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Study of electrodeposition of (Bi,Sb),Te; nanowires by
voltammetric methods and electrochemical impedance
spectroscopy
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Nanostructured thermoelectric semiconductors are a promising material to convert waste heat to electricity for energy
regeneration due to improvement of Seebeck coefficient and thermal conductivity reducing. Among various thermoelectric
materials, bismuth telluride based alloys are the most used in the fabrication of TE devices. The processes associated with
the electrodeposition of (Bi,Sb),Tes nanowires and films are reported along with an analysis of the composition, morphology
and structure of resulting materials. Electrochemical behavior was examined using cyclic and linear voltammetry and

electrochemical impedance spectroscopy techniques.
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1. Introduction

Thermoelectric devices generate an electric potential
gradient from a thermal gradient, or vice versa, without
any actuating parts. The improvement of thermoelectric
devices efficiency is connected with the increase of
thermoelectric performance of the materials used to their
fabrication. The performance of a thermoelectric material
is represented by the dimensionless figure of merit,
ZT=S’cT/k , where S, o, k and T are Seebeck coefficient,
the electrical conductivity, the thermal conductivity and
the temperature in Kelvin, respectively. Nanostructured
thermoelectric semiconductors [1-9] are a promising
material to convert waste heat to electricity for energy
regeneration due to improvement of Seebeck coefficient
and thermal conductivity reducing. BiysSb; sTe; is one of
the most used thermoelectric materials for applications at
temperatures close to room temperature; it is a p-type
semiconductor and is synthesized by several methods
among which the electrochemical method. Thermal
conductivity of Bi,,SbyTe; system decreases with
increasing content in Sb,Te;, reaching a minimum when
the molar concentration Sb,Te; reach 70%; on the other
hand, the mobility of holes increases in the new p-type
semiconductor by adding Sb,Te; [10]. Seebeck coefficient
for bulk Bi,,Sb,Te; system can reach values of 260pV/K.
Electrochemical method allows the growth of uniform
films with thickness from nanometric values at a few
millimeters over large areas. By varying the composition
of the solutions and electrode potential one can prepare
films with different compositions. Among the deposition
techniques, the electrodeposition is the cheapest to
manufacture nanostructured materials and miniaturized
devices due to its operation at low temperatures and

without vacuum requirements, high deposition rate and
easy transition from one size to another.

In this paper, the electrochemical synthesis of
(Bi,Sb),Te; nanowire array from nitrate solution was
investigated using cyclic and linear voltammetry and
electrochemical impedance spectroscopy.

2. Experimental

Electrochemical characterization was conducted
potentiostatically in a conventional three-electrode cell
configuration at room temperature. Platinum and a
commercial saturated calomel electrode (SCE) were used
as the counter and reference electrode, respectively.
Stainless steel and platinum foils and a track etched
membrane (polycarbonate membrane) were used as
working electrode to investigate the electrochemical
growth of Bi,,Sb,Te; film and wires. Prior
electrodeposition, polycarbonate membrane with a
thickness of 27um, pore diameter of about 500 nm and 10°
cm™ pores density was covered by sputtering with a thin
gold film; this film was thickened by electrochemical
deposition of a copper layer. Pulsed electrodeposition
based on the variation of the current over time was used to
prepare Bi, Sb,Te; films and wires. The Bi-Sb-Te ternary
solution was prepared by dissolution of Bi(NO3);.5H,0
and TeO, in concentrated HNO; and SbCl; in tartaric acid
aqueous solution and mixing of the two solutions; the final
composition of the solution was 9.39mM HTeO,,
1.82mM Bi*", 5.69mM SbO", and 37.9mM tartaric acid in
IM HNO;. For SEM and XRD measurements of the
prepared nanowires, after the electrodeposition process the
polymer membrane was dissolved in dichloromethane.
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The electrochemical measurements were carried out with
an Autolab PGSTAT 30 potentiostat/galvanostat
connected to a computer. Electrochemical impedance
spectroscopy (EIS) tests were carried out in 10? Hz < f <
10° Hz frequency range with an ac voltage amplitude of +5
mV. These spectra were interpreted on the basis of
equivalent electric circuits using specialized fitting
software, ZView 2.90c. The semiconductor films and
wires were imaged using a field emission scanning
electron microscope Quanta InspectF equipped for
chemical composition measurements with an EDX device
from EDAX. X-ray diffraction (XRD) analyses were
performed on a Bruker D8 Advance type X-ray
diffractometer, in focusing geometry, equiped with copper
target X-ray tube and LynxEye one-dimensional detector.

