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Carbon nanotube (CNT)-supported Pt metal (Pt/CNT) was covered with silica layers using hydrolysis of
3-aminopropyl-triethoxysilane (APTES) and/or tetraethoxysilane (TEOS). The hydrolysis of APTES resulted
in a uniform coverage of Pt/CNT with silica layers, but the silica layers were very thin. Pt/CNT could be
coated with silica layers of a few nanometers thickness by hydrolysis of TEOS, but the thickness was
not uniform. In contrast, the successive hydrolysis of APTES and TEOS resulted in a uniform coverage
of Pt/CNT with silica layers of a few nanometers thickness. Pt metal particles in silica-coated Pt/CNT
adsorbed CO chemically despite uniform coverage of Pt metal particles with silica layers. Therefore, silica-
coated Pt/CNT demonstrated high catalytic activity in methane combustion.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Carbon nanotubes (CNTs) have attracted a great deal of interest
since their discovery [1]. CNTs are expected to find use in various
applications, including chemical sensors and catalysts in chemical
reactions, due to their unique magnetic, electronic, and chemical
properties. To use CNTs in some applications, their surface must be
modified with another phase to form highly functionalized com-
posites. These composites are frequently prepared by coating the
outer surface of CNTs with a secondary phase with a high level
of functionalization [2]. Composites of CNTs and metal nanoparti-
cles are often used as catalysts; for example, in one such appli-
cation, a CNT-supported Pt metal nanoparticle composite (Pt/CNT)
is used as an electrocatalyst in proton-exchange membrane fuel
cells (PEMFCs) [3-5]. The Pt/CNT cathode catalyst is reported to
show higher activity in the reduction of oxygen in PEMFCs than
traditional carbon black-supported Pt catalysts, which have been
widely used in PEMFCs. In addition, Rh and Ru metal nanoparti-
cles supported on CNT show excellent catalytic performance in the
selective hydrogenation of «,8-unsaturated aldehydes to unsatu-
rated alcohols, whereas «,8-unsaturated aldehydes are generally
hydrogenated to saturated alcohols over metal catalysts supported
on conventional carriers [6-9]. Modifying CNT surfaces is generally
a challenging task, however, because they are rather inert chem-
ically. Even if the CNT surfaces are successfully modified with a
secondary phase, the added phase often aggregates easily because
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they may have only weak interactions with CNTs [10]. Thus, in cer-
tain instances, inhibiting the aggregation of the secondary phase
on CNTs is necessary to make practical use of CNT-based compos-
ites.

In the present study, CNT-supported metal nanoparticles were
uniformly coated with silica layers. This coating was expected to
inhibit aggregation of the metal particles. In previous work, we
studied the preparation of metal nanoparticle catalysts uniformly
coated with silica [11-14]. The metal nanoparticles in the cata-
lysts showed high durability to sintering at high temperatures be-
cause they were uniformly covered with silica layers. In addition,
we demonstrated that the silica-coated metal nanoparticle cata-
lysts showed high catalytic activity despite the uniform coverage
of metal nanoparticles with silica layers; for example, silica-coated
Pt metal nanoparticles catalyzed the combustion of light alkanes,
such as methane, ethane, propane, and butanes [13]. In addition,
silica-coated Ni metal nanoparticles demonstrated high catalytic
activity and high stability for the partial oxidation of methane into
synthesis gas [14]. The coating of CNT surfaces with silica layers
has been reported by many research groups [15-21]; however, to
the best of our knowledge, very few reports have been published
describing the coating of metal nanoparticles supported on CNTSs
with silica layers. The surface of silica-coated CNTs can be easily
functionalized using one of the many chemical methods available
for modification of silica surfaces. We believe that the coverage
of CNT-supported metal nanoparticle composites with silica lay-
ers will permit their use in novel applications, such as catalytic
reactions carried out under severe conditions, like elevated tem-
peratures. Consequently, in the present study, Ru, Rh, and Pt metal
nanoparticles supported on CNTs were coated with silica layers by
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the successive hydrolysis of 3-aminopropyl-triethoxysilane (APTES)
and tetraethoxysilane (TEOS). In addition, the CNT-supported metal
nanoparticles covered with silica layers were used as catalysts in
the combustion of methane to demonstrate their catalytic activity.

