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Abstract Trimetallic nanoparticles have shown
significant potential as multifunctional nanomateri-
als due to their superior photocatalytic performance,
making them highly promising in materials science
and nanotechnology. In this study, we designed and
synthesized a trimetallic nanostructure consisting of
a gold nanorod (Au NR) core, a silver (Ag) interme-
diate shell, and a silver-platinum (AgPt) alloy outer
layer. The Au@Ag core—shell structure was first pre-
pared by depositing silver onto the Au NR surface
through a reduction reaction. Subsequently, an AgPt
alloy was deposited via a reduction and replacement
process, followed by oxidative etching to remove
excess silver, resulting in the etched trimetallic nano-
structure (Au@ AgPt-E). Using methylene blue (MB)
as the model system, the photocatalytic activity of
Au@AgPt-E under visible and near-infrared light
irradiation was significantly enhanced, achieving a
rate 4.19 times higher than Au@Ag@AgPt and 7.67
times higher than single-metal Au NRs. The perfor-
mance enhancement is primarily attributed to the
surface plasmon resonance (SPR) effect generated
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by the gold nanorod core in Au@AgPt-E. The SPR
effect significantly enhances the light absorption of
the gold nanorods, especially within specific wave-
length ranges, allowing for efficient conversion of
light energy into heat. This energy conversion process
not only improves thermal efficiency but also facili-
tates the generation and separation of charge carri-
ers, thereby increasing the efficiency of the catalytic
reaction. Additionally, the Au@ AgPt-E undergoes an
etching process, which increases the number of cata-
Iytic active sites on the AgPt shell, further enhancing
the catalytic performance. The combined effects of
these factors result in a significant improvement in the
material’s performance. This study provides a novel
approach for developing efficient plasmon-mediated
photocatalysts and demonstrates broad application
prospects in photocatalytic reduction processes.

Keywords Trimetallic nanoparticles - Gold
nanorods - Silver-platinum alloy - Surface plasmon
resonance - Photocatalysis - Oxidative etching

Introduction

The extinction spectrum of Au NRs exhibits two
prominent surface plasmon resonance peaks within
the visible light range: transverse SPR and longitu-
dinal SPR. The transverse SPR wavelength range is
approximately 500-600 nm, while transverse SPR
can be extended from 600 to 1200 nm by adjusting

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11051-025-06374-3&domain=pdf
http://orcid.org/0000-0002-0841-4932
https://doi.org/10.1007/s11051-025-06374-3
https://doi.org/10.1007/s11051-025-06374-3

177 Page 2 of 14

J Nanopart Res (2025) 27:177

the aspect ratio of Au NRs [1]. The tunable nature
of SPR and its strong local electromagnetic field
enhancement effect make it valuable for applica-
tions such as photocatalysis [2-5], surface-enhanced
Raman scattering (SERS) [6-9], plasmon-enhanced
fluorescence [10-13], photodetection, photothermal
therapy [14-17], and biomedical applications [16,
18-20].

Bimetallic nanoparticles based on Au NRs have
garnered significant attention due to their unique cat-
alytic [21-24], optical [25-27], and electrical proper-
ties [28-31], which are strongly influenced by their
morphology and structure. Among these properties,
catalysis has been a key focus of research. Au NRs
can be combined with one or more noble metals to
form structures such as Au@Ag, Au@Pt, and Au@
Pd, thereby integrating the properties of these mate-
rials. Platinum (Pt) has become a powerful electro-
catalyst widely used in alcohol oxidation [32, 33] and
hydrogenation reactions [34, 35] due to its unique
physical and chemical properties. Studies have shown
that combining Pt with Au NRs can significantly
enhance the catalytic performance [36, 37].

Compared to bimetallic nanostructures, trimetallic
nanoparticles based on Au NRs have garnered wide-
spread attention in recent years due to their unique
catalytic, optical, and electrical properties, which are
largely influenced by their morphology and structure.
Especially in terms of catalytic performance, Au NRs
combined with other metals (such as silver, plati-
num, and palladium) can form composite trimetallic
structures. These structures integrate the advantages
of each component material, while the alloy struc-
tures are generally more stable in terms of chemical
properties compared to monometallic ones. These
combinations include single-phase alloy structures
and core—shell structures, particularly those formed
by using Au NRs as the core and coating an alloy
shell on their surface to create a core—shell trimetal-
lic structure. The Au@PdPt and Au@ AgPt structures
formed by combining Au NRs with PdPt and AgPt
alloys have been widely applied in catalysis [38, 39]
and sensors [40, 41] due to their excellent chemical
stability and conductivity. These structures fully uti-
lize the LSPR effect of Au NRs and the high conduc-
tivity and reactivity of the PdPt and AgPt alloy, effec-
tively improving catalytic efficiency.