3.Results and discussion
3.1.Cyclic and linear voltammetry analyses

Electrochemical behavior of the solution containing
Bi*', HTeO, and SbO" at 11°C ions was examined by
cyclic and linear voltammetry using as working electrodes
platinum and  stainless steel foils and a
Cu/Au/polycarbonate membrane; the results are shown in
Fig.1.

Working at a temperature lower than room
temperature allows obtaining adherent Bi,,Sb,Te;
deposits. In the Fig.1, it can be seen a small reduction
wave, between 0.4 and OV on voltammogram (a) or
between 0.22 and -0.03V on voltammogram (b); this peak
was attributed to the reduction of the ions to Te element
and Bi,SbyTe; compounds [11]. The pronounced peaks at
-0.157V (Fig.1, a) or -0.187V (Fig.1,b) are related to the
formation of Sb element. The waves observed on the
anodic branch of the voltammograms (at 0.168, 0.47 and
0.57V on curve (a) and at 0.197, 0.45 and 1.17V on curve
(b) are in connection with the oxidation of Sb and Bi on
top of Bi,SbyTe; film and oxidation of Bi, (Sb,Te; to Sb
and Bi; in the case b, the shift of the oxidation potential of
Bi,Sby,Te; to 1.17V could be attributed to chemical
reaction between stainless steel substrate and deposit.

Figl.c shows linear voltammogram of the
electrodeposition process of Bi,,Sb,Te; compounds into
the pores of the polycarbonate membrane. The two
reduction waves observed on this voltammogram during
cathodic scan are located between -0.04 and -0.27V with
peaks at -0.191 and -0.255V. The shift of these reduction
waves to more cathodic potential is due to diffusion
process of the ions into the membrane pores. The
assignment of the waves is similar to those from the
voltamogramms (a) and (b) from Fig.1.
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Fig.1. Cyclic voltammograms of platinum (a) and

stainless steel (b) foils and linear voltammogram of

Cu/Au/polycarbonate membrane (c) in aqueous solution

containing Bi**, HTeO," and SbO™ ions at 11°C; scan
rate 50mV/s.
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3.2. EIS analyses

3.2.1.Growth of Bi,Sh, Te; film on stainless steel
foil

EIS has been regarded as a tool for obtaining more
information about the kinetics of reduction process. We
investigated by EIS the electrodeposition process of Bi,.
Sb,Tej; at stainless steel electrode in nitric acid solution at
a potential where the Bi-Sb-Te ternary film is deposited.
The Nyquist diagrams (Fig.2,a) of the stainless steel
electrode, recorded at a potential of -0.11V present an
incomplete semicircle in the region of high frequencies
(most obvious at low temperatures), attributed to charge
transfer and a straight line inclined to 45° due to diffusion
process that curves at low frequencies (this behavior is
attributed to irregular surface of the electrode).
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Fig. 2. (@) Nyquist diagram for stainless steel electrode
in the electrodeposition solution at -0.11Vand (1) room
temperature and (2) 11 °C; (b) the equivalent electric
circuit used to fit the impedance spectra from Fig. 2,a.

Charge transfer occurs during the reducing process of
HTeO," species at tellurium element, which combines in a
later stage with bismuth and antimony ions on the
electrode surface.

HTeO," + 3H" +4¢” — Te + 2H,0 (1)
3Te + 2Bi*" + 6" — Bi,Te; )

3Te +2Sb>" + 6" — Sb,Te; 3)

The experimental results were fitted using the
equivalent electric circuit shown in Fig.2,b, corresponding
to the two different time constants. Table I contains the
values of the equivalent circuit elements.

Table 1. Values of the equivalent circuits parameters

Circuit (Bi, Sb),Te; film (Bi, (Bi,
elements at room Sb),Te; Sb),Te;
temperature film at wires
(Fig.2) 11°C (Fig.3)
(Fig.2)
R1,Q 3.26 5.17 4.00
R2,Q 1 31.07 0.32
R3,Q 21.17
R, Q 1475 1539 60.56
Wi 1,8 15.23 27.57 20.77
P 0.5 0.5 0.32
CPE1 Tl, (PI 0.0046
s
P 0.59
CLF 0.000013 0.000047 | 0.000021

The first time constant is determined by the charge
transfer resistance, R2, in parallel with the double layer
capacitance represented by a capacitance, C1. Rl is a
ohmic resistance which depends on the conductivity of the
electrolyte. The second time constant is described by
Warburg impedance (W1) associated with the diffusion
process.

