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ABSTRACT
Multimetallic plasmonic nanostructures, with appropriate morphology, elemental 
proportions and sizes, can be used to accelerate photocatalytic reactions. Here, 
we designed zigzag trimetallic nanostructures with the Au core and Pd–Pt alloy 
shell, whose catalytic ability was boosted by the synergistic effect of the plasmonic 
metal and catalytic metal. The catalytic rate of Au@PdPt nanoparticle (NP) with 
no light have a significant improvement, attributed to the larger contact area 
provided by the zigzag alloy shell. Furthermore, the enhanced catalytic activity 
in the presence of light is primarily due to the thermo-photo catalytic effect of 
plasmonic Au. The adding ratios of Pd:Pt were adjusted from 1:4 to 4:1, and we 
found that, when adding the Pd:Pt of 1:1, the zigzag Au@PdPt nanoparticle (NP) 
exhibited a superior reaction rate in the reduction methylene blue (MB) under 
light illumination. The rate is 8 times higher than that of Au@Pt, and the reduction 
conversion reached 100%. And it has a favorable plasmon enhancement factor 
with an appropriate shell thickness and get the balance between the catalytic 
performance and economic effects. This structure driven by capability-oriented 
design principles and holds the potential for applications in the field of catalysis.
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GRAPHICAL ABSTRACT 

Introduction

Multimetallic plasmonic nanostructures, one of the 
hottest research topics recently, have intrigued numer-
ous researchers to further explode [1–3]. Localized 
surface plasmon resonance (LSPR) is a coherent oscil-
lation of the free carrier cloud in the metal triggered 
by the incoming light wave [4], which is potential 
for application of multicomponent structures. Multi-
metallic plasmonic nanostructures, emerging as the 
ability-oriented materials, could enhance the optical, 
electronic or catalytic performances by tuning their 
size, component or morphology [5–11]. This enhance-
ment is beneficial to further advance their application 
in fields such as imaging [12, 13], therapy [14, 15], 
sensing [16–18] and catalysis [19–21].

Especially in the domain of catalysis [22–25], lead-
ing the plasmonic material into a multicomponent 
system can harness their LSPR effect to facilitate the 
photothermal conversion, the hot electron generation 
[26, 27]. In a complex catalytic system composed of 
plasmonic metals and other materials, the local high 

temperature induced by the electric field on the plas-
monic mental surface can accelerate the catalytic reac-
tions under mild conditions. Here, the synergetic effect 
of thermal and photo energies is usually greater than 
the individual thermal or photo catalysis [28]. Based 
on this superiority, the thermo-photo catalysts have 
garnered more and more attention and exploration. 
In Cai’s work [29], the Au–Pd/TiO2 was designed as a 
thermo-photo catalyst to drive the redox reactions. By 
exploring the role of different wavelengths of light, it 
was verified that the Au–Pd nanoparticles can absorb 
visible light and provide the local heat to promote 
the reaction. Au nanorods, having the LSPR effects 
aroused by the light in the visible and near infrared 
(NIR) regions [2] and accurately tuned by changing 
their aspect ratio (AR) [30], are the optimal choice for 
the multicomponent structures to fully harvest the 
broad-wavelength sunlight for thermo-photo cataly-
sis [31–33]. For example, in Hu’s work [34], the Au 
nanorods superlattice array were vertically ordered 
on the TiO2 films to promote the photocatalytic 
hydrogen evolution rate. It is the LSPR, including 
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local electromagnetic field effect excited by the vis-
ible light, that enhances photocatalytic performance 
of this film for H2 evolution. Besides, the catalytic 
performance is further enhanced when combined 
with other materials, like Pd, Pt, which have differ-
ent work functions that facilitate hot electron transfer 
and electron–hole pair generation [26, 35–37]. Wu’s 
group [38] compounded the Ag nanocrystals onto the 
Au@Cu2O core–shell nanospheres, which lessened the 
catalytic reduction time of methyl orange from 50 to 
4 min, and improved their stability and reusability. 
Zhang et al. [39] obtained the Au@AgPt hollow alloy 
shell nanostructures by introducing Pt into the Au@
Ag nanostructures, and the photocatalytic reduction 
reaction rate is ~ 3 times higher than bimetallic Au@Ag 
nanorods. As can be seen, the performance of catalytic 
nanostructures demonstrates a marked improvement 
as a result of the addition of a third material.

