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Introduction 
 

As we try to mitigate the impact of the ongoing climate change, reducing the energy 

consumption of all industrial, exploiting renewable energy sources and reducing the 

exploitation of raw and rare material. Despite all we owe, in term of comfort and resources, 

to the industry, it is responsible of the generation of 21% of the global greenhouse gas 

emission1 and produces tones of unwanted and sometimes toxic side products. Greenhouse 

gases not only have an effect on the global temperature, but also on the ocean acidification 

or even rising of the ocean level. 

 

The development of green chemistry, highly efficient and producing as little toxic waste 

product as possible, is primordial to reduce the impact of our industrial world. Highly efficient 

and selective catalyst materials play a key role to achieve this goal.  

 

Platinum is an extremely rare and therefore expensive metal, with a concentration of 0.003 

ppb in the earth crust,2 but it present such good catalytic activities that it can be hard to find 

sufficiently good alternatives. Therefor catalyst designed to use the minimal amount of 

platinum while showing satisfying conversion and selectivity are necessary in the transition to 

platinum-free catalysts. 

Gold is also a relatively rare element, the 70th most abundant on earth, and other plasmonic 

material, like titanium nitrate or molybdenum oxide are currently being investigated to 

become the next generation of plasmonic material, not based on rare and expensive 

elements. But for this master’s thesis we focus on gold nanoparticles are their optical behavior 

have already been well studied. 

 

The Au@Pt material was designed by depositing different amount of platinum on gold 

nanoparticles ranging from single atoms, clusters and monolayer as presented on scheme 1. 

The nanoparticles were characterize using multiples techniques; the morphology was studied 

using electron imaging, the optical properties using UV-Vis spectroscopy and DRS and the 

elemental analysis was performed with EAS. 
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The catalytic performances were investigated using common model reaction; the 4-

nitrophenol reduction, the phenylacetylene hydrogenation and the nitrobenzene reduction. 

The light enhancement was tested by irradiating the reaction mixture with 525 nm and 427 

nm lamps and comparing the results to the same reaction in the absence of any light. The 

products were analyzed with UV-Vis spectroscopy and gas chromatography. 

 

Scheme 1: Design of Au@Pt material 
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Literature review 
 

 

Plasmon and Surface Plasmon Resonance 

 

In order to understand how plasmons can be used to enhance catalytic activity and to unlock 

new reaction pathway, we need to understand what they are. Plasmons are quanta of plasma 

oscillation, as a photon is a quantum of electromagnetic oscillation. 

A metal is composed of a positive and negative charge, respectively the atoms nuclei and the 

cloud of free electrons moving around those atoms. The electrons gather a kinetic energy as 

they come closer to the “stationary” nuclei, due to a Coulomb force created by the charge 

separation. This movement of the electron consist of a oscillating movement that correspond 

to what is called plasma oscillation. 

Surface Plasmon Resonance (SPR) can occur in material with a negative real and small positive 

imaginary dielectric constant. It correspond to a coherent oscillation of the surface conduction 

electrons after excitation by electromagnetic radiation. In this case, the plasmons generated 

propagates in the x and y direction relative to the metal-dielectric interface, with distances 

ranging in tens to hundreds of microns. They decay evanescently following the z direction of 

range in the order of 200 nm.3 But in our case, with nanoparticles size below the wavelength 

of the incident light, we observe localized surface plasmons. In this situation plasmons are 

oscillating around the nanoparticle at a frequency known as the Localized Surface Plasmon 

Resonance (LSPR) (Figure 1). This frequency is also dependent on the shape, structure, 

composition and dielectric constant of the surroundings.4 

Two main mechanism of synthesis enhancement by LSPR excitation are proposed. The first 

one is the creation of energetic charge carriers by the excitation: Hot electron and hole pairs. 

They can enhance the rates through electronic or vibrational excitation of absorbed molecule 

of the surface of the plasmonic material. Hot electrons can generate negative-ion state of 

absorbed molecules which can undergo further chemical transformations. Those molecule can 

also decay to vibrational excited levels at the ground state, which can promote new 

desorption, dissociation and translation processes. Hot holes can also have an effect on charge 

transfer processes at the interface between the material and the molecule, promoting 

oxidation reactions. Those hot carriers can also have an impact on selectivity by tunning 

reaction intermediates. 
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The second mechanism is a localized heating effect due to thermal dissipation after LSPR 

relaxation which can enhance the reactivity. But this is challenging to decouple this effect from 

the one due to charge carriers.5 

Gold nanoparticle present the advantage of having a LSPR in the visible region.3 This is really 

interesting because we could then use solar radiation as a green source of energy to excite 

our gold nanoparticles, which will then transfer this energy via energetic charge carriers or 

localized heating, therefor enhancing reaction rates. 

