Accepted Manuscript
Title: Molybdenum disulfide quantum dots decorated bismuth
sulfide as a superior noble-metal-free photocatalyst for
hydrogen evolution through harnessing a broad solar spectrum
Authors: W.P. Cathie Lee, Xin Ying Kong, Lling-Lling Tan,
Meei Mei Gui, S. Sumathi, Siang-Piao Chai
PII:
DOI:
Reference:

S0926-3373(18)30209-1
https://doi.org/10.1016/j.apcatb.2018.03.019
APCATB 16477

To appear in:

Applied Catalysis B: Environmental

Received date:
Revised date:
Accepted date:

27-12-2017
15-2-2018
5-3-2018

Please cite this article as: Lee WPC, Kong XY, Tan L-L, Gui MM, Sumathi
S, Chai S-P, Molybdenum disulfide quantum dots decorated bismuth sulfide
as a superior noble-metal-free photocatalyst for hydrogen evolution through
harnessing a broad solar spectrum, Applied Catalysis B, Environmental (2010),
https://doi.org/10.1016/j.apcatb.2018.03.019
This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

Molybdenum Disulfide Quantum Dots Decorated Bismuth Sulfide as a Superior
Noble-Metal-Free Photocatalyst for Hydrogen Evolution through Harnessing a
Broad Solar Spectrum

W. P. Cathie Lee,[a] Xin Ying Kong, [a] Lling-Lling Tan, [b] Meei Mei Gui, [c] S.
Sumathi,[d] and Siang-Piao Chai*[a]

Multidisciplinary Platform of Advanced Engineering, Monash University, Jalan
Lagoon Selatan, 47500 Bandar Sunway, Selangor, Malaysia

[b]

School of Engineering and Physical Sciences, Heriot-Watt University Malaysia,
Jalan Venna P5/2, Precinct 5, 62200 Putrajaya, Malaysia

SC
R

[c]

IP
T

[a]

Nanotechnology and Integrated Bioengineering Centre, University of Ulster,
Belfast, BT37 OQB Northern Ireland

[d]

*Corresponding author:

M

A

N

U

Faculty of Engineering and Green Technology, Universiti Tunku Abdul Rahman,
Kampar Campus, Jalan Universiti, Bandar Barat, 31900 Kampar, Perak, Malaysia

ED

Tel: +603-55146234; Fax: +603-55146207

E-mail address: chai.siang.piao@monash.edu

A

CC
E

PT

GRAPHICAL ABSTRACT
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Photoactivity of MoS2QDs doped Bi2S3 extended from visible to NIR range
Bi-functional roles of MoS2QDs as electron entrapment sites and spectral
converters
The highest H2 evolution of 17.7 mmol/h.g was achieved under stimulated
solar light
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Molybdenum disulfide quantum dots (MoS2QDs) decorated bismuth sulfide (Bi2S3)
photocatalyst was synthesized. Photoluminescence characterization showed that the
as-developed MoS2QDs possessed intriguing up-conversion and down-conversion
properties, indicating their capability to harness energy from the light spectrum
ranging from ultraviolet (UV) to near-infrared (NIR). In this study, the highest
hydrogen yield of 17.7 mmol/h.g was achieved by 0.14MoS2QD/Bi2S3, which was
almost 4.5 folds higher than that of undoped Bi2S3 under stimulated solar light
irradiation. Furthermore, examination of the 0.14MoS2QD/Bi2S3 photocatalysts under
NIR irradiation showed a significant photocurrent response and an accumulative H2
yield of 53.6 µmol/g after 6 h reaction. This is a major breakthrough as most
photocatalysts can only be activated under UV and/or visible light irradiation. This
work provides new insights into the design of MoS2QD/Bi2S3 for harnessing energy
from a broad solar spectrum to photocatalytically split water to produce hydrogen.

