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Abstract.  

Bimetallic nanoparticles (NPs) composed of two metal elements have attracted much 

interest due to the possibility to synergistically enhance the catalytic performance of 

nanocatalysts. In this context, we have recently reported the seed mediated growth of 

bimetallic core-shell NPs combining a plasmonic metal Ag as a core and a catalytic metal 

Pt as a shell with a fine control of the core size and shell thickness. Here, we report a 

detailed study of the catalytic properties of our Ag@Pt core-shell NPs through a model 

reaction of reduction of 4-nitrophenol (4-NP) in 4-aminophenol (4-AP) in the presence of 

NaBH4, where the Pt shell thickness can be tuned from 1 to 6 atomic layers by adjusting 

the ratio of the Pt precursor to Ag seed concentration. First, we optimized the catalytic 

performances of pure Ag NPs by showing the role played by protons. We showed that the 

addition of an aqueous HCl or H2SO4 solution improves the catalytic conversion rate due 

to the addition of H
+
.  Furthermore, we showed that under light irradiation the presence of 

halide increases the catalytic efficiency of the Ag NPs by a photo-recycling of Ag and the 

generation of hot electrons. We then evidenced that the bimetallic system is more 

catalytically active than its monometallic counterparts, highlighting how the synergy 

between the two metals crucially depends on both the thickness of the Pt shell and the 

size of the Ag core. The best conditions were found with 4 Pt atomic layers, which is 
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attributed to a favorable electronic coupling between Pt shell and Ag core. Nevertheless, 

the effect of the irradiation on the catalytic activity of Ag@Pt NPs remains moderate 

probably due to localized surface plasmon resonance damping by the Pt shell. Finally, the 

Ag@Pt NPs showed a good stability and could be reused after running 3 recycling, thus 

opening perspectives for the rational design of core-shell nanocatalysts with controlled 

shell morphologies. 

 

1. Introduction 

Bimetallic nanoparticles (NPs) have aroused much interest lately due to the possibility to 

combine two metals to obtain improved properties compared to the sum of the individual 

parts.
1
 This has been particularly acknowledged by both the catalytic and plasmonic 

communities, which take benefit of both a noble metal and a catalytic metals to engineer 

new nanocatalysts with enhanced properties.
2
 Noble metals such as Au, Ag or Cu are 

catalytically active for only a reduced number of reactions but support plasmon 

resonances in the visible range, while catalytic metals such as Pt or Pd don’t support 

plasmonic resonances in the visible range but are catalytically active for a broader range 

of reactions. Combining plasmonic excitations and catalytic activity of both metals is 

therefore very attractive for improving catalytic properties compared to monometallic 

nanoparticles.
3
 

The excitation of noble metal NPs at their localized surface plasmon resonance (LSPR) 

can impact catalysis reactions via several mechanisms
4–7

. First the optical power 

absorbed by an irradiated NP is restituted to its local environment in the form of heat on 

the picosecond scale, which has great promises to overcome the limitations of traditional 

resistive heating in order to reduce the activation barrier of various reactions steps (fuel 

cost and increased byproduct formation).
4
 Secondly, the electronic oscillation induced by 
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the illumination acts as an electromagnetic dipole, concentrating light at the NP surface. 

The large increase of available photons can be used to drive locally photochemical 

reactions with a much higher rate. Last, hot electron generation at energy levels between 

Ef and Ef - hν (where Ef is the Fermi energy of the metal and hν the photon energy) can 

be used to inject energetic charge carriers (electrons or holes) into nearby acceptor 

molecules, thereby driving chemical reactions and promoting specific reaction pathways 

for product selectivity.
5,9

 This effect is primarily located at so-called "hotspots" within 

coupled nanostructures. Bimetallic nanocatalysts ideally combine the properties of both 

the plasmonic and the catalytic metal, and have been evidenced to show better product 

selectivity
10,11

 as well as improved reaction rates
12,13

 and optical sensivity.
14

 

Bimetallic nanocatalysts can be engineered in different configurations, namely the 

antenna - reactor, alloy and core-shell geometries, which have their own intermetallic 

interactions governing the catalytic response.
15

 Unlike the antenna reactor geometry, 

based on optical coupling between the two metals, the core-shell geometry combines both 

optical and electronic interactions with distinct interface between the two metals.
16

