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SnO, nanofibers were fabricated by calcination of the electrospun PVP/SnCl, composite nanofibers.
For the first time, SnS nanofibers and SnSe nanofibers were successfully synthesized by double-
crucible sulfurization and selenidation methods via inheriting the morphology of SnO, nanofibers
used as precursors, respectively. X-ray diffraction (XRD) analysis shows SnS nanofibers and SnSe
nanofibers are respectively pure orthorhombic phase with space group of Pbnm and Cmcem. Scanning
electron microscope (SEM) observation indicates that the diameters of SnS nanofibers and SnSe
nanofibers are respectively 140.54+12.80 nm and 96.52+14.17 nm under the 95 % confidence level.
The photocatalytic activities of samples were studied by using rhodamine B (Rh B) as degradation
agent. When SnS or SnSe nanofibers are employed as the photocatalysts, the respective degradation
rates of Rh B solution under the ultraviolet light irradiation after 200 min irradiation are 92.55 % and
92.86 %. The photocatalytic mechanism and formation process of SnS and SnSe nanofibers are also
provided. More importantly, this preparation technique is of universal significance to prepare other

metal chalcogenides nanofibers.
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1. Introduction

In the past few decades, metal chalcogenides have
attracted considerable research interest due to their
outstanding semiconducting and optical properties and
potential applications in future'. Among these materials, SnS
and SnSe are increasingly important owing to their special
semiconducting properties®. SnS is a p-type semiconductor
with layered orthorhombic crystal structure. The orthorhombic
herzenbergite modification of SnS consists of double layers
perpendicular to ¢ axis in which Sn and S atoms are tightly
bound. The direct and indirect band gap of SnS were reported
tobe 1.2-1.5 and 1.0-1.2 eV, respectively. The narrow band
gap, non-toxic nature and the interesting structure of SnS
make it a potential candidate for solar absorber in thin film
solar cells and semiconductor sensors®. Tin selenide (SnSe),
as a IV-VI compound semiconductor with a band gap of
about 0.9 eV, can be widely used in infrared optoelectronic
devices, holographic recording systems and memory switching
devices?. Over the past several years, the synthesis of SnS
and SnSe nanomaterials has been extensively explored, and
considerable efforts have been made to control the size and
shape of SnS and SnSe nanomaterials®*.

Presently, many methods are employed to fabricate
SnS and SnSe nanomaterials. Typical synthetic methods
include chemical bath deposition””, thermal evaporation'®!!,
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electrodeposition'>!3, spray pyrolysis technique'*!®, sputtering'¢,
etc. Different morphological SnS and SnSe nanomaterials
were prepared by using the above methods, including
nanoparticles'”!®, nanorods'’, nanoflakes?, nanofibers*!,
films*?, nanoplate®, etc. By far, no reports on the preparation
of SnS or SnSe nanofibers are found in literatures.
Conventionally, SnS or SnSe nanomaterials are prepared
via calcination of a mixture of metal oxides or thiosulfates’'?,
thiourea'® and sulfur powders or selenium powders at elevated
temperatures. In this way, the as-prepared nanomaterials often
have irregular morphology and can not inherit the peculiar
morphologies of the metal oxides precursors because sulfur
powders or selenium powders will melt and destroy the
morphologies of the metal oxides. Hence, it is difficult to
obtain metal chalcogenides nanofibers via direct solid-state
reaction using metal oxides nanofibers as precursors. In order
to solve this problem, a double-crucible method is proposed
and used to retain the morphology of SnS or SnSe nanofibers
using SnO, nanofibers as precursors. Double-crucible
technique has been proved to be an efficient, convenient and
simple way to fabricate nanofibers, nanobelts and hollow
nanofibers®*. Meanwhile, electrospinning is a promising,
straightforward and convenient way to prepare one-dimensional
(1D) nanomaterials®-?” with diameters ranging from tens of
nanometers up to micrometers owing to its easy control and
low cost, including nanowires®®, nanobelts?**!, core-shell
structured nanofibers’?=*4, nanofibers’*-*¢, nanosheets’’-*
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core-shell structured nanotubes***!, etc. Nevertheless, the
fabrication of SnS or SnSe nanofibers via electrospinning
combined with a double-crucible technique is not reported.
Hence, fabrication of SnS or SnSe nanofibers remains a
challenging and meaningful subject of study.

In this work, PVP/SnCl, composite nanofibers were
fabricated by electrospinning, and SnO, nanofibers were
prepared through calcining the as-obtained composite
nanofibers at 450 °C. For the first time, SnS or SnSe
nanofibers were synthesized by a double-crucible technique
we newly proposed via inheriting the morphology of SnO,
nanofibers. The samples were systematically characterized.
The morphology, structure and photocatalytic properties of
the resulting samples were investigated in detail, and the
formation mechanisms of SnS and SnSe nanofibers were
also presented.

