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Layer-controlled growth of MoS2 on self-assembled
flower-like Bi2S3 for enhanced photocatalysis under
visible light irradiation

Lu-Lu Long1, Jie-Jie Chen1, Xing Zhang1, Ai-Yong Zhang1,2, Yu-Xi Huang1, Qing Rong1 and Han-Qing Yu1

Metal sulfide semiconductors, such as molybdenum disulfide (MoS2) and bismuth trisulphide (Bi2S3), are of considerable

interest for their excellent applications in photocatalysis and in many other fields. However, the controllable synthesis of

MoS2/Bi2S3 hybrid nanostructures remains a challenge. In this study, we report a unique sacrificial templating strategy for

preparing layer-controlled MoS2 on three-dimensional (3D) Bi2S3 micro-flowers. For this approach, Bi2S3 was utilized as a

sacrificial template to regulate the ion exchange, and the dosage of molybdenum was adjusted to tune the dynamic formation,

thus converting the MoS2 nanosheets on the Bi2S3 micro-flowers from monolayer to multilayer. Such a 3D flower-like hybrid

nanostructure enables MoS2/Bi2S3 to exhibit adsorption-promoted photocatalysis under visible light irradiation, especially for the

excellent photodegradation of low-concentration organic pollutants, for example, azo dye and atrazine. The observed superiority

of the 3D MoS2/Bi2S3 was mainly attributed to the increased mass transfer, robust light-harvesting capacity, improved charge

separation, lower oxygen-activation barrier and enhanced active oxygen yield. Our findings are of interest for the development of

novel S-based photocatalysts and provide a new opportunity to efficiently remove low-concentration refractory pollutants.
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INTRODUCTION

In recent years, metal sulfide semiconductors have been developed for
environmental photocatalysis because of their narrow bandgaps, high
sunlight absorption and satisfactory catalytic activity.1–4 Among them,
Bi2S3 is a promising visible light-driven photocatalyst owing to its
low toxicity and narrow direct band gap of ~ 1.3 eV.5 However,
Bi2S3 usually exhibits a substantially lower photocatalytic activity
than expected, mainly because of severe charge recombination and
structural photocorrosion.4 To achieve good carrier separation, the
construction of a built-in electric field (band bending) is usually
required. One effective way to enhance band bending is to create a
thermodynamically driven heterojunction by incorporating another
semiconductor, depending on the favored band offsets between
the two semiconductors.6 Generally, the semiconductor that is
incorporated as a cocatalyst to construct such a self-established
heterojunction should possess good electric conductivity, a suitable
energy structure and excellent electrochemical activity.7–11

As a typical layered metal sulfide, MoS2 has drawn increasing
attention because of its layered structure similar to that of graphene,
which is composed of three atom layers stacked together through
Van der Waals interactions.12,13 Such a two-dimensional (2D) layered-
crystal structure provides convenient electron transfer and many active
sites for interfacial adsorption.12,14 Moreover, the edge sites of MoS2

nanosheets are generally recognized as the thermodynamically
active sites for electrochemical hydrogen evolution.15 As an important
non-noble cocatalyst, MoS2 is a highly promising candidate for
photocatalysis and many other applications.16–20 Thus, using
MoS2 is reasonable for strengthening the visible light photocatalytic
performance of Bi2S3.

21–24

As a cocatalyst, the morphology and nanostructure of MoS2,
for example, nanoparticles,25 nanoclusters,26 nanospheres27 and
nanosheets,19,28 have considerable effects on the catalytic performance
of MoS2-activated hybrids. MoS2 in the form of nanosheets usually
exhibits much better catalytic performance due to its 2D layered
structure with a larger surface area and more active sites than those of
other nanostructures.28 Furthermore, the layer of MoS2 also governs
its properties and performance, as both the active sites and adsorption
ability are substantially influenced by the layered nanostructure.28–30

Thus, constructing three-dimensional (3D) MoS2 heterostructures
with suitable layers for catalytic applications is a reasonable
approach.28,31,32 However, controlling the synthesis of MoS2
nanosheets as a cocatalyst remains a serious challenge, and most of
the available 3D heterostructures are prepared by two or more
steps.17,28,33,34 Hence, developing a simple, controllable general
approach to synthesize 3D MoS2-based heterostructures is of
considerable interest for cocatalyst applications.
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Herein, we report a simple general sacrificial template method to
effectively regulate both the nanostructure of a MoS2 cocatalyst and
the properties and catalytic performance of a novel 3D MoS2/Bi2S3
hybrid. The number of MoS2 layers could be simply and effectively
regulated via this one-pot hydrothermal process based on an ion-
exchange mechanism. In this approach, Bi2S3 was first generated and
then acted as a sacrificial template for the subsequent MoS2 nanosheet
growth from a monolayer to multiple layers. Moreover, a favorable 3D
nanostructure could be effectively constructed when the number of
MoS2 layers was regulated properly. To test an application, two typical
organic pollutants, azo dye and atrazine, were degraded on this 3D
MoS2/Bi2S3 hybrid under visible light irradiation.

