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Introduction

Au-Ag controllable composition nanoalloying of
hexagonal nanoplates: heterogeneous interfacial
nanogaps enhance near-field focusing+

Sungbeen Park,? Insub Jung,? Soohyun Lee,” Qiang Zhao,® Sungwoo Lee, ¢
Hyunji Kim® and Sungho Park (2) *2

In this study, we present a novel strategy for fabricating binary-array surface-enhanced Raman scattering
(SERS) substrates composed of gold (Au) and silver (Ag) plasmonic hexagonal nanoplates (h-NPLs), func-
tioning as a "nanoalloy” system. Using Au h-NPLs as scaffolds, we synthesized Ag h-NPLs of closely identi-
cal sizes and shapes, facilitating the construction of a mixed plasmonic system. The flat morphology of
h-NPLs enables their face-to-face assembly into parallel “wire-like string” arrays, referred to as “columnar
superpowders (SPs)”, which expose nanogaps perpendicular to the incident light and maximize near-field
focusing. We achieved anisotropic superstructures of Au—Ag core—shell h-NPLs through epitaxial Ag
growth on Au surfaces, controlled by the interplay of halide ions and surface crystal energy differences.
Free-standing columnar SPs were fabricated via an upside-down assembly method, forming dense face-
to-face nanogaps that act as hotspots for SERS enhancement. The thickness of the Ag shell was critical in
optimizing plasmonic coupling between the Au core and Ag shell, thereby enhancing near-field effects.
The observed strong near-field focusing originates from synergistic intra- and inter-interface plasmonic
coupling, which induces a mirror charge effect, amplifying near-field polarization and SERS sensitivity.
Theoretical simulations and experimental bulk SERS analyses validated these effects, underscoring the
potential of binary-component nanoalloy structures for advanced optical sensing technologies. This work
highlights the critical role of heterogeneous interfacial nanogaps in enhancing both near- and far-field
plasmonic effects, paving the way for next-generation SERS applications.

istics intermediate between those of the individual pure
NPps.>*

Traditionally, alloys are produced through atomic mixing,
which enhances the properties of constituent metals, such as
improved corrosion resistance and mechanical strength. In the
synthesis of plasmonic nanoparticles (NPs), a similar atomic
mixing approach has been widely employed, particularly for
NPs composed of gold (Au), silver (Ag), and copper (Cu), which
exhibit notable plasmonic behavior in the visible and near-
infrared regions."”” By adjusting the ratios of these com-
ponents during atomic mixing, the localized surface plasmon
resonance (LSPR) peak can be fine-tuned, achieving character-
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While combining different metals offers the potential to
enhance and balance their individual plasmonic properties, a
significant challenge arises in understanding the plasmonic
effects when two identical NPs, differing only in their outer
compositions, are mixed at the nanoscale. Distinct from
atomic mixing, “nanoscale alloying” involves mixing NPs with
identical shapes and sizes but differing outer compositions.
This approach achieves long-range ordering in the assembly
structure, allowing bulk properties to be consistently tailored
by simply varying the ratios of the individual building blocks.
As an exemplary application, the enhancement of surface-
enhanced Raman spectroscopy (SERS) using nanoalloy-based
SERS substrates is particularly compelling.”> Most research on
bulk SERS substrates has focused on single-component, mono-
disperse plasmonic building blocks.® The design of binary
nanoalloy assemblies offers an exciting opportunity to advance
SERS performance by leveraging the synergistic properties of
mixed-component systems.

This journal is © The Royal Society of Chemistry 2025
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Among various types of NPs, nanoplates (NPLs) are particu-
larly unique anisotropic structures with distinct optical pro-
perties. They support multiple resonant plasmonic modes,
including in-plane and out-of-plane modes, and exhibit
tunable optical properties spanning from the visible to near-
infrared (NIR) spectral regions, along with a large spatial
surface area.””® While the synthesis of Au NPLs is well-
established,” ™" achieving precise control over the shape and
ensuring uniformity in size and morphology of Ag NPLs
remains a significant challenge. This limitation hampers the
full utilization and exploration of Ag NPLs’ unique properties
despite Ag’s strong plasmonic characteristics, attributed to its
high-quality factor."*™* 1In particular, hexagonal NPLs
(h-NPLs) exhibit well-defined sharp edges and corners that
localize plasmonic fields more effectively, thereby enhancing
Raman signal amplification. However, the synthesis of highly
homogeneous Ag h-NPLs has been scarcely reported due to the
intrinsic chemical instability of Ag.'® Strategies such as light-
induced synthesis and polyvinylpyrrolidone (PVP)-mediated
methods have been employed to produce Ag NPLs, revealing
important insights into photochemical reactions and Ag
reduction mechanisms.'®'® However, achieving uniformity in
size and shape during solution-phase synthesis remains chal-
lenging. This uniformity is crucial for particle assembly, as
precise shape and size matching of individual building blocks
is key to achieving well-organized and stacked self-assemblies,
which enhance inter-particle plasmonic coupling in SERS."**°
Moreover, investigating near-field and far-field plasmonic
coupling in heterogeneous and binary plasmonic building
blocks, such as those combining Au and Ag, introduces
additional complexity. Reports have been limited to core-shell
NPs*"?*> or dimeric configurations of Au and Ag NPs,*?’
which highlight the critical role of heterogeneous interfaces in
influencing light-matter interactions.

