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Abstract: Graphene nanosheet-supported ultrafine metal
nanoparticles encapsulated by thin mesoporous SiO, layers
were prepared and used as robust catalysts with high catalytic
activity and excellent high-temperature stability. The catalysts
can be recycled and reused in many gas- and solution-phase
reactions, and their high catalytic activity can be fully recovered
by high-temperature regeneration, should they be deactivated
by feedstock poisoning. In addition to the large surface area
provided by the graphene support, the enhanced catalytic
performance is also attributed to the mesoporous SiO, layers,
which not only stabilize the ultrafine metal nanoparticles, but
also prevent the aggregation of the graphene nanosheets. The
synthetic strategy can be extended to other metals, such as Pd
and Ru, for preparing robust catalysts for various reactions.

Graphene has recently attracted tremendous attention,
owing to its extraordinary electrical and thermal conductivity,
excellent mechanical strength, unique optical and chemical
properties, and a theoretical specific surface area of
2630 m*g """ Compared to other carbon-based supports,
such as graphite, activated carbon, and carbon nanotubes,
graphene nanosheets have shown greatly enhanced catalytic
activity in photocatalysis® and electrocatalysis;® this is
mainly due to their excellent conductivity for electron capture
and transport, the large specific surface area, and their unique
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interaction with catalyst particles.”! High-efficiency thermo-
catalysis involving graphene-supported metal nanoparticles
has also been investigated.”) However, there are still
a number of limitations to the practical application of most
graphene-supported metal nanocatalysts. First, the strong n—x
stacking interactions between graphene nanosheets can lead
to serious aggregation and restacking, which inevitably blocks
active catalytic sites, and thus significantly hampers the
catalytic activity.!”! Second, general and robust methods for
loading graphene nanosheets with ultrafine metal particles
(<2nm), which promise significantly improved catalytic
performance owing to their increased specific surface areas
and high density of edges and corner atoms,” have been
scarcely developed.®! Third, owing to their high surface
energy, metal nanoparticles are typically unstable and tend to
sinter into larger species, especially under harsh reaction
conditions such as at the high temperatures required for many
catalytic reactions and subsequent detoxification processes,
which results in a dramatic decrease in catalytic activity. To
overcome these limitations, the dispersibility and stability of
graphene-supported metal nanocatalysts must be improved
by developing novel methods for anchoring ultrafine metal
nanoparticles securely onto graphene supports.

Herein, we report a facile and scalable wet-chemical
process to prepare graphene-nanosheet-supported metal
nanoparticles covered by mesoporous silica (mSiO,) layers.
The amorphous and chemically and thermally stable mSiO,
outer layer can restrain the m—n stacking interactions among
graphene nanosheet supports and prevent the aggregation
and restacking of graphene nanosheets. Additionally, a great
number of mesopores in the mSiO, layers provide spaces for
confining metal nanoparticles with specific sizes.”) Moreover,
the sintering of metal nanoparticles can be avoided, even
under harsh reaction conditions, because of the confinement
effects in porous materials.'")

Scheme 1 illustrates the preparation process. Metal hy-
droxide (MOH), a precursor for metal nanoparticles, was first
loaded onto the surface of graphene oxide (GO) nanosheets
by a general deposition—precipitation method.''! Subse-
quently, the residual ammonium hydroxide generated from
the decomposition of urea was ingeniously used to catalyze
the hydrolysis of tetraethyl orthosilicate (TEOS) directly to
form a mSiO, shell covering the surface of MOH-GO
composite. Cetyltrimethylammonium bromide (CTAB) was
used as the pore-generating agent.'” Lastly, the as-prepared
nanosheets of MOH-GO@mSiO, were annealed under H,,
which converted GO into reduced graphene oxide (rGO) and
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© MOH

Scheme 1. Synthesis of M-rGO@mSiO,.

MOH into metal nanoparticles, thus producing M-rGO@m-
SiO, composite nanostructures.

