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Antimony Nanowires Self-Assembled from Sb Nanoparticles
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For the first time, we introduced a simple method of synthesizing segregated thin antimony nanowires based
on the principle that nanoparticles can spontaneously self-assemble into crystalline nane@@resr() in

the absence of any rigid templates at room temperature. By collecting electron energy loss spectra from
individual Sb nanowires with different diameters, we investigated the effect of nanowire diameter on plasmon

excitations in Sb nanowires. As the diameter of Sb nanowire decreases, we find that the peak energy of
surface plasmon shifts toward the lower energy.

Introduction Of special interest for studies of electronic properties is the
electron energy loss spectroscopy (EELS) technique, which is
seful for probing collective excitations of electrons (plasmons).

n dimensionally restricted materials, the position and width of
the plasmon peak provide an evidence of the influence of
guantum confinement and surface effect on charge cafrlers.
electric. and electro-mechanical nanodevitas this paper, to _obse_rve the eff_ect of nanowire diameter on
In pr;lrticular semimetallic nanowires incIlIJding bismuth plasmon_e_xcnanons in Sb Nanowires, we coIIec_ted EELS spectra
. - - . ' from individual Sb nanowires with different diameters. It has
antimony, and bismuthantimony alloys are of interest because been found that as the diameter of Sb nanowire decreases, the

of their small effec_tlve mass and I_arge m_ean-free path, Wh'c.h eak energy of surface plasmon shifts toward the lower energy.
make these nanowires become an interesting system for studylngD

guantum confinement effectdn additipn, these nanomaterials I?xperimental Section

have been suggested to be responsible for the enhancement o

thermoelectric properties at room temperatuRecently, a few All the chemical reagents used in this experiment were
studies have focused on these semimetallic nanowire arraysanalytical grade. The detailed synthetic procedure of Sb nano-
prepared in anodic alumina membrane by using the vapor phaséNiI’eS with diameters about 20 nm is as follows: 0.5 mmol of
deposition and pulsed electrodeposition techniquasd the PVP M., = 55000) and 0.05 mmol of Sb&Were dissolved
solvothermal process has also been employed to prepare bismuti 50 mL of N,N-dimethylformamide (DMF), which was stirred
nanowires and nanotubes in the absence of rigid tenfplatese  for 15 min. Then, 0.25 mL of 1.8 M NaBHaqueous solution
fabrication methods lead to Sb nanowires with large diameters, was added all at once into the mixed solution of PVP and $bCl
which are often in the form of aggregated bundles. Defects on with constant stirring. Within a few minutes, the colorless
the nanochannel surfaces of rigid template may lead to the solution darkened to a brown color. After stirring for 10 min,
formation of poorly defined nanowires that often exhibit kinks ~the solution was allowed to age in darkness at room temperature
and uneven thickness. To measure the absolute resistivity offor 8 days. When the molar ratio between the PVP and $bCl
an individual nanowire with uniform diameter, it is desirable increased to 100, the Sb nanowires with large diameters (300
to remove the templates to recover the individual nanowires. nm) were synthesized by using the same procedure.

To avoid the template removal step, several chemical approaches The synthesized Sb nanowires were characterized using a
have recently been explored to directly obtain individual high-resolution transition electron microscope (HRTEM, JEOL-
nanowires for measuring their absolute resistifiljhus, it is 2010F), EELS attached to HRTEM, and field-emission scanning
of importance to find mild, simple, and low-cost routes to €lectron microscope (FE-SEM, JEOL 6400). For SEM observa-
directly synthesize bare Sb nanowires. Here, for the first time, tion, the solution aged for 8 days was centrifuged. Then, the
we introduce a simple method to synthesize segregated thin bar@btained precipitate containing Sb nanowires was redispersed
antimony nanowires. The antimony nanoparticles can spontanein a small amount of DMF and dropped onto silicon substrate
ously self-assemble into thin crystalline nanowite20 nm) in for SEM analysis.

the absence of any rigid templates at room temperature.

One-dimensional (1D) nanostructured materials including
nanowires, nanorods, nanobelts, and nanotubes have receive
much attention due to their peculiar physical properties and
potential applications as interconnect and functional units in
fabricating electronic, optoelectronic, electrochemical, thermo-

Results and Discussion
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Figure 1. TEM images of Sb nanoparticles. (a) Low-magnification

TEM image of Sb nanoparticles in starting solution. The inset shows |
the selected area electron diffraction pattern of these nanoparticles. (b) 0

High-resolution TEM image foa 4 nmnanopatrticle.

