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The role of oxidative etching in the synthesis of noble-metal nano-
crystals with a hydrophilic solvent (in particular, ethylene glycol)
has been explored in our previous work. In this paper, we demon-
strate that the mechanism of oxidative etching could be extended to
the synthesis of single-crystal Ag nanocrystals in a hydrophobic
solvent such as isoamyl ether. In this case, Fe(ir) species in the form
of FeCl; or Fe(acac); had to be introduced into the hydrophobic
system as an effective etching agent. The final product contained
single-crystal Ag nanocubes (slightly truncated) with an edge length
as small as ~13.5 nm, a size that has been difficult to achieve using
a hydrophilic system.

Over the past decade, Ag nanostructures have received considerable
attention owing to one of their remarkable properties known as
localized surface plasmon resonance (LSPR), which has enabled
a rich variety of applications, including their use as optical probes,
contrast agents, sensors, plasmonic waveguides, and substrates for
surface enhanced Raman scattering (SERS)."® With respect to
synthesis, it is difficult to produce single-crystal Ag nanostructures
with well-defined shapes in high yields because Ag has a strong
tendency to form twinned structures at small sizes.® As a result, the
synthesis is typically dominated by twinned seeds (with all possible
numbers of twin defects) at early stages and irregular particles with
poorly defined shapes in the product. This situation did not change
until our group demonstrated a polyol reduction method for the
synthesis of single-crystal Ag nanocubes in a hydrophilic solvent,
ethylene glycol (EG), with the help of poly(vinyl pyrrolidone) (PVP),
a capping agent that binds selectively to the {100} facets.'

In a hydrophilic solvent such as water or EG, oxidative etching
(a process similar to corrosion) has been effectively employed to
control the number of twin defects in the seeds and thereby facilitate
the preferential formation of Ag nanostructures with specific shapes
or morphologies.>** Due to the presence of defects on the surface of
twinned seeds, they are more susceptible to oxidative etching than
their single-crystal counterparts. As a result, only single-crystals seeds
can survive and further grow into single-crystal nanostructures such
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as cubes and octahedrons. To oxidize zero-valent metal atoms to
ions, a wet etchant typically must contain both an oxidant (e.g., the
O, from air) and a ligand (e.g., Cl™ ions added in the form of NaCl or
HCI) that can coordinate to the metal ions.*'® In addition, iron
species, either Fe(tm) or Fe(1), has been found to be a good source of
etchants for removing twinned seeds and promoting the formation of
single-crystal Ag nanostructures.'

The present work is based upon the notion that oxidative etching
might be extendable to a hydrophobic system, such as a conventional
organic solvent, and thus provide a facile method for the synthesis of
single-crystal Ag nanostructures. One of the biggest advantages for
making metal nanocrystals in a hydrophobic solvent is that mono-
disperse samples with greatly reduced sizes can be generated, which is
of great importance in developing highly active and selective catalysts.
For example, Yin and co-workers demonstrated the synthesis of
monodisperse Ag nanospheres (11 nm in size) using 1,2-hex-
adecanediol as a reducing agent and oleylamine as a surfactant in
o-dichlorobenzene at 180 °C."” However, the exact mechanism of this
synthesis is yet to be uncovered. It is also not clear if this method can
be applied to the synthesis of faceted Ag nanocrystals with sizes
approaching 10 nm. It is worth pointing out that it has been very
difficult to obtain Ag nanocubes with edge lengths smaller than
25 nm via the hydrophilic system based on polyol reduction.'®®
Herein, we demonstrate an effective approach to the synthesis of Ag
nanocubes (with slight truncation) as small as 13.5 nm in edge length
using a modified thermal decomposition method in a hydrophobic
system, in which a trace amount of Fe(i) species was added as an
effective etchant.

We first conducted the synthesis without the involvement of
oxidative etching. Silver trifluoroacetate was used as a silver precursor
and decomposed in isoamyl ether at 150 °C in the presence of
oleylamine as a capping agent under the protection of argon gas. This
is similar to the protocol reported by Yang and coworkers.?® In
a typical procedure, 0.22 g silver trifluoroacetate, 0.66 mL oleylamine,
and 10 mL isoamyl ether were mixed in a 3-neck flask and the flask
was heated from room temperature to 150 °C within 60 min in an oil
bath while the reaction solution was continuously bubbled with
argon gas. The reaction was continued at 150 °C for another 100 min,
and a solution with a brownish color was obtained, indicating the
formation of Ag nanoparticles. After centrifugation and washing
with acetone and hexane, the product was collected and re-dispersed
in hexane. Fig. 1A shows a typical transmission electron microscopy
(TEM) image of the as-prepared sample. It can be observed that the
Ag nanocrystals prepared using this procedure had a relatively
narrow size distribution. Fig. 1B shows a TEM image at a higher
magnification, indicating that the nanocrystals had a diameter of
approximately 14 nm. The high-resolution TEM image (Fig. 1C)
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Fig. 1 (A and B) TEM images with different magnifications of the Ag
nanocrystals prepared under argon protection in a 3-neck flask at 150 °C
for 100 min. The average diameter of the Ag nanocrystals was 14 nm. (C)
A high-resolution TEM image of a nanocrystal from the same sample,
revealing the multiply-twinned structure that matches an icosahedron.
(D) The corresponding geometrical model of an icosahedron with
roughly the same orientation as the one shown in (C).

