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ABSTRACT

Bimetallic and trimetallic nanostructures offer unique physicochemical properties for enhancing photocatalytic performance. In
this work, a facile and reproducible method of preparing palladium-platinum (PdPt) alloy shell on gold nanorods (AuNRs) is
designed for enhancing the catalytic reactions under light irradiation. Specifically, Pd and Pt shells are sequentially deposited
on the surface of AuNRs, forming well-defined core-shell Au@PdPt superstructures (Au@PdPt SSs). Photocatalytic activity is
evaluated through the NaBH,-mediated reduction of methyl blue (MB), demonstrating that Au@PdPt SSs exhibit significantly
enhanced photocatalytic performance under light irradiation compared to bimetallic counterparts or single-component analogs.
Finite-difference time-domain simulations reveal that the spatial distribution of the enhanced electric field closely correlates with
the structural characteristics of the Au@PdPt SSs, confirming the influence of morphology on plasmonic behavior. The localized
surface plasmon resonance (LSPR) of Au promotes hot electron generation and transfer to the catalytic PdPt alloy shell surface.
The results highlight the synergistic interaction between plasmonic Au core and catalytic PdPt shells, where plasmon-induced
charge separation and migration play a pivotal role. This work provides a rational design strategy for constructing high-efficiency
plasmon-mediated photocatalysts based on multi-metallic nanostructures, with potential applications in green chemistry and
environmental remediation.

a pronounced resonance absorption peak in the spectrum.
This phenomenon is known as LSPR [5, 11, 12]. Due to this

1 | Introduction

Noble metal nanostructures exhibit unique properties that differ
from those of their bulk counterparts. In particular, nanos-
tructures made of gold and silver demonstrate excellent per-
formance in light absorption and scattering [1-10]. When light
is incident on noble metal nanoparticles, and the frequency
of the incident photons matches the collective oscillation fre-
quency of the conduction electrons in the nanostructure, the
nanoparticles strongly absorb the photon energy, resulting in

© 2025 Wiley-VCH GmbH

unique effect, noble metal nanostructures have attracted exten-
sive attention in both scientific research and technological
applications.

Over the past two decades, researchers have made significant
efforts in designing and synthesizing noble metal nanostructures
of various morphologies. AuNRs, in particular, have shown
great application potential in surface-enhanced Raman scattering
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(SERS) sensors [13-17], solar cells [18-20], biomedicine [5, 21-
25], and catalysis [26-34], owing to their shape-dependent LSPR
characteristics.

In recent years, researchers have moved beyond the exploration
of single-metal nanostructures and have begun to investigate the
growth of other metals on the surfaces of noble metal nanos-
tructures to obtain bimetallic or even trimetallic nanostructures,
which has been extensively studied [35-39]. Generally, bimetallic
nanostructures tend to combine the advantageous properties of
both constituent metals. They can retain the LSPR features of
plasmonic nanoparticles, like AuNRs, while gaining additional
physicochemical properties-such as the catalytic activity of Pd
and Pt [40-43]. For example, Yong et al. [37] used Au@Pd
nanocrystals as a model system to systematically investigate
the influence of Au core size/shape and Pd shell thickness on
catalytic efficiency. The results showed that, under the same
Pd loading, thinner shells and smaller core sizes facilitated
higher reaction rates, with the nanorod structure exhibiting
the highest catalytic efficiency and the strongest plasmonic
enhancement effect. Gu et al. [38] successfully constructed a
core-cage structured Au@AgPt trimetallic nanoframe catalyst,
in which the embedded AuNRs serve as the plasmon-enhanced
photothermal core for the reduction of 4-nitrophenol. This
structure combines LSPR-induced local heating with catalytic
active sites from the alloy, achieving excellent photothermal
catalytic performance. The optimized Au@AgPt nanocatalyst
completed the reduction reaction in approximately one minute.
Zhuo et al. [39] successfully synthesized wavy Au@PdAu core-
shell nanoplates via a seeded growth method, featuring tunable
shell thickness and strong NIR absorption. These nanostructures
exhibited excellent catalytic activity for 4-nitrophenol reduction
under visible light, with a rate constant 6.76 times higher than that
in the dark, highlighting a significant plasmonic-enhancement
effect.

