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Abstract

This study presents a comparison of the enhancement factor (EF) of surface enhanced Raman scattering (SERS) sub-
strates based on monometallic gold (Au), silver (Ag) and bimetallic gold-silver (Au-Ag) nanoparticles (NPs) embedded
on reduced graphene oxide (rGO). The graphene oxide (GO) was synthesized via a modified Hummer’s method and
thermally reduced to form rGO. The NPs (Au, Ag and Au-Ag) were chemically synthesized via a bottom-up method and
combined with rGO to form nanocomposites. The Au, Ag and Au—Ag bimetallic NPs exhibited surface plasmon resonance
(SPR) peaks at 522, 384 and 415 nm, respectively, reflecting the influence of composition and alloying. Structural and
morphological analysis revealed face-centered cubic NPs with lattice fringes and spherical shape, while rGO displayed
a wrinkled sheet-like morphology, providing a high surface area for NPs attachment. The SERS performance was evalu-
ated using rthodamine 6G (R6G) as a Raman reporter to calculate the enhancement factor (EF). The bimetallic Au-Ag/
rGO substrate exhibited an EF of 1.12x 108, significantly 4 times higher than Au/rGO (2.70x 107) and 2 times higher than
Ag/rGO (4.92x107), with detection limit of R6G as low as 10 '® M. This enhancement was attributed to the synergistic
plasmonic coupling between Au and Ag, which generated stronger localized electromagnetic fields and increased hotspot
density. These observations signify the potential of the bimetallic Au-Ag/rGO SERS substrate over the monometallic NPs
for practical applications.
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Introduction

Surface enhanced Raman spectroscopy (SERS) is a tech-
nique that amplifies Raman scattering signals of molecules
adsorbed on nanostructured metallic surfaces. The enhance-
ment in SERS results from two primary mechanisms, which
are the electromagnetic (EM) mechanism and chemical
(CM) mechanism [1, 2]. The EM mechanism is the domi-
nant contributor and arises from localized surface plasmon
resonance (LSPR) in noble metal NPs. LSPR occurs when
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incident light excites collective oscillation of conduction
electrons, generating strongly localized EM fields. These
fields are significantly amplified at hotspots, which are
regions of high field intensity between neighboring NPs
[3]. Conversely, the CM mechanism originates from charge
transfer between the analyte and the substrate surface, alter-
ing the molecule’s polarizability and enhancing Raman
scattering. The degree of signal enhancement is measured
by enhancement factor (EF), which quantifies amplification
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relative to standard Raman scattering [4]. Recent studies
have reported typical EF values ranging from 10 to 10'! for
various SERS substrates, depending on substrate design and
analyte type [5—7]. The ability to amplify Raman signals
through controlled plasmonic interactions has positioned
SERS as a valuable tool for trace detection, even at the sin-
gle-molecule level.

The size, shape, composition and spatial arrangement of
nanostructures influence SERS enhancement. For instance,
smaller nanoparticles (NPs) or optimized NP arrays can
promote stronger plasmonic coupling, resulting in higher
hotspots density and more consistent signal amplification.
Anisotropic NPs, such as nanostars (NSs) and nanorods
(NRs), exhibit sharp features and strong plasmonic effects,
while nanospheres provide advantages in uniformity and
reproducibility [8]. By facilitating the formation of local-
ized EM hotspots, nanospheres can achieve reliable EF
values, making them highly effective for SERS applica-
tions [9]. The spatial arrangement and interparticle spacing
of NPs on the substrate also influence hotspots formation,
which is essential for achieving high signal amplification
[10]. Extensive research has therefore focused on fabricat-
ing plasmon-active substrates by optimizing nanomaterial
composition and structural properties. In line with this,
theoretical simulations using the finite element method
(FEM) have become essential for visualizing localized elec-
tromagnetic field distributions, which govern EF in SERS
substrates. Incorporating theoretical analysis enables bet-
ter understanding and prediction of experimental SERS
outcomes.

Noble metal NPs, including gold (Au), silver (Ag), cop-
per (Cu) and platinum (Pt), exhibit unique LSPR properties,
making them ideal for SERS. Au and Ag NPs are favored
due to their optimal LSPR frequencies and high sensitiv-
ity for analyte detection. Bimetallic Au-Ag NPs further
enhance SERS performance by leveraging the properties
of both metals [11]. Au provides chemical stability, while
Ag offers enhanced plasmonic properties, reduced optical
losses and a broader resonance range for higher EF. Studies
have shown that Au-Ag NPs outperform their monometallic
counterparts in sensitivity [12, 13]. Additionally, integrat-
ing reduced graphene oxide (rGO) as a hybrid substrate
amplifies SERS performance. The two-dimensional (2D)
planar structure of rGO provides a uniform surface for NP
deposition and prevents agglomeration [14, 15]. The pres-
ence of functional groups such as hydroxyl (-OH), carboxyl
(-COOH) and epoxy on rGO improves NPs binding through
chemical and electrostatic interactions, as well as enhancing
analyte adsorption and plasmonic coupling [16]. Research-
ers often use graphene and metal composite approach for
SERS enhancement. For instance, Yu et al. [17] fabricated
rGO-Au/Ag core-shell nanorods (NRs) via seed-mediated
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growth method, requiring multiple synthesis and purifica-
tion steps. Similarly, Zhang et al. [18] developed graphene/
Au NPs focusing on monometallic performance. However,
these studies are limited in comparing monometallic and
bimetallic NPs on rGO and often involve complex synthe-
sis routes without incorporating theoretical validation. This
highlights the need to analyze plasmonic interactions, opti-
mize rGO concentration and evaluate the impact on EF for
enhanced SERS performance.

