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Abstract: Surface-enhanced Raman spectroscopy (SERS) is an attractive vibrational spectroscopic
technique that can enable a non-destructive and ultra-sensitive detection down to the single-molecule
level. Herein, a novel hybrid SERS platform is developed based on hybrid core-shell (HyCoS) AgPt
nanoparticles (NPs) and graphene quantum dots (GQDs) for the enhancement of Raman vibration of
4-mercaptobenzoic acid (4-MBA) and benzenethiol (BT). The unique design of HyCoS AgPt NPs
induces strong electromagnetic mechanism (EM) enhancement through the amplification of
electromagnetic fields by the excitation of high-density surface plasmons and hot spots. Superior
localized surface plasmon resonance (LSPR) is generated by the AgPt core-shell and background Ag
NP coupling, which is systematically investigated by the optical properties and FDTD simulations.
The background Ag NPs can further increase the coverage of metallic NPs, leading to higher-density
hot spots and enhanced SERS response. At the same time, GQDs can provide plentiful accessible
edges for the charge transfer to the HOMO and LUMO of 4-MBA and BT based on the chemical

mechanism (CM) enhancement. The mixing approach of GQDs and target molecules on the HyCoS



AgPt NPs can significantly amplify the Raman signals via the strong adsorption of probe molecules
by the m — 7 interaction. The enhancement factors of proposed SERS platform can reach ~107 and

~10° for the 4-MBA and BT respectively.

Keywords: HyCoS AgPt NPs, localized surface plasmon resonance (LSPR), GQDs, chemical

mechanism (CM), electromagnetic mechanism (EM)

1. Introduction

Surface-enhanced Raman spectroscopy (SERS) is a surface-sensitive technique that can significantly
amplify the Raman signals by orders of magnitude for the molecules adsorbed on the specific
platform [1-3]. It has the advantages of rapid, in-situ, non-destructive molecular identification,
resulting in a wide range of applications in catalysis, biosensing and environmental science [4—6]. Up
to now, the dominant contributor to the SERS effect is the electromagnetic mechanism (EM)
enhancement, which is ascribed by the amplification of local electromagnetic field and hot spot
generation based on the localized surface plasmon resonance (LSPR) [7,8]. The LSPR properties are
strongly dependent on the NP elements and dimensional factors such as size, density and
configuration [9,10]. The classic plasmonic substrates incorporating Au, Ag and Cu nanoparticles
(NPs) have been extensively studied and various configurations with other material decorations have
also been widely explored for the SERS enhancement such as Au@Cu,O-Ag composite [11], Au
nanowires [12], Au/Ag core-shell [13], CoTiO3@Ag nanofibers [14] and so forth. Ag-based
substrate exhibit higher SERS enhancement over the Au and Cu due to its inherent strong plasmonic
properties [9,10,15]. Meanwhile, Pt NPs are relatively rarely investigated for the SERS substrate.
The Pt NPs can still demonstrate strong excitation of surface plasmons with excellent chemical
stability, which can make it suitable as plasmonic SERS template [16]. Therefore, combining Pt and

Ag together in a hybrid SERS platform can be a useful strategy to improve the Raman signal of



probe molecules and enhance the functionality of SERS application.

In the meantime, the chemical mechanism (CM) also plays an important role in SERS, which
involves the charge transfer between the substrate and probe molecules through the molecular
resonance and interfacial non-resonant interactions [17]. The CM is generally considered as a short-
range effect as compared with the EM, which is dependent on the chemical structures, interactions
and vibration modes [18]. Recently, novel semiconductor materials such MoS,, TiO, ZnO, and
graphene quantum dots (GQDs) have been reported to demonstrate strong CM enhancements due to
their superior charge transfer capabilities. Among them, the GQDs as a zero-dimensional
semiconductor structure can demonstrate outstanding chemical and physical properties such as good
photoluminescence, biocompatibility, high accessibility and surface functionalization, which makes
it an appealing candidate for the SERS [19,20]. The hydrogen-terminated edges and bonds in GQDs
may promote the efficient charge transfer to the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels of probe molecules and enable the enhancement
of Raman signals [21]. For instance, Zou et. al reported the Fe3;Os4-Au-GQDs SERS platform,
exhibiting excellent sensitivity for the detection of protein [22]. Jin et. al demonstrated the core-shell
structured Ag/o-GQD substrate for the H>O» sensing down to the subcellular level due to a highly-
efficient charge transfer as well as EM [23]. To this end, an innovative SERS platform based on the
integration of GQD with hybrid AgPt NPs can serve as a promising candidate for the enhancement of
SERS signals.

In this work, a hybrid SERS platform incorporating AgPt hybrid core-shell (HyCoS) NPs and
GQD for the enhancement of 4-MBA and BT Raman signals has been successfully demonstrated by
combining the CM and EM effects together as seen in Fig. 1(a). The CM enhancement is achieved
by mixing GQDs with the probe molecules to enhance the charge transfer from GQD to the HOMO
and LUMO levels of 4-MBA and BT as shown in Fig. 1(b). The HyCoS AgPt NPs can provide

abundant hot spots and strong local electromagnetic fields by the strong LSPR, which can



significantly amplify the Raman signals based on the EM enhancement as shown in Fig. 1(c). The
plasmonic HyCoS AgPt NP template is prepared by a two-step solid-state dewetting (SSD) process
as shown in Fig. 1(d). The optimal NPs template is obtained by varying the Ag coating thickness and
annealing temperature. According to the morphological and optical analysis, the Pt NPs template
with 10 nm Ag coating annealed at 600 °C is found to demonstrate the best SERS template. The
finite-difference time-domain (FDTD) simulation also is performed to further analyze the
distribution of local electromagnetic fields of various metallic NP configurations. The hybrid design
based on the HyCoS AgPt NPs and GQD by utilizing both CM and EM can offer a great potential for

the SERS application.

