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It is well-known that Ag–Au bimetallic nanoplates have attracted significant research interest due to their

unique plasmonic properties and surface-enhanced Raman scattering (SERS). In recent years, there have

been many studies on the fabrication of bimetallic nanostructures. However, controlling the shape, size,

and structure of bimetallic nanostructures still has many challenges. In this work, we present the results

of the synthesis of silver nanoplates (Ag NPls), and Ag–Au bimetallic core/shell and alloy nanostructures,

using seed-mediated growth under green LED excitation and a gold salt (HAuCl4) as a precursor of gold.

The results show that the optical properties and crystal structure strongly depend on the amount of

added gold salt. Interestingly, when the amount of gold(x) in the sample was less than 0.6 mmol (x < 0.6

mmol), the structural nature of Ag–Au was core/shell, in contrast x > 0.6 mmol gave the alloy structure.

The morphology of the obtained nanostructures was investigated using the field emission scanning

electron microscopy (FESEM) technique. The UV–Vis extinction spectra of Ag–Au nanostructures

showed localized surface plasmon resonance (LSPR) bands in the spectral range of 402–627 nm which

changed from two peaks to one peak as the amount of gold increased. Ag–Au core/shell and alloy

nanostructures were utilized as surface enhanced Raman scattering (SERS) substrates to detect

methylene blue (MB) (10�7 M concentration). Our experimental observations indicated that the highest

enhancement factor (EF) of about 1.2 � 107 was obtained with Ag–Au alloy. Our detailed investigations

revealed that the Ag–Au alloy exhibited significant EF compared to pure metal Ag and Ag–Au core/shell

nanostructures. Moreover, the analysis of the data revealed a linear dependence between the logarithm

of concentration (log C) and the logarithm of SERS signal intensity (log I) in the range of 10�7–10�4 M

with a correlation coefficient (R2) of 0.994. This research helps us understand better the SERS

mechanism and the application of Raman spectroscopy on a bimetallic surface.
1 Introduction

Recently, silver and gold nanoparticles have attracted consid-
erable attention due to their interesting properties, such as high
catalytic activities,1 and unique plasmonic,2,3 photothermal,4

and electronic properties.5,6 Moreover, noble metal nano-
particles have shown antimicrobial and antibacterial activities,7
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tion (ESI) available. See DOI:

f Chemistry 2020
and essential to applications such as surface-enhanced Raman
scattering (SERS), bioimaging, and optical sensing properties.8,9

Themagnitude of the SERS signal can be signicantly enhanced
in the case of the scatterer being placed in very close proximity
to the surface. Ag nanoparticles can produce intense electro-
magnetic eld enhancements due to localized surface plasmon
resonance (LSPR) properties.10 Garćıa de Abajo and many other
researchers have demonstrated that the electronic mechanism
(EM) enhancement of Ag is approximately three orders of
magnitude stronger than that of Au.11 However, compared to
gold, the individual demerit of silver is less chemically stable in
ambient condition so it oen suffers oxidation effects toward
many chemical reactions,12 this demerit oen limits its use in
practical applications.13 The individual demerits of silver and
gold can be circumvented through the hybridization process,
and substantial research efforts have been directed toward the
rational design of two-component bimetallic Ag–Aumaterials in
a core–shell fashion.14 Ag–Au nanostructures have applications
in solar cell, microelectronics and sensor fabrication.15 The
hybridized nanomaterials exhibited the chemically stable and
RSC Adv., 2020, 10, 24577–24594 | 24577
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thriving optically responsive properties such as the position and
bandwidth of SPR peaks, which primarily depends upon the
individual proportion of the metals in the composite.16 The
surface plasmon absorption tunability in the absorption bands
of individual Ag and Au nanoparticles results from the hybrid-
ization of silver and gold17 and the optical eld enhancements
mediated by surface plasmon are exploited in many applica-
tions.18 Shahjamali et al. succeeded in fabricating bimetallic
Ag–Au by creating a gold layer coating silver to protect inner
silver atoms from being oxidized, this material showed the
improvement in the Raman signal.19 The gold atoms created
a few nanometer thin layer at sharp, rough sites through the
epitaxial growth.20,21 To evaluate the chemical stability of the
samples, several authors have used H2O2 to test this oxidation
through UV-Vis measurements.22,23 In general, to create the
core/shell structure, silver (Ag) is used as a seed template and
gold (Au3+) ions are reduced to Au0 on the surface of silver seeds
using reducing agents such as ascorbic acid,24 hydroxyl-
amine.23 When Au was deposited onto Ag template surface, Au
favorably deposited on the edges of Ag template because of the
surface energy of the edges is higher than that of the facets.21

Besides, many other studies have focused on nding a bime-
tallic Ag–Au alloy structure.25 The gold atoms replaced the silver
atoms with galvanic replacement reaction between the Ag seeds
and Au precursors leading to the formation of hollow nano-
structures.25–28 The earlier reports revealed that the Ag–Au alloy
was fabricated based on post irradiation of colloidal mixtures by
laser pulses and that alloying process occurred through core–
shell intermediates.15,29,30 However, the reasonable explanations
for the different Ag–Au structures have not been well deciphered
yet, and they are also the motivation of our work. In the present
study, Ag–Au bimetallic core/shell and alloy nanostructures
have been fabricated using seed-mediated growth under green
LED excitation instead of laser pulses. The prepared Ag–Au
nanostructures were characterized using eld emission scan-
ning electron microscopy (FESEM), transmission electron
microscopy (TEM), high-resolution transmission electron
microscopy (HRTEM) techniques, ultraviolet-visible (UV-Vis)
absorption spectrum, X-ray diffraction analysis and energy X-
ray diffraction spectroscopy (EDS). Specicantly, both the
core/shell and alloy nanostructure of Ag–Au were utilized as
surface enhanced Raman scattering (SERS) targets for trace
level detection of methylene blue (MB) molecules. The Raman
signal was substantially enhanced for the Ag–Au alloy compared
to Ag–Au core/shell.

SERS has become a highly sensitive powerful analytical tool
to detect trace concentration of molecules based on electro-
magnetic mechanism (EM) and chemical mechanism (CM).31,32

For the Ag–Au SERS substrate, the EM mechanism plays an
essential role from the contribution of the surface of a metallic
substrate due to the localized surface plasmon resonance
(LSPR) and the production of many “hot spots” at the sharpened
edges and nanogaps between Ag and Au.33,34 The sensitivity of
the SERS signal can be improved by coupling the LSPR with the
molecular vibrations.35,36 The EM enhancement can be realized
by the surface plasmon excitation of noble metal particles by
visible radiation. Moreover, the performances of the SERS
24578 | RSC Adv., 2020, 10, 24577–24594
substrate depend on various factors, including enhancement
factor, physical or chemical state, and the stability of the surface
as well. Some of the major factors that inuence Raman scat-
tering enhancement degree are the surface charge on
a substrate, orientation of chemical structure of analyte mole-
cules, and excitation laser wavelength, whichmight produce the
resonant Raman signals.37 On the other hand, thanking to
anisotropic crystalline nanostructures, Ag–Au gives more
advantages in SERS applications.38 In this case, the enhance-
ment of the electromagnetic eld (EM) dominates the chemical
mechanism due to the surface plasmon resonance (SPR). As
a result, they create many “hot spots”. So at their sharp corners,
the strong electromagnetic eld enhancement can drastically
increase the Raman scattering cross-sections of molecules for
SERS signal. Furthermore, a recent article indicated that the CM
enhancement could exceed a factor of 100 when gold coating on
silver nanoparticles surface thanks to charge transfer between
a Au surface and adsorbed molecules, thus leads to increase EF
in total.39

In terms of SERS application, bimetallic structures have been
used to detect many dyes, such as crystal violet,24,40 rhodamine
6G (R6G),41 methylene blue (MB)42,43 or secondary explosive
molecules such as 1,1-diamino-2,2-dinitroethene (FOX-7) and 1-
nitro pyrazole (1NPZ).16 In particular, for the MB detection,
Manish Kumar Singh et al. used bimetallic Au–Cu to detect MB
with the detecting limitation concentraion of 10�6 M.43 William
et al. fabricated bimetallic Ag–Au in potato-like shape, and it
showed a high sensitive single-molecule detection by the SERS
spectra.44 As witnessed by the vibrant research, it is apparent
that the closer to the exciting laser wavelength SPR of the Ag–Au
nanopaticles is, the higher the enhancement factor will be.45,46

