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ABSTRACT: Bi,Te; polycrystalline whiskers consisting of interconnected nanoplates
have been synthesized through chemical transformation from In,Te; polycrystalline
whisker templates assembled by nanoparticles. The synthesized Bi,Te; whiskers preserve
the original one-dimensional morphology of the In,Te;, while the In,Te; nanoparticles can
be transformed into the Bi,Te; thin nanoplates, accompanied by the formation of high-
density interfaces between nanoplates. The hot-pressed nanostructures consolidated from
Bi, Te; polycrystalline whiskers at 400 °C demonstrate a promising figure of merit (ZT) of
0.71 at 400 K, which can be attributed to their low thermal conductivity and relatively high
electrical conductivity. The small nanoparticles inherited from the polycrystalline whiskers
and high-density nanoparticle interfaces in the hot-pressed nanostructures contribute to
the significant reduction of thermal conductivity. This study provides a rational chemical
transformation approach to design and synthesize polycrystalline microstructures for

enhanced thermoelectric performances.
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1. INTRODUCTION

The ever-growing global energy demand has attracted extensive
attention to sustainable energy generation and conversion."”
Thermoelectric materials, which can realize the direct
conversion from thermal energy to electricity, provide
opportunities to harvest useful electricity from waste heat.
Therefore, thermoelectric energy conversion is considered to
be a promising technique to alleviate global energy demand.
The thermoelectric efficiency of a material is determined by its
figure of merit (ZT), ZT = S*6T/k (k = k. + k), where S, 6, T,
and « are the Seebeck coeflicient, electrical conductivity,
absolute temperature, and thermal conductivity (k, and K are
the electronic and lattice thermal conductivity), respectively.' ™
The electrical and thermal components in ZT are correlated,
which restricts the maximum ZT values of various bulk
thermoelectric materials to ~1 during the past few decades.'
In recent years, nanostructuring has been proved to be an
effective approach to the ZT enhancement, as interfaces
introduced by nanostructuring can effectively enhance phonon
scattering while less influence carrier transport, leading to
significant decrease of ky without much influence on electrical
properties.”>>7 "2

Recently, nanostructured bulk materials consolidated directly
by nanostructures, such as BizTe3-based,13_27 PbTe-based,** 3!
Ag,Te-based,** AgBiSe,,> AgBiS,*® and L,~II-IV-VI,
nanostructures,”” ** synthesized by bottom-up chemical
solution methods, have received much attention, due to the
effective control on size, morphology, and crystal structure of
thermoelectric nanostructures. Especially, great success has
been achieved in Bi,Te;-based materials, which are promising
thermoelectric materials for power generation and refrigeration
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at room temperature. With extensive effort being devoted to
controllable synthesis of Bi,Te;-based nanostructures, several
excellent morphologies have been developed in enhancing their
thermoelectric performances, such as nanoplates/nano-
sheets,">™'® ultrathin nanostructures,"”*° nanoscale hetero-
structures,” ~** and one-dimensional nanostructures.’>™%’
Specifically, theoretical predictions*' and experimental meas-
urements*? indicate that one-dimensional nanostructures, such
as nanowires, can enhance the power factor (S%¢) due to
quantum confinement*' and achieve low k; due to the phonon
scattering at the nanostructure surface,*” which can lead to
improved ZT.*'~* Polycrystalline one-dimensional nanostruc-
tures are anticipated to have even lower ki than their single
crystalline counterparts, due to extra phonon scattering by
nanoparticle interfaces within the nanostructures.”*** Cur-
rently, the solution synthesis of polycrystalline one-dimensional
Bi,Te; nanostructures mainly focuses on nanotubes.>%*>*¢
However, the low thermal conductivity of such polycrystalline
nanotubes was compromised by the relatively low electrical
conductivity.”® Therefore, it is vital to develop a new synthetic
method to synthesize polycrystalline one-dimensional Bi,Te;
nanostructures with well-controlled components and high-
density interfaces, while having simultaneously low thermal
conductivity and high electrical conductivity.

