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Abstract Plasmonic metal nanostructures have shown great potential in sensing, photovoltaics,
imaging and biomedicine, principally due to enhancement of the local electric field by light-
excited surface plasmons, the collective oscillation of conduction band electrons. Thin films of
nanoporous gold have received a great deal of interest due to the unique 3-dimensional
bicontinuous nanostructures with high specific surface area. However, in the form of semi-infinite
thin films, nanoporous gold exhibits weak plasmonic extinction and little tunability in the
plasmon resonance, because the pore size is much smaller than the wavelength of light. Here we
show that by making nanoporous gold in the form of disks of sub-wavelength diameter and sub-
100 nm thickness, these limitations can be overcome. Nanoporous gold disks not only possess
large specific surface area but also high-density, internal plasmonic “hot-spots” with impressive
electric field enhancement, which greatly promotes plasmon-matter interaction as evidenced by
spectral shifts in the surface plasmon resonance. In addition, the plasmonic resonance of
nanoporous gold disks can be easily tuned from 900 to 1850 nm by changing the disk diameter
from 300 to 700 nm. Furthermore, nanoporous gold disks can be fabricated as either bound on a

surface or as non-aggregating colloidal suspension with high stability.

Keywords: porous nanoparticles, plasmonic nanoparticles, plasmonic hot-spots, large specific

area nanoparticles, non-aggregating colloidal Au nanoparticles
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Metal nanostructures exhibit collective oscillation of conduction band electrons excited by
incident light." The associated enhanced electric field near the surface of metal nanostructures,
known as surface plasmon resonance (SPR) for propagating fields or localized surface plasmon
resonance (LSPR) for non-propagating ones, has been well studied and is widely used in optical
sensors,” photovoltaic devices,” waveguides,® imaging devices,” SHINERS® and biomedicine.”*
Both SPR and LSPR strongly depend on the composition, shape and size of metal nanostructures,
as well as the ambient environment.” Therefore, controlling their composition, shape and size is
essential for potential applications.

Bulk nanoporous gold (NPG) as a nanostructured semi-infinite thin film material exhibits
tunable pore and ligament sizes ranging from nanometers to microns.'’ It can be produced by
either dealloying the less noble constituent of a gold alloy or by electrochemical corrosion. Its
large specific surface area, crystalline alignment, and clean surface make NPG an attractive
unsupported catalyst.'"'> In addition to its catalytic activity, NPG also exhibits interesting optical
properties, such as mixed states of localized/propagating surface plasmons because of the
nanoscale ligaments and pore channels within the unique 3-dimensional bicontinuous porous
nanostructures.*'*'> The plasmonic properties of NPG have been explored for molecular sensing
using “as-dealloyed”,'® mechanically stamped,'” or wrinkled films' as well as lithographically
patterned monolithic NPG disks with a diameter smaller than the wavelength of natural light."**
In “as-dealloyed” NPG thin films, the LSPR band centering around 600 nm has limited tunability
of about 50 nm, achieved by varying the pore size from 10 to 50 nm.'® In mechanically-stamped
NPG thin films, the grating modulation provides a propagating SPR mode coupled with the
NPG’s original LSPR band. However, plasmonic landscape is dominated by the NPG LSPR.
Furthermore, in thermally-wrinkled NPG thin films, random, sparse plasmonic hot spots form at
gaps and junctions due to structural deformation, thus would not alter the average plasmonic
behavior.

The enhanced electromagnetic fields of LSPR excited in the ligaments are considered to be a
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major contributor to surface-enhanced optical phenomena, such as surface-enhanced Raman
scattering (SERS), surface-enhanced fluorescence.” In previous work, lithographically patterned
NPG disks demonstrated an excellent SERS activity, representing the first attempt to produce
quasi-one-dimensional NPG nanostructures that drastically departed from semi-infinite NPG thin
films."”?° NPG disks exhibit nanoporosity mimicking that of mesoporous silica; however, they
are plasmonically active. The structural hierarchy of NPG disks differs from existing plasmonic
nanoparticles such as Au or Ag nanospheres, nanorods, nanoshells, and nanocages, which lack
internal nanoporous structures.

