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ABSTRACT: The localized surface plasmon resonances (LSPRs)
in plasmonic nanoparticles have been used in accelerating
photocatalytic reactions under light illumination. To improve the
catalytic performance, bimetallic nanoparticles composed of a
plasmonic core and a catalytic shell, where LSPR-excited hot
electrons and the intrinsic catalytic active sites work synergistically,
have attracted much attention. Despite progress in designing
bimetallic catalysts, balancing the strong LSPR and catalytic sites
remains challenging. Here, a trimetallic nanostructure containing a
gold nanorod (AuNR) core and a silver—platinum (AgPt) hollow
alloy shell was designed and used as a plasmon-mediated
photocatalyst for methylene blue reduction reaction. Specifically,
the AuNRs covered by a thin layer of Ag (Au@Ag) were used as
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the template to deposit Pt, forming a Au@AgPt trimetallic nanostructure. By changing the Ag and/or Pt precursor concentration, the
external layer could be varied from AgPt heterostructure and AgPt hollow alloy shell to AuAgPt alloy dendrites. Using methylene
blue as a model system, the photocatalytic reduction reaction was studied by adding the obtained nanoparticles as catalysts under
visible and near-infrared light irradiation. The optimal photocatalytic performance of the trimetallic nanoparticles was seen with the
AgPt hollow alloy shell, and the reaction rate is ~7 times higher than that of the reaction without catalysts and ~3 times higher than
that of monometallic AuNRs, bimetallic Au@Ag, and Au@Pt nanorods. Plasmon energy transfer from the AuNRs to the AgPt layer,
which enhances the charge-carrier generation, is responsible for outstanding photocatalytic performance. The approach used here to
synthesize Au@AgPt trimetallic nanostructures is suitable for the design of other multimetallic photocatalysts.

KEYWORDS: gold nanorods, nanoparticles, hollow alloy shell, trimetallic nanostructures, localized surface plasmon resonance,

photocatalysis

1. INTRODUCTION

Noble metal-based multimetallic nanoparticles have attracted
enormous interest because of their intriguing size; shape; and
composition-dependent catalytic, optical, electrical, and
magnetic properties.l_10 Among these properties, catalysis
has been the hottest research topic in noble multimetallic-
based nanoparticles since nanoparticles can combine the
properties of two or more noble metal nanoparticles."' ="
Generally, the catalytic performance of noble metal
nanoparticles can be divided into two categories. One category
is the common plasmonic nanoparticles such as Au'"~*' and
Ag”*™** while the other category is the common catalytic
(nonplasmonic) Pd and Pt nanoparticles.”>~** The plasmonic
nanoparticles can support localized surface plasmon reso-
nances (LSPRs): coherent oscillations of conduction electrons
in a conductive medium. Thus, the LSPRs can create intense
localized electric fields and hot electrons. The absorption cross
section of the plasmonic nanoparticles can be ~10° times
larger than that of typical dye molecules.”” More importantly,
the plasmonic properties of these nanoparticles could be tuned
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across the entire visible and near-infrared spectrum, depending
on the size, geometry, and material of the nanoparticle. The
interaction of LSPR with adsorbate orbitals can lead to the
injection of energized charge carriers into the adsorbate,
resulting in chemical transformations. Linic’s group®® has
proved this mechanism by coupling wavelength-dependent
Stokes and anti-Stokes surface-enhanced Raman scattering
(SERS) with kinetic analysis of photocatalytic reactions on a
Ag nanocube and a methylene blue (MB) system. They
propose that the LSPR-induced electric field results in a direct
charge transfer within the molecule—adsorbate system.
Therefore, plasmonic nanoparticles hold great promise for
improving the efficiency of sunlight absorption.
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However, traditional plasmonic nanoparticle catalysts are
only valid for a limited type of reactions, while common
catalytic nanoparticles do not support strong LSPR at the
visible and near-infrared regions, where sunlight irradiation is
the strongest. Therefore, in many previous studies, bimetallic
nanoparticles composed of a plasmonic core and a catalytic
shell have shown superior catalytic performance.’’ ™’ For
example, de Jongh et al.’” designed a Au—Pd core—shell
bimetallic catalyst and obtained synergistic catalytic perform-
ance in the selective hydrogenation of butadiene. Yang et al.*’
demonstrated that a Au—Pt bimetallic nanostructure could
improve the photocatalytic performance of the p-nitrophenol
reduction reaction compared to single monometallic nano-
particles.

However, Pd (or Pt) metal has a big imaginary part in the
dielectric function, resulting in large plasmonic damping. When
the plasmonic nanoparticles were covered by a Pd (or Pt) shell,
the intensity of LSPR dramatically decreased and the width
broadened,*' ~** since the LSPR of the core—shell nanostruc-
ture is mainly dependent on the materials in the shell. This
large plasmonic damping will lead to poor catalytic perform-
ances. For instance, Cheng et al*’ studied the catalytic
performance of the Au nanoparticles covered with different
shell thicknesses of Pd and found that a thicker shell led to a
lower reaction rate. Besides, in the methods of the synthesis of
trimetallic nanostructures, there are some shortcomings, such
as high temperature™® and long reaction time."”** In the
properties of the trimetallic nanostructures, most studies
concentrated on electrocatalysis,” " and there are few studies
on photocatalysis in the trimetallic system. Thus, there is still a
big challenge to design plasmon-mediated photocatalysts
having a catalytic shell in trimetallic nanostructures while
keeping the original strong LSPR property.

Herein, we propose a simple and reproducible method to
synthesize trimetallic nanostructures with morphologies that
can be controlled, and the photocatalytic performance can be
greatly improved when gold nanorod (AuNR) core and AgPt
hollow alloy shell (HAS) nanostructures are presented. In
detail, in the synthesis of trimetallic core—shell noble metal-
based nanoparticles, first, we synthesized the AuNRs by a seed-
mediated method, coated a Ag shell on the surface of AuNRs,
and finally used galvanic replacement with coreduction to form
a Au@AgPt hollow alloy shell (Au@AgPt HAS) nanostructure.
In terms of photocatalysis, we adopted the reaction of NaBH,
reducing methylene blue (MB) by adding the abovementioned
nanoparticles under light irradiation and monitored the
reaction processes with UV—vis—NIR spectra. We selected
nanoparticles with different morphologies for the photo-
catalytic reaction, and the experimental results show that
Au@AgPt nanoparticles with HAS nanostructures have the
best photocatalytic performance. Our strategy can be extended
to synthesize other multimetallic nanostructures, which may
represent a route for designing excellent plasmonic photo-
catalysts.

