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Synthesis and Growth Mechanism of Bi,S; Nanoribbons

Zhaoping Liu, Jianbo Liang, Shu Li, Sheng Peng, and Yitai Qian**!

Abstract: This article describes a facile
solvothermal method by using mixed
solvents for the large-scale synthesis of
Bi,S; nanoribbons with lengths of up to
several millimeters. These nanoribbons
were formed by a solvothermal reac-
tion between Bi™-glycerol complexes
and various sulfur sources in a mixed

nanoribbons had predominately grown
along the [001] direction. The Bi,S;
nanoribbons prepared by the use of
different sulfur sources have a common
formation process: the initial formation
of NaBiS, polycrystals, which serve as
the precursors to Bi,S;, the decomposi-
tion of NaBiS,, and the formation of

Bi,S; seeds in the solution through a
homogeneous nucleation process; the
growth of Bi,S; nanoribbons occurs at
the expense of NaBiS, materials. The
growth mechanism of millimeter-scale
nanoribbons involves a special solid-
solution—solid transformation as well as
an Ostwald ripening process. Some cru-

solution of aqueous NaOH and glycer-
ol. HRTEM (high-resolution transmis-
sion electron microscopy) and SAED
(selective-area  electron  diffraction)
studies show that the as-synthesized

Introduction

One-dimensional (1D) nanostructures (wires, rods, tubes,
and ribbons) are expected to play an important role in fabri-
cating nanoscale devices. As a result, the synthesis and char-
acterization of 1D nanostructures have recently attracted ex-
tensive attention from a broad range of researchers.) In
particular, much effort has been devoted to the controlled
synthesis of 1D nanostructures from chalcogenides semicon-
ductors due to their interesting physical properties, and their
potential applications in fabricating optoelectric and ther-
moelectric nanoscale devices.”) Main-group metals chalcoge-
nides such as AY,B"Y'; (A=As, Sb, Bi; B=S, Se, Te) group
compounds are semiconductors and have applications in tele-
vision cameras with photoconducting targets, thermoelectric
devices, optoelectronic devices, and in IR spectroscopy.”
Bismuth sulfide (Bi,S;) is a direct band-gap material with E,
of 1.3 eV, which makes it a useful material for photodiode
arrays and photovoltaic converters.” It also belongs to a
family of solid-state materials with applications in thermo-
electric cooling technologies based on the Peltier effect.”!

[a] Dr. Z. Liu, J. Liang, S. Li, S. Peng, Prof. Y. Qian
Structure Research Laboratory and
Department of Chemistry, University of Science and
Technology of China, Hefei, Anhui 230026 (P. R. China)
Fax: (+86)551-360-7402
E-mail: liuzp@mail.ustc.edu.cn
ytgqian@ustc.edu.cn

634 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Keywords: bismuth
growth - nanostructures - solvother-
mal synthesis - sulfide

cial factors affect nanoribbon growth,
such as, solvothermal temperature,
volume ratio of glycerol to water, and
the concentration of NaOH; these
have also been discussed.

. crystal

The availability of Bi,S; nanostructures with well-controlled
morphology and dimension should be able to bring in new
types of applications or enhance the performance of the cur-
rently existing device as a result of quantum-sized effects.
So the synthesis of 1D nanostructures of Bi,S; should be of
great significance.

