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ABSTRACT We herein demonstrate the successive epitaxial growth of Bi,Tes Bi,Se, Bi,Se,@Bi,Te
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and Bi,Se; on seed nanoplates for the scalable synthesis of heterostructured
nanoplates (Bi,Se;@Bi,Tes) and multishell nanoplates (Bi,Se;@Bi,Te;@Bi,Se;,
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entially to the sides of the seed nanoplates. Once attached, the nanoparticles
reorganize epitaxially on the seed crystal lattices to form single-crystalline
core—shell nanoplates. The nanoplates, initially 100 nm wide, grew laterally to 620 nm in the multishell structure, while their thickness increased
more moderately, from 5 to 20 nm. The nanoplates were pelletized into bulk samples by spark plasma sintering and their thermoelectric properties are

compared. A peak thermoelectric figure of merit (ZT) ~0.71 was obtained at 450 K for the bulk of Bi,Se;@Bi,Te; nanoplates by simultaneous modulation of

electronic and thermal transport in the presence of highly dense grain and phase boundaries.
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thermoelectric properties

high degree of control over the

size, structure, and composition of
nanocrystals is essential to tune their
chemical and physical properties for target
applications." ™ In particular, 2D nanocryst-
als of different sizes have been investigated
extensively owing to their superior electri-
cal, optical, and thermal properties.>~ '3 In
this context, much effort has recently been
devoted to the production of a wide range
of homogeneous 2D nanocrystals via solu-
tion-based synthesis."*~* This preparation
route is also interesting for more compli-
cated systems, heterogeneous in chemical
composition and structure. Indeed, hetero-
structured nanocrystals are expected to
provide unconventional but valuable prop-
erties that are not provided by homoge-
neous 2D nanocrystals.>* However, reports
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on the solution-based synthesis of hetero-
geneous 2D nanocrystals are sparse in the
literature. Previous efforts have mainly fo-
cused on the fabrication of Cd-containing
core/shell nanoplatelets.>*™2° A rational
method for the solution-based synthesis of
various 2D heterostructures is therefore of
substantial interest.

Multilayered structures with precisely
controlled dimensions and composition
are essential in a number of areas of both
fundamental and applied research.?” In this
context, thin films have successfully been
grown epitaxially under vacuum with atomic-
level control over their thickness.2®2° How-
ever, solution-based synthesis provides
better control over epitaxial growth in the
lateral direction, notably for the formation of
2D heterostructured materials. Unfortunately,

VOL.9 = NO.7 = 6843-6853 = 2015 AC\[/A

* Address correspondence to
ujeong@postech.ac.kr,
khlee2014@kangwon.ac.kr.

Received for review December 19, 2014
and accepted July 2, 2015.

Published online July 02, 2015
10.1021/nn507250r

©2015 American Chemical Society

W\
WWwWW.acsnano.org

6843



A BS BS@BT

BS@BT@BS BS@BT@BS@BT

Figure 1. (A) Evolution of the seed Bi,Ses (BS) nanoplates into core—shell, double-shell, and multishell bismuth chalcogenide
nanoplates Bi,Se;@Bi,Te;@Bi,Se;@Bi,Te; (BS@BT@BS@BT). (B) Typical transmission electron micrographs obtained from the
nanoplates whose assembly is outlined in (A). The areas enclosed in red dotted line show Moiré patterns.

the chemical composition, shape, and dimensions of
these materials are difficult to control such that the
resulting structures are often not those targeted.*'
Well-defined laterally heterostructured 2D nanocryst-
als are only obtained if lateral growth is favored and
vertical growth restricted. Anisotropic control over the
surface energy is required, unlike for spherical nano-
particles on which multiple coatings have been suc-
cessfully been deposited.>*** Large differences in
lattice size or interfacial energy should be avoided as
they lead to nonconformal growth and cause crystal
defects.?>*'3* Mutual diffusion of elements at the
interface is another concern since it can lead to the
formation of alloys or compounds.>

Herein, we demonstrate the solution-based synthe-
sis of 2D heterostructured nanomaterials with multiple
laterally grown epitaxial layers. For a proof-of-concept
experiment, we chose Bi,Se; and Bi,Te; as the consti-
tuents of the heterostructure. Bismuth chalcogenides
(Bi,Qs3, Q = Se, Te) are layer-structured materials ar-
ranged in planar quintuple layers (QLs, with each
QL approximately 1 nm thick). Each QL consists of
five consecutive covalently bound atomic sheets
(Q—Bi—Q—Bi—Q), and neighboring QLs are stacked
by weak van der Waals interactions along the c-axis.>®
They are isomorphic with only small differences in
lattice distances, so the epitaxial growth of one con-
stituent is possible on the other.

In terms of practical applications, the interest in
2D bismuth chalcogenides (Bi,Ses, Bi;Tes) lies in their
thermoelectric properties and in the unique surface
electronic states that make these materials topological
insulators.3”~* It is well-known that introducing nano-
scale grains and interfaces in nanostructured bulk
composites increases the phonon scattering and filters
low energy charge carriers without any considerable
reduction in electronic conductivity. This enhanced
phonon scattering leads to a higher thermoelectric
figure of merit (ZT).***” As previously demonstrated by
our group, ZT can be improved simply by mixing Bi,Ses
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and Bi,Te; nanoflakes.3” However, Bi,Te; nanoplates
or nanoflakes tend to aggregate such that nanoscale
interfaces are not homogeneously distributed through-
out the sample. One promising approach for achieving
uniformly distributed nanoscale interfaces is to use lat-
erally heterostructured nanoplates as building blocks. In
this study, we investigated thermoelectric properties of
pelletized bulk samples made of the (Bi,Ses)@(BiTes);_x
heterostructured nanoplates with different relative di-
mensions between the core and shell. The pelletized bulk
of (Bi,Ses),@(Bi,Tes)g nanoplates showed a peak ZT of
0.71 at 450 K.

