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ABSTRACT

A class of direct plate-on-plate Z-scheme heterojunction SnS2/Bi2MoO6 photo-

catalysts was synthesized via a two-step hydrothermal method. The materials

were characterized by X-ray diffraction, scanning electron microscopy, trans-

mission electron microscopy, X-ray photoelectron spectra, Fourier transform

infrared photoluminescence emission spectra, and UV–vis diffuse reflectance

spectroscopy. The photocatalytic activity was estimated via the degradation of

crystal violet (CV) and ciprofloxacin (CIP). The experimental results indicated

that the 5 wt% SnS2/Bi2MoO6 composites exhibited significantly enhanced

performance in contrast to pure Bi2MoO6 or SnS2 nanoflakes, and were also

superior to the popular TiO2 (P25). The degradation reaction accorded well with

the first-order reaction kinetics equation; the rate constant of CV using a SnS2

content of 5 wt% photocatalyst was * 3.6 times that of the Bi2MoO6 and 2.4

times that of SnS2. Furthermore, a SnS2 content of 5 wt% exhibited a 1.7 times

higher photocatalytic activity of CIP than that of pure Bi2MoO6, and 1.3 times

that of pure SnS2. Radical trapping experiments and an electron spin resonance

technique indicated that h? and �OH were the dominant active species involved

in the degradation process. A plasmonic Z-scheme photocatalytic mechanism

was proposed to explain the superior photocatalytic activities and efficient

separation of photogenerated electrons and holes.
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Introduction

Photocatalytic technologies, as promising strategies

for environmental control, have broad and attractive

prospects for the degradation of water and air resi-

dent pollutants [1–4]. Over the last few decades, since

water splitting on TiO2 electrodes was initially

reported, there has been an intensive focus on semi-

conductor-based photocatalysis [5]. As one of the

most common and comprehensive photocatalytic

materials, TiO2 has typically been employed for

environmentally benign water and air purification

[6]. However, due to its wide band gap, the appli-

cation of TiO2 is quite limited since it can only

respond to ultraviolet light, and its utilization of

sunlight is poor. Furthermore, the recombination rate

of electron–hole pairs is high [7]. Similarly, most

single photocatalysts possess the same defects; thus,

investigations into visible light-responsive photocat-

alysts have become intense.

Over the last few years, Bi-based materials, which

are regarded as one of the most promising photo-

catalysts, have attracted extensive attention from

researchers worldwide due to their distinguishing

visible light absorption and eco-friendly characteris-

tics. Most Bi-based photocatalysts, for example Bi2O3

[8], BiOX (X = Cl, Br, I) [9], BiVO4 [10], BiPO4 [11],

BiFeO3 [12], and Bi2MoO6 [13], are typical members

of the Aurivillius oxide family. Among them, Bi2-

MoO6 is regarded as a suitable heterostructured

photocatalyst candidate; it has a narrow band gap in

the range of from 2.5 to 2.8 eV, and as such, it may

efficiently utilize visible light. Within its phase

structure, [Bi2O2]2? layers are interleaved with layers

of perovskite [MoO4]. Regrettably, the photocatalytic

efficiency of pure Bi2MoO6 is poor due to the high

recombination rate of photogenerated electron–hole

pairs, as well as poor quantum yields and the low

number of active sites, etc. [14]. Many pristine pho-

tocatalysts have similar problems. To overcome these

intrinsic issues, different strategies and approaches

have been undertaken, including metal and non-

metal doping, morphological control, surface modi-

fication, or heterojunction formation, and more

[15–17]. For example, Dutta et al. [18] reported the

improved visible light photocatalytic activity of metal

ion (Ti4?, Mn2?, Cu2?, and Zn2?) doped Bi2MoO6 for

the degradation of methylene blue (MB) and mala-

chite green (MG) dye solutions. Concurrently, novel

fluorinated Bi2MoO6 nanocrystals for the efficient

photocatalytic removal of organic pollutants in water

were reported by Yu et al. [19], whereas Sun et al.

successfully modified Bi2MoO6 nanomaterials for use

as a gas sensor [20]. The most common techniques for

the formation of different classes of heterojunction

photocatalysts involve the introduction of foreign

semiconductors, such as Z-scheme g-C3N4/Bi2MoO6

[20], microflower-like Fe2O3/Bi2MoO6 [21], 3D hier-

archical rGO/Bi2MoO6 [22], sesame biscuit-like Bi2-

O2CO3/Bi2MoO6 [23], plate-on-plate Bi2MoO6/BiOCl

[24], and more.

