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a  b  s  t  r  a  c  t

The  controlled  chemical  conversion  of  nanomaterials  represents  an  important  basis  for  both  under-
standing  the  nanoscale  chemical  activity  and  exploring  new  desirable  materials.  In this  work,  the
region  selective  ion-exchange  transformation  of one-dimensional  (1D)  SnO2 nanotubes  (SNT)  into
three-dimensional  (3D)  SnS2@SnO2 nanoflowers  (SNF)  were  prepared  by combining  the  electrospin-
ning  technique  and hydrothermal  method.  The  template-oriented  synthesized  SnS2@SnO2 demonstrated
good  dispersibility  and  uniformity,  which  can be proved  by field-scanning  electron  microscopy  (FE-SEM)
and transmission  electron  microscopy  (TEM).  Compared  with  SNT,  SNF  showed  an  improved  visible
light  harvest  even  to the  near-infrared  light  region  through  Ultraviolet-Visible  Spectroscopy  (UV–vis).
What’s  more,  SNF  showed  enhanced  water  purification  performance  for oxalic  acid-induced  photocat-
hotocurrent alytic reduction  of  Cr(VI)  under  visible  light  irradiation  at room  temperature,  which  could  be attributed
to  the  staggered  band  alignment  formed  between  the  two  semiconductors.  Besides,  the  corresponding
mechanism  of  enhanced  photocatalysis  regarding  the  separation  of  the  photogenerated  electron-hole
pairs  for  the  heterojunction  has  also  been  investigated  through  photoluminescence  spectroscopy  (PL)
and photocurrent  analysis.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays, water pollution caused by heavy metal ions has
rawn extensive attention; among the heavy metals, Cr(VI) is par-
icularly hazardous owing to its acute toxicity to humans and its
igh mobility in water. Various techniques have been used to treat
r(VI) contamination, including ion exchange, electrocoagulation,
embrane separation, adsorption, and photocatalytic reduction.
mong these methods, ion exchange and membrane separa-

ion methods are not attractive because of their high operating

osts, complicated procedures and harsh conditions. Electrocoag-
lation and adsorption methods are only able to transfer Cr(VI)
ut not effectively degrade its toxicity; these must be followed
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E-mail addresses: Zhangp@zzu.edu.cn (P. Zhang), Hujh@zzu.edu.cn (J. Hu).
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926-3373/© 2016 Elsevier B.V. All rights reserved.
by secondary treatments. Semiconductor-mediated photocatalytic
reduction (TiO2, SnO2 etc.) has been proposed as an economical
and efficient method for the removal of Cr(VI), especially when it
present in low concentration.

However, the natural wide bandgap (Eg = 3.56–3.66) [1,2] lim-
its the application of SnO2 nanomaterials which could only harvest
light in ultraviolet region and are not responsive to the visible light
(>420 nm)  that accounts for about 46% of the whole solar energy
[3]. Moreover, high recombination ratio of photoinduced electron
hole pairs also restricts their practical photocatalytic performance.
Coupling with semiconductors with narrower bandgap to form a
construction of heterojunctions has been proved to be an effective
way to widen response range to solar energy and improve photo-
catalytic efficiency. The semiconducting metal sulfides (CdS, SnS2
etc.) are good materials to harvest light in the visible and short-

wavelength near-infrared regions, which enables them a promising
class of visible light-driven photocatalysts or sensitizers for wide
bandgap semiconductors [4–6]. Among them, CdS with a band gap
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f 2.4 eV, attracted most significant attention because of its excel-
ent light harvest ability under visible light [7–9]. However, due to
ts natural acute toxic, CdS is highly pernicious to human health and
nvironment. Among the semiconducting metal sulfides remain-
ng, tin disulfide (SnS2) has caught considerable attention. SnS2 is

 CdI2-type layered semiconductor with a band gap of 2.2–2.25 eV
10,11]. SnS2 is nonpoisonous, relatively inexpensive, chemically
table in acid or neutral aqueous solution, and has been proved to
e an efficient visible-light-driven photocatalyst [12,13]. Moreover,

t has been demonstrated that SnS2 has matched band potentials
ith SnO2 to form well-suited heterojunction [14].

