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Abnormal Growth of Electrodeposited BiSb Alloy Nanotubes
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BiSb alloy nanotube—nanowire array has been fabricated by the pulsed electrodeposition technique. It was
found that the growth of the polycrystalline nanotubes is terminated by polycrystalline nanowires abruptly
and then follows by single crystalline nanowires. The formation mechanism of the nanotubes and the origin
of the transition from a polycrystalline nanotube to a polycrystalline nanowire were analyzed and discussed
from the perspective of the crystal growth theory. The deep understanding of the transition is of high importance
for the controlled synthesis and application in thermoelectric field of Bi-based nanotubes arrays.

Introduction

One-dimensional (1D) nanostructures have stimulated exten-
sive research efforts in recent years because of their unique
electrical, optical, and magnetic properties different from that
of bulk and nanoparticles as well as their potential applications
in mesoscopic research and nanodevices.!~* Different methods
have been developed for the fabrication 1D nanostructures,
Among these methods, the electrochemical deposition technique
incorporated with the template method has proven to be a
versatile approach for the preparation of ordered 1D metal
arrays, such as nanowires, nanotubes, and junction structures
of various materials with either single crystalline or polycrys-
talline structure, because it provides many outstanding advan-
tages that are superior to other approaches.*> Generally, the
anodic alumina membrane (AAM) with fully covered gold
electrode is used to grow nanowires as that with partially
covered one favors the growth of nanotubes.®!7

Many works have contributed to the growth mechanism of
the electrodeposited nanowires,'$20 and it is generally consid-
ered that the growth mechanism of the electrodeposited single
crystalline nanowires follows a 3D to 2D transition mode. As
for the 2D growth mode, it is commonly recognized as a plane
growth mode. For the growth of electrodeposited nanotubes,
different mechanisms have also been proposed. Davis et al. 2!-23
pointed out that both the gas evolution, resulted from the
electrodeposition, and the partial pore coverage on the bottom
of the membranes are accounted for the tube formation.
Fukunaka et al.32* proposed that the metal deposition rate must
be balanced with the hydrogen generation rate in the formation
of nanotubes and pointed out that the suppression of hydrogen
bubble evolution in the nanocapillary structure plays an
important role and metallic nanotubes cannot be fabricated by
the electrodeposition if the growing grains readily become
comparable to an employed pore size. Yoo et al.>> considered
that the deposition of a metal nanotube is a result of a
nonuniform electric field concentrated at the edge tip of the
initial tube structure created from a prior Au sputtering step,
but the bottom side should be nanowires if under a relative low-
current-density condition. Nevertheless, the study on the initial
formation of the electrodeposited nanotubes and the growth
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mechanisms from the perspective of crystal growth theory is
still rare, and a further understanding of the formation mech-
anism will be of high significance.

Theoretical and experimental studies have shown that 1D Bi-
based nanomaterials could have an even larger enhancement in
thermoelectric efficiency relative to their bulk and two-
dimensional systems.?027 Bi nanowires,'3?%-30 Bi nanotubes,®
BiSb alloy nanowires,?3! Bi—Sb nanowires junction,3?> and
BiSb superlattice nanowires®?® arrays have been synthesized
successfully in recent years by electrodeposition. Moreover, it
has been shown recently that when Bi,Te; nanotubes are
introduced into the bulk materials the thermoelectric efficiencies
will be enhanced by about 20%,3* suggesting that Bi-based
nanotubes are the promising candidates for improving the
thermoelectric performances.

In this paper, we report the growth of BiSb alloy nanotubes
and an abnormal growth that from polycrystalline nanotubes to
single crystalline nanowires through polycrystalline nanowires
was found. A possible growth mechanism from the perspective
of crystal growth theory was discussed.

