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S
ilver nanocrystals have received ever
increasing attention as a subject of
research because of their great perfor-

mance in various applications such as cata-
lysis,1�4 plasmonics,5�7 surface-enhanced
Raman scattering (SERS),8,9 sensing, imag-
ing,10 metal-enhanced fluorescence,11�13

and antimicrobial technology.14,15 It has
been well-established that the physico-
chemical properties of Ag nanocrystals are
strongly correlated with their shapes.7,16

As a result, tremendous efforts have been
devoted to the synthesis of Ag nanocrystals
with a myriad of different shapes, including
spheres, cubes,17,18 octahedra,19,20 cubo-
ctahedra, bipyramids,21 decahedra,22 thin
plates,23 bars,24 rods/wireswith apentagonal
cross section,25�31 and concave structures
enclosed by high-index facets.32 Among
them, one-dimensional nanostructures have

received particular interest in a number of
applications related to the fabrication of
conductive and transparent electrodes for
touchscreen displays, smart windows, and
solar films because of the superior electrical/
thermal conductivity of Ag and the tunable
localized surface plasmon resonance (LSPR)
peaks associatedwith one-dimensional nano-
structures.33�41

Nanorods made of coinage metals typi-
cally show two distinct LSPR peaks, corre-
sponding to the transverse and longitudinal
modes, with their positions being deter-
mined by the elemental composition and
aspect ratio, respectively.30,42 For nanorods
made of Au and Cu, their transverse peaks
are positioned at 520 and 560 nm, respec-
tively,42�44 making them unfavorable for ap-
plications that require high transparency over
the entire visible spectrum (400�800 nm).
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ABSTRACT This article describes a seed-mediated approach to the synthesis of Ag nanorods with thin

diameters and tunable aspect ratios. The success of this method is built upon our recent progress in the

synthesis of Pd decahedra as uniform samples, together with controllable sizes. When used as a seed, the

Pd decahedron could direct the deposition of Ag atoms along the 5-fold axis to generate a nanorod, with

its diameter being determined by the lateral dimension of the seed. We were able to generate Ag

nanorods with uniform diameters down to 20 nm. Under the conditions we used for growth, symmetry

breaking occurred as the Ag atoms were only deposited along one side of the Pd decahedral seed to

generate a Ag nanorod with the Pd seed being positioned at one of its two ends. We also systematically

investigated the localized surface plasmon resonance (LSPR) properties of the Ag nanorods. With the

transverse mode kept below 400 nm, the longitudinal mode could be readily tuned from the visible to the near-infrared region by varying the aspect ratio.

As an important demonstration, we obtained Ag nanorods with no LSPR peak in the visible spectrum (400�800 nm), which are attractive for applications

related to the fabrication of touchscreen displays, solar films, and energy-saving smart windows.
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In contrast, the transverse peaks of Ag nanorods can be
easily pushed down to wavelengths shorter than
400 nm by reducing their diameters.7 On the other
hand, the longitudinal peaks of Ag nanorods can be
readily tuned from the visible to the near-infrared (NIR)
region by increasing their aspect ratios. In principle, it is
feasible to obtain Ag nanorods with no LSPR peaks in
the entire visible spectrum by properly controlling
their diameters and aspect ratios.
Seed-mediated growth involving preferential deposi-

tion on preformed seeds is probably the most effective
approach to the synthesis of Ag nanorods.25�30,45,46

For nanorods characterized by a pentagonal cross
section, decahedral seeds with a 5-fold twinned struc-
ture have to be used.47 To this end, several types of
decahedral seeds have been successfully applied to
the synthesis of Ag pentagonal nanorods (Table 1).
Song and co-workers was among the first in using Au
decahedral seeds for the synthesis of Ag nanorods.26

