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Thermally stable Pt/mesoporous silica core–shell
nanocatalysts for high-temperature reactions
Sang Hoon Joo, Jeong Young Park, Chia-Kuang Tsung, Yusuke Yamada, Peidong Yang
and Gabor A. Somorjai *
Recent advances in colloidal synthesis enabled the precise control of the size, shape and composition of catalytic metal
nanoparticles, enabling their use as model catalysts for systematic investigations of the atomic-scale properties affecting
catalytic activity and selectivity. The organic capping agents stabilizing colloidal nanoparticles, however, often limit their
application in high-temperature catalytic reactions. Here, we report the design of a high-temperature-stable model catalytic
system that consists of a Pt metal core coated with a mesoporous silica shell (Pt@mSiO2 ). Inorganic silica shells encaged the
Pt cores up to 750 ◦ C in air and the mesopores providing direct access to the Pt core made the Pt@mSiO2 nanoparticles as
catalytically active as bare Pt metal for ethylene hydrogenation and CO oxidation. The high thermal stability of Pt@mSiO2
nanoparticles enabled high-temperature CO oxidation studies, including ignition behaviour, which was not possible for bare Pt
nanoparticles because of their deformation or aggregation. The results suggest that the Pt@mSiO2 nanoparticles are excellent
nanocatalytic systems for high-temperature catalytic reactions or surface chemical processes, and the design concept used in
the Pt@mSiO2 core–shell catalyst can be extended to other metal/metal oxide compositions.

T

o design high-performance catalysts in terms of activity,
selectivity and resistance to deactivation, understanding
the properties affecting catalytic performance is of great
importance1–4 . Over the past few decades, model catalytic systems,
including metal single crystals and lithographically fabricated metal
nanostructures, have successfully been used to uncover atomicscale characteristics, such as surface structures and particle size, that
are critical to catalytic activity and selectivity5–8 . Recent advances
in colloid chemistry enabled catalytic nanoparticles to be readily
prepared with tunable particle size, shape and composition9–13 .
Starting with colloidal nanoparticles, two-dimensional (2D) and 3D
model catalysts have been developed that are composed of arrays
of nanoparticles on a flat substrate and nanoparticles dispersed on
a high-surface-area mesoporous oxide support, respectively. These
model catalytic systems have enabled systematic investigations of
the effects of particle size14 , shape15–17 and composition18,19 on
catalytic properties.
Catalytic studies of colloidal nanoparticles have shown that
the thermal and chemical stabilities of nanoparticle catalysts are
crucial. Colloidal nanoparticles are usually prepared in the presence
of organic capping agents, such as polymers or surfactants, that
prevent the aggregation of nanoparticles in solution. At high
temperatures, typically above 300 ◦ C, however, the organic capping
layers can decompose and the metal nanoparticles can deform
and aggregate. As a result, the size, shape and composition of
nanoparticles during or after high-temperature reactions could be
different from those of pristine nanoparticles. Many industrially
important catalytic processes, including CO oxidation20–25 , partial
oxidation26 and cracking27 of hydrocarbons and combustion28
reactions, are carried out at temperatures above 300 ◦ C. In this
regard, model catalysts that are stable at high reaction temperatures
are in high demand.
Here, we designed core–shell particle configurations and
prepared the nanoparticles with high thermal stability. The

