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An ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM][BF solution system has
been designed for the morphogenesis and crystallization,8 Banostructures at low temperature and
ambient atmosphere. Uniform £ flowers with a size of 3-5 um, which are composed of nanowires
with a diameter of 6680 nm, can be prepared in large scale by the template effect of the ionic liquid
solution, in which vesicles are formed as confirmed by laser light scattering (LLS) analysis. The formation
mechanism of the flowers has been proposed. With prolonged aging time, the flowerlike structures tend
to become loose and fall off from the mother flowers, and finally the individual nanowires will form.
The results demonstrated that the shape evolution and phase transformation strongly depend on the reaction
conditions, such as pH value, reaction temperature, and reaction time. This reaction system could be
extended for the morphogenesis of other inorganic nanomaterials with novel morphology and complex
form.

1. Introduction for inorganic nanomaterials have received much attention
and could offer many opportunities and challenges for the
synthesis of nanoparticles with unique shape and structures.
Yet this new kind of reaction medium still needs to be
explored more widely for other inorganic systems.

The preparation and controlled fabrication of nanostruc-
tured materials with functional properties have attracted more
and more attention in recent years for their properties (optical,
electrical, mechanical, chemical, et¥).Semiconductor
nanoparticles have been identified as important materials with
potential applications in a wide range of fiefddvain-group

Recently ionic liquids (ILs), as a green solvent, have
gained a great deal of both academic and industrial attention
as a new class of compounds for a potential effective green
replacement of conventional organic solvents for long-lasting
development of human societyDue to their low melting
points below 100°C, sometimes as low as96 °C, and
possessing wide liquidus, even in excess of 40PILs are
good solvents for a wide range of inorganic, organic, and
polymer materials, and usual combinations of these individual
reagents can be brought into the same pRdsspecially,

ILs as a new reaction medium have many advantages in the
inorganic nanomaterial synthetic field. Novel nanostructures
can be produced by selecting suitable IL reaction systems;
TiO,,2 metal nanoparticlesTe nanorod$,Si? CoPt nano-
rods; and porous silichhave been synthesized as reported
recently. The latest developments of IL as a reaction medium
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Scheme 1. lllustration of Synthetic Procedures for 1-Butyl-
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metal chalcogenides such a¥,BY'; (where A= As, Sb,

Bi and B=S, Se, Te) as significant semiconductors have
many applications in television cameras with photoconduct-
ing targets, thermoelectric devices, optoelectronic devices,
and IR spectroscopy.As a direct band-gap material with
ankg of 1.3 eV Bi,S; has found applications in photodiode
arrays or photovoltaic¥. Shape control and exploration of
novel methods for self-assembling or surface-assembling
molecules or colloids to generate,Bi nanomaterials with
controlled morphologies and unique properties have been
sought in recent years. Usually, this material was traditionally

synthesized by high-temperature approaches such as direct

element reaction in a quartz vessel at high temperature,
the chemical deposition methétland the thermal decom-
position method’! Previously, our group has developed
hydrothermaf and solvothermal method$2°respectively,
for the synthesis of B&; nanorods, nanowires, and nanobelts.
Biomolecules such as glutathidhand lysozymé& have been
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Figure 1. XRD patterns of BiS; nanostructures obtained after reaction at
120 °C for different times: (a) 1 h, (b) 3 h, (c) 20 h. Asterisks denote
BiOCI phase.

used as additives in hydrothermal synthesis methods for the

synthesis of BiS; snowflakelike structures and nanowires.
Other methods include a sonochemical methaghd a
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microwave irradiation metho#. Recently, Sigman and
KorgeP® reported a novel solventless phase transfer method
for the formation of BiS; nanorods, nanowires, and nano-
fabric. Although there is a report on the use of microwave-
assisted synthesis of sulfide,B% nanorods in ionic liquid
system at 190°C, yet there are other additives, such as
ethylene glycol (EG) and ethanolamine, which have also been
used in such reaction systefis.

In this paper, we report a new method for the morpho-
genesis of BiS; nanostructures using an ionic liquid, 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM][BH), as
a reaction medium. Uniform B%; nanoflowers composed
of individual nanowires can be produced, based on the
template effects of the formation of micelles confirmed by
light scattering measurement, showing that the mixed
medium of an ionic liquid and water can be used for the
morphogenesis of Bs; nanostructures. To our best knowl-
edge, this is first report for the synthesis of&iflowers in
an ionic liquid under mild reaction conditions.