Experimental Methods

The AAM was prepared used the same procedure as reported
in our previous paper.?’ The pore size of the AAM used is about
70 nm. The electrolyte for the deposition of BipsSbgs alloy
nanotube contains a mixture of 0.04 M/L BiCls, 0.08 M/L SbCls,
40 g/L tartaric acid, 50 g/L citric acid, 100 g/L glycerol, 70
g/L. NaCl, and 1.0 M/L HCIL. The pH value of the electrolyte
was adjusted to 0.82 by adding appropriate amounts of 5 mol/L
aqueous ammonia. The deposition temperature is maintained
at 36 °C with a water bath. BipsSbgs alloy was obtained at a
pulsed potential of —2.0 V with a pulsed time of 8 ms and a
delayed time of 12 ms.

Power X-ray diffraction (XRD, Philips PW 1700x with Cu
Ko radiation), field-emission scanning electron microscopy (FE-
SEM; FEI Sirion-200), transmission electron microscopy (TEM
and HRTEM, JEOL-2010), and selected area electron diffraction
(SAED) were used to study crystalline structure and morphology
of the nanotubes array. The chemical composition was deter-
mined by energy dispersive spectrometry (EDS). For XRD
measurements, the overfilled nanowires on the surface of the
AAM were mechanically polished away. For SEM observations,
the AAM was partly dissolved with 0.5 M NaOH solution and

U 2008 American Chemical Society

Published on Web 05/03/2008



8168 J. Phys. Chem. C, Vol. 112, No. 22, 2008

8
(=)
8
5
<
>~
:
ju
D
c
T T T T T T T T T
20 30 40 5 60 70  8d
20.(degree)

Figure 1. XRD pattern of the BiSb alloy array.

Figure 2. SEM images of (a) backside of the AAM with partially
covered Au electrode—film, (b) topside of the Au electrode after AAM
totally dissolved, and (c) topside and (d) bottomside view of the BiSb
alloy nanotube—nanowire arrays after AAM completely dissolved.

then carefully rinsed with deionized water several times. For
TEM observations, the AAM was completely dissolved with 1
M NaOH solution and then rinsed with absolute ethanol.

Results and Discussion

Figure 1 shows an XRD pattern of an as-prepared sample.
The diffraction peak can be indexed to the Rhombohedral space
group R3m (to which Bi, Sb, and Bi—Sb alloys belong), and a
very strong diffraction peak at 49.96° indicates a preferential
orientation growth along [202] direction. The 26 value of the
diffraction peak is between the positions expected for a pure
Bi and Sb, indicating the formation of a Bi—Sb solid solution
(the atomic ratio of Bi to Sb is about 1:1, as determined by
EDS; see Figure S1 and Table S1).

Figure 2 shows SEM images of the AAM with partially
covered Au electrode—film and the BiSb alloy array in which
the AAM pores still can be clearly seen; see Figure 2a (the
backside view) and Figure 2b (the topside view). The topside
view (Figure 2c) clearly demonstrates that the top ends of
the alloy array are nanowires, while the bottomside view (Figure
2d) displays the formation of nanotubes at the bottom of the
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Figure 3. (a) TEM image of a nanotube—nanowire junction. (b—e)
HRTEM images of the area marked with the rectangles 1—4 shown in
panel a. (f,g) 2D FFT of panels b and c. (h,h") The FFT of the area
marked with the rectangles 1 and 2 shown in panel d; (i) the SAED
pattern of panel e.

array. This result indicates that the as-prepared BiSb alloy array
is a nanotube—nanowire junction array. From Figure 2, one also
can see that the average diameter of the nanowires is about 70
nm, which is consistent with the AAM pore size.

