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SnS; nested fullerene-type (IF) nanoparticles, nanotubes, and SnS,/C hybrid nanostructures were obtained
by vapor transport starting from elemental tin and CS,. The reaction was carried out in a single-step
process by heating elemental tin metal powder in a horizontal tube furnace at 800—1000 °C. TEM analysis
allowed proposing a plausible mechanism for the formation of fullerene-like particles of SnS, as well as
tubes and scrolls from nanosheets of SnS,. Pure material could be obtained by optimizing the reaction
based on a product analysis using powder X-ray diffraction (XRD) and high-resolution transmission
electron microscopy (HRTEM) combined with energy-dispersive X-ray spectroscopy (EDX).

Introduction

Carbon fullerenes and nanotubes have engendered intense
scientific interest because of their promising electronic and
mechanical properties.' > These findings have prompted
efforts to develop simple and cheap methods for large-scale
production of these materials. The propensity of graphite to
form hollow closed structures is believed to stem from the
high energy of dangling bonds at the edge of the graphene
planes.! 3 Because this is also true for other inorganic layered
structures, the formation of closed caged nanoparticles is a
general property of all materials with anisotropic layer-type
structures. On the basis of this working hypothesis, numerous
types of closed nanostructures from materials such as
MoS,,** NiCl,% or GaSe’ have been synthesized. These
materials have properties that make them promising for
various optical, magnetic, electronic, and especially mechan-
ical applications.

Although nested fullerenes, nanopolyhedra, and nanotubes
represent an integral part of the phase diagram of MS,,? they
are metastable at room temperature. MS, fullerene-type
nanoparticles and nanotubes are high-temperature and low-
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pressure phases in the M—S diagrams that are not accessible
by traditional solid-state synthesis. In conventional high-
temperature reactions, the energy required for solid-state
diffusion of the reactants would exceed the nucleation energy
of metastable MS, nanoparticles. As a consequence, only
the thermodynamically stable crystalline products are formed.
In contrast, reactions are kinetically controlled if solid-state
diffusion plays only a minor role. Here a phase may nucleate
and grow until its growth exhausts the supply of the reactants.
Now the sequence of phases formed depends on the relative
activation energies of nucleation.

Consequently, most reported synthetic approaches to
nanoparticular MS, inorganic fullerenes (IF) and nanotubes
(NT) are gas-phase reactions where highly mobile species
are trapped kinetically. A very successful method for the
preparation of metal chalcogenide nanoparticles is the
reductive sulfidization of metal oxides with H,S.>'° This
approach has been restricted so far to transition metals such
as V,!" Mo,"> W,"3 and Re,'# i.e., for those metals where the
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Figure 1. (a) X-ray powder diffraction pattern of the product obtained at 850 °C. The blue lines correspond to Berndtite-SnS,. (b) Overview of the TEM
image of the product obtained.
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Figure 2. HRTEM image of (a) fullerene-like particles, (b) enlarged part of the rectangular region in a, (c) grain boundaries and amorphous domains in the
circular region with in the particle; (d) EDX of the corresponding inset.

corresponding metal oxides with high oxidation states exist. Tin disulfide adopts the layered CdI, structure type, in
Alternative synthetic approaches have made use of which the tin atoms are located in octahedral voids between
MOCVD" and APCVD,'® chemical vapor transport,>!"!8 or two close packed slabs of sulfur to form a three-atom layered

the thermal decomposition of sulfur-rich compounds."’ sandwich structure.?® SnS,, a lamellar semiconductor with a
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Figure 3. X-ray powder pattern of the products obtained at (a) 950, (b)
900, and (c) 800 °C, and (d) calculated pattern for Bernditite-1T SnS,.
Reflections marked with asterisk (*) correspond to Ottemannite (Sn,Ss),
the amount of which increases with increasing reaction temperature.

