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Gold and platinum bimetallic nanoparticles, Au@PtNPs, have gained attention due to their
plasmonic properties. The controlled synthesis of Au@PtNPs involves complex parameters, and
the resulting synergy between Au and Pt introduces possibilities for tailoring their properties. This
study explores the effects of key-parameters of synthesis (gold core diameters, reaction time, and Pt
concentration) on the final properties of Au@PtNPs. Gold nanoparticles of varying diameters were
synthesized and used as cores for the reduction of hexachloroplatinic acid, forming a surrounding
shell of Pt nanoparticles. The parameters were systematically tuned to understand their impact on
morphology, dimension, stability, and plasmonic properties of Au@PtNPs. Increasing Pt precursor
concentration resulted in thicker and denser Pt shells, broadening the localized surface plasmon
resonance (LSPR) band and improving Au@PtNPs stability. These properties are essential for
applications such as photothermal treatment. The synthesis achieved satisfactory products within
just 1 h of Pt** reduction at mild temperature without using surfactants. Only limited changes in
plasmonic properties were observed after 4 h of synthesis, suggesting an optimal reaction period.
Manipulating Au core diameter provided LSPR band control, with smaller cores exhibiting greater
broadening towards the infrared region. This systematic exploration provided valuable insights for
understanding key-parameters governing the synthesis and properties of Au@PtNPs.
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Introduction

Gold and platinum bimetallic nanoparticles have
garnered scientific interest due to the possibility
of an alternative control of the localized surface
plasmon resonance (LSPR) compared to single-metal
nanoparticles, presenting considerable potential across
various applications.!!! The remarkable optical properties
of these nanoparticles arise from the LSPR, driven by the
collective oscillation of electrons in the conduction band
of metallic nanoparticles.'>!* In the case of single-metal

*e-mail: apercebom @puc-rio.br
Editor handled this article: Izaura C. N. Didgenes

nanoparticles, LSPR is intricately related to the dimension,
shape, and nature of metal.'* However, the coupling of
two noble metals introduces a synergistic effect on the
LSPR phenomenon, altering the final properties of the
nanoparticles, also depending on the relative concentration
of the two metals and their morphology (e.g., core-shell,
multi-shell, Janus, homogeneous alloy, decorated),
resulting in different effective optical properties.'>"”
Specifically, in nanoparticles with a gold core decorated
by a platinum shell (Au@PtNPs), the intensity of dipolar
plasmon oscillations of Au is reduced due to the lower
conductivity of Pt at optical frequencies. This reduction
broadens the LSPR band, extending it towards the infrared
region.!81
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The synthesis of Au@PtNPs involves several parameters,
including the type and concentration of the Pt precursor,
the morphology of the Au core or the concentration of Au
precursor, the reaction duration, and temperature.®!*18-21
There are two main ways to synthesize bimetallic
nanoparticles: the simultaneous reduction of two metallic
precursors and a two-step process involving pre-synthesized
cores followed by the reduction of the second metal. The
simultaneous reduction method usually forms a gold core
with a dendritic platinum shell because Au®* has a lower
reduction potential than Pt** and reacts first."®!° Previous
studies'®!” indicate that the type and concentration of Pt
precursor affects the LSPR band broadening. However,
the simultaneous reduction method lacks control over core
morphology and size.

In contrast, two-step procedures allow for precise
control over the Au core before starting Pt reduction, using
gold nanoparticles (AuNPs) of diverse sizes and shapes,
such as spheres,>* triangular nanoprisms,?*?* multibranched
nanoparticles,*'° nanorods®' and nanocubes.?' However,
variations in the conditions of the reported procedures
hinder a systematic comparison.

This study aims to synthesize spherical AuNPs of
different dimensions to serve as cores for the reduction
of H,PtCl;.6H,0O at varying concentrations and reaction
periods. The goal is to systematically investigate the impact
of each parameter on the morphology, dimensions, stability,
and plasmonic properties of the resulting Au@PtNPs. This
exploration can serve as a means to control the specific
properties of the nanoparticles, addressing a diverse range
of applications.

