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ABSTRACT: Plasmonic multimetal materials, consisting of a
plasmonic core and a catalytic shell in a core−shell structure, often
exhibit excellent catalytic performances. Such excellent perform-
ances arise from the synergistic collaboration between the
plasmonic core’s localized surface plasmon-excited hot electrons
and the catalytically active sites of the catalytic shell. In this
context, a trimetallic nanostructure was designed featuring gold
nanobipyramids (AuNBP) with a silver−platinum alloy shell,
serving as a plasmon-mediated photocatalyst for the degradation of
methyl orange (MO) under visible and near-infrared light. By
altering the concentrations of the surfactants hexadecyltrimethy-
lammonium bromide (CTAB) and hexadecyltrimethylammonium
chloride (CTAC), the resulting nanostructure can take on either
island-like or shell-like morphology. In the model system of the photocatalytic reaction of MO, employing the synthesized
nanoparticles as catalysts, the study investigated the reaction under xenon lamp illumination. The trimetallic nanostructure exhibited
robust photocatalytic performances, surpassing AuNBP by a factor of 27.8. The transfer of plasmon resonance energy from AuNBP
to the silver−platinum alloy layer, augmenting the generation of charge carriers, elucidates its outstanding photocatalytic
performance. The obtained trimetallic nanostructure showcases promising potential applications in the realm of photocatalysis,
contributing to the development of advanced plasmon-enhanced photocatalysts with enhanced efficiency and multifunctionality.
KEYWORDS: gold nanobipyramids, trimetallic nanostructure, surface plasmon resonance, photocatalysis, nanoparticle

1. INTRODUCTION
Metal nanoparticles support localized surface plasmon
resonances (LSPRs), also known as plasmonic nanoparticles.
This phenomenon arises from the collective oscillations of
conduction electrons confined to the nanoscale. Due to their
unique optical properties, plasmonic metal nanoparticles find
numerous applications in various fields, including nanooptics,1

chemical and biological sensing,2,3 photocatalysis,4 biotechnol-
ogy,5 and solar energy harvesting.6 To meet the diverse needs
of different technological applications, various plasmonic
nanoparticles have been synthesized. Among them, those
composed of gold (Au) and silver (Ag) are the most
commonly employed, owing to their outstanding ability to
generate localized surface plasmons. Nanospheres and nano-
rods are perhaps the most popular nanostructures in the field
of nanoplasmonics.
AuNBPs and gold nanorods (AuNRs) are two types of

elongated plasmonic nanoparticles that can be synthesized and
tuned in their longitudinal dipole plasmon wavelengths from
the visible to the near-infrared range.7 Both of them exhibit

highly polarization-dependent absorption and scattering cross
sections due to their geometric shapes.8,9 In terms of their
distinctions, each AuNBP features twin planes with five
angularly spaced facets parallel to the length direction, while
the most common AuNRs are typically single crystalline.10−12

Consequently, AuNBPs have two sharp tips, whereas AuNRs
have rounded or flattened ends, leading to significantly
different plasmonic properties. In general, AuNBPs demon-
strate larger local field enhancements, greater optical cross
sections, narrower line widths, better shape and size
consistency, and higher refractive index sensitivity compared
to that of the AuNRs.13 With the recent emergence of reliable
methods for growing high-purity and uniform AuNBPs,14−16
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they have garnered widespread interest among researchers for
studying their intriguing plasmonic properties and applica-
tions.17−23

Plasmonic multimetal nanostructures have attracted signifi-
cant interest due to their unique shapes and material-
dependent catalytic, optical, electrical, and magnetic proper-
ties.24−31 They combine the plasmonic functionality of metal
nanoparticles with the physical and chemical properties of
other metals, such as catalytic activity, magnetism, optical
imaging, and cancer treatment. Due to the LSPR field
enhancement effect of plasmonic metal nanostructures,
multimetal nanostructures with plasmonic properties have
extensive application potential in areas such as photo-
chemistry,32 optomagnetism,33 optoelectronics,34 and photo-
biology.35 Among all applications of plasmonic multimetal
nanostructures, one of the most in-depth and popular research
topics is photocatalysis.36−38 It can be applied to special
chemical reactions, such as pollutant degradation, water
splitting, and organic synthesis. Excellent photocatalysts can
meet the industrial demand for high reaction efficiency and
cost-effectiveness. Khodabandeloo et al.39 discussed the use of
semiconductor photocatalysis for the removal and mineraliza-
tion of various pollutants. The review covers the preparation
methods and mechanisms of various semiconductor catalysts,
provides suggestions for improving semiconductor efficiency in
photocatalysis, and discusses a range of pollutants including
organic compounds, heavy metals, pharmaceutical pollutants,
pesticides, and microorganisms. It also highlights the latest
applications of semiconductors in photocatalytic remediation.
In general, the catalytic performance of multimetal

nanostructure is provided by two main components. One
part consists of common plasmonic nanoparticles, such as Au
and Ag,40−42 while the other part consists of common catalysts,
such as palladium (Pd) and platinum (Pt).43,44 Plasmonic
nanoparticles can generate LSPR, which is caused by the
coherent oscillation of conduction band electrons in the
medium, leading to the production of intense local electric
fields and hot electrons. More importantly, for known rod-
shaped plasmonic nanostructures, their plasmonic character-
istics, specifically the longitudinal plasmon resonance wave-
length, can be adjusted across the entire visible and near-
infrared spectrum. This adjustment depends on factors, such as
the shape and size of the nanostructures. However, traditional
plasmonic nanoparticle catalysts are suitable only for specific
reactions, and common catalytic nanoparticles do not support
strong LSPR in the visible and near-infrared regions. In past
studies, bimetallic nanoparticles composed of plasmonic cores
and catalytic shells have demonstrated excellent catalytic
performance.45−51 For instance, Chen et al.52 modified
platinum particles on the surface of AuNRs and used them
as catalysts in the reduction reaction of nonfluorescent
Rhodamine B to highly fluorescent triphenylmethane with
N2H4. This catalyst exhibited strong catalytic performance
under both illuminated and nonilluminated conditions. Yun et
al.53 reported a method for preparing Au nanoframe@Pd (Au
NF@Pd) array electrocatalysts in the presence of cetylpyr-
idinium chloride. Compared to both Au NF@Pd nanostruc-
tures and Au NBP@Pd arrays, the Au NF@Pd array
demonstrated stronger electrocatalytic performance for ethanol
electrooxidation due to its abundant catalytically active sites.
Compared to commercial Pd/C electrocatalysts, the Au NF@
Pd array exhibited 4.1 times higher specific activity and 13.7
times higher mass activity. Chen et al.54 reported on two

configurations of AuNR@Pd nanostructures: one where the
nanorod core was covered by a continuous palladium shell, and
another where it was covered by discrete palladium nano-
particles. The study explored the plasmonic percolation
behavior of these AuNR@Pd nanostructures. Single-particle
scattering measurements and FDTD numerical simulations
further confirmed the presence of plasmonic percolation.
Gholipour et al.55 described the preparation of single-layer
carbon nitride-modified plasmonic AgPd alloy nanoparticles
(AgPdNPs/SLCN) using an ultrasound-assisted hydrothermal
method. These nanoparticles were used for photocatalytic
hydrogen production from formic acid at a near-room
temperature (30 °C). The catalytic activity of the palladium
atoms was synergistically enhanced by the LSPR effect of the
silver atoms, greatly improving the photocatalytic performance.
Shokouhimehr et al.56 reported the design of a magnetically
recoverable core−shell palladium nanocatalyst for the efficient
oxidation of alcohols under base-free aqueous conditions. The
nanocatalyst exhibited high catalytic activity in other types of
reactions involving Pd NPs, such as Suzuki cross-coupling and
reduction of nitroarenes. It also demonstrated a certain degree
of stability under harsh reaction conditions. Alamgholiloo et
al.57 described a novel and efficient strategy for anchoring
Fe3O4 nanoparticles on graphene oxide (GO) sheet-supported
metal−organic frameworks (MOFs). The prepared Fe3O4/Cu-
BDC/GO nanocatalyst, characterized and studied using
various methods, significantly enhanced the catalytic perform-
ance of alcohol oxidation reactions under very mild and
sustainable reaction conditions, especially when used in
conjunction with the cocatalyst 2,2,6,6-tetramethylpiperidine-
N-oxide. Ahadi et al.58 reported the synthesis of bridged
dimeric organic functionalized viologen PMOs on titanium
dioxide (TiO2) via a layer-by-layer growth method. The
prepared material successfully developed a novel mixed photo-
oxidation system, which could be used for the mineralization of
formic acid under sunlight irradiation.
However, Pt (or Pd) possesses a large imaginary part of the

