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electrochemically generated in-situ
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1. Introduction

Bismuth chalcogenides (Bi,Te; and Bi,Sb,.
«Tes,Sey alloys) are the best thermoelectric
bulk materials at room temperature, exhibiting a
dimensionless figure of merit (ZT) around 1
[1]. The strong enhancement of ZT theoretically
predicted for low dimensional materials in the
1990°s [2,3] has triggered the research on
nanostructured thermoelectric materials. Arrays
of Bi,Tes, Bi,TesSe,, Bi,..Sb,Te; nanowires
with diameters ~ 50 nm have been successfully
obtained by electrodeposition [4-7]. However,
few reports on their thermoelectric properties
can be found in the literature [8, 9]. As a
consequence, there is no clear experimental
evidence of the ZT enhancement theoretically
predicted in bismuth chalcogenide nanowires
yet. Venkatasubramanian et al. [10] reported a
ZT value of 2.4 in Bi,Tes/Sb,Te; superlattices,
attributing the enhancement to the decrease of
thermal conductivity due to the phonon
blocking at the interfaces. However,
supperlattice structures present some technical
and cost limitations for use in large-scale
thermoelectric applications. Bismuth
chalcogenide nanostructured bulk materials
fabricated from nanocrystalline powders appear
as a very interesting alternative to reach similar
improvements in ZT by using a configuration
well-suited for the conventional technology and
therefore for large-scale applications [11, 12].
Highly promising ZT values (= 1.4 in the 100 -
175 °C range) have been recently attained in
nanostructured BiySb,,Te bulk materials [12,
13].

Nanostructured bulk materials can be
obtained by densification of nanocrystalline
powders. Although nanocrystals of bismuth
chalcogenides have been synthesized by
different  solution techniques such as
solvothermal [14, 15], sonochemistry [16, 17],
microwave heating [18] and micellar synthesis
[19], the amount of produced material is
generally limited to several milligrams. This is
not large enough for the fabrication of

thermoelectric legs. Passing a continuous flow
of a chalcogenide hydride, as a precursor, into a
solution containing metal ions is another
alternative to produce metal chalcogenide
nanoparticules [20-22]. Up to several grams of
nanocrystalline powder of CdTe have been
obtained by this approach [22]. Thus, this route
appears to be a very interesting alternative to
obtain amounts of bismuth chalcogenide
nanocrystalline powders necessary to fabricate
nanostructured bulk thermoelectric materials.

Here, Bi,Se; nanocrystalline powders are
synthesized by combining electrochemistry and
solution  chemistry. H,Se is  in-situ
electrochemically generated, avoiding storage
of this toxic gas and Bi,Se; is formed in
aqueous solution via a chemical reaction
between Bi'" and H,Se gas (bubbled through).
The structural properties of Bi,Se; powders and
their evolution as a function of the temperature
are analyzed by X-ray Diffraction (DRX) and
Transmission Electron Miscroscopy (TEM),
showing the co-existence of two different
Bi,Se; phases (thombohedral and
orthorhombic) in the as-synthesized powders.
The Seebeck coefficient of nanostructured bulk
samples made from nanocrystalline Bi,Se;
powder is also discussed.

2. Experimental details.

Figure 1 shows a schematic view of the
experimental set-up used for the synthesis of
the Bi,Se; nanocrystalline powders. H,Se was
galvanostatically generated (J =0.1 A) in a two-
electrode electrochemical cell and was carried
by an Ar flow to the chemical cell where it
reacted with bismuth acetate dissolved in water
to form Bi,Se;. Although the entire experiment
was carried out in a hood, the output from the
chemical cell was passed into a second
chemical cell containing the same solution for
safety reasons because of the toxicity of H,Se.
It is worth to note that under the experimental
conditions used here precipitation in the second
chemical cell was never observed.
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Figure 1. Schematic view of the experimental set-up used
for the synthesis of Bi,Se; nanocrystalline powder.