2. RESULTS AND DISCUSSION

The AuNRs were selected as the plasmonic core materials
since their LSPRs can be easily tuned by the aspect ratio
(length/diameter), and the spectrum is varied from ~600 to
>1200 nm, where the sunlight is the strongest.52 We
synthesized the AuNRs by a seed-mediated growth procedure
with slight modification®”** (see the Experimental Section in
the Supporting Information, SI). The obtained AuNRs with a

size of 88.7 + 7.0 nm length and 17.1 + 1.7 nm width (Figure
Sla) were used as seeds for the overgrowth of the Ag shell. By
adding AgNO; and ascorbic acid (AA) to the AuNR aqueous
solution, an Au@Ag core—shell cuboid structure was obtained,
with a size of 98.8 & 5.9 nm length and 33.8 + 2.0 nm width
(Figure S1b). Finally, K,PtCl, was added to the Au@Ag
solution, forming the Au@AgPt trimetallic nanostructures.
By fine-tuning the amount of AgNO; and/or K,PtCl,, three
main morphologies of the final Au@AgPt nanoparticles were
obtained (Scheme 1). For comparison of the catalytic

Scheme 1. Ilustration of the Synthesis Process of Au@AgPt
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performance, the Au@Pt NR sample was also prepared with
an 88.1 + 5.6 nm length and a 19.1 + 1.6 nm width (Figure
S1c). The UV—vis—NIR spectra of AuNRs, Au@Ag, and Au@
Pt NRs are shown in Figure S1d. The intensity of LSPR
increased after Ag overgrowth and decreased after Pt
deposition. The whole process of synthesizing AgPt alloy can
be limited to 20 min, which is a greatly reduced time compared
with previous works."”** Besides, the temperature of the
reaction is kept at 60 °C, which is quite lower than those of
previous synthesizing trimetallic nanostructures.”*’

The reactants have been found to be important for the
growth of the nanostructures with various shapes in our
experiments. To understand the influence of precursor AgNO;
on the final nanostructure, we selected different amounts of
AgNO; (0.01—0.40 mL, 4.0 mM) for the experiments while
keeping K,PtCl, fixed (0.04 mL, 2.0 mM). All of the
transmission electron microscopy (TEM) images and UV—
vis—NIR spectra are shown in Figure S2. Generally, three types
of morphologies could be obtained in the process of the
synthesis. Figure la shows the schematic of the typical
morphologies of Au@AgPt nanostructures with different
amounts of AgNOj;. To understand the elemental distribution
and crystalline structure of Au@AgPt nanostructures, energy-
dispersive spectroscopy (EDS) elemental mapping and high-
resolution transmission electron microscopy (HRTEM) were
performed, as shown in Figures 1 and S3—SS5. Au, Ag, and Pt in
EDS mapping images were shown in yellow, green, and red,
respectively. When 0.01 mL of AgNO; was used, Pt formed
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Figure 1. Morphology control of Au@AgPt nanostructure by tuning the amounts of AgNO; precursor. (a) Schematic of Au@AgPt with different
amounts of AgNO;. The amounts of AgNO; are 0.01 mL in (b—d), 0.08 mL in (e—g), and 0.20 mL in (h—j). (b, e, h) TEM images, (c, f, i) high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images, and (d, g, j) EDS mapping of the Au@AgPt
nanostructures. Scale bars are 20 nm for all of the HAADF-STEM and EDS mapping images. (k) UV—vis—NIR spectra of Au@AgPt with different
amounts of AgNO; from 0.01 to 0.30 mL. (1) LSPR and intensity of Au@AgPt with different amounts of AgNO;. As the amount of AgNO,
increased, the LSPR peaks gradually blue-shifted and the intensity increased.

granules on the surface of Au@Ag, resulting in a Au@AgPt
heterostructure (Figure 1b—d). The crystal plane spacing of
0.200 nm is a family of Au {200} facets, and the spacing of
0.194 nm is the Pt {200} facets (Figure S4a). With the increase
of AgNO;, a fully covered shell was gradually formed on the
surface, and then a hollow structure first appeared at the four
corners. Figure le—g shows a typical sample at this stage
(AgNO; 0.08 mL), where a AgPt smooth alloy shell starts to
form. When the amount of AgNOj; increased to 0.20 mL, a
Au@AgPt hollow alloy shell (HAS) nanostructure was formed,
as shown in Figure 1h—j. The Au@AgPt HAS is 99.8 + 3.5 nm
in length, 36.3 + 2.4 nm in width, and 4.1 + 0.7 nm in shell
thickness. The crystal plane spacing of 0.200 nm corresponds
to the Au {200} facets, and the crystal plane spacing of 0.189
nm belongs to AgPt {200} facets (Figure S4d,e). When the
amount of AgNO; was greater than 0.20 mL, asymmetric Au@
AgPt trimetallic structures were formed, resulting in the
uneven morphology of the final nanostructure, and the
morphology was uncontrollable (Figure S2i—k). Figure 1k
shows UV—vis—NIR spectra of Au@AgPt nanoparticles as a
function of AgNO; amount. With the increase of AgNO;, the
LSPR blue-shifted, and its intensity increased (Figure 11). This
is due to the higher energy of plasmonic resonance and less
plasmonic damping of Ag material compared with pure Au.

17050

In addition to AgNOj, the change of the amount of K,PtCl,
also affects the final morphology of the Au@AgPt nanostruc-
tures. In these experiments, we added K,PtCl, from 0.04 to
0.40 mL (2.0 mM) and kept fixed the amount of AgNO; (0.10
mL, 4.0 mM). All of the results are shown in Figures 2, S6, and
S7. With the increase of K,PtCl,, the external layer started
from a smooth shell (Figure S6a) and gradually changed to a
dendritic structure (K,PtCl, > 0.10 mL, Figure S6b—d). The
thickness of the dendritic structures increased by further
increasing the amount of K,PtCl, (Figure S6e,f). Figure 2a
shows the schematic of the two typical structures of Au@AgPt
with different amounts of K,PtCl,. Figure 2b shows the
HAADF-STEM and EDS mapping results of Au@AgPt
nanostructure with 0.04 mL of K,PtCl,. The elemental
distribution of Au (yellow), Ag (green), and Pt (red) of the
square area (in Figure 2b) of a single Au@AgPt nanostructure
is shown in Figure 2c¢, indicating that AgPt formed a smooth
alloy shell, similar to the results of Figure lef. Figure 2d,e
shows the dendritic layer with 0.20 mL of K,PtCl,. We found
that both Au and Ag appeared in the dendritic layer (Figures
2e and S6). The circled part in Figure 2e indicated that Au was
also distributed in the outer layer. Thus, the final structure
should be Au@AuAgPt alloy dendrites. HRTEM images
(combined with the EDS mapping) of both samples show
the crystal plane spacing of 0.189 nm at the outer layer,

https://doi.org/10.1021/acsanm.2c03953
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Figure 2. Morphology control of Au@AgPt nanostructure by tuning the amounts of K,PtCl,. (a) Schematic of Au@AgPt with different amounts of
K,PtCl,. The amounts of K,PtCl, are 0.04 mL in (b, ¢, f) and 0.20 mL in (d, e, g). (b) HAADF-STEM image and EDS mapping of a single Au@
AgPt with 0.04 mL of K,PtCl,. Scale bars are 20 nm. (c) The elemental distribution of Au (yellow), Ag (green), and Pt (red) in the white box area
of (b). (d) HAADF-STEM and EDS mapping images of a single Au@AgPt with 0.20 mL of K,PtCl,. Scale bars are 20 nm. (e) The distribution of
three elements in the box area of (d). The circle indicates that Au appeared in the dendritic layer. (f, g HRTEM images of the Au@AgPt
nanostructures with K,PtCl, of 0.04 mL (f) and 0.20 mL (g). Both of the crystal plane spacings of the shell are 0.189 nm. (h) UV—vis—NIR spectra
of Au@AgPt with K,PtCl, amounts from 0.04 to 0.40 mL. (i) LSPR and intensity of Au@AgPt with different amounts of K,PtCl,. As the amount
of K,PtCl, increased, the LSPR peaks gradually red-shifted and the intensity decreased.