In another respect, Oscar Olea-Mej́ıa et al. showed that Ag–Au
alloy nanoparticles, which were fabricated by laser ablation in
liquid, achieved the detecting limitation concentraion of
10�7 M for MB sensing application.47

Although many works have studied on bimetallic Ag–Au and
its applications for SERS, investigation of anisotropic Ag–Au
core/shell, and alloy structures for MB detecting application
seems to be paid little attention. For this reason, here we report
the synthesis and investigation of the effect of gold precursor on
the formation of bimetallic Ag–Au anisotropic nanostructures
as well as the ability to detect MB molecules by SERS technique.
Additionally, the sensitivity and the limitation of detection of
SERS are also evaluated. Our results show that with the low
content of Au, the surface energy of the edge crystal surface
(100) of Ag NPls is higher than that of surface (111); thus Au
atoms preferably coat on the (111) surfaces through a galvanic
reaction-free deposition to form the core/shell structure. In
contrast, when the content of Au increases, AuCl4

� ions
concentration increases, Ag ions are replaced by Au atoms with
galvanic mechanism. Thereby the anisotropic Ag–Au alloy
structure is formed. They are the main reasons for the differ-
ence in the formation of either core/shell or alloy structure. The
quality of SERS substrates based on pure silver nanoplates and
bimetallic Ag–Au nanostructures in probing MBmolecules were
compared. The result revealed important information in
controlling the shape and structure of the bimetallic Ag–Au
This journal is © The Royal Society of Chemistry 2020
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Table 1 Symbols of AgNPs solutions irradiatated with the green LED
for different times

Symbol of the obtained
silver nanoplates

The period of time
of green LED irradiation

Ag NPl1 25 min
Ag NPl2 35 min
Ag NPl3 45 min
Ag NPl4 55 min
Ag NPl5 65 min
Ag NPl6 75 min
Ag NPl7 85 min
Ag NPl8 95 min
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substrate for application as chemical sensor in analysis and
detection of trace concentration of MB.

2 Experiment
2.1. Chemicals and materials

Silver nitrate (AgNO3, 99.98%), chloroauric acid (HAuCl4$4H2O,
99.9%) were used as precursors of Ag and Au, respectively.
Trisodium citrate dihydrate (TSC, Na3C6H5O7$2H2O, 99%),
sodium borohydride (NaBH4, 99%), L-ascorbic acid (L-AA,
C6H8O6, 99.96%) were used as reducing agents. Polyvinyl pyr-
rolidone (PVP, molar weight 40 000 g mol�1) was used as the
stabilizer. Sodium hydroxide (NaOH, 99%), nitric acid (HNO3)
were used to control the pH value of the reactant solutions and
methylene blue (MB, 95.6%) was used as dye in the SERS study.
All of these chemicals were purchased from Merck Co. (Ger-
many) and used as received from the supplier. Milli-Q water was
used as solvent for solution preparation and glassware rinsing.

2.2. Synthesis of colloidal silver nanoparticle (AgNPs) seeds

In a typical synthesis, colloidal spherical silver nanoparticles
(AgNPs) seeds were synthesized by the reduction process of
AgNO3 in the presence of NaBH4 as a reducing agent. The
synthesis of colloidal spherical AgNPs seeds involved a simple
aqueous phase mixing of AgNO3 to TSC, PVP, and NaBH4

solutions.48 Briey, 1.5 ml of silver nitrate (AgNO3) solution
(0.01 M), 0.225 ml of trisodium citrate (TSC) solution (0.3 M)
and 0.3 ml of polyvinyl pyrrolidone (PVP) solution (0.005 M)
were mixed, and the total volume of the reaction solution was
xed at 120 ml by adding deionized (DI) water. The solution
mixture was magnetically stirred vigorously at room tempera-
ture for 15 min and 0.5 ml of sodium borohydrate (NaBH4)
solution (0.05 M) was dropwise injected into the reaction
mixture to initiate the reduction. Finally, 2 ml of NaOH (0.3 M)
was added to the solution to adjust pH above 7. A change in
color of the reaction mixture from colorless to yellow was
observed within 2 min of reaction. Then, aer the stirring
process was stopped, the generated solution wasmaintained for
2 h at room temperature in dark before employing for further
experimentation without any additional modications.

2.3. Synthesis of Ag nanoplate seeds

The preparing the colloidal suspension of Ag spheres with
diameter smaller than 10 nm was followed by conversion of Ag
seeds to the triangular silver nanoplates with visible light in the
photoinduced synthesis. In a typical experiment, colloidal silver
seed solutions were irradiated with a narrow band light source
using the green LED (light emitting diode) with a light output
�0.5 mW cm�2 and centre wavelength 520 nm. Eight obtained
colloidal spherical AgNPs solutions (each 20 ml) were irradiated
with the green LED for different periods of time from 25 min to
95 min named as Table 1 below.

The setup for the photochemical reactions is similar to our
previous study and other authors.49 The convertion the spher-
ical nanoparticles into nanoplates with various sizes was carried
out at room temperature. Monitoring the ultraviolet-visible (UV-
This journal is © The Royal Society of Chemistry 2020
Vis) optical absorption spectrum during the entire photo-
chemical synthesis process (Fig. 1) showed that a sequential
change in color of the solution was observed in the following
manner, from bright yellow to moss green, blue, and nally
dark blue when the irradiating time increased, suggesting the
formation of Ag nanoplates.
2.4. Preparation of bimetallic Ag–Au nanostructure

We chose a sample of Ag NPl4 to make a nano template for
further experiments. The Ag–Au nanostructure was prepared by
the seed-mediated growth process at room temperature using
Ag NPls as the template, PVP as a capping agent, and L-AA as
a reducing agent.24 In a typical experiment, 12 solutions (50 ml)
of Ag NPl4 were prepared in 12 separate tubes. The deposition
of Au shells onto the triangular Ag nanoplates seeds was initi-
ated by injection of aqueous HAuCl4 at a relatively slow rate and
vigorously stirring on a magnetic stirrer for one hour. 12
different amounts of HAuCl4 precursor of 0.1, 0.2, 0.4, 0.6, 0.8,
1, 1.2, 1.6, 2, 2.4, 2.8, and 3.4 mmol was chosen corresponding to
12 solutions of Ag NPl4 above. These samples were denoted as
Table 2 below. The Au atoms were deposited onto the surface of
Ag NPls by the extremely slowly reducing of L-AA in separate
tubes on a mechanical syringe pump. The concentration of L-AA
is optimized (10 mM) to just enough amount of HAuCl4. For
three initial samples (Ag–Au1, Ag–Au2, Ag–Au3), the solutions
were added 150 ml of aqueous NaOH solution (0.3 M) under
magnetic stirring at room temperature to adjust the pH value to
10.2.
2.5. Materials characterization

Ultraviolet-visible (UV-Vis) absorbance spectra were recorded
using a Jasco V-770 UV-Vis spectrophotometer in the range of
250–1000 nm. The particle size distribution of the individual
well-dispersed AgNPs seeds in the medium was evaluated by
particle size analyzer (PSA, Delta Nano C, Beckman) using the
dynamic light scattering (DLS) technique. The light is scattered
on particles due to Brownian motion and is collected in
different angles which are inversely related to the particle size.
The particle size distribution is resulted from the dynamic
scattering intensity of red laser having wavelength 750 nm.50

The XRD spectra were collected using an X-ray diffractometer
RSC Adv., 2020, 10, 24577–24594 | 24579
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Fig. 1 (a) UV-Vis absorbance spectra of silver nanoplates as a function of exposure time to green LED. (b) TEM image of AgNPs seeds and the
inset is the size distribution, SEM images of silver product after exposing to green LED for 25 min (Ag NPl1) (c), 35 min (Ag NPl2) (d), 45 min (Ag
NPl3) (e), 55 min (Ag NPl4) (f), 65 min (Ag NPl5) (g), 75 min (Ag NPl6) (h) and 95 min (Ag NPl8) (i). Photographs of dispersions of silver nanospheres
(yellow) (inset in (b)), the color of the nanoplate solutions turned from yellow to moss green, blue, and dark blue when the irradiating time
increased (insets in (c–i)).

