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T
o control material properties and to
understand mechanisms and phe-
nomena at the atomic scale are two

main ambitious goals of the current re-
search and development of advanced func-
tional materials. One step above that,
industrial innovation requires the develop-
ment of cost-effective processes able to
transform this control and understanding
into optimized or novel products. In this
context, the bottom-up assembly of nano-
particles (NP) offers a unique potential
not only to perform fundamental studies
with precisely controlled material param-
eters but also to produce artificial materials
with functional properties by design in a
cost-effective manner. In this scenario, the

outstanding degree of control over size,
shape, phase, and composition that colloidal
synthesis methods have achieved makes col-
loidal NPs particularly suitable building blocks
to prepare functional nanomaterials.1�6At the
same time, the advantageous processability,
low synthesis temperatures, large production
rates, and high production yields of solution-
processing methods offer unpaired opportu-
nities to fabricate low-cost devices.
Anespecially attractive application for nano-

materials and nanotechnology researchers
and developers is thermoelectricity. Ther-
moelectric energy conversion comprises
two very appealing attributes: an enormous
potential for economical and social impact,
and the need for material control at the
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ABSTRACT The bottom-up assembly of nanocrystals provides access to a three-

dimensional composition control at the nanoscale not attainable by any other

technology. In particular, colloidal nanoheterostructures, with intrinsic multiphase

organization, are especially appealing building blocks for the bottom-up production of

nanocomposites. In the present work, we use PbTe�PbS as the model material system

and thermoelectricity as the paradigmatic application to investigate the potential of

the bottom-up assembly of core�shell nanoparticles to produce functional nanocomposites. With this goal in mind, a rapid, high-yield and scalable

colloidal synthetic route to prepare grams of PbTe@PbS core�shell nanoparticles with unprecedented narrow size distributions and exceptional

composition control is detailed. PbTe@PbS nanoparticles were used as building blocks for the bottom-up production of PbTe�PbS nanocomposites with

tuned composition. In such PbTe�PbS nanocomposites, synergistic nanocrystal doping effects result in up to 10-fold higher electrical conductivities than in

pure PbTe and PbS nanomaterials. At the same time, the acoustic impedance mismatch between PbTe and PbS phases and a partial phase alloying provide

PbTe�PbS nanocomposites with strongly reduced thermal conductivities. As a result, record thermoelectric figures of merit (ZT) of∼1.1 were obtained

from undoped PbTe and PbS phases at 710 K. These high ZT values prove the potential of the proposed processes to produce efficient functional

nanomaterials with programmable properties.
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nanoscale to exploit this potential. Thermoelectric
energy conversion devices have an ample range of
current and potential applications: from precise tem-
perature control in countless areas to energy harvest-
ing for autonomous sensing devices and waste heat
recovery from industrial and domestic processes. How-
ever, in spite of their broad range of applications and
their unique advantages, thermoelectric devices are
banned from multiple potential markets because of
their relatively low efficiencies. Nanomaterials may
have the key to open these markets to thermoelec-
tricity. To date, nearly all high figure of merit thermo-
electrics are nanostructured.7�9 The confinement of
the lattice dimensions to the nanometer scale allows
improving thermoelectrics efficiency by promoting
phonon scattering at crystal interfaces. At the same
time, the selective scattering of the low-energy charge
carriers at crystal interfaces provides a path toward
higher Seebeck coefficients.10�13

Record thermoelectric figures of merit, up to ZT =
2.4, have been reported for superlattices produced by
thin film technologies such as molecular beam
epitaxy.14,15 However, because of their very lowgrowth
rates and material yields, such vacuum-based bottom-
up processing technologies are neither particularly
low-cost nor versatile for large-scale production. These
processes do not allow the production of nanocompo-
sites in bulk form either. Recently, cost-effective and
scalable methods suitable to produce high-efficiency
thermoelectric nanocomposites have been developed.
They are based on the spontaneous formation of
nanoscale inclusions by controlling the thermal history
of solid solutions.16�18 PbTe�PbS nanocomposites are
one of the best performing thermoelectric materials
obtained by this method.18�23 However, while such an
approach is excellent in particular systems, it is not
versatile in composition and it lacks control over the size,
composition, and phase of the nanocrystalline domains.
The bottom-up assembly of nanocrystal building

blocks is becoming a serious alternative to produce
thermoelectric nanomaterials.24�33 No other technol-
ogy has the potential to produce nanomaterials with a
comparable level of control over the size, shape,
composition, and phase of the crystal domains at the
nanoscale.34�40 In this scenario, nanoheterostructures
are particularly interesting building blocks, as they
allow producing highly homogeneous bulk nanocom-
posites in an easier manner. The availability of such
multiphase building blocks provides unprecedented
degrees of experimental freedom to create nanocom-
posites with programmed properties. The rational de-
sign and engineering of such bottom-up assembled
nanocomposites will allow developing the next gen-
eration of energy conversion and storage devices
having enhanced performances and lower costs.
We aim to demonstrate the potential of the bottom-

up assembly of nanoheterostructures to produce bulk

nanocomposites with enhanced functional properties.
In particular, we target the use of PbTe@PbS core�
shell NPs to produce PbTe�PbS nanocomposites with
high thermoelectric figures of merit. With this goal in
mind, we present here a rapid, high-yield, and scalable
colloidal synthetic route to prepare PbTe@PbS NPs
with unprecedented narrow size distributions and
exceptional control over their composition. PbTe@PbS
core�shell NPs obtained by this method were used to
produce (PbTe)1�x(PbS)x nanocomposites with tuned
composition (Scheme 1). The structural, chemical, and
thermoelectric properties of the obtained nanocom-
posites are presented and discussed.

