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Abstract

We report a surface modification protocol to control nanoporous gold (NPG) disk
morphology and tune its plasmonic resonance. Enlarged pore size up to ~20 nm within 60
s dealloying time has been achieved by adsorbing halides onto alloy surfaces in between
two dealloying steps. In addition, plasmonic resonance has been significantly redshifted
for up to ~258 nm by the surface modification. Furthermore, with the enlarged pore size,
small gold nanoparticle have been effectively loaded into the pores to enhance the
performance of surface-enhanced Raman scattering (SERS) due to hot spot formation

between the original nanoporous network and loaded nanoparticles.
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Introduction

Plasmonic metal nanostructures exhibit wide applications ranging from optics and
biomedicine to catalysis.'"*>* Their plasmonic properties such as surface plasmon
resonance (SPR) and localized surface plasmon resonance (LSPR) is significantly
dependent on the composition, shape and size.” Moreover, the plasmon resonance bands
can be tuned based on refractive index changes through organic solvents,® adsorption of
alkanethiolate surfactants’ and voltage-controlled tuning liquid crystals.**'*!" Bulk
nanoporous gold (NPG) as a nanostructured semi-infinite thin film material has recently
attracted intense attention due to the unique 3-dimensional bicontinuous nanostructures
with large surface area, high catalytic activity and tunable plasmonic resonance.'>'*!*
Porous nanostructures are typically formed during the dealloying process by either
concentrated nitric acid or electrochemistry. Thus, the pore and ligament size can be
controlled by varying experimental parameters, including alloy atomic compositions,

dealloying time, thermal annealing temperatures, electrolytes and critical potential.'*

151617, 1819 pecently, lithographically patterned nanoporous gold disks (NPGDs) in disk
shape or nanoparticles demonstrated that unique plasmonic nanomaterials with tunable
plasmonics, 3-dimensional plasmonic hot spot distribution, large surface area, and large

surface-enhanced Raman scattering (SERS) enhancement factor.”’?"*%%

Taking
advantage of the high-density hot spots in NPGDs, we have developed several
applications such as ultrasensitive DNA hybridization monitoring at the level of

individual molecules,” and integrated microfluidic SERS sensor for label-free

biomolecular sensing.”
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Pore size control and plasmonic tuning in NPGDs is challenging using existing
techniques that are effective for NPG thin films. The primary reason is that NPGDs are
individual particles with no structural constraints at lengthscale larger than a few hundred
nanometers. NPGDs are allowed to significantly shrink by as much as 33-37% during the
formation of the internal nanoporous structures,” leading to the ineffectiveness to enlarge
pore size simply by prolonged dealloying or pre-dealloying thermal annealing. To
circumvent, our previous attempts included post-dealloying thermal annealing and laser
rapid thermal annealing.”**’ Although these techniques are more effective, they require
additional processing steps and additional apparatus. More importantly, these techniques
usually cause undesirable pore coalescence and pore count reduction, which could lead to
smaller total surface area.

In this paper, we have taken a surface modification approach using halide
compounds such as KI and KBr, inspired by Dursun and Ankah’s work on forming NPG
thin films by electrochemical corrosion. Briefly, Dursun et al. showed that halide-
containing electrolytes could reduce the critical potential to control the nanoporous

8 Ankah er al. further elucidated surface

structures in electrochemical corrosion.
morphology control of nanoporous structures by the addition of halides into H>SOj4
electrolytes.'” Compared to their works, our approach would provide the flexibility of
working with both conductive and nonconductive substrates.

To summarize out findings, the pre-adsorbed halide ions at the surface result in size
growth of both the pore and ligament, where the size is strongly dependent on the halide

ion concentrations. Redshift of the major plasmonic extinction band up to ~258 nm has

been observed due to morphological changes, which is different from blueshift caused by
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timed dealloying or post-annealing thermal annealing. In addition, we have applied
surface modification to produce large pore sizes for loading small gold nanoparticles into
pores. Such pore enlargement have not been possible without significantly increasing the
dealloying time. Improved performance of SERS has been observed in both halide

modified and gold nanoparticles loaded NPGDs.