In our experiment, we successfully synthesized the
target material Au@AgPt-E, utilizing the excellent
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surface plasmon resonance effect of Au NRs and
the hollow nanostructure of the AgPt shell, which
provided more active sites. Additionally, through
catalytic experiments with methylene blue (MB), we
verified the material’s superior photocatalytic per-
formance, with an enhancement of up to 4.19 times
compared to the unetched material. At the same time,
we conducted finite-difference time-domain (FDTD)
simulations of the material before and after etching,
and the results showed that the etched material exhib-
ited a higher electric field enhancement effect com-
pared to the unetched material.

In the field of large-scale wastewater treatment,
TiO, has been widely used due to its low cost and
non-toxicity. However, its limitations, such as the
ability to only absorb ultraviolet light, a high elec-
tron-hole recombination rate, and low catalytic effi-
ciency, restrict its effectiveness in large-scale appli-
cations. On the other hand, the Au@ AgPt-E catalyst,
through the surface plasmon resonance effect, can
enhance visible light absorption, expand the light
response range, and has higher electronic conductiv-
ity, effectively reducing charge carrier recombination,
thereby significantly improving photocatalytic effi-
ciency. Its stronger catalytic performance and higher
stability make it promising for large-scale wastewater
treatment applications. Future research will focus on
further optimizing its synthesis process and struc-
tural design, expanding its potential in a wider range
of photocatalytic applications, and providing a prom-
ising approach for the design of efficient multifunc-
tional nanocatalysts.

Experimental section
Materials

The chemicals used in this study were of high
purity and required no additional purification.
These included hexadecyltrimethylammonium bro-
mide (CTAB, >98.0%), sodium oleate (NaOL,
>97.0%), hydrogen  tetrachloroaurate  trihy-
drate (HAuCl,-3H,0), vr-ascorbic acid (BioUltra,
>99.5%), silver nitrate (AgNO;, >99%), sodium
borohydride (NaBH,, 99%), iron nitrate nonahydrate
(Fe(NO3);-9H,0, 99%), nitric acid (HNO;, 67% in
water), hydrochloric acid (HCl, 37 wt.% in water),
hexadecyltrimethylammonium  chloride  (CTAC,
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>99.0%), potassium tetrachloroplatinate (K,PtCl,,
>99.99%), absolute methanol (MeOH), and meth-
ylene blue (MB). All the chemicals were purchased
from Aldrich. Ultrapure water obtained from a Milli-
Q Integral system was used in all experiments. The
high purity of these chemicals ensured the reliability
and reproducibility of the experimental results.

Synthesis of Au NRs

The seed solution for the growth of Au NRs was pre-
pared as follows: Initially, 0.25 mL of 10 mM HAuCl,
was mixed with 10 mL of a 0.1 M CTAB solution in
a 20-mL scintillation vial. Subsequently, 0.6 mL of
freshly prepared 0.01 M NaBH, was diluted to 1 mL
with water and injected into the Au (III)-CTAB solu-
tion with vigorous stirring at 1200 rpm. The solution
changed in color from yellow to brownish yellow, and
stirring was halted after 2 min. The seed solution was
then allowed to age at room temperature for 30 min
before further use. To prepare the growth solution,
7.0 g of CTAB (resulting in a final concentration of
0.037 M in the growth solution) and 1.234 g of NaOL
were dissolved in 250 mL of warm water (approxi-
mately 50 °C) in a 1-L Erlenmeyer flask. The solu-
tion was allowed to cool down to 30 °C, and a 4 mM
AgNO; solution was introduced. The mixture was
left undisturbed at 30 °C for 15 min, following which
250 mL of a 1 mM HAuCl, solution was added. The
solution became colorless after 60 min of stirring at
700 rpm. To adjust the pH, 2.1 mL of HCI (37% wt.
in water, 12.1 M) was added. After an additional 15
min of slow stirring at 800 rpm, 1.25 mL of 0.064 M
AA was introduced, and the solution was vigorously
stirred for 30 s. Finally, a small amount of the seed
solution was injected into the growth solution. The
resulting mixture was stirred for 30 s and left undis-
turbed at 30 °C for 12 h to facilitate the growth of
nanorods. The final products were isolated by centrif-
ugation at 8000 rpm for 15 min, followed by removal
of the supernatant. No size and/or shape-selective
fractionation was performed in this process.

