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ABSTRACT: A general, one-pot, single-step method for
producing colloidal silver chalcogenide (AgE; E = Se,
S, Te) nanocrystals is presented, with an emphasis on Ag,Se.
The method avoids exotic chemicals, high temperatures,
and high pressures and requires only a few minutes of
reaction time. While Ag,S and Ag,Te are formed in their
low-temperature monoclinic phases, Ag,Se is obtained in a
metastable tetragonal phase not observed in the bulk.

s a bulk material, silver selenide (Ag,Se) is a narrow-band-
Agap semiconductor with many intriguing properties. First, it
is a mixed conductor with high electronic and ionic mobility.
Second, it undergoes a reversible first-order phase transition
from a low-temperature phase (Q.-Ag,Se) to a high-temperature
phase (3-Ag,Se) at 135 °C with a strong change in its electronic
properties.” 8-Ag,Se is a superionic conductor that is used as
an additive in highly conductive composite glasses for sensors,
displays, and photochargeable secondary batteries and has
potential as a solid electrolyte.” 0-Ag,Se is widely used as a
thermoelectric material because of its high electrical conductivity,
large Seebeck coefficient, and low thermal conductivity and as
a photosensitizer in photographic films and thermochromic
materials.> Nonstoichiometric 0-Ag, 1 sSe also shows giant mag-
netoresistance comparable to the colossal magnetoresistance
observed in manganese perovskites.**

However, while all of these properties have been studied
extensively in the bulk, very few reports have examined nanoscale
Ag,Se. In many semiconductors, decreasing the size of the
material can provide a way to tune the physical properties and
observe new phenomena. In particular, colloidal semiconductor
nanocrystals provide strongly size-specific optical and optoelec-
tronic properties. These have been investigated for potential
applications in solar cells,’ light—emittin% diodes,”® thin-film
transistors,”'* and biological imaging.n’ % Therefore, if uni-
formly sized Ag,Se nanocrystals were available, they could
provide an interesting new system for investigation of the
dependence of optical, magnetic, mechanical, and transport
properties on size. Furthermore, high-quality Ag,Se nanocrystals
could lead to new applications or could significantly improve the
performance of existing applications. These factors provide a
compelling motivation to synthesize and explore the properties
of Ag,Se nanocrystals and extend the versatility of these materials
simply by tailoring parameters such as size, stoichiometry, or
crystal phase.
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Despite this motivation, the synthesis of high-quality Ag,Se
semiconductor nanocrystals is much less developed than those of
other materials such as the cadmium and zinc chalcogenides. Of
the silver chalcogenides, Ag,S has been the most studied.”>~ "
Only a few reports on the preparation of Ag,Se nanopar-
ticles,"®'? nanowires,”® and nanoscale dendrites”’ exist. Other
routes for obtaining nanosized Ag,Se include vapor-phase
grow’th,22 sonochemical methods,”® and high-temperature22
and high-pressure** solution-phase reactions. These methods
often require the use of exotic precursors™ and extreme condi-
tions. Nevertheless, they still generate Ag,Se nanocrystals that
are polycrystalline and polydisperse, which can severely limit
their use in both fundamental studies and potential applications.

To obtain crystalline, nearly monodisperse Ag,Se particles,
one could adapt a successful recipe for Ag,Te nanocrystals.”®
Unfortunately, this synthesis requires 2 weeks. Alternatively, one
could perform cation exchange on CdSe nanocrystals or trans-
form Ag nanocrystals to AgZSe.l&19 However, this involves a
two-step process involving the synthesis of either CdSe or Ag
nanocrystals followed by the transformation. Therefore, to the best
of our knowledge, no reported method is direct, simple, and fast.

Here we demonstrate a one-pot, single-step synthesis of
structurally well-defined and nearly monodisperse Ag,Se nano-
crystals. Our route is advantageous because it utilizes low
temperature, atmospheric pressure, and standard chemicals.
Instead of days, the reaction is complete within a few minutes.
Moreover, the method also works for the synthesis of Ag,S and
Ag,Te nanocrystals, thus providing a general and versatile
technique to obtain the entire family of silver chalcogenides.

