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Bismuthinite (Bi,S;) nanostructures were prepared by a hydrothermal method with sodium ethylenediamine-

tetraacetate (EDTA-Na,). The morphology of Bi,S; nanostructures was changed from a nanorod to a nanoplate by

presence of the EDTA-Na,. The altered morphology was caused by the capping effect of EDTA-Na, with Bi*" ions,

which induces the suboptimal growth direction due to partially blocking the preferential orientation direction. When

the EDTA-Na,/Bi®" molar ratio=1, the growth of Bi,S; nanostructures was not allowed due to the chelating effect

of EDTA-Na,. The obtained Bi,S; nanorods, stacked nanorods, nanoplates and nanoparticles were characterized

using X-ray diffraction (XRD), transmission electron microscopy (TEM), high-resolution transmission electron mi-

croscopy (HRTEM) and selected area electron diffraction (SAED) pattern. A possible formation mechanism of

these morphologies was proposed. The successful synthesis of various morphologies of nanostructured Bi,S; may

open up new possibilities for thermoelectric, electronic and optoelectronic uses of nanodevices based on Bi,S;

nanostructure.
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Introduction

AY,BY, (A=Sb, Bi, As; B=S, Se, Te) group semi-
conductor compounds can be used in the applications of
photoconducting targets, thermoelectric devices, elec-
tronic and oFtoelectronic devices, and infrared (IR)
spectroscopy. ' Especially, Bi,S; is useful as a material
for photodiode arrays and photovoltaic converters due
to its direct band gap (£,) of 1.3 eV.**! Bi,S; is also
used as a thermoelectric cooling material based on the
Peltier effect.”” Recently, many reports in a variety of
journals have focused on 1-dimensional (1D), 2-dimen-
sional (2D), and 3-dimensional (3D) crystalline Bi,S;
using various methods, such as solvothermal and hydro-
thermal processes,” ! microwave synthesis,!'"*"! ther-
mal decomposition,!"™"! hot injection method,***" tem-
plate method,"”** single source precursor method,”*!
and self-assembly method./**)

Experimental conditions of solvothermal and hydro-
thermal processes, such as a sulfur source, solvent type,
and surfactant are important factors for controlling the
morphology of Bi,S; nanostructures.”"*! For example,
ultralong nanoribbons have been obtained using an
NaOH and glycerol solution,” nanotubes were obtained
using octadecylamine,'” nanoribbons were obtained
using three kinds of characteristic sulfur sources

(NayS;0s5, elemental S and NaZS),[”] superhydrophobic
Bi,S; complex nanostructures were obtained using bio-
molecules (tripeptide glutathione (y-Glu-Cys-Gly)),!'
and 3D Bi,S; matlike architectures composed of assem-
bled nanorods were obtained using seeded substrate.!'!

Especially, 3D Bi,S; structures composed of 2D
Bi,S; have been focused on various applications, such
as a hydrogen storage, high-energy batteries, and cata-
lytic fields due to their unique structure and high surface
area.””) Most of these 3D structures are constituted of
1D or 2D nanostructures. Because of this, the control of
Bi,S; 1D and 2D morphologies is very important. But,
the simple control of Bi,S; morphology still remains
difficult due to a lack of comprehension of the aniso-
tropic properties in the Bi,S; structure.

In this paper, we reported on the morphological
change of the Bi,S; nanostructures by changing the mo-
lar ratio of EDTA-Na,/Bi’ " without changing the sulfur
source, solvent type, and surfactant. A variety of reports
on the preparation of nanostructures using EDTA-Na,
were found in the literature involving a—B1203,[3O]
YVOLPT CevO,P W05, Lavo,™ PbsP and
ZnOP% due to EDTA-Na, behavior of chelating, cap-
ping, and as a structure-directing effect. We suggested a
possible control mechanism of Bi,S; in regard to the

*  E-mail: mikihan@ewha.ackr (Mi-Kyung Han), sjkim@ewha.ac.kr (Sung-Jin Kim), wooyoung@yonsei.ac.kr (Wooyoung Lee); * These authors

equally contributed to this work.

Received January 2, 2013; accepted February 24, 2013; published online XXXX, 2013.

Chin. J. Chem. 2013, XX, 1—5

©2013 SIOC, CAS, Shanghai, & WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

@WILEY g

ONLINE LIBRARY 1



FULL PAPER

Kim et al.

role of the capping and chelating agent, EDTA-Na,. Our
prepared products with variable morphologies via a
hydrothermal process are still not reported in the litera-
ture and might be useful for a thermoelectric, electronic,
and optoelectronic devices to create functional nano-
structured materials.

