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Topological materials from heavy p-block metal chalcogenides
with layered structures and anisotropic bonding are of immense
importance for thermoelectrics. The synthesis of such materials
with simple chemical routes is of high significance. Here, we
present a low-temperature, facile, one-pot, and cost-effective
synthesis of topological insulator Bi,Se; nanosheets. The material
demonstrates excellent electrical transport and low thermal con-
ductivity, leading to a peak thermoelectric figure of merit (ZT) of
~0.41 at 480 K. Additionally, the synthesis of Bi,Sz nanoparticles
under ambient conditions suggests the versatility of the method.

Materials with strong chemical bonding in the in-plane direc-
tion and weak van der Waals interlayer type (e.g. SnSe, MoS,,
WS,, Bi,Te;) or weak electrostatic interactions (e.g. BiCuSeO,
Bi,0,Se, BiAgOS) along the stacking direction are called two-
dimensional (2D) materials. After the graphene surge, there has
been significant activity in the synthesis of non-carbon-based
inorganic solid-state 2D materials. This is driven by their
promising applications and the need for a deeper understand-
ing of structure-property relationships.'™ The high surface-to-
volume ratio of these nanostructured 2D materials, coupled
with the quantum confinement effect of charge carriers in two
dimensions, gives rise to a range of fascinating properties and
potential applications in fields such as electronics,>”
catalysis,*’ energy storage,®® and energy conversion.*®

In recent years, topological materials, a class of quantum
materials, have earned widespread interest. These materials
have become the focal point of research due to their remarkable
potential for various applications, including thermoelectrics,
quantum computing, and catalysis.'®** The demand for simi-
lar material characteristics like heavy elements and small band
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gaps highlights the strong connection between the topological
electronic structure and thermoelectrics.'? For instance, Bi,Se;
is known for its promising thermoelectric properties. In addi-
tion to its narrow band gap, the fascination with Bi,Se; also
comes from its topological insulator (TI) nature due to spin-
orbit coupling. In the bulk of TIs, the valence and conduction
bands are separated by a band gap, while at the surface, the
valence and conduction bands are linked by metallic topologi-
cal surface states."'>™"” These exotic topologically protected
surface states were observed experimentally using angle-
resolved photoemission spectroscopy (ARPES) experiments,
and the topological signature has been verified in transport
measurements.'®'® The effect of topological surface states in
transport decreases with increasing number of layers in TIs as
the contribution of bulk states plays a dominant role. There-
fore, atomically thin few layer Bi,Se; is promising for thermo-
electrics due to its enhanced topologically protected surface
states, which results in excellent charge transport.

Traditionally, high-temperature solid-state, chemical and
vapour deposition methods and molecular beam epitaxy have
been employed to yield TIs with a few to ~30 quintuple layer
(QL) thickness. The need for a facile route to synthesise few QL
Bi,Se; has attracted significant attention in solution phase
synthesis. Mechanical exfoliation,'® ionothermal synthesis,°
the polyol method,*>* vapour-solid synthesis,>* molecular
beam epitaxy”> and chemical vapour transport®® have been
employed to synthesize few-layer Bi,Se;. Often, these methods
are limited by complicated reaction setups, expensive reagents,
and toxic by-products. Therefore, a facile, scalable, and envir-
onmentally friendly synthetic route is still of great interest to
explore. Recently, a simple route for obtaining Se activation by
ethanolamine and the synthesis of various metal chalcogenides
such as Ag,Se, FeSe, and CdSe has been demonstrated without
hazardous side products.””*®

Herein, we report a simple, low cost, environmentally
friendly synthesis of few layered Bi,Se; nanosheets. We have
found that the ethanolamine-mediated synthesis reaction of
bismuth neodecanoate and SeO, yields few QL Bi,Se;
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nanostructures at 160 °C. We have used powder X-ray diffraction
(PXRD), field emission scanning electron microscopy (FESEM), and
transmission electron microscopy (TEM) for the characterization of
the materials. FESEM and TEM studies reveal the few-layer nature of
the nanosheets. The synthesized Bi,Se; nanostructures were explored
for electronic and phonon transport properties. The Bi,Se; nanosheets
exhibit excellent charge transport properties and low thermal con-
ductivity. A peak promising thermoelectric figure of merit ZT' ~0.41 at
480 K was achieved, which is comparable to reported Bi,Se; and
provides practical relevance. We also demonstrate that ethanolamine-
mediated synthesis produces Bi,S; under ambient conditions, high-
lighting the versatility and generality of the method.

