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Abstract: The concept of shape-controlled synthesis is
discussed by investigating the growth mechanisms for
silver nanocubes, nanowires, and nanospheres produced
through a polymer-mediated polyol process. Experimen-
tal parameters, such as the concentration of AgNO;
(the precursor to silver), the molar ratio between poly-
(vinylpyrrolidone) (PVP, the capping agent) and AgNO;,
and the strength of chemical interaction between PVP
and various crystallographic planes of silver, were found
to determine the crystallinity of seeds (e.g., single crys-
tal versus decahedral multiply twinned particles). In
turn, the crystallinity of a seed and the extent of the
PVP coverage on the seed were both instrumental in
controlling the morphology of final product. The ability
to generate silver nanostructures with well-defined mor-
phologies provides a great opportunity to experimental-
ly and systematically study the relationship between
their properties and geometric shapes.
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Introduction

Synthesis of metal nanostructures has been an active re-
search area for many decades, because of the importance of
these materials to catalysis, photography, electronics, pho-
tonics, information storage, optoelectronics, biological label-
ing, imaging, and sensing.! Like their semiconductor cous-
ins (e.g., quantum dots), the intrinsic properties of metal
nanostructures can be tailored by controlling their size,
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shape, composition, crystallinity, and structure (e.g., solid
versus hollow).’! Particular emphasis has recently been
placed on the control of shape, because in many cases it
allows one to fine tune the properties with a greater versatil-
ity than can be achieved otherwise. For example, computa-
tional work has predicted that, for silver or gold nanoparti-
cles, the number and position of surface plasmon resonance
(SPR) peaks, as well as the effective spectral range for sur-
face-enhanced Raman scattering (SERS), are strongly de-
pendent on the particle shape.”) Experimentally, the longitu-
dinal SPR modes of silver and gold nanorods have been
shown to greatly red-shift with increasing aspect ratio.l!! In
addition, arrayed triangular nanoparticles of silver have
been demonstrated as effective substrates for SERS in the
spectral range from 700 to 800 nm, while spherical nanopar-
ticles of silver are most suitable in the range of 530 to
570 nm.®! With regard to catalysis, cubic nanoparticles of
platinum with surfaces enclosed by the {100} facets catalyze
reactions involving hydrogen, while the reactivity of carbon
monoxide is enhanced by the {210} facets of buckyball-
shaped nanoparticles.!® In spite of its fundamental and tech-
nological importance (as well as a long history of study), the
challenge to synthetically and systematically control the
shape of metal nanostructures has been met with limited
success. Design of a generic method for the preparation of
metal nanostructures with a broad range of well-defined and
controllable morphologies is still needed in order to fully ex-
ploit their peculiar properties and unique applications.
Recent studies have established that solution-phase meth-
ods have the potential to grow metal nanostructures in bulk
quantities with a variety of well-defined morphologies. For
silver and gold, nanorods and nanowires with controllable
diameters and aspect ratios could be synthesized with soft
templates, such as rod-shaped micelles self-assembled from
cetyltrimethylammonium bromide (CTAB)" or liquid crys-
talline phases made of sodium bis(2-ethylhexyl) sulfosucci-
nate (AOT), p-xylene, and water.[®l Several types of planar,
thin nanoplates of silver have been synthesized and studied
since small silver nanospheres were first reported to be
transformed into prismatic plates when subjected to irradia-
tion by visible light.!”) For example, a seed-mediated proto-

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 455



CHEMISTRY—

Y. Xia et al.

A EUROPEAN JOURNAL

col has been developed to generate truncated, triangular
nanoplates and circular nanodisks of silver in the presence
of CTAB micelles."” Silver nanodisks have also been syn-
thesized by sonicating AgNO; and hydrazine in the presence
of reverse micelles self-assembled from an AOT/isooctane/
water system.'!l The octylamine/water bilayer system has
been demonstrated as another soft template capable of pro-
ducing silver nanoplates.””! In addition to surfactants, it was
reported that the synthesis of silver nanoplates could be ach-
ieved by refluxing a solution of AgNO; in N,N-dimethyl
formamide in the presence of a polymer, such as poly(vinyl
pyrrolidone) (PVP).["¥ It is worth noting that polymer-medi-
ated morphological evolution was also applicable to the syn-
thesis of cubic and tetrahedral nanoparticles of platinum by
reducing K,PtCl, with H, gas in the presence of sodium
polyacrylate.'"! Tn general, each one of these approaches
can generate only one or two shapes when the experimental
parameters are changed. Here we focus on a polymer-medi-
ated polyol process that allows for the preparation of silver
nanostructures with a number of different well-controlled
morphologies (e.g., cubes, rods, wires, and spheres) in large
quantities by simply tuning the ratio between the capping
agent (PVP) and the precursor salt (AgNO;). It is also pos-
sible to generate thin nanoplates and nanobelts of silver by
replacing PVP with another capping agent such as sodium
citrate.

