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Abstract: Silver nanostructures exhibit exceptional surface-enhanced Raman scattering
(SERS) performance due to their strong plasmonic resonance. However, their practical
applications are often hindered by structural instability, leading to deformation and perfor-
mance degradation. In this study, we developed a kinetics-controlled synthetic strategy
to fabricate gold-encapsulated silver (Au@Ag) hierarchical superstructures (HSs) with
enhanced SERS activity and stability. By leveraging polyvinylpyrrolidone (PVP) as a sur-
face modifier and precisely regulating the introduction rate of reaction precursors, we
achieved meticulous control over the galvanic replacement kinetics, thereby preserving the
structural integrity of pre-synthesized Ag HSs during the formation of Au@Ag HSs. The
resulting well-defined Au@Ag HSs demonstrated superior SERS performance, achieving
a detection limit of 10~ M for crystal violet (CV) while exhibiting outstanding signal
reproducibility (relative standard deviation, RSD = 11.60%). This work provides a robust
and scalable approach to designing stable, high-efficiency SERS-active nanostructures with
broad potential in analytical and sensing applications.

Keywords: kinetics-controlled; galvanic replacement; Au@Ag; hierarchical superstructure;
surface-enhanced Raman spectroscopy

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) harnesses plasmonic resonances to
significantly amplify vibrational signal detection, offering enhanced sensitivity, expedited
analysis, and precise molecular identification [1]. It is widely acknowledged that the efficacy
of SERS is heavily dependent on the ability of various materials to enhance Raman signals,
including noble metals [2,3], carbon materials [4,5], transition metal oxides [6], quantum
dots, etc. [7]. Among these, silver (Ag), particularly in its complex architectural forms, man-
ifests the most potent enhancement effects owing to its robust surface plasmon resonance
activity [8]. Compared to traditional shapes, complex structures, such as star-shaped or
dendritic forms, demonstrate superior enhancement capabilities, which is attributed to their
larger surface area and enhanced adsorption properties [9], which provide an abundance
of adsorption sites and a proliferation of hotspots—regions where the electromagnetic
field intensity significantly surpasses that of the surrounding areas [10]. Nevertheless,
the intricate structures of Ag are often challenged by stability issues, which can lead to
deformation and a subsequent decline in their exceptional enhancement capabilities [11].
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To address these issues, researchers have developed various optimization strategies
to enhance the stability and SERS performance. These include the fabrication of high-
density Ag nanoparticles (NPs) arrays [12], surface modification [13], and the creation
of composite SERS substrates [14]. These strategies can alter the electronic structure and
chemical stability, thereby improving oxidation resistance. However, these strategies may
also involve complex fabrication processes, the introduction of materials with poor inherent
SERS performance that can negatively impact the overall SERS activity, and high costs that
hinder large-scale fabrication and application. Relatively, depositing Au on Ag surfaces to
create core—shell structures is an effective strategy [15]. It not only serves as a protective
layer to prevent Ag oxidation [16] but also, more importantly, combines the properties
of Au and Ag to generate a stronger surface plasmon resonance, thereby enhancing the
SERS signal [17]. The main strategies for preparing gold-coated silver include in situ
reduction [18], seed-mediated growth [19], and metal deposition methods [20]. While these
methods can effectively synthesize Au@Ag structures, they are typically limited to con-
ventional Ag morphologies such as spheres [21], wires [22], and plates [23,24]. Extending
these approaches to fabricate architecturally complex Ag@Au nanomaterials often proves
challenging. Conspicuously, unlike the relatively straightforward preparation of silver-
coated Au structures [25], the synthesis of gold-coated Ag structures while preserving
the template’s intricate Ag architecture presents significant difficulties due to Ag’s higher
chemical reactivity than Au [26,27]. In most cases, the high reactivity of Ag compared to Au
often leads to morphological damage of Ag during the preparation process, significantly
affecting the material’s inherent SERS activity. Developing more effective methods to
fabricate complex gold-coated Ag structures and to demonstrate their structure-related
high SERS activity is of great significance, yet it faces considerable challenges at this stage.