2. Experimental section

2.1. Preparation of Pt NPs:

A 20 nm-thick Pt layer was deposited on the prepared sapphires in a plasma-assisted sputtering
chamber using Pt metal targets of 99.999% purity. The base pressure and ionization currents were 1
x 107! torr and 3 mA respectively, indicating a deposition rate of 0.05 nm s~!. Subsequently, the
deposited samples were mounted in the PLD chamber and the first-step solid-state dewetting process
(SSD) was carried out at 800 °C for 450 s to fabricate dome shape Pt NP template [24]. The base
pressure in PLD chamber was below 1 x 10~ torr and the temperature ramping rate was 4 °C/s. The
surface morphology of Pt NP template is shown in Fig. S2. Details on the substrate preparation can

be found in the supplementary section S-1.

2.2. Preparation of various AgPt NPs:
The as-prepared Pt NP templates were sputtered with the 5, 10 and 20 nm Ag films respectively by
using Ag metal targets with the purity of 99.999%. The second step SSD was performed in PLD

chamber at various target annealing temperatures such as 400 and 600 °C for 120 s to fabricate



various metallic AgPt NPs. The growth process was terminated by turning off the heating system and
the AgPt NPs were taken out after cooling down to room temperature. The surface morphology,
reflectance, and transmittance of different thicknesses of Ag films are presented in Fig. S3. Details

on the morphological and elemental characterizations can be found in the supplementary section S-2.

2.3. SERS solution preparation

4-mercaptobenzoic acid (4-MBA, Sigma Aldrich) and benzenethiol (BT, Sigma Aldrich) were
dissolved in ethanol to prepare the stock solution with a molarity of 10 M. The stock solution was
further diluted to prepare various molarity of 4-MBA and BT solutions from 10 to 10”7 M. The
graphene quantum dots (GQDs) solution was prepared by dissolving 0.25 mg of GQD powder
(Sigma Aldrich) in 1 ml of absolute ethanol (Sigma Aldrich). The average diameter of GQD was less
than 5 nm. The GQD solution was used as a mixture (1:1, 2:1; 10:1) with the 4-MBA or BT
molecules. 20 ul of different molarity or mixture solutions were drop-cast on the various substrates
to measure the SERS signals. The SERS enhancement factor (EF) calculation can be found in the

supplementary section S-4 and relative standard deviation (RSD) calculation is provided in S-5.

3. Results and discussion

3.1 Fabrication of hybrid core-shell (HyCoS) AgPt nanoparticles (NPs)

Figure 2 shows the hybrid core-shell (HyCoS) AgPt nanoparticles (NPs) with 10 nm Ag coatings on
the Pt NPs templates at different annealing temperatures. To begin with, the Pt templates with the
well-separated Pt NPs were formed by the 1% step solid-state dewetting (SSD) process via annealing
20 nm Pt thin film at 800 °C for 450 s. Generally, the optimum dewetting temperature for realizing
desired metallic NPs should be close to the Tammann temperature (7Tammann), at which the atoms
start to diffuse in the bulk phase [25,26]. The TTammann is approximately equal to the half of melting

point (Tmeiing) of metallic elements. The Teling pt is 1768 °C and thus 800 °C was adapted for the 1*



step SSD [27]. In this regard, the agglomeration process along with the void nucleation occurred in
the vicinity of ruptures and grain boundaries due to the surface and interface energy minimization
[8,28]. As a result, the droplet-like Pt NPs were formed as seen in Fig. S2, exhibiting the average
height and diameter of ~ 45 and ~ 160 nm. Then, the AgPt NPs were formed in the 2" step SSD
process after 10 nm Ag coating. The AFM image of Ag-coated Pt NPs without annealing is shown in
Fig. 2(a), which demonstrated no apparent change in size and shape as seen in the corresponding
line-profile in Fig. 2(a-1). The scanning of background (BG) surface where it is in between the Ag-
coated Pt NPs is shown in Figs. 2(a-2) — 2(a-3). The uneven background surface can indicate an
abundance of point defects and inhomogeneities such as voids, triple junctions and grain boundaries
[8]. It can be also observed by directly coating Ag layer on bare sapphire as seen in Fig. S3. Initiated
by the thermal annealing, the Ag adatoms started to diffuse toward the high chemical potential sites
such as Pt NPs, resulting in the Pt core-Ag shell structure through the thermal energy-driven atomic
dewetting process [8,29]. Meanwhile, the Ag adatoms can also dewet in the background, involving
the rupture of thin films and diffusion of adatoms, resulting in the formation of secondary
background (BG) Ag NPs [10]. The high-density background Ag NPs surrounded the core-shell NPs
and the whole structure is indicated as a hybrid core-shell (HyCoS) AgPt NP configuration. The
temperature-dependent surface morphology evolution is shown in Figs. 2(b) — 2(c). Here, the
primary Pt NPs were well retained regardless of the annealing temperature and the BG Ag NPs were
also gradually evolved. With the detailed analysis of line profiles, the average height and diameter of
core-shell NP was gradually decreased at increased temperature as seen in Figs. 2(b-1) — 2(c-1) and
Fig. 2(d). This can be explained by the BG NP development with the enhanced surface diffusion at
increased temperature [8]. The size of secondary Ag NPs was increased at increased temperature as
seen in Figs. 2(b-3) — 2(c-3) since the formed BG NPs tended to absorb nearby adatoms and can
grow further [9]. The absorption boundary can be increased with the increased temperature. Additional

