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ABSTRACT: Supported platinum nanoparticles are currently the
most functional catalysts applied in commercial chemical processes.
Although investigations have been performed to improve the
dispersion and thermal stability of Pt particles, it is challenging to
apply amorphous silica supports to these systems owing to various
Pt species derived from the non-uniform surface structure of the
amorphous support. Herein, we report the synthesis and character-
ization of amorphous silica-supported Pt nanoparticles from
(cod)Pt−disilicate complex (cod = 1,5-cyclooctadiene), which
forms bis-grafted surface Pt species regardless of surface
heterogeneity. The synthesized Pt nanoparticles were highly
dispersible and had higher hydrogenation activity than those
prepared by the impregnation method, irrespective of the
calcination and reduction temperatures. The high catalytic activity of the catalyst prepared at low temperatures (such as 150 °C)
was attributed to the formation of Pt nanoparticles triggered by the reduction of cod ligands under H2 conditions, whereas that of
the catalyst prepared at high temperatures (up to 450 °C) was due to the modification of the SiO2 surface by grafting of the
(cod)Pt−disilicate complex.

■ INTRODUCTION
Supported metal nanoparticles are widely used as catalysts in
various fields, such as the manufacture of bulk and fine
chemicals, biomass conversion, and exhaust gas purification.1−4

An effective method for producing supported metal nano-
particle catalysts for these chemical processes involves the
fabrication of highly dispersed metal particles, which max-
imizes the utilization efficiency of the chemical elements and,
thus, minimizes the consumption of precious metals.5−8 In
particular, supported Pt nanoparticles have been actively
studied because of their extensive applications in hydro-
genation, dehydrogenation, and oxidation reactions.5 Most of
these studies focused on improving the particle dispersion9−13

and thermal stability14−16 of the supported metal nanoparticles
and discussed the particle formation processes. In these
studies, crystalline supports such as CeO2,

14 porous materi-
als,15 and solid supports with sophisticated properties16 were
applied to improve the dispersion and stability of the
supported metal nanoparticles. However, the dispersion and
stability of the nanoparticles on amorphous supports, such as
silica gel, are difficult to control because of the heterogeneous
surface structures.17,18

The controlled growth of supported Pt nanoparticles from
well-defined Pt surface species grafted on silica supports is a
promising approach for producing uniform nanoparticles.19

This is because the pre-formation of well-defined grafted
surface species can eliminate the possibility of agglomeration
between Pt precursors during the particle formation processes,
contrary to common approaches such as the impregnation
(IMP) method (Scheme 1).20,21 Tilley et al. reported that
calcination of Pt surface species prepared using (cod)Pt[OSi-
(OtBu)3]2 (cod = 1,5-cyclooctadiene) and Me3Pt(tmeda)-
[OSi(OtBu)3] (tmeda = N,N,N′,N′-tetramethylethylenedi-
amine) as molecular precursors on a silica support afforded
highly dispersed Pt nanoparticles.22 Copeŕet et al. reported
that (cod)Pt(X)(Y) [X, Y = Cl, Me, OSi(OtBu)3, and
N(SiMe3)2] precursors affected not only the Pt loading and
structure of grafted Pt complexes but also the properties of
supported nanoparticles synthesized by reducing the grafted
complexes under a H2 atmosphere.23 Gaemers et al. reported
that grafting of the (dppe)PtMe2 [dppe = 1,2-bis-
(diphenylphosphino)ethane] precursor yielded bis-grafted
surface species, and the subsequent calcination in air produced
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supported Pt nanoparticles with smaller particle sizes, higher
dispersions, and higher catalytic activity in toluene hydro-
genation than those prepared from a (cod)PtMe2 precursor
that forms mono-grafted surface species.24 These approaches
effectively prevent the aggregation of Pt precursors during their
conversion into nanoparticles, whereas the structure of the
grafted surface species and the properties of the nanoparticles
generated by their calcination were found to vary with the type
of precursor complexes and surface conditions.