dielectric function, resulting in significant plasmonic damping.
When the plasmonic nanoparticles are covered by a Pt (or Pd)
shell, the intensity of LSPR significantly decreases and the
width broadens because the LSPR of core−shell nanostruc-
tures primarily depends on the material in the shell. This
substantial plasmonic damping leads to a poorer catalytic
performance. For example, Yong et al.59 investigated the
catalytic performance of Au nanoparticles with different
thicknesses of Pd shell coverage and found that thicker shells
led to lower reaction rates. Therefore, designing a plasmon-
mediated photocatalyst with a catalytic shell while retaining the
original strong LSPR properties remains a significant challenge.
In this study, we developed a simple and efficient synthetic

method to produce a AuNBPs-based trimetallic nanostructure,
which exhibited significantly enhanced photocatalytic perform-
ance compared to the monometallic AuNBPs. The synthesis of
the trimetallic nanostructure involved the initial seed-mediated
growth of AuNBPs, followed by further purification using a
depletion flocculation method to obtain highly pure colloidal
AuNBPs. Subsequently, a hydrothermal method was employed
to reduce the precursors of silver and platinum on the surface
of the AuNBPs, forming a silver−platinum alloy shell. For
photocatalytic tests, we employed a borohydride reduction
method under illumination to reduce the MO dye, and the
spectral changes in the solution during the reaction were
monitored using a UV−vis spectrophotometer to assess the

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.4c02124
ACS Appl. Nano Mater. 2024, 7, 14596−14608

14597

www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.4c02124?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reaction progress. In the experiments, photocatalysis were
performed using different types of nanoparticles, and the
synthesized trimetallic nanostructure, AuNBP@AgPt nano-
particles, exhibited the most significant enhancement in
photocatalytic performance.

2. RESULTS AND DISCUSSION
The choice to use AuNBPs was motivated by their sharply
pointed ends. In comparison to AuNRs, which have circular or
flattened ends, AuNBPs exhibit stronger local electric field
enhancement, more pronounced LSPR peaks, narrower full
width at half-maximum (fwhm), better shape and size
consistency, and higher refractive index sensitivity. Addition-
ally, the spectral range of AuNBPs can be tuned within the
range of approximately 600 to 1100 nm.
In the experiments, we employed a seed-mediated growth

method to synthesize AuNBPs with certain modifications in
some details. In brief, we subjected the seeds to heat treatment
and introduced them into the growth solution for overnight
growth, resulting in a solution of AuNBPs. The obtained
solution was further purified by the depletion flocculation
method, finally yielding AuNBPs with a purity exceeding 98%.
The UV−vis-NIR spectra and the transmission electron
microscopy (TEM) images of the AuNBPs before and after
purification are shown in Figure S1. The final purified AuNBPs
exhibited an LSPR peak at 725 nm with an average length of
83.2 ± 4.5 nm and an average width at the widest point of 28.4
± 1.8 nm.
For the synthesis of trimetallic structures, we introduced

AgNO3, K2PtCl4, and ascorbic acid (AA) into the AuNBPs
solution, followed by a hydrothermal reaction, resulting in a
AuNBP@AgPt core−shell trimetallic structure. By adjusting
the amounts of AgNO3 and/or K2PtCl4, as well as the type,
ratio, and amount of surfactant used in the reaction, we have
successfully synthesized a series of trimetallic structures with
varying surface roughness (Figure 1). From this series, we

selected a representative group of particles, with the LSPR
peak positioned at 724 nm, an average length of 86.5 ± 5.2 nm,
and an average width at the widest point of 36.5 ± 2.7 nm.
In the experiments, we observed that surfactants CTAB and

CTAC played important roles in controlling and promoting
the growth of Pt and Ag, respectively. To understand the
impact of these surfactants on the final nanostructures, we
adjusted the ratio of these two surfactants in the solution

during the growth of silver−platinum alloy on the surface of
AuNBPs. This led to the formation of a series of trimetallic
structures with completely different growth patterns.
Figure 2 presents the UV−vis-NIR spectra for different

proportions of CTAB in the surfactant, including 100%, 75%,
50%, 25%, and 0%, along with corresponding images depicting
the changes in the spectral peak positions and intensities.
Additionally, transmission electron microscope (TEM) images
for three scenarios with CTAB proportions of 100%, 50%, and
0% are shown, along with high-resolution TEM (HRTEM)
and energy-dispersive X-ray spectroscopy (EDS) elemental
mapping images for the case with a 50% CTAB proportion.
Detailed TEM images, HRTEM images, and EDS elemental
mapping images can be found in Figures S2 and S3.
From the spectra (Figure 2a,b), we observed that when

CTAB constituted 100% of the added surfactant, the spectrum
experienced a certain degree of redshift and the intensity
decreased significantly after the growth of silver−platinum
alloy on the surface of AuNBPs. As the CTAC content
increased and CTAB content decreased, the spectra gradually
exhibited blueshift, and the intensity increased, continued until
CTAB constituted 0%, that is CTAC comprised 100% of the
surfactant, resulting in the maximum blueshift in the spectrum,
however, the intensity of the spectrum decreased while CTAB
constituted 0%.
From the TEM images (Figures 2c−e and S2b−f), we can

also observe that when the CTAB content is higher, the growth
of the silver−platinum alloy particles tends to be more island-
like. In contrast, when the CTAC content is higher, the growth
on the particle surface tends to be more shell-like. Moreover,
when CTAC constitutes 100% of the surfactant, the alloy shell
on the particle surface exhibits a high level of smoothness.
Similarly, we measured the particle sizes in the TEM images. In
Figure 2c, the shell thickness of the nanoparticles (i.e., the
diameter of the particulate AgPt alloy) is 7.1 ± 0.9 nm. In
Figure 2d, the shell thickness of the nanoparticles (i.e., the
diameter of the particulate AgPt alloy) is 7.5 ± 1.0 nm. In
Figure 2e, the shell thickness of the nanoparticles is 9.0 ± 0.7
nm.
To understand the elemental distribution and crystalline

structure of the AuNBP@AgPt nanostructure, we selected
nanoparticles under three conditions: CTAB comprises 100%,
50%, and 0% of the surfactant for HRTEM and EDS elemental
analysis. In the EDS energy spectrum, Au, Ag, and Pt are
colored yellow, blue, and red, respectively.
From the HRTEM images (Figures 2f and S2g−i), when

CTAB constitutes 100%, the AgPt alloy grows in an island-like
pattern on the surface of AuNBP, where the core’s lattice
spacing of 2.05 Å is close to the lattice spacing of the Au(100)
crystal plane at 2.04 Å, and the lattice spacing of the island-like
shell at 1.96 Å matches that of the Pt(100) crystal plane at 1.96
Å. When CTAB constitutes 50%, the AgPt alloy still grows in
an island-like manner, but the size of the islands is slightly
larger compared to the previous scenario. The core’s lattice
spacing of 2.01 Å is close to the Au(100) crystal plane at 2.04
Å, and the lattice spacing of the island-like shell at 2.30 Å falls
between the lattice spacing of the Pt(111) crystal plane at 2.26
Å and the Ag(111) crystal plane at 2.36 Å. When CTAB
constitutes 0%, a smooth AgPt alloy shell forms on the surfaces
of AuNBP particles. The core’s lattice spacing of 2.35 Å
matches the Au(111) crystal plane at 2.35 Å, and the lattice
spacing of the island-like shell at 2.36 Å matches the Ag(111)
crystal plane at 2.36 Å.

