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are widely used in the fields of catalysis."® The heterogeneous

ABSTRACT: Stable porous ionic liquid-water gel induced catalysts with hierarchically porous supports are particularly
by inorganic salts was created for the first time. The porous desired in many cases because they integrate the advantages of
gel was used to develop a one-step method to synthesize the pores of different sizes in diffusion and adsorption of the
supported metal nanocatalysts. Au/SiO,, Ru/SiO,, Pd/ species in the reaction systems.'® Usually, immobilization of
Cu(2-pymo), metal—organic framework (Cu-MOF), and active components on a porous support consists of two steps,

Au/polyacrylamide (PAM) were synthesized, in which the
supports had hierarchical meso- and macropores, the size
of the metal nanocatalysts could be very small (<1 nm),
and the size distribution was very narrow even when the
metal loading amount was as high as 8 wt %. The catalysts
were extremely active, selective, and stable for oxidative
esterification of benzyl alcohol to methyl benzoate,
benzene hydrogenation to cyclohexane, and oxidation of
benzyl alcohol to benzaldehyde because they combined
the advantages of the nanocatalysts of small size and
hierarchical porosity of the supports. In addition, this
method is very simple.

preparation of the porous support and immobilization of the
active components. There is no doubt that development of one-
step protocols to synthesize nanocatalysts immobilized on the
supports with hierarchical pores is highly desirable, but is
challenging.

In this work, we found that inorganic salts could induce the
formation of stable IL-water gel, and the porous gel with
hierarchical pores could be easily prepared. The porous gel was
used to develop a one-step method to synthesize nanocatalysts
immobilized on the supports with hierarchical meso- and
macropores. Various metal nanocatalysts of very small size on
different supports were synthesized using this new method. The
catalysts were very active, selective, and stable for different
reactions due to their special structures and morphologies.

Our study by direct observation (Figure S1), conductivity
measurement (Figure S2), and small-angle X-ray scattering
(SAXS) technique (Figure S3) indicated that the OmimCl (1-
octyl-3-methylimidazolium chlorine)-water-CaCl, and
OmimCl-water-MgCl, systems could form gel at suitable
compositions and temperatures, and porous gel could be easily
prepared. However, gel could not form without the inorganic
salts. That is, the inorganic salts could induce the formation of
IL-water gels. The microstructure of the gel obtained from the
SAXS study is shown schematically in Figure S4. The detailed
results and discussion on the preparation and characterization
of the gel and porous gel are given in the Supporting
Information (SI, Figures S1—S4, Table S1 and the related
discussion). As an example, Figure la shows the photograph of
the porous gel prepared by stirring the mixture containing 80
wt 9% IL+20 wt % water with 5 mol % CaCl, (IL-free basis) at
60 °C, and then cooled down to 25 °C in a water bath. The
photograph of the gel prepared with the same amounts of
components is shown in Figure 1b. As expected, the volume of
the porous gel was much larger than that of the gel and was not
transparent because of the existence of the air bubbles (pores).
The confocal laser scanning microscopy (CLSM) images of the

G els belong to an important class of soft matters." They
can be classified into chemical and physical gels. In
chemical gels, the cross-linkage results from covalent bonding.
In physical gels, the internal 3-D network is cross-linked
through weak interactions, such as hydrophobic interactions,
hydrogen bonds and crystallite junctions.” Gels have wide
applications in a variety of fields, including material synthesis,
chemical reaction,* biomedicine,® and organic optoelectronics.6

Ionic liquids (ILs) are organic salts which have low melting
point (e.g, lower than 100 °C). ILs have many unusual
properties, such as negligible vapor pressure, wide liquid range
and electrochemical window, good solvents for both organic
and inorganic substances, and their properties can be designed
by changing the structure of the anion or cation.” Applications
of ILs in different fields have been studied extensively, such as
chemical reaction,® extraction and separation,9 gas absorption,10
and material synthesis.'' In recent years, the aggregation
behaviors of ILs have been studied widely.'> ILs can form
microemulsions,*® gels,z’14 and liquid crystals,15 etc.

Porous materials have received much interest because of their
special structures and applications.'® Catalysis is the key to
enhance the efficiency of many chemical reactions. Heteroge-
neous catalysts have some obvious advantages, such as easy
separation and the possibility of using a fixed-bed reactor. Over
the past decades, much effort has been made to design and Received: January 7, 2014
synthesize efficient heterogeneous catalysts.'” Porous materials Published: February 28, 2014
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Figure 1. The photographs of the porous gel (a) and gel (b), and the
CLSM images of the porous gel (c) and gel (d).

porous gel and gel are shown in Figure 1, panels ¢ and d,
respectively. It can be seen clearly that there were numerous
pores in the porous gel. We emphasize that only the larger
pores in the porous gel could be observed due to the resolution
limitation of CLSM technique. Our study indicated that the gel
and porous gel were stable at least for two months at room
temperature.