 

 

Figure 1: Representation of the LSPR effect 

 

 

Plasmonic catalysts 
 

 

Metallic gold nanoparticle are used in a few reactions for its catalytic properties. El-Sayed et 

al6 show that spherical gold nanocages and nanospheres can be used as an effective catalyst 

for the reaction between hexacyanoferrate(III) and thiosulfate, increase the reaction rate by 
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light irradiation. Cheng et al7 used gold nanorods composed of multiple layers of gold, with a 

Matryoshka-like design. They used this material to catalyze the reduction of 4-nitrophenol by 

NaBH4. They were able to observe enhancement of the reaction rate under light and a positive 

influence on the reaction rate as more gold layers were added. 

 

But compared to other elements like platinum or palladium, gold does not present good 

catalytic activity for most reactions. This is also the case for others plasmonically active 

material, like silver or titanium nitride. On the other hand, those good catalytic material are 

usually not very optically active. For this reason we decided to associate gold with a highly 

active catalyst, platinum. The platinum was directly deposited on gold nanoparticles, making 

a very fine layer of platinum. The bimetallic nanoparticle were deposited on silica. 

 

Other similar design have already been studied, like Au-Pd systems 8,9 where gold 

nanoparticles are also used for their plasmonic properties but with thicker layers of palladium. 

Different shape of the plasmonic material can be use, leading to various plasmonic properties; 

shapes like spheres, cubes, rods or octahedrons. Yamashita et al10 design a bimetallic material 

deposited on silica. Silver and platinum nanoparticles were uniformly deposited on the silica, 

where silver acted as the plasmonic material and palladium as the catalytic material. The 

catalyst presented high catalytic properties than the design without palladium and light 

enhancement. 

 

Plasmonic material can also be used in tandem with another catalytic material, with the design 

of antenna-reactor.8 The two materials are placed close to each other’s, with a few nanometer 

gap, and the plasmonic “antenna” coupled the light into the catalytic “reactor”. An optical 

polarization is induced by this interaction, forcing a plasmonic response. When this plasmon 

decays, hot charge carriers can be generated, transforming the material into a photocatalyst. 

These structures are very dependent on gap size, orientation of the nanostructure compare 

to the polarizing angle of the light and its wavelength. 

 

Reduction catalysis 

 

Photochemistry study the interaction between light and molecules. It can provide unique 

reaction pathways, enabling more efficient and greener reactions. By making use of excited 

state molecule, which inverse the electronic symmetry, reaction typically forbidden by orbital 

symmetry become possible compare to thermal condition. Good reaction rate can be achieve 

without the need of heating. In addition we also focus on harvesting the electromagnetic 

radiation energy through the LSPR effect of gold nanoparticle. 
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We decided to focus on reduction reaction as they are, with its counterpart oxidation, the 

main source of energy, both biological and artificial. Many reduction reaction are also carried 

at industrial scale and thus require high conversion rates and sometimes high selectivity 

toward certain reduction products. For example controlling the partial reduction of alkyne to 

alkene is a constant goal in catalysis.11 

We decided to work on reaction that are usually studied with this kind of catalytic material 

and that were easy to conduct and analyze. 

 

4-Nitrophenol reduction 

 

The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) (Figure 3) is one of the reaction 

used as a model catalytic reaction to study the kinetic by doing real time monitoring via UV-

Vis spectroscopy.12 It has been shown that gold nanoparticles are very active as a catalyst for 

this reaction, while platinum present a slower kinetic.13 As 4-NP anions present characteristic 

absorbance at 400 nm, we just have to follow the evolution of the absorbance at this 

wavelength to deduce the evolution in concentration of 4-NP molecule. 4-AP also present a 

small absorbance at 300 nm. Herbicides, insecticides and synthetic dyestuffs are produced 

using 4-NP and its derivatives. While 4-AP is useful intermediate to manufacture analgesics 

and antipyretics. 

