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The synthesis of Ag/Au nanoparticles (NPs) in a controlled manner has been a challenge for a long time. The
aim of this report is to present a systematic study on the fabrication, characterization of Ag/Au alloy NP-
based surface-enhanced Raman spectroscopy (SERS) substrates. Silver (Ag) and gold (Au) colloidal NPs
were prepared by chemical reduction route of the corresponding metal salts by trisodium citrate (TSC).
Ag/Au alloy nanoparticles with varying molar fractions are prepared in aqueous solution by the
simultaneous reduction of AgNOz and HAuCl, by TSC. The composition of Ag and Au in the alloy
samples was controlled by tuning the molar ratio of Ag*/Au®* in the mixture solution. The morphologies
of the different products were characterized by TEM, and the size of obtained samples was in the range
of 40 to 60 nm. The resulting samples were denoted as AgNPs, AuNPs, AgsAu, AgAu, and AgAus NPs. In
order to compare the optical property of the Ag/Au alloy and Ag/Au mixture, we mixed the pure Ag and
Au NPs with different ratios to obtain the aggregated nanoparticles. Ag/Au alloy NPs were demonstrated
as an ultrasensitive SERS substrate for the detection of rhodamine B (RhB) molecules. The concentration
of RhB ranged from 107 to 1075 M. The effect of the Au content on the optical and SERS properties of
the Ag/Au alloys was studied. The obtained results show that the Au content in the Ag/Au alloys play an
important role in the physical properties of Ag/Au alloy NPs. The SERS spectra of RhB from the as-
prepared Ag/Au alloy NP substrates indicated the superior enhancement with high reproducibility and
sensitivity compared to those of Ag or Au samples. Interestingly, the highest SERS activity was achieved
for the AgsAu sample with an enhancement factor larger than 10'° for 107 M RhB and a limit of
detection (LOD) at 107 M, as well as good long-term stability after storage for 1 year. As far as we
know, this is the highest sensitivity record of RhB by SERS detection. Furthermore, the composition-
dependent SERS activity was explained in detail. These advantages demonstrated the potential for
growing Ag/Au alloy NP-based SERS substrates in food safety and bioanalysis.
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Ag/Au alloy compared with the Ag nanoparticles (NPs), and the
effect on the optical properties of the Ag/Au alloy. The structural

1. Introduction
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Recently, Ag/Au bimetallic nanostructures have attracted great
attention in nanoscience research, as well as the impressive
developments in mobile device technologies, owing to their
unique optical, electronic and catalytic properties." For two
atomic-type containing materials, gold and silver are the most
popular elements used in recent studies.* The noble metals (Ag,
Au) have a broad absorption band in the visible region of the
electromagnetic spectrum.® Gold (Au) shows inertia, stability
and has low catalytic activity compared to silver. The synergistic
effect of Au and Ag enhanced the catalytic performance of the
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and catalytic changes have been examined for the admixture of
gold to silver.®” This property was used in many areas, including
antibacterial,® bioimaging,® bio-labeling,'® catalysis,"»** drug
delivery, cancer therapy,” nanophotonics," optoelectronics,
molecular detection,’” and nanoscale optical biosensors.*®
The physical and chemical properties of nanomaterials are
determined by their dimensions and shapes. In the nanometer
regime, as the percentage of surface atoms starts taking over
bulk atoms, their atomic coordination at the surface decreases,
and their catalytic property increases.”® For instance, metal
nanoparticles are very important as catalysts, and especially
attractive for biomedical and nanomedicine applications
because of their high surface-to-volume ratio.* Therefore,
controlling their size and morphology has garnered significant
research interest.”>** However, the synthesis of Ag/Au alloy NPs
with precise composition and high surface is still a great chal-
lenge.” Numerous strategies have been implemented to fabri-
cate Ag/Au alloy nanostructures with desired optical and surface
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properties, including capillary micro-reaction,* laser ablation
in liquids,” citrate reduction of Ag and Au salts,® photosynthetic
route,*** and galvanic replacement reaction.>*