Here, we report the fabrication of nano-alloyed Au-Ag
h-NPLs using binary constituents of pure Au h-NPLs and
Au@Ag h-NPLs. To synthesize Au-Ag core-shell h-NPLs, Au
h-NPLs were employed as core templates, providing structural
durability and chemical stability, while the outer Ag hexagonal
shells retained the intense plasmonic properties of Ag.
Leveraging the crystal facet energy differences between {111}
and {100} planes of Au h-NPLs, well-controlled epitaxial
growth of Ag on the Au cores was achieved, allowing the result-
ing structures to maintain their hexagonal geometry with
tunable Ag shell thickness. The unique geometry of the
h-NPLs, characterized by large top and bottom basal planes
relative to the side height, enabled face-to-face “wire-like
string” self-assembly under controlled depletion forces
between the building blocks and surfactant micelles. This
process led to the formation of columnar superpowders (SPs)
—ready-to-use, free-standing supercrystals containing a high
density of face-to-face nanogaps exposed to incoming laser
light, thereby maximizing SERS activity. By assembling Au@Ag
core-shell h-NPLs in close proximity, enhanced near-field col-
lection was achieved through synergistic effects of intra-bi-
metallic interactions and inter-particle plasmonic coupling.
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The role of Ag shell thickness in modulating intra-bimetallic
effects and enhancing near-field collection was elucidated.
Importantly, we synthesized binary nanoalloys composed of
two distinct building blocks with similar dimensions: pure Au
h-NPLs and Au@Ag h-NPLs with tunable volume ratios. This
approach induced a mirror charge effect within the inter-par-
ticle nanogaps. Unlike conventional atomic alloy mixtures,
this “nanoalloying” strategy relies on combining two distinct
surface compositions at the nanoscale. The differing Au and
Ag surfaces created imbalanced polarization degrees at the
heterogeneous interfaces, significantly amplifying the near-
field enhancement within the metallic nanogaps. Using this
strategy, we achieved maximized SERS enhancement compared
to SPs composed solely of pure Au or Au@Ag h-NPLs.

Experimental
Instrumentation

Field-emission scanning electron microscopy (FE-SEM) images
were obtained using JSM-7610F-Plus, JSM-IT-500HR instru-
ments (JEOL) and SU-5000 (Hitachi). Transmission electron
microscopy (TEM) analysis was performed using JEM-F200
instruments (JEOL). UV-vis-NIR absorption spectra were
acquired with a Shimadzu UV-3600 spectrophotometer.
Raman spectra were measured using an XperRAM-S700 Raman
microscope (Nanobase).

Chemicals

Hydrogen tetrachloroaurate(m) hydrate (HAuCl,-nH,0, 99%)
was purchased from Kojima. Silver nitrate (AgNO3, 99.8%) and
sodium borohydride (NaBH,, 98.0%) were obtained from
Junsei. Sodium iodide (Nal, 99.5%), r-ascorbic acid (C¢HgOg,
99.5%), sodium hydroxide (NaOH, 97%), and trisodium
citrate dihydrate were sourced from Sigma Aldrich
Hexadecyltrimethylammonium bromide (CTAB, C;oH,,BrN,
99%) was obtained from Acros Organics, while hexadecyltri-
methylammonium chloride (CTAC, C;oH4,CIN, 95.0%) was
procured from Tokyo Chemical Industry, Japan. All chemicals
were dissolved in triply distilled water (>18.2 MQ cm) prepared
using a Milli-Q water purification system (Millipore).

Synthesis of Au hexagonal nanoplates (h-NPLs)

The synthesis of Au triangular nanoplates followed the meth-
odology outlined in previous literature.”® First, 10 mL of 0.05
M aqueous CTAB solution and 250 pL of 20 mM HAuCl, were
added to 10 mL of the Au triangular nanoplate solution. The
triangular nanoplates were etched with gold ions at 50 °C for
2 h, resulting in circular Au nanoplates. Residual Au ions were
removed by centrifugation at 8000 rpm for 10 min, repeated
twice. To synthesize Au hexagonal nanoplates, 10 mL of 0.1 M
aqueous CTAB solution was mixed with 200 pL of 20 mM
HAuCly, 200 pL of 100 mM ascorbic acid, and 5 mL of the Au
circular nanoplate solution. After 1 h, the CTAB surfactant was
removed by centrifugation at 6000 rpm for 10 min, repeated
twice.
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Synthesis of Au@Ag h-NPLs

Au@Ag h-NPLs were synthesized by overgrowing Ag on Au
h-NPLs in the presence of a CTAC surfactant, with AgNO;
acting as the Ag precursor. A solution was prepared by adding
40 mL of 0.1 M aqueous CTAC, 100, 200, or 300 pL of 2 mM
AgNO;3, 100, 200, or 300 pL of 10 mM ascorbic acid, and 100,
200, or 300 pL of 0.1 M NaOH to 5 mL of Au h-NPLs. After
30 min, additional 2 mM AgNO; and 10 mM ascorbic acid
were introduced into the reaction mixture, followed by another
30 min of incubation. The CTAC surfactant was then removed
by two rounds of centrifugation at 8000 rpm for 10 min each.
Finally, the resulting NPs were dispersed in water.