core–shell structures have important implications in catalysis29 . The
outer shells isolate the catalytically active nanoparticle cores and
prevent the possibility of sintering of core particles during catalytic
reactions at high temperatures. In addition, the synergistic effects of
metal–support interfaces may be maximized where such interfaces
are important in catalytic performances.
Herein, we report the preparation of Pt/mesoporous silica
core–shell (Pt@mSiO2 ) nanoparticles that are thermally stable
at high temperatures. We carried out CO oxidation and
ethylene hydrogenation reactions to explore the catalytic
activities of the Pt@mSiO2 core–shell nanoparticles. The
core–shell structured Pt@mSiO2 nanoparticles were prepared
in three steps (Fig. 1): (1) synthesis of Pt nanoparticles using
tetradecyltrimethylammonum bromide (TTAB) as the capping
agent, (2) silica polymerization around the Pt cores, generating
the as-synthesized Pt@SiO2 mesostructures and (3) removal of
the TTAB molecules by calcination to produce the Pt@mSiO2
core–shell nanoparticles. The Pt@mSiO2 consisted of 14 nm Pt
cores and 17-nm-thick mesoporous silica shells. The reacting
molecules can directly access the Pt cores through the mesopores
within the silica shells and the product molecules can readily
exit through these mesopores. The Pt cores were encaged
within the silica shells at temperatures up to 750 ◦ C in air. The
Pt@mSiO2 nanoparticle catalysts exhibited catalytic activity similar
to TTAB-capped Pt nanoparticles for ethylene hydrogenation and
CO oxidation. Significantly, the high thermal stability of Pt@mSiO2
nanoparticles enabled the study of ignition behaviour during the
Pt-nanoparticle-catalysed CO oxidation process. The high thermal
stability, as well as uniform mesoporous shell structure, suggested
that the Pt@mSiO2 core–shell nanoparticles are an excellent
nanoparticle system for catalytic reactions or surface chemical
processes that occur at high temperatures.
The transmission electron microscope (TEM) images for
TTAB-capped Pt and as-synthesized Pt@SiO2 nanoparticles are
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Figure 1 | Schematic representation of the synthesis of Pt@mSiO2 nanoparticles. Pt nanoparticles were synthesized using TTAB surfactant as the
capping agent, and used as the core particles. Second, as-synthesized Pt@SiO2 particles were prepared by polymerizing TEOS around the TTAB-capped Pt
cores. RT: room temperature. The as-synthesized Pt@SiO2 particles were subsequently converted to Pt@mSiO2 particles by calcination.
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Figure 2 | TEM and XRD characterizations of TTAB-capped Pt and
as-synthesized Pt@SiO2 core–shell nanoparticles. a–c, TEM images of
TTAB-capped Pt (a) and as-synthesized Pt@SiO2 nanoparticles (b,c).
d, High-angle XRD patterns of Pt and Pt@SiO2 nanoparticles.

Figure 3 | Thermal stability of Pt@mSiO2 nanoparticles. a–d, TEM images
of Pt@mSiO2 nanoparticles after calcination at 350 ◦ C (a,b), 550 ◦ C (c)
and 750 ◦ C (d).

shown in Fig. 2. The TTAB-capped Pt nanoparticles shown in
Fig. 2a were composed of a mixture of cubes (70%), cuboctahedra
(26%) and irregular shapes (4%) and exhibited an average particle
size around 14.3 nm in diagonal distance. The surfaces of these
Pt cubes are stabilized by the bilayer of the TTAB surfactants30 .
These surface-capping TTAB surfactants were also used as
structure-directing templates for the polymerization of silicates by
a sol–gel process, as demonstrated in the synthesis of MCM-41-like
ordered mesoporous silicas31,32 . The silica–TTAB layer was formed
around the Pt nanoparticles under basic conditions (pH = 10–11)
through an electrostatic interaction between the cationic (TTAB)
and anionic (silicate) species. The TEM images of as-synthesized
Pt@SiO2 obtained under optimized experimental conditions
(Pt colloid/tetraethylorthosilicate (TEOS) = 1:4.5), where each Pt
particle is encapsulated by a silica layer, are shown in Fig. 1. The
average thickness of the silica layer surrounding the Pt core was
around 17 nm. Figure 2c shows the closely assembled structure
of the Pt@SiO2 nanoparticles in a large area, which was formed
by drop-casting on a TEM grid. The X-ray diffraction (XRD)
patterns of Pt and Pt@SiO2 nanoparticles (Fig. 2d) revealed that
the crystal structure (face-centred-cubic) of the TTAB-capped Pt
nanoparticles was maintained after the formation of the silica layer
on the Pt.
Most (∼95%) of the as-synthesized Pt@SiO2 nanoparticles
shown in Fig. 2b,c exhibited the core–shell structures, where each

