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Abstract
The primary objective of this experimental research is to introduce the capacity of laser irradiation into the synthesis 
of bimetallic nanoparticles from noble metals. Gold and silver nanoparticles are produced through the laser ablating 
gold and silver targets in distilled water. Originally, the samples are synthesized by using Nd:YAG laser with 1064 nm 
wavelength and 7 ns pulse width. Following this, solutions mixed with different volumetric ratios, are irradiated by the 
second harmonic of the said laser at 532 nm wavelength. The absorption peak of gold nanoparticles around 530 nm, is 
used to transfer the laser energy to nanoparticles and synthesize Au/Ag bimetallic nanoparticles. The wavelength and 
volumetric ratio of solutions are the experiment’s variables. The bimetallic nanoparticles are characterized as follows: 
X-ray diffraction pattern, spectroscopy in the range of UV–Vis-NIR and IR, Photoluminescence spectrum, Dynamic light 
scattering, and Fourier transform infrared spectroscopy. Additionally, FE-SEM and TEM images are used to study the size 
and morphology of nanoparticles. One of the aims of the research is to investigate the effects of laser wavelength and 
different volumetric concentrations on the optical properties of Au/Ag bimetallic nanoparticles. On the other hand, the 
study revealed that silver concentration and laser wavelength in the synthesis of Au/Ag bimetallic nanoparticles with 
different structures, cause the formation of crystalline structure, growth of grain size, and therefore silver oxide reduction.

Article highlights

• Using two laser wavelengths and different silver con-
centrations, lead to the synthesis BNPs with different 
sizes and structures.

• High silver concentrations are limited due to oxidation 
and instability in the last sample.

• Synthesis of stable BNPs with controlled shell thickness 
is possible with the applied PLAL method.

Keywords Bimetallic nanoparticles (BNPs) · Pulsed laser ablation in liquid (PLAL) · Gold nanoparticles (AuNPs) · Silver 
nanoparticles (AgNPs)
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Ag+  Silver ions
XRD  X-ray diffraction pattern
UV-Vis  Ultraviolet-visible spectroscopy
FE-SEM  Field emission scanning electron microscopy
TEM  Tunneling electron microscopy
DLS  Dynamic light scanning
FT-IR  Fourier transform infrared spectroscopy
PL  Photoluminescence spectroscopy

1 Introduction

In recent decades, the study and investigation of the differ-
ent catalytic characteristics, surface plasma band energy 
and magnetic/electrical properties of bimetallic nanopar-
ticles (BNPs), is become topics of interest. Comparison of 
BNPs with concentrated monometallic ones shows that 
the synthesis of BNPs in the form of alloy and core–shell 
can illustrate the unique characteristics of advanced linear 
and non-linear material, which are used in many fields of 
application, with significant catalytic and various electro-
optical properties [1–4]. On the other hand, studying the 
non-linear behaviors of plasmonic nanoparticles (NPs) 
opens a new horizon of applications of noble NPs in the 
field of optics communication, information processing, 
heat transfer applications, solid-state lasers and biosen-
sors [5, 6].

The synthesis of gold nanoparticles (AuNPs) as a 5d 
metal, is received remarkable attention due to their inter-
esting applications in catalysis, non-linear optical devices, 
single electron tunneling and chemical sensing [7, 8]. Sil-
ver nanoparticles (AgNPs) as a 4d metal, are one of the 
most popular catalysts for oxidation and have higher elec-
trical and thermal conductivities than other NPs. On the 
other hand, antibacterial properties are other significant 
characteristics of AgNPs [9–11]. Gold, silver and their com-
posites at the nanoscale are received considerable atten-
tion, due to their application as a single electron transistor, 
gas sensor, detector of biomolecules and catalyst [12–16]. 
Synthesis of metal NPs in nano-dimensions and when 
interacting with external electromagnetic radiation, lead-
ing to electron confinement and localized surface plasmon 
resonance (LSPR), which will show their optical properties. 
The LSPR characteristic of NPs can be changed concerning 
its size, morphology, composition and crystallinity [17, 18]. 
Of course, it should be noted that spherical metallic NPs 
have negligible non-local effects [19]. Noble metals like 
silver and gold, exhibit a strong LSPR, due to the collective 
oscillation of the valence electrons in the half-filled s-sub-
shells  5d1 and  6s1 [20]. Valence electrons of AgNPs when 
exposed to an external field are excited and show more 
plasmonic properties, compared to AuNPs [21]. In this way, 
its catalytic properties, magnetic and optical polarization, 

electrical conductivity and antimicrobial properties are 
increased [22, 23].

So far, several methods for the synthesis of BNPs have 
been developed in recent decades; but, among them 
pulse laser ablation in liquid (PLAL) as a physical method 
is one of the best ways due to control the composition of 
the NPs and the ability to produce different structures (e.g. 
alloy, core–shell, …) and compounds (e.g. oxides, bimetal-
lic NPs) [24, 25]. On the other hand, PLAL technique pre-
pares efficient NPs from many types of solids (metals and 
ceramics in different liquids), to facilitate the investigation 
of their photophysical and photochemical properties. The 
noticeable feature of PLAL technique compares to chemi-
cal synthesis, is the absence of uncontrolled biomolecules 
or other impurities [26, 27].

There are many methods for fabricating MNPs, includ-
ing solvothermal [28], Photochemical method [29], plane 
wave pseudopotential method [30], replacement reaction 
method [31], catalytic reduction [32], spray pyrolysis [33], 
wet-chemical method [34], chemical reduction [12, 15], 
green synthesize [35–37], post-modification [38], electron 
beam deposition [23], Spark discharge [39], pulse laser 
deposition (PLD) [40–42] and PLAL [43–45]. In the follow-
ing table (Table 1), a summary of the research carried out 
for the Au/Ag BNPs with different structures (alloy and 
core–shell), which are synthesized with the application of 
PLAL method in different solvents, is presented.