Forming the superpowders (SPs)

To form SPs, 1 mL of the NP solution was concentrated to
100 pL by centrifugation at 8000 rpm for 3 min. Subsequently,
1 mL of 2 mM CTAC solution was added to the concentrated
solution, which was further concentrated to 40 pL by another
round of centrifugation at 8000 rpm for 3 min. A total of 12
droplets (~36 pL, with 3 pL per droplet) of the colloidal solu-
tion were drop-cast onto a silicon wafer. The wafer, containing
sessile droplets, was inverted in a pressure- and humidity-con-
trolled chamber. The inverted Si wafer with NPs was placed in
a high-pressure chamber (4 bar) filled with N, gas (purity
>99.99%) and incubated in a 30 °C oven for 12 h, resulting in
well-formed superstructures on the Si wafers. The substrates
were then immersed in ethanol for 5 min to remove organic
compounds, including CTAC. After immersion, they were air-
dried at room temperature. Finally, the superstructures were
gently detached from the substrates using clean tweezers and
stored in a vial at 4 °C.

Experimental conditions for SP SERS measurements

SERS substrates, including SPs of Au h-NPLs, Au@Ag h-NPLs,
and Au-Ag binary h-NPLs, were prepared and saturated in 107>
M 2-naphthalenethiol (2-NTT) dissolved in absolute ethanol at
room temperature for 3 h. After saturation, the substrates were
washed in absolute ethanol for 10 min. SERS measurements
were conducted using a 785 nm excitation laser with a power
of 780 pW. A microscope equipped with a 20x objective lens
(NA = 0.34) and a charge-coupled device (CCD) detector was
used to focus the laser onto the substrate surface.
Measurements utilized large-area mapping (50 x 50 pm?*) with
a 5 pm interval, a 1 s exposure time per mapping pixel, and a

spectral range of 0 to 2000 cm ™",

Electric field simulation

Electromagnetic simulations, including calculations of electric
field enhancements, theoretical extinction cross sections, and
surface-charge distributions of NPs, were performed using the
finite element method (FEM) in commercially available soft-
ware (COMSOL Multiphysics 6.0) with the RF module and fre-
quency domain study. Models were constructed using
AutoCAD software based on transmission electron microscopy
(TEM) and scanning electron microscopy (SEM) data. In the
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assembly simulations, the gap between NPs was set to 5 nm.
The maximum tetrahedral mesh size for the simulation region
in single-particle and assembly simulations was 10 nm, with a
minimum size of 0.1 nm. The refractive index of the surround-
ing medium was set to that of water, as reported by Hale and
Querry, while the refractive index of gold was defined using
the empirical dielectric function provided by Johnson and
Christy.

Detection of pesticide using SPs

Thiram solutions of varying concentrations were prepared for
SERS measurements using SPs of Au, Au@Ag, and Au-Ag
binary h-NPLs. Apple peels were washed with DIW and ethanol
to remove organic contaminants. Next, 10 puL of Thiram solu-
tions were applied to the apple peels and air-dried at room
temperature. After drying, optical patches containing SPs were
placed on the peel surface and incubated at room temperature
for 5 min to achieve complete Thiram saturation on the SPs.
SERS measurements were conducted using a 785 nm laser
(4.0 mW) and a microscope equipped with a 20x objective lens
(NA = 0.34) with an integration time of 1 s. Measurements
employed large-area mapping (50 x 50 pm®) with a 5 pm
interval.

Results and discussion

Nanoalloying of SPs composed of Au h-NPLs and Au@Ag
h-NPLs

In this study, we hypothesize that Au@Ag h-NPLs can generate
strong near-field enhancement through both intra- and inter-
particle plasmonic coupling, surpassing the near-field effects
of their pure Ag or Au counterparts. When Au and Au core-Ag
shell NPLs are assembled into a parallel string superstructure,
two types of enhancements occur: (1) the intra-bimetallic inter-
face effect within the core-shell structured Au@Ag h-NPLs and
(2) the inter-mirror charge effect between neighboring Au and
Au@Ag shell h-NPLs, as schematically illustrated in Fig. 1. The
mirror charge effect refers to the increased polarization at
heterogeneous interfaces due to imbalanced electron affinities
between two distinct elements, leading to enhanced near-field
effects.’® This enhancement becomes even more pronounced
when combining two different configurations, such as Au@Ag
and pure Au h-NPLs, resulting in an anomalous mirror charge
effect created by interfacial interactions between the two. We
term this heterogeneous near-field enhancement, arising from
the combination of distinct interfaces, the “asymmetric mirror
charge effect”.