Therefore, in our work, we designed a trimetallic 
nanostructure by introducing Pd in Au@Pt to optimize 
its morphology and enhance its thermo-photo catalytic 
activity by the synergistic mechanism among different 
materials. We adjusted the proportion of added Pd/
Pt to create a zigzag Pd–Pt alloy shell with an appro-
priate thickness, enlarging the catalytic contact area 

while maintaining the LSPR effects. By combining 
the catalytic reduction of methylene blue (MB) and 
electric field simulations of different Au@PdPt sam-
ples, we discovered that the Au@PdPt nanoparticles 
can efficiently promote the reaction rate of MB by 
thermo-photo catalytic effects. Notably, the Au@PdPt 
nanoparticles with a Pd:Pt ratio of 1:1 are the optimal 
catalysts offering a balance of good plasmonic effi-
ciency, catalytic conversion and economic benefits for 
thermo-photo catalysis.

Results and discussion

The used Au nanorods (AuNRs), synthesized by the 
seed-mediated growth method, have the average 
length of 93 nm and width of 24 nm (Fig. S1a), giv-
ing a narrow LSPR peak at 802 nm (Fig. S1b), which 
can efficiently absorb visible light. The aimed Au@
PdPt nanostructures were acquired by adding CTAB, 
K2PtCl4, Na2PdCl4 and ascorbic acid (AA) at 65 °C, 
orderly. When only the Pt2+ ions were added, lots of 
dendritic particles of Pt deposited disorderly on the 
surface of AuNRs (Fig. 1a). However, with a fixed 
amount of the Pt2+, the extra addition of Pd2+ altered 

Figure  1   The morphology and spectra of Au@PdPt nano-
structures with a fixed amount of the Pt2+ (40 μL) and different 
amounts of Pd2+. TEM images of Au@PdPt synthesized by add-
ing 0 μL (a), 10 μL (b), 40 μL (c) and 160 μL (d) of Pd2+. e UV–

vis-NIR extinction spectra of Au@Pt and three Au@PdPt sam-
ples. f Variation of the LSPR peaks and intensity as a function of 
the amount of Pd2+.
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the morphology of Au@Pd nanostructures. In the 
Fig. 1b, when 10 μL of Pd2+ was added simultaneously 
with the Pt precursor, small Pd–Pt alloy particles, 
~ 1 nm in size, orderly formed on the AuNRs. As the 
volume of Pd2+ increased to 40 μL, the shells became 
thicker and the well-defined zigzag Pd–Pt alloyed 
shells were observed in the TEM image of Fig. 1c. 
These alloy island deposits were densely arranged and 
about 3 nm in size. Then, the Au@PdPt nanostructures 
with rough shells and larger tips were obtained due to 
the excessive Pd2+, of 160 μL (Fig. 1d). The shells thick-
ness at the body part is about 3 nm, while the shells 
thickness at both ends is about 5 nm. We got three 
samples of Au@PdPt NPs with different adding ratios 
of Pd:Pt, so we named them Au@PdPt-1:4, Au@PdPt-
1:1 and Au@PdPt-4:1, respectively. Figure 1e shows 
the extinction spectra of Au@PdPt nanoparticles as 
the Pd–Pt ratio changes. According to these spectra, 
the trend of peak position and intensity as a function 
of Pd2+ volume are plotted in Fig. 1f. The LSPR peak 
red-shifted firstly, followed by a blue-shift, which is 
mainly determined by the morphology of composite 
nanoparticles based on AuNRs. At first, the introduc-
tion of a small quantity of Pd (< 160 μL) leads to the 
uniform distribution of Pd–Pt on the surface of AuNRs 
and a larger AR than Au@Pt, causing the peak posi-
tion to red-shift. And then, the addition of excessive 
Pd (≥ 160 μL) leads to the wide tips and a reduction of 
AR, making the peak position blue-shift. At the same 
time, the intensity gradually became weaker. This is 
due to the large imaginary part of dielectric function 
of Pd and Pt, which leads to the plasmonic damping 
and hinders the LSPR effect of Au core [26].

