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ABSTRACT
Gold nanosponges, or nanoporous gold nanoparticles, 
possess a percolated nanoporous structure over the entire 
nanoparticles. The optical and plasmonic properties of 
gold nanosponges and its related hybrid nanosponges are 
very fascinating due to the unique structural feature, and 
are controllable and tuneable in a large scope by changing 
the structural parameters like pore/ligament size, porosity, 
particle size, particles form, and hybrid structure. The 
nanosponges show the strong polarization dependence and 
multiple resonances behavior. Besides, the nanosponges 
exhibit a significantly higher local field enhancement than 
the solid nanoparticles. Strong nonlinear optical properties 
are confirmed by their high-order photoemission behavior, 
whereby long-lived plasmon modes are also clearly observed. 
All this is very important and relevant for the applications 
in enhanced Raman scattering, fluorescence manipulation, 
sensing, and nonlinear photonics.
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1. Introduction

Nanoporous gold (NPG) has attracted increasing attentions due to its unique 3D 
bi-continuous ligament–channel structure with large specific surface areas for 
the applications in catalysis [1–3] and sensors [4]. Besides that, it has been also 
demonstrated that NPG can be used for biomolecules sensing with high sensitivity 
via surface enhanced Raman spectroscopy (SERS) due to its high surface-to-vol-
ume ratio together with its exceptional plasmonic properties [1,5,6]. NPG is usu-
ally formed by dealloying (selective leaching) of Au–Ag alloys, and during the 
dealloying process, the less noble element Ag is removed and the nanoporous 
structure of Au is formed. Some recent advanced research on nanoporous gold has 
been summarized in the book ‘Nanoporous Gold: From an Ancient Technology 
to a High-Tech Material’ [7].

The optical and plasmonic properties of the NPG are quite interesting. After 
dealloying, the color is changed from a shiny luster of Au–Ag alloy to dark dullness 
of NPG, because the light is scattered out by the nanoporous structure. Actually, 
the application of NPG in optical sensing is mainly based on its plasmonic prop-
erties. Surface plasmon resonances (SPR), the resonant oscillation of conduction 
electrons can be excited by the incident light at the surface of metals or the inter-
face between metal and dielectrics. Depending on the structure of metals, either 
propagating mode in thin films or localized mode in nanoparticles can be excited. 
It is interesting to notice that simultaneous excitation of both propagating and 
localized surface plasmon resonances can be observed in the NPG membranes 
[8,9]. The plasmonic properties are tuneable by changing the porosity or vol-
ume fraction [10] and pore/ligament size [5,11]. The percolated porous structure 
with nanometer-sized ligaments can be considered as wonderful medium for the 
excitation of hot spots where the local field can be largely enhanced [11,12]. This 
is relevant for the application of SERS in which the nonlinear optical processes 
are strongly amplified [13,14]. This is also relevant for the enhancement of fluo-
rescence [15]. Furthermore, strongly enhanced nonlinear light scattering, such 
as second-harmonic generation (SHG) scattering, has also been experimentally 
observed [16].

Recently, NPG has been fabricated in hierarchically nanostructured forms by 
combining the dealloying with the advanced nanostructuring technologies. For 
instance, NPG can be fabricated in the form of nanoparticles or nanosponges after 
dealloying of Au–Ag alloy nanoparticles [17]. The optical and plasmonic proper-
ties (especially, the localized plasmon resonances) of the nanosponges are even 
more fascinating due to the distinct structural feature, in which both 3D character 
of the porous (percolated air/gold) structure and 0D character of nanoparticle 
form are well integrated and combined. Besides, the limited sponge or particle 
size enables the optical characterization in a more convenient way.

In this short review, we survey the recent research work on the nanosponges. 
After describing their fabrication, the distinct plasmonic properties are reported. 
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In addition to the large enhancement of local field, the gold nanosponges also 
exhibit a large tuneability of plasmonic resonances from visible to NIR range 
by controlling the porosity, particle size, particle form, and pore/ligament size 
[18–20]. The plasmonic properties can be tuned further by forming the struc-
ture of hybrid nanosponges [18,21]. The nanosponges show strong polarization 
dependence due to the structural anisotropy contributed from the constraint of 
the nanoporous structure within a limited nanosponge or particle size [22,23]. 
Strong nonlinear optical behavior and even long-lived plasmon modes can be also 
observed in the gold nanosponges [24], which can be therefore used as efficient 
nanoantenna for many spectroscopic and sensing applications.

