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ABSTRACT: N-type Bi2Te3 nanostructures were synthesized using a
solvothermal method and in turn sintered using sparking plasma
sintering. The sintered n-type Bi2Te3 pellets reserved nanosized grains
and showed an ultralow lattice thermal conductivity (∼0.2 W m−1 K−1),
which benefits from high-density small-angle grain boundaries
accommodated by dislocations. Such a high phonon scattering leads
an enhanced ZT of 0.88 at 400 K. This study provides an efficient
method to enhance thermoelectric performance of thermoelectric
nanomaterials through nanostructure engineering, making the as-
prepared n-type nanostructured Bi2Te3 as a promising candidate for
room-temperature thermoelectric power generation and Peltier cooling.
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■ INTRODUCTION

Solid-state thermoelectric cooling and power generation can
directly convert between heat and electricity without any
emissions or vibrational parts,1−5 offering the opportunity to
overcome the upcoming energy crisis. To achieve high-
efficiency energy conversion, extensive progress has been
made to improve the thermoelectric performance, which
governed by the dimensionless figure-of-merit ZT, defined as
ZT = S2σT/κ = S2σT/(κe + κl), where σ is the electrical
conductivity, S is the Seebeck coefficient, T is the absolute
temperature, and κ is the total thermal conductivity including
the contributions from electron (κe) and lattice (κl).

2,6−8

Intrinsically, an overall high ZT needs a large power factor
(S2σ), a low κ, or both. However, these transport properties (σ,
S, and κ) of thermoelectric materials are highly interdependent
and conflicted with each other, which make it a challenge to
optimize them to obtain an enhanced ZT.9−11 Up to now, band
engineering, including band convergence,2 quantum confine-
ment,12,13 tuning effective mass,14 and distorting the density of
states,15 have been extensively employed to improve S2σ to
achieve a high ZT, while another strategies, such as
nanostructure engineering16,17 or hierarchical architecturing,6

have been adopted to reduce κ.18

As one of the best thermoelectrics at room temperature
range,5,19−25 Bi2Te3 is a narrow band gap (∼0.15 eV)
semiconductor26 with high valley degeneracy and anisotropic
effective mass,26,27 resulting in an intrinsically high σ and S.
Bulk Bi2Te3-based materials have been reported with recorded
high ZT via introducing doping elements or ternary
phase19,22,28−31 to further increase σ and S, from which the
highest S2σ with 4.7× 10−3 W m−1 K−1 has been obtained by
doping or alloying Bi2Te3 with Se31 or Sb.22 However, the

relatively high κ of Bi2Te3-based bulk materials has become the
drawback to achieve higher ZT in bulk materials.28 Recently,
low-dimensional Bi2Te3 nanostructures20,24,25,32 have been
developed to target even high ZT according to the theoretical
predictions on quantum confinements12,13,33 to enhance S2σ
and nanostructuring to reduce κl.

34,35 Additionally, bulk Bi2Te3-
based materials are anisotropic thermoelectrics,28,30 while the
nanostructured Bi2Te3 materials tend to have isotropic
properties20,25 because of the random stacking of nanosized
grains. A low κl ≈ 0.3 W m−1 K−1 has been achieved in
nanostructured Bi2Te3 materials,17,32 but it is still crucial to
clarify the relationship between Bi2Te3 microstructure and the
increased phonon scattering to fully understand the mechanism
of κl reduction in nanostructured Bi2Te3.
In this study, nanostructure engineering was employed to

enhance the thermoelectric performance of nanostructured
pure Bi2Te3. Plate-like Bi2Te3 nanostructures were synthesized
via a solvothermal method, and then sintered by sparking
plasma sintering (SPS) with a short period of time to avoid
grain growth. During the SPS process, a high density of small-
angle grain boundaries accommodated by a high-density of
dislocations is formed, which strongly scatter the phonons and
in turn significantly reducing κl. As a consequence, an enhanced
ZT with a peak value of 0.88 at ∼400 K is obtained from
sintered sample. Such a value represents one of the highest
reported ZT value for n-type nanostructured pure Bi2Te3.
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■ EXPERIMENTAL SECTION
Analytical grade bismuth oxide (Bi2O3, 99.9%), tellurium dioxide
(TeO2, 99.999%), sodium hydroxide (NaOH, 99.99%), ethylene
glycol, polyvinylpyrrolidone (PVP, average molecular weight = 40 000)
were purchased from Sigma-Aldrich and used as precursors without
any further purification.
The detailed synthesis procedure is outlined as follows. First, 0.2 g

