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Introduction

Recently, the development of simple methods to pre-
pare nano-sized particles has drawn significant attention 
because of their promising applications in unusual size-
dependent properties. The synthesis of nanoparticles has 
been followed intensively not only because of their funda-
mental scientific benefits, but also for many technological 
applications [1]. So far, the biosynthesis of nanoparticles 
has received considerable attention due to a growing need 
to develop environment-friendly techniques in material 
synthesis. The green synthesis provides advantages for 
physical and chemical methods, as it is environmentally 
friendly, cost-effective and easily scaled up for large-scale 
synthesis where there is no need to use high pressure, 
energy, temperature treatment and hazardous chemicals 
[2–4]. Metal nanoparticles show unusual behavior com-
pared to bulk metals, because of their extremely small 
size and large specific surface area [5–7]. In particular, the 
bimetallic nanoparticles which are regarded as an interest-
ing area of research are found to have excellent activities 
compared to those of pure metal nanoparticles on catalysis 
applications, surface plasma band energies and magnetic 
materials [8–13]. From the technological and scientific 
points of view, the bimetallic nanoparticles are composed 
of two different metal elements which are more appro-
priate and efficient than the monometallic nanoparticles 
where the synergistic effect is expected [14–16]. Consid-
ering the diverse structural aspects, it is important to con-
trol the homogeneity, dispersion and alloying extent, as 
they each have a profound influence on surface properties 
affecting stability and catalytic activity of the bimetallic 
nanoparticles [17–19]. There are two main types of bime-
tallic nanoparticles called core–shell and alloyed nano-
particles. The core–shell bimetallic nanoparticles have 
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unique catalytic, optical and electronic properties different 
from those of corresponding monometallic particles and 
alloyed nanoparticles [20–22]. Also, they have important 
biological applications in DNA sequencing, SERS, etc., 
[19, 23]. Several methods have been developed for fabri-
cation of the bimetallic nanoparticles. For example, suc-
cessive reduction [24] and reduction of co-complexes [25] 
co-reduce metal ion precursors with alcohol [26], citrate 
[27], borohydride [28], hydrazine [29], etc. Other synthe-
sis methods such as sono-chemical [29, 30], hydrothermal 
[31] and laser ablation [32] methods are also considered. 
Although a lot of work has been done on the fabrication 
of noble metal alloys, there are only a few reports on the 
bimetallic nanoparticles of palladium with silver [33–39]. 
On the other hand, the synthesis and fabrication of bime-
tallic nanoparticles would benefit from the development 
of clean, nontoxic and environmentally acceptable ‘‘green 
chemistry’’ procedures, probably involving organisms 
ranging from bacteria to fungi and plants. In this study, we 
explored for the first time the potential of a non-pathogenic 
biological system for the biosynthesis of Ag–Pd bimetallic 
nanomaterials. To the best of our knowledge, there are no 
other reports on the reduction of aqueous metal ions from 
Astraglmanna or any other manna for preparation of bime-
tallic nanoparticles.

Ag/Pd bimetallic nanoparticles (random alloy or core–
shell structures) have been the center of attention in this 
case. These systems were found to act as selective hydro-
genation catalysts [40, 41] and also showed successful 
application as a novel activator for electron-free copper and 
Ni deposition [42, 43]. In addition, the Ag/Pd bimetallic 
nanoparticles alloy is employed industrially as an H2 purifi-
cation membrane [44].

Being motivated by these aspects, we became interested 
in studying the Ag/Pd bimetallic nanoparticles and suc-
ceeded in introducing a novel and simple method for bio-
logical synthesis of AgcorePdshell bimetallic nano-sized par-
ticles for the first time. In the current study, first, Ag–Pd 
core–shell nanostructures were successfully deposited in an 
environmentally friendly way to stabilize and reduce them 
via a green route by applying the reduction method of sil-
ver (I) ions with an aqueous extract derived from Astragl-
manna as a non-toxic and eco-friendly material. Next, an 
aqueous extract of soaproot (Acanthe phylum bracteatum) 
was used as a stabilizer agent. Finally, palladium (II) ions 
were added to perform the galvanic replacement reaction. 
This motivated us to deposit the possible bio-reduced ions 
of silver into the nanoparticles.

The word “manna” has generally been used to describe 
saccharine exudations from a number of different plants 
belonging to various families. Astraglmanna (Gaz-angabin 
or Astragalus adscendens) is a sweet liquid with pharma-
ceutical benefits that is depleted by Psylloidea insects after 

they nourish on the Quercus castaneifolia plant extract. It 
is free of nitrogen, sulfur, tannin, alkaloids and halogens 
[45, 46].

