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Shape Control of Single Crystalline Bismuth Nanostructures
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A synthesis approach for shape control of single crystalline Bi nanostructures has been developed. By controlling
the molar ratio of PVP and Bi in a polyol process, Bi nanocubes with an edge lengh0ef80 nm, triangular
nanoplates with an edge length of 28800 nm, and nanospheres with an average diameter of 75 nm have
been successfully synthesized. In the same synthetic process, Bi hanobelts with lengths of umtar&D

widths of up to 0.6um were synthesized in large quantities by introducing a trace amount®ofspecies

into the reaction system. These single crystalline nanostructure Bi materials are expected to find potential
applications in a variety of areas including high efficiency thermoelectric devices.

Introduction Aldrich) in the presence of the capping polymer poly(vinyl
pyrrolidone) (PVP, MW 1 300 000) (Aldrich) or a trace amount

Bismuth (Bi), as a semimetal with a rhombohedral structure " 0 . -
and a very small band gap, has attracted extensive interestOf Fe™ (FeCk, 99%, Aldrich) at 200°C in a Parr reactor (125

recently as a potential good room temperature thermoelectricml" model 4750, Parr Company, Moline, IL). The experiments

material due to its low effective mass, highly anisotropic Fermi zgggizteeri t:r? ttﬁgemrg?éfk;glt?oglgf ;):/éhzn%rogiu(gn?jrethsetrgggg
surface, and potential to induce a semimesdmiconductor P '

+
transition with decreasing crystallite siz&heoretical studies a”::(.)ulgt of '.:é S . | . SEM. JEOL
predicted that nanostructured Bi should have a significantly __F1€/d émission scanning electron microscopy (SEM,

o . . 6340F) and transmission electron microscopy (TEM, JEOL
enhanced thermoelectric figure of mérithich have stimulated . .
great efforts to synthesize Bi nanostructured matefi&l$lost 2010F), high-resolution TEM (HRTEM), selected area electron

of the previous work has been focused on synthesis of One_diffraction (SAED), and X-ray diffraction (XRD) were used to

dimensional Bi nanowires using rigid inorganic or polymer characterize the Bi nanostructures.
template$:” Recently, there are a few reports on the synthesis
of Bi nanopatrticles by a variety of methods, such as inverse
micelles? radiolytic reduction in aqueous soluti8rnigh tem- When the molar ratio of PVP and Bi was kept at 1.6, single
perature organic solution reductihand solution-based reduc-  crystalline Bi nanocubes were obtained. Figures 1a and 1b show
tion.*:12 However, the morphology of the Bi nanoparticles the SEM images of the as-prepared Bi nanocubes with different
prepared by these methods are usually spherical. Up to now,magnifications. The low-magnification image (Figure 1a) clearly
there is no report on the control of the shape of Bi nanocrystals. indicates the abundance and narrow size distribution with an
Generally, the shape of a nanostructure may enable tailoringedge length of~60—80 nm. The high magnification image
the electronic, optical, magnetic, and catalytic properties of a (Figure 1b) demonstrates the good cubic shape with smooth
functional material. A great deal of effort has therefore been surfaces. Figure 1c shows the typical 2-theta XRD pattern of
devoted to the synthesis of nanostructures with well-controlled the as-prepared Bi nanocubes. All diffraction peaks were indexed
shapes? Shape-controlled preparation of a number of metal to the rhombohedral Bi structure (JCPDS No-@%19,R3m).
and alloy nanoparticles have been achieved, such as Co, Ag, Figure 2 shows the TEM and HRTEM images of the Bi
Au, Pt, Pd, Rh, Ir, and FePt, by reduction of salt compounds or nanocubes. The low magnification TEM image (Figure 2a)
thermal decomposition of organometallic precursors in the demonstrates that the Bi nanocrystals have fairly uniform size
presence of surfactants, polymers, biomoleculars, and coordinatyyith cubic structure of an average edge length~af0 nm,
ing ligands'* Here we demonstrate that the shape and size of consistent with the results of SEM observations as shown in
nanoscale Bi could be controlled by changing the ratio of the Figure 1a. Figure 2b shows the TEM image of an individual Bi
concentration of the capping polymer material to the concentra- nanocrystal, indicating a cubic shape. Figure 2c shows the TEM
tion of the Bi cations in the polyol procé8s'® or by introducing  jmage of a single nanocube used for the studies of HRTEM
a trace amount of Pé species to the reaction system. and SAED (insetin Figure 2c) obtained by aligning the electron
Nanocubes, triangular nanoplates, nanospheres, and nanobelt§eam perpendicular to one of the faces of the cube. The square
were synthesized using such approach and reported here. (ijffraction patterns were indexed based on a rhombohedral cell
. ) with a lattice parameter of = 4.546 andc = 11.860 A,
Experimental Section indicating the single-crystal nature. Figure 2d shows the
Bi nanocrystals with controlled shape and size were prepared HRTEM image taken from the marked area (area | in Figure
by a polyol process. The primary reaction involved the reduction 2¢). The clear two-dimensional (2D) lattice fringes demonstrate

of NaBiOs (99.6%, Aldrich) with ethylene glycol (EG, 99.8%, that the cube is highly crystallized. The spacing of 0.32 nm
corresponds to the (012) planes of Bi, indicating that one of