In this study, we evaluate SERS efficiency of monome-
tallic (Au or Ag) and bimetallic (Au-Ag) NPs embedded on
rGO. Compared to previous bimetallic rGO-based SERS
substrates, this work systematically compares mono- and
bimetallic NPs and integrates experiments with FEM simu-
lations to understand plasmonic enhancement. Near-field
simulations of Au, Ag and Au—-Ag NPs were conducted
to predict near-field behavior and hotspot generation in
between the NPs. The experimental work involves opti-
mizing the formation of rGO thin-film to provide a con-
ductive matrix for uniform NPs embedment and enhanced
plasmonic interactions. The combination of Au and Ag
aims to maximize Raman signal enhancement through
optimized LSPR effects. To quantify this enhancement, the
EF values were analyzed using rhodamine 6G (R6G) as a
Raman reporter. This comparative evaluation highlights
differences in plasmonic performance between monome-
tallic and bimetallic NPs. Additionally, the effect of dif-
ferent R6G concentrations on SERS signal intensity was
also investigated. These findings provide valuable insights
into plasmonic enhancement mechanisms and contribute to
the development of high-performance SERS platforms for
molecular detection.

Theoretical Methods
SERS Enhancement

This section describes the theoretical basis for quantifying
enhancement in SERS substrates. The EF in SERS measures
the amplified Raman scattering when molecules adsorb
near or on plasmon-active substrates [19]. The excitation of
LSPRs in metal NPs is fundamental to the EM enhancement
mechanism in SERS. LSPRs arise from the collective oscil-
lation of conduction electrons in response to incident light
(E},.), generating intense localized EM fields near the NPs
surfaces. When incident light (e, ) excites electron oscilla-
tions in metallic nanostructures, a localized plasmon EM
field (E,,,) stronger than the E; is induced. This enhanced
local field intensifies Raman excitation, increasing scatter-
ing efficiency. The induced Raman dipole moment () of a
molecule is proportional to the E ., expressed as:
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where a is the Raman polarizability [20]. The local field EF
at the incident light frequency, (M, (co;)) is given as:
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Similarly, the scattered Raman light (wg) undergoes field
enhancement. Due to optical reciprocity, this is approxi-
mated as M 4(wgp) ~ M, (ow), where M, 4(wy) is the field
enhancement at the Raman scattered frequency. Thus, the
EM EF combines both excitation and emission enhance-
ments [20]. Assuming (wg ~ ®;), it simplifies to:
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This |E|* dependence in the hotspots is a key to Raman
enhancement in SERS. The efficiency of this enhancement
is governed by LSPR, which depends on the dielectric prop-
erties of the metal (e,,) and surrounding medium (g4) [21].
The resonance condition is given by:

Re (e, + 224) = 0. 4)

Achieving strong plasmonic resonance maximizes local
field enhancement and hotspots intensity. However, plas-
monic tuning in monometallic NPs is limited by intrinsic
dielectric properties. While, the synergy between Au and Ag
enhances LSPR and hotspot intensity. This can be described
by the field EF in bimetallic NPs:

EFbimetallic X |Mloc,Au (W) + Mloc,Ag (CU)|4 ) (5)

where M, a,(@) and M, 5 () are the field contributions
from Au and Ag, respectively. Quantitative studies have
shown that the hybrid dielectric properties of bimetallic NPs
optimize LSPR condition [22].

Near-Field Simulation

This section presents finite element simulations to predict
near-field behavior and hotspot generation in Au—Ag NPs.
Prior to the experimental work, near-field enhancement and
surface plasmon resonance (SPR) in metallic NPs were ana-
lyzed using the FEM. The simulation model consisted of
four NPs with 5 nm radius and 2 nm interparticle gaps to
study hotspot generation at nanoscale distances. The NPs

were modeled in a mixed air and rGO dielectric environ-
ment to represent the wrinkled morphology of thin-film.
The 2D model is governed by Maxwell’s equations [23],
with the time-harmonic wave equation for the electric field
(E) expressed as:

Vx(l(VXE)>k(2) <€T‘70>EO. (6)

Hor Weo

Here, k0=a)c_1 is the wavenumber, w is the angular fre-
quency and ¢ = (op0)"? is the speed of light in vacuum.
€p and pg are the free space permittivity and permeability
while €, and p,- represents the relative permittivity and per-
meability of the metal, respectively. The solution of Eq. (6)
was obtained using FEM, which involves dividing the sim-
ulation domain into smaller subdomains forming a mesh.
Figure 1 (a) shows the mesh of the simulation with 2556
triangular elements, 38 vertex elements and 0.03839 mini-
mum element quality. The dielectric response of the metal
NPs was modelled using the Drude equation:

w?

£ ()

£(w) =€ — Tt

where €, is the high-frequency dielectric constant, wy, is
the plasma frequency and -y is the damping constant. For
bimetallic NPs, the model includes interband transitions,
enhancing LSPR by broadening the resonance range and
reducing optical losses.

Figure 1 (b) shows the simulated electric field intensity
(|E) distribution at the hotspots of Au-Ag NPs at 535 nm
excitation wavelength. The |E|* profile extracted along a
diagonal cut through the hotspots of different NPs is shown
in Fig. 1 (c). The sharp peaks corresponded to the maxi-
mum |E]>, where the highest intensity was obtained for
Au-Ag NPs at 8.56x 10°, surpassing the values for Au and
Ag monometallic NPs at 6.96x10° and 6.97x 10°, respec-
tively. This was due to the hybrid dielectric properties that
optimize LSPR for Au-Ag NPs. Figure 1 (d) further shows
the |E|* decay trend with increasing interparticle distances.
The maximum |E|* was obtained at closest simulated dis-
tance (2 nm) and this value was gradually decreased with
increasing distance. This highlights the role of nanoscale
interparticle spacing in optimizing hotspot intensity and
SERS performance. According to Mie theory, NP size gov-
erns LSPR by modulating absorption and scattering cross-
sections, which directly affect EM field intensity [24, 25].
Since the SERS EF scales with the fourth power of the local
field, even small variations in near-field strength can result
large changes in enhancement. The FEM model, however,
is based on an idealized arrangement of spherical NPs on a
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Fig. 1 (a) FEM mesh of the
model. (b) Simulated |E|? distri-
bution at the hotspots of Au-Ag
NPs. (¢) |E] along the diagonal
arc in the NPs gap, with an inset
for Au and Ag NPs. (d) |E|* at

(b) Au-Ag NPs ; 4 =535 nm

varying interparticle distances for
Au-Ag NPs
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flat dielectric surface, which does not capture the wrinkled
rGO morphology observed experimentally. Therefore, the
simulations provide qualitative insight into plasmonic cou-
pling and field enhancement trends rather than quantitative
predictions. For comparison, FEM simulations performed
in air without the rGO dielectric background are provided
in Fig. S1.

