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In order to overcome the often large activation barriers in heterogeneous catalytic reactions, photocatalysis
is a promising path to activate specific molecules with light at moderate temperatures. In particular,
bimetallic nanoparticles combining the plasmonic properties of one metal with the high catalytic activity of
another are promising antenna-reactor systems. As the nanocrystal surface structure is a major factor in
steering surface electronic properties and accompanying activity and selectivity, it is of interest to control
the metal nanoparticle growth and composition. The subject of this work is the synthesis of gold-platinum
nanoparticles with varying architectures by controlling the growth mechanism. The selection of the
reducing agent allows the regulation of the reduction rate of the platinum metal salt, which in turn affects
the final morphology of the resulting bimetallic nanoparticles. This allows the synthesis of either core-shell
nanocrystals with decorated nanocube corners or dendritic particles under otherwise identical reaction
conditions. A dendritic structure requires the rapid deposition of platinum monomers on the surface of the
gold particles. This process hinders the diffusion of platinum monomers to energetically preferred sites on
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Introduction

Colloidal nanoparticles are of great interest due to their wide
range of applications, such as in photonics,"* sensing,>* or
catalysis.”” Precise adjustment of different parameters like
particle size, shape, composition, or stabilizing ligands allows
the control of the properties and thereby optimization for
different purposes. In nanocrystals, like cubes, enhanced
electromagnetic near fields can be generated due to their sharp
features, which is why the particle shape is an important
parameter for photonic applications.® Therefore, the synthesis
of nanocubes consisting of silver,””’®  palladium,"
platinum,**"* or gold,"*'* for example, has been in the focus of
recent research. Directing agents such as halide ions are a key
factor for the synthesis of such anisotropic nanocrystals because
of their ability to block specific sites during growth. In general,
halide ions have the property to chemisorb on different metal
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the particle surface, which is possible during the formation of core-shell nanocrystals.

facets with different strengths in the following order I > Br™ >
CI” > F."® In the case of gold nanocube synthesis, bromide is
often used because of its ability to strongly adsorb on Au(100)
facets, blocking these facets."”” As a consequence, a higher
formation rate is observed in the [111] and [110] directions
compared to the [100] direction, leading to the formation of the
cubic particle shape." In many cases, further functionalization
of the nanostructures allows the tailoring for specific
applications, for example, by exchanging the particle-stabilizing
ligand"®'® or by decorating the nanoparticles with another
metal. In the case of bimetallic nanoparticles, the architecture
is a significant factor influencing their properties and potential
applications. Depending on the growth mechanism, the
nanoparticles can adopt different structures, including core-
shell, core-frame, Janus structure, intermetallic, or alloy
structures. In general, the nanoparticle growth can be controlled
either kinetically or thermodynamically, which also influences
the relationship between the deposition and diffusion of the
monomers.”*>* Monomer immobilization occurs on sites with
relatively high energy gain, such as corners and edges. In
contrast, diffusion takes place between facets with low energy
gain. In thermodynamically controlled overgrowth, the diffusion
of monomers is faster than their deposition. This results in the
migration of adatoms on the nanoparticle surface and
minimization of surface energy.”® In contrast, the diffusion
process in kinetically controlled overgrowth is slower than the
deposition and results in the formation of structures with a
higher free energy. Important parameters for this control are for

This journal is © The Royal Society of Chemistry 2024
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instance the reducing agent, the reaction temperature, the
directing agent and the injection rate, or the pH value.***’
Control of the pH value enables the regulation of the reducing
ability of the reducing agent, and this influences the degree of
supersaturation®® of the solution, which is important for the
growth mechanism. This strategy allows precise control of the
surface structure in the case of palladium-platinum core-shell
nanostructures, for which palladium nanocubes are used as
seed particles.”” By varying the pH value, a change in the growth
mechanism from island growth with Pt [111] facets to
conformal Pt overgrowth with [100] facets occurs.”” The effect of
the reduction agent was studied, for example, in the case of
palladium-gold nanoparticles.”* Depending on whether
ascorbic acid or citric acid was used, a conformal or localized
overgrowth occurred. In another study, a structure change from
gold-platinum core-shell to dendritic particles was observed
when the injection rate was increased due to higher deposition
rates.® Characteristic for dendritic nanomaterials is a large
specific surface area due to their branches. This is important
for improving catalytic activity as it can result in catalytic
hotspots.*®?" Besides these morphological properties, gold-
platinum structures are of great interest for photocatalysis as
the optical properties of gold are combined with the catalytical
properties of platinum.

