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Abstract 

Porous plasmonic nanoparticles offer unique advantages for sensing and catalysis due to their high 
surface-to-volume ratio and localized electromagnetic field enhancements at nanoscale pores, or 
“hotspots.” However, current fabrication techniques, which are based on colloidal synthesis, face 
challenges in achieving precise control over particle size, shape, and porosity. Here, we present a robust 
nanofabrication method to produce supported arrays of porous Au nanoparticles with excellent 
dimensional and compositional control. By combining lithographically patterned AuAg alloy 
nanoparticles and selective dealloying via nitric acid, we achieve particle porosity without 
compromising particle morphology. Specifically, the method allows fabrication of supported porous 
nanoparticles with tunable dimension and porosity. Our approach demonstrates precise control of 
nanoparticle porosity by varying the initial Ag content in the alloy. Optical characterization reveals a 
blueshift in the extinction peak with increasing porosity, attributed to the reduced effective refractive 
index from intraparticle voids. Notably, a tunable shift of up to 100 nm in the plasmonic peak is 
observed, demonstrating the potential for fine-tuning optical properties. This study highlights the 
versatility of the proposed method in fabricating well-defined porous plasmonic nanoparticles and 
their ability to modulate optical properties through porosity control. These findings not only expand 
the toolkit for designing advanced plasmonic materials but also open pathways for applications in 
plasmon-mediated sensing, catalysis, and photonic devices. 
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INTRODUCTION  

Exploitation of localized surface plasmon resonance (LSPR) occurring in metal 
nanoparticles in the past two decades has opened the door to the realization of 
fascinating concepts and technologies, ranging from biological and chemical sensors 
(Nugroho et al., 2019; Tittl et al., 2018) to photonic devices (Dolia et al., 2024; Fusco et 
al., 2020; M. Zheng et al., 2023), optical metamaterials (N. Liu et al., 2009; Nugroho et 
al., 2022), and photocatalysts (Christopher et al., 2011; Yuan et al., 2022; Zhou et al., 
2018, 2020). This is possible due to the fact that metal nanoparticles absorb and scatter 
light much more efficiently than their physical size would suggest at their resonance 
wavelength (Bohren, 1983). Furthermore, plasmonic nanoparticles act as deep sub-
wavelength lenses by focusing light at their surface. Consequently, there exist 
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electromagnetic fields in the nanoparticles vicinity whose intensity is several times 
higher than the incoming light’s. Driven by the exciting prospects of the potential 
applications, as well as by the need to understand these systems from a fundamental 
perspective, there exists a plethora of custom-designed nanoparticle shapes and 
arrangements (Becerril‐Castro et al., 2022; J. Zheng et al., 2021). Furthermore, in the 
search for novel functionalities in plasmon-activated catalysis and plasmonic 
hydrogen sensing, new metals are being investigated beyond the traditional gold (Au) 
and silver (Ag), for instance palladium (Pd) (Langhammer et al., 2006; Nugroho et al., 
2018) and aluminum (Al) (Knight et al., 2014; Swearer et al., 2016), and systems 
comprising several elements in the form of alloys (Nugroho et al., 2016a; Rahm et al., 
2020; Wadell et al., 2015). The synergistic effects from the metal constituents enhance 
the functionality of the plasmonic alloys and provide an additional handle to tune 
their optical properties (Gong & Leite, 2016; Kadkhodazadeh et al., 2019).  

A particularly interesting, yet rarely explored, feature with great potential for 
the creation of plasmonic nanostructures with novel functionalities is porosity (Koya 
et al., 2021). Inherent to this structure is the abundance of intramaterial nanogaps (i.e. 
the pores) which give rise to so-called “hotspots”: regions where the local 
electromagnetic field is greatly enhanced with respect to the incoming field. The 
availability of accessible hotspots combined with large surface-to-volume ratios (SVR) 
makes porous metal nanoparticles uniquely suited for, e.g., sensing and plasmon-
mediated catalysis applications. Despite these prospects, however, relevant work in 
the literature has so far been limited to the use of porous plasmonic structures for 
surface-enhanced Raman scattering (SERS) (K. Liu et al., 2016; Q. Zhang et al., 2014; 
T. Zhang et al., 2018) and only using Ag or Au as the materials. One of the main 
contributing reasons for these limitations is that, so far, the porous nanoparticles have 
been mostly produced via colloidal synthesis, which introduces several limitations as 
described in details below. 