In this manuscript, the main harmonic of a high-fre-
quency Nd:YAG laser is applied to forming gold and silver 
NPs individually; whereas, second harmonic irradiation 
with 532 nm wavelength, is used for the synthesis Au/Ag 
BNPs. The main goal is to characterize optical properties 
and to find the role of different wavelengths and ratio 
concentrations of AgNPs in the preparation of bimetallic 
systems with different structures (alloy and core–shell). 
The possibility of the formation of Au/Ag BNPs under this 
condition is another question of this research.

In the next section, we consider materials and methods 
applied to the experiment. Section 3, shows the characteri-
zation of monometallic and BNPs. In Sect. 4, we present 
the results and discussion. Section 5, illustrates the sum-
mary and conclusion. In the final sections, acknowledg-
ment and author contribution are mentioned.

2  Materials and methods

Initially, gold and silver plates (99.9%) as ablation targets 
are ultrasonically cleaned by ethanol, acetone, and deion-
ized water (DIW) for 10 min, respectively. The targets are 
put at the bottom of two containers with 200 mL of DIW. 
The thickness of DIW on target palates is 8 mm. Gold and 
silver targets are purchased from Sigma Aldrich Co. The 
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procedure for PLAL method is as follows: High-energy 
laser radiation with 1064 nm wavelength, is focused on 
the individual gold and silver target immersed in the liquid 
and during the ablation process plasma plume is formed 
and condensed around the focus point. Finally, NPs are 
synthesized and suspended in the liquid to form nano-
colloids [55]. Following this, the post-laser irradiation of 
mixed solutions is carried out at a wavelength of 532 nm 
with 5000 laser pulses. This second harmonic of laser is 
selected due to the intensive plasmon absorption band of 
AuNPs in the vicinity of 524 nm, which results in increasing 
the chance of bimetallic formation from gold and silver 
NPs [44]. On the other hand, the 532 nm wavelength of the 
laser, is more effectively absorbed by the plasma plume 
during the ablation and the process of forming BNPs is 
done with higher quality [26].

In this research, using the Gaussian beam equations, 
the spot size of the laser on the surface of the target is cal-
culated to be about 30 µm. Target is irradiated with 5000 
pulses of the fundamental wavelength of a pulsed Nd:YAG 
laser (Quantel, model Brilliant B) of 1064 nm wavelength, 
operating at 10 Hz repetition rate and 7 ns pulse width 
with a fluence of 0.5 J/cm2. The Laser beam 6 mm in diam-
eter, is focused on the surface of the target using a 10 cm 
focal length convex lens. Meanwhile, it should be noted 
that the continuous laser with a lower heating rate than 
the pulsed laser, synthesizes NPs with the desired mor-
phology and greater accuracy [55].

In this case, we are able to distinguish between our 
work and other research. In most of the articles that have 
been done for the synthesis of MNPs and BNPs by the 
PLAL method, the NPs have been synthesized with the 
first harmonic (1064 nm) of the laser. In other investiga-
tions, besides the use of the first and second harmonics 
(532 nm) laser parameters such as repetition rate, pulse 
fluence and pulse duration are variable [4, 51, 54]. In the 
research conducted by Ayman et.al. the selected pulse 
fluence (1.8 J/cm2) exceeds our selected parameter (0.5 J/
cm2) [4] (Table 1).

The noncolloidal solutions of gold and silver obtained 
as demonstrated in Fig. 3 are mixed in different volumes. 
These ratios are  AgAu2 (12.5 mL of Ag mixed with 25 mL 
of Au nano-colloidal solution—s1), AgAu (25 mL of Ag 
mixed with 25  mL of Au—s2),  Ag1.5Au (37.5  mL of Ag 
mixed with 25 mL of Au—s3), and  Ag2Au (50 mL of Ag 
mixed with 25 mL of Au—s4) (see Table. 2). Gold and silver 
liquid NPs, appeared in specific colours that indicate the 
plasmonic excitement of noble metal when forming NPs 
[20, 56] (Fig. 1a). During the initial harmonic irradiation 
(1064 nm), the colour of gold and silver solution, step-
by-step switches from light red to dark violet and light 
yellow to dark brown, respectively (Fig. 1b) [20, 57, 58]. 
By using post-irradiation (532 nm), the colour of Au/Ag Ta
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colloidal NPs with a growing ratio concentration of AgNPs, 
changes from dark brown to light brown (Fig. 1c). Changes 
in colours, is occurred because of relativistic effects and 
increasing the energy of the 5d orbital and decreasing the 
energy of the 6s orbital in gold. These effects result in a 
shift absorption peak from the ultraviolet region to the 
lower. In bulk silver, relativistic effects are smaller than in 
gold, and the distance from 4d to 5s is much larger; as 
a result, transitions are seen in the ultraviolet region [20, 
59]. Synthesis conditions may be influenced by the LSPR 
properties of plasmon metals [60]. The synthesized BNPs 
did not precipitate and remained in colour for two years. A 
schematic of the ablation process appears in Fig. 2.

3  Characterization of Au, Ag and Au/Ag 
nanoparticles

A variety of analytical techniques are applied for the char-
acterization of NPs. The optical spectra of colloidal solu-
tions are characterized with a UV–Vis spectrophotometer 
(T80 UV–Vis Spectrometer/PG Instrument Ltd). A Trans-
mission Electron Microscope (TEM; Zeiss-EM10C-80 kV), 
is used to determine the size, shape, and distribution of 
NPs. This experiment is performed by placing a drop of 
the concentrated suspension on a carbon-coated grid Cu 
Mesh 300 and kept completely dry at room temperature. 
The crystal structure characterization is done by the X-ray 
diffraction (XRD) technique. The concentrated suspen-
sions, are dropped on a silicon substrate and dried for ten 
days for XRD measurement. The surface morphology of 
the NPs is examined by field emission scanning electron 
microscope (FE-SEM, HITACHI S-4160 instrument). The 
dynamic light scanning (DLS) technique, is used to obtain 
the size and distribution of NPs by measuring a hydrody-
namic diameter using the MALVERN ZETASIZER device. 
The PERKIN ROMER PL facility obtained the photolumines-
cence (PL) properties of Au/Ag colloids. The dried sample 
films are characterized by Fourier transform infrared (FT-IR) 
spectroscopy (Thermo Nicolet, Nexus 870).