In this work, we demonstrate a kinetics-controlled yet simple synthetic approach for
fabricating well-defined gold-encapsulated silver hierarchical superstructures (Au@Ag HSs,
as illustrated in Scheme 1). Through meticulous manipulation of reaction kinetics enabled
by PVP-mediated surface modification and precise control over precursor introduction
rates, we successfully preserve the structural integrity of preformed silver templates while
achieving uniform gold encapsulation. The resulting Au@Ag HSs exhibit remarkable
structural uniformity and stability, which translates into superior and reproducible SERS
performance—achieving unprecedented detection sensitivity down to 10~% M for analyte
molecules. This versatile synthetic strategy not only provides fundamental insights into the
kinetics-governed formation of hierarchical nanostructures but also opens new avenues for
developing high-performance plasmonic materials with applications spanning molecular
sensing, catalytic systems, and photonic devices.
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Scheme 1. Schematic illustration of the fabrication of Au@Ag HSs and its application as SERS
substrate for the detection of crystal violet (CV).
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2. Results and Discussion
2.1. Synthesis and Characterization of Au@Ag HSs

To synthesize Au@Ag HSs, monodispersed Ag HSs were initially prepared based on
our previous study [28], serving as templates for the subsequent displacement reaction.
Utilizing Gemini surfactant as a directing agent and meticulously controlling the concentra-
tion of reactants and reaction temperature, we successfully synthesized structurally perfect
Ag HSs within seconds (Figures S1 and S2). As depicted in Figures 1a,b and S3, the Ag HSs
exhibit a morphology resembling hydrangea flowers. With the exception of a few particles
that exhibit considerable size deviations, the majority of Ag HSs display consistent dimen-
sions and morphology. As shown in Figure 54, statistical analysis revealed an average
particle size of 3.23 £ 0.27 pm. The insets in the upper right corners of Figure 1b clearly
demonstrate that the surface features an extremely dense, flake-like petal structure. Ag HSs
akin to natural blossoms typically present a sophisticated three-dimensional architecture,
featuring centrally located, comparatively substantial NPs encircled by numerous smaller
NPs to create a petal-like tiered arrangement. The petals on the surface of these HSs are
lush, with sharp edges, and even bear numerous circular holes on their surfaces.

Figure 1. (a,b) SEM images of Ag HSs, (c,d) SEM images, and (e—g) elemental mappings of Au@Ag HSs.
The inset images in the top right corner of (b,d) are magnified SEM images (shown in pseudocolor).

Using these Ag HSs as templates, which are specially protected by PVP, HAuCly was
slowly introduced into the surface-modified Ag HSs suspension. Notably, as evidenced by
prior studies, PVP plays a crucial role in our system by selectively stabilizing specific facets
of Ag NPs. This facet-selective capping behavior promotes the oxidation of Ag atoms on
lateral surfaces while simultaneously facilitating defect formation [29,30]. This mechanism
is particularly critical as it enables precise site-selective Au deposition at predetermined
locations. Building upon this principle, by precisely controlling the concentration of
HAuCl, and the injection rate, we regulated the rate of the Ag and Au>" displacement
reaction, ultimately yielding structurally perfect Au@Ag HSs. The resulting Au@Ag
HSs maintain identical morphology and monodispersity to the original Ag HSs, with
no significant structural alterations observed during the reaction process, as depicted in
Figure 1c,d. Further, localized enlargement images reveal that in comparison to Ag HSs,
the Au@Ag HSs have a noticeably increased thickness. Fortunately, the holes on the petal
surfaces prior to the reaction remain largely unaffected (the insert in Figure 1d).
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Further analysis of the structure and composition of the Au@Ag HSs was conducted
using energy-dispersive X-ray spectroscopy (EDS) mapping. Figure 1le illustrates that
Au@Ag HSs consist of two elements, with light green, indicating the presence of a small
quantity of Au, which is predominantly distributed at the tips of the surface. Additionally,
the uniform distribution of Ag and Au elements, as shown in Figure 1f,g, indicates that a
small amount of Au is evenly dispersed across the surface of the HSs, apart from the tip
regions. Additionally, the results of X-ray photoelectron spectroscopy (XPS) analysis show
that the metal composition of the metal nanoclusters is Au and Ag (Figures S5-57). It can
finally be shown that the Ag HSs template can be used to synthesize a variety of bimetallic
Au@Ag HSs containing both gold and silver elements. In brief, Au@Ag HSs with an almost
perfect structure have been successfully fabricated, establishing a foundation for guiding
related research endeavors and exploring their broad applications.