In this study, we report a new chemical transformation
methodology to fabricate Bi,Te; polycrystalline whiskers from
an In,Te; polycrystalline whisker template. The solubility of
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Bi,Te; in polar solvents (e.g., ethylene glycol) is lower than that
of In,Tey,*” which can lead to a thermodynamic favorable
transformation from In,Te; to Bi,Te;. Scheme 1 illustrates the

Scheme 1. Schematic Structure Illustration of the Proposed
Chemical Transformation from In,Te; to Bi,Te; in Solution
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potential chemical transformation from In,Te; to Bi,Te; in
solution. As can be seen, the (111) planar arrangement of Te in
In,Te; (note that In,Te; has a cubic crystal structure with a

lattice parameter of a = 18.486 A)*® is similar to the (0001)
planar arrangement of Te in Bi,Te; (note that Bi,Te; has a
rhombohedral crystal structure with lattice parameters of a =
4386 A, and ¢ = 30497 A),*® and the adjacent interatomic
distance of Te in In,Tey (4.357 A) is very close to that in
Bi,Te; (4.386 A). Such a close structure relationship between
In,Te; and Bi,Te; is anticipated to preserve the general
morphology of the In,Te; template in the transformed product
and to favor the formation of a single-phase product.*”>°

Herein, on the basis of the proposed synthetic approach, we
realized the rational synthesis of Bi,Te; polycrystalline whiskers
consisting of thin nanoplates. Besides, we studied the
thermoelectric property of the hot-pressed nanostructures
consolidated by such whiskers, in order to understand the
influence of polycrystalline whisker morphology on their
thermoelectric performances.

2. EXPERIMENTAL SECTION

Materials Synthesis. In a typical synthesis of In,Te; whiskers, 0.4
mmol of InCl;-4H,0, 0.3 mmol of Na,TeO;, 0.2 g of polyvinylpyrro-
lidone, and 0.2 g of ascorbic acid were added into S0 mL of ethylene
glycol. After being stirred for 20 min, the solution was transferred into
a Teflon-lined autoclave that was then sealed and annealed at 220 °C
for 48 h. After the autoclave was cooled to room temperature naturally,
the synthesized products were collected, centrifuged, and washed with
deionized water and ethanol several times, and then dried at room
temperature.

Bi,Te; polycrystalline whiskers were synthesized by chemical
transformation from the synthesized In,Te; whiskers. In a typical
synthesis, 10 mg of In,Te; whiskers, 10.3 mg of BiCl;, and 20 mg of
ethylenediaminetetraacetic acid were added into 50 mL of ethylene
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Figure 1. Characterization of the Bi,Te; whiskers through chemical transformation and the In,Te; whiskers via solvothermal synthesis: (a) XRD
patterns, (b) EDS spectra, and SEM images of (c) the In,Te; whiskers and (d) the Bi,Te; whiskers and (e and f) SAED patterns of the Bi,Te,

whiskers (inset in e) and the In,Te; whiskers (inset in f).
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glycol. After being stirred for 30 min, the solution was transferred into
a Teflon-lined autoclave, which was then sealed and annealed at 200
°C for 24 h. The collecting and cleaning process of the Bi,Te;
nanostructures is the same as that of the In,Te; nanostructures.

Materials Characterizations. The crystal structures of the
synthesized products were determined by X-ray diffraction (XRD,
Bruker D8 Advance X-ray diffractometer, Cu Ko radiation with an X-
ray wavelength of 1.5418 A). The morphologies of the synthesized
nanostructures were investigated by scanning electron microscopy
(SEM, JEOL 7800, operated at S kV), and their structural and
chemical characteristics were characterized by transmission electron
microscopy (TEM, FEI Tecnai F20, operated at 200 kV) equipped
with energy-dispersive X-ray spectroscopy (EDS) for compositional
analysis.

Thermoelectric Performance Measurement. Bi,Te; powders
were hot-pressed into pellets at 400 or 350 °C for 30 min under a
vacuum with a uniaxial pressure of 40 MPa. To avoid the influence of
nanoplate orientation on the thermoelectric property of the
synthesized Bi,Te;, the measurements for o, S, and k were performed
with the samples orientated identically (i.e., perpendicular to the hot-
press direction in this study).16 The o and S of the Bi,Te; pellets were
measured using ULVAC ZEM-3 within the temperature range 300—
420 K. The « of the pellets was calculated through x = DC,p, where D,
C,, and p are the thermal diffusivity coefficient, specific heat capacity,
and density, respectively. D of the Bi,Te; pellets was measured using
Netzsch LFA 457 from 300 to 420 K, C, was measured using Netzsch
DSC 404 within the same temperature range, and p was calculated by
using the mass and dimensions of the pellet. k, was estimated by the
Wiedemann—Franz law (k, = LoT, where L is the Lorentz number; L
of 2.0 X 107 V> K™ for a degenerate semiconductor was applied in
this study),”" and then, x;, was calculated using the relationship &, = k
— Ke