band gap of around 2.35 eV, has attracted attention for its
semiconducting properties and can potentially be used as an
efficient solar cell material.?? It is also of interest in
holographic recording systems and electrical switching.??
Recently, IF-SnS,_, nanoparticles were obtained by laser
ablation.* Many of these nanoparticles showed semiperiodic
intensity alterations pointing to a misfit layer structure® of
SnS; and layered SnS?® with different periodicities. Here,
we report a single-step process for the synthesis of SnS,
fullerene-like nanoparticles, Sn/S/C composite dumbbells,
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SnS, nanotubes and SnS; nanoscrolls by a vapor transport
technique. We also found that the sulfidizing agent CS; can
act as a precursor for the growth of the carbon fibers.

Experimental Section

The synthesis of tin disulfide nanostructures was carried out in
concentrically arranged quartz glass tubes that were heated in a
horizontal tube furnace. One quartz tube is placed inside another
one and the outer quartz tube has an inner/outer diameter of 35/30
mm and a length of 90 cm. The inner quartz tube had an inner/
outer diameter of 24/20 mm and a length of 70 cm. The source
material, bulk Sn grains of 99.9% purity (Aldrich), was first cleaned
with HCI solution for 20 min to remove the surface oxide layer
and subsequently placed in a quartz boat in the middle of the inner
quartz tube. Argon gas was flushed through the tube for about half
an hour to remove the air present. The furnace was heated to a
temperature of 850 °C with a heating rate of 5 °C per min under
Ar or Ar/CS, mixtures depending upon the conditions. After heating
the furnace to the required temperature, an Ar/CS, mixture was
passed through the tin melt at a flow rate of 300 mL/min for duration
of 2 h. After the end of the reaction, the furnace was cooled to
ambient temperature at a rate of 3 °C per min. The yellow product
was obtained at the downstream end of the furnace from the outer
tube at a temperature zone of 150—200 °C and collected with a
spatula.

Characterization. Electron Microscopy. The products were
characterized using high-resolution scanning electron microscopy
(HRSEM) (LEO 1530 Field emission SEM, 6 kV extraction
voltage). Transmission electron microscopy (TEM) was carried out
on a Philips EM420 instrument at an accelerating voltage of 100
kV with a twin lens and a Philips CM12 with a twin lens at an
acceleration voltage of 120 kV. High-resolution images were taken
with a Philips FEI TECNAI F30 ST electron microscope (field-
emission gun, 300 kV extraction voltage) equipped with an Oxford
EDX (energy-dispersive X-ray) spectrometer with a Si/Li detector
and an ultrathin window for elemental analysis. Image analysis and
Fourier transform calculations were performed with Gatan Digital
Micrograph software. Samples for TEM measurements were
prepared from ethanolic suspensions of the samples. Three drops
of the ultrasonicated suspension were administered on a Cu grid
coated with FORMVAR polymer and an amorphous carbon layer.

X-ray Powder Diffraction. X-ray diffraction patterns (XRD) were
recorded using a Bruker AXS D8 Discover powder microdiffrac-
tometer (Cu Ko radiation, graphite monochromator) equipped with
a 2D HiStar detector. Phase analysis was performed using AXS
Bruker EVA 10.0.%7

Results and Discussion

The powderlike SnS, collected from the low-temperature
region of the furnace appears yellow. The composition of
the product was determined by X-ray powder diffraction
(XRD). Most of the diffraction peaks of the as prepared
nanoparticles could be attributed to Berndtite (SnS,, JCPDS
card no. 21—1231) with small contaminations from Otte-
mannite (Sn,S;) as shown in Figure 1a. The morphology can
be seen in the TEM image in Figure 1b. Overall the product
consists of round (IF)-like particles. Generally, particle sizes
are in the range from 40 to 100 nm.