Currently, metal sulfides have gained in popularity

due to their non-toxicity and simplicity, albeit par-

ticularly for their narrow band gaps [25–29]. The

semiconductor material SnS2 contains CdI2-type

hexagon layers with distinguishing high surface

areas. In addition, it is considered as a relatively

stable metal sulfide, and its band gap has been

investigated to be * 2.18–2.44 eV [25, 27]. However,

the disadvantage of this material pertains to the high

recombination rate of its photoexcited carriers. Pre-

sently, most SnS2 materials are employed for Cr (VI)

removal, and only in a few studies have they been

used as photocatalysts. For instance, Z-scheme SnS2/

Ag3PO4 heterojunction photocatalysts, and g-C3N4/

SnS2 photocatalyst have been reported [30, 31].

Therefore, SnS2-based photocatalysts are promising

for further improvement and perfection.

Z-scheme photocatalysts are currently under

intensive study for pollutant degradation owing to

their strong redox abilities. In this study, plate-on-

plate Z-scheme SnS2/Bi2MoO6 heterojunction nano-

materials were synthesized by a mild hydrothermal

method, and SnS2 was grown in situ on Bi2MoO6 for

the first time, which might facilitate intimate inter-

facial contacts. The photocatalytic activities of these

materials were evaluated through the degradation of

CV (crystal violet) and CIP (ciprofloxacin), which

possess stable chemical structures, intense carcino-

genicity, as well as being recalcitrant to degradation.

The results indicated that the as-prepared SnS2/Bi2-

MoO6 composites exhibited enhanced photocatalytic

activities, in contrast to pure SnS2 and Bi2MoO6. The

highest photocatalytic efficiency of the composites

was obtained by optimizing the quantity of SnS2.

Finally, the active species generated during the pho-

tocatalytic processes were detected, and a possible

photocatalytic mechanism was proposed.
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Experimental section

Chemicals

All chemicals were of analytical grade and used

without modification. Bismuth nitrate pentahydrate

(Bi(NO3)3�5H2O, 99%) was purchased from Sino-

pharm Chemical Reagent Co., Ltd, China. Ammo-

nium molybdate tetrahydrate (NH4)6Mo7O24�4H2O,

99%), Stannic chloride pentahydrate (SnCl4�5H2O),

sulfourea (H2NCSNH2), ammonium hydroxide

(NH3�3H2O), and ethylene glycol (EG) were pur-

chased from Tianjin Chemical Reagent Co., Ltd.,

China.

Preparation of SnS2

SnS2 nanoflakes were synthesized using a mild

hydrothermal method. The specific process was as

follows: 2.1 g Stannic chloride pentahydrate and 3.0 g

thiourea were initially dissolved in 70 mL distilled

water, with the assistance of ultrasonication for

20 min. Subsequently, the solution was transferred

into a 100-mL Teflon-lined stainless steel autoclave

and heated at 180 �C for 10 h. Once the autoclave was

cooled to room temperature, the yellow powder was

collected, and rinsed several times with distilled

water and ethanol. Finally, the precipitate was dried

at 60 �C overnight.

Preparation of SnS2/Bi2MoO6 composites

The SnS2/Bi2MoO6 composites were synthesized via

a simple hydrothermal method. In a typical synthesis,

2.25 g of Bi(NO3)3�5H2O was initially dissolved in

35 mL of a 2.0 mol L-1 HNO3 solution, and mag-

netically stirred until completely dissolved. Subse-

quently, 0.41 g of (NH4)6Mo7O24�4H2O was added,

whereupon the pH value of the solution was adjusted

to 7.0 using a NH3�3H2O solution under continued

stirring for 30 min. Various quantities of SnS2 (the

weight ratios of SnS2 to Bi2MoO6 were 1, 3, 5, and

7 wt%, respectively) were dispersed into ethanol

(30 mL) under ultrasonication for 30 min., after

which the suspension was added dropwise into the

solution above. The pH value of the mixture was

adjusted to 7 and stirred continuously for 30 min.