2. Fabrication

2.1. Fabrication of nanoporous gold

The most popular method for the fabrication of nanoporous gold is via dealloying 
of a gold-poor alloy containing a less noble element (such as silver). During the 
dealloying process, the less noble element is removed and the porous structure of 
gold is formed [25]. Actually, this method has already been used as the technique 
for ‘depletion gilding’ throughout the centuries in Europe [26,27]. However, the 
porous structure was identified for the first time using transmission electron 
microscopy (TEM) till to 1963 [28].

Different alloys, such as Au–Ag [26], Au–Cu [29] and Au–Al [30], can be used 
as starting materials for the generation of NPG. Dealloying can be performed 
by both chemical and electrochemical ways. For the chemical way, nitric acid is 
usually used, and the element Ag can be removed from the alloy by the acid. For 
the effective dealloying, the composition of Ag in the alloy must be beyond the 
so-called ‘parting limit’ of around 55% [3,31]. Alternatively, an anodic potential 
can be applied for the electrochemical dealloying. Here, the important thermo-
dynamic parameter is the critical potential which is the threshold potential for 
dealloying and dependent on the composition of the alloy, the electrolyte and the 
further additives [32]. Pore/ligament size can be tuned by changing the dealloying 
conditions (such as solution concentration, dealloying time, and temperature), 
and vary from around 10 nm to over micron [12,33]. The ligaments possess the 
morphology of coexistent concave and convex with high curvature gradients, 
which enable the porous structure highly active by the catalytic applications [34]. 
Porous gold with multilevel porous structures can be also realized by applying a 
two-step dealloying strategy [35]. Residual Ag can be often detected in the NPG 
formed from Au–Ag alloy. Macroscopic volume shrinkage (by up to 30%) is also 
often observed due to the generation of a large number of lattice defects and local 
plastic deformation during dealloying [36]. The volume contraction leads usually 
to the formation of cracks in the NPG, but the crack formation can be also avoided 
by modification of the dealloying conditions [37].
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2.2. Fabrication of gold nanosponges and hybrid nanosponges

By combining with other synthesis or nanofabrication methods including polyol 
process, templated process, solid-state dewetting, and different nanolithography 
techniques, Au–Ag alloys can be formed in many specific forms, and after dealloy-
ing, the nanoporous gold can be obtained in the corresponding forms, including 
the forms of nanotubes [38], nanowires [39], nanoparticles [17,40,41], hollowed 
nanospheres [42], nanobowls [43], nanodisks [44,45], ordered array of nanopar-
ticles and nanodisks [46–48].

For instance, Figure 1 shows the scanning electron microscopy (SEM) images 
of the gold nanosponges (nanoporous gold nanoparticles) which are formed via 
thermal annealing induced solid-state dewetting of Au/Ag bi-layers and a subse-
quent dealloying process [17]. Solid-state dewetting is a phenomenon of instability 
of thin metal films driven by reduction of surface energy. The solid-state dewetting 
occurs via atom diffusion at the temperatures below melting point of the films, and 
can be used as self-assembly method for the fabrication of metallic nanoparticles 
[49–55]. Au–Ag alloy nanoparticles are formed after the solid-state dewetting of 
Au/Ag bi-layers. According to the principle of ‘parting limit’, the thickness ratio 
between Au and Ag layers should be small so that Ag-rich alloy nanoparticles can 
be formed for the effective dealloying. Then during the dealloying, Ag is removed 
from the particles and gold nanosponges are formed. The porous structure is 
actually over the entire individual nanosponges, as shown in the cross-sectional 
transmission electron microscopy (TEM) image in Figure 2(a). It is also interest-
ing to notice that the individual nanosponges are single crystalline, as indicated 
by the points signal in the electron diffraction image of Figure 2(b). The rings 
signal is from the Pt which was deposited as protection layer prior to milling the 
nanosponge using focused ion beam (FIB).

