0 × 10−27),25 and the MoS2
clusters at both ends of CdS are insoluble in water, Cu2+ ions
can be used to replace the Cd2+ of CdS through a ion exchange
strategy, forming a well-dened CdS/CuS P–N heterostructure
on the CdS sidewall of binary dumbbell-shaped CdS/MoS2
nanomaterials. The MoS2 clusters at both ends are not replaced
by Cu2+ ions but rather remain as hydrogen evolution active
sites. It should be stressed that the internal electric eld formed
on the sidewall of the CdS in the heterostructure promotes the
hole migration from CdS to CuS, enhancing the stability of the
CdS NW substrate. The innovative design of such a ternary
dumbbell-shaped CdS/MoS2/CuS heterostructure ensures the
spatial separation of reduction and oxidation sites, thereby
signicantly reducing the charge recombination rate and
enhancing the photoactivity.

The morphology evolution of the catalyst was probed by eld
emission scanning electron microscopy (FESEM) measure-
ments. Fig. 1a shows the FESEM image of CdS, which demon-
strates a typical rod-shaped structure with a relatively smooth
surface, and the diameter of the nanowires is about 30–50 nm.
Fig. 1b shows the morphology of the CM2 binary composite,
from which it is apparent that MoS2 clusters selectively grow at
both ends of the CdS NWs, forming a dumbbell-like structure.
Subsequently, a ternary dumbbell shaped CM2C1 hetero-
structure was constructed by cation exchange (replacing Cd2+

with Cu2+ ions) on the CdS sidewall of the dumbbell-shaped
CdS/MoS2 binary composite. As displayed in Fig. 1c, it is evident
that replacement of Cd2+ with Cu2+ ions does not inict damage
on the MoS2 clusters situated at both ends, and the CM2C1

heterostructure still maintains the dumbbell-shaped structure.
The structural characteristics of CM2C1 were further conrmed
by transmission electron microscopy (TEM). Fig. 1d indicates
that MoS2 at both ends demonstrates a clear cluster structure.
The microstructure and morphology of the dumbbell-shaped
CM2C1 ternary heterostructure were further analyzed by
HRTEM (Fig. 1e). From the locally enlarged HRTEM image
(Fig. 1f and g), lattice fringes of 0.357 nm and 0.325 nm corre-
sponding to the (100) and (110) crystal planes of CdS and CuS
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration depicting the construction of the CdS/MoS2/CuS nanodumbbell heterostructure.
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are clearly observed.26–28 To precisely determine the integration
sites between CdS and CuS, TEM elemental mapping analysis
was performed on CM2C1 (Fig. 1h–m). It was observed that Mo
element was concentrated at the ends of the CdS NWs, further
conrming the selective growth of MoS2 clusters at the ends of
the CdS NWs. Additionally, the distributions of Cu and Cd
elements are consistent, both concentrating on the nanowire
framework of CdS, indicating that CuS is accurately coated onto
the CdS NWs through an ion exchange strategy. The above
results indicate that a spatially controlled CdS/MoS2/CuS
ternary heterostructure has been successfully fabricated. The
synergistic effect of MoS2 clusters positioned at both ends and
the ultrathin CuS layer coated on the CdS sidewalls provides
a structural basis for the precise control of carrier transfer.