2.2. Structural Manipulation of Au@Ag HSs

To efficiently fabricate Au@Ag HSs with a flower-like appearance characterized
by dense, porous petals that align with our specific requirements, we carefully opti-
mized two key synthesis parameters: the concentration of HAuCly and the injection rate.
Figures 2 and S8 present the SEM images of Au@Ag HSs synthesized under varying injec-
tion rates and concentrations of HAuCly. The results highlight that the synthesis of Au@Ag
HSs involves a delicate balance between the concentration of HAuCly and its injection
rate into the reaction system. Specifically, lower concentrations of HAuCly (1.0 mM) and
slower injection rates (0.5 mL/min) favor the preservation of the Ag template’s structure
and the uniform deposition of Au on the Ag surface, resulting in well-defined, flower-like
structures with dense and porous petals (Figure 2a,d). However, increasing either the
concentration of HAuCly or the injection rate leads to significant morphological changes.
Higher concentrations of HAuCly (1.5 and 2.5 mM) and faster injection rates (1.0 and
1.5 mL/min) promote the aggregation of Au NPs, which results in structural deformations
and a loss of the desired floral morphology (Figure 2b,c,e-i). Specifically, at higher con-
centrations and injection rates, the Au NPs tend to aggregate, leading to rougher surfaces,
blunted petal edges, and, eventually, a more spheroidal overall structure (Figure 2i). That
is, the optimal synthesis conditions appear to lie at the intersection of moderate HAuCly
concentrations (1.0-1.5 mM) and relatively slow injection rates (0.5-1.0 mL/min). Under
these conditions, the Au NPs can deposit uniformly on the Ag template, preserving the
intricate three-dimensional morphology of the HSs while ensuring sufficient Au coverage
to prevent oxidation and maintain structural stability.

Furthermore, the elemental composition of the as-prepared Au@Ag HSs was quantita-
tively analyzed using inductively coupled plasma optical emission spectroscopy (ICP-OES).
Systematic variation in both the HAuCly concentration and injection rate during synthesis
enabled precise control over the bimetallic composition, resulting in tunable Ag:Au mass
ratios ranging from 3.17 to 28.31 (Table S1). Notably, the observed deviations between the
final composition and initial feeding ratio can be attributed to the reaction kinetics. When
using higher HAuCly concentrations or faster injection rates, more extensive structural
disruption of the Ag HSs occurred. This led to increased participation of inner-layer silver
atoms in the replacement reaction, consequently yielding products with lower Ag:Au mass
ratios. In contrast, under milder reaction conditions, the structural integrity of the Ag HSs
was better preserved, with only surface silver atoms participating in the galvanic replace-
ment, thereby resulting in higher Ag:Au ratios. This conclusion is well supported by SEM
observations, which revealed a clear correlation between structural preservation and the
resulting elemental composition. The above highlights the critical role that both HAuCly
concentration and injection rate play in determining the morphology of the Au@Ag HSs.
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These findings also emphasize the importance of controlling these parameters to ensure the
desired structural characteristics, which are critical for applications such as SERS, where
the distribution of hotspots plays a pivotal role in performance.

Concentr1at5ion (mM)
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Figure 2. High-magnification SEM images of Au@Ag synthesized at different injection rates and
injection concentrations, (a) 1.0 mM, 0.5 mL/min, (b) 1.5 mM, 0.5 mL/min, (c) 2.5 mM, 0.5 mL/min,
(d) 1.0 mM, 1.0 mL/min, (e) 1.5 mM 1.0 mL/min, (f) 2.5 mM 1.0 mL/min, (g) 1.0 mM 1.5 mL/min,
(h) 1.5 mM 1.5 mL/min, (i) 2.5 mM 1.5 mL/min.