Generalized finite Warburg element proposed by
Macdonald [12] and depicted by the equation (4) is an
extension of the finite length Warburg element, which is
the solution of the one-dimensional diffusion equation of a
particle. For this last element P=0.5.

tanh (izw)"”
(itw) P
where i=+—1, 1 is the time constant associated with the
diffusion process, ® is angular frequency, R represents a
diffusion impedance component independent of frequency
and P — an exponent taking values between 0 and 1. The
data from the Table I show that charge transfer resistance
and the diffusion impedance values increase at lower

temperatures than room temperature; also increases the
capacity of double layer.

Zy =R @
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3.2.2. Growth of Bi,,Sh,Te; wires into the pores of a
polycarbonate membrane
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Fig. 3. Nyquist (@) and Bode (b) diagrams for

Cu/Au/membrane electrode in the electrodeposition

solution at -0.05V; c) the equivalent electric circuit used
to fit the impedance spectra from Fig.3.

The Nyquist plot obtained for Cu/Au/membrane
electrode at -0.05V shows two time constants, the first
relating to the charge transfer process typical of
electrolyte/electrode interface (semicircle at high
frequencies) and another to space limited diffusion due to

the finite volume of the membrane pores and
corresponding to a sloping capacitive line extends to low
frequency (Fig.3). The first time constant is determined by
the charge transfer resistance, R3, in parallel with the
double layer capacitance represented by a constant phase
element, CPEL. The second time constant is described by
the membrane capacitance C1 and the pore resistance R2.
The Warburg impedance (W1) is associated with diffusion
phenomena into the membrane pores. Table I contains the
values of the equivalent circuit elements. Here, the
capacitance of double layer was described using a constant
phase element, CPE1 because electrode surface is more
irregular and more changeable. The impedance of this
CPE component is described by the equation (5) [13]:

1
Z(CPE)=—— 5
(CPE) T (o) )
where the T value obtained by experimental data fitting is
associated with double layer capacitance and exponent P
takes values between 0 and 1.

Charge transfer resistance and the diffusion
impedance values for Cu/Au/membrane electrode (Table I)
are lower compared to the corresponding values for
stainless steel electrode ( at low temperature); in this case
the growth process of Bi,,SbyTe; wires into membrane
pores could be faster.

3.3. Bi».xShyTe; film and nanowires preparation

It was observed that films obtained using the direct
mode [14], particularly antimony ternary compounds, have
significant roughness and present defaults and cracks. In
order to improve their morphology, it was applied pulse
plating [15] (tox=5s, J-=-2mA cm'z, torr=3s, for Bi,.,Sb,Tes
film growth and t,,=5s, J-=-0.lmA cm'z, to=3s, for Bi,.
SbyTe; wires growth). The cathodic reduction process of
ions induced the deposition of Biy,Sb,Te; tubes
(Fig.4,a,b) with a composition (at%): Bi-6.2, Sb-21.7, Te-
72.1; the length of the tubes was of about 12um. The
composition of Biy,Sb,Te; film with globular structure
deposited on stainless steel support (Fig.4,c) was (at%):
Bi-14.6, Sb-12.5, Te-72.9.The X-ray diffraction patterns of
Biy«SbsTe; film and tubes (Fig. 5) prepared by pulse
plating show the characteristic peaks of Bi,Sb,Te; and
Big sSb; sTe; compounds, respectively.
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Fig.4. SEM images of Bi..Sh,Te; tubes (a,b) and film on stainless steel support (c) prepared at 11°C by pulse plating
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Fig.5. XRD patterns of: a) Bi,Sh,Tes film (O) on stainless
steel foil (* Fe); b) BigsShy sTes nanotubes (X) on Au
(+)/Cu (=) support.

4. Conclusions

The electrochemical behavior of a mixture of bismuth,
antimony and tellurium ions was investigated in nitric acid
solution, using as working electrodes platinum and
stainless steel foils and a Cu/Au/polycarbonate membrane.
The results show the formation of Bi,SbsTes at slightly
cathodic potentials; at potential values more negative than
-0.15V /SCE takes place deposition in excess of antimony
element. A good morphology of the deposits was obtained

at a temperature lower than room temperature. Current
pulse plating was used to prepare Bi,,Sb,Te; film and
tubes with the compositions (at%): Bi-14.6, Sb-12.5, Te-
72.9 and Bi-6.2, Sb-21.7, Te-72.1.
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