1D nanostructures of single-crystalline Bi,S; have been
prepared by various approaches, such as, a solvothermal (in-
cluding hydrothermal) process,® template-directed proce-
dure,” and a high-temperature evaporation method.®! How-
ever, the quality of the as-synthesized 1D nanostructures of
Bi,S; from the previously reported solvothermal process in
a single solvent (including water) was still unsatisfactory, be-
cause they were usually characteristic of nanorods with very
small lengths (less than 5 um) and low aspect ratios.!’ Some
recent work of our group showed that solvothermal synthe-
sis of some 1D nanostructures in mixed solvents, which were
composed of two or more components (including water
acting as one of the components), in some cases, were much
more effective than that in a single solvent.”’) The as-pre-
pared 1D nanostructures in the mixed solvents usually dis-
played uniform sizes, or high aspect ratios, and or, novel
morphologies. Comparatively, the properties of the mixed
solvents have a much larger scope, that can be adjusted by
varying the components and their ratios, thus some optimum
synthetic conditions may be achieved for the growth of
high-quality 1D nanostructures. Recently, we have reported
a very effective solvothermal synthetic method by using
mixed solvents for the preparation of Bi,S; nanoribbons
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with millimeter-scale lengths.'”! The growth of Bi,S; nano-
ribbons was undergone in a mixed solution of aqueous
NaOH and glycerol. In the previous study, we only used
sodium thiosulfate (Na,S,0;) as the sulfur source for the
synthesis of Bi,S; nanoribbons. After a series of experi-
ments, we found that the sulfur sources for this synthesis are
based on a wide range of sulfur materials, besides Na,S,0;,
such as elemental sulfur (S) powders, sodium sulfide (Na,S),
sodium dithionite (Na,S,0,), carbon disulfide (CS,), and so
on. According to the features of these sulfur sources, they
can be rationally divided into three groups: 1) sulfur com-
pounds (e.g., Na,S,05) with good solubility in the aqueous
NaOH-glycerol system, and releasing the S*~ ions only
during the solvothermal process; 2) sulfur compounds (e.g.,
Na,S and CS,) that can directly give the S*~ ions or rapidly
release the S*~ ions through the reaction with NaOH; and
3) elemental S in the form of solid powders. The studies on
the synthesis of Bi,S; nanoribbons by using sulfur sources
with different features may provide more comprehensive in-
sights for the formation mechanism of the nanoribbons. In
this work, we present the synthesis of Bi,S; nanoribbons by
using three kinds of characteristic sulfur sources, and we pay
more attention to understanding the formation process and
growth mechanism of the nanoribbons, as well as, some cru-
cial factors that affect nanoribbon growth.

Results

Synthesis of Bi,S; nanoribbons by using thiosulfate as the
sulfur source: In our previous report, Bi,S; nanoribbons
with millimeter-scale length have been successfully synthe-
sized by using sodium thiosulfate (Na,S,0;) as the sulfur
source.'”? However, the formation process and growth
mechanism of the nanoribbons have not been understood
clearly. Therefore, here, we mainly investigate the evolution
process of the nanoribbons by the use of representative
sulfur sources. In the present studies, the intermediates are
characterized in more detail by various techniques. Figure 1a
and b shows the SEM and TEM image of a sample prepared
after solvothermal treating for 3 h, respectively. As seen
from these images, long nanoribbons and micro-sized sheet-
like particles coexist in this sample. These nanoribbons have
lengths of several hundreds of micrometers and widths of
50-300 nm. In a magnified view (inset of Figure 1a), one can
see that these sheets are petaloid, and only several nanome-
ters in thickness. SAED (selective-area electron diffraction)
was used to characterize the phases of the two forms of the
products. The upper right inset of Figure 1b shows the
SAED pattern of a nanoribbon, while the lower left inset
displays that of a sheet. The two SAED patterns identify the
nanoribbons and the sheets as Bi,S; single crystals, and
NaBiS, polycrystals, respectively.

An increase in the growth time only led to the formation
of more and longer nanoribbons (at the expense of the
NaBiS, sheets). As shown in Figure 1c, the sample prepared
after heating the solution for 12 h included a notable pres-
ence of uniform nanoribbons with lengths up to the scale of
a millimeter. The inset in Figure 1c shows a typical image of
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Figure 1. a) and c) SEM images of the samples prepared after heating for
3 and 12 h, respectively. The insets in Figure 1a and c give a high-magnifi-
cation view of a petaloid sheet and a nanoribbon, respectively; b) TEM
image of the same sample as shown in a. The upper right and lower left
inset show the SAED of a nanoribbon and a petaloid sheet, respectively;
d) TEM image of the NaBiS, sheets taken from products after 48 h. The
inset displays the SAED pattern for the sheets.

a highly curved nanoribbon, which indicates that the as-syn-
thesized nanoribbons have an excellent bending strength.
Figure 1c also indicates that a few sheets were still present
in the nanoribbons layers after a growth period of 12 h. In
fact, the polycrystalline sheets of NaBiS, could also convert
into single crystals, which were difficult to decompose Bi,S;,
and these well-crystallized NaBiS, would deposit onto the
bottom of the reaction container. It usually took about 48 h
to completely convert all the polycrystalline sheets into
Bi,S; nanoribbons and NaBiS, single crystals. Figure 1d
shows a typical TEM image of the sample taken from the
deposit of products obtained after 48 h. The inset in Fig-
ure 1d shows an SAED pattern, which confirms these
NaBiS, sheets are single crystalline.