Next, the solution was transferred into a 100-mL

Teflon-lined stainless steel autoclave, and heated at

160 �C for 6 h, followed by cooling to room

temperature. The obtained materials were filtered,

rinsed with distilled water and ethanol, and dried at

60 �C in ambient air. For comparison, pure Bi2MoO6

was synthesized under the identical experimental

conditions without the addition of SnS2.

Characterization

The phase structure of the samples was characterized

with a X–ray powder diffractometer (XRD) using a

Bruker-D8-AXS diffractometer system, carried out

with a Cu Ka radiation source (k = 1.5418 nm). The

morphologies and compositions of the samples were

characterized via scanning electron microscopy

(SEM, JEOL JSM-6390LV system). The surface states

and structures of the materials were observed by

high-resolution transmission emission microscopy

(HRTEM, JEOL, JEM 2100) from a Japanese elec-

tronics company. The spatial elemental distribution

of nanocompounds was investigated by EDS (a

component of the SEM instrument). Chemical states

and atomic surface elements were measured with a

XSAM-800 X-ray photoelectron spectrophotometer

(XPS). All binding energies were calibrated by taking

the C 1s peak as a reference at 284.6 eV of contami-

nant carbon. Infrared absorption spectra were recor-

ded using a Fourier transform infrared spectrometer

(FTIR) in the frequency range of from 400 to

4000 cm-1, using KBr as the reference. UV–vis diffuse

reflectance spectra (DRS) were carried out with a

UV–vis spectrophotometer (Lambd 950) using BaSO4

as a reflectance standard. Photoluminescence (PL)

spectra were collected using a florescence spec-

trophotometer (Cary Eclipse, Varian, USA) with a

xenon lamp as an excitation source at an excitation

wavelength of 340 nm. Brunauer–Emmett–Teller

(BET) surface areas of the obtained samples were

evaluated on the basis of nitrogen adsorption iso-

therms using a Micromeritics ASAP 2020 apparatus

(USA). The electron spin resonance (ESR) signals of

free radical species were carried out via a DMPO

spin-trapping ESR technique.

Evaluation of photocatalytic activity

The photocatalytic activities of the as-prepared cata-

lysts were evaluated through the degradation of CV

(50 mL, 20 mg L-1) and CIP (50 mL, 10 mg L-1) in

aqueous media. The photocatalytic degradation

experiments were carried out in a PCX50B
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multichannel catalytic reaction system with a 5 W LED

light. In this PCX50B system, the quartz reaction bot-

tles were positioned above 5 W LED white lights

(k[ 390 nm). Furthermore, the controller was at the

bottom of the photoreactor, which could adjust the

light intensity and the speed of magnetic stirring. Nine

parallel experiments can be operated simultaneously

with this system, and there is no light exposure dif-

ference among the bottles. In our experiments, the

suspensions were magnetically stirred for 40 min. in

darkness to establish adsorption–desorption equilib-

rium. Subsequently, the mixtures were exposed to

LED light irradiation. At regular intervals of 20 min.,

3 mL of the suspensions were extracted, centrifuged,

and analyzed using a UV-2900 spectrometer at wave-

length of 582 nm and 276 nm for CV or CIP, respec-

tively. The degradation efficacy during the

photocatalytic process was calculated as follows:

g ¼ C0 � Ct

C0
� 100%

where C0 is the absorbance of the original CV or CIP

solution following adsorption, and Ct is the absor-

bance of the CV or CIP solution following light

irradiation.

