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a b s t r a c t

Porous SnIn4S8 microspheres were initially synthesized through a facile solvothermal approach and were
investigated as visible-light driven photocatalysts for dyes degradation in polluted water. The photocat-
alysts were characterized by XRD, SEM, TEM, N2 adsorption–desorption, and UV–vis diffuse reflectance
techniques. Results demonstrated that the as-synthesized SnIn4S8 was of a new tetragonal polymorph,
showing a band-gap of 2.5 eV, a specific surface area of 197 m2 g−1, and an accessible porous structure as
eywords:
orous
nIn4S8

yes
egradation
isible light

well. The photocatalytic activity of the porous SnIn4S8 was evaluated by decomposition of several typical
organic dyes including methyl orange, rhodamine B, and methylene blue in aqueous solution under vis-
ible light irradiation. It is demonstrated that porous SnIn4S8 was highly photoactive and stable for dyes
degradation, showing photocatalytic activity much higher than binary constituent sulfides like In2S3,
SnS2, or even ternary chalcogenide ZnIn2S4 photocatalyst. The excellent photocatalytic performance of
porous SnIn4S8 is the consequence of its high surface area, well-defined porous texture, and large amount

of hydroxyl radicals.

. Introduction

Organic dyes are one of the largest pollutants released into
astewater from textile and other industrial processes, which
ave shown severe impacts on human physiology [1,2]. Some dyes

ike azo-dyes and fluorescein dyes have been found to be highly
ytotoxic for the mammalian tissues [3,4]. The organic groups
resent in dyes result in the formation of certain reactive inter-
ediates, which trigger the morphological and genetic alterations,

hereby making the dye cytotoxic and carcinogenic. Recently, Inoue
t al. [5] reported the carcinogenicity of anthraquinone dyes and
ound that the structure of the dye has an impact on the target
rgans. Therefore, disposal of the dyes from industrial wastew-
ters becomes a very relevant concern. Many approaches have
een employed for the treatments of wastewaters containing dyes,
hich include the removal by biochemical processes [6], physical

dsorption [7], electrocoagulation [8], ultracentrifugation [9], and
et air oxidation [10]. However, these approaches usually have
ow efficiency and cannot solve the post-disposal and regeneration
roblems.

Semiconductor photocatalysis, as a “green” technology, has
een widely used to treat all kinds of contaminants, especially
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E-mail address: guangshe@fjirsm.ac.cn (G. Li).
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oi:10.1016/j.jhazmat.2010.10.114
© 2010 Elsevier B.V. All rights reserved.

for the removal of organic contaminants [11–13]. It has many
advantages over other treatment methods, such as environmental
friendliness, ability to perform at ambient temperatures, and effec-
tiveness to mineralize organic compounds at lower concentrations
[14]. Among all photocatalytic materials previously reported, TiO2
is popularly regarded as the photocatalysts for oxidative decom-
position of organic compounds. Nevertheless, TiO2 has a large
band-gap of 3.2 eV and can only be excited by ultraviolet or near-
ultraviolet radiation, which accounts for only about 4% of the solar
light spectrum [15]. In order to efficiently utilize the solar light
in visible region (� > 400 nm) for decomposition of organic com-
pounds, development of visible light driven photocatalysts has
attracted a tremendous amount of attention. To date, modifying
TiO2 and developing new photocatalytic materials are two general
strategies to extend the response of a photocatalyst to the visible
light range [16]. Doping metals/nonmetals [17–21] and coupling
with other lower band-gap semiconductors [22–24] have been
utilized to enhance the photocatalytic activity under visible light
irradiation. On the other hand, some single-phase oxides or sul-
fide photocatalysts, such as BiVO4 [25], Bi2WO6 [26], CaBi2O4 [16],
MIn2O4 (M = Ca, Sr and Ba) [27], CdS [28,29], ZnS [29], CdIn2S4 [30],

and ZnIn2S4 [31] have been prepared, which have shown visible
light driven photocatalytic activities for organic pollutant degra-
dation. In contrast to the oxide photocatalysts, multi-component
metal sulfides have narrower band-gap energies, which are promis-
ing to become a new class of visible light driven photocatalyst.

dx.doi.org/10.1016/j.jhazmat.2010.10.114
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:guangshe@fjirsm.ac.cn
dx.doi.org/10.1016/j.jhazmat.2010.10.114
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cheme 1. Proposed model of light transfer paths, reflection, and scattering pro-
esses within the hierarchically porous structure.