 This is 

most often realized with a plasmonic core and a thin catalytic shell, and this type of 

nanoreactors have been made mainly from wet chemistry. The direct interface between 

the two metals changes their electronic structure compared to the monometallic 

counterparts, and can up-shift or down-shift the position of the d-band center of the shell 

due to mechanical strain effects, thereby influencing how molecular reactants adsorb on 

the nanocatalysts and thus the reactivity.
17

 On the other hand, the plasmonic core is also 

affected by the capping by a catalytic shell, with a LSPR shifted and all the more damped 

the thicker the catalytic shell.
18

 

Core-shell bimetallic nanocatalysts based on the association of a plasmonic core and a 

catalytic shell have been shown to exhibit higher activity compared to both the 
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monometallic and alloy counter parts
19,20

, and exhibit interesting possibilities for 

increased efficiency. Within this context, we recently published the synthesis of core-

shell Ag@Pt NPs via a seeded mediated growth process with a good control of both the 

core size distribution (≤10%) and the Pt shell thickness (from 1 to 6 atomic layers).
18

 We 

have investigated both experimentally and theoretically their optical behavior and we 

have evidenced a damping of the LSPR from the first Pt atomic layer surrounding the Ag 

core. Furthermore, preliminary tests showed that Ag@Pt core-shell NPs had an increased 

catalytic activity compared to their monometallic counterparts for the reduction of 4-

nitrophenol (4-NP) to 4-aminophenol (4-AP) by sodium borohydride (NaHB4) in aqueous 

phase. 

ln this article, we report a thorough investigation of the catalytic properties of our Ag@Pt 

core-shell NPs with low structural dispersion, controlled core size and shell thickness. 

We revisited the model reaction of the 4-NP to 4-AP reduction with pure Ag NPs and 

investigated how acidic conditions can improve the catalytic rate of dispersed Ag NPs in 

solution through an additional proton supply. Furthermore, we explored how light 

irradiation and the presence of halide impacts their catalytic efficiency. Then, we have 

finely characterized the dependence of the catalytic activity with the shell thickness over 

a 0 - 6 Pt layer range, and identified an optimal number of covering layers for which the 

best synergy could be observed.. Finally, we addressed the recyclability of our NPs, 

which showed a good stability after several recycling. 

 

1. Materials and methods 

Chemical. Commercial reagents were used without further purification and stored in a 

glovebox to avoid any traces of moisture or air contamination. Silver nitrate, dioctyl 

ether, oleic acid (90%), chloroform (≥99%) and Pt(acac)2, were purchased from Sigma-
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Aldrich. Oleylamine (80-90%) was bought from ACROS Organics.  

Synthesis of Ag and Ag@Pt NPs. The Ag and Ag@Pt NPs with 1-6 Pt atomic layers 

were synthesized and characterized according to a previously published protocol.
18 

Briefly, spherical Ag NPs of controlled size were synthesized by a chemical route in N2 

atmosphere in which AgNO3 in the presence of oleylamine (OLA) transforms to Ag(0) 

NPs, whose sizes (between 8 and 14 nm in diameter) and size distribution (lower than 

10%) are controlled by the reaction time, heating ramp and reaction temperature.  Then, 

Ag@Pt NPs were synthesized via a seed-mediated growth process in which the Ag NPs 

are used as seeds in presence of a Pt precursor, Pt(acac)2. The Pt shell thickness is 

controlled by adjusting the concentration ratio between the Pt precursor and the silver 

seed. The composition and structural analyses were conducted as detailed in our prior 

publication, employing EELS mapping coupled with STEM HAADF, along with UV-

visible spectroscopy complemented by DDA calculations
18

. These techniques robustly 

substantiated the core-shell architecture in the Ag@Pt nanoparticles, allowing for precise 

determination of the shell thickness. 

TEM imaging. The TEM images were obtained with a JEOL JEM1011 100 kV. The 

samples for TEM imaging were prepared by putting droplets of a dilute solution on a 

carbon-coated copper grid.  

UV-Visible Spectroscopies. In the range of 300 to 700 nm UV-visible absorption spectra 

were acquired from all samples with a VARlAN Cary 5000 UV-vis-near-infrared (UV-

vis-NIR) spectrometer. For the measurements 4 mL disposable cuvettes (quartz) with a 

path length of 1 cm were used.  

