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hermoelectric semiconductors have

attracted much attention for their

applications in power generation
and solid-state refrigeration with many fea-
tures such as long life, no moving fluids or
moving parts, no emissions of toxic gases,
low maintenance, silent function, and high
reliability."? Due to the demands of more
efficient materials for alternative energy
production and utilization, an increasing
emphasis can be expected on the develop-
ment of advanced thermoelectric materials
which may play a key role in the future. Bis-
muth telluride (Bi,Tes)-based alloys are the
most commonly used thermoelectric mate-
rials at ambient temperature. There have
been persistent efforts to improve the ther-
moelectric performance of Bi,Te; and its
alloys3~3

Nanostructuring of thermoelectric mate-

rials is an effective approach to improve the
thermoelectric figure of merit (ZT), which
for commercial bulk materials typically is
around unity. The size dependence of the
physical properties becomes evident when
the size of the building blocks of the ma-
terial is reduced to nanometer scale.
Theoretical predictions and experimental
investigations have suggested that nano-
structuring of thermoelectric materials can
result in enhancements in ZT, owing to both
a high density of states and an increased
phonon scattering causing reduced lattice
thermal conductivity.* "> Quantum dot su-
perlattice structures, which have discrete
energy levels due to the quantum confine-
ment, potentially result in a more favorable
carrier scattering mechanism and a much
lower lattice thermal conductivity. The ther-
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ABSTRACT A simple biomolecule-assisted hydrothermal approach has been developed for the fabrication of
Bi,Te; thermoelectric nanomaterials. The product has a nanostring-cluster hierarchical structure which is composed
of ordered and aligned platelet-like crystals. The platelets are ~100 nm in diameter and only ~10 nm thick
even though a high reaction temperature of 220 °C and a long reaction time of 24 h were applied to prepare the
sample. The growth of the Bi,Te; hierarchical structure appears to be a self-assembly process. Initially, Te nanorods
are formed using alginic acid as both reductant and template. Subsequently, Bi,Te; grows in a certain direction
on the surface of the Te rods, resulting in the nanostring structure. The nanostrings further recombine side-by-
side with each other to achieve the ordered nanostring clusters. The particle size and morphology can be controlled
by adjusting the concentration of NaOH, which plays a crucial role on the formation mechanism of Bi,Te;. An
even smaller polycrystalline Bi,Te; superstructure composed of polycrystalline nanorods with some nanoplatelets
attached to the nanorods is achieved at lower NaOH concentration. The room temperature thermoelectric
properties have been evaluated with an average Seebeck coefficient of —172 V K=", an electrical resistivity of
1.97 X 1073 Om, and a thermal conductivity of 0.29 Wm~"K~".

KEYWORDS: self-assembly - hierarchical nanostructure - thermoelectric
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moelectric performance can be enhanced
by controlling the transport of phonons and
electrons in the superlattice materials. A
maximum ZT value of about 2.4 was ob-
served for a p-type Bi,Tes/Sb,Te; superlat-
tice thin film,* and a ZT value of 3 was also
reported for an n-type PbSeTe/PbTe quan-
tum dot superlattice.’® Despite the high ZT
values reported in superlattice structures, it
is difficult to use them in large-scale energy
conversion applications. It has been sug-
gested that the primary cause of ZT en-
hancement in superlattices can also exist in
random nanostructures,”® and hence, nano-
structured thermoelectric materials can
have an advantage when assembled into
desired shapes for device applications. Re-
cently, it was reported that a high ZT value
of 1.4 at 100 °C was achieved
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in a p-type nanocrystalline Bi,Sb,_,Tes bulk alloy pre-
pared by hot pressing of nanopowders that were pro-
duced by ball-milling of crystalline Bi,Sb,_,Tes ingots.®
The enhanced ZT value is mainly the result of a signifi-
cant reduction in thermal conductivity due to the
strong phonon scattering by grain boundaries and de-
fects in the nanostructures.

