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Alveolate amorphous Sb,S; microspheres about 2 um in dia-
meter were hydrothermally synthesized in aqueous solution
without the use of a surfactant at 180 °C by using SbClj, L-
cysteine, and tartaric acid as starting materials. After anneal-
ing at 250 °C for 3 h under a nitrogen atmosphere, polycrys-
talline Sb,S3 hollow spheres were obtained. The morphology,
structure, and phase composition of alveolate Sb,S; micro-
spheres were characterized by X-ray diffraction, field-emis-
sion scanning electron microscopy, energy dispersive X-ray

analysis, and X-ray photoelectron spectroscopy. It was dem-
onstrated that tartaric acid and L-cysteine play a key role in
the formation of such hierarchical structures. In addition, the
possible aggregation mechanism was proposed to illustrate
the formation of Sb,S; microspheres on the basis of the ex-
perimental results and analyses.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

As an important V-VI group binary chalcogenide, anti-
mony sulfide (Sb,S3) with an energy band gap varying be-
tween 1.5 and 2.2 eV has attracted particular attention ow-
ing to its good photovoltaic properties and high thermo-
electric power,[' and it has been applied in various areas of
television cameras with photoconducting targets, thermo-
electric devices, electronic and optoelectronic devices, and
in infrared (IR) spectroscopy.”! So far, various morpho-
logies and architectures of Sb,S; nanostructures have been
reported, such as microtubes,®! hollow cones,[* whiskers,!!
dendritic-like, featherlike microstructures,® hollow olivary
architectures,/’! nanorod-bundles,® and sheaf-like hierar-
chical nanostructure.’] Besides the above shapes, Sb,S;
microspheres also have been intensively studied and many
efforts have been devoted to their fabrication. Cheng et
al.l'% prepared Sb,S; microspheres by a one-step, ambient-
temperature reaction in ethanol solution. Hu et al.l''l used
SbCl; and NH,NHCSNH,; at 140 °C in ethanol solution to
gain prism-sphere-like and prickly sphere-like Sb,S;. Hol-
low Sb,S; microspheres!!?l were realized by the groups of
Shen and Cao through a chemical conversion method and
a convenient Ostwald ripening route, respectively. However,
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in this article, Sb,S; microspheres with an alveolate super-
structure, which is a structure that has not been reported
previously, have been synthesized by the present route.

In regard to the preparation of various nanostructures, a
biomaterial-based templating technique for the synthesis
and assembly of artificial structures of crystalline inorganic
materials has displayed promise.['¥] In the growth process
of nanostructures, these biomaterials serve as capping li-
gands and bind on some facets, which always lead to vari-
ous novel shapes. Among these biomolecules, L-cysteine, a
very important member with three functional groups
(-SH, -NH,, -COOH), has strong coordinating ability with
inorganic cations. It has thus been exploited to form dif-
ferent architectures, such as quantum dots,'* nanotubes,!!
dendritic structures,['®! 3D spherical nanostructures from
nanorods,['” and flower-like patterns with nanorods.!®!

Herein, we report the hydrothermal synthesis of Sb,S;
microspheres with alveolate superstructures by using SbCls
and L-cysteine as raw materials without any surfactants.
The time-dependent experiments were performed to explore
temporal morphological evolution, and a growth mecha-
nism was proposed to illustrate the formation process.

Results and Discussion

The phase and purity of the as-obtained products were
characterized by XRD analysis. Figure la is the XRD
pattern of the sample prepared at 180 °C, which shows the
sample was amorphous. When annealed at 250 °C for 3 h,
obvious diffraction peaks of the sample appeared, as shown
in Figure 1b. All of the clear diffraction peaks can be inde-
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xed to orthorhombic Sb,S; with lattice parameters a =
11.22A, b = 11.31 A, ¢ = 3.839 A (JCPDS 06-0474). No
peaks attributable to Sb,Os3 or other impurities were ob-
served.

Relative Intensity [a.u]

T T T T T 1
10 20 30 40 50 60 70

20[°]

Figure 1. XRD pattern of the as-obtained Sb,S; microspheres:
(a) obtained at 180 °C under hydrothermal condition, (b) annealed
at 250 °C for 3 h.