corresponding to the Pt {200} facets (Figure S7), which
indicates that the Pt lattices dominate the AgPt (Figure 2f) and
AuAgPt (Figure 2g) alloy nanostructures. The UV—vis—NIR
spectra of Au@AgPt by controlling K,PtCl, are shown in
Figure 2h. It can be seen that with the increase of the amount
of K,PtCl,, the spectrum gradually red-shifts, the longitudinal
peak widens, and the intensity gradually decreases (Figure 2i).
This is due to the large imaginary part of dielectric function in
Pt material, resulting in significant plasmonic damping. The
LSPR even disappeared when K,PtCl, increased to 0.40 mL
(Figure 2h, brown curve). Thus, different structures could be
obtained by simply tuning the amount of AgNO; and K,PtCl,
precursors. It is important to understand the growth processes
(mechanism), which will be discussed below.

In our synthesis, the first step is to use AuNRs as seeds to
deposit Ag. Owing to the lattice match between Au (4.08 A)
and Ag (4.09 A), Ag can epitaxially grow on the surface of Au,
forming Au@Ag bimetallic NRs with single crystalline
structures.** The second step is to use Au@Ag as a template
to deposit Pt, forming Au@AgPt trimetallic nanostructures.
Ag" has a relatively lower reduction potential as compared with
Pt**. Thus, the galvanic replacement occurs once a K,PtCl,
aqueous solution is introduced to the suspension of Au@Ag
NRs. In this galvanic reaction, Ag atoms are gradually oxidized
to Ag* ions, while the generated electrons are quickly captured
by Pt** ions to produce Pt atoms through a reduction process.
The overall reaction processes are summarized as follows:

2Ag + PtCl; — 2Ag™ + Pt + 4CI” (1)

Both the precursor Pt*" and the newly yielded Ag" ions were
coreduced to atoms by ascorbic acid, and the generated Pt and

Ag atoms were codeposited on the Au@Ag NRs, forming a
AgPt alloy shell. As the reaction proceeded, the interior Ag was
gradually exhausted through the galvanic replacement reaction,
eventually forming a AgPt hollow alloy shell (Figure 1h—j).
A notable example of a previous work by Xia et al.>® was the
galvanic replacement reaction between Ag nanocubes and
HAuCl,. They observed that the reaction was generally
initiated at those sites of the Ag nanocubes with defects,
stacking faults, or steps that possess the highest surface energy.
In the reaction, Ag atoms were oxidized and dissolved into
solution, while the Au®" were reduced and Au atoms were
produced and deposited on the surface of the Ag nanocube
template. During this process, an incomplete layer of Au on the
Ag template was formed, and finally, a Au—Ag nanocage was
obtained. Previous works on combining galvanic replacement
and coreduction reactions were also reported for producing
hollow alloy nanostructures, e.g., Pd—Pt neinocages,56‘57 Au—
Ag nanocages,58 and ultrathin Pt—Ag nanocubes.>”
According to these previous reports and discussions,” " it
is believed that a thin but incomplete layer of Pt on the Au@
Ag template was formed at the early stages. At the same time,
some formed pits on the surface, accompanying the successive
Pt deposition, and can serve as the reaction channel for
dissolving Ag continuously. When less AgNO; was used, Ag
was exhausted quickly at the early stage after adding K,PtCl,,
and then Ag* and Pt** were both reduced by AA to produce Ag
and Pt atoms, respectively. Since the relatively large lattice
mismatch of Pt (3.92 A) compared to Au and Ag, the newly
yielded Ag atoms tend to epitaxially deposit on the surface of
Au, while Pt forms granules at the surface, resulting in a Au@
AgPt heterostructure (Figure 1b—d). In the previous work on

17051 https://doi.org/10.1021/acsanm.2c03953
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Figure 3. Plasmon-enhanced catalytic and photocatalytic performances of Au@AgPt with different nanostructures. (a) Scheme of MB reduced by

NaBH, without or with light. The C=S and C=N bonds in the MB

formula broke under the reduction of NaBH,, and the color of the solution

became colorless. Au@AgPt with different AgNO; precursors were used in (b) catalysis and (c) photocatalysis. (d) Reaction rates of different
nanostructures with different amounts of AgNOj; catalyzed by dark and light conditions, respectively. Au@AgPt used in (e) catalysis and (f)
photocatalysis with different K,PtCl, precursors. (g) Reaction rates of different nanostructures with different amounts of K,PtCl, catalyzed by dark
and light conditions, respectively. It should be noted that 0 mL of AgNOj; refers to the reduction of MB by NaBH, alone. Pearson’s coefficient of
the reaction rate under light illumination and in the dark in Figure 3d,g is listed in Tables S2 and S3.

Pt overgrowth on Au, the authors found that Pt** ions can
oxidize the Au template, and the etched-Au structures were
found in their results.”” Therefore, when a higher K,PtCl,
amount was used, after the Ag was exhausted, the excess Pt**
ions can further oxidize (etch) Au, and the galvanic
replacement and coreduction of Pt and Au metals occurred
simultaneously, resulting in a AuAgPt alloy structure (Figure
2d). The evidence that Au was partially dissolved with excess
Pt*" ions can be found in the elemental distribution in Figure
2e (indicated by the circle) and the EDS mapping images in
Figure S7j,n. As indicated by the circle in Figure 2e, there is a
shoulder in the elemental distribution, which is different as less
amount of K,PtCl, was used. The net counts of EDS are
provided in Figure S8. The three typical Au@AgPt
nanostructures are summarized in Scheme 1.

For control experiments, we also investigated the effects of
reaction speed on the final products, which could be controlled
by the reaction temperature and AA. When controlling the
temperature, we selected 40, 60, and 80 °C for comparison
(Figure S9). Compared with the temperature condition of 60
°C, some hollow structures appeared at 40 °C, but the
morphology of the final product was not uniform (Figure S9a),

and basically, only a few hollow structures appeared at 80 °C
(Figure S9b). Moreover, different amounts of AA were used to
investigate the effect of AA on the final structure (Figure S10).
The results showed that the morphology of the final product
was the most uniform by adding increased amounts of AA
(0.0 mL, 100 mM). Thus, it is important to manipulate the
rates of galvanic replacement and coreduction reactions in the
synthesis.