Synthesis of Bi,S; nanoribbons by using elemental S pow-
ders as the sulfur source: By using elemental sulfur powders
as the sulfur source, we found that the morphology of the
precursor (NaBiS,) was very distinct from that of using the
above-mentioned water-soluble sulfur sources. In the fist
1h, nearly all the yellowish sulfur powders reacted, and
were converted to black solids. A typical SEM image of this
sample shows that the products consisted of quasi-spherical
and uniform particles with diameters of 1-2 um. Closer in-
spection reveals that these spheroids had innumerable pits
on their surfaces, which looked like etched spheroids (see
the inset of Figure 2a). Figure 3a shows the corresponding
XRD (X-ray diffraction) pattern of this sample. All the
peaks can be indexed to cubic structures of NaBiS, phase
(JCPDS card, 8-406). However, judging from the weak and
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Figure 2. SEM images of the samples produced by the use of sulfur pow-
ders as the sulfur sources, and images taken after heating for various pe-
riods: a) 1 h, most of the particles are micrometer-sized spheroids, and
sizes are relatively uniform; the inset in a) is the high-magnification view
of an individual spheroids; c¢)2h, a few short nanoribbons can be ob-
served; d) 3 h, considerable nanoribbons can be seen; b) a typical TEM
image of the spheroids and SAED pattern (inset) for the spheroids.
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Figure 3. XRD patterns of the samples taken after heating for different
reaction time: a) 1 h, b) 2 h, ¢) 3 h, and d) 24 h.

extensive broadening of the diffraction peaks in this XRD
pattern, the etched spheroids of NaBiS, were poorly crystal-
line. A TEM image (Figure 2b) also depicts the structure of
the particular etched spheroids. The inset shows an SAED
pattern recorded from a spheroid, which indicates that it
was polycrystalline; this agrees well with XRD results.
Based on the above investigations, the formation of
etched spheroids of NaBiS, can be rationally interpreted as
follows. Under solvothermal conditions, elemental S parti-
cles could immediately react with NaOH to give S*~ ions for
the formation of a NaBiS, phase. The reaction initiated on
the surface of the S particles, and seemed to be an erosion
process. The released S*~ ions only occupy %4 of the total
S source, and some S*~ ions may have got into the solution.
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This may lead to the formation of NaBiS, polycrystals with
special morphology, and much shrunk dimensions relative
with those of the original S particles (usually 4-8 um in
sizes).

Once the polycrystalline NaBiS, particles had formed, the
nucleation and growth of Bi,S; 1D nanostructures may have
proceeded during the next solvothermal process. When the
solvothermal process was extended to 2 h, a few short nano-
ribbons with lengths of several micrometers could be ob-
served (see Figure 2c). We also found that some characteris-
tic peaks of Bi,S; phase, with weak intensity, appeared on
the XRD pattern (Figure 3b). Therefore, it is possible that
these nascent ribbonlike nanostructures were Bi,S; crystals.
After 3 h, substantial nanoribbons were generated, while the
quantity of the etched spheroids was largely decreased, and
many spheroids shrunk. This means the growth of Bi,S;
nanoribbons continuously proceeded through consuming the
NaBiS, spheroids. In principle, extending the heating time
elongated the nanoribbons and consumed NaBiS, spheroids.
This tendency could also be interpreted by a contrast in the
variation of peak intensity in the XRD patterns (Figure 3a—
d), in which the characteristic peaks of Bi,S; were largely in-
tensified, and those of NaBiS, were weakened as the heating
time was increased; the peaks of NaBiS, eventually disap-
peared after a 24 h heating process.