2. Experimental Section

2.1. Synthesis of ILs.All chemicals were purchased and used
without further purification. The ionic liquid 1-butyl-3-methylimi-
dazolium tetrafluoroborate ([BMIM][BH) was synthesized at 90
°C by use of 1-methylimidazolium and AgBR&s reactant¥’ The
process is shown in Scheme 1.

2.2. Synthesis of BiS; Nanostructures in ILs. In a typical
synthesis, 0.8 mL of 0.2 M acetothioamide and 0.4 mL of 0.2 M
BiCl; solution are mixed together with 3 mL of ILs in a small jar
(entire volume is 10 mL), and then the mixture underwent ultrasonic
treatment for about 5 min (final concentration ofBis 20 mmol/
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L). Then, the mixture was put in an oven at 120 for 20 h. The
gray-black precipitate that formed was collected by centrifugation
of the mixture and then washed with dilute water and ethanol three
times, respectively. Similarly, intermediate products obtained at
different temperatures were also produced and collected.

2.3. Characterization. X-ray diffraction (XRD) analysis was
performed on a Rigaku (Japan) D/mpx-X-ray diffractometer
equipped with graphite-monochromatized Cu Kadiation ¢ =
1.541 78 A). The TEM images were taken with a Hitachi model
H-800 transmission electron microscope, with an accelerating
voltage of 200 kV. High-resolution transmission electron micro-
scope (HRTEM) photographs and selected area electron diffraction g
(SAED) patterns were obtained on a JEOL-2010 transmission
electron microscope. X-ray photoelectron spectroscopy (XPS) was ¢
carried out on an Escalab M KII X-ray photoelectron spectrometer
with Mg Ko X-rays as the excitation source. BWis absorption
spectrum was recorded with a Shimadzu UV-2501 spectrophotom- _ ;
eter in the wavelength range of 26800 nm at room temperature. i - S 3um

The structure of the ionic liquid solution was detected by laser
light scattering (LLS) on ALV-5000E with a HeNe laser {o =
632 nm) as the source at 298 K. The ionic liquid solution was
diluted to 5.0x1073 g/mL and was filtered through a 0.5 mm
Millipore Millex-LCR filter to remove dust before the LLS
experiments. The root-mean-square radius of gyraigiand the
hydrodynamic radiusR;,) of the micelles were determined by static
and dynamic LLS, respectively.

3. Results and Discussion Figure 3. SEM images of the products obtained in an ionic liquid system
after reaction for different time at 12@C: (a, b) 3 h; (c, d) 6 h; (e, f) 20
3.1. Phase Transformation.Figure 1 shows the time-  h. Starting pH= 4.

dependent XRD patterns of £ nanostructures obtained ] o

at 120°C. The XRD pattern in Figure 1a indicated that the be indexed as the orthorhombic,Bi Wlth'Ce” constan.ts of
peaks are very broad and can be indexed as a mixture of2 = 10.73,b = 11.30, andc = 3.98, which are consistent
Bi,S; phase and an impurity phase. This impurity phase can With the standard values (JCPDS Card 17-0326). _
be indexed as to the tetragonal structure BiOCI, which The following chemical reactions occurred in the formation
corresponds to the standard values (JCPDS Card 06-8249). Of Bi2Ss product:

When the reaction time was prolonged up te@3h, the . i

BiOCI phase vanished and the peaks became stronger BICl; + H,0 = BIOCI + 2HCl
gradually (Figure 1b). When reaction time reached 20 h, the e
diffraction peaks are very narrow and strong, indicating that CH,CSNH, — H,S + CH;N
the crystallinity was much improved. All the peaks could

Bi** + H,S— Bi,S, + 3H"
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BiOCI nanosheet. (Inset) Corresponding electron diffraction pattern (SAED) taken on the nanosheet dd0g #une. (b) Typical HRTEM image taken
on an individual BiOCl nanosheet.

of the TEM sample. The nanowires are straight with a
diameter of 50 nm and length up tog@n (Figure 5a). A
typical nanorod is shown in Figure 5b.