In a typical synthesis, 16.99 g of AgNO; and 7.896 g of
selenium shot were dissolved separately in 100 mL tri-n-octyl-
phosphine (TOP) to obtain 1 M Ag—TOP and 1 M TOP—Se,
respectively. A mixture of 6.4 mL of oleic acid (OA), 54 g of
1-octadecylamine (ODA), and 12.8 mL of 1-octadecene (ODE)
was then combined in a 100 mL round-bottom flask, degassed,
flushed three times with N, to remove water and oxygen, and
heated to 70 °C under N,. With continuous stirring, 4 mL of
TOP—Se was added into the flask, and the temperature was
raised to 160 °C. Next, 4 mL of Ag—TOP was quickly injected,
and the reaction was allowed to proceed for ~S min at 150 °C.
The growth was quenched in an ice bath, and 25 mL of butanol
was added to prevent solidification of the reaction mixture as it
cooled. The nanocrystals were isolated by precipitation with
ethanol and redispersed in hexanes. This process was repeated at
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least once to ensure a clean product. Similar syntheses were
developed to obtain Ag,S and Ag,Te nanocrystals. For all three,
we could also obtain nanocrystals with different average sizes by
varying the reaction time and growth temperature. The as-
obtained nanocrystals can be dispersed in various organic
solvents, such as hexanes, toluene, or chloroform. Further
synthetic details are given in the Supporting Information (SI).

In general, Ag,E nanocrystals can plate a glass container with
silver if stored under ambient conditions. When they were
dispersed in hexanes, this effect occurred for our Ag,Se and
Ag,Te nanocrystals after ca. 4 and 3 weeks, respectively. How-
ever, under storage at —20 °C in the dark, these nanocrystals
have remained stable indefinitely (for 8 and 4 months, respec-
tively, as of this writing). Our Ag,S nanocrystals have been stable
for 7 months even under ambient conditions. For all of the
samples, the stability decreased when excess surface ligands were
removed from the dispersion by repeated precipitations. Use of
solvents other than hexanes also reduced the stability (see the SI
for details).

Transmission electron microscopy (TEM) images of a typical
Ag,Se sample are shown in Figure la)b. The nanocrystals are
nearly monodisperse with a standard deviation of 5.1% and an
average size of ca. 6.5 nm. This value is consistent with the
average size of the crystallographic domains calculated by fitting
the X-ray diffraction (XRD) patterns (discussed below) using the
Scherrer equation. A representative high-resolution TEM
(HRTEM) image of the Ag,Se nanocrystals demonstrates that
they are single-crystalline (Figure 1b). Characteristic TEM
images of Ag,S (Figure 1d,e) and Ag,Te (Figure 1gh) nano-
crystals are also shown. The standard deviations in size were 5.3
and 9.1% for Ag,S and Ag,Te, respectively. The samples
exhibited sensitivity to the electron beam, as discussed in the
SL This affected the quality of the HRTEM images.

To clarify the sample composition and verify that both
elements were present in the nanocrystals, several spectroscopic
techniques were employed. Figure 2a—c presents X-ray photo-
electron spectroscopy (XPS) data for the Ag,Se nanocrystals
(see the SI for Ag,Te and Ag,S data). The survey spectrum
combined with the core-level spectra, which clearly show Ag 3d
and Se 3p peaks, indicate that Ag and Se were present. Quanti-
tative determination of the chemical composition was performed
with electron-probe microanalysis (EPMA). This showed that
the Ag:E elemental ratios for E = Se, Te, and S were 1.85:1
(£1.7%), 2.14:1 (£6.7%), and 1.94:1 (£1.5%), respectively
(see the SI), all of which are close to the expected ratio of 2:1.

All three silver chalcogenides were also expected to exhibit
temperature-dependent polymorphism. In our syntheses, even
though the growth temperatures of Ag,Se and Ag,Te were above
their respective ¢ — (3 phase-transition temperatures (13S
and 150 °C,”” respectively), selected-area electron diffraction
(SAED) patterns (Figure 1c,fi) and powder XRD patterns of the
particles’ crystallographic structure (Figure 3a) revealed that
none of the final products were in their high-temperature phases.
For Ag,S and Ag,Te, the equilibrium low-temperature phases,
namely, ®-Ag,S (monoclinic, JCPDS no. 00-014-0072) and
a-Ag,Te (monoclinic, JCPDS no. 00-034-0142), were observed.
For Ag,Se, it has previously been postulated that two low-
temperature phases (stable orthorhombic and metastable tetra-
gonal) exist, depending on the crystallite size.”>** Although XRD
patterns for the tetragonal phase of Ag,Se were not available in
the database, a careful analysis of our data indicated that all of our
Ag,Se nanocrystals were in the metastable tetragonal phase

Figure 1. Low-magnification TEM micrographs and SAED patterns of
ensembles of as-synthesized nanocrystals of (a, c) Ag,Se, (d, f) Ag,S, and
(g i) Ag,Te along with lattice-resolved HRTEM micrographs of single
(b) 7 nm diameter Ag,Se, (e) 4 nm diameter Ag,S, and (h) 7 nm
diameter Ag, Te nanocrystals. Injection temperatures of 197 and 191 °C
and growth times of 12 min at ~167 °C and 5 min at ~150 °C were used
to produce the Ag,S and Ag,Te nanocrystals, respectively.