Experimental
Materials

Hydrochloric acid (HCI, 37.0%), nitric acid (HNO,,
65.0%), gold(IIl) chloride trihydrate (HAuCl,-3H,0,
99.9%), ascorbic acid (AA, 99.0%), hexachloroplatinic
acid hexahydrate (H,PtCl,.6H,0O, 37.50% Pt basis), and
tribasic sodium citrate dihydrate (Na,C¢H;0,-2H,0,99%)
were purchased from Sigma-Aldrich (Burlington, United
States). Ultrapure water from a system with a 0.2 nm
filter and resistivity above 18.2 M() cm was used in the
experiments. Before the experiments, all the glassware
was washed with aqua regia, followed by ultrapure water.

Synthesis of AUNPs (cores)

Gold nanoparticles of 25 and 32 nm were prepared
by citrate reduction under stirring and heating according
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to the method proposed by Bastids er al.>> The obtained
suspensions were centrifuged to reach a gold concentration
of 1.4 mmol L.

AuNPs of 25 nm were fragmented by the process
of laser fragmentation in liquid (LFL) in the free-jet
configuration proposed by Ziefuss et al.*® For that, the
suspension of AuNPs was exposed to a Q-smart 850
laser source (Quantel, USA), operating at a frequency of
2o (532 nm) and a repetition rate of 10 Hz. Each laser pulse
had a temporal width of 5.8 ns with an energy of 30 mJ.
The laser pulse was focused to a diameter of about 2 mm
over the liquid free-jet with a fluence F = 1 J cm?, and
directly collected in a falcon tube. Each suspension was
exposed to 20 cycles, corresponding to 400 pulses mL!
and resulting in nanoparticles with an average diameter of
7 nm. Each sample was named as AuNPs(¢), according to
their average diameter ¢.

Hence, the syntheses provided aqueous suspensions of
AuNPs(7 nm), AuNPs(25 nm), and AuNPs(32 nm) to be
used as cores for the next steps.

Synthesis of Au@PtNPs (reduction of H,PtCl)

For the synthesis of Au@PtNPs, 1.0 mL of Na,C;H;O,
(24 mmol L") was added as a stabilizer to 1.0 mL of
AuNPs (1.4 mmol L) of different diameters (7, 25 or
32 nm). Then, different volumes (0.110, 0.170, 0.330,
0.670, and 1.00 mL) of 4.2 mmol L H,PtCl,.6H,O
and 3.0 mL of AA (0.1 mol L") for AuNPs(7 or 25 nm)
and 0.01 for AuNPs(32 nm) and were simultaneously
added dropwise to the suspension of AuNPs. The
final molar ratios of Pt/Au used in the synthesis were
R =0.33,0.5, 1.0, 2.0 or 3.0 (Table S1, Supplementary
Information (SI) section). The suspension was sonicated
in an ultrasound bath (EcoSonics Q5.9, 40 kHz, 200 W)
for 20 min, followed by magnetic stirring for different
periods (1, 4, 6, and 24 h) at 30 °C. Afterward, the
resulting suspensions were placed in Eppendorf-type
microtubes and centrifuged in an IKA G-L at 15000 rpm
for 20 min. The supernatant was replaced by water to
stop the reaction. When the sample was kept stirring
for 24 h, the reaction was not stopped because we
considered all the reactants to have been consumed
after this period. During the synthesis, the color of the
suspension changed from deep red to black. The samples
were stored in Eppendorf-type microtubes for further
characterization. Bimetallic nanoparticles were named:
Au(¢ nm)@Pt(R)NPs, according to the gold core
diameter, ¢, and the Pt/Au molar ratio, R.
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Characterization

Dynamic light scattering (DLS)

The hydrodynamic diameter distributions of AuNPs and
Au@PtNPs were determined using a Nanopartica SZ-100
from Horiba Instruments (Kyoto, Japan). A sample volume
of 0.5 mL was diluted in 1.5 mL of ultra-pure water and
placed in a polystyrene cuvette with four polished faces
and an optical path equal to 1.00 cm. A 10 mW laser with
a wavelength of 532 nm was applied. All analyses were
performed at 25.0 °C in triplicate, lasting 120 s, using an
angle of 90°. The obtained autocorrelation functions were
fitted with the HORIBA NextGen Project SZ-100 software
for Windows to obtain distributions of hydrodynamic
diameter.