Raman spectroscopy is sensitive to the vibrational frequen-
cies of molecules, and therefore obtains unique molecule
fingerprints, which is the high specificity of Raman spectros-
copy.”® However, Raman scattering is inherently weak and it is
difficult to detect substances in small concentrations. Surface-
enhanced Raman scattering (SERS) is a powerful, sensitive,
rapid, noninvasive and nondestructive spectroscopy technique,
which could provide molecular-level information of analytes
adsorbed on the active substrates.”® The enormous enhance-
ment of the Raman signal of the target molecules located at the
vicinity of the SERS-active metal nanostructures allows SERS to
be employed for the detection of substrates at extremely low
concentrations.”” SERS was first observed in 1974, and the
single molecule sensitivity of SERS was initially shown by Nie in
1997.”° To date, SERS overcomes the shortcoming of the low
sensitivity of conventional Raman spectroscopy, and many
applications of SERS spectra have achieved fruitful results.*
The interaction of the incident EM field with metal NPs induces
a collective and coherent electron oscillation in the vicinity of
the NPs, which is called plasmons. The huge enhancement of
Raman signals in SERS results from the collective oscillations of
the conduction electrons in the surface of plasmonic nano-
structures, called the localized surface plasmon resonance
(LSPR). The optical excitation of the LSPR of silver and gold NPs
results in strong enhancement of the local electromagnetic
(EM) field near the NP surface, which is the dominant
contributor to the SERS sensing mechanism.'® The LSPR can be
modulated from the ultraviolet (UV) region to the infra-red (IR)
region of the electromagnetic (EM) spectrum, depending on the
size and shape of the metallic NPs." The Raman signal of the
adsorbed molecules is augmented by a strong EM field at the
interface and surface of the plasmonic nanoparticles. The
overlap region between the adjacent NPs is called “hotspots”,
where the local field enhancement is superior. An ideal SERS
substrate should have a large number of hotspots, capability of
low-detection limit, uniformity, reproducibility and stability.
The chemical enhancement of the SERS intensity because of the
charge transfer (CT) mechanism between the substrate and the
analyte is generally 1-3 orders of magnitude smaller than that
of the EM mechanism.? Despite the equivocal selection rule and
limited application to a few metals, the SERS technique can
monitor the adsorbates on metallic substrates at the sub-
monolayer coverage limit.** SERS promises numerous applica-
tions in chemical and biological sensing, environmental
monitoring and food safety (such as the detection of drugs,*
explosives,> bacteria,” influenza virus,”® rhodamine 6G
(R6G),**** rhodamine B (RhB),**** malachite green (MG),*
thiram,*?* melamine,* thiophenol (TP)*®) due to its single
molecule sensitivity and selectivity.***° The sensitivity of SERS
detection is determined by noble metal nanoparticles.** Ag and
Au are extensively utilized materials in the preparation of SERS
substrates due to their LSPR in the visible region.” The surface
plasmon efficiency of Ag is greater than that for Au.”” However,
the susceptibility of AgNPs to oxidation leads to the change of
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their morphology, which results in the deterioration of their
SERS stability.*” Additionally, the synthesized AgNPs were not
homogeneous in size and shape, leading to poor reproducibility
in SERS measurement. In contrast, AuNPs were more stable, but
less sensitive than AgNPs.** Combining Ag and Au helps in
tuning the surface plasmon resonance (SPR) of the Ag/Au
nanostructures to any wavelength in the visible region of the
spectrum. Recently, bimetallic silver/gold NPs have drawn
remarkable interests as SERS substrates. Rongchao Mei et al.
prepared bimetallic gold core-silver shell SERS tags for multi-
plex detection, containing 4-nitrothiophenol, 4-amino-
thiophenol, 1,4-benzenedithiol, and 4-fluorothiophenol.* Jian-
Jun Li and co-workers coated silver on gold nanostars to
produce a super-multibranched Au-Ag nanostructure, which
has been used to detect thiram.*® Dapeng Xu and his colleagues
fabricated gold nanoparticles/silver nanowires composites to
detect rhodamine B (RhB).>* Hui Wang and his group synthe-
sized core-shell Au@Ag nanoparticles to determine RhB in food
products.®® Generally, it is desirable to prepare uniform and
size-controlled Ag/Au alloy NPs, which combine the superior
properties of classic gold and silver NPs, i.e., inherit the ideal
signal enhancement ability of Ag nanostructures and the
stability of Au nanostructures. The obtained alloy NPs could be
applied as SERS substrates for the trace detection of various
samples with high reproducibility and effect in the SERS
performance.** This alloy structure gained the strong and
specific Raman signal of analytes adsorbed on the surface,
making them a powerful candidate for reliable quantitative
analysis. The SERS applications in real samples promoted the
value of Ag/Au nanoparticles.*” To the best of our knowledge,
the RhB sensing based on a novel SERS-active nanosubstrate
using Ag/Au alloy NPs has not been reported up to now.

In this paper, the co-reduction of Ag® and Au®' salts in
aqueous solution was adopted to synthesize Ag/Au alloy NPs,
where sodium citrate was taken as a reductant and polyvinyl
pyrrolidone (PVP) as a surfactant. We report here an improved
preparation method of the Ag/Au alloy NPs with the size in the
range of 40-60 nm. The morphological uniformity and size
distribution of the products were excellent. Interestingly,
different Ag/Au alloy NPs samples can be developed by simply
changing the silver and gold precursor ratio, which illustrated
the generality and versatility of the synthesis procedure. The
morphology of the alloy NPs was examined using transmission
electron microscopy (TEM). The lattice constants of samples
and the formation of homogeneous Ag/Au alloy nanocrystals
were confirmed by high-resolution transmission electron
microscopy (HRTEM) technique. The optical property (plasmon
absorption) was analyzed by ultraviolet-visible (UV-Vis) spec-
troscopy. The chemical structure was determined through
Fourier transform infrared (FTIR) spectra. The element
component of the materials was evaluated using energy
dispersive X-ray spectroscopy (EDS). The silver and gold atomic
distribution was characterized by energy dispersive X-ray (EDX)
elemental mapping. The crystal structure and size were recor-
ded by the X-ray diffraction (XRD) pattern. The SERS spectra of
rhodamine B excited by an efficient green laser (532 nm) using
the as-prepared Ag/Au alloy NPs as the SERS-active substrate

© 2021 The Author(s). Published by the Royal Society of Chemistry



Paper

indicated that the optimal composition of Ag:Au was 3: 1.
Importantly, the enhancement factor (EF) of the Ag;Au alloy
NPs approaches more than 10" for rhodamine B molecules at
a concentration of 10~** M. Here, the SERS method based on
the Ag/Au alloy NPs is convenient, rapid, sensitive and provides
fingerprint identification for RhB. The experimental results
revealed that the lowest RhB detection concentration was
10~"" M, and can also be well maintained after storage for 1
year. The improved sensitivity demonstrated the potential
application of the as-prepared Ag/Au alloy NPs in food safety for
detecting RhB in aqueous solution. Our work demonstrated the
ability to identify and semi-quantify trace amounts of RhB, and
we provide herein a detailed discussion about the performance,
fabrication and physical characterization of our SERS active
nanomaterials.

2. Experimental

2.1. Materials

Silver nitrate (AgNO3, 99.92% pure), chloroauric acid (HAuCl,-
-3H,0, 99.99%), trisodium citrate (TSC, NazCeH;0; 2H,0,
99%), rhodamine B (RhB, C,3H3;CIN,03), and polyvinyl pyrro-
lidone (PVP, molar weight (MW) 29 000 g mol ') were all
purchased from Merck (Germany). All of the above chemicals
were of reagent grade and used as received without further
treatment. Doubly distilled water was used in all aqueous
solutions and rinsing procedures to clean all glassware prior to
use. The pH of the reaction solution was measured with a digital
pH/ion meter.