To investigate the plasmon-mediated photocatalytic activity
of the Au@AgPt trimetallic nanostructures, we chose the
reduction of methylene blue (MB) with NaBH, as a model
reaction system under light irradiation by a Xe lamp (4 > 420
nm). After the reduction, MB changes to a reduced MB state
(leucomethylene blue), where the color is changed from blue
to colorless (Figure 3a). During the reaction, vis—NIR spectra
were recorded as a function of the reaction time. The reaction
times of MB reduced by NaBH, are 40 min and 36 min in the
dark and light conditions, respectively (Figure Slla,b).
Progress of the reaction was monitored by the intensity of
the characteristic extinction peak of MB at 4, = 630 nm with
reaction time. C, refers to the peak value corresponding to the
initial MB at t = 0 min, and C is the peak value of 630 nm

17052 https://doi.org/10.1021/acsanm.2c03953
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Figure 4. Photocatalytic reaction rate, photocatalytic cycle experiments, and finite-difference time domain (FDTD) simulations. (a) Plasmon-
enhanced catalysis performances of varied nanostructures under both dark (black bars) and light irradiation (red bars). Compared with other
catalysts, the Au@AgPt HAS nanostructures show excellent catalytic performance under dark and light conditions. (b) Cyclic curves of Au@AgPt
nanostructures in photocatalysis with 0.15 mL of AgNO; and 0.04 mL of K,PtCl,, and 10 photocatalytic cycles of 9 min were performed. (c)
Simulated (solid line) and experimental (dashed line) spectra of a single Au@AgPt HAS nanostructure. The size parameters of the Au@AgPt HAS
in simulation were obtained from the experimental data, which were 99 nm in length, 36 nm in width, and 4 nm in shell thickness, and the size of
AuNR inside is 88 nm in length and 17 nm in width. Only longitudinal LSPR was calculated by setting the polarization parallel to the long axis of
the nanostructure (Y axis in d). The simulated spectra are in good agreement with the experimental data. The broadening in experimental spectra is
due to the polydispersity of AuNR size and AgPt alloy shell thickness. (d) Electric field distribution of a single Au@AgPt HAS. The hot spots are
located in the vicinity of the AuNR and at the four vertices of the AgPt outer layer.

measured at an appropriate time interval during the reaction
process. All of the spectra for catalytic reactions with different
morphologies of trimetallic nanostructures are shown in
Figures S12—S16. Then, we calculated the —Ln(C/C,)—t
curve in Figure 3b,c,e,f. Figure 3b,c shows the reaction rates
when the trimetallic nanostructures obtained by changing the
amount of AgNO; were used as catalysts under dark and light
illumination. The catalytic rates of Au@AgPt with different
morphologies were calculated and normalized by the catalytic
rate of MB + NaBH, without nanoparticles (Figure 3d). In
these experiments of Au@AgPt by changing the amount of
AgNO,; for catalysis, the catalytic rate of the Au@AgPt HAS is
the best, which was ~7 times higher than that of the reaction
without catalysts under the light condition (~3 times higher
than that under the dark condition). Figure 3e,f shows the
reaction rates when the trimetallic nanostructures are obtained
by changing the amount of K,PtCl,, and Figure 3g shows the
catalytic rate curve by changing the amount of K,PtCl,. The
rate curve is M-shaped due to the occurrence of two optimal
values in 0.04 and 0.20 mL of K,PtCL,.

To compare the catalytic performance of Au@AgPt HAS
nanostructure with single metallic or bimetallic nanoparticles,
we used AuNRs, Au@Ag NRs, and Au@Pt NRs (Figure S16)
to catalyze the MB reduction reaction. In the dark environ-
ment, the reaction time of AuNRs, Au@Ag, and Au@Pt was
30, 29, and 25 min, while it was 18, 21, and 18 min under light
irradiation, respectively. The curves of the catalytic rate are
shown in Figure S17. The Au@AgPt HAS was used as a
catalyst both in dark and light conditions, and the response
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time was 3 min in light and 6 min in the dark. It can be
observed that the reaction time is greatly shortened and the
catalytic rate is greatly strengthened under the light condition.
Figure 4a shows the catalytic rate of different nanoparticles; it
indicates that the catalytic efficiency of Au@AgPt HAS is the
best both under dark and light illuminations.

Since Au, Ag, and Pt metals are expensive, to save costs, we
have performed a catalytic cycle test. Considering the reaction
time and reaction rate, we selected Au@AgPt with 0.15 mL of
AgNOj; and 0.04 mL of K,PtCl, to perform the photocatalytic
experiments. A total of 10 photocatalytic cycles were carried
out, and centrifugal cleaning was performed twice at the end of
each photocatalytic cycle. The experimental results show that
after 10 cycles of photocatalytic reactions, the final catalytic
efficiency is still very close to that of the first cycle (Figure 4b).
We measured the extinction spectrum and performed TEM of
the Au@AgPt sample after 10 rounds of photocatalytic
reactions, as shown in Figure S18. There is no significant
difference in the spectra before and after 10 catalytic cycles,
and the TEM images show that the nanostructure of Au@AgPt
has no influence after 10 photocatalytic cycles. Compared with
an inexpensive semiconductor such as TiO,, which has a wide
band gap that allows it to be excited only by ultraviolet light,
Au@AgPt can be recycled and has broad-band LSPRs, which
possess the potential to be excited by sunlight. This can save
costs to some extent, especially in the cost and power
consumption of large industrial fields. Therefore, the Au@AgPt
catalysts can be reused and have the potential for practical
catalytic reactions.

https://doi.org/10.1021/acsanm.2c03953
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In the catalytic experiments of different noble metal-based
nanostructures, both dark conditions and light illumination can
dramatically increase the reaction rate, especially for the Au@
AgPt HAS nanostructure. In the dark condition, Au@AgPt
HAS shows the best catalytic performance compared to other
nanostructures, causing the Au@AgPt HAS to have a larger
area among the other structures, which offers more area to
contact the reactant. The ends of Au@AgPt are exposed in the
solution, and the MB molecule can enter the inner sides.
Therefore, the Au@AgPt HAS offers more active sites to
catalyze the reaction.