1.0 Introduction
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T

Energy generation by fossil fuel combustion dominates the emission of carbon
dioxide (CO2), the major contributor to climate change and global warming. The rapid
industrialization and technological progress that permeates every facet of life have
further escalated the rate of fossil fuel depletion and CO2 emission. Therefore, an
alternative fuel source that is both clean and renewable is of paramount importance.
Hydrogen (H2), in particular is a promising candidate to replace fossil fuels owing to
its high fuel value of ~143 kJ/g. Furthermore, the combustion of H2 produces only
water as by-product, rendering the process environmentally benign [1].
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There are a variety of methods to produce H2, such as solar energy pyrogenic
decomposition, photo-electrochemistry method, photocatalysis and solar energy
combined with electrolytic process. Among these routes, the photocatalytic splitting
of water to generate H2 has been widely regarded as one of the most sustainable
approaches as the process can be carried out under room temperature and atmospheric
pressure, in the presence of light irradiation [2-6]. The redox reaction is initiated by
photoexcitation when the energy of photons from the light source is equal to or
greater than the band gap of a semiconductor photocatalyst. The electrons are then
excited from the valence band (VB) to the conduction band (CB), where these
electrons are subsequently consumed to produce H2. It is therefore crucial to develop
an efficient photocatalyst which exhibits suitable redox potentials, broad light
absorption, and high photostability throughout the reaction. Noble metals, such as Pt,
Pd, Au and Ag, have been studied extensively to achieve high photocatalytic activity
for H2 production [7-11]. However, the scarcity of these precious metals and high
production costs limit the practicality of using noble metals for photocatalytic H2
production. Under such circumstances, it is essential to design and develop an
efficient and noble-metal-free photocatalytic system.
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In view of solar energy utilization, the search for semiconductor photocatalysts that
can harvest the wide spectrum of solar light, from ultraviolet (UV) to near-infrared
(NIR) wavelength, and simultaneously achieve efficient solar energy conversion
remains as one of the most challenging missions. At present, most photocatalysts
developed in literature are active in the UV and/or visible light region, while activity
under NIR light still remains rare. Utilization of light from NIR region can be
achieved by converting longer wavelength NIR light to shorter wavelength visible
light by means of doping with rare earth materials [12, 13]. In addition, surface
plasmonic effect possessed by noble metals has also been reported as an NIR
harvester for photocatalysis [14, 15].
Owing to its unique properties and versatility for numerous applications, molybdenum
disulfide (MoS2), has been gaining tremendous attention from researchers worldwide
[16-18]. The crystal structure of MoS2 consists of sandwiched layers S-Mo-S bonded
through covalent bonds and each layer is held together by relatively weak van der
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Waals forces. MoS2 with bulk structure has an indirect band gap of ca. 1.0 eV, while
its direct band gap energy is approximately 1.8 – 2.0 eV. With this sandwiched
structure, MoS2 comprises of unsaturated Mo and S edges that serve as active sites
where they can bond with reactant molecules to initiate surface reactions. However,
the limited active sites on the basal plane of MoS2 have hindered the catalytic
efficiency of MoS2 [19]. Therefore, morphology engineering of MoS2, such as
reducing the number of layers and sizes, has been widely studied in an effort to
increase its catalytic activity through edge exposing [19]. By decreasing the layers of
MoS2, the band gap of MoS2 could be transformed from indirect band gap (~1.0 eV)
to direct band gap (1.8 – 2 eV) [20, 21].
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Among the different shapes and sizes of MoS2, zero-dimensional (0D) MoS2 quantum
dots (MoS2QDs) possess unique optical and electronic properties, which are vital in
many applications, particularly photocatalysis [1, 22-25]. The quantum size of
MoS2QDs not only results in an increase in unsaturated bonds, but higher exposed
edges per surface area as well. The latter will in turn enable more hydrogen atoms to
be bonded to the photocatalyst, thereby increasing the photocatalytic activity for H2
generation. Furthermore, MoS2QDs have been reported to exhibit up-conversion
properties [26, 27].

PT

ED

M

A

In our previous study, MoS2 sheets were grown onto Bi2S3 giving a core-shell like
structure that was shown to be an efficient photocatalyst for H2 production [28]. In
this study, we further enhanced the performance of Bi2S3-based photocatalyst in water
splitting with MoS2QDs under broad solar spectrum. To the best of our knowledge,
this is the first time MoS2QDs has been reported to exhibit photoactivity under NIR
light irradiation. The synthesis of MoS2QDs was carried out via a top-down approach
with the aid of sonication. The unique and fascinating excitation-dependent
photoluminescence emission of MoS2QDs was also thoroughly examined in this work.
The photocatalytic enhancement of MoS2QD/Bi2S3 catalyst revealed the significance
of MoS2 structure in achieving a higher efficiency for H2 production.
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2.0 Materials and Methods
2.1 Materials