The electrochemical cell was constituted of
two compartments filled with the same aqueous
electrolyte ([H,SO4] = 0.5 M) and separated by
a frit. On the catholyte side, the working
electrode  (selenium/graphite  ingot) was
immersed approximately 1 cm into the
electrolyte that was bubbled by Ar gas. The Ar
flow serves mainly to carry the generated H,Se
to the chemical cell that contains Bi’" ions. On
the anolyte side, a platinum wire counter
electrode was used. More details about the
electrochemical cell and the preparation of the
working electrode can be found elsewhere [20].

The chemical cell contains an aqueous
solution of bismuth acetate ([Bi(CH;COO);] =
1x107 M), perchloric acid ((HClO4] = 1 M) and
Triton X-100 ([t—OCt—C6H4-(OCH2CH2)9_1QOH]
= 5x10™ M). The bismuth acetate salt (Strem
Chemical, purity 99%) acts as Bi’" precursor.
Perchloric acid (Flucka, 70 %) was used to
enhance the solubility of bismuth salt. Triton X-
100 (Fluka) is a non-ionic surfactant. The
aqueous solution became dark colored during
the experiment and the Bi,Se; nanocrystalline
powder was collected by filtration on a paper
filter.

Annealing treatments of collected powders
were performed in a quartz ampoule sealed
under Ar atmosphere (~1 atm at annealing
temperature) during 30 minutes at 200 or 400
°C.

The morphology and structural properties of
powders were analyzed using a field emission
Scanning Electron Microscope (SEM) LEO
1530), XRD and TEM. XRD experiments were
performed with a (111) Si single crystal as a
sample holder, in a D8 Advance diffractometer
(Cu K, radiation). A High Resolution Topcon
002B microscope, operating at 200 kV, was

used for TEM studies. A drop of the final
solution, before filtration, was deposited on a
copper grid with lacey carbon for TEM
observations.

For the preliminary characterization of the
thermoelectric  properties, densification of
nanocrystalline powders was achieved by
pressing at 300 °C under ~ 400 MPa with a
P.O. Weber hot press tool model 10HS. The
Seebeck  coefficient was measured on
10mmx2mmx Imm samples at room
temperature using a homemade apparatus with
Chromel/Constantan thermocouples, as
described in reference [23].

3. Results and discussion

The Bi,Se; synthesis is based on two steps:
electrochemical generation of H,Se (equations
1 and 2) and its reaction with dissolved bismuth
acetate salt, which is globally described by
equation 3. A detailed discussion about the
mechanistic aspects of the generation of H,Se
can be found in reference [20].
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Figure 2. XRD pattern of the nanocrystalline powders: a)
as-synthesized, b) annealed at 200°C and ¢) annealed at
400 °C. Some diffraction peaks with low intensity are not
indexed for the sake of clarity. Peak labelled with ***
comes from the sample holder.

Figure 2 (a: black line) shows the XRD
pattern of the as-synthesized powder, exhibiting
three wide diffraction peaks. The extremely
large width of the peaks makes the
interpretation of the XRD pattern ambiguous.
The peak widening may be due, among other
factors, to the small size of structural domains.
In order to facilitate the analysis, the powder
was annealed at 200 °C to increase the
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structural domain size. The annealing
temperature was chosen as low as 200 °C to
avoid significant variations in the chemical
composition of the powder. The XRD pattern of
the annealed powder is shown in Figure 2 (b:
red line). It exhibits well-defined diffraction
peaks that can be fully indexed by considering
the rhombohedral [24] and orthorhombic [25]
Bi,Se; phases. Thus, no spurious phases are
detected in the obtained powders.

With respect to the two different Bi,Se;
phases, the rhombohedral structure is the most
usually reported in the literature [14, 18, 26].
The orthorhombic structure has only been
previously obtained under high pressure [27]
and in BiSe; nanowires after a special
ultrasound treatment [28]. As a consequence,
the Bi,Se; orthorhombic structure can be
considered metastable. In order to gain a further
insight into the stability range of this phase, the
powders were annealed at 400 °C. The XRD
pattern of the powder annealed at 400°C is
shown in Figure 2 (c: blue line). Only
diffraction peaks belonging to BiySe;
rhombohedral phase are observed. A
transformation ~ from  orthorhombic  to
rhomboedral structure takes place during the
annealing at 400 °C, confirming the

metastability of the orthorhombic structure.