 

 

Figure 3: Reaction mechanism of the reduction of 4-nitrophenol to 4-aminophenol 

 

Phenylacetylene hydrogenation 

 

The catalytic hydrogenation of phenylacetylene present both industrial and scientific interest. 

The industry is interested in the synthesis of styrene for its polymerization. This reaction is 

able to function at relatively mild conditions and present conversion and selectivity issues as 

we are aiming only for a partial hydrogenation.14 (figure 4) For those reasons it is usually used 
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as a model system to evaluate a catalyst performances and selectivity. It is a good reaction to 

see any change of selectivity under light excitation. 

 

 

Figure 4: Reaction mechanism of the hydrogenation of phenylacetylene 

 

Nitrobenzene hydrogenation 

 

About 85% of aniline is produced by catalytic hydrogenation of nitrobenzene. It is an 

important material with application in rubber process, dyes and pigments, pesticides and 

herbicides. Aniline is also a precursor for the synthesis methylene diphenyl diisocyanate (MDI) 

which is in turn used for insulation, adhesives or elastomers.15 

For both the liquid and vapor phase severe reaction conditions are required like high 

temperature and pressure, which makes the design of novel catalytic method interesting, 

especially photochemistry based as they often induce milder conditions. It has been 

demonstrated that platinum was an efficient catalyst for the hydrogenation of nitrobenzene 

to aniline.15, 16, 17 

 

Catalytic material synthesis 
 

Gold nanoparticles 

 

The main objective we had for the synthesis of the nanoparticle is to produce monodisperse 

and spherical gold nanoparticle of the desired size. There are two main category of 

nanoparticle synthesis: the bottom-up and top-down processes. The first one correspond to 

bringing metal ion to zero valence state and atom aggregate around to form nanoparticle. In 
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the other process, an initial powdered metal shrink using comminution or dissolution process 

until the it reaches nanostructure scale.18 

 

Figure 2: Reaction pathway of the inverse Turkevich method for the synthesis of gold 

nanoparticles 
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In our case we used a bottom-up method. This kind of process require the use of a reducing 

agent to reduce the precursor salt into a metallic state. An even more important element is 

the capping agent that will act as a surfactant, encapsulating the growing nanoparticle to 

control its size and shape. The selection of agent is generally experimentally based, as 

computational method generally cannot predict both the effect on shape and size. 

The inverse Turkevich method19 we choose has two main advantages, it uses trisodium citrate 

(SC) as a reducing, a mild capping agent and a pH mediator. This simplify the synthesis method 

while still producing monodisperse and spherical nanoparticle, size control is possible by 

controlling the ratio of SC to precursor. It also use a green solvent, water, while most synthesis 

method use organic solvent that are not necessarily green.18 

 

Platinum deposition 

 

The aim of our work was to deposit platinum in different amount without impacting the gold 

nanoparticle morphology and without creating an alloy material. Seeded growth seemed to 

be the perfect technic for this because it offer a good control. As shown by Esparza et al.20, 

the deposition of platinum on gold nanoparticle can efficiently be done by seeded growth 

method. And more importantly the amount of platinum deposited can be tuned by changing 

the gold to platinum ratio. 

 

Supporting 

 

Supporting on an inert material is a routine method in the synthesis of nanocatalyst. This is a 

necessary step first of all because nanoparticle are usually finely disperse in a solvent, forming 

a suspension, and this kind of suspension can tend to aggregate, especially in our case as the 

capping agent is not a very strong one. Supported bimetallic nanoparticle can also be easily 

washed to remove any species on the surface. Supporting is also necessary because we used 

GC to analyze certain reaction product and the catalyst had to be separated from the reaction 

mixture, which is almost impossible to do with a suspension. 

One of the most common support used is silica nanopowder, as it is usually inert and present 

a high surface area. The deposition can be achieved via wet impregnation method.21 

 



Paul Brasseur 
Plasmonic and catalytic properties of gold-platinum nanoparticles for hydrogenation reactions 

10 
 

 

 

Figure 5: Reaction mechanism of the hydrogenation of nitrobenzene to aniline 
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Results and discussion 
 

Synthesis and Characterization of the different catalyst  

 

Gold nanoparticles were synthesized following the literature,19 by adding AuCl4- to a solution 

of trisodium citrate at 105°C in water, obtaining a deep red suspension of the nanoparticle. 