Bi,Se; crystallizes in an anisotropic layered structure with
R3m space group. The structure contains quintuple layers (QLs)
of five covalently bonded [Se,-Bi-Se;-Bi-Se,]| atomic planes
each of approximately 1 nm thickness. These QLs are periodi-
cally aligned along the crystallographic c-axis by weak van der
Waals-like interactions (Fig. 1a).">>%*"?° In a typical one-pot
synthesis, Bi neodecanoate and SeO, were used as metal and Se
sources, respectively. Ethanolamine (2-amino-1-ethanol) was
used as both a solvent and a soft reducing agent to reduce
Se* to Se”” to facilitate the reaction with Bi*" to yield a few
quintuple layer Bi,Se; nanosheets. The reaction was performed
at a temperature of 160 °C for 30 minutes under normal
atmospheric conditions. The reaction mixture was allowed to
cool naturally, after which the Bi,Se; nanosheets were collected
through sequential washing and drying.

PXRD patterns of the as-synthesized Bi,Se; samples can be
indexed based on a rhombohedral structure with an R3m space
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group (Fig. 1b).>>** The sharp nature of the peaks indicates the
high crystalline nature of the material. In contrast, a similar
approach to synthesise Bi,S; under ambient conditions results
in broad peaks (Fig. S1a, ESIT), which could be attributable to
the small size of the particles (Fig. S2a and b, ESIt). The
crystallinity of the synthesized Bi,S; was improved following
annealing at 573 K in a vacuum-sealed tube (Fig. Sla, ESIT).
Efforts to synthesise Bi,Te; have yielded Bi,Te; with elemental
tellurium as an impurity (Fig. S7, ESIt), probably due to the low
reactivity of tellurium.

In order to understand the morphology and elemental
composition of Bi,Se;, FESEM coupled with energy dispersive
X-ray analysis (EDX) was performed. The FESEM (Fig. 2a and b)
images indicate the ultrathin nature of the Bi,Se; nanosheets.
The EDX analysis shows the appropriate stoichiometry ratio of
the consistent elements (Fig. 2f). Moreover, the uniform dis-
tribution of Bi and Se is confirmed by the elemental colour
mapping (Fig. 2c-e) indicating the single-phase homogeneity of
Bi,Se; nanosheets. The formation of ultrathin nanosheets is
further confirmed by the TEM (Fig. 3a and Fig. S4, ESIY)
images. The high-resolution TEM (Fig. 3b) shows a distinct
lattice spacing of ~4.7 A corresponding to the (006) interplanar
distance. The selected-area electron diffraction (SAED) pattern
obtained from a single sheet region reveals the single-crystal
nature of the nanosheets (inset of Fig. 3b).

The X-ray photoelectron spectroscopy (XPS) of the as-
synthesized Bi,Se; nanosheets was performed to understand
the presence of constituent elements and their oxidation states.
Two sharp peaks at ~162.78 eV and ~157.48 eV correspond to
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Fig. 1 (a) Crystal structure of Bi,Sez viewed down the crystallographic axis

a, (b) room temperature PXRD pattern of the Bi,Ses nanosheets with the

simulated pattern (COD: 00-901-1965), and (c) a schematic representation of a Bi,Ses nanosheet synthesis process.
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(a) and (b) Typical FESEM images of Bi,Ses hanosheets. (c)—(e) EDX
elemental colour mapping of Bi,Ses nanosheets. A homogenous distribu-
tion of Bi and Se is observed in the Bi,Ses nanosheets. (f) EDX spectra of
the as-synthesized Bi,Ses; the inset table shows the corresponding ele-
mental composition.

Fig. 2

Fig. 3 (a) A typical low magnification TEM image of Bi,Sez nanosheets
showing stacking of the nanosheets and (b) HRTEM image showing the
(006) lattice planes of the Bi,Ses nanosheets. Inset with the corresponding
SAED pattern from a single sheet region of Bi,Ses.

the spin-orbit coupled peaks of Bi 4f5/, and Bi 4f;,, respectively
(Fig. 4a), which is consistent with the Bi(IIl), and the peaks
at ~53.85 eV and ~52.98 eV are attributed to Se 3d;, and
Se 3ds),, suggesting the purity of the phase (Fig. 4b)."”*° The
peaks were fitted using a Gaussian model, with excellent good-
ness of fit (R*) values of 0.994 for Bi and 0.996 for Se. The XPS
analysis of the synthesized Bi,S; sample reveals the presence of
its constituent elements, with peak positions closely matching
those reported in the literature (Fig. S6, ESIt).
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Fig. 4 X-ray photon electron spectra of the Bi,Ses nanosheets. (a) Bi 4f
exhibiting a peak splitting of ~5.4 eV corresponding to Bi(lll) and (b) Se 3d
suggesting the purity of the phase.