Structural information of the product was obtained from
HRTEM and the corresponding energy-dispersive X-ray
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Figure 4. (a) Overview image of the product obtained at 1000 °C after 3 h of sulfidization. (b) Two dumbbells connected to each other. (c) SEM image of

the nanocomposite.

spectroscopy (EDX) analysis (Figure 2). HRTEM shows
that the product consists of closed-cage nanoparticles with
both spherical and faceted morphologies. Both polyhedra
are nested, i.e., closed multilayer nanostructures as shown
in Figure 2. Varying the tilt angle of the sample in the
TEM did not reveal any significant changes. Typical
particle sizes were about 50—70 nm with a fairly narrow
size distribution. A representative HRTEM image shows
clear fringes with a separation of 0.59 nm, in good
agreement with the interlayer spacing of the SnS,. No
hollow particles were observed. Some HRTEM images
revealed the presence of remnant elemental tin (see Figure
S1 in the Supporting Information) within the core of the
particles indicating that the particles had not been
completely sulfidized. Furthermore, some grain boundaries
and amorphous domains were present in the core of the
particles as shown in Figure 2c.

The composition of the core and the outer part of the
IF-particles were examined by EDX analysis. The Sn:S
ratio is close to 1:2 for the outer part and about 1:1.5 for
the core which might be due to an incomplete sulfidization
of the tin nanoparticles already formed because of vapor
transport while heating. The Cu peaks arise from the TEM
grid and the Si peak comes from the pole pieces of the
microscope.

The formation of the SnS; fullerenes occurs by sulfidiza-
tion of tin nanoparticles formed by vapor transport. Incom-
plete sulfidization due to sulfur depletion and/or slow sulfur
diffusion through the SnS, mantle may lead to the formation
of lower tin sulfides (Sn,S; and SnS) or Sn remnants in the
particle core. To elucidate the mechanism of the formation
of the fullerene like particles, the conditions for the synthesis
of tin disulfide were studied systematically in a series of
experiments where the CS, gas flow rate, the reaction
temperature, the duration of sulfidization, and the sulfidiza-
tion delay time, i.e. the heating time before the sulfidization
was started by allowing CS, to pass through the reaction
furnace.

(a) Flow Rate of CS,. The effect of the CS, gas flow
rates was studied by varying the flow rates between 200 and
500 mL/min. With a reduced gas flow of 200—300 mL/min,
mainly platelets of SnS,, a few tens of nanometres to 0.5
um in size were obtained. For higher flow rates (400—500
mL/min), mainly spherical particles with diameters of about
50 nm were obtained, while the amount of the of SnS,

platelets was reduced. For flow rates above 500 mL/min,
small spherical particles of SnS, were obtained. This is
compatible with a trapping of IF-SnS, by dilution and
quenching.

(b) Temperature. The temperature of the tube furnace
was varied from 700—950 °C in steps of 100 °C during a
set of experiments. In all experiments a yellow product
was formed at the downstream end of the furnace (where
the temperature was 150—200 °C). No difference in the
particle size was observed when the temperature was
changed from 700—950 °C while keeping the reaction time
and the gas flow rate constant. The yield of the yellow
product increases with increasing reaction temperature.
In all cases, the product was formed in the low-temperature
zone (150 °C < T < 150—200 °C). Although the particle
size is almost the same in all cases, the amorphous
domains present in the core of the fullerene-like particles
transformed to Sn,S; upon increasing temperatures. This
is supported by the X-ray powder diffraction pattern; with
increasing temperature, the amount of the side product of
the Ottemannite phase (Sn,S;) increases as shown in
Figure 3.

In all three cases, Berndtite (1T-SnS,) was the dominant
phase, but with increasing temperature, the amorphous
domains present in the core of the nanoparticles transformed
to Sn,S;. As the role of temperature seems to be less
significant for the particle size, the temperature of the reaction
zone was kept at 850 °C for the following experiments unless
specified otherwise.