3. RESULTS AND DISCUSSION

Figure la shows the representative XRD patterns of the
products synthesized from chemical transformation of indium
tellurides and the original solvothermally produced indium
tellurides. As can be seen, the XRD pattern of the products
synthesized from chemical transformation can be indexed as the
layer-structured rhombohedral Bi,Te; (JCPDS file no. 89-
2009), while the indium tellurides obtained through the
solvothermal reaction belong to the cubic-structured In,Te;
(JCPDS file no. 33-1488).** Figure 1b gives the EDS spectra of
the synthesized metal tellurides, and strong Bi and Te peaks can
be seen for the Bi,Te;, while evident In and Te peaks can be
observed in the In,Te;, both with a metal (Bi or In)/Te atomic
ratio of 2:3. Figure 1c and d are the typical SEM images of the
Bi,Te; and In,Te; respectively, and show that both metal
tellurides are whiskers with lengths of 2—8 ym. Figure le and f,
as well as their insets, are selected area electron diffraction
(SAED) patterns and the corresponding TEM images of the
Bi,Te; and In,Te; products. From these, the whiskers can be
confirmed to be polycrystals that are composed of small
nanoplates and nanoparticles, respectively. Accordingly, In,Te;
polycrystalline whiskers have been indeed converted into
Bi,Te; polycrystalline whiskers through the chemical trans-
formation.

To further understand the interconnected structural
characteristics of the nanoplates, Bi, Te; polycrystalline whiskers
were further investigated by TEM. Figure 2a is the typical TEM
image of the interconnected nanoplates, and shows the
randomly oriented nanoplates. Figure 2b is a high-resolution
TEM (HRTEM) image of a vertical nanoplate, and shows a
lattice spacing of ~10.2 A that is consistent with the lattice
spacing of the {0003} atomic plane of Bi,Te;, suggesting the
nanoplate has a thickness of ~20 nm. Figure 2c shows the
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Figure 2. High-magnification TEM images of the Bi,Te; polycrystal-
line whiskers: (a) typical TEM image showing the general morphology
of the whiskers, (b)) HRTEM image of a vertical nanoplate, (c) a
typical TEM image showing the high-density interfaces within the
whiskers (this image was colored to better distinguish the nanoplates),
and (d) HRTEM image of the nanoplate interfaces.

general morphology of the interconnected Bi,Te; nanoplates,
in which Bi,Te; nanoplates build a large amount of interfaces
between them. Figure 2d is a representative HRTEM image,
and shows differently orientated highly crystalline nanoplates.
Besides, on the basis of the TEM statistical analysis, the Bi,Te;
nanoplates have a lateral diameter of 40 + 20 nm and a
thickness of 15 + S nm.

To understand the thermoelectric performance of the
synthesized Bi,Te; polycrystalline whiskers, detailed thermo-
electric evaluation was performed on the samples hot-pressed
from the whiskers at 400 °C. Figure 3a presents the
temperature-dependent ¢ of the hot-pressed sample, and
reveals that the o decreases slightly with increasing temperature.
The 6 peak value of ~57 800 S m™" is much higher than that of
reported solution-based Bi,Te;, such as polycrystalline nano-
tubes,?® nanorod bundles,® ultrathin nanowires,*> and nano-
string-cluster structures.>® Such a promising & can be attributed
to the high crystallinity and preformed a high density of
interfaces of Bi,Te; nanoplates in the polycrystalline whiskers,
as demonstrated in their structural characteristics (refer to
Figure 2). Figure 3b is the variation of S of the Bi,Te; hot-
pressed sample as a function of temperature, and shows the
negative sign of S, indicating the n-type conducting behavior. A
peak value of —153.5 yV K™' is obtained at 400 K, which is
comparable to the reported S values for other binary Bi,Te;
nanostructures, such as polycrystalline nanotubes,* ultrathin
nanosheets,”® mesoporous structures,”* and nanostring-cluster
structures.” Figure 3c gives the k profile of the Bi,Te; as a
function of temperature. As can be seen, a very low k (e.g., 0.74
W m™ K™ at 360 K) has been obtained, which is significantly
lower than that of bulk Bi,Te; (1.5—2.5 W m™' K).»
Especially, low k values of 0.3—0.41 W m™" K™! have been
obtained over the entire measurement temperature range. To
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Figure 3. Thermoelectric performances of Bi,Te; pellets hot-pressed from Bi,Te; polycrystalline whiskers at 400 °C: (a) g, (b) S, (c) «, (d) ZT, (e)