A

Bismuth (III) nitrate pentahydrate (Bi(NO3)3∙5H2O), thioacetamide (C2H5NS), N,Ndimethylformamide (DMF), sodium sulfide (Na2S) and sodium sulfite (Na2SO3) were
supplied by Sigma Aldrich. Sodium tungstate dihydrate (Na2WO4∙5H2O) and ethanol
were supplied from Merck and Friendemann Schmidt Chemical, respectively. All the
chemicals were of analytical reagent grade and were used as received without further
purification. Deionized (DI) water with conductivity of 18.2 MΩ cm was used in all
experiments.

2.2 MoS2 quantum dots synthesis
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MoS2 quantum dots (MoS2QDs) were prepared through a sonochemical method
following the procedure reported elsewhere [16] with modifications. In brief, bulk
MoS2 was first dispersed in 100 mL of DMF solution. Next, the MoS2 suspended
solution was placed in an ice-bath and underwent sonication at 300 W for 3 h. The
sonicated solution was then left undisturbed overnight to allow the bulk MoS2 to settle.
The top 2/3 of the suspended solution was then extracted to a round bottom flask and
heated under reflux to 140 °C for 6 h under constant stirring. The cooled suspension
was then centrifuged for 10 minutes at 5000 rpm to allow the sediment and
supernatant to separate. The supernatant was then centrifuged again at 14000 rpm for
15 minutes to obtain MoS2 suspension. The supernatant was collected and dried in a
vacuum oven and re-dispersed in DMF to obtain 8 mg/mL MoS2QDs suspension with
concentration of 8 mg/mL.
2.3 Synthesis of MoS2QD/Bi2S3 photocatalyst
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Prior to obtaining MoS2QD/Bi2S3, Bi2WO6 was first synthesized by dissolving 0.4
mmol of Na2WO4∙5H2O and 0.8 mmol of Bi(NO3)3∙5H2O in 100 mL of DI water
under constant stirring for 1 h. The solution was subsequently heated in a Teflon-lined
autoclave for 15 h at 160 °C. The precipitate was washed with DI water and ethanol
before drying in an oven. The as-synthesized Bi2WO6 was then suspended in DI water
through sonication for 1 h. Thioacetamide was subsequently added to the suspended
solution under constant mixing before adding a pre-calculated amount of MoS2QDs
suspension. The solution was then heated to 200 °C for 24 h in a Teflon-lined
autoclave. After allowing the autoclave to cool down naturally, the precipitate was
then washed with DI water and ethanol before drying in an oven. The as-prepared
samples were denoted as xMoS2QD/Bi2S3, where x = 0.07, 0.14, 0.17, 0.21 and 0.36
wt% of MoS2QDs content.
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2.4 Material characterization
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The structural properties of the samples were analyzed by powder X-ray diffraction
(XRD) with Bruker D8 Discover X-ray diffractometer with CuKα radiation (λ =
0.15406 nm) at a scan rate of 0.02 s-1. Field-emission scanning electron microscope
(FE-SEM, Hitachi SU8010) was used to study the surface morphology of the asprepared samples. Transmission electron microscopy (TEM) and high resolution TEM
(HR-TEM) images were attained with TECNAI G2 F20 microscope equipped with
energy dispersive X-ray (EDX) at an accelerating voltage of 200 kV. The as-prepared
samples were suspended in ethanol with the aid of sonication and dropped onto a
carbon coated copper grid and dried at room temperature. The elemental content of
the as-prepared samples, was measured using inductively coupled plasma-mass
spectrometry (ICP-MS) (Agilent 7900 ICP-MS). X-ray photoelectron spectroscopy
(XPS) analysis was carried out with X-ray microprobe PHI Quantera (Ulvac-PHI,
INC.) equipped with monochromatic Al-Kα (hʋ = 1486.6 eV) X-ray source. The
optical properties of the as-synthesized photocatalyst were analyzed with diffuse