Figure 1. Schematic diagram illustrates the experimentally synthesized
AuNBPs and two different morphologies of AuNBP@AgPt core−shell
trimetallic nanostructures. The bottom-left image represents the
AuNBP@AgPt island-like core−shell trimetallic structure obtained by
using more CTAB or more Pt during synthesis; while the bottom-
right image represents the AuNBP@AgPt shell-like core−shell
trimetallic structure obtained by using more CTAC or more Ag
during synthesis.
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From the EDS energy spectrum (Figure S3), we can also
observe that the elemental distribution of Ag and Pt
completely overlaps; therefore, we can conclude that the
surface growth on AuNBP particles is indeed a silver−platinum
alloy. According to the data obtained from EDS, when CTAB
constitutes 100%, the proportion of platinum in the silver−
platinum alloy is approximately 40%; when CTAB constitutes
50%, the proportion of platinum is about 17%; when CTAB
constitutes 0%, the proportion of platinum is around 16%.
However, the ratio of silver to platinum precursor added in the
experiment is 5:1. Theoretically, the proportion of platinum in
the silver−platinum alloy should be 16.7%. However, when
CTAB accounts for 100%, the proportion of platinum in the
shell is 40%, significantly higher than the theoretical value.
Conversely, when CTAB accounts for 50% and 0%, the
proportions of platinum in the shell (17% and 16%,
respectively) are close to the theoretical value.
Following this, we supplemented the ICP test results for a

group of AuNBP@AgPt nanoparticles with varied surfactant
types and ratios. The detailed results are presented in Table S1.
From the table, it can be observed that the silver content
relative to gold increases as the amount of CTAB decreases,
while the platinum content relative to gold remains largely
unchanged, except for a significant increase when the CTAB
content is at 0%. The reasons for these results will be further
discussed in the subsequent text.
To investigate the surface elemental composition of

AuNBP@AgPt particles, we performed X-ray photoelectron

spectroscopy (XPS) on AuNBP@AgPt with 50% CTAB. From
the XPS spectra in Figure S4, it can be observed that the Au
spectrum exhibits two peaks at 87.18 and 83.48 eV,
corresponding to Au 4f5/2 (87.7 eV) and Au 4f7/2 (84.0 eV).
The Ag spectrum shows two peaks at 373.48 and 367.48 eV,
corresponding to Ag 3d3/2 (374.3 eV) and Ag 3d5/2 (368.3
eV). The Pt spectrum displays four peaks at 74.58 73.48, 71.48,
and 70.18 eV. According to the standard peaks for Pt, there
should only be two peaks: Pt 4f5/2 (74.6 eV) and Pt 4f7/2 (71.2
eV). We hypothesize that the sample underwent a certain
degree of oxidation, causing the peak shifts.
The experimental data deviated from this expectation, and

we have several interpretations for this. First, the reduction
potential of Ag+ is lower than that of Pt2+. Therefore, when AA
is introduced into an aqueous solution of AgNO3 and K2PtCl4,
the reaction will preferentially occur with K2PtCl4. Even if Ag
atoms are generated, they will gradually be oxidized back to
Ag+ ions, and the resulting electrons will quickly be captured
by Pt2+ ions, forming Pt atoms through the reduction process.
Second, this is related to the Br− ions in CTAB. Theoretically,
AgBr has a lower solubility in water than AgCl, which will
partially inhibit the reaction of Ag+. Therefore, when CTAB is
used as the surfactant, Br− ions significantly inhibit the reaction
of Ag+ ions, resulting in a lower silver content in the shell of
the synthesized nanoparticles. When CTAC is used as the
surfactant, Ag+ ions are not significantly influenced by elements
like Br- ions that drastically reduce the concentration of Ag+
ions in the solution. Additionally, since the concentration of

Figure 2. Morphology control of AuNBP@AgPt trimetallic nanostructures by adjusting the type and amount of surfactants. (a,b) UV−vis-NIR
spectra of AuNBP@AgPt trimetallic nanoparticles synthesized under five different conditions with varying CTAB proportions (100%, 75%, 50%,
25%, and 0%), along with corresponding LSPR peak positions and intensities variations. (c,d,e) TEM images of the AuNBP@AgPt nanoparticles
synthesized under three different conditions with CTAB proportions of 100% (c), 50% (d), and 0% (e). (f) HRTEM image of the AuNBP@AgPt
nanoparticles synthesized with a 50% CTAB proportion. (g) HAADF-STEM and EDS elemental mapping images of AuNBP@AgPt nanoparticles
synthesized with a 50% CTAB proportion.
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AgNO3 in the solution is five times that of K2PtCl4, the
resulting nanoparticles will have a significantly higher silver
content in their shells.
Based on the various data and observations mentioned

above, we believe that CTAB is more conducive to the
reduction and growth of Pt during synthesis, leading to an
elevated proportion of Pt in the silver−platinum alloy; the
lattice in the alloy is dominated by Pt, due to the mismatch in
lattice constants between Au (4.08 Å) and Pt (3.92 Å); this
results in the island-like growth of the silver−platinum alloy on
the surface of AuNBP particles, forming a granular structure.
On the other hand, CTAC plays a role in promoting the
reduction and growth of Ag during synthesis, leading to an
increased proportion of Ag in the silver−platinum alloy; in this
case, the lattice in the alloy is dominated by Ag; since the
lattice constants of Au (4.08 Å) and Ag (4.09 Å) are close, the
silver−platinum alloy grows epitaxially on the surface of
AuNBP particles, forming a shell-like alloy layer. In subsequent
experiments, we prioritized the experimental group with 50%
CTAB as the main research subject.
To compare the catalytic performance, we synthesized

individual AuNBP@Ag and AuNBP@Pt bimetallic nano-
particles and compared them with trimetallic nanoparticles
and AuNBP. The UV−vis-NIR spectra and TEM images of
AuNBP, AuNBP@Ag, AuNBP@Pt, and AuNBP@AgPt nano-
particles are shown in Figure 3.
From the spectra (Figure 3a), it can be observed that after

the surface growth of Ag on the AuNBP, the LSPR peak
intensity increases, and the peak position undergoes a blue
shift; this is because, compared to Au, Ag has a higher
plasmonic resonance energy and smaller plasmonic damping.
However, after the surface growth of Pt, the LSPR peak
intensity significantly decreases, and the peak position slightly
red-shifts, this is attributed to the large imaginary part of the
dielectric function of Pt, leading to significant plasmonic

damping. For the AuNBP@AgPt trimetallic nanoparticles
synthesized in this experiment, the LSPR peak intensity
slightly decreases, and the peak position is close to that of the
original AuNBP. The main difference compared to the AuNBP
is that the LSPR peak becomes broader, which is a result of the
interaction between the strong plasmon resonance of Ag and
the strong plasmonic damping of Pt.
According to the TEM images (Figure 3b−e), it can be

observed that when the surface of AuNBP is coated with Ag,
the growth of the silver shell tends to form a smooth shell
structure, creating a smooth outer shell on the surface of
AuNBP. On the other hand, when Pt is grown on the surface
of AuNBP, Pt tends to grow in an island-like fashion, resulting
in an irregular and rough shell. Similarly, we measured the
particle sizes in the TEM images. In Figure 3c, the shell
thickness of the nanoparticles is 4.3 ± 1.2 nm. In Figure 3d, the
shell thickness of the nanoparticles is 2.7 ± 1.7 nm. In Figure
3e, the shell thickness of the nanoparticles is 7.4 ± 1.3 nm.
The factors influencing different growth modes are manifold.

They include differences in lattice structures between the core
and shell, disparities in solid−vapor surface free energy (ES)
among different metals, and variations in bond dissociation
energy (ED) between metals.

60 In simple terms, if the ES of the
shell is smaller than that of the core, then the lower interfacial
energy favors wetting of the core by the shell metal, making
continuous growth more likely. Additionally, when the ED
between atoms of the core and shell metals is greater than that
between atoms of the shell metal itself, continuous growth of
the shell is more probable. The occurrence of epitaxial growth
depends to some extent on the lattice parameters of the core
and shell metals, as well as the thickness of the shell. When the
lattice constants of the core and shell metals are similar, the
shell metal is more likely to undergo epitaxial growth on the
core. Conversely, when there is a significant difference in the