Pt particle is encaged within a silica shell. The configuration of
core–shell nanoparticles was tuned by changing the concentration
of the silica source (TEOS) added for the silica polymerization.
If the concentration of TEOS was decreased compared with the
amount required for the optimized condition, the silica shell
contained multiple Pt particles (see Supplementary Information,
Fig. S1a). Increasing the amount of TEOS resulted in the
formation of a mixture of Pt@mSiO2 and amorphous silica particles
without Pt cores (see Supplementary Information, Fig. S1b). This
synthetic strategy can be generally applicable to nanoparticles with
differing composition, size and shape. For instance, smaller size
8.5 nm TTAB-capped Pt nanoparticles can be readily converted
into Pt@SiO2 core–shell particles, as shown in Supplementary
Information, Fig. S2.
The as-synthesized Pt@SiO2 nanoparticles contained a
significant amount of the TTAB surfactants, which are unfavourable
for molecular diffusion of reactant and product in catalytic
applications. To remove the TTAB surfactants, the as-synthesized
Pt@SiO2 sample was calcined at 350 ◦ C for 2 h in static air to
yield mesoporous Pt@mSiO2 nanoparticles. The TEM images of
Pt@mSiO2 nanoparticles after calcination (Fig. 3a,b) exhibited
mesopores of 2–3 nm in the silica shells. The porosity of
Pt@mSiO2 was confirmed by nitrogen physisorption. The nitrogen
adsorption–desorption isotherms of Pt@mSiO2 calcined at 350 ◦ C
(Fig. 4a) revealed that these nanoparticles are mesoporous,
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Figure 4 | Structural characterization of Pt@mSiO2 nanoparticles calcined at 350 ◦ C. a, Nitrogen adsorption–desorption isotherms. b, Pore size
distribution calculated from the adsorption branch of the isotherms.
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Figure 5 | CO oxidation activity of TTAB-capped Pt and Pt@mSiO2
nanoparticles.

as identified by the increase of the adsorption amount in
the relative pressure (P/P0 ) range of 0.2–0.3. The pore size
distribution curve calculated from the adsorption branch of the
isotherms (Fig. 4b) exhibited a maximum at 2.3 nm and the
Brunauer–Emmett–Teller surface area of Pt@mSiO2 was calculated
to be 440 m2 g−1 , indicating the highly mesoporous nature of the
silica shell.
For core–shell nanoparticles to be catalytically active, direct
access of reactive molecules to the core particles is of significant
importance. In previous examples of metal/mesoporous silica
core–shell particles33–35 , an intermediate protecting amorphous
silica layer was often sandwiched between the metal core and
the mesoporous silica layer, thus hampering direct access of
reactants to the metal core. In our design of these core–shell
particles, the mesoporous silica layer was directly formed on the
Pt cores. The accessibility of gas molecules was directly proved by
chemisorption measurements. Hydrogen chemisorption over the
Pt@mSiO2 catalyst gave a dispersion value of 8 ± 0.5%, which is
comparable to the ratio of surface atoms (11%) on the Pt particle,
as calculated by geometric considerations36 .
After calcination at 350 ◦ C, the spherical core–shell shape of
the as-synthesized Pt@SiO2 particles was maintained, as can be
seen by comparing the TEM images before (Fig. 2b) and after
(Fig. 3a) calcination. The shape of the Pt cores inside Pt@mSiO2
128

