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Solution-Based Synthesis of Layered Intergrowth Compounds of the
Homologous Pb,Bi,,Te;, ,, Series as Nanosheets**

Arindom Chatterjee and Kanishka Biswas*

Abstract: Layered intergrowth compounds in the homologous
Pb,,Bi,, Tes,.,, family are interesting because they are examples
of natural heterostructures. We present a simple solution-based
synthesis of two-dimensional nanosheets of PbBi,Te,
Pb,Bi,Tes, and PbBigTe,, layered intergrowth compounds,
which are members of the Pb,Bi,,Te;,,,, [that is, (PbTe),-
(Bi,Te;),] homologous series. Few-layer nanosheets exhibit
narrow optical band gaps (0.25-0.7 eV) with semiconducting
electronic-transport properties.

Use of phase homologies is a fascinating approach to design
new materials with predictable composition and structure,
suchas A,,(M'1.Se5.))om(M"5,S€5.5,,) (A =alkali metal; M,
M”=main-group element), Cs,(Bi,, ,Tes,.6), (BiQX),-
(AgBi;_,Q, », X5, 1)1 (Q=S, Se; X=Cl, Br; 1/2<x<1),
and (Sb,Te;),,(Sb,),.l') A homology is a series of structures
built on the same structural principle with certain modules
expanding in various dimensions in regular increments, that is,
a series of new compounds with predictable structures can be
synthesized through the addition of a layer or row of atoms
onto a given module.! Several layered intergrowth com-
pounds in the homologous series of the general formula
Pb,,Bi,,Tes,,,, [that is, (PbTe),,(Bi,Te;),] exist in the PbTe—
Bi,Te; phase diagram (Figure 1a),®! and the layered com-
pounds PbBi,Te, and Pb,Bi,Tes in the Pb,,Bi,,Te,,,,, family
are topological insulators.**®! This interesting class of com-
pounds can also be viewed as natural heterostructures, which
are expected to have low thermal conductivity owing to strong
phonon scattering at the interfaces between the layers, and
are therefore valuable for thermoelectric applications. The
melting points of most of the compounds in the Pb,,Bi,, Tes,,,,
series are incongruent; thus, synthesis of the pure bulk phases
through traditional high-temperature solid-state melting
techniques is challenging.

A study of the physical properties of layered compounds
is interesting because of the directional behavior due to
different interlayer (out-of-plane) and intralayer (in-plane)
bonding. Ultrathin two-dimensional (2D) nanosheets of
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Figure 1. a) Pseudobinary phase diagram of the PbTe—Bi,Te; system
showing the presence of several incongruently melting compounds.”!
b, c) Crystal structures of PbBi,Te, (b) and Pb,Bi,Tes (c) showing the
1.35 and 1.75 nm thick septuple and nonuple layers, respectively.

d) Crystal structure of PbBigTe,, showing the stacking of quintuple
layers of Bi,Te; and septuple layers of PbBi,Te,.

layered inorganic analogues of graphene, such as transition-
metal dichalcogenides, are fundamentally and technologically
intriguing.”'”! Freestanding single-/few-layer nanosheets of
Bi,Se;, Bi,Tes, and related compounds have shown improved
thermoelectric properties relative to their bulk counterparts
owing to the presence of enhanced metallic surface states and
high carrier mobility."''*! Nanosheets of the interesting misfit
layer compound SnS,/SnS and ordered superstructures of
SnS, and SnS,/SnS nanotubes have been reported recently by
Tenne and co-workers.""! Few-layer nanosheets of binary
chalcogenides, such as MoS,, WS,, Bi,Te;, and Bi,Se;, are
mostly synthesized by soft chemical synthesis,""* Li inter-
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calation and exfoliation,”'” and liquid-phase exfolia-
tion.[ma‘ 15]

Herein, we demonstrate the first successful synthesis of
ultrathin few-layer nanosheets of PbBi,Te, (m=1, n=1),
Pb,Bi,Tes (m =2, n=1), and PbBisTe,, (m=1, n=3) in the
homologous Pb,,Bi,,Tes,,,, family by a simple solution-phase
method at low temperatures. Nanosheets of homologous
Pb,,Bi,,Tes,.,, compounds exhibit narrow band gaps in the
range of approximately 0.25-0.7 eV. Pb,Bi,,Te,,.,, nano-
sheets show low thermal conductivity with semiconducting
electronic-transport properties in the temperature range of
300-530 K.