2.2. Synthesis of Ag, Au, Ag/Au alloy nanoparticles

Silver nanoparticles (AgNPs) were prepared via reduction
method, where silver nitrate (AgNO;) was reduced by trisodium
citrate (TSC, C¢Hs50,H3). In a typical process, fifty microliters of
AgNO; (0.02 M) was added to forty milliliters of water in a flask
and heated to boiling, then one hundred microliters of 2% TSC
was slowly added to the above solution drop by drop using
a syringe with the temperature kept at 100 °C at the meantime.
The mixture was vigorously stirred for 1 h to complete the
reduction of the Ag’ ions to Ag atoms. The solution color
gradually turned to a faint yellow color, and finally changed into
a brilliant yellow color after 1 h, revealing the formation of
AgNPs. After cooling naturally to room temperature, the ob-
tained product was the AgNPs colloid. Finally, the as-prepared
AgNPs sediments were washed by deionized (DI) water three
times, and then dried in a desiccator overnight. The reaction of
the reduction of Ag" can be expressed as follows:

4AgNO3 + Na3C6H507 + 2H20 g 4Agl
+ C6H5O7H3 + 3NdNO; + HNO3 + O, (1)

Following this way, the colloidal dispersions of gold
nanoparticles (AuNPs) were prepared by the aqueous reduc-
tion method of tetrachloroauric acid (HAuCl,) using TSC,
which was proposed in 1973 by G. Frens.*® In a typical exper-
iment of fabricating AuNPs, a volume of 50 pl of aqueous
20 mM chloroauric acid (HAuCl,) solution was added to 40 ml
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distilled water and heated to boiling, then 100 pl of 2% TSC
was added to the HAuCl, solution under vigorous stirring and
boiling was continued for ca. 1 h. A condenser was utilized to
prevent the evaporation of the solvent. The instantaneous
appearance of a light red color signaled the formation of
AuNPs. The color of the colloid changed to wine red on
increasing the reaction time to 1 h. The pH value of the reac-
tion solution was measured to be 7.2, and was not changed to
maintain the colloidal stability. Then, the reaction solution
was left to cool to room temperature. The Au®*" ions were
reduced to Au atoms as follows:

2HAU.C14 + 4Na3C6H507 - 2Aul + 4Na2C5H405
+ 4NaCl + 4HCI + 4CO, + H, (2)

The reaction that was previously applied in the preparation
of the Ag/Au bimetallic nanostructures was modified to
synthesize the Ag/Au alloy NPs.”” Ag/Au alloy nanoparticles were
synthesized by the reduction of changeable molar fractions of
HAuCl,-3H,0 and AgNO; using TSC as the reducing chemical
and PVP as a stabilizing agent in water for the stabilization of
the Ag/Au NPs. The composition of the Ag/Au alloy can be tuned
by varying the molar ratio of Ag" : Au®" in the raw material (1 : 3,
1:1,and 3 : 1). Gold and silver ions are reduced simultaneously
by sodium citrate in the same solution to form gold-silver alloy
particles. The reaction involved numerous sequential processes:
oxidative dissolution of the Ag atoms, reduction of the AuCl,™~
ions and deposition of the Au atoms.® Metal NPs were produced
by the growth of particles obtained from metal atoms, which are
from ionic precursors. Since two metal precursors are involved
in the reduction reactions, the co-reduction of Au and Ag salts is
the simple method of preparing the Ag/Au alloy NPs. Briefly, 50
ul of 0.02 M aqueous HAuCly, 50 pl of 0.02 M aqueous AgNO;
and 0.4 ml of PVP aqueous solution (0.0067 M) were added to
80 ml of deionized water at pH 7, and the solution was mixed by
stirring. After about 5 min, 200 pl of 2% TSC was gradually
added to the aforementioned mixture with stirring. The
formation of bimetallic NPs is indicated by the color change of
the 1: 1 (Au : Ag) molar mixture from colorless to a light yellow
color. The reaction mixture was vigorously stirred at 100 °C for
1 h, and then left to cool to room temperature naturally. The
obtained NPs were the AgAu alloy. The procedure was repeated
for varying Ag : Au molar ratios of 3 : 1 and 1 : 3 to obtain Ag;Au
and AgAu; NPs colloids, respectively, and the color varied from
golden yellow to purple.

The schematic diagram of the fabrication process of the Ag/
Au alloy NPs using solution reaction technology is shown in
Fig. 1. First, aqueous solutions of the starting agents (AgNO;
and HAuCl, salts) were mixed in the desired molar ratios by
stirring for 5 min. Second, TSC and PVP were added to the
reaction mixture with stirring. Finally, after stirred at 100 °C for
1 h, the Ag/Au alloy nanoparticles with different Ag/Au propor-
tions were formed. The Ostwald ripening mechanism is char-
acterized by the growth of large particles that receive the atoms
from the smaller particles. The smaller particles are depleted by
growth, shrink and eventually disappear.*®

RSC Adv, 2021, 11, 21475-21488 | 21477
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Fig. 1 Schematic illustration of the formation of the Ag/Au alloy NPs.

2.3. Characterization

The average particle size distribution of the Ag/Au alloy and
their relative standard deviation were obtained by particle size
analyzer (PSA, Delta Nano C, Beckman) using the dynamic light
scattering (DLS) technique. EDS was applied to determine the
detailed information on the elemental composition using
a scanning electron microscope (SEM, Hitachi S4800, Japan)
coupled with energy dispersive X-ray spectroscopy (EDS)
detector, operated at an accelerating voltage of 18 kV. Optical
absorption spectra of the as-synthesized colloids were recorded
using a Jasco V-770 UV-Vis spectrophotometer in the wave-
length range of 300-800 nm operated at a resolution of 1 nm to
check the surface plasmon band, and to investigate the rela-
tionship between the composition of the Ag-Au and absorption
wavelength. Their absorption studies were achieved by placing
3 ml of colloidal solution in 1 cm quartz cuvette of the UV-Vis
spectrometer. A transmission electron microscope (TEM, JEOL
JEM-1010) operated at an electron-accelerating voltage of 80 kv
was used to observe the morphology and directly measure the
size of nanoparticles. The sample for TEM and EDS was
prepared by drop-casting the homogeneously dispersed Ag/Au
alloy NPs solutions onto carbon-coated copper grids, and then
left to evaporate overnight in air at room temperature. The
HRTEM study was carried out with a JEOL JEM-1010 operating
at 200 kV. Structural analyses of the as-synthesized nano-
particles were accomplished through XRD and FTIR spectra.
XRD was recorded between the scan angles of 30° and 80° on
a Bruker D8 Advance diffractometer (Germany) using the Cu-K,
line of 2 = 1.5406 A. A JASCO 4600 (Japan) spectrophotometer
was employed to record the FTIR spectra to identify the func-
tional groups present in the silver nanoparticles.