Various chemical synthesis methods have been re-
ported for preparation of Bi,Tes-based alloys, including
chemical alloying,'* reverse micelle chemistry,
microwave-assisted wet chemical methods,'®
electrodeposition,'”'® as well as other procedures.
Different morphologies of Bi,Tes, such as nanorods,?
nanotubes,5%° hexagonal platelets,'%?"%>2* and nano-
wires,?> have been reported using various chemical
routes. Among them, one of the convenient and highly
efficient methods for preparation of nanostructured
Bi,Tes-based materials is the surfactant-mediated solvo-
thermal/hydrothermal technique. Most work on solvo-
thermal or hydrothermal synthesis of Bi,Te; involves re-
duction of Bi and Te precursor compounds (or of
tellurium powder directly) by NaBH,,5%6 N,H,,% or or-
ganic solvents such as dimethylformamide (DMF)? or
ethylene glycol? in the presence of surfactants such as
cetyltrimethylammonium bromide (CTAB) or ethylene-
diaminetetraacetic acid (EDTA). However, the products
usually consist of large particles with broad size distri-
butions and multiple morphologies. The reason is prob-
ably that the reductive powers of the reducing agents
are too strong, making it difficult to control the process.

There has been an increased emphasis on the topic
of “green” chemistry and chemical processes.?**° Most
of the chemical routes for the preparation of Bi,Tes-
based compounds reported to date rely on toxic reduc-
ing agents such as hydrazine, NaBH,, or DMF and or-
ganic solvents. Environmentally benign reducing
agents and the nontoxic solvent media are some of
the key issues that merit important consideration in a
green synthetic strategy.*® As an example of a green
chemistry reducing approach, glucose has been re-
ported as the reducing agent in the synthesis of silver
nanoparticles.3® It has also been reported that the bio-
molecule alginic acid, which is a straight-chain polyu-
ronic acid, can be used as a mild reducing agent for syn-
thesis of single-crystalline tellurium nanowires.®'
Besides the reductive properties of the biomolecules,
they also have strong size or shape directing function-
ality in the reaction process, which can possibly be ex-
ploited to organize nanostructured materials with spe-
cial morphologies.

In this work, we introduce a green and high yield
(about 90%) hydrothermal method to prepare Bi,Te;
compounds with nanostring-cluster hierarchical struc-
tures using alginic acid as the reducing agent. The hier-
archical structure consists of well-oriented nanoplate-
lets with an edge length of ~100 nm and a thickness of
~10 nm. The sizes can be controlled by adjusting the
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Figure 1. Observed and calculated diffraction patterns and

the difference profile for the Bi,Te; powder prepared at

220 °C for 24 h in 0.2 M NaOH. Space group R-3m, a =

4.398(1) A, c = 30.48(1) A, z(Bi) = 0.4008(3), z(Te,) =

0.7924(2), R, = 6.84%, Rr = 5.69%.

concentration of NaOH. The formation mechanism, the
effect of NaOH concentration, as well as the thermo-
electric properties of the hierarchical nanostructured
Bi,Te; are reported.