Catalytic Reaction. All reactions were carried out in a 4 mL quartz optical cuvette 

(lenght=1cm) at atmospheric pressure with temperature control achieved by a water flow, 

and light irradiation via optical fiber injection, see experimental setup Fig S1. At specific 
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temperature (20 and 30°C), reagents were added in the following sequence: 3480 l of 4-

NP aqueous solution (CNPs= 0.17 mM), 400 L of cooled 0.4 M NaBH4 solution 

(approximately 5°C) to prevent hydrolysis and 20 l of NP solution. Subsequently, the 

solution was manually stirred for 30 seconds to ensure homogeneity. The catalytic 

conversion of 4-NP was analyzed using UV-Vis spectroscopy with background 

correction performed with deionized water as a reference. For Clarification, the 

concentrations of Ag and Ag@Pt NPs were precisely controlled. We thus adjusted the 

concentration in NPs in order to keep the same volume of addition (20 L) and the same 

total surface area for each NP solution equal to 7.34 10
18

 nm
2
 L

-1
. The total surface area 

(STot) for a given colloidal solution is defined in the following equation: 

STot= Na x CNPs x S (equation 1) 

where CNPs is the concentration of NPs, S is the surface area per spherical NP of diameter 

D, and Na is the Avogadro constant. 

Furthermore, we supposed that the concentration of NPs in solution doesn’t change after 

water transfer since all the particles precipitate after addition of mercaptosuccinic acid 

(MSA and the whole precipitate is redispersed in water). Recyclability: After reaction 

cycle, the catalyst was reused by adding new nitrophenol for a consecutive run under the 

same reaction condition (temperature and Pressure). 

2. Results and discussion 

The synthesis of Ag and Ag@Pt NPs with 1-6 Pt atomic layers followed a previously 

published protocol.
18

 In brief, spherical Ag NPs of controlled size were generated through 

a high-temperature process, where AgNO3, in the presence of oleylamine, transforms into 

Ag(0) NPs, with sizes determined by reaction time, heating ramp, and temperature. 

Subsequently, Ag@Pt NPs were synthesized using a seed-mediated growth process, 

employing Ag NPs as seeds and a Pt precursor (Pt(acac)2). The two-step synthesis 
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process is depicted in Fig. 1. The Pt shell thickness was controlled by adjusting the 

concentration ratio between the Pt precursor and the silver seed, with an optimal Pt 

thickness of 1-6 layers selected. Representative TEM images of the resulting Ag NPs and 

Ag@Pt NPs are presented in Fig. 1. Ag@Pt NPs exhibit surface irregularities consistent 

with Pt layer overgrowth on the Ag core. 

 

Figure 1 Representation of the two-step synthesis process for Ag@Pt NPs and exemplary 

TEM images of Ag and Ag@Pt NPs. Insets show corresponding EELS mapping, 

highlighting a silver core in yellow and a platinum shell in blue. 

 

We have investigated the catalytic activity of our Ag@Pt core-shell NPs based on the 

model reaction of reduction of 4-NP to 4-AP by NaHB4 in aqueous phase, which is often 

used to assess the performance of nanocatalysts.
21

 ln chemical industries, this reaction is 

widely used in the fabrication of analgesics and antipyretic drugs.
22,23

 The 4-NP in water 

has a strong absorption peak at 317 nm,
24,25

 and the addition of NaBH4 induces the 

deprotonation of OH group of 4-NP leading to the formation 4-nitrophenolate ion and a 

shift of absorption peak to 400 nm. The color of 4-NP solution changes thus from pale to 

vivid yellow due to the formation of 4-nitrophenolate ions.
26

 In the presence of Ag NPs, 
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the color of the solution changes from vivid yellow, to light yellow and finally to 

transparent solution. This reaction is treated in terms of a first order reaction in the 

presence of NaBH4 excess. The apparent reduction rate (Kapp) is calculated from the slope 

of the graph ln(C/C0)=f(t). Furthermore, temperature change does not provoke a change 

in mechanism in a suitable range of temperature, thus the activation energy Ea can be 

deduced from the respective Arrhenius plot. The model reaction of 4-NP reduction takes 

place in water phase while our NPs were initially synthesized in organic phase. 