To explore deposition mode of Pd and Pt with 
different molar ratio of added Pd/Pt, the Au@PdPt 
nanoparticles were characterized using the energy-
dispersive X-ray spectroscopy (EDS) and high-res-
olution TEM (HRTEM). Figures 2a and S2 show the 
EDS mapping of Au (pink), Pd (blue) and Pt (green) 
of different Au@PdPt samples. By analyzing the ele-
ment distribution within the square area of three Au@
PdPt samples (Figs. 2b and S3), we founded that the 
Pt was always uniformly distributed on the AuNRs 
as island particles. Meanwhile, as increasing the 
amount of Pd2+, the Pd gradually formed a thin shell 
covering the AuNRs. The thin Pd shell of Au@PdPt-1:1 
was ~ 1 nm, and the shell thickness of Au@PdPt-4:1 
increased to ~ 3 nm. The element distribution on the 
tip of Au@PdPt-4:1 was measured (Fig. S3c), reflecting 
that the core–shell structures formed when the added 

Pd2+ reached 160 μL and the massive deposition of Pd 
widened the ends of the Au@PdPt NPs, which further 
confirmed the blue-shift of spectra of Au@PdPt-4:1. 
The crystalline nature of the Au@PdPt NPs were ana-
lyzed by HRTEM images in Figs. 2c and S4. For the 
Au@PdPt-1:4 and Au@PdPt-1:1 NPs, the crystal plane 
spacing of Pd–Pt alloyed shells is 0.193 nm along the 
Au {200} facets (Fig. 2c), and the crystal plane spacing 
of Pd–Pt alloyed shells is 0.225 nm along the Au {111} 
facets (Fig. S4a), and they are similar to the Pt {200} 
and {111} facets, respectively. It reveals that the Pt lat-
tices dominant the Pd–Pt alloy shells at the added Pd/
Pt of 1:4 and 1:1. When the added Pd/Pt increased to 
4:1, the Pd lattices dominant the Pd–Pt alloy shells, 
indicated by the fact that the crystal plane spacing of 
Pd–Pt alloyed shells is 0.189 nm along the Au {200} 
facets (Fig. S4b). And the fast Fourier transform (FFT) 
images of Au@PdPt-1:1 are exhibited in Fig. 2d. The 
diffraction pattern of zigzag Pd–Pt islands is same 
as the part of AuNRs, revealing the Pd–Pt shells are 
mainly constructed by {111} facets, {200} facets and 
the shells grow epitaxially. And the epitaxial growth 
occurred for all Au@PdPt samples with different 
amount of Pd because they have similarly lattice con-
stants (Au: 4.08 Å; Pd: 3.89 Å; Pt: 3.92 Å) [40].

The X-ray photoelectron spectroscopy (XPS) spec-
tra of Au@PdPt-1:1 was measured for surface element 
composition. The XPS spectra of Au (Fig. 2e) show the 
two peaks at 83.58 and 87.28 eV, which are Au0 4f7/2 
and Au0 4f5/2, respectively. Figure 2f shows the peak 
of Pd0 at 335.08 eV, 340.48 eV. And the peak of Pt0 at 
70.78 eV, 74.48 eV are showed in Fig. 2g. The peaks of 
Pd and Pt deviate slightly, compared with the stand-
ard values of commercial Pd/C (3d5/2: 335.80 eV; 3d3/2: 
340.80 eV) and commercial Pt/C (4f7/2: 71.30 eV; 4f5/2: 
74.30 eV) [10], which is possibly owing to the elec-
tronic interaction in Pd–Pt alloyed shell. The composi-
tion and the crystalline structure of Au@PdPt-1:1 were 
further explored by X-ray powder diffraction (XRD) 
(Fig. S5). The diffraction peaks at 38.3°, 44.3°, 64.8° 
and 77.4° are indexed to the (111), (200), (220) and 
(311) planes of face-centered-cubic (fcc) Au, respec-
tively. Within the blue dashed boxes, there are the 
asymmetrical drops on the right sides, indicating that 
the very weak diffraction peaks assigned to the (111), 
(220) of fcc Pd were detected [41]. The peaks observed 
at 44.7°, 78.2° are attributed to the (220), (311) phase 
of PdPt alloy shell. There are the clear shifts in the 
two peaks, compared with the standard values (Pd: 
PDF#46-1043& Pt: PDF#04-0802), which may be from 
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the lattice strain at the interface between Au core and 
Pd–Pt shell [42].