RESULTS AND DISCUSSION

The phase purity and the crystallographic structure
of the products were determined by X-ray diffraction
(XRD). Structural Rietveld refinements were performed
on XRD data recorded on the Bi,Te; powder prepared at
220 °C for 24 h in 0.2 M NaOH. Figure 1 shows the ob-
served and calculated diffraction patterns and the dif-
ference profile. All of the detected peaks can be well in-
dexed to the rhombohedral Bi,Te; crystal structure
(JCPDS No. 82-0358), indicating that Bi,Tes; has been
successfully synthesized by the biomolecule-assisted
hydrothermal route. The observed relative intensities
of the (10 10) and (1 1 0) peaks are abnormal relative
to those of the calculated pattern (and also the JCPDS
card), indicating anisotropic growth of Bi,Te; during the
synthesis, which leads to preferred orientation effects
in the PXRD data measured on a flat sample holder. The
lattice parameters from the Rietveld refinement are a
= 4.398(1) A and ¢ = 30.48(1) A, in good agreement
with the standard data of a = 4.395 A and ¢ = 30.44
A32 The particle sizes were determined by the Scherrer
equation through fitting the peaks by a Lorentz func-
tion. A silicon standard was used to account for the in-
strumental broadening. The particle sizes calculated
along the [0 1 5] and [1 0 10] directions are around 46
and 28 nm, respectively, confirming the anisotropic
growth of the sample prepared at 220 °C for 24 h in
0.2 M NaOH. From the geometrical relationship be-
tween the [0 1 5] direction and the ab plane, the par-
ticle size along the ab plane is evaluated to be about 37
nm. Similarly, from the geometrical relationship be-
tween the [1 0 10] direction and the c-axis, the particle
size of the c-direction is calculated to be about 23 nm.
The results show that the particles of the product are
nanosized and have platelet-like structures.
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The morphologies and sizes of the products were in-
vestigated by field-emission scanning electron micros-
copy (FESEM) and transmission electron microscopy
(TEM). Figure 2a,b shows typical SEM images in differ-
ent magnifications of the Bi,Te; powders prepared at
220 °C for 24 h in 0.2 M NaOH. The SEM images show
a large number of hierarchical structures, each of which
consists of arrays of very small nanoplatelets. Details of
the hierarchical structures can be seen in the TEM im-
ages as shown in Figure 2¢,d. The hierarchical structures
consist of nanoplatelets which order and align into
strings. These strings connect side-by-side to form the
string clusters. Figure 2c shows a two-string cluster, and
Figure 2d shows a multi-string cluster structure. The
TEM images and the selected area electron diffraction
(SAED) pattern (see the inset of Figure 2d) suggest that
the nanoplatelets in the nanostring clusters possess an
orientational crystallographic relationship. If there had
been a random orientation between individual par-
ticles, electron diffraction rings would have been ob-
served rather than diffraction spots. Diffuse scattering
is observed pointing to a slight mismatch in crystallo-
graphic orientation of the stacked nanocrystals. The
nanoplatelets are uniform in particle size with diam-
eters of ~100 nm (or even smaller) and thicknesses of
~10 nm, which are much smaller than previously re-
ported Bi,Tes'® or Sb,Te;?* nanoplatelets, despite the
high reaction temperature of 220 °C and the long reac-
tion time of 24 h that were used in the present study.
The results are consistent with the XRD results.

The crystallographic relationship of the nanoplate-
lets and the local chemical composition were analyzed
by high-resolution TEM (HRTEM) and energy-dispersive
X-ray analysis (EDX). Figure 3a is a TEM image of the hi-
erarchical structure. The HRTEM image in Figure 3b
was taken from the edge area of this structure. The HR-
TEM clearly shows that the well-resolved 2D diffraction
fringes among the different platelets are uniform with a
plane spacing of 1.01 nm, which corresponds to the
(00 3) lattice planes in rhombohedral Bi;Tes. The result
indicates the nanoplatelets almost have the same orien-
tational relationship along the c-axis direction, which
may be explained by the anisotropic crystallographic
structure of Bi,Tes. The Bi,Tes crystal consists of a lay-
ered structure along the c-axis (parallel to the [0 0 3] di-
rection) with weak van der Waals bonds between the
neighboring Te layers. The crystal growth rate perpen-
dicular to the c-axis is much higher than that parallel to
the c-axis direction because the crystalline facets tend
to develop on the low-index planes to minimize the sur-
face energy. The dots shown in Figure 3¢,d represent
the chemical composition distributions of Te and Bi, re-
spectively, in the structure shown in Figure 3a. Bi and
Te are distributed homogeneously in the hierarchical
structure, indicating the structure is a Bi—Te
compound.
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Figure 2. (a,b) SEM images of the Bi,Tes hierarchical structures.
(c) TEM image of a two-string cluster. (d) TEM image of a multi-
string cluster hierarchical structure with the corresponding SAED
pattern as the inset.