Synthesis of Au@ Ag nanostructures

The as-prepared Au NRs solution had a volume of
approximately 500 mL. Subsequently, the Au NRs
were subjected to purification twice by centrifuga-
tion at 7000 rpm for 30 min, followed by the removal

of the supernatant. The resulting solution, which
was concentrated 10 times, was stored in a solution
containing 30 mM CTAB as the stock solution. To
deposit Ag onto the surface of the Au NRs, 0.1 mL
of the Au NR stock solution was added to a mixture
containing 3.4 mL of 30.0 mM CTAC. The combined
solution was then heated in a 60 °C water bath for 20
min. Following this step, 0.05 mL of 100 mM AA
and 0.16 mL of 8.0 mM AgNO; were introduced into
the solution, which was maintained in a 60 °C water
bath for an additional 30 min. Subsequently, the Au@
Agsy nanostructures were obtained.

Synthesis of Au@Pt nanostructures

The as-prepared Au NRs solution had a volume of
approximately 500 mL. Subsequently, the Au NRs
were subjected to purification twice by centrifuga-
tion at 7000 rpm for 30 min, followed by the removal
of the supernatant. The resulting solution, which
was concentrated 10 times, was stored in a solution
containing 30 mM CTAB as the stock solution. To
deposit Pt onto the surface of the Au NRs, 0.1 mL
of the Au NR stock solution was added to a mixture
containing 3.4 mL of 30.0 mM CTAC. The combined
solution was then heated in a 60 °C water bath for 20
min. Following this step, 0.05 mL of 100 mM AA
and 0.01 mL of 10.0 mM K,PtCl, were introduced
into the solution, which was maintained in a 60 °C
water bath for an additional 30 min. Subsequently, the
Au@Pt,5 nanostructures were obtained.

Synthesis of Au@ Ag@ AgPt nanostructures

To create varied morphologies of Au@Ag@AgPt
nanostructures, 0.01 mL of a 10 mM K,PtCl, solu-
tion was introduced into the Au@Ag solution and
incubated in a 60 °C water bath for 20 min. Subse-
quently, the solution was harvested following two
rounds of centrifugation at 7000 rpm for 30 min. We
adjust the amounts of AgNO; (from 0.02 to 0.80 mL),
K,PtCl, (from 0.01 to 0.40 mL), AA, and reaction
temperature.

Synthesis of Au@ AgPt-E nanostructures
Begin by adding 0.1 mL of a 20 mM Fe (NO;); solu-

tion and 0.2 mL of a 20 mM HNOj; solution to the
Au@Ag@AgPt solution, followed by the addition of
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10 mL of water. Subsequently, allow the mixture to
stand under 600 rpm conditions for 4 h. Afterward,
remove any excess reagents through centrifugation
and store the Au@ AgPt-E nanostructures in water.

Photocatalysis

Briefly, 1 mL of 0.01 mM MB was mixed with 0.1
mL of 0.1 M freshly prepared NaBH,, then 10 pL dif-
ferent kinds of materials solutions were added to the
mixed solution. We used the above catalytic experi-
mental steps on the basis of the illumination with a
250-W Xenon lamp (HDL-II, Suzhou Betical Opto-
electronics Technology Co. Ltd, China). We meas-
ured the extinction spectra of the solution at 2-min
intervals until the peak corresponding to 628 nm
disappeared. The MB concentration was determined
at the wavelength of 628 nm using a UV-vis spectro-
photometer (UV-1900i, Shimadzu). The reaction was
maintained at normal atmospheric temperatures.

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. Energy-dispersive spectroscopy
(EDS) mapping was performed using a ZEISS SEM
Sigma 300 (Germany). The particle sizes of the nan-
oparticles were measured from TEM images using
Image] software, whereby > 100 nanoparticles were
measured for each sample.

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 (Lumeri-
cal FDTD Solutions). A total field scattered field
source was used to simulate a propagating plane wave
interacting with the nanostructures, with a wave-
length range of 300 —1100 nm. A three-dimensional
nonuniform mesh was used, and a grid size of 0.6 nm
was chosen for calculating the spectra and the elec-
tric field distribution of Au NRs, Au@Ag,,,, and
Au@Ag;,,Pt,s-E. In order to observe a more credible
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spectra, we choose Au NR with similar aspect ratio
in the simulations. The dielectric functions of Au
NR and Pt were obtained by fitting the points from
the data of Babar [42]. We use the effective medium
approximation (EMA) based on the Maxwell-Garnett
equation to calculate the effective dielectric function
of the AgPt alloy [43]

Eef — Eag Epr ~ Eag

+ (- =0
Eeﬂ+2£Ag ( p) Q)

€yt 2£Ag

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

Zp(ep, - sAg) + €, + 28y,

Ef = @

Exg

2eppFEp — p(gﬂl - eAg)
where &p, €4,, and & are the dielectric functions
of Pt, Ag, and the composite system (AgPt alloy),
respectively.