Figure 3. Morphologies of AuNBP nanoparticles and their surface coating with different metals. (a) UV−vis-NIR spectra of AuNBP nanoparticles,
AuNBP@Ag bimetallic nanoparticles, AuNBP@Pt bimetallic nanoparticles, and AuNBP@AgPt trimetallic nanoparticles. (b−e) TEM images of
nanoparticles of AuNBP (b), AuNBP@Ag (c), AuNBP@Pt (d), and AuNBP@AgPt (e).
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lattice constants between the core and shell metals, epitaxial
growth is still possible as long as the shell is thin enough.
The conclusions drawn from the analysis above align with

the findings derived from the analysis of HRTEM images when
the surfactant. The lattice constants of Au (4.08 Å) and Ag
(4.09 Å) are similar, and the ES of Ag (1.24 J/m2) is less than
that of Au (1.50 J/m2), while the ED of Ag−Au (203 kJ/mol) is
greater than that of Ag−Ag (160 kJ/mol), leading to a shell-
like growth of Ag on the surface of AuNBP. However, the
lattice constants of Au (4.08 Å) and Pt (3.92 Å) do not match,
and the ES of Pt (2.49 J/m2) is greater than that of Au (1.50 J/
m2), while the ED of Pt−Pt (307 kJ/mol) is greater than that of
Au−Au (226 kJ/mol), resulting in island-like growth of Pt on
the surface of AuNBP. When growing AgPt alloy on the surface
of AuNBP, the alloy growth exhibits a distinct core−shell
structure, including irregular and rough surfaces with island-
like growth. This morphology seems to be more favorable for
increasing the surface area, enhancing the catalytic activity.
In the experiments, we also attempted to influence the final

nanostructure by controlling the concentrations of precursors
AgNO3 and/or K2PtCl4. While maintaining the CTAB ratio at
50%, we conducted experiments with different amounts of
AgNO3 (0.01−0.16 mL, 0.01 M) and K2PtCl4 (0.01−0.16 mL,
0.002 M). The UV−vis-NIR spectra for all samples, along with
the corresponding LSPR peak positions and intensities, are
depicted in Figure 4. The corresponding TEM images can be
found in Figures S5 and S6.
Figure 4a shows the UV−vis-NIR spectra of AuNBP@AgPt

nanostructures with different amounts of AgNO3 (0.01−0.16
mL, 0.01 M), while keeping the K2PtCl4 constant (0.04 mL,
0.002 M). Figure 4b shows the corresponding LSPR peak
positions and intensities. With the increase in AgNO3
concentration, the LSPR underwent a blue shift and the
intensity increases. This is due to the fact that compared to Au,

Ag material has a higher plasmon resonance energy and smaller
plasmon damping. From Figure S5b−f, when 0.01 mL of
AgNO3 was used, Pt formed particles on the surface of
AuNBP, creating a AuNBP@AgPt island heterostructure. As
the amount of AgNO3 increases, the surface gradually forms a
fully covered continuous shell, but the shell surface remains
uneven with noticeable roughness. When the amount of
AgNO3 was increased to 0.16 mL, a smooth alloy shell of AgPt
was eventually formed.
Similarly, the amount of K2PtCl4 also affected the final

morphology of the AuNBP@AgPt nanostructures. In the
experiments, we added K2PtCl4 from 0.01 to 0.16 mL (0.002
M), while keeping the amount of AgNO3 fixed (0.04 mL, 0.01
M). Figure 4c displays the UV−vis-NIR spectra of AuNBP@
AgPt nanoparticles with varying amounts of K2PtCl4. Figure 4d
shows the corresponding LSPR peak positions and intensities.
It can be observed that with the increase in K2PtCl4
concentration, the LSPR red-shifted and broadened, and the
intensity gradually decreased. This is due to the significant
plasmon damping caused by the large imaginary part of the
dielectric function of Pt material. Therefore, different
structures could be obtained by simply adjusting the quantities
of AgNO3 and/or K2PtCl4 precursors. The TEM images are
shown in Figure S6. With the increase in K2PtCl4 content, the
outer layer begins as a smooth shell structure and gradually
transitions to a dendritic structure (K2PtCl4 > 0.04 mL).
Further increasing the amount of K2PtCl4 makes the dendritic
structure more pronounced.
In our experiments, we directly deposited a silver−platinum

alloy on the surface of AuNBP. Depending on the different
surfactants or the amount of added Ag and Pt precursors,
different morphologies could be formed. In the experiment
involving surfactant variation, we added an excess of reducing
agent AA. Theoretically, all Ag and Pt precursors would be

Figure 4. Morphologies of AuNBP@AgPt trimetallic nanoparticles by adjusting the amounts of AgNO3 and K2PtCl4. (a,b) UV−vis-NIR spectra
and corresponding LSPR peak positions and intensities of AuNBP@AgPt trimetallic nanoparticles synthesized by adjusting the amounts of AgNO3
(0.01−0.16 mL, 0.01 M). (c,d) UV−vis-NIR spectra and corresponding LSPR peak positions and intensities of AuNBP@AgPt trimetallic
nanoparticles synthesized by adjusting different amounts of K2PtCl4 (0.01−0.16 mL, 0.002 M).
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reduced to atoms and deposited on AuNBP, resulting in a
silver−platinum alloy with a Pt ratio of 16.7%. However, the
experimental data deviated from this expectation, and we have
several points of view on this matter. First, the reduction
potential of Ag+ is lower than that of Pt2+, so when AA was
introduced into the AgNO3 and K2PtCl4 aqueous solution, the
reaction would preferentially occur on K2PtCl4, even if Ag
atoms were generated, they would gradually be oxidized to Ag+
ions, and the generated electrons were rapidly captured by Pt2+
ions through the reduction process to form Pt atoms. Second,
this is related to the bromide ions (Br−) in CTAB.
Theoretically, AgBr is less soluble in water than AgCl, which
would suppress the reaction of Ag+ to some extent, leading to a
lower Ag content in the shell of the CTAB group.
The entire reaction process was summarized as follows: The

precursors AgNO3 and K2PtCl4 are coreduced by AA to form
Ag and Pt atoms. The generated Ag and Pt atoms codeposit on
AuNBP, forming an AgPt alloy shell. When CTAB is used as
the surfactant, bromide ions (Br−) to some extent suppress the
reaction of Ag+ ions, causing Pt to be preferentially reduced.
During the deposition on the surface of AuNBP, due to the
mismatch in lattice constants, there is a tendency for island-like
growth, ultimately resulting in a granular AgPt alloy shell.
When CTAC is used as the surfactant, Ag and Pt are reduced
almost simultaneously. Since Ag constitutes the majority,
during the deposition on the surface of AuNBP, the lattice of

the AgPt alloy is dominated by Ag. Because the lattice
constants of Ag and Pt are close, an epitaxial growth occurs,
forming a complete shell-like structure.
To investigate the photocatalytic activities of AuNBP@AgPt

trimetallic nanostructures under plasmonic enhancement, we
chose the reduction of the MO solution using NaBH4 as the
model reaction system and conducted experiments under
xenon lamp irradiation. During the reduction process, the color
of the MO solution changes from orange to colorless.
During the photocatalytic reactions, we measured and

recorded the intensity of the characteristic absorption peak
of the MO solution at a wavelength of 463 nm in the visible-
near-infrared spectrum as a function of reaction time. This was
done to reflect the photocatalytic rate. The experimental
procedure is illustrated in Figure 5a. Specifically, at the
beginning of the reaction (t = 0 min), we determined the peak
value X0 of the MO solution, and then, at appropriate time
intervals during the reaction (1 or 2 min), we measured the
peak value Xi at the wavelength of 463 nm. Subsequently, we
calculated the -Ln(Xi/X0):t curve, the fast-rising phase of the
curve was linearly fitted, and the slope of the fitted line was
taken as the standard for the reaction rate. Specific
representations of the photocatalytic performance process
and rate (slope) bar charts are shown in Figures 5 and S7.
Figure S7a presents the reaction process for the trimetallic

nanostructures obtained by changing the type and amount of

Figure 5. Plasmon-enhanced photocatalytic performance of different nanostructures of AuNBP@AgPt. (a) Schematic representation of the MO
reduction process under Xe lamp irradiation using NaBH4, with the color of the solution changing from yellow to colorless. (b,e) The scatter plot of
the photocatalytic performance process and rate (slope) bar chart of AuNBP@AgPt nanoparticles with different metal coatings. (c,f) The scatter
plot of the photocatalytic performance process and rate (slope) bar chart of AuNBP@AgPt nanoparticles with varying amounts of AgNO3 in the
experiment. (d,g) The scatter plot of the photocatalytic performance process and rate (slope) bar chart of AuNBP@AgPt nanoparticles with
varying amounts of K2PtCl4 in the experiment.
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surfactant as catalysts. The catalytic rates of AuNBPs under the
same conditions were used as a control, and the catalytic rates
of different morphologies of nanoparticles were calculated,
with the catalytic rates presented in the bar chart in Figure S7b
and the specific catalytic rates recorded in Table S2. The raw
data for photocatalysis are shown in Figure S8. It could be
observed that although there is not a significant change in the
catalytic rates among the trimetallic nanostructures obtained
by altering the type and amount of surfactant, a trend of
initially increasing and then decreasing is evident. Moreover, all
these rates are significantly higher than that of AuNBPs under
the same conditions. When both types of surfactants were
present simultaneously, there is a slight improvement in the
catalytic performance of the synthesized trimetallic nanostruc-
tures.
Figure 5b illustrates the scatter plot of the photocatalytic

reaction processes of AuNBP, AuNBP@Ag, AuNBP@Pt, and
AuNBP@AgPt nanoparticles as catalysts. The catalytic rates of
AuNBPs under the same conditions were used as a control,
and the catalytic rates of different morphologies of nano-
particles were calculated, with the catalytic rates presented in
the bar chart in Figure 5e, and the specific catalytic rates
recorded in Table S3. The raw data for photocatalysis are
shown in Figure S9. Among these four types of metallic
nanostructures, AuNBP@AgPt exhibits the highest catalytic
rate, being 27.8 times higher than the catalytic rate of AuNBPs
under the same conditions.
Figure 5c depicts the scatter plot of the reaction process of