MATERIALS AND METHODS

Reagents and materials
All chemicals were reagent grade and used as received without further
purification. Bi(NO3)3·5H2O, azo dye and atrazine were purchased from
Aladdin Reagent (Shanghai, China). Sulfourea and sodium molybdate were
purchased from Shanghai Reagent (Shanghai, China). The polycrystalline TiO2

P25 (Degussa, Frankfurt, Germany) had a mean particle size of ~ 25 nm, an
anatase/rutile ratio of 80:20 and a specific surface area of ~ 50 m2 g− 1. High-
purity deionized water was used in this study.

One-pot synthesis of 3D MoS2/Bi2S3
First, 30 mg of Bi(NO3)3·5H2O was dissolved in deionized water, and then,
a defined dosage of Na2MoO4 and an excess of sulfourea (70 mg) were added
to this solution. The total volume of the solution was fixed at 20 ml. The
solution was transferred into a Teflon-lined stainless steel autoclave, which
contained a suitably sized clean plate substrate, that is, carbon paper or glass,
placed against the wall. The hydrothermal process was carried out at 200 °C for
24h. Then, the black flower-like 3D MoS2/Bi2S3 was collected from the plate
substrate by sonication and centrifugation. Finally, the collected samples were
washed repeatedly with deionized water and dried at 60 °C for 12h. The
samples prepared with Na2MoO4 dosages of 5, 10, 15, 30 and 60 mg were
designated as MoBi-5, MoBi-10, MoBi-15, MoBi-30 and MoBi-60, respectively.
For comparison, bare Bi2S3 was prepared by the same procedure without the

addition of Na2MoO4, whereas bare MoS2 was prepared by the same procedure
without the addition of Bi(NO3)3·5H2O.

Characterization
The morphology and structure of the samples were characterized using a field-
emission scanning electron microscope (SIRION200; FEI, Eindhoven, The
Netherlands). Transmission electron imaging selected-area electron diffraction
was performed on a high-resolution transmission electron microscope (TEM-
JEM-ARM200F; JEOL, Tokyo, Japan). The chemical compositions of the
samples were characterized by an energy dispersive X-ray analyzer (GENESIS;
EDAX, Mahwah, NJ, USA) fitted to the TEM chamber. X-ray diffraction (XRD)
was carried out using an X’celerator detector (X’pert PANalytical BV, Almelo,
The Netherlands). X-ray photoelectron spectroscopy was performed using an
ESCALAB250 (Thermo Fisher, San Jose, CA, USA). The diffuse reflectance
spectra were measured using a UV/Vis spectrophotometer (UV 2550; Shi-
madzu, Tokyo, Japan). The surface area was measured by the Brunauer–
Emmett–Teller method with a Builder 4200 instrument (Tristar II 3020M;
Micromeritics, Norcross, GA, USA) in liquid nitrogen. The working electrode
was prepared by using dip-coating technology (photocatalyst: 1.0 g l− 1).
Electrochemical impedance spectroscopy was measured by applying an AC
voltage with an amplitude of − 0.33 V (versus Ag/AgCl) within a frequency
range from 105 to 10− 1 Hz in a 0.2 M Na2S·9H2O aqueous solution. The
photocurrent was measured at 0.25 V (versus Ag/AgCl) in 0.1 M Na2SO4

aqueous solution. The oxygen reduction reaction tests were conducted in
0.1 M KOH solution with a rotating-disk electrode (Pine Research Instrumenta-
tion, Grove, PA, USA). Mott–Schottky plots were obtained using impedance
measurements at a fixed frequency of 1000 Hz in an applied voltage range of
− 0.50 to 1.0 V in 0.1 M Na2SO4 aqueous solution (pH=~7.0). All electro-
chemical tests were conducted in a three-electrode electrochemical system using

a CHI660 potentiostat (Chenhua, Shanghai, China), and a saturated Ag/AgCl
(3.0 M KCl) was used as the reference electrode, with a standard potential of
0.197 V versus a normal hydrogen electrode (NHE). The fluorescence tests
were conducted in a custom-built photoreactor with an effective volume of
60 ml. The light source was a 500 W Xe arc lamp (PLS-SXE500; Trusttech,
Beijing, China), with a 10 cm infrared water filter and a Pyrex filter
(λ4420 nm). For each test, 50 ml of aqueous solution containing 0.1 g l− 1

catalyst, 1 mM terephthalic acid and 0.01 M NaOH were used. Fluorescence
spectra were recorded using a spectrofluorophotometer (RF-5301PC; Shi-
madzu). The ESR signal spin-trapped by 5,5-dimethyl-pyrroline-N-oxide was
recorded on a Bruker spectrometer (A300, Bruker, Karlsruhe, Germany) with
the following settings: center field= 3512 G, microwave frequency= 9.86 GHz
and power= 6.36 mW. The water contact angle was measured with a contact
angle analyzer (JC2000A; Powereach, Beijing, China). The zeta potential
analysis was performed on a Zetasizer (Nano-Z; Malvern, Worcester, UK), in
a folded capillary cell (DTS1060) made from polycarbonate with gold-plated
beryllium/copper electrodes.