Recently, we developed a Pt complex with a bidentate
disilicate ligand as a novel molecular precursor for grafting,
which selectively formed bis-grafted surface species on silica
supports irrespective of the surface heterogeneity, as shown in
Scheme 1 (right).25 Because the grafting of the Pt−disilicate
complex proceeds by a substitution reaction on the silicon
atoms of the disilicate ligand with surface silanols, the metal
center is indirectly involved in the bond formation for grafting.
In addition, the disilicate ligand consists of SiO4 components
similar to that of silica. Therefore, we call this approach the
pseudo-grafted precursor (PGP) method. The grafted
complexes obtained by the PGP method retain the six-
membered chelate structure of the precursor. Hence, the
electronic state of each surface species is largely unaffected by
the conditions of the silica surface. We expected that this type
of Pt-containing molecular precursor can provide finer
nanoparticles upon calcination. In this study, we report the
controlled growth of supported Pt nanoparticles from Pt−
disilicate complexes grafted onto amorphous silica prepared by
the PGP method. We further discuss the effects of the
calcination/reduction conditions and Pt loading on the
properties of the produced nanoparticles.

■ EXPERIMENTAL SECTION
Materials. Unless otherwise noted, all preparations were

performed under a N2 atmosphere using standard Schlenk and

glovebox techniques. Anhydrous and deoxygenated solvents
were used throughout the preparation. A (cod)Pt−disilicate
complex was prepared according to a previously reported
procedure.25 Fumed silica (Degussa Aerosil-200, 200 m2 g−1)
was used as the silica support.
Grafting of the (cod)Pt−Disilicate Complex onto

Silica. Aerosil-200 was added to a glass flask to remove the
water adsorbed on silica supports, and pretreatment was
performed at 120 °C for 1 h under high vacuum. Toluene was
added into a flask under an Ar atmosphere and stirred for 2 h
at room temperature. Subsequently, 1, 3, and 5 wt % of the
(cod)Pt−disilicate complex in toluene was added dropwise to
the support. After stirring at room temperature for 24 h, the
product was collected via filtration, washed with toluene, and
dried at room temperature under a high vacuum. The resulting
samples, 1, 3, and 5 wt % (cod)Pt-disilicate on SiO2, were
stored in a glovebox.
Preparation of Silica-Supported Pt Nanoparticles

from Grafted Pt Surface Species (Pt/SiO2-PGP_Tcal).
First, (cod)Pt-disilicate on SiO2 (1.0 g) was placed in an
alumina boat and heated under oxygen flow conditions (50 mL
min−1) in a horizontal tube furnace by increasing the
temperature from ambient temperature to 150, 300, and 450
°C at a rate of 1.0 °C min−1 and holding at the set temperature
for 2 h. The samples were then cooled to room temperature to
obtain the Pt/SiO2-PGP_Tcal (0.95 g) product as a powder.
Pt/SiO2-PGP_Tcal refers to the silica-supported Pt nano-
particles prepared at a specific calcination temperature (Tcal)
from the grafted Pt surface species prepared by the PGP
method.
Preparation of Silica-Supported Pt Nanoparticles by

the Incipient Wetness IMP Method (Pt/SiO2-IMP_Tcal).
Aerosil-200 (2.0 g) was placed on a baking dish, and an
aqueous solution containing [(NH3)4Pt](NO3)2 (Johnson
Matthey) was added for each loading amount. The
impregnated sample was dried at 100 °C in an oven and
then placed in an alumina boat. Subsequently, the sample was
heated under oxygen flow conditions (50 mL min−1) in a
horizontal tube furnace by increasing the temperature from
ambient temperature to 150, 300, and 450 °C at a rate of 1.0
°C min−1, followed by treatment at the set temperature for 2 h.
Pt/SiO2-IMP_Tcal refers to the silica-supported Pt nano-
particles prepared by the IMP method.
Characterization of Silica-Supported Pt Nanopar-

ticles. To clarify the properties of the silica supports and
produced Pt particles, Pt/SiO2-PGP_Tcal and Pt/SiO2-
IMP_Tcal were subjected to powder X-ray diffraction (XRD)
analysis using D8 DISCOVER and XRD2-CS ECO (Bruker)
instruments with a Cu Kα X-ray source (50 kV, 1.0 mA),
acrylic resin plate, and two-dimensional detector (VANTEC-
500). Elemental analysis of the Pt content loaded onto silica
supports was performed by inductively coupled plasma
spectrometry using a Shimadzu ICPS-8000 instrument. The
target materials were dissolved in nitric acid, hydrochloric acid,
and then 50% aq. KOH to prepare the measurement samples.
The amount of CO molecules adsorbed on Pt/SiO2-PGP and
Pt/SiO2-IMP was measured using a BELCAT-B (Micro-
tracBEL) system. The measurement samples (approximately
0.3−0.4 g) were placed into a sample holder and reduced at
450 °C for 60 min under a 10% H2/Ar flow of 30 mL min−1.
The samples were then cooled to 50 °C under a He flow of 30
mL min−1. CO/He [10/90% (v/v)] was intermittently
injected into the holder at 50 °C until the amount of CO

