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Ultrasonically assisted hydrothermal synthesis of nano-
structured Bi,Te; semiconductors for thermal energy
recovery
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Bismuth telluride semiconductors have been identified as potential high-performance thermoelectric materials, by offering
an important thermoelectric-performance advantage for generating electrical energy from heat sources. Nanocrystalline
powders of Bi;Tes with different morphology and particle size 30-40 nm were prepared by ultrasonically assisted
hydrothermal method of bismuth chloride and tellurium in aqueous solution with different concentration of NaBH4 as
reducing agent at 200°C for 5 hours and 80% fill degree of autoclave. The influences of precursors and hydrothermal
treatment conditions on the formation features, phase composition, particle size, morphology and properties of the products
were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy dispersive spectroscopy (EDAX)
and atomic force microscopy (AFM). The paper reports a comparative study regarding the precursors influence and
hydrothermal condition of obtaining nano-structured thermoelectric materials. It was found that hydrothermal processing
result in formation of low dimensional dispersion of Bi;Tes nanostructures with desirable form and size and high degree of

crystallinity.
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1. Introduction

Thermoelectric (TE) materials are of interest for
applications in solid-state cooling and electrical power
generation devices due to many attractive features such as
long life, no moving parts, no emissions of toxic gases,
low maintenance, and high reliability [1, 2]. This are in
generally a low cost materials that have a sufficiently
strong thermoelectric effect (and other required
properties), and could be used for applications including
power generation, refrigeration and a variety of other
applications. In the power generation case, thermoelectric
devices convert the heat or in some case the waste heat
into useful electricity [3]. Thermoelectric efficiency
depends on the figure of merit, ZT There is no theoretical
upper limit to Z and as Z approaches infinity, the
thermoelectric efficiency approaches the Carnot limit. The
figure of merit of a TE material is given by Z = S%o/k,
where S is the thermoelectric Seebeck coefficient, o is the
electric conductivity, and « is the thermal conductivity of
the material. A good TE material should have a high
electrical conductivity and a low thermal conductivity.
Bismuth telluride, Bi,Tes;, and its compounds are most
important TE materials used in state-of-the-art devices for
the 200-400 K temperature range.

As a parent compound to many important
thermoelectric semiconductor alloys, bismuth telluride
(Bi,Tes) has been synthesized through different methods.
Conventionally, it has been prepared through the

metallurgical melt processing by mixing the appropriate
amounts of the pure elements at elevated temperature of
500-600°C [4, 5].

Many works have been done in the past years to
improve their figure of merit by making the material
nanostructured by doping this with different ions and
making this materials with different shape like nanowire
arrays [6,7] and quantum dot superlattice thin films [8,9].
For now, these materials are not suitable for large scale
and economical TE applications, where bulk materials are
used. In general a simple routine, like solvothermal routine
are preferred to synthesize this materials [10, 11]. This
method enables mass synthesis of materials with designed
chemical compositions at a relative low temperature, and
with little contamination on the material. There have been
some reports of the synthesis of nanostructures Bi,Te;
based TE materials with solvothermal methods [12-16].
Also the hydrothermal route is used to synthesize
nanostructures Bi,Te; with different morphology [17].
Metal-organic chemical vapor deposition (MOCVD), in
the 111-V and 11-VI semiconductors industry, was used to
elaborate Bi,Tes thin films [18-20].

We report obtaining of bismuth telluride
nanostructures by ultrasonically assisted hydrothermal
method and a comparative study regarding the precursors
influence and hydrothermal condition on resulted
materials. The influences of precursors and hydrothermal
treatment conditions on the formation features, phase
composition, particle size, morphology and properties of
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the products are also investigated by X-ray diffraction
(XRD), scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDAX) and atomic force
microscopy (AFM).

2. Experimental

Analytically pure chemicals (Aldrich) and pure
tellurium 5N (Merch) were used for the synthesis of the
sample in the present work. BiCl; and pure Te powder
with Bi:Te mole ratio of 2:3 in aqueous solution with
NaBH, as reductant and NaOH as pH regulator were used
as the starting materials. This precursor was mixed and
continuous stirred one hour for a better homogeneity and
then was introduced in a Teflon lined steel autoclave with
an immersed sonotrode [21]. The synthesis are made under
a fill degree of autoclave about 80%, at pH 8,5 (S1) and 11
(S2) respectively, for 3 hour at 200°C under continuous
ultrasonic at 200W and 40 KHz.

Sonication was performed using a power high voltage
amplifier (connecting to computer via NI USB-6008
(National Instruments) equipped with an immersion
ultrasonic sonotrode, which was made of titanium alloy,
and with the tip diameter of 7 mm. The variable power
output control allows the ultrasonic vibrations at the probe
tip to be set to any desired amplitude and controlled by
computer.

After the reaction, the autoclave was cooled to room
temperature and then opened. The reaction product, a dark
grey powder was filtered, washed with distilled water,
ethanol and acetone several times, and dried to 60°C for 4
hours. More than 80% of the theoretical material amount
was obtained after the drying.

Ultrasonic process was an important factor in this
assisted hydrothermal synthesis of Bi,Tes nanostructures.
Firstly, reaction was generated by ultrasonation. When the
reaction was performed without sonication, large quantity
of unreacted tellurium remained in the product. Secondly,
sonication was helpful to obtain relatively small and
uniform particles.