Table 2 Symbols of bimetallic Ag–Au using different amounts of
HAuCl4 precursor

Symbol of bimetallic
Ag–Au nanoplates

HAuCl4 amount
added to 50 ml Ag NPl4 solution

Ag–Au1 0.1 mmol
Ag–Au2 0.2 mmol
Ag–Au3 0.4 mmol
Ag–Au4 0.6 mmol
Ag–Au5 0.8 mmol
Ag–Au6 1 mmol
Ag–Au7 1.2 mmol
Ag–Au8 1.6 mmol
Ag–Au9 2 mmol
Ag–Au10 2.4 mmol
Ag–Au11 2.8 mmol
Ag–Au12 3.4 mmol
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(Bruker D8 Advance, Germany) operated at 30 kV with Cu-Ka

radiation (wavelength of l ¼ 0.154 056 nm) with parallel-beam
geometry between 30 to 80� range. The morphology of the as-
prepared nanostructures was analyzed in a JEOL JEM-1010
transmission electron microscope (TEM) operating at 80 kV
and in a Hitachi S4800 scanning electron microcope (SEM)
operating at 10 kV. The TEM images were obtained by drop
casting the nanostructure dispersions on carbon coated Cu-
grids and drying at room temperature. SEM technique can
image and directly measure size of nanoparticles and infer
shape information. SEM uses a high energy electron beam
scanning over the sample surface and looks the back scattering
electrons. The electrons interact with the atoms and produce
signals containing information about the surface topography.
The elemental composition in the nanostructures was exam-
ined through energy dispersive X-ray spectroscopy (EDS)
mapping in a Hitachi SU 8020 at an accelerating voltage of 200
kV. EDS line-scan proles were taken by using a probe with
diameter of ca. 0.5 nm and the acquisition time of 5 s for each
spectrum. For the SERS measurements, MB dye with
24580 | RSC Adv., 2020, 10, 24577–24594
a concentration in the range of 10�7 O 10�4 M was used as
molecular Raman probe. Raman spectra were collected on
a Raman spectrometer (Raman Horiba XploRa plus Raman
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) SEM image of Ag NPl4 used as template seeds. The typical TEM images of (b) Ag–Au1 (x¼ 0.1 mmol), (c) Ag–Au2 (x¼ 0.2 mmol), (d) Ag–
Au3 (x¼ 0.4 mmol), (e) Ag–Au4 (x¼ 0.6 mmol), (f) Ag–Au6 (x¼ 1.0 mmol), (g) Ag–Au9 (x¼ 2.0 mmol) and (h) Ag–Au12 (x¼ 3.4 mmol). Insets in each
image are photographs of the corresponding bimetallic Ag–Au core/shell or alloy solutions.
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microprobe, France). The SERS spectra were collected using
a laser beam with excitation wavelength of 532 nm, 4 mm in
diameter, laser power of 3.2 mW and a signal acquisition time
of 8 s. In a typical procedure, we deposited 50 ml suspension
containing Ag–Au colloid (0.5 mg ml�1) onto a 1 cm2 glass
substrate which has been cleaned several times with ethanol
and acetone. Aer that, we dropped 2 ml of an aqueous MB
solution with the desired concentration over these metallic
lms and dried at room temperature.51 We took ve scans of
laser exposure for each measurement then averaged them.
3 Results and discussion
3.1. Preparation of silver nanoparticle (AgNPs) seeds

Fig. 1a shows the UV-Vis spectrum of the AgNPs (black line) with
only one specic plasmon resonant (PR) band at around 400 nm
and the full width at half maximum of 65 nm which indicates
the well stabilized particles without precipitation or aggrega-
tion. This characteristic band agrees with Mie's theory for
spherical particles.52–54 The TEM analysis in Fig. 1b showed that
Fig. 3 (a) UV-Vis spectra of Ag NPl4 and Ag–Au samples with different
LSPRs (blue line) and maximum intensity (red line) of dipolar LSPR mode

This journal is © The Royal Society of Chemistry 2020
most of the particles were spherical or nearly spherical with the
average size of 8 nm. The size distribution histogram is the inset
in Fig. 1b together with the representative TEM image. Silver
ions (Ag+) were reduced in aqueous solution by NaBH4 in an ice
bath to form colloidal silver seeds. The chemical reaction
between silver nitrate and sodium borohydide could be
expressed as follows:

2AgNO3 + 2NaBH4 / 2Ag + H2[ + 2BH3 + 2NaNO3 (1)

Ag+ ions were reduced by NaBH4 to the zerovalent silver
atoms and oxidized NaBH4 to hydrogen and borohydride (BH3)
as by-products. The silver atoms aggregated to form the nano-
scale silver particles. This process is attributable to the Ostwald
ripening phenomenon, where small particles tend to attach to
large particles. The formation of AgNPs was observed by the
change in the color of the solution from colorless to yellow
during the reaction (photograph in Fig. 1b). The addition of
alkaline solution such as NaOH increased the pH of the solution
(i.e., the increase in the alkalinity of the solution) and formed
a precipitate at the bottom of the reacting solution, leading to
amounts of HAuCl4. (b) The dependence of maximum wavelength of
as a function of concentration of HAuCl4.

RSC Adv., 2020, 10, 24577–24594 | 24581
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Fig. 4 (a) XRD analysis of the silver nanoplate (Ag NPl4) and bimetallic Ag–Au nanoplates (Ag–Au1, Ag–Au2, Ag–Au3, Ag–Au6, and Ag–Au12) (b-
d) the diffraction peaks at around 37.9� (111), 44.07� (200), 63.9� (220), and 76.7� (311).
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large nanoparticles. This may be caused by diffusion of hydroxyl
(OH�) ions which attracted the collision of Ag atoms. The
formed AgNPs was a spherical shape and well dispersive under
assistance of the capping agent (PVP molecules). PVP molecules
play an important role in stabilizing the reaction process and in
the formation of colloidal silver, where PVP formed a self-
assembly monolayer on the silver seeds, protected the surface
from dissolution, and avoided shape transformation.55 The PVP
structure has a polyvinyl skeleton with polar groups containing
nitrogen and oxygen atoms. The PVP molecules bond to the
surface of the AgNPs through the nitrogen atom in their mole-
cules. Therefore, PVP can be rmly adsorbed on the surface of
the silver atoms which hinders the diffusion of silver and
reduces the growth of silver grain, and leads to the production
of small silver seeds.56 Thanks to the physical barrier provided
by PVP, the size of the silver particles decreased. This physical
barrier helps to prevent particle agglomeration and increases
the solubility of the nanosystem.57 PVP molecules bind to the
nanoparticles surface via covalent bonds or chemical interac-
tions and separate the silver seeds from each other, which
lowers the formation of large aggregates.
Fig. 5 (a) Crystalline size, and (b) FWHM as a function of HAuCl4 amoun

24582 | RSC Adv., 2020, 10, 24577–24594
3.2. Preparation of Ag NPls

The formation mechanism of Ag NPls was well-known in liter-
atures.58,59 In this work, we fabricated the Ag NPls by using
plasmon-mediated growthmethod under green LED exposure.48

The nucleation process of silver seeds was a prior trend at the
inceptive chemical reaction stage. These tiny seeds served as
nuclei core for the following growth, they were gradually
consumed as the reaction proceed.60 Aer the solution of AgNPs
seeds was exposed to LED radiation, the accumulation of tiny
silver seeds occured to form larger nanoplates via the Ostwald
ripening mechanism,61 where small particles joined together to
form various morphologies depending on the duration of LED
radiation. While the role of PVP was to generate well-dispersed
and small Ag seeds, citrate ions promote the morphological
transition from spherical to triangular particles, where the
citrate ions preferentially interact with the {111} facets of silver
nanocrystals and inhibit the growth of the {111} plane, leading
to the formation of platelike morphology.10 Silver ions were
reduced on silver seeds by a mild reducing agent (ascorbic acid)
and the result was the formation of truncated triangular
nanoplates. The UV-Vis spectra determined the structure of the
t at all crystal facets (111), (200), (220) and (311).