became slightly rounder after calcination, which is presumably
due to the melting of the Pt particles at the Pt–silica interface, as
reported earlier37 . However, a closer observation of the Pt core
by high-resolution TEM (Supplementary Information, Fig. S3)
revealed that the Pt core continued to be faceted and single
crystalline after thermal treatment under air. The stability of
Pt@mSiO2 core–shell nanoparticles at higher temperatures was
investigated by heating the sample to 550 ◦ C and 750 ◦ C in air.
After the calcination at 550 ◦ C (Fig. 3c), the core–shell morphology
of Pt@mSiO2 nanoparticles was preserved. Even on heating the
sample as high as 750 ◦ C, the morphology of most Pt@mSiO2
nanoparticles was maintained and the Pt cores were still encaged
within the silica shells (Fig. 3d), indicating high thermal stability
of Pt@mSiO2 core–shell nanoparticles. It is interesting to note
that in the case of the sample calcined at 750 ◦ C, some core–
shell particles possessing larger Pt cores and Pt-free hollow silica
particles were found. It seemed that Pt cores in Pt@mSiO2
nanoparticles diffused around 750 ◦ C through the mesoporous
silica shell into the neighbouring Pt@mSiO2 particles. A detailed
study of the thermal evolution of Pt@mSiO2 nanoparticles is
now underway.
The noble metal/metal oxide core–shell structured nanoparticles
have recently been exploited for catalytic applications38–43 .
Examples include Pt@CoO yolk–shell nanoparticles38 ,
poly(vinylpyrrolidone)-capped Pt encapsulated in mesoporous
silica39 , Pt nanoparticles entrapped in hollow carbon shells40 and Au
nanoparticles within hollow zirconia41 , hollow silica42 and tin oxide
shells43 . Our present design of Pt@mSiO2 core–shell nanoparticles
enables the direct access of reactive molecules to the catalytically
active core metals. In addition, the Pt cores within the silica layer
can be encaged even after high-temperature treatments while the
faceted nature of the particle is preserved, showing great promise
for use in high-temperature catalytic reactions.
The catalytic activity of Pt@mSiO2 nanoparticles was investigated for ethylene hydrogenation. The ethylene hydrogenation was
carried out at 10 torr of ethylene, 100 torr of H2 , with the balance
He (see Supplementary Information for experimental details). The
Pt@mSiO2 exhibited a turnover frequency (TOF) of 6.9 s−1 at
25 ◦ C and an activation energy of 8.1 kcal mol−1 . The TOF and
activation energy are similar to those of the Pt single crystal,
colloidal-Pt-nanoparticle-loaded SBA-15 model catalysts and other
supported catalysts (see Supplementary Information, Table S1).
It is worth noting that the Pt@mSiO2 nanoparticles exhibited
an order of magnitude higher TOF than the Pt@CoO yolk–shell
nanoparticles38 . The higher activity of Pt@mSiO2 is probably due to
the more facile diffusion and transport of the reactants and products
NATURE MATERIALS | VOL 8 | FEBRUARY 2009 | www.nature.com/naturematerials
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Figure 6 | Pt nanoparticle morphologies before and after CO oxidation. a–f, SEM images of core–shell Pt@mSiO2 (a,d) and TTAB-capped Pt (b,e)
nanoparticle arrays on 2D silicon wafer, and TEM images of TTAB-capped Pt nanoparticles dispersed on a 3D MCF mesoporous silica support (c,f)
before (a–c) and after CO oxidation at 330 ◦ C (d) and at 300 ◦ C (e,f).

