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ABSTRACT: The field of plasmonics is capable of enabling interesting
applications in different wavelength ranges, spanning from the ultraviolet up
to the infrared. The choice of plasmonic material and how the material is
nanostructured has significant implications for ultimate performance of any
plasmonic device. Artificially designed nanoporous metals (NPMs) have
interesting material properties including large specific surface area, distinctive
optical properties, high electrical conductivity, and reduced stiffness, implying
their potentials for many applications. This paper reviews the wide range of
available nanoporous metals (such as Au, Ag, Cu, Al, Mg, and Pt), mainly
focusing on their properties as plasmonic materials. While extensive reports on
the use and characterization of NPMs exist, a detailed discussion on their
connection with surface plasmons and enhanced spectroscopies as well as
photocatalysis is missing. Here, we report on different metals investigated, from
the most used nanoporous gold to mixed metal compounds, and discuss each of these plasmonic materials’ suitability for a
range of structural design and applications. Finally, we discuss the potentials and limitations of the traditional and alternative
plasmonic materials for applications in enhanced spectroscopy and photocatalysis.
KEYWORDS: plasmonics, nanoporous, nanoporous metals, SERS, localized surface plasmons, enhanced spectroscopy,
enhanced fluorescence, photocatalysis

Plasmonic nanostructures can confine free space electro-
magnetic energy into nanosized regions1 and transform
it into different forms including confined and scattering

fields, high energy“hot”electrons and holes, or heat and
thermal radiation. Depending on the application, nanostruc-
tures are designed, in principle, to mainly express one of such
energy transformations. To this end, nanoporous metals have
been recently introduced.2 They are artificially designed
metamaterials made of solid metals with nanosized porosity,
ultrahigh specific surface area, good electrical conductivity,
high structural stability, and tunable optical properties. This set
of characteristics underlines their importance for many
applications such as electrochemical and optical sensing,3

photo and chemical catalysis,4 and advanced energy technol-
ogy.5 The NPMs are truly synthetic; their structural and
optical properties can be tuned by controlling preparation
conditions and preparation strategies.
One of the fascinating characteristics of the NPMs is their

optical properties associated with excitation of surface plasmon
resonance (SPR).6 Resonant excitation of the surface plasmons

in metallic nanostructures often gives rise to tight confinement
and enhancement of electromagnetic fields in ultrasmall
volumes beyond the diffraction limit. NPMs coming in various
structures (such as nanoparticles, nanorods, nanofilms, etc.) are
characterized by widely tunable localized surface plasmon
resonances (LSPRs)7,8 that can be modeled using various
techniques such as finite element method (FEM) or effective
medium approximation (EMA). Since the characteristic sizes
of the ligaments and pores in NPMs are usually much smaller
than the wavelength of the impinging light (λ), significant
LSPR can be excited in a broad range of the electromagnetic
spectrum spanning from the ultraviolet (UV) to the near-
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infrared (NIR). Because the SPR of the nanoporous metals can
be easily manipulated by either tailoring pore sizes, modulating
the metals’ dielectric properties, or varying their dielectric
environment, the optical properties of NPMs suggest
promising applications in advanced spectroscopy, from ultra-
violet to near-infrared regimes.9−11 In particular, electro-
magnetic hotspots associated with NPMs with their electro-
magnetic enhancement, tight confinement, and ease of
operability have widely been exploited, for instance, applied
to surface-enhanced Raman spectroscopy (SERS)12 and
fluorescence enhancement.13

Most studies on the plasmonic properties of nanoporous
metals and their implications for spectroscopic applications
have been predominantly based on the traditional coinage
metals, particularly nanoporous gold (NPG)14−16 and nano-
porous silver (NPAg).17−19 To a lesser extent, nanoporous
copper (NPC) structures with tunable pore sizes and
hierarchical geometries have also been investigated as a
SERS substrate for efficient detection and ultrasensitive sensing
applications.20,21 Even though slightly different applications
were addressed, all of these materials exhibit plasmonic
properties from the visible to near-infrared range. However,
emerging applications require expansion of nanoplasmonics
toward the ultraviolet range. In this respect, most recently, Al,
Rh, and Mg have emerged as alternative materials very capable
of operating in the UV regime.22−24 The tunable plasmonic
properties of a material resulting from their combination makes
them a highly promising choice for commercial applications.
As a result, there is a concrete growing research interest to
exploit UV plasmonic materials for various applications

including deep ultraviolet (DUV) SERS and UV metal-
enhanced fluorescence.
This review covers nanoporous metals’ optical properties

and applications ranging from the well-studied noble metals to
recently emerging plasmonic materials. Particular emphasis is
given to the current trends in the modeling of optical
properties, structural characterization, and advanced spectro-
scopic applications of nanoporous metals made of Au, Ag, Cu,
Al, Mg, and Rh. In terms of scope, the review covers a broad
range of topics that include material properties, spectral ranges,
and practical implications (see Scheme 1). Based on these
premises, this article is organized as follows: its introductory
section is followed by a technical section on the main
preparation strategies for NPMs. Then the review reports a
critical review of recent progress and state-of-the-art regarding
modeling NPMs and their optical properties. This is succeeded
by a comprehensive overview of recent developments on
implications of NPMs for single-molecule SERS, near-infrared
sensing, metal-enhanced fluorescence, extraordinary optical
transmission, and photocatalysis. Finally, the future directions
of NPMs are discussed, and concluding remarks are forwarded.

PREPARATION STRATEGIES AND PLASMONIC
PROPERTIES OF NANOPOROUS METALS

The plasmonic properties of various metals including Au, Ag,
Cu, Al, Mg, Pt, and Rh have been widely explored both
experimentally and theoretically. The inner architecture of
NPMs with random sizes and shapes can interact with the
entire electromagnetic spectrum and result in excitation of
SPRs. Thus, elucidating the fundamental plasmonic properties
of NPMs and providing an accurate modeling of their

Scheme 1. Diversity of Nanoporous Metals (NPMs) Including Various Material Selection (Au, Ag, Cu, Al, Mg, Pt, Rh), Design
and Modeling (Finite Element Method (FEM), Finite-Difference Time-Domain (FDTD) Method, Effective Medium
Approximation (EMA)), Plasmonic Properties (Near-Field Properties and SPR Spectra Tuning), Preparation Strategies
(Dealoying, Templating, Galvanic Replacement Reaction, and Physical Vapor Deposition), Microcharacterization (Scanning
Electron Microscopy (SEM), Tunneling Electron Microscopy (TEM), Scanning Transmission Electron Microscopy (STEM)),
and Functionalization of the NPMs (SERS, Metal-Enhanced Fluorescence, and Photocatalysis)a

aAdapted with permission from ref 25, copyright 2011 American Chemical Society; ref 26, copyright 2018 Wiley-VCH; ref 27, copyright 2014 AIP
Publishing LLC; ref 28, copyright 2020 Elsevier B.V; ref 29, copyright 2015 American Chemical Society; and ref 30, copyright 2016 American
Chemical Society.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.0c10945
ACS Nano XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=sch1&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10945?rel=cite-as&ref=PDF&jav=VoR


responses is crucial for the efficient design of NPMs for
applications in advanced spectroscopy. Moreover, since the
optical and plasmonic properties of NPMs can be easily tuned
by controlling the preparation conditions and strategies, it is
crucial to review recent developments in preparation strategies
of nanoporous metals. In this section, current state-of-the-art in
advanced preparation techniques, modeling methods, and

optical properties of nanoporous metals in the spectrum from
UV to NIR regimes are discussed.

Preparation of Nanoporous Metals. Since nanoporous
metals are truly synthetic, their plasmonic properties can be
tuned by varying preparation conditions and strategies. Among
several techniques for NPM preparation, templating, deal-
loying, and colloidal chemistry are the most commonly utilized
methods. In spite of the fact that the template-based

Figure 1. Preparation of nanoporous metals (NPMs). (A) Fabrication steps to prepare nanoporous gold (NPG) disks using the combination
of the lithographic patterning and atomic dealloying. (a) Formation of a monolayer of polystyrene (PS) beads on an alloy-coated substrate;
(b) O2 plasma shrinkage of the PS beads; (c) Ar sputter-etching to form isolated alloy disks; (d) removal of PS beads; and (e) formation of
NPG disks by dealloying. (f−j) SEM images taken at each process step. Adapted from ref 34. Copyright 2019 American Chemical Society.
(B) Preparation of disordered NPAg thin films by thermally assisted dewetting method. (a) Schematic representation of the NPAg film
defined by a pore width,WNP. (b) Schematic of Ag film dewetting mechanism that resulted in NPAg formation during the thermal annealing.
According to the Young equation (γs = γi + γf·cos θ), the metal remains as a continuous flat film only when surface energy of the bare
substrate (γs) is larger or equal to the sum of the surface energy of the metal film (γf) and the substrate−metal interface energy (γi) at some
contact angle θ between the silver surface and silver−substrate interface. (c) Porosities and pore widths of different NPAg sample types.
Adapted with permission from ref 36. Copyright 2015 Wiley-VCH. (C) Preparation of mesoporous Rh nanostructures via chemical
reduction on self-assemble polymeric poly(ethylene oxide)-b-poly(methyl methacrylate) (PEO-b-PMMA) micelle templates. Adapted with
permission under a Creative Commons Attribution 4.0 International License from ref 55. Copyright 2017 The Authors. (D) Fabrication of
nanoporous metallic networks based on the physical vapor deposition (PVD) strategy. (a) Illustration of the fabrication process of
nanoporous metallic networks. Vapored metallic atoms are directly self-organized into a 3D network of nanoscale features on top of the
nanoporous silica aerogel substrate. The metallic vapor is produced by PVD, either by sputtering or by evaporation. 3D SEM images of (b)
gold and (c) silver networks. Adapted with permission from ref 59. Copyright 2016 Wiley-VCH.
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fabrication strategy gives much freedom to precisely control
the size and microstructure of the final porous metal
structures,31 this technique is generally difficult and time-
consuming to implement. On the other hand, the dealloying
technique32 has been widely employed to fabricate various
architectures including three-dimensional bicontinuous struc-
tures that are characterized by open nanopores, tunable pore
sizes, structural properties, and multifunctionalities.2

In particular, nanoporous metallic nanoparticles can be
fabricated by combining the lithographic patterning technique
and dealloying method. As shown in Figure 1A, nanoporous
gold nanoparticles (for example, nanodisks33,34) have been
fabricated by depositing gold and silver alloys onto a substrate
made of, for example, a silicon wafer or a glass slide using an
alloy target. A monolayer of polystyrene (PS) beads of
different diameter can then be formed on top of the alloy film.
By selecting PS beads of various sizes, the diameter of the final
NPG nanoparticles can be tuned. Then, to shrink the PS beads,
a timed oxygen plasma treatment is often employed, which
leads to separation of the PS beads from neighboring beads. To
transfer the bead pattern into the alloy film, the sample is then
sputter-etched in argon plasma. Once the pattern transfer is
completed, the PS beads can be removed, and the alloy disks
are then dealloyed in concentrated nitric acid to produce an
array of NPG nanoparticles (see Figure 1A(a−e)). The
scanning electron microscopy (SEM) images shown in Figure
1A(f−j) show high-density NPG disk arrays on the Si wafer
before release. Such a method is found to yield nanoporous
metal particles with large surface area, widely tunable surface
plasmon resonance, and ultrahigh plasmonic hotspots that are
essential for plasmon-enhanced applications.34,35 It should be
noticed that NPG arrays can also be prepared using electron-
beam lithography (EBL) over alternately deposited gold and
silver layers through an annealing process. The EBL technique
can provide a large area array of nanoporous metallic particles
with regular or random distribution and flexible interparticle

separation.36 Moreover, Yang and colleagues recently reported
on the development of a nanoporous silver structure with a
tunable pore size and ligament using a silver halide
electroreduction process.35 Similarly, by employing a non-
lithographic and thermally assisted dewetting method, Shen
and O’Carroll fabricated nanoporous silver films with different
compositions to study their influence on the chain morphology
and optical properties of conjugated polymers.36 As illustrated
in Figure 1B, NPAg can be formed by thermal annealing of a
thin (50−100 nm) Ag film placed on a chromium (Cr)-coated
glass (gl) substrate. The pores are formed owing to the
difference in the surface energies between the thermally
evaporated thin Ag film and the substrate. As shown in Figure
1B(c), the pore width (WNP) and porosity (P) increase with
decreasing initial Ag film thickness from 100 to 50 nm. The
addition of the Cr adhesion layer decreases both WNP and P,
with more effect on the pore width than on the porosity.
In addition to the traditional coinage metals like Au and Ag,

as a UV plasmonic material, Al has been extensively
investigated by several authors.22,37−49 Nanoparticles, nano-
holes, nanopatterns, and nanostructured films have been
prepared to demonstrate enhanced spectroscopies in the UV
spectral range. In most cases, the preparation of Al structures
required several steps to process, from the chemical synthesis
for the Al nanoparticles to nanolithography for nanopatterned
films. For the other plasmonic metals, a nanoporous film can
be an alternative approach to prepare plasmonic platforms with
multiple LSPR hotspots. To meet these growing demands,
nanoporous aluminum nanostructures have been designed and
prepared using various methods.9,10,50−52 Recent papers have
reported on fabrication of nanoporous aluminum substrates
from an alloy of Al2Mg3 by means of a galvanic replacement
reaction10,51 intended for applications in enhanced UV Raman
spectroscopy and fluorescence. Similarly, the same authors
demonstrated the preparation of nanoporous Al−Mg (NPAM)
alloy films by selective dissolution of Mg from a Mg-rich alloy