RESULTS AND DISCUSSION

The synthetic protocol is illustrated stepwise in
Figure 1A. BT is grown epitaxially on the BS seed
nanoplates, predominantly on the side surfaces owing
to its intrinsic preference for 2D growth, with only a
small fraction coated on the basal planes (the top and
bottom faces). This anisotropic deposition results in the
formation of BS@BT core/shell nanoplates. BS is then
grown epitaxially on the outer surfaces of the BS@BT
structures, leading to the formation of BS@BT@BS
double-shell nanoplates. A final BT shell is then added,
producing BS@BT@BS@BT multishell nanoplates. Such
stepwise epitaxial growth is based on an extensive
characterization to follow later on and it will be dis-
cussed in detail. Figure 1B shows TEM images of the
nanoplates obtained using the procedure illustrated in
Figure 1A. The Moiré patterns observed in the core
regions of the nanoplates (within the dotted lines)
indicate that the cores overlap with a shell layer that
has different lattice distances or a different crystal
orientation. The lateral dimensions of the newly gen-
erated shells can be optimized by adjusting the pre-
cursor and seed-nanoplate concentrations. Table 1
compares the elemental compositions of the precur-
sors and of the resulting nanoplates, as measured by
ICP-OES. The atomic fractions added in the solution
and the atomic fractions measured in the products are
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in good agreement. This one-pot approach can further-
more be scaled up as required.

Bi,Se; Nanoplates. The synthesis of the BS nano-
plate seed crystals involves dissolving stoichiometric
amounts of Bi(NO)s;-5H,0 and Na,SeOs precursors,
PVP, and acetic acid, in EG. The reaction is triggered
at 165 °C by the rapid injection of a hydroxylamine
solution (NH,OH, 50% in H,O, 1.2 mL in 10 mL of EG).
The initially transparent mixture turns light-yellow as it
is heated and then dark purple immediately after this
injection. Figure 2A outlines the growth mechanism
of the BS nanoplates, and Figure 2B—D shows TEM
images obtained at different stages of growth. Aliquots
(1 mL) were collected from the reaction batch using a
needle, and the reaction was stopped by injecting
aliquots into a cold vial kept in an ice bath. A large
number of small BS nanoparticles nucleate within
10 s (Figure 2B), and they are attached into aggregates.
The aggregates begin to transform into hexagonal

TABLE 1. Elemental Compositions of the Nanoplates
Synthesized in This Study”

molar fractions (%)

Measured
samples (intended molar ratio) Bi Se Te compositions
BS 041 059 0 Biy. 15,9
BS/BT ([BSL:[BT] = 1:4) 041 012 047 (Bi,Ses);q(BiyTes)so

BS/BT/BS ([BSLIBTLBS] = 1:4:16) 041 048  0.11  (Bi,Ses)y(BixTes)ao
BS/BT/BS ([BSLIBTL(BS] = 1:4:32) 040  0.54  0.06  (Bi;Ses)ss(BiTes)ao
BS/BT/BS/BT (IBSL:BTLBSI(BT] = 042 023 035  (Bi,Ses)ss(BiTes)so
1:4:32:48)

“The compositions were measured by ICP-OES analysis.

nanoplates after 1 min (Figure 2C). The fast random
attachment of nanoparticles causes misorientations
in the growing nanoplates (Figure 2D), but thermal
aging in the solution batch for 2 min facilitates the
rearrangement of the atoms and generates well-
defined single-crystalline BS nanoplates with clean
surfaces (Figure 2E). The reaction was prolonged for
8 min beyond the typically completion time of 2 min,
after which no further change was observed in the size
and shape of the nanoplates. This result is consistent
with our previous report on the growth mechanism of
BS nanodiscs.® In BS, five covalently bonded atomic
sheets (e.g., Se—Bi—Se—Bi—Se) make one quintuple
layer (QL) (~1 nm). Each QL is weakly bonded by
van der Waals interaction along the [0001] direction
(c-axis). This anisotropic bonding nature facilitates the
BS to preferentially grow into 2D geometry. Figure 2F
shows that the BS nanoplates are 100 + 9 nm wide,
with a highly uniform (5 nm) thickness, which indicates
that most of the BS nanoplates consist of five QLs
(Figure 2F). The hexagonal lattice fringe in HRTEM
image clearly shows a lattice spacing of 0.21 nm,
corresponding to the (1120) lattice plane (Supporting
Information, Figure S1A). Corresponding Fast Fourier
Transform (FFT) pattern is indexed as [0001] zone axis,
indicating that BS nanoplates consist of (1120) and
(0001) planes as side and basal planes, respectively.
Powder X-ray diffractogram shows that the BS nano-
plates have the rhombohedral crystalline structure in
the space group of R3m (JCPDS 33-0214) (Supporting
Information, Figure S1B).

Bi,Se;@Bi,Te; Core—Shell Nanoplates. The BS@BT nano-
plates were synthesized through the epitaxial growth
of BT on the BS nanoplates. With a 1:4 molar ratio

100 200 300 400
Length (nm)

Figure 2. (A) Schematic representation of the growth mechanism of the Bi,Se; nanoplates, from small nanoparticles into well-
defined 6-fold symmetric nanoplates by random attachment and reorganization. (B and C) Transmission electron micro-
graphs taken at different reaction time intervals: (B) 10 s; (C) 30 s. (D) High-resolution transmission electron micrograph
obtained from the edge of the BS nanoplates highlighting crystal growth through oriented attachment. The inset shows a
magnified image of the circled area marked in (D). (E) Transmission electron micrograph of the final Bi,Se; nanoplates
obtained after a reaction time of 10 min. (F) Atomic force micrograph (left) and the corresponding height profile (right) along
the solid line drawn across the image. The measured thickness of each nanoplate is ~5 nm.
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Figure 3. (A—D) Transmission electron micrographs of ali-
quots extracted (A) 20 min, (B) 1 h, (C) 5 h, and (D) 20 h after
the addition of the Bi,Te; precursor to the Bi,Se; seed sus-
pension. The scale bars in all the images represent 100 nm.

