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experiment.

A mild biomolecule-assisted route for preparation of flower-like AgBiS, crystals was developed via
reactions among AgNOs, BiCls, and L-cystine in N,N-dimethylformamide (DMF) at 200°C for 12h. L-
cystine was used as both the sulfide source and complexing agent. The as-synthesized AgBiS, crystals
were characterized by XRD, EDS, XPS, PL, FESEM, TEM, HRTEM, and SAED. Results showed that the
synthesized AgBiS, crystals had stoichiometric composition, good crystallinity, and flower-like mor-
phology. A possible formation mechanism for flower-like AgBiS, crystals was also discussed based on the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, [-V-VI ternary chalcogenide semiconduct-
ing compounds have driven extensive research interest because
of their potential and practical applications in linear, nonlin-
ear, optoelectronic, and thermoelectric devices, as well as optical
recording media [1-5]. AgBiS,, one of the important I-V-VI ternary
semiconductors, has promising applications as a novel mineral
semiconductor due to its unusual electronic and magnetic prop-
erties [6-8]. It has high potential to use as optoelectric and
thermoelectric devices including optical recording media [7,8].
Traditionally, AgBiS, is prepared by direct combination of the ele-
ments (silver, bismuth, and sulfur) or by thermal annealing of
mixtures of binary sulfides [9]. Recently, using softer chemical
approach to AgBiS, synthesis has been paid considerable atten-
tion because of their particular advantages in the synthesis of the
various kinds of shape crystals [10]. To the best of our knowledge,
few reports on the synthesis of AgBiS, with different morpholo-
gies have been published. Typically, dendritic AgBiS, crystals are
synthesized under microwave irradiation [6]. In previous stud-
ies, nanorods and coral-shaped AgBiS, crystals were prepared
by a polyol route [8,11]. The flower and hexapod AgBiS, crys-
tals were obtained by cyclic microwave-assisted synthesis [12].
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The flowers and nanowhiskers were studied via solvothermal
methods [13,14], and 3D arrays of close-packed AgBiS, crystals
were synthesized by sonochemical approach [15]. Although var-
ious approaches have been demonstrated in producing AgBiS;
with multifarious morphologies, green synthesis is highly desirable
because environmentally benign approaches may be considered
relatively green chemical alternatives of practical significance
[16].

Recently, biomolecule-assisted synthesis has been a promis-
ing approach to the preparation of various novel nanomaterials
because biomolecules, as the basic building blocks of life, have
special structures, fascinating self-assembling functions, and
important technological applications, thereby serving as templates
for the design and synthesis of complicated structures [17-22].
The manner by which the special structures and strong assembling
functions of biomolecules are used to fabricate nanomaterials with
desired shapes and complicated superstructures is very important
in all of biology, chemistry, and materials science [23]. Lately, L-
cystine (CgH12N204S;), a small biomolecule, has been reported
as both a sulfur source and a complexation in the formation of
Ag3SbS; and Cu3SbS; nanostructures [24,25]. L-cystine is an inex-
pensive, simple, and environment-friendly thiol-containing amino
acid, which has been extensively applied in medicine, foodstuff,
cosmetic, etc. [24,25]. Thus, it would be interesting to develop a
simple L-cystine-assisted approach to prepare other ternary chalco-
genide semiconductor nanostructures.

In this paper, we first developed a simple and efficient route
for the preparation of flower-like AgBiS, crystals via biomolecule-
assisted solvothermal method.
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Fig. 1. Typical XRD pattern of as-prepared AgBiS, synthesized at 200°C for 12 h.

2. Experimental
2.1. Synthesis of AgBIS, crystals

All reagents were of analytical grade and used without any further treatment.
In a typical synthesis, 1 mmol AgNOs, 1 mmol BiCl; and 2 mmol L-cystine were dis-
solved in 40 mL N,N-dimethylformamide (DMF) under constant stirring. Then, the
obtained solution was transferred into a Teflon-lined stainless-steel autoclave with
a capacity of 50mL. The autoclave was sealed and maintained at 200°C for 12h.
After the reaction was completed, the resultant black precipitate was filtered and
washed several times with de-ionized water and absolute ethanol, and then dried
in a vacuum at 55°C for 4 h.