Figure 2. Modeling the optical responses of nanoporous metal particles, networks, and films. (A) Finite-difference time-domain (FDTD)
method-based modeling of nanoporous metal particles. (a) Schematic illustration of nanoporous gold (NPG) disk. (b) FDTD simulated
electric field distribution of NPG disk with 500 nm diameter and 75 nm thickness. Adapted with permission from ref 33. Copyright 2014
The Royal Society of Chemistry. (c) FDTD calculated extinction spectra of nanoporous gold nanoparticles (NPG NPs) with various particle
sizes, 66% particle volume porosity, and 20 nm pore size. Adapted from ref 72. Copyright 2017 American Chemical Society. (B) Effective
medium approximation of nanoporous metal films by a cubic grid of gold wire model. (a) Model system consisting of a cubic grid of gold
wires with two submodels; the first submodel considers only wires oriented parallel to the electric field, whereas the second submodel
considers the orthogonal wires. When linearly polarized wave illuminates a thin film of the model material under normal incidence, the wires
oriented parallel to E-field vector contribute differently to the spectrum as compared to the orthogonal ones. (b) Calculated transmission
through the effective medium of the cubic gold network for various permittivities of the embedding medium. The inset shows SEM of typical
nanoporous gold film. Adapted with permission from ref 27. Copyright 2014 AIP Publishing LLC. (C) Drude−Lorentz modeling of
nanoporous gold film. (a) Fractal analysis of the SEM image of gold film. The fractal dimension (Df), which can be directly computed from
SEM images using the box-counting method that assigns a 0 or 1 value to each pixel in the SEM image, is the key morphological parameter
to predict the plasmonic properties of NPG and simply tune them at will with the dealloying time. (b) Connection between the effective
Drude model and the fractal analysis. Adapted from ref 11. Copyright 2018 American Chemical Society.
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AlxMg1−x.
9 The stoichiometry, porosity, and oxide contents in

the NPAM can be tuned by modulating the ratio of Al and Mg
and the dealloying procedure. In addition, Jiang et al. also
demonstrated the preparation of free-standing nanoporous Mg
fabricated in a two-step process.55 Initially, the Ti(Nb,
Ta,V,Fe)50Cu50 alloys were dealloyed in liquid Mg in order
to synthesize interpenetrating phase composites. In the second
step, the Ti-rich phase was etched by selective dissolution in a
15 M aqueous solution of HF for several minutes in an
ultrasonic bath, which is followed by cleaning in deionized
water and alcohol. In another recent work, Liu et al. report on
the preparation of nanoporous magnesium for hydrogen
generation. In this case, porous films can be prepared by
means of physical vapor deposition starting from Mg powders
with large granularity.53

Apart from the Al and Mg, rhodium (Rh) is another recently
investigated material for UV plasmonics.23,24,54−56 For Al and
Mg, some attempts in the preparation of nanoporous Rh
structures have been reported. In particular, Clavero et al.
illustrated the synthesis and characterization of mesoporous
metallic rhodium nanoparticles (Figure 1C).58 They used a
chemical reduction on self-assembled polymeric poly(ethylene
oxide)-b-poly(methyl methacrylate) (PEO-b-PMMA) micelle
templates (Figure 1C(a)). The PEO-b-PMMA micelles
function as a soft template, whereas trisodium hexachloro-
rhodate (Na3RhCl6) served as the Rh precursor. Although in
this case no plasmonic properties were investigated, the
structural and morphological properties of the obtained
nanoparticles (see Figure 1C(b,c)) suggest potential applica-
tions in plasmon-driven phenomena.
On the other hand, from the perspective of photocatalysis, in

order to excite charge carriers that may be transferred to
species in proximity and drive chemical transformation upon
surface plasmon decay,57,58 metallic nanostructures with a
characteristic length less than 30 nm are needed. To meet this
demand, the Salomon group has reported on a simple and
scalable method of fabricating pure nanoporous three-dimen-
sional metallic networks.26,59,60 This strategy is based on the
physical vapor deposition of vapored metallic atoms on a silica
aerosol substrate that initiates self-assembly of the vapored
metallic atoms into a nanoporous networks (Figure 2D). The
resulting networks (made of various metals including Au, Ag,
Cu, Al, Pt, Ti, and Fe) are found to be transparent, flexible, and
pure, implying their potentials for hot carrier generation and
photocatalytic activity upon white-light illumination.59

Modeling the Optical Responses of Nanoporous
Metals. To understand the fundamental optical and plasmonic
properties and hence to predict the behaviors of the
nanostructures, numerical modeling plays a key role. Among
several simulation techniques,61,62 FEM63 and finite-difference
time-domain (FDTD) method33 have been employed to
model the optical properties of NPMs. In FEM simulations,
microscopic analyses from experimental samples (for example,
SEM micrographs) can be imported as images on suitable
platforms such as COMSOL Multiphysics and used as
permittivity maps by associating each points with a value
between 0 and 1 according to the SEM brightness.9,10,64

Similarly, although FDTD modeling is efficient for calculating
far-field response (Figure 2A), the local field profile
calculations are carried out by importing SEM images of
porous metals.33

In the effective medium theory (EMT), which works for far-
field optical parameters but cannot replicate near-field and

local effects,11,27,65,66 all constituents are equally treated as
fillers in a homogeneous medium that possesses the average
properties of the composite. If the characteristic size of the
constituents of the network is much smaller than the smallest
optical wavelength in the respective material, the structure can
be described as an effective medium.28 That is, if there is a
nanostructure comprising two materials with respective volume
fractions of f1 and f 2 and if the electric field of the
nanostructure is known, then we can easily deduce the
effective permittivity εeff of the medium as averaged electric
displacement field D divided by the averaged electric field E:27

D
E

f E f E

f E f Eeff
1 1 1 2 2 2

1 1 2 2
ε

ε ε
= ⟨ ⟩

⟨ ⟩
=

+
+ (1)

where the sums of the averaged D-fields in the numerator and
E-fields in the denominator are weighed by their respective
volume fraction, f1 and f 2.
However, since the effective permittivity is not isotropic, eq

1 is not valid for all polarizations. Moreover, the given equation
also assumes that electric fields in the constituting materials are
constant, which is not generally true. Thus, the structure can
be decomposed into smaller domains where electric fields are
assumed to be approximately constant. This can be illustrated
by developing a model system made of a cubic array of Au
nanowires with dielectric voids between. Such a model system
can be divided into two separate submodels, with the
nanowires in parallel and perpendicular orientations. The
effective permittivities of three such arrangements shown in
Figure 2B(a) can be written as27
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Au, Au, Au, Au, d d
ε

ε ε ε
=

+ +

+ +#
⊥ ⊥ ∥ ∥

⊥ ⊥ ∥ ∥ (4)

where the subscripts ∥ and ⊥ represent the media consisting of
parallel and perpendicular wires, respectively, whereas # refers
to the full cubic grid medium. EAu,∥ and EAu,⊥ are the fields in
the respective sets of Au wires, Ed is the field in the
surrounding dielectric, εAu and εd are the wavelength-
dependent permittivities of Au and dielectric and, finally,
fAu,∥, fAu,⊥, and fd, are the volume fractions occupied by the
respective materials.28 The effective permittivity given in eq 4
is a complete description of the full cubic grid medium,
assuming that the structure is isotropic due to its cubic
symmetry. It is obtained by averaging the fields over the
parallel and orthogonal wires as well as the dielectric. By
approximating NPM film by the effective medium model of a
cubic grid of metal network, Jalas et al. investigated the spectral
properties of nanoporous gold in the visible spectrum.27 The
transmission spectra of the effective medium for various
permittivities of the embedding medium show two distinct
peaks (Figure 2B(b)). The transmission depth can be further
pronounced by increasing the gold content while keeping the
dielectric permittivity in the voids constant. Similarly, by
employing the Bruggeman effective medium theory, Ramesh et
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al. also modeled the optical reflectance of nanoporous gold
film with isotropic pores in the near-infrared regime.67

However, the effective medium approximation is not valid
for relatively larger pore sizes, as it only considers the effect of
filling fraction by assuming that the characteristic length is
much smaller than the wavelength of interest. A recent report
by Garoli et al. discussed a detailed investigation on the optical
properties of nanoporous gold modeling the EMA .12 The
dielectric functions of two materials (vacuum and bulk gold)
were combined in an analytical relation that defines the
effective dielectric function. Different assumptions can be
made regarding the local depolarization fields according to the
different hypotheses that can be formulated on the
inhomogeneous material structure. Concerning the previously
mentioned works, in ref 11, three different EMA models have
been investigated: the Maxwell−Garnett EMA,68 the Landau−
Lifshitz−Looyenga (LLL),69 and the Bruggeman EMA.8

Maxwell−Garnett typically works well for isolated particles of
one strongly absorbing material dispersed in a weakly
absorbing continuous matrix. In the LLL approach, the
connectivity among the ligaments becomes the key parameter.
In this case, the model works at the filling-factor limit. Both
methods fail to model the optical response of NPM in the
near-infrared. On the contrary, as previously reported, the
Bruggeman formulation enables the main physical phenomen-

on in the porous metal to be modeled. However, this method
cannot quantitatively describe the electrodynamic response of
the material because the complex material structure is not
described by the filling factor alone.11 Probably the most
reliable method to model the optical response of NPMs is
based on Drude−Lorentz model for complex permittivity
ε(ω). This model has been used in several papers to obtain
good fits to experimental reflectance and transmittance data
from different nanoporous gold samples analyzed from the
visible to the near-infrared spectral range.11,70,71 The complex
permittivity can be written as
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+
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where AL, ωL, and γL are the strength, frequency, and width of
the Lorentz term, respectively, and AD and γD are the intensity
and width of the Drude term, respectively. This model enables
the dielectric constants of a generic NPM to be derived (Figure
2C). The dielectric constants of a metal are the fundamental
parameters to evaluate its plasmonic properties.