To find out why the Au@AgPt HAS showed such superior
performance in photocatalysis, we performed FDTD simu-
lations for calculating the spectrum and electric near-field
distributions at the catalytic interface for a single Au@AgPt
HAS nanostructure. Figure 4c shows the simulated extinction
spectra (solid line), which are consistent with the experimental
results (dashed line). Due to the polydispersity, shell thickness,
and the Ag-to-Pt ratio of the nanostructure, the width of the
peaks is broadened in the experimental spectrum. As control
simulations, the extinction spectra as a function of AgPt shell
thickness (3—6 nm) were simulated. As shown in Figure S19,
the LSPR blue-shifted with the increase of the AgPt shell
thickness. Figure 4d shows the electric field distribution of a
single Au@AgPt HAS, with two obvious superiorities (hot
spots). One is in the vicinity of the AuNRs, while the other is
at the four corners of the AgPt hollow alloy shell. We also
simulated the electric field distribution of a core—shell
structure of Au@AgPt (Figure S20). The field enhancement
only appeared at the four corners, and the intensity is much
lower than that of the Au@AgPt HAS (Figure 4d). In addition
to the thickness of the AgPt alloy shell, we also simulated the
spectra and electric field of different Ag-to-Pt ratios in the AgPt
alloy (Figures S22 and S23). With the increase of Pt%, the
LSPR blue-shifted from 887 to 797 nm (Figure $22), and the
intensity of the electric near-field decreased (Figure S23). In a
previous work, it was also seen that the photocatalytic
performance depended on the wavelength of the light
irradiation.”’ Since our work focused more on the structural
differences in the reaction rates, the effects of the above-
mentioned parameters on the photocatalytic reactions will be
investigated in future work.

Thus, we propose the mechanism of plasmon-mediated
photocatalysis as follows. First, under light irradiation, hot
electrons could be generated in the inner AuNRs or some
residue Ag in the gap between the inner AuNRs and AgPt
alloy. Then, holes are formed, the excited electrons and the
resulting holes form electron—hole pairs,”"> and Pt could be
the medium for hot electron transport. Next, the hot electrons
could be injected into the reaction of MB reduced by NaBH,.
In addition, Ag can also generate hot electrons and transfer
them to the Pt in the AgPt alloy, which greatly reduces the
time of reaction. Previous work by Zhu’s group® also claimed
the combination of light absorption of AuPd alloy nano-
particles. The enhanced interaction and the intrinsic catalytic
activity of the transition metal lead to a unique structure where
the absorption of light can yield energetic electrons. Second,
the Au and Ag with surface plasmon resonance properties can
produce heat when exposed to light, increasing the temper-
ature of the reaction and thus improving the energy of the
reaction and playing a catalytic role.”* As an AgPt alloy on the
surface of AuNRs, Ag is also a metal with surface plasmon
resonance, which can produce heat under light irradiation.

Thus, heating the AgPt alloy can improve the reaction rates of
photocatalysis. Third, the hollow structure can provide a
greater contact area. In these interstices, the intensity of the
electric field is stronger under light irradiation, and the AgPt
alloy is not compact, which can also be contacted with the
reactant. Therefore, the performance of photocatalysis can be
improved. In the model of the Au@AgPt HAS catalysis, the
outer AgPt alloy’s shell thickness, and Ag-to-Pt atomic ratio
should also influence the photocatalytic reaction rates, and this
will be investigated in the future.

3. CONCLUSIONS

We have demonstrated a simple and reproducible method for
the synthesis of Au@AgPt trimetallic nanostructures. By
systematically tuning the amount of AgNO; and K,PtCl,
precursors, the shell nanostructures could be varied from
AgPt heterostructure, AgPt hollow alloy shell, and AuAgPt
dendrites. In other words, we have realized controllable
trimetallic morphologies with the same reactant by simply
tuning their amounts. In the three morphologies, Au@AgPt
HAS shows the best catalytic performance (in the reduction of
MB assisted by NaBH,) in both dark conditions and light
irradiation. Under the dark condition, the catalytic rate of Au@
AgPt HAS is ~3 times that of a noncatalyst and ~2 times that
of monometallic AuNRs, bimetallic Au@Ag, and Au@Pt
nanorods. Under light irradiation, due to the larger active area
and high hot electron transfer efficiency, the photocatalytic
reaction rate of Au@AgPt HAS is ~7 times higher than that of
the reaction without catalysts and ~3 times higher than that of
monometallic AuNRs, bimetallic Au@Ag, and Au@Pt nano-
rods. FDTD simulations carried out on the electric near-field
distribution confirmed that the hot spots of Au@AgPt HAS are
in the vicinity of AuNRs and at the four corners of the AgPt
hollow alloy shell, which would enhance the photocatalytic
performance. In addition, Au@AgPt can be recycled and it
retains the same catalytic performance after 10 cycles, which
can greatly save the cost and practically contribute to
environmental protection. Finally, we demonstrate the genuine
superiority of the trimetallic nanostructures, especially hollow
alloy nanostructures, in the plasmon-mediated photocatalytic
reactions, which will offer useful guidelines to design and
construct high-performance plasmon-based catalysts, sensors,
and 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
(HAuCl,), hydrochloric acid (HCl, 37 wt % in water), and methyl
blue (MB) were purchased from Macklin. Hexadecyltrimethylammo-
nium chloride (CTAC, >99.0%), sodium borohydride (NaBH,, 98%),
sodium oleate (NaOL, >99.8%), silver nitrate (AgNO;, >99.8%), and
potassium tetrachloroplatinate(II) (K,PtCl,, >99.99%) were pur-
chased from Aladdin. Ultrapure water (Millipore Milli-Q grade) with
a resistivity of 18.2 MQ was used in all of the experiments. All
glassware for the gold nanorod synthesis was cleaned with freshly
prepared aqua regia (HCI/HNO; in a 3:1 volume ratio), rinsed with
large amounts of water, and dried at 60 °C before usage.

4.2. Synthesis of Gold Nanorods (AuNRs). AuNRs with an
aspect ratio of 4.7 were prepared following a seed-mediated growth
procedure previously reported by Murray et al.>*> The seed solution
for gold nanorod growth was prepared as follows: first, 0.25 mL of
10.0 mM HAuCl, was added to 10.0 mL of 0.1 M CTAB solution.
Then, 0.6 mL of 10.0 mM NaBH, (freshly prepared with cold water)

https://doi.org/10.1021/acsanm.2c03953
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was added to the above solution under vigorous stirring (1200 rpm),
which was stopped after 2 min. The color of the solution changed
from light yellow to brownish. Finally, the seed solution was aged at
30 °C for 30 min before use.

To prepare the growth solution, 7.0 g (~37 mM in the final growth
solution) of CTAB and 1.24 g of NaOL were mixed in 250 mL of
warm water (50 °C). Then, 18.0 mL of 4.0 mM AgNO; was added to
the solution and kept undisturbed at 30 °C for 15 min. Afterward, 250
mL of 1.0 mM HAuCl, solution was added and stirred at 700 rpm.
The resulting solution became colorless after 90 min. Next, 2.1 mL of
HCI (37 wt % in water) was injected and stirred at 700 rpm for 15
min. After 15 min, 1.25 mL of 64.0 mM ascorbic acid was added to
the solution above and vigorously stirred for 30 s before the addition
of 0.8 mL of the seed solution. The resulting mixture was stirred for
30 s and left undisturbed at 30 °C for 12 h for AuNR growth.