As can be seen in representative scanning electron
microscopy (SEM) images (Figure 1a,b), Pt-rGO@mSiO,
remains as a nanosheet-like structure, with lateral dimensions
ranging from hundreds of nanometers to a few microns, and
a thickness of approximately 28-30 nm. Loading catalyst
nanoparticles into the sandwiched structures makes it con-
venient for recycling, compared to catalysts without supports.
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Figure 1. a,b) SEM images of Pt-rGO@mSiO,. TEM images of
c,d) Pt-rGO@mSiO, and e) Pt-rGO (etched). f) The size distribution of
Pt nanoparticles in Pt-rGO@mSiO,.
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Further observation using transmission electron microscopy
(TEM) indicates that mesopores with an average size of ca.
3 nm form uniformly in silica, whereas the Pt nanoparticles
are well encapsulated between the rGO and mSiO, layers
without any aggregation (Figure 1c,d). The morphology of
rGO and Pt nanoparticles can be more clearly observed after
removing the outer mSiO, layers by etching with an aqueous
solution of NaOH. As shown in Figure le (see also the
Supporting Information, Figure S1), uniform Pt nanoparticles
with an average size of 1.65 nm are well dispersed on the rGO
nanosheets. The high-resolution TEM image shows that the
nanoparticles have a dspacing of 0.227 nm, which corre-
sponds to the (111) plane of Pt (inset in Figure 1e). The
mesoporous structure of SiO, layers was further confirmed by
Brunauer-Emmett-Teller (BET) gas adsorption studies (Fig-
ure S2), which suggest a typical isotherm type-IV curve, an
average Barrett-Joyner-Halenda (BJH) pore diameter of
2.8nm, and a surface area of 1057 m*g~'. The chemical
composition and structure of Pt-rGO@mSiO, were further
investigated by energy-dispersive X-ray spectroscopy (EDX),
Raman spectroscopy, and X-ray photoelectron spectroscopy
(XPS). The EDX analysis indicates that only C, Si, O, and Pt
are detected in Pt-rGO@mSiO,, and that there is no other
impurity (Figure S3a). The structural change, before and after
thermal reduction under H, atmosphere, of the GO sand-
wiched between two layers of mSiO, was examined by Raman
spectroscopy. The intensity ratio of the Ip/l; value of GO
decreases from 0.86 to 0.78 after thermal reduction, which
reflects the formation of more sp? domains from the
conversion of sp® carbons after thermal reduction, which is
usually observed during H, reduction of GO (Figure S4).1"
The reduction of GO can be further supported by XPS
monitoring of the chemical states change of carbon atoms in
GO before and after thermal reduction. As shown in Fig-
ure S3b, the typical XPS peaks of GO at 284.6, 286.6, 287.7,
and 288.9 eV can be assigned to C—C (graphite), C—O, C=0,
and O=C—O bonds, respectively. As a comparison, the
relative content of C—0O, C=0, and O=C—0 bonds decreases
significantly after thermal reduction, thus indicating that GO
has been reduced to rGO (Figure S3¢).’>*! Additionally, the
Pt(4f) XPS spectrum was also collected (Figure S3d). The
two typical peaks at 71.4 and 74.6 eV for Pt 4f;, and Pt 4f;),,
respectively, are characteristic for metallic Pt’,"* which agree
well with the HRTEM result.

The above results suggest that the ultrafine Pt nano-
particles with an average size of ca. 1.65 nm in Pt-rGO@m-
SiO,, display excellent stability at 240°C under H, atmos-
phere, which can be attributed to the protection afforded by
the mSiO, layers. To confirm the effect of mSiO, layers, Pt-
rGO without mSiO, was prepared under otherwise identical
reaction conditions for comparison. The TEM image of Pt-
rGO in Figure S5 reveals that the size distribution of Pt
nanoparticles in Pt-rGO is much wider, and the sizes of most
nanoparticles are larger than 2.5 nm. In this regard, the mSiO,
layers play a critical role in controlling the size and
distribution of Pt nanoparticles during the synthesis of Pt-
rGO@mSiO,, due to the confining effects of mesopores.
For a robust nanocatalyst with practical use, it is expected to
be stable at even higher temperatures in air and other
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Figure 2. TEM images of Pt-rGO@mSiO, heat-treated at a) 300°C in
air, ) 500°C in Ar, and €) 700°C in Ar and Pt-rGO (etched) heat-treated
at b) 300°C in air, d) 500°C in Ar, and f) 700°C in Ar. All treatment
times: 2 h.

atmosphere for various catalytic applications. Additional
experiments were also carried out to test the thermal stability
of Pt-rGO@mSiO, catalysts by calcining them at higher
temperatures (300-700°C; Figure 2). Figure 2a,c,e show that
the sizes of the Pt nanoparticles in Pt-rGO@mSiO, remain
almost unchanged after calcination at 300 °C in air, and 500 °C
and 700°C in Ar (GO can be oxidized and decomposed in air
at temperatures above 500°C),*! respectively, revealing that
the as-prepared Pt-rGO@mSiO, nanocatalyst has superior
thermal stability at temperatures as high as 700°C. The same
calcination experiments were also carried out on the compar-
ison nanocatalyst Pt-rGO(etched), which lacks mSiO, pro-
tection layers. As can be seen in Figure 1e, the sizes of the Pt
nanoparticles in Pt-rGO(etched) increase to ca. 2.6 nm after
calcination at 300°C (Figure 2b), to ca. 3.7nm at 500°C
(Figure 2d), and even to larger particles with sizes above
20 nm at 700 °C (Figure 2 f). This comparative study indicates
that the mSiO, shell in Pt-rGO@mSiO, can effectively
prevent the sintering of ultrafine Pt nanoparticles at high
temperatures. Additionally, it should be noted that the
graphene nanosheets act not only as a template with a large
specific surface area to load a large amount of ultrafine Pt
nanoparticles, but also as a space barrier (as do the mSiO,
shells) to help prevent the sintering of ultrafine Pt nano-
particles at high temperatures. Heating the sample at even
higher temperatures for 2 h, as shown in Figure S6, results in
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slight increases in Pt nanoparticle sizes from the original ca.
1.65 nm to 2.2 nm (800°C) and 3.2 nm (850°C). We attribute
this size increase to the instability of the mSiO, wall under
such high temperatures.'”! When graphene nanosheets are
removed from Pt-rGO@mSiO, by calcination at 550°C in air,
as shown in Figure S7, the average size of ultrafine Pt
nanoparticles increases to ca. 5.0 nm.