Figure 4a is a TEM image showing another super-
structure which is also occasionally observed in the
sample prepared at 220 °C for 24 h in 0.2 M NaOH. Be-
sides the ordered nanoplatelets, some smooth nano-
rods are detected in the structure. It can be demon-
strated that the nanoplatelets with well-controlled
orientation are attached on the nanorods, which sug-
gests the nanoplatelets nucleate on and grow out of
the rods. Detailed EDX mapping analysis was performed
on the structure to study the local chemical composi-
tion. The dots shown in Figure 4b,c represent Te and Bi,
respectively. The mapping analysis gives direct evi-
dence of the chemical compositions for the rods and
platelets. Both elements Bi and Te are detected in the
area of the nanoplatelets, but only Te is detected in the
area of the rods. Therefore, it can be concluded that
the nanoplatelets are composed of Bi,Tes, while the
smooth nanorods are composed of elemental Te.

Figure 3. (a) TEM image of a hierarchical structure. (b) HRTEM image taken
from the edge area of the hierarchical structure. (c,d) EDX mapping analysis
of the element distributions of Te (c) and Bi (d) in the structure.
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Figure 4. (a) TEM image of the structure with nanoplatelets attached on the
nanorods. (b,c) EDX mapping of the element distributions of Te (b) and Bi (c)
in the structure.
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Figure 5. XRD patterns of the samples prepared at 220 °C in
0.2 M NaOH at different reaction times of 0.1, 0.5, 1, 2, 6, and
24 h.

Consequently, elemental Te is suggested to be an inter-
mediate product during the synthesis process. The
structure is similar to that reported by Lu et al. using a
high-temperature organic solution approach, and an
epitaxial orientation relationship between the platelets
and the matrix (Te rod) was suggested.?' This interme-
diate Te rod/Bi,Te; platelet composite morphology pro-
poses a possible formation mechanism of Bi,Tes hierar-
chical structure, which will be discussed later.

Figure 5 shows the XRD patterns of the samples pre-
pared at 220 °C at different reaction times with a NaOH
concentration of 0.2 M. According to the XRD results,
the hydrolyzed product BiOCl and elemental Te were
the main phases detected in the sample with a reac-
tion time of 0.1 h. In contrast, both Te and Bi,Te; were
found in the sample with a reaction time of 0.5 h. The
excessive Bi possibly exists as ions in the solution. Al-
most phase-pure Bi,Te; was detected after a reaction
time of 1 h. No metallic Bi was detected in the process;
therefore, a possible mechanism explaining the reac-
tion between TeO;2™ ions and metal Bi*" ions can be
suggested. TeOs?~ ions are first rapidly reduced into el-
emental Te by alginic acid under the hydrothermal con-

(@) (b)

dition in NaOH aqueous solution. Sub-
sequently, Te acts as an intermediate
product in the process to form Bi,Tes.
The formation of Bi,Te; appears to re-
sult from direct reaction of metallic Te
with either simple Bi** ions or complex
[BI(EDTA)]™ ions. The process is consis-
tent with the EDX mapping analysis of
the Te rod/Bi,Tes platelet structure
shown in Figure 4, where the Bi,Te; nanoplatelets are
grown from the Te nanorods. A similar reaction process
of Bi,Tes was previously reported.” The results also pro-
vide the direct evidence for the self-assembly of the
Bi,Tes hierarchical superstructure where intermediate
Te is used as templates as described below.