In this work, we report the nanofabrication of uniform, monolithic NPG disks and in-depth
studies of their plasmonic properties. We demonstrate that substrate-bound NPG disks can be
released and harvested as colloidal nanoparticles, which differ drastically from existing NPG
materials, and can be viewed as a novel functional material. NPG disks feature a well-defined
“exterior” disk shape 300-700 nm in diameter and 75 nm in thickness, and an “interior” 3-
dimensional porous network with pore sizes ~13 nm. We show, for the first time, that NPG disks
inherit LSPR features from both the nanoporous structures and the sub-wavelength disk shape.
The coupling between these two LSPR results in intriguing plasmonic properties. Nanoporous
plasmonic disks not only possess large specific surface area but also high-density internal
plasmonic “hot-spots” with impressive electric field enhancement, which greatly promotes
plasmon-matter interactions as evidenced by the high LSPR sensitivity to the ambient

environment.
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Scheme 1. (a to d) illustrate the fabrication process used to prepare NPG disks on a silicon (or
glass) substrate: (a) formation of a monolayer of polystyrene (PS) beads on an alloy-coated
silicon (or glass) substrate; (b) O, plasma shrinkage of the PS beads and Ar sputter etching to
form isolated alloy disks; (c) selective dissolver of PS beads by chloroform; (d) formation of
NPG disks by dealloying. Figures (e to h) are SEM images taken at each step of the process with

a 45° viewing angle.

Results and discussion

NPG disk fabrication To fabricate NPG disks, we take advantage of both top-down
lithographic patterning and bottom-up atomic dealloying, which together demonstrate great
synergy in precisely tuning the plasmonic properties of nanoporous materials.'** As shown in
Scheme 1, a film of gold and silver alloy approximately 120 nm thick was first sputter deposited
onto a substrate (e.g., silicon wafer or glass slide) using an Agg, sAu;; s (atomic percentage) alloy
target. A monolayer of 460-1100 nm size polystyrene beads (PS) was then formed on top of the
alloy film. In our experience, over 90% of the alloy surface covered with close-packed PS beads
can be achieved reproducibly (Scheme 1a). Next, a timed oxygen plasma treatment was employed
to shrink the PS beads, thus separating them from neighboring beads. The sample was then
sputter-etched in Argon plasma to transfer the bead pattern into the alloy film (Scheme 1b). Once

the pattern transfer was completed, the PS beads were removed (Scheme 1c). The alloy disks
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Figure 1. SEM images of NPG disks made using 460 = 9, 600 + 12, 800 = 9 and 1100 + 14 nm
PS beads on Si substrates. The corresponding diameters are (a) 300 £ 7, (b) 400 + 10, (c) 500 £ 6

and (d) 700 £ 13 nm, respectively. The scale bar is 500 nm.

were dealloyed in concentrated nitric acid, followed by rinsing in deionized (DI) water (Scheme
1d) to produce the array format NPG disks. There was substantial size shrinkage during the PS
bead etching step as well as the dealloying process. Scanning electron microscopy (SEM) images
(Scheme 1le to h) show the corresponding nanostructures through the fabrication steps. To
produce suspended colloidal NPG disks, high-density NPG disk arrays on a 3-inch Si wafer were
further sonicated in DI water.