Gold nanoparticles are well known for their localized
surface plasmon resonance (LSPR) in the optical spectrum.*”
With respect to catalysis, it is well-established that gold
nanoparticles smaller than 10 nm typically exhibit catalytic
activity.>® By decorating the facets of larger nanocrystals with
platinum, the particle's surface becomes catalytically active,
and plasmonic properties can be further tuned on demand.
Hence, gold-platinum core-shell nanoparticles can be used
to efficiently collect light from the far-field to the catalytically
active surface region to trigger photocatalytic reactions. The
challenge in these hybrid plasmonic systems is the
optimization of the energy flow across the plasmonic/non-
plasmonic interfaces while keeping the desired plasmonic
properties. Nanoparticles consisting of Au-Pt as an antenna-
reactor system are of particular interest as Pt with its partially
filled d-band intersecting with Er can absorb photons via
interband excitations in the visible range. Au on the other
hand has full d-bands so that visible photons can induce
direct, momentum-conserving d-to-s interband photonic
excitations in a certain spectral range of the visible spectrum
due to the position with respect to Ep.' As a consequence,
plasmon decay via these excitations are important, exhibiting
asymmetric distributions of low energy s electrons and high
energy d holes.*® Therefore, combining Au nanoparticles with
Pt enables new pathways for e-h formation and surface
localization available for the hybrid plasmonic system.*

Such processes can thus be wused for chemical
transformation of adsorbed molecules. Concerning the
applications of nanocrystals in the field of catalysis, the
reactants should adsorb strongly to the surface of the catalyst
and be activated, while the product should adsorb weakly
and be desorbed easily from the surface.>® In this case, the
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particle shape and the resulting arrangement of surface
atoms, which leads to the formation of different facets, is
also important. This was demonstrated, for example, in the
oxygen reduction reaction on single-crystal surfaces with
perchloric acid.>® The results show that the reaction is
highest on the Pt(110) facet, followed by the Pt(111) facets,
and lowest on the Pt(100) surface.®® An increase in the
activity of the oxygen reduction reaction could be achieved by
modification with nickel because the Pt;Ni(111) surface has a
10-fold higher activity compared to Pt(111).%°

In this work, we present a synthesis approach for the
preparation of bimetallic gold-platinum nanocubes that
allows precise control of the particle structure via platinum
growth. By varying the reduction agent that influences the
growth mode of the platinum, we can selectively synthesize
either cubically shaped bimetallic nanocrystals that have a
core-shell structure with decorated rounded cube corners or
those with a dendritic platinum shell. These different surface
morphologies are very promising for further photocatalytic
applications. The nanostructures were analyzed by high-
resolution transmission electron microscopy (HR-TEM) to get
a detailed insight into the particle structure. Energy-
dispersive X-ray spectroscopy - (EDS) measurements were
performed for the elemental distribution. Moreover, the
particles are characterized by UV/vis spectroscopy).

Experimental section

The following materials were used without further purification:
gold(m) chloride hydrate (99.999% trace metal basis, Acros
Organics), hydrogen hexachloroplatinate(iv) hexahydrate (37.3-
38.0% Pt basis, TCI), hexadecyltrimethylammonium bromide
(CTAB, >98%, TCI), sodium borohydride (=97%, Carl Roth),
ascorbic acid (>99%, VWR), tetrabutylammonium borohydride
(TBAB, 98%, Sigma-Aldrich). Ultrapure water (ELGA Purelab
Classic UV, 18.2 MQ ecm ™" at 20 °C, below 3 ppb TOC) was used
to prepare all aqueous solutions.