reflectance absorption spectra and ultraviolet-visible spectra using Agilent Cary 100.
Photoluminescence (PL) measurements were performed using LS 55 PerkinElmer
fluorescence spectrophotometer with an excitation wavelength of 320 nm.
2.5 Photoelectrochemical measurements
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A three electrode electrochemical quartz cell consisting a working electrode, Pt
counter electrode and Ag/AgCl saturated with 3 M KCl as reference electrode was
used to measure transient photocurrent responses and electrochemical impedance
spectroscopy (EIS) Nyquist plots. 0.5 M Na2SO4 was used as an electrolyte for all the
photoelectrochemical measurements. The working electrodes were prepared by
suspending the samples in ethanol (1 mg/mL). The suspension solution was then
drop-casted onto a fluorine-doped tin oxide (FTO) with an electroactive area of 1 cm2.
The amplitude and frequency of the AC potential were 0.01 V and 100 Hz,
respectively.
2.6 Photocatalytic hydrogen production
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The experiments for photocatalytic H2 production were carried out in a black box
fitted with a Pyrex reactor in a N2 environment at room temperature and atmospheric
pressure. 3 mg of the as-prepared photocatalyst was dispersed in 120 mL aqueous
solution. 0.5 M Na2S and 0.5 M Na2SO3 were used as scavenger. To ensure that the
photocatalytic system was free from atmospheric air, the system was purged with N2
gas for 30 minutes before the commencement of the photocatalytic reaction. The
irradiation light source used in this study was a 500 W Xenon arc lamp (CHF-XM500W) fixed with optical filter (AM1.5) to mimic solar light. The sampling port was
connected to an online gas chromatography (Agilent 7890A, TCD, Ar gas carrier) to
analyze the product gas at a time interval of 1 h.
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3.0 Results and Discussion

3.1 Structural and chemical characterization
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The crystallographic structures of the as-developed samples were studied using XRD,
as shown in Figure 1(a). No broadening of peaks was observed for all samples,
indicating their high crystallinity nature. The diffraction peaks shown in Figure 1(a)
matched well with the orthorhombic phases of Bi2S3 (JCPDS #012-0320), thus
confirming the successful synthesis of Bi2S3 through the in-situ anion exchange
approach. The diffraction peaks of Bi2WO6 were not detected across the entire
prepared samples (2θ = 55.8°). This further verified the successful conversion of
Bi2WO6 to Bi2S3. The reason behind the absence of MoS2QDs diffraction peaks could
be attributed to the small loading of MoS2 on the composite materials. The structure
and morphology of the as-prepared MoS2QDs doped Bi2S3 were examined using
FE-SEM and TEM. Figure 1(b)-(d) shows the microscopy images of the
0.14MoS2QD/Bi2S3 sample. The FE-SEM images of 0.07, 0.21 and
0.36MoS2QD/Bi2S3 are shown in Figure S1. These images revealed that all samples
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exhibited the discoid shape of Bi2S3, which were similar to our previous observations
[29]. The average size of MoS2QD/Bi2S3 samples was determined from FE-SEM to
be ca. 1 µm. The TEM image presented in Figure 1(c) divulged that the
0.14MoS2QD/Bi2S3 sample consisted of multiple rod-shaped structures which were
stacked to form the distinct discoid shape of Bi2S3. The MoS2QDs can be observed
under the high resolution TEM (Figure 1(d)) as marked by arrows. The inset of Figure
1(d) revealed a lattice fringe of 0.27 nm, ascribed to the (100) plane of MoS2. TEM
elemental mapping of 0.14MoS2QD/Bi2S3 shown in Figure S2 confirmed the presence
of Bi, S and Mo. Furthermore, the actual MoS2QDs content of the as-prepared
samples was determined using ICP-MS and the results are presented in Table S1.
(b)