In the very limited studies undertaken hitherto, SnS2/SnO2
omposites have demonstrated great potential in achieving
igher visible-light-driven photocatalytic. And, the existing syn-
hesis methods of SnS2/SnO2 composite photocatalysts involved

ulti-steps or toxic and expensive organic solvents, which is
ard to control to arrive at monodisperse heterojunction with
ell-designed structure and morphology. Therefore, it is highly

hallenging but desirable to develop a direct effective approach to
ontrol their composition, morphology and crystal phase. Among
arious approaches, the ion-exchange reaction of nanostructures
as been attracting intense attention because it enables the efficient
hemical transformation from one crystalline material to another
ith adjustable composition and controlled crystal phase. And, the

tarting templates are usually important to define the morphology,
imension and size of the heterojunction composites. Inspired by
ur previous work [15,16], electrospun SnO2 nanotubes are actu-
lly composed of uniform SnO2 nanoparticles interacted with each
ther along 1D direction, which made it possible to benefit the con-
ersion from 1D nano-templates into 3D nanostructures via the
on-exchange strategy.

Herein, we reported a successful attempt for the fabrication
f mono-dispersed SnS2@SnO2 hetero-nanoflowers by combining
he single capillary electrospinning technique and hydrother-

al  method. The template-oriented method demonstrated good
ispersibility and uniformity, which can be proved by field-
canning electron microscopy (FE-SEM) and transmission electron
icroscopy (TEM). What’s more, SNF showed enhanced water

urification performance for oxalic acid-induced photocatalytic
eduction of Cr(VI) under visible light irradiation at room tempera-
ure, which could be attributed to the staggered band alignment
ormed between the two materials. Besides, the corresponding

echanism of enhanced photocatalysis regarding the separation of
he photogenerated electron-hole pairs for the heterojunction has
lso been investigated through photoluminescence spectroscopy
PL) and photocurrent analysis.

. Experimental

.1. Fabrication of SnO2 nanotubes (SNT)

In a typical procedure for fabrication of SnO2 nanotubes, a
recursor was primarily prepared before electrospinning pro-
ess. First, 0.225 g tin dichloride dehydrate (SnCl2·2H2O, Tianjin
hemical Corp., China) was dissolved into a solvent blend which
ontained 2.2 g ethanol (99.9%) and 2.2 g N, N-dimethylformamide
DMF, >99.5%, Shanghai Chemical Reagent Company) at room tem-
erature with strong stirring. 0.4 g polyvinyl pyrrolidone (PVP,
igma-Aldrich, Mw = 1,300,000 g mol−1) was afterwards added to
he above solution and stirred for another 6 h to form the homoge-
eous precursor. Then, the precursor solution was transferred into a
 ml  plastic syringe and the feeding rate was adjusted to 0.3 ml  h−1

sing a suitable stainless steel needle, which was connected to a
irect-current power supply. A piece of aluminium foil was uesd
s a collector and placed 15 cm below the tip of the needle. When
vironmental 192 (2016) 17–25

the high voltage of 20 kV was  applied, white nanofibers were fabri-
cated and deposited on the aluminium foil. To crystallize SnO2 and
remove the polymer, as-spun nanofibers were calcined at 600 ◦C in
air for 3 h in a muffle furnace with the heating rate of 2 ◦C min−1,
and hollow SnO2 nanotubes were obtained.