Therefore, we transferred them into water using a previously published protocol.
18

 The 

OLA organic ligands are exchanged MSA, which is an hydrophilic ligand. MSA has a 

shorter, charged ligand and allows transfer of the NPs into water and promotes adsorption 

of reagents onto the free surface of the NPs for catalysis. The typical images of Ag and 

Ag@Pt core-shell NPs before and after ligand exchange are shown Fig. 2. We observe 

that the NPs retain their size and shape and also a decrease of the interparticle distances 

that can be due to shorter chain of MSA.  
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Figure 2 Typical TEM images of Ag (a, b) and Ag@Pt (c, d) NPs obtained before 

(a,c) and after ligand exchange (b, d). 

 

Let us note that the catalytic activity of the nanoparticles also depends on the 

coverage by the ligands, i.e. the percentage of free surface accessible to the reactants. 

The ligands might occupy active sites, rendering them inaccessible on the surface of 

NPs, or hinder reactants at the NP surface due to steric hindrance 
27,28

. From EDS 

analysis, we clearly observe after ligand exchange of oleylamine by MSA that the 

composition of nitrogen drops from around 19% to less than 1%, while the atomic 

percentage of Sulphur corresponding to MSA-protected NPs represents around 6% 

(see supporting information table S1). These results give evidence that oleylamine is 

replaced by MSA and that only a small percentage of MSA is adsorbed on the NP 

surface which bodes well for catalysis. We calculated the surface occupied by the 

MSA ligands after water transfer, and the results are presented in supporting 

information (section S2). We estimated an occupancy rate of 39%, assuming a 

binding only by the mercaptan function. 

 

Catalytic activity of Ag core NPs. The catalytic properties of monometallic Ag NPs were 

investigated and compared to the bimetallic core-shell Ag@Pt system. ln the following, 

we will focus first on the catalytic activities of Ag NPs which were studied as a function 

of their size, and the results will be used as a reference to compare with the core-shell 

Ag@Pt NPs of similar size and different compositions. The list of NP characteristics and 

concentrations used for the study of their catalytic properties are summarized in SI (table 

S2 in SI). We monitored the reaction kinetics using UV-vis spectroscopy to follow the 4-

NP to 4-AP conversion rate (see experimental section and Fig. 3a). The catalytic 

performances of Ag NPs with diameters of 8.4, 10.5 and 13.3 nm were evaluated from 

ln((C=[4-NP])/(C0=[4-NP]0)) versus reaction time plots at 20 °C (Fig 3b). The time 

dependence of both the 4-NP and 4-AP absorbances for the Ag NPs with different sizes 
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were reported in Fig. S2 in SI. In order to consider the induction time, our fitting of the 

graphs ln (C/C0) versus time plot are thus limited to the linear portion, enabling the 

determination of the apparent rate constant. By decreasing NP size, we observe an 

increase of the reduction rate constant Kapp (see table S3). The size of the NP appears to 

be decisive for their catalytic activity in agreement with the literature 
29,30

. The smaller 

the size of the NPs, the greater proportion of sub-coordinate edge and corner atoms. 

These edge and corner atoms are more reactive than the face atoms. We repeat the 

measurements for five samples and calculate the Kapp, the measurement error from one 

sample to another is low (1.2%) and can be ignored. Furthermore, it shows the good 

reproducibility of the experiments. 

We then investigated how light irradiation at the LSPR could improve the catalytic 

properties of our monometallic systems, as Ag NPs show the most intense plasmon of the 

plasmonic metals in the visible range, which makes it a potentially interesting candidate 

to generate hot electrons for injection in the catalytic shell. 

 

 

Figure 3 (a) Typical UV-visible absorption spectra obtained during the catalytic chemical 

reduction of 4-NP in 4-AP by Ag NP under 405 nm light irradiation, (b) corresponding plots of 

ln(C/C0) versus time for the determination of rate constate for Ag NPs with diameters of 8.4, 10.5 

and 13.3 nm and without NPs. (c) comparison of the apparent rate constant through the ln(C/C0) 

plots versus time with and without 405 nm light irradiation during the catalysis experiment for Ag 

NPs with diameter of 8.4 nm  
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We have repeated the catalysis experiments and compared the results obtained with and 

without light irradiation. The light source was chosen so as to match the plasmon 

resonance of pure Ag NPs λLaser=405 nm at irradiance 1 Wcm
-2

 for the Ag8.4nm sample. 