2.4. SERS measurement

In a typical SERS procedure, the nanoparticles sol was first
centrifuged at 6000 rpm for 10 min in an ultracentrifuge several
times to concentrate the colloids, and remove the excess reac-
tants and supernatant. Smooth silicon wafers were cleaned
using an acetone solution before use. Subsequently, the
nanomaterial-based substrates were prepared by mixing 10 pl of
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AgNPs, AuNPs, and Ag/Au alloy NPs sol with an equal volume of
probe molecules (RhB) at the desired concentration (10~ to
10~° M). Then the resulting mixture was deposited onto
a silicon wafer using a micropipette and allowed to dry
completely in a desiccator for about 30 min before SERS
measurements. All of the Raman spectra were acquired on
a Xplora Raman microscope (Horiba, France) in the spectral
range of 500-1800 cm™ . A solid-state laser with the wavelength
of 532 nm was used as the excitation source for SERS analysis.
The 532 nm excitation line can support the resonant Raman of
RhB, which drastically improved the SERS signals. The excita-
tion light is focused on a circular point with diameter of about
3.8 um by using a 100x microscopy objective lens. The exciting
laser power on the sample was 3.2 mW, and the exposure time
used for each spectrum was 8 s. To ensure the SERS activity was
reliable, each spectrum was averaged by the Raman spectra
from 8 different collecting points. The linear relationship
between the Raman intensity (Isgrs) and the concentration of
RhB was calculated to evaluate the calibration capability of the
samples.

3. Results and discussion

3.1. UV-Vis absorption spectra

The color of the Ag/Au NPs colloid reflected its composition and
micro-structure.” Solutions of these metal NPs show the
fingerprint color, which is absent for the bulk material and their
atomic mode. This property is attributed to the collective
oscillation of the free conduction electrons induced by the
alternating electromagnetic field of the incident light, which is
called surface plasmons in the Mie theory.* The color changes
in the reaction mixtures and formations of the characteristic
absorption peaks were used to indicate the synthesis of Ag, Au,
and Ag/Au alloy NPs through the reduction of Ag*, Au®*" by TSC.
The color of the Ag colloid is yellow, together with the signifi-
cant characteristic SPR absorption peak at 396 nm (Fig. 2a). The
color of the Au colloid is purple, which corresponds to its
characteristic absorption peak at 530 nm, owing to the SPR of
AuNPs. The color of the Ag/Au colloids gradually changed from
yellow to purple with a shift in the characteristic absorption

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peak (433 nm to AgzAu, 480 nm to AgAu, and 509 nm to AgAus),
indicating that the Ag/Au alloy NPs were formed.*>** The LSPR
wavelength of the Ag/Au alloy NPs red-shifted about 113 nm,
owing to the strong coupling effect between the Ag and Au
atoms.

The optical property of the sample sols was characterized
using UV-Vis absorption spectroscopy, and the extinction
spectra for the Ag, Au, Ag/Au NPs in aqueous solutions are
shown in Fig. 2a. UV-Vis spectroscopy of metallic NPs is highly
sensitive to morphological variation. Metallic NPs exhibit
characteristic absorption in the visible region due to the exci-
tations from surface plasmon vibrations.® All samples display
only a single plasmon absorption band in the UV-Vis region,
which is characteristic of alloy NPs, indicating the homogeneity
within the volume of the particles.? The optical absorptions vary
between the Apax values (ca. 396 nm for pure AgNPs and ca.
530 nm for pure AuNPs) of the monometallic colloids, which is
in good agreement with a previous report.’* AgNPs display
stronger actual absorbance with higher plasmon energy than
those of AuNPs, as reported in the literature.® An absorption
band shoulder of AuNPs is located at about 560 nm. The
maximum absorption band red-shift from 396 nm to 530 nm
with an increasing amount of gold was due to plasmonic
coupling between Ag and Au. The observation of this red shift in
Amax is typical of Ag/Au alloys,® which is attributed to the
interaction between Au and Ag in the Ag/Au alloy NPs, providing
a bimetallic synergistic effect for enhancing the SERS perfor-
mance.”* The alloy formation is presumed to be due to the
simultaneous reduction of Ag and Au ions by TSC. When the

© 2021 The Author(s). Published by the Royal Society of Chemistry

gold content in the alloy increases, the main dipolar resonance
band red shifts and broadens. This single band is accompanied
by a shoulder at 560 nm, corresponding to a quadrupolar
resonance for AuNPs. The experimental absorbance data can be
compared to calculation based on the standard Mie theory of
spherical particles, which theoretically explains the size
dependence of the surface plasmon absorption band.** Gold-
silver alloy nanoparticles display the surface plasmon reso-
nance (SPR) over a broad range of the UV-Vis spectrum due to
the combined effect of the alloy composition and particle size.
The wavelength of the SPR band depends on the size of the Ag/
Au alloy nanoparticles as a second order polynomial with
composition-dependent coefficients:

Aamax = a(x)D? + B()D + y(x) 8)
The SPR wavelength can be described by a third order
function of the composition with size dependent coefficients:

Amax = & (D)x> + B/(D)x* + v'(D)x + §'(D) (4)

where x is the gold fraction and D is the particle diameter (nm).
Mainly, the alloy composition determines the SPR wavelength,
and the particle size is of secondary importance.*

The plot of the plasmon maximum A« against the Au molar
fraction with the correlation coefficient (R> = 0.989) exhibited
a quasi-linear relationship (Fig. 2b). The absorption peak is
mainly attributed to the collective oscillation of the free
conduction electrons induced by an interacting EM field.>”