PbBi,Te, [that is, (PbTe),(Bi,Te;),] in the homologous
Pb,,Bi,,Te,,.,, family is an anisotropic layered material with
a tetradymite-type structure (R3m space group) and can be
described as the intergrowth of PbTe-type (rock-salt) and
Bi,Te;-type (hexagonal) phases (Figure 1b)."! PbBi,Te, con-
tains septuple layers (SLs), each approximately 1.35 nm thick,
which are composed of seven covalently bonded atomic
planes [Te’-Bi-Te'-Pb-Te'-Bi-Te?]. These SLs are periodi-
cally stacked along the crystallographic c-axis by van der
Waals interactions (Figure 1b). The second compound,
Pb,Bi,Tes [that is, (PbTe),(Bi,Te;);], in the homologous
Pb,,Bi,,Tes,.,, family is also a layered material that crystal-
lizes as a hexagonal structure (P3m1 space group). Pb,Bi,Tes
is formed by the stacking of slabs composed of nine atomic
layers (making up a nonuple layer, ca. 1.75 nm thick) with the
sequence Te’-Bi-Te’-Pb-Te'-Pb-Te’-Bi-Te’, by weak van
der Waals interactions along the c-axis (Figure 1c). PbBisTe,,
[that is, (PbTe),(Bi,Te;);] has a long periodic structure
containing 51 layers in the unit cell (Figure 1d displays only
one-third of the unit cell).'”! The natural heterostructure of
PbBi4Te,, is composed of two types of slabs, a quintuple layer
(QL) of Bi,Te; and a septuple layer (SL) of PbBi,Te,, which
are intergrown along the crystallographic c-axis with the
sequence 755755755 by weak van der Waals interactions
(Figure 1d). Each SL slab is sandwiched between two
identical QL slabs, whereas each QL slab is sandwiched
between dissimilar slabs, one QL and one SL slab.['”!

Ultrathin nanosheets of the pure phases PbBi,Te,,
Pb,Bi,Tes, and PbBi¢Te,, in the homologous Pb, Bi,, Tes,,,,
family were synthesized by a simple solution-based technique.
We standardized a single procedure for the synthesis of
different nanosheets by only varying the nominal composi-
tions of the elemental precursors (i.e. the molar ratio of Pb,
Bi, and Te). First, we made a clear precursor solution of Pb by
dissolving lead acetate, Pb(OAc),-3 H,0, in oleylamine under
vacuum at 100°C for 1h, then bismuth neodecenate (the
bismuth precursor) was added to the solution. The resulting
solution of the metal precursors was heated to 70°C, and 1-
dodecanethiol was added dropwise. The pale-yellow color of
the resulting solution indicated the formation of the lead
bismuth dodecanethiolate complex.!'” The temperature of the
solution was maintained at 70°C for 5 min to enable the
complete formation of the lead bismuth dodecanethiolate
complex. Finally, the solution temperature was increased to
90°C, and a solution of tri-n-octylphosphine tellurium (Te-
TOP) was immediately injected into it. A black suspension
was observed, which was aged for 1 h at 90°C. (Figure S1 in
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the Supporting Information shows the color of the reaction
mixture at different stages of the reaction.) Black nanosheets
of Pb,Bi,,Tes,,,, were precipitated out by adding a 1:1
mixture of hexane and ethanol (see the Supporting Informa-
tion for details of the synthesis).