For the formation of zigzag-like alloy shell, the sur-
face energy (ES) of Pt is greater than that of Au, and 
the bond dissociation energy (ED) of Pt–Pt is greater 
than that of Au–Au, which means only the discontinu-
ous, rough Pt shells grow on the AuNRs. However, 
the ES of Pd is greater than that of Au, but the ED of 
Pd–Pd is less than the ED of Au–Au [43]. Therefore, 
it can be inferred that the added Pd plays the role of 
facilitating the transformation of Pt particles from 

disorder to order on the AuNRs. At the same time, the 
high temperature of 65 °C is another crucial factor for 
the formation of zigzag shell. In the work of Guo’s 
group [44], the rough Pd–Pt alloy shell deposited on 
the AuNRs and the Au@PdPt core–shell nanoparticles 
were obtained at room temperature. But at 65 °C, the 
CTAB is easier to distribute uniformly on the surface 
of AuNRs as the soft template, and free Pt/Pd precur-
sors in solution easily diffuse and get reduced onto 
the Au NR surfaces [27]. What’s more, the high tem-
perature can accelerate the reduction rate of Pd2+ and 

Figure  2   Characterization of Au@PdPt nanostructures. a The 
HAADF-STEM image and EDS elemental distribution of Au@
PdPt NPs with 40 μL of Pd2+. b The distribution of different ele-
ments in the white box of Au@PdPt-1:1 NPs in the upper left 

inset. The scales bar is 20  nm. c HRTEM images of interface 
between Au and zigzag Pd–Pt alloy shells. d Fast Fourier trans-
form (FFT) of the blue squared regions 1&2 in (c). XPS spectra 
of Au@PdPt-1:1 NPs: e Au 4f, f Pd 3d, g Pt 4f.
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Pt2+ into Pd and Pt metals, especially for the reduction 
of Pd2+, which also led to the formation of the thin Pd 
layer when the Pd is excessive.

To investigate the catalytic activity enhancement 
resulting from the synergistic effect of Au@PdPt tri-
metallic nanostructures, we chose the reduction reac-
tion of MB assisted by NaBH4 as our model system. 
When the NaBH4 was added into the MB solution, the 
MB was reduced to a reduced MB state (leucomethyl-
ene blue). The phenomenon that the color of solution 
changing from blue to colorless is obviously observed, 
which can be monitored by the decline of the inten-
sity of the characteristic peak of MB (627 nm). The 
reduction process of MB in dark and illuminating by 
a Xe lamp (λ > 420 nm) is recorded in Figs. S6, S7,and 
3a using all different catalytic samples, including no 
catalysis, AuNRs, Au@Pt NPs and three kinds of Au@
PdPt NPs. One can see that the descent speed of the 
special peak intensity in the extinction spectra of MB 
had an obvious difference. The catalytic rate curve was 
fitted by -Ln(C/C0)-t in Fig. 3b and c, where C0 is the 
initial extinction intensity of MB at 627 nm and the C 
is real-time extinction intensity of MB. Compared to 
the AuNRs, the catalytic rates of Au@Pt improved 1.4-
fold in dark and 1.2-fold in light, but they still remain 
low. However, without illumination, the catalytic 
rates of Au@PdPt NPs with the Pd–Pt ratios from 1:4, 
1:1 to 4:1 showed an enhancement of ~ 1.2, 6 and 35 
times, compared to the Au@Pt (Fig. 3b). Under light 
irradiation, the catalytic rates of Au@PdPt NPs made 
an enhancement of ~ 2, 8 and 26 times, respectively 
(Fig. 3c). Owing to the introduction of another cata-
lytic material-Pd based on the same volume of Au@Pt 

NPs added, the larger size and the zigzag-like mor-
phological modification maybe are crucial reasons 
accelerating the process of the catalytic reaction with-
out light, which provide the larger contact areas for 
absorbing more ions onto the particles.