Materials and methods

Chemicals and materials

Nitric acid (ACS reagent, 70%), chloroform (anhydrous, >99.0%), sodium dodecyl
sulfate, (ACS reagent, >99.0%), 3,3’-diethylthiatricarbocyanine iodide (DTTC, 99%),
potassium iodide (ReagentPlus, >99.0%), potassium bromide (ACS reagent, >99%),
poly(diallyldimethylammonium chloride) (PDDA, 20 wt.% in H,O) and latex beads
(polystyrene beads, 10% aqueous suspension) with mean particle sizes 460 nm were
purchased from Sigma Aldrich. Polystyrene beads were purified by centrifugation at
8000 rpm before use. Ethanol (200 proof) was from Decon Laboratories, Inc. Silicon
wafers were obtained from University Wafers, and coverglass (22 x 40 mm, No.l) from
VWR. AggsAu;;s and AgAus, (atomic percentage) alloy sputtering targets was
purchased from ACI Alloys, Inc. Argon gas (99.999%) was used for RF-sputter etching
and protection of thermal annealing.

Fabrication of monolithic NPGDs

Detailed fabrication process was described in elsewhere of our works.” The as-prepared
Au-Ag alloy nanoparticles were incubated with KI (or KBr) aqueous solutions for 24

hours before delloying. Finally, NPGDs were produced by dealloying Ag in 70% nitric
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acid for 30 to 270 s. The sample was washed in deionized (DI) water to remove the
dealloying reaction products and excess nitric acid.

Characterization.

Scanning electron microscope (SEM) images were obtained from PHILIPS FEI XL-30
FEG SEM. X-ray photoelectron spectroscopy (XPS) spectra were collected by using a
PHI 5700 system equipped with a monochromatic Al Ka X-ray source (hv = 1486.7 eV).
A Cary 50 Scan UV-visible spectrometer and Jasco V-570 UV-Vis-NIR
spectrophotometer were used to measure extinction spectra of the monolayer NPGDs on
a glass coverslip (~1.0 mm x 0.5 mm). The SERS spectra of DTTC were recorded by
using a home-built line-scan Raman microscope (LSRM).”* An automated image
curvature correction algorithm was employed with 5" order polynomial background

removal.?®

Results and discussion

Surface modification-induced morphological changes

In order to investigate the effects of surface modification on NPGDs, I' and Br™ ions
were pre-adsorbed onto Agg,sAu,;s and Agi,Aus, (atomic percentage) alloy nanoparticles
before dealloying. SEM images of samples after dealloying are shown in Fig. la-f for
comparison. Fig. la-c show 300 nm diameter NPGDs obtained from Agg,sAu,;s alloy
without the halide surface modification, with Br’, and with I', respectively. Without
halides (Fig. 1a), the average pore size was about 11.2 nm, and the average ligament size
was about 14.3 nm. After modified with Br" (Fig. 1b), the average size of pores and
ligaments slightly increased to 13.4 and 17.2 nm, respectively. When the surface was

treated with KI (Fig.1c), larger pores (16.8 nm) and ligaments (19.5 nm) were obtained