(c) Sulfidization Time. In a third set of experiments,
the duration of the sulfidization reaction was varied from
2 to 6 h in steps of 1 h. For a constant gas flow of 400
mL/min an increase of the reaction times from 2 to 4 h at
850 °C resulted in the formation of smaller spherical
particles (see Figure S2 in the Supporting Information).
The nanoparticles do not grow further as the product is
collected from the temperature zone of 150—200 °C. A
possible reason for the smaller particle size with the
increase in the duration of sulfidisation might be that the
transport of Sn/S species due to their solubility in the gas
phase (Ar carrier gas) becomes more important in a sense
that material depletion in the gas phase sets a limit to the
particle growth.
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Figure 5. HRTEM image of Sn/S/C dumbbell shaped nanoparticles obtained after 3 h of sulfidization at 1000 °C. (a) HRTEM image of a round edge particle
in dumbbells with a well-developed layered edge. (b) Enlarged view of the core, which matches with Sn,Ss. (c) Enlarged view of layered rim with an
interplanar distance of 0.59 nm (corresponding to SnS, (001) d-value). (d) NED pattern of a core of a round particle in dumbbells, all reflections can be
indexed according to Sn,S;. HRTEM image of a particle core. (e) EDX line scan along the dumbbell shows that the round tips consists of Sn and S, whereas

the axis connecting the round tips consists of C.

Interestingly, a prolonged reaction time up to 3.5 h at a
temperature of 1000 °C resulted in the formation of
composite Sn/S/C composite dumbbells as shown in Figure
4. HRTEM images of the composite dumbbells (Figure 5)
show incomplete edges consisting of well-developed layers
and cores characterized by a weaker contrast, but fully
crystalline (Figure 5a—c). The layered edges are always
present and an interplanar distance of 0.59 nm is consistent
with a (001) lattice plane separation of SnS, (Figure 5c).
Nanobeam electron diffraction (NED) patterns from the core
show patterns consistent with the Ottemannite phase(Figure
5d). In most cases, the core consists of few intergrowth
domains with different orientations. EDX on the round

particles shows the presence of both, tin and sulfur. The high
sulfur background prevents an accurate elemental quantifica-
tion, but the Sn/S ratio is significantly higher in regions with
higher number of crystalline layers.

Thus, the round particles of the dumbbells were found to
be a mixture of SnS, and Sn,S;. Layered SnS, with a layer
distance of 0.59 nm in the high resolution TEM is present
only at the rim of the round particle. Sn,S; is predominantly
present in the core, as confirmed from the FFTs and NEDs.
The axis connecting the round particles is amorphous and
the line scan along the dumbbell shows that the axis is
composed of carbon as shown in Figure 5Se. The formation
of amorphous carbon fibers might be attributed to fact that
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Figure 6. TEM images of the Sn/S/C nanocomposites obtained at 1000 °C at a duration of sulfidization reactions of (a) 5, (b) 6, and (c) 10 h. All the scale

bars are 100 nm.

Figure 7. (a) TEM images of Sn@carbon core—shell nanoparticles obtained with cyclohexane as the carbon source, (b) TEM images obtained when 90%
argon and 10% methane gas mixture was used as the carbon source, (¢) more magnified TEM image of the amorphous carbon fibers in b.

tin acts as a catalyst in the formation of tin filled and/or
hollow carbon nanotubes.?’” Thermal decomposition of CS,
at 1000 °C and a rapid deposition of carbon species in the
gas phase on the newly formed tin sulfide nanoparticles might
be responsible for the formation of the composite nano-
dumbbells of Sn/S/C.

Extending the duration of the sulfidization to 5 and 6 h,
did not lead to an increase in the length of the carbon fibers,
but the diameter of the round Sn/S particles decreased
instead. With a further increase in the duration of sulfidization
to 10 h, the round particles completely vanished and much
smaller particles of Sn/S, decorated onto the amorphous
carbon fiber, were formed. The formation of carbon fiber
with constant lengths even upon increasing the concentration
of the gas phase carbon species by increasing the duration
of sulfidization with CS, indicates that the growth of the
carbon fibers has stopped at some point.