Following that work, several other groups also ex-
plored the use of Au decahedra or Au pentagonal
nanorods as seeds to grow Au�Ag bimetallic nano-
rods.29,30 In those cases, the nanorods showed broad
transverse LSPR peaks in the visible region due to their
relatively large diameters. The presence of Au seeds in
the nanorods also caused strong absorption in the
visible region. To address this issue, Kitaev and co-
workers used Ag decahedra as seeds to synthesize Ag
nanorods.27 The Ag nanorods could be prepared with
remarkable uniformity and controllable aspect ratios,
albeit their transverse LSPR peaks were positioned at
wavelengths over 425 nm due to the involvement of
relatively large seeds. In addition to the 5-fold twinned
seeds, single-crystal Au nanorods have been reported
for the preparation of Ag nanorods.46 In this case,
Au@Ag core�shell nanorods were formed through
the conformal deposition of Ag shells on Au nanorods.
Although the resultant nanorods could be controlled
below 20 nm in diameter, their lengths were limited by
the Au nanorods. Moreover, the aspect ratio of the
core�shell nanorods decreased as the thickness of
the Ag shells was increased, resulting in red and blue
shifts for the corresponding transverse and longitudinal

LSPR modes, respectively. Taken together, the synthe-
sis of Ag nanorods with no LSPR peaks in the entire
visible spectrum ranging from 400 to 800 nm remains
to be demonstrated.
In the present work, we accomplished the synthesis

of Ag nanorods with diameters thinner than 20 nm by
taking advantage of recent progress in the synthesis of
Pd decahedra with small, controllable sizes. More
specifically, our group has developed a robust method
for the synthesis of Pd decahedra with controllable
sizes down to 6 nm by manipulating the reduction
kinetics of a polyol process.48 The unique features of
these newly developed Pd decahedra, including small
and controllable sizes, high purity, and good uniformity,
make them an excellent candidate for use as seeds in
the synthesis of Ag nanorods with small diameters and
high purity. Here, we demonstrate that wewere able to
obtain Ag nanorods with diameters down to 20 nm,
while their lengths and thus aspect ratios could be
readily tuned by varying the ratio of Ag precursor to Pd
decahedral seeds involved in a synthesis. The Ag
nanorods with different aspect ratios exhibited remark-
ably different optical properties. Specifically, their long-
itudinal LSPR peaks could be tuned from the visible to
theNIR region. The use of Pd rather thanAu decahedral
seeds allowed us to greatly reduce the optical absorp-
tion around 520 nm because the LSPR peaks of Pd
nanocrystals are typically located in the ultraviolet (UV)
region.49

RESULTS AND DISCUSSION

Comparison of Different Types of Decahedral Seeds for the
Synthesis of Ag Nanorods. Corresponding to light-induced
electron oscillations along the short and long axes,
respectively, Ag nanorods exhibit transverse and long-
itudinal LSPR peaks at two different wavelengths.30

The transverse peak always appears at a wavelength
shorter than that of the longitudinal peak. As shown
by the extinction spectra calculated using the three-
dimensional finite-difference time-domain (3D-FDTD)
method (Figure 1A),50 the position of the transverse
LSPR peak was directly proportional to the diameter of
the nanorods (see the definition in Figure S1). Accord-
ing to the calculation results, the diameters of the
nanorods have to be controlled under 30 nm in order
to keep their transverse LSPR peaks below 400 nm. The
elemental composition of the decahedral seeds used
for the growth of Ag nanorods also has a major impact
on the LSPR spectra.30 As shown in Figure 1B, the LSPR
peaks of Au, Ag, and Pd decahedra with the same size
of 20 nm (see the definition in Figure S1) were located
at very different positions. To avoid strong LSPR in the
visible region, one has to avoid the use of Au seeds.
Table 1 gives a comparison of the physical parameters
of Ag nanorods obtained from different types of
decahedral seeds, including the diameters, transverse
LSPR peak position, and sample purity. Compared with

TABLE 1. Summary of the AgNanorods SynthesizedUsing

Different Types of Seeds

type of seed

smallest diametera

(nm)

transverse LSPR peak

position (nm) purity ref.