4  Results and discussion

4.1  X‑ray diffraction (XRD) studies

The XRD patterns of the individual gold and silver beside 
Au/Ag BNPs with varying silver ratio concentration, are 

presented in Fig. 3. In the XRD pattern of all samples, a peak 
of X-ray photons diffracted from silicon substrate is seen 
at 68.9°. According to XRD results in Fig. 3, the detected 
phases are gold (PDF cards No. 01-087-0718), silver (PDF 
cards No. 01-089-3697), and Au/Ag (PDF cards No. 03-065-
8424), respectively. It can be seen four diffraction peaks 
are detected at (111), (200), (220), and (311) planes for fcc 
structure of AuNPs. The following, four diffraction peaks are 
observed at (111), (200), (220), and (311) planes for AgNPs 
with fcc Bragg lattice. Moreover, Au/Ag BNPs, have a similar 
XRD structure as bulk gold and silver NPs and have four dif-
fraction peaks at (111), (200), (220), and (311) planes, respec-
tively (see Table. 3). In consequences, the bimetallic system 
has analogous fcc structures, same lattice constants (gold 
4.0783˚A and silver 4.0862˚A) and similar atomic radius (gold 
= 1.74, silver = 1.65), as a monometallic plasmonic gold and 
silver NPs [34]. Thus, the XRD diffraction peak of gold and sil-
ver are close together, and XRD analysis cannot be the ethi-
cal option to definitively prove the existence of bimetallic 
structure, which is in good agreement with this paper [21, 
61, 62]. Due to the detection of sharp peaks in all bimetallic 
samples (Fig. 3), it is possible to confirm the synthesis of crys-
talline nano-structures and demonstrate that amorphous 
structures are not formed [61, 63].

Silver oxide  (Ag2O) in s4 and s6, is detected in (111) plane 
at 32.9° with a significant peak (PDF card No. 03-065-6811) 
(see Table. 4). Standard oxidation states of silver, are + 1 (Ag 
(I), the most stable state), + 2 (Ag (II), highly oxidation), and 
very rarely + 3 (Ag (III), extreme oxidation) [64]. There is a vol-
umetric threshold ratio during the ablation process at which, 
the formation of  Ag2O in DIW starts. In s1 to s3, the concen-
tration ratio for AgNPs is below the volumetric threshold and 
 Ag2O is not formed. The following, crossing the threshold in 
s4 and also s6,  Ag2O appears. The AuNPs are the best option 
for the synthesis of a stable bimetallic structure with AgNPs 
and are located as a nucleus for controlling the reduction of 
silver ions  (Ag+) [12, 65]. The Au–O is less ionic than Ag–O 
structure since gold has a much larger electronegativity 
(+ 2.54 eV) than silver (+ 1.93 eV) [30, 47].

Crystal structure, phase purity, and crystalline size of pre-
pared gold and silver NPs and Au/Ag BNPs, are confirmed by 
Scherrer’s formula (Eq. 1).

In this equation: k (dimensionless shape factor) is 
0.89 < k < 1; λ (wavelength of X-rays) equals 1.5406 Å; β is 

(1)d =
K�

� cos �

Table 2  Parameters of 
prepared samples

Sample (#) s1 s2 s3 s4 s5 s6

Ag/Au volumetric ratio (mL) 12.5/25 25/25 37.5/25 50/25 0/100 100/0
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Fig. 1  Gold and silver nanoparticles formatted by irradiation of 1064 nm wavelength a, Au and AgNPs suspensions beside their mixtures 
before green laser irradiation b and Au/Ag BNPs with different volumetric ration after green laser irradiation c 
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the line broadening at full width at half maximum (FWHM) 
in radius; θ is the Bragg’s angle; and d is the average crys-
talline size of nanoparticles (which may be smaller or equal 
to the grain size and particle size). The most important 
peak of diffraction belongs to the (111) plane and shows 
that gold and silver have pure crystalline fcc structure. 

The peak of the crystallite plane (111) in BNPs, is more 
intense than the other planes and suggests that the (111) 
plane is the predominant orientation [30]. Moreover, by 
increasing the concentration ratio of AgNPs, the width of 
the peak belonging to crystallite planes of (111) and (311) 
declined. The decrease in the width of the peak is related 

Fig. 2  Schematic of the laser ablation process. Show synthesize Au and AgNPs individually by first harmonic irradiation (1064 nm) a and b 
and illustrate formatting Au/Ag BNPs by green laser irradiation (532 nm) c 
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to Debye–Scherrer’s equation and the crystallite size. With 
an increasing volumetric ratio of AgNPs, the size of BNPs 
is increased. Likewise, the mean crystallite size of s1-s4 is 
recognized at 16 nm, 22 nm, 28 nm, and 32 nm respec-
tively. In addition, the mean crystallite size of s5 and s6 is 
22–33 nm, respectively.

In this research, bimetallic systems based on synthe-
sis conditions, have been synthesized in different struc-
tures (alloy and core–shell). The alloy structure of Au/Ag 
bimetallic system (s1), is observed due to the galvanic 
replacement reaction between the noble Au and AgNPs 
interface and can be proven through UV–Vis analysis 
and TEM images [21]. Moreover, as the silver concentra-
tion increases the probability of galvanic replacement 
reaction in the samples (s2-s4) is reduced and core–shell 
structures are formed. In s2-s4, silver atoms attach to sur-
face AuNPs present in the ablation medium and  Aucore/

Agshell NPs are synthesized [32, 66]. On the other hand, 
based on Moiré model, because of overlap between core 
and shell, the core–shell structure is formed [67]. Accord-
ing to the Moiré model, the synthesized BNPs have the 
same crystalline structure and their Bragg planes rotate at 
a small angle relative to each other [21]. Core–shell struc-
tures, the difference in the plane interval of the shell and 
core leads to the Moiré model [68]. Gold NPs due to their 
spherical symmetry are chosen as the core for the forma-
tion of the  Aucore/Agshell BNPs [45]. Therefore, due to the 
aforementioned similarities in the atomic structure of Au 
and AgNPs and the high plasmon excitation efficiency of 
AgNPs relative to AuNPs, the synthesized core–shell struc-
ture has no homogeneous contrast and the unequivocal 
core–shell structure is present in the samples (s2-s4) [21]. 
The following, core–shell structure and bounder between 
the  Aucore/Agshell, have been distinguished with the lighter 
exterior and darker center, by the TEM images and the 
UV–Vis spectrum.