Experimental

In a typical synthesis, 0.005 mol of Bi(NO;);*5H,0
was dissolved in 20 mL water. The mixture was added
to a 50 mL Teflon lined stainless steel autoclave, which
was filled with a 20 mL of Na;S*9H,0 (0.01 mol) aque-
ous solution. EDTA-Na, was added to the solution at
four different molar ratio of EDTA—Naz/Bi3 * (0, 0.3,
0.7, or 1) in order to control the morphology of Bi,S;
nanostructures. The autoclave was maintained at a tem-
perature of 120 C for 24 h. During the reaction, the
solution was stirred by a stainless steel stirrer with a
rotational speed of 50 r/min. After the reaction, the
autoclave was naturally cooled to room temperature.
The powder (yield about 80%) was collected by filtra-
tion, washed with deionized water, ethanol, and acetone
several times and then dried at 60 ‘C for 12 h in a
vacuum. The powder XRD patterns were collected on a
Rigaku D/MAX X-ray (40 kV and 30 A) diffractometer
with Cu Ko radiation (A=1.54056 A). The sample
morphologies, fine structures, and SAED patterns were
obtained by field emission transmission electron mi-
croscopy (FE-TEM) using a model 2100F apparatus
(JEOL, Tokyo, Japan).

Results and Discussion

Figure 1 shows the XRD patterns of the final prod-
ucts. All diffraction peaks could be indexed to the pure
orthorhombic phase of Bi,S;. The lattice constants cal-
culated from the XRD pattern in Figures 1b—1le were
about 11.151—11.171 A, 11.301—11.331 A, and 3.977
—3.981 A for the lattice parameter a, b, and c, respec-
tively. The results showed good agreement with the
JCPDS data (JCPDS 17-0320, a=11.149 A, b=11.304
A and ¢=3.981 A). Peaks for bismuth, oxide, or other
bismuth sulfide-oxide compounds did not appear in the
diffraction patterns. From the XRD pattern, stacked
nanorods, nanoplates, and nanoparticles (Figures 2c—
2e) showed no significant deviation from that of calcu-
lated Bi,S;. Enhanced (120) peak intensities in the XRD
analysis were observed for the nanorod. The relative
differences of peak intensity denoted a preferred crys-
tallographic orientation. The above results indicated that
the [001] or [24k0] was the preferred orientation direc-
tion of the Bi,S; nanostructure without EDTA-Na,, but
the preferred orientation plane disappeared by increas-
ing the amount of EDTA-Na,. We confirmed the pre-
ferred orientation direction of Bi,S; nanorod by SAED
pattern and HRTEM (Figure 2).

Figure 2 shows representative TEM images of Bi,S;
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Figure 1 XRD patterns of powder products synthesized by
hydrothermal method. (a) calculated Bi,S;, (b) without EDTA-
Na,, (¢) EDTA-NayBi*" molar ratio=0.3, (d) EDTA-Na,/Bi**
molar ratio=0.7, (¢) EDTA-Na,/Bi*" molar ratio=1.

Figure 2 TEM and HRTEM images of powder product synthe-
sized without EDTA-Na,. (a) TEM image of Bi,S; nanorod, (b)
HRTEM image of Bi,S; nanorod, (¢) SAED pattern of Bi,S;
nanorod, (d) schematic diagram of the preferential growth direc-
tion.

nanorods prepared by the hydrothermal method without
EDTA-Na,. Nanorods displayed a diameter of 10—30
nm and a length of 400—900 nm (Figure 2a). The
chemical reactions in the hydrothermal synthesis could
be expressed as follows:

2Bi(NOs); (aq)+3NasS (aq)
—  Bi)S; (S)+6N8.NO3 (aq)

Bi,S; nucleation — Bi,S; nanowires

Bi’" ions from Bi(NO;); react immediately with S*
ions from Na,S to form Bi,S;. The reaction solution
changed color from clear to light gray immediately, in-
dicating the formation of Bi,S; nuclei. These freshly
formed Bi,S; nuclei in the solution grow into Bi,S;