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) TEM image of a typical Ag–Au core/shell nanoplate. (b) HRTEM image of Ag–Au core/shell nanoplate, (c) A typical TEM image of an
individual Ag–Au core/shell (d and e) EDS elemental maps. (f) EDS spectrum of a typical Ag–Au core/shell nanoplate, (g and h) line profiles of the
Ag–Au core/shell nanoplate.
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AgNPs based on their plasmon oscillations of free surface
electrons.62,63 The spectra of AgNPs and Ag NPls in Fig. 1a
exhibit peaks at 400 nm and 610 nm, each peak represents the
size and shape of silver nanostructures in surface plasmon
resonance (SPR) bands.64 The bandwidth increases as the
This journal is © The Royal Society of Chemistry 2020
particle size increases and the position of the plasmon band as
a function of the irradiation time. The intensity of the 400 nm
peak decreases as the green LED irradiating time increases,
which is accompanied by a shi in the position of the peak
toward higher wavelength values, indicating an increase in the
RSC Adv., 2020, 10, 24577–24594 | 24583
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Fig. 7 (a) Low-resolution TEM image of Ag–Au alloy nanoplate. (b) HRTEM of a typical synthesized single Ag–Au alloy and (c) HRTEM image of
a part of this alloy, which indicated the lattice plane constants of Ag (0.234 nm) and Au (0.232 nm). (d) EDS spectrum of (b) which shows the
contribution of Ag and Au atoms in the Ag–Au alloy (x ¼ 3.4 mmol).
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size of the silver particles because of aggregation. The decrease
in the intensity of the 400 nm peak in the aggregation process
showed that the number of silver seeds decreased, namely,
original silver seeds were consumed. During 25 minutes under
LED illumination, the absorption band at 400 nm of the seed
Fig. 8 Schematic illustration of the formation mechanism Ag–Au nanop

24584 | RSC Adv., 2020, 10, 24577–24594
solutions decreased in intensity along with the simultaneous
increase of the absorption band at 603 nm, indicating the
growth of silver triangular plates agglomerated from silver
seeds induced by LED irradiation.65 The absorption intensity of
this secondary peak increases gradually when prolonging the
late core/shell and alloy.

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) Raman spectra of only MB (10�4 M) and chemical structure (inset). (b) Absorption spectra of pure MB and themixture of MB and Ag–Au
alloy nanoplates.
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exposure time to 95 minutes. This increase is due to the
increase of the particle size. In addition, the light shi of
absorption spectrum maximum can be neglected. The interac-
tion of photons with the sharp corners of Ag NPls is preferred
due to their higher energy. As a result, corrosion at these sharp
vertices results in the creation of some truncated triangular
silver plates and hexagons, as well as some circular silver disks
(SEM images in Fig. 1(g–i)). Especially aer a green LED illu-
mination time of 95 minutes, the specic absorption peak (400
nm) decreases minimum. That is the clear evidence of the
incomplete agglomeration of the nanoparticles. Of seed solu-
tions exposed to green LED irradiation for long period of time
over 35 minutes, a sharp peak appears about 339 nm. In
contrast, almost no peak at 339 nm can be observed in the Ag
NPl1 and Ag NPl2 spectra (corresponding to 25 minutes and 35
minutes) and AgNPs seeds due to the small size of these parti-
cles. These results indicate that the key products from Ag NPl3
to Ag NPl8 synthesized for 45 min to 95 min of green LED
illumination were silver nanoplates. This is conrmed in SEM
images in Fig. 1(e–i).

Detailed SEM analysis allowed us to measure the thickness
and demonstrated the at nature of the Ag nanoplates. Fig. 1c
displays the SEM image of the Ag NPls aer exposure to a green
LED for 25 min (Ag NPl1) with the morphology of regular
triangular nanoplates (edge average length of about 40 nm and
thickness of 10 nm, aspect ratio AR ¼ 4). When the irradiation
time was increased to 35 min, the product was the mixture of
triangular and truncated triangular nanoplates, where the
triangular shape was the predominant product (Ag NPl2,
Fig. 1d). If the irradiation time was further extended to 45 min,
the main product was the silver truncated triangular nanoplates
with round vertices and a small population of trapezoid nano-
plates (Ag NPl3, Fig. 1e). Increasing the irradiation time to
55 min, 65 min, 75 min and 95 min, the silver truncated
triangular nanoplates were gradually transformed into a hexag-
onal shape and nally into silver nanodisks with round edges
(Ag NPl4, Ag NPl5, Ag NPl6, Ag NPl7, Ag NPl8, Fig. 1f–i).
Photographs were also collected for the samples of Ag NPls and
the insets to Fig. 1(c–f) with the green LED irradiating time
increasing from 25 min to 95 min. The Ag particles are a yellow
This journal is © The Royal Society of Chemistry 2020
color and the Ag nanoplates are a green color. The corners of
hexagons became rounder than they were at the former stages.
The major products were hexagons and by-products were
truncated triangles and nanodisks with an average diameter of
50 nm. The lateral dimension of Ag nanoplates is notably larger
than their thickness, so the degree of anisotropy of silver
nanoplates is high.
3.3. Preparation of Ag–Au core/shell and alloy

3.3.1. Morphology and UV-Vis absorption spectrum. Fig. 2
shows a series of TEM images of the synthesized Ag and Ag–Au
NPs. Fig. 2a shows the SEM image for Ag NPl4 which serves as
the cores for further coating with Au using HAuCl4 as the gold
precursor in the presence of L-AA (L-ascorbic acid). The
mophologies contained the triangular, hexagonal and disklike
Ag–Au core/shell nanoplates. The TEM images in Fig. 2(e–h)
reveal a triangular Ag core/Au shell morphology, in which the
triangular Ag seed template shape is preserved, Ag elements in
the core and Au elements are located around the Ag nanoplates
template. Fig. 2(b and c) indicates the lighter triangular or
hexagonal center and darker outside layer, the diameter of the
core �50 nm and the thickness of the shell �9 nm. However,
Fig. 2(f, g and h) displays no darker outside layer and light
center at all due to the formation of an incomplete Au shell on
the Ag particle surface or the formation of Ag–Au alloy
Fig. 10 Schematic illustration of SERS measurement principle.

RSC Adv., 2020, 10, 24577–24594 | 24585
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Fig. 11 (a) The SERS spectra of MB (10�4 M) on glass substrate and MB (10�5 M) on diverse Ag–Au nanomaterials-based substrates, (b) the
variation of SERS (1624 cm�1) intensity originated from different Ag–Au nanomaterials, (c) SERS spectra of Ag–Au12 sample for different MB
concentrations (from 10�4 to 10�7 M), (d) SERS spectra of MB at the lowest concentration of 10�7 M adsorbed on Ag–Au12 alloy nanoplates
substrate, (e) the linear relationship between log I of the band peaking at 1624 cm�1 and log C, (f) comparation SERS intensity between as-
prepared substrate and substrate tested after 8 months.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 6

/1
2/

20
26

 1
2:

05
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
nanostructures. The deposition of Au on the Ag nanoplates
depends on the added amount of HAuCl4, where Au3+ ions are
reduced by L-AA to form Au atoms and deposite at the edges of
the triangular Ag nanoplates. The coordination number is
lowest at the tips of the Ag nanoplates at which the reduced
reaction of Au3+ occurs. However, Au atoms preferentially
nucleate and grow on the edges of the Ag nanoplates which are
the high-energy {110} facets, therefore the triangular shape was
maintained. The deposited Au atoms form uniform Ag–Au core/
shell nanoplates with uniform Au–shell thickness around Ag-
24586 | RSC Adv., 2020, 10, 24577–24594
core.13 The Au shell thickness increases along with the amount
of HAuCl4 gold precursor used in the synthesis. Because of the
close lattice match of the two metals (Ag and Au), an alloy
structure is easy to be formed at the interface of the Ag and Au
metals, so the absolute shell thickness is difficult to determine
and the relative shell thickness is a function of amount of
HAuCl4 used. These samples were all stable for several months
of storage at ambient conditions with no precipitation of color
change of the solution. The Au acts as a barrier to the oxidation
This journal is © The Royal Society of Chemistry 2020
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of the Ag core, so the Au coating is expected as the protection
increasing the stability of Ag NPs.66

The reduction power of the reducing agents such as ascorbic
acid can be boosted by increasing the pH of the solution. We
added 150 ml NaOH (0.3 M) to adjust the pH value of 3 samples
(AgAu1, AgAu2, AgAu3) to 10.2. Au3+ ions were reduced faster,
the growth sites of Au at the edges of Ag nanoplates were formed
more, thus allowing more uniform deposition of Au (Fig. 2b–d).
The surfactant PVP preferentially binds with the reduced Au
atoms to achieve homogenous core/shell nanostructures while
preserving the original triangular Ag seed nanoplate shape.67,68