Photocatalytic degradation tests
The photocatalytic activity of 3D MoS2/Bi2S3 was evaluated by the degradation
of rhodamine B (RhB) and atrazine under visible light irradiation, with 0.15 M

Na2SO3 and 0.1 M Na2S as sacrificial reagents. A 500 W xenon arc lamp
equipped with a pass filter (λ4420 nm) was used as a simulated light source.
For the RhB degradation, 4 mg of MoS2/Bi2S3 was dispersed into 20 ml RhB
aqueous solution (5 mg l− 1), whereas for the atrazine degradation, 30 mg of the
photocatalyst was dosed into 60 ml atrazine solution (5 mg l− 1). Before
irradiation, the solution was sonicated for 10 min and then stirred for
20 min. During the reaction, 1-ml aliquots were sampled regularly. The
amounts of RhB and atrazine in the aliquots were analyzed using a
UV-visible spectrophotometer (UV-2401PC, Shimadzu) and high-performance
liquid chromatography (1100; Agilent, Palo Alto, CA, USA), respectively, with a
variable-wavelength detector set at 220 nm. The mobile phase consisted of H2O
and methanol (50:50), and the flow rate was 0.8 ml min− 1. The total organic
carbon was measured by a total organic carbon analyzer (Multi N/C 2100;
Analytik Jena, Jena, Germany).

RESULTS AND DISCUSSION

Morphology and structure of 3D MoS2/Bi2S3
The prepared Bi2S3 with the micro-flower morphology was
self-assembled from micro-rods with a length of 2–3 μm and a width
of 200–400 nm (Supplementary Figure S1a). Figures 1a–c shows
typical SEM images of 3D MoS2/Bi2S3 (MoBi-30) at low and high
magnifications, in which most of the Bi2S3 micro-flowers were
uniformly covered by MoS2 nanosheets. A large number of
MoS2 nanosheets were directly grown on each micro-rod of the Bi2S3
micro-flowers, forming the 3D flower-like heterostructure (Figure 1d).
The shell thickness and the core diameter were identified to be
~ 50 and ~ 100 nm, respectively. During the hydrothermal growth,
Bi2S3 could act as the sacrificial template to provide active sites for
MoS2 growth. In the absence of the Bi2S3 template, the MoS2
nanosheets similarly self-assembled to form flower-like microspheres
(Supplementary Figures S1b–f).
The crystal structure of the 3D MoS2/Bi2S3 heterostructures was

further investigated by XRD (Supplementary Figure S2a). The
diffraction peaks of the MoS2 nanosheets corresponded well to the
standard peaks of the MoS2 hexagonal phase (JCPDS card No. 37–
1492; Supplementary Figure S2b), and the diffraction peaks of Bi2S3
could be indexed to the crystalline planes of the Bi2S3 orthorhombic
phase (JCPDS card No. 17–0320; Supplementary Figure S2c). More-
over, all the diffraction peaks of these two semiconductors were
simultaneously observed in the XRD pattern of 3D MoS2/Bi2S3.
In addition, 3D MoS2/Bi2S3 (MoBi-30) was further observed by

high-resolution TEM. The MoS2 nanoflakes and the Bi2S3 micro-rods
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were densely interconnected (Figure 2a). The selected-area electron
diffraction patterns (Figure 2a, inset) indicated two-component
crystalline characteristics: one set of spots was indexed to single
crystalline Bi2S3 micro-rods, and another set of rings was attributed to
the MoS2 nanosheets, arising from the stacking of MoS2 nanosheets
with different crystallographic orientations. Furthermore, the
high-resolution TEM images of the Bi2S3 micro-rods (Figure 2b),
MoS2 nanosheets (Figure 2c) together with the selected-area electron
diffraction patterns further confirm the crystal structure of the 3D
MoS2/Bi2S3. The inter-plane spacings of 0.80 and 0.39 nm could be
assigned to the (110) and (001) planes of the orthorhombic Bi2S3,
respectively. The fringes with lattice spacings of 0.27 and 0.57 nm
corresponded to the (100) and (002) planes of MoS2, respectively. The
characteristic peak of the (002) crystalline plane at 14.2° in the XRD
pattern suggests the ordered stacking of S-Mo-S layers (Figure 2d). At
least ten layers of MoS2 nanosheets grew on the Bi2S3 micro-rods. The
high-resolution TEM observations indicate that Bi2S3 nanorods grew
along the [001] crystallographic direction with the (110) surface as the
outside surface, in contact with the (001) surface of MoS2.
The crystal surface matching of the Bi2S3 and MoS2 could be