AFM images of HyCoS AgPt NPs coated with 10 nm Ag can be seen in Fig. S4. The trend of



morphological changes can be expressed in terms of the Rq and SAR plots as seen in Figs. 2(e) —

2(f). The Rq represents the average surface height, described by the relation Rq = (%Z’f H,zl) ,

where Hi is the profile height at each pixel. The SAR is determined by the measure of 3D surface

area (As) concerning the geometric area (Ag) by the relation SAR = % x 100 % [8-10]. In this

set, although the BG Ag NP was developing, the size reduction of primary NPs was more significant
and thus the Rq and SAR both exhibited a gradually decreased trend. The atomic percentage of Pt
and Ag element of this set was summarized in Fig. 2(g) based on the corresponding full range EDS
spectra in Fig. S5. The atomic percentage change at incased temperature can be due to the Ag
sublimation with increased vapor pressure [10, 30]. The EDS phase maps of HyCoS AgPt at 600 °C
are shown in Fig. 2(h) — 2(h-3). The phase maps of Pt Mal and SEM image were matched well,
indicating well retained primary Pt NPs at the original Pt NP sites. Then, the Ag Lal map showed
the Ag counts everywhere with the Ag higher counts at the core-shell AgPt NP sites, likely due to the
formation of BG Ag NPs and higher Ag diffusion toward the Pt NP sites. The Al Ka phase was from
the sapphire substrate (Al2O3). The fabrication of HyCoS AgPt NPs with a thinner 5 nm Ag layer
was further conducted and morphological characterizations are shown in Figs. S6 — S8. The 5 nm set
demonstrated a similar evolution trend to the 10 nm Ag set. However, the BG Ag NPs were smaller
due to the thinner Ag thickness. Additional experiments with the 20-nm Ag layer were also
conducted as seen in Figs. S10 — S13, which demonstrated totally different evolution trend. As
discussed, the Pt NP sites possess higher chemical potentials (or lower surface energy) and thus the
Ag adatoms will diffuse toward the Pt NPs upon annealing [31]. However, the increased amount of
Ag adatoms can increase the possibility of intense interfacial intermixing between Ag and Pt atoms
[32]. Once the interface is fully alloyed with the large amount of Ag, the initial Pt NP matrix can be
destroyed and then the fully alloyed AgPt NPs can be formed. The fully alloyed NPs can gradually

develop as large clusters as seen in the AFM scanning in Fig. S10. In the case of fully alloyed AgPt



NPs, no background Ag NPs were formed. The EDS phase maps in Fig. S12 further confirmed the
alloyed phase according to the same elemental distribution of Pt Mal and Ag Lal. In short, the

dewetting process can be governed by the available Ag adatoms and activation energy in the system.

3.2. Optical properties of HyCoS AgPt NPs and FDTD simulation

Figure 3 shows the optical properties of HyCoS AgPt NPs fabricated with the deposition of 10 nm
Ag coatings. In particular, the resonance peaks and dips at a specific wavelength and their intensity
variation were observed along with the annealing. The extinction spectra are shown in Fig. 3(a). The
10-nm Ag thin film on bare sapphire showed a minor peak near the ultraviolet (UV) region at 390
nm and a broad peak region at 660 nm over the visible (VIS) region. The pure Pt NPs demonstrated
peaks at 320 and 460 nm over the UV and VIS regions respectively, which can be correlated to the
quadrupolar (QR) and dipolar resonance (DR) modes of NPs respectively [33]. The broader VIS
peak of Ag film as compared to the pure Pt NPs can be due to the wide coverage of Ag thin film
[28]. The AgPt HyCoS NPs at 0 °C showed the DR peak at ~ 465 nm, which is a slight red shift as
compared to the pure Pt NP template as clearly seen in Fig. 3(a-2). Meanwhile, the extinction
intensity was increased with the Ag coating, indicating an enhanced LSPR properties [34].
Interestingly, the extinction spectrum of 0 °C sample appeared to be the superposition of extinction
spectra of Pt template and Ag film with the one weak peak in the UV and the other more intense
peak in the VIS region. With the annealing at 400 °C, the resonance peak appeared at ~ 475 nm as
the background Ag NPs were developing. Additionally, at 600 °C, the LSPR peak was further
intensified, indicating the more intense resonance mode and narrower bandwidth [34]. The overall
LSPR peak positions and shift are summarized in the magnified normalized extinction spectra in Fig.
3(a-1) and contour plots in Fig. 3(a-2). The color code of contour plot is given on the right side,
representing the normalized intensity and the y-axis indicates the samples. The contour plot clearly