Hierarchically porous materials are of considerable interest as
otential photocatalysts due to their particular configuration [32].
s illustrated in Scheme 1, (1) the pores within the hierarchical
tructure can serve as the light-transfer paths for distribution of
hoton energy onto the inner surfaces of mesoporous frameworks,
llowing light waves to penetrate deeply inside the photocatalyst
nd making it more efficient to work as a light harvester [33];
2) taking into account the light absorption, reflection, and scat-
ering within such a hierarchical porous systems, the effective
ight-activated surface area can be significantly enhanced, which

ould then improve the photoabsorption efficiency of the catalyst
34], and (3) hierarchical arrangement of macro- and meso-pores
s important in reactants and product traffic control and in the
esistance of the photocatalyst to poisoning by inert deposits [35].
urthermore, these hierarchically porous materials possess large
urface areas that can absorb more reactant molecules useful for
egradation. Therefore, hierarchically porous structure in combi-
ation with the narrow band-gap may help to develop a general
trategy for creating advanced photocatalytic properties in removal
f organic dyes.

Stannum indium sulfide (SnIn4S8) is a typical ternary semi-
onductor chalcogenide that has a cubic spinel structure with the
pace symmetry group Fd3m, which shows many potential applica-
ions. For instance, the existence of vacancies in the spinel structure
nables its uses in lithium insertion technology [36]. However, the
hotocatalytic activity for hierarchically porous SnIn4S8 is barely
eported. In the present work, we reported on the synthesis of
orous SnIn4S8 microspheres with a new tetragonal structure by
facial solvothermal method. The photocatalytic activities of the

nIn4S8 microspheres were initially studied for dyes degradation
nder visible light irradiation. Furthermore, possible reasons for
he excellent activity of SnIn4S8 were discussed.

. Experimental

.1. Sample synthesis

All chemicals were of analytical grade and were used without
urther purification. In a typical procedure, 0.35 g of SnCl4·5H2O
1 mmol) and 1.173 g InCl3·4H2O (4 mmol) was dissolved in 80 ml

f anhydrous ethanol in a flask under stirring at room temper-
ture. When the solution became transparent, 0.76 g of thiourea
10 mmol) was introduced as a sulfur source. The mixture was
tirred for about 30 min to become a transparent solution. Then,
he above solution was sealed in a 100 ml Teflon-lined autoclave,
aterials 186 (2011) 272–279 273

which was heated in an electric desiccation box at 140 ◦C for 12 h
and then cooled naturally to room temperature. The obtained pre-
cipitate at the jar bottom was collected, washed with distilled water
and absolute ethanol several times, and finally dried in vacuum at
80 ◦C for 4 h.

Binary sulphides of In2S3 or SnS2 were prepared according to
the preparation procedure as mentioned above, while the corre-
sponding metal chloride was used.

ZnIn2S4 photocatalyst was also prepared for comparison, which
just followed the procedure previously reported in literature [31].

