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Regularly Distributed and Fully Accessible Pt
Nanoparticles in Silica Pore Channels via the
Controlled Growth of a Mesostructured Matrix
around Pt Colloids
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Since the discovery of the first mesostructured oxides in the
early 1990s,' scientists have focused on developing synthetic
procedures to fine-tune the pore network structure and pore size
distribution of various materials."? These fine-tuned porous
materials found applications as absorbers, catalysts, or catalyst
supports and more recently in separation, medical diagnosis,
or microelectronics.*

So far, many attempts to include metal particles in mesopo-
rous oxides were performed. Inter alia one may mention (i)
metal ion exchange reactions and in situ reduction of the metal,’
(ii) chemical vapor deposition of metal compounds and their
subsequent decomposition,® and (iii) incipient wetness or
impregnation.” These classical techniques led to the successful
incorporation of particles of several metals onto porous supports
but they did not provide a sufficient control over the metal
particle size or the particle distribution in the material. This lack
of control could be responsible for the reduced catalyst
productivity and the premature particle sintering.
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Recently, self-assembly pathways to generate arrays of
supported nanoparticles® have shown very attractive results and
thus, the controlled growth by sol—gel process of a hierarchi-
cally organized silica matrix around a colloidal solution of metal
nanoparticles using supramolecular interactions between a
surfactant (used as the structure directing agents of the oxide
matrix) and metal colloids could be an attractive way to
overcome the aforementionned problems faced with classical
synthetic procedures. In this field, two pioneer reports®'° have
established the validity of the concept of such an approach
(Scheme 1). Nevertheless, improvements in the synthetic
procedures are necessary either to overcome the incomplete
metal incorporation® or to circumvent the presence of tricky
stabilizing ligands'® such as polyvinylpyrolidinone (PVP), which
are difficult to remove from the metal particles without their
sintering and which is not compatible with acidic media
generally used for obtaining highly structured silica matrixes.!!

Scheme 1. Principle Underlying the Synthesis of a Highly
Structured Silica Containing Regularly Distributed Pt
Particles along Its Channel Pores Knowing That the
Nanoparticles Should Enter the Hydrophobic Core of the
Surfactant Micelles without Destroying the Surfactant
Mesophasis
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Thus, we describe herein a simple procedure to prepare a
highly structured silica containing regularly distributed Pt
particles along its channel pores, such nanoparticles being
incorporated in a quantitative yield. These materials were
obtained by the controlled growth of a mesostructured silica
matrix around a colloidal solution of Pt nanoparticles using the
n-octylsilane as the stabilizing ligand.

This controlled growth was achieved working around a
fundamental requirement: the nanoparticles would have to enter
the hydrophobic core of the surfactant micelles without destroy-
ing the surfactant mesophasis (scheme 1). Several parameters
were thus secured: (i) a strong non-exchangeable stabilizing
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Figure 1. (a, b) TEM micrographs of the Pt nanoparticles solution (bar
scales: @ = 1 nm, b = 50 nm), (c) size histogram of Pt nanoparticles
(calculated using ~200 particles).

ligand in order to avoid exchanges with the surfactant or the
evolved alcohol during the sol—gel process, (ii) at the same
time, a highly hydrophobic one, in order to enter the micelles;
n-octylsilane was chosen and (iii) an overall compatibility
between the size of the micelles (and thus ultimately the material
pores), and the diameter of the stabilized nanoparticles (and
thus ultimately the NPs in the pores). We thus adjusted the
nanoparticles size, the pH, the type and size of the surfactant
and the condensation catalyst in order to address this parameter.

Following a typical procedure developed for the synthesis
of Ru particles stabilized by silane ligands,'? we successfully
prepared sufficiently small crystalline Pt nanoparticles by
contacting Pt(dba), with 0.5 equiv. of n-octylsilane in THF as
solvent. After several hours at room temperature under 3 bar
of dihydrogen, a black suspension of nanoparticles was obtained
as a solution containing monodispersed nanoparticles whose
size are measured at 2 + 0.4 nm by transmission electron
microscopy and calculated with an histogram of ca. 200 particles
(Figure 1). Elemental analyses, IR experiments, and XPS
measurements confirmed the presence of silane ligands at the
surface of the particles'® (see Figures S1 and S2 in the
Supporting Information). A total of 0.38 equiv of Si atoms per
Pt atoms was found and corroborated the fact that 0.3—0.4
equiv. of ligands is sufficient to fully cover the surface particles.