Results and discussion

XRD analysis

The XRD patterns of the pure as-synthesized SnS2,

Bi2MoO6, and SnS2/Bi2MoO6 composites are shown

in Fig. 1. The primary peaks in the XRD pattern of

SnS2/Bi2MoO6 composite were consistent with those

of pure Bi2MoO6 (JGPDS No.71-2086). The observed

apparent peaks for pure Bi2MoO6 at 28.3�, 32.6�, 47.2�,
and 55.6� corresponded with (131), (200), (260), and

(331) crystal planes, respectively. For pure SnS2, the

strong diffraction peaks at 2h = 15.1�, 28.3�, 32.2�,
42.0�, and 50.1� were in good agreement with (001),

(100), (011), (012), and (110) diffraction planes of the

hexagonal phase SnS2 (JGPDS card No. 83-1705). The

diffraction peak located at a 2h value of 15.1� was

detected in 7 wt% SnS2/Bi2MoO6 composites, which

was indexed to the peak of phase SnS2, indicating

that the SnS2 was successfully introduced into the

composites. Furthermore, the peak intensities at 32.6�
increased along with the incrementally higher SnS2

content, signifying that the existence of SnS2 in the

SnS2/Bi2MoO6 heterojunction had some influence on

the crystal structure of the Bi2MoO6.

SEM, TEM, and BET analysis

The morphology, microstructure, and crystalline nat-

ure of the SnS2, Bi2MoO6, and SnS2/Bi2MoO6 were

investigated by SEM, TEM, and electron dispersive

spectroscopy (EDS). It may be clearly seen from Fig. 2a

that the pure SnS2 nanoplates exhibited a hexagonal

morphology with rough surfaces, which had diame-

ters of from 400 to 600 nm. Figure 2b shows that pure

Bi2MoO6 was composed of relatively smooth irregular

nanoplates that were 1.5 lm long 9 150 nm thick. The

morphology of the SnS2/Bi2MoO6 composite was

similar to that of pure Bi2MoO6 with a plate-on-plate-

like structure, which may be seen in Fig. 2c. The

structure of SnS2/Bi2MoO6 was further elucidated by

EDS mapping, shown in Fig. 2d–i. The elements Bi,

Mo, O, Sn, and S all existed in the 5 wt% SnS2/Bi2MoO6

composite photocatalyst.

The TEM images and energy-dispersive X-ray

spectroscopy (EDS) of the 5 wt% SnS2/Bi2MoO6 are

presented in Fig. 3. It may be clearly seen (Fig. 3a)

that a SnS2 plate grew vertically onto the surface of

the Bi2MoO6, where the side view of the SnS2 plate

presented a regular polygon structure. The HRTEM

image (Fig. 3b) provided a clearer observation of

these two components. Two different sets of lattice

images and their interfaces may be observed, where

the lattice spacing of 0.223 and 0.27 nm corresponded

to the (132) and (200) crystal planes of the Bi2MoO6,

respectively. Further, the lattice fringe of 0.315 nm

was consistent with the (100) crystal facet of the SnS2.Figure 1 XRD patterns of the as-prepared samples.
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Energy-dispersive spectroscopy (EDS) mapping

images are displayed in Fig. 3c, where it can be

observed that the Bi, Mo, O, Sn, and S elements were

distributed across the surface of the SnS2/Bi2MoO6

composites. Al was also present and was derived

from the sample substrate.

Figure 2 SEM images of pure SnS2 (a), pure Bi2MoO6 (b) and 5 wt% SnS2/Bi2MoO6 composites under different magnification (c) and

(d).

Figure 3 a Low resolution TEM image of 5 wt% SnS2/Bi2MoO6; b High-resolution TEM image of 5 wt% SnS2/Bi2MoO6; c EDS

spectrum of 5 wt% SnS2/Bi2MoO6.
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The BET surface areas of the samples are presented

in Table 1. It is revealed that the surface areas and

pore volumes of SnS2, Bi2MoO6, or SnS2/Bi2MoO6

composites did not change significantly, indicating

that the photocatalytic activities of SnS2/Bi2MoO6

composites could not be improved by enlarging the

surface areas. The nitrogen adsorption–desorption

isotherms and pore diameter distribution of the 5%

SnS2/Bi2MoO6 may be found in the supporting

information. The pore diameters of the samples were

typically under 10 nm.