Experimental Works

1 Chemicals

Gold (III) chloride trihydrate (HAuCl,-3H,0, >99.9%,
Cat. No. 938122), graphite powder (Cat. No. 282863),
hydrochloric acid (HCI, Cat. No. 109060), Rhodamine
6G (R6G, 95.0%, Cat. No. 252433) and sodium borohy-
dride (NaBH,, >98%, Cat. No. 452882) were purchased
from Sigma-Aldrich. Silver nitrate (AgNO;, Cat. No.
AR1246) was obtained from RCI Labscan Limited. Tri-
sodium citrate (Na;C4,H;0,, Cat. No. 106448), sodium
nitrate (NaNO;, >99.5%, Cat. No. V800390), potassium
permanganate (KMnO,, Cat. No. 105082), sulfuric acid
(H,SO,, 98.0%, Cat. No. 11208) and hydrogen peroxide
(H,0,, 30.0%, Cat. No. 107209) were purchased from
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Merck. All chemicals were used as received without fur-
ther purification.

2 Synthesis of NPs

The NPs were synthesized via a bottom-up technique. The
Au NPs were synthesized using HAuCl,.3H,0 as the metal
precursor, TSC and NaBH, [26]. A solution of 0.9 mL
HAuCl, trihydrate (0.01 M) was heated in distilled water.
Then, 0.5 mL TSC (0.01 M) and 0.12 mL NaBH, (0.1 M)
were added, turning the solution into dark purple, to sig-
nify Au NPs formation. The solution was stirred for 15 min,
then centrifuged at 4000 rpm for purification. The Ag NPs
were synthesized by mixing 10 mL PVA (0.3%) and 10 mL
AgNO; (0.01 M) in an ice bath. 10 mL NaBH, (0.002 M)
was added dropwise under stirring. The resulting solution
formed a yellowish-dark brown, signifying the formation of
Ag NPs [27]. After 15 min of stirring, the solution under-
went centrifugation for separation. Bimetallic Au-Ag NPs
were fabricated by boiling 39 mL of distilled water at 100
°C with stirring. Then, 0.5 mL of HAuCl, (0.01 M) and 1.5
mL of AgNO; (0.01 M) were added, followed by 4 mL of
TSC (0.1 M) solution. After stirring for 15 min, the solution
was cooled and stored at room temperature [28].

3 Synthesis of rGO



Plasmonics

Graphene oxide (GO) was fabricated from natural graph-
ite powder using a modified Hummer’s method [29].
Briefly, graphite, NaNO; and H,SO, were mixed and
stirred below 5 °C using an ice bath. Under vigorous stir-
ring, KMnO, was added and stirred for two hours. Then,
the mixture was allowed to cool to room temperature, then
heated to 35 °C for 30 min. 125 mL of distilled water was
added to dilute the solution and then heated to 70 °C. The
mixture was poured into 500 mL distilled water to pre-
cipitate for 12 h. H,0, was added to remove the unreacted
KMnO,. The mixture was precipitated, purified through
centrifugation and redispersion to achieve neutral pH. The
resulting GO slurry was dried in a vacuum oven for 48 h
before being grounded into powder. Subsequently, the GO
underwent a thermal reduction process to form rGO in a
furnace oven at 300 °C for 1 h, with a heating rate of 5 °C
per minute.

4 Preparation of rGO thin-film and SERS substrates

Silicon (Si) chips were used as the solid base for the
SERS substrates and underwent surface optimization via
a double hydroxylation process to enrich -OH groups,
enhancing surface hydrophilicity for improved substrate
bonding. Initially, the substrates were immersed in a pira-
nha solution (H,S0,:H,0,=1:1) at room temperature for
20 min. Then, they were submerged in a hydroxylation
solution (distilled water: HCl: H,0,=6:1:1) for 20 min at
85 °C, introducing -OH functional groups onto the Si sur-
face. For rGO thin-film fabrication, 1 mg, 2 mg and 4 mg
of GO were dispersed in 1 mL distilled water, sonicated
at 80 °C and spin-coated onto hydroxylated Si substrates.
The coated substrates were annealed at 300 °C for one
hour to obtain rGO thin-films. The SERS substrates were
then prepared by dispersing 2 mg of GO into 1.5 ml of Au,
Ag and Au-Ag NP solutions. The mixtures were sonicated
at 80 °C and spin-coated onto hydroxylated Si substrates.
Finally, the coated substrates were annealed at 300 °C
for one hour at a heating rate of 5 °C/minutes to improve
NPs adhesion, forming Au/rGO, Ag/rGO and Au-Ag/rGO
substrates.

5 Characterizations

The synthesized substrates were characterized for opti-
cal and structural properties. Ultraviolet-visible (UV-Vis)
spectroscopy analyzed the plasmonic behavior of NPs
using a Shidmazu UV-1800 spectrophotometer model.
Particle size analysis (PSA) was performed using Malvern
Zetasizer Nano ZSP to determine the size distribution of

the NPs, ensuring sample uniformity. The morphology
and surface characteristics of the materials were observed
using a Hitachi SU8020 field emission scanning electron
microscope (FESEM) and Jeol JEM-ARM 200 F high
resolution transmission electron microscopy (HRTEM).
These imaging techniques provided detailed insights into
the NPs’ morphology. X-ray diffraction (XRD) analysis
was used to determine the crystalline structure of GO
and rGO using a Rigaku XtaLAB P200 diffractometer.
Fourier transform infrared (FTIR) spectroscopy was
performed using a Thermo Nicolet iS10 spectrometer to
identify and confirm the functional groups present in GO
and rGO before and after reduction. This multi-technique
approach validated the synthesized materials for SERS
analysis.