Our approach to synthesize the pure-phase polycrystalline
bulk counterpart of PbBi, Te, by the melting of the constituent
elements at 700°C for 10 h and subsequent quenching with
water proved to be unsuccessful.”” PbTe was identified as an
impurity with the PbBi,Te, phase (see Figure S2). This
impurity is due to the incongruent melting point of
PbBi,Te,. Polycrystalline ingots of PbBi,Te, and PbBiTe,,
were synthesized previously by peritectic reactions by heating
the required elements above melting temperature and
subsequent annealing for several weeks (ca. 1000 h) at
500°C to avoid unwanted binary phases.”) The present
simple and quick solution-phase synthesis at low temperature
(kinetic conditions) enables the stabilization of several pure
compounds in the Pb,,Bi,, Te;,,,, homologous series in the
form of nanosheets, which is rather difficult by traditional
high-temperature solid-state synthesis. Phase separation was
encountered in traditional high-temperature solid-state syn-
thesis owing to the incongruent melting point of
Pb,,Bi,,Te;,,,, compounds. The phase-segregation problem
was avoided in the present low-temperature solution syn-
thesis, in which precursor decomposition and bottom-up soft
chemical reactions are the key steps, and this process does not
involve any melting reactions. Low-temperature synthesis is
also essential in arresting pure phases in the form of exotic
nanostructures.

Powder X-ray diffraction (PXRD) patterns of the as-
synthesized nanosheets could be indexed to pure PbBi,Te,
(space group R3m), Pb,Bi,Tes (space group P3ml), and
PbBisTe,, (space group R3m; Figure 2a—). The PXRD
patterns of all compounds appeared similar to that of
Bi,Te;, with slight deviations (see Figure S3), because the
fundamental layered structures of homologues Pb,,Bi,,Te,..,
are derived from Bi,Te;.

The spectroscopically measured band gaps of the PbBi, Te,
and PbBigTe, samples were approximately 0.7 and 0.25 eV,
respectively (Figure 2d), thus indicating two distinct com-
pounds. Notably, typical Tyndall light scattering of as-
synthesized PbBi,Te, nanosheets dispersed in toluene con-
firmed the colloidal nature of the as-synthesized sample
(Figure 2d).

The elemental composition (i.e. the ratio of Pb, Bi, and
Te) of as-synthesized Pb,,Bi,,Te;,,,, nanosheets was deter-
mined by three independent characterization techniques:
inductively coupled plasma atomic emission spectroscopy
(ICP-AES), energy-dispersive X-ray analysis (EDAX), and
X-ray photoelectron spectroscopy (XPS). The actual compo-
sitions determined by ICP-AES and EDAX were close to the
nominal compositions (Table 1), which suggests good control
over compositions in the present synthetic process. We also
performed EDAX elemental color mapping and elemental
line scan analysis on a single nanosheet during scanning
transmission electron microscopy (STEM; see below). To
further confirm the presence of Pb, Bi, and Te, we performed
XPS of PbBi,Te; and Pb,Bi,Tes nanosheets (see Fig-
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Figure 2. a—c) PXRD patterns of PbBi,Te, (ICSD#616936), Pb,Bi,Te;
(ICSD#42708), and PbBigTe;, (ICSD#95551) nanosheets. Dotted lines
show the deviation of the PXRD pattern of the nanosheets from that of
Bi,Te;. d) Electronic absorption spectra of PbBi,Te, and PbBigTe;,
nanosheets. The inset in (d) shows the Tyndall light scattering of
PbBi,Te, nanosheets dispersed in toluene.

Table 1: Nominal composition and experimental composition deter-
mined by ICP-AES and EDAX of the as-synthesized nanosheets.

