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Shape control has proven to be a powerful and versatile means
for tailoring the properties of metal nanocrystals for a wide variety
of applications ranging from plasmonics1 to sensing,2 surface-
enhanced Raman scattering (SERS),3 imaging,4 and catalysis.5

Thanks to the efforts from many research groups, great progress
has been made on this subject over the past decade. With Ag as a
model system, we have demonstrated that the shape of a metal
nanocrystal is determined primarily by the number of twin defects
included in the seed.6 However, for single-crystal seeds, they can
still evolve into nanocrystals with different shapes such as cubes,
truncated cubes, and octahedrons. In these cases, the capping agent
plays a critical role in controlling the ratio of growth rates for {111}
and {100} crystallographic planes and thus determining the final
shape displayed by the product. For example, it has been shown
that both poly(vinyl pyrrolidone) (PVP) and Br- ions can selectively
bind to {100} facets of Ag to slow down their growth rate, resulting
in the formation of nanocubes and nanobars.7 On the contrary,
citrate has been shown to bind more strongly to {111} than {100}
facets, favoring the formation of nanoplates with a large portion
of {111} facets on the surface.8 Although these studies have
contributed to our understanding of the role played by a capping
agent in shape control, it should be pointed out that all of these
experiments were conducted under different conditions so it is
impossible to rule out the possible influence of other parameters.

In addressing this issue, we have designed a set of experiments
based on seeded growth to single out the role of a capping agent
(see Figure S1 in the Supporting Information for a schematic). The
experiments were performed under identical conditions (e.g., seed,
precursor, temperature, reductant, and concentrations of the re-
agents) except for the use of different capping agents. We found
that two distinct shapes, namely, nanoscale octahedrons enclosed
by {111} facets and nanocubes/nanobars covered by {100} facets,
could be selectively and routinely produced by adding citrate and
PVP, respectively, as the capping agent. This work provides a
versatile approach to controlling the shape of metal nanocrystals
by varying the capping agent while other parameters are kept the
same.

Figure 1A and B show TEM and high-resolution TEM (HRTEM)
images of single-crystal Ag nanocrystals with a spherical shape
and an average diameter of 28 nm that were used as the seeds.9

When sufficient AgNO3 was introduced and reduced by L-ascorbic
acid (AA) in the presence of sodium citrate (Na3CA) in an aqueous
solution at room temperature, we obtained Ag octahedrons of ∼40
nm in edge length. Figure 1C and D show typical TEM and
HRTEM images of the product. The fringe spacing of 1.4, 2.0,
and 2.4 Å can be indexed to the {220}, {200}, and {111}

reflections, respectively, of face-centered cubic (fcc) Ag. The
selected area electron diffraction (SAED) pattern from the same
nanoparticle (Figure 1D, inset) indicates that it was a piece of a
single crystal sitting against a plane perpendicular to the [110] zone
axis, confirming an octahedral shape with {111} facets exposed
on the surface. Interestingly, by substituting Na3CA with PVP, the
same Ag seeds ultimately grew into a mixture of nanocubes (25%)
and slightly elongated nanocubes or nanobars (75%) with {100}
facets exposed on the surface (Figure 1E and F). The SAED pattern
in the inset of Figure 1F shows a square symmetry and spots for
both {200} and {220} reflections, indicating that the particle was
sitting on the TEM grid against one of its {100} facets. The three-
dimensional shape of an elongated nanocube was also confirmed
by TEM images taken at different tilting angles (Figure S2).

