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A facile and controllable approach has been devised to synthesize PbSe–PbTe heterogeneous

nanostructures (HNSs). The defects could be modulated simply by controlling the addition of Se and Te

precursors. High-resolution transmission electron microscopy and electron energy-loss spectroscopy

show the defect structures in the interface and the distribution of PbSe and PbTe, respectively.

Geometric phase analysis based on HRTEM imaging reveals the strain distribution in the defect-free and

defect-containing PbSe–PbTe HNSs. The strain distribution and defects in the interface of the PbSe–

PbTe HNSs affect the Seebeck coefficient and the electrical conductivity of the PbSe–PbTe HNSs.
1. Introduction

Thermoelectric (TE) materials have recently attracted more and
more attention with increasing aggravation of the global energy
crisis and ever-growing demand for alternative green renewable
energy.1,2 Thermoelectric technology is able to achieve directly
reversible conversion between electricity and heat, which has been
recognized as a potential candidate to alleviate the energy and
environmental crises, and has been extensively studied worldwide.
However, large-scale commercialization of thermoelectric tech-
nology is still in its infancy because of the low energy efficiency.3,4

The effectiveness of a TE material is quantied by the
dimensionless gure of merit ZT ¼ (a2s/k)T, where a is the
Seebeck coefficient, s the electrical conductivity, k the thermal
conductivity, and T the absolute temperature of the material.5

Therefore, an ideal TE material should have high electrical
conductivity (s) to reduce Joule heat generation, and poor
thermal conductivity (k) while having a large Seebeck coefficient
(a), in order to achieve the maximum conversion between heat
and electricity. It is a knotty problem to combine these features
in a single material since they are restricted by each other. Most
previous work has shown that low-dimensional materials have
enhanced ZT values, resulting from the quantum size effect and
interface scattering of phonons.6–11 It is worth noting that the ZT
performance, governed by the thermoelectric factors, is
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essentially the external manifestation of the electrons, phonons
and their interaction, mediated by defects.12–14

Lead chalcogenides are considered to be the best materials
for use in TE refrigeration for their properties of low thermal
conductivities, high carrier mobility and highly symmetric
structures, which lead to large power factors.15,16 Numerous
reports have demonstrated that adjustment of the nanomaterial
interface by synthesizing heterogeneous nanostructure could
enhance the phonon scattering effect, leading to reduced
thermal conductivity.17–19 Compared with other chalcogenide
semiconductors, such as PbSSe,20,21 CdSe–ZnS22,23 and PbSe–
PbS,24–26 there are few reports on the synthesis of PbSe–PbTe
heterojunction nanoparticles (HNPs). The difference between
the activities of the elements Se and Te is relatively large, and as
a result synthesis of PbSe–PbTe HNPs is very difficult. Therefore,
it is very important to study the PbSe–PbTe nanoparticles, but
also very challenging. A large amount of efforts to enhance
thermoelectric performance have focused on strategies to reduce
the thermal conductivity through high band degeneracy15–17 or to
enhance the power factor or enhance interface scattering of
phonons by establishing low-dimensional and nanocomposite
TE materials owing to the quantum size effect.27–30

Fabrication methods signicantly affect the carrier concen-
tration and corresponding thermoelectric properties.31,32 In this
article, we report a facile and controllable approach for
synthesis of defect-free and defect-containing PbSe–PbTe HNPs
by controlling the addition of Se and Te precursors. When they
were added into the reaction separately at different times and
different temperatures, defect-free PbSe–PbTe HNPs were ob-
tained. When a mixture of Se and Te precursors was added into
the reaction, defect-containing PbSe–PbTe HNPs were
produced. Advanced electron microscopy has been employed in
this paper to investigate the structure details and growth
process of the as-prepared PbSe–PbTe HNPs. Electron energy-
RSC Adv., 2017, 7, 53855–53860 | 53855
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loss spectroscopy (EELS) has been utilized to investigate the
distribution of the diverse atoms and propose possible atomic
structural models. Moreover, point-defect structure has been
found in the interface of defect-containing PbSe–PbTe HNPs by
means of high-resolution transmission electron spectroscopy
(HRTEM) observation. Furthermore, geometric phase analysis
(GPA) shows that point-defects cause a very wide regional strain
distribution in the heterojunction structure, which affects the
Seebeck coefficient and electrical conductivity, further modi-
fying the thermoelectric properties of PbSe–PbTe HNPs.
2. Experimental section
2.1 Chemicals