2.2. Preparation of SnS2@SnO2 nanoflowers

SnS2@SnO2 nanoflowers were prepared by hydrothermal
method based on the SnO2 nanotubes. Firstly, 0.01 mol  thioac-
etamide (TAA, Tianjin Chemical Corp., China), 2 ml glacial acetic
acid (99.5%, Sinopharm Chemical Reagent Beijing Co., Ltd) and
38 ml  deionized water were put into a Teflon-lined stainless steel
autoclave of 100 ml  capacity under strong stirring to form a homo-
geneous solution. Then 0.0015 mol  SnO2 nanotubes were added.
After vigorous stirring for 20 min, two  identical autoclaves were
sealed and heated in different electric ovens at 150 ◦C for different
time, and then cooled to room temperature naturally. The suspen-
sions were collected by filtration, and the products were washed
with deionized water for several times and dried in oven at 80 ◦C
for 4 h.

For the convenience of description, the SnS2@SnO2 nanoflow-
ers obtained under different conditions were named as “SNTF” and
“SNF” corresponding to the samples heated for 3 h and 6 h, respec-
tively.

2.3. Characterization

The morphologies of as-obtained nanomaterials were observed
using field emission scanning electron microscopy (FESEM; JSM-
7500F) and transmission electron microscopy (TEM; FEI Tecnai G2
F20). The structure and phase composition were investigated from
10◦ to 70◦ at a scanning rate of 4◦/min by powder X-ray diffraction
(XRD) on a D/max 2500 XRD diffractometer (Rigaku) with CuKɑ
radiation (� = 0.1541 nm)  under a voltage of 40 kV and a current of
30 mA.  Resonant Raman spectra analysis were made on a Jobin-
Yvon HR800 micro-Raman spectrometer using a 532 nm line of a
He–Cd laser as the excitation source at room temperature. X-ray
photoelectron spectroscopy (XPS) of the samples was  conducted
on an ESCALAB 250 spectrometer (Thermo Scientific Ltd., England)
with Al Ka (1486.6 eV) as radiation source. The photoluminescent
(PL) performance was  tested with a Jobin Yvon HR800 micro-
Raman spectrometer using a 325 nm line laser. UV–vis (UV–vis)
diffuse reflectance tests were carried out on a Shimadzu UV3600
spectrophotometer equipped with an integrating sphere in the
range of 200–800 nm and standard BaSO4 powder was used as a
reference.

2.4. Photoelectrochemical experiment

Photoelectrochemical measurements were performed using a
conventional three-electrode setup on an electrochemical work-
station (AMETEK, PARSTAT 4000, America). The setup had pure
SnO2/FTO and SnS2@SnO2/FTO as working electrodes, and a Pt wire
and an Ag/AgCl (saturated KCl) electrode were used as the counter
electrode and reference electrode, respectively. All the samples
were mixed with 0.05 g polyethylene glycol and 0.35 ml deionized
water followed by being casted on the FTO conducting glass. The
assembled photoanode was covered by a piece of transparent glass
to avoid the samples fall off. Effective area of single photoanode was
1.5 × 1.5 cm2. The electrolyte was 0.2 M Na2SO4 aqueous solution. A
300 W xenon lamp (Beijing Perfectlight Co., Ltd) with a cutoff filter

(� > 420 nm)  was  used as the visible light source. The photocurrent
response spectroscopy measurement was carried out at a constant
potential of +0.9 V to the working photoanode. Electrochemical
impedance spectra (EIS) were measured at an open-circuit voltage.
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 sinusoidal ac perturbation of 5 mV was applied to the electrode
ver the frequency range of 100 mHz  to 10 kHz.

.5. Photocatalytic activity evaluation

Measurement of the photocatalytic activity was performed by
he dichromate reduction in an aqueous solution at room temper-
ture. A 150–350 W xenon lamp was used as a visible light source,
hich irradiated through a cut-off filter (� > 420 nm,  Shanghai Lan-

heng Sci-tech Co., Ltd., China) onto the reactor. For each test,
0 mg  sample was added into 60 ml  2 × 10−4 M dichromate solu-
ion. The solution was first stirred under the dark condition for 2 h
o reach adsorption−desorption equilibrium and then transferred
nto a sealed reactor. At given time intervals, 5 ml  of each sam-
le were removed from the reactor, which were then centrifuged
o separate the catalyst particles. The reduction of the Cr(VI) solu-
ion was determined by measuring the maximum light absorbance
f filtrates using a UV–vis spectrophotometer (Shimadzu-UV3600,
apan). The reduction percentage of the Cr(VI) solution was calcu-
ated using Rate C/Co = At/Ao, Where Ao is the absorbance of the
resh dichromate solution and At is the absorbance of the dichro-

ate solution after a given irradiation period.