By comparing the width of the diffraction
peaks (Figure 2), a clear narrowing is observed
as a function of the annealing temperature. This
can be mainly attributed to an increase of the
size of the Bi,Se; nanocrystals. The size of the
as-synthesized crystals was analyzed by TEM.

Figure 3. a) Bright field TEM image of as-synthesized
Bi,Se; agglomerates. b) High resolution TEM of a border
of one agglomerate.

Figure 3 displays bright field (3a) and high
resolution (3b) TEM images of synthesized
particles before filtration. Open packed
agglomerates tenths of nanometers in size can
be observed in the bright field TEM image

(Figure 3a). These agglomerates are constituted
of crystalline domains (primary nanoparticles)
~ 5 nm in size, as observed in high-resolution
TEM images (Figure 3b). The small size of the
crystallites, together with the coexistence of
two different Bi,Se; structures, appear to be the
main origin of the large width of the XRD
peaks observed for as-synthesized powders.

The evolution of the grain morphology as a
function of the annealing temperature was
analyzed by SEM. Figure 4 shows the SEM
micrographs of as-synthesized (Figure 4a) and
annealed at 400 °C (Figure 4b) powders. A
nanostructured material constituted of relatively
close-packed agglomerates is obtained after the
filtration process (Figure 4a). The size of the
observed agglomerates is generally lower than
100 nm, but larger that the agglomerates
observed in Figure 3a. As expected, the
filtration process induces an increase of the
agglomerate size as well as the close-packing.
After annealing at 400 °C, the powders are
constituted of well-defined hexagonal platelets
of ~ 200 nm in length and ~ 25 nm in thickness
(Figure 4b). Similar morphologies have been
previously reported for Bi,Se; nanocrystals
obtained by other techniques [18, 29-31].
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Figure 4. SEM micrographs of the nanocrystalline
powder: a) as-synthesized and b) annealed at 400 °C.

Because relatively large amounts of material
can be obtained (> 200 mg/synthesis), the
present technique appears to be well suited to
produce nanocrystalline Bi,Se; powders for
sintering nanostructured Bi,Se; bulk materials.
To check the feasibility of this approach, Bi,Se;
bulk samples have been prepared by
densification of the nanocrystalline Bi,Se;
powders at ~ 400 MPa and 300 °C during 1
hour. From a preliminary characterization,
Seebeck coefficient values in the -60 to -125
uV/K range were measured at room
temperature. Although the densification process
must be optimized to enhance other parameters
such as electrical resistance, the Seebeck
coefficient value suggests the promising
possibilities of the present approach. The
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optimization of the densification process at
lower temperatures would allow obtaining
nanostructured bulk materials constituted of
rhombohedral and orthorhombic Bi,Ses
nanocrystals. Rhombohedral/orthorhombic
interfaces could be an alternative to block the
phonons and decrease therefore the thermal
conductivity in the thermoelectric devices
because the orthorhombic structure seems to be
stable at temperatures higher than the working
range (0 — 100 °C) of bismuth chalcogenide
thermoelectric devices. Nevertheless,
fundamental studies on the thermoelectric
properties of the orthorhombic Bi,Se; are
necessary to analyze the capabilities of this
phase in thermoelectric applications. In this
framework, studies are now undertaken to gain
a further insight into the origin of the
orthorhombic phase stabilization in order to
attempt the synthesis of nanocrystalline
powders entirely constituted of orthorhombic
Bi,Se; structural phase.

4. Conclusion

Bi,Se; nanocrystalline powders have been
synthesized by bubbling H,Se gas through an
aqueous solution of bismuth acetate salt. The
H,Se gas has been in-situ electrochemically
generated, avoiding the storage problems of this
toxic gas. The obtained powders are constituted
of Bi,Se; nanocrystals (~ 5-10 nm) with two
different  structures: = rhombohedral  and
orthorhombic. The orthorhombic structure has
been found to be metastable and disappears
after an annealing at 400 °C. Because relatively
large amounts of material have been obtained,
the present innovative route appears to be well
suited to produce nanocrystalline Bi,Se;
powders for nanostructured bulk thermoelectric
materials. This approach is interesting to study
the low dimensionality effects in thermoelectric
properties by using conventional technology
and is well adapted for large-scale
thermoelectric applications.
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