2.2. Characterization

The as-obtained samples were characterized by powder X-ray diffraction (XRD)
on a Bruker D8-Advance X-ray diffractometer with graphite monochromated Cu
Ko radiation (A =1.5406 A). A scan rate of 0.02°/s was applied to record the pattern
in the 260 angular range of 10-80°. The accelerating voltage and the applied cur-
rent were 40KV and 40 mA, respectively. X-ray photoelectron spectroscopy (XPS)
was performed on an ESCALAB 250 spectrometer, using Al Ko X-rays as the excita-
tion source. The morphology of the samples was studied by field-emission scanning
electron microscope (FESEM) on a JEOL instrument (JEOL-6700F) at an accelerat-
ing voltage of 10 kV. Energy dispersive spectrometry (EDS) analysis of the products
was carried out on an OXFORD INCA instrument attached to the scanning electron
microscope at a scanning range of 0-20kV to determine the chemical composi-
tion. The transmission electron microscopy (TEM), high-resolution TEM (HRTEM),
and selected area electron diffraction (SAED) images were recorded on an FEI Tec-
nai F-20 transmission electron microscope at an accelerating voltage of 200 kV. The
specimens of TEM and HRTEM measurements were prepared by spreading a droplet
of ethanol suspension onto a copper grid, coated with a thin layer of amorphous car-
bon film, and allowed to dry in air. All the measurements were carried out at room
temperature. The photoluminescence (PL) spectrum was measured at room tem-
perature on a FLuoromax-4 spectrofluorometer (HORIBA Jobin Yvon, Inc.) equipped
with a 150 W xenon lamp as the excitation source.

3. Results and discussion

The phase purity of the resultant sample was examined by XRD.
Fig. 1 shows that the products obtained are cubic phase AgBiS,.
The peaks correspondto(111),(200),(220),(311),(222),(400),
(331)and (420), which are in good agreement with reported val-
ues (JCPDS No. 89-3672). No characteristic peaks of other impurities
such as Ag,S or Bi,S3 are observed, which confirmed that the as-
obtained product is composed of pure AgBiS, crystals. The strong
and sharp peaks indicated that the as-obtained AgBiS; is well crys-
tallized.

The morphology and size of the as-obtained products were
characterized by FESEM. Low-magnification images (Fig. 2(a) and
(b)) show that the product is composed of large quantities of
flower-like crystals with an average diameter of about 5 pm. The
high-magnification image Fig. 2(c) shows that the flower-like crys-
tals consist of a large number of petals, with thicknesses ranging
from 100 to 150 nm. The chemical composition of the as-obtained
flower-like AgBiS, was further determined by EDS. Only the peaks
of the elements Ag, Bi, and S are present in the EDS spectrum, and

the molar ratio of Ag, Bi, and S is 1:1.006:2.043, consistent with
AgBiS,.

The purity and composition of the product were characterized
by XPS. The XPS spectra of the flower-like AgBiS, are shown in Fig. 3,
which depicts the XPS survey spectra of the as-obtained products.
The Ag3d core-level spectrum showed that the binding energy for
Ag3ds), and Ag3ds, are located at 367.86 and 373.77 eV, which is
close to reported values [26]. The two strong peaks at 158.09 and
163.35 eV Fig. 3(c) are attributed to Bi4fy, and Bi 4f5,, which is sim-
ilar in the reference [27,28]. The S 2s core-level spectrum Fig. 3(d)
showed a peak located at 225.06eV [29]. No obvious impurities
could be detected in the sample, indicating that the level of impu-
rities is lower than the resolution limit of XPS (1 at.%). The atomic
ratio of Ag/Bi/S is approximately 1:1:2 according to the quantifica-
tion of the peak areas of Ag3d, Bi 4f, and S2s. This result is consistent
with those of XRD and EDS analyses.

The morphology and structure of the as-obtained products
were further detected by TEM, HRTEM, and SAED. The as-obtained
products with flower-like morphologies are clearly observable
in the lower-magnification TEM image (Fig. 4(a)). Furthermore,
the flower-like pattern containing petal structures is observable
through the higher-magnification TEM image (Fig. 4(b)), which is
also observable in FESEM analysis. Fig. 4(c) represents the SAED
pattern of the as-obtained products. A number of bright spots are
arranged in concentric circles, and these circles are diffuse and
hollow, which indicated that the product is a poly-crystal. These
diffraction circles can be resolved into four distinct planar sys-
tems with identical planar spacings, which are attributed to (11 1),
(200),(220), and (31 1) crystal planes of the cubic structure. The
HRTEM image of as-obtained products showed that the distance
between the adjacent lattice fringes is 0.282 nm (Fig. 4(d)), which
matches the spacing distance of (2 0 0) planes of the AgBiS, crystal
[d(200)=0.2824 nm].