Optical Properties of Nanoporous Metals. The
permittivity of a material is the fundamental quantity to
evaluate its plasmonic properties. In addition, some key
parameters such as (electromagnetic field) skin depth,
propagation length, and confinement and (resonance) quality

Figure 3. Tunable plasmonic properties of nanoporous gold (NPG) and nanoporous silver (NPAg) structures. (A) Tuning localized surface
plasmon resonance (LSPR) of thin NPG film. (a) Illustration of the average sizes of ligaments and pores in typical NPG film. Adapted with
permission from ref 8. Copyright 2014 AIP Publishing LLC. (b) Extinction spectra and (c) corresponding two resonant peak positions (λ1
and λ2) of NPG film with the pore sizes of 10−50 nm in water. The dashed red line in (c) represents the size-dependent resonance band of
gold nanoparticles. Reproduced with permission from ref 7. Copyright 2011 AIP Publishing LLC. (B) Plasmonic properties of NPG disks
with tunable plasmon resonances. (a) SEM image of high-density NPG disks with diameters of 400 nm fabricated on Si substrate (with the
scale bar of 500 nm). (b) Extinction spectra of 400 nm diameter and 75 nm thick Au disks and NPG disks on glass substrates measured in
air. The inset shows the in-plane and out-of-plane resonance modes. (c) Size-dependent extinction spectra of NPG disks with different
diameters (300, 400, 500, and 700 nm) consisted of high-density NPG disk monolayers on glass substrates in air. Reproduced with
permission from ref 33. Copyright 2014 The Royal Society of Chemistry. (C) Optical properties of NPAg films. (a) Representative SEM
image of the NPAg formed by annealing a 50 nm thick Ag film on chromium-coated glass substrate. (b) Scattering and (c) transmittance
spectra of different NPAg films. Adapted with permission from ref 36. Copyright 2015 Wiley-VCH.
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factors are useful metrics to determine the material efficiency
for plasmonic applications.73 The plasmonic properties of
NPMs are strictly related to the density of plasmonic hotspots
that arise from surface plasmon resonances in the metals and
their alloys.74,75

Nanoporous Gold. Nanoporous gold has been used as a
model plasmonic metal to investigate the relationship between
various parameters and porosities that are obtained by the
dealloying processes. In this respect, a plasmonic metal with
skin depth up to hundreds of nanometers, propagation length
up to 10 μm, and a significant enhancement in the quality
factor was recently introduced.76 Furthermore, the relationship
between the material electron temperature and its porosity has
also been demonstrated.76 As a result, NPG is the most
extensively explored material owing to its chemical stability as
well as optical, catalytic, and mechanical properties.77 Among
several porous structures, the plasmonic properties of NPG
films have been widely investigated7,8,78,79 intended for
enhancements of SERS,14,80 fluorescence emission,13,81 and
electrochemical and optical sensing.3 Extensive reviews on
NPGs and their application in plasmonic and other fields can
be found in the literature.82−85

Thin (∼100 nm) self-standing NPG membranes can exhibit
both the propagating SPR excitation in the form of planar
metal films and the localized SPR excitation in nanofeatured
metal architectures.70,86 The propagating SPR spectrum shows
a strong wavelength dependence, leading to sharper SPR depth
and smaller depth angle for longer excitation wavelength,
which can be ascribed to efficient propagation of the SPR at
the interfaces of the NPG film and dielectric. On the other
hand, typical localized SPR spectra of NPG usually have a wide
plateau with two characteristic peaks, which is distinctive and
has not been observed in the LSPR spectra of other Au
nanostructures. As displayed in Figure 3A(a,b), the two peaks
show different plasmonic responses as the characteristic length
(for example, pore size) of the NPG film is tuned from 10 to
50 nm. The peak position of the localized SPR at the shorter
wavelength (λ1) is not sensitive to the change of the nanopore
sizes (Figure 3A(c)), suggesting that this short wavelength
LSPR band may originate from the resonant absorption of the
gold film. On the other hand, the LSPR band at the long
wavelength (λ2) results in a significant red shift as the pore size
increases, with characteristic spectral features comparable to
those of other nanostructured gold (for example, compare with
the red dotted line of gold nanorod shown in Figure 3A(c)).
This distinctive plasmonic behavior of the NPG can be
attributed to the effect of radiation damping with the
oscillation length of conduction electrons. However, Jalas
and co-workers argued that the two distinct peaks observed in
the transmission spectra of NPG films could not be attributed
to two separate localized surface plasmon resonances.27 They
claim that the peculiar spectral feature of NPG films can be
understood as that of diluted gold with a spectrally narrow dip
in transmission due to the averaged electric field approaching
zero, suggesting that the transmission characteristics are rather
featured by a dip in one broad transmission curve than by two
distinct peaks.
NPG typically containing a network of voids that occupy

over 70% of the film volume behaves like a uniform Drude
metal at NIR frequencies, but it is plasmonic at long
wavelengths.87 Although NPG is well-known to be plasmonic
in the NIR spectral range, the majority of the works
investigating its plasmonic properties focused on the spectral

range between 500 and 900 nm where the metal can generate
LSPR,7,8,71,88 which has been extensively exploited for SERS
and biosensing, as it will be discussed later. On the contrary,
detailed analyses on the plasmonic and optical properties in the
infrared spectral region have been reported only in a few
cases.11,87 In particular, the dependency of the plasma
frequency of the NPG material with respect to the nano-
porosity has been recently reported. The plasma frequency is a
key parameter in the design of NPG-based metamaterials
where the material switches from a metallic behavior to a high
absorber film. More interestingly, the tunability in the plasma
frequency can be applied to realize highly sensitive
biosensors.89

However, NPG exhibits weak plasmonic extinction and little
tunability of the surface plasmon resonance, owing to the fact
that the pore size is much smaller than the wavelength of the
light. As a result, recently, patterned NPG nanoparticles have
emerged as better substrates for high-performance SERS
applications,90,33 as well as other forms of plasmon-enhanced
spectroscopy such as near-infrared absorption and fluores-
cence.91,92 NPG nanoparticle arrays are also highly effective in
photothermal conversion for microfabrication, microfluidic
manipulation, and pathogen inactivation.93−97 As shown in
Figure 2A, disk-shaped NPG nanoparticles can be fabricated
directly on different substrates, making them highly reprodu-
cible nanostructures with exceptionally good robustness for
integration with microfluidic nanodevices and surface
functionalization. An abundance of plasmonic hotspots where
the electric field is highly enhanced and easily accessible can be
formed in the vicinity of the nanopores. More importantly,
NPG nanoparticles have a much larger surface area compared
to other existing plasmonic entities that is actually not due to
the aggregation of high-density individual smaller nanoparticles
(see Figures 2A(b) and 3B(a). Instead, NPG nanoparticles
derive the nanoporosity from atomic dealloying or selective
dissolution of the less noble metal out of a binary alloy such as
gold−silver alloy98−100 as they are fabricated by the
combination of top-down patterning and bottom-up atomic
dealloying. The patterning step provides additional knobs to
tailor the LSPR properties by defining a nanoparticle shape and
additional LSPR design parameters can be obtained by further
shape engineering. By taking advantage of the abundant
hotspots and tunable plasmon resonance in NPG nano-
particles, a number of label-free sensors have been developed,
including single-molecule DNA hybridization monitoring,101

molecular sensing and imaging,102 integrated microfluidic
SERS sensors,103 and sensing of malachite green and
telomerase.104,30

Unlike the NPG thin films that exhibit weak light−matter
interaction and limited tunability, patterned high-density disk-
shaped NPG nanoparticles acquire a prominent SPR. As
shown in the extinction spectra in Figure 3B(b), the three
resonance modes of the NPG disk can be assigned as NPG
LSPR (▲), out-of-plane resonance (■), and in-plane
resonance (●).34 The NPG LSPR mode originates from the
nanoporous structures, whereas the in-plane and out-of-plane
modes are associated with the external nanoparticle shape.
Among these peaks, the in-plane resonance clearly dominates
and only exists in NPG disks but not in semi-infinite NPG thin
films (compare Figures 3A(b) and 3B(b)). The size-dependent
plasmonic shifts of these peaks can be observed when the disk
diameter is increased from 300 to 700 nm, leading to notable
tuning of the SPR from ∼900 to 1850 nm (Figure 3B(c)) .
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Finally, it is worth noticing that the LSPR peaks of NPG disk
array exhibit a significant red shift compared to that of
individual NPG disk, which can be attributed to far-field
radiative coupling from neighboring NPG disks.105

Nanoporous Silver. Similarly to NPG, the potentials of
nanoporous silver have been extensively exploited for various
plasmon-enhanced applications including SERS single-mole-
cule detection,18,19,106 fluorescence amplification,107 cataly-
sis,108 and next-generation energy storage devices.35 In
particular, NPAg frameworks with characteristics of, for
example, large specific surface area, electric conductivity, and
porosity are desirable for metal-oxide-based pseudocapacitors,
implying their potentials as a promising candidates for next-
generation energy storage devices. On the other hand,
disordered NPAg thin films (Figure 3C(a)) based on
conjugated polymers (see Figures 2B and 3C) demonstrate
potentials to influence chain morphology and optical proper-
ties of the conjugated polymers in optoelectronic devices.36

The optical properties of the NPAg films displayed in Figure
3C(b) show strong backscattering for all NPAg morphologies
with small pore sizes. To be specific, the scattering intensity of
the nanoporous film is the most intense for the NPAg films
prepared on chromium-coated glass, whereas the bare glass-
substrate-based NPAg films exhibit weaker scattering inten-

sities, which can be ascribed to the effects of the pore width
and porosity. These broadband scattering spectra with their
peaks in the 400−550 nm wavelength range are attributed to
LSPRs of the randomly organized nanostructures and out-
coupled surface plasmon polaritons (SPPs). Similarly, the
transmittance spectra of various samples displayed in Figure
3C(c) show resonance peaks around λ ≈ 320 nm for all of the
Ag-containing samples due to the transparency of Ag near its
plasma frequency.36

Other Metals. Gold and silver and their nanoporous
configurations are the two most investigated plasmonic metals.
However, several other metals have been explored as the
primary material for nanoporous structure fabrications.
Depending on the fabrication method, copper, aluminum,
nickel, titanium, iron, palladium, and platinum have been
reported as NPMs.26,109 In particular, copper has been
extensively investigated as nanoporous metal and, compared
to gold and silver, it is inexpensive and naturally abundant.
Recently, several papers reported on the plasmonic properties
and applications of copper structures for various purpo-
ses.20,21,110,111 Regarding nanoporous Cu, the investigations
have been mainly focused on applications such as electro-
chemistry and catalysis.112−117 On the contrary, the plasmonic
properties of Cu and Cu nanoparticles have been reported by

Figure 4. Optical and plasmonic properties of nanoporous copper (NPC) and nanoporous aluminum (NPA). (A) Structural characterization
and electric field distributions of hierarchical nanoporous copper (HNPC) structures. (a) Scanning transmission electron microscopy
(STEM) image of Mg72Cu28 alloy ribbon, where the selected area electron diffraction of which shown in the inset demonstrates that (111),
(242), and (333) correspond to CuMg2 phase whereas (101) to Mg phase. (b,c) Element mappings elucidate the dark phase in (a) is Mg
while the bright phase is CuMg2. (d) Schematic of the HNPC used to simulate electric field distributions. (e) Typical electric field
distribution (|E|/|E0|) of the HNPC on the top surface of the ligament with pore size of 10 nm. Reproduced with permission from ref 21.
Copyright 2018 Wiley-VCH. (B) Optical and plasmonic properties of pure aluminum, aluminum oxides, aluminum alloys, and nanoporous
aluminum structures. (a) Plasmon resonance tuning ranges of the most common plasmonic materials, Au and Ag, compared with Al. (b)
Calculated spectra for Al nanodisk (35 nm thick and 50 nm diameter) of (i) a pure Al, isolated Al nanodisk (black line); (ii) an isolated Al
nanodisk with a 3 nm surface oxide (green); and (iii) the same Al nanodisk on an infinite SiO2 substrate (orange). Reproduced from ref 22.
Copyright 2014 American Chemical Society. (c) Reflectance spectra of pure Al, aluminum oxide, and nanoporous Al films. (d) Numerically
computed local field enhancement of NPA film calculated at an excitation wavelength of 260 nm. Reproduced with permission under a
Creative Commons Attribution (CC BY) License from ref 10. Copyright 2020 MDPI. (e) Imported map of the horizontal cross section of
the as-prepared nanoporous aluminum−magnesium alloy (NPAM). (f) Electromagnetic calculations of field confinement (a.u.) of the
NPAM film calculated at an excitation wavelength of 260 nm. Reproduced from ref 9. Copyright 2019 American Chemical Society.
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several authors and can be considered as the basis to explore
the plasmonic behavior of nanoporous Cu film.118 Song and
co-workers employed a one-step dealloying method to
fabricate free-standing hierarchical nanoporous copper
(HNPC) membranes from the Mg72Cu28 alloy as precursor.