The gels created in this work can find wide applications. As
an example of its utilization, we developed a one-step method
to prepare metal nanocatalysts immobilized on the supports
with hierarchical pores, and Au/SiO,, Ru/SiO, Pd/Cu(2-
pymo), metal—organic framework (Cu-MOF), and Au/
polyacrylamide (PAM) were synthesized. The route to
synthesize the catalysts is shown schematically in Figure 2,
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Figure 2. The route for the synthesis of the Au/SiO, catalysts.

taking the synthesis of Au/SiO, as an example. The detailed
procedures for the preparation of each of these catalysts are
described in the SL Briefly, the IL-water-CaCl, porous gel with
HAuCl, and Si precursor tetraethoxysilane (TEOS) was
prepared. Porous SiO, was formed in the porous gel by
hydrolysis of the TEOS. The gel was destroyed after mixing
with NaBH, aqueous solution because it was not stable at
higher water content, as seen from the results in Table S1. At
the same time, the Au®* in the porous SiO, was reduced by the
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NaBH,, and Au/SiO, catalyst was obtained after removing the
IL and water by washing with solvents and drying.

The SEM image of the Au/SiO, catalyst with 6 wt % Au is
shown in Figure 3a. Figure 3b—f presents the TEM images of
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Figure 3. SEM and TEM images of the Au/SiO, composites: (a) SEM
image with 6.0 wt % Au; TEM images with (b) 1.0, (c) 2.0, (d) 4.1,
(e) 6.0, and (f) 8.1 wt % Au. The insets in (b—f) show the size
distribution of Au particles.

the Au/SiO, catalysts with different Au loadings, and the
average size of Au in the composites are provided in Table 1.

Table 1. Catalytic Performances of the Au/SiO, Composites
for Oxidative Esterification of Benzyl Alcohol to Methyl

Benzoate”
o
AuwSiO, CH;0H /
(D/\‘M K,CO;3,0,

entry Au loading [wt 9%]° average size [nm] ¢ [h]® C[%]° S [%]°
1 1.0 1.5 24.0 >99 >99
2 2.0 1.7 14.0 >99 >99
3 4.1 19 7.0 >99 >99
4 6.0 2.0 4.0 >99 >99
S 8.1 2.1 S.5 >99 >99

“Reaction conditions: 5 ygmol of Au, 1 mmol of benzyl alcohol, 2 mL
of methanol, 0.5 mmol of K,CO;, 0.5 MPa O,, 50 °C. *The loadmg
amounts of Au were determined by ICP-AES (VISTA-MPX). ¢
Reaction time, C = Conversion, S = Selectivity.

All the Au loadings in the catalysts were determined by ICP-
AES (VISTA-MPX), which agreed well with the calculated Au
loadings on the basis of the Au and Si precursors used. All the
images showed that the SiO, supports had hierarchical pores.
The porosity of the SiO, support and Au/SiO, catalysts was
further characterized by N, adsorption/desorption method
(Figure SS). The BET surface area, total pore volume, and
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average pore diameter are shown in Table S2. The pore
volumes of Au/SiO, catalysts were smaller than those of the
SiO, support, suggesting that the Au nanoparticles were
deposited on the walls of the pores. The generation of the
catalyst, in which the metal nanocatalysts of small size and
narrow size distribution were immobilized on the support with
hierarchical pores, is easy to understand considering the special
properties and morphologies of the porous gel. The air bubbles
in the porous gel were responsible for the pores of the SiO,
formed by the hydrolysis of TEOS. The IL-water gel domains
with Au®* ions were trapped in the SiO, frame as shown in
Figure 2. Au nanoparticles were generated after the Au’* ions
were reduced. The spaces occupied by the IL-water domains
became pores of the support after the IL and water were
removed. The air bubbles and the IL-water gel domains acted
as the templates for the formation the pores of the support in
the final catalyst. Au nanoparticles were formed in situ in the
pores, which was favorable to forming small Au particles.
Therefore, the Au nanoparticles of small size and narrow size
distribution were immobilized uniformly on the porous
support. As expected, the size of the supported Au particles
increased slightly with the increase of the loading amount in the
catalysts. However, the size of the Au particles was still very
small even when the Au loading was as high as 8 wt %, which is
another advantage of this method.

