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Abstract
In this research, a theoretical and experimental study of bimetallic gold and platinum nanoparticles is reported. From the 
green synthesis approach, a combination of rongalite with sucrose is used as a reducing and stabilizing agent. Nanoalloys 
(Au@Pt) and Pt-core/Au-shell nanoparticles were obtained according to the synthesis process used, and the optical response 
was analyzed. For nanoalloys, two absorption bands were associated with localized surface plasmon resonances. These were 
located at 300 nm and another between 350 nm and 365 nm, respectively. For core/shell type nanoparticles, an absorption 
band centered at 530 nm was observed. The images obtained by transmission electronic microscopy (TEM) confirmed the 
presence of quasi-spherical nanoparticles with core/shell type configurations. Numerical calculations of the cross sections for 
a Pt-core/Au-shell nanoparticle with spherical geometry was used to establish a comparison with the experimental absorption 
in the ultraviolet-visible (UV–Vis) spectrum. Complementary, the TEM images and chemical analysis by energy dispersive 
spectroscopy (EDS) showed the presence of core/shell type nanoparticles.

Keywords Bimetallic nanoparticles of au@pt · nanoalloys · core/shell nanoparticles · cross sections

Introduction

The study of bimetallic nanoparticles (NPs) has become 
relevant within the interest of researchers since they present 
new optical  properties1, 2 and can be used in  catalysis3–5, 
among others, compared to monometallic particles. This has 
been achieved through the generalization of Mie’s theory 
extended to a core/shell nanoparticle (NP) developed by 
Aden and  Kerker5. In this sense, several works have focused 
on understanding the interaction of electromagnetic waves 
with core/shell systems as spherical symmetry. Nomura and 
Takaku 6 have studied the propagation of electromagnetic 
waves in an inhomogeneous medium by using the rigorous 
solution of Maxwell’s equations. This led to the description 
of electromagnetic waves propagation across the atmosphere 
(it was treated like many concentric spheres). This same 
model was applied to water drops in a cloud, with core/shell 
configurations on carbon particles as the core of the drop. 
The generalization of the scattering effects and electromag-
netic plane wave by a core/shell NP with spherical sym-
metry was performed by Wait for any number of concentric 
 regions7. One of the first studies with computational support 
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for the optical properties of core/shell particles was carried 
out by Fenn and  Oser8. In this sense, several investigations 
have been developed, e.g.,  Fen8 found that when the radius 
of a core is small compared to the outer radius of the NP, 
the optical properties are almost entirely determined by the 
excitation of localized surface plasmon resonances (LSPR) 
on the shell surface. Espenscheid et al.9 showed that the 
structure of such nanoparticles can be determined by analy-
sis of electromagnetic radiation scattering data.  Kattawar10 
has applied Mie’s theory to study the electromagnetic scat-
tering of coated poly-disperse spheres, by considering dry 
and wet aerosols, as well as water-coated spheroidal core. 
Gold and silver core/shell configurations have been the 
most studied, as well as either of these metals combined 
with a dielectric core. Several works focus on the proper-
ties of bimetallic nanoparticles of Au-core/Pt-shell, e.g., 
their optical  resonance11. Experimental works have focused 
on designing core/shell configurations with the purpose of 
studying optical, electrochemical, and other properties com-
pared to monometallic systems. However, to design perfect 
core/shell configurations remains a challenge today. Lapp 
et al.12 with an electrochemical approach tried unsuccess-
fully to deposit platinum monolayers on a gold core to study 
their structural properties. Nevertheless, they obtained NPs 
smaller than 2 nm of diameter with an optical response in 
the UV-Vis absorption spectrum presenting two bands with 
maxima around to 220 nm and 500 nm. These are associated 
with LSPR for platinum and gold, respectively. The study 
developed by Yang et al.13 reported that the order in which 
the NPs are synthesized influences in the formation of the 
nanostructures leading in some cases to a simple physical 
mixture of the elements. Zhang et al.14 showed that Au-core/
Pt-shell nanoparticles have a high catalytic activity com-
pared to platinum NPs. They attributed this to gold core 
electrons attracting platinum electrons, causing a deficiency 
of electrons in the shell to promote substrate adsorption with 
the polar carboxyl groups. In previous research, we reported 
the synthesis of Au@Cu nanoparticles under ambient condi-
tions by using the combination of rongalite and sucrose as 
reducing and stabilizing agents,  respectively15.