2. Experimental

2.1. Preparation of CNT-supported metal nanoparticles coated with
silica layers

Commercially available CNTs (supplied from Ardrich; 20-30 nm
o.d.; 5-10 nm i.d.; 0.5-200 um long; >95% purity; 120 m2g~! BET
surface area) were immersed in an aqueous solution of HSO4 and
HNOs3. The solution was mixed ultrasonically at 328 K for 2 h to
oxidize the CNT surface [4]. Oxidized CNTs were immersed in an
aqueous solution containing H)PtClg. After this treatment, the pH
value of this solution was adjusted to ca. 11 by adding aqueous
NHs3 to deposit some Pt metal precursors on the CNTs. After this
solution was filtered, the samples were dispersed in a stirred solu-
tion of ethanol and water, and then aqueous NH3 and either APTES
or TEOS were added into the solution. The resulting mixture was
stirred at 333 K for 1.5 h. In the case of the successive hydroly-
sis of APTES and TEOS, APTES and aqueous NH3 were added to the
solution containing CNT-supported Pt precursors, and the resulting
mixture was stirred at 333 K for 0.5 h. Then hydrolysis of TEOS was
performed in this solution at 333 K for 1 h. Finally, each sample
was dried at 333 K in air, followed by exposure to an atmosphere
of Hy at 623 K for 3 h. The silica-covered Pt/CNT sample prepared
from APTES alone and that prepared from TEOS alone were de-
signated SiO;/Pt/CNT-A and SiO;/Pt/CNT-T, respectively. The sample
prepared by the successive hydrolysis of APTES and TEOS was de-
signated SiO;/Pt/CNT-AT.

CNT-supported Ru or Rh metal particles also were covered with
silica layers by the successive hydrolysis of APTES and TEOS, with
RuCl; and RhCl; used as metal sources for their preparation. First,
the CNTs were immersed in an aqueous solution containing RuCls
or RhCl3. After this treatment, the pH value of this solution was
adjusted to ca. 11 by addition of aqueous NH3 to deposit Ru or
Rh precursors on the CNTs. APTES and aqueous NHs, followed by
TEOS, were added to the solution containing the CNTs. This solu-
tion was filtered, and the sample thus obtained was dried at 333 K
in air, then exposed to an atmosphere of Hy at 623 K for 3 h.
The CNT-supported Ru and Rh metal nanoparticles coated with
silica layers were designate SiO,/Ru/CNT-AT and SiO;/Rh/CNT-AT,
respectively.

2.2. Characterization of the samples

The content of metals (Ru, Rh, and Pt) and SiO, in the CNT-
supported metal nanoparticles covered with silica layers was eval-
uated by X-ray fluorescence spectroscopy (XRF). The samples were
ground into a fine powder and spread evenly on the polyethy-
lene terephthalate film. The CNT content in CNT-supported metal
nanoparticles covered with silica layers was evaluated by the ther-
mogravimetric analysis in air. The samples were heated to 1173 K
in an air stream, which resulted in the combustion of the CNTs.

Transmission electron microscopy (TEM) images of the samples
were recorded with a JEOL JEM-3000F instrument. The catalyst
samples reduced with hydrogen at 623 K were dispersed in iso-
propanol and the solution was mixed ultrasonically at room tem-
perature. A part of this solution was dropped on the grid for the
measurement of TEM images.

Measurements of X-ray absorption near-edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) were per-
formed at Photon Factory in the Institute of Materials Structure
Science for High Energy Accelerator Research Organization, Japan
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Fig. 1. Pt Ljj-edge XANES spectra (a) and Fourier transforms of k3-weighted EXAFS
(b) for different SiO,/Pt/CNT samples and Pt foil.

Table 1
Contents of Pt, SiO, and CNT in different SiO,/Pt/CNT samples

Sample Concentration (moll~!) Content (wt%)

APTES TEOS Pt Si0; CNT
SiO, /Pt/CNT-A 0.041 - 6.2 7.3 86.5
SiO, [Pt/CNT-T - 0.041 5.5 31.2 63.3
SiO; /Pt/CNT-AT 0.014 0.041 3.8 47.7 48.5

(proposal 2007G532). XANES/EXAFS spectra were measured in a
transmission mode at room temperature at beam line NW-10A
with a Si(311) double-crystal monochromator for Ru and Rh K-edge
absorption, and at beam line BL-9C with a Si(111) double-crystal
monochromator for Pt Lyj-edge absorption. The catalyst samples
were reduced with hydrogen at 623 K before the measurement of
XANES and EXAFS. The catalyst samples were packed in a polyethy-
lene bag under an Ar atmosphere. The EXAFS data were analyzed
using the REX EXAFS analysis program (Rigaku Co.). Fourier trans-
formation of k3-weighted EXAFS oscillations was performed over
the k range of 3.5 to 15.5 A=, Inversely Fourier transformed data
for Fourier peaks were analyzed by a curve-fitting method using
the phase shift and amplitude function derived from FEFF 8.0 [22].