4.3. Synthesis of Au@AgPt Nanostructures. The as-prepared
AuNR solution was about 500 mL. Then, the AuNRs were purified
twice by centrifugation at 7000 rpm for 30 min, followed by the
removal of the supernatant. The resulting solution (concentrated 10
times) was kept in 2.0 mM CTAB as the stock solution. To deposit
Ag on the surface of AuNRs, 0.1 mL of the AuNR stock solution was
added to the mixed solution, which contained 3.4 mL of 30.0 mM
CTAC. The mixed solution was heated in a 60 °C water bath for 20
min. Then, 0.05 mL of 100 mM AA and 0.2 mL of 4.0 mM AgNO;
were added to the solution and kept in a 60 °C water bath for 30 min.
Then, the Au@Ag nanostructures can be obtained. Finally, 0.04 mL of
2.0 mM K,PtCl, was added to the Au@Ag solution and kept in a 60
°C water bath for 20 min. The solution was then collected after two
centrifugation cycles at 7000 rpm for 30 min. To obtain different
morphologies of Au@AgPt nanostructures, we adjust the amounts of
AgNO; (from 0.01 to 0.40 mL), K,PtCl, (from 0.04 to 0.40 mL), and
AA and reaction temperature. The detailed experimental parameters
can be found in Table S1.

4.4. Characterization. Optical extinction spectra were recorded
with a UV-1900i spectrophotometer (Shimadzu, Japan) with a 10-mm
optical path. The transmission electron microscopy (TEM) images
were obtained with an HT-7700 microscope (Hitachi, Japan)
operating at a voltage of 100 kV. High-resolution TEM (HRTEM)
images and energy-dispersive spectroscopy (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 Image]J software, whereby >100 nanoparticles were
measured for each sample.

4.5. Catalysis. Briefly, 1.0 mL of 0.05 mM MB was mixed with
0.03 mL of 0.5 M freshly prepared NaBH,, and then different kinds of
Au@AgPt (0.05 mL) solutions or 0.05 mL of AuNR solution were
added to the mixed solution. We measured the extinction spectra of
the solution at 1 min intervals until the peak corresponding to 630 nm
disappeared. The color of the solution changes from blue to
transparent.

4.6. Photocatalysis. Briefly, 1 mL of 0.05 mM MB was mixed
with 0.03 mL of 0.5 M freshly prepared NaBH,, then different kinds
of Au@AgPt (0.0S mL) solutions or 0.05 mL of AuNR solution were
added to the mixed solution above. We used the above catalytic
experimental steps on the basis of the illumination with a 250 W
Xenon lamp (HDL-II, Suzhou Betical Optoelectronics Technology
Co. Ltd, China) equipped with a filter in which the light less than 420
nm was cut off. We measured the extinction spectra of the solution at
3 min intervals until the peak corresponding to 630 nm disappeared.
The MB concentration was determined at the wavelength of 630 nm
using a UV—vis spectrophotometer (UV-1900i, Shimadzu). The
reaction was maintained at normal atmospheric temperature. For the
cycling test, the catalysts were obtained by centrifugation and
redispersed in a MB/NaBH, system. The cycling test was carried
out under the same conditions.

4.7. 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
with commercial software (Lumerical FDTD Solutions). A total field
scattered field source was used to simulate a propagating plane wave
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interacting with the nanostructures, with a wavelength range of 300—
1100 nm. A three-dimensional nonuniform mesh was used, and a grid
size of 1 nm was chosen for calculating the spectra and 0.5 nm for
calculating the electric field distribution of Au@AgPt HAS. For the
dimensions of Au@AgPt HAS, 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,®® and the dielectric function
of Ag and Pt were obtained from the data of Werner et al.® We
calculated the effective dielectric functions of the AgPt alloy by the
effective medium approximation (EMA) based on the Maxwell—
Garnett equation6

Eoff — €Ag 4 (1 _ P) Epr — gAg

&g + ZeAg

&p, + 2£Ag (2)

Thus, the effective dielectric functions of AgPt alloy are given by

2P(ep, — €ag) + Ep, + 264,

&4 = §
off T The 28y, + &p, — Plep, — &) (3)
where €p, €, and & are the dielectric functions of Pt, Ag, and the
composite system (AgPt alloy), respectively. P is the proportion of Pt
in the AgPt alloy, which could be obtained from the EDS mapping (P
= 42% for AgPt HAS). Once the £ was calculated by eq 3, it was
imported into FDTD software. The real and imaginary parts of &.¢ are
drawn in Figure S21. To investigate the effect of the Ag-to-Pt ratios
on the plasmonic properties, we also performed an FDTD simulation
by tuning the Ag-to-Pt ratio with a 10% interval. The simulated
spectra and electric field distribution are shown in Figures S22 and
S$23, respectively.
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Figure S1. TEM images and UV-vis-NIR spectra of nanoparticles. TEM images of (a) AuNRs, (b) Au@Ag NRs,
and (c) Au@Pt NRs. Scale bar is 100 nm. (d) UV-vis-NIR spectra of the AuNRs (black), Au@Ag NRs (red), and
Au@Pt NRs (blue). The AuNRs samples are 88.7 = 7.0 nm in length and 17.1 £ 1.7 nm in width. The Au@Ag
samples are core-shell cuboid structures with size of 98.8 + 5.9 nm in length and 33.8 + 2.0 nm in width, while
Au@Pt samples with 88.1 + 5.6 nm in length and 19.1+ 1.6 nm in width. It should be noted that the Ag

overgrowth was asymmetric since the reaction rate is too fast when 0.20 mL AgNO; was added.
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Figure S2. TEM and UV-vis-NIR spectra analysis of nanoparticles. The TEM images of Au@AgPt with different
amount of AgNO3, (a) 0.01 mL, (b) 0.02 mL, (c) 0.04 mL, (d) 0.06 mL, (e) 0.08 mL, (f) 0.10 mL, (g) 0.15 mL, (h)
0.20 mL, (i) 0.25 mL, (j) 0.30 mL, and (k) 0.40 mL. Scale bar is 100 nm. The morphology of the Au@AgPt
changes from heterostructure, to hollow alloy shell., and then to asymmetric core-shell structure. (1) UV-vis-NIR
spectra of the Au@AgPt with different AgNO; from 0.01 mL to 0.40 mL. With the increase of AgNOs, the LSPRs