21

The hierarchical architecture is composed of large porosity
channels (sized 50−100 nm) with a number of smaller pores
(less than 20 nm in size) on channel walls (see Figure 4A(a)),
which offers combined advantages of a highly accessible surface
and a high density of plasmonic hotspots. The elemental
mapping in STEM images shown in Figure 4A(b−d) identifies
that the bright regions correspond to Cu-rich CuMg2, whereas
the dark regions correspond to the Cu-absent Mg phase. The
presence of secondary pores and primary ligaments in such
hierarchical nanoporous structures gives rise to a cooperative
enhancement of the surface plasmon resonance upon photon
excitations. The FDTD simulation results shown in Figure 4e
unveil that the local field enhancement is highly concentrated
in the boundaries, tips, and inner pore regions, and points with
the strongest electromagnetic field are mostly located at the
curvature of the primary ligaments. The potential of nano-
porous Cu as a plasmonic platform has been mainly
investigated with regard to SERS application and the
dependency of the SERS enhancement by the pore size and
material preparation has been reported.
Most recently, aluminum (Al) has emerged as a viable

alternative to the traditional plasmonic metals (such as Au and
Ag) due to its distinctively favorable dielectric proper-
ties.119,22,120,121 Since its large plasma frequency leads to a
negative permittivity (real part) down to the wavelength of 100
nm,122,123 aluminum has been a promising plasmonic material
for the ultraviolet regime (Figure 4B(a,b)). It also exhibits
strong local field enhancement owing to high electron density
These interesting plasmonic properties combined with its
natural abundance, low cost, amenability to manufacturing
processes, and compatibility with optoelectronic devices makes
aluminum a highly promising material for commercial
applications.23 As a result, there is a growing research interest
to exploit Al as a plasmonic material for various applications
including UV nanoantenna, DUV surface-enhanced Raman
spectroscopy, and UV metal-enhanced fluorescence.
Garoli et al. have investigated the optical and plasmonic

properties of nanoporous aluminum (NPA).10 To evaluate the
optical performances, they measured the reflectance from Al,
Al2O3, and NPA samples in the spectral range spanning from
200 to 2000 nm with the presence of an absorption band at
800 nm (see Figure 4B(c)), which can be ascribed to the Al
interband transition. Moreover, to explore the plasmonic
properties of the NPA in the UV regime, they also computed
the electric field enhancement and its spatial distribution by
means of a 2D electromagnetic simulation (Figure 4B(d)).
The same authors experimentally and numerically demon-
strated that nanoporous Al−Mg (NPAM) alloy films show
enhanced performances in the UV range.9 They utilized
experimental cross-sectional SEM images of the fabricated
NPAM films as the input geometry for electromagnetic
calculations. This enables to highlight the effectiveness of
NPAM in terms of electric field penetration and enhancement
within the material pores (Figure 4B(e)). The electromagnetic
local field distributions calculated by the finite element method
show that the nanoporous Al−Mg alloy films have local field
enhancement in the UV spectral range (Figure 4B(f)). It was
also found that, compared to equivalent NPM films, the

nanoporous Al−Mg alloy in the UV range demonstrated
superior SERS and metal-enhanced fluorescence performances.
The use of magnesium combined with aluminum is justified by
similar behavior in the UV spectral range. Mg is now
investigated by several authors as potential plasmonic material
also with tunable properties thanks to its reversible
oxidation.24,124−126 Recent examples of nanoporous Mg films
have been reported. Unfortunately, no specific investigation on
its plasmonic properties has been reported so far.

NANOPOROUS METALS FOR ENHANCED
SPECTROSCOPY
To meet the growing demand of sensing platforms that operate
in UV, to the visible and up to the near-infrared wavelengths,
NPMs have emerged as ideal sensing substrates for rapid,
quantitative readout of the smallest amount of analytes with
excellent specificity and high sensitivity. With such sensing
platforms, it has been possible to detect single molecules with
high accuracy and optimal performance. Thus, here, we
illustrate the recent developments on nanoporous metal-
enhanced biosensing and detection in broad spectral regimes.

Surface-Enhanced Raman Spectroscopy. Plasmonic
nanostructures are capable of confining electromagnetic fields
into deep subwavelength volumes with ultrahigh local field
enhancement.127 These hotspots have been widely exploited
for enhancing the Raman signals of small molecules.128

Generally, the electromagnetic enhancement of Raman signals
of probe molecules depends on the intensity of total electric
field at the molecule position. The EM field-induced SERS
enhancement factor (SERS EF) is proportional to the fourth
power of the near-field intensity enhancement |E| (ratio of the
localized EM field at the location of the analyte molecule to the
incident excitation field):129

E
E
E

SERS EF 4 loc

0

4

= | | =
(6)

where Eloc and E0 are the electric field amplitudes at the
structure surface and that of the incident light, respectively.
However, for many SERS applications and experiments, it is
important to consider the detailed distribution of the
molecules on the SERS substrate. Therefore, it is necessary
to define the SERS substrate enhancement factor (SSEF),
which can be used to compare the average SERS enhance-
ments across different substrates.130 The most widely used
definition for the average SERS EF is

I N I NSSEF ( / )/( / )SERS SERS RS RS= (7)

where ISERS and IRS are the SERS and normal Raman
intensities, respectively, NSERS is the number of probe
molecules contributing to the SERS signal, and NRS is the
number of the probe molecules contributing to the bulk
Raman signal. For single-molecule (SM) SERS enhancement,
the above expression can be simplified as SMEF = ISERS/IRS. As
implied in eq 6, the electromagnetic SERS enhancement
strongly depends on the hotspot intensity of SERS substrate,
which can be further optimized by engineering the surface of
the substrates. In particular, surface modification of porous
metal substrates is crucial for triggering substantial local
electromagnetic field enhancement around the roughened
surfaces.131 The NPM morphology and feature size can be
tuned with material and process parameters such as, for
example, alloy composition or dealloying temperature and
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time. Almost all of the investigated NPMs have been tested as
SERS substrate. Nanoporous copper, silver, aluminum, and
others have been reported as potential platforms for SERS,
with different enhancements related to the preparation
procedures.3,9,18−20,26,111,132−135 With respect to other metals,
NPG has been much more investigated as platform for
enhanced spectroscopy, in particular, for SERS.
One of the well-known mechanisms of modifying the

surfaces of NPMs films is by introducing 3D quasi-periodic
wrinkles. This can be done by thermal contraction of
prestrained polymer substrates,136−139 which leads to for-
mation of surface patterns (see Figure 5A(a)). Particularly,
Zhang et al. demonstrated dramatic amplification of Raman
intensity using wrinkled NPG films. These films contain a large
number of Raman-active nanogaps produced by deformation
and fracture of nanowire-like gold ligaments, which yield
ultrahigh SERS for molecule detection.25 Similarly, Liu and co-
workers140 demonstrated large-scale and chemically stable

SERS substrate made from wrinkled nanoporous Au79Ag21
films that contain a high number of electromagnetic hotspots
with a local SERS enhancement larger than 109. Before the
wrinkling treatment the film is flat (Figure 5A(b)), after the
annealing, quasi-periodic wrinkles are formed and distribute
uniformly across the entire film also producing rose-petal-
shape nanostructures (Figure 5A(c)). The Raman spectra of
crystal violet (CV) solutions displayed in Figure 5A(d,e) reveal
that wrinkling leads to significant improvement in the SERS
signals compared to that of the flat NPG film. The SERS
enhancements show strong pore size dependence, where the
wrinkled NPG (w-NPG) with the nanopore size of ∼26 nm
exhibits the highest SERS enhancement, about ∼60-fold higher
than that of the as-prepared NPG.25 The excellent SERS
performance of the wrinkled NPG film can be attributed to its
heterogeneous nanostructures containing nanopores, nanotips,
and nanogaps, which give the substrate a broad spectrum of

Figure 5. Nanoporous metal substrates for surface-enhanced Raman spectroscopy (SERS). (A) Wrinkled nanoporous gold film SERS
substrates. (a) Schematic diagram of the preparation of the wrinkled nanoporous gold film by thermal contraction of polymer substrate. (b)
Microstructure of as-prepared NPG and (c) zoom-in SEM micrograph of wrinkled NPG films with nanopore sizes of 12 nm. (d) Comparison
of CV SERS spectra based on the wrinkled NPG (w-NPG) and as-prepared NPGs with different pore sizes. (e) SERS spectra from the w-
NPG with different pore sizes of 12 nm (w-NPG12), 26 nm (w-NPG26), and 38 nm (w-NPG38). The excitation wavelength is 632.8 nm.
Reproduced from ref 25. Copyright 2011 American Chemical Society. (B) Aluminum for deep ultraviolet surface-enhanced Raman
spectroscopy (DUV-SERS). (a) Schematic representation of nanovoid aluminum films. (b) SEM image of top view and 45° angled-view
(inset) of the Al nanovoids. (c) (i) UV-SERS spectrum of a 1 mM adenine solution on a 200 nm void structured aluminum surface (red)
compared to the UV-SERS spectrum on an evaporated aluminum surface (blue) and the resonant Raman spectrum of adenine solution
without a plasmonic surface (black). The inset shows the structure formula of adenine. (ii) UV resonant Raman spectrum of bulk adenine in
powder form. (iii) NIR SERS spectrum (excitation 785 nm) of adenine solution on Klarite. Reproduced from ref 153. Copyright 2013
American Chemical Society. (d) UV Raman spectra of salmon sperm DNA deposited on rough Al substrate (red curve) and nanoporous Al
(NPA) substrate (blue curve). The inset show SEM of typical NPA film. Reproduced with permission under a Creative Commons
Attribution (CC BY) License from ref 10. Copyright 2020 MDPI.
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plasmon frequencies for a wide range of molecule detection at
a single-molecule level.
These demonstrations imply that the method the wrinkled

NPG films is prepared is the most effective mechanism to
achieve giant SERS enhancement. Anyway, many other
approaches have been reported, from the optimization of the
nanopore size,15,14 to the coupling of NPG film with other
metallic nanoparticles,80,141 to the nanopatterning by means of
imprinting16,142 or sphere lithography.143 Two interesting
examples are worth mentioning, NPG nanostructures prepared
as nanodisks (as illustrated in Figure 1A) and plasmonic
nanopore integrated in a NPG film. In the first case, NPG
nanodisks demonstrated an SERS EF up to 5 × 108 with
excellent sensitivity with respect to not-patterned structures.90

The second case most recently demonstrated how NPG can be
used as powerful platform for single-molecule analysis in
nanopore experiments, toward potential sequencing applica-
tions.64,144

On the other hand, enhanced UV spectroscopy has received
keen interest because it offers interesting possibilities for
studying electronic transition, selective molecular imaging,
high-resolution microscopy, as well as applications for
photoelectric devices.145 As most organic molecules feature
strong absorption bands in the UV spectral domain,146

extending plasmonics into the UV range is of major interest
for sensing and catalysis applications.9,10,40,41,48,124,147−149

However, the commonly used plasmonic materials (i.e., Au
and Ag) support strong plasmon resonances only in the visible
and NIR regimes, limiting plasmonic applications to these
spectral ranges. To fill this gap, alternative plasmonic materials
have been recently investigated. As already mentioned in a
previous section, aluminum, gallium, magnesium, and rhodium
are the most promising metals for this spectral range.24

Interestingly, recently Dong et al. revisited the potential
application of Si as a plasmonic material. Strong interband

transitions lead to negative permittivity of Si across the
ultraviolet spectral range; moreover, simulations demonstrated
that Si nanodisk dimers can produce a local intensity
enhancement greater than ∼500-fold in a 1 nm gap at
wavelength below 300 nm.150

Among the others, aluminum is the most investigated
plasmonic material for the UV spectral regime.22 Since Dörfer
et al. demonstrated the SERS enhancement capabilities of thin
aluminum layers for a deep-UV excitation wavelength of 244
nm,151 various geometries of Al substrates have been
investigated for the deep-UV SERS.38,152,153 Particularly,
Mattiucci et al. theoretically demonstrated that, in spite of
the fact that the ultraviolet SERS is limited by the metallic
dampening, subwavelength Al gratings can yield as large SERS
enhancement as 105.152 Aluminum film-over nanosphere
(AlFON) substrates are also found to generate SERS
enhancement factor of approximately 10(4−5).147 Similarly,
Sigle et al. demonstrated that nanopatterned aluminum films
with optimized surfaces (Figure 5B(a−c) are capable of
providing approximately 6 orders of magnitude SERS
enhancement with deep-UV wavelength excitation (λexcitation
= 244 nm).153 With respect to methods based on nano-
patterning or nanoparticle synthesis, a nanoporous aluminum
film can provide a low-cost platform where multiple LSPR
hotspots can be obtained. A major limitation with UV
plasmonic metals, in particular, with Al and Mg, is their
reactivity with oxygen and consequent rapid surface
oxidation.154 This is true with a thin film or a nanostructure
of Al or Mg, and it is even more important in the typical
dealloying processes to prepare NPMs. For this reason, very
few examples of NPMs made of Al and Mg have been reported
so far.9,10,50−53,155−157 Al and Mg are discussed here together
because they have been used in combination or as the starting
alloy in order to obtain NPMs. In particular, Corsi et al.
achieved a nanoporous Al structure starting from Al−Mg