Synthesis of gold nanocubes

The cubic nanoparticles were synthesized in seed-mediated
growth according to a literature protocol."”” In the first step,
seed particles were prepared. Therefore, 273.3 mg (0.75 mmol)
of CTAB was dissolved in 7.7 mL ultrapure water. In another
container, 0.25 mL ultrapure water was added to 1.0 mg (0.0025
mmol) of gold(m) chloride hydrate. For a stock solution, 3.0 mg
(0.079 mmol) of sodium borohydride was dissolved in 8.0 mL
ultrapure water. All solutions were sonicated for a few minutes.
At a constant water bath temperature of 28 °C and under
magnetic bar stirring, 0.6 mL of the freshly prepared sodium
borohydride solution was immediately injected into the solution
of CTAB and the gold(m) chloride hydrate solution. After stirring
for 3 min, the reaction solution was stored for 1.5 h in a water
bath at 28 °C.

For the growth step, 174.9 mg (0.48 mmol) of CTAB was
dissolved in 9.6 mL, and 0.8 mg (0.002 mmol) gold(u)
chloride hydrate was dissolved in 0.2 mL ultrapure water. A
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third solution was prepared by dissolving 100.4 mg (0.57
mmol) of ascorbic acid in 0.95 mL ultrapure water. First, the
ascorbic acid solution and then 5 pL of diluted seeds (1 mL
of the seed dispersion and 9 mL ultrapure water) were
injected into a mixture of CTAB and gold(m) chloride hydrate
constantly stirred at 45 °C in an oil bath with a magnetic stir
bar. After the injection, the reaction solution was stirred at
45 °C for further 30 s and then left undisturbed at this
temperature for 20 min. For purification, the nanoparticle
dispersion was centrifuged at 10000g for 10 min. The
particles were redispersed in 5 mL ultrapure water and then
centrifuged again under the same conditions and stored for
further utilization in 1 mL ultrapure water.

Synthesis of bimetallic nanoparticles

To synthesize the bimetallic nanocubes, 24.2 mg (0.066
mmol) of CTAB was dissolved in 4.5 mL ultrapure water. In
another container, for a stock solution, 5.2 mg (0.01 mmol)
of hydrogen hexachloroplatinate(iv) hexahydrate was
dissolved in 1.0 mL ultrapure water. In a third container, a
stock solution of ascorbic acid (for the dendritic structures)
or TBAB (for the core-shell nanoparticles) was prepared.
Therefore, 8.8 mg (0.05 mmol) of ascorbic acid was dissolved
in 5.0 mL ultrapure water, or 2.7 mg (0.1 mmol) of TBAB was
dissolved in 1.0 mL ultrapure water. At an oil bath
temperature of 100 °C, 0.25 mL of the previously prepared
gold nanocubes were injected into the CTAB solution. 50 pL
of hexachloroplatinate(rv) hexahydrate and 85 upL of the
reducing agent solution were added to this mixture. The
solution was stirred at 100 °C for one hour before
purification. For lower platinum coverage of the dendritic
particles, 10 pL of the hexachloroplatinate(v) hexahydrate
and 17 pL of the ascorbic acid solution were used. They were
centrifuged for 10 min at 10000g to precipitate the
nanostructures. Then the particles were dissolved in 2.5 mL
ultrapure water and centrifuged under the same conditions
again. For further investigations, the nanoparticles were
stored in 0.5 mL ultrapure water.

Characterization

The nanocrystals were characterized by using electron
microscopy. Therefore, a transmission electron microscope
Zeiss 900 N was used, operating at 80 kV. High-resolution
investigations were done with an aberration corrected high-
resolution transmission electron microscope Jeol JEM-
ARM200F NeoARM equipped with a cold field emission gun
operated at 200 kV acceleration voltage. Images were taken
with a high-angle annular dark field detector (HAADF) and
EDS data were acquired using a Jeol detector with an active
area of 100 mm?’ For sample preparation, a diluted
nanoparticle solution was dropped on a Formvar/carbon-
coated copper grid or on a Formvar/Lacey carbon-coated
copper grid (Plano, 300 mesh) or on a Lacey carbon-coated
copper grid with a single layer of graphene film (Micro to
Nano, 300 mesh) and was dried for a few hours under
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ambient conditions. To analyze the electron microscopy data
Image] 1.53t and Gatan Digital Micrograph 3.53.4031.2 were
used.