4.2  UV–Vis spectrophotometry

Figure 4 presents the results of absorption spectra from 
nanocolloidal samples, which illustrate the plasmonic 
characteristics of monometallic NPs and bimetallic struc-
tures. The special ability of gold and silver NPs to absorb 
incident electromagnetic radiation due to the LSPR leads 
to an interface between noble NPs, their dielectric sur-
rounding, and also the collective oscillation of conduc-
tion electrons at the surface of particles [69, 70]. The LSPR 
effect may lead to the enhancement of the local electric 
field around the surface of plasmonic gold and silver NPs 
[66].

One of the predominant characteristics of plasmonic 
NPs is the organized multipolar LSPR (dipolar, quadru-
polar, octupolar, and hexadecapolar modes), which sig-
nificantly depends on the shape, size and structure [71]. 

Fig. 3  X-ray diffraction pattern 
of Au and AgNPs beside syn-
thesized Ag/Au BNPs

Table 3  Summary of XRD data for monometallic gold and silver 
NPs and bimetallic structures

Sample (#) FWHM 2 � Crystallite 
size (nm)

Reference pattern

s1 0.5510 38.18 16 03-065-8424
s2 0.3936 33.10 22 03-065-8424
s3 0.6298 38.26 28 03-065-8424
s4 0.3936 38.19 32 03-065-8424
s5 0.3936 38.15 22 01-087-0718
s6 0.4723 32.95 33 01-089-3697

Table 4  Summary of XRD data of recognized  Ag2O in s4 and s6

Sample (#) FWHM 2 � Crystallite size Reference pattern

s4 0.3936 38.19 32 03-065-6811
s6 0.4723 32.95 33 03-065-6811
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Based on the UV–Vis graph, the peak at 523 nm is rela-
tive to dipolar LSPR mode absorption of the AuNPs. Other 
peaks observed at 260–217 nm are also, because of the 
higher-order quadrupole absorption in noble gold NPs [32, 
44, 72]. Peaks belonging to AuNPs in the ultraviolet region 
(below 400 nm), are associated with electron transfer from 
the ligand to the metallic band ( � → �∗ ) [73]. Detection 
of peaks in the visible and ultraviolet regions indicates 
the formation of AuNPs [21]. The other peak observed at 
392 nm is due to the dipole LSPR absorption band of the 
AgNPs [74]. Around 210 nm, because of transition � → �∗ 
the quadrupole LSPR is also confirmed. All these peaks 
belong to AgNPs and are represented within the formation 
of silver NPs. On the other hand, the peaks of single LSPR in 
the dipolar mode for Au and AgNPs, show that the synthe-
sized NPs have an almost spherical morphology. The inten-
sity of the dipolar peaks with a growing concentration of 
AgNPs is incremented. Similarly, the FWHM according to 
the volumetric ratio of the AgNPs, is reduced. In this way, 
the size of BNPs is increased [75].

The four dipole plasmon absorption bands emerged 
between the LSPR peaks of monometallic Au and AgNPs 
(417 nm, 408 nm, 400 nm, 397 nm), are illustrated the 
Au and the AgNPs are overlapped together by plasmon 
decoupling and finally, the bimetallic system is formed. 
In the s1, in the visible range, two distinct peaks have 
appeared in the vicinity of 500 nm and 417 nm, represent-
ing the dumbbell NPs overlapped by an L-length dimer. As 
the dumbbell length decreases, the bimetallic structures 
experience a blueshift and a single peak will be observed 
[76]. This change can also be seen in TEM images as with 
the increase in silver concentration. The following, the 
BNPs are placed next to one another with L → 0 and NPs 
with dumbbell structure, will disappear. The significant 

blueshift of the LSPR band belongs to the bimetallic struc-
ture was also interpreted because of the damping of the 
LSPR gold as a core, by the surface of the Ag atoms as a 
shell and regards the formation of the core–shell structure 
[77, 78]. On the basis of the standards defined for plas-
monic NPs of gold and silver, red-shift should be observed 
in the bimetallic structures of both elements. But in some 
cases, during overlapping of NPs the observed blueshift 
indicates the formation of the core–shell structure [21, 76].

As can be seen from the Fig. 4, the peak of s1 is shifted 
to shorter wavelengths (blueshift), but its height has not 
changed, and it is the same as the height of the peak 
belonging to AuNPs. On the other hand, it is likely that 
the s1 probably has an alloy structure. In the following, 
the other samples (s2-s4) not only have blueshift but the 
height of the peaks also is changed and that may likely 
have core–shell structures and that is confirmed by TEM 
results [4, 45, 79]. On the other hand, it can be said that 
with an increasing concentration ratio of AgNPs, it sees 
an increase in the size of the  Aucore/Agshell NPs, because 
of numerous interfacial couplings between gold and sil-
ver NPs. Similar results are reported in these papers [44, 
79, 80]. Finally, other peaks are observed in the range of 
210–240 nm of the ultraviolet region, also belonging to 
the quadrupolar LSPR band and derived from the dipolar 
oscillation of BNPs [76, 81].