Figure 6. Nanoporous gold (NPG) platforms for high sensitivity IR plasmonic sensing. (A) NPG metamaterials sensing performance with
different surface coating. (a) Schematic of sensing approach: a near-infrared light beam illuminates the nanoporous gold, and the reflectance
is measured around the plasma edge region where a significant spectral shift can be detected as a function of the number of molecules
deposited on top of the material surface. (b) Reflectance curve of the NPG film as a function of the thickness of SiO2 layer. (c)
Corresponding spectral shift measured at R(0.85%). Reproduced with permission from ref 89. Copyright 2019 The Royal Society of
Chemistry. (B) 3D NPG antenna for IR sensing. (a) SEM micrographs of the NPG vertical antenna. The inset displays title view of the same
structure prepared in homogeneous gold (Au antenna). (b) Reflectance curves of 3D antenna arrays for NPG (black curves) and
homogeneous gold (blue curves). (c) Corresponding sensitivity of the NPG and homogeneous Au antenna arrays. Reproduced with
permission from ref 162. Copyright 2019 OSA Publishing.
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parent alloys made by melting pre-Al and pure Mg at 750 °C.
The nanoporous Al was fabricated by selective electrolytic
removal of Mg from the parent alloy.50 In their work, they
demonstrated the use of this obtained NPM for the generation
of hydrogen. A similar starting alloy was used by Garoli et al. to
prepare nanoporous Al for plasmonic enhanced spectroscopies,
in particular, SERS (Figure 5B(d)) and fluorescence. In this
case, the procedure of fabrication was based on a galvanic
replacement reaction (GRR).10,51 With respect to chemical
dealloying, the GRR enables one to prepare almost oxygen-free
porous films, and recently, this method is more and more
explored. For example, Asselin et al.158 reported on the
decoration of Mg nanoparticles to improve their plasmonic
properties, and Liu et al. reported on chirality transfer in NPMs
during GRR.159

It is extremely challenging to prepare nanoporous Al by
means of chemical dealloying. Ponzellini et al. have recently
obtained interesting results by using partially selective
dealloying of Mg from a Mg−Al alloy. A metallic nanoporous
film, with oxygen contents below 14% has been achieved
limiting the dealloying duration in order to obtain a porous
MgAl film with interesting plasmonic properties.9 For porous

Al, Mg also is investigated as a stand-alone porous metal.53 It is
now very interesting for plasmonic applications.126 In fact, it
can reversibly react with hydrogen to form magnesium hydride
with consequent tunable optical response.

Infrared Plasmonics and SPR-Based Sensing. Near-
infrared spectroscopy can be used to obtain molecular and
chemical information based on bands of the fundamental
vibrational modes in the infrared wavelengths. Unfortunately,
when compared to other wavelength ranges, the sensitivity of
NIR spectroscopic measurement is limited by weak absorption
and consequent poor detection performances. To improve the
performances of NIR spectroscopy, Shih and colleagues have
developed a technique to simultaneously obtain chemical and
refractive index sensing in 1−2.5 μm NIR wavelength range
using NPG disks where high-density plasmonic hotspots can
be generated.92 Moreover, Garoli et al. have carried out
extensive investigations on the plasmonic properties, fabrica-
tion techniques, characterization, and functionalization of
various architectures of NPG in the infrared regime for
sensing applications.11,70,71,88,89,160 Self-standing thin nano-
porous gold leaves prepared by chemical dealloying of a silver−
gold alloy film are found to have better reaction efficiency and

Figure 7. Nanoporous metal-based fluorescence emission enhancement, imaging, and biosensing. (A) Distance-dependent plasmon-
enhanced fluorescence of single fluorescent molecules. Reproduced from ref 183. Copyright 2015 American Chemical Society. (B) Overlaid
image (40 × 40 μm2) of fluorescence emission over a surface contour on a NPG film. The shaded contour represents surface feature derived
from the reflectance image recorded from the same region. Reproduced with permission from ref 173. Copyright 2013 The Royal Society of
Chemistry. (C) Nanoporous gold leaf (NPGL)-based assay for virus detection. (a) Schematic of the pandemic influenza virus A (H1N1)
detection using hybrid structure of quantum dots (QDs) and nanoporous gold leaf. The NPGL (i) and QDs (ii) were initially conjugated
with antihemagglutinin (HA) antibodies (anti-HA Ab, Y-shape) by the reaction of ethylcarbodiimide (EDC)/N-hydroxysuccinimide (NHS).
Then anti-HA Ab-conjugated with NPGL and QDs forms a complex (iii) in the presence of HA on the surface of influenza virus, finally
enhancing PL intensity. (b) Fluorescence microscopic image of QDs on metallic nanostripe patterns. (c) PL enhancement corresponding to
different quantities of recombinant influenza HA (H1N1) on anti-HA Ab-conjugated NPGL05. Inset: Calibration curve of PL intensity versus
HA concentration. Reproduced with permission from ref 174. Copyright 2014 Elsevier B.V.
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detection sensitivity.70 It has been demonstrated that a simple
NPG film without complex nanofabrication process and optical
setups can be used as a plasmonic metamaterial sensor
characterized by a sensitivity up to 15,000 nm per refractive
index unit (RIU) in the NIR range (Figure 6A).89 This value is
within the same order of magnitude as the state-of-the-art
metamaterials.161 Similarly, 3D NPG resonators are found as
promising sensing platforms in the near-infrared with
sensitivity over 4000 nm/RIU,162 leading to the detection of
a small peptide (7-histidine) with low concentrations (Figure
6B). The same 3D NPG resonators have been used to
demonstrate the performance of NPG in surface-enhanced
infrared absorption (SEIRA).163,160 In particular, by comparing
the same 3D antenna prepared with bulk gold and NPG, it has
been possible to verify a significant enhancement in the IR
absorption from molecules adsorbed on the metal surface. The
ultrahigh sensitivity of the NPG materials is attributed to the
extreme sensitivity of surface plasmon resonances resulting
from the change in the dielectric environment of metallic
surfaces.164 That is, when molecules are adsorbed to the
surfaces of the plasmonic nanostructure, the position of
plasmon resonance of the nanostructure undergoes a
significant spectral shift.127 This was extensively investigated
also in the visible range, where nanogrooves or nanoslit arrays
of NPG demonstrated enhanced sensitivity with respect to
similar structures prepared in bulk gold.71,165 To evaluate the
sensing performance of plasmonic sensors, the refractive index
sensitivity (S) and the figure of merit (FOM) are often
employed. The sensitivity of a plasmonic nanostructure to
change in the local refractive index is usually expressed as the
ratio between change in the spectral shift (Δλ) of the plasmon
resonance of the nanostructure and the change in the refractive
index (Δn) of the dielectric environment, i.e., S = Δλ/Δn, thus
expressed in terms of nanometer per RIU. On the other hand,
the FOM evaluates the precision of the sensing platform and it
is often expressed as the ratio of sensitivity S and the full width
at half-maximum (fwhm) of the plasmon resonance spectra,
i.e., FOM = S/fwhm.166

Metal-Enhanced Fluorescence. Plasmonic nanostruc-
tures have been widely exploited for the fluorescence emission
enhancement, which has led to the widely explored field of the
so-called metal-enhanced fluorescence (MEF) or plasmon-
enhanced fluorescence (PEF).167 PEF has attracted enormous
research interest168 as it not only amplifies fluorescence
emission intensity169 but also provides the opportunity to
perform imaging with resolutions significantly beyond the
diffraction limit.170 The plasmon-enhanced fluorescence
benefits mainly from the local field enhancement (|E|) of the
incident field and thus the fluorescence field enhancement is
predicted to scale as square of the local field enhancement, i.e.,
|E|2.171 Thus, tailoring the porosity and surface morphology of
NPM platforms is found to give rise to strong local field
enhancement and ultrahigh fluorescence enhance-
ment.81,172,173 Generally, the fluorescence enhancement of
NPMs relies not only on the near-field intensity but also on the
distance between the metal and fluorophore as well as
excitation wavelength.13 For the other plasmonic applications,
also for MEF the most investigated NPM is NPG.13,81,173−177

The effect of NPG on nearby fluorophores has been
investigated considering well-defined metal−fluorophore dis-
tances. In this regard, Chen and colleagues13 have investigated
the distance effect by using silica as the spacing layer between
fluorophores and NPG. The fluorescence enhancement of the

silica coated NPG films was evaluated by using R6G
fluorophore with the absorption and emission peaks at ∼524
and ∼553 nm, respectively, was chosen and stabilized on
polymer substrate, SiO2-coated polymer, NPG films, and
SiO2@NPG films. However, it is evident from the Figure 7A
that the fluorescence enhancement starts to drop for very short
distances between the R6G and NPG film, indicating the onset
of the quenching effect.178 Theory predicts that fluorescence
should drop to zero when the molecule is in direct contact with
plasmonic particles.
Such quantitative studies on the plasmon-enhanced

fluorescence have led to the development of metal-enhanced
fluorescence imaging (Figure 7B), biosensing (Figure 7C), and
therapeutic devices.179 PEF bio applications techniques are
primarily focused on substrate-based PEF and more recently
has explored solution-based enhancement approaches.180

Among several materials and architectures, NPG has been
extensively explored for biosensing and imaging applications,
owing to its physical properties such as excellent stability,
biocompatibility, and high specific surface area to form self-
assembled monolayers from thiols.181,107,182 Particularly,
Ahmed et al. have demonstrated a rapid, sensitive and
quantitative detection of influenza A virus using a hybrid
structure of quantum dot (QD) and nanoporous gold leaf
(NPGL).174 NPGL prepared by dealloying has well-defined
surface morphology for binding antihemagglutinin (anti-HA)
Ab-conjugated QDs (Ab-QDs) (Figure 7C). These bioconju-
gated components produce high PL intensity from QDs via
surface plasmon resonance with the NPGL substrate, leading
to three times higher PL intensity in the nanostructure of the
antibody-functionalized NPGL than that without the NPGL
for 10 μg/mL of HA. In the quantitative analysis using
different concentrations of HA, PL intensities are found to be
logarithmically dependent on the HA concentration, which is
ranging from 1 ng/mL to 10 μg/mL (see Figure 7C(c) and the
inset). The proposed PEF biosensing approach implies the
potential of the platform for higher detection of much smaller
volume of virus (up to 1 ng/mL) with less amount of
reagents.174

NPMs can find interesting application also in MEF in the
UV spectral region. As previously mentioned, metallic
nanostructures for UV plasmonics are tipically prepared by
means of electron beam lithography and focused ion beam
lithography.22 However, these fabrication processes require
challenging optimization to achieve the very small nanostruc-
tures/nanogaps (5−10 nm) required for plasmonic resonances
in the DUV region. Consequently these top-down techniques
are not cost-effective and not recommended for large-area
fabrication (cm2).184 Several alternative bottom-up approaches
have been proposed, such as nanoimprint lithography,185

electrochemical anodization,186 and chemical synthesis of
nanocrystals.187,23 As previously mentioned, NPMs for UV
have been investigated during the very recent years and their
ability to enhance fluorescence in the UV has been reported,
with an observed fluorescence enhancement up to 10 in the
spectral range between 240 and 360 nm.9,10

Extraordinary Light Transmission Effect and Fano
Resonances. Similar to localized plasmonic resonances,
surface plasmon polaritons can be created in NPM
structures.165,188,86 Kretschmann configuration is the conven-
tional approach to excite SPPs propagating along the surface of
semicontinuous metallic films.189 Yu et al. has adapted this
approach to achieve SPP generation in NPG films using a
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multilayer system.86 In their experiments, they used light
sources spanning over a broad wavelength range (594, 632.8,
780, 829, and 1152 nm) and demonstrated strong dependence
of SPP generation on the excitation wavelength. At longer
wavelengths (≥780 nm), a sharp reflection dip suggesting
efficient SPP generation was shown. For wavelengths within
the visible spectrum, the SPR dip was broadened due to strong
forward and directional backward scattering of SPPs as one
would expect for nanoporous gold films with microscopic
roughness.190 This observation is also consistent with other
studies indicating the plasma frequency ωp of nanoporous
metals exhibits a spectral red shift due to the lower density in
comparison to bulk materials.87 A simpler approach to excite
SPPs is to employ periodic perturbations defined on a NPM
surface.191 Ruffato et al. exploited grating coupling mechanisms
to excite SPPs on a NPM using directly incident light, enabling
them to circumvent the need for prism coupling and the
related alignment problems.71 To fabricate periodically
patterned NPG gratings, they used focused ion beam (FIB)
lithography and employed a small molecule (Thiophenol,
C6H5SH) surface functionalization scheme to compare NPG
SPR sensitivity with respect to nonporous Au gratings. A
greater resonance wavelength shift was observed in the case of
patterned NPG film due to enhanced surface binding area;
analyte molecules were able to penetrate into the pores and
bind to the inner surfaces.
An interesting plasmonic phenomenon arises when the

aforementioned periodic perturbations are defined in the form
of subwavelength apertures (e.g., nanoslits192 and nano-
holes193) perforating through a thin opaque metallic film.
Light can be transmitted through these subwavelength
apertures with orders of magnitude enhanced efficiencies
than those of predicted by the Bethe’s theory.194,195 This so-
called extraordinary transmission (EOT) effect has been used
for a variety of applications (e.g., microlenses, label-free
biosensors, and biochemical analysis).196−202 The EOT effect
in NPGs films was demonstrated using nanoslits defined
through NPG films.165,203 To realize minimal damage to

nanoporous structures during the FIB patterning process, they
added a sacrificial Ag layer before the milling. The authors
showed that this layer allows rapid heat dissipation and
prevents melting of the porous gold structure. Following
nanoslit patterning through the multilayer film, the sacrificial
layer was readily removed using a selective etching process
with HNO3 at room temperature (20 °C). Nanoslit devices
with intact nanoporous structures were realized using this
approach. The authors also showed four times increased
sensitivity for molecular detection (DNA functionalization)
with respect to nanoslit devices fabricated in nonporous gold
films.
One interesting feature that arises in EOT devices is the