2.3. SERS Properties of Au@Ag HSs

Building on the achieved morphological control through optimization of HAuCly
concentration and injection rate, we further explored the structure-dependent SERS per-
formance of Au@Ag hybrid structures. For this purpose, CV was employed as a model
analyte-this choice was motivated by its widespread adoption in the literature as a bench-
mark molecule [31], despite its known carcinogenic, mutagenic, and reproductive toxicities
that have led to strict regulatory controls due to significant environmental persistence and
particularly high aquatic toxicity [32]. To eliminate potential interference from surface
adsorbates, Raman spectra of the bare substrates were first analyzed (Figure 3a). The
Ag HSs displayed characteristic peaks associated with the Gemini surfactant coating [33],
similar to those observed for CTAB [34]. In contrast, the Raman spectrum of Au@Ag
HSs showed a clean baseline, confirming the effective removal of surface residues and
establishing a well-defined plasmonic substrate. For CV at 103 M, distinct peaks were ob-
served at 1617 cm~! (aromatic ring vibrations) and 1585 cm ! (C-C stretching), along with
secondary peaks at 1372, 1176, 913, and 809 cm 1, corresponding to various vibrational
modes within the molecule [35]. Next, we systematically assessed the SERS enhancement
across a range of CV concentrations (1072 to 10~ M). Au@Ag HSs demonstrated significant
signal amplification, with the 1073 M CV solution showing much higher peak intensities
than the unenhanced 10~2 M reference (Figure 3b). Notably, even at a concentration as
low as 1077 M, CV signals remained detectable, highlighting the exceptional sensitivity
of the Au@Ag HSs. This enhancement is attributed to the hierarchical architecture and
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bimetallic composition of the Au@Ag HSs, which facilitate the formation of numerous
electromagnetic hotspots through interparticle plasmon coupling.
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Figure 3. (a) Raman spectra of CV (1073 M), Ag HSs, Au@Ag HSs. (b) SERS spectra of CV with
concentrations ranging from 1073 to 10~ M (the concentration decreases by a 10-fold gradient).
SERS spectra of CV molecules with the concentration of 10~ M at fifteen different positions on the
different substrates: (c) Au@Agq 1), (d) Au@Ag(> 5 5), and (e) Au@Ag; 5 1 5), respectively. (c1—eq)
Histogram of the intensity of the peak at 1617 cm~! in the corresponding SERS spectra in (c—e) (The
blue and gray dashed lines respectively represent the average value and the maximum and minimum

values of the SERS intensity).

To evaluate the homogeneity of the SERS signal, we conducted spatially resolved SERS
mapping on four representative samples with distinct morphologies, resulting from differ-
ent HAuCly concentrations and injection rates: 1.0 mM (1.0 mL/min), 2.5 mM (0.5 mL/min),
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2.5 mM (1.5 mL/min). In addition, Ag HSs with perfect structures were used as con-
trols for comparison. These Au@Ag HSs are denoted as Au@Agq, 1y, AU@Ag, 5,05, and
Au@Ag; 5, 15), respectively (Figure 3c—e). These three morphologies were selected as the
most representative among the synthesized products because they encompassed both
well-defined structures and highly defective states, providing a comprehensive comparison.
The pristine Au@Ag;, 1) displayed outstanding signal uniformity, with a relative standard
deviation (RSD) of 11.60% at the 1617 cm ™! peak. This is attributed to its intact flower-like
structure and uniform Au encapsulation, which ensures consistent hotspot distribution
across the surface [36]. In contrast, Au@Ag; 5, 5) showed a slightly lower RSD (8.29%)
but with reduced signal intensity. This reduction is due to partial structural collapse and a
thicker Au layer, which diminishes plasmonic coupling efficiency [37]. The most degraded
Au@Ag, 5, 1 5) exhibited severe signal inconsistency (21.28% RSD) and a significant loss of
signal intensity. This is a result of extensive Au aggregation and spherical deformation,
disrupting the electromagnetic field confinement needed for effective SERS enhancement.
These findings reveal a clear relationship between the structural integrity of Au@Ag HSs
and their SERS performance. The optimized Au@Ag; 1) structure strikes an ideal balance
between morphological preservation and Au coverage, ensuring both strong and homo-
geneous signal enhancement. In contrast, deviations from this optimal structure—such
as incomplete Au encapsulation or excessive metal deposition—Ilead to a loss of hotspot
density and distribution, ultimately diminishing the SERS enhancement. Significantly,
when the substrate was replaced with Ag HSs featuring ideal multi-layered architecture,
our experimental data demonstrated their exceptional performance in SERS enhancement
while maintaining satisfactory reproducibility (RSD = 14.74%, Figures S9 and S10). These
results are consistent with established literature confirming Ag as one of the most effi-
cient SERS substrate materials [38]. The enhanced SERS activity primarily stems from Ag
HSs” well-defined hierarchical morphology and distinct petal-like edges, which effectively
intensify localized surface plasmon resonance [39]. Nevertheless, it should be acknowl-
edged that the practical implementation of Ag-based substrates may be constrained by
their inherent susceptibility to oxidation under prolonged exposure [40]. To sum up, this
structure-performance correlation underscores the critical importance of precise synthetic
control in the development of effective plasmonic substrates for SERS applications.