D I 20 h

([BSL:[BT] = 1:4), stoichiometric amounts of Bi(NO)s-
5H,0 and Na,TeOs precursors were added, together
with PVP and NH,OH, to the as-synthesized solution of
BS nanoplates at room temperature. The solution was
then heated to 160 °C under nitrogen atmosphere for
the reaction to proceed for 24 h. The synthetic condi-
tion of Bi,Tes on the premade Bi,Se; core is slightly
different (please see the Experimental Section for
details). The Bi,Ses seeds were prepared by rapidly
injecting a reducing agent (hydroxylamine) into the
reaction batch at 165 °C, which led to burst nucleation
and growth of Bi,Ses nanoplates within 10 min. To
guarantee epitaxial growth of Bi,Te; on the Bi,Se;
seeds without any homogeneous nucleation and
growth of Bi,Tes crystals, we added a reducing agent
(hydroxylamine) to the Bi,Ses; suspension at room
temperature and then slowly raised the solution tem-
perature to 160 °C. Since the reduction rate of the Te
precursor is lower than that of the Se precursor, the
epitaxial growth was much slower than the synthesis of
Bi,Sez seed crystals. Scalable production was readily
achieved by simply increasing the reaction volume; for
example, 5.2 g of BS@BT nanoplates was produced
from a 1.5 L reaction batch (Supporting Information,
Figure S2). Note that the reaction should be conducted
above 140 °C. Below this temperature, the Te precursor
is reduced much faster than the Bi one, leading to the
formation of Te nanowires first and then they are
transformed into Bi,Tes. Therefore, the final product
is a mixture of Bi,Tes nanowires and nanoplates. The
morphology of the samples prepared at 120 °C is
shown in the Supporting Information (Figure S3).
Figure 3 shows the evolution of the shape of the
BS@BT nanoplates with increasing reaction times. A
large number of BT nanoparticles are generated once
the reaction temperature reaches 160 °C, and within
20 min, a majority of the nanoparticles attach to
the edges and side facets of the BS nanoplates, while
a small number are deposited on the basal planes
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Figure 4. (A) Width and thickness, obtained by atomic force
microscopy, of the nanoplates at different stages of the
growth of the BT shell on the existing BS nanoplate. The
profiles correspond to the dashed lines in (B—E) the micro-
graphs obtained after (B) 20 min, (C) 1 h, (D) 3 h, and (E) 20 h.
In each case, the scale bar represents 100 nm. (F) Schematic
illustration of the growth mechanism during the reaction.

(Figure 3A). The covalent interactions on the side
surfaces are more favorable for attachment than the
weak van der Waals forces that govern attraction to the
basal planes. After 1 h, Figure 3B shows that the nano-
plates have grown laterally. This indicates that the BT
nanoparticles initially attached to the side facets reorga-
nize allowing epitaxial growth with the BS seed nano-
plates. After 5 h, the surface roughness of the nanoplates
is remarkably reduced and a clear hexagonal structure
becomes apparent (Figure 3C). The appearance of a
Moiré pattern in the core region indicates that the BT
nanoparticles adsorbed on the basal planes reorganize
and coat the surface of the BS seeds. This process is
complete after 20 h while the definition of the hexagonal
BS@BT nanoplates is further improved (Figure 3D).

The slow growth rate of these nanoplates facilitates
the microscopic analysis of the stepwise evolution of
the nanoplates. Figure 4A shows the variation in thick-
ness and width across the BS@BT nanoplates at differ-
ent stages of formation. Representative AFM images
among those obtained from 10 different samples at
each reaction time are shown in Figure 4B—D. Because
under these reaction conditions the Bi and Te precur-
sors are completely reduced within 10 min, it is reason-
able to assume that the reorganization of the BT
nanoparticles on the seeds occurs without any addi-
tional deposition of atoms from the solution. After
20 min, the edges and the central area of the nanoplates
are found to be ~15 nm and ~11 nm thick, respec-
tively, with a caldera-like topology (the black profile in
Figure 4A) that indicates that the BT nanoparticles
attach mostly to the side surfaces. After 1 h, the
nanoplates became thinner, ~13 nm thick on their
edges and ~9 nm thick in their centers, but wider,
their lateral dimensions having grown from ~160 to
~180 nm (the black and green profiles in Figure 4A).

ACR AN
VOL.9 = NO.7 = 6843-6853 = 2015 A@L%{\)

WWwWW.acsnano.org



135 180 225 270
distance (nm)

Figure 5. (A) Transmission electron microscopy (TEM) image and (B) the corresponding selected area diffraction pattern of a
Bi,Sez@Bi,Te; (BS@BT) core/shell nanoplates synthesized at a molar ratio ([BS]:[BT]) of 1:4. (C) High-resolution TEM image of
the area circled in panel (A), showing the (1120) planes of BT. (D) Scanning TEM image of a single BS@BT nanoplate and (E) the
corresponding Se (red) and Te (green) maps obtained by energy dispersive X-ray spectroscopy. (F) Elemental profile

measured along the arrow shown in panel (D).