Polyol Synthesis: Past and Present

Polyol synthesis was originally developed by Fiévet and co-
workers as a simple and versatile route to colloidal particles
made of metals and alloys, with typical examples including
Ag, Au, Cu, Co, Ir, Ni, Pd, Pt, Ru, CoNi, and FeNi.'” The
primary reaction of this process involves the reduction of an
inorganic salt (the precursor) by polyol at an elevated tem-
perature. PVP is commonly added as a stabilizer to prevent
agglomeration of the colloidal particles. Reasons for the
popularity and versatility of this synthesis include the ability
for polyols to dissolve (and solvate) many precursor salts
(and ions), their highly temperature-dependent reducing
power, and their relatively high boiling points (for ethylene
glycol, it is about 196°C).['¥! In particular, the temperature-
dependent reducing power of polyols makes them ideal for
the synthesis of colloidal particles (usually quasi-spherical in
shape) over a broad range of sizes, as it gives one the ability
to control the nucleation and growth processes through
careful regulation of reaction temperature. Furthermore, the
use of solvents with high boiling points allows for the pro-
duction of colloidal particles from some more reactive (and
hence less reducible) metals such as Co, Ni, Cd, Bi, and Pb
by thermally decomposing appropriate precursors.!”)

The polyol process we have used for the silver work is
mainly based on ethylene glycol, which serves as a good sol-
vent for both AgNO; and PVP, because of its relatively high
dielectric constant.' At elevated temperatures, ethylene
glycol can reduce Ag? ions into Ag atoms, and thereby
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induce the nucleation and growth of silver nanostructures in
the solution phase. Our recent results suggest that PVP
plays a critical role in producing silver nanostructures with
good stability and size/shape uniformity."”! As revealed by
infrared (IR) and X-ray photoelectron spectroscopy (XPS)
studies, both the oxygen and nitrogen atoms of the pyrroli-
done unit can promote the adsorption of PVP chains onto
the surface of silver.”” This may explain why PVP has been
successful as a capping agent (in addition to its role as a sta-
bilizer), while many other polymers such as poly(ethylene
oxide) and poly(vinyl alcohol) failed. Furthermore, it has
been suggested that the interaction strengths between PVP
and different crystallographic facets of a silver lattice were
substantially different, and could therefore induce anisotrop-
ic growth for silver (a solid of highly isotropic in structure).
Our recent experiments, in which small gold nanoparticles
were attached as markers to the surfaces of silver nanowires
through the dithiol linkage, verified that PVP interacted
more strongly with silver atoms on the {100} facets than
those on the {111} facets.’!l This binding specificity can be
attributed to the difference in surface atom density, 1.20 x
10" versus 1.38x 10" m~2 for the {100} and {111} planes.

The experimental setup commonly employed in our work
is shown in Figure 1. We have made a number of modifica-
tions to the conventional protocol developed by Fiévet et al.

Figure 1. Setup for the synthesis of silver nanostructures via a polymer-
mediated polyol process.