Exposed surface areas of Pt metal particles in silica-coated
Pt/CNT were evaluated by the CO adsorption method at 323 K, as-
suming an adsorption stoichiometry of 1:1 for CO/Pt. Before the
measurement of CO adsorption, the samples were treated with hy-
drogen at 623 K for 30 min.
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3. Results
3.1. Coverage of Pt/CNT with silica layers

Pt/CNT covered with silica layers was prepared by the hydrol-
ysis of APTES and/or TEOS in the presence of CNT-supported Pt
metal precursors, followed by the reduction of the resulting prod-
ucts with hydrogen at 623 K. Table 1 presents the SiO,, Pt, and CNT
contents in various SiO/Pt/CNT samples prepared in the present
study, along with the concentrations of APTES and TEOS used
in the preparation of each sample. Only a very small amount of
Si02 was found on the surface of SiO,/Pt/CNT-A, whereas a large
amount of SiOy was contained in SiO;/Pt/CNT-T and SiO;/Pt/CNT-
AT. Hydrolysis and polycondensation of APTES to form silica pre-
cursors do not occur readily, due to strong bonding between Si
atoms and the 3-aminopropyl group, whereas TEOS is readily hy-
drolyzed to form silica precursors under the conditions used in the
present study. Thus, the hydrolysis of APTES alone resulted in the
deposition of a small amount of silica on Pt/CNT.

Fig. 1 shows Pt Ljj-edge XANES spectra (a) and Fourier trans-
forms of k3-weighted EXAFS spectra [RSFs, radial structural func-
tions; (b)] for SiO,/Pt/CNT-A, SiO/Pt/CNT-T, SiO,/Pt/CNT-AT, and Pt
foil. The features of XANES spectra of all of the SiO2/Pt/CNT sam-
ples were consistent with the XANES spectrum recorded using Pt
foil. Moreover, the RSFs for all of the SiO,/Pt/CNT samples were
very similar in shape to that obtained for Pt foil, although peak in-

Table 2
Structural parameters of Pt species in different SiO,/Pt/CNT samples estimated by
curve-fitting analyses of EXAFS spectra

Sample Shell CN? R (AP DW (A)°
SiO, [Pt/CNT-A Pt-Pt 7.6 (£0.3) 2.73 0.085
SiOy [Pt/CNT-T Pt-Pt 9.6 (40.4) 2.75 0.070
Si0y /Pt/CNT-AT Pt-Pt 7.8 (£0.6) 2.73 0.083

4 Coordination number.
b Interatomic distance.
¢ Debye-Waller factor.

Fig. 2. TEM images of SiO,/Pt/CNT-A (a and b), SiO2/Pt/CNT-T (c and d) and SiO/Pt/CNT-AT (e and f).
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tensities were strongly dependent on the type of sample. Thus, Pt
species in all of the SiO,/Pt/CNT samples were present as Pt metal.
The peak at around 2.7 A in the RSFs for all the SiO,/Pt/CNT can
be assigned to the first Pt-Pt shell in Pt metal on the basis of the
RSF for Pt foil. The peak intensity in RSFs for any metal is directly
proportional to its crystallite size [23,24]. The peak intensity due
to Pt-Pt bond was the highest in the RSF of SiO/Pt/CNT-T com-
pared with the peak intensities in the RSFs of SiO,/Pt/CNT-A and
SiO, /[Pt/CNT-AT. These results suggest that the average Pt particle
size was the largest in SiO,/Pt/CNT-T.

The peaks observed at around 2.7 A in the RSFs of the SiOy/
Pt/CNT samples were inversely Fourier-transformed, and the EXAFS
spectra thus obtained were fitted using the phase-shift and ampli-
tude functions for Pt-Pt bonds. The results are given in Table 2.
The EXAFS spectra for all of the SiO,/Pt/CNT samples could be fit-
ted by a Pt-Pt shell. The estimated coordination numbers of the
Pt-Pt bond were 7.6 in SiO,/Pt/CNT-A, 7.8 in SiO,/Pt/CNT-AT, and
9.6 in SiOy/Pt/CNT-T. Thus, the average crystallite size of Pt metal
in SiO2/Pt/CNT-T was larger than those in the other samples.

