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ABSTRACT

The paper represents a novel approach to investigating localized surface plasmon (LSP) resonance modes of nanoporous Au nanorods (NRs)
in a solution phase with control over surface morphology. Au NRs, which have distinctive features such as nanopores and ligaments, showed
interesting LSP resonance modes depending on the surface morphology and the total length of the structure. Compared with the analogous
smooth surface NRs, the LSP modes of nanoporous NRs are red-shifted, which can be interpreted as a longer effective rod length and larger
amplitude of plasmon oscillation.

The photoexcitation of loosely bound electrons on a metal
surface is called a surface plasmon polariton for planar
surfaces or a localized surface plasmon (LSP) resonance for
nanometer-sized metallic structures.1–9 The LSP condition
depends on the size, shape, composition, environment, and
the dielectric constant of the metal. The characterization and
utilization of LSP resonances in spherical particles has been
at the center of nanophotonics due to their fundamental
importance as standard materials. Now one can easily
synthesize spherical, metal nanoparticles with a fine control-
lability over a broad range of size regimes. Even large aspect
ratio nanoparticles, such as nanorods (NRs), can be readily
synthesized through a wet-chemical synthetic route or
template-assisted methods.10–13 Because NRs have an aniso-
tropic shape, they support more complicated LSP modes than
spherical nanoparticles. For example, small NRs display
dipolar LSP resonances that oscillate along both the short
and long axes, which are known as transverse and longitu-
dinal modes, respectively.14–16 However, when the length
becomes significantly larger than the diameter, higher-order

longitudinal modes appear as a result of the dephasing (or
retardation) of the field within the NRs.14–16 Multipole LSP
resonances are of fundamental interest and are important for
applications related to near-field or far-field imaging and
sensing. Here we report the first experimental observation
of multipole LSP modes for colloidal, Au NRs with a
nanoporous surface structure. The optical properties vary as
a function of length as well as the surface roughness.
Compared with the analogous smooth surface NRs, the LSP
modes of nanoporous NRs are red-shifted, which can be
interpreted as a longer effective rod length and larger
amplitude of plasmon oscillation.

Our strategy for generating nanoporous Au NRs employs
the electrochemical codeposition of Au/Ag alloy materials
into the pores of anodized aluminum oxide (AAO) templates
and the subsequent etching of Ag from the alloy structure
(Figure 1). Preferential dissolution of the less noble com-
ponent (Ag) of the alloy results in the formation of
nanoporous Au structures due to an intrinsic dynamic pattern
formation process, in which the more noble metal (Au) atoms
tend to aggregate into two-dimensional clusters through a
phase separation process at the solid-acid interface.17,18

Monitoring the charge passed during the electrochemical
deposition step can control the length of the NRs. The surface
morphology can be controlled by tailoring the ratio of the
Aux/Ag1-x alloy composition. When x is 1, pure Au NRs
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with a smooth surface are generated. The NR diameter
depends on the pore diameter of the AAO template utilized,
and here templates with a pore diameter of 85 ( 5 nm have
been used. In this size regime, the 1D nanostructures exhibit
higher-order, longitudinal LSP resonances as well as a
transverse dipole mode.16

Typical field-emission scanning electron microscopy (FES-
EM) images of the resulting Au NRs reveal their narrow
size distribution and homogeneous morphology (Figure 2).
When the molar ratio of Au is 1, Au NRs with a smooth
wall surface are obtained. The high-resolution FESEM image
shows the smooth surface and the corresponding transmission
electron microscopy (TEM) image reveals a featureless
morphology (Figure 2A). The length and diameter are 404
((35) nm and 85 ((4) nm, respectively. As expected, the
corresponding visible-near IR extinction spectrum shows a
transverse LSP mode appearing at 552 nm (Figure 2D,
spectrum a). The longitudinal dipole mode and a higher-
order mode appear at 1754 and 810 nm, respectively. These
wavelengths are in good agreement with the values reported
in the literature.16 When the molar ratio of Au in the Aux/
Ag1-x alloy composition is 0.50, selective etching of Ag
results in nanoporous, Au NRs as shown in Figure 2B. The
length and diameter are 398 ((18) nm and 83 ((5) nm,
respectively. Their pore diameter is 15 ((3) nm and the
ligament size is 22 ((4) nm. Herein, the “ligament” indicates
the Au “bone” structure after Ag dissolution. The TEM image
reveals nanoporous features that are in contrast to the
analogous Au NRs with smooth walls. Their corresponding
extinction spectrum is displayed in Figure 2D, spectrum b.
The distinct features are the red-shift of both transverse and
longitudinal LSP modes compared to the smooth NRs. The
magnitude of the red-shift becomes even larger as the surface
roughness increases, as shown in Figure 2D, spectrum c.
Spectrum c was obtained from the sample represented in