RSC Adv, 2021, 11, 21475-21488 | 21479
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Nanoparticles with a size smaller than the wavelength of visible
light powerfully absorb light because of surface plasmon reso-
nance (SPR).° The UV-Vis kinetics for the formation of NPs
showed that the characteristic absorbance decreased with the
Au content, which was ascribed to the aggregation effect
between silver and gold. The shift in the plasmon peak position
from shorter to longer wavelengths, broadening of the SPR
peak, and the change in the color of the colloidal solution all
appear simultaneously. Moreover, the synthesized Ag, Au, Ag/Au
alloy NPs exhibited no changes in color or SPR peak at room
temperature within 6 months, indicating the stability of these
samples. Fig. 2c shows the UV-Vis spectra of the physical
mixture of Ag and Au NPs. Gold-silver composite colloids con-
sisting of a mixture of gold and silver domains exhibited double
plasmon absorption bands (390 and 550 nm) originating from
the individual gold and silver domains. According to Anxin Jiao
et al.,, the LSPR of the Au/Ag nanocomposites is generally
located at the red and near-infrared (NIR) region (>500
nm).**Fig. 2d shows the curve of the adsorbance intensity of the
390 nm and 530 nm peaks versus the Ag:Au ratio in the
AgNPs : AuNPs mixtures. It can be seen that the intensity of the
390 nm peak decreases as the amount of AuNPs in the mixture
increases, and completely vanishes for the pure AuNPs sample.
In contrast, there was no adsorption peak at 530 nm for the pure
AgNPs sample; this peak appears for the mixture samples and
its intensity increases as the amount of AuNPs in the mixture
increases. Generally, the 530 nm peak is much weaker than the
390 nm peak, which indicates that the optical property of silver
is prominent compared to that of gold.

3.2. Electron microscopy and elemental analysis

The typical TEM image of AgNPs synthesized by reduction
method is presented in Fig. 3a. Numerous spherical particles
with a diameter of 6-8 nm are nearly monodispersed. The

Paper

statistical analysis and the corresponding size distribution
histogram are given in the inset of Fig. 3a. The DLS diameter is
somewhat different from the TEM measurement because the
DLS technique measures the hydrodynamic radius of the
particles. The morphologies of the obtained Ag/Au nano-
products are carefully investigated by TEM images with
different magnifications in Fig. 3b—d. It can be seen that there
are abundant well-dispersed Ag/Au NPs with uniform
morphology and narrow size distribution in the range from 40
to 60 nm, which is drastically different from the size of the as-
prepared well-dispersed AgNPs. Meanwhile, some NPs are
agglomerated, which might be ascribed to the self-assembly of
the PVP-adsorbed Ag/Au alloy NPs (Fig. 3c). In our experiment,
the size was tuned by changing the molar ratio of Ag" : Au®*". The
average sizes of the Ag/Au alloy NPs with the Ag : Au molar ratio
of 3:1,1:1, and 1: 3 are about 40 nm, 50 nm, and 60 nm,
respectively.

The small variation in size demonstrated the homogeneous
size distribution of the nanoparticles produced by the reduction
with sodium citrate. Apparently, the shape of NPs was very
uniform, and the size distribution of the NPs was homogeneous
with almost quasi-spherical shaped particles. The isotropic
nature of the particles may possibly be due to the efficient
capping by PVP molecules, preventing any chance of agglom-
eration of the particles. The obtained Ag/Au alloy NPs depicted
the high density of the NPs, leading to plenty of EM hotspots
and will act as an efficient SERS substrate. The enlarged TEM
images in the insets of Fig. 3b—d reveal a closer view of the Ag/Au
alloy NPs. Fig. 3e is the TEM image of the sphere-like AuNPs
with the size ranging from 30 nm to 60 nm.

Moreover, the high-resolution transmission electron
microscopy (HRTEM) image (Fig. 4b) exhibits a representative
structural detail of the enlarged region between the Ag and Au
crystals. The individual lattice planes are clearly visible in the

Fig. 3 TEM images of (a) Ag, (b) AgzAu, (c) AgAu, (d) AgAus, and (e) Au NPs.
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HRTEM picture. Evidently, it can be observed that the Ag crys-
tals are indeed accreted together with Au crystals instead of
a physical mixture of two different nanomaterials, owing to the
obvious interconnected structure formed between the two
crystals. The estimated interplanar spacing values of 0.234 nm
for Ag and 0.233 nm for Au can be indexed as (111) in the face-
centered cubic (FCC) crystal structure. The HRTEM image also
revealed the single crystalline nature of the fabricated Ag/Au
alloy NPs with a uniform atomic content. The lattice
constants of Ag and Au are calculated according to the
equation:*

a2

dyf= — 2
hil h2+k2+lz

(5)

The obtained results are @, = 0.405 nm, a,, = 0.403 nm, in
agreement with the literature values." The quality of the
synthesized NPs could be ascertained from the energy disper-
sive X-ray spectral (EDS) analysis, which reveals the elemental
composition of the samples. The EDS spectrum in Fig. 4c
unveils the presence of characteristic peaks for Ag, Au. Signals
at 1 and 2.2 keV correspond to Ag. Less intense signals at 1.8, 3
and 9.8 keV are related to Au. The relative proportion of Ag to Au

© 2021 The Author(s). Published by the Royal Society of Chemistry

Energy (keV)

(@) TEM, (b) HRTEM images, and (c) EDS spectrum of the AgsAu NPs.

in the alloy is 79.82 : 20.18, which is about 4 : 1 based on the
EDS result. Variation in the intensity of signals from Au and Ag
is observed to depend on the molar ratio of the respective
elements in each of these samples. No impurity peaks were
observed, confirming the high purity of the samples. The lattice
constant of the Ag/Au alloy can be estimated following Vegard's
law:*”

alloy = NdAg + Mmdaay (6)

where n and m are the atomic percentages of Ag and Au in the
alloy. For the Ag;Au alloy sample, n = 0.7982 and m = 0.2018,
which are determined from the EDS spectrum in Fig. 4c. The
calculated result is aaj1y = 0.40495 nm. The crystal structure of
the samples is identical, but the lattice parameters have
different values.

Because Ag and Au have the same face-centered cubic (FCC)
crystal structure and very similar lattice constants, it is expected
that no lattice mismatch is introduced by the incorporation of
gold atoms because the difference in lattice constants is smaller
than the amplitude of the thermal vibration of the atoms.® The
absence of a boundary separating Ag and Au within the volume
of the particle confirms the formation of the Ag/Au alloy.