explained at the atomic level by the structural model of the
MoS2/Bi2S3. The Bi2S3 nanorod could be constructed from the Bi2S3
crystal based on the (110) plane. The XRD results show that the crystal
structures of Bi2S3 and MoS2 in this heterostructure each belonged to
orthorhombic and hexagonal crystal systems, respectively, correspond-
ing to the space groups of Pbnm and P63/mmc, respectively. The
crystal cells of orthorhombic Bi2S3 and hexagonal MoS2 are shown in
Supplementary Figures S3a and b. Then, the (110) surface of the Bi2S3
and the (001) surface of MoS2 were cleaved from the crystal structures.
The distance between adjacent Bi atoms exposed on the (110) crystal
surface of orthorhombic Bi2S3 was 15.864 Å, and S atoms appeared
at 3.168 Å intervals along the (001) surface of hexagonal MoS2
(Figure 2e). Thus, five intervals (15.840 Å) of the S–S distance on
the (001) surface of the MoS2 nanosheet matched well with the Bi–Bi
distance on the outside surface of the Bi2S3 nanorod (Figure 2e). This

might be beneficial for the growth of the MoS2 nanosheet on the Bi2S3
nanorod via the interaction of S and Bi atoms to form the
heterostructure. The high-resolution TEM image and energy
dispersive X-ray mappings (Figures 2f–i) provide more evidence for
the combination of MoS2 nanosheets and Bi2S3 micro-rods. A Bi2S3
micro-rod was located in the center of the 3D heterostructure, whereas
MoS2 nanosheets were homogeneously distributed over the whole
micro-rod. A uniform distribution of Bi, Mo and S throughout the 3D
MoS2/Bi2S3 was clearly observed (Figures 2f–i), with an atomic ratio of
11.63:29.49:58.89 (Supplementary Figure S4). The surface composition
and chemical states of the heterostructures were characterized, and the
results confirmed the successful growth of MoS2 and Bi2S3
(Supplementary Figure S5), which agrees well with the XRD results
(Supplementary Figure S2). Moreover, both Mo 3D high-resolution
X-ray photoelectron spectroscopy spectra could be fitted to the two
components associated with the 1T and 2H phases,15,18,21 indicating
the co-existence of these two polymorphs (Supplementary Figures S5c,i).
In addition, much lower surface areas were obtained for both bare
Bi2S3 and MoS2, that is, 1.67 and 5.94 m2 g− 1, respectively. This was
attributed mainly to either the low-dimensional morphology or the
much larger apparent thickness of the nanosheets and their severe
aggregation (Supplementary Figures S1b–f)25,35 compared with 3D
MoS2/Bi2S3 (25.65 m

2 g− 1, Supplementary Figure S6).

Formation mechanism of 3D MoS2/Bi2S3
As the SEM images of the transitional structures with increasing
reaction times provide more direct evidence (Supplementary
Figure S7), the cation-exchange formation mechanism of the 3D
MoS2/Bi2S3 micro-flowers is proposed (Figure 3). In the first step,
randomly packed amorphous Bi2S3 nanowires were initially generated
as a precursor, while MoO4

2− and sulfur released by sulfourea were
distributed around the Bi2S3 nanowires, and a small amount of MoS2
nanosheet subunits appeared as a scaffold on the surface of the Bi2S3
nanowires (Supplementary Figures S7a–d, 4–12h); Bi2S3 nanowires
further grew into micro-rods, and the MoS2 nanosheets became much

Figure 1 Scanning electron microscope (SEM) (a–c) and transmission electron microscope (TEM) (d) images of 3D MoS2/Bi2S3 (MoBi-30).
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Figure 2 Transmission electron microscope (TEM) (a, d) and high-resolution transmission electron microscope (HRTEM) (b, c) images of 3D MoS2/Bi2S3
(MoBi-30), the inset of a is its selected-area electron diffraction (SAED) pattern, and the thickness of one MoS2 layer is ~ 0.6 nm; crystal surface match
between the (001) surface of the MoS2 nanosheet and the outside surface of the Bi2S3 nanorod, the (110) surface of orthorhombic Bi2S3 with the distance
(15.864 Å) between adjacent Bi atoms and the (001) surface cleaved from hexagonal MoS2, the S atom appears at the intervals of 3.168 Å (e);
STEM image and the energy dispersive X-ray (EDX) elemental mappings of Bi, Mo and S (f–i).