After a 24 h solvothermal process, a large amount of
nanoribbons were produced, of which, floated on the top of
the reaction container. A typical SEM image (Figure 4a)
shows that these nanoribbons are usually 100-250 nm wide,
20-60 nm thick, and up to several millimeters long. No

Figure 4. a) SEM image of the final product produced after a 24 h heating
process, which revealed the high-purity and uniform morphology of the
nanoribbons; b) and c) display the characteristic features of nanoribbons
and nanowires, respectively; d) SEM image of some wide nanoribbons
with widths of up to 10 um; e) shows the side surface of a wide nanorib-
bon.
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etched spheroids or other particles can be observed in the
Bi,S; layers. A SEM image in high-magnification view (Fig-
ure 4b) clearly depicts a ribbon with a typical rectangular
cross-section. Some nanowires were also observed (see Fig-
ure 4¢). In addition, we also noticed that a few very wide
ribbons were generated, and they floated on the upside of
the Bi,S; layers. The widths of these wide ribbons were usu-
ally several micrometers (see Figure 4d), and thicknesses of
only 40-60 nm (see Figure 4¢). Since some short and wide
ribbonlike structures were also observed in the initial prod-
ucts (indicated by arrows in Figure 2a), it is possible that nu-
cleation of wide nanoribbons starts in the initial stage of the
solvothermal process.

Synthesis of Bi,S; nanoribbons by using sulfides as the
sulfur source: Differing from the Na,S,0; and elemental S,
Na,S can directly give S?~ ions. Once it was added into the
reaction solution, a black turbid suspension formed immedi-
ately. To identify the solid particles that formed in the re-
sulted suspension, the suspension was centrifuged to collect
a solid sample, and then characterized by XRD. The XRD
pattern (Figure 5a(I)) indicates that the initial product
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Figure 5. XRD patterns a) of the samples prepared by using sulfides as
the sulfur source at different periods of heating time: I) 0, II) 3, III) 24,
and IV) 72 h. SEM images of the samples taken after heating for various
time: b) 3, ¢) 24, and d) 72 h.

seemed to be an amorphous NaBiS, phase. After solvother-
mally treating the resulted suspension for 3 h, polycrystalline
NaBiS, was obtained (see Figure 5a(Il)). The SEM image
(Figure 5b) shows a sample, that consisted of aggregated
particles with sizes of several hundred of nanometers. It
could be anticipated that Bi,S; nanoribbons would grow
from this mixture. However, we found the evolution process
of the nanoribbons was much slower than that of using
Na,S,0; or elemental S as the sulfur sources. The XRD pat-
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tern (Figure 5a(1II)) of a sample taken after a 24 h solvo-
thermal process depicts the NaBiS, phase, that still coexists
with the Bi,S; phase. The SEM image (Figure 5¢) also shows
that the sample consisted of a certain amount of aggregated
particles. In this case, it took over 72 h to form pure nano-
ribbons and consume the mass of NaBiS, particles. As
shown in Figure 5d, bulk, pure nanoribbons were formed.
The XRD pattern (Figure 5a(IV)) also indicates the pure
Bi,S; phase.
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Figure 6. a) The TEM image and SAED pattern obtained from an indi-
vidual nanoribbon; b) HRTEM image recorded near the edge of the par-
ticular Bi,S; nanoribbon along the direction perpendicular to the wide
surface of the nanoribbon.

Structural characterization of as-synthesized Bi,S; nanorib-
bons: The structural information of as-synthesized Bi,S;
nanoribbons has been characterized by using SAED and
HRTEM (high-resolution transmission electron microsco-
py). Figure 6a shows a representative TEM image of an indi-
vidual nanoribbon with a width of about 65 nm. The inset
displays a typical SAED pattern that was recorded from this
nanoribbon, and all diffraction spots were indexed to the or-
thorhombic phase of Bi,S;. This SAED pattern also reveals
that the nanoribbon grew along the [001] direction. An
HRTEM image taken near the edge along the length of this
nanoribbon is shown in Figure 6b. As seen from the image,
this particular nanoribbon is a structurally uniform single-
crystal. The observed interplanar spacing is about 0.5 nm,
which corresponds to the separation between the {120} lat-
tice planes of the Bi,S; phase. Diffraction patterns taken
from different parts of this ribbon show exactly the same
pattern without further tilting the sample; this indicates the
single crystallinity of the whole ribbon. More individual
nanoribbbons have also been examined by this method, and
the resulting diffraction patterns suggest that most of rib-
bons grow along the [001] direction, although, we have ob-
served some nanoribbons that may have a growth along the
[210] direction in our previous report.” In addition, the
usually strong reflection peaks (hk0), and weak peaks (hkl)
(I#£0) were seen in the XRD pattern (Figure 3d), which sug-
gests that the as-synthesized Bi,S; nanoribbons might lie on
the surface of the silicon wafer, and have a preferential orig-
ination of the [001] direction. This further confirms the re-
sults of both HRTEM and SAED studies.
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Discussion