RESULTS AND DISCUSSION

PbTe@PbS Nanoparticles. Colloidal synthetic strategies
to produce nanoheterostructures are generally highly
elaborated.34,38,41�57 To date, most colloidal synthetic
routes to produce core�shell nanoparticles are based
on two-pot processes not well suited for production
scale up. Moreover, most previous efforts to prepare
core�shell NPs were focused on the production of
shells just thick enough to passivate the core surface and
improvephotoluminescenceorprovidebiocompatibility.

We aimed at the development of scalable synthetic
routes suitable for the production of nanoheterostruc-
tures and bulk nanocomposites in an industrially re-
levant manner. For this purpose, we designed a one-
pot two-step procedure to prepare core�shell NPs at
the multigram scale. The one-pot procedure facilitates
up-scaling, maximizes production yield, andminimizes
the processing time and the number of purification
steps. An additional advantage of one-pot processes is
that they allow minimizing the core oxidation.

Our one-pot two-step procedure to prepare
PbTe@PbS NPs is as follows. In a first step, PbTe NPs

Scheme 1. Steps for the production of nanocomposites
from the bottom-up assembly of core�shell nanoparticles
with different shell thicknesses: (i) core�shell nanoparticle
preparation; (ii) nanoparticle assembly; and (iii) annealing
to produce a dense nanocomposite.
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were prepared by reacting Pb oleate with TOP:Te in
octadecene. Figure 1 shows representative transmis-
sion electron microscopy (TEM) micrographs of the
cubic PbTe NPs produced in two different 1 g batches.
In spite of the relatively high production scale, particle
size distributions with exceptionally low dispersions,
<10%,were systematically obtained (Figure 1 insets). In
a second step, without purifying or exposing the PbTe
NPs to air, the sulfur precursor was added to the crude
solution containing the PbTeNPs at room temperature.
Then, the temperature was gradually increased to
80 �C at 1.7 �C/min. We found that heating rates,
reaction temperatures, and sulfur source reactivity
determined the mechanism of formation of the PbS

shell. Large precursor reactivities or high reaction
temperatures promoted the Te replacement by S with-
in the PbTe core or the nucleation of independent PbS
crystals. Reaction conditions had to be carefully ad-
justed to promote the PbS shell growth on the PbTe
core surface. A solution of thioacetamide in dimethyl-
formamide was proven to be the most effective S
source for PbS shell growth. Figure 2A shows a repre-
sentative TEM micrograph of the PbTe@PbS core�
shell NPs produced. The detailed procedure system-
atically yielded core�shell NPs with narrow size dis-
tributions, <10% (Figure 2A inset). It must be pointed
out that all the NPs characterized and shown in the
present work were obtained from relatively large scale

Figure 1. TEMmicrographs of two batches of PbTe nanoparticles having average sizes of 8.5( 0.7 nm (A) and 11( 1 nm (B).
Insets display the histograms with the particle size distributions.

Figure 2. (A) TEM micrograph of (PbTe)0.28@(PbS)0.72 core�shell nanoparticles with crystalline PbS shells. Inset displays the
histogramof the particle size distribution. (B) HRTEMmicrograph of a (PbTe)0.28@(PbS)0.72 core�shell nanoparticle. (C) Power
spectrum analysis of the same (PbTe)0.28@(PbS)0.72 nanoparticle and PbTe and PbS crystallographic color maps.
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synthesis, producing up to 1�1.5 g of material in a
single pot. More details on the materials synthesis can
be found in the Materials and Methods section.

High-resolution TEM (HRTEM) micrographs re-
vealed cores and shells produced by this method to
be single crystalline (Figure 2B). Double points marked
by red and green circles in the power spectrum analysis
(FFT) resulted from the shell and core lattices, respec-
tively (Figure 2C). Core and shell had the same crystal
structure (S.G.: Fm3m) with identical positions of the
atoms in the unit cell but different cell parameters. The
lattice spacing shown in Figure 2C corresponds to the
(200) planes in altaite PbTe (0.323 nm, JCDP: 00-038-
1435) and galena PbS (0.297 nm, JCDP: 00-005-0592).
The coexistence of both crystal structures was con-
firmed by X-ray diffraction (XRD). Figure 3 displays the
XRD patterns of the (PbTe)1�x@(PbS)x (x = 0, 0.32, 0.40,

0.49, 0.72, 1) NPs with crystalline PbS shells produced.
No evidence of alloying, oxidation, or the presence of a
PbTeyS1�y interface layer could be obtained by either
HRTEM or XRD.