Page 6 of 22



Page 7 of 22 Journal of Materials Chemistry C

compared to those without modification or with KBr. The Kl-induced morphological
change appeared to be rougher with ligaments condensed onto gold-rich clusters to form
larger units. As for NPGDs from the Ag;,Aus, alloy (Fig. d-f), the average pore size
increased from 8.5 to 11.9 nm with KBr modification, and to 16.4 nm with KI
modification. The average ligament size corresponding to without, with KBr and KI
surface modification were 12.4, 20.7 and 26.7 nm, respectively. Consistently, surface
modification by pre-adsorbed halides induced an increase in the size of pores and
ligaments, which could be understood by the effect of halides on critical potential. In the
electrochemical corrosion process, the addition of halides to the electrolyte led to the
critical potential decrease of AgAu alloys for removing Ag, e.g. significantly dropping 50%
at the presence of 0.1 M KI."® Lowered critical potential causes fast etching of Ag atoms
and promotes surface diffusion of gold atoms which accelerates the size growth of the
pore and ligament.'™'? At the electrolyte/alloy interface, halides have much stronger
affinity than those of ClO4 and SO42' to the metal surface, therefore, halide adsorption at
the alloy surface plays a key role in the critical potential decrease. Instead of dealloying
in halide-containing electrolytes, pre-adsorbed halides onto the alloy surface in pure
halide aqueous solutions can be similarly understood. Concentrated nitric acid drives the
fast surface diffusion due to lowered critical potential by the pre-adsorbed halides. Thus,
surface modification results in similar fast growth in pore and ligament sizes within short
dealloying time, and offers a facile and alternative protocol to control NPGDs
morphology. In addition, it is interesting to point out that the halide-induced morphology
of NPGDs obtained from Agg,sAu,;s alloy is slightly different from that made by

AgoAuy, e.g., in Kl-induced morphology (Fig. 1c and f). As revealed by Dursun,'® the
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critical potential of AuAg alloy with a lower gold atomic percentage is smaller than that
of alloy possessing a higher gold atomic percentage in halide-containing electrolytes.
Therefore, the alloy with a lower gold atomic percentage would experience faster surface
diffusion to form nanoporous structures. In Fig. 1c, the bicontinuous network almost

broke down and the ligaments grew into bead-like nanostructures due to the
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Figure 1. Agy, sAu,; s alloy dealloys 30s: (a) without halides, (b) with 0.1 M KBr and (c)
with 0.1 M KI. Ag;Aus alloy dealloys 60s: (d) without halides, (e¢) with 0.1 M KBr and
(f) with 0.1 M KI. SEM scale bar: 100 nm.
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accelerated dealloying rate, while NPGD in Fig. 1f still keeps its bicontinuous network

with relatively large ligaments. Our observations are consistent with Dursun’s work.

Surface modification-induced plasmonic changes

Fig. 2 shows the morphology-dependent plasmonic resonance of surface modified
NPGDs obtained from different alloy atomic compositions. In Fig. 2a, NPGDs without
halides exhibited an extinction band at 990 nm, which has been interpreted as the in-
plane resonance of the disk (i.e., Disk LSPR).” The in-plane resonance band redshifted
~68 nm for the KBr modified sample, and ~258 nm for the KI modified sample. NPGDs
obtained from Ag;Ausg alloy also exhibited similar trend of redshift (Fig. 2b): ~42 nm
for KBr modification and additional ~147 nm for KI modification. Smaller redshifts were
observed from Ag;Auz alloy compared to those from Agg, sAu,;s alloy. In our previous
work,”® we observed that the in-plane resonance band blueshifted due to increased pore
and ligament size, interpreted as decreased plasmonic coupling between the in-plane Disk
LSPR and NPG LSPR. However, surface modification-induced NPGDs exhibit redshifts
even though seemingly similar morphological coarsening were observed.

To further investigate why the LSPR band shifted into the opposite direction after
halide surface modifications, we compared the extinction spectra of naked NPGDs
without surface modification and NPGDs with post-dealloying adsorbed halides. As
shown in Fig. S1, after adsorbing halides, the extinction band of NPGDs significantly

redshifted ~88 nm. The observed redshifts were caused by adsorbed halides on the
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surface that resulted in refractive index changes in the local environment near the
nanoporous structures. To further support this interpretation, we have applied X-ray
photoelectron spectroscopy (XPS) to quantitatively characterize the composition of
adsorbed I' before (Fig. S2a) and after dealloying (Fig. S2b). The 3d peaks of I" are
shown in Fig. S2. The binding energy of 3ds, slightly shifted to lower binding energy

(~619.0 eV) due to adsorbed I" on metal surfaces.
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Figure 2. Extinction spectra of NPGDs obtained from different alloys: (a) AggssAu,;s
alloy, and (b) AgsAus alloy. Black lines are without halides. Red and blue lines are with
0.1 M KBr and KI, respectively.
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XPS surface compositional analysis revealed 14.9% adsorbed I' on the surface before
dealloying, while the iodide composition dropped to 7.8% after dealloying. Apparently,
there were still a significant amount of I residues on NPGDs which was responsible for

the refractive index changes and the subsequent plasmonic redshifts.