visualizes the gradual bandwidth narrowing with slight red shift along with the increased annealing



temperature. The corresponding reflectance (R) and transmittance (T) are shown in Figs. 3(b) — 3(c),
which matched well with the extinction results, exhibiting narrower dips at the UV region and
broader dips at the VIS-NIR region. The dips in the reflectance spectra represent the absorption and
scattering of photons, which appear as a peak in extinction spectra. The transmittance dips were
developed due to the transmittance of the VIS-NIR portion of photons along with the annealing,
which gives rise to the LSPR extinction peaks for the HyCoS AgPt NPs. The corresponding
normalized R, T and contour plots were shown in Figs. 3(b-1) — 3(c-1) and Figs. 3(b-2) — 3(c-2),
exhibiting the matching trends and gradual blue-shifts along with the narrower dips. The optical
properties of AgPt NPs fabricated with 5 and 20 nm Ag coating can be found in Figs. S9 and S14. In
the case of 5 nm Ag coating, generally the optical behavior was similar to the 10-nm coating set. The
overall extinction intensity was lower as compared with 10-nm coating set indicating lower LSPR
properties. The lower intensity maybe due to the lower Ag coating and decreased BG NP size by the
lower Ag coating [34]. As for the AgPt NPs coated with 20 nm Ag, much broad extinction peaks
were observed. Also, the extinction peaks were gradually red-shifted. The broadened peaks along
with the increased SSD temperature might be due to the formation of much larger irregular NPs [31].
At 600 °C, the extinction percentage was largely reduced, which can indicate lower LSPR properties
[31,33].

The LSPR property analysis of various NP configurations was probed by the finite-
difference time-domain (FDTD) simulation. The total field scattered field (TFSF) source was
employed to analyze the scattering of plasmonic NPs, and the dimensions of NPs were adapted based
on the AFM results. More details on the simulation parameters can be found in the supplementary
section S-3. The schematics of Pt NPs and HyCoS AgPt NPs are shown in Figs. 3(d) — 3(e) and e-
field distributions of top-views are shown in Figs. 3(d-1) — 3(e-1). The side-views are provided in
Figs. S15(a-1) and S15(e-1). Other NP configurations are also simulated in Fig. S15. Generally, the

e-field distributions were commonly observed at the edges of metallic NPs as the electromagnetic



field resonance occurs on the surface and edges of plasmonic structures [27]. Pure Pt NPs exhibited
the maximum local e-field intensity (MLEI or Emax) of 5.21 and 5.30 in the simulation top- and side-
views in Fig. 3(d-1) and S15(a-1). Then, the pure Ag NP of the same size showed the Emax of 6.81
and 7.02 in the top- and side-views in Figs. S15(b) and S15(b-1). The small background (BG) Ag
NPs showed the Emax of 9.22 and 9.17 in the top- and side-views in Figs. S15(c) and S15(c-1) likely
due to the increased NP density with more surface area. It was clearly seen that more hot spots are
generated in the NP gaps based on the high density BG Ag NP coupling [27]. The fully alloyed NPs,
i.e., with 20 nm Ag coating, demonstrated the Emax of 9.43 and 9.57 in the top- and side-views in
Figs. S15(d) and S15(d-1). In addition, the AFM data incorporated FDTD simulation of fully alloyed
NPs with 20 nm Ag coating showed a similar Emax of 10.54 in Fig. S14(d-1) based on the AFM
image in Fig. S14(d). Finally, the HyCoS AgPt NPs demonstrated a largely improved resonance
mode with the Emax of 18.2 and 17.8 in the top- and side-views in Figs. 3(e-1) and S15(e-1), which is
nearly 3 times higher than the pure Pt and Ag NPs and nearly twice higher over the BG Ag and alloy
NPs. In the hybrid core-shell (HyCoS) AgPt NP configuration, a thin Ag-shell is formed on the Pt
core NP and thus a strong electromagnetic field resonance can occur on the AgPt core-shell surface.
Also, the high-density BG Ag NPs can increase the surface coverage of NPs and hence the density of
hot spots. The BG NPs are formed around the AgPt core-shell NPs and thus more interface can be
created, resulting in more hot spots. With the AgPt core-shell NPs along with the high density BG
NPs, significantly enhanced LSPR can result in the HyCoS NP configuration with the high
maximum local e-field intensity [27]. As a result, the resonance intensity of HyCoS AgPt NPs was
dramatically enhanced via the strong plasmonic coupling with abundant hot spots. The strong e-filed
and numerous hot spots with the strong LSPR can significantly amplify the Raman signals of probe
molecules and thus the HyCoS configuration is suitable for the plasmonic template for the SERS

application.
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3.3. 4-MBA SERS on AgPt HyCoS NPs