In this study, a simple and reproducible method was developed to
fabricate a PdPt alloy shell on AuNRs for enhanced photocatalytic
reactions. Specifically, using AuNRs as seeds, Pd*" and Pt**
precursors were sequentially added under different surfactant
environments to form PdPt alloy shells on the AuNRs surfaces,
yielding Au@PdPt SSs with various morphologies. Using MB as
the reactant and Au@PdPt SSs as the catalyst, photocatalytic
experiments were conducted. The results showed that Au@PdPt
SSs synthesized using CTAB exhibited excellent photocatalytic
performances. FDTD simulations were performed to calculate
the electric field enhancement of the Au@PdPt SSs and to
explore the underlying mechanism of the photocatalytic process.
This study provides valuable insights for the design of novel
high-performance photocatalysts.

2 | Results and Discussion

We selected AuNRs as the plasmonic core material for construct-
ing multimetallic nanostructures, owing to their high purity and
facile synthesis. AuNRs are a class of plasmonic nanomaterials
whose LSPR can be readily tuned by adjusting their aspect ratio
(Iength/diameter), enabling spectral modulation from approxi-
mately 600 nm to beyond 1200 nm. Following the dual-surfactant
method reported by Ye et al. [44], we synthesized AuNRs via

a seed-mediated growth approach, with minor modifications to
the experimental details. The resulting AuNRs had an average
length of 72.8 + 7.1 nm and a width of 28.7 + 3.1 nm, serving
as the substrate for subsequent heterostructure growth. The
transmission electron microscopy (TEM) images and UV-Vis-NIR
spectra are shown in Figure SI.

In our experiments, we modulated the growth process by vary-
ing the type of surfactant present in the reaction solution, as
illustrated in Scheme 1. Briefly, when Pd was grown on the
AuNRs surface using CTAB as the surfactant, a smooth Pd
layer was formed, denoted as the Au@Pd smooth structure.
Subsequent growth of Pt on this structure, also using CTAB,
led to the formation of periodically arranged PdPt alloy clusters
via a surface corrosion and regrowth process, referred to as the
Au@PdPt periodic structure. In contrast, when CTAC was used
as the surfactant during Pd deposition, Pd preferentially grew at
the ends of the AuNRs, forming a rough Pd layer, designated as
the Au@Pd rough structure. Subsequent Pt deposition under the
same CTAC conditions led to the formation of randomly arranged
PdPt alloy clusters, referred to as the Au@PdPt nonperiodic
structure.

Our results demonstrate that the choice of surfactant profoundly
influences the deposition behavior of Pd and Pt on the AuNRs
surface. Figure 1 displays the TEM, energy-dispersive X-ray
spectroscopy (EDS), and high-resolution TEM (HRTEM) images
of the Au@PdPt SSs synthesized using CTAB (Figure la-c) and
CTAC (Figure 1d—f). The detailed EDS mapping images are shown
in Figure S2.

When CTAB was used, the resulting Au@PdPt periodic structure
exhibited a uniform distribution of PdPt alloy clusters on the
AuNRs surface, as shown in Figure 1a. The EDS mapping images
(Figure 1b; Figure S2a-d) confirm the homogeneous distribution
of Pd and Pt, indicating alloy formation. The HRTEM image
(Figure 1c) clearly reveals the lattice interface between the AuNRs
core and the PdPt shell, with a measured interplanar spacing of
0.192 nm, corresponding to the Pd/Pt(100) lattice. In contrast,
employing CTAC resulted in a non-periodic Au@PdPt structure
where PdPt alloy clusters were predominantly deposited at the
AuNRs termini (Figure 1d). EDS mapping images (Figure le;
Figure S2e-h) confirm that Pd and Pt are concentrated at the
nanorod tips. The HRTEM image (Figure 1f) again shows an
interplanar spacing of 0.192 nm, consistent with the Pd/Pt(100)
lattice.

To determine the oxidation states and degree of alloying for
Pd and Pt in Au@PdPt, we employed X-ray photoelectron
spectroscopy (XPS) to analyze the surface composition of the
Au@PdPt (CTAB) sample. As shown in Figure S3, characteristic
peaks for metallic gold were observed at binding energies of
82.4 eV (Au4f,,) and 86 eV (Au’4f;,). Peaks corresponding
to zero-valent palladium appeared at 333.7 and 338.8 eV, while
those for zero-valent platinum were located at 69.6 and 72.9 eV.
Notably, these binding energies for Pd and Pt exhibit slight
negative shifts compared to commercial reference materials: Pd/C
standard values (3ds/,: 335.80 eV; 3d;,: 340.80 eV) and Pt/C
standard values (4f;/,: 71.30 eV; 4f; ,: 74.30 eV) [45]. This deviation
is likely attributable to electronic interactions within the Pd-Pt
alloy shell.
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SCHEME 1 | Schematic illustration of the synthesis of multimetallic Au@PdPt SSs on AuNRs using different surfactants. Under CTAB conditions,
a smooth Pd shell followed by periodic PdPt alloy clusters is formed. Under CTAC conditions, Pd preferentially deposits at the nanorod ends, leading to

randomly distributed PdPt clusters.