Figure 1 shows SEM images of monolayer samples of NPG disks on Si substrates. The mean
size and the standard deviation of different NPG disks are determined by measuring ~100 disks in
SEM images for each set of samples. The NPG disks obtained by using PS beads with original
sizes 460 £ 9, 600 + 12, 800 + 9 and 1100 + 14 nm were 300 £ 7, 400 + 10, 500 + 6 and 700 = 13

nm in diameter, respectively. The small size dispersion confirms the high fidelity of our pattern-
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transfer process. Compared to the original sizes of the PS beads, there is an approximate 33-37%
decrease in NPG disk diameter, of which ~5% occurs during the oxygen plasma treatment and up
to 32% occurs during the dealloying process. The thickness also shrank from 120 to 75 nm. These
values are consistent with ~30% volume reduction by electrochemical dealloying of Au-Ag alloys
because of plastic deformation.”” Simulations of geometric relaxation in bicontinuous nanoporous
metals revealed that surface relaxation played a significant role in the dramatic shrinkage during
selective dissolution.”® Recently, similar size shrinkage ~29% was reported by Dong and
coworkers after dealloying Au-Ag alloy (Ag7Auas, at%) in nitric acid.**

NPG disks can move off-site during dealloying, as indicated by the presence of off-centered
NPG disks with respect to the silicon etch marks during the Ar sputter-etching step. We note that
the adhesion between Si and sputtered Au-Ag alloy was weakened due to the oxidation of silicon
to SiO, by concentrated nitric acid.” Therefore, the strong stress generated by volume shrinkage
plausibly led to movement of the NPG disks.”® NPG disks were easily released from the Si
substrate by sonication due to the weak adhesion, which was nevertheless sufficiently strong to
hold the disks in place while rinsing with water. Furthermore, the “unconstrained” shrinkage led
to NPG without cracks, in contrast to NPG disks that were strongly immobilized on Au substrates
in our previous study.”’ Crack-free NPG disks are essential for preserving the monolithic
structural integrity during and after the release process, as well as the uniformity of the
nanoporous network. The corresponding pore sizes for the 300-700 nm diameter NPG disks were
13.8+£2.2,13.7+£2.9,12.5+ 2.0 and 12.8 + 2.4 nm, respectively (Table 1). The total surface area
was about seven-fold the projected geometrical area with pore size ~13 nm by SEM image

20,27

analysis based on ImagelJ (See Table 1).
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Table 1 The average diameter, pore size, roughness factor, and zeta potentials ({) of the as-

prepared NPG disks. The thickness of the NPG disks was 751 nm.

NPG disk Average Average pore Roughness c FWHM of the in-
samples” diameter (nm) size (nm) factor” ¢ (mV) plane peak“l (nm)
1 300+ 7 13.8+2.2 6.56+0.38 -28.5+2.1 421.9
2 400+ 10 13.7+2.9 7.38+0.41 -264+3.2 460.9
3 500+ 6 12.5+2.0 7.71+0.11 -19.0+1.3 717.6
4 700 + 13 12.8+2.4 7.65+027 -227+1.2 1329.8

*NPG disks were made by using 460, 600, 800 and 1100 nm PS beads as masks and identical
alloy thickness. "The roughness factor was obtained by using expression 3Af/r, where A, 8, and r
are the NPG disk thickness, 2-dimensional porosity, and mean pore radius, respectively. The
analysis was based on ImagelJ (http://rsbweb.nih.gov/ij/). “Zeta potentials were measured in DI

water. ¢ The full width at half maximum (FWHM) of the in-plane peaks of NPG disks obtained in
air (n = 1) was measured by the GRAMS/AL

\web22 Z
§ &
Buoyant Mass {x10"'g)

Figure 2. SEM images of NPG disks taken at a 45° viewing angle, stored in DI water, and single
disk buoyant mass measurements: (a) high density NPG disk arrays on Si wafer before release.
The inset is a 3" silicon wafer covered by a high-density monolayer of PS beads. (b) a single NPG
disk with a diameter of 500 nm. (¢) NPG disks having different sizes 300 + 7, 400 + 10, 500 £ 6,
and 700 £+ 13 nm (from left to right) after released from the substrates by sonication in DI water
to form colloidal NPG disk suspensions. The inset is the SEM image of NPG disks released from
the substrate by sonication, dropped and dried on a Si wafer. (d) histogram of 400 nm NPG disk
buoyant mass distribution measured by flowing colloidal NPG disks in the microfluidic channel,