2. Experimental Sections

2.1 Chemicals

Polyvinyl pyrrolidone (K90, Mr=90000, AR), N,N-
dimethylformamide (DMF, AR), sulfur powders and selenium
powders were purchased from Tianjin Bodi Chemical Co.,
Ltd. SnCl,-5H,O was bought from China Pharmaceutical
Group Shanghai Chemical Reagent Company. Distilled
water was homemade.

2.2 Preparation of PVP/SnCl, composite
nanofibers via electrospinning

1.00 g of SnCl,- 5H,0 was dissolved in 7.60 g of DMF, and
then 1.40 g of PVP was added into the above solution under
magnetic stirring for 8 h to form homogeneous transparent
spinning solution. In the spinning solution, the mass ratios of
PVP, SnCl, and DMF were equal to 14:10:76. Subsequently,
the spinning solution was electrospun at room temperature
using ordinary electrospinning setup under a positive high
voltage of 13 kV, the distance between the capillary tip and
the collector was fixed to 15 cm, and relative humidity was
20 %-30 %. With the evaporation of DMF, a dense web of
PVP/SnCl, composite nanofibers was formed on the collector.

2.3 Synthesis of SnO, nanofibers

The above PVP/SnCl, composite nanofibers were calcined
at 450 °C for 3 h with a heating rate of 1 °C-min’'. Then the
calcination temperature was decreased to 200 °C at a rate
of 1 °C-min". Finally, samples were naturally cooled down
to room temperature and SnO, nanofibers were obtained.

2.4 Fabrication of SnS nanofibers by a double-
crucible sulfurization method

2.00 g of sulfur powders were loaded into a small crucible,
and then 3.00 g of carbon rods and 0.20 g of SnO, nanofibers

were subsequently put into it. The small crucible was placed
into a big crucible. Next, 2.00 g of sulfur powders were
loaded into the space between the two crucibles, and then the
big crucible was covered with its lid. We call this process a
double-crucible method. Finally, the crucibles were heated
to 800 °C with a heating rate of 5 °C-min’' and remained
for 4 h, then the temperature was decreased to 200 °C at a
cooling rate of 2 °C-min’', followed by natural cooling down
to ambient temperature. In the sulfurization process, Ar gas
is used as shielding gas. Thus, SnS nanofibers were acquired.

2.5 Preparation of SnSe nanofibers via a double-
crucible selenidation method

The procedure was the same as the sulfurization process,
except that 5.00 g of selenium powders was used instead of
sulfur powders and the selenidation reaction was conducted
at 700 °C for 3 h.

2.6 Characterization methods

X-ray diffraction (XRD) analysis was performed using a
Rigaku D/max-RA X-ray diffractometer with Cu ka radiation
of 0.15418 nm. The size and morphology of the products
were investigated by an XL-30 field emission scanning
electron microscope (SEM) made by FEI Company. The
purity of the products was examined by OXFORD ISIS-
300 energy dispersive X-ray spectrometer (EDS) attached
to the SEM. The histograms of diameters distribution were
drawn by Image-Pro-Plus 6.0 and origin 8.5 softwares. All
the determinations were performed at room temperature.

2.7 Evaluation of photocatalytic performance

In a typical photocatalytic reaction, 5 mL of 0.1 g-L"!
Rh B solution was added into 95 mL of distilled water, then
0.05 g of the as-prepared SnS and SnSe nanofibers were
dispersed into the above aqueous solution of Rh B and the
solution was stirred for 2 h in the dark to reach adsorption-
desorption equilibrium. Then the solution was directly
exposed under the ultraviolet light (500 W ultraviolet lamp
with main emission wavelength of 365 nm) at an irradiation
distance 20 cm with stirring to trigger decomposition of
the Rh B molecules. In a 20-minute interval, 4 mL solution
was sampled and centrifuged to remove the photocatalyst
samples. The concentration of Rh B solution was analyzed.
The degradation rate of Rh B was estimated on the basis of
the following formula:

D% =[(4— A:)/Ad] X 100%

where A | was the absorbance of Rh B in the dark and
A, was the absorbance of Rh B at given time intervals after
irradiation, D was the degradation rate of the Rh B.
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3. Results and Discussion

3.1 XRD analysis

Figure 1a shows the XRD patterns of SnO, nanofibers.
All the diffraction peaks are highly consistent with those
of the pure tetragonal-phase of SnO, (PDF#88-0287) with
space group of P42/mnm. Obvious diffraction peaks are
located near 26=26.2° (110), 33.9° (101), 37.9° (200), 51.9°
(211), 54.8° (220), 62.9° (112), 65.9° (311), 78.8° (321),
83.9° (222), etc. No diffraction peaks of any other phases
or impurities are also detected, indicating that pure-phase
SnO, nanofibers are successfully prepared.