Figure 3 Formation of 3D MoS2/Bi2S3 via a cation-exchange mechanism.
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thicker as the reaction progressed (Supplementary Figure S7e, 16h).
Then, Bi2S3 nanowires continuously became increasingly thicker
and started to overlap each other, ultimately self-assembling into 3D
MoS2/Bi2S3 micro-flowers, which were comprised of Bi2S3 micro-rods
uniformly coated by the layer-controlled MoS2 nanosheets
(Supplementary Figure S7f, 24h). With the increasing hydrothermal
time, the thickness of the MoS2 layer progressively increased, and the
Bi2S3 nanorods became increasingly thinner (Supplementary
Figure S7g, 27h). When the hydrothermal time was prolonged to
30h, Bi2S3 nanorods almost completely disappeared, and the thickness
of MoS2 layer peaked (Supplementary Figures S7h,i). These SEM
images provide solid evidence that the as-formed Bi2S3 acted as a
sacrificial template for the subsequent MoS2 growth and the final
formation of the 3D MoS2/Bi2S3 hybrid.
The XRD results further validate the SEM observations

(Supplementary Figure S8). The XRD pattern of the sample isolated
at 6h clearly shows weak diffraction peaks, which are coincident with
the orthorhombic phase of Bi2S3 (JCPDS 17–0320). This indicates its
primary formation as a sacrificial precursor at the initial stage of the
hydrothermal process. In comparison, no diffraction peaks assigned to
MoS2 were detected, which might be mainly due to its small dosage
and/or high dispersity. After the reaction time was increased to 12h,
the intensity of the Bi2S3 diffraction peaks substantially increased, and
the characteristic XRD peak for the hexagonal phase of MoS2
positioned at ~ 14.0° could be clearly detected (JCPDS 37–1492),
indicating the continuous growth of both Bi2S3 and MoS2. The
intensity of the diffraction peaks of Bi2S3 peaked at 16h then
progressively decreased with the continuous increase in the MoS2
dosage. When the hydrothermal process was further prolonged to 30h,
the intensity of the MoS2 diffraction peaks reached a maximum,
whereas the diffraction peaks for the orthorhombic phase of Bi2S3
became considerably weaker, as in the first 6h of the reaction, which
should mainly be attributed to the substantial increase in the dosage of
MoS2 nanosheets locally grown on the surface of Bi2S3 nanorods.
These time-dependent phase structures shown by the XRD results
agree well with the time-dependent morphologies from the SEM
images (Supplementary Figure S7).

Furthermore, the TEM images that were isolated from the reaction
mixture at 16–30h also provide direct proof for the cation-exchange
formation mechanism of the 3D MoS2/Bi2S3 hybrid (Supplementary
Figure S9). When the hydrothermal time was prolonged from 16 to
30h, the thickness of MoS2 layer progressively increased, and the Bi2S3
nanowires continuously became increasingly thinner (Supplementary
Figures S9a–c, 16–27h). When the hydrothermal time was further
prolonged to 30h, Bi2S3 almost completely disappeared, and the
thickness of the MoS2 layer reached its maximum value
(Supplementary Figure S9d). The TEM images of the transitional
structures isolated at different reaction times further prove that the 3D
MoS2/Bi2S3 hybrid formed using Bi2S3 nanorods as a sacrificial
template for localized MoS2 growth via the cation-exchange
mechanism. After 30h of hydrothermal reaction, most of the Bi2S3
nanowires were converted into MoS2 under the driving force of the
solubility difference in aqueous solution.
Although the solubility of Bi2S3 in aqueous solution is much

lower than MoS2 with Ksp values of 1.0 × 10− 97 and 2.2 × 10− 56,
respectively,36 MoS2 nanosheets were formed by utilizing Bi2S3
nanorods as a sacrificial precursor, as illustrated by the SEM, TEM
and XRD results (Figures 1,2 and 4 and Supplementary Figures S7).
The MoS2 nanosheets grew with the sulfur from the as-formed Bi2S3
nanorods, rather than with an auxiliary source from the reaction
solution, that is, thiourea. The main reason for such an unexpected
structural transition from the low-solubility Bi2S3 to the high-solubility
MoS2 might mainly be attributed to the strong complexing between
the added thiourea, a typical organic complexing agent, and the lattice
bismuth species in the Bi2S3 nanorods, as in the spectrophotometric
determination of bismuth (Bi3++CS(NH2)2→ (BiCS(NH2)2)

3+, number
of ligands= 6, lgβn= 11.9).37,38 From the standpoint of crystal growth,
the presence of thiourea sufficiently facilitated the lattice ≡Bi(III)
release from the crystal structure of the Bi2S3 nanorods, which served
as a unique substrate, rather than as a typical catalyst for the
subsequent MoS2 formation. This favored the strong thiourea com-
plexation of Bi3+ on the surface of the Bi2S3 nanorods, and could be
anticipated to shift the reaction equilibrium toward MoS2 formation
by recombining the liberated sulfur species from the Bi2S3 nanorods
with the molybdenum species from the aqueous solution, MoO4