to achieve better control over the nucleation and growth
steps. In a typical synthesis, anhydrous ethylene glycol
(5 mL, 99.8%, Aldrich) was heated at 160°C for 1 h; then
separate solutions of AgNO; (99+ %, Aldrich) and PVP
(M, ~55,000, Aldrich) in ethylene glycol (each 3 mL) were
simultaneously injected into the reaction flask by using a
two-channel syringe pump at a rate of 375 uLmin . The re-

www.chemeurj.org Chem. Eur. J. 2005, 11, 454—463


www.chemeurj.org

Metal Nanostructures

duction of AgNO; by ethylene glycol at 160°C led to the
formation of elemental silver (step I in Figure 2) at a moder-
ate rate, because of the strong dependence of the reducing
power of ethylene glycol on the reaction temperature.!'
Clusters® of a critical size (or nuclei) appeared (i.e., nuclea-
tion, steps II and III in Figure 2) once the concentration of
zero-valent silver reached a critical value. This depiction is
built upon LaMer’s model for the nucleation of monodis-
persed sols in a homogeneous system.® The hot solution
consistently turned yellow as the AgNO; and PVP solutions
were introduced, indicating the formation of silver nanopar-
ticles with a roughly rounded profile, since such particles
display a distinctive SPR peak around 400 nm.* In the sub-
sequent growth process (step IV in Figure 2), silver atoms
generated from the reduction of AgNO; diffused to the sur-
face of nuclei and positioned themselves at active surface
sites, forming metallic bonds with their neighbors. By adjust-
ing the molar ratio between PVP and AgNO;, the thickness
of PVP coating and the location of PVP chains on the sur-
face of a seed could both be modified. This modification, in
turn, altered the resistance of each facet to growth (addition
of silver atoms), and led to the formation of silver nano-
structures with distinct shapes. The drawings on the right
side of Figure 2 summarize three types of silver nanostruc-
tures that have been successfully synthesized by means of
this PVP-mediated polyol process. Their growth mechanisms
are discussed in the following sections.

Silver Nanocubes: Kinetically Controlled Growth

Perhaps the most intriguing morphology yet synthesized by
this polyol process is the nanocube. To produce this type of
nanostructure, the concentration of AgNO; in the final so-
lution must be relatively high (0.125-0.25M), and the molar
ratio between PVP and AgNO; must be low (at ~1.5).1%!
These conditions result in fast nucleation and growth of the
silver seeds, and may therefore have reduced the time avail-
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able for twin defects to form. In addition, since twinning
is only favorable when the surface energy of the {100} facets
is greater than that of the {111} facets® the presence of
PVP can serve to reduce the driving force for twin forma-
tion through its selective interaction with the {100} planes.
Once a large proportion of single-crystal seeds form, selec-
tive adsorption of PVP on the {100} facets will lead to pref-
erential addition of silver atoms to the {111} facets. As the
growth rate in the (111) direction is greater than that in the
(100) direction, the {100} sides of the cube will become en-
larged at the expense of the {111} corners.”” After the cubic
shape is formed, each face of the silver nanocube will have
the same growth rate, and further growth will mainly in-
crease the size with no significant morphological variation.
Figure 3 shows a combination of scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM)
images taken from silver nanocubes that were synthesized
with the polyol method.™ Figure 3A and B are SEM
images of the product obtained at 45 min when the concen-
tration of AgNO; was 0.25wM, indicating that this method
could produce uniform silver nanocubes in high yields. The
surfaces of these silver nanocubes are smooth, and their
average edge length is 175 nm. Figure 3B also indicates that
all corners and edges of these nanocubes are slightly trun-
cated; the drawing in Figure 3C clearly delineates these
truncations and their corresponding crystallographic planes.
Figure 3C shows the X-ray diffraction (XRD) pattern re-
corded from the same batch of silver nanocubes, with all
peaks assigned to diffraction from the (111), (200), and
(220) planes of silver, respectively. It is worth noting that
the ratio between the intensities of the (200) and (111) dif-
fraction peaks in this XRD pattern is 0.67, which is 68 %
greater than the value obtained from a conventional powder
sample (Joint Committee on Powder Diffraction Standards
file no. 04-0783). This result indicates that, because the
sides of the cubes are bound by enlarged {100} facets, the
{100} planes of silver are preferentially oriented parallel to
the substrate, as is confirmed by the TEM and SEM images.
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Figure 2. Schematic illustrating the reduction of silver ions by ethylene glycol (I); the formation of silver clusters (II); the nucleation of seeds (III); and
the growth of seeds into nanocubes, nanorods or nanowires, and nanospheres (IV). The formation of metal clusters and seeds with different cystallinities
depicted in the boxes is currently being studied. This article focuses on the growth of silver nanostructures with well-defined and controllable shapes.
The surfaces marked in light and dark gray represent the {111} and {100} facets, respectively. The light gray lines and dark grey interior planes represent
the twinned boundaries and twinned planes, respectively.
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Figure 3. A,B) SEM images of silver nanocubes that were synthesized by
heating the mixture of AgNO; and PVP in ethylene glycol for 45 min.
The sample stage was tilted at 20° in B, showing that all the corners and
edges of each cube were slightly truncated. C) XRD pattern obtained
from the same batch of nanocubes deposited on a glass substrate. The
drawing of one cube is shown as the inset. In this synthesis, the concen-
tration of AgNO; solution was 0.25M and the molar ratio between PVP
and AgNO; was 1.5. D) A TEM image of the product obtained under the
same conditions as in A, except that the concentration of AgNO; was re-
duced to 0.125m and the growth time was shortened to 30 min. The inset
shows a typical electron diffraction pattern taken from any individual
nanocube by directing the electron beam perpendicular to one of its
square faces.