Effects of halide concentration
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Figure 3. NPGDs obtained from AgssAu,,s alloy after incubating in different
concentrations of halides: (a) I mM and (b) 10 mM KBr; (¢) I mM and (d) 10 mM KI.
Dealloying 30 s. SEM scale bar: 100 nm.

To further investigate the effects of halide concentration on the induced morphology, we

incubated Agg,sAu,;s alloy nanoparticles in different concentrations of halides (1 and 10
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mM) before dealloying. Fig. 3 shows SEM images of NPGDs dealloyed at 30 s after
surface modification with KBr and KI. Under the low concentrations of KBr (Fig. 3a and
3b), the average pore sizes of NPGDs were 11.3 and 11.8 nm for 1 and 10 mM KBr,
respectively. The corresponding average ligament size were 14.4 and 14.8 nm. For low
concentrations KI (Fig. 3¢ and d), the average pore size was 12.4 nm with | mM KI and
13.5 nm with the higher concentration at 10 mM. The average ligament size increases
from 16.6 to 21.1 nm. Apparently, lower halide centration resulted in less pore and
ligament enlargement. Fig. 4 shows extinction spectra of as-prepared NPGDs by using
different halide concentrations. In Fig. 4a, the extinction band blueshifted ~48 nm as the
KBr concentration increased from 1 to 10 mM, and it further blueshifted ~24 nm by using
100 mM KBr. Similar blueshifts were also observed by increasing the concentration of
KI (Fig. 4b), where the extinction band blueshifted ~72 nm when the KI concentration
increased from 1 to 100 mM. As mentioned earlier, we found that the increased pore and
ligament size results in blueshifts due to the decrease of the plasmonic coupling between
the in-plane Disk LSPR and NPG LSPR.* Since NPGDs were modified by the same
halide and likely similar amounts of residues after dealloying, the nanoporous structure
such as the size of pores and ligaments should play a key role in the plasmonic resonance.
Therefore, the blueshift of extinction bands of halide-induced NPGDs can be understood

by the decrease of the plasmonic coupling since their pore size increased.
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Figure 4. Extinction spectra of NPGDs obtained from Agg,sAuy;s alloy. Incubated in
different concentrations: (a) 1, 10 and 100 mM KBr; (b) 1, 10 and 100 mM KIL.
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Applications of surface modification-induced morphology and plasmonics in
NPGDs

The simple surface modification protocol described in this paper offers an alternative
way to control the morphology of NPGDs. Herein, we used this method to produce
enlarged pore size for loading small gold nanoparticles for potential applications such as
surface-enhanced Raman scattering (SERS). Instead of directly dealloying halide-
modified alloy nanoparticles, we employed a two-step method to enlarge the pore size:
alloy nanoparticles were first dealloyed without pre-adsorbed halides to achieve
nanoporous structures and then halides were adsorbed, followed by a second dealloying
step. The rationale behind this approach is that the opened pores after the first dealloying

step can
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Figure 5. SEM images of as-dealloyed NPGDs from Ag;,Aus alloy. (a) Dealloying 30 s
and (b) dealloying 270 s without halides. (¢) As-dealloyed NPGDs at 30 s incubated with
0.1 M KI for 24 h first, then further dealloyed 30 s again. (d) Attached ~12 nm gold
nanoparticles on NPGDs of (c).

