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ABSTRACT: We report a robust method for synthesis of
monodisperse PbSeTe single ternary alloy and core/shell
heterostructured nanocubes, respectively. The key synthetic
strategy to produce such different classes of nanocubes is to
precisely control the time of reaction and successive growth.
The crystallinity, shape/size distributions, structural chara-
cteristics, and compositions of as-prepared nanocubes, both
ternary alloy and core/shell, were carefully studied. A
plausible growth mechanism for developing each type of
lead chalcogenide nanocubes is proposed. These delicately
designed PbSeTe nanoscale architectures offer tunable
compositions in PbSeTe ternary alloy and nano-interfaces
in core/shell nanocubes, which are the critical factors in con-
trolling thermal conductivity for applications in thermoelectrics.

any recent advances in enhancing the thermoelectric figure
Mof merit (ZT = $*0T/x) can be attributed to the nano-
components presented. For example, quantum-confinement
effects in the nanomaterials could enhance the Seebeck coeffi-
cient (S) as well as the electrical conductivity (o), while
nanoscaled internal interfaces may reduce the thermal conduc-
tivity () in their respective scattering lengths." Lead chalcogen-
ides, especially PbSe and PbTe, are ideal materials for thermoelectric
applications due to their large Bohr exciton radii (stron§
quantum-confinement effects) and low thermal conductivity.”
Numerous research reports have indicated that the thermal
conductivity could be further lowered by either introducing a
third component into the building blocks to form a ternary alloy
(e.g, PbSeTe) or even a quaternary alloy, or fine-tuning the
“nano-interfaces” to form heterostructures (e.g,, core/shell) due
to their boundary-enhanced phonon scattering effects.”*~® One
of the innovative approaches in colloidal chemistry that enables
the fabrication of lead chalcogenides nanocrystals with size and shape
control is organic solution-based high-temperature synthesis.”'°
The resultant nano-building blocks, with controllable spatial
distribution and modulated compositions, were demonstrated
as superior thermoelectric materials in solid-state cooling and
electrical power generation devices."*>'! In comparison with
preparation of other types of complex chalcogenides, such as
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PbSSe,'>'* CdSe-ZnS,"* and PbSe-PbS,'*"S fewer publications
on the synthesis of high-quality ternary alloy or core/shell
heterostructured PbSe and PbTe are available,'® probably due
to the large difference in the reaction activity between Se and Te.

In our previous studies, we successfully prepared various lead
chalcogenide nanostructures (e.g., PbSe nanocubes, PbTe nano-
cubes, PbSe:Mn nanoarrays).'”>° These achievements encour-
aged us to explore the possibility of extending this synthetic
strategy to produce PbSeTe ternary alloy and core/shell nano-
structures, which possess unusual physical characteristics for
sustainable energy resource exploration. Considering that the
reactivity of Te-TOP is higher than that of Se-TOP (Te has a
weaker electron-accepting capability versus Se,” and therefore
Te-TOP is relatively unstable), it is possible to harvest either
PbSeTe ternary alloy or core/shell heterostructured nanocubes
by simply adjusting the relative formation times of PbSe and
PbTe when PbTe is designed to diffuse into or grow on existing
PbSe nuclei. Herein, we present a successive growth approach
utilizing the activity difference between Se and Te precursors to
obtain two unique nanostructures composed of PbSe and PbTe.
Other experimental parameters, such as the influence of pre-
cursor ratio on the composition of PbSeTe ternary alloy nano-
cubes, are also investigated.

Nanocrystal synthesis was conducted under an Ar atmosphere
using a standard air-free Schlenk line technique. Based on our
previous strategy with improved processing control,'’” *° a
sequential injection method was developed to prepare PbSeTe
ternary alloy and core/shell nanocubes in this work. (1) For
PbSeTe ternary alloy nanocubes, in a typical experiment, 3 mmol
of Pb-oleate was prepared first (experimental details are given in
the Supporting Information (SI)). After that, 2.8 mL of Se-TOP
(1 M) and 14.0 mL of diphenyl ether were heated to 200 °C for
10 min, and the as-prepared Pb-oleate solution was rapidly
injected into this system to form PbSe nuclei. At the 11th sec
after such an injection, a black transparent solution was observed,
and 0.2 mL of Te-TOP solution (1 M) was then introduced
immediately. Reaction in the system was ceased 6 min after the
Te-TOP injection by promptly replacing the heating source with
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Figure 1. Images of PbSeTe single ternary alloy nanocubes. (a) TEM
image; inset is an SAED pattern. (b) HR-TEM image and (c) HAADF-
STEM EDS line scan profile of an individual nanocube. (d—g) Ele-
mental maps of Pb (red), Se (purple), Te (green), and Se+Te overlap,
respectively; scale bars represent 20 nm.