AuNBP@AgPt nanostructures as catalysts under different
amounts of AgNO3 (0.01 to 0.16 mL, 0.01 M) while keeping
K2PtCl4 constant (0.04 mL, 0.002 M). The catalytic rates of
AuNBP under the same conditions were used as a control, and
the catalytic rates of different morphologies of nanoparticles
were calculated with the catalytic rates presented in the bar
chart in Figure 5f, and the specific catalytic rates recorded in
Table S4. The raw data for photocatalysis are shown in Figure
S10. It could be observed that changing the AgNO3 alters the
catalytic rates of AuNBP@AgPt nanostructures. When AgNO3
is 0.01 mL, the relative rate was 17.8 times higher; with an
increase in AgNO3, the catalytic rate of AuNBP@AgPt
nanoparticles gradually increased. When AgNO3 is increased
to 0.16 mL, the relative rate also increases 44.0 times.
In Figure 5d, while keeping AgNO3 constant (0.04 mL, 0.01

M), the scatter plot of the reaction process is presented when
K2PtCl4 is added from 0.01 to 0.16 mL (0.002 M) for
AuNBP@AgPt nanostructures as catalysts. Similar to the
previous condition, the catalytic rates of AuNBP under the
same conditions were used as a control, the catalytic rates of
different morphologies of nanoparticles were calculated, with
the catalytic rates presented in the bar chart in Figure 5g, and
the specific catalytic rates were recorded in Table S5. The raw
data for photocatalysis are shown in Figure S11. Changing
K2PtCl4 had a minimal impact on altering the catalytic rates of
AuNBP@AgPt nanostructures. When K2PtCl4 is 0.01 mL, the
relative rate was 16.1 times higher; with an increase in K2PtCl4,
the catalytic rate of AuNBP@AgPt nanoparticles remain
relatively constant. When K2PtCl4 is increased to 0.16 mL,
the relative rate slightly increases 21.9 times. However, it is
observed that although the amount of K2PtCl4 had a minimal
effect on the photocatalytic rate, it did influence the initiation
time of the catalysis by AuNBP@AgPt nanoparticles. When
K2PtCl4 is 0.01 mL, the photocatalytic reaction of AuNBP@
AgPt nanoparticles takes about 10 min to initiate. With an

increase in K2PtCl4, the initiation time gradually shortens, and
when K2PtCl4 is increased to 0.16 mL, the reaction initiates in
approximately 2 min. It can be concluded that the presence of
Pt significantly reduces the initial time.
In our photocatalytic experiments, two main conditions

influence the catalytic rate: the type of catalytic particles, which
refers to the different types of nanoparticles we synthesized,
and the volume and concentration of the added components,
including methyl orange, catalytic particles, and NaBH4. For
methyl orange, we prepared a large amount of 0.15 mM
solution and used 1 mL for each photocatalytic experiment,
ensuring a consistent concentration and volume. NaBH4 is
easily oxidized in air, so we prepared it in a consistent manner
each time to maintain its reducing properties. We also analyzed
the data for each set of experiments using the catalytic rate of
AuNBP as a baseline to calculate the relative rates of other
multimetallic nanoparticles within the same group, thereby
minimizing the impact of NaBH4 concentration variability.
Regarding the concentration of nanoparticles, we first
centrifuged and washed the synthesized nanoparticles twice
and then reconstituted them to the original volume before
washing. Figure S12 shows the spectra of a set of AuNBP@
AgPt nanoparticles with varied surfactant components before
and after washing, with solid lines representing the spectra
before washing and dashed lines representing the spectra after
washing. From the spectra, it can be seen that both AuNBP
and AuNBP@AgPt experienced some loss after washing.
However, data analysis indicates that the nanoparticles retained
90% to 93% of their original intensity after washing. Given that
the differences in experimental results are significantly greater
than 3%, we believe that this washing procedure is effective and
ensures the accuracy of the experimental results.
To demonstrate the presence of the plasmonic enhancement

effect provided by AuNBP, we conducted catalytic experiments
on both AuNBP and AuNBP@AgPt nanoparticles under
illuminated and nonilluminated conditions. The experimental
procedure was identical with the photocatalytic experiment,
with the only difference being the absence of illumination. The
results of these experiments are shown in Figure S13. By
comparing the catalytic performance under illuminated and
nonilluminated conditions, we can confirm the presence of the
plasmonic enhancement effect provided by AuNBP. Addition-
ally, by comparing the catalytic performance of AuNBPs with
and without the silver−platinum alloy coating, we can
demonstrate the catalytic effect of the silver−platinum alloy.
According to the experimental results, AuNBPs alone exhibit
negligible catalytic activity under dark conditions. Therefore,
both the silver−platinum alloy shell under dark conditions and
the plasmonic enhancement effect provided by illumination
contribute to enhanced catalytic performance.
Based on the results above, we believe that the catalytic

performance of platinum (Pt) mainly arises from its intrinsic
chemical catalytic ability, while the catalytic abilities of gold
(Au) and silver (Ag) primarily stem from their plasmonic
enhancement effects. Therefore, when we coat the nanoparticle
surface with silver, the presence of silver significantly enhances
the nanoparticle’s plasmonic properties. Moreover, when we
alter the silver content, significant changes occur in the
nanoparticle’s plasmonic properties, as evidenced by the
spectral changes observed when varying the silver content.
Conversely, when we coat the nanoparticle surface with
platinum, the platinum content constitutes only a small
proportion, and thus, its intrinsic chemical catalytic perform-
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ance does not play a significant role. In the trimetallic
nanoparticles, introducing both silver and platinum allows
silver to act as a plasmonic enhancer, while the platinum
nanoparticles on the surface serve as high-performance
catalytic hotspots, effectively utilizing the plasmonic excitation
induced by silver. When we vary the platinum content, the
amount of excited plasmon does not change significantly
because the silver content remains constant. However, as the
platinum content increases, electron exchange in the silver−
platinum alloy becomes more frequent and the contact area
between platinum and the solution increases. Under these
combined factors, the reaction initiation time gradually
decreases with an increase in the platinum content.
To test the reusability of the catalyst, we conducted cyclic

photocatalysis experiments on the AuNBP@AgPt nano-
particles. Considering reaction time and rate, we chose to
use AuNBP@AgPt synthesized by adding 0.04 mL AgNO3 and
0.04 mL K2PtCl4 for the cyclic photocatalysis experiments. Ten
photocatalytic cycles were performed with centrifugation twice
at the end of each cycle for collecting and cleaning the catalyst.
Experimental results (Figure S14) indicated that after 10
cycles, the catalytic efficiency of AuNBP@AgPt still remains at
an exceptionally high level. After 10 rounds of photocatalysis,
we measured the extinction spectrum of the AuNBP@AgPt
sample and conducted TEM imaging, as shown in Figure S14.
The raw data for photocatalysis are shown in Figure S15. It is
noteworthy that there is no significant difference in the spectra
before and after 10 cycles, except for a slight decrease in
intensity, which can be attributed to some loss during the
centrifugation. The TEM images show that the nanostructure
of AuNBP@AgPt undergoes no significant changes after 10
cycles of photocatalysis.
Based on the above data, AuNBP@AgPt synthesized by us

demonstrates promising potential for recycling and reuse.
Moreover, its catalytic activity can be directly stimulated by
sunlight, offering the possibility of cost savings, particularly in
terms of cost and power consumption in large-scale industrial
applications. Therefore, the AuNBP@AgPt catalyst is expected
to provide an economical solution for practical catalytic
reactions.
In order to understand the reason behind the excellent

