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a b s t r a c t

A novel biomolecule-assisted method has been successfully developed to prepare pyrargyrite (Ag3SbS3)
nanorods via the reactions between AgNO3 and SbCl3 with l-cystine in ethylene glycol at 200 ◦C for 15 h,
in which l-cystine was used as the sulfide source and complexing agent. The crystal phase, morphology,
grain size, and chemical composition of the as-prepared products were characterized in detail by X-
vailable online 20 April 2010

eywords:
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ray powder diffraction (XRD), energy dispersion spectroscopy (EDS), X-ray photoelectron spectroscopy
(XPS), field-emission scanning electron microscopy (FESEM), transmission electron microscopy (TEM),
and high-resolution transmission electron microscopy (HRTEM). Results revealed that the as-synthesized
Ag3SbS3 nanorods had diameters range from 150 to 200 nm and lengths up to several micrometers. The
experimental results showed that the reaction time played an important role in the formation of Ag3SbS3

le for

anostructured materials
hemical synthesis
-ray diffraction

nanocrystalline. A possib

. Introduction

In the past few decades, inorganic nanocrystals with controlled
ize and shape have drawn much attention in both fields of sci-
nce and technology due to their unique properties and potential
pplications in nanodevices [1–3]. In particular, semiconductor
anomaterials have been of great interest because of their opti-
al and electrical properties, which may be widely used in the area
f optoelectronics [4–6]. Among all these semiconductors, chalco-
enide semiconductor materials have driven extensive research
nterest for various device applications such as linear or nonlin-
ar optoelectronic, and thermoelectric devices as well as optical
ecording media [7–9]. Moreover, chalcogenide semiconductor
aterials are attracting special interest from materials scientists

nd information recording specialists due to the unique possibil-
ty of optical information storage [10]. As an important part of
halcogenide semiconductor materials, pyrargyrite (Ag3SbS3) is
n attractive substance for different optoelectronic and data stor-
ge applications [11]. Being promising materials with potential

pplications, they can be prepared in a variety of ways, such as
olvothermal [12] and polyol method [13]. However, it is still a great
hallenge to develop a simple, inexpensive, environment-friendly
nd reliable synthetic route to synthesize Ag3SbS3 nanomaterials.

∗ Corresponding author at: College of Chemistry and Materials Engineering, Wen-
hou University, Wenzhou 325035, PR China.
el.: +86 577 86596013; fax: +86 577 86689644.

E-mail address: weidongxiang@yahoo.com.cn (W. Xiang).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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mation mechanism for Ag3SbS3 nanorods was discussed.
© 2010 Elsevier B.V. All rights reserved.

It is known that biomolecules, as life’s basic building blocks, have
special structures and fascinating self-assembling functions, which
make them act as templates for the design and synthesis of com-
plicated structures [14]. Based on these facts, biomolecule-assisted
synthesis has attracted more and more attention in recent years
in the preparation of inorganic materials. Biomolecule-assisted
synthesis has been proven to be a novel, environment-friendly,
and promising method in the preparation of various nanomate-
rials owing to its convenience and strong function in morphology
control [15]. Many kinds of biomolecules such as DNA [16], pro-
tein [17], glutathione [18,19], virus [20], glycine [21], �-carotene
[22] and l-cysteine [23,24] have been extensively utilized as tem-
plates for the fabrication of inorganic materials with complicated
structures [25]. Inspired by their work, it is interesting to inves-
tigate other biomolecules to synthesize inorganic materials with
desired shape or complicated structures via biomolecules-assisted
approaches. l-Cystine (C6H12N2O4S2) is an inexpensive, simple,
and environment-friendly thiol-containing amino acid, which had
been extensively applied in medicine, foodstuff, cosmetic, etc. To
the best of our knowledge, there have been no reports on the syn-
thesis of Ag3SbS3 nanocrystalline with l-cystine as the sulfur source
to date. Herein, a facile l-cystine assisted approach has been devel-
oped to synthesize Ag3SbS3 nanocrystalline under solvothermal
conditions, in which l-cystine is used as the sulfide source and com-

plexing agent. Emphatically, no nauseous scent (H2S) appeared in
our experiments. The formation mechanism for Ag3SbS3 nanocrys-
talline is presented. This novel and environment-friendly biological
technique based on l-cystine can be extended to fabricate other
ternary chalcogenide semiconductor materials.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:weidongxiang@yahoo.com.cn
dx.doi.org/10.1016/j.jallcom.2010.04.070