UV/vis measurements were carried out with a double-
beam spectrometer of type SPEKOL 2000 from Analytik Jena.
The slit width for the measurements was 2 nm and the step
size was 0.2 nm. Before measurement, the nanoparticle
dispersion was diluted to avoid saturation.

Results and discussion

Characterization of monometallic gold nanocubes

For the preparation of the bimetallic gold-platinum
nanostructures, gold nanocubes are used as seed particles. The
overview TEM micrographs of these nanocrystals are presented
in Fig. Sla and b.jf The majority of the gold particles,
approximately 72%, have a cubic particle shape. Furthermore, a
minor proportion of spherical and nearly triangular particles,
comprising less than 28% of the total, were observed. These
results are in very good agreement with the results of a previous
study.® The gold nanocubes have a narrow size distribution
with an average particle size of (50.9 + 1.4) nm (3%) and show a
localized surface plasmon resonance (LSPR) at 538 nm in the
UV/vis spectrum (Fig. Slc and df). With a small relative
standard deviation of 3%, the cubic particles can be classified
as monodisperse.®® Fig. 1a and b present an atomically-resolved
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of a cubic gold nanoparticle,
which enables a detailed view of the particle's structure. The
first noticeable aspect is the cubic structure with rounded
corners. The particles are single crystalline with a face-centered
cubic (fec) structure. From these images, an interplanar spacing
of 2.05 A was measured which is in good agreement with the
Au(200) plane.®® In addition, the fast Fourier transformation
(FFT) pattern from the whole gold nanocube (Fig. 1c) confirms
this result. Reflexes are visible corresponding to a lattice

c)  Au(200) Au(220)
1.46 A 2.06A 145A
.

2.05A

f
*

Fig. 1 a) HAADF STEM image of a gold nanocube with measured
atomic distance. b) Section from the rounded corner of the gold
nanocube with identical lattice parameter. c) FFT pattern of the whole
gold nanocube with indicated lattice parameters for visible spots.

This journal is © The Royal Society of Chemistry 2024
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distance of 1.46 A, 1.45 A and 2.05 A, 2.06 A. These reflexes
belong to Au(220) and Au(200) in accordance with the
literature.***°

Stability studies of the cubic gold nanocrystal revealed an
instability of these nanostructures at higher temperatures of
about 100 °C, the working temperature for the later bimetallic
synthesis. Heat treatment results in the transformation of the
cubes into spherical-appearing nanostructures, probably due to
a ripening process (Fig. S2f). This was also observed in a
previous study during a ligand exchange process in which the
nanoparticle dispersion in oleylamine was heated up to 100 °C
and a transformation to thermodynamically preferred shapes
such as truncated octahedrons occurred."’

Characterization of the bimetallic nanoparticles

In the synthesis of bimetallic nanoparticles, some important
parameters influence the size, shape, and structure of the
resulting particles. This includes, for example, the particle-
stabilizing ligand, the reaction temperature, the metal salt
used, and the reducing agent. By exchanging the reducing
agent from tetrabutylammonium borohydride (TBAB) to
ascorbic acid, we were able to synthesize core-shell or
dendritic nanostructures, respectively.