Figure 1b reveals the XRD patterns of SnS nanofibers,
and the diffraction peaks can be easily indexed to those of
the pure orthorhombic phase of SnS (PDF#75-0925), and the
space group is Pbnm. Obvious diffraction peaks are situated
near 26=25.9° (201), 25.6° (210), 31.8° (111), 37.0° (311),
44.8° (411), 51.2° (121), 66.2° (800), 75.6° (811), 84.2°
(820), etc. No peaks of any other phases or impurities are
also detected, implying that crystalline SnS is acquired.

Figure 1c manifests shows the XRD patterns of SnSe
nanofibers. Its reflection peaks can be readily indexed to those
of the pure orthorhombic phase of SnSe (PDF#53-0527),
and the space group is Cmem. Obvious diffraction peaks are
located near 26=15.5° (002), 26.5° (012), 28.5° (110), 31.0°
(004), 38.0° (014), 43.2° (202), 44.2° (115), 47.6° (022),
49.6° (115), etc. No peaks of any other phases or impurities
are detected, indicating that crystalline SnSe is obtained.

3.2 Morphology observation

The morphologies of the products are characterized by
scanning electron microscope (SEM). Figure 2 manifests
the representative SEM images of PVP/SnCl, composite
nanofibers, SnO, nanofibers, SnS nanofibers and SnSe
nanofibers. From Figure 2a, it can be noticed that PVP/SnCl,
composite nanofibers have smooth surface and uniform
diameter. After calcination at 450 °C, the diameter of SnO,
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nanofibers greatly decreases due to loss of the PVP and
associated organic components, as revealed in Figure 2b.
SnS nanofibers and SnSe nanofibers have relatively rough
surface, as seen in Figure 2c and 2d. From these analyses,
we can safely conclude that the double-crucible technique
we proposed here can remain the morphology of the SnO,
precursor nanofibers.

Histograms of diameters of these fibers are indicated in
Figure 3. Under the 95 % confidence level, the diameters
of fibers analyzed by Shapiro-Wilk method are normal
distribution. The diameters of PVP/SnCl, composite nanofibers,
SnO, nanofibers, SnS nanofibers and SnSe nanofibers are
255.55423.73 nm, 63.56+6.74 nm, 140.54+12.80 nm and
96.52+14.17 nm, respectively.

Figure 4 demonstrates the EDS spectra of PVP/SnCl,
composite nanofibers, SnO, nanofibers, SnS nanofibers and
SnSe nanofibers. EDS spectra analysis shows that C, N,
O, Sn, Cl are the main elements in PVP/SnCl, composite
nanofibers and the presence of Sn, O corresponds to SnO,
nanofibers, as seen in Figure 4a and 4b. Sn, S are the main
elements in SnS nanofibers and the presence of Sn, Se
corresponds to SnSe nanofibers, as indicated in Figure 4c
and 4d, C exists in SnS and SnSe nanofibers due to carbon
rods loaded into the small crucible during the sulfurization
and selenidation process, Pt comes from the conductive
films coated on the samples for SEM analysis, and the O is
owing to absorbed oxygen.

3.3 Photocatalytic properties

The photocatalytic activity of the SnO, nanofibers,
SnS nanofibers and SnSe nanofibers were evaluated by the
degradation of Rh B solution under ultraviolet irradiation,
as seen in Figure 5. Figure 5 displays the degradation curves
of Rh B solution and first-order reaction kinetics curves. The
degradation rate of Rh B solution reaches 85.90 % using SnO,
nanofibers after 180 min irradiation. While SnS nanofibers
or SnSe nanofibers are employed as the photocatalysts, the
respective degradation rates of Rh B solution after 200 min

Figure 1. XRD patterns of SnO, nanofibers (a), SnS nanofibers (b) and SnSe nanofibers (c) with PDF standard cards of SnO,, SnS and SnSe.
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irradiation are 92.55 % and 92.86 %. Degradation of Rh B
solution accords with the first-order reaction kinetics equation:

ln(%) —K(t—t)

where G, is the initial concentration of Rh B solution,
C is the concentration of Rh B solution at given time
intervals after irradiation, K is the rate constant, t, is the
initial irradiation time and t is the irradiation time. The
rate constant K of SnO, nanofibers, SnS nanofibers and
SnSe nanofibers are K =0.00988 s, K,=0.01336 s and
K,=0.01357 s, respectively.