Fano-resonant transmission profile,193,204,205 an abrupt reversal
of minimal to enhanced transmission within a narrow spectral
window. This highly dispersive resonance transmission
characteristic is a result of the intricate interactions between
SPPs propagating along the surface and localized surface
plasmons (LSPs) at the rims of the nanoapertures (Figure
8a,b).206,207 Zhu et al. developed an intuitive phenomeno-
logical approach in order to explain the microscopic origins of
the Fano-resonant EOT effect.208 For incident light to pass
through subwavelength apertures efficiently, a series of
excitation and coupling of plasmonic resonances (SPP →
LSP → SPP) is needed. Using a coupled-oscillator model
consists of mechanical analogues of the three plasmonic
excitations responsible for EOT effect (Figure 8c,d), they were
able to shed light on emergence of Fano-resonant behavior in
EOT devices and biomolecular detection using mechanical
loading concepts. They also demonstrated Fano-resonant EOT
transmission in nanohole arrays (NHAs) fabricated using NPG
(Figure 8e,f).209 The presence of a spectrally sharp Fano
resonance transmission profile in nanoporous NHAs indicate
that strong interactions between SPPs and LSPs are preserved
even in microscopically roughed surfaces. This observation is
particularly important as it shows interacting plasmonic
excitations can be created in NPM structures, giving rise to
development of hybrid optical devices (e.g., metasurfaces210

Figure 8. Extraordinary light transmission (EOT) effect and Fano resonances in nanoporous gold nanohole arrays. Schematic of SPP and
LSP weak coupling (a) and strong coupling (b), leading to transmission dip and peak is shown. (c) Coupled oscillator model, a mechanical
analogue of the three coupled plasmonic resonances, is shown. (d) Fano-resonant EOT spectra with highly dispersive character emerges
from the oscillator model. (e) SEM image of nanoporous plasmonic nanohole arrays are shown. Nanoporous features are significantly
smaller with respect to nanohole openings. (f) Fano-resonant EOT transmission spectra obtained from broadband transmission
measurements are shown. Adapted with permission from ref 208. Copyright 2020 Elsevier B.V.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.0c10945
ACS Nano XXXX, XXX, XXX−XXX

N

https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10945?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10945?rel=cite-as&ref=PDF&jav=VoR


and metamaterials211,212) utilizing multiresonant behavior for
efficient photon manipulation at the subwavelength scale.

PLASMON-ENHANCED PHOTOCATALYSIS

In the context of photocatalysis, metallic nanostructures with a
characteristic length smaller than 30 nm can excite charge
carriers upon LSP decay.57,58,213 These excited carriers, mostly
hot-electrons,57,58,214 may be transferred to molecules and
other species in close proximity and drive chemical trans-
formations.215−217 Hence, NPMs can serve as platforms for
photocatalysts.215 In principle, the photocatalytic reactions
taking place in the proximity of plasmonic nanostructures can
depend on any of the energy conversion processes,218,219 and
their impact is generally difficult to completely untangle.219 For
example, plasmon-based high-intensity near-fields are known
to activate photosensitive reactions.220 Additionally, such large
near-fields can interact with nearby catalyzers, which can
stimulate chemical reactions.221 In this case, nanoparticles act
as antennas that deliver electromagnetic energy to more
chemically fit reactors in what have been named antenna-
reactor systems.222 Upon plasmon decay (∼1−10 fs), both
intra- and interband carriers can be excited, depending on the
incident wavelength and the nanoparticle material. Both these
carriers (electrons and holes) can transfer to nearby molecules
if the electronic energy levels are properly aligned.223

Moreover, intraband carriers can be further divided into
“hot” and “thermalized” because they are typically generated
from the relaxation of a plasmonic mode at different time

scales (interband carriers are, instead, usually excited by
nonplasmonic direct excitation).
Following plasmonic relaxation, energetic (hot) electron−

hole pairs generate an out-of-equilibrium population, and its
subsequent relaxation (∼100s of fs) eventually constitutes the
typical Fermi−Dirac electronic distribution. While, in
principle, both “hot” and thermalized carriers can impact
chemical reactions, usually one refers to hot-electron photo-
chemistry to underline the plasmon relaxation phenomenon as
the main driver of the process. On an even longer time scale
(∼10s of ps), electron−phonon scattering dominates, and the
electronic distribution exchanges energy with the phononic
lattice of the metals, thereby dissipating heat and increasing the
nanoparticle temperature until an equilibrium is reached.224

Finally, depending on the thermophysical properties of the
hosting medium, the temperature of the nanoparticles
equilibrates with the environment (∼10s of ns). Chemical
reactions typically follow an Arrhenius-like temperature
dependence.219 Therefore, plasmonic heating is one critical
mechanism that is virtually always present and typically
difficult to segregate from the other processes mentioned
above. Moreover, while single/few plasmonic nanoparticles
typically do not reach high temperatures unless irradiated by
high-intensity focused light sources, arrays of nanoparticles
exhibit collective heating effects, increasing the overall
temperature even under mild illumination.225 For these
reasons, while plasmon-driven nonthermal catalytic effects
have been demonstrated,219 the impact of heating on plasmon-

Figure 9. Plasmon-assisted photocatalysis based on nanoporous gold (NPG). (A) Schematics of plasmon-induced hot electron/hole pairs in
a NPG catalyst and the mechanistic representation of hole-assisted electro-oxidation of methanol on Au ligaments by pumping away hot
electrons from the Schottky barrier-free plasmonic catalyst. (B) Direct plasmon-enhanced electro-oxidation of methanol catalyzed by a
surface-engineered NPG catalyst. The graph depicts cyclic voltammetry curves of a methanol oxidation reaction on {111}-rich NPG and 34.1
nm NPG in a 0.5 M KOH/1.0 M methanol solution with and without light illumination (scan rate: 10 mV s−1). The inset shows typical SEM
image of NPG film. Adapted with permission from ref 229. Copyright 2018 Elsevier Ltd. (C) Plasmonic heating-enhanced electrochemical
current in NPG cathodes. (a) Schematic of the photoelectrochemical current enhancement setup. The inset shows typical scanning electron
micrograph of NPG synthesized on glass slide substrate. (b) Comparison of the photoelectrochemical current density generated by external
heat only (red) and by both plasmonic and external heats (green). Reproduced with permission under a Creative Commons Attribution 4.0
License (CC BY) from ref 230. Copyright 2019 IOP Science.
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driven catalysis has sparked several discussions and debates.226

A more detailed discussion of the current challenges and future
perspectives of plasmon catalysis can be found in ref 219.
Moreover, the effect of plasmonic excitations on more complex
enzyme regulations has recently been discussed, highlighting
the vast potential of light−nanoparticle interactions for both
chemical and biological phenomena.227

As illustrated in Figure 9A, nanoporous metal-assisted
photocatalysis takes place in the following mechanism. Upon
illumination of nanoporous gold film, for example, surface
plasmon modes are excited and local fields are enhanced on
the surface of the metallic structure. As the plasmons decay, a
hot carrier distribution is generated. Consequently electrons in
the high-energy tail of this distribution can tunnel out of the
metal into high-energy orbitals of the surrounding molecules
catalyzing the chemical reaction. Based on this principle,
Zhang and colleagues218 have demonstrated the semi-
conductor free photocatalytic efficiency of NPG structures.
The bicontinuous NPG can be used to to enhance the electro-
oxidation of alcohol molecules.218 The NPG plasmonic catalyst
enables to achieve the highest methanol oxidation current
density of 531 μA cm−2 among all known Au catalysts (Figure
9B). The higher hot carrier collection efficiency that can be
achieved during direct plasmonic electrocatalysis without the
assistance of Schottky junctions could impact in the develop-
ment of high efficiency plasmonic catalysts for photoenhanced
electrochemical reactions. Similarly, taking advantage of visible
light plasmonic-heating effect, Proschel et al.219 also exper-
imentally demonstrated significant enhancement of the kinetics
of a redox reaction involving the oxidation of aluminum at the
anode, and the reduction of hydrogen ions to hydrogen gas at
the cathode (Figure 9C(a,b)). A 20-fold increase in the
electrochemical current density upon exposure of the NPG
cathode to visible light (Figure 9C(c)) is attributed to local
heat generated in Au during localized surface plasmon
resonance. Moreover, Ron and co-workers demonstrated a
degradation of rhodamine B molecules deposited on NPAg by
visible light illumination.59 Within 2 h thanks to NPAg, 75% of
the rhodamine B molecules were photocatalytically degraded
as compared to 25% in the control experiment. The NPAg is
able to absorb a large fraction of the solar spectrum and to
generate energetic carriers. Further experiments demonstrated
how the NPAg network can support high fraction of hot-
carriers following a plasmonic decay.59 For catalytic/photo-
catalytic applications, surface area is important, but high yield
reactions can be achieved only with efficient molecular
transport of both reactants and products. Better molecular
transport can be achieved in multimodal pore sizes where large
pores enable to easily transfer the molecules and to obtain
sufficient diffusion rates. Moreover small pores serve as
catalytic sites. Moreover, a limitation in photocatalysis
applications of NPMs is the low stability of the materials to
high temperatures. Biener et al.228 demonstrated that atomic
layer deposition (ALD) can be used to stabilize and
functionalize nanoporous metals. Nanometer-thick alumina
and titania ALD films can stabilize the nanoscale morphology
of NPG up to 1000 °C, with the additional effect of making the
material stronger and stiffer. Moreover, the catalytic activity of
NPG can be significantly increased by a coating of TiO2

performed by means of ALD.

CONCLUSION, CHALLENGES, AND FUTURE
PROSPECTS

In this critical review article, the fundamental plasmonic
properties of nanoporous metals of various types and their
functionalities for advanced spectroscopy and photocatalysis in
broad range of spectra ranging from UV to mid-IR regimes are
discussed. It is well noted that precise modeling and rational
design of nanoporous metals play key roles in accurate
prediction of the optical properties of the NPMs and, hence,
enhance the performances of final devices. In this regard, thin
films of NPMs with highly dense hotspots and widely tunable
optical properties7,8,27,65,66,78,79,81 have received a great deal of
interest for sensing,18,19 Raman enhancement14,21,25,140,131,231

and metal-enhanced fluorescence.107 Moreover, given their
structural features, strong polarization dependence, multiple
resonance behavior, and ultrahigh local field enhance-
ment,232,233 other nanoporous plasmonic nanostructures
(such as nanoparticles, nanoantenna, and metamaterials)
have also been widely explored for a variety of analytical and
biomedical applications including single-particle SERS anal-
ysis,234 IR plasmonic sensing,89,160 and light-triggered drug
delivery.235

