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A Positive-Microemulsion Method for Preparing Nearly Uniform Ag,Se

Nanoparticles at Low Temperature
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Abstract: A positive-microemulsion system (water/sodium linoleate/hexane) was
used to make uniform Ag,Se nanoparticles at low temperature (7-10°C) within

five to ten minutes. The proposed interface-reaction mechanism was corroborated
by transmission electron microscopy (TEM), IR spectroscopy, and X-ray photo-
electron spectroscopy (XPS) results. This is a general method that is ideal for
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making other uniform nanoparticles on a large scale through simple precipitation

reactions.

Introduction

Silver selenide is a special and interesting material, which
has been extensively studied in different fields during the
past several years. It has two stable solid phases: The low-
temperature phase (orthorhombic), (3-Ag,Se, is a narrow-
band-gap semiconductor with an energy gap of 0.07 eV at
0 K. The high-temperature phase (body-centered cubic), a-
Ag,Se, is a metallic compound with superionic characteris-
tics; the compound undergoes a reversible first-order phase
transition around 407 K with a remarkable change in its
electronic property. p-Ag,Se has proved to be a promising
candidate for thermoelectric applications due to its high
electrical conductivity, large Seebeck coefficient, and low
thermal conductivity.! a-Ag,Se, as a solid electrolyte, is
used as an additive in highly conductive composite glasses
for batteries, sensors, and displays.’! Recently, it was report-
ed that a slight alteration of the stoichiometry to Ag,Se can
induce a remarkable magnetoresistance, which is compara-
ble to the giant magnetoresistance perovskites.*™

Because nanoscale materials might have some unique
physical properties that rely on the size and morphology of
the particles, it would be a great challenge to fabricate
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Ag,Se nanostructures of a controllable size. Various meth-
ods including organometallic-precursor thermolysis,”! ultra-
sonic vibration,’”! photoirradiation,”) hydrothermal treat-
ment,® and template growth” have been used to fabricate
Ag,Se orthorhombic nanoparticles. However, it is hard to
meet both the criteria that the method be simple and fast,
that is, Ag,Se forms at room temperature in one step, and
that the product be composed of dispersive nanocrystals of
nearly uniform size.

Here, we reported a low-temperature positive-microemul-
sion method to prepare uniform-sized Ag,Se nanoparticles
(NPs) by reacting Ag* with SeSO,*". For the first require-
ment, Na,SeSO;! is selected as the selenium source be-
cause it easily reacts with Ag" ions at room temperature
without requiring the input of any other forms of energy.
Na,SeSO; is much more active than Se powder, and is also
less toxic and therefore safer to use than Na,Se or H,Se. It
is a fast (5-10 min) reaction that would be useful for large-
scale production. For the second criterion, a low-tempera-
ture positive-microemulsion'"!! environment was introduced
to protect the products from aggregation and direct them
into a relative uniform size. The low temperature (7-10°C)
also helps the formation of nearly uniform Ag,Se particles
by slowing the growth speed and decreasing the surface
atom activity. Equations (1) and (2) describe the processes
involved:

Na,S0; + Se“™Na,SeSO,

Na,SeSO; + 2 AgNO; + H,0 — Ag,Se | +2NaNO; + H,SO,
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Results and Discussion

Figure 1 shows the X-ray diffractometry (XRD) pattern of
the Ag,Se NPs. It can be observed from this that ortho-
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Figure 1. XRD pattern of orthorhombic Ag,Se nanocrystals. a.u. = arbi-
trary units.

rhombic Ag,Se formed in our synthesis. All the characteris-
tic peaks match exactly with the standard JCPDS card
(no. 241041). It is reasonable to yield the orthorhombic
phase at room temperature because it is a low-temperature
stable phase, and all the examples in the literature® re-
ported the same results. Slight peak broadening indicated
that the nanoparticles might have a small size of around
10 nm. From the energy dispersive spectroscopy (EDS) anal-
ysis, discussed later, it can be seen that there are very small
amounts of sulfur-containing substances in the samples.
However, the XRD patterns do not indicate the presence of
Ag,S, Ag,SO;, or Ag,SO,, which confirms that no crystalline
sulfur impurities formed, and therefore the impurity may be
neglected in this case.