Our previous studies (both theoretical and experimental) suggest
that citrate could bind more strongly to {111} facets than {100}
facets of fcc Ag at room temperature.10 This difference in binding
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Figure 1. (A) TEM and (B) HRTEM images of the spherical, single-crystal
Ag seeds. (C) TEM and (D) HRTEM images of Ag octahedrons obtained
by adding 1.8 mL of AgNO3 into 2.1 mL of the Ag seeds, together with
0.1 mL of 40 mM AA and 0.8 mL of 40 mM Na3CA. (E) TEM and (F)
HRTEM images of Ag nanocubes and nanobars prepared under the same
conditions as those for (C) except that 0.8 mL of 112 mM PVP (in terms
of the repeating unit) was added instead of Na3CA. The scale bars in the
insets correspond to 20 nm.
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energy is stipulated by two factors: (i) coincidence of the symmetries
of the ligand and the Ag(111) surface and (ii) matching in
dimensions for the ligand and the surface lattice constant. Accord-
ingly, the {111} facets are expected to grow more slowly than the
{100} facets during a seeded growth process when Na3CA is
present. As such, the {100} facets will disappear gradually while
the {111} facets will become more dominant, eventually leading
to the formation of Ag octahedrons. As clearly shown in Figure
S3, a mixture of cuboctahedrons and truncated octahedrons were
obtained when we added a smaller amount (1.0 mL vs 1.8 mL) of
AgNO3 while other parameters were kept the same as in Figure
1C. Both of these nanocrystals had an increased ratio of {111} to
{100} facets on the surface than the starting seeds, but the supply
of Ag atoms was not sufficient for the seeds to evolve into
octahedrons. Unlike citrate, PVP binds more strongly to {100} than
{111} facets of fcc Ag7a and can thereby reduce the growth rate
along the [100] direction. It makes the {111} facets disappear more
quickly than the {100} facets, resulting in nanocubes and nanobars.
According to our previous study, Ag nanobars could only be
obtained by using Br- to promote the anisotropic growth, possibly
via oxidative etching at a high temperature.7b In the present work,
however, no Br- was introduced and the synthesis was conducted
at room temperature. Interestingly, when 30-nm Ag nanocubes were
used as the seeds for additional growth in the presence of Na3CA,
nanoscale Ag octahedrons were also obtained (Figure S4). This
observation provides additional evidence to support our proposed
mechanism; that is, the shape of a metal nanocrystal will be dictated
by the capping agent as long as the seeds are single crystalline.

It should be pointed out that the Ag octahedrons that have been
reported in literature all had edge lengths > 250 nm, because no
capping agent like Na3CA for {111} facets was involved.11 The
availability of Ag octahedrons with truly nanoscale dimensions
allows us to investigate their optical properties, for the first time.
Figure 2A shows a normalized UV-vis spectrum (Eext) recorded
from an aqueous suspension of the as-synthesized nanoscale Ag
octahedrons, which gave a strong localized surface plasmon
resonance (LSPR) peak at ∼455 nm. There was also a shoulder
peak at ∼365 nm. A comparison with the spectra calculated using
the discrete-dipole approximation (DDA) method12 indicates that
the main peak is one of the dipole modes concentrating at the
corners while the shoulder peak is another one distributing on the
edges. The calculated and experimentally measured spectra match
well in terms of peak positions and relative intensities. Note that
the absorption (Cabs) contributes predominantly to the extinction
(Cext) for Ag octahedrons of such a small size. For the mixture of
Ag nanocubes and nanobars, the UV-vis spectrum exhibits two

major peaks (Figure S5A), corresponding to the nanocubes and the
transverse mode at ∼430 nm and the longitudinal mode at ∼570
nm, respectively.

The well-defined nanocrystals were further investigated for SERS
applications, as shown in Figure 2B for the octahedrons and in
Figure S5B for the nanobars. We performed the measurements with
1,4-benzenedithiol (1,4-BDT) as the probe molecule and a 514 nm
laser for excitation. Based on the 9a ring breathing mode (at 1182
cm-1),13 the enhancement factors (EFs) were calculated as 1.1 ×
104 for the nanoscale octahedrons and 8.6 × 104 for the nanobars.
Compared to the previous study, the EF of octahedrons is 1 order
of magnitude higher than that of the anisotropically truncated
octahedrons (with roughly the same dimensions) reported previ-
ously.14 This difference arose because each of the corners is
opposite to a flat face for the anisotropically truncated octahedron,
while all of them are located at opposite positions for an octahedron,
thus leading to a stronger dipole polarization.

In summary, we have demonstrated the use of seeded growth
for directly comparing, for the first time, the effects of capping
agents on shape control for Ag nanocrystals. We found that
octahedral and cubic shapes could be selectively obtained by
introducing Na3CA and PVP, respectively, as the capping agent.
We expect this method could be further extended to quickly screen
and evaluate the facet selectivity of a capping agent.
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Figure 2. (A) Normalized UV-vis spectrum (Eext) of an aqueous
suspension of the nanoscale Ag octahedrons, together with the extinction
(Cext), absorption (Cabs), and scattering (Csca) spectra calculated using DDA
method for a 40-nm Ag octahedron suspended in water with random
orientations. For the DDA calculation, the corners of the octahedron were
snipped by a sphere with a radius of 23 nm to better fit the real sample. (B)
Solution-phase SERS spectrum of 1,4-BDT adsorbed on the surface of the
Ag octahedrons.
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