The catalytic performance of Pt-rGO@mSiO, was eval-
uated by employing the catalytic oxidation of CO as a model
reaction.™™ Figure 3 shows the typical conversion ratio of CO
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Figure 3. Catalytic activity of Pt-rGO@mSiO, post-calcined at 500°C
(¥) and 700°C (A) for CO oxidation. A sample without calcination
(%) is also included for comparison.

as a function of reaction temperature over the Pt-rGO@m-
SiO, catalyst both with and without post-calcination treat-
ment at 500°C (Pt-rGO@mSiO,-500) and 700°C (Pt-
rGO@mSiO,-700) in Ar. Interestingly, Pt-rGO@mSiO, is
not active at 105 °C, but Pt-rGO@mSiO,-500 and Pt-rGO@m-
SiO,-700 show a conversion ratio of 4.7% and 6.8%,
respectively. The complete conversion of CO can be reached
at 170°C, 130°C, and 120°C for Pt-rGO@mSiO,, Pt-rGO@m-
Si0,-500, and Pt-rGO@mSiO,-700, respectively. Evidently,
with the increase of calcination temperature, the catalytic
activity of the ultrafine Pt nanoparticles improves remark-
ably, which is possibly due to the removal of residual
impurities on the surface of the Pt nanoparticles at higher
calcination temperatures. Moreover, as shown in Table S1, the
ignition temperature of Pt-rGO@mSiO,-700 is lower than for
some previously reported mSiO,-based catalysts, such as Pt/
SBA-15M"1 and Pt@mSiO,,"™! and ultrafine Pt nanoparticles
loaded on CeQO,, which is considered to be an active oxide
support;["® this reveals that both the ultrafine size of Pt and
the graphene support could play key roles in the enhanced
activity.[*"l Furthermore, the water—gas shift reaction (WGS)
was chosen to test the high-temperature stability of Pt-
rGO@mSiO,. As shown in Figure S8, after an initial self-
activation process, the CO conversion for the WGS reaction
over Pt-rGO@mSiO, at 450 °C remained almost unchanged at
ca. 30% for about 80h, thus demonstrating its excellent
stability during high-temperature catalysis. This result is also
consistent with stability studies involving heat-treatment and
the CO oxidation reaction.
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To demonstrate that our catalysts can also perform well in
other reaction media, the catalytic performance of Pt-
rGO@mSiO, in the liquid phase was investigated by employ-
ing the catalytic reduction of 4-nitrophenol (4-NP) in aqueous
solution by hydrogen to produce 4-aminophenol (4-AMP) as
a model reaction. The conversion of 4-NP can be readily
monitored by UV/Vis photospectrometry, recording the
change of its characteristic absorbance at 4=400nm in
alkaline solution. As shown in Table 1, Pt-rGO@mSiO, gives

Table 1: Conversion of 4-NP over catalysts containing Pt nanoparticles.?

Entry Catalyst Conversion [%)]
1 PLIGO@mMSIO, 100
2 Pt-rGO (etched) 87
3 Pt-rGO 25
4 poisoned Pt-rGO@mSiO,"! 16
5 regenerated Pt-rGO@mSiO, 100

[a] Reaction conditions: catalysts containing Pt nanoparticles

(0.002 mmol), 4-NP (0.54 mmol), and H,O (25 mL) were mixed and then
reacted at 25°C under H, (1 atm) for 50 min. [b] Pt-rGO@mSiO, was
poisoned with MPA. [c] The poisoned Pt-rGO@mSiO, was calcined at
350°C for 1 h in air.

complete conversion (100%) in 50 min, whereas within the
same reaction time, Pt-rGO(etched) gives a conversion of
only 87 %, and Pt-rGO shows an even lower conversion of
25 %, owing to the larger size and significant aggregation of
the Pt nanoparticles (Figure S5). Compared with Pt-rGO-
(etched), the higher catalytic activity of Pt-rGO@mSiO, is
accounted for by the presence of the mSiO, layers. As
mentioned before, the mSiO, layers can prevent the aggre-
gation of rGO nanosheets and enhance their dispersion in the
liquid phase (Figure S9) by weakening the m—m stacking
interactions among rGO nanosheets dramatically, so that Pt
nanoparticles in Pt-rGO@mSiO, expose more catalytic active
sites in aqueous reaction systems for highly efficient catalytic
conversion.