. Results and discussion

.1. The morphologies of the as-prepared nanomaterials

SnS2@SnO2 hetero-nanoflowers were obtained via an ion
xchange sulfide process from SnO2 nanotube which was  prepared
y electrospinning (Scheme 1). Inspired by our previous work [15],
lectrospun SnO2 nanotubes are actually composed of uniform

nO2 nanoparticles interacted with each other along 1D direction.
uring the ion exchange process at 150 ◦C, the surface of the SnO2
anotube firstly being vulcanizing by the added thioacetamide in
he acidic conditions, and it is supposed that the SnS2 was formed

Fig. 1. FESEM/TEM images of the Sn
Scheme 1. Schematic diagram of the synthesis of SnS2@SnO2 hetero-nanoflowers
from SnO2 nanotube via electrospinning and vulcanizing process.

due to the sulfur ion replacing the oxygen ion in the SnO2. After that,
the ostwald ripening led to the formatting of SnS2@SnO2 hierarchi-
cal structure [16,17]. The SnO2 nano tubes provided mass transfer
channels for sulfur ions and template for formation a coalesced
hetero structure of residual SnO2 and SnS2. which made it pos-
sible to benefit the conversion from 1D nano-templates into 3D
nanostructures via the ion-exchange strategy. The resultant disper-
sive and uniform SnS2@SnO2 hetero-nanoflowers were with a size
of several hundred nanometers. The morphologies of as-prepared
nanomaterials were observed by field-emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM).
The SnO2 material obtained by electrospinning technique exhibited
fine free-standing one-dimensional tubular nanostructure with a

diameter of about 200 nm (see Fig. 1A and B). After 6 h hydrother-
mal  treatments in thioacetamide acid-deficient solution at 150 ◦C,
it could be seen from Fig. 1C that the samples grew into uniform
flower-like spheres which were well separated and were in an aver-

S2@SnO2 hetero-nanoflowers.
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e (C) of as-prepared SnS2@SnO2 hetero-nanoflowers.
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Fig. 2. TEM images (A and B) and HRTEM imag

ge diameter of 1 �m.  Additionally, the enlarged view of the hybrid
aterial were futher displayed in Fig. 1D, it could be observed that

ndividual sphere was composed of intersected nanoflakes in nearly
exagon, the thickness of which were about 10 nm.  The large sur-

ace area of nanoflakes oriented by tubular templates from SNT,
ere likely to help serve more active sites for chemical reactions.

.2. TEM of the as-prepared composite nanoflowers

Transmission electron microscopy (TEM) and high-resolution
ransmission electron microscopy (HRTEM) were further carried
ut to show microstructure of flakes on flower-like spheres in
etails (Fig. 2A). It was obvious that the nanoflakes were inter-
ected with each other to form the flower-like construction. HRTEM
mage in Fig. 2C reveals that the interplanar spacings of the lattice
ringes are 0.335 nm and 0.316 nm,  respectively, which are well
orresponding to the (1 1 0) planes of tetragonal phase SnO2 and
1 0 0) planes of hexagonal phase SnS2 respectively[18]. Thus, the
ormation of SnS2@SnO2 hetero structure was confirmed.

.3. X-ray diffraction (XRD) patterns

Fig. 3 shows the typical powder XRD patterns of pure SnO2 nano-
ubes and SnS2@SnO2 nanoflowers. There were nine diffraction

eaks in curve D in Fig. 3, which were finely attributed to the tetrag-
nal rutile SnO2 structure (space group P42/mnm, a0 = b0 = 4.737 Å,
0 = 3.186 Å, JCPDS, No. 88-0287). Besides, no extra diffraction peaks
ttributed to Sn and SnO secondary phases were observed in curve
Fig. 3. XRD patterns of as-prepared (B) SNF, (C) SNTF and (D) SnO2 nanotubes.