gradually blue-shifted, and the intensity increased. The arrow direction indicates the increasing amount of AgNOs.
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Figure S3. EDS mapping of Au@AgPt nanostructures. (a) EDS mapping of a single Au@AgPt with 0.01 mL
AgNO:s. (b)-(d) element of Au (b), Ag (c), and Pt (d) in Au@AgPt nanostructure, respectively; (¢) EDS mapping
of a single Au@AgPt with 0.08 mL AgNO;. (f)-(h) element of Au (f), Ag (g), and Pt (h) in Au@AgPt
nanostructure; (i) EDS mapping of a single Au@AgPt nanoparticle with 0.20 mL AgNO;. (j)-(1) element of Au (j),
Ag (k), and Pt (1) in Au@AgPt nanostructure. All scales bars are 20 nm. Elemental distribution of Au (yellow), Ag
(green), Pt (red) in EDS mapping (first row) of samples with (m) 0.01 mL, (n) 0.08 mL, (0) 0.20 mL of AgNO:s.
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Figure S4. HRTEM analysis of Au@AgPt nanostructures. (a) TEM image of a single Au@AgPt with different
amount of AgNO; (a) 0.01 mL, (the insert image is the HRTEM of the white square area). (b) 0.08 mL (the insert
image is the HRTEM of the white square area). The crystal plane spacing of 0.200 nm is a family of Au {200}
facets, and the spacing of 0.194 nm is the Pt {200} facets. (c) 0.20 mL. TEM image of a single Au@AgPt hollow
alloy shell. HRTEM images of regions 1 and 2 are shown in (d) and (e). The crystal plane spacing of 0.200 nm is a
family of Au {200} facets, and the spacing of 0.189 nm is the AgPt {200} facets.
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Figure S5. Net counts of Au, Ag and Pt in tri-metal nanostructures with (a) 0.01 mL, (b) 0.08 mL, and (c) 0.20 mL
AgNO;. And the atomic ratio of Au, Ag, and Pt is 61.64%, 21.44% and 16.92% in (a), 38.51%, 47.65%, and
13.85% in (b), 57.57%, 24.13% and 18.31% in (c), respectively.
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PICL: 0.04mL b

Figure S6. TEM images of nanoparticles with different K,PtCl, (a) 0.04 mL, (b) 0.08 mL, (c) 0.10 mL, (d) 0.15
mL, (e) 0.20 mL, and (f) 0.40 mL K,PtCl,. the morphology of the nanoparticles changes from alloy shell to

dendritic structures.
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K,PiCl;: 0.04 mL b
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Figure S7. EDS mapping of Au@AgPt nanostructures with different amount of K,PtCl,. (a) EDS mapping of the
single Au@AgPt nanoparticle with 0.04 mL K,PtCly. (b) element of Au in Au@AgPt nanostructure (yellow), (c)
element of Ag in Au@AgPt nanostructure (green), (d) element of Pt in Au@AgPt nanostructure (red),
respectively; (e) EDS mapping of some Au@AgPt nanoparticles with 0.04 mL K,PtCl,. (f) element of Au in
Au@AgPt nanostructure (yellow), (g) element of Ag in Au@AgPt nanostructure (green), (h) element of Pt in
Au@AgPt nanostructure (red), respectively; Scale bar is 50 nm. (i) EDS mapping of the single Au@AgPt
nanoparticle with 0.20 mL K,PtCly. (j) element of Au in Au@AgPt nanostructure (yellow), (k) element of Ag in
Au@AgPt nanostructure (green), (1) element of Pt in Au@AgPt nanostructure (red), respectively; scale bar is 20
nm. (m) EDS mapping of some Au@AgPt nanoparticles with 0.20 mL K,PtCly. (n) element of Au in Au@AgPt
nanostructure (yellow), (o) element of Ag in Au@AgPt nanostructure (green), (p) element of Pt in Au@AgPt

nanostructure (red), respectively; Scale bar is 50 nm.
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Figure S8. Net counts of Au, Ag and Pt in tri-metal nanostructures with (a) 0.04 mL, (b) 0.2 mL K,PtCl;. And the
atomic ratio of Au, Ag, and Pt is 40.61%, 45.51%, 13.88% in (a), and 29.40%, 36.27%, 34.33% in (b),

respectively.
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40°C b

Figure S9. Effects of reaction temperature on Au@AgPt synthesis. TEM images of Au@AgPt in (a) 40 °C, and
(b) 80 °C. The Au@AgPt nanostructures synthesized at 40 °C are not uniform, while at 80 °C have few hollow

nanostructures.
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0.04 mL 4.0 mM

Figure S10. Effects of ascorbic acid on Au@AgPt synthesis. (a) 0.04 mL 4.0 mM, (b) 0.02 mL 4.0 mM, (c) 0.01
mL 4.0 mM, (d) 0.05 mL 100 mM. When less amount of AA was used, the Au@AgPt with incomplete hollow

nanostructure were obtained.
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Figure S11. vis-NIR spectra of MB reduction process. Arrow directions indicate changes of the spectrum over
time. (a) Extinction spectra of MB reduced by NaBH, under dark environment. The entire reaction was recorded at
one-minute intervals, and the reduced time is 40 minutes. (b) Extinction spectra of MB reduced by NaBH, under

light irradiation. The entire reaction was recorded at six-minutes intervals, the reduced time is 36 minutes.
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Figure S12. Vis-NIR spectra of Au@AgPt with different amount of AgNO; under the dark environment, the arrow
shows the variation of the spectrum over time. (a) 0.01 mL, (b) 0.02 mL, (c) 0.04 mL, (d) 0.06 mL, (e) 0.08 mL,
(f) 0.10 mL, (g) 0.15 mL, (h) 0.20 mL, (i) 0.25 mL, (j) 0.30 mL, (k) 0.35 mL, (1) 0.40 mL, respectively. And the
reaction time are 29 min, 19 min, 17 min, 15 min, 14 min, 13 min, 13 min, 6 min, 14 min, 30 min, 31 min, 32 min,

respectively.
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Figure S13. Vis-NIR spectra of Au@AgPt with different amount of K,PtCl, under the dark environment, the
arrow shows the variation of the spectrum over the time. (a) 0.04 mL K,PtCly, (b) 0.08 mL K,PtCly, (¢) 0.10 mL
K,PtCly, (d) 0.15 mL K,PtCly, (e) 0.20 mL K,PtCly, (f) 0.25 mL K,PtCly, (g) 0.30 mL K,PtCly, (h) 0.35 mL
K,PtCly, (i) 0.40 mL K,PtCly. The reaction time are 11 min, 23 min, 18 min, 14 min, 12 min, 17 min, 18 min, 17

min, 18 min, respectively.
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Figure S14. Vis-NIR spectra of Au@AgPt with different amount of AgNO; under light irradiation, the arrow
shows the variation of the spectrum over the time. (a) 0.01 mL AgNO;, (b) 0.02 mL AgNOs, (c) 0.04 mL AgNO;,
(d) 0.06 mL AgNOs3, (e) 0.08 mL AgNOs, (f) 0.10 mL AgNOs, (g) 0.15 mL AgNOs;, (h) 0.20 mL AgNO;, (i) 0.25
mL AgNOs, (j) 0.30 mL AgNO;, (k) 0.35 mL AgNOs, (1) 0.40 mL AgNOs;. The reaction time are 15 min, 15 min,
12 min, 12 min, 9 min, 6 min, 6 min, 3 min, 9 min, 12 min, 15 min, 12 min, respectively. Under the light