In this work, we report the synthesis of Au@Pt nanoal-
loys and Pt-core/Au-shell type structures. Additionally, by 
using the generalized Mie’s theory we present numerical 
calculations of the extinction and scattering cross sections 
separately of a Pt-core/Au-shell NP, gold sphere, platinum 
sphere embedded in a dielectric medium with refractive 

index equal to water (n = 1.33). Furthermore, a comparison 
study between the UV–Vis absorption spectrum of the Pt-
core/Au-shell NPs and the cross sections calculate with the 
generalized Mie’s theory, was carried out.

However, experimental designs involving environmen-
tally friendly methods to obtain stable bimetallic configura-
tions remain a huge challenge today. Therefore, the research 
aims to provide an effective method for nanoparticle syn-
thesis that allows the study and correlation of the optical 
properties of absorption.

Materials and Methods

The ion precursors  Au3+ and  Pt4+ were obtained from 
 [HAuCl4·3H2O] and  [H2PtCl6·(H2O)6] salts, respectively 
(Sigma-Aldrich Co.). All precursors were prepared with a 
molarity of 0.01 M in an aqueous solution. Two different 
methodologies were used. For the first case, we consider 
the methodology reported in previous  work15 to obtain Au@
Pt nanoalloys. Additionally, to obtain Pt-core/Au-shell, the 
precursors of  Pt4+ ions were grown during 18 h to conform 
the platinum-core; subsequently, the precursors of  Au3+ ions 
and 0.1 ml of formula  T15 solution was added to obtain gold-
shell. In this case, the volume ratios of precursors of ions 
 Pt4+ and  Au3+ were 5:1, respectively (see Fig. 1 bottom). In 
the Fig. 1 we show the synthesis process used in this paper 
to obtain the nanoparticles.

Numerical Details

The level theory used in this work to study the diffraction 
of an incident monochromatic electromagnetic plane wave 
with a core/shell nanoparticle with spherical symmetry 
was reported by Aden and  Kerker5, which correspond to an 
extension of Mie’s theory.

We developed a computer code for the calculations of the 
optical properties based on the generalized Mie’s theory. It 
was necessary because we calculate the near electric field 
generate by the core/shell nanoparticle and the spectral 
response for absorbing material. This is not found on the 
 BHCOATED16 (these results are not shown in this paper).

The electromagnetic fields are expressed in their multipo-
lar expansion as  follows17, 18:
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Fig. 1  Schematic representation of the experimental methodology used to obtain, top: nanoalloys, and bottom: core/shell nanoparticles.
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Fig. 2  UV-Vis absorption spectrum of (a) Au@Pt NPs nanoalloys, (b) 
Pt NPs (black line) and Pt@Au nanoparticles (red line). (c) Extinc-
tion (red line) and scattering cross section (black line) of a Pt-core/
Au-shell nanoparticle embedded in water (1.33) with internal and 

external radii of 14 and 16 nm, respectively. The extinction ( �ext ) 
and scattering cross section ( �sca ) were calculated with Eqs. 3 and 4 
(Color figure online).
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where m = 1, 2, 3 indicates the core, shell and embed-
ded medium, respectively. qm is the wavenumber of the 
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The extinction ( �ext ) and scattering (σsca) cross sections of 
a spherical core/shell nanoparticle with inner and outer radii 
 R1 and  R2, respectively, at a wavelength � in vacuum, can be 
expressed by an infinite series, as follows 16:
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where q3=2�n3∕� is the magnitude of the wave vector and n3 
is the refractive index of the external medium (water in this 
case, n3 = 1.33 ). The scattered coefficients a(s)

l,1
 and b(s)

l,1
   are 

determined by boundary conditions of the electromagnetic 
fields on the inner and outer shell surfaces. These repre-
sent the amplitudes of oscillations of magnetic and electric 
multipole type, respectively. To establish the convergence 
pattern for �ext and σsca we fixed the � (position of LSPR) 
and the cross sections were calculated as a function of l . In 
this study, we have considered l =1 because we assume that 
variations under 1% are sufficient to establish convergence 
in �ext and σsca.

We consider a Pt-core/Au-shell nanoparticle embedded 
in a dielectric medium with refractive index n = 1.33, i.e., 
water. The inner and outer radii of the Pt-core/Au-shell 
nanoparticle were fixed to 14 and 16 nm, respectively. Fur-
thermore, the cross sections for a gold and platinum sphere 
with radius of 16 nm, were calculated. The values of dielec-
tric functions for gold and platinum correspond to the bulk 
metals 19.