At present, colloidal synthesis remains the main fabrication technique to 
produce porous nanoparticles (K. Liu et al., 2016; Q. Zhang et al., 2014). The use of 
colloidally synthesized nanoparticles for practical applications, in particular in 
plasmon-mediated sensing and chemical activation, inherits several challenges: (i) 
synthesis of monodisperse particles with controlled shape and size is typically difficult 
and ensemble experiments have to take into account the sample dispersity. (ii) it is 
challenging to synthesize monodisperse porous particles larger than ~30 nm (Rioux & 
Meunier, 2015), which is the size range most relevant for plasmonic applications. (iii) 
colloidal suspensions of nanoparticles are difficult to implement in solid-state devices 
due to problems with their integration in arrays on a surface with controllable density 
and uniformity in coverage. (iv) colloidal nanoparticles are typically stabilized by 
capping ligands (or surfactants) whose function is to promote the selected shape/facet 
production (Heuer-Jungemann et al., 2019). These ligands are tightly bound to the 
particle surface and can therefore strongly affect, or even hinder, their performance in 
sensing and catalysis. To partially alleviate problems related to particle integration to 
a surface and ligand contamination, an alternative method has been suggested (Wang 
& Schaaf, 2012). In this approach, nanoparticles are directly fabricated on a surface 
through solid-state dewetting of Au/Ag film. To induce pores formation, selective 
dealloying via wet chemical etching is utilized. This method offers easy integration of 
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the porous particle to a surface, however, with poor control of the size, arrangement 
and the pore dimension of the nanoparticles. 

As a response, to fully exploit the potential offered by plasmonic porous 
nanoparticles, here we present a nanofabrication route to produce supported arrays 
of porous plasmonic nanoparticles with excellent dimension control. Our method 
relies on the combination of lithographically patterned nanoparticles and layer-by-
layer annealing to produce supported random AuAg alloy nanoparticles with 
excellent dimension controlled. Here we chose Ag as a sacrificial metal because it is 
dissolvable in a number of acids. To induce porosity, we explore the use of nitric acid 
to selectively remove Ag, resulting in porous Au nanoparticles. Our findings reveal 
excellent dimension stability of the nanoparticles, with tunable porosity defined by 
the Ag composition. Such a control allows modification of the nanoparticle’s optical 
properties, reaching a variation of 100 nm in the extinction spectrum. Finally, our 
findings demonstrate the advantages of combining lithographic patterning and 
selective dealloying, that is the direct integration of nanoparticles onto a surface, 
allowing for utilization in real devices. 

METHOD 

Sample Fabrication 
To prepare the alloy samples, we follow the protocol reported in (Nugroho et al., 

2016b). Here we reproduce the step-by-step process for the sake of completeness. 
Evaporation masks were nanofabricated using the hole-mask colloidal lithography 
(Fredriksson et al., 2007) on 1 × 1 cm2 glass substrates (Borofloat) and on silicon wafer 
substrates. The steps taken were: (i) substrates were cleaned by ultrasonic agitation 
consecutively in acetone, isopropanol and de-ionized water. (ii) PMMA (MicroChem, 
4 wt% diluted in anisole, Mw = 950,000) was spin-coated onto the substrates at 2,000 
r.p.m. for 30 s followed by baking at 170 oC on a hotplate for 5 min. (iii) samples were 
subjected to a 5 s oxygen plasma (50 W, 250 mtorr, Oxford Plasmalab 80+) to enhance 
the hydrophilicity of the sample surface. (4) A polyelectrolyte solution (poly 
diallyldimethylammonium, Mw = 200,000–350,000, Sigma Aldrich, 0.2 wt% in Milli-
Q water, Millipore) was pipetted on the surface of the samples and left for 30 s before 
rinsing in de-ionized water, depositing a monolayer positive charged on the polymer 
surface. (5) A suspension of negatively charged polystyrene beads (PS, 100 nm sulfate 
latex, Invitrogen, 0.2 wt% in Milli-Q water) was added to the surface. After 3 min 
incubation the suspension was rinsed away with dei-ionized water, and the samples 
were blown dry with nitrogen gas. (6) A 15-nm-thick Au film was evaporated using a 
E-Flex evaporator at a base pressure of 1×10–6 torr and evaporation rate of 1 Å s−1. (7) 
The PS beads were removed by tape stripping, leaving a Au film with holes at the 
positions of the stripped PS beads. (8) The samples were subjected to 10 min oxygen 
plasma treatment (50 W, 250 mtorr, Oxford Plasmalab 80+) to etch through the PMMA 
layer exposed beneath the holes in the Au mask. (9) To fabricate the AuAg alloys, Au 
and Ag were deposited in sequence at the same deposition rate through the mask in 
tailored amounts. The thicknesses of each Au and Ag layer determined the final 
composition of the alloy particles. (10) The remaining PMMA layer was dissolved in 
acetone in a liftoff step, removing the mask from the sample and leaving only the 
nanodisk structures on the substrate. (11) Samples were soaked in isopropanol and 
blown dry with nitrogen. (12) The AuAg samples were annealed in a home-made flow 
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furnace under 4% H2 in Ar (100 ml min−1) at 500 °C for 24 h. In this way, alloying of 
AuAg samples was achieved. 