RSC Adv, 2021, 11, 21475-21488 | 21481
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3.3. Structural studies

The XRD analysis provided information about the crystalline
structures of the Ag, Au and Ag;Au alloy NPs. In Fig. 5a, the XRD
pattern shows the intense and sharp peaks, which indicates the
formation of NPs. Distinct diffraction peaks at scan angles 26 of
38.18°, 44.38°, 64.57°, and 77.56°, indexing the (111), (200),
(220) and (311) facets, respectively, of the face-centered cubic
(FCC) crystalline structure, correlated with the Ag-ICDD card no.
01-071-3752. As seen in Fig. 5a, the high symmetry in the XRD
peaks highlights the stable crystal structure with cubic geom-
etry in the Ag;Au sample.

The diffraction peaks from Ag/Au (JCPDS file no. 03-065-
8424) can be observed. The XRD peaks at 26 values of 38.27°,
44.49°, 64.73°, and 77.76° were matched with the (111), (200),
(220), and (311) planes of the Ag/Au metal, respectively. By using
the XRD patterns, it is possible to estimate the average crystal-
line sizes of the Ag, Au, Ag;Au alloy via Debye-Scherrer formula
by the measurement of the full width at half maximum (FWHM)
of the (111) peak (Fig. 5b-d), and is found to be 28.36 nm,
8.14 nm and 7.3 nm, respectively, as reported:*

 k
" Bcosd

)

where D is the average crystalline size in nanometers, A is the
wavelength of the used X-ray beam (0.154056 nm), k is the
Scherrer constant (0.893), 6 is the Bragg angle and @ is the full
width half maximum (FWHM) of the diffraction. Among
samples, the smallest average crystallite size was determined for
the Ag;Au alloy at 7.3 nm and largest for the Ag sample at
28.36 nm. Because Au atoms have larger atomic sizes than Ag
atoms, this affects the dimension of the crystals.

The functional groups of PVP involved in the reduction of
metal ions and the formation of NPs were investigated by FTIR

a (b) M AgsAu
( 2111) I\
‘(2( 0) / 1414"'&‘
\ (220) GID | .~
5 ! \“ (c) AuNPs
s Ji,
g
é 1.02
£
(d) AgNPs
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| AgAi€DD: 01-041-3752
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8036 37 38 39 40
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Fig. 5 (a) XRD of Ag, Au and AgszAu alloy NPs. FWHM of the (111) peak
from (b) AgzAu, (c) Au, (d) Ag. The typical (111) reflection has the highest
intensity.
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spectroscopy. FTIR analyses of pure PVP and as-synthesized Ag/
Au alloy NPs are shown in Fig. 6. The intense and distinct
adsorption bands at 1652 cm™ " and 3420 cm ™' correspond to
the carbonyl group (C=0) stretching vibration of pure PVP and
the C-C stretching vibration, respectively. On the formation of
the Ag/Au alloy NPs, the peaks shifted to 1641 and 2959 cm ™,
respectively. A visible shift in the band at 3420 cm™' to
2959 cm ™' due to the O-H deformation in the FTIR spectrum of
PVP.

The corresponding EDX elemental mapping images depicted
in Fig. 7 show an overlapped distribution of Au and Ag atoms in
the AgAu; sample. This result confirms the presence of Ag and
Au atoms on the NPs, which is consistent with the alloy mode. It
also indicated that the distribution of Ag and Au in the structure
was homogeneous. In a word, we had successfully prepared
uniform Ag/Au alloy nanoparticles.

3.4. SERS activity

Based on the above discussions, the obtained Ag/Au alloy NPs
are expected to provide improved SERS activity in comparison
with Ag or Au nanomaterials. Ag/Au bimetallic nanoparticles
have been extensively applied in SERS studies.***** As
a demonstration of a practical application of the Ag/Au alloy
NPs, we tested them as a SERS substrate to detect a standard
model molecule. In this SERS experiment, rhodamine B (RhB)
was selected as the probe molecule to examine the enhance-
ment capability of various samples. A series of RhB solutions
with concentrations from 10> to 10~ ** M have been prepared
in advance through diluting proportionally by distilled water.
The SERS analyses of RhB molecules adsorbed on the Ag/Au
alloy NPs and AgNPs, AuNPs were performed using green
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Fig. 6 FTIR spectra of the pure PVP (a) and Ag/Au alloy NPs (b).
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Fig. 7

532 nm laser excitation. After the substrate was dried
completely, SERS measurements were performed. Fig. 8a shows
the representative Raman spectrum of RhB (10~° M) with
prominent features between 1200 and 1650 cm ™', which are
regarded as the characteristic Raman peaks of RhB molecules.
There was a significant peak in the SERS spectrum at a Raman
shift 1650 cm ™' that was assigned to the stretching mode of the
C=C bond. The other weak peaks at Raman shifts of around
1200, 1281, 1358, 1507 and 1528 cm™ " should belong to the
xanthene ring puckering mode, stretching mode of the C-C
bridge, bending mode of C-H, bending mode of C-C aromatic
ring and bending mode of the C-H aromatic ring, respectively.**
First, the AgNPs, AuNPs, and Ag/Au alloy NPs were dropped on
silicon wafers to make SERS substrates. We found that the
Raman signal scattered from the NPs without RhB is very weak
and does not interfere with the SERS spectrum of the probe
molecule (not shown here). In the case of RhB adsorbed on Ag/
Au NPs, the Raman bands of the target molecules with molec-
ular fingerprint were greatly enhanced in comparison with Ag or
Au NPs, and allowed for easy detection of the analyte. Fig. 8b
shows the SERS spectra collected from the same concentration
of RhB solution (10> M) adsorbed on different SERS substrates
(Ag, Au, Ag/Au alloy NPs with three Ag: Au ratios). It can be
observed that the SERS spectra exhibited well-defined and high-
resolution Raman spectral lines in the absence of any

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) TEM image of a single Ag—Au alloy nanoparticle and EDX elemental mapping images of the (b) overlay of Au and Ag, (c) Au, and (d) Ag.