of PVP was dissolved in 18 mL of ethylene glycol to form a clear
solution, followed by the additions of 0.2330 g of Bi2O3 powders and
0.2396 g of TeO2 powders. The prepared solution was then mixed
with 2 mL of NaOH solution (5 mol/L), the resulting suspension was
stirred vigorously for 30 min, and subsequently sealed in a 125 mL
Teflon-lined steel autoclave. The autoclave was heated to 210 °C for
24 h and then naturally cooled to room temperature in air. The
synthesized products were collected by a high-speed centrifugation,
washed by the distilled water and absolute ethanol, and finally dried at
50 °C for at least 12 h.36,37

The crystal structures of as-synthesized products and sintered
pellets were characterized by X-ray diffraction (XRD), recorded on an
X-ray diffractometer (Bruker D8 Advance), equipped with graphite
monochromatized, Cu Kα radiation (λ = 1.5418 Å) was used). The
morphological, structural, and chemical characteristics of as-synthe-
sized products and sintered pellets were investigated by scanning
electron microscopy (SEM, JEOL 7800, operated at 5 kV for normal
SEM and 15 kV for backscattered SEM) and transmission electron
microscopy (TEM, Philips Tecnai F20, operated at 200 kV).
The as-synthesized Bi2Te3 powders were compressed by SPS under

50 MPa and heated at 550 K for 5 min in vacuum. The Archimedes
measured were performed to determine the density (d) and relative
density (95%) of sintered pellets.
The thermoelectric properties of sintered pellets were studied in

both parallel (∥) and perpendicular (⊥) to the press direction. κ was
calculated through κ= DCpd, where D and Cp, are the thermal
diffusivity and specific heat capacity, respectively. D was measured by a
laser flash method with a LFA 457 (NETZSCH). A DSC 404 F3
(NETZSCH) was used to measure Cp. σ and S were measured
simultaneously on a ZEM-3 (ULVAC). The uncertainty of the all
measurements (S, σ, and D) is estimated as ∼5%. The combined
uncertainty for the experimental determination of ZT is up to 20%,
and the standard deviation of the measured ZT from several different
samples is ∼3%.

■ RESULTS AND DISCUSSION

Figure 1a shows a typical XRD pattern of as-synthesized
products, which can be indexed exclusively as a rhombohedra
structured Bi2Te3 phase with lattice parameters of a = 4.386 Å
and c = 30.478 Å and a space group of R3 ̅m (JCPDS 15-
0863).25,36,37 There is no other diffraction peaks can be
observed, indicating the high purity of the as-synthesized
Bi2Te3. Figure 1b is a typical SEM image taken from as-
synthesized Bi2Te3, in which hexagonal plate-like nanostruc-
tures can be observed. The lateral size distributions of these
nanostructures are varied from 100 to several hundreds of
nanometres. Their typical thickness can be observed in the high
magnification SEM (Figure 1c), which is around 20 nm. The
crystal structure of Bi2Te3 nanoplates are further examined by
TEM (Figure 1d, f). Figure 1d is a TEM image of a typical
hexagonal-shaped Bi2Te3 nanostructure. From the high
resolution TEM image (Figure 1e), the measured periodic
fringe spacing of 0.22 nm corresponds to the lattice spacing
between the (112 ̅0) planes, which can be further confirmed by
the selected area electron diffraction (SAED) pattern (Figure
1f). The clear lattice fringes in Figure 1e indicate that the
nanostructure is well-crystallized.
To measure their thermoelectric properties, the as-synthe-

sized Bi2Te3 nanostructures were sintered using SPS to obtain

disk-like pellets. Their thermoelectric properties were measured
in the temperature range from 300 to 550 K. As mentioned
above, the bulk Bi2Te3 thermoelectrics showed anisotropy
properties. To clarify the nature of isotropy of our
nanostructures for their thermoelectric properties, the samples
were measured from both parallel (∥) and perpendicular (⊥) to
the press direction. Figure 2 shows various measurement
results. As can be seen in Figure 2a, the sintered Bi2Te3 shows
similar σ⊥ and σ∥. The highest σ of 7.2 × 104 S m−1 at 300 K is
comparable to reported results for pure Bi2Te3,