a cold water bath. These nanocubes, denoted as Pb;Se, 3Teg 5,
were eventually stored in hexane, forming a colloidal solution. By
tuning the ratio between Se-TOP and Te-TOP within a total
amount of 3 mmol while the other conditions were kept the same,
various PbSeTe ternary alloy nanocubes, denoted as Pb;Se; sTe s,
Pb3S€2A5T30.5, Pb3Se2,6Te0,4, Pb3Se2.7Teo'3, Pb3S€2.8Teo_2, and
Pb;Se, oTey 1, were prepared using this method. (2) For PbSeTe
core/shell nanocubes, the procedure for their preparation is
almost the same as above, except that 0.2 mL of Te-TOP (1 M)
was injected into the system 4 or S min after the formation of
PbSe nuclei (rather than at the 11th sec).

Figure la shows a typical transmission electron microscopy
(TEM) image of PbSeTe ternary alloy nanocubes, demonstrat-
ing a perfect cubic morphology and relatively uniform size
distribution with an average side length of 11.0 £ 0.5 nm
(based on SO nanocubes). It also exhibits a “square-ordered”
pattern: each nanocube is surrounded by four other neighboring
nanocubes, showing a specific pattern in the nanocube mono-
layer. Due to their uniformity in both size and shape, PbSeTe
single ternary alloy nanocubes can also be assembled into multi-
layered supercrystals with characteristic dimensions on the order
of micrometers, as illustrated in Figure S1. Scanning electron
microscopy (SEM) observation suggests that the surface of this
supercrystal possesses many common features as in the case of
atoms on a crystal surface, such as terraces, ledges, and kinks.
Looking along the direction perpendicular to the wafer surface,
the array of all the nanocubes appears flat with respect to the
substrate surface, which was classified as a “simple cubic super-
crystal”.>** A selected-area electron diffraction (SAED) pattern
is also provided, which shows the nanocubes are all [001]
oriented and well aligned to exhibit textured features. Careful
inspection, with astigmatism corrected and well in focus, reveals a
single lattice; i.e., all the reflection spots are in the rings from a
single lattice. High-resolution TEM (HR-TEM) of a PbSeTe
single ternary alloy nanocube (Figure 1b) shows clear lattice
fringes, with an interfringe distance of ~3.18 A over the entire
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Figure 2. (Left) XRD patterns of (a) PbSe nanocubes, (b) PbTe nano-
cubes, (c) Pb;Se, 4 Tey, single ternary alloy nanocubes, and (d) mixture
of PbSe and PbTe nanocubes. Standard patterns from ICDD PDF cards
(06-0354 for PbSe in red and 38-1435 for PbTe in green) are shown
at the bottom. (Right) XRD patterns of (e) Pb;Se; sTe; 5 nanocubes,
(f) PbsSe, sTey s nanocubes, (g) PbsSe, ¢Tey, nanocubes, (h) PbsSe,,Tegs
nanocubes, and (i) Pb;Se, gTe,; nanocubes together with (c) PbSe, sTey,
nanocubes as reference, as well as the corresponding ICP-OES plot of the
molar ratio of Se/(Se+Te) in final products as a function of that in the
precursors. All of the samples for XRD characterizations were assembled on a
polished 25 mm Si (100) wafer.