XPS analysis

The chemical elements and surface composition of the

pure Bi2MoO6 and 5 wt% SnS2/Bi2MoO6 composites

are analyzed by XPS, with the results displayed in

Fig. 4. The general survey scan of the 5 wt% SnS2/

Bi2MoO6 is presented in Fig. 4a, which shows that the

surface of the composite was composed of elemental

Bi, Mo, O, Sn, S, and C. The C 1s peak arose from

adventitious carbon in the spectrum [32]. High-reso-

lution X-ray photoelectron spectra are depicted in

Fig. 4b–e. In Fig. 4b, the binding energies of Bi 4f7/2

and Bi 4f5/2 at 158.83 and 164.13 eV were assigned to

the Bi3? in Bi2MoO6. Subsequent to SnS2 loading, the

two peaks shifted slightly to lower energy positions at

158.43 and 163.93 eV, respectively, indicating that

strong interactions might have existed between the

SnS2 and Bi2MoO6 [33]. Analogously, the peak posi-

tions of Mo 3d5/2 (232.03 eV) and Mo 3d3/2 (235.08 eV)

in the SnS2/Bi2MoO6 were lower than those of pure

Bi2MoO6, which were located at 232.13 (Mo 3d5/2) and

235.43 eV (Mo 3d3/2) (Fig. 4c). The Sn and S elements

were also detected in the SnS2/Bi2MoO6 composite,

with the results shown in Fig. 4d–e. It may be seen that

the peaks of Sn 3d5/2 and Sn 3d3/2 existed at 486.63 and

495.28 eV, corresponding to Sn4? in SnS2. Addition-

ally, the S 2s peaks possessed binding energies of

225.05 eV, which was attributed to the S2- state. The

high-resolution spectra of O are presented in Fig. 4f,

which could be fitted into three peaks positioned at

529.2, 529.8, and 530.5 eV, respectively. The three

peaks represented Bi–O, Mo–O, and surface hydroxyl

groups (O–H) in the hybrids, respectively [20].

FTIR analysis

The FTIR spectra of the SnS2, Bi2MoO6, and their

composites are displayed in Fig. 5. Three character-

istic band groups were observed for the Bi2MoO6.

The absorption peaks appearing at 1636 and

3443 cm-1 were attributed to O–H vibrations [34]. A

series of peaks from 400 to 900 cm-1 were attributed

to Bi–O, Mo–O stretching, and Mo–O–Mo vibration

modes [35]. As for the SnS2, a broad absorption peak

at 545 cm-1 was regarded as the vibration band of

Sn–S [36]. The SnS2 absorption peaks could not be

observed in the FTIR spectrum of the composites, due

to the strong stretching vibration (400–900 cm-1) in

the SnS2/Bi2MoO6 composites.

PL analysis

The photoluminescence (PL) technique, a direct pro-

cedure for measuring band gap energies, has been

widely employed for the detection and separation of

photoinduced electrons and holes [37]. The PL spec-

tra for SnS2, Bi2MoO6, as well as composites, are

shown in Fig. 6. The pristine SnS2 and Bi2MoO6

exhibited strong emission peaks at from 450 to

550 nm, which could be ascribed to the recombina-

tion of electron–hole pairs, or through donor–accep-

tor recombination. Compared to pure SnS2 and

Bi2MoO6, the PL peak intensities were obviously

decreased in the SnS2/Bi2MoO6 samples, where

5 wt% SnS2/Bi2MoO6 exhibited the lowest PL inten-

sity, which indicated that the addition of SnS2 into

Table 1 BET surface areas

and pore volumes Sample BET surface areaa(m2/g) Pore volumeb (cm3/g)

Bi2MoO6 13.6620 0.071110

SnS2 16.1786 0.131112

1% wt% SnS2/Bi2MoO6 15.4478 0.158919

3% wt% SnS2/Bi2MoO6 16.2542 0.163512

5% wt% SnS2/Bi2MoO6 17.4745 0.171818

7% wt% SnS2/Bi2MoO6 16.5781 0.169725

aBET surface area is calculated basing on the linear part (P/P0 = 0.3)
bPore volume is N2 adsorption volume at P/P0 = 0.995
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Figure 4 XPS spectra of the pure Bi2MoO6 and 5 wt% SnS2/Bi2MoO6 composite. Survey scan of 5 wt% SnS2/Bi2MoO6 (a). High-

resolution spectra of Bi 4f (b), Mo 3d (c), Sn 3d (d), S 2p (e) and O1s (f).
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Bi2MoO6 assisted with inhibiting the recombination

of electron–hole pairs, which was beneficial for

improving photocatalytic activity.