Figure 2 is the SEM image of Sb,S; microspheres fabri-
cated at 180 °C for 12 h, clearly showing that these spheres
with a saccate surface are about 2 um in diameter. Remark-
ably, some broken spheres in the SEM image reveal their
interior structures consisting of alveolate particles pre-
sented in Figure 2b. The SEM image of sample annealed at
250 °C for 3 h is shown in Figure 2c, from which the slip-
pery sphere with a hollow structure was formed (Figure 2d).
An energy dispersive X-ray analysis (EDX) technique was
used to characterize the sample obtained at 180 °C. The
detected peaks in the EDX spectrum, shown in Figure 2e,
are assigned to S and Sb. A single peak at 2.3 keV is as-
signed to S K, whereas a group of four peaks located in
the region of higher energy is assigned to Sb L,. The EDX
spectrum was recorded from large sample areas, conse-
quently representing an average elemental composition of
antimony trisulfide. At the same time, the result demon-
strates that the molar ratio of Sb/S obtained from the peak
areas is 38.52:61.48, which is close to 2:3. The Sb 3d orbital
peaks (529.2, 538.3 eV) in the X-ray photoelectron spec-
troscopy (XPS) spectrum confirms that the oxidation state
of antimony is Sb™! (Figure 2f).

The complexing agent (tartaric acid) exerts an important
influence on the growth of the Sb,S; microspheres. When
the concentration of tartaric acid was low (2 mmol), irregu-
lar Sb,S; microspheres with flabby structures were gained
(Figure 3a). If the concentration was high (10 mmol), ap-
proximately similar Sb,S; microspheres were obtained and
amorphous Sb,S; with another typical wire-bundle mor-
phology coexisted (Figure 3b). The high-magnification
images of the wire bundle are shown in Figure 3c,d. How-
ever, when the experiment was carried out in the absence of
tartaric acid with other conditions unchanged, SbCls
strongly hydrolyzed to produce a white precipitate, [Sb(OH),-
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Figure 2. (a) SEM image of Sb,S; microspheres prepared at 180 °C
for 12 h; (b) SEM image of a single broken microsphere; (¢) SEM
image of Sb,S; microspheres after annealing at 250 °C for 3 h; (d)
SEM image of a single annealed sample; (¢) EDX spectrum and (f)
XPS spectrum of Sb 3d orbital peaks of antimony sulfide micro-
spheres obtained at 180 °C after 12 h.

Cl], and not microspheres but irregular rod-like Sb,S; was
observed (see Supporting Information). As described above,
the product obtained with 6 mmol of tartaric acid produced
a regular microsphere 2 pm in diameter. On the basis of the
results, the different concentration of the complexing agent
might be the cause for these phenomena. However, the reac-
tion is optimized for 6 mmol of the complexing agent, lead-
ing to the formation of regular microspheres as the final
product. When the same reaction was carried out in an au-
toclave at 120 or 220 °C for 12 h, amorphous Sb,S; was
obtained with minor differences in morphology (Fig-
ure 3e,f).

L-Cysteine plays a crucial role in the growth of the Sb,S;
microspheres. Without changing other conditions, several
different sulfurization reagents were used, such as, CS,,
CH;CSNH,, and CSN,H,. However, nonsphere-like struc-
tures were obtained when using these sulfurization reagents.
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Figure 3. SEM images of the as-synthesized Sb,S; with different
concentrations of the complexing agent: (a) 2mmol and (b)
10 mmol; (c) and (d) SEM images with different magnification of
the typical wire-bundle structures; (e) and (f) SEM images of the
as-synthesized Sb,S; at 120 and 220 °C after 12 h, respectively.

Irregular brick-like Sb,S; structures were gained when
using CS, as reagents (Figure 4a). Rod-bundle-like Sb,S3
were synthesized by using CH3;CSNH, as the starting mate-
rial (Figure 4b). Similarly, irregular rod-like Sb,S; crystals
were formed when using CSN,H, as a reagent (Figure 4c).
XRD results of the samples obtained by using different sul-
furization reagents are shown in the Supporting Infor-
mation. On the basis of the above results, we proposed that
the reaction system containing L-cysteine and tartatric acid
play a crucial role in the synthesis of the amorphous phase
of Sb,S;. First, the Sb™ ion cooperated with the tartatric
acid molecule. Then, L-cysteine coupled tightly with the tar-
tatric acid molecule to form a compact net-like structure
owing to hydrogen-bonding effects. With an increase in
temperature, the tartatric acid molecule and L-cysteine de-
graded and Sb,S; was formed but with isotropic properties.
So the final products are amorphous phase.