Pd decahedra 19.7 ( 2.6 370 >95% This work
Ag decahedra 49.5 ( 2.5b 425 >95% 27
Au decahedra 30 ( 2 393 >98% 30
Au nanorods 15.4 ( 1.7 340�380c >95% 46

a Diameter: The definition of “diameter” for a nanorod can be found in Figure S1.
b Nanorods of 38 nm in diameter were also prepared but their UV�vis spectrum
was not reported. c The transverse LSPR peak of the Ag nanorods was very broad in
the visible region due to the involvement of Au nanorods.
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the previous reports, the Ag nanorods prepared in this
work offer clear advantages. Owing to the small size of
the Pd decahedral seeds, the Ag nanorods reported in
this work were much thinner when compared with
those grown from either Ag or Au decahedral seeds.
More importantly, the Pd decahedral seeds will not
contribute any optical absorption to the Ag nanorods
in the visible region because their LSPR peak was
positioned in the UV region (Figure 1B). As a result,
the transverse LSPR peak of the Ag nanorods can be
readily pushed down to the UV region to minimize
their optical absorption in the visible region.

Synthesis of Ag Nanorods. We used seed-mediated
growth to prepare Ag nanorods. The Pd decahedral
seeds with a relatively uniform and small size were pre-
pared in high purity using a polyol-based method.48

Figure S2A shows a transmission electron microscopy
(TEM) image of the as-prepared Pd decahedral seeds,
which had an average size of 15.8( 2.0 nm. Figure S2B
shows a typical high-resolution high-angle annular
dark-field (HAADF) image recorded from an individual
decahedron, which clearly reveals the twin planes
characteristic of a decahedron. The lattice spacing of
0.23 nm on the surface of the decahedron can be
indexed to the {111} planes of face-centered cubic
(fcc) Pd.

In a typical synthesis of Ag nanorods, an ethylene
glycol (EG) solution containing specific amounts of
AgNO3, poly(diallyldimethylammonium)chloride (PDDA)
and the Pd decahedral seeds was magnetically stirred
at room temperature. During this process, AgNO3 was
converted to AgCl due to the presence of a consider-
able amount of Cl� ions released from PDDA. The as-
prepared mixture was subsequently heated to 200 �C
for 8 h in an oil bath under magnetically stirring. As
shown in Figure 2A, the as-obtained product (>95%
in purity) was dominated by uniform nanorods with an
average length of 76.8 ( 7.4 nm and an average
diameter of 19.7 ( 2.6 nm. The definition of “length”
and “diameter” for a pentagonal nanorod can be found
in Figure S1. Figure 2B shows a HAADF-STEM image of
the same sample, confirming the presence of a penta-
twinned structure in the nanorod. When the electron-
beam was aligned perpendicular to the bottom side of
a penta-twinned nanorod (as shown in Figure S3), two
sets of fringes with lattice spacing of 0.23 and 0.14 nm
were observed (Figure 2C), corresponding to the {111}
and {220} planes of Ag, respectively. As shown in
Figure 2D, well-defined and continuous {111} fringes
(d = 0.23 nm) could be observed in the regions close to

Figure 2. (A) Low-resolution transmission electron micro-
scopy (TEM) and (B) high-angle annular dark-field scanning
TEM (HAADF-STEM) imageofAgnanorods grown from15.8(
2.0 nm Pd decahedral seeds. (C and D) High-resolution
HAADF-STEM images of the regions boxed in (B). Insets: the
corresponding Fourier transform patterns. (E) Energy disper-
sive X-ray spectroscopy (EDX) mapping of the Ag nanorod
shown in (B). (F) The UV�vis-NIR extinction spectra recorded
from aqueous suspensions of the Pd decahedral seeds and
Ag nanorods synthesized using the standard procedure.