with an average of 6.04x10™* + 7.6x10™" g.
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Non-aggregating NPG disks Figure 2 displays three different views of NPG disks to further
show the capability of preparing the both arrayed and colloidal NPG disks. Figure 2a and b show
of high-density NPG disk arrays on a 3-inch Si wafer and SEM image of a single NPG disk,
respectively. With the aid of sonication, NPG disks were released from the substrates into DI
water to form colloidal NPG disk suspensions (Figure 2¢). The inset shows colloidal NPG disks
dried on a Si wafer. To our surprise, surfactant-free NPG disks were easily transferred to DI
water without aggregation. Therefore, by flowing individual colloidal NPG disks in microfluidic
channels, single disk (400 nm diameter) buoyant mass was determined to be 6.04x10™* + 7.6x10"
' g as shown in Figure 2d. For comparison, we also fabricated 400 nm diameter Au disks without
porous structures through nearly identical procedures. These Au disks immediately formed
aggregates in millimeter size range in an aqueous solution upon release from the
substrates. To understand the unique colloidal stability of the NPG disks, we measured their zeta
potentials to elucidate their surface charge state (see Table 1).** In general, when the absolute
value of the zeta potential is larger than 25 mV, a nanoparticle suspension has a high degree of
stability due to strong electrostatic repulsion between particles.”® The zeta potentials of the 300
and 400 nm NPG disks were -28.5 = 2.1 and -26.4 £ 3.2 mV, respectively, suggesting that both
sizes of colloidal NPG disks had negatively charged surfaces and were quite stable in solution,
which was consistent with our observations. Although the 500 and 700 nm diameter NPG disks
possess negative surface charges but with slightly smaller zeta potentials, these larger NPG disks
also exhibit practically-useful long-term stability (i.e., no/minimal aggregation when stored in DI
water at 4 °C for 4 months).

The observed negative surface charge could be explained by the presence of deprotonated
hydroxyl groups at the surface of NPG disks in aqueous solutions, which would plausibly form
during the dealloying process in nitric acid. Hydroxyl groups formed on metal or metal oxide

surfaces exhibit a stretching band at 3710 cm™ in infrared (IR) spectroscopic analysis.”” As shown
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in Figure S1, the observed OH stretching band of dried 400 nm NPG disks at 3710 cm™ was
consistent with the presence of hydroxyl groups on the surface of NPG disks. Inter-particle van
der Waals forces are known to be affected by surface roughness and geometric factors, where
surface roughness minimizes van der Waals interaction by limiting the contacts between the
particles.’’ In the case of NPG disks, where the surfaces are unquestionably rough, the
aggregation could also be suppressed by reduced van der Waals forces. Therefore, NPG disks
exhibit much greater stability than Au disks because of their negative surface charge and their
unique nanoporous structures. Their superior stability and potential for facile surface
modification/functionalization would offer a wide range of applications in a variety of fields
ranging from biosensing and drug delivery to catalysis and plasmonics.

NPG disks composition In the past few years, various NPG material parameters have been
extensively studied, including grain size and boundaries by X-ray diffraction,”® crystal-facet
orientations by high-resolution TEM (HRTEM),"” and atomic composition by X-ray
photoelectron spectroscopy (XPS).*** NPG materials are known to contain residual silver
content and other process-associated or environmental substances, and can be characterized by
XPS, which is sensitive to the top ~10 nm of non-porous substrates.”” Figure S2 shows the XPS
spectrum from 0 to 1200 eV of NPG disks drop-coated on a Si wafer, where the major peaks
originated from Au and Ag and other elements such as Si, O, N and C also appear. The Si wafer
as well as the surface layer of SiO, on the wafer mainly contributed to Si and O. Trace amounts
of nitrogen are observed, and the peak of N 1s at 400.2 eV can be assigned to N in metal-N
species formed during the sputtering etching.*® The XPS spectrum indicates that the porous
structures of NPG disks generated by concentrated nitric acid had a clean surface except for
minor surface contamination by carbon, which can plausibly come from the environment.