Scheme 1. Preparation of Silica-Supported Pt Nanoparticles
from Grafted Pt Surface Species
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exiting the holder was constant. The calculation method was
adapted from a previous study.26 The Brunauer−Emmett−
Teller surface area (SBET) was estimated from the N2
adsorption−desorption isotherms recorded at −196 °C on a
Belsorp-mini II instrument (MicrotracBEL). The sample (20
mg) was heated to 80 °C in vacuo for 2 h before measurement
to remove the adsorbed water. Solution 1H NMR spectra (1H,
600 MHz) were recorded using an AVANCE III HD 600
spectrometer (Bruker). Chemical shifts were reported in δ
(ppm) and referenced with respect to the residual solvent
signals in 1H (7.16 ppm for C6D6) as an external standard. In
addition, 13C cross-polarization magic-angle-spinning (CP
MAS) NMR spectra were obtained using an AVANCE II
400 spectrometer (Bruker) with a 4.0 mm MAS probe. CP
MAS was performed at a rotation speed of 12.5 kHz. The 13C
chemical shifts were referenced with respect to an adamantane
standard. Scanning transmission electron microscopy (STEM)
and energy-dispersive X-ray spectroscopy (EDX) were
performed using a Tecnai Osiris (FEI) instrument with an
acceleration voltage of 200 kV. Transmission electron
microscopy (TEM) was performed using a JEOL JEM-2010
instrument with an acceleration voltage of 200 kV. The
surface-averaged Pt diameters and particle distributions were
determined based on more than 200 particles in different
regions of the TEM images. For Fourier transform infrared
spectroscopy (FT-IR), each sample (20 mg) was pressed and
placed in an IR cell in a grove box. Spectra were then recorded
and averaged over 64 scans using a FT/IR-6800 spectrometer
(JASCO) equipped with a triglycine sulfate detector.
Hydrogenation of Cyclooctene. Pt/SiO2-PGP_Tcal and

Pt/SiO2-IMP_Tcal samples were placed in a glass Schlenk tube
and pre-treated using an electric furnace under a H2 flow (40
mL min−1) for 1 h at reduction temperatures (Tred) of 150,
300, and 450 °C to produce Pt/SiO2-PGP_Tcal_Tred and Pt/
SiO2-IMP_Tcal_Tred samples, respectively. After cooling to
room temperature under an Ar atmosphere, cyclooctene (2.45
mmol), mesitylene (0.86 mmol) internal standard, and
isopropanol (4 mL) solvent were introduced into the Schlenk
tube, and the atmosphere was subsequently changed to H2.
The mixture was stirred at room temperature under 1 atm H2
and sampled at predetermined times.
Determination of Silanol Amount. The content of

surface silanol was determined by reacting the samples with
Mg(CH2Ph)2(THF)2 and then quantifying the toluene
produced.24 The measurement sample, Aerosil-200, 3 wt %
Pt/SiO2-PGP, and 3 wt % Pt/SiO2-IMP were pre-treated
under two different conditions, specifically, dehydration and
calcination/reduction. The dehydrated samples were pre-
treated in a glass Schlenk tube at 80 °C for 4 h under vacuum.
Conversely, the calcination/reduction samples (Sample
name_Tcal_Tred) were calcined at 450 °C for 2 h and then
reduced under H2 flow (40 mL min−1) at 450 °C for 1 h.
These samples (15 mg) were placed in a J-Young NMR tube,
and C6D6 (100 μL) was subsequently added to prepare a
slurry. A C6D6 solution of ferrocene as an internal standard and
Mg(CH2C6H5)2(THF)2 was added to the slurry, and the
quantity of generated toluene was quantified by 1H NMR
spectroscopy.