Figure 1. (A) Extinction spectra (transverse mode only)
calculated for Ag nanorods with different diameters of 10,
20, 30, 40, and 50 nm by means of the three-dimensional
finite-difference time-domain (3D-FDTD) method. The
length of the nanorods was fixed at 50 nm. (B) Extinction
spectra of decahedral seeds with size of 20 nmmade of Ag,
Au, and Pd 3D-FDTD calculated.
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the edges of the nanorod, running parallel to the long
axis of the nanorod. The brighter fringes with a broader
spacing, seen in the central region of the nanorod, could
be attributed to double diffraction reflection.51 The in-
sets in Figure 2C,D give the corresponding Fourier trans-
form patterns, in agreement with the previous results
obtained from penta-twinned nanorods made of Ag.30

Energy-dispersive X-ray spectroscopy (EDX) map-
ping was applied to map the distributions of elements
in the nanorod. As shown in Figure 2E, the mapping
clearly shows an asymmetric distribution of Pd along
the Ag nanorod. To further confirm the result, EDX
mapping was conducted over a relatively larger area
(Figure 3B), showing that all the Pd decahedral seeds
were located at one of the two ends of the nanorods.
On the basis of the high-resolution HAADF-STEM and
EDX mapping analyses, we could conclude that the Ag
nanorods had a penta-twinned structure bound by ten
{111} facets at two ends and five {100} side faces. The
growth of Ag nanorod was along the Æ110æ direction,
but only from one side of the Pd decahedral seed
(Figure 3C). Figure 2F shows UV�vis-NIR extinction
spectra recorded from aqueous suspensions of the
Pd decahedral seeds and the Ag nanorods, respec-
tively. The LSPR peak of the Pd decahedral seed was
indeed located in the UV region, with essentially no
absorption in the visible region. The Ag nanorods with
an average aspect ratio of 3.9 exhibited two strong
LSPR peaks positioned at 370 and 798 nm, respectively.
These two peaks could be assigned to the transverse
and longitudinal modes, respectively.

To gain insight into the growth mechanism, we
analyzed the products sampled from the reaction
solution at different stages of a standard synthesis.
Figure 4 shows TEM images of the samples. At t = 1 h
(Figure 4A), most of the particles were slightly rounded

with an average size of 18.5( 2.8 nm, whichwas a little
bit larger than the size of the Pd decahedral seeds.
The increase in size can be attributed to the deposition
of Ag along the edges of each Pd decahedral seed
(Figure S2B).44 We also noticed that the small Pd seeds
disappeared in the sample owing to the involvement
of oxidative etching caused by oxygen (from air) and a
large amount of Cl� ions (from PDDA), as well as the
use of a relatively high temperature (200 �C).52 At t= 3h
(Figure 4C), some rod-shaped particles appeared in the
product and this demonstrates that the nanostructures
started to be elongated along one particular direction.
The EDX mapping shown in Figure S4 indicates that
almost all the Pd decahedral seeds were located at
one of the two ends of the rod-shaped nanoparticles.
The aspect ratios of the nanorods then increased to 1.5,
2.0, 2.7, 3.5, and 3.9 as the reaction time was extended
to 4, 5, 6, 7, and 8 h, respectively.

Figure 3. (A and B) HAADF-STEM image and the corre-
sponding EDX mapping of the Ag nanorods. (C) Schematic
illustration of a mechanism for the growth of an Ag penta-
gonal nanorod from one side of a Pd decahedral seed.