Formation process and growth mechanism of Bi,S; nanorib-
bons: From the above experimental results, although the
sulfur sources are different, the formation of Bi,S; nanorib-
bons has been observed to follow in a similar growth proc-
ess. This common process can be reasonably elucidated as
the following three stages: i) the formation of NaBiS, poly-
crystals by the reaction between the sulfur sources and the
Bi""glycerol complexes at the beginning of the solvother-
mal process; ii) the decomposition of NaBiS,, and the suc-
cessive nucleation of Bi,S; nanocrystals; and iii) the continu-
ous growth of Bi,S; nanoribbons at the expense of NaBiS,
materials. Since all these sulfur sources can give S*~ ions di-
rectly, or under the solvothermal conditions, the chemical
reaction involved in the entire synthesis of Bi,S; nanorib-
bons can be formulated, as shown in Equations (1)-(3).

Bi(C;0,H;) + 28> + Na* + 3H,0 —
NaBiSZ =+ C3O3H8 + 3 OH7

2NaBiS, < 2Na' + Bi** + 28" (2)
2Bi*" +3S$ < BiL,S; (3)

The Bi(C;03;Hs) complexes are first formed before the
solvothermal process through the reaction between Bi**,
OH", and glycerol (C;0;Hy).""! It can be concluded that the
whole process involves a special solid—solution—solid trans-
formation, in which the decomposition of the NaBiS, poly-
crystals gives Bi,S; units for the nucleation and growth of
Bi,S; nanoribbons. Therefore, the NaBiS, polycrystals can
be regarded as a crucial precursor for the formation of Bi,S;
nanoribbons. However, the morphologies of the precursors
by using different sulfur sources are very different. The ex-
perimental observations have revealed they display mor-
phologies in the form of petaloid sheets for Na,S,0;, etched
spheroids for S powders, and aggregated particles for Na,S.
These precursors may have different free-energies due to
the difference in their forms. For instance, the aggregated
particles of NaBiS, may have a lower free-energy relative to
the petaloid sheets and the etched spheroids. This leads to
decomposition of the precursors at a lower rate. As a result,
by using sulfides as the sulfur sources, a longer solvothermal
time is needed for the bulk formation of nanoribbons.

Although our previous observations showed some Bi,S;
seeds were generated on petaloid sheets,'” our present
SEM, TEM, and SAED studies suggest that the majority of
Bi,S; seeds are possibly formed in solution through a homo-
genous nucleation-process. Based on the observations of the
initial products, we find that the initially formed ribbons are
not attached on the surfaces of both the petaloid sheets (see
Figure 1a and b and the etched spheroids (see Figure 2c and
d). The nucleation of nanoribbons does not seem to initiate
on the surface of these etched spheroids, but is more likely
to occur in homogenous solution. Under solvothermal con-
ditions the Bi,S; units are generated in solution through the
decomposition of NaBiS, polycrystals, and then through a
condensation process they will form small sheets of Bi,S;,
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which will be used as the seeds for the growth of 1D nano-
structures with ribbonlike morphology.