3.4 Possible mechanism of the ultraviolet-
induced photodegradation of Rh B

Based on the above results, a possible photocatalytic
mechanism is indicated in Figure 6. As shown in Figure 6,
SnS nanofibers and SnSe nanofibers with narrow band gap
energy (ca. 1.01 eV and 0.90 eV) could be easily excited by
ultraviolet light to generate photoelectrons and holes. Then the
photo-generated electrons (¢°) probably react with dissolved
oxygen molecules to yield super oxide radical anions O,,
which on protonation forms the hydroperoxy HO,- and the

hydroxyl radical OH". Simultaneously, the holes (h*) could
oxidize OH  and H,0 to generate OH-. HO," and OH- which
are strong oxidizing agent could make C-C, C-O and C-H
in Rh B molecule rupture to form harmless CO, and H,0.

4. Formation Mechanisms for SnS
Nanofibers and SnSe Nanofibers

On the basis of above analytic of results, we propose
the formation mechanisms for SnS nanofibers and SnSe
nanofibers, as shown in Figure 7. PVP and SnCl, were mixed
with DMF to form spinning solution with certain viscosity.
Then, PVP/SnCl, composite nanofibers were obtained via
electrospinning. During calcination process, PVP chain
was broken and volatilized. With the increase in calcination
temperature, Sn** was oxidized to form SnO, crystallites,
many crystallites were combined into nanoparticles, then
some nanoparticles were mutually connected to generate
SnO, nanofibers. PVP acted as template during the formation
of SnO, nanofibers. It was found from experiments that
the average molecular weight and content of PVP in the
spinning solution played important roles in the formation
of SnO, nanofibers. Next, SnO, nanofibers were sulfurized
and selenided using S and Se powders as sulfurizing and

Figure 2. SEM images of PVP/SnCl, composite nanofibers (a), SnO, nanofibers (b), SnS nanofibers (c) and SnSe nanofibers (d).
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Figure 3. Histograms of diameters of PVP/SnCl, composite nanofibers (a), SnO, nanofibers (b), SnS nanofibers
(c) and SnSe nanofibers (d).

Figure 4. EDS spectra of PVP/SnCl, composite nanofibers (a), SnO, nanofibers (b), SnS nanofibers (c) and
SnSe nanofibers (d).
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Figure 5. Variation of degradation curves of Rh B with irradiation time over SnO, nanofibers (), SnS nanofibers (b) and SnSe nanofibers (c).

Figure 6. Possible mechanism of the ultraviolet-induced photodegradation
of Rh B with SnS nanofibers and SnSe nanofibers.

seleniding agents. In the process, S or Se reacted with SnO,
nanofibers to produce SnS nanofibers or SnSe nanofibers.
During the process, S or Se powders and SnO, nanofibers
were separated by the carbon rods, which prevented SnO,
nanofibers from morphology damage. If SnO, nanofibers
directly mix with S or Se powders, melted S or Se will cut
the SnO, nanofibers into pieces, as a result, the morphology
of SnO, nanofibers cannot be retained. Carbon rods played
an important role in the reduction via combination with O, to
produce CO, which reacted with oxygen species of SnO, to
give CO, in the heating process. The double-crucible method
we proposed here is actually a solid-gas reaction, which has

been proved to be an important method, not only can retain
the morphology of SnO, nanofibers, but also can fabricate
SnS nanofibers and SnSe nanofibers with pure phase at
relatively low temperature. Reaction schemes for formation
of SnS nanofibers or SnSe nanofibers proceeded as follows:

PVP/SnCL + 0, —2“~ CO,+ H,0 + HCL + $n0. (1)

2C+0, —2CO ®)

Sn0,+S+200 2~ 8nS+2C0, 3)

Sn0, + Se + 2C0 —=“—~ SnSe + 2C0,  (4)

5. Conclusions

In summary, SnO, nanofibers were fabricated by
calcination of PVP/SnCl, composite nanofibers prepared
via electrospinning, and pure-phase orthorhombic SnS
nanofibers or SnSe nanofibers with space group of Pbnm or

Figure 7. Formation mechanisms of SnS nanofibers and SnSe nanofibers.
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Cmcem were obtained by sulfuration or selenization of the
as-obtained SnO, nanofibers. The as-prepared SnS nanofibers
and SnSe nanofibers have relatively rough surface, their
diameters are respectively 140.54+12.80 nm and 96.52+14.17
nm. SnS nanofibers and SnSe nanofibers possess excellent
photocatalytic performance. The double-crucible technology
we proposed here is of great importance, it can be applicable
to synthesize other metal chalcogenides nanostructures with
various morphologies.
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