The ratio between the intensities of the (220) and (111)
peaks is also slightly higher than usual (0.33 versus 0.25), be-
cause of the relative abundance of {110} facets on the trun-
cated edges of the silver nanocubes.

The size of the silver nanocubes can be varied by chang-
ing the concentration of AgNO;. Figure 3D shows a TEM
image of silver nanocubes that were synthesized by decreas-
ing the AgNO; concentration from 0.25 to 0.125M and short-
ening the growth time from 45 to 30 min. These adjustments
reduced their average edge length from 175 to 80 nm. The
inset is a typical electron diffraction pattern recorded by di-
recting the electron beam perpendicular to one of the
square faces of an individual cube. The exactly square sym-
metry of this pattern confirms that each silver nanocube was
a single crystal bound primarily by {100} facets.

Silver Nanowires: Twin-Induced Growth

To alter the polyol process so that silver nanowires (rather
than nanocubes) are produced in high yields, one only needs
to reduce the concentration of AgNO; while keeping the
ratio between PVP and AgNO; unchanged. It is known that,
by lowering precursor concentration, one reduces the chemi-
cal potential (i.e., driving force) for crystallization.” It has
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also been theoretically demonstrated that the multiply twin-
ned decahedra is the most thermodynamically stable seed,
as it is bound almost entirely by the lower energy {111}
facets.’” Thus, by lowering precursor concentration, it is
possible to decrease the chemical potential to a sufficiently
low level so that multiple-twined particles (MTPs, thermo-
dynamically more stable, often in the decahedral shape),
rather than single-crystal seeds (kinetically stable) will be
formed. Since the twin defect represents the highest energy
site on the surface of an MTP, silver atoms will preferential-
ly crystallize on those sites, leading to uniaxial elongation of
the decahedra into a pentagonal rod, whose sides are bound
by {100} facets (see Figure 2). Once the pentagonal rod has
formed, PVP will interact more strongly with the {100} sides
than with the {111} ends. Therefore, the nanorod can readily
grow into a longer wire, because its side surfaces are tightly
passivated by PVP, while its ends remain reactive toward
the arriving silver atoms. As a result, the pentagonal cross
section, the straightness of the five side edges, and the flat-
ness of the side surfaces can all be retained as the nanorods
grow into nanowires as long as hundreds of micrometers.
Figure 4A shows a typical SEM image of silver nanowires
that were prepared with an AgNO; concentration of 0.085Mm.
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Figure 4. A) SEM image of silver nanowires, demonstrating their uni-
formity in diameter (~50 nm) along the entire nanowire length. The inset
is an SEM image taken from the cross section of a broken nanowire.
B) TEM image taken from the end of an individual nanowire, showing
the existence of a twin plane along its longitudinal axis (as indicated by
the arrow). The inset in the lower right shows a HRTEM image taken
from the side of a nanowire. C) TEM image of a microtomed sample of
nanowires shown in A, indicating the pentagonal symmetry of their cross
sections. The inset in C is a TEM image with slightly higher magnifica-
tion that was taken from an individual Ag nanowire, confirming that
each wire had a fivefold twinned structure characterized by five single-
crystal subunits. D) SAED pattern taken from an individual nanowire by
aligning the electron beam perpendicular to one of the five side surfaces
(e.g., the side surface of subunit T1). In this synthesis, the molar ratio be-
tween PVP and AgNO; was 1.5 and the concentration of AgNO; was
0.085 m.
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The inset gives an image of a nanowire intentionally broken
by sonication for 1h, clearly showing its pentagonal cross
section and flat edges. Figure 4B shows a TEM image taken
from an individual nanowire, making evident the existence
of a twin plane along the longitudinal axis. Note that no
matter which side of the nanowire lay against the surface of
the TEM grid, the geometry of the wire guarantees that a
twin boundary will always appear to be in the middle of the
wire. The inset at the bottom-right corner is a high-resolu-
tion TEM (HRTEM) image taken from the side of a nano-
wire, providing evidence for the single crystallinity in each
of its five domains. This inset also demonstrates that growth
of this wire occurred in the [011] direction.

