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ARTICLE INFO ABSTRACT

Keywords: The development of high-activity, long-life, precious-metal-free photocatalysts for redox reactions in photo-
1D electrochemical cells and fuel cells remains challenging. The synthesis of high-activity heterostructured
2D ) photocatalysts is crucial for efficient energy conversion strategies. Herein, a novel photocatalyst based on 1D
Lﬁyered n;aterlals Bi»S3 nanorods self-assembled on 2D exfoliated tungsten disulfide (e-WS,) nanosheets has been developed for
P Otocjdta y?ts the degradation of methyl orange (MO) dye in aqueous solution. We demonstrate a novel and facile
Heterojunction

Self-assembled

hydrothermal method for the synthesis of a Bi»S; nanorod/e-WS, nanosheet heterostructure. The photo-

catalytic properties of the heterostructure under visible light were investigated. Enhanced photocatalytic activity
was attributed to the presence of strong surface active sites, as well as the specific morphology of the composite.
We also observed the fast transfer of electron-hole pairs at the material interface. This work demonstrates a
non-noble semiconductor photocatalyst for the degradation of pollutants and evolution of Hy.

1. Introduction

With the recently increased emphasis on the environmental effects of
contaminated water from industries such as leather and textiles
production, the degradation of pollutants in contaminated water has
gained increasing attention from researchers [1-3]. Because it offers
high resistance to photocorrosion, TiO, is widely considered in the
exploration of semiconductor photocatalysts for the degradation of
pollutants in aqueous solutions [4,5]. However, TiO- is limited in use
in photocatalytic applications because it is intrinsically hindered by
properties including a wide band gap, low electron mobility, and short
hole diffusion length (10—100 nm). Various strategies including doping,
co-catalysis, and heterostructure formation have been investigated to
address these issues. One of the key research targets for photocatalysts is
the development of high-specific-surface-area and high-structural-stabi-
lity semiconductor heterojunctions. To date, 1D and 2D transition-metal
sulfides including FeS, [6], Bi>S3 [7,8], M0S, [9-11], WS, [12,13], WSe»
[14], and MoSe> [15] have been widely used in photocatalytic applica-
tions because they have suitable band gap energies that yield low
recombination rates for electron-hole pairs. Compared to 1D metal
sulfides, 2D materials exhibit unique characteristics in photocatalytic
applications. BiySs, a visible-light active material with a band gap of
1.25-1.61 eV, has attracted great attention because of its visible-light

active photocatalytic performance [16,17]. For example, Sarkar et al.
[18] reported that a solvothermally synthesized Bi,S; nanoparticle
photocatalyst demonstrated visible irradiation-driven photoactivity to-
wards the degradation of methylene blue, and ascribed this activity to
the material's remarkable specific surface area. However, the application
of pure Bi»S; in pollutant photodegradation remains limited because the
material is relatively low in efficiency and stability, showing rapid
recombination of photogenerated electron-hole pairs. The loading of
earth-abundant elements as co-catalysts has been an ongoing research
subject for the fabrication of low-cost and noble metal-free photocata-
lysts. Pei et al. [19] reported a heterojunction of Bi,S; and BixMoOs,
which showed enhanced photocatalytic activity with improved charge
transfer and separation, as well as diminished charge-carrier recombi-
nation. In another study, Wang et al. [20] synthesized a B;;M00g¢/Bi>S3
photoelectrochemical sensor that has been successfully applied in the
selective gallic acid analysis to supervise drug quality. In addition, Bi»S;
decorated on Bi;MoOg nanobelts as a platform has exhibited excellent
selectivity, reproducibility, and light-harvesting capability. Similarly,
Bi,WO4/Bi,S; [21-24], Bi»Ss/BirSn,0, [25], BiySs/TiOs [26], BirSs/
Cds [27], BIQS3/W03 [28], BlgSg/FCQOg [29], BlgSg/BlPO4 [30], BlgSg/g-
C3Ny [31], BiyS3/Bi»SiOs5 [32], Bi»S3/rGO [33], and various Bi-based
[34] heterojunctions have demonstrated excellent photocatalytic activity
under visible-light irradiation.
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2D transition metal dichalcogenides (TMDs) with layered struc-
tures have received extensive research attention in the last decade
because they have unique structures analogous to graphene and good
properties for relevant applications [35,36]. WS,, an inorganic gra-
phene analog, is a chemically stable layered semiconductor with the
band gap of ~1.3 eV, with WS, monolayers connected by van der Waals
forces. WS, is used in various applications including solar cells, gas
sensors, Li ion batteries, and the photodegradation of pollutants in
aqueous solutions [37]. Thus, WS is considered a suitable candidate
for next-generation substitution of noble metals. To fully incorporate
the above-mentioned benefits in a single system, the concept of 1D/2D
metal sulfide heterojunctions was proposed. To date, little effort has
been attempted to grow 1D nanorods on 2D nanosheets, which may be
caused by the difficulties in the growth of 1D and 2D nanomaterials in a
single synthetic system. For instance, we previously reported that a
hydrothermally synthesized CdS/WS, hybrid exhibited very high
photocatalytic degradation of crystal violet dye under UV and visible-
light irradiation [38].