A series of time-dependent experiments were conducted
to track the formation process of the alveolate structures of
Sb,S;. As shown in Figure 3, when the reaction time was
0.5 h, amorphous brick-like products composed of myriad
nanoparticles were observed (Figure 5a). If the reaction
lasted for another 15 min, sphere-like particles were pre-
dominantly obtained (Figure 5b). After 1 h of reaction,
large numbers of Sb,S; microspheres with a saccate surface
were produced (Figure 5c). Uniform Sb,S; large micro-
5304
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Figure 4. SEM images of the as-synthesized Sb,S; by using dif-
ferent sources of sulfur while keeping other conditions unchanged:
(a) CS,, (b) CH3CSNH,, and (c) CSN,H,.

spheres with diameters of about 2.5 pum were assembled
from several smaller microspheres, which is consistent with
the products obtained after 2 h (Figure 5d). When the reac-
tion time was prolonged to 6 h, some of the large micro-
spheres were compressed into compact structures (Fig-
ure 5e). Interestingly, when the reaction was terminated af-
ter 12 h, uniform microspheres with a smooth surface were
formed (Figure 5f). As a result, the formation equation at
our processing temperature may be formulated as follows:

Sb™ + tart — Sb'!(tart)
HSCH,CH(NH,)COOH — —~CH,CH(NH,)COO- + 2H" + S>-
2Sb"I(tart) + 38> — Sb,S; | +2tart.

Figure 5. SEM images of the as-synthesized Sb,S; with different
reaction times: (a) 30 min, (b) 45 min, (c) 1 h, (d) 2h, (¢) 6 h, and
(f) 12 h.

On the basis of the above discussion, the possible aggre-
gation mechanism for the formation of the alveolate Sb,S;
microspheres is illustrated in Figure 6. Sb,S; irregular nan-
oparticle aggregates are formed at the early stages of the
reaction and then agglomerate into near-spherical particles,
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which subsequently grow together into sphere-like struc-
tures about 2 pum in diameter to minimize the system sur-
face energy. With increasing reaction time, these primitive
blocking units of nanoparticles aggregate into near-sphere-
like substances then self-assemble into larger spheriform
structures. The big spheriform structures are compressed to
form a compact morphology driven by the tendency to re-
duce their surface energy.

sb™" (tart) + ¥ ——-.

Figure 6. A schematic illustration for the formation of alveolate
Sb,S; microspheres.

Conclusions

In summary, alveolate Sb,S; microspheres were success-
fully prepared through a simple hydrothermal method by
using SbCls, L-cysteine, and tartaric acid as raw materials
without the use of any surfactants in aqueous solution. The
morphological evolution of the alveolate Sb,S; micro-
spheres was studied through time-dependent experiments.
The complexing agent and L-cysteine acted as important
parameters for the formation of sphere-like hierarchical
structures. On the basis of the results, the formation process
of the microspheres was proposed. The synthesized Sb,S3
microspheres may be useful in optoelectronic switches or
photocatalysts.

Experimental Section

Sb,S; Preparation: All of the chemicals were of analytical grade
and used as received. In a typical experiment, tartaric acid
(6 mmol) was dissolved in pure distilled water (45 mL) in a beaker,
and antimony trichloride (SbCls; 1 mmol) was added into the above
solution whilst stirring at room temperature. The solution was
stirred strongly for about 30 min until it became clear. After that,
L-cysteine (1.5 mmol) was added to the beaker, and the mixture
was stirred for another 10 min. Then, the clear mixture was trans-
ferred into a Teflon-lined stainless-steel autoclave with a capacity
of 60 mL. The autoclave was sealed and maintained at 180 °C for
12 h and then cooled to room temperature naturally. The precipi-
tate was collected and washed with distilled water and absolute
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ethanol (3X), respectively. Then, the samples were dried in a vac-
uum at 50 °C for 6 h.

Characterization: The products were characterized by X-ray dif-
fraction (XRD) recorded with a Japanese Rigaku D/max-yA rotat-
ing anode X-ray diffractometer equipped with monochromatic
high-intensity Cu-K, radiation (. = 1.54178 A). SEM images were
taken with a field emission scanning electron microscope (FESEM,
JEOL-6300F, 15kV). X-ray photoelectron spectroscopy (XPS)
measurements were performed with a VGESCALAB MKII X-ray
photoelectron spectrometer with a Mg-K,, excitation source
(1253.6 eV).

Supporting Information (see footnote on the first page of this arti-
cle): SEM image and XRD pattern of the as-synthesized Sb,S;
without complexing agent at 180 °C along with XRD patterns of
the as-synthesized Sb,S; by using different sources of sulfur.
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