■ RESULTS AND DISCUSSION
Effect of Calcination and Reduction Conditions on

Nanoparticle Growth and Catalytic Activity. Silica-
supported Pt nanoparticles were prepared by the PGP and

IMP methods with a 3 wt % initial Pt loading and calcined at
150, 300, or 450 °C to examine the effect of calcination
temperature on the size and morphology of the produced Pt
nanoparticles. Table 1 summarizes SBET and particle sizes

obtained from the N2 adsorption−desorption results and
STEM images of Pt/SiO2-PGP_Tcal and Pt/SiO2-IMP_Tcal,
respectively. The surface areas ranged from 176 to 191 m2 g−1

and varied slightly depending on the preparation method and
calcination temperature. In addition, STEM images with
particle size histograms are shown in Figure 1. Pt particles
were barely observed for the samples calcined at 150 °C,
irrespective of the preparation method (Figure 1a,b). Although
the EDX maps of the samples confirmed the presence of Pt
species, the intensity of the signals was weak, and the Pt
content in the samples estimated by EDX analysis (0.30 ± 0.18
wt % for Pt/SiO2-PGP_150 and 0.31 ± 0.18 wt % for Pt/SiO2-
IMP_150) was significantly less than that used during
preparation (Figure S1). However, the Pt loading amount
determined by ICP-AES (2.7 wt % for Pt/SiO2-PGP_150 and
2.8 wt % for Pt/SiO2-IMP_150) was almost consistent with
that used during preparation. These results indicate that the Pt
species exist in the form of Pt nanoparticles smaller than 0.5
nm and/or unreacted Pt surface complexes when calcined at
150 °C, which cannot be detected by STEM−EDX. In the
STEM images of Pt/SiO2-PGP_300 (Figure 1c) and Pt/SiO2-
IMP_300 (Figure 1d), Pt nanoparticles were observed; the
nanoparticles of Pt/SiO2-PGP_300 had a narrower size
distribution and a smaller average particle size than those of
Pt/SiO2-IMP_300. The elemental contents estimated from
EDX maps also show a clear difference in the Pt distributions
(Figure S2). The Pt content was 2.6 ± 0.9 wt % in Pt/SiO2-
PGP_300 (Figure S2a), which was almost identical to that of
the ICP (3.2 wt %) and preparation (3 wt %) values, indicating
a uniform Pt distribution in this sample. In contrast, the Pt
content of Pt/SiO2-IMP_300 depended greatly on the EDX
map used. For example, the Pt content estimated from an
image with highly dispersed nanoparticles was 1.9 ± 0.7 wt %
(Figure S2b), while that estimated from an image with more
agglomerated particles was 3.9 ± 1.2 wt % (Figure S2c). This
confirms a non-uniform distribution of Pt particles in Pt/SiO2-
IMP_300. Although no significant difference was observed in
the particle size and size distributions of Pt/SiO2-PGP_450
compared to those of Pt/SiO2-PGP_300 (Figure 1e), the
particle size of Pt/SiO2-IMP_450 was greater than that of Pt/
SiO2-IMP_300 due to sintering at the higher temperature
(Figure 1f). The more uniform dispersion of nanoparticles in
Pt/SiO2-PGP_Tcal compared to that in Pt/SiO2-IMP_Tcal is

Table 1. Structure Parameters of the 3 wt % Pt Supported
Catalysts

samples
Pt content

(mmol g−1)a
SBET

(m2 g−1)
particle size

(nm)b

SiO2 192
Pt/SiO2-PGP_150 2.7 184 0.9
Pt/SiO2-PGP_300 3.2 182 1.6
Pt/SiO2-PGP_450 2.9 176 1.7
Pt/SiO2-IMP_150 2.8 186 1.3
Pt/SiO2-IMP_300 3.2 191 2.5
Pt/SiO2-IMP_450 2.8 182 2.8

aDetermined by the ICP-AES measurement. bCalculated by counting
over 200 white dots from the STEM images.
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attributed to the good dispersion of the pre-formed Pt surface
complexes, (cod)Pt-disilicate on SiO2, prior to calcination.22,23