D, implying a relatively high purity of SnO2 nanotubes obtained
by electrospinning technique. The sharp and intense diffraction
peaks further indicated the good crystallinity of tetragonal SnO2.
After pure SnO2 nanotubes were vulcanized at 150 ◦C for 3 h,
weak peaks appeared in the composite SNTF at 2� = 15.03◦ (0 0 1),
28.25◦ (1 0 0), 32.14◦ (1 0 1), 41.92◦ (1 0 2) in curve C [19,20], which
were indexed to hexagonal SnS2 phase (space group P-3m1 (164),

a0 = b0 = 3.6450 Å, c0 = 5.8910 Å, JCPDS, No. 89-2028). When the
heating time of hydrothermal treatment was extended to 6 h, the
diffraction peaks of SnS2 became more evident and much sharper,



X. Zhang et al. / Applied Catalysis B: En

g
o

3

t
c
f
s
S
v
4

Fig. 4. Raman spectra of as-prepared nanomaterials.

iving a hint about the improvement in the crystallinity and content
f SnS2 in the composite.

.4. Raman spectra

Fig. 4 exhibits the Raman spectra of as-prepared SnO2 nano-
ubes (SNT), SNTF and SNF with the employment of high resolution
o-focus Raman spectroscopy, a more surface-sensitive technique
or the evaluation of chemical state of inorganic materials. As Fig. 4

hows, three characteristic vibration peaks were observed in pure
nO2 nanotubes. The strong peak at 633 cm−1 belongs to the Ag

ibration model of SnO2 nanomaterials [21], and weak peaks at
75 cm−1 and 777 cm−1 belong to Eg and B2g vibration model of

Fig. 5. (A) XPS spectra and (B, C and D) high-resolu
vironmental 192 (2016) 17–25 21

SnO2, respectively. After pure SnO2 nanotubes being vulcanized by
thioacetamide acid-deficient solutions, these above peaks became
weaker and disperaed compleltely, in SNF. The strong characteristic
vibration peaks appeared in SNTF and SNF at 311 cm−1, which were
assigned to the Ag vibration model of SnS2 materials [22,23]. The
appearance of new peak of SnS2 further confirmed the heterostruc-
ture between SnS2 and SnO2.

3.5. XPS spectra of the as-prepared composite SNF

The chemical states of Sn, S and O were further accessed by XPS
and the representative spectra are shown with the as-prepared SNF
undergone 6 h hydrothermal treatment. As shown in Fig. 5A, the
XPS survey spectra displayed the presence of Sn, S, O and C in SNF
without any other peaks of impurity or byproduct, while C1s was
used as a reference to calibrate spectra. Fig. 5B showed the presence
of sharp peaks at 486.5 eV and 494.9 eV, which can be attributed to
the binding energies of Sn 3d5/2 and Sn 3d3/2 [24], respectively, and
their splitting between them was  just 8.4 eV which suggesting the
existence of valence state of Sn4+ in SNF. The high-resolution XPS
spectrum of S 2p core level analysis (Fig. 5C) displayed the presence
of peak at 160.8 eV for divalent sulfide ions (S2−) in SnS2. In addition,
the binding energy of O 1s in SNF was observed at about 532.7 eV
from Fig. 5D, in accordance with the literature reports [25–27]. The
XPS study is well consistent with the Raman and XRD analysis.
3.6. UV–vis diffuse reflectance spectra

Fig. 6 shows the UV–vis diffuse reflectance (DR) spectra of
as-prepared SnS2@SnO2 hetero-nanoflowers and pure SnO2 nano-

tion XPS spectra of Sn 3d, S 2p, O 1s in SNF.
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Fig. 6. DR spectra of as-prepared SnO2 nanotubes, SNTF and SNF.