Synthesis of Au@Ag h-NPLs

The Au@Ag core-shell h-NPLs were synthesized by first prepar-
ing Au h-NPLs as core templates using a seed-mediated
method. The initial formation of these NPLs involved trans-
forming Au triangular NPLs into regular h-NPLs with stereo-
graphic edges.® In this process, triangular Au NPLs with an
edge length of 163 + 13 nm (Fig. 2A) were converted into circu-

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic illustration of the nanoalloying process used to create columnar SPs composed of pure Au h-NPLs and Au@Ag h-NPLs. Two types
of plasmonic couplings contribute to near-field enhancement: (1) intra-plasmon coupling at the bimetallic interfaces within Au@Ag h-NPLs and (2)
inter-plasmonic coupling through face-to-face nanogaps between heterogeneous Au and Au@Ag interfaces. This nanoalloying induces an asym-

metric mirror charge effect, enhancing the overall SERS activity.

lar Au nanodisks with a diameter of 51 + 8 nm (Fig. 2B) via a
tip-selective etching process using AuCl,” ions as the etchant,
as described in previous literature.® Subsequently, in a cetyltri-
methylammonium bromide (CTAB) environment, AuCl,” ions
were further reduced along the edges of the nanodisks, yield-
ing Au h-NPLs with a diameter of 133 + 9 nm and newly devel-
oped side facets (Fig. 2C). The resulting h-NPLs exhibit basal
planes consisting of {111} facets on the top and bottom, with
twelve edge sides alternating between {111} and {100} facets,*®
resulting in the formation of a total of 14 facets (Fig. 2E). To
deposit Ag onto the Au h-NPLs, we introduced cetyltrimethyl-
ammonium chloride (CTAC) as the capping agent, AgNO; as
the metal precursor, ascorbic acid as the reducing agent, and
NaOH as the pH controller. Notably, the resulting Au@Ag
h-NPLs retained their hexagonal shape with sharp side edges,
indicating that Ag growth occurred epitaxially without forming
an Au-Ag atomic alloy (Fig. 2D). CTAC was specifically chosen
to passivate side growth and facilitate epitaxial deposition. As
a cationic surfactant with a simple structure, CTAC forms
strong electrostatic interactions with Ag ions, enabling their
adsorption onto the Au NPL surface, which facilitates rapid
reduction and subsequent NP growth (Fig. 2F). This selective
epitaxial growth of Ag on Au h-NPLs allows for an in-depth
investigation of the effects of hot spot density when assembled

This journal is © The Royal Society of Chemistry 2025

into columnar SPs, a topic discussed later. The successful
uniform epitaxial growth of Ag was confirmed through energy-
dispersive X-ray spectroscopy (EDS) mapping and transmission
electron microscopy (TEM) images, which distinguish Au and
Ag by color (red for Au and green for Ag) in both Au h-NPLs
and Au@Ag h-NPLs (Fig. 2G and H). In addition to Ag growth
on the top and bottom Au planes, six protruding Ag domains
were observed, extending from the (111) side facets, with less
Ag deposited on the (100) facets. This led to asymmetric
Au@Ag h-NPLs, a result of the unique crystal structure of the
core Au h-NPLs, which exhibit alternating (111) and (100)
facets with differing Ag growth kinetics. The schematic in
Fig. 2F illustrates this asymmetric Ag growth pattern. This
unique growth pattern yields flat and sharp Ag edges critical
for near-field collection while maintaining the structural integ-
rity of the NPLs (refer to Fig. S1} for additional STEM images
highlighting the side facets of asymmetric Ag growth).

We examined the UV-vis-NIR spectra during the morpho-
logical evolution from Au triangular nanodisks to Au circular
nanodisks, Au h-NPLs, and finally Au@Ag h-NPLs (Fig. 2I).
Anisotropic NPLs typically exhibit two distinct plasmonic
modes: in-plane and out-of-plane dipole modes,® similar to
those observed in elongated nanorod systems.>® Initially, the
in-plane quadrupole mode of Au triangular nanodisks at 1 =

Nanoscale, 2025,17,13454-13465 | 13457
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Fig. 2 Morphological and optical characterization of Au and Au@Ag h-NPLs. FE-SEM images of (A) Au triangular NPLs, (B) Au circular NPLs, (C) Au
h-NPLs, and (D) Au@Ag h-NPLs. Scale bars in the insets of (C) and (D) are 100 nm. (E) Schematic representation of the crystallographic facets of Au
h-NPLs, featuring two {111} top and bottom planes and alternating twelve side facets of {111} and {100} planes. (F) Cartoon illustrating asymmetric
Ag shell growth on Au h-NPLs. EDS mapping images and line spectra scanned along the (G) horizontal and (H) vertical planes of Au@Ag h-NPLs. (I)

UV-vis-NIR spectra corresponding to panels A-D.

771 nm shifted sequentially to 840 nm and then to 709 nm
after the tip-selective etching and overgrowth of Au h-NPLs,
respectively. The appearance of an out-of-plane mode at
572 nm in the Au h-NPLs indicated sufficient side thickness,
in contrast to the Au circular nanodisks, which lacked an out-
of-plane mode due to their very thin structure. Following the
deposition of Ag onto the Au h-NPLs, both the in-plane and
out-of-plane modes blueshifted to 672 nm and 538 nm,
respectively, due to the decrease in aspect ratio (defined as dia-
meter D, over thickness, L). Additionally, the LSP peak at
378 nm confirmed the successful deposition of Ag, as this
wavelength is characteristic of intrinsic Ag properties.'”