FESEM and XRD were again employed to elucidate the growth
process of the as-obtained products in different reaction stages.
Fig. 5 represents the FESEM images of the as-obtained products
at the different reaction times including 4, 12, and 24 h. The mor-
phologies of these intermediates are similar at 12 h, as shown in
Fig. 5(c). Meanwhile, the evolution of the as-obtained products was
also characterized by XRD. As seen in Fig. 5(d), the peak positions
and relative intensities of the X-ray diffraction peaks match well
with the matildite AgBiS, crystalline phase (JCPDS No. 89-3672).
In addition, no AgBiS, phase is obtained (data not shown) even at
160°C for 48 h. With a reaction temperature of up to 200°C, large
quantities of AgBiS, flower-like crystals consisting of numerous
nanoplates are obtained at the reaction time of 4 h (Fig. 5(a)). When
the reaction time is 8 h, the resultant product in Fig. 5(b) consists
of a substantial quantity of rod-like structures, as well as minimal
quantities of plate-like flower-like structures. When the reaction
time is prolonged to 12 h, only flower-like patterns consisting of
numerous quantities of uniform petals with rod-like structures
are obtained, as shown in Fig. 2(a)-(c). When the reaction time is
prolonged to 24 h, AgBiS, flower-like structures are also obtained.
However, the petals become larger and some are in aggregated
states Fig. 5(c). According to the analysis above, we can conclude
that extending the reaction time beyond 12 h is unfavorable for the
formation of uniform flower-like structures.

Although the exact mechanism for L-cystine-assisted formation
of flower-like AgBiS, crystals is still under investigation, the coordi-
nation interaction between Ag*, Bi3* and L-cystine is undoubtedly
significant. According to previous reports, bismuth ions [30] and
silver ions [31] can react with amino acids with amino- and thiol-
groups to form complexes [23]. The functional groups, such as
-NH,, -COOH, and -S-, in the L-cystine molecule have a strong
tendency to interact with inorganic cations, which was confirmed
by Burford et al. via mass spectrometry [32]. When mixing the



Fig. 2. Representative FESEM images of as-prepared AgBiS, products: (a) and (b) at low magnification; (c) at high magnification; (d) EDS spectrum of a single petal.
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Fig. 3. XPS spectra of the AgBiS, product: (a) typical XPS survey spectrum of the AgBiS, product, (b) core level spectrum for Ag3d, (c) core level spectrum for Bi4f, and (d)

core level spectrum for S2s.
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Fig. 4. (a) and (b) TEM images of AgBiS, product; (c) SAED image of the individual petal in the flowerlike; (d) the corresponding HRTEM pattern of the AgBiS, product. Inset

is the distances between the adjacent lattice fringes (area marked with a rectangle).

L-cystine solution and the Ag(NO3), and BiCl; solutions, Ag*, Bi3*
can interact with L-cystine molecules at room temperature to form
precursor complexes [Ag(L-cystine),]" and [Bi(L-cystine), ]**. Upon
heating, L-cystine is attacked by the strong nucleophilic O atoms of
H,0 molecules [33,34], which comes from the analytical DMF and
hydrated metal salts, leading to the weakening of [Ag(L-cystine),]*
and [Bi(L-cystine),]>* complex, which will be probably broken to
release S2~ anion slowly. The newly formed S2- then reacts with
Ag* and Bi** to produce AgBiS, nuclei. The (AgBiS;), nuclei are
produced, which serve as the seeds for the subsequent growth of
AgBiS, crystals. Then, the freshly formed (AgBiS,), nuclei in the
solution are unstable and numerous dangling bonds, defects, or
traps are observed on the nuclei surface [35]. The (AgBiS, ), nuclei
for random moving in the solution preferentially accumulate with
one another because of the acting force, and transform into AgBiS,
microcrystals that were detected by XRD analysis. Nanostructured
AgBiS, crystals are produced because of the influence of the orien-
tation growth of (AgBiS, ), nuclei. The flower-like AgBiS, crystals
are obtained by the anisotropic growth in the process.

In order to discuss the influence of the synthesis on the environ-
ment, we researched further the byproduct in the reaction. Before
and after the reaction, Liquid Chromatography-tandem Mass Spec-
trometry (SHIMADZU, GCMS-QP2010PLUS) was used to contrast
the change of DMF, which indicates that DMF is not decomposed
at 200°C. Chemical analysis was used to investigate the change of
L-cystine in the reaction. NH4* is found in the byproduct, which
indicates that N-C bond ruptures. No C-S-S spectrum band was

found in the byproduct by the FT-Raman spectroscopic analysis,
which indicates that C-S-S bond ruptures. So, we can conclude
that the amino group (-NH;) and disulfide bridge group (S-S) are
removed from L-cystine molecule in the reaction at 200°C for 12 h.
Possible reactions taking place in the system can be described as
follows:

coordination

[Ag(L-cystine), | (1)

coordination
—

Ag® + nL-cystine

Bi®* 4 nL-cystine [Bi(L-cystine), >+ (2)

[Ag(L-cystine), ]t + [Bi(L—cystine)n]3+deconﬂsmon52’
+CH3COCO0™ + NH4*+ + Bi** + Ag* (3)
fidation

Ag" + B3t 4+ s2S119AON popis. (nuclei) (4)

Although the mechanism for the formation of AgBiS, crystals
with flower-like morphology has been proposed above, its exact
mechanism remains difficult to understand because the L-cystine-
assisted ternary solvothermal reaction system is quite complicated
and further investigation is needed.