6 Raman measurements

The Raman spectra of rGO thin-films (1 mg, 2 mg and 4 mg)
and SERS substrates (Au/rGO, Ag/rGO and Au-Ag/rGO)
were recorded using a UniDRON confocal microscopy
Raman spectrometer equipped with 532 nm and 785 nm
excitation lasers. The laser power was set at 20% to optimize
signal detection without causing damage. Before measure-
ments, the instrument was calibrated with a single crystal
Si reference for accuracy. The collected spectral data were
processed using OriginPro 2022 (OriginLab), smoothed at
50 cm™ ! to reduce noise and corrected for baseline interfer-
ence. Prominent peaks were labelled and analyzed to extract
structural and compositional information of the material.
This step was critical for assessing the performance of the
fabricated SERS substrates.

7  EF testing using R6G

SERS performance of the substrates was evaluated using
R6G as a Raman reporter. Aqueous R6G solutions with
varying concentrations ranging from 1072 M to 107 M
were prepared. For each concentration, 2 pL of the solution
was dropped onto the Au-Ag SERS substrates and allowed
to dry under ambient conditions. To calculate the SERS EF,
a 10" M R6G solution (2 pL) was also deposited onto a
bare Si chip and dried for Raman spectral analysis. Raman
spectra were recorded at three random spots on each sub-
strate to assess spot-to-spot reproducibility. EF was calcu-
lated using the following formula:

CBare

Isers
EF = X ,
CsERs

IBare

®)
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Fig. 2 The absorption spectra of Au, Ag and Au-Ag NPs, with an inset
of NPs solution colors

where Isgrs and Igare are the Raman intensities from
SERS substrate and bare substrate, respectively. Csgrs and
Cpare are the corresponding R6G concentrations.

Results and Discussion
Properties of NPs
Optical Properties

Figure 2 shows the absorption spectra measured using a
UV-Vis spectrometer. The spectra revealed differences in
wavelength and absorption intensity, indicating variations
between Au, Ag and Au-Ag NPs. Absorption maxima for Ag
and Au NPs were observed at 384 nm and 522 nm, respec-
tively. Conversely, bimetallic Au-Ag NPs exhibited a single
peak at 415 nm indicating a homogeneous alloy structure
[30]. This homogeneity confirmed that the bimetallic NPs
are an alloy rather than a core-shell structure, where mul-
tiple peaks would have been expected. The alloying effect
broadened the plasmon resonance, minimized optical losses
and enhanced resonance intensity due to the synergistic
interaction between Au and Ag. The bimetallic Au-Ag NPs
displayed higher absorption intensity than the monometal-
lic NPs, indicating stronger plasmonic activity [31]. This
enhancement is further amplified by the dominant amount
of Ag, which enhanced their EM field properties and plas-
monic effectiveness. These properties make them highly
effective for applications needing strong plasmonic activity.

The inset in Fig. 2 shows the macroscopic view of dif-
ferent colors for the synthesized Au, Ag and Au-Ag NPs
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Table 1 Wavelength, average size and zeta potential for Au, ag and
Au-Ag NPs

Sample  Wavelength  Average Size Average Zeta Potential
(nm) (nm) (mV)

Au 522 29.60 —40.5

Ag 384 33.35 —25.2

Au-Ag 415 72.60 —33.1

solutions. It revealed distinct colorations in their respective
NPs solutions, providing a visual cue to their unique optical
properties. The Au NPs resulted in a dark purple colour solu-
tion, while Ag NPs solution appeared in dark brown colour.
In the case of the bimetallic Au-Ag NPs, the solution was in
yellow colour. This was due to a higher concentration of Ag
compared to Au with the ratio of 1:3. Thus, the colour of Ag
NPs played a more significant role in this sample. Colour
variations of metal NPs were attributed from the unique
optical properties and SPR effect of the constituent metals
[32]. SPR occurs when conduction electrons resonated with
incident light at specific wavelengths. The arrangement and
interaction of Au and Ag atoms in the NPs further influ-
enced their collective electron oscillations, known as plas-
mons [33]. Ultimately, the plasmon resonances determine
the absorption and scattering properties of NPs, which in
turn influenced their visual colour appearance.

Morphology and Structural Analysis

The particle size and zeta potential of the NPs were ana-
lyzed using PSA, as summarized in Table 1. Average sizes
were 29.60 nm, 33.35 nm and 72.60 nm for Au, Ag and
Au-Ag, respectively. Negative zeta potential values con-
firmed colloidal stability due to electrostatic repulsion by
anionic borohydride species. HRTEM analysis provided
more precise structural and morphological insights, con-
firming NP sizes ranging from 10 to 65 nm. The size dis-
crepancies compared to PSA measurements were due to
PSA measuring the hydrodynamic diameter in solution,
whereas HRTEM captured the core size in a dried state.
Figure 3 (a-c) show that the NPs were spherical in shape.
Lattice fringes with interplanar spacings of 0.20 nm, rep-
resenting the (200) plane of face-centered cubic (FCC) Ag
[34] and 0.23 nm, indicating the (111) plane of FCC Au
[35], were observed. These features indicate the high crys-
tallinity of the synthesized NPs, which was crucial for plas-
monic interaction and SERS performance. Selected area
electron diffraction (SAED) patterns in Fig. 3 (d-f) show
SAED patterns indicating growth along (111), (200), (220)
and (311) planes. For comparison, Table 2 presents the
lattice spacing (dy,,) values for the (111) plane, including
standard reference values extracted from crystallographic
information files (CIFs) available in crystallographic
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Fig.3 (a-c) HRTEM images of Au-Ag, Au and Ag NPs with interplanar spacing, (d-f) SAED pattern of Au-Ag, Au and Ag NPs

Table 2 Reported and experimental d;;; values for Au, ag and Au-Ag

NPs

Sample  CIF Reference = Experimental — Other studies  Ref.
A) A) &)

Au 2.35 2.36 2.36 [36]

Ag 2.40 2.39 2.36 [34]

databases, the experimental values from this study and val-
ues from previous studies. The d,;; value of Au-Ag NPs
(2.38 A), lies between the experimental values for Au and
Ag, confirming alloy formation.