2.2. Sample characterization

Morphologies of the samples were observed by field emission
scanning electron microscopy (FE-SEM) (JEOL JSM-6700). Chemical
compositions of the samples were examined using energy-
dispersive X-ray (EDX) analysis (JEOL JSM-6700). Microstructures
of the samples were obtained by transmission electron microscopy
(TEM) (JEM-2010), high-resolution TEM (HRTEM) (JEM-2010),
and selected-area electron diffraction (SAED) pattern (JEM-2010).
The crystal phases of the samples were examined by X-ray
diffraction (XRD) using a Rigaku 2000 apparatus with Cu K� irra-
diation. Lattice parameters of the samples were calculated by
a least-squares method using Rietica Rietveld software. Raman
spectra of the samples were recorded using a Perkin–Elmer Spec-
trum 2000 R NIR FT-Raman spectrophotometer, equipped with a
Nd/YAG laser and a InGaAs detector. The contents of S, In, and
Sn were determined using Ultima2 inductively coupled plasma
(ICP) spectrometry and Vario MICRO elemental analyzer. X-ray
photoelectron spectroscopy (XPS) analysis was conducted on an
ESCALAB 250 photoelectron spectroscope (Thermo Fisher Scien-
tific) at 3.0 × 10−10 mbar with monochromatic Al K� radiation
(E = 1486.2 eV). A Varian Cary 500 Scan UV/vis system was used
to obtain the optical absorption spectra of the sample over a range
of 200–800 nm.

Brunauer–Emmett–Teller (BET) surface areas and porosity of the
sample were determined by nitrogen adsorption–desorption using
a Mircromeritics ASAP 2000 surface area and porosimeter analyzer.
The sample was degassed at 353 K overnight prior to BET measure-
ment. The amount of hydroxyl radicals (•OH) produced during the
photocatalytic reactions was detected in terms of a terephthalic
acid (TA) photoluminescence (PL) probe method [37,38]. The visible
light source and the cutoff filters were parallel to the photocatalytic
reactivity test system. 40 mg of the final samples was added to an
aqueous solution (80 mL) containing 10 mM NaOH and 5 mM TA in
a 100 mL Pyrex glass vessel. At 20 min intervals, 3 mL aliquots were
sampled and centrifuged to remove the catalysts. The •OH formed
in the system react with TA and generate 2-hydroxyterephthalic
acid (HTA), the fluorescence of which is directly proportional to
the generated •OH. The fluorescence spectra were measured using
an Edinburgh Analytical Instruments FL/FSTCSPC920 fluorescence
spectrophotometer.

2.3. Photocatalytic activity measurement

Photocatalytic degradation of methyl orange (MO) was carried
out in an aqueous solution at ambient temperature. The visible light
source system consisted of a 300 W halogen lamp (Philips Electron-
ics) and a composited cut-off filter that restricted the illumination
in a range of 400–800 nm (as illustrated in inset of Fig. S1). Briefly,
15 mg of the samples was suspended in an 80 mL aqueous solu-

tions containing 10 ppm of MO. The system was cooled by a fan
and circulating water to maintain at room temperature. Prior to
the irradiation, suspension was magnetically stirred in the dark to
establish an adsorption–desorption equilibrium. A 3 mL aliquot was
taken at 30 min intervals during the experiment and centrifuged to
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ig. 1. (a) Low- and (b) high-magnification SEM images, (c) EDX spectrum, and (d
RD data, red line represents the calculated XRD pattern, and black line is the diffe

emove the powders. The filtrates were analyzed on a Perkin-Elmer
V WinLab Lambda 35 spectrophotometer. The degradation per-
entage is reported as C/C0, where C is the maximum peak of the
bsorption spectra of MO for each irradiated time interval at wave-
ength 464 nm and C0 is the absorption intensity of the starting
0 ppm MO solutions. To test the stability, the sample was recy-
led and reused five times in the decomposition of MO under the
ame conditions. After each photocatalytic reaction, the aqueous
olution was centrifuged to recycle the solids that were then dried
t 353 K in vacuum for another test. In this stage, the concentration
chieved at adsorption–desorption equilibrium was set as C0. Rho-
amine B (RhB) and methylene blue (MB) test conditions were the
ame to the MO test system, whereas the concentration of MB and
hB were 15 and 20 ppm, respectively. Total organic carbon (TOC)
as measured with a Shimadzu TOC-4100 analyzer.

. Results and discussion

.1. Sample characterization

Fig. 1a shows the morphology of the sample in a large scale. It is
ndicated that the sample was composed of a large amount of nearly

onodispersed network-like spheres with a diameter ranging from
to 4 �m. No other morphologies were detected, which indicates

he formation of a high yield of 3D microspheres. An enlarged view
f an individual sphere (Fig. 1b) indicates that the sample possessed
superstructure of a network-like appearance, which was con-
tructed by numerous bending two-dimensional nanosheets with
thickness of about 40 nm. The aggregation and/or assembly of the
anosheets may produce abundant hierarchical pores at nanoscale.