Figure 4. TEM images of the products sampled from a
standard synthesis of Ag nanorods after the reaction had
proceeded for different periods of time: (A) 1, (B) 2, (C) 3,
(D) 4, (E) 5, (F) 6, (G) 7, and (H) 8 h. The scale bar in (H) applies
to all other panels.
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Figure 5 shows the corresponding photograph and
UV�vis-NIR extinction spectra of the products. Accom-
panying the growth of nanorods, the changes in color
were rather striking (Figure 5A). With the increase in
length, the color changed from yellow to red, blue,
aqua-blue, and green. In the corresponding UV�vis-NIR
extinction spectra, the intensities of both the trans-
verse and longitudinal LSPR peakswere enhancedwith
the increase in reaction time owing to the growth of Ag
nanorods. The transverse LSPR peaks were retained at
essentially the same position, while the longitudinal
peaks were red-shifted to 494, 626, 758, and 798 nm
because of the increase in aspect ratio. These results
suggest that the length of the Ag nanorods could be
easily controlled by terminating the reaction after it
had proceeded for a specific period of time when the
added amount of Ag precursor was fixed.

As amajor advantage of seed-mediated growth, the
length of the resultant Ag nanorods could also be
readily controlled by varying the ratio between the
amounts of Ag precursor and Pd seeds involved in a
synthesis. Figure 6 shows TEM images of the Ag
nanorods obtained by adding different amounts of
AgNO3 into reaction solutions containing the same
number of Pd seeds. It can be seen that the aspect
ratios of the resultant Ag nanorods increased from 2.1
to 2.6, 3.3, 3.9, 4.4, and 4.9 as the concentration of
AgNO3 was increased from 0.1 to 0.2, 0.3, 0.4, 0.5, and
0.6 mM. At a closer look, all of the nanorods displayed
fringes in the form of alternating bright and dark
stripes known as a Moiré pattern at one of the two
ends of a nanorod, revealing the location of the Pd
decahedral seed. Figure 7A shows the corresponding
UV�vis-NIR spectra recorded from aqueous suspen-
sions of these Ag nanorods. Their transverse LSPR peaks
were all located at 370 nm, indicating that the diame-
ters of these Ag nanorods were essentially the same.

Their longitudinal LSPR peaks, which are determined by
the aspect ratios, were red-shifted from 512 to 598, 702,
798, 890, and 990 nm with the increase in length. Using
the 3D-FDTD method,50 we also calculated the extinc-
tion spectra of the Ag nanorods. The calculation results
are shown in Figure 7B, which are in qualitative agree-
ment with the experimental data. The discrepancies in
both peakwidth and position could be attributed to the
fact that the simulation only involves the use of one
nanorod while the nanorods in a real sample can take a
relatively broad distribution in terms of length or aspect
ratio. Both the experimental and computational results
indicate that the longitudinal LSPR peaks of Ag nano-
rods can be readily tuned into the NIR region.

We further examined the influence of reaction
temperature on the morphology of products. In prin-
ciple, variation of temperature can also be used to
adjust the reduction kinetics and thus achieve aniso-
tropic, one-dimensional growth for the decahedral
seeds. It is far more challenging, however, to find out
the right range of temperature because the reduction
rate has an exponential dependence on temperature.
In comparison, the reduction rate is linearly propor-
tional to the rate constant (i.e., the combination of
precursor and reductant) and the concentrations of
reactants. As shown in Figure S5A, decreasing the

Figure 5. (A) Photograph and (B) the corresponding UV�
vis-NIRextinction spectraof the samples as shown in Figure 4.

Figure 6. TEM images of the Ag nanorods synthesized at
200 �C using 5 mL of EG solutions containing 20 μg the Pd
decahedral seeds, 25 mM PDDA, and AgNO3 in different
concentrations: (A) 0.1, (B) 0.2, (C) 0.3, (D) 0.4, (E) 0.5, and (F)
0.6 mM. The scale bar in (F) applies to all other panels.
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temperature from 200 to 190 �C, while keeping all
other parameters the same as the standard procedure,
resulted in shorter nanorods. This change can be
attributed to a slower reduction rate at a reduced
temperature and thereby a slower growth rate. Longer
nanorods, as well as irregular nanoparticles, were ob-
served when the reaction temperature was increased
from 200 to 210 �C (Figure S5B), due to the acceleration
of growth for the nanorods, as well as possible addi-
tional nucleation and growth for the Ag atoms.