To conduct further research on the effect of L-cystine in the
synthesis of flower-like AgBiS, crystals, other sulfur sources (thios-
alicylic acid, Na,S) instead of L-cystine were used in the system at
200°C for 12 h solvothermal reaction. The FESEM images and cor-
responding XRD patterns of the as-synthesized crystals are shown



H. Liu et al. / Journal of Alloys and Compounds 509 (2011) L267-L272 L271

L

Tpm WD 6.1mm S 10.0kV  X7,000 1pm WD 6.1mm

— JCPDS (89-3672)
(d)

§ — (a): 200°C/4h
= a — — (b): 200°C/12h
— (=) :
= & — (0): 200°C/24h
S’ N

Intemsity (a.u.)
l:@
H

[E

o 10 20 30 40 50 60 70 30
SEl 100KV 00  Ym WD6.Imm 26/degree

Fig. 5. Typical FESEM images of AgBiS, samples with different reaction times: (a) 4h; (b)8 h; (c) 24 h. (d) Corresponding XRD spectra of the products produced at 200°C.

— JCPDS (85-1329)

(b)

012)

— sample

Intensity (a.u.)

T
10 20 30 40 50 60 70 80
SEl 100KV X5,000 28/degree
(d) — (a): AgBiS,
— (b): Bi
— (c): sample
E)
=
21O gl
£ JCPDS(85-1329)
(b) Il i T Gl I 1
| JCPDS(89-3672)
(a) . | . _ S| (5 SR T
10 20 30 40 50 60 70 80

SEl 100KV X5,000

20/degree

Fig. 6. The FESEM images and corresponding XRD patterns of different sulfur sources at 200°C 12 h in DMF: (a) and (b) thiosalicylic acid; (c) and (d) Cysteine.



1272 H. Liu et al. / Journal of Alloys and Compounds 509 (2011) L267-L272

800000

465nm

700000

600000

)

500000

u.

400000

300000

Intensity (a.

200000

100000

0F

1 L 1 L 1 L 1 n 1 I

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 7. PL emission spectrum of as-prepared AgBiS, synthesized at 200°C for 12 h.

in Fig. 6(a)-(d). When the solvothermal reactions were conducted
using thiosalicylic acid as the sulfur sources (with all other con-
ditions keep constant), only Bi is obtained instead of flower-like
AgBiS, crystals. Fig. 6(a) and (b) shows the typical overall FESEM
image and XRD patterns of the products. FESEM image shows that
the samples are consist of irregular spheres and rods [Fig. 6(a)]. All
the peaks in the XRD pattern can be readily indexed to a pure hexag-
onal phase of Bi, which are in good agreement with the reported
values (JCPDS card No. 85-1329). When we use Na,S as the sulfur
source while other conditions remain unchanged (compared with
the condition of Fig. 2), some Bi and AgBiS; impurity are detected
(Fig. 6(c) and (d)) Therefore, we can know that L-cystine plays an
important role in the synthesis of flower-like AgBiS, crystals in the
current system.

The room temperature photoluminescence (PL) spectra under
the excited wavelength of 200nm of the as-prepared AgBiS,
flower-like obtain under 200 °C for 12 h was shown in Fig. 7. Besides
the peak located at about 465 nm (2.67 eV), some shoulders can be
also observed. The emission peak was caused by the recombination
of electrons and electron holes in trapped surface states in the for-
bidden region, called energy band gap. But for the shoulders, they
were caused by the shallow level of donors and acceptors between
the valence and conduction bands [12,13].

4. Conclusions

A mild biomolecule-assisted route was proposed for the
synthesis of flower-like AgBiS, using L-cystine as the sulfur
source and complexing agent. In this process, the formation
of metal-biomolecule complexes ([Ag(L-cystine),]* and [Bi(L-
cystine),]3*) and solvothermal decomposition and sulfidation are
attributed to the formation of flower-like AgBiS,. The X-ray diffrac-
tion and the X-ray photoelectron spectra indicated the formation of
pure cubic phase AgBiS,. The FESEM and the TEM images showed
flower-like AgBiS, crystals with an average diameter of about 5 pm.
A possible formation mechanism for flower-like AgBiS, was also

discussed. The photoluminescence (PL) emission of the product
produced at 200°C for 12h was detected at the wavelength of
465nm (2.67 eV).
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