It is known that Bi,S; has a lamellar structure with linked
Bi,S; units, which form infinite chains parallel to the ¢ axis
([001] direction)." This anisotropic structure suggests that
Bi,S; has a strong tendency toward 1D growth along the
[001] direction, which may lead to the formation of 1D
nanostructures (such as nanowires and nanorods). Our
SAED and HRTEM studies also confirm the as-prepared
nanoribbons had predominately grown along the [001] direc-
tion. In previous reports, 1D nanostructures of Bi,S; have
been synthesized through a solvothermal method by using
various solvents, such as water,* ethanol,® ethylene gly-
col,’® diethylene glycol,* and so forth. However, these 1D
nanostructures prepared in a single solvent had very short
lengths (usually lower than 5 um), and they could be classed
as nanorods. In our present synthesis, the as-obtained Bi,S;
nanoribbons have a millimeter-scale length. What is the
driving force for the formation of the ultra-long nanorib-
bons? It is believed that the as-used mixed solvents should
be responsible for this. In the mixture of aqueous NaOH
and glycerol, a stable complex Bi(C;0;Hs) is formed," so
the solubility of Bi,S; can be largely increased in this partic-
ular solution system under solvothermal conditions. This will
ensure a relatively higher concentration of Bi,S; units, and
higher chemical potential in the solution; this is believed to
be favorable for the growth of 1D nanostructures.™ As a
result, the growth of Bi,S; 1D nanostructures along the [001]
direction should be at a high rate. During a continuous sol-
vothermal process, some shorter nanoribons may redissolve
and contribute to the growth of longer ones through a proc-
ess known as Ostwald ripening."¥! This allows us to obtain
nanoribbons with lengths of up to several millimeters.

Crucial factors affecting nanoribbon growth: In principle,
the growth process of Bi,S; nanoribbons would not continue
until all the NaBiS, polycrystals were completely consumed,
and only long nanoribbons survived. Nevertheless, our pre-
vious investigations have also revealed that the transforma-
tion of NaBiS, polycrystals mainly took place in two ways:
decomposition and crystallization."! The decomposition of
NaBiS, could give Bi,S; units, whereas the crystallization
generated single crystals of NaBiS,. Therefore, it was impos-
sible to convert all NaBiS, material into Bi,S; nanoribbons.
In general, the yield of Bi,S; nanoribbons was up to 90 %
(according to the amount of Bi(NO;);5H,O input). The
longer nanoribbons that were formed would automatically
float on the upside of the reaction container, and conven-
iently self-separate from the NaBiS, deposit, and thus the
unconverted NaBiS, could not lead to impurities in the
nanoribbon products. Further investigations found that the
solvothermal temperature had a great influence on the crys-
tallization of NaBiS,. At 200°C, the reaction only gave
NaBiS, single crystals. When the reaction was processed
under certain reflux conditions (at 118°C), all the NaBiS,
could be converted to Bi,S;, and the final products only con-
sisted of Bi,S; nanoribbons. Theses results suggest that the
crystallization of NaBiS, was accelerated as the temperature
increased. However, the Bi,S; nanoribbons prepared under
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the reflux conditions had lengths of only 10-20 pm. This
could ascribe to the relatively lower concentration of Bi,S;
units at a lower solvothermal-temperature. Therefore, it is
important to select an optimum temperature for the forma-
tion of millimeter-scale nanoribbons in high yield. We found
that the suitable temperatures ranged from 140 to 180°C.
By running the solvothermal reaction in this temperature
range, bulk Bi,S; nanoribbons with lengths of up to several
millimeters could be successfully produced.

It is believed that the physical and chemical properties of
the solvent can influence the solubility, reactivity, and diffu-
sion behavior of the regents and the intermediate. In our
synthesis system, the properties of the mixed solvent can be
easily adjusted by varying the ratios of the two components
(glycerol and water). Therefore, it is supposed that the
volume ratio of glycerol to water has a great influence on
the growth of Bi,S; nanoribbons. We thus investigated this
synthesis parameter in detail, and found that a high yield of
Bi,S; nanoribbons was formed only in a suitable volume
ratio range of between 1:1 and 2:1. As the ratio was in-
creased beyond 3:1 or decreased to 1:3, only a few Bi,S;
nanoribbons could be formed, and NaBiS, particles were ob-
tained as the major product. This may be because a lower
volume ratio of glycerol to water led to a lower concentra-
tion of Bi,S; units in the solvothermal reaction system, and
also an overhigh ratio resulted in a very low-diffusion coeffi-
cient of the Bi,S; units due to high viscosity. The two cases
(both the low concentration and the low diffusion coefficient
of Bi,S; units) were unfavorable for the growth of Bi,S;
nanoribbons.

