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ABSTRACT: Bimetallic nanostructures composed of gold (Au) and palladium (Pd) have Faladumconent

garnered increased interest for their applications in heterogeneous catalysis. This study reports
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a simple strategy for manufacturing Au@Pd bimetallic branched nanoparticles (NPs), which o alen W o

offer a tunable optical response, using polyallylamine-stabilized branched AuNPs as template o Peowwrom . &
cores for Pd overgrowth. The palladium content can be altered by manipulating the ’;?f %é. N2
concentration of PdCl,>” and ascorbic acid (AA) that are injected, which permit an 'Au - rura -
overgrowth of the Pd shell up to ca. 2 nm thick. The homogeneous distribution of Pd at the  renehet®s Branched NPs
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allows for an adjustment of the plasmon response in the near-infrared (NIR) spectral range.
As a proof of concept, the nanoenzymatic activity of pure gold and gold—palladium NPs was
compared, exploring their peroxidase-like activity in the oxidation of 3,3’,5,5'-tetramethyl-
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benzidine (TMB). The bimetallic AuPd NPs demonstrate an increase in the catalytic 2 o' ;jommm, /m41990°  Vow-6teo®
properties attributed to the presence of palladium at the surface of gold. e
B imetallic nanoparticles (NPs), which consist of a core@ Although one-step syntheses of branched AuPd NPs have
shell or alloy structure, have been the subject of extensive been developed, they usually yield bimetallic NPs with limited
research over the last decades. These particles possess unique size control'® and/or optical response.'”'” In contrast, seed-
physical and chemical properties that can be harnessed through mediated strategies have emerged as a promising alternative as
synergistic effects between different metals."” For example, a result of their ability to provide precise control over the size,
because palladium (Pd) has weak plasmonic properties, morphology, and composition of the particles, leading to
combining it with gold (Au) to produce core@shell or alloy enhanced control over their properties."’
AuPd NPs has sparked intensive research aimed at exploiting Branched bimetallic NPs have mainly been synthesized
the superior catalytic properties of Pd in combination with the through seeded co-reduction processes in surfactant solutions.
excellent optical properties of gold.3’4 This apgroach, first demonstrated by DeSantis and col-
Following successful control in synthesizing spherical AuPd leagues,l has resulted in the successful synthesis of octopods
NPs that exhibit improved or novel properties,”~” researchers or concave AuPd nanocrystals with flexible plasmon tuning
have turned their attention to developing anisotropic AuPd capabilities that depend upon their morphology and

composition.'” In other seed-mediated co-reduction processes,
utilizing polyvinylpyrrolidone (PVP) as a stabilizer and AgNO;
as a shape director, AuPd nanostars with high®® or low”'
palladium content were synthesized. These nanostars have
shown excellent catalytic performance, although with limited
localized surface plasmon resonance (LSPR) band tunability.

In contrast, template strategies using branched gold NPs as
seeds are limited, partly because these nanostructures are
prone to reshaping; weakly bonded atoms at the tips tend to

NPs. These particles can take advantage of the shape-
dependent optical response of Au while allowing for control
of the exposed crystallographic facets, which is crucial for
catalytic properties.

For example, gold nanorods, nanocubes, and nanoplates
have been used as templates to create a variety of bimetallic
nanostructures that have shown promise in catalysis”'® or
biochemical sensing,11 among others.

Considering that the branched Au NPs offer an intense and
tunable plasmon response in the visible—near-infrared (vis—

NIR) region with intense scattered electromagnetic fields Received: May 24, 2023
located at the tips,'” these particular gold NPs should be Accepted:  June 23, 2023
considered exciting candidates for manufacturing plasmonic Published: July 6, 2023

active core@shell or alloy AuPd bimetallic NPs with potential
photothermal,"® catalytic,'* or surface-enhanced Raman
scattering (SERS) substrate'® applications.
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Figure 1. (A) Low-magnification TEM image showing typical NP morphology of branched AuPd NPs obtained with a molar ratio Au:Pd of 1:0.1.
(B) High-magnification HAADF-STEM image of individual AuPd particles together with the (C) Au and Pd distribution XEDS maps of the same
NP. The outer area marked with a white box in the particle shown in panel D exhibits high-resolution contrasts in panel E, and the crystal spacings

are measured in the DDP shown in panel F.

migrate to more stable regions, resulting in increased
sphericity, thus affecting their optical response.”’ Recently,
gold multipod NPs were used in a template synthesis to
achieve epitaxial or island growth of Pd. The resulting
bimetallic NPs exhibited a substantially enhanced electro-
chemical oxygen reduction reaction (ORR) activity compared
to their §old counterparts, although with limited optical
response.’” Consequently, there is a strong demand for novel
synthesis pathways that enable the deposition of palladium
onto branched gold NPs with plasmonic activity.