a - Au@PdP{(CTAB) b
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FIGURE 1 | Characterization of Au@PdPt SSs synthesized using CTAB and CTAC as surfactants. TEM, EDS mapping, and HRTEM images of
Au@PdPt SSs synthesized with CTAB (a-c) and CTAC (d-f). (a) and (d) show TEM images, (b) and (e) show EDS mapping images, (c) and (f) show
HRTEM images. In EDS mapping images, Au is shown in yellow, Pd in blue, and Pt in red.

To further investigate the intermediate product, Au@Pd, we
performed characterization (Figure Slb-d). TEM images show
that when CTAB was used, a smooth Pd shell was formed;
whereas with CTAC, Pd primarily deposited at the ends of
the AuNRs, forming discrete Pd nanoclusters. The extinc-
tion spectra (Figure Sld) reveal LSPR shifts in both cases:
a slight redshift and broadening for Au@Pd(CTAB), with a
new peak at 340 nm, and a more pronounced redshift and
peak broadening for Au@Pd(CTAC), with overall increased
absorbance.

However, the information obtained from electron microscopy
is relatively limited, particularly for the Au@Pd nanostructures
synthesized using CTAB as the surfactant, as shown in Figure S1b.
In this case, the Pd shell is barely distinguishable on the nanorod
surface. To gain further insight, we performed EDS characteri-
zation on the Au@Pd nanostructures synthesized with different
surfactants, as shown in Figure S4. Figure S4a-d present the
HAADF-STEM image and corresponding EDS mapping images
for Au@Pd(CTAB), while Figure S4e-h show the corresponding
images for Au@Pd(CTAC). In these images, yellow indicates the
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Au element, and blue corresponds to Pd. From Figure S4a-d, it is
evident that in the case of CTAB-mediated synthesis, a uniform
and smooth Pd shell is formed on the AuNRs surface. In contrast,
Figure S4e-h reveal that when CTAC is used as the surfactant,
Pd preferentially deposits at the ends of the AuNRs, or more
precisely, on regions with higher surface curvature, forming a
larger number of discrete Pd nanoclusters.

Based on these findings, we attempted to synthesize nano-
materials using combinations of surfactants in different ratios.
In the process of growing Pd on the surface of AuNRs, both
CTAB and CTAC surfactants were introduced simultaneously.
The ratio of CTAB to CTAC was varied while keeping the total
volume of surfactants constant. This approach resulted in the
synthesis of three different Au@Pd nanostructures. The TEM
images and spectra of the Au@Pd nanostructures synthesized
with varying surfactant ratios are shown in Figure S5. Figure S5a-
¢ show the electron microscopy images of Au@Pd nanostructures
synthesized with different CTAB/CTAC ratios of 3:1, 1:1, and
1:3, respectively. Analysis of these images reveals that when the
proportion of CTAB is higher in the surfactant mixture, the
synthesized Au@Pd nanostructures exhibit smoother surfaces,
with Pd uniformly deposited on the AuNRs, forming a smooth
and thin shell. In contrast, when the proportion of CTAC is
higher, Pd predominantly deposits at the ends of the AuNRs,
forming a small number of nanocrystal clusters at both ends. The
extinction spectra shown in Figure S5d indicate that when the
CTAB ratio is higher, the LSPR peak intensity is stronger, the
peak width is narrower, and a new absorption peak at 340 nm
is more prominent. When the CTAC ratio is higher, the LSPR
peak intensity decreases, the peak width broadens, and there is
a noticeable red shift in the peak position, with the absorption
peak at 340 nm almost disappearing.

Subsequently, we continued the growth of Pt on the Au@Pd
nanostructures under corresponding CTAB/CTAC ratios, ulti-
mately synthesizing three different Au@PdPt SSs. Figure S6
shows the TEM images and spectra of Au@PdPt SSs synthe-
sized with different surfactant ratios. Figure S6a-c present the
electron microscopy images of Au@PdPt SSs synthesized with
CTAB/CTAC ratios of 3:1, 1:1, and 1:3, respectively. Analysis of
the images reveals that when the proportion of CTAB is higher,
the PdPt clusters on the surface of the Au@PdPt SSs are evenly
distributed across the AuNRs surface. In contrast, when the
proportion of CTAC is higher, the PdPt clusters are primarily
concentrated at the ends of the AuNRs, and their distribution
appears irregularly. Analysis of the extinction spectra shown in
Figure S6d indicates that as the CTAC ratio increases, the LSPR
peak intensity enhances, and the peak position undergoes a red
shift.