To selectively etch the Ag in the alloys, the samples were dipped in nitric acid 
(70%, Sigma Aldrich). After dipping for a prescribed time, the samples were relocated 
to Milli-Q water (Millipore) and left for 30 s, to remove the excess acid. Finally, the 
samples were blown dry with nitrogen gas. The simplified workflow for the proposed 
fabrication method is presented in Figure 1. 

 

Figure 1. Conceptual illustration of porous Au nanoparticle fabrication strategy 

First, a subsequent layer of consituent Au and Ag are deposited through a 
nanofabricated mask of a substrate. To induce complete alloying, the nanostructure is 
thermally annealed at a high temperature for a sufficient time. Last, the formed alloy 
is dipped in an etchant selective to only Ag, in this case a nitric acid, dealloying the 
nanosctructure back to comprise pure Au. The removal of Ag leaves Au nanostructure 
with pores, whose pore size is determined by the Ag content in the alloy. 

Sample Characterization 
Scanning electron microcopy (SEM) characterization, both for imaging and 

energy dispersive X-ray (EDX) analysis was conducted using FEI Verios 460 with 5 
mm working distance. 

ImageJ was used to determine the nanodisk diameter from the SEM images. To 
quantify the obtained diameters, a custom Matlab (R2023a) script was employed. For 
the histogram, we included 𝑛 >  500 data. Furthermore, another Matlab script was 
also developed to obtaint the peak position (𝜆𝑝𝑒𝑎𝑘) of the samples based on a 

Lorenztian fitting.  

Data Analysis 
ImageJ was used to determine the nanodisk diameter from the SEM images. To 

quantify the obtained diameters, a custom Matlab (R2023a) script was employed. For 
the histogram, we included 𝑛 >  500 data. Furthermore, another Matlab script was 
also developed to obtaint the peak position (𝜆𝑝𝑒𝑎𝑘) of the samples based on a 

Lorenztian fitting. 

RESULTS AND DISCUSSION 

Technological Barriers 

To obtain supported Au nanoparticles with controlled porosity, we modified the 
widely used selective dealloying method (Vassileva et al., 2023). This approach begins 
with fully alloyed nanoparticles. Porosity is induced by using an etchant to selectively 
dissolve one alloy component, leaving the other intact but porous. Typically, acids 
serve as the selective etchant. In our work, we combined lithographically patterned 
nanoparticles with selective etching to produce arrays of supported porous 
nanoparticles (Figure 1). Specifically, we employed hole-mask colloidal lithography 
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(Fredriksson et al., 2007), layer-by-layer deposition, and annealing to fabricate 
nanoparticle arrays with tunable surface coverage, and precise particle dimensions 
and alloy compositions (Nugroho et al., 2016b). Hole-mask colloidal lithography also 
offers high scalability, as the process is driven by a self assembly process. Hence, this 
method offers significant advantages over approaches like dewetting, which provide 
limited control over particle size and composition. Notably, precise composition 
allows for high control over the pore dimensions in the resulting nanoparticles. 

As shown in Figure 1, we used an AuAg alloy as a proof of concept for our study. 
We deposited alternating layers of Au and Ag via vapor deposition, followed by high-
temperature annealing to produce fully alloyed AuAg nanoparticles (see Methods for 
details). Here we chose Ag as a sacrificial metal because it is dissolvable in many acids. 
To selectively remove Ag, we used nitric acid, which does not affect Au. This process 
left behind porous Au nanoparticles with minimal changes in their dimensions. 

To demonstrate the viability of the proposed method, we fabricated the 
corresponding nanoparticles. First, we evaluated the efficacy of nitric acid in 
removing Ag and its impact on the composition and structure of the resulting particles 
(Figure 2). For this purpose, we prepared Au80Ag20 alloy nanodisks (composition 
confirmed by EDX analysis) with a nominal diameter of 100 nm and a height of 25 nm 
(Figure 2a,d). The Ag was selectively removed by dipping the samples in 70% nitric 
acid for 1 and 3 minutes. SEM images (Figure 2b,c) show that the etching process did 
not significantly alter the morphology, including particle diameter and surface 
coverage. 