nanocube surface, which falls between the {200} lattice spacings
of PbSe (3.06 A) and PbTe (3.23 A). This analysis suggests that
the as-prepared PbSeTe is a uniform alloy without a hetero-
geneous structure. High-angle annular dark-field imaging in the
scanning TEM (HAADF-STEM) mode energy dispersive X-ray
spectroscopy (EDS) line scanning analysis (Figure 1c) also reveals
the compositional variation over a single nanocube. The EDS
intensity profiles of Pb, Se, and Te were plotted as a function of the
distance crossing the nanocube, showing uniform distributions of Pb,
Se, and Te through the scanned area. This further verifies a ternary
alloy structure in the as-formed PbSeTe. Images in Figure 1d—g show
the electron energy loss spectroscopic (EELS) elemental mapping
results for Pb (red), Se (purple), Te (green), and the Se+Te overlap,
indicating an even distribution for both Se and Te elements. This is an
additional piece of evidence to confirm the ternary alloy structure.
To further examine the microstructures of these nanocubes, a
typical X-ray diffraction (XRD) pattern of Pb;Se, ¢Te(, nano-
cubes is presented in Figure 2c (left panel). For comparison with
this pattern, XRD traces of PbSe nanocubes*® (Figure 2a), PbTe
nanocubes™® (Figure 2b), and their mixture (Figure 2d), standard
patterns from ICDD PDF cards (Figure 2, bottom of the left
panel), as well as traces recorded from two classes of typical
nanocubes without assembly (Figure S2, all the detectable XRD
peaks were shown) are also given. In each of these assembled
patterns, only one strong peak, indexed to the (200) plane, is
observed, indicating that these nanocubes align perfectly on the
surface-polished Si wafer with {100} texture.*”***> This
results in a significant enhancement of (200) peaks and absence of
other peaks. This macroscale observation further supports that
the nanocubes terminated with {100} facets are dominant in the
final products. The position of the (200) peak in the pattern of
Pb;Se, sTeg, nanocubes (Figure 2¢) implies formation of a
PbSeTe ternary alloy rather than mixed phases of PbSe and
PbTe (Figure 2d), as the single peak is located between those of
pure PbSe (Figure 2a) and PbTe nanocubes (Figure 2b) and no
diffraction signal of PbSe and/or PbTe was detected in Figure 2c.
PbSeTe single ternary alloy nanocubes with adjustable com-
positions were also prepared by precisely tuning the ratio between
the chalcogenide precursors, Se-TOP and Te-TOP. XRD patterns
of the samples including (e) PbsSe; sTe, s, (f) PbsSe, sTeqs, (g)
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PbsSe; sTe.q) (h) PbsSe; 7 Teo 3, (C) PbsSe; sTeg., and (1)
Pb;Se, 9Te( ; nanocubes, together with their corresponding induc-
tively coupled plasma optical emission spectrometric (ICP-OES)
results, are shown in the right panel of Figure 2, revealing clearly
that the XRD patterns shift to higher positions of 20 with
increasing Se/Te ratio in precursors. (For comparison purposes,
only selected ranges of the XRD patterns are presented.)”* This
is in good agreement with Vegard’s law. The actual molar percen-
tage of Se (Se/(Se+Te)) in the final products was determined
through ICP-OES analysis and is plotted as a function of the
input values in their precursors (also refer to Table S1). This
curve indicates a crucial window for the molar ratio of Se/(Se+Te)
in the precursors, from 0.83 to 0.93, to harvest PbSeTe ternary
alloy nanocubes. Beyond this input window, almost pure PbTe or
PbSe nanocubes would be produced, and no linear relationship
between the input and product can be found. For example,
incorporation of 93 atom% Se in the precursors resulted in
PbSeTe ternary alloy nanocubes with 12 atom% Se only, whereas
the Se composition in the products rapidly increased when the
amount of Se in the precursors was increased to ~95 atom% or
higher. It should be noted that, due to the large difference in
reactivity between Se and Te precursors, PbTe was the only product
presented with no observable Se component when both Se and Te
precursors (Se-TOP and Te-TOP) were simultaneously added into
the reaction system without using the as-developed successive
growth method, regardless of the molar ratio of Se/(Se+Te)
precursors. This observation indicates that the as-developed se-
quential injection method is an essential strategy to “drag” the Se
ions into PbTe lattices to form PbSeTe ternary alloy nanocubes.

It is believed that the size of PbSe nuclei should be pretty small
at the time when Te-TOP is rapidly introduced into the reaction
system. In that case, complete diffusion of Te into the PbSe
lattice is possible to ensure formation of uniform PbSeTe ternary
alloy nanocubes. The mechanism of this growth process is
supported by XRD study on the in situ isolated intermediates.
Figure S3 shows that the (200) peak downshifts gradually,
indicating an increased Te composition in the samples as the
reaction is proceeding. As discussed above, the initial formation
of PbSe nuclei is the key to obtaining PbSeTe ternary alloy
nanocubes; however, there is an upper limit for the size of PbSe
nuclei. If the reaction time for PbSe growth is longer, PbSe nuclei
will accordingly be larger, making the complete diffusion of Te
atoms into PbSe nuclei more difficult. Further extension of the
PbSe growth time to a certain value (4 min in this case) could
result in growth of PbSe to a critical size that allows only partial
penetration of Te atoms, introduced on a delayed time scale, into
the PbSe lattice. Instead of diffusion into PbSe with such “hard
cores”, the “freshly” introduced Te precursors prefer to form
“shells” with the presence of Se residuals, generating hetero-
structured PbSeTe core/shell nanocubes. Figure 3 summarizes
both reaction mechanisms proposed above.