In the present work, we devised a simple template
methodology, assisted by poly(allylamine hydrochloride)
(PAH), to obtain AuPd branched NPs in an aqueous phase
and at room temperature, with a tunable optical response. In a
typical synthesis, polyallylamine was used to assist the synthesis
of polycrystalline branched gold NPs through kinetically
controlled growth on small multi-twinned gold seeds. By
adjustment of the pH and/or seed concentration, the sizes and
branched morphology could be finely tuned, resulting in a
plasmon response that ranged from red to infrared wavelengths
(560—1250 nm).*

The surface of the branched NPs presents numerous
exposed amine groups originating from the polyallylamine
chains. Given the affinity of PdCl, toward polyallylamine,”’ the
formation of an adequate substrate is expected for the
interaction with Pd(II), assisting their reduction at the gold
surface.

In a typical synthesis to obtain AuPd NPs, gold branched
NPs are first synthesized. Then, in the same vessel, K,PdCl,
and, subsequently, ascorbic acid (AA) are injected (see the
Experimental Section of the Supporting Information for
details). The bimetallic NPs synthesized with Au:Pd molar
ratio of 1:0.1 retained the branched morphology as their Au
monometallic counterpart (Figure 1A) without appreciable
changes in the overall dimension, maintaining a very
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homogeneous particle size distribution (Figure S1 of the
Supporting Information). The high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
images, together with the X-ray energy-dispersive spectroscopy
(XEDS) compositional maps acquired in STEM mode, show
that palladium is distributed throughout the surface of the NPs,
with no surface enrichment of palladium detected (panels B
and C of Figure 1 and Figure S2 of the Supporting
Information). The Au:Pd atomic ratio in the NPs, calculated
from the quantification of the XEDS spectra acquired at each
pixel of the images, as shown in Figure 1C, indicated a 4.8
atomic % of Pd-balanced Au for a large number of analyzed
NPs (Figure S2 of the Supporting Information).

High-resolution transmission electron microscopy
(HRTEM) images reveal the crystalline structure of the tips
of the NPs (the thinnest regions) (panels D and E of Figure 1
and Figure S3 of the Supporting Information). When a fast
Fourier transform (FFT) is performed on the HRTEM image,
distances of 0.22 and 0.19 nm can be measured in the digital
diffraction pattern (DDP) (Figure 1F and Figures S3—SS of
the Supporting Information), which should correspond to the
{111} and {200} planes, respectively, of the face-centered
cubic (fcc) structure of palladium.**** However, a continuous
metal shell surrounding the particles was not observed.
Therefore, according to HAADF-STEM and HRTEM images,
it seems that palladium is localized in discrete regions that
exhibit uniform dispersion throughout the entirety of the NP
surface rather than forming a very thin uniform layer.

It is interesting to note that, by increasing the concentration
of PACL,*™ and AA, there is a transition from a situation in
which gold and palladium are homogeneously distributed on
the surface of the NPs to a well-defined core@shell structure.
When the Au:Pd molar ratio is increased to 1:1, the NPs
exhibit a regular palladium shell with an average thicknesses
ranging between ~1.5 and 2 nm, as revealed in high-resolution
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Figure 2. (A) HAADF-STEM image and (B) XEDS map of a NP obtained with Au:Pd molar ratio of 1:1 showing the distribution of gold and
palladium. (C and D) High-magnification HAADF images where Pd shells can be measured. (E—G) TEM images were obtained at increasing
magnification of one NP. The dashed white box in panel E is magnified in panel F, and the solid white box in panel F corresponds to the area
shown in panel G. Finally, panel H shows the DDP of the area displayed in panel G.
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Figure 3. (A) XPS spectra of AuPd NPs. (B) Normalized extinction spectra of Au and AuPd NPs produced using 53.3 pM gold seeds and different
Au:Pd molar ratios. (C) Normalized extinction spectra of AuPd NPs were obtained using 13.3 pM gold seeds and the Au:Pd molar ratio of 1:0.2.
(D) Low-magnification TEM image showing typical NP morphology of branched AuPd NPs using 13.3 pM gold seeds and under the Au:Pd molar
ratio of 1:0.2. (E) HAADF-STEM images together with the (F) XEDS map of a NP showing Au and Pd distribution.