*
0.21MoS2QD/Bi2S3
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Figure 1: (a) XRD spectra of the MoS2QD-doped Bi2S3 samples synthesized with
Bi2S3 and MoS2 (b) FE-SEM, (c) TEM and (d) HR-TEM images of
0.14MoS2QD/Bi2S3 (Inset: lattice spacing of MoS2QD indicating (100) plane).
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The surface valence state and surface chemical compositions of MoS2QDs were
further verified by X-ray photoelectron spectroscopy (XPS). The survey spectrum of
MoS2QD/Bi2S3 is shown in Figure S3. All component elements Bi and Mo were
identified in the wide scan, while no impurities were detected, indicating a high purity
of the MoS2QD/Bi2S3 sample. The S element peak was not visible in the survey scan
of 0.14MoS2QD/Bi2S3, as it could be shielded by the Bi element. This observation is
in line with other reports published in literature [30, 31]. The high resolution orbit
scan of individual elements is shown in Figure 2. The peaks detected at binding
energies 228.9 and 232.5 eV (Figure 2(a)) can be ascribed to Mo 3d5/2 and Mo 3d3/2,
respectively. Both Mo peaks are typical for Mo4+ in MoS2 [32-34]. The peak at 225.7
eV can be assigned to S 2s. The peaks for Bi at 158.5 and 164.7 eV shown in Figure
2(b) correspond to Bi 4f7/2 and Bi 4f5/2 respectively. Following deconvolution, the
peak at binding energy of 159.5 eV can be attributed to S 2p3/2. The presence of this
peak confirms the existence of S element in the MoS2/Bi2S3 composite.
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Figure 2: XPS spectra of 0.14MoS2QD/Bi2S3 composite (a) Mo 3d and (b) Bi 4f and
S 2p.
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The optical properties of the as-synthesized samples were studied using UV-vis
diffuse reflectance spectra (Figure S4). It is evident from Figure S4(a) that the light
absorption ability of Bi2S3 improved significantly upon doping with MoS2QDs
instead of MoS2 nanosheets. The light absorption ability of the samples was also
observed to increase with the loading of MoS2QDs. It is also worth mentioning that
the increase in light absorption was not limited to a specific wavelength, but was
observable throughout the entire scanning spectrum i.e. 200 – 800 nm. This study
clearly revealed the improved photoresponsiveness of the Bi2S3 samples upon doping
with MoS2QDs. The band gap energy of Bi2S3 was also calculated by a modified Tauc
plot approach (Figure S4(b)).
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3.2 Photocatalytic H2 production and mechanism of photocatalytic enhancement
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The photocatalytic performance of the as-prepared samples were examined through
the photocatalytic splitting of water under simulated solar light irradiation. The light
spectrum is shown in Figure S5. Figure 3 shows the time-dependence H2 yield (a) and
the total product yield after 6 hours of reaction (b). The results obtained revealed the
importance of MoS2QDs in improving the photocatalytic production of H2. As shown
in Figure 3(b), pristine Bi2S3 produced a total H2 yield of 3.9 mmol/g.h after 6 h of
light irradiation. Upon doping with 0.07 wt% MoS2QDs, the composite showed a H2
production of 13.3 mmol/g.h, which was 3.4 times higher. The highest H2 yield of
17.7 mmol/g.h was obtained when 0.14 wt% of MoS2QD were incorporated onto
Bi2S3. In addition to that, the quantum size of MoS2 was also responsible for the
increase in photocatalytic performance due to significantly enhanced charge
separation [33]. As the exposed S atoms are active sites for H2 production, size
reduction from bulk to QDs greatly increased the S atom for H+ absorption to form SH bond, giving rise to the increase in H2 production. Further increase in the loading of
QDs was found to reduce the efficiency of the photocatalyst. At higher loading of
QDs, a shielding effect could have occurred, leading to the blockage of incident light
from reaching the Bi2S3 surface. In addition to remarkable activity, high photostability
is also an essential characteristic that must be possessed by a good photocatalyst. To
investigate the photostability of 0.14MoS2QD/Bi2S3, its performance in the
photocatalytic production of H2 was evaluated for four consecutive runs under