The results are summarized in Fig. 3c and Table S4 in SI. Monometallic Ag showed a 

22% increase in Kapp. Light can improve catalytic reaction rates in plasmonic catalysis by 

several processes, namely antenna effect, local heating and hot electron generation
31

, the 

latter two of which are related to the NP absorption and the former to the increase in 

photon flux at the NP due to the focusing of the electromagnetic field by the plasmonic 

antenna. Recently, hot electrons have been shown to promote the reduction of 4-NP to 4-

AP on Ag NPs.
32

 Hot electrons are produced under irradiation by non-radiative decay of 

Ag surface plasmons and can be transferred to molecules adsorbed on the surface, 

providing an additional channel for the Ag catalyzed 4-NP reduction, even in the absence 

of the reducing agent NaBH4. However, this effect is expected to remain moderate for 

NPs suspended in solution for the following reasons. First hot electrons are primarily 

emitted at regions of intense electromagnetic field (hotspots), which are much more 

intense on anisotropic NPs or NPs with sharp edges. The number of hot electrons 

available per molecule remains limited due to high rate of charge-carrier recombination. 

Secondly, promoting an oxidation counter-half-reaction by photo-recycling may be 

necessary to balance the hot electron-induced reduction reaction, as recently 

demonstrated by Xie and co-workers. However the observed 22% increase of Kapp under 

illumination for pure Ag is consistent with other studies which observed a 28 % increase 

on similar Ag NPs, and that attributed the increased reactivity to a boosting of the 

reactants diffusion nearby the catalyst surface due to photothermal heating.
32,33

 It is not 

possible to disentangle the hot electron and photo-thermal contributions to the observed 

increased reactivity without further experiments, which is currently a major challenge in 
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the plasmonic catalysis community, and lies outside the scope of this work
4
.
 

ln order to optimize the reactivity of our Ag nanocatalysts, we tested different 

environments rich in proton as H
+
 does induce fine electrostatic interaction from the 

negatively charged oxygen in nitro group and facilitate the removal of oxygen and the 

reduction of the nitro group.
34

 We have thus repeated the catalysis experiments and  

compared the results obtained in aqueous HCl solution under irradiation (405 nm at 

irradiance 1 Wcm
-2

) with Ag8.4nm. The results are summarized in Fig. 4a and Table 1. The 

Ag NPs show a 36% increase in Kapp value in aqueous HCl solution (0.25 mM) compared 

to water environment. Halides were shown to play an important role in the catalyzed 

reduction of 4-NP to 4-AP
32

. The mechanism implying hot electrons is based on the 

generation of hot electron-holes pairs on Ag upon resonant excitation, combination of hot 

holes (h
+
=Ag

+
) with Cl

-
 ions to form photosensitive AgCl, which is further decomposed 

via photodissociation. Cl
-
 thus allow photo-recycling of the Ag surface by regenerating 

Ag atoms (see scheme of the mechanism in Fig. S3 in SI). In order to test if the observed 

increased catalytic performances were due to hot electron injection and Ag NP 

photorecycling by Cl
-
 ions, we performed the experiment in H2SO4 and KCl, which are 

respectively rich in H
+
 without Cl

-
 and rich in Cl

-
 without H

+
. Kapp shows a similar 

increase (approximately 30%) in both HCl and H2SO4 (0.125 mM) without light 

irradiation (Fig. 4b). Under light irradiation, the Ag NPs show a 40% increase in Kapp 

value in HCl and remains similar in H2SO4.  These results show that following an 

additional supply of protons the conversion of 4-NP is significantly faster.  This led us 

also the hypothesis that not only acidic conditions but also the counter anion is relevant.  

We tested this by adding aqueous KCl solution (0.25 mM) and repeat catalysis 

experiments under light source. We observed an increase of only 11% in Kapp (Table 1).  
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Table 1 Evaluation of the rate conversion (Kapp) of 4-NP using 8.4 nm Ag NPs in 

different environments with and without light source. 