In practical catalytic reactions, catalyst deactivation by
feedstock poisoning occurs frequently. One of the most
effective ways to regenerate the poisoned catalysts is high-
temperature calcination. However, catalysts, especially nano-
sized catalysts, can agglomerate and sinter very easily during
high-temperature calcination owing to their high surface
energy, even if they are anchored to the surface of sup-
ports.'”"? Because of the excellent thermal stability of Pt-
rGO@mSiO, catalyst, it is expected to retain its high catalytic
activity, even after the detoxification process. Sulfur species,
such as H,S, RSH, and RSSR, are common poisons for most
metal-based catalysts because they block a great number of
active sites by covering the catalyst surface through strong
coordinate interaction. Mercaptopropionic acid (MPA) was
thus chosen as a model poison for our tests. The regeneration
behavior of Pt-rGO@mSiO, poisoned with MPA was studied
under high-temperature calcination conditions. As indicated
in Table 1, entry 3, the poisoned catalyst gives a very low
(16 %) conversion of 4-NP in 50 min. However, after calci-
nation at 350°C in air, the poisoned catalyst can be easily and
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completely regenerated, regaining 100 % catalytic conversion
(Table 1, entry 4).

Recycling and reusability are also important merits of
robust heterogeneous catalysts. Typically, nanoparticle-based
heterogeneous catalysts suffer from both low separation
efficiency from reaction system, owing to their overall small
size, and reduced catalytic activity caused by coagulation of
nanoparticles during reactions. The micrometer-sized multi-
layer structure of the Pt-rGO@mSiO, nanocomposite is
designed to overcome these challenges. After four cycles of
catalytic hydrogenation of 4-NP in water using Pt-rGO@m-
SiO,, the conversion efficiency remains at 87 %, which is
almost the same as that of first run (90 %), indicating the
outstanding recyclability of the catalyst (Figure 4). On the

- =) ®
=} > =
1 1 1

Conversion (%)

[
=]
1

1 2 3 4
Cycles

Figure 4. Recyclable catalytic reduction of 4-NP in water with Pt-
rGO@mSIO, (black) and Pt-rGO(etched) (gray) and Pt-rGO (light
gray). Reaction conditions: catalysts containing Pt nanoparticles
(0.002 mmol), 4-NP (0.54 mmol), and H,O (25 mL) were mixed and
then reacted at 25°C under H, (1 atm) for 40 min.

other hand, for Pt-rGO(etched) without mSiO, layers, the
conversion efficiency is only 74 % after the first run, and
gradually decreases to as low as 23 % after four runs, mainly
due to the aggregation of Pt nanoparticles, as confirmed by
TEM observation (Figure S10). A similar decay in activity has
also been observed for Pt-rGO, and extensively reported for
carbon-supported metal catalysts.*!

The facile synthetic route reported here is also general
and can be extended to the preparation of Pd-rGO@mSiO,
and Ru-rGO@mSiO, with structures similar to Pt-rGO@m-
SiO, (Figure S11). Uniform ultrafine Pd and Ru nanoparticles
with average particle sizes of 1.8 nm and 1.4 nm, respectively,
well dispersed on rGO sheets, were sandwiched between two
mSiO, layers. This generality means that this process has
potential applications in a great number of catalytic reactions,
such as hydrogenation, selective oxidations, and cross-cou-
pling reactions.

In summary, we have developed a novel strategy for the
facile preparation of graphene-nanosheet-supported ultrafine
metal nanoparticles encapsulated by thin mSiO, layers. These
robust catalysts show high catalytic activity, high stability
under high temperature calcination, and excellent recycling
and reusability in gas- and solution-phase reactions. In
particular, the high activity of the catalyst can be fully
recovered by high-temperature regeneration, in case they are
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deactivated by feedstock poisoning. In addition to the high
surface area provided by the graphene support, the enhanced
catalytic performance is also attributed to the mSiO, layers,
which not only provide an isolated and confined space for
stabilizing the ultrafine metal nanoparticles, but also avoid
aggregation among the graphene nanosheets by reducing
their strong m—m stacking interactions. Furthermore, the
synthetic strategy can be extended to other metals, such as
Pd and Ru, to prepare graphene-supported ultrafine metal
catalysts for various catalytic reactions,” or even multi-metal
or alloy catalysts to improve the selectivity of industrially
valuable catalytic reactions.!
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