Chemical compositions of these microspheres were examined
sing EDX analysis. As indicated in Fig. 1c, elements Sn, In, and S in
patterns of the porous SnIn4S8 microspheres. Blue line denotes the experimental
spectrum.

addition to Cu and C arising from the copper grids were detected.
The chemical compositions of the sample determined by ICP spec-
trometry showed that the formula for the microspheres agrees well
with SnIn4S8, a compound which usually crystallizes in a cubic
structure. Surprisingly, XRD pattern for the present SnIn4S8 did not
match that for the cubic (Fig. 1d), since there appears one strong
reflection at lower angle of about 9.5◦. Careful structural refine-
ments using Rietica program indicated that the porous SnIn4S8
microspheres possessed a tetragonal symmetry with lattice param-
eters of a = 1.8915 (±7) nm and c = 1.0684 (±5) nm. Three strong
diffraction lines at two theta of 9.5◦, 28.4◦, and 50.0◦ were indexed
in (2 0 0), (6 0 0), and (0 0 1) reflections, respectively. Reflection
(2 0 0) was rather narrow, which indicates a large correlation length
along this direction. In the refined XRD pattern (Fig. 1d), no other
impurities such as binary sulfides, oxides, or metal-sulfur complex
were detected. Different from the reported metal alkoxides with
similar lamellar structures [39,40], this new tetragonal polymorph
could be described as the stacked metal-sulfur sheets separated by
bonded sulfide anions. More interestingly, when the sample was
treated at 200 ◦C in N2, this novel tetragonal structure could trans-
form to the highly symmetric cubic structure as indicated by XRD
(Fig. S2). This conclusion is also supported by comparing the Raman
spectra of both polymorphs (Fig. S3).

Microstructures of the porous SnIn4S8 microspheres were
further investigated by TEM and HRTEM. Fig. 2a displays a represen-
tative bright-field TEM image. The deep black TEM image indicates
that the spheres were closely packed across the spherical centres.

From the enlarged TEM image at the edge of one individual sphere
(Fig. 2b), it is obvious that the colour of the spherical surface is light
whereas the central part black. Therefore, the sphere surfaces were
porous. These hierarchical microspheres were of polycrystalline
nature, as confirmed by SAED pattern in Fig. 2c. A representative
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spectrum indicates that the visible light absorption band is not due
to the transition from impurity levels but the band-gap transition.
A classical Tauc approach is employed to estimate the band-gap
energy Eg of the SnIn4S8 microspheres [46]. Plot of (˛h�)2 against
Fig. 2. (a) Low- and (b) high-magnification TEM images, (c) SAED patte

RTEM image taken from the fringe part of a thin area is shown
n Fig. 2d, which indicates a polycrystalline characteristic. The lat-
ice fringes are clearly visible with a spacing of 0.268 nm. These

icrospheres also showed merits of extraordinarily high stability
t ultrasonic conditions. Namely, these microspheres could sustain
he hierarchical morphology intact when the ultrasonic time was
rolonged from 5 to 30 min.

Porosity and surface area of the SnIn4S8 microspheres were
nvestigated. Fig. 3 shows that the microspheres had a narrow pore
ize distribution, ranging from 2.0 to 5.0 nm, as calculated from des-
rption branch of a nitrogen isotherm by Barrett–Joyner–Halenda
BJH) method. Inset of Fig. 3 shows the corresponding nitrogen
sotherm of the hierarchical SnIn4S8 spheres. According to the
runauer–Deming–Deming–Teller (BDDT) classification, SnIn4S8
icrospheres displayed a type-IV isotherm with a hysteresis loop

