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Pt-decorated mesoporous silica is directly prepared using 

polymeric micelles assembly approach using an asymmetric 10 

triblock copolymer, poly(styrene-b-2-vinylpyridine-b-ethylene 

oxide) as structure directing agent. Strongly immobilized, 

fully accessible, and uniformly dispersed Pt nanoparticles on 

mesoporous silica wall exhibit superior catalytic activity 

toward CO oxidation. 15 

Noble metal nanoparticles supported on inorganic substances 

(i.e., carbon, metal oxides) exhibit high catalytic activity for a 

wide range of chemical reactions.1 Colloidal chemistry has 

enabled the synthesis of catalytically active metal nanoparticles 

with tunable shapes, sizes, and compositions. The colloidal 20 

nanoparticles are usually prepared in the presence of organic 

capping agent that prevent the aggregation of nanoparticles in the 

solution.2 Several industrially important reactions, such as CO 

oxidation,3 isomerization,4 cross-coupling5, are carried out at 

higher temperature. At high temperature, the organic capping 25 

agents decompose and metal nanoparticles can deform and 

aggregate each other. Their performance at high temperature is 

different from those of pristine metal nanoparticles. Recently, 

many efforts have been made to prepare the very stable metal 

catalysts that can be used at high temperature. Deposition of 30 

metal nanoparticles on/into porous materials as supports helps to 

prevent the aggregation of neighbouring nanoparticles even at 

high temperature.6 Chemical vapor deposition,7 photo 

irradiation,8 sol-gel, 9 and sputtering10 have been utilized for the 

effective dispersion of metal nanoparticles over the supports. 35 

Addition of metal sources into porous substrates and their 

subsequent reduction are also very common method to introduce 

the metal nanoparticles into/on the porous matrix.11  

Post-treatment is well-known approach for deposition of 

metal nanoparticles on inorganic matrix. Pt-supported catalysts 40 

are synthesized by typical impregnation and subsequent hydrogen 

reduction method. However, Pt nanoparticles located inside the 

mesopores are often non uniform and their particle size 

distributions are broad.12,13 Several mesoporous metal oxides 

(i.e., silica, alumina) have been loaded with size-controlled Pt 45 

nanoparticles to investigate the effects of oxide-metal interface on 

catalytic CO oxidation reaction.14 Growth of mesoporous silica 

shell on metal nanoparticles has been also reported.15 Thermally 

stable mesoporous silica shell providing direct access to the Pt 

core makes an efficient catalyst for hydrogenation and CO 50 

oxidation. In spite of the above progress, complicated synthetic 

systems are still required. Size-control of metal nanoparticles and 

selection of reducing agent and/or capping agent makes the 

method more complicated. Also, serious pore blocking by metal 

nanoparticles has been sometimes observed, which drastically 55 

reduces the performance of materials.  

Here, we synthesized Pt-decorated mesoporous silica in 

which the Pt nanoparticles are strongly anchored on the silica 

wall, by assembly of spherical polymeric micelles consisting of 

poly(styrene-b-2-vinylpyridine-b-ethylene oxide) (PS-b-PVP-b-60 

PEO) block copolymer with three chemically distinct units (Fig. 

1). Our polymeric micelle assembly is totally different from 

traditional evaporation-induced self-assembly (EISA).16 Strong 

hydrophobic interaction of platinum(II) 2,4-pentanedionate with 

the PS core and acid-catalyzed polymerization of silica precursor 65 

on the PVP shell enable us to directly synthesize Pt-decorated 

mesoporous silica. The hydrophobic PS block is kinetically 

frozen in the precursor solution, enabling the spherical micelles to 

remain in a stable form. The frozen PS core serves as template 

and the thermally stable block copolymer prevents collapse of 70 

ordered mesostructure during calcination process. The platinum 

source is in-situ converted to the Pt nanoparticles on silica walls 

without use of any reducing agents. Our Pt-decorated mesoporous 

silica exhibits the excellent performance for the oxidation of CO.  

 75 

 

 
Fig. 1 Illustration of synthetic process of Pt-decorated mesoporous 

silica by ‘polymeric micelle assembly’.  

