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Herein, well-defined nanoscale Ag,S and Ag,Se dendrites, which represent a novel morphology of silver
chalcogenides, were successfully synthesized using a template-based method at room temperature and ambient
pressure. It was found that the template and ultrasonic wave played important roles in the formation of
well-defined dendrites. The products were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and elemental analysis. The optical properties of
the products were also recorded by means of UV-Vis absorption spectroscopy, indicating that the products
were within a quantum confinement regime. Finally, the formation mechanism of dendrites was also

investigated.

Introduction

Late transition metal chalcogenides have a number of
commercial applications in pigments, semiconductors and
fluorescence devices.! Silver sulfide is a good prospective
optoelectronic and thermoelectric material, which is often used
as a photosensitizer for photographic purposes.” Silver
selenide, a well-known superionic conductor,’> has been
widely used to prepare nonlinear optical devices,* photocharge-
able secondary batteries,” and multipurpose ion-selective
electrodes.®

For the above-mentioned applications, a variety of techni-
ques have been developed to prepare silver chalcogenides with
controllable microstructure, morphology and particle size.
Recently, special attention has been paid to shape control of
nanocrystals, which is becoming a challenging problem for the
synthesis of nanoscale materials.” In particular, fractal
structures have attracted much attention in the past two
decades.® Fractals are generally observed in non-equilibrium
growth phenomena, therefore they can provide a natural
framework for the study of disordered systems. Examples are
many and varied, ranging from the growth of a snowflake to
the aggregation of a soot particle, from oil recovery by fluid
injection to solidification of metals, and from the formation of
a coral reef to cell differentiation during embryonic develop-
ment. Dendrites, as a kind of fractal structure, have received
intensive interest in recent years. There are a variety of
methods to be used for preparing dendritic supramolecular
nanostructures.’

Of the various methods available to prepare nanoscale
materials, a template method in which the desired materials are
encapsulated into the channels or pores of a host has a number
of interesting and useful features for the preparation of
nanostructures, since the size and shape of the desired materials
can be easily adjusted using a well-defined template matrix.'”
Many templates have emerged, such as carbon nanotubes,'!
porous anodic alumina,'? “track-etch” polycarbonate mem-
branes,'® micelles,'* block copolymers,'> mesoporous silica,'®
and hybrid organic—inorganic mesoporous material.'’

As described elsewhere,'® Raney nickel can be obtained by
leaching the aluminium from Ni-Al alloy in NaOH solution.
Aluminium is dissolved from the material in alkaline solution
and a porous structure is obtained. The residue after leaching
of the Al component consists mainly of Ni in a highly dispersed
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state (surface areas of 50 to 120 m? g~ '),'® thus Raney nickel is

also named skeleton nickel. The scanning electron microscopy
(SEM) image of Raney nickel can be found in the literature."”
It indicates that Raney nickel is composed of the pores
arranged in a crisscross pattern with a supporting skeleton.
Raney nickel, as a porous material, has found widespread
applications in the field of the hydrogenation of organic
compounds'® and especially as an anode in liquid fuel cells.*
Theoretically speaking, Raney nickel is attractive as a host
framework for the preparation of nanoscale materials in
addition to its applications in catalysis. Previously, we have
succeeded in synthesizing well-defined palladium and silver
dendrites via a novel ultrasonic-assisted template-based route,
in which Raney nickel was used as the template for the first
time.?! In this work, we extend this route to prepare nanoscale
dendrites of silver chalcogenides. To our knowledge, dendrites
of silver chalcogenides have not, as yet, been reported.

Experimental

About 3 g of Ni/Al (Ni% =~ 40-50%, weight ratio) alloy was
covered with an excess of NaOH solution in a beaker. Then, the
reaction product was rinsed several times with distilled water
until no further evolution of hydrogen could be observed. The
as-prepared Raney nickel was kept immersed in distilled water.
Stoichiometric mixtures of analytically pure AgNO; and S (or
Se) powder were put into a 100 mL conical flask containing the
above as-obtained Raney nickel, which was then filled with
distilled water up to 75% of the total volume. The flask was
immersed in a commercial ultrasonic cleaner (WuXi, H-66025,
220V, 100 W). The whole reaction procedure was performed at
room temperature and ambient pressure and lasted for 2 h.
Then, the precipitates were filtered, washed with dilute HCI,
ethanol and distilled water in sequence, and then dried under
vacuum at room temperature for 4 h. Finally, the products
were collected for characterization.

X-ray diffraction (XRD) analysis was carried out with a
Japan Rigaku D/max-rA X-ray diffractometer with graphite
monochromatized Cu Ko radiation (1 = 1.54178 A). A
scanning rate of 0.06° s~! was applied to record the XRD
patterns in the 20 range of 10-70°. In order to obtain
information about the composition of the products, X-ray
photoelectron spectroscopy (XPS) was performed on an
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ESCALab MKII X-ray photoelectron spectrometer, using Mg
Ko X-ray as the excitation source. The binding energies
obtained in the XPS analysis were calibrated against the C 1s
peak at 284.6 eV. Transmission electron microscopy (TEM)
images and selected-area electron diffraction (SAED) patterns
were taken on a Hitachi Model H-800 transmission electron
microscope with an accelerating voltage of 200 kV. The atomic
ratios of the silver chalcogenides were measured on a Seiko
Electronics SPD 1200A inductively coupled plasma (ICP)
emission analyzer with a pump flow of 1.85 mL min ' and an
auxiliary gas (Ar 99.99%) flow rate of 0.5 L min~'. UV-Vis
absorption spectra were taken on a JGNA Specord 200 PC
UV-Vis spectrophotometer when ethanol was used as a
reference.