Figure 4 shows the SERS of 4-mercaptobenzoic acid (4-MBA) on the HyCoS AgPt NP substrates.
According to the optical property and FDTD simulation analyses, the HyCoS AgPt with 10 nm Ag
coating annealed at 600 °C was adapted as the plasmonic SERS template. To begin with, the c-plane
bare sapphire showed a typical characteristic peak located at 750 cm™ as seen in Fig. 4(a), which is
assigned to the E; vibrational mode [8]. The AgPt HyCoS NP showed no Raman spectra as metallic
NPs do not exhibit Raman scattering. The E; vibrational mode of sapphire was fully buried by the
NPs. Subsequently, 20 ul 10°® M 4-MBA was drop-casted on sapphire and no characteristic peaks of
4-MBA appeared since sapphire is not SERS active. The Eg mode of sapphire showed reduced peak
intensity with the 4-MBA deposition. To probe the SERS activity of prepared templates, the 4-MBA
molecule was applied on HyCoS AgPt NPs. Then, it exhibited a series of intense characteristic peaks
of 4-MBA. The intensity was reduced by 4 times to fit in. Here, the characteristic peaks of 4-MBA at
1075 cm™! can be attributed to C-H deforming vibration and the band at about 1585 cm™ arise from
the aromatic ring (C = C) breathing mode [35,36]. The band at 688 cm™ can be related to a mixture
of OCO bending and the COO"~ stretching mode is found at 1375 cm™ [36]. The band at 1181
belongs to the C—S stretching mode [37]. This long-range SERS enhancement on the HyCoS AgPt
NPs can be related to the electromagnetic mechanism (EM) enhancement, which will be discussed in
the later section [8,38]. Subsequently, the 2:1 mixture solution of 4-MBA and GQD was drop-casted
on the HyCoS substrate. Surprisingly, much-enhanced signal was obtained, which was about 10
times higher than that obtained without the GQD mixture. The signal intensity was reduced by 20
times to fit in. The bar graph summarized the intensity change in the characteristic peaks of 4-MBA
at 1075, 1181, 1375 and 1585 cm in Fig. 4(a-1). The summary clearly showed that all the
characteristic peaks of 4-MBA were sharply increased with the addition of GQDs. Especially, the
peaks at 800, 1375 cm™ and other small peaks showed much-improved signal intensity, which was

weak when the GQD was not mixed. The inset shows the 4-MBA skeletal molecule, which has the
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thiol (SH) and carboxylic (COOH) group and benzene m-electron system as binding sites. The
Raman response depends upon the binding of 4-MBA molecules with the substrate and the intensity
depends on the number of molecules adsorbed [39]. In the case of HyCoS + GQD substrate, the
applied amount of 4-MBA was indeed reduced while the signal intensity was increased. For
example, 20 ul 10° M 4-MBA was applied on the HyCoS NPs and 13 ul 10°° M 4-MBA and 7 ul of
GQD applied on HyCoS + GQD substrate. The spectral enhancement of 4-MBA can be attributed to
the synergetic effect of HyCoS NPs and GQDs, combining the electromagnetic mechanism (EM) and
chemical enhancement mechanism (CM) [8].

To further study the SERS of 4-MBA on the HyCoS AgPt NPs, various molarities of 4-MBA
were employed as seen in Fig. 4(b). Gradually intensified SERS peaks were clearly observed along
with the molarity variation from 10 to 10 M in Fig. 4(b). The SERS peak intensity is summarized
in Fig. 4(b-1) along with the molarity variation and gradually intensified SERS trend can be clearly
seen from the bar graph as well. This can indicate the superior effectiveness of plasmonic AgPt
HyCoS NPs for the SERS template without the saturation of peak intensity along with the molarity
variation. For SERS performance comparison, the 10:1 mixture (10°® M 4-MBA + GQD) was
applied on a bare Ag NP substrate in Fig. S18, and the HyCoS AgPt NPs demonstrated around 3
times higher SERS intensity over that bare Ag NPs. Generally, the Ag NPs are known for a good
SERS substate due to their inherently strong plasmonic properties. The HyCoS AgPt NPs can
demonstrate superior SERS platform due to its unique design, i.e., AgPt core-shell and high-density
BG Ag NPs in a single platform. A strong electromagnetic field resonance can occur on the AgPt
core-shell surface and numerous hot spots can be generated by the high-density BG Ag NPs as seen
in the simulation discussion. The combination of AgPt core-shell and high-density BG Ag NPs in a
single platform can give a rise to the strong EM effect and the SERS signal can be largely improved.

Additional investigation on the mixing approach was conducted by varying the mixing ratio

of 4-MBA and GQD as seen in Fig. 4(c). From the 10°® M 4-MBA, the SERS signals were sharply
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increased with the 1:1, 2:1 and 10:1 ratio as summarized in Fig. 4(c-1). Specific values of SERS
intensities are summarized in Tables S1 — S2. Here, the lower concentration of GQDs, i.e., 10:1 (4-
MBA : GQD) mixture as compared with the 1:1 and 2:1 mixture, exhibited a stronger SERS
enhancement. This can indicate that a sufficient amount of 4-MBA molecules is necessary for an
appropriate charge transfer from the GQDs to the 4-MBA molecules through the m — m interaction by
the chemical mechanism (CM) [8,29]. In other words, excessive amount of GQDs, i.e., 1:1 and 2:1
mixtures, may lead to the less SERS enhancement of 4-MBA or blockage of EM enhancement [29].
As mentioned, the 4-MBA has the thiol (SH) and carboxylic (COOH) group and benzene m-electron
system as binding sites and the SERS enhancement can depend on the binding of 4-MBA molecules
on GQDs and also on the number of molecules adsorbed [39].