Fig. 2 shows TEM images of various SiO,/Pt/CNT samples af-
ter reduction with hydrogen at 623 K. An average particle size
of Pt metal in the samples was evaluated using these TEM im-
ages. In addition, specific surface areas of Pt metal particles in
these samples were also evaluated using the particle size distri-
bution of Pt metal estimated by these TEM images. These results
are given in Table 3. TEM images (a) and (b) for SiO,/Pt/CNT-A
clearly show that Pt metal particles were supported on the outer
surface of CNTs. The Pt metal particles had a diameter of 1-3 nm
and a very narrow size distribution. Therefore, the preparation
of SiO,/Pt/CNT by the hydrolysis of APTES alone provided homo-
geneously dispersed Pt metal particles on these CNTs. However,
the presence of silica layers in SiO,/Pt/CNT-A could not be es-
tablished from the TEM images of this sample. In contrast to the
TEM images, energy-dispersive X-ray fluorescence (EDX) spectra,
measured at the same time as the corresponding TEM images for
SiO, [Pt/CNT-A, demonstrated the presence of silica on the surface
of SiO,/Pt/CNT-A. Fig. 3 shows a TEM image for SiO,/Pt/CNT-A as
well as the elemental mapping for carbon and silicon atoms in
the sample examined by EDX. It can be seen that silicon atoms
were uniformly distributed on the outer surface of SiO;/Pt/CNT-A.
Therefore, the hydrolysis of APTES resulted in the uniform cover-
age of the Pt/CNT surface with very thin silica layers. In contrast,
as shown in the TEM images (c) and (d) in Fig. 2, thick silica layers
appeared to envelop the Pt metal particles and coat the surface
of the SiO,/Pt/CNT-T sample. However, the thickness of the silica
layer in SiO;/Pt/CNT-T was not uniform, and exposed CNT surfaces
could be seen in the TEM images. Therefore, the hydrolysis of TEOS
led to an irregular silica layer coating on the CNT surfaces. The
Pt metal particles in SiO,/Pt/CNT-T ranged in diameter from 1 to
6 nm, a broader size distribution than that seen in SiO/Pt/CNT-A.
Remarkably, the successive hydrolysis of APTES followed by TEOS
provided the SiO,/Pt/CNT-AT sample with a smoother outer surface
compared with that of SiO,/Pt/CNT-T. As shown in the TEM images
(e) and (f) in Fig. 2, the surface of SiO,/Pt/CNT-AT was uniformly
covered with thick silica layers. The diameter of the Pt metal parti-
cles in SiO/Pt/CNT-AT ranged from 1 to 3 nm, very similar to that
for SiO2/Pt/CNT-A. It is important to note that Pt metal particles
in SiO,/Pt/CNT-AT were found not on the outer surface of the sil-
ica layers, but rather in their bodies; therefore, the surfaces of Pt
metal particles supported on CNT can be uniformly covered with
silica layers by the successive hydrolysis of APTES and TEOS.

The SiO, /Pt/CNT-AT sample was calcined at 1073 K under an air
stream to examine whether the CNTs and Pt metal particles in the
sample were covered with silica layers. Fig. 4 shows TEM images
for calcined SiO,/Pt/CNT-AT. These TEM images show the formation
of silica tubes [15-21] with channel diameters of ca. 20 nm, sim-

Fig. 3. TEM image of SiO,/Pt/CNT-A (a), and elemental mapping for carbon atoms
(b) and silicon atoms (c) examined by EDX for the sample.

Table 3
An average particle size and surface area of Pt metal in SiO2/Pt/CNT-A, SiO,/Pt/
CNT-T and SiO;/Pt/CNT-AT treated at different temperatures

Sample Temp.? d (TEM)P S (TEM)® S (co)d
(K) (nm) (m? g-Pt~1) (m? g-Pt~1)
Si0,/Pt/CNT-A 623 1.7£0.5 166 94
Si0, [Pt/CNT-A 873 25409 116 75
SiO, /Pt/CNT-T 623 29409 104 41
SiOy /Pt/CNT-T 873 32+1.2 93 34
SiO, /Pt/CNT-AT 623 1.7+0.5 173 111
SiO, [Pt/CNT-AT 873 19405 163 90

2 Temperature of the pretreatment for the samples.

b An average particle size of Pt metal estimated by TEM images of each SiO,/Pt/
CNT.

¢ Specific surface area of Pt metal particles estimated using particle size distribu-
tion of Pt metal which was evaluated by the TEM images.

d Exposed surface area of Pt metal particles estimated by CO adsorption methods.

ilar to the outer diameter of the CNTs used in the present study.
In addition, Pt metal particles with diameters ranging from 5 to
8 nm were always present in the channel of the silica tubes. When
SiO,/Pt/CNT-AT was calcined at 1073 K in air, the CNTs were oxi-
dized completely to form silica tubes, and Pt metal particles, which
had been supported on CNTs, aggregated in the channel of the
silica tubes. These findings also strongly suggest that the entire
surface of SiO,/Pt/CNT-AT was uniformly covered with silica layers.
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Fig. 4. TEM images of SiO/Pt/CNT-AT calcined under an air stream at 1073 K.