In addition to the intuitive morphology analysis, X-ray
diffraction (XRD) is used to analyze the crystal structure of the
sample. As shown in Fig. S1a,† pure CdS corresponds to
a hexagonal phase (JCPDS No. 65-3414).29 Only characteristic
diffraction peaks of CdS are detected in the dumbbell-shaped
CMx (x= 1, 2, 3, 4) binary nanocomposite, and no characteristic
diffraction peaks of MoS2 are detected (Fig. S1b†), which is
related to the low crystallinity (Fig. S1c†) and high dispersion of
MoS2. Moreover, it was revealed that the growth of MoS2 at both
ends of CdS NWs does not inuence the crystal structure of CdS.
Similarly, no characteristic peaks of MoS2 and CuS are observed
in the XRD pattern of the CM2C1 heterostructure, which is
caused by the low content of CuS generated through cation
exchange (Fig. 2a). Raman spectroscopy was employed to
conduct further analysis on the structures of CdS, CM2 and
CM2C1 materials. As displayed in Fig. 2b, apparent vibrational
peaks at 302 cm−1 and 605 cm−1 are observed, which are
attributed to the 1 LO longitudinal optical and 2 LO phonon
modes of hexagonal CdS,26 respectively. It is worth noting that
aer selectively growing MoS2 clusters at both ends of CdS NWs
to construct dumbbell-shaped CM2 composite materials, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
Raman peaks of 1 LO and 2 LO show negative shis. This is
associated with the lattice strain induced by the selective growth
of MoS2 clusters at the ends of CdS NWs, where the bond length
of the CdS lattice is stretched at the interface between CdS and
MoS2.30 The Raman spectrum of the CM2C1 ternary hetero-
structure retains the 1 LO and 2 LO peaks of CdS, but these
peaks are further negatively shied compared with CM2, which
is related to the selective substitution of Cd2+ with Cu2+ ions on
the sidewalls of CdS in the dumbbell-shaped CdS/MoS2 binary
composite. The above analysis conrms the successful
construction of a dumbbell-shaped CM-Cu1 heterostructure
through the gradual introduction of MoS2 and CuS. Fig. 2c
shows the FTIR spectra of CdS, CM2, and CM2C1, wherein the
peak at 3435 cm−1 is attributed to the stretching vibration mode
of the –NH group on the CdS surface.31 The decreased peak
intensity of CM2 and CM2C1 at 3435 cm−1 indicates that the
introduction of MoS2 and CuS shields the –NH peak.26,29 The
optical properties of the samples were investigated by diffuse
reectance spectroscopy (DRS). As shown in Fig. 2d, the
absorption band edge of pure CdS is approximately at 526 nm,
which correlates with the photoexcitation of CdS. Compared
with CdS, dumbbell-shaped CM2 exhibits signicantly
enhanced light absorption in the visible light range, which is
related to the selective growth of MoS2 clusters at both ends of
CdS NWs. The absorption capacity of the ternary dumbbell-
shaped CM2C1 heterostructure in the visible light range is
further enhanced, which can be attributed to the in situ
formation of CuS with a narrower band gap on the sidewall of
CdS, substantially boosting the light absorption capacity of the
CM2C1 heterostructure. The loading of MoS2 and CuS signi-
cantly enhances the light-capturing capability of CdS, laying the
foundation for efficient photocatalytic reactions. As shown in
Fig. 2e, the band gaps (Eg) of CdS, CM

2 and CM2C1 are deter-
mined to be 2.4, 2.37 and 2.34 eV, respectively, indicating that
MoS2 and CuS loading exerts limited inuence on the Eg of CdS.
Chem. Sci., 2024, 15, 14778–14790 | 14781
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Fig. 1 SEM images of (a) CdS, (b) CM2 and (c) CM2C1. (d) TEM and (e–g) HRTEM images of the CM2C1 nanodumbbell heterostructure, and
elemental mapping results of (h–m) CM2C1.
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The surface elemental composition and chemical state of the
catalyst were analyzed by X-ray photoelectron spectroscopy
(XPS). Fig. S2† shows the survey spectra of CdS and CM2C1 with
the appearance of Cd, S, Mo and Cu signals in CM2C1, wherein
Cd and S elements originate from CdS NWs, while Mo and Cu
elements stem from MoS2 and CuS, respectively. The high-
resolution S 2p spectrum of pure CdS (Fig. 2fI) shows two peaks
at 162.6 eV (S 2p1/2) and 161.37 eV (S 2p3/2) corresponding to the
S2− species,29,30 respectively. As shown in Fig. 2gI, the peaks at
411.89 eV (Cd 3d3/2) and 405.16 eV (Cd 3d5/2) in the high-reso-
lution Cd 3d spectrum of pure CdS correspond to the Cd2+