The influence of CTAB compared with CTAC on the morphology
evolution of Au@PdPt structures proves critically important.
Previous investigations reveal that in CTAB-dominant systems,
ions preferentially adsorb onto both {100} and {111} crystal facets
of AuNRs, promoting anisotropic growth along these planes—
with {100} terminating at the poles and {111} encompassing the
sides [46, 47]. This unique adsorption behavior enables uniform
deposition of Pd layers across the entire AuNRs surface when
CTAB prevails. Conversely, under CTAC-dominated conditions,
ions exhibit selective affinity for the terminal {100} facets of

AuNRs, driving pronounced longitudinal anisotropic growth.
Consequently, this preference leads to the formation of numerous
discrete Pd nanoclusters predominantly localized at the AuNRs
tips. Notably, Pt deposition follows a similar growth mechanism
as Pd.

To investigate the photocatalytic activity of Au@PdPt SSs under
plasmonic enhancement, we selected a model reaction system
using sodium borohydride to reduce the MB solution and
conducted experiments under both dark and xenon lamp illumi-
nation. During the reduction process, the color of the MB solution
changes from blue to colorless.

In the photocatalytic reaction, we monitored and recorded the
intensity of the characteristic extinction peak of the MB solution
at 630 nm in the visible-near infrared spectra as a function of
reaction time to reflect the photocatalytic rate. Specifically, at the
beginning of the reaction (t = 0 min), the peak corresponding to
the MB solution was measured as C,. Subsequently, at appropri-
ate time intervals during the reaction, the peak at 630 nm was
measured as C. The -Ln(C/C,) curve was then calculated, and the
rapid rise phase of the curve was linearly fitted. The slope of the
fitted line was used as the standard for determining the reaction
rate. Figure S7a shows the raw data of the MB photocatalytic
experiment without a catalyst, while Figure S7c,d display the raw
data for AuNRs as a catalyst in MB photocatalytic experiments
under both dark and light conditions. Figure 2 presents the fitted
rate curves for the MB catalytic and photocatalytic experiments of
Au@Pd and Au@PdPt SSs under both dark and light conditions.
The corresponding raw data for the catalytic experiments (under
dark) shown in Figure 2 are provided in Figure S8, while the raw
data for the photocatalytic experiments (under light) are provided
in Figure S9.

To better demonstrate the catalytic rates of different nanostruc-
tures, we quantified the slopes obtained from Figure 2 and plotted
a bar chart, as shown in Figure 3. From the figure, it is evident
that for all Au@Pd and Au@PdPt SSs, the catalytic rate under
illumination is higher than that under dark conditions. Regard-
less of illumination, the catalytic rate of Au@Pd nanostructures
islower than that of Au@PdPt SSs. Under illumination, Au@PdPt
synthesized with CTAB exhibits the highest rate among all
experiments, with a rate that is 2.46 times higher than that of the
same nanostructure under dark conditions, and it is significantly
higher than that of other nanostructures. Detailed data can be
found in Table S1.

To investigate the electric field distribution of the nanostructures
at the MB peak wavelength of 630 nm, we conducted FDTD
simulation studies on the Au@PdPt nanostructures synthesized
using two different surfactants. In the FDTD simulations, we
first modeled the AuNRs based on the dimensions obtained from
the experiments, then applied a Pd shell or a series of PdPt
nanoparticles on the surface of the AuNRs model, ultimately
resulting in the desired simulation model. Figure 4a shows the
experimental extinction spectra of the Au@PdPt SSs synthesized
with two different surfactants, while Figure 4b presents the
normalized far-field scattering spectra obtained from the FDTD
simulations. Comparing the two, we observe that both the
experimental and simulated spectra exhibit the same trend, with
the peak position of the CTAC group showing a slight redshift