Fig.2 TEM images of Ag nanocrystals prepared without the protection
of argon gas under different conditions: (A) in air, (B and C) in air and in
the presence of (B) Fe(acac); and (C) FeCls, respectively. In the presence
of Fe(11) species, the products became single-crystal nanocubes with edge
length around 13.5 nm. (D) A high-resolution TEM image of an indi-
vidual Ag nanocube shown in (C), indicating that it was a single crystal.
The inset is the corresponding FFT pattern, showing symmetrical spots
which can be indexed as {200} and {110} reflections of fcc silver.

taken from an individual particle reveals a multiply-twinned struc-
ture, which can be related to icosahedron. Fig. 1D shows a corre-
sponding geometrical model of an icosahedron with roughly the same
orientation as the one shown in Fig. 1C.

Fig. 2A shows a typical TEM image of the as-prepared Ag sample
synthesized under experimental conditions similar to those for the
sample shown in Fig. 1, except that the reaction was performed in air
instead of under argon protection. It is clear that a great majority of
the product still had a multiply-twinned structure in the shape of
icosahedron with the rare exception of a few single-crystal nano-
crystals. These nanocrystals had an average diameter of 13 nm, albeit
their size distribution was not as narrow as that for the sample
obtained under argon protection. Overall, no significant change to
crystallinity and shape was observed when the reaction was per-
formed in air, indicating that the O, from air alone could not
completely etch away the twinned seeds in the early stage of the
synthesis. It is clear that we need to add an extra reagent. However,
we found that NaCl, which is usually used as an etching agent (when
combined with the O, from air) in a hydrophilic system, cannot be
dissolved in isoamyl ether.

To solve the solubility problem, we introduced the Fe(i) species,
which could serve as an dual etchant for the formation of single-
crystal Ag nanocrystals. In a typical synthesis, 0.1 mmol silver tri-
fluoroacetate, 0.2 mmol oleylamine, and 4.5 mL isoamyl ether were
mixed in a flask placed in an oil bath and heated at 100 °C for 20 min.
We then added 1 umol FeCl; or Fe(acac); in 0.5 mL isoamyl ether to
the mixture under magnetic stirring and the flask was quickly
transferred to another oil bath held at 150 °C. After the reaction
proceeded for another 60 min, the mixture was cooled down to room
temperature naturally. The product was collected by centrifugation,
washed with acetone and hexane twice, and finally re-dispersed in
hexane. Fig. 2B and C, show TEM images of Ag nanocrystals
obtained by adding trace amounts of Fe(acac); and FeCls, respec-
tively, into the reaction system. In both cases, single-crystal Ag
nanocubes with slight truncation could be obtained. Compared to the
case of Fe(acac); (Fig. 2B), the yield of Ag nanocubes increased from
~55% to ~70% when FeCl; was used as an etchant (Fig. 2C). This
could be explained by a stronger etching power from both Fe(i)
species and Cl™ in the case of FeCls. Fig. S11 shows a low-magnifi-
cation TEM image of the sample in Fig. 2C, indicating good
uniformity of this sample. In addition, TEM images (Fig. S21) of
three Ag nanocrystals at different orientations and different tilting
angles (0°, 30° and 56°) clearly indicate that they were cubic struc-
tures rather than square-shaped plates (the projection of a plate
should be rod-like when tilted at 56°). In addition, some spherical-like
particles shown in Fig. 2C are actually truncated cubes projected
from a specific orientation (see Fig. S21). The nanocubes shown in
Fig. 2C were ~13.5 nm in edge length. The corners (and probably
edges) of the Ag nanocubes were slightly truncated because the atoms
at the corners of a nanocube are higher in free energy, making them
unstable in an oxidative environment. Fig. 2D shows a typical high-
resolution TEM image of an individual Ag nanocube shown in
Fig. 2C, where the well-resolved and continuous fringes indicate that
it was a single crystal. In the corresponding fast Fourier transform
(FFT) pattern (inset of Fig. 2D), the spots could be indexed to the
{200} and {110} reflections of face-centered cubic (fcc) silver.