 

Figure 2. Compositional and morphological change of AuAg alloy nanodisks upon 
etching with nitric acid. SEM images of the Au80Ag20 nanodisks (Figure 2a) before 
and after etching with 0.5 M nitric acid for (b) 1 min and (c) 3 min. Upon etching, 

there is no apparent change on the shape and the coverage of the alloy nanoparticles. 
The corresponding composition linescan of a single nanodisk (d) before and after 

etching for (e) 1 min and (f) 3 min. Clearly, the amount of Ag gradually reduces with 
etching duration, until it completely diminishes after 3 min etching. (g) Diameter 
distribution histogram of the fabricated nanodisks before and after 3 min etching. 

The diameter of the nanodisk is practically unchanged, revealing that the structural 
integrity of the nanodisks is maintained despite Ag etching, which in turn indicates 

the formation of pores in the nanodisks.  

In terms of composition, we observed a gradual reduction in Ag content with 
etching. After 1 minute, the particle composition shifted to approximately 90% at Au 
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(Figure 2e). Following 3 minutes, the Ag was entirely removed, resulting in pure Au 
nanodisks (Figure 2f). Notably, this compositional change was not accompanied by a 
significant morphological alteration. The removal of Ag was therefore associated with 
pore formation within the nanoparticles. To quantitatively confirm the minimal 
morphological changes, we constructed a histogram of nanodisk diameters before and 
after 3 minutes of etching (n > 500), as shown in Figure 2g. A minor shrinkage in 
particle diameter (< 4 nm) was observed. 

At this point we have confirmed the complete removal of Ag and the structural 
integrity of the nanodisks. Together, these two findings heavily implies succesful pore 
formation in the nanoparticles. Ideally, direct morphological characterization such as 
transmission electron microscopy (TEM) is required to prove such a claim. However 
here TEM is not able to visualize the pores in our nanoparticles, as they seem to be 
small. Instead, we back up our claim of the pore formation with strong, indirect 
findings as we discuss in detail below. 

Next, we proceeded to study the optical properties of our nanoparticles. We 
measured the extinction spectra of Au80Ag20 alloy nanodisks before and after 3 
minutes of etching, using pure Au nanodisks of the same dimensions as a reference. 
As shown in Figure 3a, the alloy nanodisks exhibit a blueshift after etching due to the 
complete removal of Ag (Figure 3b). In contrast, the extinction spectra of the Au 
reference nanodisks remain constant, as expected, since Au does not react with the 
acid. 

 

Figure 3. LSPR property change upon pore formation. (a) Extinction spectrum of 
pure Au and Au80Ag20 nanodisks before (dashed lines) and after (solid lines) 3 min 

ething (i.e. after pores are formed). Clearly, Au nanodisks exhibit constant extinction 
while Au80Ag20 does a blue shift, indicating the pore formation. Insets depict the 

morphological change of the nanodisks during etching. (b) Quantitative shift in the 
peak position, Δ𝜆𝑝𝑒𝑎𝑘, of the extinction spectrum of the nanodisks. 

Since the overall dimensions of the alloy nanodisks remain unchanged after 
etching, we can conclude that the etched samples now have similar dimensions to the 
Au reference and consist solely of pure Au. Despite this similarity, Figure 3a clearly 
shows distinct optical properties between the two. This difference can be attributed to 
the presence of pores in the nanoparticles, further corroborating our argument of 
succesful pore formation above. Particularly, from a plasmonics perspective, these 



Nugroho Fabrication and Characterization of Supported ……… 

 

 Jurnal Penelitian dan Pengkajian Ilmu Pendidikan: e-Saintika, March 2025 Vol. 9, No. 1 | 7 

 

pores introduce voids within the nanodisks' internal structure, reducing the overall 
refractive index of the system. Consequently, the plasmonic peak wavelength 
(λ_peak) of the porous nanoparticles shifts to a lower wavelength compared to solid 
nanoparticles, as observed here. 

This finding not only confirms pore formation in the nanoparticles using our 
method but also highlights a potential strategy to tune the optical properties of 
nanoparticles by introducing porosity. As discussed above, the fabricated porous 
nanoparticles are readily integrated onto a support, allowing for utilization in real 
devices. This feature is markedly advantageous compared to, e.g., colloidally 
synthesized porous nanoparticles, where precise integration onto a support still 
constitutes a significant challenge (K. Liu et al., 2016; Q. Zhang et al., 2014). 