through the mesoporous silica shells in Pt@mSiO2 than the CoO
shell in Pt@CoO, where the grain boundaries in CoO were proposed
as entry points for the molecules38 .
The high-temperature catalytic properties of Pt@mSiO2
core–shell nanoparticles were explored by using CO oxidation
as a model reaction. The catalytic oxidation of CO to CO2 over
platinum-group metals has been one of the most widely studied
surface reactions owing to its significance for emission control
and fuel cells20–25 . In particular, from the mechanistic point of
view, the CO oxidation reaction is intriguing as the reaction
proceeds through different mechanisms below and above the
ignition temperature. For the CO oxidation reaction, the Pt@mSiO2
and Pt nanoparticles were deposited on a silicon wafer using
the Langmuir–Blodgett technique. CO oxidation was carried
out with excess O2 (40 torr CO, 100 torr O2 , with the balance
He) in the temperature range of 240–340 ◦ C. Figure 5 shows the
oxidation activity of the Pt@mSiO2 . Two distinct reaction regimes
are observed as a function of temperature, which indicated an
ignition temperature around 290–300 ◦ C. For comparison, the
TTAB-capped Pt nanoparticle catalyst on the silicon wafer was
also tested for CO oxidation. The activity of the Pt@mSiO2 catalyst
was as high as that of TTAB-capped Pt nanoparticles, indicating
that the silica shells in the Pt@mSiO2 nanoparticles were porous
enough to provide access to the Pt cores, which is consistent
with our chemisorption and TEM studies. Figure 6 comparatively
shows scanning electron microscope (SEM) and TEM images of
TTAB-capped Pt nanoparticle arrays on the silicon wafer and Pt
dispersed inside the mesopores of mesostructured cellular foam
(MCF) silica (Pt/MCF), as well as the core–shell Pt@mSiO2 before
and after CO oxidation. The Pt@mSiO2 catalyst after CO oxidation
at 330 ◦ C maintained the morphology of calcined particles (Fig. 6d).
More importantly, the faceted and crystalline nature of the Pt
cores in the Pt@mSiO2 catalyst was preserved after the reaction,
as shown in Supplementary Information, Fig. S4. However, the
TTAB-capped Pt on silicon wafer (Fig. 6e) and Pt/MCF (Fig. 6f)

exhibited severe aggregation of Pt particles after CO oxidation at
300 ◦ C, which hampered the quantitative study of CO oxidation
above the ignition temperature regime. The X-ray photoelectron
spectroscopy (XPS) spectra of O1s peaks of Pt@mSiO2 revealed
that the Pt core was partially oxidized after CO oxidation (see
Supplementary Information, Fig. S5).
The ignition temperature during CO oxidation over the
Pt@mSiO2 catalyst is 290–300 ◦ C, which lies between that of Pt(100)
(227 ◦ C) and Pt(111) (347 ◦ C) single crystals25 . The Pt cores encaged
in Pt@mSiO2 nanoparticles are mostly composed of cubic and
cuboctahedron shapes, exposing mostly (100) and (111) surfaces,
which explains why the ignition temperature of the Pt@mSiO2
nanoparticles is between those of Pt(100) and Pt(111) single
crystals. The Pt@mSiO2 nanoparticles exhibited lower activation
energies (27.5 and 9.8 kcal mol−1 for below and above the ignition
temperature, respectively) than Pt(111) single crystal (42 and
14 kcal mol−1 ) (ref. 24) and (100) single crystal (32.9 kcal mol−1
for below ignition)22 . For catalytic reactions on the surface to
occur, the reacting molecules, reaction intermediates and products
must alter their bond distances to enable rapid rearrangement. A
relatively small number of bonds must also be broken and reformed
as the catalytic chemistry occurs. The chemical bonds rearrange
more easily on nanoparticles, where fewer atoms participate in
the restructuring during catalytic turnover, than on single-crystal
surfaces, and this phenomenon might be responsible for the origin
of the lower activation energies.
In summary, the core–shell structured Pt@mSiO2 nanoparticles
were designed as high-temperature model catalysts. The Pt@mSiO2
nanoparticles maintained their core–shell configurations up to
750 ◦ C and exhibited high catalytic activity for ethylene hydrogenation and CO oxidation. The mesoporous silica coating chemistry on
the nanoparticle surface is straightforward. Thus, the method can
potentially be extended to other nanoparticle cores with different
composition, size and shape and to other shell compositions. The
CO oxidation study highlights the role of the thermally stable
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inorganic silica shell in the Pt@mSiO2 nanoparticles, which enables
the study of catalytic reactions or surface phenomena taking place
at high temperatures. Further application of core–shell catalysts to
high-temperature reactions, such as partial oxidation and cracking
of hydrocarbons and catalytic combustion, seems possible.