identical experimental conditions. As shown in Figure 3(c) and (d), the photoactivity
of 0.14MoS2QD/Bi2S3 was maintained after four cycles with a total reaction time of
24 h. 0.14MoS2QD/Bi2S3 was able to retain more than 90% of photoactivity after 4
consecutive reaction run, thus indicating its superior photostability.
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Figure 3: (a) Time course of photocatalytic H2 evolution, (b) rate of photocatalytic H2
production of all samples, (c) time course for 4 cycles of photocatalytic H2 production
over 0.14MoS2QD/Bi2S3 and (d) rate of H2 production for each cycles studied in 0.5
M Na2S/Na2SO3 mixture under stimulated solar light irradiation for duration of 6 h.
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To verify the activity of MoS2QD/Bi2S3 photocatalyst under NIR light (λ > 700 nm),
0.14MoS2QD/Bi2S3 was subjected to photocatalytic H2 production under similar
reaction conditions, but under NIR light illumination instead. The results, as presented
in Figure 4(a), showed that MoS2QDs were able to harness the NIR light for H2
production through water splitting. In order to understand the significance of this
result, PL characterization was carried out on MoS2QDs. Figure 4(b) and (c) show the
PL emission spectra of the MoS2QDs under different excitation wavelength, which
disclosed the as-synthesized MoS2QDs exhibited intriguing excitation-dependent PL
emission properties. This suggests that MoS2QDs not only acted as spectral
harvesters, they also played a pivotal role as excellent spectral converters. This
phenomenon could be attributed to the homogeneity of the as-developed MoS2QDs,
further confirming the successful synthesis of quantum-sized MoS2 through the facile
sonochemical approach. In addition to the down-converted PL property, MoS2QDs
also possess fascinating up-converted PL behavior as shown in Figure 4(c). Upon
excitation under NIR irradiation (700 – 780 nm), the PL emission spectra were found
to be in the range of 455 to 488 nm. This suggested that the as-fabricated MoS2QDs
could up-convert long-wavelength NIR light to short-wavelength visible light. This is
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exceptionally desirable in photocatalysis as it manifests that NIR region could also be
harvested, hence maximizing the utilization of the solar spectrum. Although
MoS2QDs suspension appeared as light brown solution under visible light irradiation,
the MoS2QDs emitted bright blue light under UV irradiation, as displayed in Figure 4
(b) insets. This observation revealed that the MoS2QDs possessed strong fluorescence
emissions [35, 36]. The photoactivity of 0.14MoS2QD/Bi2S3 was further verified with
transient photocurrent responses carried out under NIR irradiation. The results
obtained were presented in Figure 4(d). The photocatalyst decorated with MoS2QDs
showed strong photocurrent response under NIR irradiation. As a comparison, similar
characterization was carried out for pristine Bi2S3 and MoS2 nanosheets grown
directly onto Bi2S3 (23MoS2NS/Bi2S3). As shown in Figure 4(d), the photocurrent
response of pristine Bi2S3 and 23MoS2NS/Bi2S3 were significantly lower than that for
0.14MoS2QD/Bi2S3. This observation clearly indicates the superiority of MoS2QDs
under NIR irradiation. Refer to ESI and Figure S6 for the justifications of selection of
23MoS2NS/Bi2S3 as a control sample. Further experiments were carried out to
investigate the effects of MoS2 structure on the photocatalytic activity. As presented
in Figure S7, when bulk MoS2 was used as photocatalyst for H2 water splitting, a
negligible amount of H2 was produced. For 23MoS2NS/Bi2S3, 6.1 mmol/h.g of H2
was yielded under similar experimental conditions. The enhancement in photoactivity
was due to the intimate contact between MoS2 and Bi2S3, which allowed rapid transfer
and migration of photoinduced electrons and the subsequent suppression of electronhole pair recombination [28]. When MoS2QDs were incorporated in place of MoS2
nanosheets, the H2 production increased to a whopping 17.7 mmol/h.g. The yield
obtained was 4.5- and 2.9-folds higher than that of undoped Bi2S3 and
23MoS2NS/Bi2S3 respectively. This showed that only 0.14 wt% of MoS2QDs was
required to produce H2 yield with almost 3-fold higher than that of 23 wt% of
MoS2NS used.
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Figure 4: (a) H2 evolution of 0.14MoS2QD/Bi2S3 under NIR irradiation, (b) downconverted (Inset: MoS2QDs under (i) visible and (ii) UV light irradiation), (c) upconverted PL spectra of MoS2QDs, and (d) transient photocurrent response under NIR
irradiation.
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Electrochemical impedance spectroscopy (EIS) Nyquist plots of the samples are
presented in Figure 5(a). The charge transfer resistance between the contact interface,
working electrode and electrolyte was revealed by the arc radius from the Nyquist
plot. The arc radius of 0.14MoS2QD/Bi2S3 reduced significantly as compared to
undoped Bi2S3 and 23MoS2NS/Bi2S3 (see Figure S8(a)). This implicates the
importance of MoS2QDs on the photoactivity of Bi2S3. As the loading of MoS2QDs
increased from 0.07 wt% to 0.14 wt%, the charge transfer resistance between the
surface of the electrode and the electrolyte reduced. This observation implied a more
efficient interfacial charge transfer within the composite. However, a further increase
in MoS2QDs loading caused an increase in electron charge transfer resistance.
Therefore, a balance between charge transfer mobility and electron hole
recombination is desirable, and this was attained when 0.14wt% of MoS2QDs was
doped onto Bi2S3.
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To further verify the results, transient photocurrent responses were performed on the
as-prepared samples (see Figure 5(b)). The current density was observed to have
increased as soon as the light was switched on; photocurrent responses decreased to
near zero when the light was turned off. In accordance to the photocatalytic
experiments, 0.14MoS2QD/Bi2S3 showed the highest photocurrent responses to the
on/off light irradiation cycles as compared to the other loadings of MoS2QDs. This
indicated that more electrons were able to migrate to the electrodes to produce a
current flow. In addition, 0.14MoS2QD/Bi2S3 showed superiority in transient
photocurrent responses in comparison to undoped Bi2S3 and 23MoS2NS/Bi2S3 (Figure
S8(b)), demonstrating efficient separation of photogenerated charges.