Conditions Kapp (10
-3

 s
-1

) (error R
2
=0.99) Kapp (10

-3
 s

-1
) (error R

2
=0.99) 

 

Under light Without light 

Water 8.2 6.9 

HCl 11.4 9.1 

H2SO4 10.8 9.0 

KCl 9.1 - 

 

 

 

Figure 4.  (a) ln(C/C0) versus time plots for the determination of apparent rate constant 

for Ag NPs with diameter of 8.4 nm in presence of HCl, H2SO4 and KCl under 405 nm 

light illumination. (b) ln(C/C0) versus time plots for the determination of apparent rate 

constant for Ag NPs with diameter of 8.4 nm in presence of HCl and H2SO4 without light 

illumination.  

 

Catalytic activity from H2SO4 solution is thus higher than KCl, but less than HCl 

solution, this shows that the improvement of the catalytic activity is due to both H
+
 and 

Cl
-
. Furthermore, this indicates that Cl

-
 ions participate to a photo recycling mechanism 
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such as reported by Xie and co-workers.
32

 However, the enhancement in catalytic activity 

due to additional H
+
 does not rely on laser irradiation. To confirm the role of additional 

solvated protons in the reduction mechanism of 4-NP, we analyzed the variation of the 

apparent rate constant with H⁺ (aq) concentration (Figure S4-S6 in SI). The Kapp value 

demonstrates a linear increase with H⁺ (aq) concentration until it reaches a plateau above 

a concentration of 1 mM. Considering the initial concentration of nitrophenolate is 0.15 

mol L⁻ ¹ and, in accordance with the reduction reaction, a minimum concentration of 

H⁺ (aq) equal to 0.9 mol L⁻ ¹ is necessary for complete reduction. The presence of a 

plateau at H⁺  = 1 mM clearly indicates that solvated protons are the most efficient 

source of hydrogen. 

Catalytic activity of Ag@Pt NPs. We then characterized more thoroughly the catalytic 

activity of our bimetallic Ag@Pt NPs with different Pt thicknesses with the same 

experimental conditions as Ag NPs. The bimetallic vs monometallic systems 

performances are summarized in the ln(C/C0) vs time plots in Fig. 5a and 5b for Ag cores 

of 8.4 nm and 13.3 nm respectively. 

 

Figure 5. ln(C/C0) versus time plots for the determination of apparent rate constant for 

Ag@Pt NPs with 1 - 6 Pt Atomic layers (AL) with core diameter of (a) 8.4 nm and (b) 13.3 

nm.   
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The deduced Kapp are reported in Table 2. Whatever the Ag core size, the catalytic 

activity of Ag@Pt increases with the Pt shell thickness. Thus, for a platinum shell 

thickness of e=1.1 nm (around 4 atomic layers) the Kapp value is up to twice larger than 

that of the Ag seeds. Nevertheless, for a thickness of 1.7 nm, i.e. around 6 atomic layers, 

we observe a decrease of Kapp. We have also tested the catalytic activity of Ag@Pt NPs 

for an intermediate Ag core size of 10.5 nm. We observed a similar behavior with an 

increase of Kapp with the thickness of Pt shell up to a maximum number of 4 atomic 

layers (see Figure S7-S10 in SI and Table 2). Therefore, regardless of the core size, Kapp 

increases as the Pt thickness increases up to 4 atomic layers and then decreases beyond 

that thickness. It decreases also with increasing core diameter (Table 2). Finally, the 

catalytic activity of Ag@Pt NPs remains significantly enhanced compared to pure Ag 

NPs, until 6 Pt layers. 

 

Table 2: Evaluation of the rate conversion Kapp of 4-NP using Ag and Ag@Pt NPs with 

different Ag sizes and Pt thicknesses. 