species,32 respectively. Compared with CdS, the binding ener-
gies of S 2p (Fig. 2fII) in CM2C1 exhibit a red shi, indicating
14782 | Chem. Sci., 2024, 15, 14778–14790
a strong electronic interaction between MoS2 and CuS with CdS.
Fig. 2h shows the high-resolution Cu 2p spectrum of CM2C1,
wherein the peaks at 933.13 eV (Cu 2p3/2) and 953.07 eV (Cu 2p1/
2) are attributed to the Cu2+ species.33 The high-resolution Mo
3d spectrum of CM2C1 is shown in Fig. 2i, wherein the peaks at
229 eV (Mo 3d5/2) and 232.63 eV (Mo 3d3/2) correspond to the
Mo4+ species of MoS2, and the peaks at 235.88 eV (Mo 3d3/2)
correspond to the Mo6+ species, which may be caused by Mo
oxidation.34,35 In addition, a peak at 225.87 eV corresponding to
S 2s species is observed in the Mo 3d spectrum, which is asso-
ciated with theMo–S bonds of MoS2.36 The specic surface areas
of CdS NWs, CM2 and CM2C1 are determined to be approxi-
mately 14.47, 14.79, and 20.00 m2 g−1, respectively (Fig. S3 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD patterns of the CM2C1 nanodumbbell heterostructure; (b) Raman, (c) FTIR, (d) DRS and (e) band-gap determination results of CdS,
CM2 and CM2C1; high-resolution (f) S 2p and (g) Cd 3d of (I) CdS and (II) CM2C1; high-resolution (h) Cu 2p and (i) Mo 3d of CM2C1.
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Table S3†), indicating that the introduction of MoS2 and CuS
has no signicant effect on the specic surface area of the
nanocomposites.
3.2. Photocatalytic performances