To gain deeper insights and validate the formation of
bimetallic Au-Ag NPs, high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM)
and energy-dispersive X-ray spectroscopy (EDX) were per-
formed. These advanced techniques provided detailed com-
positional and structural information at the nanoscale. This
was crucial for understanding the distribution and interac-
tion of different metal components within the NPs. Figure 4

50 nm

(c) mAu

50 nm

Fig.4 (a) HAADF-STEM image, (b-¢) EDX elemental mapping illus-
trating Au-Ag intermix (scale bar: 50 nm)
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(a) shows the HAADF image of bimetallic NPs, demonstrat-
ing a contrast between Au and Ag components. In HAADF-
STEM mode, the intensity correlates with atomic number
of the elements, where brighter regions indicate Ag (lighter
element) and darker regions correspond to Au (heavier ele-
ment) [37]. The image vividly illustrates the intertwined
distribution of Ag and Au elements within the bimetallic
NPs. Figure 4 (b-c) show the presence of Ag signals (pink)
and Au signals (yellow), which serve as a crucial marker for
the formation of bimetallic NPs with an alloy structure. The
lower intensity of the Au signal is attributed to the 1:3 molar
ratio of Au to Ag used during synthesis, resulting in a higher
Ag content in the NPs.

Properties of rGO
Raman Characterization

Figure 5 (a) shows the Raman spectrum of rGO, recorded
using a 532 nm laser, showing D- and G-peaks and 2D band
at 1345 cm™ !, 1580 cm™ ! and 2695 cm™ !, respectively.
The D-band represents disordered carbon atoms, while the
G-band corresponds to C = C stretching vibrations in sp?
carbon rings [38]. The 2D band is used to determine number
of graphene layers [39]. The broad and weak intensity of 2D
band indicates the presence of multilayer rGO sheets rather
than single-layer graphene, consistent with previous reports
[40]. Optimizing rGO concentrationis crucial for balancing
its structural integrity and functional properties as a SERS
substrate. A reduction in D- and G-band intensities were
observed at 2 mg and 4 mg concentrations. This reduction
occurred due to the inverse relationship between band inten-
sity and the number of active scattering centers [41]. The 4
mg rGO sample formed a thicker layer, which can limit EM
field penetration into the analyte layer and reduce available
adsorption sites by blocking NP surfaces. Conversely, 1 mg
rGO produced higher SERS intensity but was thin and non-
uniform, resulting in poor surface adhesion and uneven NP

Fig.5 (a) The Raman spectrum @  «10°

distribution. The 2 mg rGO film provided a balance between
surface coverage, hotspot formation and analyte accessibil-
ity, ensuring effective plasmonic enhancement. Film thick-
ness influences the microstructure and EM properties of
rGO coatings, affecting their overall performance [42].

The reproducibility of SERS signals was evaluated using
the relative standard deviation (RSD) of D-peak intensities
from three spots, as shown in Fig. 5 (b). The 2 mg rGO film
exhibited the lowest RSD of 5.57%, indicating signal con-
sistency compared to 1 mg and 4 mg rGO films with RSD
values of 30.28% and 26.74%, respectively. This suggests
that the optimized 2 mg concentration ensures high repro-
ducibility, which is critical for practical SERS applications.

Furthermore, the D-to-G intensity ratios (%) were 0.92,
0.99 and 0.96 for 1 mg, 2 mg and 4 mg rGO concentrations,
respectively. These values aligned with Shih et al. [43],
where similar ratios were observed in rGO nanocomposites,
indicating comparable defect densities in rGO materials.
The higher defect density ratio for 2 mg rGO film indicates
an optimal balance between defect sites and structural integ-
rity, critical for analyte adsorption. Although single-layer
graphene has enhanced properties, it is complex to produce.
In contrast, few-layered graphene provides a practical bal-
ance offering high surface area for effective SERS substrate
performance. An inset in Fig. 5 (a) shows the synthesized
rGO powder.

Morphology and Structural Analysis

The surface morphology of rGO thin-film was examined using
FESEM. As shown in Fig. 6 (a-c) the rGO appeared as a sheet-
like structure with wrinkled and overlapping layers [44]. The
inter-sheet gaps ranged from 35 to 856 nm, providing high
surface area for analyte adsorption. This morphology provided
an advantage for sensing applications, as the sheet-like appear-
ance offered a large surface area that enhanced the interac-

tion between the substrate and analytes, ) )
thereby improving

of rGO substrate at different
concentrations, with inset of rGO 8
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values for rGO concentrations
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Fig. 6 FESEM image of the

rGO thin-film at scale bar of (a)
5.00 pm, (b) 1.00 um. and (c)
500 nm, with inter-sheet gaps of
35-856 nm (d) XRD patterns of
GO and rGO indicating structural
changes after reduction

detection sensitivity. Moreover, the overlapping and wrinkled
layers provided numerous active sites that facilitated efficient
analyte adsorption and detection [44]. These structural fea-
tures were a result of partial restoration of sp? carbon networks
during the reduction process. The retention of some oxygen
functional groups further enhanced molecular interactions.
The presence of defects and residual oxygen functional groups
on the rGO sheets further contributed to improved molecu-
lar interactions [45]. This combination of high surface area,
active site availability and enhanced molecular interactions
validates rGO’s suitability as a SERS substrate.