Figure 1.  seM images of gold nanosponges with different mean ligament/pore sizes: (a) 
11.6 nm/9.0 nm, (b) 22.8 nm/14.4 nm, and (c) 50.4 nm/32.7 nm. Reproduced from Ref. [18] with 
permission from American chemical society.
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The mean particle size can be varied from around 50 nm to micron range by 
changing the total layer thickness of the bilayers for the dewetting process. The 
mean ligament/pore size can be also tuned via two different approaches. One is 
by changing the dealloying conditions, such as temperature, concentration of 
nitric acid, and dealloying time. Figure 1 shows the SEM images of gold nano-
sponges, where the ligament/pore sizes increase with increasing temperature and 
concentration of nitric acid [18]. An alternative approach is based on annealing 
induced coarsening of the as-dealloyed nanosponges [56]. The onset temperature 
for coarsening is about 160 °C. The structural evolution by coarsening is largely 
dependent on the annealing temperature and pressure. During the coarsening, the 
small pores collapse initially very fast, and then this is followed by a stable stage 
of the coarsened structure at a constant temperature. The coarsening kinetics was 
recently well studied [56–58]. The details about the statistic analysis of the particle 
size, pore size, and ligament size can be found in the Ref. [18].

Furthermore, by employing the nanolithography techniques, periodically 
ordered arrays of gold nanosponges can be obtained, as shown in Figure 3. Here, 
a pre-patterned substrate with pyramidal pits array was fabricated using nano-
imprint lithography, and subsequently used for the solid-state dewetting of Au/
Ag bilayers. Ordered array of Au–Ag alloy nanoparticles were formed by thermal 
annealing induced solid-state dewetting. The mechanism of formation of the par-
ticles array is related to the Gibbs–Thomson effect [51,59], which describes the 
dependence of an excess local chemical on the local curvature. When the curvature 
driven diffusion dominates in the process for the optimized total bilayer thickness, 
the periodic modulation of the chemical potential through the periodic change in 
local curvature leads to the formation of the periodic array of the nanoparticles. 
Then, the Ag has been removed and the ordered array of gold nanosponges was 
formed after dealloying.

Figure 2.  (a) cross-sectional TeM images of a gold nanosponges, and (b) the corresponding 
selected area electron diffraction (sAed) image. Reproduced from Ref. [18] with permission from 
American chemical society.



482   D. WANG AND P. SCHAAF

It is well known that different functionalities, including optical [60–62], mag-
netic [63], and catalytic properties [64], can be effectively enhanced by the hybrid-
ization effect of the bimetallic nanostructures. Bimetallic nanosponges and even 
hybrid nanosponges can be also achieved. For instance, it has been demonstrated 
that Au–Ag alloy nanosponges with SiO2 shell possess the superior SERS activities 
[65]. There is a clear redshift of the plasmonic resonance for the Au/Al2O3 hybrid 
nanosponges comparing to the gold nanosponges [18], and the thermal stability 
of the gold nanosponges has been clearly enhanced by the hybrid structures [66].

Furthermore, Au/Ag hybrid nanosponges can be also obtained by using cyclic 
electroless deposition of Ag into the porous structure of the as-prepared gold 
nanosponges [21]. The amount of Ag in the hybrid nanosponges can be well 
controlled by the cycle number of the electroless deposition, and thereby, the 
porosity decreases upon the cycle number. In the Au–Ag alloy nanosponges, 
which are formed from incomplete dealloying of well-mixed Au–Ag alloy nano-
particles, both elements Au and Ag are mixed at atomic level. But in the Au/Ag 
hybrid nanosponges, both Au and Ag components are mixed at mesoscale size, 
as schematically shown in Figure 4(f). The optical properties of the Au/Ag hybrid 
nanosponges are also different from those of gold nanosponges. In addition to 
plasmon resonance peak of Au, there is also a clear peak of Ag, as seen in Figure 
4(g). The plasmonic spectra were obtained by the ensemble measurement using 
UV–vis–NIR spectrometer. Both peaks of Au and Ag shift blue with decreasing 

Figure 3. seM images of ordered arrays of nanoporous gold nanoparticles. Reproduced from Ref. 
[46] with permission.
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porosity (or increasing amount of Ag). Furthermore, the Au/Ag hybrid nano-
sponges show a clearly enhanced SERS performance for detection of butter yellow 
than the gold nanosponges [21].