n the range of 0.4–0.9P/P0, implying the presence of mesopores
41,42]. BET surface area of the porous SnIn4S8 microspheres was
bout 197 m2 g−1, much larger than those reported for Bi2WO6
10 m2 g−1) [43], ZnS (48 m2 g−1) [44], and CeO2 (92 m2 g−1) [45]
ith similar morphologies. The increased surface area may be

ttributed to the small assembled hierarchical building blocks. Such
ype of hierarchical 3D architecture with a high surface area may
e beneficial for applications as the catalysts for water treatments.
This hierarchical 3D architecture was first investigated for
nique electronic states and optical properties necessary for prop-
rty tailoring. Fig. 4 represents the UV–vis absorption spectrum of
he porous SnIn4S8 microspheres. It is shown that the photoabsorp-
ion is distributed from UV light region to the visible light shorter
d (d) high-resolution TEM image of the porous SnIn4S8 microspheres.

than 550 nm, and that there existed an intense adsorption with a
steep edge in the visible light region. Such a steep shape of the
Fig. 3. Pore diameter distribution of SnIn4S8 microspheres. Inset shows the corre-
sponding nitrogen adsorption–desorption isotherm.
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ig. 4. UV–vis diffuse reflectance spectrum of the porous SnIn4S8 microspheres.
nset is the (˛h�)2 against h� curve.

� based on the direct transition is shown in inset of Fig. 4. The
xtrapolated value (the straight line to the X-axis) of h� at ˛ = 0
ave an absorption edge energy at Eg = 2.5 eV. Taking into account
he high surface-to-volume ratio, the ability to absorb visible light

akes this hierarchically porous SnIn4S8 microsphere an effective
hotocatalyst for solar-driven applications.

.2. Photocatalytic activity

Degradation of aqueous azo-dye (MO) was initially examined
s a model reaction to evaluate the photocatalytic activity of
he porous SnIn4S8 microspheres under visible light illumina-
ion (� > 400 nm). For comparison, the MO degradations by binary
ulfides In2S3 and SnS2 and ternary chalcogenide ZnIn2S4 photo-
atalysts were also examined. Prior to irradiation, the adsorption
roperty of SnIn4S8 towards MO was initially studied. From the
esult in Fig. 5, approximately 30% of MO was absorbed by SnIn4S8
n the dark for 1 h, which is about 3 times of that for In2S3 and
nS2 and nearly 6 times of that for ZnIn2S4. The adsorption capa-
ility has a significant effect on the degradation behavior of organic

ollutants, so SnIn4S8 is expected to exhibit a high photocatalytic
egradation ability towards the target contaminant.

Blank experiment in the absence of the photocatalyst under visi-
le light irradiation shows that the photolysis of MO was negligible.

ig. 5. Temporal concentration changes of MO as monitored by UV–vis absorption
t 464 nm on porous SnIn4S8 microspheres under visible light irradiation. For com-
arison, the relevant data for possible binary constituent sulfides SnS2 and In2S3 or
he ternary chalcogenide ZnIn2S4 photocatalyst were also given.
Fig. 6. Cycling runs for MO degradation in the presence of porous SnIn4S8 micro-
spheres under visible light irradiation. The initial concentrations and volumes of MO
aqueous solution were kept at 10 ppm and 80 mL for each run, respectively.

Nevertheless, when SnIn4S8 was added into the MO solution, the
characteristic peak of MO at 464 nm decreased quickly under visi-
ble light irradiation (Fig. S1). After 3.5 h photoreaction, nearly 95%
of MO was decolorized, showing an excellent photocatalytic activ-
ity of the as-prepared SnIn4S8 microsphere. On the contrary, the
degradation rates of MO over In2S3, SnS2 and ZnIn2S4 under the
same irradiation condition were much lower. Only about 30%, 20%,
and 12% of MO were degraded by In2S3, SnS2, and ZnIn2S4, respec-
tively (Fig. S4 and Fig. 5), which indicated that the porous SnIn4S8
microspheres possessed the highest photocatalytic activity.