Results and discussion
Materials synthesis and characterization

Figure 1 illustrates the synthesis process of Au@
AgPt-E nanoparticles. The process begins with gold-
colored Au NRs as the core, followed by the growth
of a silver (Ag) shell on the surface by adding an
AgNOj; solution. Then, a gray-black AgPt alloy shell
is formed by adding a K,PtCl, solution. Finally,
Fe(NOj;); and dilute nitric acid solutions are used for
etching to remove excess silver, resulting in the Au@
AgPt-E composite structure characterized by gray-
black alloy nanoparticles. Figure S1(a) and Fig. S2(a)
display the EDS images of Au@Ag;q,@Ags4,Ptys
and Au@Ag,Pt,s-E, showing the distribution of
Au, Ag, and Pt elements, which also confirm the suc-
cessful synthesis of the materials. Figures S1 and
S2(b)-(c) present the elemental weight percentages
and atomic percentages of Au@Ag;,,@Ag;4,Pt,5 and
Au@Ag;.,Ptys-E. The weight percentage of silver
decreases from 62.37% to 28.30%, and its atomic per-
centage drops from 75.11% to 41.84%. This change
verifies the successful etching of silver. Although the
amount of Ag significantly decreases after etching, a
relatively large proportion of Ag atoms remains, indi-
rectly confirming the presence of the alloy structure.
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Fig. 1 A schematic
diagram of the stepwise a
synthesis process of Au@
AgPt-E nanoparticles. The
process includes intermedi-
ates Au@Ag and Au@RAg@
AgPt, as well as the final
product Au@AgPt-E. The
yellow section represents
the Au core; the green layer
indicates the silver (Ag)
coating, and the gray-black
outer layer corresponds to
the AgPt formed in the final
synthesis stage

This is because elemental Ag is corroded, and only
Ag that forms an alloy structure can retain good cor-
rosion resistance, making it difficult to completely
remove. We used the final concentrations of Pt** and
Ag" in the solution to denote different samples. For
example, Au@Ag, @Ag,Pt,, where x uM represents
the final concentration of Ag* in the solution, and y
uM represents the final concentration of Pt**. Simi-
larly, Au@Ag, Pt -E indicates a sample where x uM is
the final concentration of Ag*, y uM is the final con-
centration of Pt2*, and “E” denotes that the material
has undergone erosion.

Figure 2a shows the TEM image of the Au NRs.
These Au NRs were synthesized by the seed-medi-
ated growth method [44, 45], with a length of 84.4
+8.7 nm and a diameter of 20.4 +2.6 nm. Their
extinction spectral peak is approximately 830 nm,
as shown by the black curve in Fig. 2f. For compari-
son, we synthesized Au@Pt,s by adding 0.02 mL
of K,PtCl, solution, with its TEM image shown in
Fig. 2b and extinction spectrum in Fig. 2f as the green
curve. Compared to Au NRs, the extinction spectrum
of Au@Pt,s exhibits a significant redshift with a
decreased extinction peak at approximately 980 nm.
This nanostructure measures 90.0 +8.9 nm in length
and 26.6 +2.4 nm in diameter, with dendritic protru-
sions of Pt observed on the Au NRs surface. Main-
taining a constant concentration of AA, the Pt shell
layer thickened as the K,PtCl, volume increased from

+K,PtCl,

Y [—AuNRs

—— Au@Ag360

2.0}— Au@pt25 M
Au@AZ360@AL360Pt2S

Extinction

400

600 800 1000
Wavelength (nm)

Fig. 2 a-d TEM images of the products generated during the
synthesis of Au@Ag;,Pt,s-E and Au@Pt,5 used as a control.
a TEM image of Au NRs, b Au@Pt,s, ¢ Au@Ag;,, d Au@
Ags60@Ags40Ptys, € Au@Ag;s¢ Ptys-E, with the scale bar in the
lower right corner indicating 100 nm, and f their correspond-
ing UV-vis extinction spectra