Gold-platinum core-shell nanocubes

Fig. 2a presents an overview TEM image of bimetallic gold-
platinum  nanostructures  using  tetrabutylammonium
borohydride (TBAB) as a reduction agent for the platinum metal
salt. Comparable to the monometallic gold nanocubes, most of
the particles (about 70%) have a cubic shape. Besides, there is
also a small amount of almost triangular and spherical-
appearing particles, which is equivalent to the initial
nanoparticles. The formation of sharper corners and additional
tips on the previously rounded corners of the nanocubes are
observed as a result of adding platinum. The particle size
increases by about 1.5 nm from (50.9 + 1.4) nm of the initial
gold nanocubes to (52.6 + 1.5) nm (3%) of the Au-Ptgg
nanocubes (Fig. S3t). In addition, some of the irregularly
shaped nanoparticles showed a roughened surface and
additionally grown tips (Fig. S41). When the gold nanocubes are
heated to 100 °C, a change in shape is observed. In contrast, the

b) 1.2 538 nm  Au-nanocubes
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Fig. 2 a) TEM micrograph of gold-platinum nanoparticles synthesized
with the reducing agent TBAB (inset: single nanoparticle to exhibit the
formation of formed tips at the formerly round corners). b) UV/vis
spectrum of the initial cubic gold nanoparticles (blue line) and gold-
platinum core-shell nanocrystals (black line).
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cubic shape of the bimetallic nanocrystals is retained, despite
the synthesis occurring under comparable reaction conditions.
This indicates the stabilization of the particles by the
attachment of platinum. Similarly, the stabilization of
palladium nanocubes was observed when attaching rhodium as
reported by Gilroy and Lu et al.***' They prepared palladium
nanocubes that were unstable observed by in situ heating
transmission electron microscopy, but the formation of
palladium-rhodium core-frame nanocubes preserved the cubic
morphology. As a result of the platinum attachment, a slight
blueshift of the plasmon resonance by about 4 nm is observed
in the UVpis spectrum of the gold-platinum core-shell
nanocubes (Fig. 2b) in combination with a broadening of the
LSPR signal. In general, a broadening and damping of the LSPR
signal is commonly observed when decorating gold
nanoparticles with platinum.*?

To verify the existence of platinum and to obtain more
information about the elemental composition and distribution,
energy-dispersive X-ray spectroscopy (EDS) was performed. The
elemental maps in Fig. 3 indicate the presence of a core-shell
structure of the analyzed dimer. The elemental distribution of
gold (c), platinum (d), and a superimposed image of the
distribution of gold and platinum (b) are shown related to the
HAADF-STEM in (a). Please note that the distortion is an artifact
due to a drift of the sample during the EDS mapping. In Fig. 3c,
the elemental distribution of gold exhibits the typical cubic
shape of the initial gold nanocubes. Platinum was detected as a
shell around the cubic gold core and at the new tips formed at
the previously rounded corners. The acquired EDS spectra are
shown in Fig. S5 and S6.f The bimetallic nanocubes contain
approximately 89% predominately gold and about 11%
platinum as determined from the EDS data.

For a more detailed view of the particle structure, high-
resolution TEM measurements were performed. The atomically-
resolved HAADF-STEM image in Fig. 4a represents a section
from a corner of an Au-Ptcs nanocube and shows a single-
crystal lattice with epitaxial growth of platinum on gold. The

b)
1Q.nm
[9) Gold}d) Platinum

Fig. 3 a) HAADF-STEM image of cubic gold-platinum nanoparticles
synthesized with TBAB as the reducing agent. b) Elemental distribution
of gold and platinum, c) elemental distribution of gold Lo, and d)
elemental distribution of platinum La.

CrystEngComm, 2024, 26, 6748-6756 | 6751
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Fig. 4 a) HAADF STEM image of a section from a rounded corner of
the Au-Ptcs nanocube synthesized with the reducing agent TBAB. b)
FFT pattern of the nanoparticle bulk region (green box). c) FFT pattern
of a tip from the corner of this nanocube (red box).

corresponding FFTs are shown in Fig. 4b and c, respectively.
The determined lattice constant in the cubic particle corpus is
2.05 A (Au(200)****) and is the same as for the monometallic
cubes. This indicates that the surface structure is not modified
with the attachment of platinum. In contrast, an interplanar
spacing of 1.96 A was measured at the tips which is in
accordance with Pt(200).** The results, confirm the core-shell
structure of the nanoparticles observed in EDS mapping and
show that a site-selective platinum overgrowth occurs due to the
reaction conditions.