HAADF-STEM (panels A—D of Figure 2) and HRTEM
images (panels E—G of Figure 2). The quantitative
composition of several AuPd NPs determined from XEDS
spectrum image maps shows an increase in the average Pd
content with respect to the NPs obtained at a molar ratio 1:0.1
reaching 20.8 atomic % of Pd-balanced Au for many analyzed
NPs (Figure S6 of the Supporting Information). High-
resolution images of the tips showed the presence of a shell
with a lower contrast when compared to the gold core, which
presented clear lattice fringes, indicating the successful
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deposition of a metallic Pd shell on the surface of gold (panels
E—G of Figure 2 and Figure S7 of the Supporting
Information). FFT on the HRTEM image obtained from the
tips showed a DDP with abundant spots at d spacing of 0.19
nm (Figure 1F) and 0.22 nm (Figures S7 and S8 of the
Supporting Information), which should correspond to {111}
and {200} fcc Pd structures, respectively.” ">

X-ray photoelectron spectroscopy (XPS) of the branched
NPs shows the typical doublets for the Au 4f XPS, at 83.9 and
87.5 eV originated from the gold body (see Figure S9 of the
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Supporting Information).”® The XPS in the Pd region obtained
for AuPd (1:1) shows that the signals from the Pd 3d region
display three doublets (see Figure 3A). The peaks at 334.8 and
340.2 eV and the peaks at 338.3 and 343.6 eV can be attributed
to Pd® and Pd*", respectively.”””® Furthermore, signals at 335.7
and 341.1 eV can also be ascribed to zero-valent Pd.*’ This can
be related with an initial formation of the AuPd alloy,
represented by peaks at 334.8 and 340.2 eV, while the metallic
Pd shell is represented with the peaks at 335.7 and 341.1 eV,
which correspond to the double peaks observed in
monometallic Pd NPs.*

The optical response of bimetallic NPs shows a damping of
the main LSPR, consistent with the Pd content at the surfaces
(Figure S10 of the Supporting Information). Where a slight
damping is observed for Au:Pd (1:0.1), a more pronounced
damping with a broader LSPR response is obtained for AuPd
(1:1) (Figure 3B). Notably, although there is a marked blue
shift of the main LSPR just after Pd(II)/AA injection, a further
red shift is observed, stabilizing the LSPR band after 24 h (see
Figure S10 of the Supporting Information) and bringing it
close to its Au counterpart. This behavior could be associated
with the reduction/oxidation processes of Pd and/or Au on
the surfaces of the gold branches, which can undergo reshaping
during the formation of bimetallic NPs, thus altering their
optical response. Importantly, even with a relatively homoge-
neous shell thickness of about 2 nm, the LSPR band remains
discernible, as previously observed in gold nanorods coated
with Pd.*!

Gold NPs with a highly branched morphology and a LSPR
band over 1000 nm were utilized as a template to further
investigate plasmon tunability. These NPs were synthesized by
reducing the concentration of the initial gold seeds to 13.3 pM.
During the deposition process, we observed a lower palladium
deposition under the same conditions. To obtain a comparable
amount of palladium on the surface of the more branched NPs,
a molar ratio of Au:Pd of 1:0.2 was necessary. The obtained
branched NPs obtained showed an intense and defined LSPR
band with A,,,, over 1000 nm (Figure 3C). The TEM images
of the NPs synthesized under these conditions show a
hyperbranched morphology with a homogeneous palladium
distribution on the surface, as indicated in the XEDS maps
obtained from HAADF-STEM images (panels D—F of Figure
3). The quantitative analysis of the XEDS maps of several
particles reveals a 4.9 atomic % of Pd-balanced Au (Figure S11
of the Supporting Information). When the Au:Pd molar ratio
was increased to 1:1, the high-magnification XEDS maps
revealed an increase in the Pd content on the surface (see
Figure S12 of the Supporting Information). The HRTEM
images showed that the NPs had a surface enriched with {111}
and {200} fcc Pd crystal structures, which were indicated by
the spots at d spacings of 0.19 and 0.22 nm in the DDP (Figure
S13 of the Supporting Information). However, unlike their
smaller counterparts produced at the same AuPd ratio (Figure
2), a separate Pd metallic shell was not clearly observed in the
images (Figure S12 of the Supporting Information).