Nominal
composition

ICP-AES composition EDAX composition

PbBi,Te, Pb1os002Biz 13003 T€3670003  Pbii2:0.06Bivsr 008 T€3832020
Pb,Bi,Tes Pby6r1002Biz 23002 T€ss10003  PbaosioiBizoaroroTessoroz
PbBigTe;q Pb1331002Bis 30005 0310008 Pbyos0.04Bis2s020T€032030

ure S4a,b). Two intense peaks at 137.5 and 142.4 eV due to Pb
41 and Pb 41 were observed, with peak splitting of
approximately 5eV (see Figure S4a). Peaks due to Bi 4f7*
and Bi 4% appeared at 156.4 and 161.6 eV, respectively. Two
more strong peaks due to Te 3d”? and Te 3d** were observed
at 576.7 and 586.8 eV, respectively (see Figure S4a).

Atomic force microscopy (AFM) revealed the ultrathin
nature of the PbBi,Te, nanosheets. AFM images of free-
standing PbBi,Te, nanosheets with a thickness corresponding
to two SLs (ca. 2.6 nm) and three SLs (ca. 3.9 nm), respec-
tively, were recorded (Figure 3a; see also Figure S5). The
lateral dimension of the PbBi,Te, nanosheets ranged from
1 um to several micrometers. A morphology resembling 2D
thin sheets was also evident from a field emission scanning
electron microscopic (FESEM) image (inset of Figure 3a)
and TEM image of PbBi,Te, (Figure 3b). A high-resolution
TEM (HRTEM) image of a PbBi,Te, nanosheet clearly
showed a lattice spacing of approximately 0.322 nm, which
corresponds to the (107) plane of PbBi,Te, (Figure 3¢). The
selected-area electron diffraction (SAED) pattern recorded
for a single-sheet region of PbBi,Te, showed a single-crystal-
line pattern with typical sixfold symmetry (inset of Figure 3c).
The SAED pattern for a region in which a few PbBi,Te, sheets
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Figure 3. a) AFM image of a PbBi,Te, nanosheet. The inset in (a)
shows an FESEM image of a PbBi,Te, nanosheet. b) TEM image of

a PbBi,Te, nanosheet. c) HRTEM image of a PbBi,Te, nanosheet. The
inset in (c) shows the SAED pattern of a single PbBi,Te, nanosheet.
d) AFM image of a Pb,Bi,Tes nanosheet. e) HRTEM image of

a Pb,Bi,Tes nanosheet. The top inset shows the SAED pattern and the
bottom inset shows a TEM image of a Pb,Bi,Te; nanosheet. f) EDAX
line scan for a single Pb,Bi,Te; nanosheet. The inset in (f) is the
corresponding STEM image of the nanosheet. g) EDAX color mapping
for Pb, Bi, and Te of a Pb,Bi,Te; nanosheet during STEM imaging.

h) HRTEM image of a PbBizTe;, nanosheet. The inset is the low-
magnification TEM image.

were overlapped showed a polycrystalline ring pattern, which
can be indexed on the basis of pure PbBi,Te, (space group
R3m; see Figure S6). EDAX elemental line scan analysis of
a nanosheet of PbBi,Te, during scanning transmission elec-
tron microscopy (STEM) further confirmed the presence of
Pb, Bi, and Te in the expected ratio with single-phase
homogeneity (see Figure S7).

In Figure 3d, we show the AFM image of a Pb,Bi,Te;s
nanosheet with a thickness (ca. 3.5 nm) of two nonuple layers
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Figure 4. Temperature-dependent a) electrical conductivity (0), b) Seebeck coefficient (S), and
c) thermal conductivity (k) of PbBi,Te,, Pb,Bi,Tes, and PbBi,Te,, hanosheets.