You can see SEM images of the spherical and monodisperse nanoparticle on Figure 6 and the 

size distribution estimated from the SEM images on Figure 7, with a mean diameter of 

15.159±3.381 nm. 

 

Figure 6: SEM Images of gold nanoparticles. 

 

Figure 7: Size distribution of the gold nanoparticles diameter. 

a b 
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The UV-Vis spectrum of the suspension show a LSPR peak at 523.5 nm and was confirmed by 

the measurement of two different batches, which is close to the values obtain by Puntes et 

al.19,20 

 

 

Figure 8: UV-Vis spectra of two different gold nanoparticles suspension. 

 

We decided to go for three different amount of platinum deposition. Using the mean diameter 

of the nanoparticle we estimated the amount of platinum atoms required to cover the entire 

surface of a single, perfectly spherical, gold nanoparticle with a monoatomic layer. We set this 

amount of platinum as a "100% coverage" and different loading of platinum were synthesized 

relative to this 100% coverage. 

Suspension of 10%, 100% and 500% coverage were synthesized (respectively referred as 

Au@Pt-10, Au@Pt-100 and Au@Pt-500) and were used in the 4-nitrophenol reduction 

reaction. Supported catalyst with 10%, 50 and 100% coverage were synthesized (respectively 

referred as Au@Pt-10/SiO2, Au@Pt-50/SiO2 and Au@Pt-100/SiO2) and were used in the 

phenylacetylene reduction and nitrobenzene reduction reactions. The deposition of platinum 

by seeded growth was done using L-ascorbic acid and H2PtCl6 salt20 in the same reaction 

medium as for the gold nanoparticle. On Figure 9 are the SEM images of the different coverage 

of platinum on gold nanoparticles and no clear difference is visible between different 

coverage. A few nanoprisms can be seen (center of picture a), they come from [111] facets of 

gold. 

Figure 10 show TEM images at higher resolution and even at this resolution the platinum 

represent such a thin layer that it cannot be seen. Size distribution estimated using this TEM 

images does not show variation in diameter as it can be seen on Figure 11. 
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Figure 9: SEM Images of gold nanoparticles. a, Au@Pt-10. b, Au@Pt-100. c, Au@Pt-500. 

 

 

Figure 10: TEM Images of gold nanoparticles. a, Au@Pt-10. b, Au@Pt-100. 

 

Figure 11: Size distribution of the nanoparticles diameter using TEM images. a, Au@Pt-10, 

mean diameter: 12.48 ± 1.98 nm. b, Au@Pt-100, mean diameter: 13.44 ± 2.26 nm. 
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The evolution of the optical properties of the nanoparticle for different amount of platinum, 

which can be seen on Figure 12, show a diminution in a absorbance of the plasmonic peak 

around 525 nm, even for low amount of platinum. This is coherent with the increasing 

thickness of the platinum layer. A blue-shift and a peak broadening is also observed, again 

even for low amount of platinum, and could be due to interaction between the platinum and 

the gold on the surface. Similar behavior was simulated by Xia et al22 which indicate a 

successful deposition of platinum. 

 

 

Figure 12: a, UV-Vis spectra of Au, Au@Pt-10, Au@Pt-100 and Au@Pt-500 NPs. b, shift of the 

plasmon peak depending on the amount of platinum. 

 

Figure 13 present the diffusive reflectance spectra of the two supported catalysts. The 

plasmonic peak is still at similar wavelength, even if there is a slight blue-shift by around 3 

nm. The diminution in absorbance, the blue-shift and the broadening are also present as 

they were for the suspensions on Figure 12. 
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Figure 13: DRS spectra of Au@Pt-10/SiO2 and Au@Pt-100/SiO2 NPs 

 

In order to design the catalytic test we needed to quantify the actual amount of metal that 

was contained on the different material that we used. We could not assume all the steps as 

being a hundred percent effective. The elemental analysis was performed using Atomic 

Emission Spectroscopy (AES), which calculated the composition in gold and platinum. We 

express those value in term of metal loading: the total mass of gold and platinum in weight 

percent compare to the mass of the silica, the loading of gold and platinum: the mass of gold 

over the total mass of catalyst in weight percent and the mass of platinum over the total mass 

of catalyst in weight percent, and the platinum coverage. 