2−

Figure 4 High-resolution transmission electron microscope (HRTEM) and transmission electron microscope (TEM) images of 3D MoS2/Bi2S3 hybrid with
different layers of MoS2 nanosheets: MoBi-5 (a, b), MoBi-10 (c, d), MoBi-15 (e), MoBi-30 (f) and MoBi-60 (g).
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and therefore to change the thermodynamic balance between the Ksp

of Bi2S3 and MoS2, as mentioned above. Similar results have been
previously reported.39,40 Moreover, in addition to Bi2S3, another
composite, that is, Sb2S3, could also act as a template for
the controllable growth of MoS2 nanosheets (Supplementary
Figure S10). As a result, the developed method using a sacrificial
template might be used as a general way to synthesize MoS2
nanosheet-based hybrid.
The layers of MoS2 nanosheets on the Bi2S3 micro-rods and in the

3D MoS2/Bi2S3 heterostructure could be effectively regulated by
controlling the dosage of Na2MoO4 added to the hydrothermal
reaction (Figure 4). When a small amount (that is, 5 mg) of Na2MoO4

was added, amorphous MoS2 or monolayer MoS2 grew on the surface
of the Bi2S3 nanorods (Figures 4a and b). By increasing the dosage of
Na2MoO4 to 15 mg, the number of MoS2 layers on the Bi2S3 nanorods
could be substantially increased (Figures 4c–e and Supplementary
Figure S11a). At an adequate dosage of Na2MoO4, that is, 30 mg, the
MoS2 film could be sufficiently thick, and the morphology of
3D MoS2/Bi2S3 was well-defined (Figure 4f). An excessive dose of
Na2MoO4, that is, 60 mg, resulted in the much thicker and more
densely grown MoS2 nanosheets with decreased inter-spaces
(Figure 4g and Supplementary Figure S11b). These results clearly
indicate that the dosage of added Na2MoO4 had a dominant role in
controlling the layers of MoS2 nanosheets locally grown on the Bi2S3
surface.

Adsorption-promoted degradation of low-concentration refractory
pollutants by 3D MoS2/Bi2S3
For the photocatalytic degradation of refractory pollutants, the overall
rate resistance should be the summation of the mass-transfer

resistance and the chemical reaction resistance. Thus, both the
adsorption capacity and the catalytic activity are the two factors that
equally govern efficient photocatalysis. As shown in Figure 5a, the
MoS2 with a 2D layered structure exhibited an almost two times
higher RhB adsorption capacity than that of the Bi2S3 analog under
identical conditions, indicating that anchoring MoS2 onto Bi2S3 could
significantly enhance its adsorption capacity for subsequent catalytic
reactions. However, because of the severe aggregation and the low
specific surface area of the self-assembled MoS2 flower-like micro-
spheres (Supplementary Figures S1b–f),25,35 its RhB adsorption
capacity (37 mg g− 1) was substantially smaller than that of 3D
MoS2/Bi2S3 (50 mg g− 1; Supplementary Figures S12a–c), although less
MoS2 mass was present in the hybrid. Furthermore, RhB might be
adsorbed by van der Waals or π–π interactions and hydrogen bonding
rather than electrostatic forces,41 despite the negatively charged surface
of the photocatalysts at the given pH of 3.95–5.68 (Supplementary
Figures S13a and b).
For the 3D MoS2/Bi2S3, the MoBi-30 exhibited the largest

adsorption capacity for low-concentration RhB and thus the highest
removal efficiency for both the adsorption and degradation processes
(Figure 5a). The 3D MoBi-30 had the highest specific surface area of
25.65 m2 g− 1 (Supplementary Figure S6), which might be due to the
dense, outstretched and ultrathin well-defined plate-like morphology
of the MoS2 nanosheets and the sufficient inter-space of the Bi2S3
micro-flowers self-assembled by 1D micro-rods (Figure 1). For
comparison, the physically mixed Bi2S3 micro-flowers and MoS2
nanosheets (BiMo Mixed in Figure 5a) showed a much lower
adsorption efficiency because of their loose and aggregated structure
of MoS2 and Bi2S3. This is further proven by the control experiments
with MoS2 nanosheets with either inadequate or excessive layers.