0.02 to 0.08 mL, resulting in an increased number of
surface protrusions, as shown in Fig. S3(a-d). Mean-
while, the extinction spectrum (Fig. S3(e)) further
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redshifted with the thickening shell layer. We then
synthesized Au@Ag,, by adding 0.08 mL of AgNO,
solution to the Au NRs solution. Its TEM image is
shown in Fig. 2c, and its extinction spectrum, with a
peak at approximately 680 nm, is shown as the red
curve in Fig. 2f. This nanostructure has a length of
95.2 +6.0 nm and a diameter of 33.6 3.6 nm. Com-
pared to Au NRs, the extinction spectrum exhibits a
blueshift with an enhanced peak. With a constant AA
concentration, reducing the AgNO; volume from 0.08
mL to 0.01 mL resulted in a thinner Ag shell layer,
as illustrated in Fig. S4(a-d). The extinction spec-
trum (Figure S4(e)) indicates a gradual redshift as
the shell layer thinned. Next, by adding 0.02 mL of
AgNO; to the Au@Ag;, solution, we formed Au@
Agse @Ag;6,Ptys nanoparticles. Its TEM image is
shown in Fig. 2d, and its extinction spectrum, with a
peak at approximately 660 nm, is represented by the
blue curve in Fig. 2f. This nanostructure measures
97.2 +£8.2 nm in length and 38.3 +5.6 nm in diam-
eter. Compared to Au@Ag;,,, the extinction spec-
trum shows further blueshift and a reduced peak,
primarily due to the formation of independent Ag
particles observed in the TEM image, caused by the
excess AgNO;,. Finally, by adding Fe(NO;); solution
to the Au@Ag;,,@Ag;4,Pt,5 solution to remove the
Ag shell layer in Au@Ag;,@Ag;q Pty particles, as
well as the Ag on the AgPt shell surface, we obtained
Au@Ag;,Ptrs-E nanoparticles. Its TEM image is
shown in Fig. 2e, and its extinction spectrum, with a
peak at approximately 930 nm, is represented by the
cyan curve in Fig. 2f. This nanostructure has a length
of 96.5 +6.4 nm and a diameter of 37.4 +4.8 nm.
Compared to Au@Ag;,@Ag,.Ptys, the structure’s
size changed little due to the AgPt shell’s stability,
which remained unaffected by Fe(NO;); corrosion.
However, the AgPt shell’s surface became rougher as
the Ag was removed. The extinction spectrum shows
a redshift with a reduced peak.

The effect of AgNO; and K,PtCl, dosage on the
synthesis of Au@Ag@AgPt

Figure 3a—c displays the TEM images of Au@Ag,;@
AgysPtys, Au@Agy,@AgyPt,s, and Au@Agq @
Agq0Ptys, respectively. According to Table S1, as
the amount of AgNO; increases, the length of these
nanoparticles increases from 91.6 +7.3 to 94.3 +7.4
nm, and the diameter increases from 27.4 +5.2 to
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33.5 +£3.7 nm. It is evident that under the same condi-
tions, the size of the nanoparticles increases with the
amount of AgNO;. Meanwhile, as shown in Fig. 3
g, their UV-vis extinction spectra exhibit a gradual
blue-shift with increasing extinction peak value. Fig-
ure 3d-f depicts the TEM images of Au@Ag,,@
AgyPtsy, Au@Agy,@Agy,Pt,,,, and Au@Ag,,@
AgyPtyo, respectively. As the amount of K,PtCl,
increases, the length of these nanoparticles increases
from 93.4 +9.2 to 103.5 +12.4 nm, and the diame-
ter increases from 29.4 +7.3 to 40.5 +£8.3 nm. It is
clear that under the same conditions, the size of the
nanoparticles increase with the amount of K,PtCl,.
Simultaneously, as shown in Fig. 3 g, their UV-vis
extinction spectra gradually exhibit a red-shift with
decreasing extinction peak value.

It can be concluded from the comparison that the
amount of K,PtCl, has a more significant effect on
the morphology of the nanomaterials compared to
the amount of AgNO;. Specifically, as the amount of
AgNO; increases, the appearance of the nanomateri-
als does not change much, and the size changes are
also relatively small, with the length increasing only
from 91.6 +£7.3 to 94.3 +7.4 nm, and the diameter
increasing from 27.4 +5.2 to 33.5 +3.7 nm. In con-
trast, the increase in the amount of K,PtCl, leads to
more pronounced changes in the size of the nanoma-
terials, with significant changes in morphology as the
surface becomes increasingly rough. This may be due
to the fact that, when the AgNO; volume is high and
the K,PtCl, volume is low, Pt** primarily acts to etch
the Ag shell layer. However, when the AgNO; vol-
ume is low and the K,PtCl, volume is high, Pt** not
only etches the Ag shell layer but also promotes the
growth of the shell. Therefore, compared to AgNO;,
K,PtCl, has a more significant impact on the mor-
phology of the nanomaterials. By controlling the
amount of AgNO; (ranging from 0.02 to 0.16 mL)
and varying the amount of K,PtCl, (from 0.01 to 0.08
mL), we successfully synthesized different materials.
Their TEM images are shown in Figs. S5-8(d). These
materials were then subjected to etching treatment,
and the corresponding TEM images after etching are
shown in Figs. S5-8(e—h). The corresponding spectro-
scopic data are presented in Figs. S5-8(i). When the
amounts of AgNO; and K,PtCl, were either too low
or too high, the morphological changes before and
after etching were minimal. In contrast, when a larger
amount of AgNO; and a smaller amount of K,PtCl,
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Fig. 3 a—c The TEM
images of nanoparticles
obtained by adjusting the
amount of AgNOj; solution
(from 0.02 to 0.08 mL)
while keeping the K,PtCl,
volume constant at 0.01
mL: a 0.02 mL AgNO;, b
0.04 mL AgNO;, and ¢ 0.08
mL AgNO;. d—f The TEM
images of nanoparticles
obtained by adjusting the
amount of K,PtCl, solution
(from 0.02 to 0.08 mL)
while keeping the AgNO;
volume constant at 0.04
mL: d 0.02 mL K,PtCl,, e
0.04 mL K,PtCl,, and £ 0.08
mL K,PtCl,. The scale bar
is 200 nm, and g the UV—
vis extinction spectra of
nanoparticles with different
amounts of AgNO;. h The
UV-vis extinction spectra
with different amounts of
K,PtCl,

