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Bismuth-based nanostructures have attracted growing interest because of their promising thermoelectric
properties and applications in optics and electronics. Pulsed sonoelectrochemical technique was selected
to fabricate bismuth–antimony (BiSb) flake-like alloy in ethylene glycol aqueous solution. The formation
mechanism for the BiSb alloy was discussed. Ultrasonic played an important role in regenerating elec-
trode and promoting the formation of BiSb nanoflakes. Citrate and polyvinylpyrrolidone (PVP) were intro-
duced as mixed controlling agents during the nucleation and growth process.
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1. Introduction and ultrasonic technique [22], has been proven to be a fast, simple
Recently, semiconductor nanocrystals (NCs) and their clustered
states in lower dimension present remarkable optical and electronic
properties [1,2]. Synthesis and assembly of the nanoscale building
blocks have been extensively studied [3–5]. Among these, Bi-based
nanostructure has attracted growing interest because of its promis-
ing thermoelectric properties [6] and potential applications in op-
tics and electronics [7], which was extensively employed to study
the low-dimensional nanostructural properties related to quantum
confinement effects, and self-assembly process [8]. Bi-rich alloys
(Bi100�xSbx, x = 4–22) exhibited semiconducting properties with
the band gap of the order of 20–40 MeV [9]. However, it may be dif-
ficult to prepare homogeneous BiSb alloy nanoparticles via conven-
tional techniques such as mechanical alloying [10], because the
liquidus and solidus lines are apart from each other in the phase dia-
gram of Bi–Sb system [11]. Electrochemical deposition has been
proved to be an effective route for the fabrication of homogeneous
Bi-based low-dimensional nanostructure [12], for instance, BiSb
film and nanowire arrays [13–15]. It was also reported that chine-
like BiSb alloy could be fabricated by a template-free electrodepos-
ition method [16]. Ultrasound has showed the significant influence
on the electrodeposition [17–19], especially on the synthesis of
nanomaterials based on the effects of dispersion and cavitation
[20,21]. Sonoelectrochemistry, which combines electrochemistry
ll rights reserved.

.

and effective route for the synthesis of nanoparticles [23–25]. How-
ever, to the best of our knowledge, there are no reports on the fab-
rication of BiSb alloy nanoflakes by this method.

Herein, sonoelectrochemical technique was used to synthesize
and assemble BiSb nanoflakes. Citrate and polyvinylpyrrolidone
(PVP) as mixed controlling agents were introduced in the forma-
tion of the BiSb nanoflakes. The morphology and structure of the
product were characterized by TEM, EDS and XRD. A possible
mechanism was also discussed.

2. Experimental

2.1. Materials

All chemical reagents were of analytical grade and used as received.
PVP (K-30, Mw 40,000 Da) was purchased from Sigma–Aldrich, Co. Five
hydration bismuth nitrates (Bi (NO)3�5H2O), antimony tartrate potas-
sium (K(SbO)C4H4O6�1=2H2O), ethylene glycol, and tri-ammonium cit-
rate (NH4)3C6H5O7 were purchased from Shanghai Chemical Reagent,
Co. All solutions were prepared with deionized water from a water
purification system (Millipore, Synergy). For pH adjustment, 0.1 M
HCl and 0.1 M NaOH solutions were used.

2.2. Apparatus

A sonoelectrochemical device described previously [23,24] was
employed to synthesize BiSb alloy without using a reference
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electrode. A titanium horn (VC-750, Sonics & Materials) was used
as both the cathode and the ultrasound emitter with an effective
area of 1.23 cm2 at the bottom. A platinum sheet (1.0 � 1.0 cm)
was used as counter electrode. The ultrasonic system worked at
an emission frequency of 20 kHz. The characterization of the ultra-
sonic power output was performed using a standard calorimetric
method [26]. Unless otherwise indicated, the wave amplitude
was adjusted to 30% of the maximum value.

2.3. Preparation of BiSb alloy nanosheet

In a typical synthesis, 0.012 M Bi(NO3)3, 0.002 M (NH4)3C6H5O7,
0.012 M K(SbO)C4H4O6, and 3.0 g L�1 PVP were dissolved into
60 ml of the mixture of ethylene glycol and water with a volume
ratio of 1:1 under stirring.