40f9

Particle & Particle Systems Characterization, 2026

858017 SUOWILLIOD @A 118810 3cedl (dde ayy Aq pausenob afe ssjole YO ‘@S Jo Ss|n. 10y Ariq18UIUO AB]IM UO (SUOTIPUD-PUB-SWBIW0D A8 |IM A1 1 eU1|UO//SdIL) SUORIPUOD pUe SWie | 8U8eS *[9202/20/T0] uo AkiqiTauluo Ae|im ‘AiseAIuN uRseayUoN Ag TZT005202 95dd/z00T 0T/I0pw0d A8 |im AzeIq1jpuljuo//Sciy WwoJy pepeolumod ‘¢ ‘9202 ‘LTTyTZST



[
w
T

light
Au@Pd(CTAB)
Au@Pd(CTAC)
Au@PdPt(CTAB)
Au@PdP{(CTAC)

0 L L 1 L 1 L

4peonm

=y)"
J?
O
k=1
s dark
1
®  Au@Pd(CTAB)
® Au@Pd(CTAC)
A  Au@PdPt(CTAB)
v Au@PdP{(CTAC)
0 1 1
0 10 20 30 40
t (min)

0 5 10 15 20 25 30

t (min)

FIGURE 2 | Catalytic and photocatalytic performance of Au@Pd and Au@PdPt in the degradation of MB. (a) Catalytic fitted rate curves under dark

conditions. (b) Photocatalytic fitted rate curves under light conditions.
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FIGURE 3 | Bar chart comparison of fitted rate slopes under light
and dark conditions for different catalysts.

compared to the CTAB group. Figure 4c,d display the electric field
intensity distribution maps obtained from the FDTD simulations.
From these, it is evident that the electric field in the CTAB group
is evenly distributed around the entire nanomaterial, whereas in
the CTAC group, the electric field is concentrated at the two ends
of the nanomaterial. This distribution corresponds to the growth
patterns of Pd and Pt on the surface of the AuNRs.

Based on the above results, we propose that the catalytic per-
formance of Au@PdPt consists of two main components. The
surface layers of Pd and Pt act as the primary catalysts, with their
catalytic performance originating from the inherent chemical
catalytic properties of the materials. Gold, as the core, primarily
provides plasmonic enhancement, where plasmon excitation
under illumination generates a large amount of hot electrons
that participate in the catalytic reaction. On the other hand, the
surface structure significantly influences the catalytic reaction.
Among the various structures, the Au@PdPt synthesized with
CTAB, which exhibits a periodic structure, demonstrates the
strongest catalytic and photocatalytic performance. This is due
to the uniform distribution of the PdPt alloy shell on the
surface, providing a larger contact area for catalysis, allowing
the reactants to quickly and evenly interact with the Pd-Pt alloy
catalyst. In contrast, the Au@PdPt synthesized with CTAC, which

exhibits a non-periodic structure, has a less uniform surface,
reducing the contact opportunities with the reactant. Moreover,
the periodic structure of Au@PdPt, when illuminated, generates
a strong electric field due to its uniformity, releasing more hot
electrons to facilitate catalysis. This phenomenon is absent in the
non-periodic structure of Au@PdPt.

In the catalysis of Au@Pd, the Au@Pd structure with Pd grown
at the tips, synthesized using CTAC, exhibits stronger catalytic
performance compared to the core-shell structure of Au@Pd
synthesized using CTAB. This is because the electric field induced
by the LSPR effect of the AuNRs is concentrated at the two
ends of the AuNRs. Since the electric field is concentrated at
the ends of the AuNRs, and assuming that the precursor in the
experiment undergoes complete reaction, the Au@Pd structure
with Pd grown at the tips will have more Pd at the ends of
the AuNRs. This results in enhanced catalytic effects, making
the catalytic performance stronger than that of the core-shell
structured Au@Pd synthesized using CTAB. It is crucial to note
that our FDTD simulations reveal weaker localized electric fields
in CTAB-synthesized Au@PdPt compared to CTAC counterparts.
However, reduced field strength does not necessarily correlate
with fewer hot carriers—electric field intensity depends strongly
on both material structure and composition. Supporting evidence
includes prior observations where gold nanobipyramids and
nanorods showed comparable catalytic activity despite distinct
field distributions [35, 48]. Similarly, in photocatalytic studies of
Au@Ag compared with AuNRs, the enhanced internal field from
silver did not translate into significantly improved performance
relative to all-gold systems [35].