3. Materials and Methods
3.1. Materials

Silver nitrate (AgNO3, >99.0%), ascorbic acid (AA, >99.0%), gold(IlI) chloride trihy-
drate (HAuCly-3H,O, ACS, 99.99%), CV (>99.0%), and PVP (K-30) were obtained from
Sinopharm Chemical Reagent Corporation (Shanghai, China). All the chemicals were of
analytical grade and were used without further purification. The cationic gemini surfactant
dodecanediyl-1,12-bis(dimethylhexadecylammonium bromide) (16-12-16), used herein,
was synthesized according to an earlier paper [41]. Ultrapure water (18.25 M(). cm) was
used throughout the experiments.

3.2. Instruments and Characterization

The morphology of the products was characterized using field emission scanning
electron microscopy (FE-SEM) (GeminiSEM 360, Carl Zeiss AG, Oberkochen, Germany)
at 3 kV, and EDS elemental mapping analysis was performed using the same instrument
operating at an accelerating voltage of 15 kV. The surface electronic properties were studied
by X-ray photoelectron spectroscopy (XPS) using the Rerkin Elmerph-5000cESCA system.
The Raman spectra were captured at room temperature using a Renishaw inVia Reflex
Raman system, with an excitation laser wavelength of 532 nm and a recording time of 5 s.
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An ICP-OES (Agilent 5110 OES, Agilent, Santa Clara, CA, USA) was utilized to quantify
the Au and Ag contents in the HSs.

3.3. Synthesis of Silver Hierarchical Superstructure (Ag HSs)

Typically, 15 mL of a 100 mM AgNOj; solution was introduced into a 50 mL plastic
tube and placed in a 30 °C water bath to maintain a constant temperature (Note: If a
glass bottle is used as a reaction vessel, there may be some product sticking to the walls)
(Figures S1 and S2). Thereafter, under persistent stirring, 15 mL of a 2.5 mM 16-12-16 solu-
tion and 15 mL of a 100 mM AA solution were added in an orderly fashion. Accompanied
by continuous stirring for a few seconds, resulted in a pronounced color transformation
of the solution from a pale white to a deep black shade. The supernatant was carefully
decanted, and the precipitate was redispersed in water and subsequently subjected to
ultrasonication and centrifugation. Ultimately, the precipitate, denoted as Ag HSs, was
reconstituted in ultrapure water to a concentration of approximately 5 mg/mlL, rendered
suitable for subsequent applications.