The result of the quantitative analysis of four different samples are presented on Figure 13. 

The Au@Pt-100/SiO2 was the first one to be synthesized and presented low amount of 

platinum. A new material at 100% coverage was then prepared by keeping the all synthesis at 

105°C to see if it would improve the deposition of platinum, this correspond to Au@Pt-

100/SiO2 - 2. 

Those result present different challenges, the metal loading is too low for Au@Pt-10/SiO2, 

Au@Pt-50/SiO2 and Au@Pt-100/SiO2 - 2 but there platinum coverage is close to the expected 

value, while it is the total opposite for Au@Pt-100/SiO2. We are not sure what would cause 

such variations. For the following reaction tests the different catalyst will conserve the same 

appellation, but it must be kept in mind that they do not correspond to their real platinum 

coverage. 
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Catalysts Metal loading 

(w%) 

platinum loading 

(w%) 

Platinum to gold 

(Atomic%) 

Platinum coverage 

(%) 

Au@Pt-100/SiO2 
Au@Pt-100/SiO2 - 2 

Au@Pt-50/SiO2 
Au@Pt-10/SiO2 

2.71 (3) 
1.74 (3) 
1.38 (3) 
2.00 (3) 

0.082 (0.214) 
0.114 (0.214) 
0.039 (0.107) 
0.012 (0.021) 

2.91 (6.5) 
6.09 (6.5) 

2.73 (3.25) 
0.59 (0.65) 

44.8 (100) 
93.7 (100) 
42.1 (50) 
9.1 (10) 

 

Table 1: Composition in gold and platinum of the different catalysts, the expected values are 

in red in brackets 

 

4-nitrophenol reduction 

 

The very high catalytic activity of gold nanoparticles toward the reduction of 4-nitrophenol to 

4-aminophenol12 allowed this reaction to be conducted under very mild condition (room 

temperature) and using sodium borohydride (NaBH4) as an in situ hydrogen source makes it 

possible to have the reaction done directly inside a spectrometer cuvette without any concern 

for hydrogen safety hazard. 

Figure 14 show the superposition of spectra taken every 5 minutes of a period of 40 min with 

a Au NPs catalyst. The 400 nm peak correspond to the absorbance of 4-nitrophenol anionic 

species and was used to estimate evolution in the conversion. At 300 nm a small absorbance 

peak appear at the reaction progress, indicating the formation of 4-aminophenol. 

 

The kinetic of the reduction of 4-nitrophenol follows a pseudo first order kinetic.23 An 

apparent kinetic rate constant (kapp) can be determined using the following equation: 

𝑙𝑛(
𝐴

𝐴0
) = 𝑘𝑎𝑝𝑝 . 𝑡  

By plotting this equation for the four catalyst studied with this reaction and under dark and 

light irradiation (Figure 15), we were able to estimate the apparent kinetic rate constant (Table 

2). This show us that the rate constant was nearly double for Au@Pt catalyst and more than 

double for simple Au NPs. 

We can conclude that there is clearly an enhancement of the kinetic thanks to LSPR effect, but 

platinum on the surface as a dampening effect on this plasmon resonance. This was already 

suggested by the evolution in the plasmon peak with increasing coverage of platinum (Figure 

12). But thanks to the added catalytic activity of platinum the Au@Pt NPs always present 

higher rate constant. 
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Figure 14: UV-Vis spectra of reaction solution with Au NPs as catalyst. 

 

  

Figure 15: a, ln(A/A0) over time in dark condition for different catalyst. b, ln(A/A0) over time 

in light condition for different catalyst. 
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Catalysts kapp-dark (x10-4 s-1) kapp-light (x10-4 s-1) 

Au 
Au@Pt-10 

Au@Pt-100 
Au@Pt-500 

3.28 
5.77 
5.40 
5.88 

7.36 
9.93 
9.32 
10.3 

 

Table 2: Values of the apparent kinetic rate constant for different catalyst and under dark 

and light conditions 

 

Phenylacetylene hydrogenation 

 

After testing the nanoparticles suspension with the 4-nitrophenol reduction, we moved on to 

the phenylacetylene hydrogenation, this time using the supported material. For this reaction, 

thanks to gas chromatography, we were able to also study the selectivity of the catalyst 

toward the partial hydrogenation of styrene. 