To further study the crystallographic nature of the silver
nanowires, a sample of nanowires was microtomed and ex-
amined under TEM (Figure 4C). As expected, most of the
cross sections shown in this image are pentagonal in shape.
The nonpentagonal cross sections can be attributed to two
causes: 1) random orientations of the wires relative to the
edge of the microtome knife, and 2) co-existence of a small
amount of silver particles in this sample. The inset gives the
TEM image of a pentagonal cross section (at a slightly
higher magnification), clearly disclosing the fivefold contrast
resulting from the differences in crystal orientation induced
by the twin defects. The stark contrast across each twin
plane implies that each silver nanowire contained five
single-crystal subunits, which are marked as T1, T2, T3, T4,
and TS.

Since each silver nanowire is an assembly of five subunits
separated by {111} twin planes, its electron diffraction pat-
tern is more complex than a single-crystal silver nanostruc-
ture. Figure 4D gives the typical selected-area electron dif-
fraction (SAED) pattern recorded from an individual nano-
wire by aligning the electron beam perpendicular to one of
the five sides (e.g., the electron beam was perpendicular to
the side surface of subunit T1 in the inset of Figure 4C). The
indexed results indicate that this pattern contained an inter-
penetrated set of two different diffraction patterns. The one
with square symmetry (marked with solid lines) corresponds
to the [001] zone axis of T1; the one with rectangular sym-
metry (marked with dashed lines) corresponds to the [112]
and [112] zone axes of T3 and T4, respectively. The mutual
orientation of these two zones causes double diffraction, re-
sulting in the generation of the remaining spots. Subunits T2
and TS5 did not contribute to the diffraction pattern as they
were not in an observable Bragg diffraction orientation.
These assignments are consistent with the results obtained
for multiply twinned nanorods of gold and copper with the
same pentagonal symmetry and {100} side surfaces.’”) While
nanorods of these coinage metals were synthesized under
quite different conditions, the fact that all of them follow a
similar growth mechanism leads us to believe that a poly-
mer-mediated polyol process should be extendable to the
synthesis of nanowires for metals other than silver.

Chem. Eur. J. 2005, 11, 454—463 www.chemeurj.org
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Silver Nanospheres: Isotropic Growth

Nanoparticles with quasi-spherical shapes have convention-
ally been obtained when the molar ratio between PVP and
AgNO, was relatively high (>5).5” In this case, any surface
specific adsorption is overwhelmed and the entire surface of
the initially formed seeds is covered with a thick coating of
PVP (as indicated in the inset of Figure 5). As the resistance

Figure 5. TEM images of silver nanoparticles formed when the molar
ratio between PVP and AgNO; was 15 and the concentration of AgNO;
was 0.25M. The inset illustrates the thick, isotropic coating of PVP that
might be present on the surface of silver particles involved in this synthe-
sis.

to surface addition by the silver atoms is now nearly isotrop-
ic, growth of the seeds proceeds in an isotropic manner as
well. Figure 5 shows the TEM image of a typical product
that was prepared when the ratio between PVP and AgNO;
was 15 in the reaction mixture. These particles are essential-
ly spherical in shape although a few slightly anisotropic par-
ticles can be observed. The formation of anisotropic colloids
might be ascribed to preferential addition of silver atoms at
the high-energy twin sites, resulting in the formation of rela-
tively short rods, or to the geometric limitations imposed by
the faceted nature of the silver crystal. It is not clear wheth-
er the surfaces of the anisotropic nanoparticles were bound
by {111} facets, {100} facets, or a combination of them.