Results and discussion

The XRD patterns of the products are shown in Fig. 1 for Ag,S
(a) and Ag,Se (b). In Fig. 1a, all the reflections could be
indexed to the monoclinic Ag,S phase with as-calculated lattice
constants a = 4.191 A, b = 6.872 A, ¢ = 7.811 A, in good
agreement with the reported data for Ag,S (JCPDS Card File,
14-72). On the other hand, the orthorhombic Ag,Se phase was
obtained in our experiment with as-calculated lattice constants
a=4302A,b=06972A,c = 7.741 A, which accord well with
the literature values for Ag,Se (JCPDS Card File, 24-1041). In
both XRD patterns, no impurity peaks were detected in the
experimental range. Further evidence for the purity and
composition of the products was obtained by XPS measure-
ments. For Ag,S, the results in the spectra show that the
binding energies of Ag 3ds;; and S 2p are 368.1 and 161.3 eV,
respectively, which are consistent with the reported data of
Ag,S.%2 For Ag,Se, the two strong peaks at 367.9 and 53.7 eV
corresponding to Ag 3ds, and Se 3ds, binding energies,
respectively, are consistent with the reported data of Ag,Se.??
In order to avoid lengthiness of this paper, XPS spectra of only
Ag,S are shown in Fig. 2. Both XRD and XPS analyses show
that the products are pure (without contamination) within the
limits of instrumental error. The atomic ratio of Ag,E obtained
from the integrated areas of Ag 3d and S 2p (or Se 3d) peaks is
1.97 : 1 (or 2.04 : 1), which is close to that obtained from ICP
elemental analysis of Agj S (or Ag, ¢-Se).

Typical TEM images of the products are illustrated in Fig. 3
for Ag,S (a) and Ag,Se (b), indicating that the two samples are
well-defined nanoscale dendrites. Furthermore, the highly
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Fig. 1 XRD patterns of (a) Ag,S and (b) Ag,Se dendrites.
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Fig. 2 XPS analysis for Ag,S dendrites: (a) Ag 3d spectrum, (b) S 2p
spectrum.

crystalline nature of the samples was confirmed by SAED
measurements made on these dendrites. The SAED patterns
are shown in the corresponding insets. The appearance of
diffraction dots indicates that the two products are comprised
of single crystalline domains.

In our experiment, Ag* firstly diffuses into the pores of
Raney nickel under the action of the ultrasonic wave. Then,
Ag™ in the pore is reduced by Raney nickel to metallic Ag,
which immediately reacts with S (or Se) to form Ag,S (or
Ag,Se) due to the high reactivity of the renascent Ag. At the
same time, interspaces in the skeleton of Raney nickel form due
to the reaction of Raney nickel with Ag*. Later, Ag™ most
certainly re-diffuses into these interspaces and is again reduced
by Raney nickel to form silver, which is also transformed into
silver chalcogenides. This process lasts until Ag™ disappears
completely. Thus, silver chalcogenides that are formed in the
pores become the trunk of dendrite and silver chalcogenides

Fig. 3 TEM images of (a) AgS and (b) Ag,Se dendrites. SAED
patterns recorded on dendrites are shown in the corresponding insets.
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Scheme 1 Schematic illustration of the growth process of Ag,E dendrites.

that form in the interspaces become the branches. Finally, well-
defined nanoscale dendrites of silver chalcogenides appear after
the removal of unreacted Raney nickel by HCI solution. The
whole process is illustrated diagrammatically in Scheme 1, in
which the pore structure of Raney nickel is represented by two
end-open flat structures for simplification.?* From this Scheme,
we can see that it is the formation of the interspaces in the
skeleton that leads to the fractal of silver chalcogenides. The
formation of the interspaces indicates that Raney nickel indeed
plays an important role as the reducing agent in addition to the
template for the growth of dendrites.

It is found that the template and the ultrasonic wave play
important roles in the formation of well-defined nanoscale
dendrites. When this reaction was carried out without Raney
nickel as the template and reducing agent, only irregular
nanoparticles were obtained using ethanol or methanol as the
reductant and keeping other reaction conditions unchanged. A
TEM image of thus-formed irregular nanoparticles of silver
chalcogenides is shown in Fig.4a. On the other hand, ill-
defined dendrites, the TEM image of which is shown in Fig. 4b,
were prepared without the action of an ultrasonic wave.
Without the template, nanoparticles of silver chalcogenides
instead of dendrites were certainly obtained. As for no use of an
ultrasonic wave, ill-defined dendrites were prepared, since Ag™
could not diffuse into the pores of Raney nickel fully. It is well

Fig. 4 TEM images of (a) nanoparticles and (b) ill-defined dendrites of
silver chalcogenides.
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Fig. 5 UV-Vis spectra of (a) Ag,S and (b) Ag,Se dendrites.
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known that an ultrasonic wave can accelerate Ag* to diffuse
into the pores of Raney nickel,?* leading to the formation of
well-defined nanoscale dendrites.

UV-Vis spectra of the products, which were obtained from
the supernates of Ag,E powders redispersed in ethanol
solution, are shown in Fig. 5. The two spectra are broadened,
and the absorption maxima of Ag,S and Ag,Se are 467 and 629
nm respectively. Compared with the literature values of the
band gap of bulk silver chalcogenides,? the apparent large blue
shift of the observed absorption clearly indicates that the as-
prepared Ag,S and Ag,Se nanoscale dendrites are within the
quantum confinement regime.

Conclusions

In summary, well-defined nanoscale Ag,S and Ag,Se dendrites
with quantum confined effect have been successfully synthe-
sized via a template-based method at room temperature and
ambient pressure. It is found that the template and ultrasonic
wave play important roles in the formation of well-defined
dendrites of silver chalcogenides. This interesting morphology
of silver chalcogenides may have potential use in the semi-
conductor industry.
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