* Corresponding author. E-mail: renzh@bc.edu; wangwm@bc.edu.  the cubic faces is (012), stabilized by the PVP:Bi molar ratio
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Figure 1. (a) Low- and (b) high-magnification SEM images; the scale
bars represent 100 nm. (c) XRD pattern of the as-prepared Bi
nanocubes.

of 1.6. Figures 2e and 2f are the HRTEM images taken along
the edge (area Il in Figure 2c) and around the corner (area |l ; _ :
in Figure 2c), respectively. Both 2e and 2f show the Bi crystals g — a3l ' B
are free of oxide layer on the surface, an indication of good Figure 2. (a) Typical TEM images of the as-prepared Bi nanocubes;
stability of the cubes in air. the scale bar represents 50 nm. (b) TEM image of an individual Bi

When the molar ratio of PVP and Bi was reduced to 0.8, nanocrystal showing good cubic shape; the scale bar represents 50 nm.
single crystalline Bi triangular nanoplates were obtained together (¢) TEM image and the corresponding SAED pattern of a single cube;
with cubic and irregular shaped nanoparticles. The percentagetl® Scale bar represents 20 nm-(iHRTEM images taken from the

. . . . marked areas |, Il, and Ill in Figure 2c, respectively, the scale bars

of triangular nanoplates in the sample is about 30%. Figures 3arepresent > nm.
and 3b show the low- and high-magnification TEM images of
the triangular nanoplates, respectively. The TEM images indicatewide diameter distribution were obtained in the absence of PVP
that the lengths of the three edges of each triangular nanoplate(Figure 3e) indicates that some Bi tiny crystals aggregate to
are equal in the range of 2600 nm. Figure 3c shows the form big particles due to lack of protection from the stabilizing
TEM image of a single triangular nanoplate with the SAED as agent PVP. However, when the molar ratio is increased to 5,
the inset obtained by aligning the electron beam perpendicularexcess PVP molecules could act as stabilizing agents to protect
to the face of this plate. The hexagonal symmetric diffraction particles from aggregating to form big particles. On the other
pattern indicates the single crystalline nature of the nanoplate.hand, PVP acts as a shape-controlling agent for the formation
Figure 3d shows the HRTEM image with clear lattice fringes of Bi nanocubes and triangular nanoplates. It has been reported
that confirm the highly crystalline nature. The spacing of 0.222 that the capping organic molecules could modulate the kinetics
nm corresponds to the (110) planes of Bi. From the SAED of the crystal growth and determine the subsequent shape of
pattern (inset, Figure 3c), we know that the crystal plane is (002) the crystald3¢19-21 For the present case, PVP molecules could
that is stabilized by the PVP:Bi molar ratio of 0.8. However, if adsorb onto the surfaces of Bi crystals throughED bonding
the molar ratio of PVP and Bi was further reduced to O or as reported in previous wofi®VP molecules adsorbed on some
increased to 5, spherical nanoparticles were formed. Figure 3esurfaces of the Bi crystals could significantly decrease their
shows the TEM image of the product prepared in the absencegrowth rates and lead to highly anisotropic growth. A decrease
of PVP. The product is composed of spherical particles with in PVP concentration leads to an ineffectively selective adsorp-
wide diameter distribution ranging from 20 to 200 nm. When tion of the PVP molecule and its respective counter ions on the
the molar ratio is increased to 5, the product is composed of Bi crystal faces, resulting in the formation of various morphol-
uniform spheres with an average diameter of 75 nm as shownogies, such as triangular nanoplates and cubic and irregular
in Figure 3f. shape. As for high PVP concentration, excess PVP molecules

The above experimental results indicate that the molar ratio could decrease the interaction between ethylene glycol and Bi
of PVP and Bi plays a key role for the shape control of Bi nanocrystals, so the isotropic growth of Bi crystals was
nanocrystals. We think that PVP plays multiple roles in our subsequently realized resulting in the formation of Bi nano-
synthetic system. It acts not only as the shape control agent butspheres with uniform size. Therefore the selective interaction
also as the stabilizing agent. The fact that only spheres with between PVP and various crystallographic planes of Bi plays
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Figure 4. SEM images of the as- prepared Bi nanobelts at (a) low-
and (b) high-magnification; the scale bars represent 10 apanl
respectively. (c) XRD pattern of the Bi nanobelts.