With regard to colloidal stability, AuPd branched NPs
remain stable in water for at least 2 weeks after purification,
showing a ¢ potential of +21.6 mV (see Figure S14 of the
Supporting Information). However, storing the NPs for longer
periods of time leads to a decrease in their { potential, as
shown in Figure S15A of the Supporting Information. This
decrease in the { potential is associated with a decline in their
colloidal stability, ultimately resulting in their aggregation, as
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observed in dynamic light scattering (DLS) studies (Figure
S15B of the Supporting Information). Interestingly, when the
NPs are extra-functionalized with PAH, they retain their
colloidal properties for a minimum duration of 2 months at
room temperature, demonstrating stability over an extended
period (panels C and D of Figure SIS of the Supporting
Information).

Finally, it should be mentioned that, although high control
in the morphology and branching of optically active AuPd NPs
has been achieved in the past, they are usually obtained in
surfactants, such as cetyltrimethylammonium bromide
(CTAB) and cetyltrimethylammonium chloride (CTAC),"®"
which can make their subsequent functionalization difficult. In
this regard, the positive surface charge of AuPd NPs originated
from the amine groups of polyallylamine chains can offer
additional benefits for future materials when it comes to post-
functionalization, as demonstrated in the case of pure gold
NPs.””

To investigate the catalytic activity after palladium coating,
we studied the ability of Au and AuPd branched NPs to mimic
the peroxidase-like activity of enzymes.’” We employed
tetramethylbenzidine (TMB) as a substrate, which is oxidized
to form a blue compound (oxidized TMB) in the presence of
hydrogen peroxide. For this study, we selected Au and AuPd
(Au:Pd of 1:1) NPs with the main LSPR band over 1000 nm
to minimize the coincidence between the LSPR band and the
absorption band of the TMB oxidation product.

To determine the peroxidase-like activity, we tested different
concentrations of TMB (see the Experimental Section of the
Supporting Information). Using the Lineweaver—Burk equa-
tion, we calculated the estimated values of the Michaelis—
Menten constant (K,,) and the maximum reaction velocity
(Vmae)- The Au NPs exhibited K, and V,,,, values for TMB of
1.4 mM and 4.13 X 107 M min~}, respectively. In contrast, the
AuPd NPs displayed improved catalytic activity and TMB
affinity, with K, and V,,, values of 0.34 mM and 6.18 X 107¢
M min~!, respectively (Figure S16 of the Supporting
Information). These findings suggest that the simple addition
of PACL,*" and AA to the gold NPs resulted in superior
catalytic properties compared to those of their monometallic
counterparts, highlighting the potential of the system for
generating high-performance catalytic nanomaterials for
peroxidase-like nanozymes.

In conclusion, our study describes the synthesis of bimetallic
gold—palladium branched NPs with a flexible optical response.
The LSPR band can be finely tuned according to the size and
branching morphology of Au NPs selected as the template. For
instance, branched AuPd NPs with a mean size of
approximately 75 nm and LSPR band in ca. 700 nm can be
manufactured with different palladium contents, which allows
for the acquisition from a state in which gold and palladium are
evenly distributed on the surface of the NPs to a distinct core—
shell structure with a thickness of approximately 2 nm simply
by adjusting the Au:Pd molar ratio during synthesis.

Furthermore, Pd deposition can be achieved in NPs with a
bigger size and branching degree without degrading their LSPR
band, resulting in the formation of branched AuPd
heterostructures with an optical response above 1000 nm.
Notably, these bimetallic NPs showed an improved nano-
enzyme activity when compared to their gold counterpart.

Further research should address the achievable thickness
limits of the palladium shell over the complete library of
branched AuNPs produced with PAH, which would provide
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valuable insights and knowledge for designing and fabricating
plasmonic heterostructures. Nevertheless, our study presents a
straightforward synthetic route that utilizes the affinity of
amine residues in PAH toward Pd(II) for manufacturing AuPd
NPs. Such structures could maximize the catalytic properties
that result from combining Au and Pd and, importantly, open a
door for the photocatalytic application, making the findings of
this study highly relevant.
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