irradiation, the sample with 0.20 mL AgNOj as the photocatalyst has the best photocatalytic efficiency.
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Figure S15. Vis-NIR spectra of Au@AgPt with different amount of K,PtCl, under light irradiation, the arrow
shows the variation of the spectrum over the time. (a) 0.04 mL K,PtCly, (b) 0.08 mL K,PtCly, (c) 0.10 mL K,PtCly,
(d) 0.15 mL K,PtCly, (e) 0.20 mL K,PtCly, (f) 0.25 mL K,PtCly, (g) 0.30 mL K,PtCly, (h) 0.35 mL K,PtCly, (i)
0.40 mL K,PtCly, the reaction time are 9 min, 12 min, 12 min, 12 min, 9 min, 12 min, 15 min, 18 min, 15 min,

respectively.
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Figure S16. Vis-NIR spectra of MB reduced by different catalysts. The spectra of MB reduced by NaBH, under
(a) AuNRs (c) Au@Ag, () Au@Pt catalyzing in dark environment. The entire reaction was recorded at
one-minute intervals, and the reduced time are 30 minutes, 29 minutes and 25 minutes, respectively. The spectra of
MB reduced by NaBH, under (b) AuNRs, (d) Au@Ag, (f) Au@Pt catalyzing in light irradiation. The entire

reaction was recorded at three-minutes intervals, and the time are 18 minutes, 21 minutes and 18 minutes,

respectively.
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Figure S17. Reaction rates of catalytic process by linear fitting. (a) The rate fitting of MB/NaBH, in dark (black)
and light condition (red). (b) The reduction of MB by NaBH, was catalyzed by AuNRs in dark (black) and light
condition (red). (c) The reduction of MB by NaBH, was catalyzed by Au@Ag bimetallic nanostructures in dark
(black) and light condition (red). (d) The reduction of MB by NaBH, was catalyzed by Au@Pt bimetallic
nanostructures in dark (black) and light condition (red).
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Figure S18. Cyclic characteristic test. (a) Normalized UV-vis-NIR spectra of MB reduced by NaBH, with
Au@AgPt catalysts under light irradiation. (b, c) TEM images of Au@AgPt before photocatalysis (b), and after

ten photocatalytic cycles (c).
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Figure S19. FDTD simulation of Au@AgPt HAS nanostructures with different AgPt alloy shell thickness (3-6
nm). The LSPR blue-shifted with increase of the AgPt shell thickness.
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Figure S20. Electric field distribution of a single Au@AgPt solid structure by FDTD simulation, the hot spots are
located in the four vertices of AgPt outer layer, and the intensity is much weaker than that of the Au@AgPt hollow
alloy shell nanostructures (Fig. 5b).
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Figure S21. Dielectric function of AgPt alloy with different Ag/Pt ratio. (a) is the real part and (b) is the imaginary
part. The arrow shows the direction of increasing Pt%. With the increase of Pt%, both absolute values of the real
part and the imaginary part of dielectric functions of the AgPt alloy increased. Note that 58%Ag42%Pt (obtained

from EDS mapping) was used in the manuscript for FDTD simulations.
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Figure S22. FDTD simulations of the extinction spectra with different Ag-to-Pt ratios of AgPt alloy in a single
Au@AgPt HAS. When the ratio of Pt increasing in AgPt alloy, the LSPRs blue-shifted. All the AgPt alloy shell

are 4 nm in simulation.
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Figure S23. FDTD simulations of electric field distributions with different ratios of Ag-to-Pt (a) 1, (b) 9:1, (c) 8:2,
(d) 7:3, (e) 6:4, () 5:5, (g) 4:6, (h) 3:7, (1) 2:8, (j) 1:9, (k) 0 of AgPt alloy in a single Au@AgPt HAS. When the
ratio of Pt increasing in AgPt alloy, the electric field enhancement decreased. All the AgPt alloy shell are 4 nm.
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Table S1 the parameters of Au@AgPt with different amount of reactants.

samples AgNO; (mL) K,PtCly (mL) LSPR (nm)
AuNRs 0.20 0 882
Auv@Ag 0.20 0 692
Au@Pt 0 0.04 883
Au@AgPt heterostructure 0.01 0.04 982
Au@AgPt 0.02 0.04 992
Au@AgPt 0.04 0.04 988
Au@AgPt 0.06 0.04 945
Au@AgPt 0.08 0.04 911
Au@AgPt 0.10 0.04 898
Au@AgPt 0.15 0.04 844
Au@AgPt HAS 0.20 0.04 815
Au@AgPt 0.25 0.04 795
Au@AgPt 0.30 0.04 667
Au@AgPt 0.35 0.04 677
Au@AgPt 0.40 0.04 729
Au@AgPt 0.10 0.04 827
Au@AgPt 0.10 0.04 908
Au@AgPt 0.10 0.08 900
Au@AgPt 0.10 0.10 970
Au@AgPt 0.10 0.15 1015
Au@AgPt dendritic 0.10 0.20 /
Au@AgPt dendritic 0.10 0.25 /
Au@AgPt dendritic 0.10 0.30 /
Au@AgPt dendritic 0.10 0.35 /
Au@AgPt dendritic 0.10 0.40 /
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Table S2 Pearson’s coefficient of the reaction rate under light illumination in Figure 3d, g.

condition samples Pearson’s coefficient

light 0.01 mL AgNOs;, 0.04 mL K,PtCl, 0.99
light 0.08 mL AgNO;, 0.04 mL K,PtCl, 0.99
light 0.15 mL AgNOs;, 0.04 mL K,PtCl, 0.99
light 0.20 mL AgNQOs, 0.04 mL K,PtCl, 1

light 0.30 mL AgNOs;, 0.04 mL K,PtCl, 0.96
light 0.10 mL AgNOs, 0.04 mL K,PtCl, 0.99
light 0.10 mL AgNO;, 0.10 mL K,PtCl, 0.98
light 0.10 mL AgNOs;, 0.20 mL K,PtCl, 0.98
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Table S3 Pearson’s coefficient of the reaction rate under dark condition in Figure 3d,g.

condition samples Pearson’s coefficient
dark 0.01 mL AgNOs;, 0.04 mL K,PtCl, 0.99
dark 0.08 mL AgNOs, 0.04 mL K,PtCl, 0.98
dark 0.15 mL AgNOs, 0.04 mL K,PtCl, 0.99
dark 0.20 mL AgNOs;, 0.04 mL K,PtCl, 0.97
dark 0.30 mL AgNOs, 0.04 mL K,PtCl, 0.99
dark 0.10 mL AgNOs, 0.04 mL K,PtCl, 0.97
dark 0.10 mL AgNOs;, 0.10 mL K,PtCl, 0.92
dark 0.10 mL AgNOs, 0.20 mL K,PtCl, 0.93
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