ZT reproducibility, and (f) ZT stability.

understand the reason for the low thermal conductivity, we
perform structural characterization on the obtained Bi,Te; hot-
pressed nanostructures. Figure 4a is a typical TEM image, and
shows that small grains with various orientations and with a
high density of interfaces can be retained after the hot-press
process. Due to the overlapping of the nanoparticles, the
particle interfaces observed by TEM are not as clear as those in
the solvothermal whiskers. Figure 4b is the HRTEM image of
the nanoparticles, and demonstrates their high crystallinity.
Therefore, the small highly crystalline nanoparticles inherited
from the polycrystalline whiskers and their corresponding high-
density interfaces in the hot-pressed nanostructures can
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significantly scatter the phonons and contribute to the
significant reduction of «;.

On the basis of these measurements, the Bi,Te; hot-pressed
nanostructures (pressed at 400 °C) exhibit relatively promising
ZT (higher than 0.46) over the entire measurement temper-
ature range of 300—420 K, with the maximum ZT reaching 0.71
at 400 K (Figure 3d). This value is higher or comparable to that
of other Bi,Te; nanostructures synthesized by various solution-
based methods, such as 0.236 for Bi,Te;—Te nanowire
0.43 for nanorod bundles® 0.62 for
ultrathin nanoplates,”® 0.7 for mesoporous monoliths,>* and
0.77 for nanotubes.”” We anticipate that the unique structural

21
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Figure 4. TEM images of the Bi,Te; hot-pressed nanostructures: (a)
typical TEM image showing the general morphology of the hot-
pressed nanostructures and (b) HRTEM image demonstrating their
high crystallinity.

design of the polycrystalline nanostructures, including a small
thickness and lateral dimension of the nanoplates, and the high
crystallinity with a very high density of interfaces are
responsible for the decreased thermal conductivity and
enhanced electrical conductivity, which synergistically lead to
improved ZT values. Moreover, the hot-pressing conditions
were adjusted to optimize the thermoelectric properties of the
whiskers. The Bi,Te; sample pressed at 350 °C (Figure SI,
Supporting Information) obtains a ZT value of 0.59 at 400 K,
which is inferior to that of the sample pressed at 400 °C (Figure
3). However, the k of the sample is also significantly reduced
compared to the bulk Bi,Te;,> indicating that the chemical
transformation is an effective approach in synthesizing Bi,Te;
microstructures with significantly reduced «.

As reproducibility and stability of thermoelectric perform-
ance is an important concern for any nanostructured
thermoelectric materials consolidated from solution-synthe-
sized nanomaterials, we measured the ZT of another Bi,Te,
hot-pressed sample (pressed at 400 °C) from different
synthesis batches (Figure 3e) and our first hot-pressed sample
in five consecutive evaluations (Figure 3f). It is found that the
ZT of the Bi,Te; samples stabilizes at a value of ~0.71 at 400 K,
indicating their high performance reproducibility and stability.
Therefore, it can be concluded that chemical transformation
has been demonstrated to be a rational approach to design and
synthesize Bi,Te; polycrystalline microstructures for enhanced
and stable thermoelectric performances.

4. CONCLUSIONS

Chemical transformation has been applied for the template
synthesis of Bi,Te; polycrystalline whiskers consisting of
interconnected thin nanoplates from In,Te; polycrystalline
whiskers. The hot-pressed nanostructures consolidated from
such Bi,Te; polycrystalline whiskers at 400 °C show low
thermal conductivity and good electrical conductivity, with a
promising ZT of 0.71 achieved at 400 K. This chemical
transformation strategy reported here can be extended to the
design and synthesis of other metal chalcogenide polycrystalline
whiskers with potential advanced properties.

B ASSOCIATED CONTENT

© Supporting Information

Figure showing the thermoelectric performances of Bi,Te;
pellets hot-pressed from Bi,Te; polycrystalline whiskers at
350 °C. This material is available free of charge via the Internet
at http://pubs.acs.org.
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