background fluorescence. It is noted that the SERS intensity of
the samples was related to the Ag : Au ratio; thus, we have to
explore the enhanced capability of the nanoparticles with an
optimal ratio. Furthermore, the intensity of the Raman signal
increased gradually and then decreased as the Ag content
increased, which reached the maximum at the Ag: Au molar
ratio of 3:1 (Fig. 8c). Strongest SERS signals in the case of
Ag;Au could be attributed to the most hotspots generated in the
Ag;Au sample, which play a vital role in the enhancement of
SERS.” Hence, from the view point of efficiency, the Ag;Au alloy
NPs could be considered as the optimal SERS substrate in
detecting RhB. It is well known that the intensity of the SERS
signal is affected by the plasmonic coupling of the metal
interparticle. Additionally, the small size of NPs can cause their
bigger surface and higher activity. The improved SERS activity
originates from a pronounced electromagnetic field under
optical resonant condition between LSPR of the SERS substrate
and the incident laser wavelength.>* Besides the EM enhance-
ment, the chemical enhancement derived from the charge-
transfer between the probe molecules and substrate provides
a contribution for improving the SERS activity. The chemical
(CM) enhancement originates from the charge-transfer (CT)
mechanism between the metal and probe RhB molecules. Ag or
Au NPs can be efficiently excited by green 532 nm laser excita-
tion, resulting in an enhanced CT effect for improving the SERS

RSC Adv, 2021, 1, 21475-21488 | 21483
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(c) SERS intensity of the 1650 cm ™! peak, (d) EF values as a function of concentration.

intensity. The electronic interaction between the Ag/Au NPs and
SiO, gives rise to the formation of an internal electric field,
providing additional CM contribution for increasing the SERS
signal.

The SERS enhancement factor of our Ag/Au alloy NPs was
calculated by comparing the acquired signals from the
substrate with and without AgNPs, AuNPs, or Ag/Au alloy NPs.
In the present study, the analytical SERS enhancement factor
(EF) of RhB molecules adsorbed on the obtained Ag, Au or Ag/Au
alloy NPs can be estimated according to the expression:

CnDr
Csers

I SERS
EF =
I nor

(8)

where Isggs is the SERS signal intensity of RhB adsorbed on the
metallic nanostructure substrate, I,,,, indicates the signal
intensity of a normal Raman spectrum of the same vibration
peak for the RhB molecule on the silicon wafer (without NPs),
Csgrs represents the RhB concentration on substrates exposed

to the laser spot focused area and Cpor = 10~* M is the RhB
concentration in a normal Raman spectrum, which produces
the Raman signal (I,,,,) acquired at the same conditions. There
are 7 spectral features at 621, 1200, 1281, 1358, 1507, 1528 and
1650 cm™", which can be used for directly quantitatively
determining the EF values of various Ag/Au proportions for
10> M RhB (Table 1). According to the spectra shown, the peak
around 1650 cm™ * was the most representative one; its intensity
was very sensitive to the RhB concentration and its EF has the
highest values compared with other peaks. Therefore, it was
chosen as an ideal peak for the quantitative analysis of RhB and
to calculate the EF values. The lowest EF was observed for the
pure AgNPs and pure AuNPs because the NP aggregation is the
lowest. The Ag substrate depicting the SERS EF for the band at
1650 cm ™" was calculated to be ~6.8 x 10°, which is slightly
higher than the result reported for the Au substrate (~6.4 x
10%). The largest Raman activity achieved at the Ag;Au alloy NP-
based substrate with an analytical enhancement factor of 8.5 x

Table 1 EF values calculated from the characteristic peaks for 107> M RhB

Substrate

used 1650 cm ™" 1528 cm™* 1507 cm ™" 1358 cm ™" 1281 cm ™! 1200 cm™* 621 cm™*
Au 6.4 x 10° 6.5 x 10° 2.4 x 10° 2.2 x 10° 1.4 x 10° 7.3 x 10* 6.61 x 10*
AgAu, 7.4 x 10° 2.8 x 10° 2.9 x 10° 2.5 x 10° 1.6 x 10° 8.8 x 10* 9.21 x 10*
AgAu 7.6 x 10° 3.0 x 10° 3.0 x 10° 2.8 x 10° 1.8 x 10° 1.0 x 10° 9.81 x 10*
Ag;Au 8.5 x 10° 3.9 x 10° 3.8 x 10° 3.6 x 10° 2.4 x 10° 1.0 x 10° 1.11 x 10°
Ag 6.8 x 10° 2.7 x 10° 3.0 x 10° 2.7 x 10° 1.8 x 10° 1.0 x 10° 1.41 x 10°
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correspond to twice the experimental standard deviation.

10° was higher than the counterparts made of Ag or Au. The
aggregation effect between silver and gold induces a much
shorter distance between the dye molecules and NPs, and
provides high-density homo-hotspots (Ag-Ag) and hetero-
hotspots (Ag-Au), which endow these alloy NPs with extraordi-
nary SERS enhancement ability.** Additionally, from Table 1, we
found that the EF value for Ag is higher than that for Au, which
agreed with the basic theory of SERS.*® The EF values were
calculated for all SERS peaks and plotted as a function of Ag
content, which is presented in Fig. 8d. The decrease in EF to
~7.4 x 10° when the Au content increased from 50% to 75%
might be because of the over-aggregation of NPs. The excess Au
may possibly inhibit the formation of hotspots, so the number
of SERS-active hotspots is limited. Therefore, these samples
achieved inferior SERS signal. As the spectral position of the
bands in the SERS measurements are nearly unchanged, the EM
enhancement is reasonably responsible for the high SERS
signal intensity.

Fig. 9a shows the RhB concentration-dependent SERS
spectra of the Ag;Au alloy NPs in aqueous solution in the range
of 107" to 10™> M. The signal is very tiny when the amount of
RhB is relatively small. With increasing concentration of the dye
solution, the number of molecules adsorbed on the substrate
increased and the Raman signal intensity became stronger. The
high concentration of RhB shows more energetic SERS activity.
The strongest peak at a Raman shift of 1650 cm™" was chosen as
the characteristic peak of RhB. For the 10> M RhB solution, the
signal intensity was very strong (about 35 000 a.u.). Even at
a RhB concentration down to 10~"" M, the fairly strong SERS
signal intensity was still distinguishable (about 1000 a.u., inset
of Fig. 9a), which was indicative of the excellent enhancement of
our substrate. The estimated EF values calculated at the
1650 cm~ ' peak from different concentrations of RhB are
indicated in Table 2. The EF value can reach up to 2 x 10"

toward the RhB concentration of 10~ "" M. Characteristic signals

illustrate that the low SERS limit of detection (LOD) can be
achieved at the picomole level (~10 pM). This is because the
dominating characteristic band of the RhB molecules was clear
even when the concentration decreased to as low as 10~ '* M,
much lower than the reported value (5 x 10~ M) obtained from
core-shell Au@Ag nanoparticles.*® To our best knowledge, the
minimum detection limit was 107> M in the ref. 57, so the Ag/
Au alloy NPs could donate the equivalent SERS detection limit.
This indicated that the prepared Ag/Ag alloy NPs have great
potential of application as a standard tool for the detection of
food contamination, as well as many SERS-related fields.