UV absorption and Raman spectra were also measured to
confirm the formation of Ag,Se. Samples dissolved in n-
hexane were used for UV measurements. From Figure 2a,
the absorption edge was determined at A = 630 nm, which
is close to the literature value reported for Ag,Se nanocrys-
tals.®>1%] Figure 2b shows the Raman spectrum of the sam-
ples. A characteristic peak around 7 = 143 cm™'">" was
observed, which is evidence of Ag—Se bond formation.

Transmission electron microscopy (TEM) analysis was
used to further explore the crystal structure of the Ag,Se
NPs. Figure 3a,b show the TEM images of sample I (see the
Experimental Section) prepared at low temperature. The
products are purely uniform particles without any aggrega-
tion at all. The size of the particle ranges from 7 to 12 nm,
and the average size is calculated to be 10 nm. Figure 3c
shows an electron diffraction pattern indicative of many
single particles. Figure 3d shows the HRTEM image of a
single Ag,Se NP with a diameter of about 10 nm.

EDS analysis was also used to analyze the dispersive
nanocrystals (Figure 3f). Strong Ag and Se peaks undoubt-
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Figure 2. a) UV spectrum of a solution of Ag,Se in n-hexane. b) Raman
spectrum of Ag,Se NPs.

edly confirmed that the product is Ag,Se. Cu and O peaks
come from the carbon-coated copper grid and oxygen in the
system, which is a normal observation for TEM samples.
The weak Si peak can only be caused by the glass vessels
used in the experiments, because no Si-containing reagents
were used in this study. The much weaker S peak may come
from SO,*, which is generated with the release of Se*”
from SeSO,*~ [Eq. (2)]. However, according to the XRD re-
sults, no obvious Ag,SO, phase forms, which suggests that
this rather small sulfur impurity can be ignored in this case.
Therefore, the samples are basically pure Ag,Se nanocrys-
tals.

Figure 3g shows the TEM image of sample II (see the Ex-
perimental Section) prepared at room temperature. The
products were irregular in shape and larger on first sight
than sample 1. Figure 3e shows the high-resolution transmis-
sion electron microscopy (HRTEM) image of a single Ag,Se
nanoparticle with a diameter of about 20 nm. It is a general
phenomenon in both samples I and II that some of the NPs
have a cavity inside and some do not. Figure 3d,e are repre-
sentative of two such typical morphologies. Through further
HRTEM studies it was found that the peanutlike (Figure 3i)
and wormlike (Figure 3h) structures were probably formed
by the conjugation of several nearby spherical particles. Lat-
tice faults also appear at the border of two particles.
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Figure 3. a),b) TEM image, c) electron diffraction and f) EDS analysis of sample I. d),e) HRTEM image of a single particle of sample I and II, respective-

ly. g) TEM and h),i) HRTEM images of sample II.

The TEM results enabled us to answer the question as to
why small dispersive Ag,Se nanoparticles are difficult to
obtain. It can be understood from two respects. First, the
crystal growth speed of Ag,Se is very fast even at room tem-
perature due to the large solubility product constant, Kgp
Therefore, silver and selenium atoms stack quickly in all
space directions without selection, finally resulting in a large
irregular crystal, such as sample II. Second, the surface
atoms of the small nanoparticles are so active that they may
combine with atoms on the surface of another particle,
which will also yield irregular crystals. Even in sample I, ir-
regular particles will be generated under exposure to elec-
tron-beam irradiation over a long period of time during the
TEM analysis. The whole process could be observed clearly
and seems to be a strong tendency even with the surfactant
protection during the reaction. In our system, a relatively
low temperature was used that both slows the growth speed
and decreases the surface atom activity, so that uniform-
sized Ag,Se nanoparticles were successfully prepared with
this method.

Based on the TEM study and experimental process, a pos-
sible positive-microemulsion mechanism (Figure 4) was sug-
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Figure 4. A possible mechanism for the formation of Ag,Se NPs.

gested to explain the formation of 10 nm-sized Ag,Se NPs.
This mechanism includes three steps, which just correspond
to the practical manipulation:
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1) In the original solution, all the reagents and solvents
added make a positive microemulsion. NaOH reacts
with linoleic acid to generate the surfactant, while deion-
ized water and n-hexane form the water and oil phase,
respectively. Ethanol was added to make the microemul-
sion more stable. Because the water phase is much larger
than the oil phase, the homogeneous solution should be
a typical positive microemulsion.

