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ABSTRACT: The metal—organic framework (MOF)
MIL-101Cr was readily encapsulated by a very thin shell
(around 30 nm) of hydrophobic mesoporous silica, which
replicates the irregular shape of the MOF nanocrystals.
Such a silica shell facilitates the diffusion of hydrophobic
reactants with enhancement of the catalytic activity of the
MOF and significantly improved catalytic stability of the
MOF in the oxidation of indene.

Metal—organic frameworks (MOFs) have attracted wide-
spread research interest, including as catalysts,' * because
of their ultrahigh surface area, tailorable porosity, and tunable
composition.s’é However, many critical issues, such as the surface
property and structure stability, must be addressed for the
promise of their practical application.””” Hierarchical nano-
encapsulation has been considered to be an efficient approach to
improving the stability of nanoparticles."’"” For example, a
mesoporous silica (mSiO,) shell can significantly enhance the
mechanical properties of encapsulated nanosized MOFs.'>'®"”
However, it is still a great challenge to synthesis a hydrophobic
mesoshell around nanocrystals because mSiO, usually exhibits
strong hydrophilic properties. In spite of the improved stability of
MOFs@silica,”* > there are only rare reports on their catalysis
application.”> Some attempts to render the surface of mSiO,
hydrophobic, such as organic modification and surface rough-
ening, have been successfully developed.”*~*” However, it is still
not easy to change the hydrophilic surface property of
mesostructured silica for the nanoencapsulation of MOFs
because of the relatively harsh and/or complex procedure such
as long-time and high-temperature reflux during the organic
modification or secondary coating during the formation of a
rough nanostructure.”**’

Herein, we present a simple method for the direct coating of
MOF nanoparticles (MIL-101Cr) with a very thin hydrophobic
mSiO, shell and investigation of the effect of the mSiO, shell on
the MOFs in a catalytic application. MIL-101Cr™* is a water-
stable prototypical MOF**" with interesting catalytic proper-
ties." The silica shells can largely improve the stability of
nanosized MOFs, and the larger mesopore size can allow
chemical reactants or adsorbates to easily penetrate through this
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shell and reach the core without deteriorating the intrinsic
properties of MOFs. Very interestingly, the very thin silica layer
replicates the rough surface of an irregular MOF nanoparticle,
resulting in a hydrophobic surface of mSiO,. This unique feature
enhances the catalytic activity and stability of MIL-101Cr during
oxidation of indene. The core—shell-structured MIL-101Cr@
mSiO, nanoparticles (designated as MIL-101Cr@mSiO,) were
prepared in three steps (Figure 1): (i) deposition of a thin
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Figure 1. Schematic representation of the synthesis of MIL-101Cr@
mSiO, sample.

intermediate micelle around the MIL-101Cr particles for (ii) the
introduction and generation of the silica layer and (iii) removal of
the surfactants by calcination to produce the MIL-101Cr@
mSiO, particles with a mSiO, nanocoating (see the Supporting
Information for details). The novelty in our work is the rational
design of a hydrophobic mSiO, shell on an MOF with
significantly improved catalytic stability and enhanced catalytic
activity, whereas traditional mSiO,-coated catalysts usually
exhibit a close or lower activity in comparison to the bare
catalysts because of the potential isolation and/or covering of
active sites by the shell.

Transmission electron microscopy (TEM) and high-angle
annular dark-field scanning TEM (HAADF-STEM) images of
MIL-101Cr@mSiO, with energy-dispersive X-ray spectroscopy
(EDX) element mapping show a core—shell structure, where
each MIL-101Cr nanoparticle is encapsulated by a silica layer
(Figure 2). The element Cr is distributed within the Si element
shell. The thickness of the silica layer surrounding the MIL-
101Cr core is around 30 nm. These results indicate that the
composites with a core—shell structure are successfully
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Figure 2. (a and b) Representative TEM images of MIL-101Cr@mSiO,
samples at low and high magnification, respectively. (c) High-
magnification HAADF-STEM image of a MIL-101Cr@mSiO, nano-
particle. Corresponding EDX elemental mapping results: (d) Cr (red);
(e) Si (blue); (f) Cr and Si overlaid color mapping.

synthesized via the surfactant-directed coating route. Scanning
electron microscopy (SEM) images of MIL-101Cr and MIL-
101Cr@mSiO, also show similar irregular-to-octahedral mor-
phology (Figure S1), indicating that the silica coating is very thin
and replicates the MOF morphology.