The photocatalytic hydrogen generation performances of the
samples were explored under visible light irradiation. As shown
in Fig. 3a, pure CdS exhibits low photocatalytic hydrogen
evolution activity due to severe photo-corrosion. Notably, its
photoactivity is signicantly enhanced aer the introduction of
MoS2, with CM2 displaying the highest hydrogen evolution
activity, which is 16.7 times as high as that of pure CdS. We
speculate that the MoS2 clusters at both ends of CdS NWs serve
as electron collectors, facilitating the charge migration from the
CdS NWs to MoS2 and then effectively reducing the recombi-
nation rate of charge carriers photoexcited over CdS. At the
same time, the MoS2 at both ends offers abundant reaction sites
to further enhance the photocatalytic hydrogen evolution reac-
tion, greatly improving the hydrogen evolution activity. With
further adjustment of the amount of molybdenum source
added, it was observed that the photocatalytic hydrogen
© 2024 The Author(s). Published by the Royal Society of Chemistry
evolution activity of CM3 quickly decreases. This is due to the
fact that introducing more MoS2 inevitably forms carrier
recombination centers on the surface of CdS NWs, which fails
to effectively facilitate the directional migration of electrons
along CdS NWs. This conrms the crucial role of selectively
growing MoS2 at both ends of CdS NWs in promoting charge
transfer. The photoactivity of CM4 is almost equivalent to that of
pure CdS, indicating that the introduced amount of MoS2
greatly exceeds the loading capacity of CdS, resulting in
a shielding effect that is unfavorable for the participation of
photoexcited electrons from CdS in the catalytic reaction.
Fig. 3b shows the photocatalytic hydrogen evolution rate of the
dumbbell-shaped CM2Cx (x = 0.5, 1, 2, 3, 4) ternary hetero-
structures, among which CM2C1 exhibits the highest hydrogen
evolution rate that is 3.4 times larger than that of CM2. By
selectively integrating MoS2 and CuS onto CdS NWs, the
synergistic effect of MoS2 and CuS can be fully utilized, greatly
enhancing the photocatalytic activity of the CM2Cx photo-
system. Meanwhile, to verify the superiority of selective loading
of MoS2 and CuS on CdS NWs, we prepared control samples of
CdS/CuS/MoS2 (C/C/M) and CdS–CuS–MoS2 (C-C-M) ternary
Chem. Sci., 2024, 15, 14778–14790 | 14783
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Fig. 3 Photocatalytic hydrogen evolution performances of (a) CdS and CMx (x = 1, 2, 3, 4), and (b) CM2Cx (x = 0.5, 1, 2, 3, 4). (c) Photocatalytic
hydrogen evolution performances of C-C-M, C/C/M and CM2C1; (d) A.Q.Y result of CM2C1 under monochromatic light irradiation; photostability
measurements of (e) CM2 and (f) CM2C1.
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nanocomposites and analyzed their photocatalytic hydrogen
production performance (Fig. 3c). Through ion exchange, CuS is
in situ generated on the surface of CdS, followed by the loading
of an equal amount of MoS2 to construct the C/C/M composite.
In addition, during the in situ generation of CuS on the surface
of CdS through the ion exchange strategy, an equal amount of
MoS2 was added, wherein MoS2 and CuS are randomly loaded
onto CdS NWs to construct the C-C-M composite. The photo-
electron transfer models of CdS/MoS2/CuS, C-C-M, and C/C/M
14784 | Chem. Sci., 2024, 15, 14778–14790
heterostructures are shown in Fig. S4a–c.† CdS/MoS2/CuS
exhibits a unique dumbbell-shaped structure (Fig. S4a†), where
MoS2 clusters play an important role as electron collectors to
withdraw the electrons from CdS, and simultaneously, CuS
enables the formation of a p–n heterojunction with the CdS
substrate to enhance hole transfer. Under the synergistic effect
of MoS2 clusters and CuS, photoinduced electrons and holes
over CdS directionally migrate to the catalytic sites of MoS2 and
CuS, respectively, thus achieving efficient charge separation. In
© 2024 The Author(s). Published by the Royal Society of Chemistry
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contrast, the control sample C-C-M, with randomly loadedMoS2
and CuS onto CdS NWs, lacked the ability for directional carrier
migration. The random distribution of MoS2 and CuS on CdS
NWs cannot fully utilize the spatial unidirectional high-effi-
ciency charge transport characteristics of the one-dimensional
CdS NWs and is prone to forming electron–hole recombination
centers, which are detrimental to carrier separation and
migration (Fig. S4b†). Meanwhile, the control sample C/C/M,
constructed by in situ generation of CuS on the CdS surface
through ion exchange and then loading an equivalent amount
of MoS2, also lacks the efficient directional carrier migration
capability. As shown in Fig. S4c,† the CuS/CdS P–N hetero-
junction on the CdS surface blocks the electron transfer
pathway from CdS to MoS2, hindering rapid separation and
migration of carriers. Therefore, the photocatalytic activity of
the control samples C-C-M and C/C/M is signicantly lower than
that of CM2C1, further conrming the crucial role of selective
loading of MoS2 and CuS on CdS NWs in nely tuning carrier
migration and suppressing carrier recombination. As shown in
Fig. 3d, the dumbbell-shaped CM2C1 heterostructure demon-
strates the highest apparent quantum yield (A.Q.Y) at 450 nm,
which is consistent with the DRS result, indicating the
predominant role of photoexcitation of CdS NWs. Additionally,
it was found from Fig. S5† that the photocatalytic hydrogen
evolution rate of CM2C1 increases with increasing light inten-
sity, conrming that it is indeed a photocatalytic process.
Moreover, as shown in Fig. 3e, the photocatalytic activity of the
dumbbell-shaped CM2 binary nanocomposite decreases
substantially aer the rst reaction run, indicating that the
MoS2 clusters at both ends of CdS NWs as charge collectors are
conducive to the separation of charge carriers, but the holes
accumulating on the sidewalls of CdS NWs oxidize the lattice
sulde ions, leading to photo-corrosion and reduced photo-
activity. In contrast, the dumbbell-shaped CM2C1 ternary het-
erostructure still exhibits good photoactivity aer four cycles
(Fig. 3f), indicating that CuS coating on the sidewalls of CdS
NWs for constructing a CdS/CuS P–N heterojunction is bene-
cial for stabilizing CM2C1. Under the driving force of a built-in
electric eld provided by the P–N heterojunction, hole migra-
tion from CdS to CuS is accelerated, which prevents the hole
oxidation of the CdS NWs and thus improves the photostability.
Furthermore, the good photostability of CM2C1 was consistently
conrmed by the XRD (Fig. S6†), Raman (Fig. S7†), SEM (Fig.
S8†), and XPS (Fig. S9†) results aer the cyclic reaction. Addi-
tionally, as shown in Table S4,† the photocatalytic activity of the
dumbbell-shaped CM2C1 reported in our work outperforms
previously documented catalysts associated with CdS.