Herein, we report a simple single-step hydrothermally self-as-
sembled Bi,S3/exfoliated WS, (e-WS») nanocomposite for photocata-
lytic applications. Various approaches have been developed for the
synthesis of few-layer e-WS,, such as mechanical exfoliation, liquid
exfoliation, and chemical vapor deposition. Considering the feasibility
of operation and the subsequent synthesis of both Bi,S; and e-WS,,
direct sonication in an aqueous solution was employed to obtain few-
layer e-WS,. The ultrasonicated e-WS, with more exposed active edges
was applied as a co-catalyst for Bi»S; to improve the photocatalytic
degradation of methyl orange (MO) dye. The as-synthesized nanocom-
posite demonstrated excellent photocatalytic efficiency under visible-
light irradiation. The electrochemical properties were investigated
thoroughly to determine the importance of the heterojunction. This
work may facilitate new insights in the selection, design, and construc-
tion of noble metal-free photocatalysts for both the photocatalytic
degradation of pollutants and sustainable energy generation.

2. Experimental
2.1. Synthesis of few-layer WS, and e-WS,

In a typical synthesis procedure (Scheme 1), 1 mol of WClg and
65 mmol of CoHsNS were dissolved in 50 mL of ethanol and 25 mL
deionized water under constant stirring. Then, 5 mol/L HCl was used
to adjust the pH of the mixed solution to 2—-2.5 and the solution was
stirred for 1h at room temperature. Then the above solution was
transferred into a 100-mL Teflon-lined stainless steel autoclave, sealed,
and maintained at 190 °C for 24 h. After being cooled, the product was
obtained by centrifuging, washed repeatedly with deionized water and
ethanol three times, and dried in a vacuum oven at 140 °C for 6 h.

To prepare few-layer e-WS,, a sonication method was employed.

Bi,S; nanorods

W
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Typically, 50 mg of the as-synthesized WS, and 100 mL ethanol were
added to a beaker, which was submerged in a 200-W ultra-sonication
machine for 2 h. The as-obtained homogeneous suspension of e-WS,
was directly used for the preparation of the BiySz/e-
WS-heterostructures.

2.2. Synthesis of Bi»Ss3/e-WS.»

We dissolved 2 mmol of Bi (NO3)3-5H»0 and 3 mmol of Na,S-9H,O
in 25 mL of deionized water under constant stirring. We added 20 mL
of HCl to the solution and stirred continuously for 30 min. After
stirring, the resultant solution was dissolved into a certain amount of
the aforementioned homogeneous suspension of e-WS,. The nominal
weight contents of e-WS, in the heterostructures were selected as 1%,
3%, and 5%, denoted as Bi»>S3/e-WS,-1%, Bi»S3/e-WS,-3%, and Bi,S3/
e-WS»-5%. The obtained mixtures were transferred to a Teflon-lined
stainless autoclave and maintained at 190 °C for 24 h. After cooling to
room temperature, the precipitates were collected by centrifuging at
8000 rpm and washed with ethanol and water four times. Then, the
photocatalysts were dried in a vacuum oven at 120 °C for 8 h.