Fig. 3  Extinction (red line) and scattering cross section (black line) of 
a (a) platinum sphere and (b) gold sphere. The radii of the spheres are 
16 nm, and the embedded medium is water (n = 1.33). The extinction 

( �ext ) and scattering cross section ( �sca ) were calculated with Eqs. 3 
and 4 (Color figure online).

Fig. 4  TEM images of Pt@Au 
NPs (both images correspond 
to the sample with the UV–Vis 
spectrum in the Fig. 2b, red 
line) (Color figure online).
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Results and Discussion

Figure 2a shows the UV–Vis optical absorption spectrum 
of Au@Pt nanoalloys. Two maximum signals are observed 
and correspond to the excitation of LSPR; the first one is 
located around 300 nm and the other between 350 and 365 
nm. These two optical responses are related to the atomic 
composition/distribution of the gold and platinum atoms on 
the surface of the nanoparticles, i.e., the optical response can 
be described as LSPR “hybrid” due to the contributions of 
the interference of LSPR associated with gold and platinum 
metals. This may be associated with a theoretical approach, 
as the response associated with the selection of a dielectric 
function determined by the contribution of the dielectric 
functions of the metals. The simplest method is a simple 
linear combination of the dielectric functions of individual 

metals, which is considered the standard method for  alloys20. 
When in the synthesis process, the core (platinum) is grown 
for 18 h, and later the second metal to conform the shell 
(gold) is added, the optical response is different. The Fig. 2b 
(red line) shows the UV–Vis absorption spectrum of Pt-core/
Au-shell nanoparticles, the position at 530 nm is associated 
with LSPR of nanoparticles with gold-rich surfaces includ-
ing a damping on its intensity due to the presence of a sec-
ond metal, i.e.,  platinum21. The Fig. 3b shows the extinction 
( �ext ) and the scattering ( �sca ) of a gold sphere with a radius 
of 16 nm calculated with generalized Mie’s theory, Eqs. 3 
and 4, respectively. The relative maximum in Fig. 3 corre-
spond to the LSPR. The LSPR position in the �ext located at 
517 nm and at 527 nm in the �sca , agree with experimental 
works on gold nanoparticles, e.g., as some results reported 
 previously11, 15. The difference in the UV–Vis absorption 
spectrum profile of the Pt-core/Au-shell nanoparticles with 
respect to the  AuNPs11, 15 and the cross sections of the gold 
sphere in Fig. 3b is associated with the presence of the plati-
num core. This behavior (Fig. 2b, red line) suggests that 
the contribution of the dissipation energy due to the plati-
num’s core is responsible for the damping of the absorption 
 spectrum21 in Fig. 2b (red line). For Pt NPs, the maximum in 
the absorption band appears in the UV region of the electro-
magnetic spectrum around 215–220 nm (Fig. 2b, black line), 
which is characteristic of the LSPR of these  nanoparticles21. 
The UV–Vis absorption spectrum profile of Pt NPs in the 
Fig. 2b (black line) is in agreement with the �ext and the 
�sca spectrum profile of a platinum sphere of radius of 16 
nm calculated using Mie’s theory in Fig. 3a. The intensity 
of the absorption decreases (see Figs. 2 and 3a) with the 
increase of the wavelength since the Pt NPs have the posi-
tion of the LSPR in the ultraviolet region, unlike metals as 
Ag and Au whose LSPR are in the region of the visible one. 
This characteristic is attributed to the interband excitations 
with the excitation of the LSPR in Pt NPs that take place in 
the UV region.

The difference between LSPR position (in the region of 
215–220 nm) for Pt NPs (Fig. 2b, black line) with respect 
to the cross sections, 250 nm in the �ext and 230 nm in �sca 
(Fig. 3a) is related to the higher particle size distribution as 
shown in Fig. 5 and different geometries of Pt NPs in Fig. 4.

The Fig. 2c shows the spectrum of �ext and �sca of a Pt-
core/Au-shell nanoparticle obtained from Eqs. (3) and (4), 
respectively. All calculations of �ext and �sca correspond to 
the dipolar contribution in Eqs. (3) and (4), i.e., l=1.