From powder X-ray diffraction (XRD) patterns of MIL-101Cr
and MIL-101Cr@mSiO, before and after calcination, the as-
synthesized MIL-101Cr@mSiO, sample (Figure S2c) shows
diffraction peaks similar to those of the MIL-101Cr sample
(Figure S2b) and the simulated MIL-101Cr patterns (Figure
$2a), suggesting retention of the framework structures during the
silica coating process. The diffraction peaks of the MIL-101Cr@
mSiO, sample (Figure S2d) display no change after careful
calcination, demonstrating no significant destruction of the
crystal structure of MIL-101Cr through the calcination process
for removal of the surfactants. We cannot completely rule out
that MIL-101Cr turns partly amorphous or is partly transformed
into an amorphous decomposition product. However, work from
others indicates that MIL-101Cr was stable up to 300 °C.*' ™
Here the calcination temperature for MIL-101Cr@mSiO, is only
250 °C, so we believe that MIL-101Cr can be stable and will
retain its crystal structure during our calcination process. At the
same time at 250 °C in vacuum overnight, the template
surfactant cetyltrimethylammonium bromide (CTAB) will be
decomposed and removed from the channels of silica. This is the
common condition to remove the soft template CTAB or
cetyltrimethylammonium chloride in the mSiO, channels."?

The N, sorption isotherms and pore-size distributions of the
MIL-101Cr and MIL-101Cr@mSiO, samples are illustrated in
Figure S3 and Table S1. Pure MIL-101Cr shows the character-
istic type I(b) isotherm with the characteristic step between 0.1 <
p/po < 0.2 because of the presence of two kinds of microporous
windows/mesoporous cages (Figure $3a).”® After coating with
mSiO, shells, the MIL-101Cr@mSiO, sample shows a mixed
isotherm (Figure S3b), in which mSiO, and microporous MIL-
101Cr are both effective for the isotherm curvature, and the
isotherm should be assigned as a nonclassical type IV. The pore-
size distribution of MIL-101Cr@mSiO, reflects the same distinct
pores as those in MIL-101Cr but with one more pore at around
2.8 nm (Figure S3c), which can be attributed to the mSiO, shell

(Figure S4). The specific Brunauer—Emmett—Teller surface area
of 1156 m* ¢! for MIL-101Cr@mSiO, is slightly less than the
mass-weighted expected value of 1408 m”> g~' (see Figure S3 and
the accompanying text in the Supporting Information).

The catalytic property of MIL-101Cr@mSiO, was evaluated
toward the oxidation of indene with H,0, in acetonitrile (see
Figure SS for the reaction scheme), a valuable reaction of the
oxidation of alkenes to carboxylic acids in organic synthesis.”*
Figure 3a shows the conversion of indene against time after
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Figure 3. (a) Time-domain conversion of indene by MIL-101Cr, MIL-
101Cr@m$iO,, and mSiO,. (b) Comparison of the conversion for MIL-
101Cr and MIL-101Cr@mSiO, over three reaction runs. The reaction
time is 80 min.

addition of the catalysts. As can be seen, both MIL-101Cr and
MIL-101Cr@mSiO, samples are effective catalysts for the
oxidation reaction. The activity of MIL-101Cr@mSiO, is
obviously higher than that of the MIL-101Cr sample, and the
turnover frequency (TOF) value (Table S2) of the MIL-101Cr@
mSiO, sample (95.2 mmol g~ h™") is 1.24 times greater than that
of the MIL-101Cr sample (76.8 mmol g~ h™"). For example,
after 1 h, the conversion of indene with the MIL-101Cr@mSiO,
sample is 95%, while the conversion with the MIL-101Cr sample
is only 77%. Pure mSiO, and also H,O, alone cannot oxidize
indene under the same reaction conditions. Thus, the enhanced
catalytic activity of MIL-101Cr@mSiO, can be ascribed to the
structure advantage of the mSiO, shell, which allows for faster
diffusion of the reactants and products (for the effect of the silica
shell thickness on conversion, see Figure S6 and the
accompanying text).**¢

We note that the improvement of the catalytic conversion is
significant beyond doubt. Thereby we also point to the catalytic
experiments, which were performed in triplicate to exclude larger
deviations and to ensure data reliability (Table S3). We used the
average values in the conversion diagrams in Figure 3. In this
proof-of-principle study, we note that it is not necessarily
expected to improve the catalyst conversion of MOFs con-
strained in porous structures. In our case, the catalytic activity of
MIL-101Cr for the oxidation of indene could be obviously
enhanced by rationally covering them with a hydrophobic mSiO,
shell. Catalysts encapsulated within a silica shell usually exhibit a
close or lower activity in comparison to the bare catalysts because
of the potential isolation and/or covering of active sites by the
shell together with diffusion limitations. Moreover, the catalytic
stability of MIL-101-Cr has been improved significantly.
Altogether, this is a surprising result. Here, the mSiO, shell
could obviously enhance the catalytic activity of MIL-101Cr for
the oxidation of indene although the diffusion rate of molecules
through the silica shell should be slowed, and fewer active sites in
the silica-enclosed MIL-101Cr may be available.