Fabrication of ready-to-use and free-standing SPs of Au@Ag
h-NPLs

We fabricated ready-to-use, free-standing columnar SPs using
an upside-down drying method. The resulting SPs, composed
of h-NPLs, formed micron-sized, pillar-like supercrystals with
face-to-face alignment, exposing nanogaps perpendicular to
the incoming laser to maximize near-field enhancement.”®
Briefly, the colloidal solution was drop-cast onto a Si wafer
substrate, and the upside-down drying method was employed
by attaching the backside of the substrate to a Teflon cell.

13458 | Nanoscale, 2025, 17, 13454-13465

This cell was placed in a chamber maintaining high and
constant pressure (ie., ensuring a slow evaporation rate),
allowing the samples to dry over 12 h. The formation of
these SPs is influenced by the depletion force, which
depends on the concentration of surfactants like CTAC in
the solution. CTAC forms micelles in solution, and the con-
centration of these micelles is lower near the particles than
in other regions of the solution. This gradient creates a
region of lower osmotic pressure around the particles, result-
ing in an imbalance that facilitates depletion forces between
them. To determine the optimal concentration for SP for-
mation, we varied the CTAC concentration from 0, 0.1, 1.0,
2.0, 5.0, 10, to 100 mM during the upside-down drying
process (Fig. 3A-D; see Fig. S2t for results with 0.1, 1.0, and
5.0 mM CTAC). In the absence of CTAC (Fig. 3A), randomly
oriented aggregates were observed. At a CTAC concentration
of 0.1 mM (Fig. S2Af), face-to-face alignment began to
appear, but the attractive forces between particles were
insufficient to form distinct, micron-sized supercrystals. At
1 mM CTAC (Fig. S2BY), parallel string arrays began to form,
enabling particles to behave as individual aggregates.
Increasing the CTAC concentration to 2 mM produced the
optimal micelle concentration for elongated columnar SPs

This journal is © The Royal Society of Chemistry 2025
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(A—D) FE-SEM images of assemblies formed under different CTAC concentrations: 0, 2, 10, and 100 mM. (E) Large-scale FE-SEM image of

ordered columnar SPs composed of Au@Ag h-NPLs. (F) SERS spectra of 2-NTT (1072 M) obtained from SPs and randomly assembled Au@Ag h-NPLs
under 785 nm excitation. (G and H) Raman signal mapping images corresponding to panel F, where each pixel represents 5 um.

with uniform size distribution (Fig. 3B). These SPs exhibited
micron-sized dimensions and elongated superstructures,
causing them to lie flat on the substrate with face-to-face
nanogaps oriented upwards (see Fig. S31 for the estimation
of the number of particles in a single SP chunk). At a CTAC
concentration of 10 mM (Fig. 3C), very short SPs formed,
standing upright rather than lying flat, and began to lose
their packing order. At 100 mM CTAC (Fig. 3D), the SPs lost
their organized structure entirely, resulting in a random
assembly. This behavior indicates that moderate CTAC con-
centrations promote organized assembly, while excessive
CTAC concentrations disrupt the interactions necessary for
coherent superstructure growth, leading to disordered
arrangements. A low-magnification FE-SEM image of SPs
formed at a CTAC concentration of 2 mM (Fig. 3E) revealed
uniformly sized, well-distributed, and well-defined SPs. This

This journal is © The Royal Society of Chemistry 2025

ordered assembly is critical, as it ensures the laser beam
aligns perpendicularly to the columnar structures, enabling
more efficient excitation of plasmonic modes and stronger
enhancement in magnitude. Furthermore, the continuous
sequence of nanogaps in the ordered assembly increases gap
density, which enhances near-field focusing. The dense
nanogap distribution facilitates stronger localization of the
electromagnetic field, significantly improving performance in
SERS, as discussed further below.

Notably, significantly higher Raman signals for 2-naphtha-
lenethiol (2-NTT) were observed in the SPs (red spectrum in
Fig. 3F) compared to those in the random assembly (black
spectrum in Fig. 3F). This SERS effect is clearly demonstrated
in the SERS mapping images (Fig. 3G and H), where the SPs
exhibit much stronger and more uniform signal distributions
than the random assembly. These results confirm the critical

Nanoscale, 2025, 17,13454-13465 | 13459
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role of face-to-face nanogaps oriented perpendicular to the
incoming laser and the high density of hot spots in enhancing
SERS and generating uniform signals.