2) When an aqueous AgNO; solution was added to the sol-
ution from step 1, the Ag™ ions were immobilized on the
oil droplet due to the coordination between Ag*t and
C;H;;COO", forming an Ag layer on the outside. This
can be confirmed by a simple experiment. At step 2,
enough hexane was added to destroy the Ag*-containing
normal microemulsion (see Figure la in the Supporting
Information), and after several minutes the mixture was
separated into an upper nonpolar phase and a lower
polar phase with a visible boundary (see Figure 1c in the
Supporting Information). If the original speculation of
Ag*t—C;H;;,COO~ immobilization to emulsion droplet is
true, most of the Ag* should be stabilized in the upper
phase. We took the same amount of solution from each
phase and added the same amount of Na,SeSO; to each.
The result showed that most of the Ag* was indeed in
the upper nonpolar phase.

3) Na,SeSO; was injected into the emulsion and reacted
with the Ag™ ions on the water/oil interface to yield
Ag,Se NPs. The as-made nanoparticles were quickly sur-
rounded with surfactant molecules from both the oil-
core surface and the water/ethanol solution. Due to the
soft nature of the water/oil interface, a small amount of
oil might be embedded in the particles during the fast
formation of Ag,Se. This is a very fast process, and only
some of the nanoparticles have a cavity inside.

Further research into the chemical bonding and composi-
tion offer some indirect proof to support the above mecha-
nism. The IR spectra (Figure 5) were used to analyze the or-
ganic component at the surface. The IR spectrum of Ag,Se
in hexane is similar to that of pure hexane, except for the
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Figure 5. IR spectra of n-hexane, a solution of Ag,Se in hexane, and
Ag,Se NPs (powder).
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split peaks from 2800 to 3000 cm™!, which were caused by
C;H;,COO™ and C;H; COOH. The IR spectrum of Ag,Se
NP powder supplies more characteristic peaks. Two strong
peaks around ¥ = 2920 and 2850 cm ' were attributed to
the asymmetric and symmetric stretching vibrations of the
C—H bond, respectively. Two strong peaks at ¥ = 1560 and
1427 cm™!, which are two characteristic peaks in the IR da-
tabase for identifying a carboxylic salt, were assigned to the
asymmetric and symmetric stretching vibration of the
-COO™ group, respectively. A small shoulder around v =
1647 cm™! was indexed to the stretching vibration of the C=
C double bond. All these peaks provide evidence to support
the existence of the C;H;,COO™ unit coating the outside of
the particle.

X-ray photoelectron spectroscopy (XPS; Figure 6) was
used to analyze the inorganic component and chemical
bonding at the surface. First, the XPS survey spectrum only
shows the peaks of Ag, Se, O, and C, illustrating the high
purity of the sample. The binding energies of Se 3d and Ag
3ds, are 53.85 and 367.85 eV (standard: Ag,Se 367.8 eV), re-
spectively, which is undoubtedly in accordance with the
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Figure 6. XPS spectra of Ag,Se NPs: a) survey spectrum; b) Ag 3d spec-

trum; c) Se 3d spectrum; d) valance band spectrum of Se; e) Auger spec-
trum of Ag.
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standard data. The valance band spectrum (Figure 6d)
shows a peak at about 5 eV, which might be the signal of Se
4s and Se 4p. Quantification of the XPS survey spectrum
peaks gives the ratio of Ag to Se as 2.52:1. The excess of
surface silver implies that it might bond with another atom
besides Se. Therefore, an Auger electron spectrum (Fig-
ure 6e) was carried out to give more definite information
about the probable chemical environment of silver. Two
peaks at 351.15 and 356.81 eV were found to be close to
values of Ag,Se (351.4 eV) and Ag,O (356.6 eV), respective-
ly, from the handbook. It suggests that the excess Ag should
bond with the O atom of C;;H;,COO~, which also offers in-
direct proof of the mechanism.