Photocatalytic performance of the samples

The photocatalytic activities of the prepared samples

(shown in Fig. 7) were evaluated via the degradation

of CV under 5 W LED light irradiation. Figure 7a–b

and Table 2 display the degradation curves and rate

constants. The adsorption–desorption equilibrium

was established prior to the light being switched on

by mixing the as-prepared photocatalysts with a CV

solution for 40 min. in the dark. The degradation of

CV was negligible when there was no catalyst added,

which signified that the CV molecules possessed

good light stability. The photocatalytic efficiencies of

the composites on the degradation of CV were sig-

nificantly improved in contrast to the physical com-

posites and pure Bi2MoO6 or SnS2, and TiO2 (P25)

degraded only about 20% of CV within 120 min. The

highest activity was observed for the 5 wt% SnS2/

Bi2MoO6 composite, where the CV was degraded to

* 82% within 120 min., which was close to twice that

of pure Bi2MoO6, and 1.5 times that of pure SnS2. This

improvement in the photocatalytic activity might

have been attributed to the formation of heterojunc-

tions between the SnS2 and Bi2MoO6. However, a

higher SnS2 content did not necessarily imply

enhanced photocatalytic activity (e.g., 7 wt% SnS2/

Bi2MoO6 exhibited a lower photocatalytic efficiency

than did the 5 wt% SnS2/Bi2MoO6), which was likely

due to the formation of recombination centers of

photoinduced carriers by the extra SnS2.

To quantitatively compare the photocatalytic

activities of these samples, the degradation data were

analyzed using a pseudo-first-order kinetic model

(shown in Fig. 7b) with the formula: ln(C0/C) = kt,

where k is the kinetics constant. Obviously, the lar-

gest k value of all was 1.50 9 10-2 cm-1 that belon-

ged to the 5 wt% SnS2/Bi2MoO6 composite, which

was approximately 3.7 times that of the Bi2MoO6, and

2.3 times that of the SnS2.

To test the recyclability, reuse, and stability of the

5 wt% SnS2/Bi2MoO6 composite, CV degradation

cycling experiments were carried out under identical

conditions, with the results presented in Fig. 7c,

which shows that the SnS2/Bi2MoO6 composite

exhibited excellent activity and stability following

four consecutive runs. Subsequent to the four recy-

cling tests, the composition of the heterojunction was

examined by XRD, XPS, and FTIR. The results are

depicted in Fig. 7d–f, which revealed that no obvious

changes were observed in the characteristic lines

during the photocatalytic processes, which indicated

the very good stability of the heterojunction catalysts.

Ciprofloxacin (CIP) is a third-generation fluoro-

quinolone (FQ) antibiotic that is present in the

ambient environment, which cannot be easily

degraded during wastewater treatment. Thus, it is

widely employed as a model pollutant to evaluate

photocatalytic efficiency [38]. In our studies, CIP

degradation was carried out over pure Bi2MoO6,

Figure 5 FTIR spectra of Bi2MoO6, SnS2, and 5 wt% SnS2/

Bi2MoO6.

Figure 6 The photoluminescence (PL) spectra of Bi2MoO6,

SnS2, and SnS2/Bi2MoO6.
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SnS2, and 5 wt% SnS2/Bi2MoO6 under white light

irradiation, with the results displayed in Fig. 8. It

may be seen that the CIP was degraded by 90%

within 120 min. using the 5 wt% SnS2/Bi2MoO6 cat-

alyst, which was far more efficient than that when

using pure SnS2 or Bi2MoO6.

Figure 7 a Photocatalytic degradation of CV (20.0 mg L-1).

b The first-order kinetics of CV degradation with different

samples. c Cycling runs for the photocatalytic degradation of

CV with 5 wt% SnS2/Bi2MoO6. d XRD patterns, e XPS spectra,

and f FTIR spectra of 5 wt% SnS2/Bi2MoO6 prior to and

following the recovery test.
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Radical trapping experiments and ESR
analysis

Trapping experiments were conducted to explore the

photocatalytic mechanisms of SnS2/Bi2MoO6. Three

active species scavengers, benzoquinone (BQ),

ethylenediamine tetraacetic acid disodium salt

(EDTA-2Na), and isopropyl alcohol (IPA), were

added into the photocatalytic CV degradation system

to trap superoxide radicals (�O2-), holes (h?), and

hydroxyl radicals (�OH), respectively, with the results

shown in Fig. 9a. With the addition of EDTA-2Na

and IPA, the photodegradation rates of the CV were

significantly decreased, showing that h? and �OH

radicals played important roles in the degradation

process. In the same way, it could be concluded that

�O2- played a supportive role. In other words, it

could be concluded that a h?[ �OH[ �O2- mecha-

nism occurred during the photodegradation process.