In the final step of our study, we demonstrated how pore properties in 
nanoparticles influence their optical behavior. Specifically, we aimed to show that 
pore content affects the extinction spectrum of Au nanoparticles. Since our samples 
are supported nanoparticles, quantifying their pores (e.g., pore size) using 
conventional methods like Brunauer-Emmet-Teller (BET) analysis is not feasible. 
Instead, we leveraged the relationship between pore content and the initial Ag 
composition during alloy fabrication. Higher initial Ag content leads to Au 
nanoparticles with greater porosity, and vice versa. 

 

Figure 4. Impact of porosity on the LSPR property of porous Au nanodisks. (a) 
Extinction spectrum of Au with different porosity. Note that the labels mark the 

composition of the nanodisks before etching. After ethcing, the nanodisks are then 
comprises pure Au with different porosity defined by the prior composition of the 
Ag. Blue shifted 𝜆𝑝𝑒𝑎𝑘 is observed for Au nanodisks with more pores (i.e. higher Ag 

composition). (b) The correlation between Ag composition and 𝜆𝑝𝑒𝑎𝑘. Dashed line is 

a guide to the eye. 

To explore this, we fabricated three alloy nanoparticles of similar dimensions but 
different compositions: pure Au, Au50Ag50, and Au10Ag90. After etching, we measured 
and compared their extinction spectra. As shown in Figure 4a, the optical properties 
vary as expected, with the extinction peak exhibiting a blue shift as the initial Ag 
content—and consequently the pore content—increases. This supports our hypothesis 
that the voids in the nanoparticles reduce the overall refractive index of the system. 
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In Figure 4b, we quantify the differences in the plasmonic peak wavelength 
(𝜆𝑝𝑒𝑎𝑘), noting that variations in porosity can induce shifts of up to 100 nm. This 

finding demonstrates that porosity provides an additional means to modify the 
plasmonic properties of materials, complementing traditional factors such as material 
composition, size, and shape. 

CONCLUSION 
This study establishes a robust nanofabrication approach to produce supported 

arrays of porous plasmonic nanoparticles with precise control over size, arrangement, 
and porosity. By combining lithographically patterned AuAg alloy nanoparticles with 
selective dealloying using nitric acid, we achieved porous Au nanoparticles with 
excellent dimensional stability and tunable porosity. Our findings demonstrate that 
the initial Ag composition directly influences the porosity, enabling systematic control 
over the nanoparticles' optical properties. Notably, we observed up to a 100 nm 
variation in the extinction spectrum, underscoring the significant impact of porosity 
on plasmonic behavior. 

This work addresses the limitations of conventional colloidal and dewetting-
based methods by offering superior control over nanoparticle dimensions and surface 
integration, critical for plasmonic applications. Moreover, the introduction of porosity 
as a design parameter provides a new avenue for tailoring the optical properties of 
plasmonic materials, expanding their potential applications in sensing (Alekseeva et 
al., 2019), catalysis (Pincella et al., 2014), and beyond. These advancements open 
pathways for further exploration of porous plasmonic nanostructures in practical 
devices and emerging technologies. 

RECOMMENDATION 
This work is limited to fabrication of porous Au nanoparticle through selective 

dealloying of AuAg. However, the fabrication concept is generic and can be extended 
to other systems. One compelling avenue is the fabrication of porous Pd nanoparticles 
using PdAl precursor alloys (which are miscible). By selectively etching Al from the 
alloy, it should be possible to create porous Pd structures with high surface area and 
abundant hotspots. These Pd nanoparticles hold significant promise for advanced 
applications, particularly in hydrogen sensing (Darmadi et al., 2020) and plasmon-
mediated catalysis. Their intrinsic chemical affinity for hydrogen, combined with 
enhanced local field effects from their porous structure, makes them ideal candidates 
for highly sensitive and selective hydrogen detection. Similarly, the abundance of 
accessible hotspots in these structures could enhance catalytic reactions such as 
hydrogenation or dehydrogenation processes, making them valuable for catalytic 
applications. 

Furthermore, a critical challenge in the development of such systems is the 
characterization and quantification of porosity. Traditional methods, such as BET 
surface area analysis, are incompatible with surface-supported nanoparticles. 
Therefore, future efforts should focus on developing or adapting techniques, such as 
advanced electron tomography or localized adsorption isotherms, to quantify pore 
size and distribution in supported systems. Addressing these challenges and 
exploring the proposed applications will unlock new functionalities and broaden the 
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scope of porous plasmonic nanoparticles in sensing, catalysis, and other emerging 
technologies. 
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