Figure 6 (d) shows the XRD patterns of GO and rGO, pro-
viding insights into the structural transformation of GO after
the reduction process. The XRD analysis was conducted over
a 20 range from 5° to 80°. The GO diffraction pattern exhibited
two prominent peaks at 20 values of 10.36° and 42.33°, cor-
responding to the (001) and (100) planes, respectively. These
diffraction peaks indicated the presence of oxygen-containing
functional groups (-OH and -COOH) in the GO structure [46].
The observed peaks are characteristic of GO’s layered struc-
ture, where intercalated oxygen groups expand the interlayer
spacing. Additionally, a weak peak at 20.86°, corresponding to

(d) x10*
001 — GO
16 —1GO
2121
&
2
5 100
S 4 1 002 J
001 092 100
0_/\_/\ £l
10 20 30 40 50 60 70 80

20 (degree)

the (002) plane was observed. This feature likely arises from
residual graphitic domains due to incomplete oxidation of
graphite. Similar weak graphitic peaks have been reported in
chemically synthesized GO prepared via modified Hummers’
method [47, 48]. Upon reduction to rGO, significant changes
were observed in the XRD pattern. The intensity of the (001)
peak decreased significantly and the (100) peak nearly disap-
peared, indicating the removal of oxygen-containing groups.
Conversely, the (002) peak became more prominent and
shifted to 23.40°, reflecting a decrease in interlayer spacing
due to the elimination of oxygen functionalities and partial
restoration of sp® carbon lattice [14, 49]. These changes con-
firmed successful reduction of GO to rGO and its improved
structural stability for SERS applications.

FTIR Characterization of GO and rGO

Figure 7 shows the FTIR spectra of GO and rGO, highlight-
ing the changes in oxygen-containing functional groups
after reduction. For GO, a broad absorption band at 3550
cm ! corresponding to O-H stretching vibrations indicates
the presence of hydroxyl groups. The peak at 1731.8 cm™ !

@ Springer



Plasmonics

140 =
& @ & —GOo
3 5.8 200
120 5 D252 £
—~ - =8 S 8
< 2 BEE 2 g
= T QL8 L © §
<1)]00' d &) ”';Q w O
13} © =
Z =39
= 80 :
=) - < N
< B (o) [2H
g 60 gow
— S =

0
-— N
i 2
8 =
20 =
3500 2500 1500 500
Wavenumber (cm'l)
Fig.7 FTIR spectra of GO and rGO
12
D-peak G-peak
' —Au-Ag/rGO
10 | —Ag/tGO
—Au/rGO
—1GO
8 .
261 A A
54 A\W/H
£ -
2 1 ' .
0 = E x
1000 1200 1400 1600 1800 2000

Raman Shift (cm")

Figure 8 Raman spectra of rGO with and without metallic NPs

is attributed to C=O stretching of carboxyl groups, while the
band at 1574.7 cm™ ! arises from C=C skeletal vibrations
of sp? carbon domains. Additional peaks at 1092.5 cm™
and 1017.3 cm™ ! for C-O stretching and the band at 818
cm” ! is due to C—H bending, confirming the abundance of
oxygen functionalities in the GO structure [40, 50]. In con-
trast, the spectrum of rGO shows a reduction in the intensity

of oxygen-containing peaks, while the C=C skeletal band
shifts to 1557.3 cm™ ' and becomes more prominent. These
changes confirm the partial removal of oxygen functional
groups and the partial restoration of sp® carbon networks
during thermal reduction. This observation aligns with the
XRD analysis, which showed the decrease of the 001 peak
of GO and the more prominence of the 002 graphitic peak in
rGO. The retention of a small fraction of oxygen-containing
groups is advantageous, as they provide active anchoring
sites for NP deposition and enhance binding interactions
with the hydroxylated Si substrate.

Properties of SERS Substrates
Raman Analysis of Substrates

Figure 8 shows the Raman spectra of 2 mg rGO embed-
ded with Au, Ag and Au-Ag NPs, recorded using a 532 nm
laser, obtaining characteristic D- and G-peaks at 1345 cm™ !
and 1580 cm™ !, respectively. Among the substrates, Au-Ag/
rGO exhibited the highest peak intensities, demonstrating
enhanced plasmonic activity compared to monometallic Au/
rGO and Ag/rGO. This enhancement was attributed to the
synergistic plasmonic effects between Au and Ag, which

generated stronger localized EM fields at hotspots. The %

ratio decreased after NPs incorporation. The % ratio val-

ues for Au/rGO, Ag/rGO and Au-Ag/rGO were 0.88, 0.87
and 0.93, respectively, compared to the higher value of 0.99
for pristine rGO. This decrease suggests a reduction in rGO
defects, likely from charge transfer and stabilization effects,
while maintaining its electronic properties. Furthermore,
the % ratio is directly related to improved SERS substrate

performance, as it indicates an optimal balance between
defect density and structural integrity. This balance ensures
sufficient active sites for NPs anchoring and analyte adsorp-
tion, while maintaining the sp? carbon network necessary
for strong plasmonic coupling and efficient Raman signal
enhancement. These findings aligned with Yousefimehr et
al. observing a decrease in % for Au/rGO composites due

to reduced rGO defects while retaining functionality [51].

Table 3 summarizes the % values obtained for all sub-

strates and compares them with literature values, indicating
the improved SERS performance of the fabricated Au-Ag/
rGO substrate.