IP
T

Photoluminescence (PL) analysis is shown in Figure 5(c). Suppression of the emission
peak for 0.14MoS2QD/Bi2S3 signified the delay in electron-hole pair recombination of
the photocatalyst. As compared to 0.07, 0.21 and 0.36 wt% of MoS2QDs loading, the
electron-hole recombination rate of 0.14MoS2QD/Bi2S3 was the lowest, indicating
that 0.14MoS2QD/Bi2S3 was the most efficient composite for charge separation. This
observation matches well with the H2 production results reported earlier. Figure S8(c)
shows the PL spectra for the as-synthesized MoS2QDs doped samples in this study.
The spectra showed that 0.14MoS2QD/Bi2S3 had the lowest peak intensity as
compared to the other samples. This further demonstrated the significance of the
MoS2 structure, in which quantum dots were more efficient in suppressing electronhole recombination, which in turn resulted in higher H2 yield.
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The schematic illustration of the photoexcited electron-hole pair separation for
0.14MoS2QD/Bi2S3 is presented in Figure 5(d). Under light irradiation, electrons on
Bi2S3 were excited from the VB to the CB, which then reacted with adsorbed H+ ions
to form H2 molecules. The enhancement of the photocatalytic production of H2 can be
attributed to the synergetic effect between MoS2QDs and Bi2S3 where the
photogenerated electrons on Bi2S3 could transfer to MoS2QDs to take part in the H2
production reaction. Furthermore, as a spectral converter, the MoS2QDs were capable
of harnessing NIR light to drive the photocatalytic H2 production. Through this, Bi2S3
could utilize the up-converted light to excite electrons from the ground state for water
reduction. Besides, the addition of MoS2QDs enhanced the visible light absorption
and promoted charge transfer and separation, giving the photocatalyst a longer
reaction lifetime.
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Figure 5: (a) EIS Nyquist plots, (b) transient photocurrent response under simulated
solar light, (c) steady-state PL spectra of the as-prepared MoS2QDs doped samples
and (d) schematic illustration of H2 production under light irradiation.
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In summary, MoS2QDs decorated Bi2S3 was successfully synthesized via a facile
hydrothermal method. The presence of MoS2QDs has effectively enhanced the
photocatalytic H2 evolution for all samples. At an optimum loading of 0.14 wt% of
MoS2QDs, the H2 evolution rate was the highest at 17.7 mmol/h.g. The improvement
was found to be 3.0- and 4.5-fold higher than that of control 23MoS2NS/Bi2S3 and
undoped Bi2S3, respectively. The enhancement is due to the synergistic effects
between Bi2S3 and MoS2QDs, in which the MoS2QDs played bi-functional roles as
electron entrapment sites and spectral converters. This work demonstrated the
importance of MoS2QDs and their potential in replacing noble metal co-catalysts for
photocatalytic H2 production under broad solar spectrum. MoS2QD/Bi2S3
photocatalyst paves a new pathway for utilizing solar spectrum for H2 production and
a step closer to the realization of a fossil fuel-free world.
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