This suggests that the BT nanoparticles initially depos-
ited on the basal planes migrate to the edges and
contribute to lateral growth. The large variation in
thickness of the central area reflects the presence of
BT nanoparticles on the BS surfaces. The evolution up
to a reaction time of 3 h follows the same trend, with
the nanoplates thinning to ~12 nm on their edges
and ~10 nm in their center, and widening slightly to
~190 nm (the blue profile in Figure 4A). The AFM image
in Figure 4D shows that at this stage, the reorganiza-
tion of the BT nanoparticles on the basal planes is still
in progress. After 5 h, the formation of the nanoplates
is complete and no further changes are observed up to
20 h.The nanoplates are ~210 nm wide with a constant
thickness of ~8 nm (the red profile in Figure 4A).
Accounting for the thickness of the BS nanoplates
and of the BS@BT nanoplates, this additional BT coating
must consist of 1 or 2 QLs. A representative AFM image
of the nanoplates at this stage is shown in Figure 4E.
On the basis of these TEM and AFM results, a growth
mechanism for BT shell is proposed, as outlined in
Figure 4F. Initially, the BT nanoparticles attach mainly
to the edges but also to the surfaces of the nanoplates.
These then reorganize allowing epitaxial growth in
the lateral direction. The BT nanoparticles on the basal
planes migrate to the edges, and reorganize across
the BS surface producing a uniform coating.

Figure 5 reveals the crystal structures of the BS@BT
nanoplates shown in Figure 3D, obtained with a
[BSL:[BT] molar ratio of 1:4. Moiré patterns, as shown
in Figure 5A and highlighted within the red dotted line,
were observed for most of the nanoplates. The pre-
sence of Moiré patterns, which arise when two crystals
overlap with mechanical stress at the interface,*® im-
plies that the core BS nanoplates are covered with
crystalline BT layers and that the two structures have
different lattice distances. The selected area electron
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diffraction (SAED) pattern (Figure 5B), obtained from
the core/shell nanoplate shown in Figure 5A, reveals
two regions of 6-fold symmetry along the [0001] zone
axis. These diffraction points are indexed to the (1120)
and (0330) planes of BT and BS. This SAED image
verifies that BT grows epitaxially on the BS nanoplates.
Figure 5C shows the high resolution TEM image taken
from the position marked with a dashed circle in
Figure 5A. The lattice distance of 0.218 nm measured
on the outer edge corresponds to the lattice distance
between the (1120) planes of BT. The small lattice
mismatches (~5%), for the lateral (1120) and vertical
(000I) planes, allow epitaxial growth. The scanning TEM
images and the EDS maps in Figure 5D,E highlight the
structure of the BS@BT nanoplates, with a BS core (the
red region in Figure 5E) and a BT shell (the green region
in Figure 5E). Additionally, Figure S4 in the Supporting
Information clearly shows the elemental distribution of
core—shell nanoplates with individual maps of consti-
tuent elements. In the elemental profile (Figure 5F)
measured along the line indicated in Figure 5E, Se is
detected only in the core of the nanoplate, Te is the
main element present in the shell and makes up a small
proportion of the core, while a similar percentage of Bi
is detected across the nanoplate. Te and Bi are present
in stoichiometric proportions in the shell, with on
average 60 and 40 atom %, respectively. The core con-
sists of Se (~45 at%), Te (~15 at%), and Bi (~40 at%),
confirming that the BS nanoplates are coated with BT.
The above results all demonstrate the successful for-
mation of BS@BT core—shell nanoplates. The lateral
dimension and composition of BS@BT core—shell
nanoplates were controllable by simply adjusting
the molar ratios of the BT precursors added to the BS
seed solution. Figure S5 in the Supporting Information
shows the BS@BT core—shell nanoplates with a relative
composition of [BSI:[BT] = 1:9. The nanoplates had a
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Figure 6. (A) X-ray diffractogram of Bi,Se;@Bi,Te; (BS@BT)
core/shell nanoplates prepared at different temperatures,
along with the standard JCPDS data for rhombohedral
Bi,Tes (15-0863, red) and Bi,Se; (33-0214, black). (B) Magnified
view of the (015) peaks for Bi,Tes (at 27.7°) and Bi,Se; (at 29.3°).

well-defined hexagonal structure with an extended
lateral dimension of ~300 nm.

Because BS and BT are isomorphic and have similar
lattice distances, compound materials (Bi,SexTes_,)
may form at the interface between the two. XRD
measurements were performed on the BS@BT nano-
plates ([BS]:[BT] = 1:4) to check for the presence of the
compounds. Higher reaction temperatures (180, 200 °C)
were also employed to facilitate the mutual diffusion
between BS and BT, whereas the same overall reac-
tion time (24 h) was used. Figure S6 in the Supporting
Information shows that the same single-crystalline
BS@BT nanoplates are obtained for all reaction tem-
peratures at or above 160 °C. In Figure 6A, the XRD
diffractograms are composed of two sets of peaks
characteristic of pure BS (vertical black lines) and pure
BT (vertical red lines). The diffractograms do not vary
with the reaction temperature, which means that the
crystal structure of the nanoplates, and the BS—BT
interface in particular, does not change. Figure 6B
shows a magnified view of the region between 26°
and 32°, where the peaks at 27.7° and 29.3° are
assigned to pure BT and pure BS, respectively.
Although the possibility to form Bi,Se,Tes_, solid solu-
tion at the interface cannot be excluded categorically, the
XRD results together with the SAED pattern in Figure 5B
suggest that mutual diffusions of Se and Te were very
limited at these reaction temperatures. These results are
consistent with our previous report that mixed BS and BT
nanoflakes retain their pure crystalline structure even
after spark plasma sintering at 250 °C.3’