Figure 5 Photocatalytic degradation of rhodamine B (RhB) and atrazine by different photocatalysts (a, b); ESR signals of the 5,5-dimethyl-pyrroline-N-oxide
(DMPO)-trapped •OH and DMPO-trapped •O2

− on the 3D MoS2/Bi2S3 (MoBi-30) under visible light and in the dark in the presence or absence of
S2− /SO3

2− as a sacrificial agent (c, d).
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The samples with few MoS2 layers (MoBi-5, -10 and -15) showed a
reduced ability to adsorb RhB with the decreasing layer of MoS2
nanosheets, whereas the excessive MoS2 nanosheets substantially
damaged the 3D structure of the Bi2S3 micro-flowers, MoBi-60, by
filling the inter-spaces between micro-rods. In addition, the overall
RhB removal efficiency of BiMo-30 was considerably higher than
that of Bi2S3, MoS2 and commercial P25 (Figure 5a), which should
mainly be attributed to the excellent adsorption capacity of the 3D
MoS2/Bi2S3.
Moreover, the excellent catalytic activity of the 3D MoS2/Bi2S3

could be further proven by the adsorption-promoted photocatalytic
degradation of atrazine, a typical herbicide widely present in water.
After 240 min of irradiation, the highest removal efficiency of 89% was
obtained by the 3D MoS2/Bi2S3 (MoBi-30; Figure 5b), that is, higher
than the results of some typical visible photocatalysts (Supplementary
Figure S14).42–44 The 3D MoS2/Bi2S3 (MoBi-30) exhibited not only
the largest adsorption capacity, but also the highest catalytic activity for
atrazine degradation under visible light irradiation. Apparently, its
high catalytic activity should be attributed to the strong synergistic
effects between the good interfacial mass transfer and the rapid surface
chemical reaction. In addition, atrazine might be dominantly adsorbed
in its molecular form onto the negatively charged photocatalyst
surfaces at the given pH (Supplementary Figure S13c).45 Furthermore,
its photocatalytic activity remained high after five cycles
(Supplementary Figure S15), suggesting its good photocatalytic
stability. The observed partial activity loss might be due to incomplete
photocatalyst collection, organic surface deactivation and decreased
adsorption capacity.46

The active species from 3D MoS2/Bi2S3 in the photocatalytic
degradation of atrazine were investigated by conducting ESR and
radical inhibition tests. As shown in Figure 5c, the ESR spectra

generated from 5,5-dimethyl-pyrroline-N-oxide-·OH adduct with a
characteristic 1:2:2:1 pattern was measured in the 3D MoS2/Bi2S3
aqueous solution with S2−/SO3

2− as a sacrificial agent. In comparison,
no ESR spectra were observed in the absence of S2− /SO3

2− . This
result should mainly be attributed to the rapid recombination of
photo-excited electron-hole pairs with weak redox potentials. For
·O2

−, the ESR spectra generated from the 5,5-dimethyl-pyrroline-N-
oxide-·O2

− adduct with a characteristic 1:1:1:1 pattern were measured
only in the 3D MoS2/Bi2S3 methanol solution in the presence of
S2− /SO3

2− (Figure 5d). These results indicate that both ·OH and ·O2
−

have important roles in the photocatalytic degradation of atrazine on
the 3D MoS2/Bi2S3 under visible light irradiation. In addition, the
active species were further explored in the radical inhibition tests, in
which S2− /SO3

2− , benzoquinone and tert-butyl alcohol were used as
scavengers for photo-generated holes, ·O2

− and ·OH, respectively.
Subtracting the contribution of dark adsorption, the net efficiency of
removing atrazine by photocatalytic degradation was substantially
improved from 15 to 70% (total organic carbon removal of 38.7%)
when the photo-generated holes were captured (Supplementary
Figure S16). However, the inhibition of either ·OH or ·O2

− consider-
ably decreased the net atrazine removal efficiency from 70% to
o10%. These results are consistent with the ESR studies (Figures 5c
and d) and further indicate that both ·OH and ·O2

− were the main
active species for atrazine degradation by the 3D MoS2/Bi2S3.

Photocatalytic mechanism of 3D MoS2/Bi2S3
The photocatalytic mechanism of the 3D MoS2/Bi2S3 hybrid under
visible light irradiation is tentatively proposed (Figure 6a). To elucidate
this mechanism, the energy structures of both Bi2S3 and MoS2 were
first studied to explore the separation, transfer and utilization proper-
ties of electron-hole pairs in the 3D MoS2/Bi2S3. For Bi2S3, the band

Figure 6 Photocatalytic mechanism of 3D MoS2/Bi2S3 under visible light irradiation (a); diffuse reflectance spectra (DRS) of MoS2, Bi2S3 and 3D
MoS2/Bi2S3 with different layers of MoS2 nanosheets (b); electrochemical impedance spectroscopy (EIS) of MoS2, Bi2S3 and 3D MoS2/Bi2S3 (MoBi-30) at an
open-circuit potential of −0.33 V (versus Ag/AgCl) (c); photocurrent of MoS2, Bi2S3, 3D MoS2/Bi2S3 (MoBi-30) and P25 under visible light irradiation at an
external bias of +0.25 V (versus Ag/AgCl) (d).
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gap energy was determined to be ~ 1.30 eV from its diffuse reflectance
spectra spectrum by the Tauc equation (Supplementary Figures S17a
and 6b), and its conduction band potential was measured to be
~− 0.55 V/NHE (Supplementary Figure S17c). Similarly, MoS2 is a
narrow band gap semiconductor with a gap energy determined to be
~ 1.10 eV (Supplementary Figure S17b), and its conduction band
potential was measured to be ~− 0.28 V/NHE (Supplementary
Figure S17d). The measured conduction band potential of Bi2S3 was
sufficiently more negative than that of MoS2, and thus, a typical type-
II band gap alignment could be constructed between Bi2S3 and MoS2
within the 3D MoS2/Bi2S3 (Figure 6a), according to the Anderson
model. With this mechanism, the photo-generated electrons in Bi2S3
under visible light irradiation were anticipated to be transferred to
MoS2, and a very enhanced separation, transfer and utilization
efficiency of photocarriers was expected (reactions 1 and 2). The
collected holes were consumed by S2− /SO3