To express the catalytic activity of the material for this reaction we used turnover frequency 

(TOF).24 It allows to take into account the number of active sites, as we assume that all the 

platinum atoms on the surface are active site, to get the number of turnovers per minutes: 

 

𝑇𝑂𝐹 =
𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 ∗  𝑃𝐴/𝑃𝑡 𝑟𝑎𝑡𝑖𝑜

𝑡𝑖𝑚𝑒
 

 

Figure 16a show that Au@Pt-10 present a higher catalytic activity than Au@Pt-100, despite 

having 4 time less platinum. But surprisingly only Au@Pt-100 present light enhancement by 

around 25% with 525 nm lamps and even with 427 nm there is a slight increase in the TOF. 

While Au@Pt-10 activity decrease a little under light (427 nm wavelength was not tested for 

this material). 

In term of selectivity both catalysts present the same high selectivity toward styrene (~92 %), 

without or with radiation. 

We quickly moved on to the last test reaction, the nitrobenzene hydrogenation, and did not 

analyze other materials since we had not yet synthetized them when working on this reaction. 

 



Paul Brasseur 
Plasmonic and catalytic properties of gold-platinum nanoparticles for hydrogenation reactions 

19 
 

 

Figure 16: a, TOF for Au@Pt-10 and Au@Pt-100 at 40°C, under dark and light conditions. b, 

selectivity toward styrene formation under dark and light conditions. 

 

Nitrobenzene hydrogenation 

 

We did the most complete study of the different catalyst using the nitrobenzene reduction, 

also testing reference sample as silica, gold on silica and platinum on silica. The reaction 

product were analyzed using gaz chromatography, and the result are presented again using 

turnover frequency. The 427 nm wavelength lamps were also tested for one reaction and gave 

similar result as the one at 525 nm.  

The TOF on figure 16 show that all the reference sample which do not contain platinum do 

not have any catlytic properties for this reaction. The catalyst made of platinum nanoparticles 

does not seem very active, maybe because of the assumption that all platinum atoms are 

active sites for the synthesis which is probably not the case for this catalyst. All those 

information confirme that only the platinum is an active catalyst for this reaction.  

Au@Pt-10 present again the highest catalytic activity, with the lowest content of platinum, 

but only under light iradiation. Except for Au@Pt-10 without light, the TOF seem to follow a 

trend toward lower activity with higher coverage. This is similar to the result from the 

phenylacetylene reduction, even if not enough material had been tested for this previous 

reaction to show any clear trend. 

When it comes to light enhancement a similar trend than for the activity can be seen. Excepted 

for Au@Pt-50, the less platinum the more the catlytic activity increase. We tried to normalized 
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the amount of gold for each catalysts, as they have different metal loading, but this did not 

have any impact on the light enhancement. 

 

Figure 17: TOF for the nitrobenzene reduction. 

 

Concerning the selectivity toward azoxybenzene, the values of figure 18a show that this 

intermediate is always present in the reaction, even if it varies a lot. The two catalyst with the 

highest TOF, Au@Pt-10 and Au@Pt-100, have less of the intermediate, probably because the 

reaction was closer to completion. 

An unidentified specie was sometime detected and we think it could be hydrazobenzene, as 

thought by Davis et al.25 

Figure 18b suggest that the presence of light increase the amount of azobenzene, maybe by 

stabilizing the intermediate. For most catalyst none or nearly no azobenzene was detected 

compare to azoxybenzene, probably because its decomposition rate is faster than that of 

azoxybenzene. 
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Figure 18: a, selectivity for azoxybenzene under dark and light conditions. b, selectivity 

toward azobenzene formation under dark and light conditions. 
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Conclusion 
 

We were successfully able to design a bimetallic material composed of gold nanoparticle as a 

plasmonic material, covered with various amount of platinum. The nanoparticles present a 

spherical morphology and relatively monodisperse diameter. Even if the supporting on silica 

gave varying results, the nanoparticles were well disperse on the solid. The unsupported 

nanoparticles displayed fairly good light enhancement, regardless the amount of platinum. 