3 | Conclusions

In summary, we have successfully synthesized Au@PdPt core-
shell superstructures using a seed-mediated method, where the
Pd and Pt shell layers were sequentially deposited onto the pre-
synthesized AuNRs surface. By controlling the type of surfactant,
the growth behavior and periodic structure of the shell layers were
effectively regulated. When CTAB was used as the surfactant,
the resulting Au@PdPt SSs exhibited a periodic structure with
the shell layer uniformly covering the entire nanorod surface.
However, when CTAC was used, the Pd and Pt shell layers
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FIGURE 4 | Optical properties and FDTD simulation results of Au@PdPt SSs synthesized with different surfactants. (a) Experimental UV-Vis-NIR
spectra of Au@PdPt SSs. (b) FDTD-simulated total scattering spectra of Au@PdPt SSs. (c,d) FDTD-simulated electric field intensity distributions for

Au@PdPt (CTAB) (c) and Au@PdPt (CTAC) (d).

predominantly grew at the tips of the nanorods, forming a
non-periodic structure. This structural difference is primarily
attributed to the differing adsorption capacities of CTAB and
CTAC on different crystal planes, which lead to different nucle-
ation locations and growth directions during the metal precursor
reduction process.

In the photocatalytic experiment of reducing MB with NaBH,, the
Au@PdPt periodic structure synthesized with CTAB exhibited
the best performance. Under visible light irradiation, its reaction
rate was 2.38 times faster than under dark reaction conditions and
11.5 times faster than the Au@Pd sample synthesized with CTAB
under dark conditions. This performance improvement can be
attributed to the LSPR effect of the Au core, which effectively
promotes the generation and transfer of hot electrons, while the
PdPt alloy shell provides efficient catalytic sites. The periodic
structure contributes to a more uniform charge distribution and
more efficient interfacial electron transfer, which is superior to
the non-periodic structure with shell layers only distributed at the
tips.

To further elucidate the plasmonic characteristics of the
Au@PdPt SSs, FDTD simulations were conducted. The results
demonstrated that the electric field distribution of the CTAB-
synthesized Au@PdPt exhibited a uniform enhancement around
the entire nanorod surface, whereas the CTAC-synthesized
nanostructure showed strong field localization at the rod tips.
This observation is consistent with the experimentally observed
shell morphologies and confirms that the periodic shell structure

facilitates a broader and more uniform plasmonic enhancement,
which is beneficial for light-driven catalytic processes.

This study reveals that the type of surfactant canprecisely control
the structures and photocatalytic performances of multimetallic
nanostructures, providing new design ideas for constructing
efficient plasmon-driven photocatalysts.

4 | Experimental Section
4.1 | Materials

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 Shanghai Macklin Biochemical
Technology Co., Ltd. Hexadecyltrimethylammonium chloride
(CTAC, >99.0%), sodium borohydride (NaBH,, 98%), sodium
oleate (NaOL, >99.8%), silver nitrate (AgNO;, >99.8%), Sodium
terachloropalladate (II) (Na,PdCl,, >99.99%), and Potassium
terachloroplatinate (IT) (K,PtCl,, >99.99%) were purchased from
Shanghai Aladdin Biochemical Technology Co. Ltd. Ultrapure
water (Millipore Milli-Q grade, 18.2 MQ) was used in all of
the experiments. All chemicals were used as received without
further purification. All glassware for the synthesis of AuNRs
was cleaned with freshly prepared aqua regia (HCI/HNO; in a 3:1
v/v), rinsed with a large amount of water, and dried in an oven at
60°C before usage.
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4.2 | Synthesis of AuNRs

AuNRs with an aspect ratio of 2.6 were prepared by following a
seed-mediated growth procedure previously reported by Murray
et al. [44] The seed solution for AuNRs growth was prepared as
follows: firstly, 0.25 mL 10.0 mM HAuCl, was added to 10.0 mL
0.1 M CTAB solution. Then 0.6 mL 10.0 mM NaBH, (freshly
prepared with cold water) was added to the solution above
under the vigorous stirring (1200 rpm) and 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 NaOL were mixed in 250 mL of warm
water (50°C). 18.0 mL 4.0 mM AgNO; was added to the solution
and kept undisturbed at 30°C for 15 min. Afterward, 250 mL
1.0 mM of HAuCl, solution was added and stirred at 700 rpm. The
result solution became colorless after 90 min. Then 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 64.0 mM of ascorbic acid was added to the
solution above and kept vigorously stirring for 30 sec before the
addition of 0.8 mL of the seed solution. The resulted mixture was
stirred for 30 s and left undisturbed at 30°C for 12 h for AuNRs
growth.