Generally, the selective binding of a surfactant to a
given crystal plane can significantly slow down the
growth rate along the corresponding direction,making

that particular plane dominate in the final product.
In this synthesis, PDDA plays dual roles in facilitating
the formation of Ag nanorods with a pentagonal cross
section. On one hand, PDDA provides a considerable
amount of Cl� ions to convert AgNO3 into AgCl. This
process is critical to the synthesis as it ensures suitable
reduction kinetics for the growth of Ag nanorods.
PDDA also helps maintain the Ag atoms at a relatively
low concentration to avoid self-nucleation. On the
other hand, PDDA can serve as a capping agent for
the Ag(100) surface to help control the facets to be
developed on the final product.30 Among various
conditions we have examined, PDDA was always
needed in order to achieve one-dimensional growth
for the Pd decahedral seeds. The impact of PDDA was
evaluated by varying the amount of PDDA added into
the reaction system. By reducing the concentration of
PDDA from 25 to 12.5 mM, Ag nanorods, multiply
twinned particles, as well as irregular nanoparticles,
were all observed in the products (Figure S5C). The
insufficient amount of Cl� ions in the reaction solution
resulted in a faster reduction rate, which could account
for the formation of twinned and irregular particles
through self-nucleation and growth. When 50 mM of
PDDAwas employed, pure Ag nanorodswere obtained
as shown in Figure S5D. On the basis of these observa-
tions, it can be concluded that the successful synthesis
of Ag nanorods with a penta-twinned structure criti-
cally depends on proper reduction kinetics, as mainly
controlled by the temperature and concentration of
Cl� ions. As shown in Figure 8, the attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spec-
trum taken from a sample of Ag nanorods (Figure 8B)
was essentially identical to that of pure PDDA
(Figure 8A). The peaks at 1635 and 1472 cm�1, which
could be assigned to CdC vibration, slightly shifted
after the reaction (Figure 8B).53 In addition, two new
peaks at 1291 and 880 cm�1 appeared in Figure 8B,
which could be assigned to NdO and C�N vibrations,
respectively.54 This data suggests that the nitroso
group was produced during the synthesis. Combining
them together, we can conclude that PDDA molecules
in the reaction solution had adsorbed onto the Ag
nanorods during the growth process.

The asymmetric growth pattern of Ag on a Pd
decahedral seed could be explained using a mechan-
ism we recently reported for symmetry breaking.55

Although there are multiple, equivalent sites on the
surface of a seed, the deposition of newly formed
atoms may only occur on some of these available sites
when the reduction is too slow to supply a sufficient
number of atoms to access all the growth sites. Accord-
ing to our previous reports, the actual growth pattern
can be controlled bymanipulating the reaction kinetics
when Pd nanocubes were used as seeds for the growth
of Ag.55 When the reaction kinetics was slow enough,
Ag could only grow along one or a few of the six faces

Figure 7. (A) UV�vis-NIR extinction spectra for samples
shown in Figure 6A�F. The as-obtained samples of Ag nano-
rods were diluted by 5 times with DI water prior to spectral
measurements. (B) Extinction spectra (the longitudinalmode
only) calculated for Ag nanorods with different aspect ratios
(labeled on the curves). The diameter of the nanorods was
fixed at 20 nm. (C) A plot of the longitudinal LSPR peak
position as a function of the aspect ratio.
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of a cubic Pd seed. This argument is also consistent
with what was reported in literature by other groups,
where the growth of Ag on Au decahedral seeds could
be switched from a symmetric to an asymmetric
pattern by slowing down the reaction kinetics.29 In
the present case, the Ag atomswere only deposited on
one of the two sides of a Pd decahedral seed due to the
slow reduction kinetics caused by PDDA. In addition,
the relatively large lattice mismatch (4.5%) between
the lattice constants of Ag and Pd could also contribute
to the initiation of asymmetric growth.56