While the supported material did not always show light enhancement even when normalizing 

the amount of gold in the reaction. We think that an interaction between the silica and the 

gold nanoparticle has a dampening effect on the plasmon resonance. It could also be due to 

the shift and the broadening of the plasmon has platinum is added which would make the 525 

nm lamps inefficient. 

When it comes to the catalytic activity of Au@Pt, we were able to obtain good conversion in 

mild conditions for all model reactions. The kinetic study on-nitrophenol reduction show a 

good increase in rate constant. The phenylacetylene hydrogenation gave successful light 

enhancement even under irradiation using light at a 427 nm wavelength, far from the plasmon 

peak of gold nanoparticle. No particular effect on the selectivity toward styrene was observed. 

The last catalytic test, the nitrobenzene reduction, a trend could be observed, with higher 

catalytic activity for less platinum coverage. The most active catalyst, Au@Pt-10, could present 

these high activity thanks to the presence of mostly single atoms platinum. Single atoms 

usually present unique catalytic activities, which could explain its behavior. Further 

investigation would be needed to confirm the presence of the hypothetic platinum single 

atoms, like CO chemisorption analytical method. 
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Experimental section 
 

Material: 

Acetone (CH3COCH3, 99%, Honeywell), isopropanol (C3H8O, HPLC grade 99.9%, Sigma-

Aldrich), sodium citrate tribasic dihydrate (Na3C6H5O7, 99%, Sigma-Aldrich), L-ascorbic acid 

(C6H8O6, 99%, Sigma-Aldrich), nitric acid (HNO3, 65.0-67.0%, Sigma-Aldrich), gold(III) chloride 

trihydrate (HAuCl4·3H2O, 99.9%, Sigma-Aldrich), chloroplatinic acid hydrate (H2PtCl6·xH2O, 

99.9%, Sigma-Aldrich), silica (O2Si, 99.8%, Sigma-Aldrich), 4-nitrophenol (C6H5NO3, 99%, 

Sigma-Aldrich), phenylacetylene (C8H6, 98%, Sigma-Aldrich), nitrobenzene (C6H5NO2, 99%, 

Sigma-Aldrich), hydrochloric acid (HCl, 37%, Sigma-Aldrich), sodium borohydride (NaBH4, 

98%, Sigma-Aldrich). Deionized water (18.2 MΩcm) was used throughout the experiments. 

 

UV-Vis Spectrometry: 

A Shimadzu UV-2600 UV-Vis spectrophotometer was used to record the UV-Visible spectra. 

The suspension of gold nanoparticle, with and without platinum, were obtained by diluting a 

small amount of the suspension in water and directly analyzing the solution. The supported 

catalyst was analyzed by diffusive reflectance spectroscopy (DRS) on the same 

spectrophotometer equipped with an integrating sphere (ISR 2600) using BaSO4 as the 

reflectance standard sample. 

 

Atomic Emission Spectroscopy: 

The AES measurement, to obtain the exact composition in gold and platinum of the different 

catalyst, were done on a Agilent Technologies MP-AES 4100 spectrometer. Gold and platinum 

standard of 1, 2, 5, 7 and 10 ppm were prepared using gold(III) chloride trihydrate and 

chloroplatinic acid hydrate salts. Based on the expected metal loading, the right amount of 

supported catalyst, to make a 5 ppm platinum solution, was dissolved into a few mL of aqua 

regia to obtain the ionic form of the gold and platinum. Nearly all the water was evaporated 

at 60°C and 2 mL of water was added. The undissolved silica was separated by centrifugation 

(14000 rpm, 5 min), 1.6 mL of the supernatant was taken into a 15 mL Eppendorf tube and 3.4 

mL of water was added. The gold solution was made by sampling a small amount of the 

platinum solution previously made and diluting it to the right concentration (2 to 5 ppm 

depending on the catalyst).  
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Gas Chromatography: 

The product of the reduction of phenylacetylene and nitrobenzene were monitored using a 

gas chromatographer Shimadzu Nexis GC – 2030. 

Due to the presence of fine particles from the catalyst, the solution from the reactions could 

not be directly injected in the GC and had to be treated. Most of the solid was separated by 

centrifugation (14000 rpm, 3 min) and 1 mL the supernatant was passed through a syringe 

filter to remove the finer particles still in suspension. 