L and Compounds 501 (2010) L15–L19

2

2

I
c
A
b
i
w
n
w
a

2

d
l
(
e
s
a
s
I
r
o
T
m
o

3

s

F
(

16 J. Zhong et al. / Journal of Alloys

. Experimental

.1. Ag3SbS3 nanorods preparation

All of the chemicals were analytical grade and used without further purification.
n a typical experiment, analytically pure AgNO3 (3 mmol), SbCl3 (1 mmol) and l-
ystine (3 mmol) were dissolved in 40 ml ethylene glycol under constant stirring.
ppropriate amount of HCl (2 mol/L) was added into the above solution mixture drop
y drop to get a homogeneous solution. Then the obtained solution was transferred

nto a Teflon-lined stainless-steel autoclave with a capacity of 50 ml. The autoclave
as sealed and maintained at 200 ◦C for 15 h and then cooled to room temperature
aturally. The rosy precipitate was collected and washed several times with distilled
ater and absolute alcohol, respectively. Then, the samples were dried in a vacuum

t 60 ◦C for 4 h.

.2. Characterization

X-ray powder diffraction (XRD) analysis was carried out on a Bruker D8 Advance
iffractometer (40 kV, 40 mA) using Cu K� radiation (� = 0.15406 nm) in the 2� angu-

ar range of 10–70◦ at a scanning rate of 0.02◦/s and X-ray photoelectron spectra
XPS) analysis was performed on a AXIS ULTRA DLD X-ray photoelectron spectrom-
ter, using Monochrome Al Ka as the excitation source. The morphology of the
amples was studied by field-emission scanning electron microscope (FESEM) on
JEOL instrument (JEOL-6700F) at an accelerating voltage of 10 kV. Energy disper-

ive spectrometry (EDS) analysis of the product was carried out on an OXFORD
NCA instrument attached to the scanning electron microscopy in the scanning
ange of 0–20 kV. The microstructure and morphologies of the samples were also
btained from transmission electron microscopy (TEM) images and high-resolution
EM (HRTEM) images were recorded on a FEI Tecnai F-20 transmission electron
icroscopy at an acceleration voltage of 200 kV. All the measurements were carried

ut at room temperature.
. Results and discussion

The crystal structure and phase composition of the resulting
ample are characterized using X-ray powder diffraction (XRD)

ig. 2. XPS spectra of the Ag3SbS3 product: (a) typical XPS survey spectrum of the Ag3Sb
d) core level spectrum for S2p.
Fig. 1. Typical XRD pattern of as-prepared Ag3SbS3 synthesized at 200 ◦C for 15 h.

technique. Fig. 1 displays the typical XRD pattern of the Ag3SbS3
sample obtained at 200 ◦C for 15 h. All the peaks can be indexed to
the hexagonal phase of Ag3SbS3. The cell constants are calculated
to be a = 11.039 Å and c = 8.715 Å, which are close to the reported
values (a = 11.047 Å and c = 8.719 Å) for Ag3SbS3 phase in the JCPDS
card (no. 21-1173). No other diffraction peaks of impurities, such

as Sb2S3, Ag2S and Sb2O3 are observed in the XRD pattern, which
indicates that pure Ag3SbS3 has been obtained under the current
synthesis conditions.