To investigate the influence of the amount of reducing agent
and the quantity of platinum on growth, these parameters were
varied. A reduction of the amount of the platinum precursor by
50% combined with the same amount of TBAB also results in
the formation of cubic nanoparticles with additional peaks at
the previously rounded corners (Fig. S7aft). Besides, growth tips
were formed even, if the reducing agent and the amount of
platinum metal salt were reduced by half (Fig. S7bt).

The particle growth can be presumed to have proceeded via
layer-by-layer growth. In this process, the atoms chemisorb on
the particle surface and then diffuse to energetically favored
particle sites (e.g. corners and edges). Thus, the diffusion rate is
higher than the deposition rate. The growth mechanism is
partly controlled by the particle stabilizing ligand CTAB.
Bromide preferentially chemisorbs onto the Au(100) facets and
blocks them. Besides, the reaction temperature is a crucial
factor in this process, as it influences the interaction between
the specific facets and the mobility of the adatoms on the
particle surface. This was previously demonstrated in a study on
the synthesis of gold nanocubes.'® Furthermore, the choice of
reducing agent is also an important factor, as it allows for the
precise control of monomer concentration, which can influence
the growth mode and the final particle architecture.

Dendritic gold-platinum nanoparticles

The effect of varying the reduction agent in the synthesis of
gold-platinum nanoparticles on the resulting particle
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Fig. 5 a) TEM micrograph of dendritic gold-platinum nanoparticles
synthesized with the reducing agent ascorbic acid. b) UV/vis spectrum
of the initial cubic gold nanoparticles (blue line) and dendritic gold-
platinum nanocrystals (black line).

architecture is presented in Fig. 5. The use of the reducing
agent ascorbic acid instead of TBAB results in the formation
of islands rather than the layer-by-layer growth mode. A
highly branched, dendritic platinum shell of approximately 7
nm has formed on the surface of the gold nanocubes.
Compared to the initial cubic gold seed particles, some
nanocrystals seem to become slightly rounder, which will be
discussed further below. Moreover, all nanoparticles exhibit a
highly branched dendritic shell, regardeless of the particle
shape. The optical properties of the platinum nanocubes are
modified by the addition of a dendritic platinum shell as a
result of a change to the dielectric environment. As a result,
the corresponding UV/vis spectrum in Fig. 5b exhibits a
significant redshift in combination with a broadening of the
LSPR signal. This is in accordance with the literature
reporting that platihum can dampen the plasmon
resonance.”>"?

EDS mapping was used to analyze the composition of the
particle, especially of the dendritic shell. Fig. 6a shows a
HAADF-STEM image of a dendritic nanoparticle together with
the EDS maps (full EDS spectra in Fig. S8t). The results indicate
the presence of a cubic-shaped gold core with rounded corners,
as for the monometallic seed particles, surrounded by a highly
branched dendritic platinum shell. According to EDS analysis,
the ratio of gold to platinum is approximately 75% to 25%.

Y b)
i 20_nm

) d)

Gold Platinum

Fig. 6 a) HAADF-STEM image of a dendritic cubic gold-platinum
nanoparticle synthesized with ascorbic acid as the reducing agent. b)
Elemental distribution of gold and platinum, c) Elemental distribution
of gold La, and d) Elemental distribution of platinum L.

This journal is © The Royal Society of Chemistry 2024
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10 nm™!

10 nm

Fig. 7 a) HAADF STEM image of a gold-platinum nanoparticle with a
dendritic shell, synthesized using ascorbic acid. b) Magnified section
from the core region of the bimetallic particle (green box). c) FFT
pattern of b.