 

Electronic Imaging: 

The scanning electron microscopy (SEM) images were obtained using a Hitachi S-4800 field 
emission. Transmission electronic microscopy (TEM) images were taken on a Tecnai F20 
electron microscope operating at an accelerating voltage of 200 kV. 
Unsupported catalyst was prepared by washing it 3 times with water and dropping 10 µL on a 

silicon wafer square and letting it dry at room temperature. For supported catalyst a small 

amount was dispersed in 1 mL of water via sonication and was drop casted with the same 

method. 

 

Synthesis of Au nanoparticles: 

In a 250 mL round bottom flask, 100 mg of sodium citrate tribasic dihydrate is dissolved in 148 

mL of water. The solution is stirred for 15 min at 105°C in an oil bath. Then 2 mL of HAuCl4 

(12.7 mM) is added and the solution is let to react for 30 min. Are red suspension of 

monodisperse and spherical gold nanoparticles is obtained. 

 

Deposition of Pt: 

In a 150 mL round bottom flask, 75 mL of the freshly prepared gold nanoparticle solution is 

heated to 70°C under stirring for 15 min. 35.2 mg of L-ascorbic acid is added and let to dissolve 

for 30 min. The right volume of a H2PtCl6 solution (2.44 mM) is added depending of the 

desired amount of coverage. The deposition takes 30 min. 

 

Synthesis of Pt nanoparticles: 

In a 50 mL round bottom flask, 4.41 mL of a sodium citrate tribasic dihydrate solution (1.35 

mM) and 2.59 mL of a H2PtCl6 solution (2.44 mM) are added. The solution is stirred and 

heated at 30°C for 15 min. 3 mL of a freshly prepared NaBH4 solution (9.95 mM) is added 

dropwise under strong stirring and the solution is let to react for 15 min. 
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Supporting of SiO2: 

The supporting is done at 70°C, under strong stirring and left overnight. For each suspension 

(Au, Au/Pt and Pt) 20 µL of nitric acid was added prior to the addition of silica. For Au and 

Au/Pt suspensions, 75 mL of freshly prepared were taken into 150 mL round bottom flask and 

around 80 mg of silica nanopowder was added to obtain around 3 w% metal loading. For Pt 

suspension, around 95 mg of silica nanopowder was added to the 10 mL solution, making it a 

1 w% metal loading. The supported material was recovered by centrifugation (7000 rpm, 20 

min) and washed 3 times. It was dried in an oven (70°C, 2 days) and crushed to a fine powder 

with a mortar and pestle. 

 

Reduction of 4-nitrophenol: 

This reaction was done directly inside the spectrometer cuvette. A solution of NaBH4 (127 

mM) was prepared just before each reactions, because NaBH4 degrades very quickly in water. 

1.5 mL of a 4-nitrophenol solution (0.14 mM) was added to the cuvette and 5 min after the 

preparation of the NaBH4 solution, 1 mL is added to the cuvette. A spectrum of the 

nitrophenol ions is recorded. 15 µL of washed suspension (Au or Au/Pt, washed 3 times in 

water with centrifugation) is added and the t0 spectrum is recorded. During the reaction a 

spectrum was taken every 5 min for 40 min. 

Under dark conditions the spectrometer led was closed. For light conditions, a single 525 nm 

laser source was placed above the cuvette and the led was left opened, only for the 

measurement was the light turned off and the opening of the spectrometer covered. 

 

Reduction of phenylacetylene and nitrobenzene: 

To find the reaction where the catalyst would show light enhancement, we varied the molar 

ratio of platinum to reactant (phenylacetylene or nitrobenzene) by using different amount of 

phenylacetylene. In a 25 mL schlenk flask the desired amount of reactant was added and 

isopropanol was added to reach 5 mL. 5mg of supported catalyst was dispersed in the solution 

using an ultrasonic water bath for 6 min. The solution was purged with hydrogen for 4 min 

and a closed hydrogen balloon was attached to the schlenk flask. The flask was sealed with 

parafilm and placed into an oil bath at 40°C with stirring. After a certain amount of time (1 to 

6 hours) the balloon was removed and the catalyst separated by centrifugation to analyze the 

solution by GC. 

Under dark conditions the flask was covered with aluminum foil. For light conditions, the setup 

was placed inside a box with walls covered in aluminum foil and 4 lamps were directed at the 

flask. 
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