A possible explanation is that the growth of the carbon
fibers and the sulfidization of the tin metal nanoparticles
occur simultaneously. At some point, the sulfidization of the
tin nanoparticles is complete, and hence the growth of the
carbon fiber stops. As the transport of the Sn/S species due
to their solubility in the gas phase (Ar carrier gas) becomes
more important at these reaction temperatures, prolonged
duration of the sulfidization at 1000 °C resulted in the product
decomposition and the formation of smaller particles as
shown in Figure 6c¢.

To elucidate the mechanism of the formation of the Sn/
S/C nanocomposites, attempts are made to synthesize dumb-
bells of tin and carbon using carbon sources (cyclohexane
and methane) other than CS,, which resulted in the formation

of different types of nanostructures. When CS, was replaced
by cyclohexane, tin nanoparticles that were uniformly coated
with a carbon mantle (thickness 5—7 nm) were obtained as
shown in Figure 7. When 90% argon and 10% methane gas
mixture was used, amorphous carbon fibers with a length of
several micrometers were obtained (7 = 150—200 °C) along
with some amount of tin nanoparticles. Surprisingly, tin
particles were not attached to the amorphous carbon fibers
in contrast to a previously reported synthesis of carbon
nanotubes using a tin catalyst.”’

Thus, the formation of the dumbbell like Sn/S/C nano-
composites seems to be a result of the simultaneous sul-
fidization of the tin nanoparticles and the growth of the
carbon fibers from the reaction CS, gas.

(d) Delay Time. Finally, the influence of the delay time
(the heating time before the sulfidization was started by allowing
CS, to pass through the reaction furnace) was studied. When
CS, was supplied only after the reaction temperature had been
reached, tin nanoparticles were formed by evaporation of tin
metal powder and transported by the carrier gas to the colder
zone of the furnace, where they were sulfidized. This reaction
leads to the formation of IF-SnS, nanoparticles. However, when
a sulfur source is already present when tin metal reaches a
sufficiently large concentration in the gas phase at 850 °C, SnS,
nanoscrolls and some nanosheets were obtained after 2 h as
shown in the Figure 8.

A small amount of SnS; nanotubes were also present when
the reaction was performed at 1000 °C. Nanosheets and
nanoscrolls shown in Figure 8 have similar dimensions. This
suggests that the nanoscrolls were formed from the sheets.
When the reaction time was reduced from 2 h to 15 min,
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Figure 8. (a) Scrolls of SnS, obtained by feeding the Ar/CS, reaction gas while heating the tin metal powder; (b) HRTEM image of a scroll; (c) TEM image
of a sheet scrolling; (d) HRTEM image of a sheet of SnS,; (¢) TEM image of nanotube of SnS, obtained at 1000 °C; and (f) HRTEM image of an open end

of nanotube.

the yield of the nanosheets increases at the expense of the
yield of the scrolls. On the other hand, when the nanosheets
were isolated and subsequently annealed under argon at 200
and 300 °C for 30 min, no scrolling was observed, and
agglomerated sheets of SnS, were formed instead. Thus a
separation of the nanosheets in the gas phase seems to be
necessary for the formation and stabilization of scrolls/tubes
(low gas-phase concentration) by suppressing the formation
of agglomerated bulk particles.

Conclusions

In summary, we have demonstrated a new and facile synthetic
approach to nearly stoichiometric fullerene-like IF-SnS, nano-
particles that are difficult to obtain by other methods such as
MOCVD or by the reductive sulfidization of the corresponding
metal oxide, SnO,. By varying the reaction conditions, particles
with different morphologies such as fullerene-type particles,
nanotubes, and composite SnS,/C dumbbells were obtained. By
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carefully controlling the reaction conditions these metastable
phases can selectively be synthesized. This facile one-step
approach may be up scaled easily for the synthesis of nano-
structured SnS, in larger quantities. There are further prospects
for analyzing the solid-state transformation of nanosheets into
nanotubes of SnS, by in situ heating TEM studies.”® Experi-
ments toward this goal are in progress.
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