 80 

In this experimental, PS(13000)-b-PVP(9000)-b-PEO(16500) 

block copolymer (20 mg) and platinum(II) 2,4-pentanedionate 

(15 mg) were dissolved into THF (4.0 mL) ultrasonically (The 

numbers inside parentheses indicate the molecular weight of each 

block). No micelles or nanoaggregates were detected by dynamic 85 

light scattering (DLS) measurement. After addition of HCl 

solution (80 µL), the micellization occurred as a result of 

insolublization of the PS core in HCl solution. Slow addition of 

HCl solution is important to form uniform-sized polymeric 

micelles. Hydrophobic Pt source was encapsulated in the PS core 90 

due to hydrophobic interaction. It has been known that 

hydrophobic organic dyes and metal sources can easily 
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incorporate into hydrophobic domain of micelles.17 The Tyndall 

effect on the solution is one of the evidence for the formation of 

micelles (Fig. S1-a). Furthermore, we directly visualized the 

presence of polymeric micelles by confocal laser scanning 

microscope (Fig. S1-b). Uniformly-sized polymeric micelles 5 

showed Brownian motion in the solution, which is the direct 

evidence of the formation of very stable and highly uniform 

micelles. From dynamic light scattering experiment (DLS), it was 

found that the average hydrodynamic diameter was 80±5 nm with 

polydispersity index 0.09. The zeta-potential measurements 10 

revealed that the micelles possessed positive surface charge of 35 

mV. Tetraethoxysilane (100 µL) was added into the micelles 

solution and stirred for 3 hours at room temperature; the 

hydrolyzed silica precursors were interacted on the PVP shell. 

Thus, the PVP shell serves as reaction site for sol-gel reaction 15 

according to Nakashima’s report.18 The zeta-potential was again 

measured and it was significantly decreased to 5 mV, indicating 

that the polymerization of silica sources on PVP shell masks its 

positive charge. The hydrodynamic diameter of the obtained 

composite micelles was about 60 nm. The resulting solution 20 

containing of polymeric micelles was dried in room temperature 

by keeping on open Petri dish. After complete solvent 

evaporation, the sample was calcined at 600 oC in N2 

environment. From the thermogravimetric analysis (TGA) curves 

of the polymer and polymer composites in N2 flow (Fig. S2), a 25 

sharp weight loss was confirmed at around 500 °C, indicating 

complete combustion of the polymer and derivatives (carbon).  

  

 
Fig. 2 (a) SEM and (b and c) low- and high-magnified TEM images of 30 

Pt-decorated mesoporous silica (One mesopore is indicated by a 

yellow-colored circle.), and (d) particle size distribution of Pt 

nanoparticles deposited inside the mesopores. 

 

The calcination process not only removes the polymer template 35 

but also deposits Pt nanoparticles. In general, selection of 

reducing agent is another troublesome for the synthesis of 

uniformly sized Pt nanoparticles, because the nanoparticle sizes 

strongly depend on the kinetics of reduction.19 In the present 

study, Pt source is thermally converted to metallic Pt 40 

nanoparticles without using any reducing agent. The in-situ 

formed carbon from polymer during calcination in inert medium 

reduces the Pt precursors to Pt nanoparticles and deposits on 

mesoporous silica support.17b, 17c  

After removing the micelle template, orderly arranged 45 

mesoporous silica with uniformly distributed Pt nanoparticles 

was obtained. The average size of mesopores and the wall 

thicknesses are ca. 25 nm and ca. 15 nm, respectively as shown 

in Fig. 2a-c. The pore size corresponds to the PS core of 

polymeric micelles. Therefore, changing the molecular weights of 50 

PS blocks can easily control the mesopore sizes of the products.20 

The detailed location of Pt nanoparticles on the mesoporous silica 

was clearly observed by TEM (Fig. 2b and 2c). Small-sized Pt 

nanoparticles were distributed through out the mesoporous wall. 

The particle size distribution for Pt nanoparticles is shown in Fig. 55 

2d. The particles size distribution was obtained by accounting 

150 Pt nanoparticles in different TEM images. Most of the 

particles were about 4-6 nm in diameter.  
The porosity of Pt-decorated mesoporous silica was 

investigated by N2 adsorption-desorption isotherm. The isotherm 60 

exhibited type IV with hysteresis loop, which is typical of 

mesoporous materials. Large uptake was clearly observed in high 

relative pressure range from 0.8 to 0.9, because the mesopore size 

is relatively large. The BET surface area was calculated to be 64 

m2·g-1 with average pore size 30 nm (Fig. S3). This surface area 65 

is lower compared to other mesoporous silica materials without 

Pt nanoparticles, but this situation is acceptable. The addition of 

Pt content largely decreased the mass-normalized surface area 

because Pt is a heavy element. From wide-angle XRD pattern 

(Fig. S4a), several diffraction peaks were observed. These peaks 70 

can be assigned to (111), (200), (220), (311), and (222) peaks of 

fcc Pt crystal. The presence of metallic Pt nanoparticles in 

mesoporous silica was also confirmed by X-ray photoelectron 

spectroscope. The main peaks with the binding energy of Pt 4f5/2 
at 74.58 eV and Pt 4f7/2 at 71.08 eV are typical for the zero 75 