We also investigated the influence of NaOH concentra-
tion on the growth of Bi,S; nanoribbons. The studies were
focused on synthesis by using thiosulfate as the sulfur
source. In these studies, the solvothermal reaction was car-
ried out in a volume ratio of glycerol/water 2:1 at a temper-
ature of 160°C for 24 h. We found that the concentration of
NaOH in the range of 1.5-3.0m was favorable for the forma-
tion of ultra-long Bi,S; nanoribbons with a high yield. At
0.5m of NaOH solution, the product was dominated by Bi,S;
particles with irregular morphologies, and no NaBiS, phase
could be detected. As the concentration of NaOH was in-
creased beyond 3m, NaBiS, particles were obtained as the
major product, and only the NaBiS, phase could be formed
at 45M of NaOH solution. These results may be rationally
explained in Equation (2), in which the concentration of
Na*t had a great influence on the decomposition rate of
NaBiS,. Apparently, at a higher concentration of Na*, the
decomposition of NaBiS, was more difficult, and this led to
more NaBiS, polycrystalline particles crystallized as single
crystals. At a very low concentration of Na*, the NaBiS,
could decompose very rapidly, and this would lead to a very
high supersaturation of Bi,S; units in the reaction system;
this was unfavorable for the growth of Bi,S; nanoribbons.

Conclusion

We have demonstrated a facile and versatile solvothermal
method for large-scale synthesis of Bi,S; nanoribbons in
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mixed solvents of glycerol and water. These nanoribbons
were characterized as having millimeter-scale lengths and
high purity. Although the sulfur sources are different, Bi,S;
nanoribbons have undergone a similar formation process,
which is characteristic of the formation of NaBiS, precursor
polycrystals, and the growth of Bi,S; nanoribbons through a
solid-solution—solid transformation, as well as, an Ostwald-
ripening process. The suggested growth mechanism is in
good agreement with our experimental results. Compared
with solvothermal synthesis in a single solvent, the advan-
tages of our method for the preparation of chalcogenide
nanoribbons lies in its simplicity, high yield, high purity, and
low processing temperature. Therefore, it offers a more at-
tractive and convenient approach for large-scale synthesis of
chalcogenide nanoribbons. The present results show that the
solvothermal synthetic route, by using mixed solvents, may
provide a more promising approach for rationally designing
1D nanostructural materials. Since we have detected that
Bi,S; nanoribbons had signal photovoltaic spectrum in the
red-light region,'” the as-synthesized nanoribbons may have
a promising application in photovoltaic converters or other
photoelectronic nanodevices.

Experimental Section

Chemicals and materials: All the chemicals were of analytical grade and
used without further purification. Deionized water was used throughout.
Bismuth nitrate (Bi(NO3);:5H,0), sodium hydroxide (NaOH), glycerol
(C;0;Hy), sodium thiosulfate (Na,S,05:5H,0), elemental sulfur powders
(S), and sodium sulfides (Na,S-5H,0), which were all purchased from
Shanghai Chemical Regents Company.

Synthesis of Bi,S; nanoribbons: In a typical procedure, Bi(NO;);-5H,0,
NaOH, and the sulfur compound were introduced into a mixture of distil-
led water and glycerol to give the final concentration of 50 mm Bi ', 2m
NaOH, and 100 mm sulfur compound; the volume of glycerol to water
was in the ratio of 2:1. Then the mixture (45 mL) was transferred into a
Teflon-lined autoclave (55 mL capacity). The autoclave was maintained
at 160°C for 24 h (or 72 h for Na,S), and then cooled to room tempera-
ture naturally. It was found that a large quantity of dark gray wirelike
particles floated on the top of the solution, and a small quantity of black-
brown particles deposited on the bottom of the autoclave. The two prod-
ucts with different forms were carefully collected and washed with distil-
led water. The two products were then dried in a vacuum oven at 60°C
for 4 h.

Characterization: The X-ray diffraction (XRD) analysis was performed
by using a Rigaku (Japan) D/max-yA X-ray diffractionmeter equipped
with graphite monochromatized Cuy, radiation (1=1.54178 A). The
SEM images were taken with a scanning electron microscope (Hitachi X-
650) and a field-emission-scanning electron microscope (JEOL-6300F,
15 kV). The TEM images and SAED patterns were recorded on a Hita-
chi 800 TEM, and were performed at 200 kV. The HRTEM images and
the corresponding SAED patterns were taken on a JEOL 2010 high-reso-
lution TEM performed at 200 kV.
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