Silver Nanoplates and Nanobelts: Citrate versus
PVP

To produce nanostructures bound primarily by {111} facets,
it is evident that a capping agent other than PVP must be
employed. Recently we and other groups have found that
sodium citrate can promote the formation of triangular
nanoplates and nanobelts of silver bound mainly by the
{111} planes.” In a typical procedure, small silver nano-
spheres were first synthesized in an aqueous solution by re-
ducing AgNO; with NaBH, in the presence of PVP and
sodium citrate at room temperature. A TEM image of these
initial nanoparticles is shown in Figure 6A. The average di-
ameter of these nanoparticles is ~3.5 nm. When this disper-
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Figure 6. A) TEM image of the initial silver nanoparticles with diameter
of ~3.5 nm. B) SEM image of the product that was obtained by refluxing
these small silver nanospheres in the presence of PVP and sodium citrate,
showing the formation of a mixture of triangular nanoplates (with sharp
corners) and nanobelts of silver. Some nanoplates were oriented with
their triangular faces perpendicular to the supporting substrate. C) A
TEM image of triangular nanoplates self-assembled into a stripe of mon-
olayer, clearly indicating the bimodal sizes of nanoplates. The inset gives
a typical electron microdiffraction pattern taken from an individual nano-
plate supported on the TEM grid against one of its triangular faces. D) A
TEM image of silver nanobelts whose flat faces were oriented parallel to
the surface of the supporting substrate. The inset in the lower left demon-
strates the nanobelts were single crystals, and grew along the [101] direc-
tion. The other inset shows a typical SAED pattern taken from an indi-
vidual nanobelt.

sion was refluxed under ambient conditions for 10 h, the
silver nanospheres were transformed into a mixture of trian-
gular nanoplates (95 %) and nanobelts (5 %) through a pro-
cess such as Ostwald ripening. An SEM image of this mix-
ture is shown in Figure 6B. Note that the triangular nano-
plates have sharp corners, and, as can be seen by observing
those plates whose triangular faces were oriented perpendic-
ular to the substrate, they are thin and flat. Due to their flat
surfaces, sharp corners, smooth edges, and shape regularity,
these silver nanoplates tend to assemble into a monolayer
on the surface of a carbon-coated TEM grid (as shown in
Figure 6C). The inset shows the electron microdiffraction
pattern obtained when the electron beam was directed per-
pendicular to the triangular face of an individual plate, sug-
gesting that each plate was a single crystal. The strongest in-
tensity spot (see the square) corresponds to Bragg diffrac-
tion from the {220} lattice planes of silver, proving that the
triangular faces of the nanoplates are composed of {111}
planes. The outer spots (see the triangle) correspond to re-
flection from the {422} planes, while the inner spots (circle)
could be ascribed to the (1/3){422} reflection. It is worth
pointing out that this last reflection is only observable from
atomically flat surfaces of silver (or gold).F?

The silver nanobelts could be separated from the mixture
by centrifugation. TEM images (Figure 6D) of these nano-
structures reveal that they are uniform in both lateral di-
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mension (~9 nm) and surface smoothness, with lengths up
to 25 um. A selected area electron diffraction (SAED) pat-
tern taken from a single nanobelt (see inset) displays the
same (1/3){422} reflection as that seen for a nanoplate, sug-
gesting that these nanostructures are also composed of
atomically smooth and flat facets. The {220} reflection con-
firms that the wider side surfaces of the belts are composed
of {111} planes. The lower left inset is a typical HRTEM
image of a nanobelt, indicating that growth of this single-
crystal nanobelt occurrs along the [101] axis.