Figure 2. SEM and TEM images of Sb nanowires after aging the
starting solution for 8 days: (a) FE-TEM image of the synthesized Sb
nanowires; (b, c) typical TEM images of isolated single Sb nanowires
with inset (c) showing the high-magnification image of the nanowire;
(d) HRTEM image of the Sb nanowire (c).
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Figure 3. (a) Electron energy loss spectrum taken from Sb nanowire

with diameter about 300 nm and its Gaussian-fit band with five peaks

(1, 2, 3, 4, 5). (b) Series of electron energy loss spectra taken from Sb
nanowires with nominal diameters of 300 and 20 nm.

in Figure 2. The FE-SEM observation (Figure 2a) reveals that
the synthesized products consisted of a large quantity of
nanowires with typical length of several micrometers. The

isolated single Sb nanowires with a few micrometers in length
were easily found in TEM images shown in Figure 2b,c. The
inset in Figure 2c shows high magnification of the single Sb
nanowire with diameter about 20 nm. A HRTEM image of this

single nanowire (Figure 2c) is shown in Figure 2d, which

provides further insight into the structure of Sb nanowires.

Dislocations and stacking faults were rarely observed in the
HRTEM image. The spacing of the lattice fringes was found to
be about 0.37 nm, which indexes to the (003) spacing of
rhombohedral SEC The longitudinal axis of the nanowire is

about 8 days. To investigate the growth mechanism of Sb perpendicular to thédD03Jdirection of the Sb crystal lattice.
nanowires, we aged the solution containing Sb nanoparticles These results indicate that individual Sb nanowires are practi-

with different durations. The TEM image of Sb nanopatrticles

cally defect-free single crystals.

in the starting solution is shown in Figure 1a. The average size A representative EELS spectrum from the Sb nanowire with

of nanopatrticles is about 4 nm. The inset in Figure la shows diameter of about 300 nm is shown in Figure 3a. Since the peaks
the selected area electron diffraction pattern of these nanopar-in this spectrum were overlapped and some of the peaks were
ticles, indicating that the Sb nanoparticles possess high crystal-somewhat obscured by the tail of nearby higher peaks, we fit

linity and single rhombohedral phase. The diffraction rings of
this pattern are (003), (012), and (110) (from inner to exterior).
The HRTEM image (Figure 1b) of a Sb nanoparticle exhibits
fringes @ = 0.18 nm) that index to the (006) spacing of
rhombohedral Sh, according to JCPDS card no. 85-1324.
After aging the starting solution for 8 days, single crystalline

the spectrum to the sum of peaks. After decomposing spectrum
into five peaks by the best fitting with Gassian function, except
the zero-loss peak (1), we can easily identify an Sb surface
plasmon at about 10 eV (peak 2), the volume plasmon at about
16 eV (peak 3¥! and a carbon film bulk plasmon at about 22
eV (peak 4):?2 One weak higher-energy loss peak is at about

Sb nanowires were formed, and their morphologies are shown32 eV (peak 5), and it is identified as the ionization edge.
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Figure 4. TEM image of intermediate state (by aging the starting
solution for 4 days) of Sb nanopartietl@anowire transition. Nanorod

and nanorod-like structures of aggregated Sb nanoparticles are marke
by A and B arrows, respectively.
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driving force of nanoparticle self-organization. In the present
case, one possible function of PVP is to kinetically control the
growth rates of the different crystalline planes by interacting
with these planes through adsorption and desorption, which is
related to the “poisoning” mechanisif,2! leading to a high
anisotropic growth. The presence of short nanorod and linear
nanostructures in Figure 4 indicates that the nanowires formed
not through point-initiated vectorial growth but rather by the
recrystallization of multiple nanoparticles in linear aggregate
that fused gradually into one crystal. Therefore, with the help
of the appropriate concentration of PVP and the strong metallic
bonding between the Sb nanoparticles, these nanoparticles
coalesced and aggregated orientationally to form linear nano-
structures in aging proceédsand then recrystallized into
anisotropic crystal, i.e., nanowires in the following aging stage.

Conclusions

In conclusion, we reported in this paper a simple method to
repare Sb nanowires. It has been found that the peak energy
f surface plasmon significantly shifts toward the lower energy

with the decrease in diameter of Sb nanowire. We believe that

EELS spectra collected from Sh nanowires with two different the present method would be extended to synthesize Sb alloys
diameters, nominally 300 and 20 nm, are shown in Figure 3b, Or other semimetal nanowires by choosing appropriate concen-
In this figure, the energy of the surface plasmon peak shifts fration of PVP and aging duration.

(from 10 to 7.5 eV) toward the lower energy, as the diameter
of Sb nanowires decreases. This red shift is similar to the result
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clusters due to the quantum size effect and the large ratio of

surface to volumé3 In metal nanowires, it is well-known that

the surface-to-volume ratio also becomes significant as the
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