Figure 2C. The preferential etching of the Ag component
from the Aux/Ag1-x alloy NR (x ∼ 0.36) results in nanopo-
rous Au NRs with a pore diameter of 7 ((2) nm and a
ligament size of 14 ((3) nm. As is clearly evident in the
high-resolution FESEM and TEM images, the nanopores are
evenly distributed over the whole structure (Figure 2C).
Although the physical dimensions for length and diameter
are comparable to other NRs shown in Figure 2, all of the
LSP resonances are significantly red-shifted. As a compari-
son, a spectrum for Aux/Ag1-x alloy NRs (x ∼ 0.50 without
Ag etching) with the similar size is plotted with a red solid
line. The transverse LSP mode red-shifted, while the
longitudinal LSP modes appear at the similar wavelengths
as in the case of pure smooth Au NRs.

One discernible feature with the sample in Figure 2C is
the longer ligament pathway from one side to the other side.
When the surface is smooth, the loosely bound surface
electrons can oscillate along the length of NR diameter.
However, when the surface is corrugated, the effective
oscillation length is longer than the NR diameter. The
increase of effective oscillation length will result in the red-
shift of LSP modes. This is clearly evident in the spectra
shown in Figure 2D. Another noticeable feature is the band
broadening with nanoporous NRs compared to smooth NRs,
which can be ascribed to the disordered distribution of pores
and ligaments. It is expected that the disorderedness of such
features will generate a broad distribution of effective
oscillation path lengths. Therefore their apparent NR size
for electron oscillation will be larger than the case with
smooth NRs. For example, the longitudinal LSP modes for
nanoporous NRs when L ∼ 420 nm match the corresponding
LSP modes of smooth NRs when L ∼ 560 nm. The irregular
surface morphology originating from nanopores and liga-
ments leads to the longer average oscillation pathways. The
other possible explanation for the observed red-shift is related

Figure 1. Schematic representation of the synthesis of nanoporous Au NRs. The electrochemical codeposition of Au/Ag results in alloy
NRs in the interior of AAO templates. The Ag component was dissolved with concentrated nitric acid and the resulting nanoporous Au
NRs were formed.
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to the plasmon electron density. A model based on the Drude
model can explain the red-shift of nanoporous Au NRs in
which the Au LSP modes red-shift due to a decrease in
electron density. In the previously reported paper, the effect
of electron density variation in Au NRs was considered by
the Drude model, and they observed the good agreement
between the theory and the experimental results.19 When the
electron density changes, the band position changes but there
is little change in bandwidth.19 However, our experimental
results show that both the band position and the bandwidth
change as a function of the porosity. The increase of effective
length and the inhomogeneous distribution of such path-
lengths in a nanoporous Au NRs are the possible explanation
for the observed band-shift and band-broadening.