Table 3 Comparison of % ratios for Au/rGO, Ag/rGO and Au-Ag/rGO substrates with literature values

Sample Spot 1 Spot 2 Spot 3 Average Literature Ref.
Au/rGO 0.84 0.91 0.88 0.88 0.81 [51]
Ag/rtGO 0.84 0.90 0.87 0.87 0.78 [52]
Au-Ag/rGO 0.93 0.96 0.90 0.93 0.80 [53]
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Fig.9 (a) FESEM image and (b) EDX spectrum of Au-Ag/rGO SERS substrate on a Si chip

Surface Morphology of the SERS Substrate

Figure 9 (a) shows the FESEM image of the Au—Ag/rGO
SERS substrate. The image reveals the sheet-like structure
of rGO with bimetallic Au-Ag NPs distributed across its
surface. The wrinkled and overlapping layers of rGO pro-
vided a large surface area and active sites for the attach-
ment of Au-Ag NPs. The NPs appeared as bright, spherical
clusters distributed across the rGO sheets with visible signs
of uniformity and some degree of aggregation [54, 55]. The
observed morphology indicated the successful attachment
of the Au-Ag NPs onto the rGO surface. The combined
morphology of Au-Ag/rGO SERS substrate were advanta-
geous for sensing applications. The wrinkled rGO sheets
provided a large surface area, while the spherical Au-Ag
NPs created active sites for plasmonic interactions. This
structural synergy enhanced analyte adsorption and pro-
moted efficient electron transfer, improving the sensitiv-
ity and performance of the Au-Ag/rGO SERS substrate in
detection systems.

The elemental composition of the substrate was deter-
mined using EDX analysis, as shown in Fig. 9 (b). The
spectrum confirmed the presence of key elements, including
Si (50.9 wt%), Ag (24.4 wt%), Au (9.2 wt%), carbon (9.1
wt%) and oxygen (6.5 wt%). The high percentage of Si was
attributed to the use of a Si chip as the substrate during the
EDX analysis. The significant presence of Ag compared to
Au was consistent with the 1:3 bimetallic ratio used during
synthesis, where a higher proportion of Ag was intention-
ally introduced. Ag contributed strongly to LSPR, which
was essential for enhancing the plasmonic properties of

the SERS substrate. The detected carbon and oxygen cor-
responded to the rGO matrix with the oxygen content likely
resulting from residual oxygen-containing functional groups
on rGO. These functional groups enhanced NPs attachment
and improved the stability of the substrate. These results
confirmed the successful incorporation of Au and Ag NPs
onto the rGO structure, reflecting the controlled composi-
tion of the SERS substrate.

EF Evaluation of the SERS Substrate

Figure 10 (a) shows the Raman spectra of R6G adsorbed
on Au/tGO, Ag/rGO and Au-Ag/rGO SERS substrates,
recorded using a 532 nm green laser. The spectra displayed
prominent bands at 613 cm™ U772 em™ !, 1184 em™ !, 1311
em !, 1362 em™ !, 1508 cm™ !, 1572 em™ 'and 1650 cm™ .
These bands correspond to specific vibrational modes of
R6G molecules adsorbed on the substrate surface. For
instance, the band at 1362 cm™ ! corresponded to the C-C
stretching mode of the aromatic ring. This highlighted the
strong 7-7 interaction between R6G and the graphene-based
substrates [56]. Similarly, other bands such as those at 613
cm ! (C—C in-plane bending) and 772 cm™ ' (C—H out-of-
plane bending), reflected the skeletal and bending vibrations
characteristic of R6G molecules. The identified vibrational
modes confirmed the successful adsorption of R6G onto
the SERS substrates. Consistent with prior studies, these
findings confirmed the presence of R6G molecules on the
substrate [17]. Table 4 provides a detailed summary of the
observed Raman peaks and their vibrational assignments for
R6G molecules on the SERS substrates.
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{ Fig. 10 Raman spectra of (a)Au-Ag/rGO, Ag/rGO and Au/rGO sub-
strates at R6G concentration of 1073, (b) Mean Raman intensities
with corresponding RSD values for Au/rGO, Ag/rGO and Au-Ag/
rGO substrates. (¢) R6G at varying concentrations. (d) Mean Raman
intensities with corresponding RSD values for Au—Ag/rGO substrates
at varying R6G concentrations. (e) Correlation of R6G intensity with
concentrations

The EF was calculated via Eq. (8) to evaluate the
enhancement capability of the SERS substrates. The EF
values at different Raman shifts of R6G are summarized in
Table 5. Among these, the 1362 cm™ ! peak was selected due
to its strongest intensity, ensuring reliable quantification for
comparing substrate performance. The SERS EF values for
Au/rGO, Ag/rGO and Au-Ag/rGO were 2.70 x 107, 4.92
x 107 and 1.12 x 108, respectively. Notably, the EF of
Au-Ag/rGO was approximately 2 times higher than Ag/rGO
and 4 times higher than Au/rGO. This trend is consistent
with FEM near-field simulations, which predicted stron-
ger plasmonic coupling and higher hotspot intensity for
Au—-Ag NPs compared to their monometallic counterparts.
This enhancement results from synergistic effects of plas-
monic hotspots and improved charge transfer interactions
facilitated by the bimetallic structure and rGO support. Such
observations align with Yu et al. [17], who demonstrated that
Au-Ag NRs on rGO exhibited significantly higher SERS
enhancement than monometallic NPs, highlighting the role
of rGO and its contribution to enhanced Raman intensities.

Table 6 compares these EF values with other studies.
For instance, graphene/Au NPs (G/Au) [18], Ag/GO [57],
core-shell gold-silver NPs (Au@Ag) [58] and Ag nano-
flowers (NFs) with GO and Au NSs [59], have all reported
significant SERS improvements. These findings support
the conclusion that bimetallic structures, when integrated
with 1GO, can achieve exceptional SERS performance. In
addition to EF performance, the practical aspects of the
substrate, such as fabrication ease and cost-effectiveness,
are crucial for real-world applications. Compared to other
recent bimetallic systems, such as the G/Au film fabricated
via chemical vapor deposition (CVD) [18], the present
Au-Ag/rGO substrate offers a simpler and more scalable
bottom-up fabrication route. Furthermore, unlike to mag-
netron sputtering approaches [58], this synthesis does
not require expensive instrumentation or post-deposition
annealing, thereby reducing operational costs. Compared to
Ag@Au nanocavity-on-film substrates prepared via multi-
step seed-mediated growth, ligand-assisted epitaxial coating
and prolonged self-assembly on Au films [58], our synthesis
avoids complex synthetic control and multiple purification
steps. In contrast to Ag NFs-GO-Au NS requiring sequential
silanization, hierarchical Ag deposition, GO spin-coating
and concentrated Au NSs coating [59], the current method
eliminates lengthy substrate pretreatment and anisotropic
particle synthesis steps. These advantages, coupled with the