Bi,Se;@Bi,Te;@Bi,5e; Double-Shell Nanoplates. The as-
synthesized BS@BT core/shell nanoplates ([BS]:{BT] = 1:4)
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Figure 7. (A) Bright-field transmission electron micrograph,
(B) high-angle annular dark field scanning transmission
electron micrograph, and (C) the corresponding energy
dispersive X-ray spectroscopy (EDS) map of Bi,Se;@Bi,-
Tes@Bi,Se;s ([BSI:[BTI:[BS] = 1:4:32) double-shell nanoplates.
(D) Elemental profiles obtained by EDS along the arrow shown
in panel (B). The scale bar in panel (B) represents 200 nm.

were used as seeds for the synthesis of BS@BT@BS
double-shell nanoplates. The solution of as-synthesized
BS@BT nanoplates was used without any precipitation.
The precursors, acetic acid, PVP, and hydroxylamine
were dissolved at room temperature in the solution,
which was then kept at 160 °C for 24 h. The effect of two
different molar ratios, [BS]:[BT]:[BS] = 1:4:16 and 1:4:32,
were compared on the dimensions of the resulting BS
layer. Figure 7 presents the characteristics of the
nanoplates obtained with the 1:4:32 molar ratio. The
nanoplates have a well-defined hexagonal structure
(Figure 7A), 400 £ 35 nm wide and 14 4+ 6 nm thick
(Supporting Information, Figure S7A,B), with a propor-
tionally greater variability in thickness than in width.
The elemental distributions in these nanoplates are
shown in Figure 7B—D. Whereas Te is only detected in
their central parts, Se and Bi are present both at very
center and the peripheral region. EDS map image
clearly shows the alternate color change from red,
green to red, along the lateral direction of the nano-
plate, confirming that nanoplate comprises BS core
(red), BT primary shell (green), and BS double shell (red)
(Figure 7C). The formation of double-shell nanoplates
is further examined by elemental profile (Figure 7D),
showing two highest intensity peaks (~25%) of ele-
mental Te in the middle region along with ~30% of Se.
The amount of Se in this area is due to the overgrowth
of Se onto basal planes of BS@BT nanoplates during
the growth for BS@BT@BS nanoplates. These distribu-
tions are characteristic of the formation of BS@BT@BS
double-shell nanoplates. The thickness of the nano-
plates (Supporting Information, Figure S7) and the
elemental maps suggest that an average of 6 quintuple
BS layers is coated on the BT surface of the BS@BT
nanoplates. The double-shell nanoplates produced
with the 1:4:16 molar ratio also have a well-defined crys-
talline structure (Supporting Information, Figure S8), but
they are not as wide (340 £ 25 nm) as those obtained
with the 1:4:32 molar ratio. Their thickness, 9 & 3 nm
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Figure 8. (A) Transmission electron micrograph, (B) high-
angle annular dark field scanning transmission electron
micrograph, and (C) the corresponding energy dispersive
X-ray spectroscopy (EDS) map of Bi,Se;@Bi,Te;@Bi,Ses;@Bi,Tes
([BSL:[BTL:[BS]:[BT] = 1:4:32:48) multishell nanoplates. (D) Ele-
mental profiles obtained by EDS along the arrow shown in
panel (B). The scale bar in panel (B) represents 500 nm.

(Supporting Information, Figure S7C) indicates that
one to three BS layers are coated on the top and
bottom faces of the BS@BT nanoplates.
Bi,Se;@Bi,Te;@Bi,Se;@Bi,Te; Multishell Nanoplates. The
as-synthesized BS@BT@BS nanoplates were then used
as seed crystals for the growth of multishell nanoplates.
Figure 8A shows typical TEM images of the structures
synthesized at a molar ratio of [BSL:[BT]:[BSL:[BT] =
1:4:32:48. The nanoplates are now 620 + 54 nm wide
and 20 £ 7 nm thick (Supporting Information, Figure
S9), indicating that around four QLs of BT are coated on
the double-shell nanoplates. Note that the variation in
thickness arises during the synthesis of double-shell
nanoplates. The elemental analysis in Figure 8B—D
shows that the peripheral regions consist of pure BT.
Alternating Se and Te peaks are observed in the line
profiles of Figure 8D, arranged Se — Te — Se —
Te from the center outward. In Figure 9A furthermore,
the electron diffraction pattern obtained from a single
nanoplate shows two 6-fold symmetric sets of spots
with the same orientation, which are indexed to the
(1120) lattice planes of pure BS (the outer set) and pure
BT (the inner set). The small lattice mismatch of 4.5%
for the lateral planes (1120) between BS and BT allows
epitaxial growth. Moiré pattern was observed in the
area where the outer BT shell and the inner BS shell are
superimposed (Figure 9B). The length (L) of the Moiré
pattern depends on the orientation and lattice mis-
match between BS and BT layers. Assuming that the
angleis 0°, then the interval length of the Moiré pattern
is defined as L = Pg1Pgs/(Pat — Pgs), where Pgr and Pgs
are the lattice constants of the (1120) planes for BT and
BS, respectively.*® The interval of the Moiré pattern
from the equation was calculated to be 4.62 nm based
on the values (Pgr = 0.22 nm, Pgs = 0.21 nm). The
observed length (L) of 4.9 4 0.2 nm in Figure 9B was in
a good agreement with the calculated value, which
supports the occurrence of epitaxial growth of the
(1120) planes between BS and BT. The pattern in the
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Figure 9. (A) Typical transmission electron micrograph
(TEM) of a single Bi,Se;@Bi,Tes@Bi,Se;@Bi,Te; multishell
nanoplate ([BS]:[BT]:[BSI:[BT] = 1:4:32:48) and the corre-
sponding electron diffraction pattern along the [0001] zone
axis. (B) Magnified TEM image of the solid red rectangle in
panel A, showing a Moiré patterns between BS and BT
lattices. (C) X-ray diffractograms obtained from double-shell
and multishell nanoplates with vertical lines showing JCPDS
peaks positions for rhombohedral Bi,Se; (33-0214, black)
and Bi,Te;z (15-0863, red).