To understand the mechanism responsible for the formation of
single-crystal nanocubes shown in Fig. 2C, we monitored the
synthesis by taking aliquots of the reaction mixture at different time
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Fig.3 TEM images of Ag nanocrystals taken at (A) 10, (C) 15, and (D)
60 min after the addition of FeCl; (1 umol, Ag(I) : Fe(t) = 100 : 1).
(B) A high-resolution TEM image of the Ag nanocrystals in (A), showing
the twinned structures of Ag nanocrystals in the early stage.

points and then analyzing them by TEM. As shown in Fig. 3A, many
irregularly shaped nanocrystals were obtained at ¢ = 10 min. The
high-resolution TEM image in Fig. 3B reveals that most of the
nanoparticles formed at early stages exhibit a multiply-twinned
structure (only a few of them were single-crystal, as shown in
Fig. S37). As the reaction proceeded to ¢t = 15 min, the amount of
twinned particles decreased and single-crystal particles with a more or
less cubic shape appeared (Fig. 3C). As the reaction time was further
extended to 7 = 60 min, essentially all the particles were single-crystal
cubes with slight truncation (Fig. 3D). On the basis of these obser-
vations, it is obvious that the single-crystal Ag nanocubes in the final
product were derived from the twinned particles formed in the early
stage of the reaction. As the reaction proceeded, the defect regions
inherently present on twinned seeds are much higher in activity
relative to the single-crystal regions and thus were preferentially
etched and oxidized back to Ag(1) by Fe(m) which was simulta-
neously reduced to Fe(ir), as shown in following equation.?

Ag + Fe** — Fe** + Ag*

The resultant Ag* ions were then reduced again by oleylamine on
the surface of pre-existing single-crystal Ag seeds, resulting in
a continuous, epitaxial growth of twin-free nanocrystals. The Fe(r)
could be quickly and easily oxidized back to Fe(im) by the O, from
air. The continuous etching and re-growth, accompanied by the
redox cycle of Fe(im)/Fe(in), converted the nanocrystals from multiply-
twinned to single-crystal species.

We also found that the amount of FeCls in the reaction solution
played a critical role in the formation of Ag nanocrystals. Fig. 4A
shows TEM image of the as-prepared sample when a reduced
amount of FeCl; (0.1 pmol rather than 1 pmol) was added to the
reaction solution. In this case, both single-crystal and multiply-
twinned nanocrystals were obtained with sizes varying in the range of
5-12 nm. This can be explained by the insufficient amount of etchant,

Fig. 4 TEM images of samples taken from two reactions at = 60 min.
The reactions contained (A) 0.1 umol and (B) 10 pmol of FeCls, respec-
tively, while other parameters were the same as those used in Fig. 2C.

which led to the insufficient etching of twinned seeds in the early
stages of the reaction. In contrast, when the amount of FeCl; added
into the reaction was increased to 10 pmol, single-crystal spherical
particles (rather than a cubic shape) with sizes in the range of
10-19 nm were formed, as shown in Fig. 4B. This might be due to the
increased etching power which caused further truncation for the
nanocubes. In addition, the excess amount of FeCls could etch not
only the multiply-twinned seeds at early stages, but also part of the
single-crystal seeds. Therefore, fewer seeds were formed, and thus
the particles grew bigger when the reaction time was kept the same as
the samples shown in Fig. 4A and Fig. 2C. In addition, the very small
portion of singly-twinned nanocrystals shown in Fig. 4B might be due
to salt-induced dimerization of single-crystal seeds, a process
commonly occurs at increased concentrations for the salt.?

In summary, we have successfully demonstrated the synthesis of
single-crystal Ag nanocubes (with slight truncation) of around 13.5 nm
in edge length by thermal decomposition of silver trifluoroacetate in
isoamyl ether in the presence of oleylamine. A trace amount of Fe(t)
species such as FeCl; or Fe(acac); was added into the reaction, serving
as an effective etchant to control the crystallinity and shape of the
resultant Ag nanocrystals. By monitoring the etching process with
aliquots taken from the reaction at different time points, it was clear
that the addition of Fe(un) species resulted in preferential etching of
twinned seeds at early stages, leaving behind only the single-crystal
seeds to grow. These results reveal that the oxidative etching mecha-
nism not only works for a hydrophilic system (water or EG), but can
also be extended to a hydrophobic system (organic solvent). It was also
found that the degree of etching and the size/shape of the resultant Ag
nanocrystals mainly depended on the amount of etchant added.
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