In the corresponding HAADF image in Fig. 7a, the
crystalline particle structure as well as the dendritic shell is
visible. The magnified section from the core (Fig. 7b) shows
the lattice spacing of gold and platinum. Fig. 7c also exhibits
the presence of both metals due to the reflections
corresponding to Au(111), Au(022), and Au(113) and Pt(111),
Pt(220), and Pt(113)."°>° These results confirm the presence
of a gold core and a dendritic platinum shell of the particles.
As previously noted, the shape of these bimetallic nanocubes
appears to adopt a slightly rounded shape. This could be
attributed to a different orientation of the nanoparticles on
the TEM grid due to the dendritic shell. In comparison, the
monometallic gold nanocubes and the core-shell
nanocrystals show a preferred orientation on the TEM
support. This is supported by the presence of particles having
a cubic-shaped core and a lattice spacing of 2.07 A that can
be assigned to Au(200) (Fig. 7a).

The here reported syntheses of the bimetallic nanoparticles
only differ by the use of the reducing agent for the platinum
salt, otherwise keeping the solvent, ligands, additives, and
reaction temperature and concentrations unchanged. The
obtained results demonstrate that precise control of the
architecture from the bimetallic nanoparticles is possible. By
using reducing agents with different reduction strengths, the
degree of supersaturation in the reaction solution is influenced
and thus also the growth pathway,”* resulting in the majority
formation of dendritic nanostructures. The reducing potential
of ascorbic acid appears to be dependent on temperature. If the
synthesis is performed at 80 °C instead of 100 °C, this results in
the formation of dendritic nanoparticles, which exhibit a much
thinner platinum shell (Fig. S97). Since the deposition rate for
dendric particles is significantly increased compared to core-
shell nanocrystals, it is apparent that the kinetics control the
growth process of Pt islands. An island growth mode of
platinum on various shapes of gold seed particles such as
octahedra, rods, and triangular nanoprisms has been reported
in the literature.*** Based on the higher surface energy of
platinum compared to gold and the lattice mismatch of 3.8%
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Fig. 8 a) Overview TEM micrograph of dendritic gold-platinum
nanoparticles synthesized with 20% of the initial amount of platinum,
but with the reducing agent ascorbic acid. b) UV/vis spectrum of the
initial cubic gold nanoparticles (blue line) and dendritic gold-platinum
nanocrystals (black line).

(ref. 55) between both metals, a preferential island growth of
platinum on gold is known to occur.”® Besides, the growth of
islands will also be favored if the reaction temperatures are not
sufficiently high, as diffusion of platinum monomers on a
particle surface is hindered by the strong Pt-Pt bond.**

Dendritic gold-platinum nanoparticles with a lower platinum
coverage

Fig. 8a illustrates the ability to modify the thickness of the
dendritic platinum shell by varying the quantities of metal
salt and the reducing agent ascorbic acid. The bimetallic
particles exhibit isolated islands instead of a 7 nm dendritic
shell due to the reduced amount of platinum precursor
added (20% of the total metal salt reported in the previous
section). Comparable to previously presented dendritic
nanocrystals, the particle shape appears to be slightly
rounded. In the recorded UV/vis spectra (Fig. 8b), the

dendritic nanostructures show a slight redshift of
approximately 2 nm and also a broadening of the LSPR
signal.

The results obtained from EDS (Fig. 10) and high-resolution
STEM (Fig. 9) measurements agree with the previously presented
dendritic nanostructures. The elemental distribution in Fig. 10a
presents a dendritic nanoparticle with isolated platinum islands
grown on a cubic gold core (associated spectrum in Fig. S107).

c) Pt(111) * Pt(111)
227A | 229A
N\ § Pt(200)
TR 199A
#

R

d)Au(111) A
237A

2
N AR
; iz

Fig. 9 a) HAADF STEM image of a dendritic gold-platinum
nanoparticle synthesized with the reducing agent ascorbic acid. b)
High-resolution HAADF-STEM image of another dendritic cubic gold-
platinum nanoparticle in a different orientation on the TEM support. c)
FFT pattern of a section of the dendritic shell (blue box). d) FFT pattern
from the core region of the particle (green box).
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Fig. 10 a) HAADF-STEM image of a cubic gold-platinum nanoparticle
synthesized with 20% of the initial amount of platinum, but with the
reducing agent ascorbic acid. b) Elemental distribution of gold and
platinum, c) elemental distribution of gold La, and d) elemental
distribution of platinum La.