3. Distinct plasmonic properties of the nanosponges

3.1. Large tuneability of localized surface plasmon resonances

The localized surface plasmon resonances (LSPR) of gold nanosponges can be 
tuned over a much broader spectral range than that of their solid counterparts, 
as shown in Figure 5. Figure 5 shows the extinction spectra of both Ag–Au alloy 
nanoparticles (NPs) and gold nanosponges or nanoporous gold nanoparticles 
(NPG-NPs) with different mean particle sizes (D). The spectra were obtained 
by the ensemble measurement using UV–vis–NIR spectrometer. In spite of the 
difference in LSPR between Au–Ag alloy NPs and Au solid NPs, the large red shift 
of the LSPRs due to the porous structure can be clearly observed. The plasmon 
resonances are clearly shifted in the near infrared (NIR) range. The effect of the 
nanoporosity on plasmon resonances is very obvious. Generally, the resonance 
peak of the nanosponges is sharper than that of the solid nanoparticles. However, 
the resonance peak of the small nanosponges (D = 54 nm) is broader than that of 
the same-sized solid nanoparticles probably due to the strong polarization effect 
(more details in Section 3.2).

It is also clearly observed in Figure 5, that the LSPR of the gold nanosponges 
red shifts with increasing particle size, and so there is a joint effect of particle size 
here. In order to explore the influence of the nanoporosity and the joint particle 
size effect in depth, simulations based on finite-difference time-domain (FDTD) 

Figure 4.  (a, b) sTeM high angle annular dark field (hAAdF) image; (c) sAed image; (d) Au 
mapping; (e) Ag mapping; (f ) schematic 2d drawing of the hybrid structure with single-crystalline 
Au and polycrystalline Ag; and (g) extinction spectra of gold nanosponges (nss) and the Au/Ag 
hybrid nanosponges with mean particle size of 393 nm (1c, 3c, and 6c indicate different amount 
of Ag in the hybrid nanosponges. The spectrum of the Au–Ag alloy nanoparticles (nPs) before 
dealloying is also included for comparison. Reproduced from Ref. [21] with permission from 
American chemical society.
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method have been performed. The exact micorstructure of the nanosponges is very 
complex and a precise model with percolated porous structure for the simulation is 
very difficult to construct. A simplified model was constructed with a gold sphere 
etched by N randomly distributed spherical air pores [18,20,21]. Volume overlap 
is allowed between the air pores for the representation of the percolated structure. 
The porosity can be determined by the number of the air pores. Figure 6 shows 
the simulated extinction spectra as a function of volume porosity for two differ-
ent particle sizes. The plasmon peaks red shift with increasing porosity for both 
particle sizes. However, the influence of the nanoporosity is also clearly dependent 
on the particle size itself. For the small particle size, the dipole resonance peak 
becomes broader with increasing porosity, and this is probably due to the strong 

Figure 5.  Uv–vis–niR extinction spectra of the Ag–Au alloy nPs (dashed lines) and the 
corresponding nPG-nPs (solid lines) with different mean particle sizes (D). Reproduced from Ref. 
[18] with permission from American chemical society.

Figure 6. calculated extinction spectra of the spherical gold nanosponges with various volume 
porosities: (a) small particle size (diameter) of 130  nm, and (b) large particle size of 233  nm. 
Reproduced from Ref. [18] with permission from American chemical society.
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polarization effect of the porous structure that will be discussed in next subsection. 
For the large solid particles, the quadrupole mode is more obvious. However, the 
peak of the quadrupole mode becomes weaker with increasing porosity. All this 
suggests that the effect of nanoporosity is very complicated, and together with 
the joint particle size effect bestows the nanosponges a large tuneability of the 
plasmonic properties.

3.2. Multiple plasmon resonances and polarization dependence

The information about the plasmonic resonances shown in Figure 5 was aver-
aged information of many nanosponges obtained from the ensemble measure-
ments with UV–vis–NIR spectrometer. In order to get a more deeper insight on 
the optical behavior and properties experimentally, Vidal et al. have perfomred 
the measurements of single particle order single nanosponge spectroscopy, and 
revealed that the optical properties of the individual nanosponges are much more 
complicated than those of their solid conterparts [22]. The plasmon renonance of 
the individual gold nanosponges with similar form, size, porosity, and ligament/
pore size differs notably from each other. This means that the plasmonic spectra 
are unique to each nanosponge due to the individual porous configuration.