Furthermore, to examine the correctness of the proposed
mechanism we designed two Ag-related experiments, in
which Ag NPs and Ag,S NPs could also be prepared in this
positive-microemulsion system (see Figures?2 and 3 in the
Supporting Information). First, an identical positive microe-
mulsion was made at room temperature. Second, Ag* ions
were immobilized on the oil droplets. Third, N,H,-H,O and
Na,S solution were injected into the emulsion to yield Ag
and Ag,S nanoparticles, respectively. These two examples
strongly support the mechanism proposed, and also reveal
its universality.

Conclusion

In conclusion, a low-temperature, fast synthesis of nearly
uniform orthorhombic Ag,Se nanoparticles was developed
in this study. A possible positive-microemulsion mechanism
was suggested, and TEM, IR, and XPS results support this
mechanism from various aspects. The method developed in
this paper to form uniform nanoparticles has several advan-
tages over former reports:'Y 1) The synthesis is accomplish-
ed at room temperature. If high crystallinity is not required,
this method is also suitable for many other materials, such
as sulfides, fluorides, and phosphates. 2) It is a fairly fast
method to make particles, and the size of the particle may
be determined by the original microemulsion, not by the
length of the reaction time. 3) Because the system is a posi-
tive microemulsion and the solubility of the inorganic re-
agents is good, it is an ideal and general method for making
other uniform nanoparticles on a large scale through simple
precipitation reactions.

Experimental Section

Materials: All the reagents used in this work, including NaOH, linoleic
acid (LA, C,;H;COOH), CH;OH, n-hexane, AgNO;, Na,SO; Se
powder, N,H,-H,O, and Na,S, were A.R. reagents from the Beijing
Chemical Factory, China. The Na,SeSO; solution (selenium source) was
prepared by refluxing selenium powder (5 mmol) and Na,SO; (5 mmol)
in distilled water (50 mL) for 1 h.

Synthesis: In a typical process to prepare sample I, first, NaOH (100 mg)

and LA (1.9mL) were dissolved in the mixture of deionized water
(15mL), GGH;OH (15mL), and n-hexane (1 mL) to form a transparent
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microemulsion. Second, AgNO; (1 mmol) dissolved in deionized water
(5mL) was added to the solution under vigorous stirring, forming a
white Ag*-containing emulsion quickly. Third, after the emulsion had
been maintained at 7-10°C in the water bath, Na,SeSO; solution (5 mL)
was injected into it. The solution changed from transparent to black in
three seconds, and was kept stirring for 5-10 min. After the reaction, n-
hexane (20 mL) was added to destroy the microemulsion and extract the
LA-coated Ag,Se NPs into the oil phase (Figure 1b in the Supporting In-
formation), which was centrifuged to give Ag,Se NPs by adding
C,H;OH. Then, the samples were washed several times by dissolving in
hexane coupled with precipitating from ethanol to remove LA residues
on the particle surface. Finally, these NPs were dissolved in hexane for
storage. For sample II, a similar process was used except that NaOH
(200 mg) and LA (3.8 mL) were added and the reaction was carried out
at room temperature (25-30°C).

For XRD, Raman, IR, and XPS analyses, Ag,Se NPs were directly pre-
cipitated from a high-concentration solution of Ag,Se in hexane by
adding an adequate amount of ethanol. After drying at 50°C for 4 h, the
gel was ground into a powder for the measurement.

Characterization: The samples were characterized by using a Rigaku D/
max 2550 X-ray diffractometer. The size and morphology of the nanopar-
ticles were obtained by using a JEOL JEM-1200EX transmission electron
microscope and a Tacnai TF20 high-resolution transmission electron mi-
croscope. Energy dispersive spectroscopy (EDS) was also recorded by
using the latter. The electronic absorption spectra were obtained on a Hi-
tachi U-3010 UV-visible spectrometer. The IR spectra were recorded on
a Nicolet 560 FTIR spectrophotometer. Raman spectra were recorded
with an RM 2000 microscopic confocal Raman spectrometer (Renishaw
PLC, England) employing a A = 514 nm laser beam. X-ray photoelectron
spectroscopy (XPS) was carried out using a PHI Quantera SXM.
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