Zeta potential

The zeta potential measurements of AuNPs and
Au@PtNPs were measured using the same equipment and
samples used for DLS. However, the samples were placed
in an electrode cell (carbon, 6 mm). All analyses were
performed in triplicate at 25.0 °C, and the Smoluchowski
model was applied to obtain the zeta potential values.

Spectroscopy

The optical density spectra of AuNPs and Au@PtNPs
were measured using a UV-Vis spectrophotometer model
UV-1900i from Shimadzu (Kyoto, Japan) in a wavelength
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range from 400 to 1000 nm at 25 °C. The samples were
placed in a disposable cuvette with a 1.00 cm optical path.

Transmission electron microscopy

A Talos F200C (Thermo Fischer Scientific, Waltham,
United States) and a JEOL JEM 2100F (Akishima, Japan)
transmission electron microscopes (TEM) with X-ray
energy-dispersive spectroscopy (EDS, with silicon drift
detector) were used at the National Nanotechnology
Laboratory (CNPEM, LNNano, Campinas-SP, Brazil) and
at the High-Resolution Electron Microscopy Laboratory
of the Fluminense Federal University (LaMAR/CAIPE,
UFF, Niter6i-RJ, Brazil), respectively. The suspensions of
nanoparticles were drop-casted on Cu TEM grids (ultra-thin
carbon support, 400 mesh, Electron Microscopy Sciences,
CF-400-Cu, Hatfield, United States). Images were acquired
with an acceleration voltage of 200 kV and processed in
the ImageJ® software.?”

Results and Discussion
Characterization of AuNPs (cores)

TEM images (Figure la) confirm that the AuNPs are
quasi-spherical in all the obtained samples, with average
diameters ¢ = 7 + 1, 25 + 4, or 32 + 6 nm, determined by
counting at least 200 nanoparticles (Figure S1, SI section).
Each sample was named as AuNPs(¢), according to their
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Figure 1. (a) TEM images of AuNPs with different average diameters, ¢, (b) hydrodynamic diameter distributions (the numbers refer to the mean diameter
in nm and standard deviation from triplicates), and (c) normalized optical density (O.D.) spectra of three samples (the numbers refer to the wavelength of
maximum optical density). The spectra were normalized at the wavelength of 400 nm.
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average diameter ¢. DLS results confirm the formation of
a monomodal distribution for all the samples of AuNPs.
As expected, the hydrodynamic diameter (D) values
are considerably higher than the diameters measured by
TEM?* (Figure 1b), and the LSPR band slightly redshifts
when the average diameter increases (Figure 1¢).”® Zeta
potential results (Table S2, SI section) indicate that all
nanoparticles have negatively charged surfaces, favoring
stability in aqueous medium.

Effect of Pt precursor concentration

The reduction of H,PtCl,.6H,O in the presence of
AuNPs(25 nm), sodium citrate, and ascorbic acid during
24 h forms a shell of 2.5 + 0.5 nm platinum nanoparticles
(PtNPs) decorating the surface of the gold cores, resulting
in Au(25 nm)@Pt(R)NPs (Figure 2a). Elemental mapping
confirms that the cores are composed of Au (red), and the
decorating shell is composed of Pt (green) (Figure 2b). Pt
shells formed around Au cores are typically dendritic or
consist of nanoparticles due to a lattice mismatch of 3.8%
between Au and Pt.*%3!