2− , whereas the collected
electrons reacted with the absorbed oxygen molecules on the MoS2
surface to generate ·O2

− (reaction 3), which could further react with
the surface-adsorbed protons to quickly produce ·OH to degrade the
pollutants (Figure 6a; reactions 4 and 5). The enhanced oxygen
reduction capacity of MoS2 and the better hydrophilic property of
3D MoS2/Bi2S3 favored the generation of both ·O2

− and ·OH
(Supplementary Figures S18 and S19).47

MoS2=Bi2S3 þ hv-MoS2 e� þ hþ
� �

=Bi2S3 e� þ hþ
� � ð1Þ

MoS2 e� þ hþ
� �

=Bi2S3 e� þ hþ
� �

-MoS2 e�ð Þ=Bi2S3 hþ
� � ð2Þ

MoS2 e�ð Þ=Bi2S3 hþ
� �þ O2- � O2

� ð3Þ

MoS2 e�ð Þ=Bi2S3 hþ
� �þ O2 þ 2Hþ-H2O2 ð4Þ

�O2
� þH2O2-OHþ �OH� þ O2 ð5Þ

To explore the observed high catalytic activity of 3D MoS2/Bi2S3, its
optical properties were evaluated. The diffuse reflectance spectra of the
3D MoS2/Bi2S3 showed a wide absorption band covering a broader
visible light region (Figure 6b) owing to the intrinsic bandgaps of both
Bi2S3 and MoS2. After the MoS2 nanosheets grew locally on the Bi2S3
micro-flowers, the absorption edge was substantially extended to a
longer wavelength, and an enhanced absorption intensity in the visible
light region was clearly observed (Figure 6b). Thus, 3D MoS2/Bi2S3
could be excited to generate many more electron-hole pairs under
visible light irradiation, possibly leading to an enhanced photocatalytic
activity for pollutant degradation. In addition, the favorable electronic
coupling for the rapid electron transport from the less conductive
Bi2S3 micro-flowers to the more conductive MoS2 nanosheets in 3D
MoS2/Bi2S3 (Figure 6c) confirmed that the short-circuit photocurrent
measured on 3D MoS2/Bi2S3 had a higher intensity and a better
stability than that measured on the Bi2S3, MoS2 and P25 references
(Figure 6d). The applied external bias, +0.447 V/NHE, was too low to
generate any significant faradic anodic current from water oxidation
by the oxygen evolution reaction (as confirmed by the rather low dark
current in Figure 6d), and E0H2O/O2=+1.23 V/NHE. Thus, the
measured photocurrents on the 3D MoS2/Bi2S3 hybrid and its Bi2S3,
MoS2 and P25 references were mostly ascribed to the efficient
generation, separation and transfer of the photo-generated electron-
hole pairs under visible light irradiation (λ4420 nm), as described by
the model of hole injection into the aqueous electrolyte and electron
injection into the underlying substrate and ultimately to the counter
electrode. Thus, the higher and more stable photocurrent measured on
3D MoS2/Bi2S3 indicates its higher generation, separation and transfer

efficiency of reactive photocarriers under visible light irradiation.
In principle, the superior photochemical, electrochemical and photo-
electrochemical properties of the 3D MoS2/Bi2S3 could favor the
largest amount of photo-generated ·OH (Supplementary
Figures S20a–d) and the highest photocatalytic activity for the
degradation of refractory pollutants, such as RhB and atrazine
(Figures 5a and b).

CONCLUSIONS

In summary, we developed a facile and general hydrothermal method
to prepare a novel 3D flower-like MoS2/Bi2S3 heterostructure and to
simultaneously tune the layers of MoS2 cocatalysts. With this method,
Bi2S3 was first generated, which then acted as the sacrificial template
for localized MoS2 formation via a cation-exchange mechanism. The
3D MoS2/Bi2S3 exhibited a strong adsorption capacity and excellent
photocatalytic activity toward the degradation of both RhB and
atrazine. These findings are important for the development of novel
S-based photocatalyst hybrids, for example, Sb2S3/MoS2, for various
environmental and energy applications.
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