2.3. Characterization

Powder X-ray diffraction (XRD) patterns of the as-prepared photo-
catalysts were obtained using a Shimadzu LabX X-ray diffractometer
(XRD 6100 model) using Cu Ka radiation (A= 0.154 nm) at 40 kV and
30 mA. X-ray photoelectron spectroscopy (XPS) analysis was con-
ducted using a Thermo Scientific instrument and K-alpha surface
analysis. N> adsorption-desorption isotherms were recorded using a
Micromeritics ASAP 2420 surface area analyzer at the temperature of
liquid N,. Before gas adsorption, all photocatalysts were degassed for
2 h at 180 °C. To determine the surface morphology and for energy-
dispersive X-ray spectroscopy (EDX), images of the powders were
taken using scanning electron microscopy (SEM) with a Hitachi S-4800
instrument and transmission electron microscopy (TEM) at an accel-
erating voltage of 300 kV. High-resolution TEM (HRTEM) studies were
performed using a Hitachi H-7000 and a Tecnai G2 F 20 s-twin TEM.

Optical diffuse reflectance spectra (DRS) were recorded at room
temperature by UV-visible spectroscopy (Cary 5000 UV-Vis—NIR,
spectrophotometer) using the Kubelka—Munk function. The as-pre-
pared powders were placed over a SiO, disc during the measurement.
Electrochemical impedance spectroscopy (EIS) was measured on an
electrochemical workstation (Biologic-Sp-200) with a standard three-
electrode system. A 1 M NaOH solution was used as the electrolyte. The
photocatalysts prepared in this work were taken as the working
electrode, a Pt wire-type electrode as the counter electrode, and Ag/
AgCl as the reference electrode. To prepare the working electrode, the
as-synthesized 10 mg of pristine Bi,S3 or Bi,S3/e-WS»-3% nanocom-
posite were first dispersed into ethanol (450 pl) and 50 pl Nafion
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Scheme 1. Schematic illustration of the synthetic procedure of Bi,S; nanorod/e-WS, nanosheet heterostructured photocatalyst.



S.V.P. Vattikuti et al.

mixtures using soft ultrasonic stirring to obtain a uniform suspension.
The solution containing the catalyst (30 ul) was dropped onto the
cleaned indium-tin oxide (ITO) conductor glass substrate, which was
then dried in an oven at 90 °C for 4 h. Experimental studies for EIS
were performed using a potentiostat with a sinusoidal perturbation
voltage of 2 mV rms in the frequency range of 0.01 Hz to 1 MHz.

2.4. Photocatalytic test

Typically, the photocatalytic activity of the as-prepared nanocom-
posite was tested at the natural pH of a MO organic dye solution
(4 ppm in concentration). The test was performed under visible-light
irradiation with a Xenon lamp (A > 400 nm). In a typical run, a mixture
comprising 20 mg of various photocatalysts was suspended in 100 mL
of MO aqueous solution and stirred for 60 min in order to achieve an
adsorption-desorption equilibrium mixture. During light irradiation,
5 mL of the reaction mixture was sampled at 15-min intervals with a
syringe. The collected samples were examined with a UV-Vis—NIR
Cary 500 spectrophotometer. The photocatalysts were then separated
from the degraded solution by centrifuging (5000 rpm), washed with
ethanol to fully take away the residual dye moieties then again washed
with water and reused for consequent runs.