Chin. J. Chem. 2013, XX, 1—5



Morphology Control of Bi,S; Nanostructures and the Formation Mechanism

CHINESE JOURNAL OF
CHEMISTRY

nanowires. The HRTEM image shown in Figure 2b de-
picted the growth direction of a representative nanorod.
The nanorod was a well crystallized single crystal, free
from defects including a dislocation, a twin boundary,
and a stacking fault. The distances of the lattice planes
between two neighboring faces were estimated to be
about 3.9 and 5.0 A, which was exactly the same dis-
tances as that of interplanar distance between the (001)
and (120) lattice planes of Bi,S; crystal, respectively.
Also, the SAD pattern in Figure 2¢ was a typical ortho-
rhombic SAED pattern, which was indexed as the same
plane of the HRTEM image. The (001) plane of SAD
pattern in Figure 2c is a non-allowed reflection of Bi,S;
crystal structure. However, the forbidden reflection of-
ten appears due to breaks in crystal lattice symmetry,
such as monatomic steps and kinks along the nanocrys-
tal surface.”” The nanowire in Figure 2 grew along the
[210] direction. This result confirmed that the preferen-
tial growth direction of the Bi,S; nanorod was the
[210] direction, which was consistent with our XRD
analysis and previous report for Bi,S; nanoribbons.””! In
order to understand the growth of Bi,S; nanorods, we
needed to study its crystal structure. Figure 2d shows
schematic diagram of the growth direction of the Bi,S;
unit cell.

Figure 3 shows the Bi,S; nanorods formed at molar
ratio of EDTA-Naz/Bi3+=O.3. TEM revealed that the
stacked nanorod Bi,S; possessed average edge lengths
of about 0.3—0.7 um. Figure 3b shows a magnified
TEM image of stacked nanorod Bi,S;. The angle of the
Bi,S; stacked nanorod corner was about 90°, which
matched the angle between the (120) and (001) lattice
planes of Bi,S; crystal structure. We found that the
stacked nanorod Bi,S; did not grow uni-directionally,
but rather displayed two-way directional growth along
the [001] and [210] direction (Figures 3¢ and 3d). The
morphology of the Bi,S; nanostructure was changed as
a result from a nanorod to a stacked nanorod due to the
change of the growth direction from [210] to [001] by
the effect of EDTA-Na,. In the case of the EDTA-Na,/
Bi*" molar ratio of 0.7, Bi,S; nanoplates were formed
as shown in Figure 4a. Bi,S; nanoplates had average
edge lengths of about 300—500 nm. Figure 4b shows a
typical HRTEM image of the Bi,S; nanoplate, which
was single crystalline as shown by the SAED pattern
(Figure 4c). The distance of lattice planes was about 3.7
and 5.0 A, which matched the distance between the
[220] and (120) lattice planes of Bi,Ss, respectively.
The angle between the [220] and (120) planes is 72.2°.
The corresponding SAED pattern was taken along the
[001] zone axis. The SAED pattern was indexed in the
same plane of the HRTEM image of Figure 4c. At the
EDTA—NaZ/Bi3+ molar ratio of 1, very tiny Bi,S;
nanoparticles with irregular shape were formed. Figure
5a shows a representative Bi,S; nanoparticle with aver-
age edge lengths of 10—20 nm and edge of the basal
facets were not well defined. A representative HRTEM
image shown in Figure 5b depicted the single crystal
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Figure 3 TEM and HRTEM images of powder product synthe-
sized at EDTA-Na,/Bi*" molar ratio=0.3. (a) TEM image of the
stacked nanorod Bi,S;, (b) Magnified TEM image of the stacked
nanorod Bi,S;, (c¢) HRTEM image of the stacked nanorod Bi,S;
and SAED pattern (upper right), (d) Schematic diagram of the
preferential and sub-optimal growth direction.

3.7A(220)

(© (d)

Figure 4 TEM and HRTEM images of powder product
synthesized at EDTA-Na,/Bi*" molar ratio=0.7. (a) TEM image
of Bi,S; nanoplates, (b) HRTEM image of Bi,S; nanoplate, (c)
SAED pattern of Bi,S; nanoplate, (d) schematic diagram of the
related planes.

Figure 5 TEM and HRTEM images of powder product synthe-
sized at EDTA-Na,/Bi*" molar ratio=1. (a) TEM image of Bi,S;
nanoparticles, (b) HRTEM image of Bi,S; nanoparticles and
SAED pattern (ring, upper right).

structure of Bi,S; nanoparticles. The SAED pattern
shows the random orientation of Bi,S; nanoparticles,
which agrees well with XRD results.