Increasing the concentration of H,PtCl,.6H,O (and
R =Pt/Au molar ratio) makes the shell of PtNPs thicker and
denser (Figure 2a). Consequently, the mean hydrodynamic
diameter increases (Figure 2¢), and the LSPR band broadens
towards the infrared region (Figure 2d). A previous study'®

33t7nm
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obtained Au@PtNPs using the simultaneous reduction
method and also observed LSPR broadening and redshift
with an increasing concentration of Pt precursor (K,PtCl,).
However, the two-step method from the present study can
form denser Pt shells than the simultaneous reduction
method, which generated only branched Pt shells in the
investigated concentration range.'® Another study® used a
two-step method to reduce H,PtCl, at 100 °C in the presence
of pre-synthesized AuNPs. Although it involved only two
different Pt/Au molar ratios (1:1 and 2:1), results also
indicated the broadening of the LSPR band with a higher
concentration of Pt precursor.?

Red shifted LSPR bands are interesting for several
applications, such as amplified optical spectroscopies,*>*
photodynamic therapy,* or photothermal treatment when the
plasmonic band extends up to the near-infrared region.'>%
Aggregation of AuNPs can also induce broadening and
redshift of the LSPR band.* However, the aggregates must
be stable and have a controlled size for real applications,
which can be challenging. Hence, obtaining Au@PtNPs
with these plasmonic properties could be a relevant option.
Indeed, zeta potential results (Table S2, SI section) indicate
that the samples keep their surfaces negatively charged
after forming the Pt shell. Au(25 nm)@Pt(0.33)NPs
and Au(25 nm)@Pt(0.5)NPs precipitate after 2 months,
but Au(25 nm)@Pt(1.0)NPs, Au(25 nm)@Pt(2.0)NPs and
Au(25 nm)@Pt(3.0)NPs are stable for at least 12 months
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Figure 2. Results obtained for Au(25 nm)@Pt(R)NPs prepared with different Pt/Au molar ratios (R) in 24 h. (a) TEM images; (b) EDS mapping, where
the first quadrant is electron image, the second quadrant is EDS layered with Au and Pt, the third quadrant is Au (red) and the fourth quadrant is Pt (green);
(c) hydrodynamic diameter distributions (the numbers marked near distributions refer to the mean diameter in nm); (d) normalized optical density (O.D.)

spectra. The spectra were normalized at the wavelength of 523 nm.
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(Figure S2, SI section). The superior stability of systems
with higher Pt/Au ratios could be related to more negative
zeta potential values (electrostatic stability) or steric
stability provided by the thicker Pt shells. Unlike previous
studies,'>¥ the proposed method uses no surfactant as
stabilizer, facilitating further functionalization with ligands.

Individual PtNPs are also found apart from the gold
cores (Figures 2a and S3c, SI section). However, they are
not observable by DLS because the hydrodynamic diameter
distributions of Au(25 nm)@PtNPs exhibit only one
population (Figure 2b), even when the frequency is a function
of volume or number (Figure S3d). PtNPs are probably too
small and diluted to present sufficient scattering intensity for
detection. The individual PtNPs are formed even with low
precursor molar ratios when the Pt shell is thin. Hence, an
excess of Pt precursor does not induce their formation, which
can be related to synthesis kinetics. We hypothesize that
the initial concentration of H,PtCl;.6H,O probably governs
the nucleation process around the gold cores, defining the
thickness and density of the shells. If this hypothesis is
correct, after a certain period, the continuation of the reaction
should only produce more individual nanoparticles and not
affect the formed Au@PtNPs anymore.

Effect of reaction time

Considering the hypothesis that Pt nucleation occurs
around the gold cores and depends on the initial
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concentration of H,PtCl,.6H,0O, the reaction duration
might be crucial in controlling the morphology and,
eventually, the product properties. Typically, Au@PtNPs
are obtained using high temperatures*'® or extended
synthesis periods."'®" In this study, the syntheses of
Au(32 nm)@Pt(2.0)NPs were interrupted after 1, 4, or 6 h by
centrifugation and exchanging the supernatant to remove the
reactants. TEM images reveal that Au(32 nm) @Pt(2.0)NPs
are already formed in just 1 h (Figure 3a). Although the
thickness of the shell slightly increases with time (based
on the average diameters obtained by analyses of TEM
images, Figure 3a), the standard deviation values indicate
they are pretty similar (Figure S4, SI section). However,
DLS results (Figure 3b) and O.D. spectra (Figure 3c) show
a considerable change between the 1 and 4 h periods but not
between 4 and 6 h. These results suggest that the present
method provides Au@PtNPs in 1 h of Pt** reduction, with
no substantial changes in the plasmonic properties after 4 h.