The UV-Vis spectroscopy was used to study the optical
properties of the as-prepared core–shell nanoplates. Fig. 3a
shows the UV-Vis spectra collected for each sample of Ag and
Ag–Au NPs, and strong absorption band is observed around
600 nm. The UV-Vis spectrum is for the as-synthesized Ag NPl4
sample with surface plasmon resonance (SPR) peak maximum
of 402 nm and the second peak of 627 nm. Spectrum for AgAu1
with HAuCl4 amount of 0.1 mmol also has two main bands, the
410 nm peak intensity has decreased as a result of the
suppression of the SPR band by the coating with Au. Increasing
the HAuCl4 amount, the primary band at 410 nm has shied to
higher wavelength (433 nm) than that of AgNPs and the inten-
sity of this band is drastically decreased from that of the earlier
sample. Spectrum for AgAu4 shows that the original 400 nm
peak is now completely obscured, and only long wavelength
band at �600 nm remained. The 600 nm peak shied to higher
wavelength as the Au amount increases (Fig. 3b) due to the large
variation in the collective oscillations of the surface free elec-
trons aer Au-shell formation.69 These spectra present the effect
of the HAuCl4 amount on the plasmonic resonance peak of Ag–
Au samples. The peak position and intensity of the SPR depend
on the shape, size and composition of the sample,70 which is
dependent on the amount of Au added in the coating proce-
dure. Thus, the shiing of the Ag–Au LSPR may be interpreted
in terms of the electron cloud oscillation of Au atoms. Spectra
for AgAu9–AgAu12 alloy samples show the characteristics
different from the other spectra, illustrating the unique optical
properties of the Ag–Au NPs. The alloy nanoparticle samples
show only one peak, where the Ag–Au core/shell samples show
two distinct peaks, which agrees with the previous report.17,71,72

A silver core is coated completely by a thin gold shell at the
surface with a uniform thickness and intimate contact between
the Ag and Au. The peak maxima for the alloy case are lower
than that of pure Ag sample and lie in between that for the
monometallic NPs, which has been observed previously.72 The
rst peak ranging between �400–500 nm is attributed to the Ag
core component of the structure and the second peak around
600 nm is attributed to the gold shell component. The structure
and optical property gradually change as more Au is added in
the coating experiment. The relative reduction potential of Au is
higher than that of Ag, so Au ions are reduced to metallic state
and Ag metal is oxidized which oen causes the formation of
alloyed Ag–Au NPs and some Ag is inevitably etched away.

The alloy structure of Ag–Au will be further analyzed in
structural transition (powder X-ray diffraction – XRD) and
through high-resolution TEM (HRTEM) images. Remarkably,
This journal is © The Royal Society of Chemistry 2020
the maximum LSPR is redshied as the amount of Au gradually
increases (Fig. 2b). The position of the plasmon band redshied
during Au deposition can be explained by an increase in the
aspect ratio of the plate structure. The redshi of the plasmonic
peak suggests that the reaction is dominated by deposition,
which is completely suitable with previous works in which the
plasmonic peak shis to the blue since the plates made were
thinner during galvanic replacement. This redshi is evident
that there is a large contribution of gold in the nanoparticle
materials.

3.3.2. Structure analysis of Ag–Au. Powder X-ray diffraction
(XRD) has been proved to be an advantageous method to study
the structural evolution. The bimetallic phase of the samples
was conrmed by XRD peaks. Fig. 4 depicts the XRD patterns of
Ag NPl4 and Ag–Au (x ¼ 0.1, 0.2, 0.4, 1.0 and 3.4 mmol). Four
peaks in each spectrum are assigned to the diffraction of {111},
{200}, {220} and {311} planes of fcc silver corresponding to 2q
angles 37.9�, 44.07�, 63.9� and 76.7�, respectively. In addition,
X-ray diffraction (XRD) result veried the face-centered cubic
(fcc) structure of obtained Ag NPl4 (ICDD no. 01-071-3752)73 as
well as Ag–Au core/shell or alloyed nanoplates. The planes
observed in the bimetallic phase of Ag–Au are similar to that of
individual Ag, since their lattice constants are similar [Au (0.408
nm) and Ag (0.409 nm)] [109]. This similarity of Ag and Au
lattice constants enable their easier amalgamation, so Ag–Au
system can be easily prepared due to their miscibility. With the
main peak at 37.9� of all samples, the ratio between the inten-
sities of (111) and (200) diffraction peaks is higher than the
literature value (2.8 versus 2.5).74 This indicates that the silver
nanocrystals are {111} oriented, thus diffraction intensity of the
{111} plane is enhanced compared with that of other planes.
The nanoplates are single crystals with {111} planes as the basal
planes and the top and bottom surfaces of the nanoplates are
bounded by {111} atomic planes.73 This means that this plane
may possess the lowest surface tension, and the atom density of
(100) crystal surface in the fcc lattice structure was 91.04%,74,75

so the silver and gold atoms favor to locate along the [111]
direction. Besides, as can be seen in Fig. 4a (from Ag–Au1 to Ag–
Au12), the relatively higher peak formed at 37.9�, the preferen-
tial alignment of the (111) orientation was generated in Ag–Au
plate.12 The average crystalline size is calculated using Debye–
Scherrer formula,76

D ¼ kl

b cos q
(2)

where k¼ 0.893 is the geometric factor or Scherrer constant, l¼
0.154 056 nm is the wavelength of X-ray radiation, b is the
angular full-width at half maximum (FWHM) of the XRD peak
(rad), q is the diffraction angle of the corresponding peak. Fig. 5
describes the crystal size evaluation of Ag–Au samples (x¼ 0–3.4
mmol HAuCl4) and FWHM as a function of the HAuCl4 amount
in all crystal facets (111), (200), (220) and (311). As a result, when
a small amount of HAuCl4 is added to the Ag NPl4 solution in
the rst stage, the crystal size decreases rapidly for all crystal
faces from 14.2 nm down 6.8 nm for the face (111), 24.1 nm
down 7.02 nm for (220) plane, 19.08 nm down 7.02 nm for (311)
plane, except for the case of the (200) crystal facet whose crystal
RSC Adv., 2020, 10, 24577–24594 | 24587
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size has increased from 8.2 nm (sample Ag NPl4, x ¼ 0) to
9.9 nm (x ¼ 0.1 mmol) and then decreases down 2.8 nm (x ¼ 0.4
mmol).

The core/shell structure was more closely examined with
a transmission electron microscopy (TEM) analysis, the Au shell
seems slightly darker than the Ag core region (Fig. 6a) because
the Au atom is heavier than Ag atom. Fig. 6b shows the high-
resolution transmission electron microscopy (HRTEM) image
of the Ag–Au1 (x ¼ 0.1 mmol) core/shell nanostructures. The
measured lattice distance to [111] direction of single crystalline
Au is d111(Au) ¼ 0.232 nm, verifying the presence of a Au outer
shell. The Au atoms covered the surface of AgNPs to form a thin
Au outer shell with the deposition thickness of about 9 nm. The
lattice distance of d111(Ag) ¼ 0.234 nm corresponding to [111]
direction of single crystalline Ag. The calculated lattice
constants according to the spacing distance dhkl of the {111}
planes as the following equation:

dhkl
2 ¼ a2

h2 þ k2 þ l2
(3)

Thus, the lattice constants of Au and Ag crystallines are equal
to 0.405 and 0.401, respectively, which approach the previous
report.77

In terms of addressing the core/shell structure of the Ag–Au
nanoplates, the EDX mapping technique was employed. The
compositional analysis by energy-dispersive X-ray spectroscopy
(EDX)-elemental mapping result for a single Ag–Au nanoplate
(Ag–Au4) shown in Fig. 6(d and e) indicates the presence of Ag
elements in the green color and Au elements in the red color.
Fig. 6c shows the line scan prole of a typical TEM image of an
individual Ag–Au core/shell. The formation of core/shell
morphology is evident, a majority of the Ag is located at the
center of the particle while the periphery of the nanoplate has
a heightened amount of Au. The uniform deposition may be the
consequence of higher lattice match between Ag and Au
elements. The EDX mapping data illustrates the core/shell
nature of the nanoplates, while the compositional data shows
that the various samples all contain silver and gold. Fig. 6f
indicates that there are 21.93 at% Ag and 78.07 at% Au in
a single Ag–Au4 nanoplate. The bimetallic alloy nanoplates are
formed when Ag+ and AuCl4