3. Results and discussion
3.1. Structure, composition, and morphological features

Fig. 1 shows the XRD patterns of the pristine Bi»S3; nanorods, e-
WSsonanosheets, and Bi»S; nanorod/e-WS, nanosheet heterostruc-
tures. For the pristine Bi,S3; nanorods, 18 distinctive peaks at 20 =
11.14°, 15.67°, 17.59°, 23.71°, 24.94°, 28.65°, 31.82°, 33.93°, 35.61°,
39.93°,42.7°,46.5°, 48.29°, 52.61°, 54.74°, 62.61°, 68.54°, and 78.78°
are well matched with the standard pattern of orthorhombic Bi»S3
(JCPDS-89-8964) [39]. For the e-WS, nanosheets, diffraction peaks at
14.32°, 28.87°, 32.57°, 33.57°, 35.9°, 39.5°, 43.91°, 49.71°, 58.46°,
59.81°, and 66.51° are observed. These peaks are indexed to the (002),
(004), (100), (101), (102), (103), (006), (105), (110), (008), and (114)

# BiZS3 -JCPDS-89-8964
* e-WS5JCPDS-87-2417

-
?Bizsslef\\'sz -5%
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Fig. 1. XRD pattern of as-prepared Bi»S3 nanorods, e-WS, nanosheets, and various
Bi»S; nanorod/e-WS, nanosheet heterostrucuted photocatalysts.
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planes of hexagonal WS, (JCPDS card No. 87-2417) [38,40]. Whereas,
for all hybrid photocatalysts, all the peaks are well matched with either
Bi,S3 or WS,; no impurity peaks are found.

Fig. 2 presents SEM images of the as prepared WS, nanosheets and
e-WS, nanosheets (Fig. 2a, b), which are stacked on each other. The
pristine Bi,S; nanorods of a few nanometers in length can be seen in
Fig. 2c. The surfaces of the Bi»S3 nanorods are randomly covered with a
few layers of dense e-WS, nanosheets (Fig. 2d-f). Thus, heterostruc-
tures are formed, which can facilitate fast carrier transfer at the
material interface. Moreover, elemental mapping of the as-prepared
WS, nanosheets and Bi,S; nanorod/e-WS, nanosheet heterostructure
(Fig. 2g, h) confirms the formation of a two-phase structure; Bi, W, and
S elements are found with no impurities indicated in the EDX spectra.
No impurity peaks are observed, reflecting the purity of all samples. In
addition, SEM image and EDX elemental mapping (Fig. 2i-1) verifies
the purity of the heterostructure nanocomposite of the Bi»S3/e-WS»-
3% photocatalyst.

The HRTEM image in Fig. 3a, b presents the as-synthesized WS,
nanosheets. It can be seen that layered WS, nanosheets are agglom-
erated together, blocking active sites and thus causing low photoactiv-
ity. Therefore, we attempted to exfoliate these nanosheets and use them
as a co-catalyst in the preparation of the heterostructure to improve the
photocatalytic performance. Fig. 3b and ¢ show the exfoliated WS, (e-
WS,) nanosheets achieved by simple sonication; their morphologies
match well with the above SEM results (Fig. 2a). The dotted selected-
area electron diffraction (SAED) pattern of e-WS, nanosheets is shown
in Fig. 3d. After adding 1D Bi»S; nanorods to the e-WS, nanosheets,
the Bi,S3 nanorod/e-WS, nanosheet heterostructure retains 1D/2D
morphologies. An ultrathin layer of e-WS» nanosheets is observed on
the surfaces of the randomly distributed 1D Bi»S3; nanorods, as shown
in Fig. 4a-c. The high-resolution TEM image of the Bi>S3/e-WS»-3%
heterostructure is shown in Fig. 4d, reveals the interplanar spacings of
0.36 and 0.315 nm, which corresponds to the (130) crystal plane of
orthorhombic Bi»S; and the (102) crystal plane of hexagonal WS,
respectively. The SAED pattern of the Bi,S3 /e-WS»- 3%heterostructure
is shown in the inset in Fig. 4d, having bright superimposed patterns
with interlinked line patterns and white spots organized in a linear
manner. This further demonstrates that the material is a single
composite, indicating the formation of a heterostructure.