Lead acetate (Pb(Ac)2$3H2O, 99.99%), selenium powder (Se,
99.99%), antimony beads (Te, 99.999%), tri-n-octylphosphine
(TOP, 90%), oleic acid (OA, 90%), oleylamine (OM) and octadecene
(ODE, 90%) were all purchased from Sigma-Aldrich. Anhydrous
ethanol and n-hexane were purchased from Shanghai Sinopharm
Chemical Reagent Co., Ltd. All chemicals were used as received.
Fig. 1 Schematic illustration of the formation of defect-free and
defect-containing PbSe–PbTe HNPs.
2.2 Synthesis of PbSe–PbTe HNPs

Synthesis of Se precursor. 0.079 g (1 mmol) of Se powder and
1 mL of TOP were loaded into a 5 mL tube, and then subjected
to ultrasonication to get a transparent solution.

Synthesis of Te precursor. 0.183 g (1.5 mmol) of Te beads,
1.5 mL of TOP and 1.5 mL of OM were loaded into a 25 mL ask,
and then heated to 200 �C using a standard Schlenk line. The
solution was degassed at 200 �C followed by switching to a nitrogen
ow to fully dissolve the antimony beads. Then the solution was
cooled to room temperature to get a transparent yellow solution.

Synthesis of defect-free PbSe–PbTe HNPs. Lead acetate
(0.379 g, 1 mmol) was added to a mixture of 1 mL of OA and 9mL
of ODE in a 50 mL three-necked ask. Aer pumping to vacuum
for 1 hour at 80 �C using a standard Schlenk line, the reaction
mixture was put under constant nitrogen ow and subsequently
heated to 140 �C at a rate of 15–20 �Cmin�1. Freshly prepared Se–
TOP stock solution (0.5 mL) was swily injected into the ask.
Aer injection, the temperature of the reaction mixture dropped
several degrees, and it was allowed to recover to the pre-injection
value. The overall reaction time aer injection was 10 min, aer
which the ask was cooled to 80 �C. Freshly prepared Te–TOP
stock solution (1.5 mL) was swily injected into the ask. The
reaction was carried out for 10 min at 80 �C, aer which it was
rapidly cooled to room temperature. The products were precipi-
tated by adding 15 mL of anhydrous ethanol to the reaction. The
crude product was washed three times by centrifugation with
more ethanol. Finally, the PbSe–PbTe heterogeneous nano-
crystals were dispersed in n-hexane for further characterization.

Synthesis of defect-containing PbSe–PbTe HNPs. These were
obtained using procedures similar to those used to prepare
defect-free PbSe–PbTe nanocrystals but replacing the addition of
Se–TOP and Te–TOP into the reaction separately at different
temperatures with the addition of pre-mixed Se–TOP and Te–TOP
into the reaction at the same time and at the same temperature of
140 �C and allowing the reaction to proceed for 10 min.
53856 | RSC Adv., 2017, 7, 53855–53860
2.3 Characterization

The samples were examined by X-ray diffraction (XRD) per-
formed on a Bruker D8 Advance X-ray diffractometer with Ni-
ltered Cu Ka radiation (40 kV, 40 mA). Transmission elec-
tron microscopy (TEM) and EELS were performed on a JEOL
JEM-2100F transmission electron microscope equipped with
a post-column Gatan imaging lter (GIF-Tridium) at an accel-
erating voltage of 200 kV. EELS data were recorded with a two-
dimensional back-illuminated charge-coupled device camera
(Gatan-894, 2k � 2k) with low read-out noise and negligible
dark count noise. To avoid electron channelling effects, the
selected grain was tilted slightly off the zone axis by 2�–4�. The
convergence angle was about 0.7 mrad (q z 0.04 �A�1) and the
collection angle was �3 mrad (q z 0.17 �A�1). EELS data were
acquired with a dispersion of 0.3 eV per channel for monitoring
the ne structure change of white lines. Scanning transmission
electron microscopy imaging (STEM-BF) was carried out using
the Gatan-777 package and the JEOL-STEM scanning system
(ASID-2000), in order to achieve the atom-to-atom EELS anal-
ysis. The spherical and chromatic aberration coefficients (Cs

and Cc, respectively) of the objective lens were 0.5 and 1.1 mm,
respectively. Digital micrograph soware (Gatan) was used for
image recording/processing. TEM tomography was recorded on
an FEI Tecnai G2 electron microscope operated at 200 kV.