Sample NP size 

±0.5 nm 

Shell thickness 

(nm) 

e ±0.3 nm 

Kapp (10
-3

 s
-1) 

(error R
2
=0.99) 

Ag 8.4 - 6.7 

 

Ag@Pt 

(8.4 nm core) 

9.2 0.4 (~1 layer) 9.9 

10.1 0.85 (~3 layers) 12.1 

10.6 1.1 (~4 layers) 12.5 

12.0 1.6 (~6 layers) 11.3 

Ag 10.5 - 6.1 

Ag@Pt 

(10.5 nm core) 
11.1 0.3 (~1 layer) 9.1 

11.5 0.5 (~2 layers) 9.8 

12.3 0.9 (~3 layers) 11.5 

12.7 1.1 (~4 layers) 11.6 

13.9 1.7 (~6 layers) 10.9 

Ag 13.3 - 5.4 

Ag@Pt 

(13.3 nm core) 
13.8 0.3 (~1 layer) 8.3 

14.2 0.5 (~2 layers) 9.5 
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15.1 0.9 (~3 layers) 10.5 

15.5 1.1 (~4 layers) 10.7 

16.5 1.7 (~6 layers) 10.0 

 

Pt catalytic activity is controlled by its electronic structure through its d-band center, 

which is sensitive to lattice strain. ln the case of core-shell bimetallic nanocatalysts, the 

core and shell lattice mismatch can lead to strain which in turn can modify the adsorption 

energy of the adsorbate. This effect has been observed before in various reactions on 

metal core - Pt shell nanocatalysts and can vary depending on whether the mismatch 

induces a compressive or a tensile strain in the outer Pt shell.
35–37

. The former and the 

latter induce respectively a downshift or an upshift of the d band centers. Upshifts tend to 

push the antibonding metal d adsorbate states above the Fermi level, which makes the Pt 

(d) ~ adsorbate interaction more attractive.
3,38

 Here with Ag@Pt core-shell NPs, Ag core 

has a larger lattice parameter and thus induces a tensile strain in the Pt shell, yielding a Pt 

d-band center upshift away from the Fermi level, anti-bonding orbitals depopulation and 

a stronger interaction of 4-NP with the Pt surface. Enhanced chemisorption is not 

generally reported to improve the catalytic activity of the Pt shell 
39

. However, with 

increased Pt shell (more than 4 atomic layers) that induces a decrease of the tensile-strain, 

the catalytic activity is observed to decrease. 

Looking at the electronic structure of Ag@Pt core-shell NPs can explain their increased 

reactivity compared to pure Ag NPs. DFT calculations have shown that in Ag@Pt core-

shell NPs, electrons accumulate in the Pt region, and Pt atomic population become more 

negatively charged compared to Ag core subsequent to Pt coating, indicating a charge 

transfer from Ag to Pt layers.
40

 This is associated with a strong (Ag)s-(Pt)d hybridization 

at the origin of the charge redistribution between Ag cores and Pt shells. The increased 

electron density in the Pt layer makes more electrons available for the 4-NP reduction at 

the surface and can explain the improvement of the Ag@Pt catalytic performance 
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compared to pure Ag. When the Pt layer becomes too thick, above 4 monolayers, we can 

assume that the ligand effects (electronic transfer) is deteriorated and a decrease of the 

reactivity of NPs is observed.
41

. 

Light irradiation effects on catalytic activity of Ag@Pt NPs. We have repeated the 

catalysis experiments for Ag8.4nm@Pt with 1 Pt atomic layer and 4 Pt atomic layers with 

light irradiation (=405 nm at irradiance 1 W cm
-2

). Core-shell Ag@Pt 1 Pt layer showed 

a slight 5% increase in Kapp value (Fig. S11), while Ag@Pt 4 Pt layers showed no 

catalytic improvement upon light irradiation (see Table S4). The low light harvesting of 

Ag@Pt core-shell NPs can be attributed to a damping of the Ag LSPR as soon as the first 

Pt layer grows in line with our previous study.
18

 Furthermore, our results are supported 

by a recent article demonstrating  that hot electrons transfer across a Pt shell from an Au 

core depend on the shell thickness because according with DFT calculations, hot 

electrons can only travel a very short distance in metals (<1 nm)
42

. Thus to compensate 

for the low light harvesting of dispersed Ag@Pt NPs, we have considered in a recently 

published paper 
43

their 3D organization into colloidal supercrystals (SCs) in order to 

promote coupling between the NPs and an enhancement of the local electromagnetic 

field, which strongly depends on the inter-NP distance, and which leads to the creation of 

hot spot accelerating the generation of localized hot electrons.  We got evidence of 

plasmonic photo catalytic activity of supported Ag@Pt SCs, particularly in the context of 

Hydrogen evolution reaction (HER)
43

.  