Effect of Ag shell on SERS enhancement

To elucidate the effects of Ag shell thickness on SERS measure-
ments, three samples of Au@Ag h-NPLs with varying Ag thick-
nesses were prepared. As shown in Fig. 4A-C, the Ag shell
thickness was tunable to 4.5 nm, 6.5 nm, and 9.5 nm by
adjusting the concentrations of AgNO; added during growth,
while the lateral dimensions of the Ag remained relatively con-
sistent (see Fig. S41 for the size histogram of Ag thickness).
The size data and TEM images indicate that the growth
occurred predominantly along the z-axis of the Au h-NPLs (i.e.,
epitaxial growth perpendicular to the basal planes), with
minimal lateral growth, likely due to the presence of (111) side
facets. The increase in Ag thickness was further confirmed by
UV-vis-NIR spectroscopy, which showed a consistent blueshift
of the in-plane dipole mode from 686 nm to 672 nm to
663 nm as the Ag thickness increased from 4.5 nm to 6.5 nm
to 9.5 nm (Fig. S57).

Additionally, the characteristic Ag peak around 400 nm
exhibited consistent intensity increases with increasing Ag
thickness, clearly indicating controllable Ag growth. The epi-
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taxial and uniform growth of Ag on Au without altering the
shape facilitated the formation of columnar SPs under similar
experimental conditions. This process is confirmed by Fig. 4A-
C, with panels 1 to 4 showing the building blocks, parallel
string array superstructures, and columnar SPs at different
magnifications. However, when the Ag layer exceeded a thick-
ness of 9.5 nm, the overall morphology was compromised,
resulting in the formation of randomly oriented aggregates
(Fig. S67).

From a SERS perspective, we hypothesized that increasing
the thickness of the Ag layer would reduce the density of hot
spots within the resulting SPs under the laser spot, leading to
a decline in signal intensity. Contrary to this expectation, the
observed trend revealed that the SERS signal intensity
increased as the Ag shell thickness grew. The SERS spectra
obtained from four types of SPs—pure Au h-NPLs and Au@Ag
h-NPLs with Ag thicknesses of 4.5, 6.5, and 9.5 nm (denoted
as Au@Ag, s, AU@Agss, and Au@Ags s, respectively)—showed
a clear increase in Raman intensity at 1065 cm™" for 2-NTT,
from 472 cts, 1043 cts, and 1795 cts to 2657 cts (Fig. 4D and E;
see Fig. S8 to S10t for individual SERS measurements). The
relative standard deviation (RSD) values for each condition in
Fig. 4E were quantified as 31.6%, 16.1%, 3.3%, and 19.5%,
respectively, indicating not only a rising trend in intensity but
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Fig. 4 TEM and FE-SEM images of SPs composed of Auss@Ag; h-NPLs with varying shell thicknesses: (A) Auzs@Agss h-NPLs, (B) Auss@Ade s
h-NPLs, and (C) Auss@Agg s h-NPLs. (D) SERS spectra of 2-NTT (1072 M) measured on SPs formed from Auzs@Ag: h-NPLs; the black spectrum
corresponds to Auss@Ads s h-NPLs, showing the highest intensity. (E) Raman peak intensity at 1065 cm™ for 2-NTT increases with Ag shell thickness.
(F-J) Schematic illustrations and near-field distribution images of various dimeric configurations. The Raman intensity at 1065 cm~* is averaged from

three independent measurements. Scale bars denote 50 nm.
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also reasonable signal consistency across measurements
(Fig. S7t). Finite element method (FEM) simulations for
dimeric configurations further demonstrated that all investi-
gated Au@Ag h-NPL samples exhibited higher enhancement
factors (EFs; Fig. 4H-]J) compared to their pure component
counterparts (e.g., pure Au-Au or pure Ag-Ag dimers, shown in
Fig. 4F and G).

This finding underscores the role of the core-shell structure
in enhancing the near-field effects.

In terms of intra-particle plasmonic coupling (i.e., within a
single entity), the enhancement of the SERS signal is attribu-
ted to interactions at the interface between the Ag shell and
the Au core. As the Ag shell grows thicker, the influence of the
Au core diminishes, while the plasmonic characteristics of the
Ag shell become more pronounced, resembling those of pure
Ag NPs. Given that SERS is dominated by the properties of the
top surface layer, an Ag shell thickness of approximately
9.5 nm allows the structure to behave as a pure Ag surface,
thereby maximizing SERS signal enhancement.

In terms of near-field collection within the face nanogaps
formed in the dimers, the stronger electromagnetic field
enhancement observed in the Au core-Ag shell dimers
(Fig. 4H-]J) compared to pure Ag h-NPLs (Fig. 4G) can be
attributed to the synergistic effects of (1) electron mobility
between the metals and (2) electronic ligand interactions. In
this bimetallic core-shell nanostructure, the higher electro-
negativity of Au relative to Ag drives electron transfer from
Ag to Au, known as electron compensation, resulting in a
redistribution of electron density through backdonation from
Au to Ag and correcting the electron balance between Au
and Ag.*° This migration induces plasmonic coupling
between the core and shell, optimizing the LSPR frequency
for enhanced electromagnetic effects at the interfaces
between Au and Ag. The redistribution of electrons also
modifies the surface charge of the Ag shell, leading to more
efficient plasmon resonance under incident light. This be-
havior enables the Au core-Ag shell structure to sustain
higher plasmonic intensities compared to pure Ag.
Consequently, under identical laser intensities, the enhanced
electromagnetic field produces stronger Raman scattering,
providing superior sensitivity.