(having lattice constants a = b = 0.706 nm and ¢ = 0.498 nm)
instead of the more stable orthorhombic phase (details can be
found in the SI). These results suggest that (i) Ag,Se and Ag,Te
nanocrystals undergo first-order phase transitions to a low-
temperature phase upon cooling from the reaction temperature
and (ii) Ag,Se nanocrystals are kinetically trapped in a meta-
stable phase that is not observed in the bulk. TEM and XRD
studies with in situ heating are underway to test these two
conclusions.

We also note that similar XRD patterns for Ag,Se nanocrystals
have previously been assigned to other crystal structures. On the
basis of our analysis, we believe the prior assignment to the
orthorhombic phase is incorrect.'® Also, small Ag,Se nanocryst-
als (ca. 4 nm in size) had been assigned to the cubic phase."® Our
smallest nanocrystals (ca. 3 nm in size) did indeed exhibit an
XRD pattern that could be attributed to the cubic phase.
However, the most prominent XRD peaks for the tetragonal
and cubic phases overlap. Thus, as a result of Scherrer broad-
ening, these two phases are difficult to distinguish in small
nanocrystals. Because our larger Ag,Se nanocrystals were clearly
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Figure 2. (a) XPS survey spectrum of Ag,Se nanocrystals showing the
presence of both Ag and Se. (b, c) High-resolution XPS spectra of Ag,Se

from (b) Se 3p and (c) Ag 3d.
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Figure 3. (a) XRD patterns and (b) room-temperature optical absor-
bance spectra of as-synthesized Ag,Te, Ag,Se, and Ag,S nanocrystals.
The observed peak broadening in the reflections due to size is expected.

in the tetragonal phase (see the SI), we believe it is more
likely that all of our sizes had the tetrazgonal structure. This
conclusion also agrees with other reports.”*” This implies that
all of our Ag,Se nanocrystals were trapped in a metastable crystal
structure.

We also need to address the role of ODE, TOP, OA, and ODA
in the nanocrystal growth. Our evidence suggests that ODE acts
simply as a noncoordinating solvent. While TOP, OA, and ODA
can all potentially act as surface ligands that stabilize the nano-
crystals and mediate the growth, Fourier-transform IR (FTIR)
measurements (see the SI) showed that the surfaces of the Ag,Se
and Ag,Te nanocrystals were covered almost entirely with TOP.
This is consistent with the precursors for these materials
(Ag—TOP, TOP—Se, and TOP—Te). For Ag,S, where sulfur
powder was first dissolved in ODA and OA, these ligands were
also detected on the nanocrystal surface, but only weakly. We
believe instead that ODA and OA are important for controlling
the reaction rate. Without ODA, large precipitates of Ag,Te and
Ag,Se formed in seconds and minutes, respectively. (With Ag,S,

large but stable 10—12 nm nanocrystals were obtained.) Without
OA, the growth proceeded extremely slowly, yielding small,
polydisperse nanocrystals. Thus, by balancing these two effects,
a mixture of OA and ODA produced nearly monodisperse
samples.

The optical absorption spectra of dispersions in tetrachlor-
oethylene are shown in Figure 3b. The Ag,Te spectrum shows
three clearly resolved transitions, as observed previously.”**
Surprisingly, the spectra from our Ag,S and Ag,Se samples are
featureless, even though the nanocrystals had much narrower size
distributions (~5%) than our Ag,Te sample (~9%). We also
found that the Ag,Te absorption features are not size-dependent,
at least over the size range accessible to us (ca. 3—8 nm in
diameter). The explanation for these transitions and the absence
of similar features in our Ag,Se and Ag,S nanocrystals is still
under investigation.

In conclusion, a simple route to nearly monodisperse colloidal
Ag,Se nanocrystals has been presented. This synthesis can also
be adapted to yield Ag,S and Ag,Te nanocrystals. The particles
are nearly stoichiometric and single-crystalline. Ag,S and Ag,Te
are produced in their low-temperature equilibrium phases. For
Ag,Se, the metastable tetragonal phase is obtained. Because of
the simplicity and adaptability of the synthesis in terms of size
and materials, a variety of new nanoscale silver chalcogenides can
be obtained. These materials have unique properties, and the
nanocrystals should allow new phenomena and applications to
be explored.
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© Supporting Information. Details of the syntheses of
Ag,S and Ag,Te nanocrystals, EPMA measurements, FTIR
spectra, and XPS and XRD data and analysis. This material is
available free of charge via the Internet at http://pubs.acs.org.
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