The supported Pt nanoparticles were reduced under a H2
atmosphere at the same temperature as calcination, then the
catalytic performance was evaluated by the hydrogenation of
cyclooctene. The time profiles of cyclooctene hydrogenation
over 3 wt % Pt/SiO2-PGP_Tcal_Tred and Pt/SiO2-IM-
P_Tcal_Tred are shown in Figure 2a,b, respectively. Pt/SiO2-
PGP_150_150, Pt/SiO2-PGP_300_300, and Pt/SiO2-
PGP_450_450, pre-treated at different temperatures, had
similar catalytic activities and reached over 90% yield within
60 min. In contrast, the catalytic activity of 3 wt % Pt/SiO2-
IMP_Tcal_Tred significantly differed depending on the pretreat-
ment temperature. A low yield of 13% was observed after 60
min in the presence of Pt/SiO2-IMP_150_150, whereas Pt/
SiO2-IMP_300_300 gave a moderate yield of 60%, and Pt/
SiO2-IMP_450_450 gave a low yield of 42%. These results
with Pt/SiO2-IMP_Tcal_Tred are consistent with the previous
report that the dispersion of Pt species prepared by the IMP

method depends on the calcination temperature.27 It is
noteworthy that the yields obtained with Pt/SiO2-
PGP_Tcal_Tred were higher than those obtained with Pt/
SiO2-IMP_Tcal_Tred, regardless of the pretreatment temper-
ature.

As shown in Figure 1a,b, the STEM images of Pt/SiO2-
PGP_150 and Pt/SiO2-IMP_150 showed that only a portion
of the Pt species was transformed into Pt nanoparticles with
detectable particle sizes by calcination at 150 °C. Nevertheless,
Pt/SiO2-PGP_150_150 had a catalytic activity comparable to
that of Pt/SiO2-PGP_300_300 and Pt/SiO2-PGP_450_450,
in which Pt particles were sufficiently formed. The reaction
rate of olefin hydrogenation catalyzed by Pt nanoparticles is
known to be unaffected by the type of Pt species and substrate
concentration but dependent on the number of Pt atoms on
the particle surface.28 A significantly low yield obtained with
Pt/SiO2-IMP_150_150 indicates minimal particle growth
since the IMP method using Pt(NH3)4(NO3)2 usually requires
a temperature above 200 °C or 150−200 °C under an O2 or

Figure 1. STEM images and particle size distributions of (a) Pt/SiO2-PGP_150, (b) Pt/SiO2-IMP_150, (c) Pt/SiO2-PGP_300, (d) Pt/SiO2-
IMP_300, (e) Pt/SiO2-PGP_450, and (f) Pt/SiO2-IMP_450.
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H2 atmosphere to fabricate the nanoparticles.29 In contrast, Pt/
SiO2-PGP_150 presumably contained highly active Pt species
such as tiny particles or underwent particle growth under
reduction and/or alkene hydrogenation conditions. To
elucidate the particle formation process in Pt/SiO2-PGP
calcined at 150 °C, Pt/SiO2-PGP_150 was analyzed by solid-
state NMR (Figure S3). The 13C CP MAS NMR spectrum
showed peaks derived from cod and tBuO groups, and the
chemical shift values were similar to those of (cod)Pt-disilicate
on SiO2 before calcination, indicating that the (cod)Pt−
disilicate complexes grafted on silica remain in Pt/SiO2-
PGP_150. Conversely, peaks derived from the cod ligand were
not observed in the 13C CP MAS NMR spectrum of Pt/SiO2-
PGP_300; however, peaks attributed to the tBuO group were
detected. To investigate whether the particle growth occurs
during the reduction process, we prepared Pt/SiO2-PGP_150-
(Ar) pre-treated at 150 °C under an Ar atmosphere without
reduction and Pt/SiO2-PGP_none_150 directly reduced at
150 °C without calcination. Furthermore, their catalytic
activities for cyclooctene hydrogenation were compared with
those of (cod)Pt-disilicate on SiO2, Pt/SiO2-PGP_150, Pt/
SiO2-PGP_150_150, and Pt/SiO2-PGP_300 (Table 2). The
(cod)Pt-disilicate on the SiO2 sample had slight hydrogenation
activity, confirming that the Pt particles, and not the surface Pt
complexes, were the major active species under the hydro-
genation conditions. Pt/SiO2-PGP_150 and Pt/SiO2-
PGP_150(Ar) also gave very low yields, whereas Pt/SiO2-
PGP_none_150 and Pt/SiO2-PGP_300 had high catalytic
activities, similar to Pt/SiO2-PGP_150_150. These results
indicate that the particle growth triggered by thermal
dissociation of the cod ligand from the Pt center occurs at
300 °C and not at 150 °C. However, hydrogenation of the cod
ligand also triggers particle growth, which can proceed even at