The presence of heavy elements, anisotropic layered structure
and TI nature of Bi,Se; motivated us to investigate the electrical and
thermal properties of the as-synthesized nanosheets. To measure the
transport properties of the Bi,Se; nanosheets, first, we have per-
formed hydrazine treatment (see experimental section, ESIt) to
remove any surface adsorbed ligands. The sample was densified
by employing a hot press at 748 K for 30 minutes under 50 MPa
pressure. The density of the pressed sample is ~7.043 g cm°
(~92% theoretical density). To understand the effect of hot pressing
on the nanosheets, PXRD and FESEM imaging were done. The
PXRD pattern of the crushed pellet displays a good agreement with
the simulated pattern (Fig. S8a, ESIt), Backscattered mode FESEM
imaging (Fig. S8c, ESIt) confirms the retention of a single phase.
FESEM imaging of the fractured pellet surface shows the retention of
the few layered nature of the Bi,Se; nanosheets (Fig. S8b, ESIt).
Moreover, the EDX composition and elemental colour mapping
analysis show the appropriate stoichiometry ratio and uniform
distribution of Bi and Se in the hot-pressed sample (Fig. S9, ESI}).

In Fig. 5, we show the optical images and thermoelectric
transport data for the Bi,Se; sample. The electrical and thermal
transport properties are measured along the hot pressing
direction (|| to hot pressed) (Fig. 5a and b). The electrical
conductivity (¢) of the sample increases with temperature,
rising from ~219 S em™" at 335 K to ~291 S em ™" at 725 K
(Fig. 5c¢). The negative Seebeck coefficient indicates a n-type
conduction in the sample with a measured S value of
~—121 pv K ' at 335 K, which shows a peak value of
~—131 pv K ' at 481 K and then it reaches a value
of ~—119 pv K" at 725 K (Fig. 5d). A similar trend in Seebeck
value was observed previously in few QL Bi,Se;.*!

Thermal conductivity () was calculated using the relation
k = DCpp, where D is thermal diffusivity, C,, is specific heat
capacity, and p is the density of the material (see Fig. S10, ESIT).
Thermal conductivity of the as-synthesized materials ranges
from ~0.4Wm 'K 'at296 Kto ~0.75 Wm ' K " at 725 K
(Fig. 5e). The lattice thermal conductivity, ., was obtained by
subtracting the electronic part of the thermal conductivity, «.,
from the K utilising the Wiedemann-Franz law, x, = LoT,
where L is Lorenz number, and T is temperature. The estima-
tion indicates that the nanosheets exhibit ultralow lattice
thermal conductivity (Fig. S11a, ESIt). This low thermal con-
ductivity arises due to phonon scattering at the surface and
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Fig. 5 (a) Schematic representation of a cylinder with the sample cut along the

hot pressing direction for thermal and electrical transport measurements. (b)
Images of a hot-pressed cylinder, which was further cut into a coin and bar-
shape for the thermoelectric property measurements. Temperature dependent
(c) electrical conductivity (a), (d) Seebeck coefficient (S), (€) thermal conductivity
(1), and (f) thermoelectric figure of merit (ZT) of the Bi,Ses nanosheets. A 10%
error bar is shown for ZT estimation.

layer interface and the presence of low-energy optical phonon
modes, which usually scatter the heat-carrying acoustic pho-
nons. From the electrical conductivity and Seebeck data, a
maximum power factor of ~4.25 pW ecm™ ' K ? is estimated
at 675 K (Fig. S11b, ESIt). The peak thermoelectric figure of
merit (Z7) value is estimated to be ~0.41 at 480 K (Fig. 5f). It
must be mentioned that the ZT value of the as-synthesized
sample is comparable to previously reported Bi,Se; (Table S1,
ESIYt). This finding implies that the described one-pot synthesis
approach effectively produces high-quality materials.

In conclusion, we have successfully demonstrated a one-pot
synthesis route of Bi,Se; using Bi neodecanoate and SeO, in 2-
amino-1-ethanol solvent. Utilizing the present method, we also
synthesized Bi,S; nanoparticles under ambient conditions. The
technique employs a very simple, capping-agent-free and scal-
able approach. The Bi,Se; nanosheets exhibit promising charge
transport properties. The layered structure and nano/meso-
scale interfaces cause significant phonon scattering, which
results in low thermal conductivity and a promising ZT. The
simplicity of the current synthetic method, along with the
promising transport properties, paves the way for environmen-
tally friendly synthesis of multifunctional materials.
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