However, the continuous increase in catalytic rate 
does not imply that the thicker shells are better. Eco-
nomic benefits and plasmonic efficiency should also be 
taken into account- LSPR effect can be easily blocked 
by the thick Pd–Pt shells, and Au, Pt and Pd are all 
costly. Therefore, we explored the influence of differ-
ent Pd–Pt ratios on LSPR effects, which contributed 
to the further enhancement in thermo-photo catalysis 
based on catalysis. Namely, we changed the Pd–Pt 
ratios by adjusting the added volume of Pd precur-
sor, keeping the Pt precursor unchanged. In Fig. 4a, 
the bar graph is the reaction rate of reducing MB with 
light or without light, using the different catalysts 
with the increasing Pd2+. Furtherly, we calculated 
the plasmonic enhancement factor (plasmonic EF) 
[45], and the trend of the plasmonic EF was shown as 
line chart in Fig. 4b. The plasmonic EF is calculated 
by Klight/Kdark, where the Klight and Kdark represent 
the reaction rates of reducing MB in light and dark 
conditions. With the addition volume of Pd precur-
sor from 0 to 160 μL, the plasmonic EF is 1.9, 3.6, 2.7 
and 1.4, respectively. With the increasing of Pd2+, the 
plasmonic EF firstly increases and then decreases. The 
Au@PdPt-1:4 exhibits the largest plasmonic EF, owing 
to the uncovered Pd–Pt decorations on the surface of 
AuNRs, while using the Pd precursors over 40 μL, the 
Pd coverage forming on the AuNRs weakens the light-
absorb ability of plasmonic AuNRs. Additionally, the 

Figure 3   The comparison of catalytic ability between Au@PdPt 
NPs and other catalysts. a Time-dependent UV–vis extinction 
spectra of the reduction of MB assisted by NaBH4 after adding 
Au@PdPt-1:1 in light irradiation, and measured every 2  min. 

Kinetic linear fitting curves for the reduction of MB with differ-
ent kinds of catalysts without light (b) and under the light irra-
diation (c). The catalysts are AuNRs, Au@Pt NPs and Au@PdPt 
NPs with different Pd–Pt ratios.
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dye conversion is a crucial measure for evaluating a 
catalyst, given that wastewater containing the MB with 
low concentrations is still harmful to the environment 
[46]. The conversion rate using catalysts with the dif-
ferent Pd2+ (from 0 to 160 μL) is 52%, 62%, 97%, 100% 
in dark and 68%, 82%, 100%, 100% in light, as shown 
in Fig. 4c. We found MB have a completely conver-
sion only when the deposited catalytic metal reached 
a certain degree, like Au@PdPt-1:1 and Au@PdPt-4:1. 
Although the Au@PdPt-1:4 had the highest plasmonic 
EF, its conversion cannot get 100%. What’s more, with 
the added Pd in Au@PdPt-4:1 being 4 times than that 
in Au@PdPt-1:1, the catalytic rate enhancement in 
the absence of light was more than 4 times, but the 
enhancement of catalytic rate in light did not quadru-
ple. Therefore, considering both the plasmonic EF and 
conversion, the most suitable catalytic nanostructure 
for reducing MB is the Au@PdPt-4:1, while the most 
suitable thermo-photo catalyst for reducing MB is the 
Au@PdPt-1:1. Furthermore, the reusability is also an 
important property for the photocatalyst, which is 
worth for further investigation in our future work.