The structure and morphology of synthesized bimetal-
lic nanoparticles were characterized by UV–visible spec-
troscopy (UV–Vis), X-ray diffraction (XRD), transmission 
electron microscopy (TEM) and scanning electron micros-
copy with an energy-dispersive X-ray spectroscopy (SEM–
EDX) and Fourier transform infrared spectroscopy (FTIR) 
analysis.

Materials and methods

Materials and reagents

Silver nitrate (AgNO3 99.8 %) was purchased from Merck 
(Darmstadt, Germany). Palladium (II) chloride (PdCl2) 
as the source of palladium ions was received from Fluka. 
Concentrated HCl was purchased from Merck (Darm-
stadt, Germany). Distilled de-ionized water (DW) was used 
throughout the reactions. The Astraglmanna and soaproot 
(Acanthe phylum bracteatum) were used to make extracts.

Preparation of biomass

First, the soaproot extract was prepared by taking 5 g of 
thoroughly washed plant material to a 250-mL Erlenmeyer 
flask with 100 mL of de-ionized water. Next, the mixture 
was boiled for 20 min in an oil bath at 80 °C. After that, 
the mixture was filtered and centrifuged at 8000 rpm for 
60 min. Then, Astraglmanna was collected and powdered 
to obtain the extract of manna. Later, about 5 g of manna 
was transferred into a 150-mL beaker containing 100-mL 
DW. The mixture was then boiled for 15 min in an oil bath 
at 80 °C. Finally, the mixture was stirred for 30 min at the 
same temperature and then filtered and centrifuged.

Synthesis of Ag–Pd bimetallic nanoparticles

To prepare AgcorePdshell bimetallic nanoparticles, first, 
20 mL of freshly prepared extract of Astraglmanna was 
added to 100 mL of 1 mM aqueous solution of silver 
nitrate and kept in a water bath at 75 °C for 15 min. Next, 
20 mL of the prepared extract of soaproot was added to 
the mixture and incubated in a rotary shaker for 2 h under 
dark conditions. After that, an appropriate amount of 
1 mM aqueous solution of palladium chloride (2, 5, 10, 
15 mL) was gradually added to a stirred solution of Ag 
nanoparticles at room temperature (the samples prepared 
from the aqueous solution of AgNO3/PdCl2 mixture 
are in molar ratios of 100:2, 100:5, 100:10 and 100:15, 
respectively). Then, the resulting bimetallic nanoparticles 
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were filtered and washed three times with DW. Finally, 
the powder was dried at 150 °C for 2 h in an oven. Also, 
for comparison, the Pd nanoparticles were produced 
through a method similar to the synthesis of Ag nanopar-
ticles [47].

Particle characterization

The size, morphology and dispersion of the AgcorePdshell 
bimetallic nanoparticles were manifested and analyzed by 
transmission electron microscopy (TEM). These images 
were taken by a Philips EM 208 electron microscope at 
100 keV. The samples for TEM were prepared by plac-
ing known drops of aqueous suspension after being ultra-
sounded on carbon-coated copper grids and allowing water 
to be evaporated completely prior to measurement. The 
UV–Vis absorbance spectra of the monometallic and bime-
tallic nanoparticles suspensions were recorded on a dou-
ble beam, T80+ UV–Vis spectrophotometer PG (China) 
with 1-cm quartz cells by using wavelength between 300 
and 800 nm at a resolution of 5 nm. A scanning electron 
micrograph (SEM) was recorded for the further charac-
terization and morphology of the bimetallic nanoparticles 
using a Philips XL-30 electron microscope operating at 
30 kV and equipped with an energy-dispersive X-ray spec-
trometer (EDX). The X-ray diffraction (XRD) of the bime-
tallic nanoparticles was determined using X-ray diffrac-
tometer (XRD; Philips PW-180, Germany) operating at a 
voltage of 40 kV with Cu Kα (1.5418 Å) radiation. Freeze 
drying of the samples for SEM and XRD tests was carried 
out using an ALPHA 1-4 freeze dryer (CHRIST, Germany) 
under vacuum conditions at −50 °C for 40 h. The Fourier 
transform infrared spectroscopy (FTIR) analysis was inves-
tigated using Thermo Nicolet-Nexus® 670 FTIR instru-
ment (USA) in the transmittance mode between 400 and 
4000 cm−1.