EDS analysis shows a gold-platinum ratio of 92% to 8%. These
results are comparable to those of the previous core-shell
structure, although a reduced quantity of platinum metal salt
(20% of the previous amount) was used in the synthesis.

The high-resolution HAADF-STEM images in Fig. 9 show
the crystalline structure of the dendritic nanoparticles. The
results obtained for the dendritic nanoparticles with a dense
shell and individual islands are comparable and in
agreement with the EDS measurements. The lattice constant
in the cubic particle corpus (Fig. 9a) is 2.35 A (Au(111)) and
the FFT of this area (Fig. 9d) only shows reflections belonging
to gold. In contrast, the lattice spacing of the formed islands
is 2.26 A, which is assigned to Pt(111). In the corresponding
FFT image (Fig. 9c), all reflexes can be assigned to platinum.
These results confirm that the nanoparticle consists of a gold
core and a platinum shell. As described above, the particles
might be orientated differently on the TEM grid due to the
platinum branches at the gold surface resulting in a variation
of the projected shapes of the nanoparticles. Fig. 9a indicates
a possible tilting of the nanoparticles because the edges no
longer look like a straight line. Besides, an intensity gradient
is visible in Fig. 9b. The particle appears brighter in the
middle area compared to the top and bottom of the image.
This directly shows that the particle is thicker in this area
since the HAADF contrast scales with the thickness.’®®” A
linear proportionality of the HAAD-intensity to the sample
thickness is known.””

By varying the amount of platinum used for the dendritic
nanostructures, the density of platinum islands can be
controlled as well as the optical properties, whereby higher
platinum coverages lead to a broadening and redshift of the
signal in the UV/vis spectrum. This can be useful for
photocatalytic applications as with controlling the platinum
coverage, the plasmon resonance can be influenced and
tuned for the respective wavelength range of the solar
spectrum.

Conclusion

In summary, this study demonstrates a controlling of the
architecture of gold-platinum nanocubes due to the growth
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of platinum on gold nanocubes. This is achieved by the
choice of the reduction agent, as this affects the reaction
kinetics and thus the attachment of the platinum to the gold
seeds. On the one hand, the reduction agent TBAB leads to
the formation of core-shell nanoparticles with decorated
rounded cube corners, exhibiting an epitaxial growth of
platinum on gold. The instability of the gold nanocubes at
temperatures around 100 °C at which the particles transform
into the thermodynamically preferential spherical-appearing
shape, presumably through a ripening process, is suppressed
by the selective epitaxial growth of platinum on the gold
nanocubes, indicating a stabilization by platinum. On the
other hand, the use of ascorbic acid results in the growth of
a dendritic structure. The particles have predominantly a
cubic particle corpus. The different growth modes may be
attributed to the different reduction strengths of the reducing
agents and the degree of supersaturation. Based on the
selected reaction conditions, the result indicates that
ascorbic acid is a stronger reducing agent for the platinum
metal salt than TBAB. Due to the different surface structures
and attachments of platinum, the presented bimetallic
nanocrystals have different surface-to-volume ratios. The UV/
vis spectra indicate that the amount of Pt deposited, and the
growth modus allow to tailor the optical properties. For
example, high island densities broaden the absorbance by
redshifting the spectrum while low island densities of similar
crystallographic orientation mainly lead to damping of the
plasmonic excitation with a minor redshift. On the other
hand, similar Pt coverages but different growth modes and
crystallographic orientations shift the absorption maximum
differently. The question to be solved will be how those
hybrid materials modify the scattering of the photons into
the far field depending on the specific Pt growth. To
summarize, cubic Au-Pt as an antenna-reactor system can be
tailored according to specific needs with respect to catalytic
and optical properties by a simple choice of reduction agent
and thus is promising for aqueous photocatalytic
applications.
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