Methods
Synthesis of TTAB-capped Pt and Pt@mSiO2 core–shell nanoparticles. The
synthesis of TTAB-capped Pt nanoparticles was carried out by following the
reported method with a modification30 . The detailed synthesis procedure for
Pt nanoparticles is described in Supplementary Information. The Pt@mSiO2
core–shell nanoparticles were prepared by polymerizing the silica layer around the
surface of Pt nanoparticles using a sol–gel process33–35,44–46 . The Pt nanoparticle
colloid (4.5 × 10−5 mol) dispersed in 5 ml of deionized water was added to 35.5 ml
of deionized water. A NaOH solution (1.0 ml of 0.05 M) was added to the aqueous
Pt colloid solution with stirring to adjust the pH of the solution to around
10–11. To this basic solution, a controlled amount of 10 vol% TEOS diluted
with methanol was added to initiate the silica polymerization. The as-synthesized
Pt@SiO2 was calcined at 350 ◦ C or higher for 2 h in static air to remove TTAB
surfactants to generate Pt@mSiO2 particles. The 2D model catalyst systems were
fabricated by depositing the colloidal Pt and Pt@SiO2 nanoparticles on a silicon
wafer using the Langmuir–Blodgett technique (see Supplementary Information).
MCF mesoporous silica with large mesopores, around 30 nm, was synthesized
following the method in the literature47 and TTAB-capped Pt nanoparticles were
incorporated inside the pores of the MCF silica by capillary inclusion48 to produce
the 3D model catalyst.
Characterization. The particle size and shape were analysed with TEM images
using a Philips/FEI Tecnai 12 microscope operating at 100 kV and an FEI Tecnai
G2 S-Twin electron microscope operating at 200 kV. XRD patterns were measured
on a Bruker D8 GADDS diffractometer using Co Kα radiation (1.79 Å). Nitrogen
physisorption experiments were carried out using a Quantachrome Autosorb-1
analyser at −196 ◦ C. Before the measurement, degassing was conducted at 200 ◦ C
for 12 h to remove possible moisture. Hydrogen chemisorption was also carried out
with a Quantachrome Autosorb-1 at 30 ◦ C. Before the chemisorptions, the sample
was heated to 300 ◦ C for 1 h under H2 and evacuated at 310 ◦ C for 1.5 h, then cooled
down to room temperature. The morphology and chemical composition of the 2D
Langmuir–Blodgett films were characterized with a SEM and XPS, respectively.
SEM images were taken on a Zeiss Gemini Ultra-55 with a beam energy of 5 kV.
XPS spectra were taken on a 15 kV, 350 watt PHI 5400 ESCA/XPS system equipped
with an Al anode X-ray source.
CO oxidation measurements. CO oxidation studies were carried out in an
ultrahigh-vacuum chamber with a base pressure of 5.0 × 10−8 torr (ref. 19). The
reactions were carried out under excess O2 conditions: 40 torr CO, 100 torr O2 and
620 torr He. The gases were circulated through the reaction line by a metal-bellows
recirculation pump at a rate of 2 l min−1 . The volume of the reaction loop is 1.0 l.
An HP Series II gas chromatograph equipped with a thermal conductivity detector
and a 150 long, 1/800 outer diameter stainless-steel 60/80 mesh size Carboxen-1000
(Supelco) column was used to separate the products for analysis. The measured
reaction rates are reported as TOFs and are measured in units of product molecules
of CO2 produced per metal surface site per second of reaction time. The number of
metal sites is calculated by geometrical considerations based on SEM measurements
of the surface area of a nanoparticle array.
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