TEM micrographs of the core�shell NPs showed
variable contrasts within each NP. A range of different
contrast patterns was observed. We attributed these
contrast variations to different Moiré patterns pro-
duced depending on the NP orientation with respect
to the electron beam. Moiré patterns allowed us to
characterize in more detail the crystal interface be-
tween the core and shell lattices in PbTe@PbS NPs.
Moiré patterns depend on the mismatch between cell
parameters and the relative orientation between the
two superimposed lattices and between the lattices
and the electron beam. Figure 4 displays experimental
and simulated HRTEM images of NPs with different
Moiré patterns. Circular-like patterns (Figure 4A) are
characteristic of Moiré fringes occurring along both x

and y axes when the NPs are perfectly oriented along
the [100] zone axis. This is quite improbable due to the
random distribution of the NPs when lying on the
carbon grid, and thus few NPs showed such circular
patterns. Most NPs were characterized by stripe-like
Moiré fringes (Figure 4B, C, D). Stripe-like patterns are
generally associated with the superposition of two
lattices with the same cell parameter in one direction
and a slight difference in another. However, stripe-like
patterns were explained here by the slight rotation of
the NP from the exact zone axis. Figure 4B shows the
experimental and simulated core�shell NP rotated 2�
along the [010] axis from the [100] view direction, and
Figure 4C the same but with 5� rotations. Figure 4D
shows the result of rotating 2� along [010] and 2� along
[001]. From a thorough analysis of the Moiré fringes of

Figure 3. XRD patterns of (PbTe)1�x@(PbS)x core�shell
nanoparticles with x = 0, 0.32, 0.40, 0.49, 0.72, and 1.

Figure 4. Experimental images, simulated HRTEM micrographs, and atomic models of various PbTe@PbS core�shell
nanoparticles showing varied Moiré fringes associated with different orientations with respect to the [100] zone axis.
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a large number of PbTe@PbS NPs, we concluded that
all the cores and shell lattices had the same epitaxial
relationship: (010)[100]PbTe//(010)[100]PbS.

The shell crystallinity could be controlled by varying
the reaction kinetics during shell formation. PbTe@PbS
core�shell NPs with amorphous PbS shells were pro-
duced by boosting PbS nucleation at multiple PbTe
surface siteswhen injecting the S precursor at relatively
high temperatures: 80 �C (Figure 5, Supporting Infor-
mation, SI, Figure S1). Additionally, the shape of the
PbTe@PbS NPs was controlled by adjusting the degree
of faceting of the PbTe core and the thickness of the

shell. Small PbTe cores were quasi cubic with slightly
rounded corners. The growth of thick PbS shells on the
surface of such rounded PbTe nanocrystals resulted in
spherical core�shell NPs (Figures 3, 5). In contrast, the
growth of relatively thin PbS shells on the surface of
larger and highly faceted PbTe cores resulted in quasi-
cubic PbTe@PbS NPs (Figure 6). Figure S2 displays a
scheme summarizing the synthetic results in terms of
crystallinity and shape.

Most importantly, the developed method allowed
us to produce core�shell NPs with large shell thickness
(>5 nm) and an independent control over the NP size

Figure 5. (A) TEM micrograph of (PbTe)0.25@(PbS)0.75 core�shell nanoparticles having amorphous PbS shells. Inset displays
the histogram of the particle size distribution. (B) HRTEMmicrograph of a few (PbTe)0.25@(PbS)0.75 core�shell nanoparticles.
(C) Power spectrum analysis of a (PbTe)0.25@(PbS)0.75 nanoparticle and PbTe and PbS crystallographic color maps.

Figure 6. (A) TEM micrograph of (PbTe)0.60@(PbS)0.40 core�shell nanoparticles with quasi-cubic shapes. Inset displays the
histogram of the particle size distribution. (B) HRTEM micrograph of a few (PbTe)0.60@(PbS)0.40 core�shell nanoparticles. (C)
Power spectrum analysis of a (PbTe)0.60@(PbS)0.40 nanoparticle and PbTe and PbS crystallographic color maps.
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and composition. Having in mind their posterior ther-
moelectric characterization, we produced a set of
(PbTe)1�x@(PbS)x NPs with identical size but different
PbTe/PbS ratios. To accomplish this goal, we synthe-
sized PbTe cores with different diameters by varying
the PbTe growth temperature between 160 and 190 �C
but maintaining the same amounts of Pb oleate and
surfactants from batch to batch. Thus, large/small PbTe
cores obtained at high/low temperatures involved
small/large amounts of Pb oleate left in solution to
react with S in the second step. In this way, we limited
the shell growth by the concentration of Pb monomer,
obtaining core�shell NPs with the same diameter for
all compositions. Figure 7 displays representative TEM
micrograph of the set of (PbTe)1�x@(PbS)x NPs
produced.