The composition and purity of the as-synthesized Ag3SbS3
nanorods are further investigated by XPS. The Ag3d core level spec-

S3 product, (b) core level spectrum for Ag3d, (c) core level spectrum for Sb3d, and
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ig. 3. (a) The FESEM images of Ag3SbS3 products, (b) an enlarged FESEM image of
ircular area demarcated in (b)).

rum is shown in Fig. 3b, indicating that the observed values of
he binding energies for Ag3d5/2 and Ag3d3/2 peaks are 368.05
nd 374.07 eV, respectively. Fig. 2c is the typical Sb3d core level
pectrum, showing that the strong peak at 530.58 and 539.68 eV
orresponds to the Sb3d binding energy for Ag3SbS3. The S2p core
evel spectrum (Fig. 2d) shows a peak located at 161.51 eV. All of
he observed binding energy values for Ag3d, Sb3d and S2p agreed

ith the literature data [12,13]. No obvious impurities could be
etected in the sample, indicating that the level of impurities is

ower than the resolution limit of XPS (1 at.%). The quantification
f the peaks gives a Ag:Sb:S ratio of Ag3.06SbS3.11, which is close to
he stoichiometry of Ag3SbS3.

ig. 4. (a) TEM images of Ag3SbS3 nanorods and (b) the corresponding HRTEM pattern tak
lack circular area demarcated in (a).)
d (c) EDS spectrum of a single nanorod (the EDS pattern is obtained from the black

The morphology and size of the as-synthesized products are
characterized by a field-emission scanning electron microscope
(FESEM), which can be seen from the Fig. 3; the low-magnification
image (Fig. 3a) reveals that typical products consist of large quan-
tity of rod-like structures. Obviously, the high-magnification image
(Fig. 3b) shows that the rod-like structures have almost uniform
widths of about 150–200 nm and lengths up to several microm-

eters. The chemical composition of these nanorods is further
confirmed by energy dispersive X-ray spectroscopy (EDS) shown
in Fig. 3c. Only peaks of the elements Ag, Sb and S are pre-
sented in the EDS spectrum. The atomic ratios are calculated to
be 42.48:13.93:43.59 by the comparisons of relative areas under

en from the individual Ag3SbS3 nanorod. (The HRTEM pattern is obtained from the
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l-cystine molecule, there are many functional groups, such as
–NH2, –COOH, and –SH, which have a strong tendency to coor-
dinate with inorganic cations [15,29] and to form high-affinity
metal–biomolecule complexes. In biomolecule-assisted (l-cystine)
ig. 5. The FESEM images of Ag3SbS3 synthesized at 200 ◦C for: (a) 2 h, (b) 6 h and (
eaction times.

he peaks of Ag, Sb and S. This result is consistent with the XRD and
PS pattern presented above.

The structure and morphology of the Ag3SbS3 nanostructures
re characterized by TEM. Fig. 4a illustrates the TEM image of the
repared Ag3SbS3 nanorods. As shown in the image, the prod-
ct is primarily composed of nanorods with length up to several
icrometers and diameter of 100–150 nm. The diameter is very

niform along the entire nanorod. The nanorod is single crystals in
ature, which is further confirmed by the HRTEM image presented

n Fig. 4b. The distances (0.279 nm) between the adjacent lattice
ringes are the interplanar distances of Ag3SbS3 (1 2 2) plane, agree-
ng well with the (1 2 2) d spacing of the literature value of 0.278 nm
JCPDS no. 21-1173).

The influence of temperature and time on the formation of
g3SbS3 is also studied. It is found that Ag3SbS3 phase cannot be
btained at a temperature below 170 ◦C, the unidentified amor-
hous phases are formed instead. Meanwhile, the crystal phase
f Ag3SbS3 is unchanged throughout the reaction from 2 to 15 h
nder 200 ◦C (Fig. 5d). When the reaction time is 2 h, only irreg-
lar Ag3SbS3 nanoparticles are obtained (Fig. 5a). When choosing
he reaction time to 6 h, the resulting product in Fig. 5b consists of

ajor amount of irregular Ag3SbS3 nanoparticles as well as minor
mount of rod-like structure are obtained. With the reaction time

ncreasing to 10 h, irregular nanoparticles and short rod-like struc-
ure in aggregated states are coexisted in the sample (Fig. 5c). When
he reaction time is prolonged to 15 h, a large quantity of nearly uni-
orm rod-like structure is found (Fig. 3a and b). However, varying
reatment time from 15 to 24 h at 200 ◦C did not significantly affect
, respectively; (d) XRD patterns of the products synthesized at 200 ◦C for different

the crystallinity and sizes of the Ag3SbS3 nanorods. Thus, for obtain-
ing Ag3SbS3 phase with higher crystallinity, the suitable reaction
condition is 200 ◦C and longer than 15 h.