In a related study, we also found that visible light alone
could induce the morphological transformation of silver
nanospheres into triangular nanoplates in the presence of
PVP and citrate at room temperature.’® To separate the
roles of PVP and citrate, these two chemicals were added at
different stages of the synthetic process. First, silver nano-
spheres with a mean diameter of 4.3 nm were obtained by
using only PVP as the stabilizer during the reduction by
NaBH,. When this dispersion was subjected to irradiation
with visible light, no morphological change was observed.
However, if citrate was added to the PVP-stabilized disper-
sion before irradiation, the spherical particles were trans-
formed into triangular nanoplates. These experiments estab-
lished that citrate was the key component in this morpho-
logical transformation from spheres into thin plates bounded
by {111} facets. If the initial reduction by NaBH, was per-
formed in the presence of sodium citrate only, relatively
large particles (10-20 nm) were obtained due to agglomera-
tion. Such nanoparticles could not be transformed into other
shapes. Therefore, it seems to be that the primary role of
PVP in this process is to stabilize silver nanospheres with di-
ameters (<10 nm) less than the critical size required for
morphological transformation.

Optical Properties of Silver Nanostructures

The sensitive dependence of SPR peak position on the exact
morphology of metal nanostructures has been theoretically
predicted for some time.* However, their relationship has
not been rigorously investigated experimentally due to the
difficulties in obtaining particles with well-defined shapes in
bulk quantities. The silver nanostructures synthesized by
means of the PVP-mediated polyol process provide an
avenue to systematically study the correlation between the
SPR feature and the particle morphology. Figure 7 shows
the UV-visible extinction spectra of three aqueous disper-
sions that contained silver spheres, cubes, and triangular
thin plates with roughly the same lateral dimensions
(~80 nm). The silver nanospheres exhibited one symmetric
extinction peak centered at 430 nm. However, cubic nano-
particles displayed three SPR peaks located at 350, 400, and
470 nm, respectively. In general, the number of SPR peaks
increased as the symmetry of particles decreased: spherical
particles (with C,; symmetry) have only one peak, whereas
three peaks are often observed for cubic ones (with O, sym-
metry).”
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Figure 7. UV-visible/near-infrared spectra recorded from aqueous disper-
sions containing quasi-spheres, cubes, and triangular thin plates of silver
with roughly the same lateral dimensions. Note that both the number of
SPR modes and their positions change as the shape varies. The spectra
have been normalized against the intensities of their strongest peaks.

The extinction spectra of the triangular nanoplates dis-
played three peaks at 335, 470, and 690 nm. Theoretical cal-
culations by Schatz and co-workers attribute these peaks to
the out-of-plane quadrupole, in-plane quadrupole, and in-
plane dipole plasmon resonance modes, respectively.*® The
triangular silver nanoplates with slightly truncated corners
produced by the photoinduced process displayed a blue-shift
for the peak around 690 nm.¥ This observation agreed with
Schatz’s theoretical prediction that the in-plane dipole reso-
nance mode was highly sensitive to the sharpness of the cor-
ners. The unique SPR features of these silver nanoparticles
should make them particularly useful in applications such as
sensing, plasmonics, and biological imaging.””

In addition to their interesting far-field optical properties,
silver nanoparticles exhibit very large local electromagnetic
fields when illuminated by light with wavelengths corre-
sponding to their SPR peaks. These enhanced near fields
play a key role in SERS, in which the Raman spectrum of a
molecule near the surface of a nanoparticle can be enhanced
by several orders of magnitude.’® Nanoparticles with sharp
corners or edges (e.g., pentagonal nanowires, cubes, triangu-
lar plates) are especially active SERS substrates, as local
values of |E|* can be more than 500 times that of the ap-
plied field.* This corresponds to a Raman enhancement of
10° at a distance 1 nm from the particle surface. Since near
field plasmon peaks can also be tuned by changing the
shape of a nanostructure, the polyol synthesis described in
this article may provide a powerful route to ideal SERS sub-
strates. By fine-tuning the properties of silver nanostruc-
tures, it might be feasible to make single-molecule detection
the new standard for the Raman spectroscopic technique.