XPS measurements were used to confirm the valence and state of
each element in the Bi,S; nanorod/e-WS, nanosheet heterostructure.
The XPS survey spectra of Bi»S3 /e-WS»-3% photocatalyst are shown in
Fig. 5a. From Fig. 5b, it is observed that the two broadened peaks and
two small peaks at 158.54, 163.92, 161.64, and 162.88 eV correspond
to the Bi 4f7/», Bi 4f5/2, S 2p3/2, and S 2p5,» components in Bi,Ss,
respectively [41], further verifying the formation of Bi»S3. From Fig. 5c,
the W 4f spectrum can be deconvoluted into two major peaks at 32.48
and 34.74 eV, assigned to the W 4f;,, and W 4f5,, species in WS,; a
low-intensity peak from W5ps5,, is observed at 37.5eV [42]. From
Fig. 5d, two peaks at 161.64 and 162.88 eV are assigned to S 2p3,> and
S 2ps/», indicating the presence of bridging S»> or apical S*, which are
the active sites in photocatalytic reactions.

The UV-vis DRS spectra of pristine Bi,S3;, e-WS,, and Bi,S;/e-
WS»-3% photocatalysts are shown in Fig. 6. All the absorption peaks of
the photocatalysts are located in the visible region. However, upon the
deposition of thin e-WS, nanosheets on the surface of the Bi»S;
nanorods, a remarkable red shift was observed in absorption of the
heterostructure, ascribed to the surface morphological features of the
1D/2D heterostructure. The band gap energies of the Bi,»S; nanorods,
e-WS,, and Bi»S3/e-WS»-3% photocatalysts are 1.32, 1.51, and
1.47 eV, respectively.

3.2. Photocatalytic activity

Recent studies have detailed the uses of layered nanomaterials as
co-catalysts, including MoS, [43], WS, [44], and g-C3N4 [45], and
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Fig. 2. SEM images of (a) as-prepared WS, (b) e-WS,, (c) as-prepared Bi»S3, (d) Bi»S3/e-WS,-1%, (e) BioSs/e-WS,-3%, and (f) Bi»Ss/e-WS,-5% photocatalysts, EDX spectrum of (g)
as-prepared WS,, and (h) Bi»S; /e-WS,-3% photocatalyst, (¢) SEM image and SEM elemental mapping (j-1) of Bi»S; /e-WS»-3% photocatalyst.

discussed their photocatalytic properties. MoS, as a co-catalyst can
improve the photosensitization of Bi»S; to 2.02 times higher than that
of pristine Bi,S3 [46]. Based on these previous reports, we found that
the photocatalytic activity of Bi»S3 is enhanced after combination with
e-WS, nanosheets, which act as co-catalysts. The catalytic activity of
the BiyS;/e-WS, heterostructured photocatalyst toward the decompo-
sition of MO dye was studied. Fig. 7a shows the UV-visible spectra of
the photocatalytic decomposition of MO over the Bi>S;/e-WS»-3%
photocatalyst. Fig. 7a shows two characteristic peaks at 464 nm and
273 nm, corresponding to the monomer and dimer of MO. In order to
completely understand the photocatalytic performance; three different
sets of experiments were performed as follows: (i) MO pollutant,
without the photocatalyst, was irradiated with visible light; (ii)) MO
pollutant was reacted with the photocatalysts without visible light
irradiation; and (iii) MO pollutant and photocatalysts were irradiated
with visible light. Fig. 7b shows the photocatalytic performance of the
BizS:;, e-WSz, BizSg/e-WSQ-l%, Bizs:;/e-WSQ-S%, and BizSg/e-WSQ-S%
photocatalysts, investigated by the degradation of aqueous MO solution
under visible-light irradiation. Initially, the photocatalytic experiments