The powder samples were mixed with poly(3,4-
ethylenedioxythiophene) (PEDOT):poly(styrenesulfonate) (PSS)
and soaked into a square piece of cotton (2 cm � 2 cm)
(Fig. S1†) for the electrical conductivity and Seebeck coefficient
measurements. The Seebeck coefficient was determined by the
slope of the linear relationship between the thermal electro-
motive force and temperature difference between the two sides
of each sample. Electrical conductivity measurement was per-
formed using a steady-state four-probe technique.
3. Results and discussion

Fig. 1 shows the schematic illustration of the formation of
PbSe–PbTe HNPs, and transmission electron microscopy (TEM)
images recorded at different magnications displaying the
overview morphology of as-synthesized PbSe–PbTe HNPs. As
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) HRTEM image of defect-containing PbSe–PbTe HNPs. (b)
Possible atomicmodel corresponding to the defect-containing PbSe–
PbTe HNPs showing defects in the interface. (c) EELS spectra of lead,
selenium and tellurium edges taken from the areas marked 1 and 2
in (a).
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can be seen clearly from high-resolution transmission electron
microscopy (HRTEM) images, PbSe–PbTe HNPs without defects
in the interface were obtained when Se–TOP and Te–TOP
precursors were injected into the solution separately. When the
(Se + Te)–TOP mixture of precursors was injected into the
reaction, some defects emerged in the interface of PbSe and
PbTe nanoparticles (NPs). The interplanar spacings of PbSe NPs
and PbTe NPs are about 3.0�A and 3.2�A, respectively (Fig. S2 and
S3†). The powder XRD patterns in Fig. 2 conrm that each of the
samples possesses a cubic structure. All the XRD peaks in
sample 1 and sample 2 can be indexed to the PbSe (PDF#06-
0354) and PbTe (PDF#38-1435), respectively. No impurity
peaks are observed, indicating the prepared nanoparticles have
high purity. In addition, a detailed energy dispersive X-ray
spectroscopy (EDS) analysis was performed for the PbSe–PbTe
HNPs (Fig. S4†). To further determine the chemical species in
the PbSe–PbTe HNPs, rigorous electron energy-loss spectros-
copy (EELS) analysis was carried out to get the elemental
distribution and the atom type (Fig. 3). The EELS spectra were
taken from areas 1 and 2 in Fig. 3a. The results demonstrated
that the Pb signal appeared in these two areas. At the same time,
Se and Te signals were detected from area 1 and area 2,
respectively (Fig. 3c), which further demonstrated the PbSe–
PbTe heterojunction structure. The lattice mismatch of PbSe
and PbTe is 5.5%, which indicates a semi-coherent interface. As
can been seen from the atomic model (Fig. S5†), when the
mixture (Se + Te)–TOP was added into the reaction, the interface
of the PbSe–PbTe HNPs obtained possessed defects (Fig. 3b).
The defect sites oen exhibited variation in the lattice param-
eters, leading to tensile stress or pressure stress in the particles.

In order to analyse the defects or strain distribution at the
heterojunction structure between PbSe and PbTe, the strain
eld surrounding the interface was measured by high-
resolution TEM and applying the geometric phase-analysis
(GPA) method. GPA enables a direct measurement of deforma-
tions at the atomic scale.33,34 Fig. 4a and c show typical phase
contrast high-resolution TEM images containing lattice fringes
Fig. 2 XRD patterns of the as-prepared defect-free and defect-con-
taining PbSe–PbTe HNPs.

This journal is © The Royal Society of Chemistry 2017
with a typical interfacial boundary between PbSe and PbTe,
respectively. Information about the strain eld was extracted
from these images using GPA, which is a lattice image pro-
cessing method for semi-quantitative spatially distributed
strain eld analysis. Geometric phase analysis was used to
investigate the variation in the lattice parameters and thus the
strain at and around interfaces and boundaries. To reduce the
potential artefacts of the strain analysis, it is necessary to obtain
high-quality, clear lattice images. Fig. 4b and d show the shear
strain map for the 3yy component, clearly indicating compres-
sive strain in the interface, which is periodically released at
mist dislocations. Fig. 4b and d present line proles taken
from PbSe to PbTe, which demonstrate the values of the strain
in PbSe are higher than in PbTe. Fig. 4e presents a line prole
taken across a dislocation core in the corresponding GPA map
(Fig. 4d). A rapid decrease in the compressive 3yy component is
noticed when moving away from the interface in the PbSe–PbTe
HNPs. This localized strain eld shows a difference of �15% in
the lattice parameters for the two phases, indicating that the
most important deformation of the lattice is concentrated in
two phases near the interface.