Table 4
Contents of Pt, SiO and CNT in different SiO,/Pt/CNT-AT samples

Entry Concentration (moll~") Content (wt%)

APTES TEOS Pt Si0; CNT
1 0.014 0.014 4.4 26.3 69.3
2 0.014 0.041 3.8 47.7 48.5
3 0.041 0.550 2.1 775 204

The TEOS concentrations were varied to control the thickness of
silica layers in the SiO/Pt/CNT-AT samples. Table 4 gives the con-
centrations of APTES and TEOS during sample preparation, along
with the final SiO,, Pt, and CNT content in each sample. Fig. 5
shows TEM images for these SiO,/Pt/CNT-AT samples; panels (a)
and (b), (c) and (d), and (e) and (f) correspond to the samples of
entry 1, entry, 2 and entry 3 in Table 4, respectively. The TEM im-
ages for all of the SiO,/Pt/CNT-AT samples in Fig. 5 show that the
CNTs and Pt metal particles were uniformly coated with silica lay-
ers. The diameter of the Pt metal particles was very similar in all
of the SiOy/Pt/CNT-AT samples. In contrast, the thickness of sil-
ica layers in the SiO,/Pt/CNT-AT samples was strongly dependent
on the TEOS concentration; that is, the thickness of silica layers
increased from 2 nm to 5 nm by changing the TEOS concentra-
tion from 0.014 to 0.041 moll~!. When the TEOS concentration
was further increased to 0.550 moll~!, the silica layers grew to
ca. 15 nm thick, as shown in the TEM images (e) and (f) in Fig. 5.
As described earlier, the hydrolysis of APTES on the CNTs did not
contribute to the formation of thick silica layers. This finding indi-
cates that the thickness of silica layers that envelop Pt/CNT can be
controlled by varying the TEOS concentration during their prepa-
ration.

3.2. Coverage of CNT-supported Ru and Rh with silica layers

CNT-supported Ru and Rh metal nanoparticles also were cov-
ered with silica layers by the successive hydrolysis of APTES and
TEOS. Fig. 6 shows Ru K-edge XANES spectra (a) and RSFs (b)
for SiOy/Ru/CNT-AT, Ru metal powder, and RuO,. The Ru K-edge
XANES spectrum for Ru metal powder differed in shape from that
for RuO;; that is, the absorption at around 22140 eV for RuO,
(white line) was stronger than that at around 22120 eV for Ru
metal, and the threshold of absorption at around 22105 eV for Ru
metal was of lower energy compared with that for RuO,. Thus,
the XANES spectra provide useful information on the oxidation
state of Ru species [25,26]. The XANES spectrum for SiOz/Ru/CNT-
AT showed more similarity with that of Ru metal than with that
of RuO;; however, the threshold of XANES spectrum at around
22105 eV for SiO,/Ru/CNT-AT was at slightly higher energy com-
pared with that for Ru metal. Furthermore, the intensity of absorp-

tion at around 22120 eV for SiO,/Ru/CNT-AT was slightly higher
than that for Ru metal. These results reveal that some Ru species
in the SiO/Ru/CNT-AT sample existed in the oxidized state, al-
though most of the Ru species were present as Ru metal. The
RSFs in Fig. 6b also suggest that Ru species in SiO;/Ru/CNT-AT
were present as both Ru metal and Ru oxides. In the RSF for
SiO,/Ru/CNT-AT, a strong peak was observed at around 2.3 A in
addition to a small peak at around 1.7 A. Based on the analysis of
the XANES spectra and the RSFs for RuO, and Ru metal powder,
the peaks at 2.3 A and 1.7 A can be assigned to Ru-Ru bonds in Ru
metal and Ru-0 bonds in Ru oxides, respectively. The intensity of
the peak due to Ru-Ru bond in SiO2/Ru/CNT-AT was significantly
lower than the peak intensity for Ru metal powder, suggesting a
very small average crystallite size of Ru metal in SiO,/Ru/CNT-AT.

To further clarify the structure of Ru species in SiO;/Ru/CNT-
AT, curve-fitting analysis of its EXAFS spectrum was performed.
The peaks in the RSF were inversely Fourier-transformed in the
R range of 0.5-3.0 A, and the EXAFS spectrum thus obtained was
fitted in the k range of 4.0-15.0 A='. The results are given in Ta-
ble 5. The EXAFS spectrum for SiO,/Ru/CNT-AT could be fitted by a
shell of the Ru-O bond and a shell of the Ru-Ru bond. The low co-
ordination number of the Ru-Ru bond suggests the presence of Ru
metal with small crystallite size in SiO;/Ru/CNT-AT. The Ru metal
particles in the sample likely interacted strongly with the silica
layers, as indicated by the small crystallite size of Ru metal; the
fraction of the surface Ru atoms in Ru metal particles should be
higher with a smaller crystallite size of Ru. The surface Ru atoms
in Ru metal particles in SiO,/Ru/CNT-AT directly interact with sil-
ica layers through Si-O-Ru bonds; therefore, some Ru species in
the sample could exist in the oxidized state.