The chemical states of the NPG disks can also be identified by XPS. The Ag 3d peaks of
NPG disks are shown in Figure S3a. The binding energy of 3ds, was 367.9 eV, slightly lower

binding energy than that of metallic Ag (368.3 eV). The shift to lower binding energy is typical

10
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for oxidized Ag species.””’ The oxidation of Ag likely occurred during the dealloying process. In
addition, rehybridization effects in the Au-Ag alloy that reduce the electron density of silver,
could also lead to lower Ag binding energies.”> For Au, both the peak shapes and the Au 4f
binding energies (4fs, 83.9 and 4f,, 87.6 ¢V) were consistent with a metallic state. XPS surface
compositional analysis revealed that ~24% residual Ag remains on the surface of the NPG disks.
Segregation of Ag from the bulk to the surface region is known to occur in metal alloys.’®
Consequently, NPG disks exhibit a clean surface with little contamination and negligible
interference from residual silver, which can be important for sensing, SERS and catalysis
applications.

NPG disk plasmonics The plasmonic properties of NPG disks can be first understood by
comparing with semi-infinite NPG thin films. As shown in the extinction spectra in Figure 3a,
three peaks have been assigned as NPG LSPR (“ A”), out-of-plane resonance (“m”), and in-plane
resonance (“®”). The NPG LSPR mode originated from the nanoporous structures, whereas the
in-plane and out-of-plane modes were associated with the external disk shape. Size-dependent
plasmonic shifts in these peaks have been observed when the disk diameter was increased from
300 to 700 nm. Among these peaks, the in-plane resonance clearly dominates and only exists in
NPG disks but not in semi-infinite NPG thin films, which will be further discussed later.
According to Chen and coworkers, NPG thin films exhibited two plasmonic resonance peaks near
490 and 515 nm in air. While the 490 nm peak assigned to out-of-plane resonance (“m”) was
nearly fixed, the peak at 515 nm assigned to NPG LSPR (“ A”) exhibited limited tunability with
respect to pore size and ambient refractive index.'® A red-shift of this peak to 540 nm in air was
observed when the pore size was varied from 10 to 30 nm.'® In contrast, NPG disks have highly
tunable plasmonic properties for all peaks as shown in Fig. 3a, due to plasmonic coupling
between the nanoporous structures and the patterned disk shape. Also according to Chen’s
work,'® unpatterned NPG thin films with pore size ~13 nm should exhibit an NPG LSPR peak
(“A”) between 510 and 530 nm in air. However, with 13 nm pore size, this peak shifted to ~600

11
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Figure 3. Size-dependent plasmonic properties of NPG disk and comparison with Au disk: (a)

Extinction spectra of NPG disks with different diameters: 300, 400, 500, and 700 nm. The

samples consisted of high-density NPG disk monolayers on glass substrates in air (n = 1). (b)

Plasmonic resonance peak positions versus NPG disk diameter in air. (¢) Extinction spectra of

400 nm diameter and 75 nm thickness Au disks and NPG disks on glass substrates measured in

air. Both spectra were normalized to buoyant mass. The inset shows the in-plane and out-of-plane

resonance modes. (d) Tlhe in-plane dipole resonance peak positions are plotted as a function of

the diameter/thickness ratio. The black circle represents NPG disks. The red and blue circles

corresponding to experimental results®” and theoretical calculations,” respectively. All extinction

spectra were collected at 0° normal incidence.
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nm and nearly 800 nm for NPG disks with a diameter of 300 and 500 nm, respectively (Figure
3b). In addition, the out-of-plane resonance mode (“m”), though fixed in NPG thin films, became
mobile and shifted from 552 nm to 706 nm as the diameter increased from 400 to 700 nm. The
peak position versus NPG disk diameter in air are summarized in Figure 3b.