Second, we undertook the synthesis of the material by
reaction of the aforementioned solution (12 mL, 17.9 ymol)
with an acidic aqueous solution of Pluronic P123 surfactant (1.7
g of P123 in 63 mL of deionized water, pH 1.5) and TEOS
(3.53 g, 17mmol) as the precursor of the oxide matrix. After
the slow evacuation of the THF, the resulting suspension was
stirred for 3 h prior to heating at 318 K and NaF (30 mg) was
added. After 48 h of aging, the resulting deep gray precipitate
was filtered off, washed and finally dried under vacuum (1073
mBar) at 400 K overnight.

The elemental analyses of this as-synthesized solid showed
the quantitative incorporation of the Pt nanoparticles (found:
0.30 £ 0.05 wt %, expected: 0.35 £ 0.05 wt %). Small-angle
X-ray diffraction displayed the signals corresponding to a 2D
hexagonal long-range ordering of the channel pores (see Figure
S3 in the Supporting Information). The transmission electron
microscopy confirmed this order (images a and b in Figure 2)
and also showed (i) the ramdom distribution of the particles in
the silica matrix (no agglomeration of particles was observed,
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Figure 2. TEM micrographs of the as-synthesized Pt containing nanostruc-
tured material (bar scales: @ = 50 nm, b = 200 nm, ¢ = 50 nm, d = 7nm,
e =2 nm).

see Figure 2c), (ii) the location of such particles at the surface
of the pores (Figure 2d), and (iii) the size of the particles (2.2
=4 0.2 nm) as well as the crystallographic arrangements of the
Pt lattice fringes (0.26 A) of the particles (Figure 2e). The size
of the crystallites (2.3 £ 0.5 nm) was also measured by wide
angle X-ray diffraction analyses using the Scherrer model (see
Figure S4 in the Supporting Information).

In summary, the as-synthesized material showed the
successful incorporation of Pt nanoparticles while retaining
superior material mesostructuration.

The removal of the surfactant and the aliphatic chain of the
stabilizing ligands from the as-synthesized material were
achieved by calcination under dry air at 593 K, and this method
proved to be the best adapted with respect to calcination at
higher temperature (723 K), thermolysis (treatment under dry
Argon at 723 K), hydrogenolysis (treatment under dry hydrogen
at 723 K), and extraction at the reflux of ethanol in a Soxhlet
apparatus since it ensured no disruption in the material struc-
turation and a limited sintering of the nanoparticles according
to electon microscopy, wide-angle X-Ray diffraction and N,
adsorption (see Figures S5 and S7—S9 in the Supporting
Information). The aforementionned techniques also clearly
indicated that (i) calcination or hydrogenolysis at very high
temperature (ca. 773 K) led to the complete removal of the
surfactant but unfortunately to the total sintering of the particles
within the material (Table 1, entries 2 and 4, and Figures
S14—S17 in the Supporting Information) (ii) thermolysis, even
at high temperature did not ensure the quantitative removal of
the surfactant as shown by the black aspect of the solid and the
important decrease of the surface area (Table 1, entry 3) and
led to the partial sintering of the particles (see Figures S11—S13
in the Supporting Information), and (iii) the Soxhlet extraction
induced the partial lixiviation of the particles and their subse-
quent agglomeration within the material (see Figures S18—S20
in the Supporting Information).

For comparison, a catalyst was prepared by loading a
mesostructured silica matrix with Pt particles by a colloidal
impregnation and further treated under calcination at 593 K.
The TEM micrographs of the resulting solid showed the
complete sintering of the metal particles in the silica matrix
(Figure 3b) as confirmed by the absence of catalytic activity
for the solid. This observations thus suggested a lack of control
in the metal particles distribution when impregnation techniques
are used and highlighted the uniform distribution of the Pt
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Table 1. Characteristics of the Pt-Containing Mesostructured
Materials before and after Removal of the Surfactant using the
Different Treatments

Vp Dpa SBET dpanicle b
entry treatment (cm’g) (nm) (m*g) (nm)
1 calcination (773 K) 1.5 7.5 1100 >7
2 calcination (593 K) 1.5 8 1100 3.5
3 thermolysis (700 K) 0.7 8.5 540 4.5
4 hydrogenolysis (723 K) 1.0 7.5 875 7
5 Soxhlet extraction 1.3 7.5 820 3

“ Porous diameter obtained using BJH model at the adsorption branch
of the isotherm. ” Mean diameter of the Pt particles given by wide-angle
X-Ray diffraction.