On the other hand, the relationship between the logarithm
of the SERS intensity of peak 1650 cm™ " and logarithm of the
RhB concentration is plotted in Fig. 9b, where the y-axis corre-
sponds to the Raman peak intensity at 1650 cm ™' and the x-axis
corresponds to the RhB concentration (in log scale). This
showed a monotonic increase of the Raman intensity with RhB
concentration. The linear calibration curve was constructed by
monitoring the logarithm of the intensity of the strong
1650 cm ' spectral feature as a function of the analyte
concentration. The fitted curve could be mathematically
expressed as follows:

logI=0.31log C+6.23 9)
where I was the SERS intensity of the 1650 cm ™" peak, and C was
the RhB concentration in a wide range of 10~ *" to 10> M. The
correlation coefficient (R*) of 0.989 was an approximately linear
relation.

The SERS enhancement mainly resulted from the strong
local electromagnetic field induced by LSPR.*®* The SERS
enhancement factor (EF) should be proportional to:

Table 2 EF values calculated at the 1650 cm™! peak from different concentrations of RhB using AgsAu NPs as a substrate

RhB (M) 10°° 10°° 1077

1078 107° 107 107"

EF value 8.5 x 10° 6.4 x 10° 3.3 x 107

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EF ~ (a j’_ a,)12 (10)

where a is the radius of the Ag/Au NP (a ~ 40-60 nm), and d is
the distance between the center of the adsorbate groups and the
surface of the particle.*® The SERS signal is considerably
enhanced when NPs are aggregated through the hotspots
created between neighboring metal particles. The plasmon
coupling at the hotspots can provide a high local EM field,
which is expected to contribute to the distance-dependent SERS
enhancement.

The homogeneity of the SERS signal is a significant param-
eter in evaluating the practicality of the SERS substrates.” As
shown in Fig. 10, in order to further prove the reproducibility of
the AgzAu NP-based SERS substrate, 8 Raman spectra were
acquired at randomly selected sites on the substrate, and the
analyzing concentration of RhB was 10~ ' M. The histogram of
the SERS intensity in Fig. 10a shown no significant variations in
the EF, and the observed EF was ~2 x 10'°. The relative stan-
dard deviation (RSD) value calculated from the SERS signal
intensity at the prominent peak of 1650 cm™ ' from different
spots was 3.1% (Fig. 10b), revealing reproducible and accurate
data. The high spot-to-spot reproducibility may result from the
uniformity of the hotspots. When a solution was dropped on
a substrate, the nanoparticles in the solution were favorably
deposited in the edge region at higher concentration than in the
central region, which is called the coffee ring effect.** However,
the tiny shape droplets could be very effective and convenient to
generate a uniform distribution of the Ag/Au NPs/RhB mixture

Paper

on the substrate. From the observed results, it can be concluded
that the Ag;Au NPs sample demonstrated a highly sensitive and
reproducible SERS response with relatively low RSD value. On
the other hand, Fig. 10c exhibits the SERS spectra of RhB
molecules adsorbed on the Ag;Au alloy NPs substrates before
and after storage for 1 year at room temperature. The Raman
signal intensity of the 1650 cm ™' peak slightly decreased from
about 1600 a.u. for an as-prepared substrate to 1300 a.u. after 1
year, supporting that nearly 80% SERS intensity can be main-
tained during this storage. It reveals that no significant change
can be observed in both the peak position and the intensity. It is
concluded that the Au content in the Ag/Au alloy can signifi-
cantly improve the stability of the SERS substrates. The results
are in agreement with the previous reports.**** Although the
long exposure time to the air will result in the loss of SERS
activity, all of these experimental results in this paper confirm
that the Ag/Au alloy NPs overcome the limitation of the oxida-
tion of AgNPs and serve as efficient and stable SERS-based RhB
sensing using the 532 nm wavelength laser as an excitation
source. This advantage shows more potential in developing
a more effective spectroscopic sensor in detecting the RhB dye.

4. Conclusions

In summary, we have shown that the Ag/Au alloy NPs with
various compositions and sizes can be synthesized by a simple
co-reduction method. This process was effective, productive and
the proportion of Ag to Au in the alloy NPs was adjustable by
controlling the Ag®:Au®" molar ratio in the salt mixture
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solution. The absorption peak of the Ag/Au alloy red-shifted
when decreasing the molar ratio of Ag" : Au**, corresponding
with the change of the particle size. Thus, the co-reduction
provided a suitable and flexible way for producing different
compositions and size-controlled Ag/Au alloy NPs. The drop-
coated Ag/Au alloy NPs film was ordered and uniform, which
was well adapted for the SERS substrate with good reproduc-
ibility and high SERS activity. The NPs were loaded on a silicon
wafer for an optimally aggregated configuration to yield the
maximum signal enhancement in the SERS measurements. The
Ag;Au NPs exhibited the optimal SERS performance for the
532 nm excitation. The optimized active SERS substrate is
helpful for the detection of RhB molecules with high sensitivity.
The SERS measurements for the RhB solution showed that the
Ag/Au alloy NPs exhibited strong SERS performance, and the
detection limit can reach as low as 10~"" M with EF over 10'.
We can achieve good reproducibility with the RSD value below
4% at different locations. Owing to the attractive features, such
as feasible fabrication method and easy-to-perform detection,
the Ag;Ag alloy NPs will be a prospective candidate for SERS
application in environmental monitoring, food safety analysis
and the rapid detection of RhB.
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