In addition, the photocatalytic activity of the dumbbell-sha-
ped CM2C1 heterostructure for the reduction of aromatic nitro
compounds was also investigated under visible light. Control
experiments were conducted without light exposure and
without adding the CM2C1 catalyst to verify that the selective
reduction of 4-nitroaniline (4-NA) to 4-phenylenediamine (4-
PDA) is a photocatalytic reaction (Fig. S10†). Fig. 4a shows the
photocatalytic activities of CdS NWs, CM2 and CM2C1 for the
photoreduction of 4-NA under visible light irradiation. The low
photoreduction activity of pure CdS is related to the rapid
© 2024 The Author(s). Published by the Royal Society of Chemistry
recombination of photogenerated charge carriers. It is note-
worthy that the photoactivity of CM2 is signicantly enhanced
aer the selective growth of MoS2 clusters at both ends of CdS
NWs, indicating that the MoS2 clusters act as electron collectors
to promote the directed migration of photogenerated electrons
and suppress the recombination of photogenerated charge
carriers. Compared with CdS NWs and CM2, CM2C1 demon-
strates optimal photocatalytic activity, indicating that the
construction of CdS/CuS P–N heterojunctions on the sidewall of
CdS NWs promotes the directional migration of holes from CdS
to CuS, achieving the spatial separation of electrons and holes
and effectively enhancing photocatalytic activity. Meanwhile,
CM2C1 also exhibits similar optimal photocatalytic activities for
the reduction of 3-nitroaniline (3-NA) (Fig. 4b), 2-nitroaniline (2-
NA) (Fig. 4c), 4-nitrophenol (4-NP) (Fig. 4d), 3-nitrophenol (3NP)
(Fig. 4e), and 2-nitrophenol (2-NP) (Fig. 4f). The photocatalytic
performances of C-C-M, C/C/M and CM2C1 were also probed
under the same conditions (Fig. S11 and S12†). Taking the
photoreduction of 4-NA as an example, it was found that the
photocatalytic activity of CM2C1 is always higher than those of
C-C-M (Fig. 4g) and C/C/M (Fig. 4h), further validating the
signicant role of selectively integrating MoS2 and CuS on CdS
NWs in nely tuning carrier transport and suppressing carrier
recombination. As shown in Fig. 4i, without the addition of
a hole scavenger, the photocatalytic activity of CM2C1 is mark-
edly reduced, conrming the vital role of ammonium formate in
quenching holes and inhibiting carrier recombination.
Furthermore, the photocatalytic performances of CM2C1 with
and without adding an electron scavenger were probed (AgNO3)
(Fig. S13†). When the electron scavenger AgNO3 was added to
the reaction system, CM2C1 showed no photocatalytic activity,
effectively conrming the crucial role of electrons in stimu-
lating the photoreduction catalysis.
3.3. PEC performances

The photoelectrochemical (PEC) performances of CdS, CM2 and
CM2C1 were probed to evaluate the interfacial charge separation
efficiency. The transient photocurrent responses of CdS NWs,
CM2, and CM2C1 under periodic on-off illumination conditions
(l > 420 nm) were recorded. As displayed in Fig. 5a, compared
with pure CdS NWs, CM2 exhibits a higher photocurrent
density, indicating that selective growth of MoS2 clusters at both
ends of CdS NWs can effectively promote the spatial separation
and migration of charge carriers. It is worth noting that CM2C1

exhibits a higher photocurrent response compared with CM2,
which indicates that the synergistic effect between the electron-
withdrawing capability of MoS2 clusters and P–N hetero-
junctions of Cu/CdS plays a signicant role in nely tuning
carrier migration and suppressing carrier recombination. The
electrochemical impedance spectroscopy (EIS) results of CdS
NWs, CM2 and CM2C1 are shown in Fig. 5b. Compared with CdS
NWs and CM2, CM2C1 demonstrates the smallest arc radius,
which conrms that CM2C1 shows the lowest carrier transfer
resistance, inhibiting the recombination of photogenerated
electron–hole pairs. In addition, the charge recombination
dynamics of CdS NWs, CM2 and CM2C1 were investigated
Chem. Sci., 2024, 15, 14778–14790 | 14785
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Fig. 4 Photoactivities of CdS, CM2 and CM2C1 for the photoreduction of nitroaromatics including (a) 4-NA, (b) 3-NA, (c) 2-NA, (d) 4-NP, (e) 3-NP,
and (f) 2-NP. Photoactivities of CdS, C-C-M, and CM2C1 for the photoreduction of (g) 4-NA, photocatalytic activities of CdS, C/C/M and CM2C1