Synthesis of Au-Based Hollow Nanorods through Galvanic
Replacement. Hollow metal nanostructures have at-
tracted ever increasing attention in recent years due
to their highly tunable optical properties and great
performance in a variety of applications related to
catalysis and biomedicine.57�59 Galvanic replacement
has been widely used for the preparation of metallic
nanostructures with hollow interiors and porous
walls.60,61 Here, we demonstrate that the galvanic
replacement reaction can also be extended to the Ag
pentagonal nanorods. Figure S6A shows TEM image of

the Au-based hollow structures obtained by adding
5 mL of 0.1 mM HAuCl4 into 5 mL of an aqueous
suspension of the Ag nanorods. Clearly, the Au-based
hollow structures retained the rod-like morphology of
the original Ag nanorods and the Pd decahedral seed
was located at one of the two ends, further confirming
that the Ag grew from one side of the Pd decahedral
seed. As shown in Figure S6B, the Ag nanorods ex-
hibited two major LSPR peaks at 370 nm (the trans-
versemode) and 500 nm (the longitudinalmode). After
galvanic replacement with HAuCl4, The intensities of
both the transverse and longitudinalmodes associated
with the Ag nanorods were dramatically reduced due
to the removal of Ag. In comparison with Ag nanorods,
the extinction intensity of the hollow structure was
increased in the NIR region. Such hollow nanostruc-
tures could be promising for various applications
related to photothermally triggered drug release,
optical imaging, and cancer therapy.

CONCLUSION

We have demonstrated a simple and robust method
based on seed-mediated growth for the synthesis of
Ag pentagonal nanorods. With the use of Pd decahe-
dral seeds with a size of 15.8 ( 2.0 nm, Ag nanorods
with a diameter down to 20 nm were obtained. Their
aspect ratios could be readily tuned by varying the
amount Ag precursor added into a solution containing
a fixed number of Pd decahedral seeds. Structural
characterization by TEM, HAADF-STEM, and EDX map-
ping indicates that the Ag nanorod grew along the
Æ110æ direction from one side of the Pd decahedral
seed. In this synthesis, PDDA played dual roles: it
served as a source of Cl� ions to regulate the reduction
rate of Ag precursor by forming AgCl precipitate and it
worked as a capping agent for the Ag(100) surface to
facilitate the formation of Ag pentagonal nanorods
whose side facets are covered by {111} facets. While
the transverse LSPR peak of the Ag nanorods were kept
below 400 nm, the longitudinal LSPR peak could be
readily tuned into the NIR region by increasing their
aspect ratio. In addition, we further demonstrated that
the Ag nanorods could be transformed into Au-based
hollow nanostructures containing the Pd decahedral
seeds at one end via the galvanic replacement reaction
with HAuCl4. We believe that such Ag nanorods with
small diameters and highly tunable LSPR properties
will find widespread use in the fabrication of transpar-
ent electrodes, touchscreen displays, solar devices, and
energy-efficient, smart windows.

EXPERIMENTAL SECTION
Materials. Silver nitrate (AgNO3, 99.8%), sodium tetrachloro-

palladate(II) (Na2PdCl4), sodium sulfate (Na2SO4, 99.0%), diethy-
lene glycol (DEG, 99.0%, lot no. BCBJ9535), and poly(diallyl-
dimethylammonium)chloride (PDDA, Mw ≈ 400000�500000,

20 wt % in water), and poly(vinylpyrrolidone) (PVP, Mw ≈
55 000) were all obtained from Sigma-Aldrich and used as
received. Ethylene glycol (EG) was purchased from J. T. Baker.
Deionized (DI) water of 18.2 MΩ 3 cm in resistivity was used
throughout the experiments.

Figure 8. Attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectra taken from (A) pure PDDA and
(B) a sample of Ag nanorods (see Figure 2A).