� ions are simultaneously
reduced.78 According to TEM image of Ag–Au12 (x ¼ 3.4 mmol)
sample (Fig. 7a), the average size of Ag–Au nanoplates of alloy
type was of 50 nm. The HRTEM image in Fig. 7b shows that the
nally formed Ag–Au nanoplates have high crystalinity. The
motion of Ag atoms facilitates the diffusion of Au atoms into the
Ag seeds in the Au deposition process which leads to the growth
of alloy Ag–Au nanoplates. Interestingly, as the concentration of
coated gold increases (x ¼ 0.6–3.4 mmol), the HRTEM image
shows the overlap of 2 elements Ag and Au (Fig. 7c). As well
known, the atomic radius, the lattice constant of Ag and Au
crystals are quite similar, so that they easily substitute each
other. We used EDS elemental analysis to check the content of
metals in obtained nanoplates. For the sample Ag–Au12, the
Ag : Au ratio shown in atomic% ratio was 15.82 at% Ag and
84.18 at% Au (Fig. 7d). Thus, the initial pure Ag NPls core must
24588 | RSC Adv., 2020, 10, 24577–24594
have been partly replaced by Au atoms to form the Ag–Au alloy.
The HRTEM image in Fig. 7c gives the information of the
measured lattice plane separation of the Miller plane {111} of
0.234 nm for Ag and 0.232 nm for Au corresponding to crystal
sizes of 0.405 and 0.401 nm, respectively.77 The HRTEM image
clearly indicates the miscible nature of Ag and Au metals at all
proportions. Therefore, we can estimate the lattice constant of
Ag–Au alloys following Vegard's law:79,80

aAu1�nAgn(alloy) ¼ (1 � n)aAu + naAg (4)

where n is determined from the EDS spectrum in Fig. 7d, it was
found to be 0.158 in our case. This value is quite reasonable
when the atomic ratio of Au/Ag is approximately 5.3 times in
a single Ag–Au12 alloy nanoplate. The calculated result is aalloy
¼ 0.2323 nm, which demonstrated that the change in the unit
cell size of Ag–Au alloy is typically less than 1% for all fractions
of Ag and Au with respect to pure Ag and Au.

3.3.3. Growth mechanisms. Recently, a variety of attempts
have been made to try to understand clearly the synthesis
mechanism of Ag–Au core/shell and alloy nanocrystal.13,23 We
hypothesize that the mechanism of Au deposition on the Ag
nanoplates aer adding HAuCl4 as follows. The redox reaction
between Ag atoms and Au3+ ions occurs at the surface atoms
with the lowest metal coordination number such as the vertexes
of the AgNPs. The reduced Au atoms are initially deposited at
the edges of the triangular AgNPs due to the higher surface
energy of these facets. The inside Ag atoms gain the chemical
stability provided by the deposited Au atoms, so the oxidation
dissolution is resisted and therefore the triangular shape would
be maintained.19 The relatively higher reduction potential of
AgCl4

�/Au (0.99 V vs. SHE, standard hydrogen electrode)
compared to that of Ag+/Ag (0.8 V vs. SHE)23 leads to the
oxidation of Ag by Au3+. L-ascorbic acid (L-AA) reducing agent
controlled the galvanic exchange between Ag and Au3+ and
deposition of Au onto the Ag template.

Fig. 8 shows the schematic illustration of the formation
mechanism of Ag–Au core/shell nanoplates. In the step 1, L-AA
was injected into the Ag NPls colloidal solution. In the step 2, Au
precursor solution (HAuCl4) was slowly added to the seed
solution containing L-AA. The reduction power of the L-AA was
raised signicantly, Au3+ ions were reduced and formed the
growth sites at the edges of Ag nanoplates, allowing uniform
deposition of Au around Ag NPls. The chemical reactions
involved in the gold coating process occur as follows (eqn (5)–
(9)):

HAuCl4(aq) / H(aq)
+ + AuCl4(aq)

� (5)

3x|C6H8O6(aq) � 2e / C6H6O6(aq) + 2H(aq)
+, (6)

2x|AuCl4(aq)
� + 3e / Au(s) + 4Cl(aq)

� (7)

2AuCl4(aq)
� + 3C6H8O6(aq) / 2Au(s) + 3C6H6O6(aq) + 6H(aq)

+ +

8Cl(aq)
� (8)

(Agn)(s) + 2pHAuCl4(aq) + 3pC6H8O6(aq) / (AgnAu2p)(s) +

3pC6H6O6(aq) + 8pH(aq)
+ + 8pCl(aq)

� (9)
This journal is © The Royal Society of Chemistry 2020
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In contrast, the formation mechanism of Ag–Au alloy nano-
plates obeys different 2 steps as illustrated in Fig. 8. In the step
1, the HAuCl4 solution was added to the seed solution. In the
step 2, the reducing agent (L-AA) was injected to above mixture.
A galvanic replacement reaction can be described as an
oxidation-reduction (redox) process, where electrons are trans-
ferred from silver atoms to gold ions in solution.81 The driving
force of this process is the difference in the reduction potentials
of Ag and Au, in which the reduction potential of the Au
precursor is higher than that of Ag template. The galvanic
process contains the two half equations as shown in (10) and
(11) below.

3x|Ag(s) � 1e / Ag(aq)
+ (10)

1x|AuCl4(aq)
�+ 3e / Au(s) + 4Cl(aq)

� (11)

This replacement reaction could be described according to
the eqn (10) and (11).82

(8), (9) ¼> 3Ag(s) + AuCl4(aq)
� / 3Ag(aq)

+ + Au(s) + 4Cl(aq)
�(12)

In general, we can write the equation as follows:

(Agn)(s) + mHAuCl4(aq) / (Ag(n�3m)Aum)(s) + 3mAg(aq)
+ +

4mCl(aq)
� + mH(aq)

+ (13)

The composition and structure of Ag–Au alloy nanoplates
obtained by the galvanic replacement reaction can be controlled
by adjusting the amount of HAuCl4 precursor added into the
reaction mixture. When Ag atoms contact with an aqueous
HAuCl4 solution, they are oxidized and dissolved by AuCl4

�

ions, producing Ag+ ions into the solution. At the same time, Au
atoms are deposited at the surface of Ag nanoplates due to the
reduction of the AuCl4

� ions precursor.83 Au and Ag have the
similar face-centered cubic (fcc) crystal structure and lattice
constants, resulting in a great miscibility of these twometals. As
more Ag is replaced by Au as increasing the amount of Au
precursor, alloying process leads to the formation of a homog-
enous distribution of Ag and Au in the nal product.
3.4. SERS application for MB detection

Fig. 9a presents the Raman spectrum of MB solid only on the
bare glass substrate. Several prominent peaks at 445, 501, 772,
1037, 1070, 1154, 1302, 1395, 1625 cm�1 correspond to the
characteristic peak of MB molecules. The assignments of
primary characteristic peaks were provided in ref. 84. The
characteristic peaks at 445 cm�1 and 501 cm�1 are attributed to
the C–N–C skeletal deformation mode. The peaks at 772 cm�1,
1037 cm�1, 1070 cm�1, 1154 cm�1 are assigned to the in-plane
bending mode of C–H. The peak at 1302 cm�1 is responsible for
the in-plane ring deformation mode of C–H. Two prominent
peaks at around 1395 cm�1 and 1625 cm�1 are assigned to C–N
symmetrical stretching and C–C ring stretching, respectively.85

Fig. 9b shows the typical absorption spectra of pure MB (10�4

M) and of MB adsorbed onto Ag–Au alloy nanoplates. The main
This journal is © The Royal Society of Chemistry 2020
absorption bands of MB adsorbed on the surface of the Ag–Au
nanoplates at 663 nm, and a shoulder at 610 nm are charac-
teristic of MB solid. Interestingly, the change in FWHM of the
absorption spectrum of MB on the Ag–Au nanoplate proves that
there is an interaction between MB and the electrons of the
nanoplate surfaces.86 MB anions adsorb onto Ag–Au alloy
nanoplates with Coulomb attraction and are neutralized by
positively charged surface, leading to the decrease of surface
electron density and the half-peak width of the plasmon
adsorption is broadened.