The pH value of the mixture was then adjusted to 6.0. The solu-
tion was degassed with ultrapure N2 prior to experiment. The elec-
trochemical workstation (CHI6301B, USA) produced a current pulse
(50 mA, 0.5 s) immediately following an ultrasonic pulse (25 W,
0.3 s) and 0.2 s of silence. Product was obtained after 3000 cycles
of pulse-repetition, followed by centrifugation, washing and disper-
sion in ethylene glycol/water solution for several times.

2.4. Characterization

The morphology of the sample was characterized by high-reso-
lution transmission electron microscopy (HRTEM, JEOL-2100) with
a 200-kV accelerating voltage. The alloy composition was obtained
by energy dispersive X-ray spectroscopy (EDS, Shimadzu SSX-550).
The X-ray diffraction (XRD) patterns were recorded on an X-ray dif-
fractometer (Shimadzu XD-3A) with a Cu–K X-ray source
(k = 0.15418 nm). The voltammetric behavior in the preparation
process was investigated by cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) using a CHI 660D electrochemical work-
station (CH Instruments Co., USA) in a conventional three-electrode
system, which comprised of a platinum sheet auxiliary electrode,
titanium working electrode and a saturated calomel reference
electrode.
Fig. 1. Low-magnification TEM image (A) and SAED (inset of A), high-magnification TEM
like BiSb alloy,
3. Results and discussion

3.1. Characterization of BiSb alloy

As shown in Fig. 1A and B, flake-like BiSb alloy composed of
small particles was prepared. The typical HRTEM image in Fig. 1B
reveals that the d-spacing of adjacent fringes for the nanocrystals
is 0.32 nm, corresponding to the (012) plane of primitive hexago-
nal BiSb alloy. In Fig. 1C, the presence of Bi and Sb in the nanoflakes
was also confirmed by EDS, and the result of elemental analysis is
shown in the inserted table. The atomic ratio of Bi and Sb are
approximately 78% versus 22%, which is also in good agreement
with the results from XRD patterns.

The XRD was used to characterize the structure of the BiSb alloy
nanoflakes. In Fig. 2, all the diffraction patterns clearly show three
main characteristic peaks, which can be indexed to a single-phase
hexagonal rhomb-centered (hrc) structure (JCPDS No. 35-0517).
The peaks of the BiSb alloy appear between that of pure Bi and
Sb, which indicates that the alloy is obtained without phase sepa-
ration. In addition, the average size of BiSb nanoparticles is ca.
10 nm from Debye–Scherrer equation, which is consistent with
the HRTEM results.
3.2. Voltammetric study of the sonoelectrochemical process

Voltammetry was used to study the alloy electrodeposition. The
reduction potential of different ratio of Bi(III) and Sb(III) was also
investigated. As shown in Fig. 3A, the deposition potential of Sb(III)
(�1.2 V, curve e) was more negative than that of Bi(III) (�0.9 V, curve
a), indicating that Sb(III) was more difficult to be reduced than Bi(III).
The separated reduction peaks were also observed for the mixed
solution of Bi(III) and Sb(III) without PVP as shown in Fig. 3A, inset.
However, for each of the mixed electrolyte containing PVP, only
one reduction peak between �0.8 and �1.0 V was observed in
Fig. 3A, b–d, indicating the co-deposition of Bi and Sb occurred
[16,27], . LSV was performed with and without sonication (25 W,
0.3 s) to investigate the reproducibility of the repeated cycles that
(B), the crystal structure (C), and the corresponding EDS spectrum (D) of the flake-



Fig. 2. the XRD patterns of the BiSb alloy (a), pure Bi (b), and Sb (c).
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composed of alternating ultrasonic and electrodeposition pulses. In
Fig. 3B, the co-deposition potential shifts negatively with the re-
peated scanning without sonication, and get back after an ultrasonic
Fig. 3. (A) CV curves for pure Bi(III) (a), mixed solutions of Bi(III) and Sb(III) at molar ratio
CV for Bi/Sb = 1:1 without PVP; (B) LSV curves obtained at Ti sonoelectrode with ((a) first
scan range was �0.2 to �1.5 V vs. SCE, scan rate was 50 mV s-1, under N2-saturated atm

Fig. 4. TEM images of the BiSb alloy prepared via sonoelectrochemistry after different re
are shown in the inset images.
pulse, which suggests that the sonoelectrode was reproducible by
removing of primary BiSb alloy particles and dispersing them into
solution to leave a clean surface for the reaction to continue [28].
3.3. Formation mechanism of the BiSb alloy