On the basis of the above analysis, a self-assembly
growth mechanism can be proposed for the formation
of the Bi,Tes hierarchical structures. Initially, Te nano-
rods are formed from TeOs?~ in a fast reaction using al-
ginic acid as reducing agent under the mild hydrother-
mal conditions (Figure 6a). In this step, alginic acid
might also serve as a template for the synthesis of the
Te nanorods. It has been proposed that a large number
of hydroxyl groups on the surface of alginic acid could
react with Te precursor to form chain-shaped interme-
diates which could decompose to form elemental Te
upon reduction. Thereby, the linear structure of the in-
termediates directs the growth of the Te nanorods.?' In
the next step, Bi;Tes nanoplatelets grow in a certain di-
rection using the Te rods as templates, as suggested in
Figure 6b. Because of the anisotropic crystallographic
structure, the Bi,Te; crystals tend to develop platelet-
like structure. Then, the Bi,Te; nanostrings are formed
with the growth of Bi,Te; nanoplatelets, while the Te
rods are diminished. Simultaneously, the strings con-
nect to each other side-by-side due to the combination
of nanoplatelets with certain orientation (Figure 6¢,d).
Finally, the single phase of Bi,Te; consisting of
nanostring-cluster hierarchical structures is formed
with well-ordered arrays (Figure 6e). The above self-
assembly of the hierarchical structure can even be veri-
fied by the different morphologies of the intermediate
products (shown in Figure 7).

Even smaller nanostructures of Bi,Te; can be ob-
tained when the concentration of NaOH is decreased.
Figure 8a,b shows the SEM and TEM images of the
sample prepared in 0.1 M NaOH at 220 °C for 24 h.

d

Figure 6. Suggested self-assembly mechanism of the Bi,Te; hierarchical nanostructure. (a) Te nanorods. (b,c,d) Te rod/Bi,Te;

platelet composites. (e) Bi,Te; hierarchical structure.
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Figure 7. SEM images of various morphologies suggesting the self-assembly process for the Bi,Te; hierarchical structure.
(a) Te nanorods. (b,c) Te rod/Bi,Te; platelet composites. (d) Bi,Tes hierarchical structure.

rod matrix. Both Bi and Te are detected
on the nanorods. The signals for Cu and
C peaks originate from the sample
holder.

Figure 9 shows the XRD patterns of
the samples prepared at 220 °C for 24 h
with different concentrations of NaOH.
As described above, almost single-phase
Bi,Te; can be obtained using 0.1 or 0.2

1.00 3.00 5.00

Energy (KeV)

Figure 8. (a) SEM image of Bi,Te; nanorods with some nanoplatelets attached
on the rods prepared at 220 °C for 24 h in 0.1 M NaOH. (b) TEM image and

SAED pattern. (c) HRTEM image taken from the selected rectangular area in
(b). (d) EDX spectra acquired from the selected circular area of the nanorod

matrix shown in (b).