Generally, the appearance of the quadrupole mode in 
all samples is because of the retardation, energy-shifting, 
radiation scattering, and size effect of the BNPs (above the 
size of 10–65 nm) [42, 71]. However, it should be noted that 
the defined size is related to the hydrodynamic radius of 
BNPs as determined by the DLS analysis [21]. The energy-
shifting effect occurs when the size of NPs is not insignifi-
cant compared to the incident wavelength [71]. Of course, 
the radiation scattering effect is also effective for revealing 
the dipole LSPR mode. By increasing the size of NPs and 
revealing the quadrupole mode at low wavelengths, the 
communication of the surface charge on the plasmonic 
metals with the environmental dielectric is avoided. On 
the other hand, due to the emerging dipolar LSPR mode, 
plasmonic BNPs come into contact with the dielectric 
function related to the environment. Therefore, any small 
area on the surface of the metal acts as planar bulk metal. 
These conditions can be further investigated by examin-
ing the surface charge distribution and the electric field 
around BNPs [82]. During the ablation process, the LSPR 
bandwidth of silver NPs is lower than the core–shell struc-
tures. On the other hand, increasing the LSPR bandwidth 
of gold NPs leads to an increase in the dielectric function 
of the AuNPs [42].

In a noble metal, due to the high density of energy 
and remarkable separation in energy levels within the 
half-filled conduction band, LSPR appears at divided 

Fig. 4  UV–Vis-NIR absorbance spectrum of Au and AgNPs beside 
Au/Ag BNPs after green laser irradiation
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energies from any interband transitions. As a result, 
AgNPs produce stronger LSPR and catalytic properties 
compared to gold NPs [77, 78]. In the ultraviolet region 
(above 400 nm), due to interband transition among the 
5sp conduction-band and 4d band of AgNPs, a sharp 
absorption peak appeared (especially in s1–s3) [20, 42, 
83]. Also, due to a hydrodynamic radius greater than 
65 nm, the quadrupole mode has a greater role in the 
formation of bimetallic system and the intensity of the 
peaks in the ultraviolet region is higher compared to the 
visible region [21].

During the synthesis of BNPs by ablation, as long as sil-
ver NPs as a shell of bimetallic structure remains stable 
during growth and do not react with biomolecules in the 
environment, BNPs will not oxidized (This result is true for 
s1 to s3). When the molar amount of silver crosses the con-
centration threshold, the entropy of the bimetallic system 
is increased and the system reaches instability. Thus, due 
to the instability of the surface charge and the strong reac-
tion of silver atoms with oxygen in the environment lead-
ing to, the s4 it will be oxidized and it will be highly reac-
tive [21]. In the s4 where the concentration of silver NPs 
has exceeded the threshold concentration ratio, the silver 
is oxidized and the effect of interband transitions among 
gold and silver NPs is reduced. Growth in the concentra-
tion of AgNPs at s4, leading to a decline of the absorp-
tion peak in the ultraviolet region and the effectiveness 
of the quadrupole mode, is less observed in the oxidized 
bimetallic structure. On the other hand, the dipolar mode 
is shown with a more intense peak. The spectrum of s4 
has shown an intense absorption peak at the wavelength 
region of 404 nm to confirm the synthesis of  Ag2O NPs, 
due to electronic transitions from the valence bond to the 
conduction bond [51]. In the sample of pure silver (s6), we 
also encountered  Ag2O compound.

The optical properties of core–shell BNPs are of great 
interest and by changing the thickness of the shell, the 
catalytic properties of the bimetallic system can be manip-
ulated [84, 85]. In the bimetallic samples, an increase in the 
concentration of AgNPs was observed, which leads to an 
enhancement in the surface charge distribution and the 
electric field around BNPs. In this condition, there could be 
more functional groups on the surface of the silver atoms 
as a shell for the more chemical reactions with biomol-
ecules in the environment, and finally may is modified the 
catalytic efficiency. Due to the characteristics of the abla-
tion method and the stronger electronic effect between 
core and shell (without adding surfactants and metal ions), 
after crossing the saturation threshold, the s4 and s6 do 
not have a non-linear behavior and react with the oxygen 
in the environment and are oxidized [12, 86]. In general, 
samples with core–shell structures have more catalytic 
properties compared to alloy structures and monometallic 

NPs [24, 87, 88]. Chemical analysis is required to accurately 
check the catalytic properties.

The bandgap energies of BNPs, are estimated from 
the transmission spectrum by using the Tauc equation 
to describe the PL spectrum and properties influencing 
the photocatalytic performance of BNPs. The influence of 
nanocrystal size on the electronic structure of semicon-
ducting BNP is demonstrated by the enhancement of 
bandgap energy and a decrease in particle size. In other 
words, this effect is called the quantum confinement 
effect. Based on the Tauc equation (Eq. 2):

where α is the absorption coefficient, hυ is the photon 
energy, Eg refers to the bandgap energy, and B is a fac-
tor that depends on the transition probability. The index 
m is relative to the distribution of the density of states. 
The index n has different values like 1/2, 3/2, and 2 more 
depending on whether the transition is direct or indirect 
and allowed or forbidden, respectively. Taking n = 1/2 
corresponds to direct allowed transitions of Au/Ag BNPs 
semiconductor. Corresponding band gap values of s4 and 
s6 could be identified according to this equation (Eq. 3):

where  Eg is the semiconductor’s bandgap and λg is the 
threshold wavelength of the corresponding absorbance 
edge. The bandgap energy of s4 and s6 as a semiconduc-
tor strongly depends on their size and morphology. There-
fore, the values of the direct bandgap energies of s4 and 
s6 are observed in 2.50–2.73 eV, respectively (Fig. 5). For 
synthesizing  Ag2O, S.P. Vinay et al. show that the band-
gap energy is found around ~ 2.74 eV [11, 84]. This result 
illustrates excellent catalytic properties for  Ag2O, due to 
its sensitivity to absorbing a photon with a wide bandgap 

(2)�h� = B

(

h� − E
g

)n

(3)Eg =
1240

λg

Fig. 5  Tauc plots to extract the bandgap energy of  Ag2O in s4 (blue 
line) and Ag NPs (dashed red line) as a semiconductor
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energy [84]. The bandgap energy of s4 is decreased com-
pared to s6 and indicates the size of produced Au/Ag BNPs 
in s4, is increased.