adsorb halides not only on outside surfaces but also inside surfaces of nanoporous
structure which is expected to further accelerate the growth rate of the pores. This
approach created a “discrete” version of the electrochemical dealloying with the presence
of halides in the electrolyte for continuous supply as dealloying progresses. Herein, we
take NPGDs obtained from Ag;Aujp alloy as an example for applications. Fig. 5a shows
as-dealloyed NPGDs at 30 s with an average pore size ~7.8 nm. For comparison, the
dealloying time was increased to 270 s and the average pore size increased to ~12.2 nm
(Fig. 5b). Fig. 5c shows NPGDs were prepared with the two-step method, where as-
dealloyed NPGDs at 30 s were first incubated with 0.1 M KI and then further dealloyed
for 30 s. The average pore size increases to ~20 nm which is much larger than that of
NPGDs dealloyed at 270 s (Fig. 5b), as well as NPGDs directly obtained from surface
modified Ag;,Auso alloy (Fig. 1f). NPGDs with large pores can be used to load small
gold nanoparticles prepared, e.g., by Turkevich protocol.”*”**' To demonstrate this,
NPGDs  were first made  positively charged by a  coating of
poly(diallyldimethylammonium chloride) (PDDA),**** followed by incubating with
negatively charged gold nanoparticles (~12 nm) for loading. As shown in Fig. 5d, small
gold nanoparticles were successfully loaded into pores, and some of them attached on
ligaments.

To explore surface modification-induced NPGDs for SERS application,

diethylthiatricarbocyanine (DTTC) dye molecule was used as the SERS marker to
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compare performance. Fig. 6a shows DTTC SERS spectra on NPGDs without halides
(black trace), KI-induced NPGDs (red trace), and KI-induced NPGDs loaded with small
gold nanoparticles (blue trace). SERS intensity variation of the peak at 1150 cm™ with
standard deviation was also shown in Fig. 6b. Interestingly, SERS intensity of DTTC on

KI-induced
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Figure 6. (a) DTTC SERS spectra at NPGDs without halides (black line), KI-induced
NPGDs, and Kl-induced NPGDs loaded with small gold nanoparticles (blue line). (b)
Raman intensity at the peak at 1150 cm™ with standard deviation.

NPGDs increased ~3 folds compared to NPGDs without KI. It is noted that for NPGDs

without halides, the growth of pore and ligament sizes by increasing dealloying time
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resulted in blueshifts of plasmonic bands.’® Therefore, the LSPR peak matches the
average of the laser excitation and the SERS wavelengths.”® However, in the presence of
KI, the LSPR peak of Kl-induced NPGDs significantly redshifts to ~1200 nm as
mentioned earlier, which is far away from the average of the laser excitation and Raman
wavelengths. Hence, more enhancement increase could be obtained using a laser
wavelength near the plasmonic peak. Moreover, the rough structure caused by KI might
have played an important role for the additional enhancement. The enhancement
performance was further improved by loading small gold nanoparticles onto NPGDs. As
shown in Fig. 6b, SERS intensity was ~5.6 times larger than that of NPGDs without KI
modification. The interaction between nanopores and nanoparticles, as well as the
adjacent nanoparticles, corresponds to the strong enhancement, which agrees with
previous work.>' It will be of interest to further explore biosensing based on halide-
induced NPGDs loaded with small gold or other metallic nanoparticles. We are currently
pursuing these directions in our laboratory.

Conclusions

In summary, we have developed a surface modification strategy to control NPGD
morphology and tune its plasmonic resonance. A simple protocol has been employed to
effectively produce enlarged pores that are otherwise challenging to achieve in NPGDs.
We have found that the NPGDs fabricated with pre-adsorbed halides exhibited significant
plasmonic redshift for up to ~258 nm. We have demonstrated that the enlarged pores can
be employed to harbor small gold nanoparticles. Further studies have revealed that SERS
performance of KI-modified NPGDs and KI-modified NPGDs loaded with small gold
nanoparticles increased by ~3 and 5.6 folds, respectively. Therefore, they could be

applicable to surface-enhanced spectroscopy, as well as molecular sensing.
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