Fig. 7 shows Rh K-edge XANES spectra (a) and RSFs (b) for
SiO2 /Rh/CNT-AT and Rh foil. The XANES spectrum for SiO, /Rh/CNT-
AT was consistent with that recorded with Rh foil. In addition, the
RSF for SiO,/Rh/CNT-AT also was similar in shape to that for Rh
foil, even though the peak intensity was significantly lower in the
former sample. The structural parameters of Rh species estimated
by curve-fitting analysis of the EXAFS spectrum for SiO2/Rh/CNT-AT
are given in Table 5. The peak in the RSF was inversely Fourier-
transformed in the R range of 1.0-3.0 A, and the EXAFS spectrum
thus obtained was fitted in the k range of 4.0-15.0 A~!, The EX-
AFS spectrum for SiO,/Rh/CNT-AT could be fitted only by a shell of
the Rh-Rh bond due to Rh metal; thus, we can conclude that Rh
species in SiO,/Rh/CNT-AT were present as Rh metal.

Fig. 8 shows TEM images of SiO;/Ru/CNT-AT (a and b) and
SiO2/Rh/CNT-AT (c and d). The TEM images for both of the silica-
coated samples show CNTs and metal particles covered uniformly
with silica layers of a few nanometers thickness. In addition, the
metal particles in these samples range in size from 1 to 3 nm and
have a very narrow distribution. Thus, homogeneously dispersed
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Fig. 8. TEM images of SiO/Ru/CNT-AT (a and b) and SiO/Rh/CNT-AT (c and d).

Table 5
Structural parameters of metal species in SiO,/Ru/CNT-AT and SiO/Rh/CNT-AT esti-
mated by curve-fitting analyses of the EXAFS spectra

Sample Shell CNa R (AP DW (A)

Si03/Ru/CNT-AT Ru-0 1.8+0.4 1.99 0.075
Ru-Ru 40404 2.64 0.088

Si0y [Rh/CNT-AT Rh-Rh 62403 2.67 0.077

2 Coordination number.
b Interatomic distance.
¢ Debye-Waller factor.

Rh and Ru metal nanoparticles supported on CNT can be covered
uniformly with silica layers by the successive hydrolysis of APTES
and TEOS.

3.3. Catalytic performance of SiO,/Pt/CNT

As described earlier, CNT-supported metal nanoparticles could
be covered uniformly with silica layers by the successive hydrolysis
of APTES and TEOS. The silica layers that coat metal nanopar-
ticles may potentially prevent the chemical adsorption of small
molecules, such as CO and hydrogen, on metal surfaces. To in-
vestigate whether the catalytic activity of the metal nanoparticles
is affected by the silica coating, CO adsorption experiments us-
ing SiO,/Pt/CNT samples were carried out. Based on the amount
of CO adsorbed on the samples, an exposed surface area of Pt
metal particles was estimated. Before the adsorption of CO at
323 K, these samples were treated with hydrogen at 623 K for



352 S. Takenaka et al. / Journal of Catalysis 257 (2008) 345-355

Fig. 9. TEM images of SiO,/Pt/CNT-A (a and b), SiO,/Pt/CNT-T (c and d) and SiO;/Pt/CNT-AT (e and f) treated at 873 K in a stream of Ar.

30 min. In addition, to examine tolerance to sintering of Pt metal
particles in these samples, the samples were exposed to 873 K
in an atmosphere of Ar for 5 h, then to 623 K in an atmo-
sphere of hydrogen for 30 min. Fig. 9 shows the TEM images of
Si0,/Pt/CNT-A, SiO,/Pt/CNT-T, and SiO,/Pt/CNT-AT treated at 873 K
in Ar. Table 3 gives the exposed surface areas of Pt metal parti-
cles in the samples treated at 873 K, evaluated by the amount
of CO adsorbed. The exposed surface area of Pt metal, estimated
by CO adsorption methods, was 94 m?g~! for SiO,/Pt/CNT-A,
41 m2g~! for SiO/Pt/CNT-T, and 111 m2g~' for SiO,/Pt/CNT-AT
after the treatment with hydrogen at 623 K. The exposed surface
areas of Pt metal particles estimated by CO adsorption methods
for all of the SiO,/Pt/CNT were smaller than the specific sur-
face areas of Pt metal particles estimated based on TEM images
of the corresponding samples, due to the coverage of Pt metal
particles with silica layers. Keep in mind, however, that the Pt
metal surface in SiO/Pt/CNT-AT was highly exposed. On the other
hand, the exposed surface areas of the Pt metal particles in the
SiO;[Pt/CNT estimated by CO adsorption decreased slightly after

the samples were treated at 873 K under Ar. TEM images of the
SiO/Pt/CNT revealed an increase in the average size of the Pt
metal particles after the samples were treated at 873 K under
Ar, as shown in Fig. 9, in which the increment in average par-
ticle size of the Pt metal in SiO,/Pt/CNT-A is especially notice-
able. Therefore, the decrease in exposed surface areas of Pt metal
particles in SiO2/Pt/CNT after the treatment at 873 K should be
due to the sintering of Pt metal particles. However, the decreases
in average particle size and exposed surface area of Pt metal in
SiO, [Pt/CNT-AT were more insignificant than those in SiO,/Pt/CNT-
A and SiO, /Pt/CNT-T. These findings suggest that the uniform cov-
erage of Pt metal particles with silica layers of a few nanometers in
thickness improved the resistance to sintering of Pt metal particles
on CNT.