529

were performed without and with photocatalysts under dark condition
for 15 min. The results from these experiments revealed that the
photocatalysts by themselves showed either no catalytic activity or
absorption by MO in the dark with negligible adsorption. After 90 min
of irradiation in the presence of the Bi»S3/e-WS,-3% photocatalyst,
88.4% MO dye is decomposed from the aqueous solution. It can be
clearly seen that the Bi»S3; nanorod/e-WS» nanosheet heterostructures
show improved photodegradation efficiency under visible-light irradia-
tion. The as-synthesized WS»shows a lower MO photodegradation rate
under visible-light irradiation because of the agglomeration of na-
nosheets compared to the rates of pristine Bi»S3; nanorods and e-WS,
nanosheets, in accord with past studies [47]. The photodegradation
rate of the e-WS, nanosheets reaches 63.1% after 90 min of visible light
irradiation. The photodegradation rate of MO with the Bi»S3; nanorod/
e-WS, nanosheet heterostructures reaches the maximum of 88.4% for
90 min irradiation over the Bi»S3/e-WS,-3% photocatalyst, better than
that of the e-WS, nanosheets (74.3%), pristine Bi>S3; nanorods (62.1%),
and as-synthesized WS, (51.3%). Therefore, the Bi»S3; nanorod/e-WS,
nanosheet heterostructures show more prominent photocatalytic activ-
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Fig. 3. (a) HRTEM image of as-prepared WS,, (b, ¢) HRTEM images, and (d) SAED pattern of e-WS,.

ity than the Bi,S3; nanorods or e-WS, nanosheets alone. The kinetic
linear simulations of MO photocatalytic degradation over the different
photocatalysts are shown in Fig. 7c.

It was observed that, as the amounts of e-WS, nanosheets
increased, the photocatalytic activities of Bi»S3 nanorod/e-WS, na-
nosheet heterostructures were initially increased, achieved the max-
imum value at 3 wt% loading of e-WS,, and were decreased with the
further loading of e-WS,. This can be explained as follows: With 1 wt%
loading of e-WS,, the photocatalytic properties of the e-WS, na-
nosheets are enhanced by the nanosheet compositing with Bi»S;
nanorods, which are active under visible-light irradiation with good
light absorption capability. When the loading of e-WS, is increased to
3 wt%, the photocatalytic properties of the Bi,S; nanorod/e-WS,
nanosheet heterostructures are improved with the increased e-WS»
nanosheet concentration. However, with the maximum loading of 5 wt
% e-WS,, the photocatalytic properties of the Bi»S; nanorod/e-WS,
nanosheet heterostructure are decreased because the excessive amount
of e-WS, covers the active sites of the Bi»S3; nanorods, and promotes
the aggregation of e-WS, nanosheets, thereby hindering electron
transfer at the heterostructure interface. These aspects inhibit the
photocatalytic performance.

Comparing the Bi,S3/e-WS, hybrid photocatalysts in terms of the
loading of e-WS, contents, we can observe the dependence of photo-
catalytic degradation on the e-WS, content. Noticeably, the concentra-
tion of e-WS, is proportional to the photodegradation activity of the
hybrid photocatalyst. However, the photodegradation activity of Bi»Ss/
e-WS>-5% is less than that of Bi,S;/e-WS,-3%. The Langmuir—
Hinshelwood (L—H) kinetics model reveals this difference (Fig. 7c),
and the photocatalytic degradation process of MO can be stated as the
following pseudo-first order kinetics equation [48]:

In2=k t

c " ey
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Where C is the MO concentration at time t, Cy is the initial concentra-
tion of the MO solution, and K,y is the apparent pseudo-first-order
rate constant (min~!). Based on the measured photocatalytic activities,
we assert that the content of e-WS,strongly influences the photocata-
Iytic efficiency of the Bi»S3/e-WS, hybrid. In particular, the excessive
addition of e-WS, nanosheets promotes the recombination of photo-
induced carriers of electron-hole pairs, rather than forming an electron
conduction path [19,46]. This may explain the reduced photodegrada-
tion property of Bi»S3;/e-WS»-5% and is consistent with results
reported previously in the literature [47].