150 °C. During the preparation of Pt/SiO2-PGP_none_150,
the formation of cyclooctane, produced by the hydrogenation
of the cod ligand, was observed by GC−MS (Figure S4), and
the 13C CP MAS NMR spectrum of Pt/SiO2-PGP_none_150
had few peaks derived from the cod ligand, similar to Pt/SiO2-
PGP_300 (Figure S3e). Finally, TEM images of Pt/
SiO2_none_150 confirmed the formation of Pt particles
(Figure S5). Thus, we concluded that Pt/SiO2-PGP_150
underwent particle growth during the reduction pretreatment
at 150 °C before olefin hydrogenation.

Next, we discuss the differences in the sizes of the
nanoparticles produced by the PGP and IMP methods and
their catalytic hydrogenation activity when calcined and
reduced at 450 °C. The higher catalytic activity of Pt/SiO2-
PGP_450_450 than Pt/SiO2-IMP_450_450 (Figure 2) and
narrower size distribution and smaller average particle size of
Pt/SiO2-PGP_450 than Pt/SiO2-IMP_450 (Figure 1) was
initially attributed to the uniform grafting of Pt atoms from
(cod)Pt-disilicate onto SiO2 by two Pt−O−Si bonds during
PGP (Scheme 1), which increases the thermal stability during
particle growth. However, the Pt−O bonds of Pt(II)
complexes are reported to be readily reduced by H2, even at
1 °C.30 Thus, the number of Pt−O bonds may not contribute
to the thermal stability of Pt/SiO2-PGP_450_450. Lambrecht
et al. evaluated the relationship between the adsorption energy
of Pt particles on amorphous SiO2 supports and the amount of
surface silanol using first-principles density functional theory
calculations.17 They suggested that the adhesion energy
between Pt nanoparticles and supports, which affects the
thermal stability, increases with the increasing surface silanol
content. Therefore, the surface silanol content in each sample
before and after calcination and reduction at 450 °C was
determined by the reaction between the sample and Mg-
(CH2Ph)2(THF)2,

24 and the results are shown in Figure 3.
The surface silanol content of the parent SiO2 changed from
1.57 to 0.43 mmol g−1 after calcination and reduction. The
silanol content of Pt/SiO2-PGP before calcination and
reduction was 1.07 mmol g−1, which was less than that of
the parent SiO2 (change of 0.50 mmol g−1). The decrease in
the silanol content was close to the theoretical consumption
(0.61 mmol g−1), assuming that (cod)Pt−disilicate complexes
are completely grafted on SiO2 by quadruple substitutions on
the disilicate ligand.25 Remarkably, the silanol content of Pt/
SiO2-PGP_450_450 (0.8 mmol g−1) was higher than that of
SiO2_450_450 (0.43 mmol g−1). In contrast, the silanol
content in Pt/SiO2-IMP before treatment (1.7 mmol g−1) was
almost the same as that in SiO2 before treatment (1.57 mmol

Figure 2. Hydrogenation of cyclooctene over (a) Pt/SiO2-PGP and
(b) Pt/SiO2-IMP prepared by various pretreatment conditions
[calcined and reduced at 150 °C (blue square), 300 °C (black
circle), and 450 °C (red triangle)].

Table 2. Results of Cyclooctene Hydrogenation Activity of
Samples Prepared by Various Pretreatment Conditions

samples gas conditions
treatment time

(h)
yield
(%)

(cod)Pt-disilicate on SiO2 3.4
Pt/SiO2-PGP_150 O2 2 4.6
Pt/SiO2-PGP_150(Ar) Ar 2 5.4
Pt/SiO2-PGP_none_150 H2 1 99
Pt/SO2-PGP_150_150 O2, then H2 2, then 1 >99
Pt/SiO2-PGP_300 O2 2 99
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g−1). Because the Pt species and silica supports are dispersed in
an aqueous solution during IMP, the silica supports adsorb the
Pt species on the silanol and are rehydrated by water.31,32 In
addition, the silanol content of Pt/SiO2-IMP_450_450
significantly decreased to 0.15 mmol g−1 compared to that
before the treatment.