Furthermore, the gold nanosponges demonstrate an interesting and strong 
polarization effect [22,23]. Figure 7 shows the SEM images of two individual gold 
nanosponges and the corresponding polarization-dependent scattering spectra. 
Multiple plasmonic resonances can be even resolved when the polarizer is applied, 
implying that the individual nanosponges are actually multi-colored. Again, the 
polarization dependence is unique to each nanosponge due to unique individual 
porous configuration. Such multiple plasmonic contribution arises from localized 
plasmon resonances of the Au filaments and coupling between these resonances 
throughout the nanosponge. The spectra of the plasmonic eigenmodes of each 
nanosponge, resolved by the polarized light, are clearly sharper than the averaged 
overall spectra. The sharp spectra of the plasmonic eigenmodes indicate that the 
losses are not very pronounced. It has been further revealed by FDTD simulation 
that the strong polarization dependence vanishes when the particle becomes solid 
[22]. This could be the explanation why the overall plasmonic peak of the small 
nanosponges (D = 54 nm) becomes broader with increased porosity (Figure 6(a)). 
With increased porosity, the behavior of multiple resonances shows up and the 
overlap or composition of the multiple resonances leads to broadening of the 
overall spectrum. It is also clear here that due to the limited particle or sponge 
size (especially, when the particle size is clearly smaller than the wavelength of the 
light), the percolated air/gold structure in the individual nanosponges cannot be 
treated as a homogeneous effective medium. In other words, the structural aniso-
tropy becomes more predominant due to the limited particle size, leading to the 
anisotropic optical behavior (polarization dependence of the scattering). Every 
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nanosponge possesses an unique anisotropic feature due to its unique individual 
porous configuration.

The photoluminescence (PL) of bulk gold is resulted from the recombination 
of an electron excited from d-band into sp-band and the generated and scattered 
hole, and the PL emission has an extreme low efficiency with a quantum yield 
of 10−10 [67]. By comparison, nanostructured gold, for instance, gold nanoparti-
cles, shows a more efficient radiative emission with enhanced quantum efficiency 
of many orders of magnitude attributed to the excitation of localized plasmons 
[68,69]. In other words, electron–hole recombinations can be practically localized 
by exciting a plasmonic hot spot, which will decay radiatively with enhanced 
quantum yield. Recently, both polarization-dependent scattering and PL of the 
same individual gold nanosponges with different particle or sponge size have been 
studied for comparison [23]. Figure 8(a)–(c) shows the polarization-dependent 
scattering spectra of three individual nanosponges with increasing particle or 
sponge size. The insets are the corresponding SEM images. All the three nano-
sponges show a strong polarization denpendence of scattering. The corresponding 

Figure 7. seM images (left) and polarization-dependent scattering spectra (right) of (a) a 195-
nm nanosponge and (b) a 220-nm nanosponge. The double arrows in the seM images represent 
the 0° polarization axis. The polarizer axis was rotated clockwise in 20° steps but, for clarity, only 
40° steps are shown here. Reproduced from Ref. [22] with permission from American chemical 
society.
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polarization dependent PL spectra of the three nanosponges are shown in Figure 
8(d)–(f). For the small nanosponge (Figure 8(a) and (d)), the strong polarization 
dependence of scattering is followed by the clear polarization dependence of PL, 
and the PL has an overall blue shift. For the large nanosponge (Figure 8(c) and 
(f)), the polarization dependence of PL is largely diminished, but it is still clear 
in the scattering specta. For the further quantitative comparison of the polari-
zation dependence between the scattering and the PL spectra of the individual 
nanosponges, the degree of the polarization anisotropy, A, can be calculated as:

 

where λ is the wavelength, and I(θ) are the polarization-dependent scattering 
or PL spectra at the polarization angle θ. Large integration window of 300 nm 
around each peak at x nm is taken so that the major spectral emission was covered 
in each case. Further details of the calculation can be seen in Ref. [23].

Here, it can be seen that the degree of polarization anisotropy is dependent on 
particle or sponge size, and somehow different between scattering and PL. The 
degree of polarization anisotropy of 14 individual gold nanosponges has been 
quantified and summaried in Figure 8(g). The polarization anisotropy of both 
scattering and PL decreases with increasing particle or sponge size. This is clear 
because the structural anisotropy becomes weakend with increasing particle size. 