The performance of fabricated Ag–Au bimetallic core/shell or
alloy nanoplates was evaluated by recording the Raman spectra
of methylene blue (MB) molecules (the chemical formula
C16H18ClN3S, molar mass of 319.851 g mol�1). MB was dis-
solved in pure water to achieve the desired concentration and
was adsorbed on Ag, Ag–Au NPls drop casted on a glass slide.
The SERS measurement principle is illustrated schematically in
Fig. 10. The glass slide was placed underneath an objective lens
(100�) of a micro-Raman spectrometer utilizing a continuous
wave laser at 532 nm. The laser beam was focused onto the
analyte molecules through the objective lens and the Raman
signals were collected in back scattering geometry. The acqui-
sition time used for recording spectra was 0.5 s for each sample.
The Raman spectra of MB were recorded at 10�4 M concentra-
tion from Ag–Au4 core/shell (Fig. 9a). 2 ml of MB solution was
adsorbed on the portion of the target which was exposed to the
laser. The analyte solution was allowed to dry and later, the
Raman spectra were recorded. The efficacy of SERS activity was
enhanced by the chemical stability provided the combination of
Ag–Au metals. SERS enhancement depends on the Ag : Au ratio
and the chemical nature of the analyte molecules.87 The charge
transfer between Au and Ag atoms in alloy NPs provoke posi-
tively charged regions in Ag atoms and negatively charged
regions in Au atoms which inuence the attachment of analyte
molecules on the nanomaterials. In addition, sharp tips of
anisotropic bimetallic nanostructures can serve as active “hot
spots” for enhancing the SERS signals.88 Strong SERS signals
will be obtained only if dye molecules adsorb onto metal
surfaces effectively.37 The enhancement of the Raman signals
near metal surfaces whenmolecules adsorb onto metal surfaces
is based on the surface selection rules of SERS as follows.
Perpendicular vibrational modes of molecules will be enhanced
greatly, parallel vibrational modes cannot get large enhance-
ment, short-range vibrational modes can be enhanced much
more than long-range vibrational modes.89 Metal particles not
only can capture free electrons on the surfaces, but may also
produce counterelectrons inside the metal. Metal surface acts
as active adsorption locus and energy transfer channel.90,91

We now focus on the SERS measurement of the MB on the
Ag–Au nanoplates. It is interesting to compare the SERS signal
of Ag–Au core/shell and Ag–Au alloy nanoplate structures with
Ag NPls seeds. The 10�4 M MB aqueous solution was prepared
and various concentrations of MB solution such as 5 � 10�5 M,
10�5 M, 5 � 10�6 M, 10�6 M, 5 � 10�7 M, 10�7 M can be ob-
tained by diluting it with deionized water. Fig. 11a shows the
SERS spectra of MB (10�4 M) dispersed onto the glass substrate
and of MB (10�5 M) adsorbed on the different Ag–Au bimetallic
RSC Adv., 2020, 10, 24577–24594 | 24589
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nanoplates. Characteristic spectral Raman bands of MB were
observed at 445, 501, 772, 1037, 1070, 1154, 1302, 1395, 1437
and 1624 cm�1, where the strongest peak was 1624 cm�1.
Meanwhile, many earlier works have only found some signi-
cant Raman peaks at 445, 501, 772, 1154, 1302, 1395, and
1624 cm�1 while using other metal substrates.42,92 In this study,
we found two more bands at 1037 and 1070 cm�1 appearing in
almost substrates. These results are in good agreement with the
previous works, and the standard literatures.84,85 Among twelve
Ag–Au nanoplates samples, Ag–Au12 alloy nanoplates led to the
strongest enhancement effect and was selected for further
study. Fig. 11b shows the intensity of Raman peak at 1624 cm�1

corresponding to C–C ring stretching with the variant of Au; it is
obvious that the SERS signal of MB molecules is proportional
with HAuCl4 concentration. The intensity of SERS signal
increases with increasing Au content in the Ag–Au SERS
substrate. This increase might be due to several factors, such as
composition, distribution of sprouts, and the possibility of
a molecule locating at a “hot spot”. There were no red- or blue-
shi in the peak position, but there were changes in the relative
intensities for different Ag–Au samples. The change in relative
intensity of characteristic spectral features is due to interaction
of analyte molecules with substrate surface. This interaction is
affected by the adsorption sites, the adsorption orientation and
the vibrational modes of the adsorbed molecule on the active
metal surface.37,84 The SERS signal intensity was also affected by
the surface morphology of substrate, location and direction of
the targeted molecules adsorbed onto the surface of the
substrate. The highest SERS intensity was found for the case of
the Ag–Au12 substrate in comparison with the other products.
This observation demonstrated that SERS enhancement was
obvious when the analyte molecules adsorbed on the Ag–Au
system of appropriate proportions. It indicates an excellent
enhancement capability for SERS application. This enhanced
Raman signal could come from the roughness or defect of the
SERS substrate surface.93 The SERS intensities gradually decline
along with the decrease of MB concentration absorbed to
substrates from 10�4 M to 10�7 M (Fig. 11c). The characteristic
peak of MB at 1624 cm�1 could be identied at concentration as
low as 10�7 M with the use of Ag–Au12 alloy nanoplates
substrate. No peak could be detected for MB solution with
concentration below 10�7 M. The Ag–Au12 substrate can detect
Table 3 EF values calculated at ten different peaks of MB (10�5 M) takin

Substrate used

Enhancement factor (EF) values at a peak position for M

1624 cm�1 1437 cm�1 1395 cm�1 1302 cm�1 11

Ag NPls 5.8 � 104 1.0 � 104 1.0 � 104 2.9 � 103 4.9
Ag–Au1 6.4 � 104 1.1 � 104 1.0 � 104 3.2 � 103 5
Ag–Au2 7.6 � 104 1.2 � 104 1.3 � 104 4.3 � 103 5.7
Ag–Au5 7.7 � 104 2 � 104 1.3 � 104 3.7 � 103 7.0
Ag–Au6 8.7 � 104 1.5 � 104 1.6 � 104 4.6 � 103 7.5
Ag–Au7 1.3 � 105 3.3 � 104 2.6 � 104 7.0 � 103 1.0
Ag–Au9 1.4 � 105 3.8 � 104 3.0 � 104 7.6 � 103 1.2
Ag–Au12 1.5 � 105 3.9 � 104 3.2 � 104 7.3 � 103 1.3

24590 | RSC Adv., 2020, 10, 24577–24594
MB at several orders of magnitude lower concentration than the
silver nanoplates.

As can be seen from this gure, almost major Raman peaks
are possible observable for Ag–Au12 alloy nanoplates. The
intensity of the SERS signal increases as the concentration of
MB solution increases. An average of 3 spectra acquired at
different positions of a substrate was used to achieve repro-
ducible results. The average intensity of the major peak at
1624 cm�1 from SERS spectra for each MB concentration was
used to determine if there was linear relationship between the
MB concentration and the intensity of this characteristic peak.
Part (e) in Fig. 11 gives the linear relationship between the
logarithmic intensity (log I) of the peak centered at 1624 cm�1

and the logarithmic concentration (log C) within the concen-
tration range from 10�7 M to 10�4 M. This linear relationship on
a log–log plot allows calibration of our substrate and determi-
nation of unknown concentrations of MB solutions using the
equation:

log(I) ¼ 0.51 log(C) + 6.2 (14)

The result indicates that this bimetallic nanoplates can be
used as chemical sensor to quantify MB in the environment. In
addition, Fig. 11d reveals that the SERS detection level of MB for
the Ag–Au12 alloy nanoplates substrate was almost 10�7 M, that
is the detection limit or the limit of detection (LOD) for Ag–Au12
alloy substrate. Obviously, the performance of Ag–Au12
substrate is better than other substrates (Ag NPls, Ag–Au core/
shell and other Ag–Au alloys). The quality of SERS substrate is
evaluated based on the important parameters such as the
enhancement, sensitivity, stability and reproducibility of SERS
substrate. Fig. 11f shows the stability evaluation of Ag–Au12
alloy substrate. The Raman spectra of 10�7 M MB adsorbed on
the Ag–Au12 alloy substrate corresponding as-obtained
substrate and substrate stored for 8 months. As we can see,
the SERS performance deteriorates slightly owing to the oxida-
tion of silver, characteristic peaks of the MB molecules can be
easily observed and the enhancement effect of Ag–Au alloy
substrate is considerable. The intensity of Raman signal at
1624 cm�1 decreases of about 11.1% aer storing time of 8
months. The stability of Ag–Au structure can be improved by
limiting its surface oxidation. The SERS peak intensity and
g Ag–Au for SERS studies