4.3 | Synthesis of A u@PdPt SSs

The as-prepared AuNRs solution was purified twice by cen-
trifugation at 7000 rpm for 30 min followed by removal of the
supernatant. The resulted solution (concentrated 10 times) was
keptin 2.0 mM of CTAB as the stock solution. To deposit Pd on the
surface of AuNRs, 0.1 mL of the AuNRs stock solution was added
into 3.4 mL of 30.0 mM CTAB at room temperature (25°C). Then
0.05 mL of 100 mM AA and 0.04 mL of 2.0 mM Na,PdCl, were
added into the solution, and left undisturbed for 10 min. Then
the Au@Pd core-shell nanostructures can be obtained. Finally,
0.04 mL 2.0 mM K,PtCl, were added into the Au@Pd solution,
and kept in a 60°C water bath for 20 min. Final products were
collected by two centrifugation cycles at 7000 rpm for 20 min and
redispersed in water for further use.

To synthesize the Au@PdPt in CTAC, 0.1 mL of the AuNRs
stock solution was added into 3.4 mL of 30.0 mM CTAC at
room temperature (25°C). Then 0.05 mL of 100 mM AA and
0.04 mL of 2.0 mM Na,PdCl, were added into the solution,
and left undisturbed for 10 min. Then the Au@Pd core-shell
nanostructures can be obtained. Finally, 0.04 mL 2.0 mM K, PtCl,
were added into the Au@Pd solution, and kept in a 60°C
water bath for 20 min. Final products were collected by two
centrifugation cycles at 7000 rpm for 20 min and redispersed in
water for further use. To test the effect of the CTAB/CTAC ratio on
the final morphologies of Au@PdPt SSs, we used the CTAC/CTAB
ratio of 1:3, 1:1, 3:1 in the experiments.

4.4 | Catalysis

1.0 mL of 0.05 mM MB were mixed with 0.03 mL of 0.05 M freshly
prepared NaBH,, then different kinds of Au@PdPt (0.01 mL)

solution or 0.01 mL AuNRs solution were added into the mixed
solution. We measured the extinction spectra of the solution
at 1 min intervals until the peak corresponding to 630 nm
disappeared. After the reaction, the color of the solution changes
from blue to transparent.

4.5 | Photocatalysis

1.0 mL of 0.05 mM MB were mixed with 0.03 mL of 0.05 M freshly
prepared NaBH,, then different kinds of Au@PdPt (0.01 mL)
solution or 0.01 mL AuNRs solution were added into the mixed
solution. We used the above catalytic experimental steps on
the basis of the illumination with a 250 W Xenon lamp (HDL-
1L, Suzhou Betical Optoelectronics Technology Co. Ltd, China),
equipped with a long pass filter (1 > 420 nm). We measured
the extinction spectra of the solution at two-minute intervals
until the peak at 630 nm disappeared. The MB concentration
was determined at the wavelength of 630 nm using a UV-Vis-
NIR spectrophotometer (UV-1900i, Shimadzu). The reaction was
maintained at normal atmospheric temperature.

4.6 | Characterization

UV-Vis-NIR extinction spectra were collected by a UV-1900i
Spectrophotometer (SHIMADZU, Japan), with a 10-mm optical
path. The TEM images were operated on a HT-7700 microscope
(HITACH]I, Japan) operating at a voltage of 100 kV. The particle
sizes of the nanoparticles were measured from TEM images using
image] software, whereby > 100 nanoparticles were measured
for each sample. HRTEM images, HAADF-STEM imaging, and
EDS mapping were performed using a FEI Talos F200S with an
acceleration voltage of 200 kV.

4.7 | FDTD Simulation

FDTD is a method for solving Maxwell’s equations on a dis-
cretized spatial grid in complex geometries. The FDTD sim-
ulations were carried out using Lumerical Solutions, a com-
mercially available FDTD simulation software package. Sim-
ulations were performed in 3D layout, with a unit cell of
1000 nmx1000 nmx1000 nm along the x-axis, the y-axis, and
the z-axis, respectively. Perfectly matched layers in 3D were used
as boundary conditions. A total field scattered field (TFSF) light
source was used to simulate a propagating plane wave interacting
with the nanostructures, with the range of 300-1100 nm injecting
into the unit cell along the +y direction. A three-dimensional
nonuniform mesh was used, and the mesh size was set to be 1 nm.
The shape and size of Au@PdPt and AuNRs were determined
from the corresponding TEM images. The dielectric functions of
Au was obtained by fitting the points from the data of Palik [49],
and the dielectric function of Pd and Pt were obtained from the
data of Werner et al. [50]. We calculated the effective dielectric
functions of PdPt alloy by the effective medium approximation
(EMA) based on the Maxwell-Garnett equation [51]