4.3  Morphology studies

4.3.1  Electron microscope studies (TEM and FE‑SEM)

A transmission electron microscope (TEM) is regulated 
to obtain the micrograph of the NPs and demonstrate 
the spherical morphology of bulk gold, silver, and BNPs. 
Field emission scanning electron microscope (FE-SEM) 
analysis estimates the structure and morphology of the 
fabricated NPs. The spherical morphology also confirms 
the results of the TEM analysis. TEM and FE-SEM images 
show the average size and morphology of bulk gold and 
silver NPs (Figs. 6 and 7). The structure of BNPs accord-
ing to the two-step synthesis method and medium con-
ditions, can be divided into three branches: including 
dumbbell, core–shell, and alloy structures as illustrated 
in Fig. 8. With regard to TEM images (Figs. 9 and 10), it is 
clear that the atoms of Au are concentrated in the center, 

while the atoms of Ag are located around the gold atom. 
These phenomena illustrate the synthesis of a quasi-
homogeneous core–shell structure [21]. The synthesized 
BNPs system indicates random homogeneous shapes as 
a core–shell with the same atomic lattice. Similarly, the 
final morphology of nanostructures is dependent on 
forces, including the strength of the bond between Au/
Ag BNPs [89]. The cause of the high atomic number in 
gold as against silver  (ZAu = 79 >  ZAg = 47), attenuation of 
electrons from gold and silver atoms. In addition, high 
contrast of emission light from the surface of gold atoms, 
can be recorded in the spherical from of NPs with dark 
and light spots [31, 57, 58, 78]. Silver NPs are larger than 
gold NPs and the average size of Au/Ag BNPs increases 
by a different volumetric fraction from silver NPs. Accord-
ing to the report of Amikura and his colleagues, spheri-
cal NPs are formed in environments with a significant 
rate of oxygen, which is proved by SEM and TEM analysis 
[90]. In oxidized samples (s4 and s6), nano-scale particles 
with a fewer dumbbell structures are formed and more 
rounded edges are defined.

Fig. 6  Representative TEM images of AuNPs a and AgNPs b. c and d histogram showing the average size of AuNPs and AgNPs, respectively
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4.3.2  DLS studies

The size distribution of BNPs reflected in the hydrody-
namic diameter is determined by dynamic light scanning 
(DLS) with the drop-up colloidal-solution concentration of 
gold and silver NPs. By raising the silver concentration, the 
hydrodynamic radius of Au/Ag BNPs and their abundance 
with the bigger size amplifies is increased (Fig. 11). The 
hydrodynamic radius of gold and silver NPs is measured 
at 78.7–90.6 nm, respectively. Following the results of the 
bimetallic system the hydrodynamic radius of BNPs are in 
the vicinity of 92.4 nm, 100.2 nm, 105.4 nm, and 107.1 nm, 
respectively, and it is much larger than the size observed in 
TEM, FE-SEM and crystallite size obtained from XRD results 
(Fig. 12). As mentioned in the UV–Vis analysis, by increas-
ing the silver concentration and hydrodynamic radius, 
the retardation effects are shown more effective and the 
quadrupolar LSPR mode is observed under 400 nm [42, 
71]. When the size of NPs is increased, the quadrupolar 
mode also is appeared in lower wavelengths [21].

The average particle sizes of samples obtained from 
XRD, TEM, and FE-SEM images are shown in Table 5. DLS 

estimates compared to other analyses are higher, due to 
the agglomeration of Au/Ag BNPs in liquid media during 
the ablation by the fusion redispersion process [21, 52, 91]. 
The overlapping of electron–hole wavefunctions with the 
enhancement of the excitonic energy indicates how the 
particle behaves in a liquid based on NPs diffusion [92, 
93]. Another reason for the difference between TEM and 
DLS measures, is the core and shell have more interparticle 
attraction randomly because of the van der Waals during 
the dynamic conditions. Other objectives include the fol-
lowing plasmonic interactions, as well as interpositional 
repulsion as a result of electrostatic and steric interactions 
are other purposes [94]. A Summary of data about the 
hydrodynamic radius of Au/Ag BNPs is reported in Table 6.

4.4  FT‑IR studies

Fourier transform infrared spectroscopy (FT-IR) is offered 
to investigate the specific surface chemistries and pos-
sible active molecules responsible for the reduction and 
vibrations of atoms within a molecule of liquid gold, sil-
ver, and Au/Ag BNPs. For this reason, a spectrophotometer 

Fig. 7  SEM micrographs of Au and AgNPs samples dried on aluminum foil

Fig. 8  Schematic of BNPs structure depend on two-step synthesis method and medium condition. Dumbbell a, core–shell b, and alloy c 
structures
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Fig. 9  Representative TEM 
images of  AgAu2 a, AgAu b 
 Ag1.5Au c and  Ag2Au d. e to h 
histogram showing the aver-
age size of s1-s4 NPs, respec-
tively
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applied in the range between 400 and 4000  cm−1 for all 
samples, used in this research, and the fingerprint region 
(500–1500  cm−1) revealed specific properties of synthe-
sized NPs [7]. Attention to Fig. 13a, shows that Au and 
AgNPs have peaks with different intensities. On the other 
hand, the peaks associated with the samples containing 
 Ag2O (s4 and s6) and the functional groups involved in 
the oxidation process, are examined in the 400–4000  cm−1 
range (Fig. 13b). In addition, changes in bimetallic samples 
may be caused by shifts in interference between Au and 
Ag oscillation. Following, it can be seen that with increased 

concentration of silver, remarkable changes are seen in 
bimetallic structures (Fig. 13c) [95].