observed high EF values, demonstrate the strong potential
of the fabricated substrate for cost-effective, scalable and
reliable SERS sensing platforms. To analyze the reproduc-
ibility of the SERS substrate, the Raman intensity at 1362
cm” ! was measured at three random spots on the substrates,
as shown in Fig. 9(b). The RSD values were 0.66%, 10.59%
and 1.36% for Au/rGO, Ag/rGO and Au-Ag/rGO, respec-
tively. These results demonstrate that the substrates exhibit
good homogeneity and reproducibility.

Figure 10 (c-e) present the concentration-dependent
SERS response of R6G on the Au-Ag/rGO substrate using
a 785 nm laser. In Fig. 10 (c), the Raman spectra showed
distinct peaks at 578 cm™ !, 742 cm™ !, 1156 cm™ 11273
em ! 1329 cm !, 1476 cm™ ! and 1619 cm™ !. These peaks
correspond to the characteristic vibrational modes of R6G
but differ in prominence and intensity compared to spectra
obtained with a 532 nm laser. The use of the 785 nm laser
reduces fluorescence interference, leading to clearer obser-
vation of certain vibrational modes. The intensity of these
peaks increases linearly with higher concentrations of R6G,
as shown in the plotted data. At higher concentrations, more
R6G molecules are present within these enhanced regions,
leading to stronger Raman signals [60]. The reproducibil-
ity of the substrate was further confirmed by calculating the
RSD values at each concentration, which remained consis-
tently low (0.73-2.66%) as shown in Fig. 10 (d). Moreover,
Fig. 10 (e) also shows a linear increase in Raman intensity
with R6G concentrations. It demonstrated the substrate’s
effectiveness in maintaining uniform enhancement across
different concentrations, with detectable signals even at low
concentrations (10 '° M). The low detection limit of 10~ °
confirms the substrate’s sensitivity toward trace-level ana-
lytes. At 532 nm, which overlaps with the Au (522 nm) and
Au—-Ag (415 nm) SPR bands, stronger plasmon coupling
enhanced Raman intensity and yielded a higher EF. In con-
trast, 785 nm excitation, although off-resonance, minimized
fluorescence background and enabled clearer detection of
R6G peaks at trace concentrations [61]. The synergistic
effects of the bimetallic system and graphene support in
this study ensure enhancement, positioning Au-Ag/rGO as a
promising SERS substrate for sensing applications.

Conclusion

In conclusion, this study successfully developed and evalu-
ated SERS substrates based on monometallic (Au, Ag) and
bimetallic (Au-Ag) NPs embedded on rGO. The optimized
SERS substrates were fabricated by integrating spherical
Au, Ag and Au-Ag NPs onto wrinkled rGO sheets, which
provided a high surface area for NPs attachment. Raman
measurements using R6G as a probe molecule confirmed
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Table 4 Raman peaks and vibrational assignments for R6G molecule
on SERS substrates

R6G Raman Assignment Mode

Shift

(em )

613 C-C ring in-plane bending in xanthene/ Skeletal
phenyl rings bending

772 C-H out-of-plane bending Bending

1184 C-H in-plane bending in xanthene ring In-plane

bending

1311 Hybrid mode (xanthene/phenyl rings Hybrid
and NHC,Hj; groups vibrations

1362 Aromatic C-C stretching in xanthene Stretching
ring

1508 C-C stretching in xanthene ring Stretching

1572 C-C stretching in phenyl ring Stretching

1650 C-C stretching in xanthene ring Stretching

Table 5 EF values of R6G at different Raman shifts on Au-Ag/rGO
substrate

R6G Raman Shift EF Value
(cm™

613 535 x 107
772 4.64 % 107
1184 3.94 x 107
1311 5.64 x 107
1362 1.12 x 108
1508 1.01 x 108
1572 6.91 x 107
1650 9.06 x 107

Table 6 Comparative EF values for R6G of SERS substrates alongside
literature values

Sample EF value Ref.
G/Au 1.40 x 10° [18]
Ag/GO 5.6 x 10° [57]
Ag@Au 2.0 x 107 [58]
Ag NFs-GO-Au NSs 2.59 x 107 [59]
Au-Ag NP/rGO 1.12 x 108 This study

that bimetallic Au-Ag/rGO exhibited the highest SERS
enhancement. The EF of 1.12 x 10® for Au-Ag/rGO,
compared to 2.70 x 107 for Au/rGO and 4.92 x 107 for
Ag/rGO, validates the synergistic plasmonic interaction
between Au and Ag. This interaction enhances localized EM
fields and increases hotspots density, significantly amplify-
ing the Raman signal. The FEM simulations supported these
findings by correlating plasmonic behavior with experimen-
tal EF trends. The combined approach not only clarified the
role of bimetallic synergy in enhancing hotspots intensity
but also demonstrated a simpler and more scalable fabri-
cation route compared to multi-step or instrument-inten-
sive methods in prior studies. These findings highlight the

@ Springer

effectiveness of bimetallic Au-Ag/rGO SERS substrates
and their potential for practical applications in sensitive
and accurate molecular detection. Future works will focus
on evaluating the charge transfers between rGO and Au—
Ag NPs via X-ray photoelectron spectroscopy (XPS) and
ultraviolet photoelectron spectroscopy (UPS), quantifying
thin-film thickness and uniformity via atomic force micros-
copy (AFM), as well as Raman stability tests to evaluate
long-term substrate performance under real-world sensing
conditions.
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