Another important aspect of nanoporous metals is their
fabrication strategy; with the dealloying technique that has
been most widely utilized and facile method to fabricate
nanoporous metals with three-dimensional bicontinuous
porous configurations, open nanopores, tunable pore sizes.
Unfortunately, it is not possible to perform dealloying from
any starting alloy and the number of alloys suitable for the
process is limited. Consequently the preparation of NPMs with
desiderated properties is still challenging. Advanced ap-
proaches for dealloying are now under investigation, for
example,, metallic glasses can be used as precursors thanks to
the good control that can achieved in composition. Moreover,
if the dealloying process is combined with other strategies such
as the templating, it could be possible to prepare NPMs with
well controlled morphology and 3D structure. Finally, other
methods such as electrochemical potential treatments on pure
metals (such as porous Au and porous Cu electrodes),
electrochemical deposition using H2 bubbles as templates,
metal nanoparticle self-assembly using a hydrothermal method,
etc have been proposed for the preparation of NPMs and it is
clear that improvement in these processes would certainly
make NPMs more attractive in plasmonics.
Apart from accurate modeling, rational design and easy

fabrication of nanoporous metals, material composition of
NPMs also plays key role in determining their performances
and functionalities. Although early works on nanoporous
metals have been mainly focused on the traditional plasmonic
metals (especially gold and silver), most recently, the use of
other nanoporous metals such as Cu, Ni, Fe, Al, and Rh.
should be more promising for cost-effective sensing
applications. Moreover, the most commonly utilized NPMs
support plasmonic properties predominantly in the visible and
infrared regimes of the electromagnetic spectrum. To fill this
gap, alternative plasmonic materials such as Al, Mg, and Rh
have emerged as the most promising metals for UV regimes.
Specifically, owing to its large plasma frequency that leads to a
negative permittivity (real part) down to the wavelength of 100
nm and strong local field enhancement because of its high
electron density, Al has been a promising plasmonic material in
the UV and DUV regions. These interesting plasmonic
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properties of aluminum have resulted in numerous exciting
applications including UV nanoantennas, DUV SERS, light
emission enhancement of wide band gap semiconductors,
improvement of light harvesting in solar cells, and UV metal-
enhanced fluorescence.
Nanoporous metals with distinct three-dimensional bicon-

tinuous and interconnected porous configurations are promis-
ing materials as catalysts, fuel cells, supercapacitors, electrodes
for batteries, and metamaterials.59,236,26 However, pure nano-
porous metallic devices suffer from poor conductivity and
limited charge−discharge rate. This problem can be overcome
by hybridizing transition-metal oxides with plasmonic materi-
als. For instance, hybrid structures made of nanoporous gold
and nanocrystalline MnO2 can function as supercapacitors and
electrodes for batteries, because of their high capacitance for
storing electrical charge, leading to enhanced conductivity of
the hybrid material, resulting in a specific capacitance close to
the theoretical value of the constituent MnO2.
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Finally, while this paper discuss the plasmonic properties
and applications of NPMs, the scientific community is still
hardly working to improve the performances and to extend the
field of applications of NPMs in general. Electrochemistry and
the related field of energy systems, for example, are two
important field of application of NPMs.238 The advancements
illustrated here on the preparation of non-noble porous metals
could be applied to electrochemical sensors and devices. The
potential use of bimetallic NPMs could introduce additional
functionalities in a close future not only in plasmonics. Porous
metals can for example coupled with metal oxides, conducting
polymers and alloys to enhance electron and ion mobility.
With the continuous advancement in fabrication and character-
ization we can expect several years of technical improvement
and cutting-edge scientific results in the field of porous metal
and porous materials.
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VOCABULARY
Nanoporous metals, artificially designed metamaterials made
of solid metals with nanosized porosity, ultrahigh specific
surface area, good electrical conductivity, high structural
stability, and tunable optical properties; dealloying, the
selective leaching of one or more components out of a solid
solution alloy to produce a residual nanoporous structure;
surface plasmon resonance, a resonant oscillation of
conduction band free electrons in plasmonic nanostructures;
plasmon-enhanced spectroscopy, an advanced spectroscopic
technique that exploits the potentials of plasmonic effects such
as surface plasmon resonance and local field enhancement to
amplify, for example, the Raman signal and fluorescence
emission of small molecules; plasmonic photocatalysis, an
accelerated and enhanced photocatalysis process through the
effect of surface plasmon resonance

REFERENCES
(1) Koya, A. N.; Cunha, J.; Guo, T. L.; Toma, A.; Garoli, D.; Wang,
T.; Juodkazis, S.; Cojoc, D.; Proietti Zaccaria, R. Novel Plasmonic
Nanocavities for Optical Trapping-Assisted Biosensing Applications.
Adv. Opt. Mater. 2020, 8 (7), 1901481.
(2) Fujita, T. Hierarchical Nanoporous Metals as a Path toward the
Ultimate Three-Dimensional Functionality. Sci. Technol. Adv. Mater.
2017, 18 (1), 724−740.
(3) Qiu, H. J.; Li, X.; Xu, H. T.; Zhang, H. J.; Wang, Y. Nanoporous
Metal as a Platform for Electrochemical and Optical Sensing. J. Mater.
Chem. C 2014, 2 (46), 9788−9799.
(4) Qiu, H.-J.; Xu, H.-T.; Liu, L.; Wang, Y. Correlation of the
Structure and Applications of Dealloyed Nanoporous Metals in
Catalysis and Energy Conversion/Storage. Nanoscale 2015, 7 (2),
386−400.
(5) Ding, Y.; Zhang, Z. Nanoporous Metals for Advanced Energy
Technologies; Springer International Publishing: Cham, Switzerland,
2016.
(6) Koya, A. N.; Lin, J. Charge Transfer Plasmons: Recent
Theoretical and Experimental Developments. Appl. Phys. Rev. 2017,
4 (2), 021104.
(7) Lang, X.; Qian, L.; Guan, P.; Zi, J.; Chen, M. Localized Surface
Plasmon Resonance of Nanoporous Gold. Appl. Phys. Lett. 2011, 98
(9), 093701.
(8) Detsi, E.; Salverda, M.; Onck, P. R.; De Hosson, J. T. M. On the
Localized Surface Plasmon Resonance Modes in Nanoporous Gold
Films. J. Appl. Phys. 2014, 115 (4), 044308.
(9) Ponzellini, P.; Giovannini, G.; Cattarin, S.; Zaccaria, P. R.;
Marras, S.; Prato, M.; Schirato, A.; D’Amico, F.; Calandrini, E.; De
Angelis, F.; Yang, W.; Jin, H.-J.; Alabastri, A.; Garoli, D. Metallic

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.0c10945
ACS Nano XXXX, XXX, XXX−XXX

Q

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Garoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5418-7494
http://orcid.org/0000-0002-5418-7494
mailto:denis.garoli@iit.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alemayehu+Nana+Koya"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-9967-6358
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangchao+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nareg+Ohannesian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Ali+Yanik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0444-1706
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alessandro+Alabastri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6180-8052
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Remo+Proietti+Zaccaria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4951-7161
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roman+Krahne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0066-7019
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei-Chuan+Shih"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c10945?ref=pdf
https://doi.org/10.1002/adom.201901481
https://doi.org/10.1002/adom.201901481
https://doi.org/10.1080/14686996.2017.1377047
https://doi.org/10.1080/14686996.2017.1377047
https://doi.org/10.1039/C4TC01913J
https://doi.org/10.1039/C4TC01913J
https://doi.org/10.1039/C4NR05778C
https://doi.org/10.1039/C4NR05778C
https://doi.org/10.1039/C4NR05778C
https://doi.org/10.1063/1.4982890
https://doi.org/10.1063/1.4982890
https://doi.org/10.1063/1.3560482
https://doi.org/10.1063/1.3560482
https://doi.org/10.1063/1.4862440
https://doi.org/10.1063/1.4862440
https://doi.org/10.1063/1.4862440
https://doi.org/10.1021/acs.jpcc.9b04230
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10945?rel=cite-as&ref=PDF&jav=VoR


Nanoporous Aluminum-Magnesium Alloy for UV-Enhanced Spec-
troscopy. J. Phys. Chem. C 2019, 123 (33), 20287−20296.
(10) Garoli, D.; Schirato, A.; Giovannini, G.; Cattarin, S.; Ponzellini,
P.; Calandrini, E.; Proietti Zaccaria, R.; D’Amico, F.; Pachetti, M.;
Yang, W.; Jin, H.-J.; Krahne, R.; Alabastri, A. Galvanic Replacement
Reaction as a Route to Prepare Nanoporous Aluminum for UV
Plasmonics. Nanomaterials 2020, 10 (1), 102.
(11) Garoli, D.; Calandrini, E.; Bozzola, A.; Toma, A.; Cattarin, S.;
Ortolani, M.; De Angelis, F. Fractal-Like Plasmonic Metamaterial with
a Tailorable Plasma Frequency in the Near-Infrared. ACS Photonics
2018, 5 (8), 3408−3414.
(12) Liu, K.; Bai, Y.; Zhang, L.; Yang, Z.; Fan, Q.; Zheng, H.; Yin, Y.;
Gao, C. Porous Au−Ag Nanospheres with High-Density and Highly
Accessible Hotspots for SERS Analysis. Nano Lett. 2016, 16 (6),
3675−3681.
(13) Chen, C.; Zhang, L.; Yang, M.; Tao, C.; Han, Z.; Chen, B.;
Zeng, H. Size and Distance Dependent Fluorescence Enhancement of
Nanoporous Gold. Opt. Express 2017, 25 (9), 9901.
(14) Qian, L. H.; Yan, X. Q.; Fujita, T.; Inoue, A.; Chen, M. W.
Surface Enhanced Raman Scattering of Nanoporous Gold: Smaller
Pore Sizes Stronger Enhancements. Appl. Phys. Lett. 2007, 90 (15),
153120.
(15) Lang, X. Y.; Chen, L. Y.; Guan, P. F.; Fujita, T.; Chen, M. W.
Geometric Effect on Surface Enhanced Raman Scattering of
Nanoporous Gold: Improving Raman Scattering by Tailoring
Ligament and Nanopore Ratios. Appl. Phys. Lett. 2009, 94 (21),
213109.
(16) Jiao, Y.; Ryckman, J. D.; Ciesielski, P. N.; Escobar, C. A.;
Jennings, G. K.; Weiss, S. M. Patterned Nanoporous Gold as an
Effective SERS Template. Nanotechnology 2011, 22 (29), 295302.
(17) Qiu, H.; Zhang, Z.; Huang, X.; Qu, Y. Dealloying Ag-Al Alloy
to Prepare Nanoporous Silver as a Substrate for Surface-Enhanced
Raman Scattering: Effects of Structural Evolution and Surface
Modification. ChemPhysChem 2011, 12 (11), 2118−2123.
(18) Ma, C.; Trujillo, M. J.; Camden, J. P. Nanoporous Silver Film
Fabricated by Oxygen Plasma: A Facile Approach for SERS
Substrates. ACS Appl. Mater. Interfaces 2016, 8 (36), 23978−23984.
(19) Jiang, R.; Xu, W.; Wang, Y.; Yu, S. Tunable Porous Silver
Nanostructures for Efficient Surface-Enhanced Raman Scattering
Detection of Trace Pesticide Residues. New J. Chem. 2018, 42 (21),
17750−17755.
(20) Chen, L. Y.; Yu, J. S.; Fujita, T.; Chen, M. W. Nanoporous
Copper with Tunable Nanoporosity for SERS Applications. Adv.
Funct. Mater. 2009, 19 (8), 1221−1226.
(21) Song, R.; Zhang, L.; Zhu, F.; Li, W.; Fu, Z.; Chen, B.; Chen,
M.; Zeng, H.; Pan, D. Hierarchical Nanoporous Copper Fabricated by
One-Step Dealloying Toward Ultrasensitive Surface-Enhanced Raman
Sensing. Adv. Mater. Interfaces 2018, 5 (16), 1800332.
(22) Knight, M. W.; King, N. S.; Liu, L.; Everitt, H. O.; Nordlander,
P.; Halas, N. J. Aluminum for Plasmonics. ACS Nano 2014, 8 (1),
834−840.
(23) Watson, A. M.; Zhang, X.; Alcaraz De La Osa, R.; Sanz, J. M.;
González, F.; Moreno, F.; Finkelstein, G.; Liu, J.; Everitt, H. O.
Rhodium Nanoparticles for Ultraviolet Plasmonics. Nano Lett. 2015,
15 (2), 1095−1100.
(24) Gutiérrez, Y.; Alcaraz de la Osa, R.; Ortiz, D.; Saiz, J. M.;
González, F.; Moreno, F. Plasmonics in the Ultraviolet with
Aluminum, Gallium, Magnesium and Rhodium. Appl. Sci. 2018, 8
(1), 64.
(25) Zhang, L.; Lang, X.; Hirata, A.; Chen, M. Wrinkled
Nanoporous Gold Films with Ultrahigh Surface-Enhanced Raman
Scattering Enhancement. ACS Nano 2011, 5 (6), 4407−4413.
(26) Ron, R.; Haleva, E.; Salomon, A. Nanoporous Metallic
Networks: Fabrication, Optical Properties, and Applications. Adv.
Mater. 2018, 30 (41), 1706755.
(27) Jalas, D.; Canchi, R.; Petrov, A. Y.; Lang, S.; Shao, L.;
Weissmüller, J.; Eich, M. Effective Medium Model for the Spectral
Properties of Nanoporous Gold in the Visible. Appl. Phys. Lett. 2014,
105 (24), 241906.