Metal Nanostructures with Hollow Interiors

The ability to control the SPR features of silver nanostruc-
tures can be further extended through their transformation
into hollow nanostructures by using a template-engaged
process."”! To this end, we have demonstrated the use of the
galvanic replacement reaction between silver and HAuCl, as
a simple and versatile route to nanostructures of gold and
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Au/Ag alloys with hollow interiors and highly crystalline
walls.™®! In this synthesis, the silver nanostructure serves as
both a source of electrons and physical template, around
which gold atoms are generated through a redox process.
The resultant structure has a morphology complementary to
that of the silver template, with the interior void mainly de-
termined by the size of the template. Such a template-en-
gaged process has been successfully applied to a number of
noble metals such as Au, Pd, and Pt. The details of the mor-
phological, compositional, structural, and spectral changes
involved in the entire process have been elucidated to some
extent.!! Our most recent study of the Ag/HAuCl, system
implies that the templating process proceeds through at
least two distinct steps:[**! 1) the formation of pinhole-free
shells with homogeneous, uniform walls consisting of Au/Ag
alloy through a combination of galvanic replacement reac-
tion, alloying, and possibly Ostwald ripening; and 2) the de-
velopment of pores in the shells (to form cages) through
dealloying, in which silver atoms are selectively extracted
from the alloyed walls. As alloying and dealloying proceed,
the SPR peaks of resultant hollow and/or porous nanostruc-
tures can be conveniently tuned in the spectral region from
visible to near infrared. Taking silver nanocubes as an exam-
ple (see Figure 8), titration with increasing amounts of

Extinction / au

400 600 800 1000 1200

Wavenlength/nm
Figure 8. UV-visible/near-infrared spectra of an aqueous dispersion of
silver nanocubes before and after different volumes of an aqueous
HAuClI, solution (1m~?) were added: 0.00, 1.00, and 2.25 mL. The spectra
have been normalized against the intensities of their strongest peaks.
Note that the major extinction peak was continuously shifted towards the
near infrared region as more HAuCl, was used to titrate the silver nano-
cubes. The insets are the SEM images of nanoparticles contained in the
corresponding samples (from left to right): nanocubes of silver (~111 nm
in edge length), nanoboxes of a silver/gold alloy, and nanocages (porous
nanoboxes) of gold.

HAuC], resulted in the formation of gold hollow nanostruc-
tures (without and with porous walls) whose SPR peaks
could be continuously swept from 495 nm to 1180 nm.

Perspective Conclusion
Shape-controlled synthesis of metal nanostructures has the

potential to provide us with an unprecedented level of con-
trol over both nanoscale and bulk material properties. We
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have demonstrated that the PVP-mediated polyol process is
capable of producing silver nanostructures with a number of
well-defined shapes that include cube, rod/wire, and sphere.
In each case, the formation of a distinct morphology is de-
termined by the crystallinity or twin structure of the initial
seeds, the selective interaction between the capping agent
(in this case, PVP) and different crystallographic planes of
silver, and the level of surface coverage provided by PVP.
These parameters could be controlled, to some extent, by
varying the concentration of AgNO; (a precursor to elemen-
tal silver), as well as the molar ratio between PVP and
AgNO;. Through incorporation of other capping agents
(e.g., sodium citrate), it was shown that enlargement of the
{111} rather than {100} planes of silver could also be promot-
ed, resulting in the formation of triangular nanoplates and
nanobelts enclosed mainly by {111} facets.

While the growth mechanism for each nanostructure has
been explained in detail, we can still only hypothesize on
what factors control the crystallinity or twin structure of
seeds involved in the nucleation stage. Understanding the
process of seed formation is critical, as it seems the number
of twin planes in the initial seed is the key factor for deter-
mining the shape exhibited by the final product (e.g., single-
crystal seeds form cubes, multiply-twinned decahedral seeds
form wires, etc). A systematic study of the nucleation and
seed formation steps is currently underway in our group.
Achieving greater control over these stages of nanostructure
formation may open avenues to new shapes and higher
yields.

As the polyol synthesis has already been developed to
produce colloidal particles from a large number of metals,
there is no reason why nanostructures with well-defined
shapes cannot be obtained from these metals as well.
Copper, gold, palladium, and platinum are some particularly
good candidates, as they all crystallize in a face-centered
cubic structure similar to that of silver, and hence the selec-
tivity in interaction between the capping agent and various
crystallographic planes may share the same mechanism.
Indeed, polyol synthesis of gold nanostructures with well-de-
fined shapes has recently been demonstrated by Yang and
his co-workers.[*!! Single-crystal nanowires of platinum have
been synthesized by our group by using a polyol process,
with PVP as the capping agent.¥! Although different cap-
ping agents may be required, it is believed that the level of
shape-control that has been realized for silver should be
achievable for other metals as well.
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