Figure 3 shows the TEM image of a nanotube—nanowire
junction. The junction contains a polycrystalline nanotube—
nanowire segment with a length of about 820 nm (the nanotube
is about 360 nm) and a single crystalline nanowire segment with
a diameter of about 70 nm; see Figure 3a. The HRTEM image
of the nanotube section (Figure 3b), corresponding to the first
rectangle in Figure 3a, shows some small grains on the wall,
implying a polycrystalline structure. No diffraction rings or
points can be found for the corresponding fast Fourier transforms
(FFT, Figure 3f) due to the poor lattice fringes in the HRTEM
image and a very thin nanotube wall (about 10 nm). The
HRTEM image of the junction area of the polycrystalline
nanotube—nanowire (Figure 3c), the second rectangle in Figure
3a, still shows some small grains, and the corresponding FFT
(Figure 3g) displays two diffraction points and does not change
significantly in the whole area of the HRTEM image. The
HRTEM image of the nanowire area (Figure 3d, the third
rectangle in Figure 3a), clearly shows the transition of the
nanowire from polycrystalline to single crystalline structure, the
boundary that spans the bottom-side with a lattice fringe and
the top-side with a vague lattice fringe also can be clearly seen.
The FFT (shown in Figure 3h and Figure 3h'), corresponding
to the first and second white rectangle in Figure 3d, further
confirmed the transition of the nanowire from polycrystalline
to single crystalline structure. The HRTEM image of the single
crystalline nanowire section (Figure 3e, the fourth rectangle in
Figure 3a) shows a clear lattice fringe, and the corresponding
diffraction points (Figure 3i) are sharp and bright, indicating
the single crystalline structure.
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Figure 4. (a) TEM image of a polycrystalline nanotube—nanowire
junction. (b) HRTEM image of the area marked with the rectangle
shown in panel a. (c) FFT of panel b.

Figure 5. SEM image of a nanotubes array with AAM totally
dissolved.

Further TEM observations were performed to study the
structure of the nanotube, as shown in Figure 4. The nanotube
has a length of about 200 nm, a diameter of about 62 nm, and
a wall thickness of about 10 nm. From the HRTEM image
(Figure 4b) of the area marked with a rectangle in Figure 4a,
one can clearly see the different grains with separate lattice
fringes, and the corresponding FFT (Figure 4c) further proved
the polycrystalline structure.

To study the initial growth of the nanotubes, a very short
deposition time was performed, and the obtained array only has
an average length of about 300 nm. SEM topside view (Figure
5) clearly demonstrates that the initial grown array is nanotube.
Figure 6 shows the TEM image of the nanotubes in which the
corresponding SAED pattern (shown in the bottom inset) clearly
shows a ring shape, proving that the nanotubes have a
polycrystalline structure. The lattice fringes in different areas
corresponding to different grains also can be clearly seen in
the HRTEM image (the top inset, two grains have different [012]
orientations), which further proved the polycrystalline structure
of the nanotubes.
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Figure 6. TEM image of a polycrystalline nanotube. The top inset is
the HRTEM image of the area marked with a rectangle and the bottom
inset is the corresponding SAED pattern.

As pointed by Tian et al.'® the single crystalline nanowire
growth via a 2D layer-by-layer epitaxial mechanism is relatively
facile for low melting point metals such as Bi at room
temperature, and our previous results had proved that elemental
Bi,!328-30 Sb, ! and BiSb alloy?*3! single crystalline nanowires
could be grown by the pulsed electrodeposition. The growth
mechanism of the electrodeposited single crystalline nanowires
that has been generally considered follows a 3D to 2D transition
mode.'820 Tt has been proven that single element nanotubes
could be obtained by electrodeposition.®%1>-17.25 Polycrystalline
alloy nanotubes with a large diameter have also been fabricated,
10.21.23 Hyt the origin of the initial formation of nanotubes is
still not clear. If single crystalline nanotubes could be synthe-
sized, whether the growth of polycrystalline nanotubes could
maintain remains an open question.