When the reaction time is prolonged up to 6 and 20 h,
respectively, the rods became thick and rigid. These nanorods
are usually several micrometers long with diameters about
70—80 nm (Figure 3ef). With prolonged reaction time,
many individual nanowires fell off the flowers (Figure 3c,e).
The number of individual nanowires is increased with
prolonged the reaction time (Figure-3f). Figure 3f shows
a typical nestlike structure with a hollow core. The formation
mechanism of flowerlike structures will be discussed later.

Effect of pH on the Bi,S; Crystallization. The pH value
n of the reaction medium plays a key role in the present
Figure 5. TEM images of the sample obtained in the ionic liquid system Procedure for the synthesis of B nanoflowers. First, a
after reaction at 126C for 3 h. The sample was observed after ultrasonic  suitable pH value can effectively prevent BiGlydrolysis
treatment. to BiOCI in the initial reaction stage and kinetically control

examined by transmission electron microscopy (TEM) and the growth rate of dendrite B$; nanostructures. When the
scanning electron microscopy (SEM) (Figures 2 and 3). At pH value is about 2, even within ashort.perlod, for example,
the primary stage before reaction, the mixed solution was aP0ut half an hour, large-scale and uniformly shape&Bi
yellow in the ionic liquid system and brown after sonochem- Nanoflowers with a size of 85 um can be prepared
ical treatment for about 5 min. After the mixture was heated conveniently (Figure 6). However, as the pH value increases
for 1 h, the yellow color gradually disappeared; a large UP to 4, a large amount (_)f BiOCI ngnosheets still can be
amount of black precipitate was generated, and many observed even after reactionrfb h (Figures 1a and 2).
nanorods and nanosheets can be observed (Figure 2a). From A high-resolution transmission electron microscope image
the combined analysis of the XRD pattern in Figure 1a and taken on an individual nanowire in Figure 7 indicated that
SEM image in Figure 2a, it can be concluded that the the nanowire is single crystal. Lattice resolved fringes with
nanosheets belong to the BiOCI phase. To further confirm & constant spacing of 0.79 nm corresponding to that of the
whether the nanosheets really belong to the BiOCI phase,(110) planes (Figure 7b) can be clearly observed, which are
the nanosheets were examined by the selected e|ectr0r’pal’a"e| to the nanowire axis. And it can be inferred that the
diffraction pattern and high-resolution transmission electron growth direction of the nanowire is along theaxis, which
microscopy (HRTEM), as shown in Figure 4. The selected is confirmed by the selected area diffraction pattern (inset,
electron diffraction pattern taken along the [001] direction Figure 7a). The EDX analysis on the local area of the sample
on an individual nanosheet (inset in Figure 4a) indicates thatShown in Figure 7c suggested the atom ratio of Bi:S is 1:0.69,
the BiOCI nanosheet is perfectly single crystalline. The well- indicating that S is slightly in excess compared to Bi. The
resolved lattice fringes with a constant spacing of 0.35 nm peaks of Cu and C come from the TEM copper grid. The
corresponding to that of the (101) planes can be frequently growth direction of the BS; nanowires is different from
observed, as shown in Figure 4b. that found for BjS; nanostructures by other synthetic
When the reaction was prolonged up to about 3 h, no methods reported previousty?>26
sheetlike particles are observed anymore (Figure 1b) and all Templating Mechanism of BiLS; Flowers. The formation
the particles are in the form of spherical flowers composed mechanism of BiS; flowers is obviously due to a templating
of nanowires (Figure 3a,b). Figure 5 shows the TEM images effect in the present ionic liquid water reaction system.
of the product after ultrasonic treatment during preparation Transmission electron microscope (TEM) image (Figure 8)

100_nm
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Figure 7. (a) HRTEM image of an individual BE; nanorod. (Inset) Corresponding electron diffraction pattern (SAED) taken on the nanorod. (b) Magnified
image of a selected area marked in panel a. (c) Corresponding EDX spectrum taken from the nanorod shown in panel a.

for a diluted ionic liquid solution (5.6< 10°2 g/mL) shows other hand, static LLS showB,= 157 nm. The ratidR,[/
that there are a large number of vesicles with a size of about[R,[can reflect the structure of a partiéThe ratio of Ry[/
200 nm. Hydrodynamic radius distribution of the ionic liquid [R,O~ 0.99 further indicates that the vesicles were formed
solution in water has been done at room temperature (293in the ionic liquid solution.