corresponding XRD diffractogram (Figure 9C) can be
decomposed into peaks characteristic of pure rhombohe-
dral BS and pure BT. The fact that the strongest peak for
the double-shell nanoplates is assigned to BS and that for
the multishell nanoplates is assigned to BT further con-
firms the successful assembly of multishell nanoplates
without any compound formation at the interfaces.
Thermoelectric Properties of Bulk Pellets Made of Bi,Se; and
Bi,Se;@Bi,Te; Nanoplates. The surfactant PVP attached on
the as-synthesized nanoplates was removed by follow-
ing the previous method reported by Wu's group.>®
Experimental details are found in the Experimental
Section. The BS and BS@BT powders were sintered by
spark plasma sintering (SPS) under 30 MPa at 250 °C for
2 min. Xiong and co-workers revealed that 250 °C SPS
temperature was most effective for their Bi,Tes_,Se,
nanoplatelet composites.>® They observed significant
grain growth and interface rearrangement at higher
temperatures (e.g., 280 and 350 °C), which caused
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Figure 10. TEM images of the sintered pellet made of the
BS2BT8 nanoplates. The TEM samples were obtained by
focused ion-beam. (A) A large area cross-section image and
(B) a magnified cross-section image. The magnified image
shows the layer-by-layer stacking of the nanoplates in the
perpendicular direction to the pressure applied during the
sintering. (C) In-plain TEM image of the same sintered pellet,
showing overlay of the nanoplates.

decrease in thermoelectric power. Similarly, we found
that 250 °C is the most effective SPS temperature for
retaining the core/shell heterostructure without phase
change at the interface and for preventing grain
growth during sintering. The sintered samples were
denoted by BS (Bi,Ses), BS2BT8 (BS@BT, [BS]:[BT] = 1:4),
and BS1BT9 (BS@BT, [BSI:[BT] = 1:9) according to the
relative molar ratios between BS and BT. The lateral
dimensions of BS were identical because the core—
shell nanoplates were prepared from the same BS
seeds. The phase purity and crystal structure of the
sintered pellets were examined by XRD (Supporting
Information, Figure S10). In the XRD diffractograms
obtained from the sintered pellets, all the peaks were
perfectly indexed to those of BT and BS lattices without
any peak shift, which indicates that compound forma-
tion or oxidation did not take place, and if any in a very
limited amount, during the SPS process. This result was
further confirmed from the microstructure of the SPS
pellets. The cross-sectional TEM image of the sintered
BS2BT8 sample is shown in Figure 10A. Figure 10B is a
cross-section image and Figure 10C is an in-plane
image of the pellet. The nanoplates were stacked along
the (1120) plane. They were aligned in the perpendi-
cular direction to the pressure applied during the SPS,
forming a layer-by-layer structure. Grain growth of
nanoplates was not observed due to the low sintering
temperature (250 °C) during relatively short time (2
min). Very similar stacking of nanoplates and alignment
was observed in the sintered BS1BT9 pellet without any
grain growth (Supporting Information, Figure S10).
Since the specific alignment of the nanoplates can
affect the thermoelectric properties depending on the
measurement direction, degree of orientation in all
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Figure 11. (A) A photograph of the sintered cylinder-
shaped pellet sample prepared by spark plasma sintering.
The dimensions are denoted (10 mm in diameter and 11 mm
in height). The cylinder pellet was cut off into rectangular
parallelepiped. The thermoelectric properties were mea-
sured in the perpendicular direction to the pressure applied
to the pellet. Temperature dependence of (B) electrical
conductivities, (C) Seebeck coefficients, (D) power factor,
(E) thermal conductivities, and (F) the dimensionless thermo-
electric figure of merit (ZT) of the pellets made of BS, BS2BT8,
and BS1BT9. The dashed line in panel F shows the ZT values
from the surfactant-free BT nanoplates reported in ref 36.

pellets was quantitatively calculated. The texture frac-
tion of the {00/} planes was evaluated using Lotgering
factor () calculated from the X-ray diffractograms>’
(Supporting Information Figure S10) obtained by irra-
diating X-ray in the perpendicular direction to the
SPS pressure. The f for {00/} planes is defined as foo; =
(Pooi — Po)/(1 — po), where pooy = Zloo/Zlnk and po =
SPoot/SPhi With Iy and Puy. Iy and Py are the
intensities of (h k /) peaks for the textured and ran-
domly oriented samples, respectively. The fy, values
for BS, BS2BT8, and BS1BT9 samples were 0.36, 0.27,
and 0.30. The orientation of nanoplates in the pellets
affects the physical properties along the directions. To
provide practical thermoelectric characteristics of the
pellets, the measurements for thermal conductivity («),
electrical conductivity (o), and Seebeck coefficient (S)
were carried out in perpendicular to the SPS press
direction to acquire the accurate thermoelectric prop-
erties (Figure 11A). The Figure 11B shows the electric
conductivity (o) for the bulks of BS@BT core—shell
nanoplates, revealing the monotonic decrease with
the increase of BS composition in the whole the
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temperature. The o values of the samples were in the
range of 220—270 S/cm, which values were relatively
low due to the electron carrier scattering at the inter-
faces. The negative values of the Seebeck coefficient (S)
indicate that the major charge carriers are electrons
(Figure 11C). The absolute value of S of the BS2BT8
nanoplates was larger than that of BS1BT9 due to its
lower o. It should be noted that increase of Seebeck
coefficient in BS2BT8 was large considering the level of
the decrease in g, indicating that potential barrier
scattering at high density of BS—BT interfaces en-
hanced the Seebeck coefficient. This is clearly seen in
the plot of power factor (05%) as shown in Figure 11D.
The maximum power factor (0.9 mW/m-K? at 450 K) in
this study was obtained in the BS2BT8 core—shell
nanoplates. To clarify the mechanism, we calculated
carrier concentration (n.) and mobility («) at 300 K. The
ncand u values were 1.61 x 10" cm ™2 and 85 cm?/V s
for BS2BT8 and 1.73 x 10'° cm > and 98 cm?/V s for
BS1BTY, respectively. The order of 10'® cm™ carrier
density is similar to the values reported for high per-
formance thermoelectric materials.3® Considering the
smaller size of BS2BT8 than BS1BT9 with the same size
of the core BS, the larger volume fraction of BS in the
BS2BT8 results in a smaller electron mobility. Another
possibility is scattering of low-energy electrons passing
through the densely distributed interfaces (BT—BT and
BS—BT), which may further improve oS by increasing
the density of BS—BT interface. This trend of the 0 and S
has coincidence with our previous work in which pure
BS nanoplates and pure BT nanoplates were mixed
homogeneously.>’