Results and discussion

For the synthesized bimetallic nano-sized particles, the 
UV–Vis spectrum is a useful and simple tool to define the 
nanostructure as a core–shell or mixed alloys structure. In 
general, if the outer layer is pure metal and substantial, the 
characteristic SPR band presenting the outer metal will be 
considered more [48].

Figure 1 shows the UV–Vis spectra of the metallic 
nanoparticles with different initial molar ratios of Ag/Pd. 
Theoretically and according to Mie theory [48], a surface 
plasmon resonance (SPR) band of monometallic Ag nano-
particles at 435 nm and the absence of SPR band of mono-
metallic Pd NPs from 300 to 800 nm are consistent with 
previous reports [47]. In Fig. 1, a distinct band is observed 

at 435 nm for Ag colloid that must be due to localized sur-
face plasmon resonance (LSPR) excitation of Ag nanopar-
ticles. It is notable that this band is gradually weakened 
without any shift or distortion as Pd is added to form Ag/
Pd (100:2), Ag/Pd (100:5), Ag/Pd (100:10) and Ag/Pd 
(100:15) nanoparticles. The UV–Vis absorption is not seen 
at all of the pure Pd colloids.

Through increasing concentration of palladium ions 
in bimetallic nanoparticles, the silver peak at 435 nm is 
reduced and, eventually, no distinct absorption peaks are 
observed in the optimal molar ratio of Ag/Pd (100:15). It is 
plausible that Pd atoms dominate and enrich the prepared 
Ag/Pd nanoparticles surface. UV–Vis spectra of metallic 
nanoparticles indicate the formation of AgcorePdshell bime-
tallic nanoparticles. The same results have been reported by 
other researchers as well [49, 50]. Therefore, according to 
the UV–Vis results, it seems that to obtain the core–shell 
structure of the Ag/Pd nanoparticles by this method, the 
optimal molar ratio of Ag/Pd is 100:15.

The crystalline structure and phases of the samples 
were determined by X-ray diffraction (XRD) analysis. 
The XRD patterns of the biosynthesized Ag–Pd bimetal-
lic nanoparticles with molar ratio of 100:15 are shown in 
Fig. 2b and for comparison. The XRD pattern of the mon-
ometallic Pd and the Ag nanoparticles is also displayed 
in Fig. 2a, c, respectively. In Fig. 2c, the peaks of the Ag 
monometals appeared at 2θ values of 37.7839°, 44.0117° 
and 64.3421°, corresponding to diffraction planes (111), 
(200) and (220) from standard Inorganic Crystal Struc-
ture Database (ICSD) card (01-087-0597). In Fig. 2a, the 
characteristic peaks of the produced powder appeared 
at 2θ values of 38.5588° and 65.1190°, corresponding to 
diffraction planes of the Pd phase (111) and (220) from 

Fig. 1  UV–visible spectra of biosynthesized Ag nanoparticles, Pd 
nanoparticles and bimetallic nanoparticles with different initial molar 
ratios of Ag/Pd (100:2, 100:5, 100:10, 100:15)
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standard ICSD card (01-087-0637), and 2θ: 47.1494° cor-
responding to diffraction planes of Pd nanoparticles (200) 
that belong to the standard ICSD card (01-087-0645). It is 
clear that the diffraction line of Ag–Pd bimetallic nanopar-
ticles appeared at 2θ values between the Ag and Pd nano-
particle lines. So, in Fig. 2b, with addition of palladium 
ions to Ag nanotemplates, all the angles relating to planes 
(111), (200) and (220) were diverted toward the larger 
angles of 38.0627°, 44.1239° and 64.3608° compared to 
the Ag nanotemplates indicating the formation of Ag/Pd 
bimetallic structure. As seen in Table 1, the lattice constant 
of the Ag–Pd bimetallic nanoparticles increased compared 
to that of Pd nanoparticles, which is between Ag and Pd 
nanoparticles resulting from surface stress. Similar results 
were also observed by other authors [39, 50]. Furthermore, 
as shown in Fig. 2b, the peak intensities almost increased 
in all the angles by addition of palladium to silver (Ag/Pd 
100:15).