for the photoreduction of (h) 4-NA, and photocatalytic performances of CM2C1 for the photoreduction of (i) 4-NA with and without adding
NH4COOH. The typical reaction model (j) under the current experimental conditions.
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through open circuit voltage decay (OCVD) measurement. As
shown in Fig. 5c, CM2C1 exhibits the highest photovoltage and
longest electron lifetime (Fig. 5d). This suggests that con-
structing a dumbbell-shaped CM2C1 heterostructure by selec-
tively loading MoS2 and CuS on CdS NWs effectively facilitates
the separation and migration of carriers. Besides, charge
transfer kinetics were additionally investigated by steady-state
photoluminescence spectroscopy (PL) (Fig. 5e), wherein CM2C1

shows the lowest PL intensity compared with CdS NWs and
CM2, once again verifying the most efficient charge separation
over CM2C1.

On the other hand, since the Ksp values of CuS (6.3 × 10−36)
and Ag2S (6.3 × 10−50)25 are smaller than that of CdS (8.0 ×

10−27) and both CuS and Ag2S are p-type semiconductors,37 they
can form a built-in electric eld with the n-type semiconductor
14786 | Chem. Sci., 2024, 15, 14778–14790
CdS, thus promoting charge separation. Therefore, a dumbbell-
shaped CdS/MoS2/Ag2S (CMA) ternary heterostructure photo-
catalyst was synthesized through a similar method to validate
the universal role of the dumbbell-shaped heterostructure in
nely tuning carrier transport. As illustrated in Fig. S14,† CMA
not only retains the dumbbell-shaped structure but also shows
deposition of Ag2S nanoparticles on the sidewall of CdS NWs. It
can be visually observed that MoS2 and Ag2S are selectively
integrated onto the CdS NWs to construct a ternary dumbbell-
shaped CMA heterostructure. By conducting HRTEM tests on
ternary CMA composite catalysts, the integration of Ag2S and
MoS2 on CdS NWs was further analyzed (Fig. S15†). It was
observed that distinct MoS2 clusters appeared at the ends of the
CdS NWs. Additionally, lattice stripes of 0.242 and 0.357 nm are
identied on the CdS NWs, corresponding to the (013) crystal
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) I–t, (b) EIS, (c) OCVD and (d) electron lifetime of CdS, CM2 and CM2C1 under visible light (l > 420 nm) irradiation, (e) PL results of CdS,
CM2 and CM2C1, (f) photocatalytic hydrogen evolution performances of CdS, CM2 and CMA, and schematic diagram of photoelectron transfer
over the (g) CdS/MoS2/CuS and (h) CdS/MoS2/Ag2S heterostructure.
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plane of Ag2S and the (100) crystal plane of CdS, respectively.
Furthermore, by analyzing the high-resolution Ag 3d spectrum
in CMA (Fig. S16c†), it can be found that the peaks at 368.04 (Ag
3d5/2) and 374.03 (Ag 3d3/2) eV correspond to the Ag+ species in
Ag2S, respectively.38,39 These results conrm the successful
integration of Ag2S and MoS2 on the CdS NWs to construct
a dumbbell-shaped CMA ternary heterostructure. In addition,
the charge transfer models of CMC and CMA heterostructures
are shown in Fig. 5g and h, respectively. Compared with those of
CdS and CM2, the photocatalytic activities of the CMA and
CM2C1 ternary dumbbell-shaped heterostructures have been
signicantly enhanced (Fig. 5f), indicating the synergy of MoS2
and Ag2S in promoting the separation and migration of charge
carriers. Furthermore, the photocatalytic stability of CMA was
veried by cyclic reaction (Fig. S17b†), XRD (Fig. S18†) and
Raman (Fig. S19†) results. Similarly, as shown in Fig. S20,† the
PEC results of CMA agree well with the photocatalytic activity.
Specically, compared with CdS and CM2, CMA exhibits
optimal photocurrent density and the lowest interfacial charge
transfer resistance. This indicates that selective loading of MoS2
and Ag2S on the CdS NWs effectively enhances the separation
and migration of charge carriers, thereby resulting in enhanced
photoactivity. These results further validate the universal role of
© 2024 The Author(s). Published by the Royal Society of Chemistry
the dumbbell-shaped heterostructure in nely tuning the
dynamics of charge carriers.
3.4. Photocatalytic mechanism