(NLs, each containing nine atomic layers). TEM images
confirmed the 2D thin-sheet morphology of the Pb,Bi,Tes
sample (inset of Figure3e). An HRTEM image of the
Pb,Bi,Tes nanosheet clearly showed lattice spacing of approx-
imately 0.235 nm, which corresponds to the (106) plane of
Pb,Bi, Tes (Figure 3e; see also Figure S8). The SAED pattern
of the Pb,Bi,Tes nanosheets indicates their single-crystalline
nature with typical sixfold symmetry (inset of Figure 3e).
EDAX elemental line scan analysis on a nanosheet of
Pb,Bi,Tes during STEM confirmed the presence of Pb, Bi,
and Te in the correct ratio (Figure 3f). The single-phase
homogeneity of Pb,Bi,Tes was further confirmed by EDAX
elemental mapping on a nanosheet of Pb,Bi,Tes during STEM
imaging (Figure 3g). A TEM image of the PbBigTe,, sample
also indicated a 2D thin-sheet morphology (inset of Fig-
ure 3h). An HRTEM image of the PbBigTe;, nanosheet
showed a lattice spacing of approximately 0.322 nm, which
corresponds to the (111) plane of PbBiTe,, (Figure 3 h; see
also Figure S8).

The narrow band gap and multilayer structure of
Pb,Bi,,Tes,.,, nanosheets motivated us to measure their
temperature-dependent electronic- and phonon-transport
properties preliminarily (Figure 4). To measure their thermo-
electric properties, we removed the organic capping ligands
by treating as-synthesized samples with hydrazine and chloro-
form (see Figure S9). The surface-cleaned nanosheets were
hot-pressed under vacuum in a graphite die by applying
a pressure of 20 MPa at 623 K for 30 min. The density of the
hot-pressed sample was about 95 % of the theoretical density.
Simultaneous measurements of electrical conductivity (o) and
the Seebeck coefficient (§) were carried out under a helium
atmosphere from 300 to 530 K in a ULVAC ZEM 3 instru-
ment. At room temperature, the o values for PbBi,Te,,
Pb,Bi,Tes, and PbBisTe,, samples were 4130, 51, and
1073 Sm ™', respectively (Figure 4a). The o value increased
with increasing temperature, thus indicating the semiconduct-
ing nature of Pb,,Bi,,Te;,,,, nanosheets. The negative Seebeck
coefficient of the PbBi,Te, and Pb,Bi,Tes nanosheets indi-
cates n-type semiconducting behavior, whereas the positive
Seebeck coefficient of PbBigTe,, indicates p-type semicon-
ducting behavior. The room-temperature S values for the
PbBi,Te,, Pb,Bi,Tes, and PbBigTe,, samples were —102, —60,
and 109 uVK™', respectively (Figure 4b). Although elec-
tronic-transport measurement data for bulk Pb,Bi,, Tes,.,,
phases are rare,'®! we compare the electronic-transport data
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x values were observed owing to
phonon scattering as a result of inter-
faces between the layers of long
periodic structure. Pristine PbBi,Te,
and PbBisTe,, nanosheet samples
exhibited the highest thermoelectric
figures of merit (z7) of approximately 0.06 and 0.04 at 415
and 520 K, respectively. These values are comparable to those
of other binary metal chalcogenide nanosheets.*"

In conclusion, we have described the synthesis of ultrathin
nanosheets of homologous Pb,,Bi,,Te,,.,, layered compounds
by a low-temperature solution-based method. The stabiliza-
tion of the pure-phase compounds in the Pb,,Bi,, Te;,,,, family
in the form of nanosheets is attributed to the kinetic low-
temperature synthesis and the influence of the nanoscale
regime, and is rather difficult to achieve by high-temperature
solid-state  bulk-phase synthesis. Members of the
Pb,,Bi,,Te;,,,, family are examples of natural superlattice
structures. These nanosheets exhibit narrow optical band gaps
and semiconducting electronic-transport properties. The long
periodic intergrowth structure of these materials leads to low
thermal conductivity. Control of the ratio of the different
substructures may enable the modulation of their electronic
structure and better control of their charge-transport proper-
ties.

T/K

Keywords: intergrowth compounds - nanosheets -
nanostructures - semiconductors - ternary metal chalcogenides
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