For the enhancement of reduction rate in the 
condition of light, the Au@PdPt NPs, acting as the 
thermo-photo catalyst [28], absorb the visible light 
and generate the local heat. And the work functions 
of Au, Pd, Pt are 5.10 eV, 5.12 eV and 5.65 eV, respec-
tively, which also provides the possibility that the 
electron transfer between the three metals enhanced 
the catalytic rates by photoelectrocatalytic effect [26]. 
In the meanwhile, with the different Pd/Pt radio 
of Pd–Pt alloyed shell, the lattice strain [47] and 
some special chemical ordering [48] at the interface 

between Au core and Pd–Pt shell in different Au@
PdPt samples also possibly lead to the different cata-
lytic activities by affecting the energy level.

To investigate the relationship between LSPRs 
and the thermo-photo catalytic performance of the 
three Au@PdPt nanostructures, we calculated the 
spectra and electric field distribution of individual 
particle of Au@PdPt within each sample by using the 
finite-difference time domain (FDTD) simulations. 
Figure 5a shows the simulated spectra of Au@PdPt 
with different Pd/Pt ratio. Both the trends of peak 
intensity and the shifts of peak position are con-
sistent with experimental data. Figure 5b–d shows 
the electric field distribution of ideal 3D models of 
the three Au@PdPt samples. The models were built 
according to the TEM images and given in the upper-
right insets, and their elemental proportions were 
obtained from the EDS data. As seen, the electric-
field enhancement mainly focuses on the surface of 
zigzag Pd–Pt alloy shells, and the strongest local 
electric fields are around the tips area, which means 
that the zigzag shells not only offer a bigger con-
tact area, but also provide more hotspots from local 
electric-field enhancement. As the proportion of Pd 
increases, the electric field enhancement ability of 
Au@PdPt becomes weaker, resulting from the thicker 
Pd–Pt alloy shells and the disappearance of zigzag 
morphology. The results that the plasmonic EF 
dropped as the Pd2+ increased were well explained 
by the simulation. Therefore, appropriately add-
ing some Pd to adjust the morphology of Pt shells 
deposited on the AuNRs is advantaged to optimize 
the thermo-photo catalytic performance of Au@PdPt.

Figure  4   The catalytic characteristic of Au@PdPt NPs. a The 
reaction rate of reduction MB by Au@PdPt with the Pd2+ from 
0 to 160  μL with and without light irradiation. The plasmonic 

enhancement factor (EF) (b) and the conversion (c) of Au@PdPt 
with different amount of Pd2+.
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Summary and conclusion

We synthesized new Au@PdPt trimetallic nanostruc-
tures by simultaneously adding Na2PdCl4 and K2PtCl4 
solution at high temperature of 65  °C. The zigzag 
Pd–Pt alloy shell deposited on AuNRs were obtained 
by adjusting the Pd and Pt ratio. And combined with 
the EDS mapping and lining, the Pd and Pt were co-
reduced and deposited evenly on the AuNRs when 
the Pd precursor is less than Pt precursor. However, a 
thin Pd layer formed firstly on the surface of AuNRs 
when the Pd precursor is more than Pt precursor, 
because the Pd precursors are easier to be reduced at 
the high temperature. And high temperature is help-
ful for the uniform distribution of CTAB and diffu-
sion of Pd2+ and Pt2+. Therefore, it is the introduction 
of Pd and a suitable temperature that led to a novel 

morphology of shell with regular arrangement like 
zigzag. A series of catalytic tests were conducted 
using the catalysts we synthesized, whether in dark 
or in light condition, the catalytic rate have an obvious 
improvement, which is were dominated by synergistic 
effect of LSPR of Au core and catalytic Pd–Pt shells. We 
simulated the local electric-field of different Au@PdPt, 
and founded that, as a composite catalytic system, it is 
essential to balance the catalytic promotion of Pd as a 
catalytic material with the barrier of Pd to the thermo-
photo catalytic effect of plasmonic Au. Considering the 
synergistic effect and economic effects, the Au@PdPt-
1:1 is the optimal catalyst, having a catalytic enhance-
ment of 8 times than Au@Pt, with the plasmonic EF of 
2.7, and 100% conversion under light conditions. We 
expect our work can pave the way for designing novel 
trimetallic nanostructures with synergistic effect and 
morphological control for thermo-photo catalysis.