It is well known that several silanol species are present on
SiO2, and their proportions are changed by heat treatment.33

Therefore, FT-IR measurements were performed to confirm
the silanol species on each sample (Figure S6). Regardless of

the preparation method, samples before calcination/reduction
at 450 °C showed a sharp peak at 3740 cm−1 and a broad peak
around 3500 cm−1, attributed to isolated silanols and
hydrogen-bonded silanols, respectively.34 The spectrum of
Pt/SiO2-PGP has several peaks around 2800−3000 cm−1,
which were assigned to CH stretching vibrations, supporting
the presence of cod and tBuO groups as observed in the 13C
CP MAS NMR spectrum (Figure S3b). After the calcination/
reduction processes, the peaks around 2800−3000 cm−1 were
not observed for Pt/SiO2-PGP_450_450, which also supports
nanoparticle formation, and the peaks at 3740 cm−1 and
around 3500 cm−1 remained. Although it is difficult to
accurately quantify the amount of silanol from the absorbance
in the IR spectra, comparison of the spectra shows that Pt/
SiO2-PGP_450_450 contains a larger amount of silanol than
Pt/SiO2-IMP_450_450, which is consistent with the silanol
contents determined from Figure 3. Although the details are
currently unclear, we assume that grafting of (cod)Pt−
disilicate complexes, which contain a disilicate moiety
composed of Si−O components similar to silica, reforms the
SiO2 surface during the grafting, allowing it to maintain a high
silanol content even after calcination/reduction at 450 °C, and
the high silanol content contributes to the high dispersion of
Pt/SiO2-PGP_450 and the high catalytic activity of Pt/SiO2-
PGP_450_450.
Effect of Pt Loading and Types of Supports. The

particle growth of supported metal species is highly dependent
on the metal loading.35 Herein, we determined the effect of Pt
loading on the aggregation behavior of the Pt nanoparticles

Figure 3. Estimated silanol amount in Pt/SiO2 before and after
calcination/reduction.

Figure 4. STEM image of (a) 1 wt % Pt/SiO2-PGP_300, (b) 1 wt % Pt/SiO2-IMP_300, (c) 5 wt % Pt/SiO2-PGP_300, and (d) 5 wt % Pt/SiO2-
IMP_300.
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using a (cod)Pt-disilicate on SiO2 prepared by the PGP
method. Figure 4 shows STEM images and particle size
distributions of 1 wt % and 5 wt % Pt/SiO2-PGP_300 and Pt/
SiO2-IMP_300. The average particle sizes of the samples with
1 wt % Pt loading were approximately 1.6 nm for both
preparation methods (Figure 4a,b). For the samples with 5 wt
% Pt, the average particle sizes of Pt/SiO2-PGP_300 and Pt/
SiO2-IMP_300 were 1.5 and 2.4 nm (Figure 4c,d),
respectively, indicating that the average particle size of the
sample prepared by PGP was smaller than that prepared by
IMP, similar to the case with 3 wt % Pt loading.

The dispersion of Pt particles in Pt/SiO2-PGP_300 and Pt/
SiO2-IMP_300 was evaluated by powder XRD measurements
(Figure S7). While 5 wt % Pt/SiO2-IMP_300 showed two
peaks at 2θ values of 40 and 46°, which are assigned to the
(111) and (200) reflections of the face-centered cubic (fcc)
PtO2 crystals,36 no obvious peaks were observed in the XRD
pattern of Pt/SiO2-PGP_300 even with 5 wt % Pt loading.
Dispersions of Pt species in the samples calcined at 300 °C and
then reduced at 450 °C were further determined by CO pulse
adsorption (Table S1). Pt/SiO2-PGP_300_450 showed high
dispersion for all Pt loadings (33.8% for 1 wt % Pt/SiO2-PGP,
36.5% for 3 wt % Pt/SiO2-PGP, and 34.1% for 5 wt % Pt/SiO2-
PGP), whereas Pt/SiO2-IMP_300_450 showed lower dis-
persion than those prepared by PGP; the Pt dispersion
decreased with increasing Pt loading (27.1% for 1 wt % Pt/
SiO2-IMP, 18.4% for 3 wt % Pt/SiO2-IMP, and 14.8% for 5 wt
% Pt/SiO2-IMP). These results suggest that the Pt species in
Pt/SiO2-PGP_300 are highly dispersed, regardless of the Pt
loading.