PbTe�PbS Nanocomposite Formation. The set of
PbTe@PbS core�shell NPs with similar overall size
but different PbTe/PbS ratios displayed in Figure 7
was used to produce a set of (PbTe)1�x(PbS)x nano-
composites with x = 0.32, 0.40, 0.49, and 0.72. As
references, we also produced pure PbTe and PbS
nanomaterials from the processing of PbTe (11.2 (
1.0 nm) and PbS (6.1( 0.4 nm) NPs (Figures S3 and S4).
Once prepared, (PbTe)1�x@(PbS)x (x = 0, 0.32, 0.40,
0.49,0.72, 1) NPswere purified bymultiple precipitation
and redispersion steps until no redispersion was pos-
sible. At this point, most of the organic ligands used to
control the size and shape of the NPs during synthesis

had been removed. Purified (PbTe)1�x@(PbS)x NPs
were dried under vacuum to obtain a dark gray
nanopowder. This nanopowder was annealed at 500 �C
for 1 h under a dry argon flow to completely remove
residual organics. Elemental analysis showed the pres-
ence of approximately 1% of carbon in the annealed
materials. The annealed nanopowders were pressed
under 2 tons of force at room temperature to produce
dense (PbTe)1�x(PbS)x pellets. The obtained nanocrys-
talline pellets were silver-metallic in appearance and
had relative densities of 80%. Table 1 summarizes the
basic characteristics of the (PbTe)1�x(PbS)x nanocom-
posites produced.

The characterization of the annealing effect on the
nanocomposite structure was both challenging but
also necessary to understand the thermoelectric per-
formance of the obtainedmaterials. As proven by SEM-
EDX and HRTEM (Figure 8), the composition of the final
nanomaterials was highly homogeneous at the micro-
meter scale but contained a uniform distribution of
compositional inhomogeneities at the nanometer
scale. HRTEM analysis of the nanocomposites showed
them to contain PbS and PbTe crystal nanodomains
with sizes in the range 10�20 nm (Figure 8).

Figure 9 displays the XRD patterns of the set of
(PbTe)1�x(PbS)x nanomaterials studied. After the an-
nealing treatment, reflections from PbTe and PbS
phases still dominated the XRD patterns. However,
two newweak crystallographic reflections were observed.

Figure 7. TEM micrographs of the (PbTe)1�x@(PbS)x nano-
particles used for thermoelectric characterization. Scale bar
corresponds to 100 nm.

TABLE 1. Reaction Temperature (TR), PbTe Average Core Size (d), PbTe@PbS Average Nanoparticle Size (D), Chalcogen

Molar Content (Te, S), Sulfur Content in the Te-Rich Phase (y), and Te Content in the S-Rich Phase (z)

chalcogen content (%) y z

(PbTe)1�x(PbS)x x TR (�C) PbTe d (nm) PbTe@PbS D (nm) Te S PbTeyS1�y PbSzTe1�z

0 190 11.2 ( 1.0 11.2 ( 1.0 100 0 1 0
0.32 190 11.1 ( 1.0 14.4 ( 2.1 68.2 31.8 0.96 0.98
0.40 180 10.2 ( 0.8 14.2 ( 1.9 60.2 39.8 0.93 0.99
0.49 170 9.4 ( 0.9 14.3 ( 2.0 51.4 48.6 0.92 0.99
0.72 160 8.5 ( 0.7 14.1 ( 2.0 27.8 72.2 0.90 1
1 135 0 6.1 ( 0.4 0 100 0 1

Figure 8. HRTEM micrograph and color crystallographic
maps of (PbTe)0.28(PbS)0.72 nanocomposite: PbTe = green;
PbS = red.
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The new XRD peaks were identified as the (101) and
(110) plane reflections of PbO. Surprisingly, the pre-
sence of PbO was observed in all samples except pure
PbTe. A significant amount of oxygen is usually ob-
served at the surface of PbTe NPs when exposed to air
even during very short periods of time.27,58,59 There-
fore, we tentatively associated the absence of the PbO
phase reflections from the pure PbTe nanomaterial
with the amorphous nature of the thin oxide layer
potentially formed. The reason for the distinct crystal-
linity of the formed oxide over PbS and PbTe surfaces
can be found in the different surface termination of the
NPs prepared. On one hand, the surface of cubic or
quasi-cubic PbTe nanocrystals was saturated with Te.60

Oxidation of such Te-rich surfaces results in the forma-
tion of PbTeO3.

61,62 Since no evidence for such a crystal
structure was obtained by XRDor HRTEM,we speculate
that such an oxide layer was amorphous or very thin.
On the other hand, the surface of spherical PbS NPs like
those obtained here is Pb-rich due to the preferential

bonding of oleic acid to Pb sites.63,64 The oxidation of
the Pb-rich surface of PbS NPs most probably pro-
ceeded via the direct formation of PbO, which crystal-
lized during the thermal treatment.