In the FT-IR spectrum (Fig. 13a), the broad peak between 
3200 and 3600  cm−1 belongs to the stretching vibration 
of O–H molecules. There are strong interactions between 
noble metal NPs and O–H molecules. The absorption band 
at 2480  cm−1 is observed only in the s4 which is oxidized 
and the concentration of silver is twice that of gold. Mol-
ecules of  CO2 in the ambient air are observed in the vicinity 
of 2080–1640  cm−1 associated with C = C bending vibra-
tion mode, which is attributed to carbon dioxide present 
in the atmosphere. The absorption band at 1240  cm−1 is 
caused by the hydrogen and non-hydrogen bonds of C–O 
stretching in a liquid medium. The peak at 1010  cm−1 is 
attributed to the stretching vibrations of C–O–H and C–O 
bonds [96]. The IR absorption bands at 2360  cm−1 in the 
spectrum correspond to the O–H stretching vibration [97]. 
The peaks of Au/Ag BNPs, illustrate the vibration proper-
ties of NPs at 719  cm−1. These specified functional groups 
could have been involved in reducing of the metal ions 
and donating electrons to the stability of NPs and helping 
to prevent their agglomeration. These compounds play a 
key role in the reduction, surface functionalization, and 
synthesis of Au/Ag BNPs [98–100] (Table 7).

Fig. 10  SEM micrographs of Au/Ag BNPs samples dried on aluminum foil

Fig. 11  The size of NPs obtained from DLS samples
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These absorption peaks agree with the study of Weng 
and co-workers investigating functionalized BNPs by using 
specific proteins [97]. Moshfegh and colleagues observed 
the same absorption peak for gold, silver, and Au/Ag BNPs 

in biological synthesis by amylase [101]. According to previ-
ous studies, the metal–oxygen stretching molecules were 
observed at 500–600   cm−1 [102]. Vinay and colleagues 
reported the band at 520  cm−1 that confirms the formation 
of  Ag2O [84]. Workneh Shume and co-workers observed 
the weak band at 588.29  cm−1 attributed to the Ag–O vibra-
tion [103]. In this study, the strength band is identified in 
the vicinity of 723–690  cm−1 assigned to the Ag–O vibra-
tion including water and  Ag2O (Fig. 13b and c). The displace-
ment of FT-IR spectral peaks relative to the O–H molecules 
is directly dependent on the  Ag+ redox reaction and the 
formation of Au/Ag BNPs [97]. Figure 13c seen sharp peak 
belonging to silver NPs are more intense than those from 

Fig. 12  DLS plots of Au/Ag BNPs produced by laser ablation technique

Table5  The size of BNPs 
obtained from XRD, TEM and 
DLS analysis

Sample (#) Size (nm)

XRD TEM DLS

s1 16 9 92.4
s2 22 18 100.2
s3 28 23 105.4
s4 32 34 107.1

Table 6  Hydrodynamic 
radius of Au/Ag BNPs and 
monometallic gold and silver 
NPs

Sample (#) s1 s2 s3 s4 s5 s6

Hydrodynamic radius (nm) 92.4 100.2 105.4 107.1 78.7 90.6
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AuNPs. The intense peak of the AgNPs shows a larger effect 
of capping silver compared to AuNPs [98]. Also, the decrease 
in the height of the OH stretch peaks in s3 compared with 
other samples can be attributed to the interactions between 
Au/Ag BNPs and OH groups of  H2O molecules and the 
reduction of the capping effect on silver due to the sudden 
increase in the Ag concentration ratio [104].

4.5  Photoluminescence (PL) spectrum

This work investigates the photoluminescence (PL) proper-
ties of Au/Ag BNPs in DIW with different volumetric ratios of 
AgNPs. PL measurement is regulated at room temperature 
with an excitation wavelength of 300 nm and the form of 
the PL peak is independent of the excitation wavelength. If 
only the volumetric fractal of silver NPs and the interaction 
between gold and silver NPs is increased, the intensity of PL 
peaks is enhanced. The redshift is identified by the interface 
interaction between gold and silver NPs, which is interfered 
with in terms of the LSPR of the Au/Ag BNPs because of the 
change in the size and the shift of the photoluminescence 
spectrum. Moreover, the broad and intense peak for Au/Ag 
BNPs with various crystalline sizes is observed. In the ultra-
violet area, the peak of AuNPs is more significant than in 
other samples due to the plasmonic resonance effect. Since 
the plasmon resonance spectra of gold NPs strongly depend 
on the particle sizes, the luminescent enhancement is also 
dependent on the particle sizes. Moreover, gold NPs show 
the local electric field due to the LSPR effect. While the laser 
beam irradiates on the surface of the gold target, the LSPR of 
the gold NPs is excited and the electromagnetic field around 
the NPs is increased. As a result, photoluminescence absorp-
tion also grows.

The PL study is an effective technique for characterizing 
charge carrier separation efficiency in p-type semiconduc-
tors (in s4 and s6). It is seen that their PL intensity in the 
visible region is changed. In the visible region, the most 
substantial peak belongs to AgNPs which occur because of 
electron–hole recombination [33]. In s1-s3 the ratio concen-
tration of AgNPs is below the fraction ratio threshold, and 
 Ag2O is not detected. In this case, charges from the surface 
of gold atoms are transferred without any obstacle to sil-
ver NPs and lead to decreasing the recombination between 
oxygen molecules and AgNPs in the ablation medium [105, 
106]. By over the concentration threshold,  Ag2O in s4 is pro-
duced that confirmed by the XRD technique. The silver NPs, 
especially in s4 and s6 with exposure to a liquid medium, 
is reduced and turned into a semiconductor. Generally, in 
s4 and s6 during the ablation process, due to interaction 
between AgNPs and oxygen molecules, with the lowest 
probability  Ag+ are placed in substitutional Au + or inter-
stitial positions and create more minor lattice defects. This 
leads to less electron–hole recombination and increasing 
visible emissions [107, 108].

