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Hydrosilane enabled the formation of Pt nanoparticles and the
silane functionalization of a carbon support material in one pot.
The metal/Si-modified carbon composites are highly durable during
catalytic methane oxidation.

Carbon-supported noble metal composites are used as catalysts
in organic synthesis," fuel cells,” super capacitors,’ solar cells,*
and sensors.’ Support materials composed of sp> hybridized
carbon atoms have advantages of high electron and thermal
conductivities, which enhance the performance of the metal
species.® In contrast, carbon reacts readily with oxygen to eliminate
gaseous carbon oxides upon heating especially in the presence of
metal species, and thus catalytic combustion occurs rapidly. There-
fore, the development of thermally durable carbon materials is of
great importance.” The preparation of metal-supported carbon
materials covered with silica layers has been reported and they have
been used as catalysts for cyclohexane dehydrogenation.® However,
multistep functionalization processes such as (1) the deposition of
metal nanoparticles onto carbon, (2) surface treatment with a silane
coupling agent, and (3) silica-layer formation by the hydrolysis of an
alkoxysilane are required.

We focused on the development of a one-pot synthesis of a
metal/Si-modified carbon composite with high thermal durability.
To achieve this we used hydrosilane (R3SiH) as the dual-role reagent
for the metal nanoparticle formation and for the surface modifica-
tion of the carbon support. Hydrosilanes can reduce metal salts
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(M™?) to metal nanoparticles (M”) through transmetallation or
by ligand exchange. A successive reductive elimination® is
accompanied by the formation of R;SiX (X = the counter anion
of M™? or OH) that functions as a silane coupling agent'®
towards OH groups on the carbon support. Among the various
carbon-based support materials, we initially focused on graphene
oxide (GO) because of its highly oxygenated and two-dimensional
nanosheet structure. This allows for uniform nanoparticle distribu-
tion and silane functionalization. The thermal resistance of the
composites was evaluated by a catalytic methane oxidation reaction.
This reaction requires high energy because of the high C-H bond
dissociation energy (104 kcal mol *)."*

A Pt/GO composite (Pt/SiGO) was prepared from GO and
PtCl, using Et;SiH as a reductant.’” The mixture was stirred at
room temperature for 1 h and then heated to 95 °C for 6 h
(Scheme 1-1). For comparison, PtCl, was reduced by ethylene
glycol (Pt/GO-EG, Scheme 1-2) or NaBH, (Pt/GO-NaBH,,
Scheme 1-3).

The amount of Pt on Pt/SiGO was found to be 4.2 wt% by
energy dispersive X-ray (EDX) spectroscopy (Table 1, entry 1).
1.5 wt% Si was also detected by EDX. The Pt nanoparticles on
the surface of GO were characterized by X-ray diffraction (XRD).
The XRD patterns of graphite, GO, and Pt/SiGO are shown in
Fig. 1. The peak at 20 = 10.3° in the XRD pattern corresponds to
GO (002), and the broad peak at around 260 = 23° is attributed to
the stacked graphene sheets produced by the reduction of
GO.*® For Pt/SiGO the peaks are at 20 = 39.7, 46.2, and 67.6°
and these peaks correspond to the (111), (200), and (220) planes

Et3SiH .
Pt/SiGO 1)
50% ag. EtOH
GO + PtCl ethylene glycol
» Pt/GO-EG 2)
rt. 1h, H.O
then 95°C, 6 h
NaBH,

Pt/GO-NaBH,;  (3)
50% aq. EtOH

Scheme 1 Preparation of the Pt composites.
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Table 1 Pt content of the catalysts as determined by EDX

Entry  Catalyst Reductant ~ Support Pt content (Wt%)
1 Pt/C — C 5.0
2 Pt/SiGO Et;SiH GO 4.2
3 Pt/GO-NaBH, NaBH, GO 5.9
4 Pt/GO-EG EG GO 3.5

¢ Unknown (commercial product).

(a) PUSIGO
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(c) Graphite
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Fig. 1 XRD spectra of (a) Pt/SiGO, (b) GO, and (c) graphite.
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Fig. 2 (a, b) TEM images of Pt/SiGO, and (c) the particle size distribution.
of a face-centered cubic (fcc) Pt crystal, respectively."* The
morphology of the Pt nanoparticles was observed using a
transmission electron microscope (TEM) (Fig. 2). The average
particle size of the Pt nanoparticles was 2.4 nm. The lattice
space of the Pt nanoparticles was 0.22 nm, which corresponds
to the (111) plane of a Pt crystal.’*

The thermal durability of Pt/SiGO was evaluated by the catalytic
methane oxidation reaction (Fig. 3), because this reaction requires
high temperature. For comparison, commercially available Pt/C and
Pt/GO composites prepared using ethylene glycol (Pt/GO-EG) or
NaBH, (Pt/GO-NaBH,)"® were also evaluated.'® Catalysts containing
10 mg of Pt, as determined by EDX (Table 1), were subjected to
treatment with a gas containing 7% methane, 33% O,, and 60% He
at 400 °C. The flow rate was 30 mL min~ " and the conversion of
methane was measured by gas chromatography (Fig. S2, ESIt). For
Pt/C (Fig. 3a) the catalytic activity decreased significantly after 40 min
while Pt/SiGO maintained its activity (Fig. 3b). The Pt/GO prepared
using ethylene glycol (Pt/GO-EG) (Fig. 3c) or NaBH, (Pt/GO-NaBH,)
(Fig. 3d) did not show high activity at any point.