Biomolecules with many functional groups can coordinate with
metal cations and form metal–biomolecule complexes, which can
serve as precursors of inorganic nanomaterials [26]. Previous lit-
erature have reported that antimony ions [27,28] and silver ions
[29] could react with amino- and thiol-groups to form complexes.
The chemical structure of l-cystine is showed in Fig. 6. In the
Fig. 6. Chemical structure of l-cystine.
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oute to Ag3SbS3 phase, in the first instance, the preparation of solu-
ion of AgNO3–(l-cystine) and SbCl3–(l-cystine) is a key factor to
orm Ag3SbS3 phase. When the three solutions containing AgNO3,
bCl3 and l-cystine are mixed together under constant stirring, a
urple floccule occurs simultaneously, which perhaps means the
ormation of [Ag(l-cystine)n]+ and [Sb(l-cystine)n]3+ complexes
hrough the combination between silver cation and antimony and
he thiol chain. In the following process, the coordinate bond among
-cystine and Sb3+ and Ag+ ruptures when the reaction temperature
ecome higher (200 ◦C). On the basis of these reports, we propose
mechanism for the formation of Ag3SbS3 nanorods. The reactions

aking place in the system can be described as follows:

g+ + nL-cystine
coordination−→ [Ag(L-cystine)n]+ (1)

b3+ + nL-cystine
coordination−→ [Sb(L-cystine)n]3+ (2)

Ag(L-cystine)n]+ + [Sb(L-cystine)n]3+decomposition−→ Ag3SbS3 (3)

First, Ag+ and Sb3+ can complex with l-cystine molecules to form
Ag(l-cystine)n]+ and [Sb(l-cystine)n]3+ complexes in the solution,
espectively. The process will not produce large number of free dis-
ociative S2−, Ag+, and Sb3+, which can prevent the formation of
g2S, Sb2S3 in the solution. Second, at a suitable temperature, the

Ag(l-cystine)n]+ and [Sb(l-cystine)n]3+ undergo thermal decom-
osition to produce Ag3SbS3 nanorods. At this stage, due to the
elative stability of the complexes, decomposition will proceed
ore slowly and produce a smaller number of nuclei in the solu-

ion than the direct ion-exchange reaction [30]. After rupturing,
wo forms of nanostructures (nanorods and nanoparticles) coex-
sted in the solution. When this solution is continuously heated
t 200 ◦C, the small nanoparticles would spontaneously dissolved
nto the solution due to a relatively higher free energy comparing to
anorods, and the growth units in the solution would diffuse onto
he high-energy surface of the growing nanorods [31]. Until the
eaction continues for 15 h, uniform nanorods would form eventu-
lly. And at the same time, the boiling ethylene glycol makes these
ewly formed nuclei mix homogeneously, which may promote the
riented growth of the nanorods [30,32]. However, the exact for-
ation mechanism for Ag3SbS3 nanorods is still obscure and more

tudies are in underway.

. Conclusions

A novel biomolecule-assisted route was proposed for synthe-
izing the mineral pyrargyrite (Ag3SbS3) nanorods using l-cystine

s the sulfide source and complexing agent. In this process, the
ormation of metal–biomolecule complexes ([Ag(l-cystine)n]+ and
Sb(l-cystine)n]3+) and thermal decomposition were attributed to
he formation of Ag3SbS3 nanorods. And the reaction time played an
mportant role in the formation of Ag3SbS3 nanocrystalline. Crystal

[

[

[

mpounds 501 (2010) L15–L19 L19

structure and composition of product were characterized by XRD,
EDS and XPS, morphologies of the product were identified by FESEM
and TEM, from which it indicates that diameters of the nanorods are
approximate 150–200 nm and lengths up to several micrometers.
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