valent Pt (Fig. S4b). The additional peaks at 76.18 eV and 72.08 

eV were necessary to fit the experimental data. These peaks could 

be assigned to Pt(II) related to PtO. Oxygen chemisorption may 

occur at step and kink sites present on the surface of the Pt 

nanoparticles.21 80 

The most inevitable problem associated with catalysts in the 

industrial use is thermal agglomeration of the catalytic centres at 

high temperatures, which greatly retards the catalytic 

performance. Our Pt-decorated mesoporous silica prepared in this 

study is free from such substantial thermal agglomeration, 85 

because the nanoparticles are strongly anchored on the silica wall. 

This strongly immobilization of nanoparticles on silica wall 

inhibits serious nanoparticle sintering and loss of catalytic 

activity even after prolonged heating at high temperatures (Fig. 

S5). As preliminary application of Pt-decorated mesoporous silica 90 

as catalyst, we investigated its catalytic activity toward the 

oxidation of CO by O2. Here the CO oxidation reaction was 

performed over the catalyst in a circulating-gas reactor equipped 

with a gas chromatograph. The catalyst was vacuum-dried in the 

reactor at 150 °C prior to the reaction. Then, mixture of CO (6.67 95 

kPa) and O2 (3.33 kPa) was circulated through the catalyst. The 

formation of CO2 was monitored by gas chromatography. Our Pt-

incorporated mesoporous silica efficiently catalyzed the CO 

oxidation at 150 oC and interestingly achieved full conversion of 

CO to CO2 within a couple of minutes (Fig. 3). For comparison, 100 

we tested standard Pt/SiO2 catalyst where Pt nanoparticles are 

deposited on silica spheres.22 Obviously, time course of CO 

conversion over Pt-incorporated mesoporous silica exhibited 

higher CO conversion at any duration. Therefore, the mesoporous 

silica walls not only stabilize the Pt nanoparticles but also provide 105 

easy access to the Pt nanoparticle surface, thereby serving as an 

efficient catalyst.  

To further demonstrate wide applicability of ‘polymeric 

micelle assembly’, we changed inorganic substrate from silica to 

alumina (Al2O3). Porous alumina also represents one of the most 110 

prominent inorganic supports for noble metals that are widely 

applied as catalyst in several reactions.23 For this preparation, 
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aluminium butoxide was used instead of TEOS to synthesize Pt-

decorated mesoporous alumina. Fig. S6 shows the strong 

anchoring of Pt nanoparticles on the alumina wall. The particle 

size distribution of deposited Pt nanoparticles was similar as that 

of Pt-decorated mesoporous silica. We believe that our approach 5 

will be easily extendable to synthesize other compositions. 

 

 

 
Fig. 3 CO oxidation by using (a) Pt-decorated mesoporous silica and 10 

(b) standard Pt/SiO2 catalyst. The activity of CO conversion is 

normalized with the mass of Pt nanoparticles in the samples. 

 

In conclusion, Pt-decorated mesoporous silica is directly 

prepared using polymeric micelle assembly approach using an 15 

asymmetric triblock copolymer, poly(styrene-b-2-vinylpyridine-

b-ethylene oxide) as structure directing agent. Introduction of 

hydrophobic Pt source into the PS core and acid-catalyzed 

polymerization reaction of silica precursor on PVP shell enable to 

directly synthesize Pt-decorated mesoporous silica. Our approach 20 

based on ‘polymeric micelle assembly’ is simple and advantage 

for deposition of fully accessible and uniformly dispersed metal 

nanoparticles on/into the mesopores. Pt-decorated mesoporous 

silica obtained in this study showed superior catalytic activity for 

the oxidation of CO than standard Pt/SiO2 catalyst. The 25 

simplicity, flexibility, and reproducibility of our synthetic method 

allow easy fabrication of various mesoporous materials with 

different metal nanoparticles and different framework 

compositions in future. 

 30 
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