Another key factor contributing to the enhanced SERS sen-
sitivity is the electronic ligand effect.***> The presence of Au
in the core influences the electronic structure of the Ag shell,
slightly reducing the electron density on the Ag surface. This
reduction increases the chemical reactivity of the Ag shell,
facilitating stronger interactions between the metal surface
and the target molecules. These enhanced chemical inter-
actions enable the Au core-Ag shell structure to more efficien-
tly adsorb analyte molecules. This aspect is critical for SERS
performance, as the Raman signal intensity depends strongly
on the proximity and binding strength of the molecules to the
metallic surface. Thus, the synergistic interplay between the
electronic ligand effect and plasmonic enhancement ensures
that the structure delivers not only high sensitivity but also
high selectivity for various molecular species.

This journal is © The Royal Society of Chemistry 2025
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Mirror charge effect through the heterogeneous interface
between pure Au and Au@Ag h-NPLs

To maximize near-field collection through nanoalloying,
Au@Ag NPLs were mixed with pure Au h-NPLs to increase
heterogeneous interfaces via inter- and intra-particle plasmo-
nic coupling. This strategy leverages intra-particle plasmonic
coupling—stemming from electron mobility and the electronic
ligand effect at the bimetallic Au-Ag interfaces within individ-
ual Au@Ag h-NPLs—and inter-particle plasmonic coupling,
also known as the “mirror charge effect”. In this system, nano-
gaps formed within the heterogeneous building blocks of Au
and Ag facilitate effective polarization due to the differing elec-
tron affinities of Au and Ag, leading to enhanced near-field col-
lection. In assemblies of Au h-NPLs and Au core-Ag shell NPLs
with volumetric ratios of 75/25, 50/50, 25/75, and 0/100 and
varying Ag shell thicknesses (Ag, s (Fig. 5A-D), Age s (Fig. 5E-
H), and Ag,s (Fig. 5I-L)), the resulting superstructures
remained highly ordered. EDS mapping images and atomic
ratios of Au and Ag confirmed that the Au-Ag binary columnar
SPs contained both elements. The increasing atomic percen-
tage of Ag was identifiable through the gradual increase in Ag
color contrast, verifying the successful creation of controllable
“nanoalloy” structures (see Fig. S11 and S121 for additional
FE-SEM images of binary SPs with different proportions of Au
and Ag, and pure Au h-NPLs, respectively).

All nanoalloyed SPs, regardless of Ag shell thickness, exhibi-
ted higher SERS intensities compared to SPs composed of
pure Au or Au@Ag h-NPLs alone, primarily due to the
increased probability of bimetallic interparticle coupling in
the assemblies (Fig. 6A-D; see Fig. S13-S15% for raw SERS
data and Fig. S16t1 for the RSD values). When the SPs con-
tained a high proportion of Au h-NPLs, the lower plasmonic
quality factor of the Au SPs did not significantly contribute
to the SERS effect. However, as the proportion of Au@Ag
h-NPLs increased to 75% by volume, the SERS signals rose
substantially due to the enhanced mirror charge effect,
achieving a signal ten times higher than that of SPs com-
posed entirely of Au@Ag h-NPLs. This finding highlights the
critical role of mirror charge effects in heterogeneous nano-
gaps for enhanced SERS performance. Mathematically, a 1:1
ratio of Au to Au@Ag h-NPLs would generate the highest
number of heterogeneous interfaces. However, it should be
noted that the assembly is not formed through a perfectly
alternating one-to-one sequence. Moreover, it is currently
challenging to precisely determine the sequence of assembly,
as Au@Ag h-NPLs also exhibit Au signals in EDS mapping,
making it difficult to accurately quantify each component
within the superstructures. For this reason, we varied the
volumetric ratio of each building block to experimentally
identify the optimized composition that yields the strongest
near-field focusing effect. Based on our current experimental
assembly process, an Au/Au@Ag ratio of 25/75 was found to
provide the strongest SERS enhancement, suggesting that
this composition yields the highest prevalence of hetero-
geneous interfaces.

Nanoscale, 2025,17,13454-13465 | 13461
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These results were further validated using FEM simulations
on dimers. As shown in Fig. 6E-G, near-field enhancement
was strongest when Au and Au@Agss h-NPLs were aligned,
achieving an EF of 69.4, surpassing that of pure Au dimers,
pure Ag dimers, or Au@Ag h-NPL dimers. When the Ag shell
thickness exceeded a critical threshold (Au@Agos h-NPL,
Fig. 6G), the combined effects of inter-mirror charges between
Au h-NPLs and the Ag shell, as well as intra-mirror charges
within the Au core-Ag shell NPL, became less pronounced.
Conversely, when the Ag shell thickness was below this
threshold (Au@Ag, s h-NPL, Fig. 6E), the bimetallic character-
istics of Au and Ag were less dominant, hindering the effective
formation of mirror charge effects. These observations align
with the near-field distribution of dimers shown in Fig. 6E and
G. Fig. 6D illustrates SERS signal comparisons for SPs with
various configurations. Notably, while the SERS signal inten-
sity increased with thicker Ag shells in superstructures com-
posed solely of Au@Ag h-NPLs, this trend reversed upon intro-
ducing Au h-NPLs into the mixture. Au@Ags s h-NPLs, with an
intermediate Ag shell thickness, demonstrated the strongest