Eeff — €pd

Ep; — €
L —p 2P 9 o)
Eeff +2€Pd

€p + 2Epg
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Thus, the effective dielectric functions of PdPt alloy is given by

2P (ep; — €pqg) + Ep + 2Epg
2epg +€p — P (ep, — €pg)

©)

Eeff = Epd

where gpy, €5, and g, are the dielectric functions of the Pt, Pd, and
composite system (PdPt alloy), respectively. P is the proportion
of Pt in the PdPt alloy, which could be obtained from the EDS
mapping (P = 22% for PdPt superstructures). Once the ¢,; was
calculated by Equation 2, it was imported into the FDTD software.
The real and imaginary part of the ¢,; was drawn in Figure S10.
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Figure S1. TEM images and UV-vis spectra of AuNRs and Au@Pd nanostructures. (a) TEM image of AuNRs. (b) TEM
image of Au@Pd (CTAB). (c) TEM image of Au@Pd (CTAC). (d) UV-vis spectra of AuNRs, Au@Pd (CTAB), and
Au@Pd (CTAC).
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Figure S2. EDS mapping images of Au@PdPt SSs synthesized with different surfactants.(a-d) EDS mapping images of
Au@PdPt (CTAB); (e-h) EDS mapping images of Au@PdPt (CTAC). Au is shown in yellow, Pd in blue, and Pt in red.
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Figure S3. X-ray photoelectron spectroscopy of Au@PdPt (CTAB) trimetallic

spectrum, and (c) Pt 4f spectrum.

structure: (a) Au 4f spectrum, (b) Pd 3d



Au@Pd

Figure S4. HAADF-STEM images and EDS mapping images of Au@Pd synthesized with different surfactants. (a-d)
HAADF-STEM image and EDS mapping images of Au@Pd (CTAB); (e-h) HAADF-STEM image and EDS mapping
images of Au@Pd (CTAC). Au is shown in yellow, Pd in blue, and HAADF-STEM in white.
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Figure S5. TEM images and UV-Vis spectra of Au@Pd synthesized using mixed surfactants with different CTAB/CTAC
ratios. (a-c) TEM images of Au@Pd nanostructures synthesized with CTAB/CTAC ratios of 3:1 (a), 1:1 (b), and 1:3 (c).

(d) Corresponding UV-Vis extinction spectra of the samples.
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Figure S6. TEM images and UV-Vis spectra of Au@PdPt SSs synthesized using mixed surfactants with different
CTAB/CTAC ratios. (a-c) TEM images of Au@PdPt SSs nanostructures synthesized with CTAB/CTAC ratios of 3:1 (a),
1:1 (b), and 1:3 (c). (d) Corresponding UV-Vis extinction spectra of the samples.
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Figure S7. Raw experimental data of MB photocatalytic reactions under different conditions. (a) Raw data of MB
reduction by NaBH4 without a catalyst (no significant difference with or without light, measured every 10 min for 1000
min). (b) Photograph of MB solution after 41 h of reduction. (c) Raw data of MB photocatalysis using AuNRs under dark

conditions (measured every 1 min for 55 min). (d) Raw data of MB photocatalysis using AuNRs under light irradiation

(measured every 12 min for 48 min).
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Figure S8. Raw data of MB catalytic reduction by Au@Pd and Au@PdPt SSs under dark conditions. (a) Au@Pd (CTAB),
(b) Au@Pd (CTAC), (c) Au@PdPt (CTAB), (d) Au@PdPt (CTAC).
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Figure S9. Raw data of MB photocatalytic reduction by Au@Pd and Au@PdPt SSs under visible light irradiation. (a)
Au@Pd (CTAB), (b) Au@Pd (CTAC), (c) Au@PdPt (CTAB), (d) Au@PdPt (CTAC).
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Figure S10. Wavelength-dependent real and imaginary parts of the effective dielectric function of the PdPt alloy,

calculated by the Maxwell-Garnett equation for use in FDTD simulations.



Table S1. The fitted rate slopes for methyl blue degradation under dark and light conditions using different

nanostructures as catalysts

Samples Rate (dark) Rate (light)
Au@Pd (CTAB) 0.06 0.09
Au@Pd (CTAC) 0.14 0.16

Au@PdPt (CTAB) 0.29 0.69

Au@PdPt (CTAC) 0.26 0.28
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