a
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were used, the etched materials exhibited a more pro-
nounced hollow structure. Additionally, the spectro-
scopic data of the etched materials showed a redshift
compared to the non-etched materials, indicating a
change in their optical properties.

Catalytic reduction of MB and photothermal effects

of materials

To evaluate the photocatalytic performance of the
materials, we conducted a series of experiments using
MB as a model compound. In this study, we chose to
use a xenon lamp (4> 420 nm) under light irradiation
with NaBH, to reduce MB as the model reaction sys-
tem; the role of NaBH, in the reaction is solely as a
reducing agent. After reduction, MB is converted into
the colorless leuco-methylene blue, causing the solu-
tion’s color to change from blue to colorless. To mon-
itor the progress of the reaction, UV-vis spectra were
recorded over time, primarily analyzing the extinction

peak of MB at 628 nm.

800

Wavelength (nm)

600 800
Wavelength (nm)

1000

Figure 4a and b presents the UV-vis extinc-
tion spectra of MB catalyzed by Au NRs and Au@
Ags40Pty5-E, respectively, obtained using a spectrom-
eter. Each measurement interval was precisely con-
trolled at 2 min, including 90 s of xenon lamp irra-
diation and 30 s of spectral collection, resulting in a
total of 20 measurements over a 40-min experimental
duration. The UV-visible extinction spectra of MB
in Fig. 4a and b under different catalytic materials
show that, as the photocatalytic process progresses,
the extinction peak of MB gradually decreases, and
the solution’s color fades from blue to colorless.
To further analyze the catalytic efficiency, we used
the extinction peak at 628 nm as a reference, plot-
ting the reaction kinetics curve based on the equa-
tion —In(C/C,)) =kt, as shown in Fig. 4c. The k val-
ues for Au NRs, Au@Pt,5, Au@Ag;,, Au@Ag;,,@
Ags60Ptys, and Au@Ag,,Pt,s-E are as follows: 0.025,
0.025, 0.017, 0.042, and 0.175. Here, C represents the
extinction peak value of MB at 628 nm at a specific
time, C,, is the initial extinction peak value at 628 nm

@ Springer
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Fig. 4 Photocatalytic
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at the start of the reaction, and 7 is the elapsed time
during the experiment.

Using the equation —In(C/C,) =kt, we calculated
the rate constants for Au NRs, Au@Pt,;, Au@Ag;,
Au@Ag;,@Ags¢,Ptys, and Au@Ag;.,Ptys-E using
MB as the model reaction system. When using Au
NRs as the catalyst, complete conversion of MB was
not achieved even after the maximum experimental
duration. In contrast, when using Au@Ag;,Pt,s-E as
the catalyst, MB was almost entirely reducted within
approximately 12 min, with the photocatalytic rate
being 7 times faster than that of Au NRs. To verify
the photothermal effect brought by the LSPR effect,
we have conducted catalytic comparison experiments
in a dark environment without light. The catalytic
spectra are shown in Figure S9(a)-(d). Figure 4d pre-
sents a comparison graph of the k& * 100 values under
photocatalytic and catalytic conditions. Under dark
conditions, the catalytic efficiency of all materials
decreased compared to light conditions. However,
Au@Ag;Pt,s-E still exhibited an outstanding cata-
lytic rate under dark conditions, which can mainly be
attributed to its larger contact surface area and more
catalytic active sites.