The Raman signal of GQDs was measured on sapphire in Fig. S16 and it showed a typical
amorphous D band and graphitic G band at 1375 and 1585 cm™ [40]. Here, coincidently, the
graphitic G band is at the same position of 1585 cm™! Raman band of 4-MBA. Initially, the SERS
enhancement of 4-MBA by the mixing approach appeared to be the superposition of GQD and 4-
MBA Raman bands at a quick look. But then it was found that it is not a superposition as other peaks
were also clearly enhanced with the addition of GQDs. Indeed, the 1375 and 1585 cm’!' D & G bands
did not appear with BT in the next experiment. In short, the HyCoS AgPt NPs demonstrated an
excellent SERS substate with the strong EM enhancement and the mixing approach with the GQD
demonstrated a further increased SERS signal through the combination of EM and CM enhancement.
The GQD has numerous accessible edges where the target molecules can be adsorbed and sufficient

charge transfer can occur and appropriate amount of GQD addition is necessary [41].

3.4. BT SERS on AgPt HyCoS NPs
Figure 5 shows the SERS of benzenethiol (BT) on the plasmonic AgPt HyCoS NP template. The BT

concentration was varied from 107 to 107 M as seen in Fig. 5(a) and the SERS intensity of four
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characteristic BT peaks at various concentrations is summarized in Fig. 5(a-1) and Table S3. The
SERS spectra of BT were clearly observable at 999, 1020, 1069, and 1572 cm™! for all concentrations
and the SERS intensity was gradually increased with the increased molar concentration. The band at
999 cm’! can be indexed to the in-plain ring-breathing mode and the 1020 cm™! can be related to the
in-plain C-H bending mode [42]. The peak at 1069 cm™ can correspond to the in-plane ring
breathing mode coupled with the C—S stretching mode while the peak at 1572 cm™' can be related to
the C-C stretching mode [42,43] The SERS signal was again gradually increased along with the
increased molar concentration, which can be due to the numerous hot spots and strong LSPS in the
vicinity of metallic NPs [44]. The HyCoS AgPt NPs demonstrated an excellent SERS substate for the
BT as well. The BT molecule has a benzene ring with a thiol (SH) as binding site [45] and it is not
very often used due to too the exceptional smell. The SERS effect was further analyzed for three
different mixtures of 10° M BT and GQDs as seen in Fig. 5(b). The SERS intensity at different
mixture ratio is plotted for various characteristic BT peaks in Fig. 5(b-1). As compared with the
initial BT SERS intensity, significantly enhanced SERS intensities were also clearly observed for all
BT and GQD mixtures. Similar to the 4-MBA, the 10:1 mixture ratio demonstrated the highest SERS
intensity and 1:1 mixture showed the lowest intensity, indicating that an appropriate amount of GQD
is beneficial for sufficient SERS enhancement as discussed. Now, the 1375 and 1585 cm™' D & G
bands of GQD did not appear for BT SERS. The GQDs can transfer the charges to the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of BT
through the numerous accessible edges with the laser excitation by the CM [23]. The direct contact
between BT and GQDs with appropriate amount of GQD can facilitate the charge transfer process
via the  — m interaction, further enhancing the SERS response [23,46]. The optimal condition was
found to be 10:1 (BT : GQD) and an appropriate amount of GQD can ensure the strong interaction

and sufficient charge transfer from GQD to HOMO and LUMO levels of BT [46].

14



3.5. SERS enhancement factor, uniformity, and enhancement mechanism

Figure 6 shows the summarized comparison of SERS intensity of 4-MBA and BT mixed with GQDs
on the AgPt HyCoS NP template and the enhancement mechanism. In Figs. 6(a) — 6(b), the mixture
approach demonstrated significant enhancement of SERS signals of both 4-MBA and BT on the
HyCoS AgPt NPs and the optimal mixture ratio for both 4-MBA and BT and GQD was found to be
10:1. While the GQDs can provide charge transfer to the probe molecules, an excessive amount can
result in lower enhancements or sufficient amount of probe molecules is still necessary for the
optimum SERS performance. Figure 6(c) shows the bar graph of SERS comparison and around 10
times of SERS enhancements were observed for both 4-MBA and BT from the SERS enhancement
on the AgPt HyCoS NPs. In addition, the SERS enhancement factor (EF) of the hybrid platform for

4-MBA and BT was calculated for quantitative analysis of SERS efficiency base on the following

formula [11,47]: EF = w, where the Isers and Is.ia are the SERS intensities of the probe
solid!VSERS

molecules and Raman intensities on bare substrate. Nyiia and Nsggs present the numbers of probe
molecules in the laser spot. The bare Raman spectra of 10°M 4-MBA and 10° M BT on sapphire
can be found in Fig. S17 and more details on the EF calculation can be found in the supplementary
section S-4. The EF was calculated to be ~ 10° for the 10° M 4-MBA on the plasmonic HyCoS AgPt
NP template. Then, the EF was further enhanced to ~107 for the 10:1 mixture with the addition of
GQD. For 10 M BT, the EF was found to be ~10* via the EM enhancement and can reach ~ 10° via
the mixing approach. Specific values of enhancement factor for 4-MBA and BT at different peak
positions are provided in Tables. S5 — S6.