Both the SEM and the TEM images show that the
products are composed of small nanorods with some
nanoplatelets attached to the nanorods. However, un-
like the structure shown in Figure 4a or Figure 7b,c, lo-
cal chemical composition analysis indicates that the
nanorod of this structure matrix is Bi,Te; rather than el-
emental Te, which agrees with the XRD result showing
a very pure phase in the product. TEM images and SAED
analysis show that the nanorod matrix is a polycrystal-
line structure. The polycrystalline Bi,Te; nanorods, com-
posed of small nanoparticles, have lengths up to 500
nm and diameters ranging from about 20 to 50 nm. The
particle sizes calculated from XRD are about 35 and 22
nm along (0 1 5) and (1 0 10), respectively. The results
show that the nanostructure prepared in 0.1 M NaOH is
much smaller than that prepared in 0.2 M NaOH. It is
found that the Te rods first formed in lower NaOH con-
centration are much smaller than those in higher NaOH
concentration, which probably affects the resulting
structure size of Bi,Tes. The well-resolved diffraction
fringes shown in the HRTEM image in Figure 8c indi-
cate that the nanocrystalline rods and the nanoplate-
lets almost have the same orientation relationships with
the direction of [0 0 3] parallel to the rods. Figure 8d is
the EDX result recorded from the polycrystalline nano-
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M NaOH. However, when the NaOH con-
centration is increased to 0.4 M, pure
phase of Bi,Te; cannot be achieved even
after a reaction time of 24 h at 220 °C. Im-
purities of metallic Bi and Te coexist in
this sample. A SEM image (Figure 10a)
shows that the sample consists of large
nanorods and small particles. When the
concentration of NaOH is further in-
creased to 0.8 and 1.6 M, the XRD pat-
terns show that well-crystallized Bi,Tes
is obtained. Larger particles with similar
morphologies are obtained for the two
samples prepared in 0.8 and 1.6 M
NaOH. Figure 10b is a typical SEM image of the sample
prepared in 1.6 M NaOH. The sizes of the particles are
approximately 100—300 nm. The difference in particle
size between the 0.1/0.2 M samples in comparison with
the 0.8/1.6 M samples agrees well with the XRD re-
sults. The broad XRD peaks observed for the samples
prepared in 0.1 and 0.2 M NaOH indicate that they are
composed of small particles, while the sharp peaks of
samples prepared in 0.8 and 1.6 M NaOH indicate large
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Figure 9. XRD patterns of the samples prepared at 220 °C
for 24 h with different NaOH concentrations of 0.1, 0.2, 0.4,
0.8, and 1.6 M.
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Figure 10. SEM images of the samples prepared at 220 °C for 24 h
in (a) 0.4 M and (b) 1.6 M NaOH.

particles. The NaOH concentration possibly affects the
reduction of Bi**, which influences the formation of
Bi,Tes. A separate experiment shows that Bi cannot be
reduced from Bi** in the absence of NaOH. Hence, it is
likely that the reduction of Bi is weak in NaOH concen-
trations of 0.1 and 0.2 M, such that the formation pro-
cess of Bi,Te; results from a reaction of metallic Te with
Bi** (or [Bi(EDTA)]™) ions. The rate of the reduction of
Bi is much faster in higher NaOH concentration. Both
metallic Bi and Te were detected as intermediate
phases in the synthesis using 0.8 and 1.6 M NaOH.
Therefore, in this case, the main reaction mechanism is
not the same as that at low NaOH concentration. The
Bi,Te; formation mechanism at high NaOH concentra-
tion is suggested to be as follows. First, TeOs?~ ions and
Bi** ions are reduced to elemental Te and Bi, respec-
tively. Second, the two elements react with each other
to form telluride products, a mechanism which is simi-
lar to the formation of CoTe nanowires.?® The two Bi,Tes
formation mechanisms probably coexist at the interme-
diate NaOH concentration of 0.4 M. However, the reac-
tivity for the combination between elemental Bi and Te
might be weaker in this case than at high NaOH con-
centration (0.8/1.6 M), and thus the metallic phases of
Bi and Te coexist with Bi,Tes in the product prepared in
0.4 M NaOH. Moreover, the NaOH concentration addi-
tionally affects the morphology and size of the interme-
diate products, the Te nanorods, which affect the final

morphology and the crystallite size of the Bi,Te;. It is
found that the Te nanorods formed in 0.4 M NaOH are
much larger than those formed in lower NaOH concen-
tration, and it becomes more difficult to consume all
of the Te rods. As a result, some smooth Te nanorods re-
main in the product prepared in 0.4 M NaOH. The con-
centration of NaOH, which affects the reduction rate of
Bi, the size of Te nanorods, as well as the formation
mechanism of Bi,Te;s, is important to form the hierarchi-
cal structure.