Effect of gold core diameter

One advantage of synthesizing the AuNPs before the
Pt reduction is the ability to control the dimensions of the
Au core. In this section, different AuNPs with diameters of
¢ =7,25, and 32 nm were used to prepare Au(¢p) @Pt(2.0)
NPs (Figures 4a and S5, SI section) within 4 h. DLS results
confirm that the hydrodynamic diameter of Au(¢) @Pt(2.0)
NPs increases with ¢ and that the distribution is monomodal
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Figure 3. (a) TEM images Au(32 nm)@Pt(2.0)NPs prepared with different reaction times; (b) hydrodynamic diameter distributions (the numbers marked
near distributions refer to the mean diameter in nm); (c¢) normalized optical density (O.D.) spectra. The spectra were normalized at the wavelength of 523 nm.
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(Figure 4b). However, the hydrodynamic diameter values
are considerably higher than the diameters measured by
TEM, as observed for the bare AuNPs. Considering the
difference in average diameters obtained by TEM for
Au(¢p)@Pt(2.0)NPs and their respective AuNPs(¢), the
thickness of the shell increases with ¢. Additionally, the
average size of PtNPs surrounding the core is 3.3 + 0.6,
3.6+0.7,and 3.5+ 0.7 nm for Au(¢) @Pt(2.0)NPswith ¢ =7,
25, and 32 nm, respectively. Interestingly, PtNPs shells’
morphology differs for nanoparticles with different core sizes
(Figure 4a). Figure S6 (SI section) focuses on PtNPs with
high magnification showing that they seem to merge when ¢
is 25 nm, but not for ¢ =7 or 32 nm. The contribution of gold
to the LSPR band of Au(¢) @Pt(2.0)NPs is more relevant for
larger gold cores. Hence, smaller cores are more affected
by the broadening of the LSPR band (Figure 4c). Although
a previous study® used AuNPs of different sizes as cores to
obtain Au@PtNPs, the authors did not explore the effects of
size on the plasmonic properties. Therefore, to the best of
our knowledge, this is the first study demonstrating how to
control the broadening of the LSPR band by changing the
size of AuNPs used as cores to obtain Au@PtNPs.

Conclusions

In this study, we systematically explored the synthesis
and characterization of Au@PtNPs intending to tailor

their optical properties, focusing on the effects of key
parameters, including Pt precursor concentration, reaction
time, and the diameter of the gold core. Increasing
concentrations of H,PtCl,.6H,O led to the formation of
thicker and denser PtNPs shells, resulting in the broadening
of the LSPR band. The stability of the Au@PtNPs,
observed over months, highlighted the potential of higher
Pt/Au ratios to enhance stability, possibly attributed to
more negative zeta potential values and steric stability
conferred by thicker Pt shells. Our exploration into the
influence of reaction time demonstrated that the synthesis
of Au@PtNPs was remarkably efficient, achieving
satisfactory results within just 1 h of Pt* reduction.
Further analysis revealed limited changes in plasmonic
properties after 4 h, suggesting an optimal reaction period
for this two-step method. Moreover, by manipulating the
gold core diameter, we demonstrated a novel approach to
controlling the LSPR band’s broadening in Au@PtNPs.
Smaller cores were more susceptible to the broadening
effect, a crucial insight for applications dependent on
specific plasmonic properties.

This investigation provides valuable insights into the
controlled synthesis of Au@PtNPs. It offers a way to
tailor their characteristics to meet the demands of diverse
applications, such as amplified optical spectroscopies,
photodynamic therapy, or photothermal treatment. The
systematic understanding of key parameters presented
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spectra. The spectra were normalized at the wavelength of 400 nm.
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in this study lays a foundation for future research and
applications in nanotechnology.

Supplementary Information

Supplementary data are available free of charge at
http://jbcs.sbq.org.br as PDF file.
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