To probe the uniformity and reproducibility of hybrid SERS platform, a series of SERS
analyses was performed on the HyCoS AgPt NPs at different positions as seen in Fig. S19. The 10:1
mixture (10° M 4-MBA + GQD) was applied on 3 samples of AgPt HyCoS NPs and each sample
was tested for 9 locations as seen in Fig. S19(a). Similar intensity of SERS spectra were obtained at 9

locations of 3 AgPt HyCoS NP samples and the characteristic peaks of 4-MBA were clearly
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observed as seen in Figs. S19(b) — S19(d). The HyCoS AgPt NP demonstrated excellent
reproducibility with the 3 samples and all 3 samples demonstrated similar spectral shapes and
intensities of 4-MBA. The uniform spectral shape and intensity can indicate that the HyCoS AgPt NP
template can offer stable SERS measurements throughout the substrate. The SERS intensities at 1585
cm™! for the sample 1 were plotted for relative standard deviation (RSD) calculation for more
quantitative analysis in Fig. S20. More details on the RSD calculation can be found in the
supplementary section S-5. The RSD of sample 1 at 1585 cm™ was calculated to be 6.65%, which
indicates that the HyCoS AgPt NPs demonstrated an excellent uniformity of hybrid SERS approach.
Generally, the solid-state diffusion-based NPs can offer a uniform SERS substrate as the NPs are
quite uniform. The NPs are formed through thermal diffusion at high temperature and the metallic
elements strongly adhere to the substate. In the hybrid SERS approach, a well-dispersed mixture of
probe molecules and GQDs is also important. For this, the mixture solution was vigorously shaken
and then ultrasonicated for 10 min. During the ultrasonication, uniform @ — m interaction can be
established between the probe molecules and GQDs. In conclusion, the hybrid SERS approach of
GQD and 4-MBA mixture can demonstrate superior reproducibility and uniformity on the HyCoS
AgPt NPs.

In terms of enhancement mechanism, firstly, the electromagnetic field distribution of hybrid
SERS platform was evaluated by the FDTD simulation with the addition of GQDs on the AgPt
HyCoS NPs as seen in Fig. 6(d). The GQDs were placed on the top of metallic NPs for the
consistency with the experimental set-up as illustrated in the schematic in Fig. 6(d-1). Strongly
localized e-field can be clearly observed between the gaps of metallic NPs with the enhanced MLEI
values of 26.8 and 25.4 as seen by the top- and side-views of FDTD simulation in Figs. 6(d-2) — 6(d-
3). The FDTD simulation demonstrated a higher e-field intensity of hybrid SERS platform over the
HyCoS AgPt NPs, which is almost 5 times higher than the pure metallic Pt NPs. The excellent SERS

performances can be attributed to the electromagnetic mechanism (EM) by the HyCoS AgPt NPs and
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chemical mechanism (CM) by the GQDs. The schematic of EM and CM contributions are illustrated
in Fig. 6(e). In terms of EM enhancement, the HyCoS AgPt NPs demonstrated a superior SERS
platform due to the unique combination of AgPt core-shell and high-density background (BG) Ag
NPs. The AgPt core-shell NP can demonstrate a strong electromagnetic field resonance on the
surface and the high-density BG Ag NPs can exhibit abundant hot spot density over the substrate
[13,48]. The BG Ag NPs can also demonstrate the electromagnetic coupling between NPs and thus
the overall LSPR can be significantly improved. The combination of AgPt core-shell and high-
density BG Ag NPs in a single substrate can give a rise to the strong LSPR and the SERS signal of
probe molecules can be largely improved by the EM effect [13,48] as illustrated in Fig. 6(e). At the
same time, the CM enhancement can be described by the charge transfer process from the GQD to
the probe molecules. Initially, relatively weak resonant Raman scattering can occur in the energy gap
between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of probe molecules [49]. With the mixed hybrid SERS substrate, abundant charges can be
transferred to the HOMO and LUMO of probe molecules from the GQDs as illustrated in Fig. 6(e)
[23]. The GQDs possess high adsorption capacity for the molecules with its large surface area and
efficient charge transfer characteristics by the unique n-conjugate. Thus the Raman signals can be
significantly enhanced via the m — m interaction and charge transfer [8,19,50]. In the hybrid SERS
configuration, the hot carriers by the numerous spots and enhanced LSPR from the HyCoS AgPt NPs
can be combined with the charge transfer from the GQDs to the probe molecules and thus the SERS
signals can be significantly amplified through the combination of electromagnetic mechanism (EM)

and chemical mechanism (CM) as illustrated in Fig. 6(e) [23][51].

4. Conclusion
In summary, hybrid core-shell (HyCoS) AgPt NPs were successfully fabricated via a two-step solid-

state dewetting (SSD) process and the LSPR and optical properties along with the morphology
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evolution was thoroughly investigated as a function of Ag coating thickness and annealing
temperature. The FDTD simulation was further conducted to probe the electromagnetic field
distribution and resonance intensity. The AgPt HyCoS NPs with 10 nm Ag coating annealed at 600
°C demonstrated the best LSPR characteristics with the highest maximum local e-field intensity and
thus was selected as a plasmonic template along with GQDs for the hybrid SERS application of 4-
MBA and BT. The proposed hybrid SERS approach, i.e., mixing application of probe molecules and
GQD on AgPt HyCoS NPs, indicated several orders of enhancement for both 4-MBA and BT. The
mixture ratio of 10:1 of probe molecules : GQD was found to exhibit the highest improvement and
the enhancement factor (EF) can reach ~107 for 10 M 4-MBA and ~10° for 10> M BT. The mixture
application of GQD and probe molecules can demonstrate superior uniformity and reproducibility
and on the HyCoS AgPt NPs due to the excellent uniform nature of SSD-based NPs and high
absorption capacity of GQDs. RSD value of 6.65% was obtained from the 9 positions in a sample.
The hybrid SERS approach with the combination of GQD and HyCoS AgPt NPs by utilizing both