performance of AuNBP@AgPt in photocatalysis, we conducted
finite-difference time-domain (FDTD) simulations to calculate
the extinction spectra and electric field distribution at the
catalytic interface of individual AuNBP@AgPt nanostructures.
In the FDTD simulations, we first modeled the AuNBP

based on the dimensions obtained from experiments. As shown
in Figure 6a, we utilized the rounded tip cone model from the
built-in shapes in FDTD to create two back-to-back cones;
each cone had a height of 40 nm, a bottom radius of 14 nm, a
top radius of 4 nm, and a cone angle of 32°; this resulted in the
basic AuNBP model we needed.
In our experiments, we synthesized a series of different

nanostructures and established the corresponding models in
FDTD simulations. Building on these models, we further
created larger bipyramid models or numerous small sphere
models as the metal shell layer of AuNBP. The shell layer has
varying thicknesses in different structures. For example, Figure
S16b depicts the model of AuNBP@Ag with a shell thickness
of approximately 4 nm; Figure S16c shows the model of
AuNBP@Pt with a shell thickness of about 2 nm. Figure
S16d,e illustrates the rough surface models of AuNBP@AgPt,
representing the condition with more CTAB, with a shell

thickness of around 7 nm. Figure S16f displays the smooth
surface model of AuNBP@AgPt, representing the condition
with less CTAB, with a shell thickness of about 9 nm.
For the electric field simulations in Figure 6b, the EM

images presented correspond to the simulated spectra of
AuNBP in Figure 6a at the LSPR peak wavelength (i.e., when
the electric field enhancement is near its maximum intensity).
Since the LSPR enhancement effect is the primary focus of our
discussion, we aim to demonstrate the electric field enhance-
ment at the LSPR peak intensity to substantiate its effect.
The simulated extinction spectra for the three particle types

are shown in Figure 6c, exhibiting trends similar to those of the
experimental data. Similarly, we modeled and simulated the
AuNBP@Ag and AuNBP@Pt bimetallic nanoparticles. The
results, shown in Figure 6d, closely approximate the
experimental data. The simulation of the electric field for a
single AuNBP is shown in Figure 6b. Additionally, we
simulated the electric field distribution of AuNBP@AgPt,
revealing enhanced electric fields at the two apexes of the
bipyramid for both AuNBP and AuNBP@AgPt. More
simulation results of the electric field can be found in Figure
S16.
Therefore, we propose a possible plasmon-mediated photo-

catalytic mechanism. The gold nanobipyramids and Ag
components absorb visible light through surface plasmon
resonance (SPR), generating high-energy electrons. These
electrons transfer to the Pt component via the alloy structure,
facilitating charge separation and prolonging the lifetime of the
electrons and holes, thus preventing recombination. The Pt
surface catalyzes the reduction of oxygen to produce reactive
oxygen species (ROS), such as superoxide anions and hydroxyl

Figure 6. FDTD simulations of different nanostructures. (a) Model of
AuNBP in the FDTD simulation software, with arrows indicating the
direction of light oscillation. (b) Electric field distribution of a single
AuNBP, with the hotspots located at the apex of the AuNBP, and the
peak intensity is approximately 111. (c) FDTD simulations of the
longitudinal LSPR extinction spectra of three types of AuNBP@AgPt
nanoparticles obtained by adjusting the surfactants. (d) FDTD
simulations of the longitudinal LSPR extinction spectra of AuNBP
nanoparticles with different metal coatings.
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radicals. These ROS attack and decompose MO molecules into
smaller biodegradable compounds. Remaining holes can
oxidize MO or water to generate additional hydroxyl radicals,
further aiding in decomposition. The final decomposition
products desorb from the catalyst surface, regenerating the
active sites and allowing the catalytic cycle to continue.
Additionally, Ag enhances the generation of hot electrons and
transfers them to Pt in the AgPt alloy. The strong plasmonic
resonance of Ag also counteracts the negative impact of Pt’s
plasmon damping, significantly reducing reaction time.
Furthermore, the Au and Ag components, with their surface
plasmon resonance characteristics, generate heat under
illumination, raising the reaction temperature, thus increasing
the reaction energy and enhancing the catalytic effect. The
synergistic effects between the metals and the inherent catalytic
activity of noble metals result in unique performance
enhancements, with Pt’s catalytic properties further boosted
by the electric field generated by Au and Ag excitation.

3. CONCLUSIONS
We prepared AuNBP@AgPt trimetallic nanostructures using a
simple and reproducible method. By adjustment of the type
and amount of surfactants used during synthesis, as well as the
amount of Ag and Pt precursors, the growth mode of the AgPt
alloy shell can be controlled to form either island-like or shell-
like structures. Both growth modes of AuNBP@AgPt
trimetallic nanostructures exhibited excellent catalytic perform-
ance in the NaBH4-assisted plasmon-mediated reduction of
MO. Specifically, the reaction rate of the AuNBP@AgPt
trimetallic nanostructures was 27.8 times higher than that of
AuNBPs. Moreover, after 10 cycles of photocatalysis, it still
maintained high catalytic activity, demonstrating excellent
potential for recycling and reuse, which can significantly reduce
costs in industrial applications and contribute to environmental
protection. FDTD simulations confirmed that the hotspots in
AuNBP@AgPt are located at the tip of AuNBP. The strong
plasmonic effects of AuNBP itself contribute to its intense
catalytic performance. Based on these results, we demonstrated
the advantages of the experimentally synthesized AuNBP@
AgPt trimetallic nanostructures in plasmon-mediated photo-
catalytic reactions. These structures serve as efficient photo-
catalysts, providing practical guidance for designing other
plasmon-mediated photocatalysts and plasmon-enhanced
devices in the future.

4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals were used as received without further

purification. Hexadecyltrimethylammonium bromide (CTAB, >
99.0%), L-ascorbic acid (AA, > 99.99%), chloroauric acid (HAuCl4),
hydrochloric acid (HCl, 37.0 wt % in water), and methyl orange
(MO) were purchased from Macklin. Hexadecyltrimethylammonium
chloride (CTAC, > 99.0%), sodium borohydride (NaBH4, 98.0%),
sodium citrate dihydrate (SC, 99.0%), silver nitrate (AgNO3, >
99.8%), potassium terachloroplatinate (II) (K2PtCl4, > 99.99%), and
benzyldimethylhexadecylammonium chloride (HDBAC 95.0%) were
purchased from Aladdin. Ultrapure water (Millipore Milli-Q grade)
with a resistivity of 18.2 MΩ was used in all of the experiments. All
glassware for the AuNBPs synthesis were cleaned with freshly
prepared aqua regia (HCl/HNO3 in a 3:1 volume ratio), rinsed with
large amounts of water, and dried at 60 °C before usage.
4.2. Synthesis and Purification of AuNBPs. The AuNBPs

samples were prepared by using a seed-mediated growth method.
Briefly, a freshly prepared, ice-cold NaBH4 solution (0.025 M, 0.25
mL) was added under vigorous stirring into an aqueous solution that

was premade by mixing together HAuCl4 (0.01 M, 0.25 mL), SC
(0.01 M, 5.0 mL), and CTAC (0.1 M, 5.0 mL). After a 2-min stirring
period, transfer the seed solution into an 80 °C water bath and stir it
slowly for 90 min. The color of the seed solution gradually changed
from brown to red. Lastly, the seed solution was removed from the
water bath and stored at room temperature. The seed solution (0.1
mL) was added into the growth solution, which consisted of CTAB
(0.1 M, 20.0 mL), HAuCl4 (0.01 M, 1.0 mL), AgNO3 (0.01 M, 0.2
mL), HCl (1.0 M, 0.4 mL), and AA (0.1 M, 0.16 mL). This was
followed by a gentle inversion mixing for 10 s. The mixed solution was
left undisturbed overnight at 30 °C. To wash the AuNBPs, the
solution was centrifuged at 8000 rpm for 10 min, and after removing
the supernatant, the precipitate was dispersed in CTAB solution (1.5
mM, 6.0 mL). Subsequently, to purify AuNBP by removing impurity
particles using the depletion flocculation method, a high concen-
tration of HDBAC solution (0.5 M, 14.0 mL) was added, and the
mixed solution was allowed to stand at 30 °C in a water bath for 24 h.
Following this, the purple supernatant was carefully removed, and
CTAB solution (1.5 mM, 5.0 mL) was added to the precipitate, which
was then sonicated for 1 min to disperse the precipitate. The obtained
purified solution (brown) was centrifuged at 8000 rpm for 10 min and
washed with CTAB solution (1.5 mM, 5.0 mL), repeating this process
twice to remove excess HDBAC. Finally, the purified AuNBP was
dispersed in CTAB solution (1.5 mM, 1.0 mL) for subsequent
experiments.
4.3. Synthesis of AuNBP@AgPt Trimetallic Nanostructures.