This increase in peak intensity shows that the crystalli-
zation of Ag/Pd nanoparticles has increased as well. Pd and 
Ag monometallic nanoparticles and Ag–Pd bimetallic nan-
oparticles have a face-centered cubic (fcc) structure and a 
space group: Fm3 m. Regarding the XRD data (Fig. 2), the 
crystallite size (D) of the prepared particles was calculated 
using the Debye–Scherrer equation:

where β is the breadth of the observed diffraction line at 
its half-intensity maximum (FWHM), K is the so-called 
shape factor, which usually takes a value of about 0.9, and 
λ is the wavelength (1.5418 Å) of the X-ray source used in 
XRD [51]. The average crystallite size of nanoparticles was 
calculated in diffraction planes (111), (200) and (220). As 
seen in Table 1, the average crystallite size of Ag–Pd bime-
tallic nanoparticles with molar ratio of Ag/Pd 100:15 is 
lower than the Ag and Pd nanoparticles and is about 11.43, 
14.4 and 14.37 nm, respectively. Also, the Joint Commit-
tee Powder Diffraction Standard (JCPDS) data of silver 
(No. 04-0783) and palladium (No. 46-1043) have also been 
given for comparison. The diffraction peaks of Ag and Pd 
nanoparticles accorded well with the JCPDS data.

The surface morphology and the chemical composition 
of the AgcorePdshell bimetallic nanoparticles in molar ratios 
of 100:15 were investigated by scanning electron micro-
copy (SEM) at different magnifications with an energy-
dispersive X-ray spectroscopy (EDX) (Fig. 3). As seen in 
Fig. 3a, b, the particles are spherical, very uniform in shape 
and dispersed. The chemical composition of the obtained 
Ag–Pd nanoparticles was determined by energy-dispersive 
X-ray analysis (EDX) as shown in Fig. 3c. The obtained 
strong signal in the silver and palladium region confirms 
the formation of bimetallic nano-sized particles.

The TEM images of the Ag nanoparticles and the 
AgcorePdshell bimetallic nanoparticles prepared in the molar 
ratios of 100:15 are shown in Fig. 4a, b, respectively. As 
shown in Fig. 4a, b, the particles of Ag and bimetallic Ag/
Pd nanoparticles prepared by the same method are spheri-
cal, which correspond to SEM. From the TEM images, the 
green synthesized Ag nanoparticles and the AgcorePdshell 
bimetallic nanoparticles include nanometric particles which 
are very small in size with a diameter of about 9–60 and 

(1)D =

K�

βCOSθ
,

Fig. 2  X-ray diffraction pattern (XRD) of the biosynthesized palla-
dium nanoparticles (a), Ag–Pd bimetallic nanoparticles (b) and Ag 
nanotemplates (c). Bulk Ag and Pd from the Joint Committee Powder 
Diffraction Standard (JCPDS) were also included for comparison

Table 1  Results of the XRD analysis

Sample 2θ of planes at Lattice constant  
(Å)/(111)

Crystallite size (nm) Average crystallite  
size (nm)

(111) (200) (220) (111) (200) (220)

Ag 37.7839° 44.0117° 64.3421° 4.1240 13.8 13.4 16 14.4

Pd 38.5588° 47.1494° 65.1190° 4.0516 11.2 22 9.9 14.37

Ag/Pd (100:15) 38.0627° 44.1239° 64.3608° 4.0950 14.1 10.2 10 11.43
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Fig. 3  SEM images (a, b) and 
EDX (c) analysis of the pre-
pared Ag–Pd bimetallic NPs

Fig. 4  TEM images (a, b) 
and schematic of controlled 
particle size reduction of Ag–Pd 
bimetallic nanoparticles in the 
galvanic replacement reac-
tion between PdCl2 and Ag 
nanoparticles in the presence of 
soaproot extract (c)
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5–35 nm, respectively. In the galvanic replacement reac-
tion, it has been previously reported by the authors [52, 53] 
that addition of metal ions to metal nanoparticles dissolves 
a part of metallic nanotemplate and changes the initial mor-
phology and size of the nanotemplate. A typical example 
for this case is the addition of HAuCl4 to Ag nanocubes 
[54].