To investigate the photocatalytic stability and reusability of the
photocatalysts, repeated cyclic tests were performed for three cycles are
shown in Fig. 7d. After each cycle, the photocatalyst was collected by
centrifuging, filtered, dried thoroughly, and then reused with a fresh
MO aqueous solution to retest the photocatalytic activity. After three
cycles, the Bi»Ss3/e-WS,-3% photocatalyst maintains good catalytic
activity with negligible deviation and good stability under visible-light
irradiation.

To better understand the charge separation and transport processes
of the Bi»S3; nanorod/e-WS, nanosheet heterostructures, the photo-
catalysts were investigated using EIS measurements and transient
photocurrent studies. The impedance plots of all photocatalysts are
shown in Fig. 8a, with the radius of each arc relating to the charge-
transfer process. Smaller arc radii in the EIS spectra of the hybrid
photocatalysts indicate lower electron-transfer resistance at the photo-
electrodes, because of both more effective charge separation and faster
interfacial charge transport. The arc radii of the pristine Bi>S3 and e-
WS, photocatalysts are the largest, whereas those of the hybrid
photocatalysts are the smallest. Remarkably, the Bi>S3/e-WS5-3%
photocatalyst exhibits a very low electron transfer resistance. The
photocurrent studies were performed under repeated on-off cycles
using the as-prepared Bi,S; and Bi>S3/e-WS,-3% photocatalyst as
photo anode, Pt wire and Ag/AgCl (SCE) used as a cathode and
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Fig. 4. TEM images (a) Bi»S3/e-WS»-1%, (b) Bi»S3/e-WS»-3%, and (c) Bi»S3/e-WS,-5% photocatalysts, and (d) HRTEM image (inset: SAED pattern) of Bi>S; /e-WS,-3% photocatalyst.

reference electrode, respectively. Fig. 8b showed the current time (I-t)
characteristics curve of as prepared Bi»S; and Bi>S3/e-WS»-3% photo-
catalyst electrodes. Both electrodes demonstrated a distinct visible light
photocurrent response during the on/off illumination cycles represents
quick photoinduced charge transfer from electrode materials. Among
these, Bi»S3/e-WS»-3% electrode exhibited higher photocurrent re-
sponse compared to the as-prepared Bi,S; electrode. Obviously, the
enhanced photocurrent response is partly due to the increased light
absorption as well as reduced charge recombination effect may be
another reason for the improved photocurrent density with Bi»Ss/e-
WS»-3% electrode. The as-synthesized heterostructure has rapid
charge-separation features and more effective carrier transfer com-
pared to those of pristine 1D Bi»S; nanorods or e-WS, nanosheets. As a
result, it is concluded that the formation of a heterojunction between
the binary materials is beneficial for efficient charge separation, fast
electron transport, and light harvesting.

The enhanced photocatalytic properties of the Bi,S3 nanorod/e-
WS, nanosheet heterostructures under visible-light irradiation may be
ascribed to several features. Based on the DRS results, the Bi»Ss
nanorod/e-WS, nanosheet heterostructures have narrow band gaps
that provide improved visible light absorption, and can therefore,
absorb more visible light than the pristine Bi»S3 and e-WS, na-
nosheets; thus, the photoactivity is improved. The heterostructures
also have larger specific surface areas, which facilitate faster electron
transfer because there are more active sites. The high specific surface
area of the 1D/2D heterostructure facilitates enhanced absorption of
incident light by the increased active sites, which enhances the
adsorption and photodegradation of MO dye in aqueous solutions. In
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addition, the high surface area improves the absorption of oxygen on
the heterojunction surfaces; this absorbed oxygen can react with
photogenerated electrons. The Bi>S3 nanorod/e-WS, nanosheet het-
erostructures have higher Brunauer—Emmett—Teller (BET) surface
areas of 68.25m?g™! (Fig. 9) than pristine Bi,S; nanorods have
(24.67 m? g™!) [48]. Strong contacts at the heterojunction interface
effectively diminish the recombination of photoelectrons and holes,
which reflects longer life spans for both charge species. The morpho-
logical features of 1D/2D heterostructures can achieve the efficient
separation of electrons and holes and facilitate the migration of
photoinduced carriers. Finally, the 1D/2D porous structure can
improve the photon utilization capability, thereby enhancing the
interaction between dye molecules and photocatalyst.