(28) Liu, G.; Li, K.; Zhang, Y.; Du, J.; Ghafoor, S.; Lu, Y. A Facile
Periodic Porous Au Nanoparticle Array with High-Density and Built-
in Hotspots for SERS Analysis. Appl. Surf. Sci. 2020, 527, 146807.
(29) Daggumati, P.; Matharu, Z.; Seker, E. Effect of Nanoporous
Gold Thin Film Morphology on Electrochemical DNA Sensing. Anal.
Chem. 2015, 87 (16), 8149−8156.
(30) Qiu, S.; Zhao, F.; Zenasni, O.; Li, J.; Shih, W.-C. Nanoporous
Gold Disks Functionalized with Stabilized G-Quadruplex Moieties for
Sensing Small Molecules. ACS Appl. Mater. Interfaces 2016, 8 (44),
29968−29976.
(31) Rebbecchi, T. A.; Chen, Y. Template-Based Fabrication of
Nanoporous Metals. J. Mater. Res. 2018, 33 (1), 2−15.
(32) Weissmüller, J.; Newman, R. C.; Jin, H.-J.; Hodge, A. M.; Kysar,
J. W. Nanoporous Metals by Alloy Corrosion: Formation and
Mechanical Properties. MRS Bull. 2009, 34 (8), 577−586.
(33) Zhao, F.; Zeng, J.; Parvez Arnob, M. M.; Sun, P.; Qi, J.;
Motwani, P.; Gheewala, M.; Li, C.-H.; Paterson, A.; Strych, U.; Raja,
B.; Willson, R. C.; Wolfe, J. C.; Lee, T. R.; Shih, W.-C. Monolithic
NPG Nanoparticles with Large Surface Area, Tunable Plasmonics,
and High-Density Internal Hot-Spots. Nanoscale 2014, 6 (14), 8199−
8207.
(34) Arnob, M. M. P.; Artur, C.; Misbah, I.; Mubeen, S.; Shih, W. C.
10×-Enhanced Heterogeneous Nanocatalysis on a Nanoporous Gold
Disk Array with High-Density Hot Spots. ACS Appl. Mater. Interfaces
2019, 11 (14), 13499−13506.
(35) Seok, J. Y.; Lee, J.; Yang, M. Self-Generated Nanoporous Silver
Framework for High-Performance Iron Oxide Pseudocapacitor
Anodes. ACS Appl. Mater. Interfaces 2018, 10 (20), 17223−17231.
(36) Shen, Z.; O’Carroll, D. M. Nanoporous Silver Thin Films:
Multifunctional Platforms for Influencing Chain Morphology and
Optical Properties of Conjugated Polymers. Adv. Funct. Mater. 2015,
25 (22), 3302−3313.
(37) Chowdhury, M. H.; Ray, K.; Gray, S. K.; Pond, J.; Lakowicz, J.
R. Aluminum Nanoparticles as Substrates for Metal-Enhanced
Fluorescence in the Ultraviolet for the Label-Free Detection of
Biomolecules. Anal. Chem. 2009, 81 (4), 1397−1403.
(38) Jha, S. K.; Ahmed, Z.; Agio, M.; Ekinci, Y.; Löffler, J. F. Deep-
UV Surface-Enhanced Resonance Raman Scattering of Adenine on
Aluminum Nanoparticle Arrays. J. Am. Chem. Soc. 2012, 134 (4),
1966−1969.
(39) McPeak, K. M.; van Engers, C. D.; Bianchi, S.; Rossinelli, A.;
Poulikakos, L. V.; Bernard, L.; Herrmann, S.; Kim, D. K.; Burger, S.;
Blome, M.; Jayanti, S. V.; Norris, D. J. Ultraviolet Plasmonic Chirality
from Colloidal Aluminum Nanoparticles Exhibiting Charge-Selective
Protein Detection. Adv. Mater. 2015, 27 (40), 6244−6250.
(40) Jiao, X.; Peterson, E. M.; Harris, J. M.; Blair, S. UV
Fluorescence Lifetime Modification by Aluminum Nanoapertures.
ACS Photonics 2014, 1 (12), 1270−1277.
(41) Sharma, B.; Cardinal, M. F.; Ross, M. B.; Zrimsek, A. B.; Bykov,
S. V.; Punihaole, D.; Asher, S. A.; Schatz, G. C.; Van Duyne, R. P.
Aluminum Film-Over-Nanosphere Substrates for Deep-UV Surface-
Enhanced Resonance Raman Spectroscopy. Nano Lett. 2016, 16 (12),
7968−7973.
(42) Ray, K.; Chowdhury, M. H.; Lakowicz, J. R. Aluminum
Nanostructured Films as Substrates for Enhanced Fluorescence in the
Ultraviolet-Blue Spectral Region. Anal. Chem. 2007, 79 (17), 6480−
6487.
(43) Hao, Q.; Wang, C.; Huang, H.; Li, W.; Du, D.; Han, D.; Qiu,
T.; Chu, P. K. Aluminum Plasmonic Photocatalysis. Sci. Rep. 2015, 5,
15288.
(44) Chou, B. T.; Chou, Y. H.; Wu, Y. M.; Chung, Y. C.; Hsueh, W.
J.; Lin, S. W.; Lu, T. C.; Lin, T. R.; Lin, S. Di. Single-Crystalline
Aluminum Film for Ultraviolet Plasmonic Nanolasers. Sci. Rep. 2016,
6, 19887.
(45) Ekinci, Y.; Solak, H. H.; Löffler, J. F. Plasmon Resonances of
Aluminum Nanoparticles and Nanorods. J. Appl. Phys. 2008, 104 (8),
083107.
(46) Tian, S.; Neumann, O.; McClain, M. J.; Yang, X.; Zhou, L.;
Zhang, C.; Nordlander, P.; Halas, N. J. Aluminum Nanocrystals: A

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.0c10945
ACS Nano XXXX, XXX, XXX−XXX

R

https://doi.org/10.1021/acs.jpcc.9b04230
https://doi.org/10.1021/acs.jpcc.9b04230
https://doi.org/10.3390/nano10010102
https://doi.org/10.3390/nano10010102
https://doi.org/10.3390/nano10010102
https://doi.org/10.1021/acsphotonics.8b00676
https://doi.org/10.1021/acsphotonics.8b00676
https://doi.org/10.1021/acs.nanolett.6b00868
https://doi.org/10.1021/acs.nanolett.6b00868
https://doi.org/10.1364/OE.25.009901
https://doi.org/10.1364/OE.25.009901
https://doi.org/10.1063/1.2722199
https://doi.org/10.1063/1.2722199
https://doi.org/10.1063/1.3143628
https://doi.org/10.1063/1.3143628
https://doi.org/10.1063/1.3143628
https://doi.org/10.1088/0957-4484/22/29/295302
https://doi.org/10.1088/0957-4484/22/29/295302
https://doi.org/10.1002/cphc.201100205
https://doi.org/10.1002/cphc.201100205
https://doi.org/10.1002/cphc.201100205
https://doi.org/10.1002/cphc.201100205
https://doi.org/10.1021/acsami.6b08191
https://doi.org/10.1021/acsami.6b08191
https://doi.org/10.1021/acsami.6b08191
https://doi.org/10.1039/C8NJ04060E
https://doi.org/10.1039/C8NJ04060E
https://doi.org/10.1039/C8NJ04060E
https://doi.org/10.1002/adfm.200801239
https://doi.org/10.1002/adfm.200801239
https://doi.org/10.1002/admi.201800332
https://doi.org/10.1002/admi.201800332
https://doi.org/10.1002/admi.201800332
https://doi.org/10.1021/nn405495q
https://doi.org/10.1021/nl5040623
https://doi.org/10.3390/app8010064
https://doi.org/10.3390/app8010064
https://doi.org/10.1021/nn201443p
https://doi.org/10.1021/nn201443p
https://doi.org/10.1021/nn201443p
https://doi.org/10.1002/adma.201706755
https://doi.org/10.1002/adma.201706755
https://doi.org/10.1063/1.4904714
https://doi.org/10.1063/1.4904714
https://doi.org/10.1016/j.apsusc.2020.146807
https://doi.org/10.1016/j.apsusc.2020.146807
https://doi.org/10.1016/j.apsusc.2020.146807
https://doi.org/10.1021/acs.analchem.5b00846
https://doi.org/10.1021/acs.analchem.5b00846
https://doi.org/10.1021/acsami.6b09767
https://doi.org/10.1021/acsami.6b09767
https://doi.org/10.1021/acsami.6b09767
https://doi.org/10.1557/jmr.2017.383
https://doi.org/10.1557/jmr.2017.383
https://doi.org/10.1557/mrs2009.157
https://doi.org/10.1557/mrs2009.157
https://doi.org/10.1039/C4NR01645A
https://doi.org/10.1039/C4NR01645A
https://doi.org/10.1039/C4NR01645A
https://doi.org/10.1021/acsami.8b19914
https://doi.org/10.1021/acsami.8b19914
https://doi.org/10.1021/acsami.8b03725
https://doi.org/10.1021/acsami.8b03725
https://doi.org/10.1021/acsami.8b03725
https://doi.org/10.1002/adfm.201500456
https://doi.org/10.1002/adfm.201500456
https://doi.org/10.1002/adfm.201500456
https://doi.org/10.1021/ac802118s
https://doi.org/10.1021/ac802118s
https://doi.org/10.1021/ac802118s
https://doi.org/10.1021/ja210446w
https://doi.org/10.1021/ja210446w
https://doi.org/10.1021/ja210446w
https://doi.org/10.1002/adma.201503493
https://doi.org/10.1002/adma.201503493
https://doi.org/10.1002/adma.201503493
https://doi.org/10.1021/ph500267n
https://doi.org/10.1021/ph500267n
https://doi.org/10.1021/acs.nanolett.6b04296
https://doi.org/10.1021/acs.nanolett.6b04296
https://doi.org/10.1021/ac071363l
https://doi.org/10.1021/ac071363l
https://doi.org/10.1021/ac071363l
https://doi.org/10.1038/srep15288
https://doi.org/10.1038/srep19887
https://doi.org/10.1038/srep19887
https://doi.org/10.1063/1.2999370
https://doi.org/10.1063/1.2999370
https://doi.org/10.1021/acs.nanolett.7b02338
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.0c10945?rel=cite-as&ref=PDF&jav=VoR


Sustainable Substrate for Quantitative SERS-Based DNA Detection.
Nano Lett. 2017, 17 (8), 5071−5077.
(47) Zhang, F.; Martin, J.; Plain, J. Long-Term Stability of Plasmonic
Resonances Sustained by Evaporated Aluminum Nanostructures. Opt.
Mater. Express 2019, 9 (1), 85.
(48) Norek, M.; Włodarski, M.; Matysik, P. UV Plasmonic-Based
Sensing Properties of Aluminum Nanoconcave Arrays. Curr. Appl.
Phys. 2014, 14 (11), 1514−1520.
(49) Martin, J.; Proust, J.; Gérard, D.; Plain, J. Localized Surface
Plasmon Resonances in the Ultraviolet from Large Scale Nano-
structured Aluminum Films. Opt. Mater. Express 2013, 3 (7), 954.
(50) Corsi, J. S.; Fu, J.; Wang, Z.; Lee, T.; Ng, A. K.; Detsi, E.
Hierarchical Bulk Nanoporous Aluminum for On-Site Generation of
Hydrogen by Hydrolysis in Pure Water and Combustion of Solid
Fuels. ACS Sustainable Chem. Eng. 2019, 7, 11194−11204.
(51) Yang, W.; Zheng, X.-G.; Wang, S.-G.; Jin, H.-J. Nanoporous
Aluminum by Galvanic Replacement: Dealloying and Inward-Growth
Plating. J. Electrochem. Soc. 2018, 165 (9), C492−C496.
(52) Suarez, O. M.; Estremera, E. G.; Soler, R.; Declet, A.;
Hernandez-Maldonado, A. J. Fabrication of Porous and Nanoporous
Aluminum via Selective Dissolution of Al-Zn Alloys. Adv. Mater. Sci.
Eng. 2014, 2014, 963042.
(53) Liu, J.; Wang, H.; Yuan, Q.; Song, X. A Novel Material of
Nanoporous Magnesium for Hydrogen Generation with Salt Water. J.
Power Sources 2018, 395 (April), 8−15.
(54) Ahmadivand, A.; Sinha, R.; Kaya, S.; Pala, N. Rhodium
Plasmonics for Deep-Ultraviolet Bio-Chemical Sensing. Plasmonics
2016, 11 (3), 839−849.
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