(1)A =
(x+150)nm

∫
(x−150)nm

(I(80°) − I(0°))
2
d�

Figure 8. seM images (scale bars 100 nm) and polarization-dependent scattering spectra of gold 
nanosponges, two almost spherical with diameters of 115, and 155 nm (a, b, respectively) and 
one with lateral dimensions of 410 and 195 nm (c). (d)–(f ) corresponding PL spectra of the same 
individual nanosponges. The legend in (d) gives the color coding of the polarization, valid for 
all panels. (g) Polarization anisotropy for scattering and PL of the individual Gold nanosponges. 
Reproduced from Ref. [23] with permission from American Physical society.
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When the particle size is large enough, the percolated air/gold structure can be 
considered as a homogeneous effective medium, just like the nanoprous gold bulk 
samples. In addition, it is important to notice that the PL anisotropy ceases much 
faster with increasing particle size than scattering anisotropy. Clear polarization 
dependence of PL can be observed only in the nanosponges with particle size 
smaller than 120 nm, while strong polarization dependence of scattering can be 
even seen in the nanosponges with size of 200 nm.

The elctron–hole recombination can be actually considered as a point-like 
dipole light source inside of a nanosponge, which is characterized by the PL signal. 
The feature of the polarization-dependent scattering spectra is however yielded 
from the excitation by a plane wave from outside of the nanosponges. The differ-
ence of the polarization anisotropy between PL and scattering shown in Figure 8 
indicates that the excitations of localized plasmons by the two different sources 
from outside and inside, are clearly different. In order to investigate the difference 
in depth, FDTD simulation has been performed [23]. As shown in Figure 9, three 
gold nanosponges with increasing particle size have been excited by both plane 
wave from outside (Figure 9(a)) and dipole from inside (Figure 9(b)), respectively. 
For the small nanosponge, similar distribution of excited hot spots over the whole 
nanosponge can be seen for excitations from both sources (Figure 9(c) and (d)). 
However, for the larger nanosponges, hot spots through the whole nanosponge 
can be still excited by the plane wave from outside but not by dipole from inside. 
This is even more pronounced for the largest nanosponge shown in Figure 9(g) 
and (h). So, it is clearly different from the case of plane wave excitation, that a 
plasmonic horizon with finite distance of about 57 nm is formed via local excita-
tion from inside the nanosponge [23].

3.3. Nonlinear optical behavior and long-lived plasmon modes

The optical properties of the individual gold nanosponges have been further stud-
ied by performing ultrafast photoemission experiments with pulsed laser (pulse 
duration of 16 fs) at wavelength of 1600 nm [24]. Figure 10 shows the SEM image 
of five individual gold nanosponges and the corresponding photoelectron emis-
sion microscopy (PEEM) image, in which the photoemission of each nanosponge 
was clearly resolved.

Measurements of interferometric autocorrelation (IAC) were performed to 
study the time dynamics of the photoemission. Figure 11(a) shows the photoemis-
sion signal recorded from a single nanosponge as a function of the time delay Δt 
between the two pulses. By comparing the measured data (blue filled circles) with 
an instrument response (solid lines), it can be identified that the photoemission 
persists even for time delays of more than 40 fs, i.e. much beyond the time over-
lap of the two pulses. This means that the lifetime of the local electric field at the 
surface of the nanosponge was much longer than the duration of the incident 
laser field. Furthermore, photoemission is a strong nonlinear optical process. The 
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nonlinearity of the emission process can be extracted from the autocorrelation 
tracing, and Figure 11(b) shows the plot of photoemission signal as a function of 
the maximum amplitude of the total incident laser field at the time delay for three 

Figure 9. numerically calculated distribution of the E fields through a cross section (red plane) 
inside gold nanosponges, excited by an external plane wave (scheme a, left column) or by an 
inside dipole (scheme b, right column). The diameters are 90 (c, d), 115 (e, f ), and 195 nm (g, h). 
(c, e, g) Plane wave excitation, and (d, f, h) inside point dipole excitation. The dipole positions 
are indicated by small white circles. Reproduced from Ref. [23] with permission from American 
Physical society.
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individual gold nanosponges. The nonlinearity, n (the order of the multiphoton 
emission processes), is deduced from 5 to 7 for the three individual nanosponges, 
and well agreed with the estimation given by the ratio between the work function 
and the photon energy. This observed multiphoton emission behavior with high 
order of nonlinearity clearly indicates a high enhancement of local field at the 
surface of the nanosponges.