ubes. As observed, pure SnO2 nanotubes displayed typical DR
pectrum of tetragonal rutile SnO2 with a cut-off wavelength at
350 nm,  in correspondence to its wide band gap of 3.6 eV [1,2].
otably, broader visible-light absorption at 350–800 nm can be

een in all SnS2@SnO2 nanoflowers, indicating that the biphase
nS2@SnO2 are of great promise to be efficient visible-light-driven
hotocatalysts. The reason for the absorption of visible light could
e attributed two parts: one was from the SnS2 itself, the band gap
f which was only 2.4 eV, could absorb visible light; the other was a
oint electronic system formed between SnO2 and SnS2, which gave
ise in synergistic properties. It could be explained by the energy
evel matching prinpicle. Based on relative energy level, the con-
uction band (CB) of SnS2 was higher than the CB of SnO2 and the
alue band (VB) of SnS2 was lower than the VB of SnO2. When SnS2
as induced by visible light, photogenerated electron would trans-

er from the CB of SnS2 to the CB of SnO2, while photogenerated
oles remained in the VB of SnS2. In addition, it could be seen that
he visible light harvest of SNF was higher than that of SNTF, which
as likely due to the higher content of SnS2 in SNF.

.7. Photoluminescence (PL) spectra and incident
hoton-to-electron conversion (IPCE) spectrum

To address the effect of SnS2@SnO2 heterojunctions on electron-
ole separation indirectly, photoluminescence spectra (PL spectra)
as employed to characterize the recombination probability in
ure SnO2 nanotubes and SnS2@SnO2 hetero-nanoflowers. PL spec-
ra in the wavelength of 350–650 nm are displayed in Fig. 7. No
bvious emission peak can be found around 400 nm, indicating
hat these PL signals did not result directly from the electron tran-
ition from the conduction band to valence band. All of these
amples showed similar curves with one emission peak located
t 503 nm.  The PL intensities of SnS2@SnO2 nanoflowers were
ower than that of SnO2 nanotubes, implying lower electron–hole
ecombination probability in SnS2@SnO2 hetero-nanoflowers [28].
ombined with the UV–vis diffuse reflectance spectra, the PL spec-
ra have further confirmed the good formation of heterojunctions
etween SnS2 and SnO2. Electrons and holes are separated by the
eterojunctions in electric field between SnS2 and SnO2, leading
o a decrease of PL intensity in SnS2@SnO2 nanoflowers. What
s more, the SNF sample showed the lowest PL intensity, sug-

esting its highest electron–hole separation efficiency. Compared
ith PL spectra, the incident photon-to-electron conversion (IPCE)

pectrum is powerful to quantitatively reveal their photocatalytic
ctivity as a function of wavelength of incident light, which is
Fig. 7. Photoluminescence spectra of as-prepared samples with excitation wave-
length: ca. 325 nm.

important to confirm the increased photocatalytic activity. The
spectra of the incident photon-to-current conversion efficiencies
(IPCE) of the samples was test using a power source (Newport 300W
xenon lamp, 66920) with a monochromator (Newport Cornerstone
260) and a multimater (Keithley 2001). As the spectra of inci-
dent photon-to-current conversion efficiencies exhibited(shown in
Fig.S1), in identical situation, three different samples showed the
same IPCE peak at around 350 nm and compared with SNF elec-
trode, an obvious improvement on IPCE was observed in SNTF
electrode and SNF electrode under both UV and visible light.
The IPCE peak of SNT electrode at 350 nm was 1.2%, while the
IPCE peak of SNTF electrode and SNF electrode were 1.73% and
2.07% respectively. In the wavelength of 400–600 nm,  no free
electron was received in SnO2 nanotubes electrode, by contrast,
SnS2@SnO2 nanoflowers displayed obviously enhanced response
in visible light, which clearly illuminated that the heterojunction
between SnS2 and SnO2 could help retard the hole-electron recom-
bination process through interfacial charge transfer. These results
further demonstrated that the improved Cr(VI) photoreduction by
SnS2@SnO2 hetero-nanoflowers was  induced by increased valid
photogenerated electron.