On the basis of the trapping experiment results

above, an ESR spectrometer (with DMPO) was

implemented to detect h?, �OH, and �O2- on the

surface of the catalysts under white light irradiation

[39]. As shown in Fig. 9b, strong DMPO h? species

peaks could be observed over the 5 wt% SnS2/Bi2MoO6

under dark conditions. In Fig. 9c and d, no ESR signal

was found under dark conditions. With white light

irradiation, four characteristic peaks of DMPO �OH

and DMPO �O2- were observed with an intensity

ratio of 1:2:2:1 and 1:1:1:1, where the intensities of the

�OH and �O2- signals gradually increased in con-

junction with longer irradiation times. Nevertheless,

the peak intensities of DMPO h? and �OH increased

more obviously compared with that of DMPO �O2- in

this system, which signified the critical roles of h?

and �OH for the removal of CV, which were consis-

tent with the experimental trapping results.

Based on the radical trapping experiments and ESR

analysis results, the degradation process can be

expressed as follows:

photocatalyst þ hm ! e� þ hþ ð1Þ

CV þ hm ! CV� þ e� ð2Þ

O2 þ e� ! �O2� ð3Þ

H2O þ �O2� ! �HO2 þ OH� ð4Þ

2 � HO2 ! H2O2 þ O2 ð5Þ

H2O2 þ e� ! �OH þ OH� ð6Þ

H2O þ hþ ! �OH þ Hþ ð7Þ

OH� þ hþ ! �OH ð8Þ

hþ þ CV ! CV� ð9Þ

CV� þ �OH= � O2� ! degraded products ð10Þ

Table 2 Degradation rates

and kinetic constants of the as-

prepared samples

Sample Degradation rate (%) Rate constants (min-1)

Blank 3.0 0.0002

P25 22 0.0027

Bi2MoO6 38 0.0041

Physical mixture 42 0.0047

SnS2 50 0.0064

1 wt% SnS2/Bi2MoO6 57 0.0070

3 wt% SnS2/Bi2MoO6 60 0.0081

5 wt% SnS2/Bi2MoO6 84 0.0150

7 wt% SnS2/Bi2MoO6 72 0.0113

Figure 8 The photodegradation of CIP (10 mg L-1) over pure

Bi2MoO6, SnS2, and 5 wt% SnS2/Bi2MoO6.
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UV–vis diffuses reflectance spectra (DRS)
analysis

The UV–vis DRS spectra in Fig. 10 revealed the

optical absorption properties of the SnS2, Bi2MoO6,

and composites. As shown in Fig. 10a, the

SnS2/Bi2MoO6 composites exhibited excellent visible

light absorption, and the absorption capacity of Bi2-

MoO6 was significantly enhanced with SnS2 loading.

The band gap of pure SnS2 was calculated to be

* 2.23 eV, which corresponded to an absorption

edge at 600 nm, whereas the band gap of pure Bi2-

MoO6 was * 2.80 eV. Nevertheless, the 5 wt% SnS2/

Bi2MoO6 composites demonstrated a relatively nar-

row band gap of * 2.40 eV, suggesting that the

decoration of SnS2 could broaden the photoresponse

of Bi2MoO6 in the visible light range (Fig. 10b). The

band edge positions of the Bi2MoO6 and SnS2 could

be evaluated by the empirical equations:

EVB ¼ X � E0 þ 0:5Eg ð11Þ

ECB ¼ EVB � Eg ð12Þ

where X is the electronegativity of the semiconduc-

tor, and Eg is the band gap energy of the semicon-

ductor. From the above analysis (Fig. 10b), it could be

seen that the Eg of Bi2MoO6 and SnS2 was 2.8 and

2.23 eV, respectively; E0 is the energy of free electrons

on the hydrogen scale (* 4.50 eV) [40]; EVB is the

valence band (VB) edge potential, and ECB is the

conduction band (VB) edge potential. The X values

for Bi2MoO6 and SnS2 were calculated to be 5.50 [41]

and 4.66 eV [42], respectively. The calculation results

revealed that the EVB values of Bi2MoO6 and SnS2

were 2.40 and 1.28 eV, whereas the ECB values were

Figure 9 Photocatalytic degradation curves of CV (20 mg L-1) over 5 wt% SnS2/Bi2MoO6 in the presence of different scavengers (a).

ESR spectra of DMPO h? (b), DMPO �OH (c) and DMPO �O2- (d) over 5 wt% SnS2/Bi2MoO6 nanocomposite.
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- 0.40 and - 0.95 eV, respectively. On the basis of

the experimental results above, the potential mecha-

nisms for the formation of SnS2/Bi2MoO6

heterostructures were proposed and are illustrated in

Fig. 11.

Potential photocatalytic mechanism

On the basis of the UV–vis DRS spectra and trapping

detection results above, the potential mechanisms

for the photocatalytic activity of the Z-scheme

SnS2/Bi2MoO6 system were proposed (Fig. 11)

[43, 44], and the traditional electron-transfer mecha-

nism could be expressed (Fig. 11a). The photoin-

duced electrons in the CB of the SnS2 migrated to the

CB of the Bi2MoO6, while the photoinduced holes in

the VB of the Bi2MoO6 migrated to the VB of the SnS2

due to the more negative band potential of

SnS2. Nevertheless, the holes in the VB of SnS2 could

not react with H2O or OH- to generate �OH, as the

VB edge potential of SnS2 was higher than the stan-

dard redox potential [45]; hence, it did not align with

the trapping experiment results above. Thus, a

potential mechanism of a direct Z-scheme was pro-

posed (Fig. 11b). Both SnS2 and Bi2MoO6 could be

easily excited to yield electron–hole pairs under

white light irradiation, and photogenerated electrons

from the VB of the Bi2MoO6 transferred into the CB of

the Bi2MoO6, which subsequently combined with the

photogenerated holes of the SnS2, and as a result, the

Figure 10 a UV–vis diffuse reflection spectra of Bi2MoO6, SnS2, and 5 wt% SnS2/Bi2MoO6 composites. b The curves of (Ahm)2 versus
hm for Bi2MoO6, SnS2, and SnS2/Bi2MoO6.

Figure 11 Proposed potential

mechanism for the formation

of SnS2/Bi2MoO6

heterostructures.

10754 J Mater Sci (2018) 53:10743–10757



carriers were spatially separated. Therefore, the CB

electrons of the SnS2 could effectively reduce oxygen

to form the reactive �O2- species, which could further

react with H? to produce �OH, or initiate the direct

oxidation of organic pollutants. On the other hand,

the holes remaining in the VB of the Bi2MoO6 might

be transferred to the surface of the photocatalyst,

attack target organic compounds, or react with H2O

to form �OH [46]. Thus, the Z-scheme system could

efficiently separate the photoinduced electron–hole

pairs, to obtain enhanced photocatalytic performance

for SnS2/Bi2MoO6.

Conclusions

In summary, Z-scheme SnS2/Bi2MoO6 photocatalysts

were successfully synthesized through a facile

hydrothermal method. Model CV and CIP pollutants

were effectively degraded over SnS2/Bi2MoO6 com-

posites under white light irradiation. Further, the

SnS2/Bi2MoO6 composite exhibited high stability

during cycling experiments. Radical trapping exper-

iments and ESR results revealed that holes and �OH

comprised the primary active species that were

essential for the degradation of pollutants during the

photocatalytic process. Furthermore, a photocatalytic

Z-scheme mechanism was proposed to elucidate the

improvement in photocatalytic efficiency. We trust

that this work may provide further knowledge

toward the design and synthesis of advanced pho-

tocatalysts, as well as to inspire further applications

of photocatalysts for water purification under visible

light irradiation.
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