When Te-TOP was injected 4 min (or later) after PbSe
growth, heterostructured nanocubes rather than PbSeTe ternary
alloy nanocubes were produced. As illustrated in Figures 4a and
S2, the XRD patterns of Pb;Se, sTey, ternary alloy nanocubes
(black) are different from those of core/shell nanocubes (red). In
the core/shell patterns, the broad peak actually contains (200)
peaks of possibly two phases, whereas such a peak in the ternary
alloy sample can be indexed to PbSeTe ternary alloy nanocubes
only. These results provide strong evidence for formation of
heterostructures instead of a single phase. Figure 4b presents a
TEM image of the PbSeTe core/shell nanocubes. Those with an
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Figure 3. Schematic illustration depicting the formation of PbSeTe
single ternary alloy and core/shell nanocubes.

average side length of ~11 nm possess a very narrow size dis-
tribution, with standard deviation <3% (based on 50 nanocubes).
An SAED pattern is shown in the inset of Figure 4b, with special
precaution exercised to avoid any astigmatism or unfocus.
Apparent double rings can be observed, as indicated by double
markers. The distance between the double rings is related to the
scattering angle, or the radius of the ring. At higher scattering
angles, the distance is larger. The radius of the first ring is too
small to be evident in the pattern. The compositional architec-
ture of these core/shell nanocubes was further supported by
HAADE-STEM EDS line scan analysis across one nanocube.
Figure 4c suggests that more Se is present in the center and more
Te is distributed along the “edges”, as shown in the circled area.
Note that, due to the spurious signals in the EDS from the
surrounding areas,”® the line scan profiles do not correspond to
the core/shell positions, as the scale is so small. A high-
magnification image is shown in Figure 4d, and a corresponding
weak-beam dark-field (WBDF) image of this area is presented in
Figure 4e, depicting shell structures and indicating double lattices
due to the strain field induced by the mismatch between the shell
and core. A HRTEM image of the circled particle in Figure 4d is
shown in Figure 4f, which reveals complex features formed by the
interference of these two lattices. Furthermore, this result is
confirmed by their EELS elemental mapping results (Figure 4g—j),
in which Pb is seen uniformly distributed in the nanocubes and
Te prefers to reside in only portions of the shells, whereas more
Se appears in the cores. From the WBDF image and Te map, the
shell thickness is estimated as 1.0 £ 0.2 nm based on 10
measurements with clear shells; therefore, the volume of the
core is 9° = 729 nm®, and that of the shell is 11° — 9° = 602 nm®.
The volume fraction of the core is 0.548, and that of the shell is
0.452. EDS analysis (Figure S4) of this core/shell sample reveals
a composition of 47.7 atom% Pb, 18.8 atom% Se, and 33.5 atom
% Te; thus, the Se/Te content ratio is Cg./Cr. = 0.561. If the
core (0.548 volume fraction) is purely PbysSeos and the shell
(0.452 volume fraction) is purely PbysTeys, the Se and Te
contents would be Cg. = 0.5 X 0.548 = 0.274 and Cr. = 0.5 X
0.452 = 0.226. The measured composition showed lower Se
content but higher Te, which indicates Te may partially occupy
the core as well. Suppose the core composition is PbysSe, Tep s,
and that of the shell is PbgsSe,Teqs_,—according to the Cs./
Cre ratio, it is found that x is in the range of 0—0.328, while
y = 0.398—1.212x to keep the Cs./Cr, ratio, and x > y as Se is
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Figure 4. (a) XRD patterns of PbSeTe core/shell nanocubes (red) and
Pb;Se, s Tey, single ternary alloy nanocubes (black); both samples were
assembled on a polished 25 mm Si (100) wafer. (b,d) TEM images [inset of
(b): SAED pattern] and (c) HAADF-STEM EDS line scan profile of
PbSeTe core/shell nanocubes. (¢) WBDF image. (f) HRTEM image of a
single PbSeTe core/shell nanocube. (g—j) Elemental maps of Pb (red), Se
(purple), Te (green), and their Se+Te overlap, respectively; scale bar, 20 nm.

observed in the core area (for details, refer to the SI). An example
of the solution is given as the core Pbg sSe3Teq, and the shell
Pbg sSe034Teo.466 in the SI. This suggests that significant Te is
indeed involved in the core structure, whereas in the shell Se is
very low or absent (meaning only PbTe is present). In both the
core and the shell, Pb accounts for 0.5 of the composition, which
is believed to stabilize the lead chalcogenide structure.

In summary, we have developed a robust synthesis route to
prepare high-quality PbSeTe ternary alloy and core/shell nanocubes
through fine control of the PbSe nucleation time. Shape control and
modulation of element distribution in a nanocube could be achieved
by diffusion or epitaxial growth of PbTe into or over the preformed
PbSe nuclei for ternary alloy or core/shell syntheses, respectively. A
plausible crystal growth mechanism of such a synthesis has also been
proposed. Furthermore, preparation of relatively long-range ordered
supercrystals using PbSeTe ternary alloy nanocubes was demon-
strated, suggesting that these nanocubes could be promising building

blocks in development of nanodevices with anisotropic structure.
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