While nanocomposites produced here conserved
both PbTe and PbS diffraction patterns after the ther-
mal treatment, we observed a slight shift of the PbTe
and PbS reflections toward higher and lower angles,
respectively. These shifts were associated with a partial
alloying during annealing. The refined lattice para-
meters calculated from the XRD data are plotted as a
function of the PbS content in Figure 10. Smaller lattice
parameters were obtained when increasing the PbS
concentration in (PbTe)1�x(PbS)x nanocomposites.
Figure 10 displays the lattice parameter trend consid-
ering Vergard's law for a complete solid solution.
Following Vergard's law, the alloying ratio for both
PbTe-rich and PbS-rich phases was calculated (Table 1).
This alloying was limited to 10% in the Te-rich
phase and to 2% in the S rich phase. This is consistent
with the very limited miscibility of the PbTe�PbS
system.23,65�67

Thermoelectric Properties. We characterized the elec-
trical conductivity (σ), Seebeck coefficient (S), and
thermal conductivity (κ) of the (PbTe)1�x(PbS)x (x = 0,
0.32, 0.40, 0.49, 0.72, 1) nanomaterials in the tempera-
ture range from 320 to 710 K. Table 2 summarizes the
thermoelectric properties of (PbTe)1�x(PbS)x nanoma-
terials at 320 and 710 K.

Electrical Conductivity and Seebeck Coefficient. Fig-
ure 11 displays the electrical conductivity and Seebeck
coefficient of (PbTe)1�x(PbS)x nanomaterials. The evo-
lution of the electrical conductivity with temperature
clearly indicated that charge carrier scattering at grain
boundaries and crystal interfaces played a dominant
role.13,27 Electrical conductivities activated through a
surface energy barrier (Ea) can be expressed as
follows:68 σ � T�1/2 exp(�Ea/kT). The results from the
fitting of this equation to our experimental data in the

Figure 9. XRD patterns of the (PbTe)1�x(PbS)x (x = 0, 0.32,
0.40, 0.49, 0.72, 1) nanomaterials.

Figure 10. XRD patterns and calculated lattice parameters for PbTe- and PbS-rich phases as a function of the (PbTe)1�x(PbS)x
nanomaterial composition.
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low-temperature range (T < 400 K) are displayed in
Table 2. The highest activation energy of Ea = 83 meV
was obtained for pure PbTe. This value is in the range
of activation energies previously measured for this
material (60 meV < Ea < 140 meV).27,13 The energy
barrier decreased with the PbS content within the
(PbTe)1�x(PbS)x nanocomposites (Figure 12). Pure
PbS nanomaterials displayed the lowest energy bar-
riers; Ea = 66 meV.

In the low-temperature regime, majority carriers in
PbTe and PbS had opposite signs. While PbTe dis-
played p-type conductivity, PbS had an n-type char-
acter. When both phases were intermixed within
(PbTe)1�x(PbS)x nanocomposites, holes from PbTe
and electrons from PbS compensated each other,
resulting in lower electrical conductivities and lower
absolute Seebeck coefficients than those of pure
PbTe and PbS nanomaterials. In this low-temperature
range, charge transport was dominated by holes in
(PbTe)1�x(PbS)x nanocomposites with x e 0.4 and by
electrons in (PbTe)1�x(PbS)x nanocomposites with
higher PbS contents (x > 0.4).

In nanomaterials with energy-activated charge car-
rier mobilities, the increase of the average carrier
kinetic energy with temperature eventually enables
charge carriers to overcome the potential barrier.

At this temperature, electrical conductivity is largely
enhanced. In pure PbTe the boost of electrical con-
ductivity was accompanied by an inversion of the
majority carriers' charge sign (Figure 11). At around
520 K a strong decrease of the Seebeck coefficient,
from positive to negative values, starts to take place in
PbTe. This is associated with an increasingly higher
density of electrons participating in the charge
transport within this material. At around 650 K the
electron contribution to the Seebeck coefficient com-
pensated the hole contribution. Negative Seebeck
coefficients were obtained at higher temperatures.
In (PbTe)1�x(PbS)x nanocomposites, charge carrier
compensation occurred at lower temperatures. For
(PbTe)0.68(PbS)0.32, the sign inversion in the Seebeck
coefficient took place at around 550 K and for
(PbTe)0.60(PbS)0.40 at just 450 K. In (PbTe)1�x(PbS)xwith
x > 0.4 a step change of the Seebeck coefficient toward
more negative values was also obtained in this tem-
perature range. This sign inversion or step change in
the Seebeck coefficient was accompanied by an in-
crease in electrical conductivity in the temperature
range from 450 to 650 K for all nanocomposites.

At relatively high temperature (T > 650 K), both
PbTe and PbS displayed n-type conductivity. In this
regime a synergistic contribution of the majority

Figure 11. Electrical conductivity (σ) and Seebeck coefficient (S) for (PbTe)1�x(PbS)x nanomaterials.