Fig. 13  Fourier transform infrared (FTIR) spectrum Au/Ag BNPs a, 
synthesized s4 and bulk AgNPs b and Au and AgNPs c with second 
harmonic irradiation

Table 7  Chemical bonds 
in different wavelength for 
synthesized monometallic 
gold and silver NPs and Au/
Ag BNPs

Chemical bonds O–H O–H C = C C = O C–O C–O–H
C–O

C–H

Wavelength  (cm−1) 3290 2360 2080 1640 1240 1010 719
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Figure 14 illustrates several PL absorptions of Au/Ag 
BNPs in the range of 360–560  nm that are elicited by 
532 nm laser and show efficient shifts because of the solid 
LSPR coupling and interband transition. There are mainly 
eight peaks: the first is located between 365 and 380 nm; 
the second is around 420–430 nm; the third is in the vicin-
ity of 443–455 nm; the fourth is around 457–473 nm; the 
fifth is in the range of 480–495 nm; the sixth is between 
503 and 520  nm; the seventh is nearby 525–540  nm; 
and the last is between 543 and 554 nm. Whether or not 
the height of the PL peak becomes stronger and more 
intense, the crystallite size of Au/Ag BNPs becomes big-
ger. In addition, agglomeration and adhesion lead to more 
interface in the bimetallic systems, resulting in increased 
PL absorption of samples. Several peaks in the photolu-
minescence spectra of Au/Ag BNPs are observed in the 

range of 365–380  nm (~ 3.3  eV), which present a red-
shift and noticeable increase from s1 to s4, respectively. 
In other work, broad blue luminescence peaks around 
360 nm (~ 3.5 eV) are reported for gold and silver NPs [47]. 
There are other peaks in the photoluminescence spectra 
of Au/Ag BNPs in the ranges of 415–435 nm, which are 
redshifted and their height of them may be influenced by 
the enhancement of interactions between Au/Ag BNPs 
due to the increase of the volumetric ratio of AgNPs and 
emission intensity. Similar research about synthesizing 
gold and silver NPs recognized the same peaks in the 
vicinity of 425 nm (~ 2.91 eV) for gold NPs and 420 nm 
(~ 2.95 eV) for silver NPs, respectively [47]. Recently, Zaka-
ria et al. reported the same emission (above the energy 
of the AgNPs bandgap) around 2.95 eV (420 nm), which 
shows a wide peak for silver nano-flowers [23]. The bands 

Fig. 14  Photoluminescence 
Spectrum of the Au, AgNPs 
and Au/Ag BNPs a Magnified 
wavelength range of 360 nm 
to 385 nm b 
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corresponding to 440–470 nm transition are identified in 
the spectrums of the samples containing the Au/Ag BNPs. 
The peak of s1 is very close to the photoluminescence 
band of s6. In other work, LSPR excitation for individual 
silver NPs is found around 422–455 nm (~ 2.93–2.72 eV) 
which is redshifted [47]. In some research about PANI-
nanowire-Au nano-composites, a peak appeared near 
460 nm (~ 2.69 eV) [105]. The intense and strong peaks are 
identified in a range of 480–490 nm (~ 2.55 eV) and note 
that the plasmon peaks illustrate blueshift with increasing 
crystallite size. The recognized blueshift in the plasmon 
absorption peak may be attributed to the quantum size 
effects in the silver NPs. A growth trend in the crystalline 
size can be observed with increasing the volumetric ratio 
of silver NPs. The optical coupling between this core–shell 
structure shows a blueshift behavior, when the AuNPs 
electromagnetic field interacts with AgNPs and the dielec-
tric is changed. Observing soft peaks from 505 to 520 nm 
(~ 2.45–2.38 eV), present that if the grain size of BNPs is 
decreased, the pretend of optical coupling between Au/
Ag BNPs and PL peak are disappeared [66]. In research 
about gold NPs on porous silicon, is observed a weak and 
broad peak is nearby 515 nm (~ 2.4 eV) [106]. Other PL 
spectrum reveals during 527–540 nm (~ 2.35–2.29 eV) 
which is reported in another work by R. Zakaria et al. in 
the vicinity of 535 nm (~ 2.31 eV). The last weak peak that 
is observed in the region of 543–554 nm (~ 2.28–2.23 eV), 
also is recorded for gold and silver nano-flowers during 
550 nm (~ 2.25 eV) [23].

5  Summary and conclusion

In the present study, we have successfully used a laser 
ablation technique for the preparation of Au/Ag BNPs with 
alloy and core–shell structures. It has been observed that 
the volumetric concentration of the gold and silver NPs 
is affected by the optical properties of the Au/Ag BNPs. 
All applied analyses agree with the reported results for 
grain size, morphology, chemical composition, functional 
groups, and optical properties. The study revealed that the 
silver concentration and laser wavelength in the synthesis 
of Au/Ag BNPs, cause increased of crystalline structure and 
grain size, and thus the reduction  Ag2O.

One of the goals of this research is to synthesize plas-
monic Au/Ag BNPs and increase the stability of silver 
in the compounds. The synthetic method used in this 
research controls the toxicity and reactivity of silver as 
NPs with high antimicrobial capacity. The cytotoxicity of 
silver NPs can be described on the basis of oxidative dam-
age by the generation of free radicals. The non-toxic and 
ecological character of Au/Ag BNPs can be attributed to 
the molecules responsible for reduction and stabilization. 

Explain the mechanism of the anti-microbial action of sil-
ver, contributed to the large surface area of AgNPs and 
the positively charged  Ag+ around the BNPs. Increasing 
the accumulation of  Ag+ in the s1-s3, when the BNPs are 
not oxidized and the toxic compound is not created, is 
the best option for the microbicide in food packaging. In 
addition, it is shown that all samples illustrate significant 
electromagnetic fields from dipole plasmon resonances in 
visible ranges. Since there are no quadrupole plasmonic 
resonances in the ultraviolet region for s4-s6, minimal 
improvement is recorded. This conclusion shows that 
even beyond a silver concentration threshold, at different 
wavelengths the amount of dispersion and the plasmonic 
behavior of metal NPs are different.

These results denote current bimetallic samples and 
may be applied to nano-biosensors to detect different 
kinds of proteins. In addition, as Au/Ag BNPs contain-
ing silver are the most important in the food packaging 
industry, the next step would be to study the antibacterial 
responses of Au/Ag BNPs. By introducing the synthesized 
bimetallic system into the polymer matrix and forming of 
the nanocomposite, it is possible to supply the basic nano-
materials necessary for packaging.
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