Figure  5   The FDTD simulations of Au@PdPt NPs. a The 
FDTD-calculated extinction spectra of Au@PdPt-1:4, Au@PdPt-
1:1 and Au@PdPt-4:1. b–d Electric field distribution of the sin-

gle Au@PdPt-1:4 (b), Au@PdPt-1:1 (c) and Au@PdPt-4:1 (d). 
The left-upper insets are the 3D model of Au@PdPt with differ-
ent proportion of Pt and Pd.
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Experimental

Chemicals

H e x a d e c y l t r i m e t h y l a m m o n i u m  b r o m i d e 
(CTAB, > 99%) was purchased from TCI America. 
L-ascorbic acid (AA, > 99.99%), chloroauric acid 
(HAuCl4), hydrochloric acid (HCl, 37 wt.% in water), 
sodium tetrachloropalladate(II) (Na2PdCl4), potassium 
tetrachloroplatinate(I) (K2PtCl4) and methylene blue 
(MB) were purchased from Shanghai Macklin Bio-
chemical Technology Co., Ltd. Sodium borohydride 
(NaBH4, 98%), sodium oleate (NaOL, > 99.8%) and 
silver nitrate (AgNO3, > 99.8%) were purchased from 
Shanghai Aladdin Biochemical Technology Co., Ltd. 
Ultrapure water (Millipore Milli-Q grade) with a resis-
tivity of 18.2 MΩ was used in all of the experiments. 
All chemicals were used as received without further 
purification.

Synthesis of AuNRs

The AuNRs were synthesized using a previously 
reported “seed-mediated method” [49] with slightly 
modification. For the seed solution, 0.25  mL of 
10.0  mM HAuCl4, 10  mL of 0.1  M CTAB and the 
freshly prepared ice-cold NaBH4 (0.6 mL, 10.0 mM) 
were added into a 20 mL bottle. And the mixed solu-
tion was stirred and left it undisturbed for 30 min.

For the growth solution, 7.0 g of CTAB, 1.24 g NaOL 
and 250 mL of water were added in a 500 mL flask, 
magnetically stirring in 50 °C water bath. When the 
solution was cooled down to 30 °C, 24 mL of 4.0 mM 
AgNO3 was added and kept it for 15 min. And then, 
25 mL of 10.0 mM HAuCl4 and 225 mL of water were 

added and the solution was magnetically stirred at 
700 rpm for 1 h. The color of solution faded and 1.5 mL 
of HCl (37 wt.% in water) was added under the stir-
ring at 700 rpm for 15 min. 1.25 mL of 64.0 mM AA and 
0.4 mL of seed was injected into the mixture with stir-
ring for 30 s. Finally, the resultant mixture were under 
static conditions at 30 °C overnight for AuNRs growth. 
The obtained AuNRs were acquired by centrifugation 
at 8000 rpm for 15 min, washed once with water and 
redispersed in 50 mL of 1.5 mM CTAB. For extinction 
spectra measurement, the AuNRs stock solution was 
diluted 35 times in the water, and the intensity of LSPR 
peak is 0.63 at 802 nm in a 1.0 cm cuvette.

Synthesis of Au@PdPt

The synthesis process was shown in Scheme 1. 0.1 mL 
of the prepared AuNRs were centrifuged to remove 
the supernatant and dispersed in 3.5 mL of 30 mM 
CTAB. Corresponding volume of 2 mM Na2PdCl4 and 
40 μL of 2 mM K2PtCl4 were added and the solution 
was shaking to mix uniformly. 50 μL of 100 mM AA 
was added in 65 °C water bath and the mixture was 
aging for 20 min. The obtained Au@PdPt NPs were 
centrifuged at 8500 rpm for 15 min, washed once with 
water and redispersed in 0.35 mL of water for stor-
age. The volume of Na2PdCl4 added to obtain three 
different Au@PdPt NPs samples are 10 μL, 40 μL and 
160 μL, respectively.