The theoretical spectrum profile is very similar to the 
UV–Vis absorption spectrum of the nanoparticles obtained 
experimentally. (Fig. 2b, red line). This may suggest that the 
optical response of the NPS is due to the presence of gold 
on the surfaces of the nanoparticles and the last ones can be 
roughly considered as core/shell configurations.

Fig. 5  Particle size histogram obtained from Fig. 4.

Fig. 6  Chemical composition by EDS of Pt@Au NPs (from TEM 
image in Fig. 4)
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The Fig. 6 shows the chemical analysis of Pt-core/Au-
shell nanoparticles by EDS. This Figure shows higher con-
tents of Au and Pt, which suggest that the NPs with optical 
response in the Fig. 2b (red line) correspond to the combi-
nation of Pt and Au. This is consistent with the synthesis 
process (Fig. 1). The difference between the bandwidth and 
the LSPR position (Fig. 2b, red line) with respect to the 
theoretical calculation (Fig. 2c) is attributed to several rea-
sons. e.g., the presence of a high particle size distribution 
(Fig. 5) 22, several  geometries23, among other characteristics 
of NPs: inhomogeneous thicknesses and, the fact that not 
all NPs are perfectly spherical, as TEM image shows in the 
Fig. 4. In addition, as shown in Fig. 4, the cores are not 
perfectly spherical and not concentric with respect to the 
shell. This explains the differences in the position of LSPR, 
which in the case of extinction and scattering cross sections 
are located at lower wavelengths with respect to the UV-Vis 
absorption spectrum (Fig. 2b, red line). It is well known that 
the dispersive dielectric function of metal depends on the 
particle’s size. For example, particles with diameters larger 
than 10 nm, their dielectric functions are size  independent24, 
while for particles with a diameter smaller than 10 nm, 
their dielectric functions are size dependent, i.e., LSPR as 
a function of particle radius must be  considered25. Figure 5 
shows that nanoparticle’s diameter varied between 14 and 
34 nm. Figure 4 shows particles with different geometries 
and spaced at a distance smaller than their diameters. This 
causes the scattered partial waves to interfere (see Fig. 2.72 
in 24) and is possibly the main reason for the redshift of 
LSPR of the nanostructures in comparison with the cross 
sections. However, the extinction and scattering cross sec-
tion spectra for a Pt-core/Au-shell with inner and external 
radii of 14 nm and 16 nm, respectively (shown in Fig. 2c) 
are in good agreement with the UV-Vis spectrum for Pt@Au 
nanoparticles as shown in Fig. 2b (red line). Furthermore, 
the presence of gold and platinum is confirmed for the chem-
ical composition by EDS study, as is shown in Fig. 6. This 
suggests that the Pt@Au nanoparticles can be considered 
Pt-core/Au-shell nanoparticles or core/shell approximations. 
The agreement between the experimental and theoretical 
results for the case of the LSPR position, especially for the 
case of the scattering cross section, is associated with the 
fact that the surfaces of the nanoparticles are rich in gold. 
Furthermore, the dispersion of electromagnetic waves by 
NPs is more significant compared to the absorption. How-
ever, the LSPR position is closer to the maximum in the 
scattering cross-section (Fig. 2c, black line) compared to 
the extinction cross section tending to shift to lower wave-
lengths, as shown in Fig. 2c (red line).

Conclusions

Through the synthesis process used in this work, bimetallic 
Au@Pt nanoparticles were obtained. First, when metals are 
combined simultaneously, alloy nanostructures are obtained. 
Second, when the platinum core is grown for 18 h and then 
second metal (gold) is added, nanostructures that tend to 
core/shell configurations are obtained. A significant differ-
ence between the two synthesized systems is evident in their 
UV-Vis absorption spectra. The positions of the maxima in 
the absorption band for the LSPR of the Au@Pt nanoalloys 
are around 300 nm and another between 350 nm and 365 nm. 
For Pt-core/Au-shell configurations, there is a maximum in 
530 nm corresponding to the NPs with gold-rich surfaces. 
The calculation of the extinction and scattering cross sec-
tions profile of a Pt-core/Au-shell nanoparticle is compara-
ble to the UV–Vis absorption spectrum of bimetallic nano-
particles. This suggests that the systems obtained correspond 
to core/shell type nanostructures. In this case the scattering 
cross section is the best agreement theoretical calculation in 
comparison with experimental results. Thus, the synthesis 
process mentioned above can be applied to obtain bimetallic 
nanostructures according to the parameters used, mainly the 
combination time of the metal precursors.
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