@ Springer
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To facilitate a more precise comparison, we use the
slope of the linear fit as an indicator of catalytic activ-
ity, with the slope of Au nanorods serving as the ref-
erence standard. Figure 5a and b illustrates the photo-
catalytic rates before and after etching; specific values
are found in tables S2-3, while the catalytic UV—vis
extinction spectra of MB are detailed in Figs. S10(a-
i) and S11-14(a-h). The various catalytic materials
are defined by the final concentrations of the catalyst
in their respective synthetic solutions. In Fig. 5a and
b, “platinum content” refers to the final concentra-
tion of K,PtCl, in the catalytic material solution, and
“silver content” refers to the final concentration of
AgNO;. For instance, Au@Ag, @Ag Pt, represents
the unetched material with x pM silver content and y
MM platinum content, while Au@Ag,Pt,-E refers to
the etched material with the same silver and platinum
concentrations. The term “Multiple” refers to the fold
increase in photocatalytic performance relative to Au
NRs.

The results indicate that Au@ Aggy, @ Agy,Pt,,, and
Au@Ag,,Pt,s-E exhibit the highest photocatalytic
efficiency, reaching approximately 7.67 times that of
the Au NRs. And the photocatalytic performance of
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Fig. 5 Comparison of
photocatalytic performance
before and after material
etching. a Photocatalytic
rate plot of all unetched
materials. b Corresponding
photocatalytic rate plot of
the materials after etching.
¢ Photocatalytic enhance-
ment rate plot of the materi-
als after etching

Au@Ag;4,Pt,s-E in the MB reduction reaction shows
a significant improvement compared to Au NRs, and
it outperforms previously reported Au, Pt, as well as
bimetallic or trimetallic-based nanocatalysts. Specific
comparison data are found in table S4. In contrast, the
photocatalytic rates of Au@Ag;, and Au@Pt,; are
nearly identical to those of Au nanorods, while the
photocatalytic efficiency of Au@Ags, is lower than
that of Au NRs. This decline in performance could be
attributed to an excessive amount of AgNO;, which
may cause material aggregation, thereby reducing
catalytic efficiency.

To further assess the impact of etching on the
photocatalytic performance, we compared the cata-
lytic rates before and after the etching process. Fig-
ure S5c presents the enhancement in photocatalytic
performance for the corresponding catalytic materi-
als after etching, relative to the unetched materials;
the specific values are found in table S5. “Multiple”

here refers to the fold increase in photocatalytic effi-
ciency of the material post-etching compared to the
unetched version. The linear slope graphs are pro-
vided in Figs. S8-11(i-1). As shown in Fig. 5c, the
photocatalytic rate of Au@Ag;,Pt,s-E significantly
improves after etching, exhibiting an approximately
4.19 times increase compared to the unetched Au@
AZ@Ag;0Ptys.

To explore the reasons for the enhancement of
Au@Ag;,Pt,s-E, we conducted relevant mechanistic
studies. Figure 6(a) and (b) is schematic diagrams of
MB molecules and leucomethylene blue molecules,
respectively. After the reaction, MB converts into
leucomethylene blue, and the actual reaction diagram
is shown in Fig. 6(c) and (d). In the experiment, MB
was placed in a container, and nanoparticles and a
certain amount of NaBH, solution were added. When
the reaction time reaches 90 s, the container is placed
in the spectrometer for UV-vis extinction spectra

@ Springer
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Fig. 6 a The blue spheres represent MB molecules, (b) the
white spheres represent leucomethylene blue molecules, (c) the
state inside the container at the beginning of the experiment,
(d) the state inside the container at the end of the experiment,

measurement, which takes a total of 30 s. When the
reaction was nearly complete, the color inside the
container changed from blue to transparent white.
Dey’s group [46] assembled a plasmonic nano-
composite system consisting of NiO/Au/[Co(1,10-
phenanthrolin-5-amine)2(H,0),], demonstrating that
the LSPR effect can generate hot electrons, which are
transferred to cobalt and participate in the hydrogen
evolution reaction. During our reaction, due to light
irradiation (4> 420 nm), as shown in Fig. 6(e), the
Au NRs core in Au@Ag;,,Pt,s-E demonstrates a pro-
nounced LSPR effect. This effect excites a large num-
ber of high-energy hot electrons (depicted as green
spheres in Fig. 6(f)), which can directly participate
in the reaction between MB and NaBH,. Addition-
ally, due to the LSPR effect, part of the light energy
is converted into localized heat, further enhancing
the overall thermal efficiency of the reaction system.
The AgPt alloy shell also exhibits an LSPR effect
[47], generating hot electrons that directly engage in
surface reactions. The combined effect of hot elec-
tron injection and thermal energy not only promotes
the generation and spatial separation of charge car-
riers but also boosts photocatalytic performance.
Moreover, the hollow structure of Au@Ag;q,Pt,s-E,
compared to the Au@Ag;,,@Ag;,,Pt,s structure,
provides a larger surface area for contact and more

@ Springer
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(e) an enlarged image of Au@AgPt-E inside the container,
and (f) the reaction mechanism diagram of MB entering Au@
AgPt-E

catalytic active sites, thereby facilitating further
enhancement of the photocatalytic rate. As a result,
the LSPR effect of Au NRs in Au@Ag;,Pt,s-E gen-
erates more hot electrons and thermal energy, while
the AgPt alloy shell and hollow structure offer a larger
surface area and additional catalytic active sites, lead-
ing to a significant increase in the photocatalytic rate.