Synthesis of Au@Pt NPs

0.1 mL of the prepared AuNRs were centrifuged to 
remove the supernatant and dispersed in 3.5 mL of 
30 mM CTAB. 40 μL of 2 mM K2PtCl4 was added and 
the solution was shaking to mix uniformly. 50 μL of 

Scheme 1   Schematic illustration of the synthesis process.
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100 mM AA was added in 65 °C water bath and the 
mixture was aging for 20 min. The obtained Au@Pt 
NPs were centrifuged at 8500 rpm for 15 min, washed 
once with water and redispersed in 0.35 mL of water 
for storage.

Thermo‑photo catalytic/catalytic reduction 
of MB

In a cuvette, 1 mL of MB (0.1 mM) and 15 μL of catalyst 
were added, followed by the addition of a fresh-made 
NaBH4 (100 μL, 25 mM) solution. After adding the 
catalysts, the solution gradually changed from blue 
to colorless. The spectra of MB, from 400 to 700 nm, 
were recorded at a regular interval.

For the thermo-photo catalytic reaction, we tested in 
the condition of “with light.” we used a 250 W Xenon 
lamp (HDL-II, Suzhou Betical Optoelectronics Tech-
nology Co. Ltd., China) equipped with a filter in which 
the light wavelength less than 420 nm was cutoff.

For the catalytic reaction, we tested spectra with the 
lamp off in the dark room. And the other conditions 
are totally same with photocatalytic tests.

Characterization

The transmission electron microscope (TEM) images 
were obtained with a HT-7700 microscope (HITACHI, 
Japan) operated at 100 kV. Optical extinction spectra 
were recorded with a UV-1900i spectrophotometer 
(SHIMADZU, Japan). High-resolution TEM (HRTEM) 
images and energy disperse spectroscopy (EDS) map-
ping were performed by a Fei-Talos-F200S operated at 
200 kV. The X-ray photoelectron spectroscopy (XPS) 
analysis was performed by Thermo Scientific K-Alpha. 
The XRD patterns of the samples were tested on Pana-
lytical X’Pert3 Powder with Cu Kα radiation in the 
2θ range from 25° to 90° at a scanning rate 2° min−1.
The particle sizes of the nanoparticles were measured 
from TEM images, whereby > 50 nanoparticles were 
measured for each sample.

FDTD calculations

The FDTD simulations of Au@PdPt nanostruc-
tures were carried out using a commercial software 
(Lumerical Solutions). The Au@PdPt nanostructures 

were modeled according to the TEM images and 
EDS elements distribution. The Au core was mod-
eled using a rounded cylinder with a 12 nm of radius 
and 93 nm of z span. The shell of Au@PdPt-1:4 con-
sisted of 19 Pd–Pt alloy star polygons, which has 8 
points and 2 nm of z span. The shell of Au@PdPt-
1:1 consisted of Pd Rounded cylinder shell with the 
thickness of 1 nm and 21 Pd–Pt alloy star polygons 
with 8 points and 3 nm of z span. The shell of Au@
PdPt-4:1 consisted of Pd Rounded cylinder shell with 
the thickness of 3 nm, 15 Pd–Pt alloy star polygons 
with 8 points and 3 nm of z span and 10 Pd–Pt alloy 
star polygons with 8 points and 4 nm of z span. The 
3 models are shown in the upper-left insets of Fig. 5.

All of the simulation boundaries were set as per-
fect matched layers (PMLs). The refractive index of 
the surrounding medium was taken to be 1.33—the 
refractive index of water. The total-field scattered-
field source was used to realize the plane wave inci-
dence and the wavelength was from 300 to 1100 nm. 
The mesh was set at 0.5 nm to calculate the electric 
filed distribution of Au@PdPt. The dielectric func-
tion of Au, Pd and Pt are all obtained from Palik [50]. 
The effective dielectric function of Pd–Pt alloy was 
calculated by Eq. (1), which was derived from the 
effective medium approximation (EMA) based on the 
Maxwell–Garnett equation [51]. The ℇeff, ℇPd and ℇPt 
are the dielectric function of Pd–Pt alloy, Pd and Pt, 
respectively. P is the proportion of Pt in Pd–Pt alloy, 
which was obtained from the EDS mapping. And the 
real and imaginary parts of ℇeff of Pd–Pt alloy are 
drawn in Fig. S8.
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