Figure 5 illustrates the hydrogenation of cyclooctene with
time for each Pt loading. For 1, 3, and 5 wt % Pt/SiO2-

PGP_300_300, the yields at 45 min were 37, 99, and 99%,
respectively (Figure 5a); however, the yields of 1, 3, and 5 wt
% Pt/SiO2-IMP_300_300 were 13, 38, and 58%, respectively
(Figure 5b). While the hydrogenation activity increased with
increasing Pt loading in both samples, the turnover frequency
(TOF) of Pt/SiO2-PGP_300_300 and Pt/SiO2-
IMP_300_300 was determined under more dilute conditions
to evaluate the catalytic performance in more detail. Figure S8
shows the linear relationship between the yield of cyclooctene
hydrogenation and the reaction time. The TOF of Pt/SiO2-
PGP_300_300 and Pt/SiO2-IMP_300_300 with respect to Pt
loadings is summarized in Table 3. The TOF values of Pt/

SiO2-PGP_300_300 were 19.3, 18.6, and 18.6 mol (mol-Pt)−1

min−1 at Pt loadings of 1, 3, and 5 wt %, respectively. Notably,
the calculated TOF was constant despite increasing the Pt
loading, and the high activity was maintained even at a high Pt
loading of 5 wt %. However, the TOF values of Pt/SiO2-
IMP_300_300 were 5.3, 4.9, and 3.2 mol (mol-Pt)−1 min−1 at
1, 3, and 5 wt %, respectively. 1 wt % Pt/SiO2-IMP_300_300
showed low hydrogenation activity, despite the small particle
size of 1.6 nm observed before reduction (Figure 4b). This
result suggests that the reduction treatment of Pt/SiO2-
IMP_300 to Pt/SiO2-IMP_300_300 promoted particle
growth.37 Although the surface Pt content after reduction at
300 °C could not be determined with the available apparatus,
the constant TOF of Pt/SiO2-PGP_300_300 for the total Pt
content indirectly indicates that the average particle size and
distributions are not dependent on the Pt loading.

■ CONCLUSIONS
Silica-supported Pt nanoparticles were synthesized by con-
trolled growth from (cod)Pt-disilicate on SiO2, which was
prepared by immobilizing (cod)Pt−disilicate complex as a
molecular precursor. Pt/SiO2-PGP_Tcal_Tred showed high
hydrogenation activity even at a reduction temperature as
low as 150 °C due to the nanoparticle formation triggered by
hydrogenation of cod. Furthermore, the high hydrogenation
activity was maintained even after heat treatment at
approximately 450 °C. This thermal stability is attributed to
the high silanol content maintained even after calcination/
reduction at 450 °C. Finally, Pt/SiO2-PGP_Tcal_Tred had high
hydrogenation activity independent of the Pt loading amount
up to 5 wt %. The PGP method could be applied to other
metal/amorphous support systems to provide catalytic activity
at low temperatures and thermal stability on practical
amorphous supports. This protocol could be extended to
studies on more detailed particle-formation mechanisms of
supported metal species and synthesis of nanoparticles of other
transition metals supported on silica surfaces.

Figure 5. Hydrogenation of cyclooctene over Pt nanoparticles
supported on (a) Pt/SiO2-PGP_300_300 and (b) Pt/SiO2-
IMP_300_300 1 wt % (black circle), 3 wt % (blue square), and 5
wt % (red triangle).

Table 3. TOF of Cyclooctene Hydrogenation over Pt/SiO2-
PGP and Pt/SiO2-IMP

Pt/SiO2 TOF (mol (mol-Pt)−1 min−1)

1 wt % Pt/SiO2-PGP_300_300 19.3 ± 0.8
3 wt % Pt/SiO2-PGP_300_300 18.6 ± 0.6
5 wt % Pt/SiO2-PGP_300_300 18.6 ± 0.5
1 wt % Pt/SiO2-IMP_300_300 5.3 ± 0.7
3 wt % Pt/SiO2-IMP_300_300 4.9 ± 0.3
5 wt % Pt/SiO2-IMP_300_300 3.2 ± 0.6
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