TABLE 2. Activation Energy for Electrical Transport in the Low-Temperature Range (Ea), Electrical Conductivity (σ),
Thermopower (S), Porosity-Corrected Thermal Conductivity (κ*), and Thermoelectric Figure of Merit (ZT = TσS2/κ) of

(PbTe)1�x(PbS)x Nanomaterials

x σ (S m�1) S (μV K�1) κ* (W m�1 K�1) ZT

(PbTe)1�x(PbS)x Ea (meV) 320 K 710 K 320 K 710 K 320 K 710 K 320 K 710 K

0 83 55 2370 362 �270 2.2 1.20 10�3 0.18
0.32 78 51 5510 184 �247 1.8 1.15 10�4 0.37
0.40 81 9.0 4380 1 �259 1.5 0.91 10�4 0.34
0.49 75 76 7730 �89 �232 0.85 0.61 10�4 0.86
0.72 71 12 12530 �89 �185 0.69 0.53 10�4 1.03
1 66 260 1180 �279 �306 1.2 0.77 10�2 0.18

A
RTIC

LE



IBÁ~nEZ ET AL . VOL. 7 ’ NO. 3 ’ 2573–2586 ’ 2013

www.acsnano.org

2581

charge carriers of both phases was observed, and
much higher electrical conductivities were obtained
for nanocomposites than for pure PbTe and PbS
nanomaterials. In the high-temperature regime mea-
sured, the electrical conductivity of (PbTe)1�x(PbS)x
nanocomposites increased with the PbS content. The
highest electrical conductivities were obtained for
(PbTe)0.28(PbS)0.72. For this material electrical conduc-
tivities up to 10-fold larger than PbS were measured.
Without intentional doping of any of the two phases,
(PbTe)0.28(PbS)0.72 reached electrical conductivities
up to 1.2 � 104 S m�1. This value is just slightly lower
than that reported by S. Johnsen et al. for 0.033%
PbCl2-doped PbS0.84Te0.16 nanomaterials obtained
through thermodynamic phase segregation: ∼2 �
104 S m�1 at 700 K.69

While in the present work PbTe and PbS phases
were not intentionally doped, a doping-like effect

occurred when mixing both semiconductors at the
nanometer scale.38�40 This nanocrystal-based doping
translated into larger electrical conductivities but slightly
lower absolute values of the Seebeck coefficient
(Figures 11, 12).

Thermal Conductivity. Thermal conductivity values
were calculated from thermal diffusivities obtained
using flash diffusivity measurements. In nanomaterials,
when calculating thermal conductivity from thermal
diffusivity data, the surface contribution to the molar
heat capacity needs to be taken into account.70 Heat
capacities were measured by a relaxation method. As
expected, the experimental heat capacity values ob-
tained from (PbTe)1�x(PbS)x nanomaterials signifi-
cantly exceeded the Dulong�Petit approximation (SI,
Figure S5). However, surprisingly lower heat capacity
values were obtained for nanocomposites when com-
pared to pure nanomaterials. The thermal conductivities

Figure 13. Thermal conductivity (A) andporosity-corrected thermal conductivity and electronic contribution to the corrected
thermal conductivity (B) of (PbTe)1�x(PbS)x nanomaterials.

Figure 12. Electrical conductivity (σ), Seebeck coefficient (S), porosity-corrected thermal conductivity (κ*), and thermoelectric
figure of merit (ZT) at 710 K and activation energy for electrical transport in the low-temperature range (Ea), as a function of
the PbS concentration in (PbTe)1�x(PbS)x nanomaterials.
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calculated from experimental heat capacities are dis-
played in Figure 13A. Very low thermal conductivities
were obtained for all the nanomaterials characterized.
These low thermal conductivity values were in part
associated with the material porosity. The porosity
contribution could be roughly estimated and removed
from the calculated thermal conductivities usingMaxwell-

Eucken's equation (SI).71�74 Figure 13B displays the por-
osity-corrected thermal conductivities (κ*). Taking into
account the intrinsic character of the two material com-
ponents, the electronic contribution to the thermal con-
ductivity (ke*) was calculated using the Wiedemann�
Franz (WF) law assuming the nondegenerated limit for
the Lorenz number (1.5 � 10�8 WΩ K�2).18,21,75,76

After porosity correction, thermal conductivities were
still exceptionally low.18,69 The thermal conductivity of
the pure PbTe nanomaterial was 1.2 W/mK at 700 K.
Thermal conductivity monotonically decreased with the
concentration of PbS in (PbTe)1�x(PbS)x nanocomposites
(Figure 12). The lowest thermal conductivity, 0.53Wm�1

k�1, was obtained for (PbTe)0.28(PbS)0.72 at 710 K. Slightly
higher thermal conductivities were obtained for PbS:
0.77 W m�1 k�1 at 709 K. This value still represents a
strong reduction with respect to the 1.5 W m�1 k�1 at
730 K reported for bulk PbS.