the studies of HRTEM and SAED obtained by aligning the
electron beam perpendicular to the face of the belt. The square
E _ 3 e diffraction pattern was indexed on the basis of a rhombohedral
— : ' cell with a lattice parameter af = 4.546 andc = 11.860 A,
Figure 3. Typical TEM images of the Bi triangular nanoplates at (a) ingicating that the Bi nanobelt is a single crystal. Figure 5d
low- and (b) high-magnification; the scale bars represent 500 and 200 shows the HRTEM image of the nanobelt shown in Figure 5c.

nm respectively. (c) TEM image and the corresponding SAED pattern . . o0
of a single nanoplate; the scale bar represents 20 nm. (d) HRTEM imageThe clear 2D lattice fringes demonstrate that the belt is highly

of the nanoplate of part c; the scale bar represents 2 nm. (e) TEM crystallized. The spacing of 0.32 nm corresponds to the (012)
image of the as-prepared products without PVP; the scale bar represenplanes of Bi, from which we determined that the crystal plane
100 nm. (f) TEM images of the as-prepared products with the molar is (221), stabilized by PVP:Bi ratio of 1.6 and a trace amount
ratio of PVP and Bi of 5; the scale bar represents 50 nm. of Fé*". From TEM image (Figure 5¢) and the corresponding
SAED pattern (inset in Figure 5c), the growth direction of the
the major role for the formation of Bi nanocubes and triangular Bj nanobelt is derived as [D].
nanoplates, although the exact bonding geometry and the nature |t js worthwhile to elucidate the growth mechanism of the
of the selective adsorption of PVP on various crystallographic nanobelts. As reported in previous works, the organic molecules
planes of Bi are still not clear. The fundamental basis of shape could play the roles of a surface modifier and assembling agents
selectivity for this system has yet to be fully understood. during the formation of nanostructures by oriented attachment
It was also found that introduction of a trace amount of'Fe  mechanism, because the organic molecules adsorbed on a
species to the reaction system greatly changed the shape of therystallographically specific surface can modify oriented at-
final Bi nanocrystals. Figure 4 shows the SEM images of the tachment mechanism by changing the surface energy and also
Bi nanobelts prepared in the presence of'Fepecies with the  preventing contact between the surfaces on which adsorption
molar ratio of PVP and Bi of 1.6. The low magnification image has selectively occurréd-2* Thus, in our current case, the
(Figure 4a) indicates that large quantities of nanobelts are formedfreshly formed Bi nanocrystals could align and subsequently
with lengths up to 8@m. The high magnification image (Figure  form nanobelts in the presence of assembling agent PVP. The
4b) demonstrates that the width of the nanobelts is up to 0.6 conclusions could be verified by extensive and careful TEM
wum. Figure 4c shows the typical XRD pattern of the as-prepared and HRTEM observations. In TEM examinations, we found that
Bi nanobelts. All the diffraction peaks were indexed to the some belts were composed of fused nanoparticles (Figure 5e),
rhombohedral Bi structure (JCPDS No.-03519,R3m). and further HRTEM studies indicated that these fused nano-
Figure 5 shows the typical TEM images of the Bi nanobelts particles had the same growth direction (Figure 5f), revealing
with different magnifications. The low magnification image that aligning of orientations might have happened before they
(Figure 5a) indicates that the nanobelts display a broad width connected to each other. Therefore the Bi nanobelts were
distribution from 50 to 600 nm. High magnification image probably formed through the oriented attachment mechanism
(Figure 5b) indicates that the nanobelts are transparent undeifound inthe growth of other low-dimensional nanostructé?és. 2
the irradiation of electric beam, revealing that the thickness of On the basis of the above experimental results and analysis,
the nanobelts is very thin although the width is up to 6. we speculate that the formation process of Bi nanobelts could
Figure 5c¢ shows the TEM image of a single nanobelt used for be as the following: (i) when a small amount offevas added
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TABLE 1: The Relationship Between the Synthesis
Conditions and the Structures of the Crystals

stabilized
molar ratio of PVP/Bi morphology planes
0 sphere
0.8 triangular nanoplate (30%)(002)
with cubic and irregular
shape
1.6 nanocube (012), (102),
and (221)
5 nanosphere
1.6 with the presence of nanobelt (221)

a trace amount of P&

Conclusions

In summary, Bi nanoscale materials with different shapes have
been successfully synthesized by a polymer-assisted polyol
process. The molar ratio of PVP and Bi played an important
role for the formation of Bi nanocubes, triangular nanoplates,
and spheres. The experiments also indicated that introduction
of a trace amount of Fe species greatly reduced the nucleation
density of Bi and the growth rate, leading to the formation of
single-crystal Bi nanobelts.
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