Methane combustion was performed over Pt/CNT, SiO;/Pt/CNT-
AT, and Pt/SiO; to clarify the effect of silica coating on the catalytic
performance of Pt/CNT. In reactions carried out over all of the cat-
alysts, complete oxidation of methane occurred to form CO, and
H;O0. Fig. 10 shows the changes in turnover frequency (TOF) val-
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Fig. 10. Change in TOF values with reaction temperatures in the methane combus-
tion over Pt/CNT (@), SiO2/Pt/CNT-AT (O) and Pt/SiO, (A). P(CH4) = 18.0 kPa, P(03)
= 16.0 kPa, P(He) = 67.3 kPa, flow rate = 75 mlmin~"'.

ues with increasing reaction temperatures in methane combustion.
Based on the amount of CO adsorbed on these catalysts, TOF val-
ues in methane combustion were estimated, assuming that the
number of active sites available for the combustion of methane
was equivalent to the number of CO molecules adsorbed on Pt
metal particles. The TOF values for SiO,/Pt/CNT-AT were very simi-
lar to those for Pt/CNT, even though the catalytic activity of Pt/SiO;
was slightly lower than that of the other catalysts. These findings
clearly demonstrate that the coverage of Pt metal particles with
silica layers did not decrease their catalytic activity.

4. Discussion

CNT-supported Pt metal particles covered with silica layers
were prepared using the hydrolysis of TEOS or APTES, followed
by the successive hydrolysis of APTES and TEOS. In the hydroly-
sis of TEOS on the CNTs, silica precursors should be formed by
homogeneous nucleation through the hydrolysis of TEOS, with the
small particles of silica precursors deposited on the outer surface
of the CNTs to form silica layers. In the successive hydrolysis of
APTES and TEOS on CNTs, APTES are adsorbed densely on the outer
surface of CNT through strong interactions between the graphene
sheets of CNTs and the amino group of APTES [16]. The APTES ad-
sorbed on the CNTs is hydrolyzed to form the thin layers of silica
precursors on the CNTs. In the subsequent hydrolysis of TEOS on
the CNTs covered with silica precursors from APTES, silica precur-
sors from TEOS should be formed by heterogeneous nucleation and
be deposited on the CNTs, because the silica precursors from APTES

R i

act as nucleation sites of silica precursors from TEOS. The hetero-
geneous nucleation of silica precursors from TEOS would form lay-
ers with a high density on the CNTs compared with homogeneous
nucleation. In addition, the chemical interaction between the sil-
ica precursors from TEOS and the silica precursors from APTES on
the CNTs should be stronger than that between the silica precur-
sors from TEOS and the bare CNT surfaces. In fact, exposed CNT
surfaces were seen in the TEM images of SiO,/Pt/CNT-T after the
treatment at 623 K (Figs. 2c and 2d), even though the CNT sur-
face in SiO,/Pt/CNT-AT was uniformly covered with silica layers.
It should be noted that most of the silica layers in SiO,/Pt/CNT-T
peeled off after exposure to 873 K, whereas the Pt metal parti-
cles and CNTs remained uniformly covered with silica layers in
the SiO,/Pt/CNT-AT samples exposed to 873 K, as shown in Fig. 9.
These results imply that silica layers formed from TEOS only are
fragile at high temperatures. Silica precursors from TEOS formed
by homogeneous nucleation were deposited coarsely on the bare
CNT surfaces, resulting in the formation of silica layers that read-
ily peel off at high temperatures. In addition, it should be noted
that Pt metal particles in SiO,/Pt/CNT-AT were smaller than those
in SiO/Pt/CNT-T, as clarified by the TEM images in Fig. 2. In the
preparation of SiO,/Pt/CNT-AT, Pt precursors on the CNTs formed
by the addition of aqueous NH3; to aqueous H,PtClg were sur-
rounded by dense silica precursor layers formed by the hydrolysis
of APTES, due to the strong interaction between APTES and CNT.
The silica precursors on the CNT formed from APTES should pre-
vent the sintering of Pt metal particles during reduction of the Pt
precursors with hydrogen at 573 K. Thus, the Pt metal particles in
SiO;,/Pt/CNT-AT should be smaller than those in SiO/Pt/CNT-T.