The electrical conductivity (s), Seebeck coefficient (a) and
power factor of the PbSe–PbTe HNPs mixed with PEDOT:PSS
have been characterized. The data are listed in Table 1. More-
over, Fig. 5 displays the temperature dependence of electrical
conductivity and Seebeck coefficient for the PbSe–PbTe HNPs.
The Seebeck coefficient follows nearly linear temperature
dependence up to 380 K and the room temperature Seebeck
coefficients are around 17.7 and 18.8 mV K�1 for defect-
containing PbSe–PbTe HNPs and defect-free PbSe–PbTe
HNPs, respectively. The electrical conductivity values of the
defect-containing and defect-free PbSe–PbTe HNPs are
constant, but the value for the defect-containing PbSe–PbTe
RSC Adv., 2017, 7, 53855–53860 | 53857
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Fig. 4 (a, c) HRTEM images of the defect-free and defect-containing
PbSe–PbTe HNPs, respectively. (b, d) The 3yy strain maps of the images
in (a) and (c), respectively. (e) The line-scan profile of the region
marked in (d).

Fig. 5 Temperature dependence of electrical conductivity (s) and
Seebeck coefficient (a) of the defect-free and defect-containing
PbSe–PbTe HNPs.

Fig. 6 Temperature dependence of power factor of the defect-free
and defect-containing PbSe–PbTe HNPs.
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HNPs at �496 S m�1 is larger than that of the defect-free HNPs
at �367 S m�1.

Fig. 6 shows the power factor (PF ¼ a2s) of the defect-
containing and defect-free PbSe–PbTe HNPs, which represents
the performance of the thermoelectric material. As the
temperature increases, the power factor slowly increases for
Table 1 The electrical conductivity (s), Seebeck coefficient (a) and pow

Temperature (K)

Defect-free PbSe–PbTe HNPs

s (mV K�1) a (S m�1)
Power
(mW m

293 18.8684 373.81093 0.13308
312 19.5703 368.73658 0.14122
328 20.0962 367.83532 0.14855
345 20.3395 367.76114 0.15214
360 20.6054 365.21388 0.15506
376 20.9273 361.14785 0.15817

53858 | RSC Adv., 2017, 7, 53855–53860
defect-containing and defect-free PbSe–PbTe HNPs. The
maximum values of power factor for defect-containing and
defect-free PbSe–PbTe HNPs are�0.183 and 0.158 mWm�1 K�2,
respectively. These results demonstrate that the electrical
conductivity and Seebeck coefficient can be manipulated by
means of defects in the interface.
er factor of the PbSe–PbTe HNPs

Defect-containing PbSe–PbTe HNPs

factor
�1 K�2) s (mV K�1) a (S m�1)

Power factor
(mW m�1 K�2)

17.8243 500.10782 0.15889
18.3384 494.72709 0.16638
18.7354 493.90037 0.17337
19.0369 493.32941 0.17878
19.1452 495.45742 0.1816
19.1795 498.14696 0.18324

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

In summary, we have developed a facile strategy to synthesize
defect-containing and defect-free PbSe–PbTe HNPs, which was
controlled by the addition of Se and Te precursors. The PbSe–
PbTe heterojunction structure and detailed elemental distri-
bution have been demonstrated by high-resolution TEM and
EELS. Furthermore, the defects presenting in the interface of
PbSe and PbTe have been directly imaged by GPA, conrming
the existence of a strain system and a change in Seebeck coef-
cient and electrical conductivity data. The defects cause lattice
distortion, changing the Seebeck coefficient, electrical conduc-
tivity and power factor, further modifying the thermoelectric
properties of PbSe–PbTe HNPs. All the results suggest that this
novel strategy may be a useful approach for tuning the ther-
moelectric properties of lead chalcogenides. Therefore, it has
great potential in the application of exible TE devices, and we
will investigate the TE properties of the devices based on our as-
prepared material in the future.
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