Figure 11E shows the thermal conductivity ().
Compared to « of Bi,Tes bulk with microsized grains
(~1.5 W/m-K at 300 K), ¥ values of the core—shell
nanoplates were significantly lower (0.53—0.55 W/m-K
at 300 K). Because « contains electronic contribution
(Kele = kK — Kja Where k4 is the lattice thermal conduc-
tivity) which is determined by the Wiedemann—Franz
law (keie = LTo, where L is the Lorenz number), we
calculated ki, with L = 2.0 x 1078 V3/K? to clarify the
thermal transport behavior. The BS2BT8 pellets have a
larger number density of interfaces (BS—BT interface
and BT—BT grain boundary) than BS1BT9 pellet, so a
lower lattice thermal conductivity (ki) is expected in
the BS2BT8 pellets. But significantly low values of
lattice thermal conductivity (0.38—0.40 W/m-K at
300 K) were obtained in both pellets, which indicates

EXPERIMENTAL SECTION

Materials. The chemicals used in this study were sodium
selenite (Na,SeOs, 99%, Aldrich), sodium tellurite (Na,TeOs, 99%,
Aldrich), bismuth nitrate pentahydrate (Bi(NO3);-5H,0, 99.99+
%, Aldrich), hydroxylamine (NH,OH, 50 wt % in H,0, Aldrich),
poly(vinylpyrrolidone) (PVP, M,, = 55000 g/mol Da, Sigma-
Aldrich), acetic acid glacial (CH3COOH >99%, Duksan, Korea),
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that the number of interfaces and grain boundaries for
phonon scattering are saturated in the BS1BT9 pellet.
Such low k), values are attributed to the intensified
phonon scattering at the interfaces (BT—BT grain
boundary and BS—BT phase boundary). And also,
low-energy electrons would be scattered more at the
BS—BT interface, leading to improvement of power
factor in BS2BT8. We believe that power factor might
be further raised by optimizing the ratio of number
densities of BS—BT interface and BT—BT boundary.
Characterization of the interfaces and the optimiza-
tion are to be studied in the future. This simultaneous
improvement in electronic and thermal transport
properties resulted in high figure of merit (ZT) of
BS2BT8 (~0.71 at 450 K) (Figure 11F). Note that the
ZT of BT samples in Figure 11F (black dashed line) was
denoted from our pervious result in which a pellet of
surfactant-free BT nanoflakes prepared with the same
process condition was used. It is notable that the
orientations of the BT nanoflakes were very similar to
those in this study.>’

CONCLUSION

Heterostructured 2D chalcogenides have been pro-
duced using consecutive epitaxial growth of Bi,Tes (BT)
and Bi,Sejs (BS), starting from BS nanoplates and grown
up to multishell BS@BT@BS@BT nanoplates. The BT
nanoparticles generated rapidly in the reaction solu-
tion attach preferentially on the sides of the seed BS
nanoplates rather than on their basal planes. The
nanoparticles near the edges of the nanoplates reor-
ganize, allowing epitaxial growth and creating well-
defined single-crystalline hexagonal structures. The
migration of the nanoparticles deposited on the basal
planes to the edges of the nanoplates contributes to
lateral growth and leads to a uniform coat on the BS
surface. The mechanism through which BS is coated on
the BT layer is identical. The lateral dimensions and the
relative core and shell widths of the heterostructure can
be controlled by adjusting the molar ratios of the pre-
cursors added to the seed nanoplate solution. The BS@BT
core—shell nanoplates allowed homogeneous distribu-
tion of BS nanoplates in a BT matrix. The maximum ZT
was found to be ~0.71 at 450 K for the bulk of BS@BT
core—shell nanoplates with an atomic ratio of ([BS]:[BT] =
1:4). The improved ZT compared from that of the bulk of
pure BT nanoplates is due to a simultaneous improve-
ment in electronic and thermal transport properties.

acetone (C3HsO = 99.8%, Sigma-Aldrich), and ethylene glycol
(EG 299%, J. T. Baker). DI water was obtained using an
18-MQ (SHRO-plus DI) system.

Synthesis of the Bi,Se; Seed Nanoplates. A solution of PVP (0.4 g
in 20 mL of EG) was poured into a 250 mL round-bottom flask,
followed by solutions of sodium selenite (0.121 g in 20 mL of
EG), bismuth nitrate pentahydrate (0.226 g in 10 mL of EG), and
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acetic acid (12 mL), all added under magnetic stirring at room
temperature. The flask was sealed using a septum and heated to
165 °Cunder nitrogen atmosphere. As the reaction temperature
was increased, the transparent solution became light yellow.
Upon rapid injection of hydroxylamine solution (1.2 mLin 10 mL
of EG) into the mixture at 165 °C, the solution immediately
turned dark purple, indicating the formation of Bi,Ses nano-
plates. The reaction completed within 5 min, but was allowed to
proceed for 10 further minutes before being cooled down to
room temperature.