To deposit a silver−platinum alloy onto the surface of AuNBP, 0.05
mL of the purified AuNBPs solution was added to a mixed solution
containing H2O (2.4 mL), CTAB (0.1 M, 0.5 mL), and CTAC (0.1
M, 0.5 mL). The mixed solution was heated in a 60 °C water bath for
10 min. Subsequently, AA (0.1 M, 0.04 mL), AgNO3 (0.01 M, 0.04
mL), and K2PtCl4 (0.002 M, 0.04 mL) were added to the solution and
further heated for 60 min at 60 °C in the water bath. The obtained
solution was centrifuged at 8000 rpm for 10 min and washed with
H2O. This process was repeated twice to remove impurities. Finally,
the precipitate was dispersed in H2O (1.0 mL) for subsequent
experiments. To obtain AuNBP@AgPt nanostructures with different
morphologies, we adjusted the amounts of AgNO3 (from 0.01 to 0.16
mL), K2PtCl4 (from 0.01 to 0.16 mL), and the ratio of CTAB to
CTAC (ranging CTAB from 100% to 0%). The detailed experimental
parameters can be found in Tables S6−S10.
4.4. Characterizations. Optical extinction spectra were recorded

using a UV-1900i spectrophotometer (Shimadzu, Japan) with a 10
mm optical path. TEM images were obtained with an HT-7700
microscope (Hitachi, Japan) operating at a voltage of 100 kV.
HRTEM images and EDS mapping were performed using a Talos
F200S TEM with a 200 kV acceleration voltage. The particle sizes of
the nanoparticles were measured from TEM images using ImageJ
software with measurements taken from more than 100 nanoparticles
for each sample. ICP test data were obtained using a PerkinElmer
NexION 2000 ICP-MS, and XPS data were acquired using a Thermo
Scientific K-Alpha.
4.5. Photocatalysis. To perform the photocatalytic reactions,

MO (0.15 mM, 1.0 mL) was mixed with freshly prepared NaBH4 (0.1
M, 0.1 mL). Then, different kinds of AuNBP@AgPt (0.02 mL) or
AuNBPs (0.02 mL) solutions were added to the mixture. These
catalytic steps were performed under illumination with a 250 W xenon
lamp (HDL-II, Suzhou Betical Optoelectronics Technology Co. Ltd.,
China). The MO concentration was determined at a wavelength of
465 nm using a UV−vis-NIR spectrophotometer (UV-1900i,
Shimadzu). The extinction spectra were monitored at 1 min intervals
until the 465 nm peak disappeared, and the color changed from
orange to transparent. For the cycling test, the catalysts were obtained
by centrifugation and redispersed in a MO/NaBH4 system. The
cycling test was carried out under the same conditions. For control
experiments, we also conducted the catalytic reaction without light
(dark), while keeping other conditions unchanged.
4.6. FDTD Simulations. Finite-difference time domain (FDTD)

is a method for solving Maxwell’s equations on a discretized spatial
grid in complex geometries. The FDTD simulations were carried out
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using commercial software (Ansys Lumerical FDTD). A total field
scattered field source was used to simulate a propagating plane wave
interacting with the nanostructures with a wavelength range of 300−
1100 nm. A three-dimensional nonuniform mesh was used, and a grid
size of 0.1 nm was chosen for calculating the spectra and electric field
distributions of all nanostructures. For the dimensions, the average
sizes as determined from TEM were used. The dielectric functions of
Au were obtained by fitting the points from the data of Palik,61 and
the dielectric function of Ag and Pt were obtained from the data of
Rakic et al.62 We calculated the effective dielectric functions of the
AgPt alloy by the effective medium approximation (EMA) based on
the Maxwell−Garnett equation63
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Thus, the effective dielectric functions of AgPt alloy are given by
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where εpt, εAg, and εeff are the dielectric functions of Pt, Ag, and the
composite system (AgPt alloy), respectively. P is the proportion of Pt
in the AgPt alloy that could be obtained from the EDS mapping. After
calculating εeff, it was imported into the FDTD software. The real and
imaginary parts of εeff are plotted in Figure S17.
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Figure S1. UV-Vis-NIR spectra and TEM images of AuNBP before and after purification. (a) 

UV-Vis-NIR spectra of AuNBP before (black) and after (red) purification. (b) TEM images 

of AuNBPs before purification. (c) TEM images of AuNBPs after purification. 
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Figure S2. Morphology control of AuNBP@AgPt trimetallic structures by adjusting the type 

and amount of surfactant. (a) UV-Vis-NIR spectra of AuNBP@AgPt trimetallic nanoparticles 

synthesized under five different conditions with varying CTAB proportions (100%, 75%, 

50%, 25%, and 0%). (b-f) TEM images of AuNBP@AgPt trimetallic nanoparticles 

synthesized under five different conditions with varying CTAB proportions (100%, 75%, 

50%, 25%, and 0%). (g-i) HRTEM images of AuNBP@AgPt trimetallic nanoparticles 

synthesized under three different conditions with varying CTAB proportions (100%, 50%, 

and 0%).
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Figure S3. EDS elemental mapping images of AuNBP@AgPt trimetallic nanostructures by 

adjusting the type and amount of surfactants. Au, Ag, and Pt are represented in yellow, blue, 

and red, respectively. EDS elemental mapping images of AuNBP@AgPt nanoparticles 

synthesized under three different conditions with varying CTAB proportions: 100% (a-f), 

50% (g-l), and 0% (m-r).
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Figure S4. X-ray Photoelectron Spectroscopy (XPS) of AuNBP@AgPt Trimetallic Structure 

with 50% CTAB: (a) Au 4f spectrum, (b) Ag 3d spectrum, (c) Pt 4f spectrum.
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Figure S5. Morphologies of AuNBP@AgPt nanostructures with different amounts of AgNO3. 

(a) UV-Vis-NIR spectra of AuNBP and AuNBP@AgPt nanostructures with different amounts 

of AgNO3 (0.01 ~ 0.16 mL, 10.0 mM). (b-f) TEM images of AuNBP@AgPt nanostructures 

with different amounts of AgNO3: (b) 0.01 mL, (c) 0.02 mL, (d) 0.04 mL, (e) 0.08 mL, and (f) 

0.16 mL.
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Figure S6. Morphologies of AuNBP@AgPt nanostructures with different amounts of 

K2PtCl4. (a) UV-Vis-NIR spectra of AuNBP and AuNBP@AgPt nanostructures with different 

amounts of K2PtCl4 (0.01 ~ 0.16 mL, 2.0 mM). (b-f) TEM images of AuNBP@AgPt 

nanostructures with different amounts of K2PtCl4: (b) 0.01 mL, (c) 0.02 mL, (d) 0.04 mL, (e) 

0.08 mL, and (f) 0.16 mL.
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Figure S7. Plasmon-enhanced photocatalytic performance of different nanostructures of 

AuNBP@AgPt. (a,b) Photocatalytic performance process and rate (s⁻¹, slope) bar chart of 

AuNBP@AgPt nanoparticles with different surface coatings of metals.
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Figure S8. Raw data for the photocatalytic performances of AuNBP@AgPt nanoparticles 

with adjusted surfactant types and amounts. (a) Raw data for AuNBP photocatalysis. (b-f) 

Raw data for photocatalysis with CTAB proportions of 100% (b), 75% (c), 50% (d), 25% (e), 

and 0% (f).
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Figure S9. Raw data for the photocatalytic performances of AuNBP@AgPt nanoparticles 

with different metal coatings. (a) Raw data for AuNBP photocatalysis. (b) Raw data for 

AuNBP@Ag photocatalysis. (c) Raw data for AuNBP@Pt photocatalysis. (d) Raw data for 