The TEM images of the Ru/SiO,, Pd/Cu-MOF, and Au/
PAM catalysts are shown in Figure S6. The Pd/Cu-MOF was
further characterized by wide-angle powder X-ray diffraction
(XRD, Figure S7), thermogravimetric Analysis (TGA, Figure
S8) and ICP-AES (VISTA-MPX), which confirms that the
MOF was Cu(2-pymo),.*° Similarly, the metal nanocatalysts of
very small size with narrow size distribution were immobilized
on the supports with hierarchical pores. The average size of Au
and Ru were further characterized by XRD technique (Figure
S9). The size of the Ru nanoparticles in Ru/SiO, with 5 wt %
Ru calculated by Scherrer Equation was 0.89 nm, which is very
difficult to fabricate by other methods. The result is consistent
with that obtained by TEM method (Figure S6b). The supports
can be inorganic, inorganic—organic hybrid and organic
polymer, indicating that the method proposed in this work is
versatile for preparing the metal nanocatalysts immobilized on
the supports with hierarchical pores.

Esterification of benzyl alcohol to methyl benzoate,>
benzene hydrogenation to cyclohexane,” and oxidation of
benzyl alcohol to benzaldehyde are important reactions. The
catalytic performances of the catalysts prepared for different
reactions were studied. The results for the oxidative
esterification of benzyl alcohol to methyl benzoate catalyzed
by the Au/SiO, are listed in Table 1. The reaction proceeded
smoothly under mild condition. The activity and selectivity of
all the catalysts with different Au loadings were very high. The
activity of the catalysts increased with the increase of Au
loading at first and then decreased, and reached highest at the
Au loading of 6.0 wt %. The Ru/SiO, catalysts were used to
promote benzene hydrogenation to cyclohexane (Table 2).
Similarly, the catalyst with higher Ru loading exhibited higher
activity. The conversion and selectivity for the solvent-free
oxidation of benzyl alcohol to benzaldehyde was conducted
using the Pd/Cu-MOF as the catalyst. The dependence of
conversion and selectivity on reaction time is shown in Figure
4. The catalyst had very high activity and selectivity even at
ambient pressure. The TOF values of the catalytic reactions are
compared with the typical results reported in the literature
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Table 2. Catalytic Performance of the Ru/SiO, Catalyst for
Benzene Hydrogenation to Cyclohexane®

SRR e

entry Ru loading [wt %] T [°C] t [h] Y [%]® TOF*
1 1.0 100 1.5 >99 1667
2 1.0 50 4.5 >99 556
3 5.0 100 0.5 >99 5000
4 5.0 50 3.0 >99 833

“Reaction conditions: 10 gmol of Ru, 25 mmol benzyl, 2 MPa H,.
“Yield of cyclohexane. “TOF (turnover frequency) was calculated as
conversion of moles of benzene per mol of Ru per hour.
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Figure 4. The conversion and selectivity of solvent-free oxidation of
benzyl alcohol to benzaldehyde. Reaction conditions: 0.1 mol benzyl
alcohol and 1 gmol Pd catalyst, 1 atm O, at 100 °C.

(Table S3). Obviously, the catalysts prepared in our work are
much more active mainly because they combined the
advantages of the nanocatalysts of small size and hierarchical
porosity of the supports. The stability and reusability of the Au/
SiO, catalyst with 6.0 wt % Au (entry 4 of Table 1) was studied,
and the results are shown in Figure S10. The conversion and
selectivity of the catalyst did not decrease noticeably after
reused five times, indicating that the catalysts were very stable.

There are at least two reasons for the excellent catalytic
performances of the catalysts for all the studied reactions. First,
the size of the metal nanoparticles was very small and the size
distribution was narrow. Second, the hierarchical porosity of the
supports was favorable to both adsorption of the reactants and
mass transfer of the species. The metal nanocatalysts existed
mainly in the pores of the supports, which made the catalysts
very stable.

In summary, we have created porous IL-H,O-inorganic salt
gels. A one-step protocol to synthesize metal nanocatalysts of
controlled size on supports with hierarchical porosity has been
proposed using the special nature of the porous gel, and
different heterogeneous catalysts have been designed and
fabricated. The supports range from inorganic, inorganic—
organic hybrid, to organic materials. The catalysts prepared
have very high activity, selectivity, and stability for different
reactions because they integrate the advantages of the
nanocatalysts of very small size and the supports with
hierarchical pores. We believe that the new and simple route
has wide applications in the synthesis of various highly efficient
heterogeneous catalysts.
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