The evolution for the synthesis and assembly of the BiSb nano-
flakes was performed at different durations by TEM images obser-
vation. As shown in Fig. 4A, the primary BiSb NCs were obtained
after 400 cycles of sonoelectrochemical reaction which was similar
to the four-step evolution described in our previous report [29],
involving the diffusion of the Bi(III) and Sb(III) complex ions, the
co-deposition of the primary BiSb NCs, the vibration and dispersion
from the electrode surface. Consequently, with the increasing
amount of BiSb, net-like structure could be observed in ethylene
glycol/water solution as shown in Fig. 4C, and eventually led to
the formation of BiSb nanoflakes (Fig. 4D). In Fig. 4D, inset, the
flakes grew larger because of the oriented attachment of the newly
generated BiSb NCs at certain faces in the presence of PVP [30].
of 1:1 (b), 1:2 (c), 2:1 (d) and pure Sb(III) (e) in the presence of PVP, the inset was the
scan, (b) third scan, (c) fifth scan) or without (d) an ultrasonic pulse followed, where
osphere.

action times of 400 s (A), 600 s (B), 1000 s (C) and 1600 s (D). Corresponding HRTEM



Fig. 5. TEM images of the BiSb alloy prepared by adding PVP with the amount of 0.5 g (A), 0.2 g (B), 0.05 g (C) and none (D). Corresponding HRTEM are shown in the inset
images.

1042 J.-J. Shi et al. / Ultrasonics Sonochemistry 19 (2012) 1039–1043
Eventually, well-dispersed BiSb nanoflakes were obtained by
repeating above procedures as observed in Fig. 1A.
3.4. Influence of synthetic conditions on the fabrication of BiSb
nanoflakes

Both the sonication and the additives are essential for the fabri-
cation of the flake-like structures of BiSb alloy. The sonoelectro-
chemical processes were influenced by the different physical
mechanisms such as acoustic streaming, microstreaming and tur-
bulence due to cavitation, and formation of microjets in the course
of collapse of cavitation bubbles [20–24]. The convection caused by
microturbulence and shock waves was an important factor affect-
ing nucleation and growth rate [31]. Ultrasonic also played a cru-
cial role in regenerating electrode and promoting the formation
of BiSb nanoflakes. While the additives, involving citrate, ethylene
glycol and PVP, were necessary in the present synthesis for the fab-
rication of BiSb alloy nanoflakes. Namely, citrate anions played an
important role in the formation of the spherical BiSb NCs due to the
nonselective adsorption. Meanwhile, ethylene glycol acted as both
the solvent and the stable agent by the formation of a protective
layer via an interaction between its OH group and the surface of
obtained particles [32]. Additionally, PVP showed a predominantly
adsorption on the (012) planes of the BiSb NCs, which originate
from the lone pair of oxygen atoms in carboxides and nitrogen
atoms in pyrrolidone rings [33], leading to the formation of nano-
flakes by oriented assembly. PVP may act as some face-inhibited
function surfactant during the anisotropic growth of BiSb nano-
flakes, which determines the subsequent shape of the crystals.

The influence of the amount of PVP was further studied. As
shown in Fig. 5, the variation of the PVP concentration could lead
to the formation of different morphologies. Compared with typical
image of BiSb nanoflakes in Fig. 5B, an excessive amount of PVP
prevented the formation of 2D plane, due to the spatially separa-
tion caused by PVP film wrapping around each particle [34] as
shown in Fig. 5A. While the PVP concentration decreased to
0.75 g L�1, the agglomerates composed of irregular particles were
observed in Fig. 5C. Fig. 5D showed the compact structure obtained
in the absence of PVP, whereas, the formation of spherical BiSb NCs
can also be attributed to the nonselective adsorption of citrate in
the ethylene glycol/water medium.
4. Conclusion

In summary, flake-like BiSb alloy nanostructure was synthe-
sized by a sonoelectrochemical method in ethylene glycol/water
solution. A possible formation mechanism was suggested as cou-
pled synthesis and assembly of BiSb nanocrystals to nanoflakes.
Citrate and PVP acted as mixed controlling agents during the
nucleation and growth process. Meanwhile, ultrasonic played a
crucial role in regenerating electrode and promoting the formation
of BiSb nanoflakes. This method is also expected to prepare other
Bi-based nanomaterials with 2D structures, which have promising
thermoelectric properties and potential applications in optics and
electronics.
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