3.4. Synthesis of Gold-Coated Silver Hierarchical Superstructure (Au@Ag HSs)

Typically, 10 mL of a 1.0 mg/mL Ag HSs suspension was introduced into a 25 mL
glass flask, where ultrasonic processing ensures a more uniform distribution. Subsequently,
0.25 mL of a 50 mM PVP solution, acting as a surface modifier, was added and thoroughly
mixed. Then, 5 mL of a 1.0 mM HAuCly-3H,O solution was incrementally introduced into
the mixture using a precision syringe pump, with the flow rate set to 1.0 mL/min. After
the infusion of HAuCly-3H,O was complete, the mixture was stirred for an additional 2 h.
Finally, the product was obtained by centrifugation and washing with ultrapure water,
resulting in the formation of the target Au@Ag HSs. To achieve the optimal Au@Ag HSs,
the injection rate and HAuCly concentration, as key reaction parameters, were meticulously
controlled, while all other parameters were kept constant.

3.5. SERS Application

To evaluate the surface-enhanced Raman scattering (SERS) enhancement performance
of different substrates, CV stock solutions with a concentration of 10~3 M were initially
prepared by dissolving the powder in ethanol. Lower concentrations of CV solutions,
ranging from 1077 to 1072 M, were subsequently obtained through serial dilutions in
ethanol. For the SERS detection process, 5 mg of Au@Ag HSs powders were redispersed
in 1.0 mL of ethanol using sonication to achieve a homogeneous suspension. A SERS
substrate was then prepared by depositing 10 uL of this suspension onto a clean silicon
wafer, followed by drying under ambient conditions. The substrate was immersed in the
prepared CV ethanol solutions (107 to 1073 M) for 24 h. After immersion, the substrate
was allowed to air-dry naturally before being used for SERS testing.

4. Conclusions

In summary, we have successfully developed a kinetics-controlled synthetic approach
for the fabrication of Au@Ag HSs with superior SERS performance. Through meticulous
manipulation of the reaction kinetics by utilizing PVP as a surface modifier and precisely
regulating the introduction rate of reaction precursors, we have achieved uniform gold
encapsulation while preserving the structural integrity of the pre-synthesized Ag HSs
templates. The resulting Au@Ag HSs exhibit remarkable structural uniformity and stability,
which are crucial for their outstanding SERS performance. Our results demonstrate that
the optimized Au@Ag HSs (Au@Agy, 1)) achieved a detection limit of 10~2 M for CV, with
excellent signal reproducibility (RSD = 11.60%). This is attributed to the intact flower-like
structure and uniform gold encapsulation, which ensures consistent hotspot distribution
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across the surface. In contrast, deviations from the optimal structure, such as incomplete
gold encapsulation or excessive metal deposition, lead to a loss of hotspot density and
distribution, ultimately diminishing the SERS enhancement. The kinetic-guided strategy
developed here offers fundamental insights for constructing various hierarchical nanos-
tructures (extendable to Au/Cu-based systems) while demonstrating the scalable potential
for practical sensor fabrication through its robust, high-efficiency design paradigm.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/inorganics13060191/s1, Figure S1: Digital photos of different
reaction times for the Ag HSs synthesis process, (a) 0s, (b) 4 s, (c) 7 s, and (d) 9 s. Figure S2:
Digital photos of different containers used for preparing Ag HSs. Figure S3: SEM images of the
prepared Ag HSs. Figure S4: Size distribution histogram of the Ag HSs. Figures S5-57: XPS
spectrum of the as-prepared typical Au@Ag HSs. Figure S8: Low-magnification SEM images of
Au@Ag synthesized at different injection rates and injection concentrations, (a) 1.0 mM, 0.5 mL/min,
(b) 1.5 mM, 0.5 mL/min, (c) 2.5 mM, 0.5 mL/min, (d) 1.0 mM, 1.0 mL/min, (e) 1.5 mM, 1.0 mL/min,
(f) 1.5 mM, 2.5 mL/min, (g) 1.0 mM, 1.5 mL/min, (h) 1.5 mM, 1.5 mL/min, (i) 2.5 mM, 1.5 mL/min.
Table S1: Elemental analysis by ICP-OES was conducted on the various Au@Ag HSs. Figure S9: SERS
spectra of CV molecules with the concentration of 107® M at 15 different positions on the Ag HSs
substrate. Figure S10: Histogram of the intensity of the peak at 1617 cm ! in the corresponding SERS
spectra in Figure S9.
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