CM and EM can find a significant potential for the SERS platform.
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(d) Fabrication of hybrid core-shell (HyCoS) AgPt NPs
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Figure 1: (a) Schematic of hybrid surface-enhanced Raman spectroscopy (SERS) platform for 4-
mercaptobenzoic acid (4-MBA) and benzenethiol (BT). (b) Schematic of chemical mechanism (CM)
and charge transfer process. (c) Schematic of localized surface plasmon resonance (LSPR). (d)

Fabrication steps of hybrid core-shell (HyCoS) AgPt nanoparticles (NPs) via dual-step solid state
dewetting (SSD) process.
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Figure 2: Evolution of AgPt hybrid core-shell (HyCoS) NPs with 10 nm Ag coating on 20 nm Pt NP
template. (a) — (c) AFM side-views of AgPt HyCoS NPs. (a-1) — (c-1) Corresponding line-profiles.
(a-2) — (c-2) Enlarged side-views of background (BG) Ag NPs. (a-3) — (c-3) Corresponding line-
profiles of BG Ag NPs. (d) Summary plots of diameter and height of HyCoS NPs. (e) — (f) Plots of

SAR and Rq of samples. (g) Summary of atomic percentage. (h) — (h-3) EDS elemental phase maps
of AgPt NPs at 600 °C.
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Figure 3: Optical properties of HyCoS AgPt NPs with the 10 nm Ag coatings on the 20 nm Pt

)

Emakk 182

templates at different annealing temperatures. (a) — (c) Extinction (E), reflectance (R) and
transmittance (T) (ERT) spectra in 270 - 1100 nm region. (a-1) — (c-1) Corresponding normalized
spectra. (a-2) — (c-2) Contour plots showing the shift in the peak position. (d) — (e) Schematic
representation of FDTD simulation structure for pure Pt and AgPt NPs. (d-1) — (e-1) Top-view of e-

field distributions.
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(a) Raman spectra of different substrate (a-1) SERS comparison
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(b) Raman of various 4-MBA concentration (b-1) SERS comparison

200K -
= o — 5 . 1075
g & 103 M & 150K+ 1181
BT & [ 1585
Z 104 M Z
g1l esvand g 100K
£ N 10°M £
E r ) 10°M %5 E 50K -
= 108 M x5 =
T T T T T T 1 OK"
600 800 10V0V2ve l}uzl:l)l?er [1;;“(_)1(]) 1600 1800 WF 107 108 165 A% 109
Molarity [M]
(c) 10 M 4-MBA (c-1) SERS comparison
. 200K -
£l S B 1075
S : 10:1 S 150K 1181
o = B 1375
g | ‘2 [ 1585
E L 2 £ 100K/
= L =
< <
E g I R ~ A E —
] 10°M A
- T T T T T T T T 1 OK' %
600 800 1000 1200 1400 1600 1800 10°M 1 21 10:1

Sample '

Wavenumber [cm!]

Figure 4: (a) Raman spectra of samples as labelled. (b) SERS spectra of 10® ~ 10 M 4-MBA on
AgPt NPs. (c) SERS signals of various mixture ratio of 4-MBA and GQD at the 10°M 4-MBA. (a-1)

— (c-1) Bar diagram summary of characteristic peaks.
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(a) Raman of various BT concentration
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Figure 5: (a) SERS spectra of 107 ~ 103 M of benzenethiol (BT) on the HyCoS AgPt NPs. (b)

SERS signals of various mixture ratio of BT and GQD at the 10° M BT. (a-1) — (b-1) Bar diagram of

SERS comparison.
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(a) SERS of 4-MBA (b) SERS of BT
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(e) Schematic of CM and EM
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Figure 6: (a) — (b) Summary plot of mixture approach with GQD for 4-MBA and BT. (c)
Corresponding bar diagram summary. (d-1) Schematic of FDTD simulation for hybrid GQD/HyCoS
AgPt NP architecture. (d-2) — (d-3) Top- and side-views of e-field distributions. (e¢) Schematic of

chemical mechanism (CM), electron plasmon excitation and electromagnetic mechanism (EM).
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Graphical abstract
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Hybrid SERS platform incorporating plasmonic AgPt hybrid core-shell (HyCoS) NPs and GQD
embedded with the probe molecules such as 4-MBA and BT is demonstrated. The hybrid platform
takes advantage of both electromagnetic mechanism (EM) and chemical mechanism (CM)

enhancements, exhibiting large enhancement in SERS signlas.
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Hybrid SERS platform incorporating plasmonic AgPt hybrid core-shell (HyCoS) NPs and GQD
embedded with the probe molecules such as 4-MBA and BT is demonstrated. The hybrid platform
takes advantage of both electromagnetic mechanism (EM) and chemical mechanism (CM)

enhancements, exhibiting orders of enhancements in SERS signals.
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