Based on the above results and discussion, it is clear that the
generation and separation of electron-hole pairs is efficiently enhanced
by the photocatalytic properties of the Bi»S; nanorod/e-WS, nanosheet
heterostructure under visible-light irradiation. The photocatalytic
mechanism of the heterostructure is shown in Scheme 2. The calculated
conduction band (CB) edge potentials (Ecg) of the pristine Bi,S; and e-
WSoare approximately —0.55 and 0.27 eV, respectively; the valence
band (VB) edge potentials (Eyg) are approximately 0.77 and 1.79 eV,
respectively. From the Scheme 2 under visible-light irradiation, both
Bi,S3 and e-WS, can excite the photoinduced electrons to the CB and
create holes in the VB. Because the Ecp of BisS3 (-0.55 €V) is lower
than that of e-WS, (0.27 V), electrons in the CB of Bi,S; can be
transferred to the CB of e-WS, by the heterojunction interface, thereby
separating the charge carriers. In addition, the Eyy of Bi»S3 (1.79 eV) is
higher than that of e-WS, (0.77 eV); therefore, holes in the VB of e-
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WS, can migrate to the VB of Bi»S3;, hindering photogenerated
electron-hole recombination in Bi»S3 and e-WS,. Further, the photo-
induced electrons reacts with the O, molecules absorbed on the Bi»S3
nanorod/e-WS, nanosheet heterostructure surface to form O, .
Meanwhile, the photoinduced holes can react with the H,O/OH to
form OH- radicals [49]. Therefore, with the strong oxidizing agents of
0, and OH., the Bi,S; nanorod/e-WS, nanosheet heterostructure can
oxidize organisms and organic pollutants into CO, and H>O molecules,
as following:
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Bi»S;/e-WS, + hu— Bi»Ss/e-WS, (h* +e )
Bi»S3/e-WS, (h* +e ) »e-WS, (e )/BixS; (h*)
e-WS, (e )+ 05— e-WS, +-027

Bi»S; (h*) + H,O — OH-+H"

0, + H,0 — HO,-+ OH

3]
(3
4)
5)

(6)
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Degradation
product

Scheme 2. Schematic illustrations for the mechanism of photoinduced charge carrier
transfers in Bi»S; nanorod/e-WS, nanosheet heterostructured photocatalyst under
visible light irradiation.

H02'+ H20 - H202 + OH- (7)
H202—> 2OH' (8)
OH-+ organism — CO, + H50 9

Thus, the improvement of photocatalytic activity under visible-light
irradiation may be ascribed to the coupling effect of Bi,S3 and e-WS,.
Coupling facilitates efficient charge-separation by the oriented transfer
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of electrons and holes from the semiconductor to another material,
which provides the Bi»S; nanorod/e-WS, nanosheet heterostructures
with remarkable photocatalytic activities as visible-light-driven photo-
catalysts.

4. Conclusions

In summary, we have rationally designed and developed a novel 1D
Bi»S; nanorod/2D e-WS, nanosheet heterojunction as a photocatalyst
for the photodegradation of MO. A dense layer of e-WS, ultrathin
nanosheets decorated on the surfaces of the Bi»S; nanorods. Because of
this heterojunction nanostructure, the photocatalyst exhibits the
enhanced photodegradation of MO at a rate 1.42 and 1.19 times higher
than those achieved by pristine Bi»S; and e-WS,, respectively. EIS
measurement results show that fast electron-hole separation and
excellent charge transfer contribute to the improved photocatalytic
activity. The improved performance can be attributed to (i) the 1D/2D
porous structure, (ii) the large specific surface area, (iii) well-matched
band energies, (iv) enhanced charge transfer efficiency, and (v)
diminished photoelectron—-hole recombination. We believe that our
findings demonstrate a promising method to design complex 1D/2D
heterojunctions for application in hydrogen evolution and photoelec-
trochemical sensing applications.
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