The very low thermal conductivities obtained were
associated with the efficient scattering of phonons at
the high density of grain boundaries and crystal inter-
faces within the (PbTe)1�x(PbS)x nanomaterials. In
nanocomposites, phonon scattering was further en-
hanced by the acoustic impedancemismatch between
PbTe and PbS phases. The incoherent nature of

Figure 14. Thermoelectric figure of merit (ZT) of
(PbTe)1�x(PbS)x nanomaterials.

Figure 15. Multiple measurements of the electrical conductivity (σ), thermopower (S), porosity-corrected thermal conduc-
tivity (κ*), and thermoelectric figure of merit (ZT) from the same (PbTe)0.28(PbS)0.72 pellet.
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interfaces in bottom-up-assembled nanocomposites
additionally enhanced phonon scattering efficiency.
Another parameter that may contribute to phonon
scattering within the produced (PbTe)1�x(PbS)x nano-
composites is the partial phase alloying detected.
Alloying or replacement of Te by S ions in PbTe and
of S by Te ions in PbS introduced high densities of
point defects. Taking into account the large difference
in size between Te and S ions, such replacement
may effectively scatter short-wavelength phonons
and thus contribute to further reduce the nanocompo-
site thermal conductivity. Phase alloying was stronger
the larger the concentration of sulfur in the nanocom-
posite. This experimental observation partially explains
the decrease of thermal conductivity with the increase
of the PbS content.

Thermoelectric Figure of Merit. Figure 14 displays the
thermoelectric figure of merit calculated for the different
(PbTe)1�x(PbS)x nanomaterials. The maximum ZT value
for pure PbTe and PbS nanostructuredmaterial obtained
was 0.18 at 700 K. A similar thermoelectric figure of merit
was reported for undoped bulk PbS.21 Nanocomposites
obtained from core�shell NPs were characterized by
figures of merit substantially higher than those of pure
PbTe and PbS nanomaterials. From the compositions
studied here, the nanocomposite with the largest figure
ofmerit was (PbTe)0.28(PbS)0.72. For this nanocomposite a
figure of merit ZT up to 1.07 at 700 K was calculated. The
larger figures of merit obtained for nanocomposites
when compared to pure nanomaterials were attributed
to two main effects: (i) a synergic effect between the
charge carriers of eachphase resulted innanocomposites
with electrical conductivities up to 1 order of magnitude
higher than purematerials; (ii) enhanced phonon scatter-
ing at multiple length scales provided nanocomposites
with significantly lower thermal conductivities.

Nanomaterials' stability and measurement repro-
ducibility are major concerns, particularly in bottom-
up-assembled nanocomposites. We tested the ther-
moelectric performance stability of the nanocompo-
sites by measuring the materials' thermoelectric
properties multiple times on different days. Figure 15
displays data obtained from measuring the thermo-
electric properties of (PbTe)0.28(PbS)0.72 four times. We
observed that after the first measurement higher
electrical conductivities and Seebeck coefficients
and lower thermal conductivities were obtained in

the low-temperature range. After the secondmeasure-
ment, thermoelectric properties remained unchanged.
We hypothesize that changes between the first and
next cycles may have its origin in a slight loss of
sulfur.77 At above 500 K small amounts of S may leave
the PbS surface during the measurement. The result of
such migration is a slight increase of the free electrons'
concentration and thus of the electrical conductivity. The
concentration of sulfur in the surface may be stabilized
after the first measurement as further measurements did
not show appreciable changes at either high or low
temperatures. It must be pointed out that such potential
sulfur loss was not detected by ICP or EDX.

CONCLUSION

A rapid, high-yield, and scalable colloidal synthetic
route to prepare PbTe@PbS core�shell NPs with un-
precedented narrow size distributions and exceptional
control over their composition was presented.
(PbTe)1�x(PbS)x nanocomposites obtained from the
bottom-up assembly of (PbTe)1�x@(PbS)x NPs were
highly homogeneous at the micrometer scale but
contained a high distribution of nanoscale inhomo-
geneities. These (PbTe)1�x(PbS)xnanocomposites were
characterized by higher electrical conductivities and
lower thermal conductivities than pure PbTe and PbS
nanomaterials. We associated the higher electrical
conductivities with a nanocrystal-based doping effect.
The lower thermal conductivities were explained by
the acoustic impedance mismatch between PbTe and
PbS phases, the incoherent nature of interfaces, and
the partial phase alloying. As a result, we obtained
nanocomposites with thermoelectric figures of merit
much higher than pure PbTe and PbS nanomaterials.
The design and engineering of nanocomposites by

the bottom-up assembly of colloidal building blocks is
a very recent research field. A lot of effort is still needed
to optimize and completely understand the perfor-
mance and properties of the nanomaterials produced
by thismethod. However, the high thermoelectric figures
of merit obtained here serve as an example of the
potential of the proposed processes to produce high-
performing nanomaterials. It also allows establishing the
bottom-up assembly of colloidal NPs as a serious ap-
proach to produce functional nanocomposites with un-
precedented and unparallel control over material phase
and composition at the nanometer scale.