The increase in catalytic activity for MIL-101Cr@mSiO, is
counterintuitive. So the reason for the enhanced activity by the
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silica shell needed to be more deeply investigated. Notably, the
catalytic substrate (indene, is a hydrophobic reactant), is
insoluble in water and dissolved in organic acetonitrile solution
while MIL-101Cr is of intermediate hydrophilicity—hydro-
phobicity as based on water vapor uptake versus relative pressure
in adsorption measurements. 3% In comparison water vapor
sorption indicates that mSiO, is more hydrophobic.”” The
hydrophilic—hydrophobic property of mSiO, can be readily
tuned by surface roughness engineering, such that mSiO,
nanospheres with a smooth surface show hydrophilicity. Rough
mSiO, nanospheres with the same hydrophilic composition
show unusual hydrophobicity.”” So it is believed that the
roughness of mSiO, (see below) could result in hydrophobic
mSiO, and we supposed that the mSiO, shell would facilitate the
exchange between hydrophobic reactants and the embedded
MOF catalysts by providing a possibly hydrophobic intermedium
around MIL-101Cr. To support this hypothesis, the hydro-
philic—hydrophobic property of the nanoparticles was charac-
terized by the dispersion behavior of MIL-101Cr@mSiO, and
MIL-101Cr in a two phase decane-water system. As seen from
Figure 4a, MIL-101Cr@mSiO, collected at the bottom of the

Water |

Figure 4. (a) Dispersion behavior of MIL-101Cr@m$iO, (left) and
MIL-101Cr (right). The high-magnification SEM images of (b) MIL-
101Cr@mSiO, and (c) MIL-101Cr on a PDMS layer for measuring
individual contact angles by the GTT method (see the Supporting
Information for further details). Scale bars are 300 nm.

hydrophobic decane layer after adding nanoparticles with mild
shaking while MIL-101Cr collected at the bottom of the water
layer. This indicates that MIL-101Cr@mSiO, is hydrophobic
while the MIL-101Cr is hydrophilic. Furthermore, indene
adsorption experiments show that MIL-101Cr@mSiO, adsorbs
indene more readily than MIL-101Cr (Figure S7). Moreover, a
gel-trapping technique (GTT)**~** was used to provide a more
direct comparison of the hydrophilic—hydrophobic properties
between MIL-101Cr@mSiO, and MIL-101Cr because the
traditional contact-angle measurement for film surfaces does
not easily apply for nanoparticles as their sizes are much smaller
than that of a liquid droplet. A schematic presentation of the
GTT preparation protocol for the contact-angle measurement of
MIL-101Cr@mSiO, and MIL-101Cr is shown in Figure S8.
The hydrophilic—hydrophobic properties of nanoparticles can
be judged by their position on the poly(dimethylsiloxane)
(PDMS) layer as the nanoparticles were picked up from the
decane/water interfaces. Individual MIL-101Cr@mSiO, is
mostly embedded in the PDMS film (Figure 4b), indicating
the hydrophobicity of the mSiO, shell On the contrary,
individual MIL-101Cr is mostly visible on the PDMS surface
(Figure 4c), showing the higher hydrophilicity of MIL-101Cr.
Possibly, the hydrophobicity of mSiO, is due to a rough
nanostructure”’ caused by the very thin silica copy of the
irregular shape of MIL-101Cr (see Figure S9 and the

accompanying text). To rule out the presence of hydrophobic
hydrocarbon residues on the surface of MIL-101Cr@mSiO,, see
Figure S10 and S11 and the accompanying text.

To extend MIL-101Cr@mSiO, to other reactions with both
hydrophobic and hydrophilic substrates, the oxidation of 1-
dodecene in acetonitrile (Figure S12) and the dehydration of
glucose in water (Figure S13) were conducted. As expected,
MIL-101Cr@mSiO, exhibits a higher activity than MIL-101Cr
toward the hydrophobic dodecene substrate (Figure S14) but a
lower activity than MIL-101Cr toward the hydrophilic glucose
substrate (Figure S15).

As shown in Figure 3b, the reusability of MIL-101Cr@mSiO,
in indene oxidation is much better than that of MIL-101Cr. After
three runs, 82% of the initial conversion is retained for MIL-
101Cr@mSiO,, but only 46% of the initial conversion is still
present for MIL-101Cr, indicating that the mSiO, shell
significantly enhances the catalytic stability of the embedded
MIL-101Cr sample in the oxidation of indene. The XRD patterns
of MIL-101Cr@mSiO, before and after three reaction cycles
show no obvious differences (Figure S16), demonstrating the
high structural stability of MIL-101Cr@mSiO,.

In conclusion, the MOF MIL-101Cr incorporated in a
hydrophobic mSiO, shell has been readily synthesized. The
MIL-101Cr@mSiO, sample exhibits enhanced catalytic activity
and improved reusability as a catalyst in the oxidation of indene.
This study shows a unique effect of a hydrophobic mSiO, shell
on MOF:s for the catalytic transformation of hydrophobic organic
substrates.
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