We synthesized nanoporous, Au NRs (selective etching
of Ag from Aux/Ag1-x alloy NR when x ∼ 0.36) with
different lengths ranging from ca. 180 to 624 nm and
measured their corresponding visible-near IR extinction
spectra (Figure 4A). FESEM images reveal their narrow size
distribution and homogeneous morphology (Figure 3). As

with smooth Au NRs, the transverse modes at ∼550-650
nm are largely insensitive to the increasing aspect ratio;
however, the longitudinal dipole modes red-shift considerably
from 1290 nm for L ∼ 180 nm well into the IR for L > 420
nm. One noticeable feature is the appearance of discernible
peaks between 1036 and 1400 nm, which correspond to
quadrupole LSP resonances, when the rod length exceeds
ca. 400 nm. The peak initially at 1036 nm (Figure 4A,
spectrum d) shifts toward longer wavelengths as the length
increases to 624 nm. Similar red-shifts have been observed
previously in lithographically generated patterns and in a
colloidal suspension of Au NRs.14,16 We plotted the observed
LSP resonances of nanoporous, Au NRs as a function of
total NR lengths (Figure 4B, filled symbols). As a direct
comparison, the corresponding Au NRs with smooth surfaces
are plotted with open symbols. The nanoporous structure
induces significantly larger red-shifts in longitudinal modes
than in transverse modes. For example, when the NR length
is ca. 250 nm, the transverse mode at 542 nm is slightly
shifted to 598 nm, while the longitudinal mode at 1180 nm

Figure 2. FESEM images of (A) smooth Au NRs (L ) 404 ((35) nm and d ) 85 ((4) nm), (B) nanoporous Au NRs (L ) 398 ((18) nm
and d ) 83 ((5) nm) prepared from the dissolution of Ag from Aux/Ag1-x alloy NRs (x ∼ 0.50), and (C) nanoporous Au NRs (L ) 420
((18) nm and d ) 82 ((6) nm) prepared from the dissolution of Ag from Aux/Ag1-x alloy NRs (x ∼ 0.36). (D) Visible-near IR extinction
spectra for sample (A), (B), and (C) corresponding to spectrum (a), (b), and (c), respectively. The red-solid line is the spectrum for Aux/
Ag1-x alloy NRs (x ∼ 0.50 without Ag etching L ) 400 ((18) nm and d ) 85 ((4) nm). All the spectra are measured in D2O. Insets are
the corresponding zoom-in TEM (upper) and FESEM (lower) images.
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moves out to 1480 nm. Another noticeable feature is the
wavelength shift as the NR length increases. While the
transverse dipole modes for both smooth and nanoporous
NRs have a negligible slope (squares in Figure 4B), the
longitudinal LSP modes have slopes of 2.8 for dipole modes
and 1.7 for quadrupole modes. The decrease of slope for
higher-order modes is in good agreement with previous
results.14,16,20 A good linear fit (R2 values of ca. 0.99) provides
equations for predicting where the plasmon modes will
appear under these experimental conditions.

We have calculated the optical properties of the Au NRs
with both smooth and nanoporous surfaces using the discrete
dipole approximation (DDA).21,22 Detailed descriptions of
DDA have been published numerous times in the nanopho-
tonic literature, and therefore we only provide the salient
points of the method here. The particle is represented by an
array of point dipoles. Each dipole obtains a polarization
from the local field at that site, which has contributions from
the incident field and the fields radiated from all of the other
dipoles in the array. The polarizability of each dipole
incorporates the optical constants of Au23 and is assigned
based on a lattice dispersion relation.24 The set of coupled
dipole equations are formulated into a large, dense matrix
equation that is solved iteratively for the induced polarization
at each site. The polarizations are then used to calculate the
nanoparticle extinction via the optical theorem.

The nanoporous structures used in the calculations have
been generated by randomly removing dipoles from smooth
cylindrical geometries, which are initially 80 nm in diameter
and various lengths that correspond to the experimental NRs.
Only lattice sites within three layers of the particle surface
were allowed to be removed. This distance is approximately
the same size as the surface features present on the

nanoporous NRs investigated experimentally. A preliminary
investigation (not shown here) determined that the largest
red-shifts in the spectral peaks were produced when half of
the eligible dipoles were removed. Removing either more
or less than half of the “surface” dipoles generates a structure
that is smoother and leads to peaks that are red-shifted less.
All of the simulation results presented on nanoporous NRs
use this prescription for generating the structures.