In the present study, the BiSb alloys are deposited on an
amorphous Au film that did not fully cover the backside pores
of the AAM. The Au film is inert with respect to the growth of
the nanowires and has no effect on the nanowire growth.® In
the initial growth stage, the BiSb nuclei is random, and a newly
coalesced compact deposit has perfectly random orientation;'?
therefore, a 3D growth mode will result in the formation of
polycrystalline BiSb nanotubes in the initial growth stage.
Fukunaka et al.* studied the initial growth of the electrode-
posited Ni nanowires in nanoporous templates and pointed out
that a transition from nanotube to nanowire at the growth front
resulted because the growth rate along the length is about 10
times faster than that of the tube wall. They also deduced that
the growth of metallic nanotubes is not feasible by electrodepo-
sition if the growing grains readily become comparable to the
pore size of the employed AAM. Ni is an inert metal with a
high melting point, and the surface diffusion coefficient of the
adatoms is low and thus tends to form a new nucleus. In fact,
when there is growth with a direct current deposition, the
nucleation rate in the growing front will increase due to the ion
concentration gradient along the axis of the pores of the
template, which will lead to a thicker and thicker nanotube
consisted of fine Ni grains, and finally result in a vaulted close
of the nanotube. Figure 7a schematically illustrates the gradual
transition from nanotube to nanowire in which the growth rate
along the length V) is larger than that along the tube wall V>,
and the whole length of the as-deposited nanotube L equals to
L, which is the transition length from nanotube to nanowire.
In the present study the transition from the BiSb polycrystalline
nanotube to polycrystalline nanowire is an abrupt one rather
than a gradual one, as shown in Figure 7b. In our case, the L
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Figure 7. Schematic illustration of the transition from nanotube to
nanowire with (a) a gradual process and (b) an abrupt process.

value is much larger than L;, and L, has the same or smaller
value as the pore diameter R. One also could see that V| > V,
before the transition; if V; < V,, then L < R and this obviously
conflicts with our results. However, in the transition region,
because L; < R, then V| < V). Therefore, it is speculated that
there is an abnormal grain growth that results in the abrupt close
of the nanotube. Bi is a low melting point metal, and the surface
diffusion coefficient is high for the adatoms, which will lead to
an increased grain size. With the increase of the average grain
size, an abnormal grain growth could happen.

In the abnormal grain growth, the growth of a subpopulation
of grains is favored, and a nonself-similar distribution will at
least temporarily develop until all grains that are not in the
subpopulation are eliminated.’® The competitive growth of
different grains with different size that will result in a small
population of grains continues to grow whereas the majority
fine grains either do not grow at all or grow very slow, leading
to the transition from the polycrystalline nanotube to a poly-
crystalline nanowire. This phenomenon might be verified by
the change of the SAED pattern from ring to point due to the
decreased number of grains. After the transition, the growth of
the polycrystalline nanowire follows a common 3D to 2D
transition mode and finally results in the formation of single
crystalline nanowire. Nevertheless, our result does not exclude
the transition from a polycrystalline nanotube to a single
crystalline nanotube.

Polycrystalline nanotube structure could be maintained only
if the growth rate along the nanotube axis is much higher than
that normal to the nanotube. This could be happened for those
metals with high melting points and at a high deposition rate.
Appropriate surfactant additives might be helpful to the growth
of nanotubes along the membrane walls. In the pulsed elec-
trodeposition of BiSb alloys, the growth rate will decrease with
an abrupt decrease of the cathodic current after the initial
deposition. The reduced ions will have more time to relax to a
more stable state and thus will subsequently lead to the abnormal
grain growth and result in the close of nanotube. This kind of
abrupt transition from polycrystalline nanotube to polycrystalline
nanowire is considered to happen in the electrodeposition
process of low melting points metals, such as BiSb in the present
study.

Conclusions

In summary, BiSb alloy nanotube—nanowire array has been
fabricated by the pulsed electrodeposition technique. The growth
of the polycrystalline nanotubes is terminated by polycrystalline
nanowires abruptly and then follows by single crystalline
nanowires. The initial formation mechanism of the nanotubes
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follows a 3D growth mode, and the transition from the
polycrystalline nanotube to polycrystalline nanowire takes place
abruptly due to an abnormal grain growth. The change from
polycrystalline nanowire to single crystalline nanowire follows
the common 3D to 2D transition process. The understanding
about the growth mechanism of the electrodeposited nanotubes
is of great importance in the controlling synthesis of nanotubes,
and we speculate that the BiSb polycrystalline nanotube-
polycrystalline nanowire-single crystalline nanowire junction
structure might have potential applications in thermoelectric
field.
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