38,39 and then
keeps decreasing with increasing the temperature. The
measured S (Figure 2b) shows negative values, indicating an
n-type pellet. The S values determined from different directions
are also isotropic, reached the peak value of −143 μV K−1 at
∼400 K, which is comparable to the reported results.38 To
obtain κ, D (Figure 2c) and Cp (Figure 2d) were measured. The
sintered pellets have similar D∥ and D⊥, and so for the Cp,
leading to similar κ values (Figure 2e). The κ values of sintered
pellets are between 0.58 and 0.86 W m−1 K−1, which is
significantly lower than those of pure Bi2Te3,

40,41 but is
comparable to the best reported Bi2Te3-based materials.

20,32 To
investigate κe and κl, κe was calculated using κe = LσT, where L
is the Lorenz number.42 Here, L = 1.5 × 10−8 V2 K−2 is used for
estimating κe,

38,41 and the obtained κe is plotted in Figure 2f.

Figure 1. Characterization of as-synthesized Bi2Te3 nanostructures:
(a) XRD, (b) low magnification SEM image, (c) high magnification
SEM showing the thickness of a typical plate-like nanostructure, (d)
TEM image, (e) high resolution TEM image, and (f) [0001] zone-axis
SAED pattern.
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Using κl = κ − κe, the correspondingly κl can be obtained,
plotted in Figure 2e. From which, an ultralow κl between 0.2
and 0.37 W m−1 K−1 can be obtained, indicating that the
phonons have been strongly scattered. Benefiting from such a
low κ, the ZT⊥ reached the peak value of 0.88 at 400 K, while
the ZT∥ reached almost the same value (Figure 2g). The ZT⊥
value is very stable after several cycles of measurement (as
shown in Figure 2h) and similar ZT values can be obtained for
5 different samples (Figure 2i), suggesting that the sintered
samples are highly stable and durable.
To understand the fundamental reason for such a low κl,

detailed structural characterizations were performed on the
sintered pellets. Figure 3a is a XRD pattern, which can be again
indexed as rhombohedral structured Bi2Te3 without any
impurities. Figure 3b is a typal SEM image and shows that
the nanosized features were preserved in the sintered Bi2Te3,
and the Bi2Te3 nanostructures showed a random stacking with
each other. From the backscattered SEM image of the polished
sample (Figure 3b inset), no secondary phase and pores can be
observed, which confirms that the sintered pellets are high
purity and dense. Figure 3c and d are typical TEM images of
sintered Bi2Te3. Figure 3c shows that Bi2Te3 nanostructures can
stack to each other with the average thickness of the plate-like
grains being approximately 20 nm, resulting in a high density of

stacked grains. It should be noted that such a thickness is close
to the original Bi2Te3 nanoplates, indicating that no significant
grain growth occurring during the SPS process. Figure 3d
shows nanosized grains with clear gain boundaries, suggesting
the random stacking of the Bi2Te3 nanostructures in our pellets.
To better understand the structural characteristics at grain

boundaries, high-resolution TEM (HRTEM) investigation was
employed. Figure 4a is a TEM image showing several grains
stacked together. Figure 4b and c are HRTEM images taken
from inside a grain and a grain boundary, respectively. Figure
4b shows the grain is well-crystallized with measurable
periodicities of lattice spacings of 1 and 0.37 nm, which
respectively correspond to the lattice spacing between the
(0003) planes and (101̅1) planes. Figure 4c show a clear grain
boundary taken from two adjacent grains with two insets
showing the fast Fourier transform (FFT) patterns of the two
grains. As can be seen, the upper grain shows clearly lattice
image, precisely viewed along the [112 ̅0] direction and
confirmed by the inset FFT pattern. In contrast, the lattice
image of the bottom grain is relatively faint, suggesting there
exists misorientation between the two grains, which can be
further confirmed by the difference of two inset FFT patterns.
Figure 4d is another example, and the inset is the reversed FFT
images filtered by ±0001* reflections, in which two dislocations