Furthermore, based on all these information, the lifetime of the localized hot 
spot can be deduced. In addition to the strong dipolar resonance mode with life-
time of 2.5 fs, the lifetime of the observed long-lived localized modes is around 
10 times or even much more longer. The existence of the long-lived plasmon 
mode has been also confirmed by the results of the FDTD simulation [24], as 

Figure 10. (a) seM image of an overview of 5 gold nanosponges, and (b) photoelectron emission 
microscopy (PeeM) image of the same area of the sample with visible individual sponges. 
Obviously, all nanosponges show strong electron emission. Reproduced from Ref. [24] with 
permission from nature publishing group.

Figure 11.  (a) interferometric autocorrelation trace C(Δt) of the photoemission from a single 
nanosponge (seM image inset). The instrument response C

0
(Δt) simulated from the measured 

electrical field of the laser pulses EL(t) for a fifth order optical nonlinearity is shown as a solid line. 
The data are also represented on a logarithmic intensity scale (inset). (b) Optical nonlinearity of the 
photoemission deduced by plotting the recorded photoelectron signal from three representative 
nanosponges as a function of the maximum electric field amplitude of the laser pulses. Optical 
nonlinearities of order n = 5…7 are deduced. Reproduced from Ref. [24] with permission from 
nature publishing group.
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shown in Figure 12. The coupling of far-field light to the short-lived dipolar mode 
of the nanosponge can lead to spatially delocalized surface plasmon polariton 
excitation, which can efficiently further couple the localized hot spots and make 
the localized hot spots long-lived. The different decay times for the delocalized 
short-lived dipolar and the long-lived localized modes can be clearly distinguished 
(Figure 12(c)). Furthermore, the calculation and simulation results show that a 
maximum enhancement of the local field intensity is found 40…45 times over 
that of the incident far-field, and the corresponding field enhancement factor is 
6.7 [24]. Here, the gold nanosponges which exhibit highly field enhancement 
and long-lived hot spots, can be considered as robust nanoantennas for many 
interesting applications in the areas of manipulation of light and spectroscopic 
sensing, where incident far-field light can be efficiently captured and nonlinear 
processes can be largely enhanced.

4. Summary

Gold nanosponges are nanoporous gold in the form of nanoparticles, and possess 
a distinct structural feature, which combines both characters of 3D percolated 
porous network and 0D nanoparticle form. The optical and plasmonic properties 
of the nanosponges are very fascinating and can be well tuned and tailored through 
controlling the particle size, particle form, pore size and porosity. The porosity 
effect together with the joint particle size effect enables a large tuneability of the 
surface localized plasmon resonances, which can be even shifted to NIR range. 
Strong polarization effect and the behavior of multiple resonances can be observed 
in the individual gold nanosponges, indicating that the percolated porous structure 
within the limited particle size possesses a clear structural anisotropy and cannot 
be considered as a homogeneous effective medium. Both experimental observation 

Figure 12.  (a) calculated intensity distribution and resonance wavelengths of localized modes 
with 10-nm pore size. The diameter of the circles corresponds to the amplitude of the dominating 
mode found by harmonic inversion at that specific point. The wavelength of the dominating mode 
is depicted by the displayed color code. (b) Local field intensity (logarithmic scale), calculated 
along a cross-cut through a plane parallel to the substrate, 5 nm above the substrate, and at a 
time delay of 120 fs after the arrival of the excitation pulse. (c) Time-dependent field intensity 
calculated along a circle close to the surface of the particle (see white dashed line in b). The y-axis 
gives the position on the circle. The maximum of the incident pulse is at 0 fs. Reproduced from 
Ref. [24] with permission from nature publishing group.
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of multiple resonances and theoretical calculation have indicated that the gold 
nanosponges possess high density of hot spots with large field enhancement. But 
the direct experimental imaging of the hot spots in the nanosponges is still chal-
lenging. However, the strong field enhancement can be experimentally confirmed 
by the enhanced nonlinear optical behavior studied through light-induced electron 
emission. Furthermore, the time dynamics of electron emission with femtosecond 
time resolution is well studied using ultra-short laser pulse excitation, and long-
lived plasmon modes have been revealed. Actually, the gold nanosponges can 
be considered as efficient nanoatennas where far-field light can be captured and 
localized. The distinct optical and plasmonic properties can be further modified 
by incorporating the second material component into the porous structure and 
forming the hybrid nanosponges. All these distinct optical properties of the plas-
monic nanosponges can be essentially relevant for the applications in enhanced 
Raman scattering, fluorescence manipulation, sensing, and nonlinear photonics.
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