Figure 3. TEM micrographs of (a) the calcinated Pt containing material
and (b) the Pt impregnated SBA-15 (bar scales = 20 and 200 nm).

particles within the material when a controlled growth of silica
matrix around metal colloids was performed.

Upon calcination, the surfactant was completely removed as
shown by N, adsorption/desorption measurements which pro-
vided an isotherm of type IV, characteristic of mesoporous
material (see Figure S9 in the Supporting Information). The
calcinated material displayed a high surface area of 1100 m%/g,
a pore volume of 1.5 cm*/g, and a narrow pore size distribution
at 8 nm (strictly corresponding to the expected characteristic
for a pure mesoporous silica prepared in the same conditions).
This treatment did not change the Pt loading (0.3 wt % given
by elemental analysis) and slightly increased the mean size of
the Pt nanoparticles from 2.5 to 3.5 nm as measured by wide-
angle X-ray diffraction using the Scherrer model and TEM
micrographs (Figure 3a) (measured size = 3.5 nm corresponding
to a dispersion of 34%; see Figures S6 and S7 in the Supporting
Information), whereas H, and O, chemisorption methods
yielded particles size of 4.1 nm (Pt dispersion of 31%, see Table
S1 in the Supporting Information). Noteworthy, the presence
of Si atoms on the surface of the particles and the absence of
platinum oxide, even after calcination, were observed by XPS
analysis, which provided a spectrum comparable to that of the
initial colloidal solution (see Figure S8 and Table S2 in the
Supporting Information). These Si atoms can contribute to the
slight decrease of the observed H, and O, chemisorption on
the particles compared to XPS measurements.

The catalytic performances of the mesostructured Pt contain-
ing material were studied using the propene hydrogenation'*
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and compared to that of (i) a classical and commercially
available heterogeneous catalyst (Pt/Al,O;) obtained by metal
salts decomposition and to (ii) the aforementioned impregnated
SBA-15 silica after calcination at 593 K. Because of its
similarity with our material in term of metal loading and metal
dispersion (0.32 wt % and a metal dispersion of 70—80%), the
commercially available reference catalyst (Pt/Al,O3) was chosen
even if the support was alumina and not silica. However, this
catalytic reaction did not seem to be support dependent'> and
thus, this change from SiO, to Al,O; should not influence
drastically the catalytic results. The propene hydrogenation
reaction was performed at 278 K in a continuous flow reactor
using 7 mg of catalyst and a constant flow of H,/He/propene
(20/16/1.09 cm®/min). The catalytic performances of the
impregnated SBA-15 were found to be extremely low (TOF <
0.02 s!) compared to that of our catalyst, thus showing the
real benefit of the regular distribution of the nanoparticles
compared to that of a colloidal impregnation route. The activity
of the Pt containing mesostructured material was also very
similar to that of the reference sample Pt/Al,O; in term of turn
over frequency: the TOF is about 0.9 s~! per surface Pt atom
for both catalysts (see Figure S10 in the Supporting Informa-
tion). These catalytic performances were in good agreement
with the estimated size of the nanoparticles (given by TEM
and XRD) and more surprisingly, it highlighted the fact that
the presence of Si atoms on the surface of particles does not
seem to be detrimental for the accessibility or for the reactivity
of the Pt nanoparticles in catalysis.

In summary, we have prepared and characterized a highly
structured material containing regularly distributed Pt nanopar-
ticles via the controlled growth of a mesostructured silica matrix
around Pt colloids.

Using optimized thermal treatments, the materials were fully
characterized using several analytical techniques and it was
shown that (i) the Pt nanoparticles are still quantitatively present
and regularly distributed along the channel pores of the material,
(ii) very little sintering is observed, and (iii) the stabilizing ligand
bonded to the Pt nanoparticles is successfully removed, thus
leading to a highly active Pt containing nanostructured catalyst
for the propene hydrogenation reaction.

It is noteworthy that this methodology can be broadened
to other types of metal particles, thus providing original,
robust, and stable mesostructured NPs containing materials
of great interest for the field of heterogeneous catalysis.
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