Because the intrinsic thermoelectric properties
of the hierarchical nanostructures are difficult to
evaluate, the Bi,Te; powders prepared at 220 °C for
24 hin 0.2 M NaOH have been sintered into bulk pel-
lets by spark plasma sintering (SPS) to measure the
thermoelectric properties. The thermopower of the
pellet was analyzed by a potential Seebeck micro-
probe (PSM) at room temperature. Figure 11 shows
the distribution of the Seebeck coefficient in the se-
lected area. An average Seebeck coefficient of
—172.22 wV K1 is achieved. The Seebeck coeffi-
cient has a broad distribution ranging from about
—120 up to —250 wV K~', which might be due to lo-
cal composition inhomogeneities in the sample.
The room temperature electrical resistivity and ther-
mal conductivity were also evaluated. An electrical
resistivity of 1.97 X 1073 (m and a thermal conduc-
tivity of 0.29 W m~" K™" have been achieved. The
nanostructure is expected to decrease the thermal
conductivity. Besides the very low density of the bulk
sample with a relative density of ~55%, the nano-
structure should also result in low thermal conduc-
tivity. The nanoplatelets obtained in the conditions
of 0.1 and 0.2 M NaOH are much smaller than most
of the previously reported Bi,Te; particles prepared
by hydrothermal methods, and the particle size can
further be controlled by adjusting the concentration
of NaOH. However, the ZT value of the bulk sample
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Figure 11. Thermopower resolution of the selected 0.71 X 1.10 mm? area at room temperature. An average Seebeck coeffi-

cient of —172.22 pV K™ is achieved.
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is limited by the relative high electrical resistivity,
which probably is due to the low quality of the bulk
sample with only about ~55% relative density. As a
result, a ZT value of 0.016 is obtained. The thermo-
electric properties should possibly be optimized by
adjusting the carrier concentration and achieving
high-quality bulk samples.

CONCLUSIONS

In summary, a green, facile, and high-yield
biomolecule-assisted hydrothermal approach has
been developed for the fabrication of Bi,Te; thermo-
electric materials. Nanostring-cluster hierarchical
structure of Bi,Te; was prepared at a reaction tem-
perature of 220 °C for 24 h in 0.2 M NaOH. The struc-
ture consists of ordered and aligned platelet-like
nanocrystals. The possible self-assembly growth

METHODS

All of the chemical reagents used in the experiment were
analytical grade. In a typical procedure for the synthesis of hier-
archical nanostructured Bi,Tes, 0.5 mmol EDTA was dissolved in
12 mL of distilled water in a Teflon-lined, stainless steel autoclave
with a capacity of 15 mL; 0.25 mmol BiCl; and 0.375 mmol K,TeOs
were mixed with 0.4 g of alginic acid in the above solution. Fi-
nally, NaOH was added to get the target NaOH concentration of
about 0.2 M. After stirring the solution for several minutes, the
autoclave was sealed and maintained at 220 °C for 24 h and then
allowed to cool in air to room temperature. The black products
were collected and washed with distilled water and ethanol by
centrifugation. The product yield is about 90%. Experiments with
different reaction times from 0.1 to 24 h and different NaOH con-
centrations from 0.1 to 1.6 M were also performed to further
study the formation mechanism of the hierarchical structure.

The X-ray diffraction (XRD) patterns were measured on a
STOE powder diffractometer using Cu Ka radiation (A = 1.5406
R). The morphology of the products was observed on a
NOVA600 field-emission scanning electron microscope (FESEM).
Transmission electron microscopy (TEM), high-resolution TEM
(HRTEM), and selected area electron diffraction (SAED) of the
structures were performed on a Philips CM20 microscope and a
JEM-2010F microscope. The local chemical compositions of the
structure were also analyzed on the JEM-2010F microscope with
an energy-dispersive X-ray (EDX) spectrometer. The Bi,Te; pow-
der prepared at 220 °C for 24 h in 0.2 M NaOH was sintered into
bulk by spark plasma sintering (SPS) at 350 °C under 40 MPa for
5 min. The thermoelectric power was measured by a potential
Seebeck microprobe (PSM)** at room temperature. The electri-
cal resistivity was measured by a four-probe method, and the
thermal conductivity was measured with a laser flash apparatus
(Netzsch LFA 457).
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