3.8. Photocatalytic activity

The photocatalytic activities of as-prepared SnS2@SnO2 hetero-
nanoflowers were estimated by detecting the photocurrents and
the degradation rate of toxic aqueous Cr(VI) under visible light
irradiation. The photocurrents were tested for SNT, SNTF and SNF
with 0.2 M Na2SO4 solution as electrolyte with full spectrum light
irradiation and visible light irradiation, separately (Fig. 8A and B).
As shown in Fig. 8A and B, it was clear that fast and uniform
photocurrent responses were observed in all electrodes and the
photoresponsive phenomenon was reversible.

Under full spectrum light irradiation, the photocurrent of SNF
electrode was about five times as high as that of SNT, and more
than two  times higher than that of SNTF electrode. When the cut-
off filter (� > 420 nm)  was  applied, SnO2 nanotubes also showed
little photocurrent response to visible light (Fig. 9B). In contrast,
SNF electrode demonstrated a noticeable photocurrent response

under visible light irradiation. The inset image in Fig. 8B was  the
enlarged curves from range 200–500 s, and we  can see it has three
stages which were corresponding to the full spectrum, visible light
and shading (The test were repeated by identical time interval).
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Fig. 8. (A) Photocurrents of SNT, SNTF and SNF electrodes under full spectrum light irradiation and (B) under full spectrum and visible irradiation (� >420 nm) ([Na2SO4]−0.2 M).
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ig. 9. (A) Photocatalytic activities of SNT, SNTF and SNF in the reduction of 80 m
hotocatalyst is 20 mg); (B) Photocatalytic performance of SNF with three times of 

he photocurrent improvement both under full spectrum light and
isible light irradiation of SNF and SNTF photocatalyst suggested
n enhancement of photogenerated electrons and holes separation,
hich could be owing to the extended visible light absorption and

rreversible electrons transfer across SnS2-SnO2 heterojunction.
In order to further assess the photocatalytic performance of as-

repared SnS2@SnO2 composite nanoflowers, aqueous Cr(VI) was
hosen to be degraded under 300W xenon lamp irradiation, which
s widely used in electroplating, leather tanning and dyeing, highly
oxic to environment as well as human health, especially to human
iver, kidney and skin. Fig. 9A showed the photocatalytic activi-
ies of SNT, SNTF and SNF in the reduction of aqueous Cr(VI) under
isible light (� > 420 nm)  irradiation within the same treatment
ime. As can be seen from Fig. 9A, SnO2 nanotubes showed a slight

isible-light-driven photocatalytic activity. Nevertheless, SNTF and
NF photocatalysts both exhibited considerably high photocat-
lytic activities in the reduction of aqueous Cr(VI) under visible
 × 10−4 M Cr(VI) under visible light (� > 420 nm) irradiation (Note: the dosage of
g uses.

light (� > 420 nm)  irradiation. More importantly, SNF photocatalyst
displayed the highest photocatalytic activity, which could achieve
a nearly 90%degradation rate under visible light (� > 420 nm)  irra-
diation.

In addition, the cycling reuse ability with continuously high pho-
tocatalytic activity was another critical issue for long-term use in
practical applications. Herein, to investigate the stability of the SNF
photocatalyst, SNF photocatalyst was  reused for three times under
identical conditions. It could be observed from Fig. 9B that the
photocatalytic activity of SNF catalyst remained almost unchanged
in recycling reactions. And in this work, the unique nanoflower
morphology of SNF photocatalyst could be easily separated from
aqueous solutions by sedimentation. Thus, it demonstrated that
SNF photocatalyst demonstrated an efficient photoactivity for the

reduction of toxic aqueous Cr(VI) and could be effectively reused
in high efficiency.
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[2] X. Zhou, T. Zhou, J. Hu, J. Li, Cryst. Eng. Commun. 14 (2012) 5627–5633.
[3] L.J. Wang, J.J. Fan, Z. Cao, Y.C. Zheng, Z.Q. Yao, G.S. Shao, J.H. Hu, Chem. Asian J.
Scheme 2. Postulated mechanism of visible light-induced