It is well known that the application of a photocatalyst depends
on both its efficiency and stability. However, it is previously
reported that binary sulfides CdS and ZnS usually have poor pho-
tocatalytic stabilities [31]. Therefore, the stability of the porous
SnIn4S8 microsphere photocatalyst has to be examined. For this
purpose, SnIn4S8 was recycled after bleaching the MO under visi-
ble light irradiation and was reused five times in the degradation of
MO to examine the chemical stability. It is surprisingly that SnIn4S8
microspheres did not show any apparent decrease in the photocat-
alytic activity towards MO decomposition even after five successive
operations under visible light irradiation (Fig. 6). Both XRD and XPS
examinations on SnIn4S8 (Figs. S5 and S6) further confirm that there
were no obvious changes in the crystal structure or in the surfaces
of the catalysts before and after photoreaction. All these results
demonstrate that SnIn4S8 microspheres were highly stable.

In view of the excellent photocatalytic performance of porous
SnIn4S8 microspheres towards MO degradation in aqueous solu-
tion, we extended the application of this new photocatalyst to
remove other dyes from polluted water. RhB and MB are two com-
mon dyes, extensively used in various industrial applications. Fig. 7
displays the visible light induced photocatalytic activity for the
degradation of RhB and MB over SnIn4S8 microspheres. The rele-
vant data over In2S3 and SnS2 under the same irradiation condition
are also given in Fig. 7. It should be noted that RhB and MB are the
known photosensitive dyes and could be decomposed under direct
illumination even without photocatalyst [47,48], most likely due
to the thermal effect caused by light source used. In this work, the
thermal effect was excluded by cooling the reaction system to room
temperature during the photocatalytic reactions. RhB and MB are
relatively stable in aqueous solution under visible light irradiation
as expected (Fig. 7). Similar to the MO result, SnIn4S8 also exhib-
ited the strongest adsorption capability for RhB and MB among

these three catalysts in dark. With the light irradiation for 4.5 h,
RhB solution was almost colorless in the presence of SnIn4S8, while
only 40% of RhB was decolorized by In2S3 and no obvious change
of RhB in case of SnS2 (Fig. 7a). It is also noted that the absorbance



T. Yan et al. / Journal of Hazardous Materials 186 (2011) 272–279 277

F
(
c
a

m
5
w
p
d
a
p
a
w

s
i
a
r
a
M
M
i
c
i

T
T

Fig. 8. (a) •OH− trapping photoluminescence spectra of porous SnIn4S8 micro-
spheres under visible light irradiation in a solution of terephthalic acid at room
temperature, when excitated (Ex) at 312 nm, (b) plots of the induced fluorescence
ig. 7. Temporal concentration changes of (a) RhB (� = 554 nm) and (b) MB
� = 664 nm) on porous SnIn4S8 microspheres under visible light irradiation. For
omparison, the relevant data for binary constituent sulfides SnS2 and In2S3 were
lso given.

aximum for RhB exhibited a significant blue shift from � = 554 to
27 nm during the irradiation in the presence of SnIn4S8 (Fig. S7),
hich is due to the N-deethylation preferentially occurred in the
hotocatalytic process [49,50]. Besides, SnIn4S8 also showed degra-
ation efficiency for MB much higher than those of In2S3 or SnS2:
fter 80 min irradiation, MB solution decolorized completely in the
resence of SnIn4S8 (Fig. 7b and Fig. S8). It is therefore reason-
ble that porous SnIn4S8 microsphere is a promising candidate for
astewater treatment in solar-driven applications.

Decolorization cannot mean the mineralization of the organic
pecies. TOC, which reflects the general concentration of organics
n solution, is used to evaluate the degree of degradation or miner-
lization of organic species. Table 1 summarizes the comparative
esults of TOC measurements before visible light irradiation and
fter 10 h irradiation. It can be seen that the mineralization yield of
O reached about 19% after 10 h irradiation, while that of RhB and

B is 100% after the same period of irradiation. This discrepancy

n mineralization yield may be related to the structure of dyes and
ould thus be explained as follows: the molecular structure of MO
s very stable with a special N N double bond, which is hard to be

able 1
OC results of the dyes over SnIn4S8 before and after visible light irradiation.