Based on the above results, the photocatalytic mechanism of
the dumbbell-shaped CdS/MoS2/CuS heterostructure was
proposed (Scheme 2). The conduction band (CB) and valence
band (VB) potentials of CdS and CuS were determined based on
the DRS and M−S results. The CB and VB potentials of CdS are
determined to be −1.17 and 1.3 eV (vs. NHE) (Fig. S21†),
respectively, while those of CuS are 0.56 and 1.79 eV (vs. NHE)
(Fig. S22†), respectively. It is worth noting that the positive M−S
slope of CdS indicates that it is a typical n-type semiconductor
(Fig. S21a†), whereas the negative M−S slope of CuS indicates
that it is a typical p-type semiconductor (Fig. S22a†). The Fermi
level of the n-type semiconductor CdS is close to its CB, while
the Fermi level of the p-type semiconductor CuS is close to its
VB, making the Fermi level of CdS more negative than that of
CuS. Due to the difference in Fermi levels, when CdS contacts
CuS, the free electrons on CdS migrate towards CuS until they
reach the same Fermi level, forming a P–N heterojunction at the
contact interface (Fig. S23†). When the CdS/MoS2/CuS hetero-
structure is photoexcited by visible light, the built-in electric
Chem. Sci., 2024, 15, 14778–14790 | 14787
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Scheme 2 Schematic illustration of the photocatalytic mechanism of the CdS/MoS2/CuS heterostructure.
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eld (electric eld direction from CdS to CuS) promotes the
migration of CB electrons from CuS to CdS and eventually to
MoS2 clusters for a reduction reaction. Meanwhile, the migra-
tion of VB holes from CdS to CuS is stimulated and ultimately
quenched by a sacricial reagent (Fig. S24†). Through this
charge transfer pathway, photogenerated electron–hole pairs on
CdS are effectively separated, and the electrons on CdS are
quickly transferred to MoS2 clusters to reduce H+/H2O to
hydrogen, and simultaneously, the holes on CuS are quenched
by sacricial reagents (S2− and SO3

2−). For the photoreduction
of aromatic nitro compounds, hole scavengers (ammonium
formate) are added to the reaction system to ensure that elec-
trons are the only active species. The electrons trapped by the
terminal MoS2 clusters convert aromatic nitro compounds into
amino derivatives, while the VB holes in CuS are completely
quenched by the electron donor or hole scavenger. Conse-
quently, the unique integration mode of the dumbbell-shaped
CdS/MoS2/CuS heterostructure effectively promotes the directed
migration of photogenerated electrons/holes through the
synergistic effect of CuS and MoS2, signicantly improving the
photocatalytic performances.
4. Conclusions

In summary, a ternary heterostructure photocatalyst, CdS/
MoS2/CuS, with a distinctive dumbbell-shaped structure was
craed through a simple hydrothermal reaction coupled with
a cation exchange strategy. The unique integration mode
endows the CdS/MoS2/CuS heterostructure with abundant
reaction active sites, good stability and efficient vectorial carrier
transport efficiency. Under the inuence of synergy stemming
from the unique integration mode between CuS and MoS2,
electrons and holes photoexcited over CdS are rapidly
14788 | Chem. Sci., 2024, 15, 14778–14790
transferred to the electron collector (MoS2) and hole capture
sites (CuS), respectively, to participate in photoredox reactions.
These unique structural advantages endow the CdS/MoS2/CuS
ternary heterostructure with signicantly enhanced photo-
catalytic performances for hydrogen evolution and selective
reduction of nitroaromatic to amino derivatives under visible
light. Our work provides an effective strategy for designing and
developing multi-component heterostructures to regulate
vectorial charge transfer at the nanoscale.
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