The present study has demonstrated that Pt metal particles in
silica-coated Pt/CNT chemically adsorbed CO despite uniform cov-
erage of Pt metal particles with silica layers. Thus, silica-coated
Pt/CNT demonstrated high activity for methane combustion, as
shown in Fig. 10. The silica layers that enveloped the Pt/CNT
should be composed of the aggregates of small silica particles.
Small molecules, such as CO and methane, likely are supplied to
the surfaces of Pt metal particles in silica-coated Pt/CNT through
the porous structure of the silica layers (i.e., through the spaces
between the small silica particles). The Pt metal particles in silica-
coated Pt/CNT would weakly interact with the silica particles, be-
cause the Pt Ly-edge XANES spectra of silica-coated Pt/CNT were
very similar to those recorded with Pt foil. Thus, silica-coated
Pt/CNT demonstrated high catalytic activity, irrespective of the cov-
erage of Pt metal with silica layers.

As described earlier, Pt metal particles in all of the SiO/Pt/CNT
samples, especially SiO,/Pt/CNT-A and SiO/Pt/CNT-AT, were very
small and homogeneous in size. These SiO,/Pt/CNT samples were
prepared by the hydrolysis of APTES and/or TEOS in the presence
of CNT-supported Pt metal precursors, which were formed through

Fig. 11. TEM images of Pt/CNT prepared by the reduction of CNT-supported Pt precursors with hydrogen at 623 K.
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Fig. 12. TEM images of Pt/CNT (a and b) and Pt/CNT covered with silica layers (c and d).

the addition of aqueous NH3 to aqueous H;PtClg. Reduction of the
Pt precursors on the CNT surface likely would result in small, ho-
mogeneous Pt metal particles. To test this theory, CNT-supported
Pt metal particles without silica coating were prepared by the re-
duction of CNT-supported Pt precursors with hydrogen at 623 K.
Fig. 11 shows TEM images of Pt/CNT thus obtained, demonstrating
Pt metal particles ranging in diameters from 2 to 10 nm, a very
broad diameter distribution. Thus, it can be concluded that prepa-
ration of Pt metal by the reduction of Pt precursors formed by the
addition of aqueous NH3 to aqueous H,PtClg did not contribute to
the small size and homogeneous dispersion of Pt metal particles.
CNT-supported Pt metal particles covered with silica layers also
could be prepared by the successive hydrolysis of APTES and TEOS
using CNT-supported Pt metal particles, instead of CNT-supported
Pt metal precursors. Fig. 12 shows TEM images of Pt/CNT before
and after coating with silica layers. Pt/CNT was prepared by im-
pregnation of CNT in an alcoholic solution containing H,PtClg, fol-
lowed by reduction with hydrogen at 623 K. Figs. 12a and 12b
show Pt metal particles ranging in diameter from 1 to 4 nm on
the outer CNT surface of the Pt/CNT sample before silica coating.
After the successive hydrolysis of APTES and TEOS in the pres-
ence of the Pt/CNT, followed by the treatment of the resulting
products with hydrogen at 623 K, the outer surfaces of Pt metal
particles and CNTs appeared to be uniformly covered with silica
layers (Figs. 12c and 12d). The Pt metal particles in Pt/CNT cov-
ered with silica layers were similar in diameter to those in Pt/CNT;
however, the Pt metal particles in the Pt/CNT covered with silica
layers were larger than those in SiO,/Pt/CNT-AT, which was pre-
pared from Pt metal precursors supported on CNT (Figs. 2e and
12f). In general, controlling the size of metal particles on the sup-
ports by a conventional impregnation method is difficult, because
metal particles are readily aggregated during reduction of metal
precursors at high temperatures. In contrast, Pt metal precursors
were reduced to Pt metal after coating with silica precursor lay-

ers in the preparation of SiO;/Pt/CNT-AT, and the aggregation of Pt
metal particles was not observed. The silica precursor layers en-
veloping Pt metal precursors should prevent the aggregation of Pt
metal particles during reduction with hydrogen at 623 K. The high
dispersion of Pt metal particles on the catalytic supports is a desir-
able property, because Pt is one of the most expensive metals. The
preparation of SiO,/Pt/CNT by the successive hydrolysis of APTES
and TEOS using Pt metal precursors supported on CNT is an ef-
fective method for the deposition of smaller Pt metal particles on
CNT.

5. Conclusion

The present paper reports the preparation of the CNT-supported
metal nanoparticles covered with silica layers using the successive
hydrolysis of APTES and TEOS in the presence of the correspond-
ing metal precursors supported on CNTs, followed by reduction
of the resulting products with hydrogen at 623 K. The thickness
of silica layers can be controlled by varying the concentration of
TEOS during preparation of the silica-coated samples. The coating
of CNT-supported metal nanoparticles with silica layers improves
the resistance to sintering of metal particles at high tempera-
tures, but does not prevent significant chemical adsorption of small
molecules, such as CO, on the metal surfaces. These findings sug-
gest that CNT-supported metal nanoparticles covered with silica
layers can be used as catalysts in catalytic reactions even at high
temperatures.
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