Figure 4C displays the optical spectra of nanoporous NRs
of various lengths ranging from 180 to 620 nm. These results
agree well with the experimentally measured spectra (panel
A) and show the same major trends. As the rods get longer,
the peaks associated with longitudinal plasmon modes (λ >
700 nm) become more intense and shift to longer wave-
lengths. As observed experimentally, the transverse LSP
resonance located at ∼550 nm is largely insensitive to
increasing the rod length. Figure 4D displays the local
maxima of the extinction spectra as a function of rod length
for nanoporous (filled symbols) and smooth NRs (open
symbols). The corresponding experimental plot is shown in
panel B. The agreement between theory and experiment is
especially good when the plasmon resonances are well
resolved, whereas the calculations are typically shifted from
experiment when the LSP resonances are just beginning to
emerge. For example, the nanoporous data points for the
longitudinal dipole (filled circles) and quadrupole (filled
triangles) at the end of each series agree well, but the
theoretical data points at the beginning of each series are
blue-shifted from the corresponding experimental data points.
For smooth rods a similar situation occurs, but the shift is
to longer wavelengths instead of shorter ones. Theory also
predicts some longitudinal resonances that the experiment
is unable to resolve as is indicated by the additional data

Figure 3. FESEM images of nanoporous Au NRs with different lengths (L ≈ (A) 180, (B) 250, (C) 304, (D) 460, (E) 560, and (F) 624 nm).
Insets are the corresponding zoom-in images.
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points for the quadrupole mode in both smooth and nan-
oporous structures.

The calculations and experiment both indicate that the
nanoporous surface structure induces red-shifts in the LSP
resonances (Figure 4B,D). The highly nanoporous NRs have
a significantly larger surface area that promotes enhanced
electromagnetic fields at the interstices. The field enhance-
ment is similar to the junction effect that occurs between
two nanoparticles in close proximity to one another but on
a finer scale. It has been shown that the build-up of large
field-induced polarization shifts the LSP peaks in the optical
spectrum to longer wavelengths and that removing the spatial
regions where polarization builds up (smoothing the surface)
leads to blue-shifts in the LSP peaks.25–27 These findings are
consistent with the experimental and theoretical data pre-
sented here. Physically, the pores and ligaments make it
easier for the NRs to polarize. This leads to red-shifts in the
LSP peaks compared to smooth NRs and can be interpreted
as an increase in effective rod length. In addition to red-
shifts, we also find that the nanoporous structure broadens
the resonance widths and obscures some of the fine structure
observed in the spectra of smooth NRs (Supporting Informa-
tion, Figure S1). The larger widths suggest an increase in
the radiative damping rate and a decrease in the coherent
lifetimes of the LSP modes. Apparently, the nanoporous
structure generates more complex plasmon excitations over

a broader distribution of oscillator frequencies that lead to a
faster decay of LSP resonances.

In conclusion we have observed transverse and longitu-
dinal LSP resonances including higher-order modes in
colloidal suspension of nanoporous, Au NRs. It has been
shown that one can systematically synthesize different surface
morphology on NRs by controlling the molar ratio of two
different metals and the subsequent dealloying process. When
the physical size of nanoporous NRs is comparable to those
of smooth NRs, the LSP modes of the former are red-shifted
from those of the latter. In this context, we have introduced
a new class of materials for optical devices. These nano-
structures highlight the importance of tunability via surface
morphology (especially using nanopores and ligaments) for
the ultimate control of optical properties of nanostructures.
Nanoporous NRs are expected to show strong near-field
profiles, which are important for near-field imaging and
surface enhanced Raman scattering (SERS). Also, the high
surface-to-total-volume ratio will allow one to develop more
sensitive sensor applications after modifying the surface of
nanoporous NRs such as antibodies, given that the chemical
environmental change will affect more on the LSP resonances
of nanoporous NRs compared to smooth NRs. These
applications are currently being studied and will be reported
in the future.
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