13462 | Nanoscale, 2025, 17,13454-13465

electromagnetic field enhancement. Thus, the relative pro-
portion of bimetallic building blocks and an optimal Ag shell
thickness are both crucial for maximizing the enhancement
derived from inter- and intra-interface charge interactions. To
avoid interactions between individual supercrystals and to
examine these findings in greater detail, we isolated single
chunks of Au@Ag h-NPLs with varying Ag proportions and
conducted SERS mapping (Fig. S17%). Consistent with the
results in Fig. 6A-D, mixing binary building blocks and
increasing the proportion of Au@Ag h-NPLs relative to pure Au
h-NPLs enhanced SERS intensities.

Nanoalloying of binary SPs for practical SERS substrates
toward detection of pesticides

One of the key applications where SP-type SERS substrates
offer significant advantages is the on-site detection of toxic
chemicals, such as pesticides, for food safety and the identifi-
cation of unknown molecules, including chemical warfare
agents.®*® The SPs described in this paper are free-standing,
ready-to-use, and capable of being stored in any container,

This journal is © The Royal Society of Chemistry 2025
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enabling easy handling and on-demand, on-site detection. To on a translucent optical patch were attached for 5 min before
validate the practical application of h-NPL-based SPs in SERS, being peeled off for SERS measurement. SERS spectra were
we performed SERS-based detection of thiram, a common pes- recorded at varying thiram concentrations. Under identical
ticide component (Fig. 7A-C). In this experiment, the surface conditions at a thiram concentration of 107> M, the hetero-
of an apple peel was contaminated with thiram, and SPs dried geneous columnar SPs with a 1:3 Au-to-Ag ratio (Fig. 7F)
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Fig. 7 (A-C) Optical photographs of SPs attached to apple peel for SERS-based detection of thiram. The scale bar in panel C represents 10 pm.
SERS spectra of thiram at varying concentrations using (D) Au h-NPL SPs, (E) Au@Ag h-NPL SPs, and (F) heterogeneous Au—Ag h-NPL SPs.
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demonstrated signal intensities (3809 cts) that were six and
four times higher than those of single-component pure Au SPs
(598 cts) (Fig. 7D) and Au@Ag h-NPLs (1101 cts) (Fig. 7E),
respectively. Furthermore, the binary SPs exhibited a lower
limit of detection (LOD) of 10™® M compared to 10™* M and
107> M for pure Au SPs and Au@Ag h-NPL SPs, respectively
(indicated by red lines in the data; see Fig. S187} for calibration
curves). Notably, FE-SEM images taken after thiram detection
confirmed that the overall structural integrity of the SPs
remained well preserved, highlighting their robustness and
stability for repeated or prolonged use (Fig. S19%). This
enhanced SERS performance is attributed to the synergistic
effects of the bimetallic properties within individual particles
and the mirror-charge interactions between particles. These bi-
metallic nanoalloyed SPs hold great promise for portable and
immediate on-site detection applications.

Conclusions

In this study, we demonstrated the synthesis, assembly behav-
ior, and plasmonic properties of Au core-Ag shell h-NPLs and
their heterogeneous interactions when mixed with pure Au
h-NPLs. By precisely manipulating the surface energy differ-
ences of the core Au h-NPLs, which exhibit twelve alternating
crystalline side facets, epitaxial and asymmetric Ag growth
with tunable shell thicknesses were achieved. Using these
engineered NPs, we successfully fabricated free-standing,
ready-to-use columnar SPs composed of parallel “wire-like
string” arrays via an upside-down assembly method. This
approach ensures that the face-to-face nanogaps between indi-
vidual h-NPLs are aligned perpendicular to incoming light,
maximizing the density of hot spots. Our findings revealed
that the core-shell structure is crucial for enhancing SERS per-
formance, with the Ag shell thickness playing a pivotal role.
Optimizing the interactions at intra- and inter-interfaces
within the nanostructures led to improved near-field focus.
This enhancement was most pronounced in binary nanoalloys
fabricated from a mixture of Au@Ag h-NPLs and pure Au
h-NPLs. The observed nanoalloying effect was attributed to the
synergistic contributions of bimetallic interactions within the
Au core-Ag shell structure (intra-interface) and the mirror
charge effect between neighboring NPLs (inter-particle).
Through a combination of experimental SERS measurements
and theoretical validation via FEM simulations of dimeric con-
figurations, we demonstrated the importance of interfacial
engineering in Au-Ag core-shell NPLs. The nanomixing of
binary components significantly enhanced near-field and far-
field electromagnetic field factors. Moreover, the ability to
fine-tune shell thickness and assembly structure, alongside
the formation of columnar SPs, opens new avenues for opti-
mizing SERS performance, particularly for on-site detection of
toxic chemicals. These findings provide valuable insights into
the design of highly efficient plasmonic NPs, with promising
potential for applications in chemical sensing and bio-
detection.
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