Temperature Effect on catalytic activity of Ag and Ag@Pt NPs. We carried out a series 

of reaction for the reduction of 4-NP to 4-AP in the presence of Ag or Ag@Pt NPs for a 

fixed Ag core diameter of 8.4 nm, in order to determine how the temperature can affect 

the kinetics of this reaction. The apparent rate constants Kapp obtained for different 

reaction temperatures between 20 and 40°C are summarized in Table S5 in SI. Based on 
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Arrhenius equation: 

            (equation 2) 

 where A is the frequency factor, Ea is the activation energy, R is the thermodynamic gas 

constant, and T is the circumstance temperature. By plotting the graph of apparent rate 

constant Kapp for each catalytic system versus corresponding 1/T one can obtain the 

activation energy (Ea, apparent) for the reduction of 4-NP for each catalytic system 

(Figure 6a). The minimum of activation energy is observed for Ag8.4nm@Pt NPs with a 

thickness corresponding to 4 atomic layers (Figure 6b). The apparent activation energy 

(Ea) is calculated to be around 10.3 kJ.mol
-1

, which is much lower than those reported for 

Ag or Pt based catalysts
19

 and further illustrates the synergistic catalytic effect of Ag and 

Pt species. Finally, the Ag@Pt NPs with the smallest core size led to the minimal 

activation energy and present thus the higher reactivity. 

 

Figure 6.  (a) Linear fitting of -Rln(k)=f(1000/T(K)) for Ag and Ag@Pt NPs with a core 

of 8.4 nm in diameter and with 1-6 Pt atomic Layers (AL) and (b) corresponding 

activation energies. 
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Recyclability of Ag@Pt nanocatalysts. The recycling of the NP catalyst has become an 

important point, especially for economic reason. The reusability of NPs was thus 

investigated in the reduction of 4-NP. Ag@Pt NPs with Ag core diameter of 8.4 nm and 4 

Pt atomic layers were reused to carry out the reduction process for 3 consecutive runs.  

The value of Kapp for each catalytic reaction run was calculated from plots of ln (C/C0) 

versus time deduced from the UV-visible absorption spectra (Fig. S12). The rate 

constants for successive cycles are shown in Table S6. The obtained results for these 

cycles show a very slight diminution (2%) of Kapp which emphasizes the high activity of 

the NPs and their good stability. 

 

 

3. Conclusions 

The catalytic activity of core-shell Ag and Ag@Pt nanoparticles was investigated using 

the model reaction of 4-nitrophenol reduction to 4-aminophenol. Initially, we examined 

the catalytic performance of pure Ag nanoparticles of varying sizes and found that those 

with smaller diameters exhibited the highest activity. Additionally, the introduction of 

aqueous solutions of HCl or H2SO4 was found to enhance the catalytic conversion rate by 

introducing H
+
 ions. Furthermore, under light irradiation, the presence of a halide further 

increased the catalytic efficiency of Ag nanoparticles through a mechanism of photo-

recycling and hot electron generation. 

Subsequently, we demonstrated that the catalytic properties of Ag@Pt nanoparticles are 

influenced by the thickness of the Pt shell and the size of the Ag core. Specifically, 

optimal catalytic activity was achieved when the Pt shell thickness reached a maximum 

of four atomic layers, accompanied by a reduction in the size of the Ag core for a fixed Pt 

shell thickness. The catalytic activity of Ag@Pt nanoparticles surpassed that of 

monometallic Ag nanoparticles of comparable core size. Light irradiation was shown to 
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marginally increase their catalytic activity, attributed to an attenuated plasmonic effect 

and/or inhibition of hot electron transfer to molecular reactants by the one-atomic-layer 

Pt shell. 

Finally, Ag@Pt nanoparticles exhibited good stability and could be reused without 

significant loss of activity after three recycling cycles.  

Our study thus enhances our understanding of the complex relationship between the 

structure and activity of bimetallic nanoparticles. Core size and shell thickness emerge as 

important parameters for controlling the catalytic activity of bimetallic core-shell 

nanoparticles. 
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SYNOPSIS 

Optimal conditions for the catalytic reduction of 4-nitrophenol in 4-aminophenol using Ag or Ag@Pt 

nanocatalysts. 
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