.9. Photocatalytic action mechanism

On the basis of the current experimental results, possible mech-
nisms for UV and visible light photocatalysis are elucidated
chematically in Scheme 2. Via Mulliken electronegativity the-
ry: EVB = Xsemiconductor − E0 + 0.5Eg,0·5Eg, where EVB is the VB edge
otential, Xsemiconductor is the electronegativity of the semiconduc-
or, which is the geometric mean of the electronegativity of the
onstituent atoms, E0 is the standard electrode potential on the
ydrogen scale (ca. 4.5 eV). Eg was derived from Eg = 1239.8/�g,
here �g is the absorption edge in the UV–vis spectra (shown

elow). So far, considerable success had been achieved in predict-
ng the relative band edge positions for many oxide and sulfide
emiconductors using this method. In our case, the calculated
esults were ECB (SnS2) = −0.135 eV, EVB (SnS2) = 2.115 eV and ECB
SnS2) = −0.08 eV, EVB (SnS2) = 3.58 eV [29,30]. Although these data

ay not be the exact absolute values for the CB and VB potentials of
nS2 and SnO2, they would offer a reliable estimation of the relative
and edge positions of the two semiconductors. Thus, a schematic
iagram of the energy band structures of SnS2/SnO2 composite is

llustrated in Scheme 2, which is similar to that of the well-studied
dS/TiO2. When the SnS2/SnO2 nanocomposites were irradiated by
isible light (� > 420 nm), SnO2 had no response ability due to its
ide band gap (Eg = 3.66 eV), but the electrons in the VB of �SnS2

an be excited to its CB with simultaneous generation of the same
mount of holes in its VB. The CB of SnO2 was more positive than
hat of SnS2, resulting in a local electric field. As a result, the excited
lectrons can readily transfer from the CB of �SnS2 to the CB of
nO2 via interface, whereas the generated holes still remained on
he VB of SnS2. In this way, the photoinduced charge carriers in SnS2
anoparticles can be effectively separated, and accordingly their
ecombination was suppressed. The efficient charge separation can
ncrease the lifetime of the charge carriers and enhance the effi-
iency of the interfacial charge transfer to adsorbed substrates. The
eparated electrons undertake the one-electron reduction reaction
f Cr(VI) to generate Cr(III). The proposed reaction pathway for the
hotocatalytic reduction of Cr(VI) under visible light is as follows:

 h+ + H2O → 1/2O2 + 2H+ (1)
e− + 8H+ + CrO4
2− → Cr3+ + 4H2O (2)

So, it is reasonable that the SnS2/SnO2 nanocomposites could
emonstrate excellent photocatalytic efficiency.
oreduction of Cr6+ with the SnS2@SnO2 nanocomposites.

4. Conclusions

We  reported a successful attempt for the fabrication of monodis-
persed SnS2@SnO2 hetero-nanoflowers by combining the single
capillary electrospinning technique and hydrothermal method.
The template-oriented method demonstrated good dispersibility
and uniformity, which can be proved by field-scanning electron
microscopy (FE-SEM) and transmission electron microscopy (TEM).
What’s more, SNF showed enhanced water purification perfor-
mance for oxalic acid-induced photocatalytic reduction of Cr(VI)
under visible light irradiation at room temperature, which could
be attributed to the staggered band alignment formed between
the two  structures. Besides, the corresponding mechanism of
enhanced photocatalysis regarding the separation of the photo-
generated electron-hole pairs for the heterojunction has also been
investigated through photoluminescence spectroscopy (PL) and
photocurrent analysis.
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