The plasmonic properties of NPG disks can be further understood by comparing with those
of Au disks having the same diameter and thickness on glass substrates (Figure 3¢). The two Au
disk absorption peaks at 858 and 587 nm are assigned to the in-plane (“®”) and out-of-plane (“m”)
resonance modes, respectively.’' At normal incidence, it is noted that the out-of-plane resonance
mode begins to appear when Au disk diameter size is larger than 250 nm (thickness ~20 nm).”
With the large diameter, Au disk and NPG disk exhibit the out-of-plane resonance mode around
500~600 nm that agrees with the previous report. For NPG disks, as mentioned previously, there
are three peaks at 1100, 690 and 552 nm. The peaks at 1100 and 552 nm correspond to the in-
plane (“®”) and out-of-plane (“m”) resonance modes due to the disk shape, respectively, while the
additional peak at 690 nm originates from the NPG LSPR (“ A”) generated by the nanopores and
nanoscale Au ligaments.'® Compared to Au disks, the plasmonic bands of NPG disks exhibits a
remarkable red shift (i.e., the in-plane resonance) from 858 to 1100 nm compared to Au disks. It
could be interpreted by plasmonic coupling (or plasmon hybridization) that has been well
studied.*** As for simple metal nanoparticles, plasmonic coupling gives rise to a red shift in
the plasmon as the distance between two nanoparticles decreases.”**** However, in the case of
NPG disks, the distances between disks on the substrates are random in the region from 0.1 to 1
um, and thus the coupling effect caused by the inter-disk distances is greatly reduced. The red
shift must be caused by coupling between the 3-dimensional bicontinuous porous nanostructures
and the outer geometrical size and shape. Such coupling is observed as spectral overlap between
the in-plane resonance and the NPG LSPR. By normalizing the extinction spectra to their
respective buoyant mass measured on a single-particle basis (Figure 2d), we found that the peak
height of the in-plane mode of NPG disks is about twice that of Au disks of the same external

13
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geometry. The NPG disk also shows a much broader in-plane peak compared to the Au disk:
460.9 versus 284.0 nm for the full width at half maximum (FWHM). Overall, the total extinction
per buoyant mass for NPG disks is 3.3 times that of Au disks. The peak broadening can be

attributed to random nanoporous structures and nanoscale Au ligaments.

Since it is known that Au disks exhibit a size-dependent shift in one or more of the
plasmonic resonance peaks due to changes electromagnetic retardation,”® we expect to see similar
behavior in NPG disks. As shown in Figure 3b, the UV-VIS-NIR extinction spectra of NPG disks
of different sizes indicate that the in-plane dipole resonance mode (‘“®”) red shifted from 906 to
1896 nm when the disk diameter was increased from 300 to 700 nm. For Au disks, previous
results revealed that the red shift of the in-plane resonance mode peak was around 40 nm per
diameter-to-thickness ratio (DTR) (dA/dDTR).*** In contrast, NPG disks exhibit a 4.5 times
larger dA/ADTR of 187 nm, suggesting larger tunability than that of Au disks by geometrical
modifications. Peak positions vs. the DTR for NPG disks and Au disks are shown in Figure 3d.
As alluded to earlier, another feature of NPG disks is the peak broadening compared to Au disks
as the diameter increases from 300 to 700 nm (Table 1). Besides the in-plane resonance peak
(“e®”), the out-of-plane (“m”) and the NPG LSPR (“ A”) peaks have qualitatively similar red shifts
as the diameter increases. This has never been observed in NPG-related materials as discussed

previously.