The recovered catalysts were analyzed by TEM (Fig. 4). The
original Pt/C contained 3.3 nm Pt nanoparticles (Fig. 4a);
however, after methane oxidation almost all the carbon support
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Fig. 3 Time course of the catalytic activity of methane conversion under
oxygen at 400 °C. (a) Pt/C, (b) Pt/SiGO, (c) Pt/GO-EG, and (d) Pt/GO-NaBH..
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Fig.4 TEM images and particle size distributions of (a) fresh Pt/C,
(b) recovered Pt/C, and (c) recovered Pt/SiGO.

disappeared and nanoparticle grain growth occurred (Fig. 4b).
In contrast, the recovered Pt/GO that was prepared using Et;SiH
did not undergo such a drastic structural change. Its particle
size increased slightly from 2.4 nm (Fig. 2) to 3.4 nm (Fig. 4c).

XPS was measured before and after the methane oxidation
reaction. The intensities of each spectra were normalized to
that of the Pt 4f;, and 4fs, regions (65-76 eV), because we
hypothesized that the amount of Pt does not change before and
after the reaction. For Pt/SiGO, the intensity of the Si 2p and 2s
regions (99 and 151 eV) increased after the reaction at 400 °C
(Fig. 5A). This suggests that silyl functional groups were
covalently attached to GO because the boiling points of Et;SiH
and Et;SiOH are only 107 and 158 °C, respectively. The increase in
Si indicates that other elements such as C and O were removed
and, therefore, XPS spectra of the C 1s regions were analyzed. As
expected, the intensities of the C 1s regions of Pt/SiGO after the
methane oxidation reaction decreased; however, the decrease is
much smaller than that of Pt/C (Fig. 5B).

Si atoms were well dispersed over GO as determined by
scanning transmission electron microscopy (STEM)-EDX mapping
(Fig. S3, ESIt). The hydroxyl groups on GO are known to react with
silane coupling reagents (silyl chlorides) to form silylated GO."”
Here, we used Et;SiH to reduce Pt(u) to Pt nanoparticles and, as a

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 XPS of (A) Si 2p and 2s, and (B) the C 1s regions of Pt/SiGO and Pt/C
before and after the methane oxidation reaction.

result, Et;SiOH is produced.'® Et;SiOH can also function as a
silane coupling reagent'® and, therefore, the OH groups on GO are
functionalized with Et;Si groups via dehydrative condensation. To
determine the chemical state of Si on GO, an X-ray absorption near
edge structure (XANES) spectrum of Pt/SiGO was obtained. Si(0) and
SiO, have peaks at 1842 and 1848 eV, respectively (Fig. 6a and b)."
The XANES spectrum of the Et;Si-modified GO (Et;Si-GO), produced
using Et;SiCl, had peaks at 1845 eV and 1848 eV (Fig. 6¢). For
Pt/SiGO a similar spectrum to that of Et;Si-GO was obtained
(Fig. 6d). This suggests that the Et;Si groups are attached to
Pt/SiGO by silyl ether bonds.*® Fourier transform infrared

(d) PUSIGO

(c) Et;8i-GO

(b) SIO,

(a) Si

1840 1845 1850
Energy / eV

Fig. 6 Si K-edge XANES spectra of (a) Si(0), (b) SiO,, (c) EtsSi-modified
GO, and (d) Pt/SiGO.
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Fig. 7 FT-IR spectra of (a) Pt/SiGO, (b) EtsSi-GO, and (c) GO.

700

(FT-IR) spectroscopy of Pt/SiGO also supports the presence of
the Et;Si groups; peaks of alkyl chains were observed at 2740-
2980 em™ " (Fig. 7). Si-O bond has a strong IR absorption at
1100-1200 cm ™", which is observed for both Pt/SiGO (Fig. 7a)
and Et;Si-GO (Fig. 7b).

To clarify the durability of Pt/SiGO under heating, thermo-
gravimetric analysis (TGA) was conducted (DTA is shown in Fig. 54,
ESIT). A drastic weight loss was observed at 350 °C on Pt/C under
air. Pt/SiGO and Pt/GO-NaBH, showed higher thermal durability;
however, the obvious effect of silyl functionalization was not
observed (Fig. 8). These results suggest that the silyl group does
not affect carbon supports, but stabilizes Pt particles. The weight
loss of Pt/SiGO at 50-100 °C would derive from the desorption of
water, and the loss at 100-350 °C would derive from the removal of
residual oxygen functional groups and alkyl chains, which were
also supported by IR analysis (Fig. S5, ESIt).

The hydrosilane-assisted deposition of Pt also enhanced the
thermal durability of activated carbon (Pt/SiC) (Fig. 9a). Interestingly,
treatment of the commercially available Pt/C with Et;SiH
(Pt/C-Et;SiH) also showed improved durability (Fig. 9b) com-
pared with the as-obtained compound (Fig. 9c¢).

We developed a one-pot synthesis of Pt/Si-modified carbon
composites. Si atoms were uniformly present on the carbon

Pt/GO-NaBH,

Weight Change (%)

-100 1 1 1 1 1
0 100 200 300 400 500

Temperature (°C)

Fig. 8 TGA of Pt/SiGO, Pt/C, and Pt/GO—-NaBH,4 under air. Heating rate:
2°Cmin™%
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Fig. 9 Catalytic activities of the hydrosilane-treated catalysts.

surface upon dehydrative silyl ether formation between Et;SiOH
and the OH group of the carbon. The thermal durability of the
composite during methane oxidation improved upon silyl group
modification. This work was partly supported by the Nano-
technology Platform Program, JST PRESTO, KAKENHI of the
Ministry of Education, Culture, Sports, Science and Technology, and
the Cooperative Research Program of Catalysis Research Centre,
Hokkaido University. We acknowledge Dr Hideki Hashimoto for
STEM-EDS measurements.
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