The cavitation in liquid-solid systems produces
mechano-chemical effects, in addition to the homogeneous
cavitation observed in pure liquids. Liquid jets and/or
shock waves formed under ultrasound irradiation can
cause surface damage of the solid and/or produce high
velocity interparticle collisions [21-23]. These effects, can
produce particle breakage of Te, thus favored its
dissolution and accelerated the reaction, and also can
prevent the aggregation of the resulting nanocrystals. In
addition, cavitation accelerates mass transport, and makes
the repassivation by reaction products less important or
even avoidable [24, 25].

In this ultrasonically assisted hydrothermal synthesis
of Bi,Tes, the disproportionately of Te in alkaline solution
(Eq. (1)) played a crucial role. Te* produced in the
disproportionately of Te reacted with Bi (I11) to give out
Bi,Te; (Eq. (3)). The mechanism may be as follows [26]:

ITe+E0H™ = 2Te ™ +Tel?™ +3H,0 (1)

Bi(NO.);— Bi** +3NG,” 2
2B + 3T — Bi,Te, ?3)

It was observed that the reaction speed increased
along with the increment of NaOH, because more NaOH
could drive Eqg. (2) to move to the right side.

The phase structures of the prepared samples was
investigated by X-ray diffraction (XRD) using
PANalytical X’PertPRO MPD Difractometer with Cu Ka
radiation A = 1.5406A, 26-step of 0.01° from 10 to 100.
Scherrer equation, d = 0.9/ (B cos ) was used to estimate
grain average sizes of powders, where B is the half height
width of the reflection peak at 26 and 2 is the wavelength
of the radiation. Powder morphology was observed using
an Inspect S PANalytical model scanning electron
microscopy (SEM) and a NanoSurf atomic force
microscopy (AFM). The semicantitative elemental
analysis was analyzed through EDAX facility of SEM.

3. Results and discussions
3.1. XRD results

In Fig. 1 are presented the XRD patterns of different
pH of bismuth telluride materials.

X-ray diffraction (XRD) analysis indicates that both
hydrothermally synthesized samples have a single Bi,Tes
trigonal phase of R3m rhombohedral lattice structure. The
average grain crystalites sizes estimated with Scherrer
equation using the (0 1 5), (1 0 10) and (1 1 0) reflection
are about 30 nm for S1 and about 40 nm for S2,
respectively.
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Fig. 1. XRD patterns of for Bi,Tes synthesized by
ultrasonically assisted hydrothermal method at
8.5 pH (S1) and 11 pH (S2).
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3.2. SEM and EDX results

Figs. 2 and 3 represents the SEM images of the
bismuth telluride synthesized by ultrasonic assisted
hydrothermal method, at different pH values. The SEM
morphology shows various topographies of the powders
prepared by hydrothermal synthesis at different condition.

Fig. 2. SEM morphology for Bi,Te; synthesized by
ultrasonically assisted hydrothermal method at 8.5 pH;
Inset: EDX spectra for elemental analysis.

Fig. 3. SEM morphology for Bi,Te; synthesized by
ultrasonically assisted hydrothermal method at 11 pH;
Inset: EDX spectra for elemental analysis.

3.3. AFM results

Fig. 4 shows the AFM images of surface morphology
for S1 and S2. The AFM studies revealed non uniform
surface for both samples. The average grain size for Bi,Te;
results from the analysis of AFM image with Scion Image
and fitted with TableCurve software have the maximum at

31 nm for S1 and at 38 nm for S2 in good agreement with
dimension results from the XRD pattern. The dimensional
distribution function is LogNormal.

The roughness of the bismuth telluride can be
quantitatively identified by the root mean-squared
roughness (rms) (Ryns). Roughness is given by the
standard deviation of the data from the AFM image, and
determined using the standard definition:

N -
Rons=sat(}(z, ~ 2 /N -1).
n=1

Where z, represents the height of the n-th data, z is
equal to the mean height of Z,, in AFM topography, and N
is the number of the data. For area 1.25 m? the average
roughness is about 2.3 nm for S1 and about 2.6 nm for S2.
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Fig.4. AFM image with scan area of 1.11 x 1.13 um;
histogram and particle size for Bi,Te; synthesized by
ultrasonically assisted hydrothermal method 8.5 pH.
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Fig. 5. AFM image with scan area of 1.11 x 1.13 pum;
histogram and particle size for Bi,Te; synthesized by
ultrasonically assisted hydrothermal method at 11 pH.
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4., Conclusions

Materials based on bismuth have been successfully
synthesized through assisted hydrothermal method at
different pH values. It was found that hydrothermal
processing result in formation of low dimensional
dispersion of Bi,Te; nanostructures with desirable form
and size and high degree of crystallinity.

The SEM analysis shows that the particles are flake
shaped and strongly agglomerated. The EDAX analysis
confirms the 2/3 ratio of the constituent atoms.

XRD pattern shows that the particles are crystallized
in a single phase, the crystallite sizes being 30 nm (S1) and
40 nm (S2).

The average grain size for Bi,Tez results from the
analysis of AFM is 31 nm for S1 and at 38 nm for S2, both
dimensional dispersion with LogNormal distribution.
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