Synthesis of the Bi,Se;@Bi,Te; Core—Shell Nanoplates. The molar
ratio ([BS]:[BT]) was adjusted according to the desired lateral
size of the core/shell nanoplates. With a 1:4 molar ratio for
example, stoichiometric amounts of sodium tellurite (0.62 g in
70 mL of EG) and bismuth nitrate pentahydrate (0.91 g in 30 mL
of EG) were added to the as-synthesized BS-seed suspension at
room temperature. Note that the BS-seed suspension was
used directly after cooling without any precipitation. PVP
(0.8 g in 40 mL of EG) and hydroxylamine (2.4 mL in 10 mL
of EG) solutions were further added to the mixture under
magnetic stirring at room temperature. The reaction chamber
was sealed and heated to 160 °C under nitrogen atmosphere.
The reaction took 24 h to complete. The suspension was
then cooled down to room temperature and used for the syn-
thesis of double-shell nanoplates without any further purifica-
tion steps.

Synthesis of the Bi,Se;@Bi,Te;@Bi,Se; Double-Shell Nanoplates. In
this study, two molar ratios were used, [BS]:[BT]:[BS] = 1:4:16
and 1:4:32, to prepare nanoplates with different dimensions.
Sodium selenite (0.242 g in 40 mL of EG), bismuth nitrate
pentahydrate (0.452 g in 15 mL of EG), PVP (0.4 g in 20 mL of
EG), hydroxylamine (0.8 mL in 10 mL of EG), and acetic acid
(14 mL) solutions were poured into a 250 mL round-bottom
flask under magnetic stirring. An identical mixture was
prepared in another flask. One-eighth of the as-prepared
Bi,Se;@Bi,Tes core/shell suspension was added to one of the
flasks and 1/16 to the other for the 1:4:16 and 1:4:32 molar
ratios, respectively. The flasks were then sealed and kept at
160 °C for 24 h for the reaction to proceed. The solutions were
then cooled to room temperature and kept in the flasks for the
synthesis of multishell nanoplates without any precipitation
steps.

Synthesis of the Bi,Se;@Bi,Te;@Bi,Se;@Bi,Te; Multishell Nanoplates.
A molar ratio [BS]:[BT]:[BS]:[BT] = 1:4:32:48 was used. A solution
of sodium tellurite (0.152 g in 20 mL of EG), bismuth nitrate
pentahydrate (0.226 g in 10 mL of EG), PVP (0.2 g in 10 mL of EG),
hydroxylamine (1.2 mL in 10 mL of EG), and acetic acid (1 mL)
was prepared in a 250 mL round-bottom flask. One-third of the
as-synthesized BS@BT@BS nanoplate suspension ([BS]:[BT]:[BS] =
1:4:32) was then added to the mixture at room temperature. The
resulting solution was heated to 160 °C and kept for 24 h under
nitrogen atmosphere. The final product was collected by cen-
trifugation (~11 000 rpm, 10 min) and washed three times with
DI water and ethanol.

Fabrication of Pelletized Bulk Samples by Spark Plasma Sintering
(SPS). Spark plasma sintering (SPS) was employed to prevent the
grain growth of atomic diffusion between the interfaces of the
nanoplates. Prior to the SPS process, the surfactant PVP used to
stabilize the nanoplates was removed with a diluted hydrazine
solution.*® The as-synthesized nanoplates were redispersed in
ethanol. Hydrazine hydrate was added to the dispersion. Vol-
ume fraction of hydrazine hydrate was 15% of the total volume
of the dispersion solution. The mixture solution was stirred
vigorously until all the nanoplates were precipitated. The
precipitates were collected and washed by centrifugation
(15000 rpm, 10 min) three times with a mixture of ethanol
and acetone. It was dried at room temperature under vacuum
for several hours and then stored in a glovebox to prevent
oxidation of the nanoplates. The dry powders were pelletized by
spark plasma sintering (SPS) under 30 MPa at 250 °C for 2 min
under a vacuum. The pellets were cylinders with 10 mm in
diameter and 11 mm in height.

Measurements of Thermoelectric Properties. The electrical con-
ductivities and Seebeck coefficients were measured from 300 to
480 K with a thermoelectric measurement system (ZEM-3,
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ULVAC, Japan) in He atmosphere. The thermal conductivities
(k = ps* Co+A) were calculated from measurements taken sepa-
rately. Sample density (ps) was measured by Archimedes meth-
od. The heat capacity (C) and thermal diffusivity (1) values were
measured under vacuum by laser-flash method (TC-9000, UL-
VAC, Japan). The carrier concentration (n.) and mobility (u) were
estimated from the Hall resistivity, which was measured in the
van der Pauw configuration.

Characterization. Samples were analyzed by transmission
electron microscopy (TEM, JEM-2100F and JEM-2011HC, JEOL)
at an accelerating voltage of 200 kV, energy dispersive X-ray
spectrometry (EDS, INCA X-sight 7421, Oxford Instruments), and
by X-ray diffraction (XRD, D/MAX II, Rigaku) with Cu Ka radiation
(A = 0.1542 nm). The topologies of the nanoplates were
examined by atomic force microscopy (AFM, Dimension 3100,
Digital Instruments Co.). The bismuth, tellurium, and selenium
contents were measured by inductively coupled plasma optical
emission spectrometry (ICP-OES, Optima 8300, PerkinElmer)
using three ICP standards (0.0, 2.0, and 20.0 ppm of Bi and Te;
0.0, 1.0, and 10.0 ppm of Se prepared in 5 wt % HNO3 back-
ground solutions.
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