A
RTIC

LE



LUO ET AL. VOL. 9 ’ NO. 10 ’ 10523–10532 ’ 2015

www.acsnano.org

10530

Synthesis of Pd Decahedra in DEG. In a typical synthesis of Pd
decahedral seeds, 40.0 mg of Na2SO4 and 80.0 mg of PVP were
dissolved in 2.0 mL of DEG hosted in a 20 mL vial, and the
mixture was heated in an oil bath at 105 �C for 20 min under
magnetic stirring. Subsequently, 1.0mL of another DEG solution
containing 15.5 mg of Na2PdCl4 was added in one shot with a
pipet. After the synthesis had proceeded for 24 h, the reaction
was quenched by immersing the vial in an ice�water bath. The
product was collected by centrifugation at 16 000 rpm and
washed once with acetone and then twice with DI water to
remove DEG and excess PVP. The Pd decahedra were finally
dispersed in EG at a concentration of 1.0 mg/mL, and used as
seeds for the synthesis of Ag nanorods.

Synthesis of Ag Nanorods. In a standard synthesis, 20 μL of Pd
decahedral seeds was added into 5 mL of EG solution contain-
ing 25 mM PDDA, and a specific amount of AgNO3 (as indicated
in the figure caption) were introduced into a 20 mL vial. The
mixture was magnetically stirred for 15 min at room tempera-
ture under ambient conditions. The AgNO3 was quickly con-
verted to AgCl due to the presence of a considerable amount of
Cl� ions released from PDDA. The as-preparedmixture was then
subject toheatingat 200 �C for 8 h in anoil bath. The final product
was collected by centrifugation at 16 000 rpm and washed once
with acetone and then twice with DI water to remove residual EG
and PDDA. The Ag nanorods were finally dispersed in DI water at
a concentration of 1 mg/mL for further use.

Synthesis of Au-Based Hollow Nanorods. In a typical synthesis,
200 μL of the suspension of Ag nanorods was dispersed in 5 mL
of aqueous PVP solution (1 mg/mL) and heated to 90 �C under
magnetic stirring. Then, 5 mL of aqueous HAuCl4 solution
(0.1 mM) was added using a syringe pump at a rate of 5 mL/h.
We sampled solutions at different stages of the titration and
recorded their UV�vis-NIR extinction spectra to track the
progress of the reaction as the volume of HAuCl4 solution was
increased. The final solution was cooled down to room tem-
perature and treated with 10 mL of saturated NaCl solution to
remove AgCl. The product was collected by centrifugation and
washing with DI water three times, and dispersed in DI water for
further characterization.

Instrumentation. TEM images were taken using a Hitachi
HT7700 microscope operated at 120 kV. HAADF-STEM images
were acquired using a JEOL JEM 2200FS STEM microscope
equipped with a CEOS probe corrector (Heidelberg, Germany)
to provide a nominal image resolution of 0.07 nm. The con-
centrations of Pd decahedral seeds and Ag nanorods were
determined using an inductively coupled plasmamass spectro-
meter (ICP-MS, NexION 300Q, PerkinElmer). The UV�vis-NIR
extinction spectra were recorded on a lambda 750 spectro-
meter (PerkinElmer). The ATR-FTIR spectra were obtained using
a FTIR spectrometer (Varian, 640-IR).

Numerical Simulations. The LSPR extinction spectra of Pd, Ag,
Au decahedral seeds and Ag nanorods were simulated using
the 3D-FDTDmethod.50 In the simulations, the studied region is
a 3� 3� 3 μm3 cube, which is surrounded by perfect-matched
layers. The scheme of nonuniformmeshes was adopted and the
size of mesh was 0.5 nm in themiddle cubic region of 100 nm in
edge length. The long axis of the nanorod was placed along the
x-axis. All the metal nanoparticles were embedded in water and
excited by a planewave that propagates along the z-axis with its
electric field polarized along the x-axis.
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