Many studies have reported that 2D growth model
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for Bi,S; crystal structure, such as nanosheet and nano-
plate, can be attributed to the anisotropic Bi—S atom
chains structure of Bi,S; unit cell®™ or the splitting
crystal growth process.” In our work, in order to un-
derstand the 2D growth of Bi,S;, we needed to know
role of EDTA-Na;. EDTA-Na, binds to Bi’  ions
through its two amines and four carboxylates."*” In the
absence of EDTA-Na,, Bi,S; nanorods were formed
along the [220] direction due to the intermolecular
attraction between Bi and S atoms. However, in the
presence of EDTA-Na,/Bi’" molar ratio of 0.3 and 0.7,
the 1D growth of the Bi,S; nanostructures was prohib-
ited and instead formed 2D growth like a nanoplate and
a stacked nanorod. This remarkable change shows that
EDTA-Na, plays an important role in the morphology
evolution. We propose that the formation of the 2D
growth may result from the capping of Bi’" ions with
the EDTA-Na, in the (120) plane, which gives rise to a
prohibition of crystal growth along the [210] axis and
inducement of crystal growth along the [001] direction.
A similar morphological change of ZnO from nanowire
to stacking nanoplates was reported in the presence of
citrate as a complex agent,"*'! which plays a similar role
of EDTA-Na, in our experiment. In the case of the
EDTA-Nay/Bi’" molar ratio of 1, we propose that
EDTA-Naj is fully prohibited to growth of Bi,S; struc-
ture. In aqueous solution with EDTA-Na,, EDTA-Na,
and Bi’" react as follows:

Bi’'+EDTA" — (BiEDTA)
(BiEDTA)” — Bi’" +EDTA"
Bi’" +S° — Bi,S;

Bi,S3 nucleation — Bi,S; growth

EDTA-Na, and Bi’" can form very stable ligand

complex shown in the above reaction. The Bi’" with
EDTA-Na, complex in aqueous solution proceeds with
spontaneous nucleation and produces a number of nu-
cleation. Then, Bi,S; growth proceeds at very low rate
due to the EDTA-Na, complex. Therefore, only small
Bi,S; particles can be produced. In the case of the
EDTA-Nay/Bi*" molar ratio of 0.3 and 0.7, the capping
effect of EDTA-Na, is a more dominant factor than the
chelating effect, which only affects the growth direction
of Bi,S; nanostructure. While the EDTA-Nay/Bi®" mo-
lar ratio increases by 1, the growth of Bi,S; nanostruc-
ture is fully restrained, thereby indicating that the che-
lating effect of EDTA-Naj, is more dominant.

Figure 6 shows a schematic diagram of the proposed
formation mechanism of nanostructured Bi,S; at differ-
ent molar ratios of EDTA—Naz/BiH. In case of reaction
without EDTA-Na,, Bi,S; nanorods grow preferentially
along the [210] direction. When the molar ratio of
EDTA-Naz/Bi3+ is increased to 0.3, the Bi,S; nanos-
tructure first grows along the [210] direction, then
grows along the [001] direction due to the capping ef-
fect of EDTA-Na,. When the molar ratio of EDTA-
Naz/Bi3+=0.7, Bi,S; nanostructure apparently forms a
nanoplate (Figure 6¢). When the molar ratio of EDTA-
Na/Bi*"=1, only small Bi,S; particles can be produced
due to the chelating effect of EDTA-Nas.

Conclusions

Bi,S; nanorods, stacked nanorods, nanoplates, and
nanoparticles are synthesized through a hydrothermal
method only by varying of molar ratio of EDTA-
Nay/Bi*". The powder XRD measurements verified that
Bi,S; nanorods, stacked nanorods, nanoplates, and
nanoparticles are the same orthorhombic structure. The
Bi,S; nanorods grow in the [210] direction due to the

[210] direction
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Figure 6 The schematic diagram of the formation of Bi,S; nanostructures at different molar ratios of EDTA-Nay/Bi**. (a) nanorod, (b)

stacked nanorod, (c) nanoplate, and (d) nanoparticle.
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intermolecular attraction between Bi and S atoms. At
the molar ratio of EDTA—Naz/BiH:O.S, stacked nano-
rod Bi,S; grow along the ¢ axis direction instead of the
[210] direction. The change of Bi,S; morphology re-
sults from the capping effect of Bi*" ions with
EDTA-Na,, which partially blocks the preferential ori-
entation direction and also drives growth in the suboy—
timal orientation direction. When the EDTA-Na/Bi’"
molar ratio=1, the growth of Bi,S; structure is not al-
lowed due to the chelating effect of EDTA-Na,.
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