Next, we discuss the variability of NPG disk plasmon resonance due to refractive index
changes in the ambient environment. It is well known that plasmon resonance is sensitive to the
surrounding medium and exhibits peak shifts, which can be quantified by a sensitivity factor
dA/dn with the units of nm per refractive index unit (nm/RIU). We examined the plasmonic
properties of NPG disks and Au disks in water (n = 1.33). The extinction spectra shown in Figure
4a suggest the sensitivity factor dA/dn for the NPG LSPR peak (“A”) of 400 nm NPG disks was

~456 nm, much larger than those observed for NPG thin films. Indeed, the unique nanoporous
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structure makes NPG disks more sensitive to the surrounding medium than either Au disks or
unpatterned NPG thin films. To observe the NPG LSPR and the out-of-plane peaks more clearly,
the 410-980 nm regions of Figure 3a and 4a are reproduced in Figure S4a and S4b, respectively.
As shown in Figure 4b, the peaks of the in-plane resonance modes exhibited dA/dn of 190 and 518
nm/RIU for Au disks and NPG disks by changing the ambient environment from air to water,
respectively. The out-of-plane dipole resonance mode of Au disks at 587 nm did not shift, while

that of the NPG disks still red shifted, with a dA/dn of ~152 nm/RIU.

NPG disks can be used as plasmonic sensors due to the excellent sensitivity factor. To
further extend the range of index sensing into those for common solvents, we investigated the
peak shifts of 400 nm NPG disks over the index range of 1.36 to 1.495 using pure ethanol,
ethanol/toluene mixtures and pure toluene. Figure 5a illustrates the extinction spectra of the 400
nm NPG disks in these various solvents. As quantified in Figure 5b, the peaks “®” and “m” red-
shifted with sensitivity factors of 869.5 and 235.4 nm/RIU, respectively. Peak shift in the NPG
LSPR peak was unclear due to overlap with the broad peak “e®”. Overall, the sensitivity of NPG
disk in-plane peak (“e”) is larger than those of spherical Au nanoparticles, Ag@Au nanoshells,

16,45,46,47,48

SiO,@Au nanoshells, Au disks, Au nanorods, nanocages and silver nanoprisms, and

comparable to nanorices and nanorings which range up to 800 nm/RIU.**

To further elucidate the observed extraordinary size- and environment-dependent plasmonic
behavior of NPG disks, we performed finite difference time domain (FDTD) simulations and
compared with Au disks having identical external shape parameters: 500 nm in diameter and 75
nm in thicknesses. The NPG disk model shown in Figure 6a was constructed directly from the
SEM image shown earlier. Figure 6¢ displays the calculated electric-field (E-field) distribution
for 1300 nm incident wavelength, matching the in-plane resonance previously discussed. “Hot-
spots” in the pores around the edges are observed with a maximum E-field enhancement factor

~100. In contrast, the Au disk in Figure 6b produced a maximum E-field enhancement of ~15,
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Figure 6. E-field distribution of NPG disk and Au disk with 500 nm diameter and 75 nm
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incidence wavelength, respectively. (e) and (f) E-field distribution of NPG disk and Au disk for
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confined to either side of the disk (Figure 6d). Next, we examined the E-field distribution of NPG
disk for 785 nm incident wavelength, matching the NPG LSPR peak previously discussed. As
shown in Figure 6e, uniformly distributed hot-spots within the entire disk are observed with a
maximum E-field enhancement factor about 32. In contrast, the E-field distribution of Au disk as
shown in Figure 6f appears similar to that in Figure 6d with a maximum enhancement factor
about 6. Thus, NPG disk maintains ~6-fold higher E-field enhancement compared to Au disk.