AuNBP@AgPt photocatalysis.
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Figure S10. Raw data for the photocatalytic performances of AuNBP@AgPt nanoparticles 

with varying amounts of AgNO3. (a) Raw data for AuNBP photocatalysis. (b-f) Raw data for 

photocatalysis with AgNO3 amounts of (b) 0.01 mL, (c) 0.02 mL, (d) 0.04 mL, (e) 0.08 mL, 

and (f) 0.16 mL.
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Figure S11.Raw data for the photocatalytic performances of AuNBP@AgPt nanoparticles 

with varying amounts of K2PtCl4. (a) Raw data for AuNBP photocatalysis. (b-f) Raw data for 

photocatalysis with K2PtCl4 amounts of (b) 0.01 mL, (c) 0.02 mL, (d) 0.04 mL, (e) 0.08 mL, 

and (f) 0.16 mL.
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Figure S12. Comparison of the intensity of the extinction spectra before and after two rounds 

of washing for AuNBP and AuNBP@AgPt trimetallic structures with controlled surfactant 

types and ratios. Solid lines represent spectra before washing, while dashed lines represent 

spectra after washing.
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Figure S13. Comparison of the photocatalytic performance of AuNBP and AuNBP@AgPt 

trimetallic structures with CTAB controlled at 50%, under both illuminated and non-

illuminated conditions. (a,b) Photocatalytic performance process and rate (s⁻¹, slope) bar chart 

of AuNBP@AgPt nanoparticles with different surface coatings of metals.
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Figure S14. 10-cycle photocatalysis experiments of AuNBP@AgPt. (a) Photocatalysis 

process diagram for the 10-cycle photocatalysis experiment of AuNBP@AgPt. (b) Spectra 

before and after the 10-cycle photocatalysis experiments of AuNBP@AgPt. (c, d) TEM 

images of AuNBP@AgPt before (c) and after (d) the 10-cycle photocatalysis experiments.
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Figure S15. Raw data for the 10-cycle photocatalysis experiments of AuNBP@AgPt. (a-j) 

Raw data for the 1 to 10-cycle photocatalysis experiments.
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Figure S16. FDTD simulations of different nanostructures. (a-f) Modeling of various 

nanostructures in the FDTD simulations, from left to right: (a) AuNBP, (b) AuNBP@Ag, (c) 

AuNBP@Pt, (d) AuNBP@AgPt (CTAB 100%), (e) AuNBP@AgPt (CTAB 50%), (f) 

AuNBP@AgPt (CTAB 0%), with arrows indicating the direction of light oscillation. (g-

l) Corresponding electric field distribution of a-f, with peak intensities approximately 111 (g), 

85 (h), 31 (i), 23 (j), 36 (k), and 20 (l).
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Figure S17. Dielectric function of the AgPt alloy with different Ag/Pt ratio. (a) the real part, 

and (b) the imaginary part.
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Table S1. ICP Test Results for AuNBP@AgPt Trimetallic Structures with Varied Surfactant 

Types and Ratios.

Nanoparticles Composition Percentage content Relative Au content

Au 84.65% --

Ag 7.44% 8.78%AuNBP@AgPt CTAB 100%

Pt 7.91% 9.35%

Au 80.30% --

Ag 12.69% 15.80%AuNBP@AgPt CTAB 75%

Pt 7.01% 8.73%

Au 74.60% --

Ag 18.53% 24.84%AuNBP@AgPt CTAB 50%

Pt 6.87% 9.21%

Au 60.34% --

Ag 33.10% 54.85%AuNBP@AgPt CTAB 25%

Pt 6.56% 10.87%

Au 44.14% --

Ag 45.39% 102.82%AuNBP@AgPt CTAB 0%

Pt 10.47% 23.71%

Table S2. The slopes (reaction rates) of the linearly fitted rate results from the photocatalytic 

data of the six types of nanoparticles in Figure S6a, as well as the rate multiples relative to 

AuNBPs.

Nanoparticles Slope (s⁻¹) Relative Multiple

AuNBP 0.026 1.0

AuNBP@AgPt CTAB 100% 0.41 15.9

AuNBP@AgPt CTAB 75% 0.50 19.3

AuNBP@AgPt CTAB 50% 0.54 20.9

AuNBP@AgPt CTAB 25% 0.46 18.0

AuNBP@AgPt CTAB 0% 0.40 15.7
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Table S3. The slopes (reaction rates) of the linearly fitted rate results from the photocatalytic 

data of the four types of nanoparticles in Figure 5b, as well as the rate multiples relative to 

AuNBPs.

Nanoparticles Slope (s⁻¹) Relative Multiple

AuNBP 0.022 1.0

AuNBP@Ag 0.37 16.9

AuNBP@Pt 0.044 2.0

AuNBP@AgPt 0.61 27.8

Table S4. The slopes (reaction rates) of the linearly fitted rate results from the photocatalytic 

data of the six types of nanoparticles in Figure 5c, as well as the rate multiples relative to 

AuNBPs.

Nanoparticles Slope (s⁻¹) Relative Multiple

AuNBP 0.024 1.0

AuNBP@AgPt AgNO3 0.01mL 0.42 17.8

AuNBP@AgPt AgNO3 0.02mL 0.51 21.5

AuNBP@AgPt AgNO3 0.04mL 0.49 20.5

AuNBP@AgPt AgNO3 0.08mL 0.62 25.8

AuNBP@AgPt AgNO3 0.16mL 1.05 44.0

Table S5. The slopes (reaction rates) of the linearly fitted rate results from the photocatalytic 

data of the six types of nanoparticles in Figure 5d, as well as the rate multiples relative to 

AuNBPs.

Nanoparticles Slope (s⁻¹) Relative Multiple

AuNBP 0.024 1.0

AuNBP@AgPt K2PtCl4 0.01mL 0.39 16.1

AuNBP@AgPt K2PtCl4 0.02mL 0.37 15.3

AuNBP@AgPt K2PtCl4 0.04mL 0.40 16.6

AuNBP@AgPt K2PtCl4 0.08mL 0.41 17.0

AuNBP@AgPt K2PtCl4 0.16mL 0.53 21.9
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Table S6. The specific parameters used for synthesizing AuNBPs.

Seed Solution:

Reagents Concentration Volume

SC 0.01 M 5.0 mL

CTAC 0.1 M 5.0 mL

HAuCl4 0.01 M 0.25 mL

NaBH4 0.025 M 0.25 mL

Growth Solution:

Reagents Concentration Volume

CTAB 0.1 M 20.0 mL

HAuCl4 0.01 M 1.0 mL

AgNO3 0.01 M 0.2 mL

HCl 1.0 M 0.4 mL

AA 0.1 M 0.16 mL

Seed Solution - 0.1 mL

Table S7. The standard procedure and reagent parameters for coating the surface of AuNBP 

with AgPt alloy.

Reagents Concentration Volume

AuNBPs (X20) - 0.05 mL

H2O - 2.4 mL

CTAB 0.1 M 0.5 mL

CTAC 0.1 M 0.5 mL

AgNO3 0.01 M 0.04 mL

K2PtCl4 0.002 M 0.04 mL

AA 0.1 M 0.04 mL
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Table S8. The reagent parameters adjusted in the experiment involving the variation of 

surfactant ratio.

Nanoparticles CTAB volume CTAC volume

AuNBP@AgPt CTAB 100% 1.0 mL 0 mL

AuNBP@AgPt CTAB 75% 0.75 mL 0.25 mL

AuNBP@AgPt CTAB 50% 0.5 mL 0.5 mL

AuNBP@AgPt CTAB 25% 0.25 mL 0.75 mL

AuNBP@AgPt CTAB 0% 0 mL 1.0 mL

Table S9. The reagent parameters adjusted in the experiment involving the variation of 

AgNO3 amount.

Nanoparticles AgNO3 volume

AuNBP@AgPt AgNO3 0.01mL 0.01mL

AuNBP@AgPt AgNO3 0.02mL 0.02mL

AuNBP@AgPt AgNO3 0.04mL 0.04mL

AuNBP@AgPt AgNO3 0.08mL 0.08mL

AuNBP@AgPt AgNO3 0.16mL 0.16mL

Table S10. The reagent parameters adjusted in the experiment involving the variation of 

K2PtCl4 amount.

Nanoparticles K2PtCl4 volume

AuNBP@AgPt K2PtCl4 0.01mL 0.01mL

AuNBP@AgPt K2PtCl4 0.02mL 0.02mL

AuNBP@AgPt K2PtCl4 0.04mL 0.04mL

AuNBP@AgPt K2PtCl4 0.08mL 0.08mL

AuNBP@AgPt K2PtCl4 0.16mL 0.16mL
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