Wang et al. [54] showed that when HAuCl4 is added, 
a small pit is formed on the surface of the Ag nanocubes 
and changes their morphology. Also, they observed that 
the size of the nanoparticles increases to about 10–20 % 
over the initial cubic size. On the contrary, in our green 
synthesis, we found that the size of the Ag nanotemplate 
reduces when PdCl2 is added to it, but the morphology of 
the Ag nanoparticles does not change after adding PdCl2 
and retains its spherical shape. This decrease in size of the 
Ag nanoparticles in the AgcorePdshell bimetallic nanoparti-
cles was controlled well by the soaproot extract. Also, the 
unchanged morphology of the Ag nanotemplate after add-
ing Pd2+ ions could be attributed to the presence of the 
extract on the nanotemplate. Figure 4c shows the schematic 
controlled particle size reduction of the Ag–Pd bimetallic 
nanoparticles in the galvanic replacement reaction between 
PdCl2 and the Ag nanoparticles in the presence of the bio-
mass extract. It can be seen that the soaproot extract, which 
is placed over the Ag nanoparticles, creates a spatial bar-
rier and controls the dissolution of the Ag nanoparticles. 
As a result, the galvanic replacement reaction between 
PdCl2 and the Ag nanoparticles in the presence of the 
extract causes the formation of hollow Ag nanoparticles to 

be inhibited. We anticipate that the two layers of silver are 
consumed for one layer of palladium ions and eventually 
the bimetallic Ag/Pd nanoparticles are created smaller than 
the single-metal Ag nanoparticles. The mean diameter of 
the nanoparticles was calculated by averaging roughly 20 
particles. The results indicate that the mean diameter of the 
Ag nanoparticles and the AgcorePdshell bimetallic nanoparti-
cles are about 30 and 15 nm, respectively.

To confirm the information from the pure bimetallic 
nanoparticles and distinguish the different groups based 
on biomass, FTIR spectra were applied (Fig. 5). Figure 5a 
shows the FTIR spectra of the Ag nanoparticles covered 
by the soaproot extract before adding PdCl2. Figure 5b is 
related to the FTIR spectra of the bimetallic Ag–Pd nan-
oparticles after drying at 150 °C. Before adding PdCl2, 
the FTIR spectrum (Fig. 5a) contained a broad band at 
3425.91 cm−1 due to H2O stretching vibration, indicating 
the existence of water absorbed in the sample. The bands 
centered at 2923.59 and 1023.80 cm−1 are related to vibra-
tion of C–H and O–C bands, representing the stretching 
vibration of carboxyl and alkyl groups of Ag-covered and 
soaproot extract, respectively. Also, the peak located at 
about 1702.59 cm−1 is related to the stretching vibration of 
carboxyl group (COO−) and 1612 cm−1 to C=O rocking 
vibrations of the organic amide. In Fig. 5b, the disappear-
ance of the bands after adding and drying PdCl2 indicates 
the complete removal of the soaproot extract by heating at 
150 °C and confirms the formation of the highly pure bime-
tallic Ag–Pd nanoparticles, which is in good agreement 
with XRD.

Conclusions

The development of simple methods to prepare nano-sized 
particles has drawn significant attention because of their 
promising applications in unusual size-dependent prop-
erties. In this study, we reported a novel, green and cost-
effective synthesis approach of the bimetallic Ag–Pd nan-
oparticles with a core–shell structure with small particle 
size. The AgcorePdshell bimetallic nanoparticles were fabri-
cated by a galvanic displacement reaction. Several samples 
with different Ag/Pd molar ratios (100:2, 100:5, 100:10 and 
100:15) were prepared. The sample with Ag/Pd in molar 
ratio of 100:15 was chosen as optimal molar ratio and char-
acterized by a variety of standard analytical techniques. 
The UV–Vis results showed that through increasing con-
centration of palladium ions in bimetallic nanoparticles, the 
LSPR of silver nanoparticles is reduced and finally disap-
peared in the optimal conditions. The FTIR results showed 
that the obtained bimetallic AgcorePdshell nanoparticles were 
pure, and the XRD patterns confirmed that preparation of 
nanocrystallized bimetallic particles with fcc structure have 

Fig. 5  FT-IR spectra of Ag nanoparticles covered by the soaproot 
extract (a) and Ag–Pd bimetallic nanoparticles after drying (b)
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an average crystallite size of about 11.43 nm. The SEM 
micrographs showed that the bimetallic nanoparticles are 
spherical and uniform in shape with no agglomeration. In 
addition, TEM studies revealed that after adding PdCl2 to 
Ag nanotemplate covered by the soaproot extract, the aver-
age size of particles reduced from 30 to 15 nm with no 
change in morphology of the particles.

This work offers a simple and eco-friendly method for 
green synthesis of the monometallic and bimetallic nano-
particles with very small particle and crystal size. Follow-
ing this method, their shape and morphology are under 
control for different applications.
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