The different patterns of hot-spot distribution in NPG disk for 1300 and 785 nm incident
wavelengths are most intriguing (Figure 6¢ and ¢). At 1300 nm, the hot-spot distribution appears
to be concentrated near the pores around edges, supporting our previous interpretation of coupling
between the in-plane resonance and the pores around edges. In contrast, the uniform hot-spot
distribution for 785 nm supports the interpretation that it is NPG LSPR. Of course, coupling was
still present since the NPG LSPR sits on the tail of the in-plane resonance mode (See Fig. 3a).
The 785 nm results also shed new light on our previous observation of excellent SERS with an
enhanced factor exceeding 10° by 785 nm excitation.”” Overall, the FDTD results provide further
support that the plasmonic coupling originating from the random nanoporous structure and the
disk shape plays a key role in the unique plasmonic properties of NPG disks.

Conclusions

In summary, we have demonstrated shape- and size-controlled monolithic NPG disks as a
new type of plasmonic nanoparticle in both substrate-bound and non-aggregating colloidal
formats. NPG disks feature large specific surface area due to their internal nanoporous network.
NPG disks also contain numerous plasmonic hot-spots throughout the internal volume, which has
enabled the demonstration of the high LSPR sensitivity to ambient index changes. Putting NPG
disks into the context of existing repertoire of gold nanoparticles, which permits tunability by
varying parameters in design dimensions such as material composition, particle size, shape (e.g.,
sphere, rod, cube, triangle, and cage) and configuration (core-shell), our work strongly advocates
porosity as yet another potential design dimension for plasmonic engineering. In addition to its
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excellent plasmonic properties, the gold material permits facile binding of a wide range of
thiolated molecular and biomolecular species through the Au-S bond. The synergy of large
specific surface area, high-density hot spots, and tunable plasmonics would profoundly impact
applications where plasmonic nanoparticles and non-plasmonic mesoporous nanoparticles are
currently employed, e.g., in in-vitro and in-vivo biosensing, molecular imaging, photothermal

contrast agents, and molecular cargos.

Experimental

Preparation of polystyrene bead (PS bead) monolayer. The assembled monolayer of PS
beads on the large scale area was prepared using a modification of a previously reported
procedure.’’* Briefly, the purchased PS beads were further purified by centrifugation
with a mixture of ethanol and DI water (1:1, volume ratio), and then dried in oven at
50 °C for 24 h. A 1% PS beads solution (weight ratio) was then prepared by redispersing
dried PS beads in the water-ethanol solution (1:1 volume ratio). The 120-nm thick Au/Ag
alloy film was deposited on the substrates such as 3" silicon wafers and the micro
coverglass using an Agg, sAuy7s alloy target, and then the substrate was first placed into a
Petri dish (3.5" in diameter) containing DI water. The as-prepared PS bead solution was
slowly injected at the air/water interface with a syringe pump at a rate of 50 pL/min. The
monolayer of PS beads spontaneously formed at the air/water interface. Formation of the
highly patterned monolayer was further driven by the addition of 5 mM sodium dodecyl
sulfate aqueous solution at the water surface. Finally, the assembled monolayer was
transferred onto a substrate with the alloy film by carefully lifting it out from the

air/water interface and then dried at room temperature.
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Fabrication of NPG disks. The Au/Ag alloy film covered with PS the bead monolayer
was first etched in oxygen plasma between 2 and 5 min to shrink the PS beads (2 min for
460 nm PS beads, 3 min for 600 and 800 nm PS beads, and 5 min for 1100 nm PS beads).
The pressure and power were 30 mTorr and 100 W, respectively. After treatment with
oxygen plasma, the sample was further etched in a 2 mTorr/100 W Argon plasma for 12
min to obtain Au/Ag alloy disks. The remaining polystyrene was removed by sonication
in chloroform for 1 min. Finally, the NPG disks were formed by dealloying Ag in 70%
nitric acid for 1 min. The sample was washed in DI water to remove the dealloying

reaction products and excess nitric acid.
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Nanoporous gold disk as a novel plasmonic nanoparticle possesses large specific surface area,
high-density, internal plasmonic “hot-spots” with impressive electric field enhancement, which
greatly promotes plasmon-matter interaction. The released nanoporous gold disks form non-

aggregated colloidal suspensions without any surface modification or surfactant.
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