K) with scan angley = 15°. Figure 9 shows the average Above analysis demonstrated that uniform3iflowers

hydrodynamic radius of the ionic liquid i$R,[0= 159 nm are indeed templated from the vesicles existing in the present
and a hydrodynamic radius distributiéfiR,), which can be reaction system. The whole formation process ofSBi
calculated by use of the StokeEinstein equation: flowers in the ionic liquid can be proposed as illustrated in
. Scheme 2. At the beginning, the vesicles are formed in the
R, = (kgT/6t37)D solution. Due to the hydrophobicity of [BMIM] and the

whereks, T, andy are the BOIthann_ConStam’ the absolute (29) Burchard, W.; Schmidt, M.; Stockmayer, W. Macromolecule498Q
temperature, and the solvent viscosity, respectively. On the 13, 1265.
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Scheme 2. lllustration of the Formation Mechan
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be outside the vesicles. With addition of the reactants BiCl
and TAA, the solution will become yellow, indicating the
formation of [Bi-TAA] complex. [Bi-TAA] complex in the
solution will be associated with [BF groups. Then BiS;

will start to crystallize on the surface of these vesicles. The
preferential growth of BiS; into nanorods/nanowires depends
on its intrinsic nature as reportedly previousiyTherefore,
the balllike flowers composed of nanowires can be con-
structed. At the initial stage, uniform flowers will form and
the nanowires are packed in a radial way with dense
structures (Figure 5a). The radial growth pattern observed
here could be under control of some forces that act
perpendicular to the fiber axis and control their interspacing,
as we reported previously in the formation of BaGrhd
BaSQ fiber superstructures under control of a double

Figure 8. TEM images of the vesicles formed in the ionic liquid solution
with a concentration of 5.& 1073 g/mL.
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Figure 9. Hydrodynamic radius distribution of the ionic liquid solution in
water. The concentration is 5:0 103 g/mL.
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ism of BiS; Flowers in lonic Liquid Solution
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Figure 10. UV—Vis absorbance spectra of BB nanostructure prepared
at 120°C for (a) 1 h, (b) 3 h, (c) 6 h, and (d) 20 h.

hydrophilic block copolymer or a simple polyelectrolyte.
With prolonged reaction time, the nanowires grow further
and spread out in different directions but in a radial way.
The bigger nanowires grew and the thinner nanofibers
vanished according to the Ostawald ripening process. The
loose structures of spheres with incomplete spherical shape
appeared with prolonged time, and also the individual
nanowires fell off from the mother spherical structures. All
these phenomena suggested that the forces between the
nanowires became weaker and weaker with prolonged
reaction time and finally are not strong enough to hold the
spherical structures anymore.

UV—Vis Absorption Spectral Analysis of the BpS;
Nanostructures. The UV—vis absorption spectra for the
products synthesized by this approach with different reaction
times are shown in Figure 10. The products raftén shows
a broad absorption peak at 270 nm corresponding to the band
gap of 4.59 eV (Figure 10a), which is quite similar to that
synthesized by a photochemical synthesis methatlith
increasing times of 3, 6, and 20 h, the peak at 270 nm became
weak little by little and disappeared at last (Figure 1ad.
Peaks at 672 nm (1.85 eV) and 689 nm (1.80 eV) appeared
for the products obtained after reaction for 6 and 20 h,
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(b) Qi, L.; Cdfen, H.; Antonietti, M.; Li, M.; Hopwood, J. D.; Ashley,
A. J.; Mann, SChem. Eur. J2001, 7, 3526. (c) Yu, S. H.; Antonietti,
M.; Colfen, H.; Hartmann, JNano Lett.2003 3, 379.

(31) Zhao, W. B.; Zhu, J. J.; Zhao, Y.; Chen, H. Mater. Sci. Eng. B
2004 11, 307.
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respectively (Figure 10c,d), which are similar to those morphology of the particles. This approach opens a new
reported previously by Liu et &°All the band gaps obtained method for the morphogenesis and crystallization oBBi
are shifted to higher energy compared to the typical direct material and could be rapidly extended for the synthesis of
band gap of 1.3 eV of B&s. other inorganic nanomaterials such as metal chalcogenide
semiconductors with novel morphology and complex form.
Conclusion
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