Dyes TOC (mg L−1) Mineralization rate for 5 h [%]

Before
irradiation

After10 h of
irradiation

MO 5.885 4.748 19
RhB 17.94 0 100
MB 9.068 0 100
intensity (426 nm) against light irradiation time over porous SnIn4S8 microspheres.
For comparison, the relevant data for binary constituent sulfides SnS2 and In2S3

were also given.

broken or oxidized by visible light photocatalysis [51]. However,
such a case can be totally changed for the conjugated systems and
lateral chain in RhB or MB. As reviewed by Zhao et al. [52], two com-
petitive pathways are involved in RhB degradation: N-deethylation
and the cleavage of conjugated chromophore structure into small
molecules, as reflected by the shift of the maximum absorption
band and the changes in the absorption maximum of RhB.

The above characterization results show that porous SnIn4S8
microsphere is more active than binary constituent sulfides In2S3
and SnS2 or ternary chalcogenide ZnIn2S4 as well for photocatalytic
degradation of dyes under visible light irradiation. The excellent
photocatalytic performance of porous SnIn4S8 microsphere may
be related to several factors. The first important one might be the
surface area. Numerous studies have verified that the surface area
has a great influence on photocatalytic activity of semiconduc-
tors [12,13,32,53]. Since the present SnIn4S8 microsphere has an
especially higher surface area (197 m2 g−1) than the other three
samples (48 m2 g−1 for In2S3, 32 m2 g−1 for SnS2, and 25 m2 g−1 for
ZnIn2S4), it can be expected that more reactants can be adsorbed
on the surface of SnIn4S8 catalyst, leading to a higher photocat-
alytic efficiency [54,55]. Based on these, it is clear that the order
of both adsorption capability and photocatalytic activity of these
catalysts is in accordance with their corresponding surface areas.
Therefore, large surface area of SnIn4S8 could be the dominant fac-

tor for the higher photocatalytic activity. In addition, well-defined
porous configuration of SnIn4S8 microsphere relative to In2S3 and
SnS2 (Fig. S9) may also play an important role for its higher activity.
This is because within such a hierarchically porous structure, irradi-
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tion light will suffer successive reflection and scattering processes,
hich could enhance the light absorption and utilization efficiency

Scheme 1). Hydroxyl radicals (•OH) are commonly suggested as
he primary oxidizing species in the photocatalytic oxidation pro-
esses. For samples SnIn4S8, In2S3, and SnS2, the generation of •OH
s confirmed by PL probe method in Fig. 8a, where the •OH trapping
L spectra of SnIn4S8 were shown in a terephthalic acid solution at
oom temperature under visible light irradiation. When SnIn4S8
ystem was irradiated by visible light, PL emission peak at 426 nm
as found to gradually increase with prolonging the irradiation

ime. However, when SnIn4S8 system was in dark conditions, PL
mission peak intensity was very weak and was almost unchanged
egardless of the irradiation time (not shown). Thus, it is clear that
he •OH was photogenerated on SnIn4S8 under visible light irradi-
tion. Fig. 8b shows the plot of the induced PL intensity at 426 nm
gainst irradiation time over different samples under visible light
rradiation. It is observed that the PL intensity for SnIn4S8 was

uch stronger than that for In2S3 and SnS2, which indicates the
eneration of large amount of •OH on SnIn4S8 system under the
ame conditions. This might be the third reason for the superior
hotocatalytic performance of SnIn4S8 over In2S3 and SnS2.

. Conclusion

We have demonstrated the synthesis of porous SnIn4S8
icrospheres in a new tetragonal polymorph. These SnIn4S8 micro-

pheres are highly photoactive and stable towards degradation of
everal typical organic dyes like MO, RhB, and MB in aqueous solu-
ions under visible light irradiation. These findings are encouraging
nd will lead to the development of a new series of wastewater
reatment photocatalysts. Further work will be highly necessary
s to tune the porous microspheres for optimum oxidative abil-
ty and light absorption in efficient removal of persistent volatile
rganic pollutants such as aromatic hydrocarbons and polychlori-
ated biphenyls in air.
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