MATERIALS AND METHODS

Chemicals. Lead(II) oxide (99.9%), oleic acid (OA, tech. 90%),
1-octadecene (ODE, 90%), tellurium shots (99.999%), thioaceta-
mide (ACS reagent, g99.0%), hexamethyldisilathiane (TMS2S,
synthesis grade), and N,N-dimethylformamide (DMF, g99%)
were purchased from Aldrich. Tri-n-octylphosphine (TOP, 97%)
was purchased from Strem. Methanol, acetone, hexane, chloro-
form, and ethanol were of analytical grade and obtained from

various sources. All chemicals were used as received without
further purification. All syntheses were carried out using stan-
dard airless techniques: a vacuum/dry argon gas Schlenk line
was used for the synthesis and an argon glovebox for storing
and handling air- and moisture-sensitive chemicals.

Preparation of PbS NPs. A modified approach of that used by
Hines et al.78 was used for the preparation of PbS nanocrystals.
Lead(II) oxide (2.94 g, 12 mM) and oleic acid (90 mL, 48 mM)
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were dissolved in 90 mL of ODE. This mixture was degassed at
RT and 100 �C for 0.5 h each to form a lead oleate complex.
Afterward, the transparent solution was flashed with argon and
heated to the reaction temperature (135 �C). At this tempera-
ture, 1.26 mL of TMS2S dissolved in 40 mL of ODE was rapidly
injected under argon gas flow. For the crystal growth the
reaction mixture was kept for 3 more min and then quickly
cooled to room temperature using a water bath.

Preparation of PbTe NPs. A modified approach of that used by
Murphy et al.79 was used for the preparation of PbTe nanocryst-
als. In a typical procedure, PbO (2.94 g, 12 mM) and OA (13.32 g,
4.75 mM) were dissolved in 90 mL of ODE. This mixture was
degassed at RT and 100 �C for 0.5 h each to form a lead oleate
complex. The solutionwas flushedwith Ar, and the temperature
was raised to 190 �C. Afterward 2 mL of 1 M TOP:Te was rapidly
injected. The reaction mixture was maintained between 160
and 180 �C for 3 min and then quickly cooled to room
temperature using a water bath. At this point an aliquot was
extracted to analyze the PbTe morphology.

Preparation of PbTe@PbS NPs with a Crystalline PbS Shell. Once the
crude solution containing the PbTe NP was at room temperature,
114mgof thioacetamide dissolved in 6mLofDMFwas added into
the flask. The NP solution containing the sulfur precursor was
heated to 80 �C at 1.7 �C/min andmaintained at this temperature
for 30 min. After cooling to room temperature, the NPs were
precipitated by centrifugation.

Preparation of PbTe@PbS NPs with an Amorphous PbS Shell. In this
case, the cooling procedure of the PbTe NP crude solution was
stopped at 80 �C; then the sulfur precursor (114 mg of thioace-
tamide dissolved in 6 mL of DMF) was injected. The NP solution
containing the sulfur precursor was maintained at 80 �C for an
additional 5 min. After cooling to room temperature, the NPs
were precipitated by centrifugation.

Preparation of PbTe�PbS Nanocomposites. The obtained PbTe@
PbS NPs were thoroughly washed by multiple precipitation and re-
dispersion steps, until they could not be redispersed in organic
solvents. At this point,most of the surfactants initially used to control
the nanoparticle size, shape, and solubility had been already re-
moved. Washed NPs were dried out under an Ar atmosphere. After-
ward, thenanocrystalswereheated to500 �Cfor2hunderanAr flow
inside a tube furnace. The resultingmaterial was pressed into pellets
(10 mm diameter; 1 mm thickness) under a load of 2 tons at room
temperature. All the pellets used in this study present densities
around 80% with respect to their theoretical value. To estimate the
densityvalue,weperformedgeometricmeasurementsandweighed
all the pellets accurately. Using the percentage of PbS and PbTe
present,wecalculate theexpected theoretical density for eachpellet.

Structural and Chemical Characterization. The samples were ana-
lyzed by means of HRTEM in a Jeol 2010F field emission gun
microscope operated at 200 kV. Nanoparticle core�shell atomic
models were created by using the Rhodius software,80 widely
used to model NW complex nanostructures.81�83

Thermoelectric Characterization. The samples used to measure
the electrical conductivity and the Seebeck coefficient were
rectangular parallelepipeds of about 10 � 13 � 1 mm3. The
Seebeck coefficient was measured using a static DC method.
Electrical resistivity data were obtained by the standard four-
probe method. Both the Seebeck coefficient and electrical resis-
tivity were measured simultaneously in a LSR-3 LINSEIS system in
the range between room temperature and 700 K, under a helium
atmosphere. The temperature dependence of the heat capacity
was measured by a relaxation method using a Quantum Design
physical properties measurement system (PPMS). Thermal con-
ductivity measurements were obtained from flash diffusivity
measurements in a Netzsch LFA-457 Microflash.
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