Figure 2. Plots of temperature dependent thermoelectric properties of sintered Bi2Te3: (a) Electrical conductivity, (b) Seebeck coefficient, (c)
thermal diffusivity, (d) specific heat values, (e) thermal conductivity, (f) κ including the contribution of κe and lattice κl, (g) calculated ZT values, (h)
ZT measured for 5 cycles, and (i) ZT measured for 5 samples.
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can be clearly seen. A measured misorientation between these
grains is about 4.5 degree, which can be believed to belong to
small-angle grain boundaries. Their structural model is
illustrated by Figure 4e.43 The observed small grain
misorientation should be caused by the stacking of the plate-
like nanostructures under high pressure (50 MPa) during the
SPS process.
On the basis of above extensive structural characterizations

and analysis, we propose a following mechanism for such a low
κ, as illustrated in Figure 5. First, as demonstrated in Figure 3,
the nanosized Bi2Te3 grains have been well preserved without
significant grain growth during the sintering process. The
stacking of Bi2Te3 nanostructures under such a high pressure
during the SPS process leads to the formation of a high-density
of dislocations accommodated in the small-angle grain
boundaries of the sintered Bi2Te3 pellets. Such a high density
of structural defect features can significantly enhance the
phonon scattering in materials.43,44 In general, the transport of
phonons with low, intermediate and high frequencies
contribute to the κl according to the frequency-dependent
description of κl.

34 Especially, the intermediate frequency
phonons35 are believed to contribute the most of κl.

34 In our
sintered Bi2Te3 pellets, the existence of fine-grain nanostruc-
tures and a high density of dislocations accommodated in a
high density of small-angle grain boundaries can strongly block
the intermediate frequency and low-frequency phonons with
the mean free path of a few hundreds of nanometers or
larger,34,35 to remarkably reduce κl and to achieve an overall low
κ. It should be noted that point defects often play an important
role for the high frequency phonon scattering,44 and TeBi
antisite defects are often found in the as-prepared Bi2Te3 that
may contribute to the intrinsic n-type conductivity.45 There-
fore, their contributions should not be ignored. Interestingly,
our sintered pellets have shown comparable electrical transport
properties with reported Bi2Te3 thermoelectrics, indicating that
our sample may do not introduce significant change in point
defects compared with the reported Bi2Te3 thermoelectrics.
However, high density small-angle grain boundaries accom-
modated by a high-density of dislocations were observed in our
as-prepared Bi2Te3 pellets. As a consequence, we considered
that the significantly reduced κl found in our pellets should be
attributed to these high-density of small-angle grain boundaries
accommodated by a high-density of dislocations. As illustrated
in Figure 5, the scattering of phonons transition with long and
intermediate mean free paths was significantly enhanced by a
high-density of small-angle grain boundaries with a high-density
of dislocations, providing a full-spectrum phonon scattering
nanostructure. Consequently, κl is remarkably reduced, which is
the major contribution to secure a high ZT in our sintered
Bi2Te3 nanostructures.

■ CONCLUSION

In summary, hexagonal plate-like Bi2Te3 nanostructures with
uniform morphology have been synthesized by using a facile
solvothermal method. After the sintering, a high-density of
small-angle grain boundaries accommodated by a high density
of dislocations is formed due to the stack of plate-like Bi2Te3
nanostructures during the SPS process. These structural
features reduce the overall κ, and in turn lead to an enhanced
ZT of 0.88 at 400 K. This study suggests a strategy to further
enhance the phonon scattering of thermoelectric materials to
ultimately enhance their thermoelectric performances.

Figure 3. (a) XRD pattern for sintered Bi2Te3. (b) SEM image of
sintered Bi2Te3 with inset of backscattered SEM image of polished
sample. (c) TEM image of sintered Bi2Te3 showing the stacking of
nanosized grains. (d) TEM image of sintered Bi2Te3 showing
nanosized grains with clear grain boundaries.

Figure 4. (a) TEM image of sintered Bi2Te3 showing nanosized grains
and grain boundaries. (b) HRTEM image showing clear crystal lattice
within the grain. (c) HRTEM image showing the grain boundary with
the inset FFT patterns showing slightly misorientation between two
grains. (d) HRTEM image and reversed FFT image showing
dislocation cores. (e) Schematic showing the formation of small
angle grain boundary with high density of dislocations.
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