B (10�5 M)

54 cm�1 1070 cm�1 1037 cm�1 772 cm�1 501 cm�1 445 cm�1

� 103 3.7 � 103 3.9 � 103 3.9 � 103 3.7 � 103 5.3 � 103

� 103 4.2 � 103 4.3 � 103 4 � 103 3.7 � 103 5.7 � 103

� 103 5.3 � 103 5.3 � 103 5.2 � 103 4.1 � 103 6.5 � 103

� 103 6.1 � 103 7.2 � 103 5.3 � 103 4.5 � 103 6.6 � 103

� 103 6.3 � 103 6.2 � 103 6.1 � 103 6 � 103 7.2 � 103

� 104 1.1 � 104 1.2 � 104 1.0 � 104 8.5 � 103 1.3 � 104

� 104 1.1 � 104 1.3 � 104 1.1 � 104 1.0 � 104 1.5 � 104

� 104 1.2 � 104 1.3 � 104 1.2 � 104 1.0 � 104 1.6 � 104

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 The variation of the EF values at different Raman peaks as a function of HAuCl4 amount with MB concentration of 10�5 M (a) and 10�7 M (b).
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position do not substantially change over the 8 months, indi-
cating that it has quite good time-stability.

Now we focus on estimation the enhancement factor of SERS
signal for some typical substrates. From the Raman spectra of
MB in Fig. 11a, we calculated the SERS enhancement factor (EF)
values for ten peaks are located at 445 cm�1, 501 cm�1,
772 cm�1, 1037 cm�1, 1070 cm�1, 1154 cm�1, 1302 cm�1,
1395 cm�1, 1437 cm�1 and 1624 cm�1. The SERS enhancement
factors (EF) were calculated based upon the following
equation:92,94

EF ¼
�
ISERS

Inor

�
�
�

Cnor

CSERS

�
(15)

where ISERS is the SERS intensity of MB adsorbed on an Ag–Au
nanostructure substrate, Inor represents the normal Raman
intensity (non-SERS) of MB on the glass substrate without Ag–
Au nanostructures collected under the same test condition.
CSERS is the concentration of MB (10�5 M) in SERS spectrum,
Cnor is the concentration of MB (10�4 M) in normal Raman
spectrum (background line in Fig. 11a). Based on the strongest
characteristic peak at 1624 cm�1, the EF for Ag–Au12 alloy
nanoplates was estimated to be 1.5 � 105.

We can see that as the concentration of HAuCl4 increased,
the EF coefficient increased correspondingly in all bands, and
the detail results are described in Table 3. Fig. 11a and b show
that SERS activity of Ag–Au samples is weaker for the core/shell
structure than for alloy structure. Two SERS enhancement
mechanisms are the electromagnetic enhancement and the
chemical enhancement. Chemical enhancement involves
charge transfer between the SERS substrate and the detected
Table 4 EF values calculated at ten different peaks of MB (10�7 M) takin

Substrate used

Enhancement factor (EF) values at a peak position for M

1624 cm�1 1437 cm�1 1395 cm�1 1302 cm�1 11

Ag NPl4 1.3 � 106 4.8 � 104 2.2 � 104 No detect No
Ag–Au2 8.3 � 106 2.5 � 105 2 � 104 6.8 � 104 8 �
Ag–Au5 1.0 � 107 2.2 � 105 2.7 � 104 8.2 � 104 9.2
Ag–Au12 1.2 � 107 2.2 � 105 2.4 � 105 7.2 � 104 7.8

This journal is © The Royal Society of Chemistry 2020
molecules. The high performance SERS signal intensity of Ag–
Au alloy nanostructures could be assigned to the electromag-
netic enhancement effect which is generated from the light
induced localized surface plasmon resonance (LSPR) in the
vicinity of the surface of noble metals.95,96 Many “hot-spots” are
formed at the gaps, crevices, sharp vertices of the nano-
structures, where the optical eld intensity is much higher than
that of other sites, and a number of highly active hot-spots may
provide giant electromagnetic enhancement thus obtaining
a higher enhancement factor value.94

To investigate the role of Au–Ag ratio on SERS signal, 10 ml of
MB (the Raman probe molecules) solution of 10�5 M was drop
casted on the SERS substrates (Ag NPls, Ag–Au1 to Ag–Au12).
Fig. 11a shows the SERS spectra of MB molecules obtained with
the bimetallic nanoplates of different Ag–Au ratios. It is
apparent that the frequencies of all Raman peaks were same for
all samples. The observed Raman peaks of MB molecules agree
well with the standard literature and are described in detail the
assignment of modes in.44 The Raman peak at 1624 cm�1 is
relatively dominant in all ratios. Fig. 11b shows the Raman peak
at 1624 cm�1 alone which indicates the variation in the intensity
of Raman peak with different Au–Ag ratios. From Table 3, the
maximum EF value of Raman peak at 1624 cm�1 of 1.5� 105 for
Ag–Au12 alloy nanoplates, 5–10 times stronger than that of the
other Ag–Au nanoplates, and approximately 2.6 times greater
than that of Ag NPls. The added Au atoms replacing Ag atoms
form a lot of roughness and defect. Morever, the EF values at
1624 cm�1 peak quickly increase aer adding Au atoms.
Therefore, this band is used as ngerprint in the MB concen-
tration detection limit in environment.8,31,84,97 Interestingly,
g Ag NPl4, Ag–Au2, Ag–Au5, and Ag–Au12 for SERS studies

B (10�7 M)

54 cm�1 1070 cm�1 1037 cm�1 772 cm�1 501 cm�1 445 cm�1

detect No detect 3.2 � 10 No detect No detect No detect
104 6.4 � 104 1 � 105 6 � 104 5.4 � 104 9.2 � 104

� 104 7.8 � 105 6.8 � 104 7.4 � 104 6 � 104 8.6 � 104

� 104 9.2 � 104 6.4 � 104 8.2 � 104 7.8 � 104 1.1 � 105

RSC Adv., 2020, 10, 24577–24594 | 24591
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almost EF values at all bands increase as amount of HAuCl4
increase (Fig. 12a).

Remarkably, the Ag–Au2 sample (x ¼ 0.2 mmol) has a core/
shell structure, while Ag–Au12 (x ¼ 3.4 mmol) has alloy struc-
ture nature. Thereby, SERS activity in the core/shell structure
might be restricted by the outer Au shell layer (�9 nm in
thickness) which limits the characteristics of the Ag SPR sensor.
Numerous previous studies have showed that the thinner the
gold layer coated over silver, the more sensitive the plasmonic
Ag is.98 In contrast, in the case of Ag–Au12 nanoplate alloy,
several roughness and defects may appear in the exchange
process Ag by Au atoms leading to the formation of numerous
nanogaps, so SERS activity is enhanced (Table 4).

5 Conclusions

In conclusion, with a simple approach of using seed-mediated
growth we have successful fabricated and investigated the
structural and optical properties of bimetallic Ag–Au and
applied their SERS activities to detect MB. Changing the order
of addition reducing agents and amount of gold precursor can
create Ag–Au core/shell or alloy structure. Specically, when
a very small amount of chloroauric acid (HAuCl4) is injected
very slowly into the seed solution, the received product was Ag–
Au core/shell nanostructure, whereas the alloy structure is
received if using the large amount of HAuCl4. XRD and HRTEM
analysis conrms that both Ag and Ag–Au nanoplates (core/
shell and alloy) have face-center-cubic structure. The obtained
substrates exhibit homogeneity and high sensitivity to methy-
lene blue (MB). Using MB as probe molecule, the SERS results
imply that the Ag–Au alloy nanoplates substrate is superior to
the chemical sensor. The estimated EF values for MB (10�7 M)
were 1.2 � 105, 8.3 � 105 and 1.2 � 107 for Ag NPls, Ag–Au core/
shell nanoplates and Ag–Au alloy nanoplates substrates,
respectively. The lowest concentration of MB can be detected as
10�7 M. This promises for using the bimetallic Ag–Au substrates
in biosensor, plasmonic and sensing applications.
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