FDTD simulations

To further validate our mechanism, we conducted
FDTD simulations on Au NRs, Au@Ag;,,, Au@
Agaen@Ag;6,Ptys, and Au@Ag;,Pt,s-E. Figure 7a
shows the model diagram of Au@Ag;Pt,s-E,
and the models of other nanoparticles are shown
in Fig. S15(a-c). Their size data were set accord-
ing to the actual experimental data, as shown in
table S6. Figure 7b shows the simulated extinction
UV-vis extinction spectra of Au NR, Au@Ag;q,
Au@Ag;,@Ag,¢,Ptys, and Au@Ag;,Ptys-E. The
black curve represents the extinction spectrum of
Au NR; the red curve represents the extinction spec-
trum of Au@Agsq; the green curve represents the
extinction spectrum of Au@Ag;,@Ag;.Pt,s, and
the blue curve represents the extinction spectrum of
Au@Ag;,Pt,s-E. The trend of these UV-vis extinc-
tion spectra is consistent with the extinction UV-vis
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Fig.7 a The model _
diagrams of the Au@ a b gl ft: :,l:‘syw

Ags60Pty5-E; b the FDTD
simulated extinction spectra
of Au NRs, Au@Ag, Au@
Agi00@Ags6Ptys, and Au@
Agse0Pty5-E; and the FDTD
simulated electric field
distribution diagrams of ¢
Au@Ag;4,@Ag;,Ptys and
d Au@Ag;Pt,s-E
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extinction spectra measured in the experiment, except
for Au@Ag,,@Ag,Ptys. We believe that this dif-
ference may be due to the relatively fast reaction rate
during the formation of Au@Ag,.,@Ag;4Pt,s and
the large amount of AgNO; solution added, which
led to the generation of some silver nanoparticles in
the experiment, as shown in Fig. 2d. Additionally,
there are differences in particle uniformity, and the
morphology is not as smooth as the simulated model.
These factors collectively contributed to the discrep-
ancy between the experimental extinction spectra
(Fig. 2f) and the FDTD simulation results (Fig. 7b).
However, the trends in the changes of the spectral
data from the FDTD simulation are generally consist-
ent with those observed in the experimental spectra.
Figure 7c and d respectively shows the FDTD
simulated electric field diagrams of Au@Ag;,,@
Ags60Ptys and Au@AgsqPt,s-E, with the electric field
diagrams of other materials shown in Fig. S15(d-e).
From the electric field diagram of Au@Ag;,Pt,s-E, it
can be seen that compared to Au@Ag;.,@AgsqPtys,
the electric field intensity is higher, primarily due to

Au@Ag;, Pty E

Extinction
[—] -
% 1)

S
>

0.0F

400 600 800 1000
Wavelength (nm)

z (nm)

80 60 40 20 0 -20 -40 -60 -80

y (nm)

the combined effect of Au NRs and the AgPt shell. It
is observed in the diagram that the electric field inside
the Au NRs and at the AgPt shell is stronger, further
confirming that Au@Ag,,Pt,s-E exhibits an LSPR
effect, which in turn promotes the generation of hot
electrons in the Au NRs core and the AgPt shell. Ulti-
mately, the synergistic effect of these hot electrons
inside Au@Ag;)Pt,s-E and on the AgPt alloy surface
together enhances the photocatalytic performance.

Conclusions

In this study, the Au@ AgPt-E nanostructure was pre-
pared through a multi-step chemical reaction. This
material exhibited excellent photocatalytic perfor-
mance, showing significant activity enhancement
in the reduction of MB, which was attributed to the
design of the hollow multilayer alloy structure. FDTD
simulations verified the experimental results, showing
that this nanostructure has a strong local electromag-
netic field enhancement effect under light irradiation,
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significantly increasing the generation efficiency of
photogenerated electron—hole pairs and accelerating
the catalytic reaction rate. By comparing their cata-
lytic and photocatalytic performances, it was further
confirmed that the photothermal effect induced by the
LSPR effect contributes to the improvement of photo-
catalytic efficiency.

The study also explored the principles and mecha-
nisms behind the material design, emphasizing the
surface plasmon resonance effect of the Au NRs core,
the optimization of photogenerated carrier separation
efficiency by the hollow structure, and the high activ-
ity catalytic provided by the outer Pt element.
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