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In this work, we develop a general strategy for the preparation of
robust hierarchically porous and readily processable MOF
composites through an interfacial nanoassembly/emulsion
polymerization method. MOF nanoparticles of different
composition and stability including ZIF-8, UiO-66 and Cr-MIL-101
and moisture-sensitive HKUST-1 have been successfully
incorporated into the composites. The size of macropores within
the ZIF-8/polystyrene (ZIF-8/PS) composites can be controlled
from 6 um to 28.5 pum through changing the amount of MOF
nanoparticles, which simultaneously tunes the loading of MOFs
within the composites. The fluidic nature of the emulsion before
polymerization facilitates the processibility of the MOF-
composites into task-specific shapes, including columns, spheres,
and various irregular bodies. Additionally, the magnetic
functionality can be endowed to the MOF composites through co-
assembly of Fe3O, and MOF nanoparticles. The MOF composites
exhibit excellent mechanical stability even after pressing or long-
term mechanical stirring, and the ZIF-8/PS polyHIPE shows high
conversion rate toward the Knoevenagel reaction compared with
bulk ZIF-8 nano- and microparticles.

Metal-organic frameworks (MOFs) are assembled by metal
ions or clusters with organic ligands through coordination
interactions to form organic-inorganic hybrid porous
materials.’3 Because of their highly ordered pore structure,
high internal surface areas, and chemical functionality, MOFs
have been attracting strong research interest and can be
widely used in various fields, such as gas separation,*>
pollutant removal,® sensing,’-¢ drug delivery,®-1° fuel cells and
energy storage,’12 and catalysis.’>17 For MOFs to be of
practical use in these applications however, a degree of
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processing beyond the as-made bulk powders is often
desirable,'8 and shape-engineering!® of MOFs is a key driver to
enhance their application-specific properties and handling. The
shaping of MOFs into monolithic and other structures is
particularly important,20-23 and ideally the resulting structured
materials will display hierarchical porosity for high mass
diffusion, be easy to handle and physically robust, and the
combination of MOFs with easily processable organic polymers
provides a convenient strategy to address these criteria.242°

PolyHIPEs are porous emulsion-templated polymers derived
from high internal phase emulsions (HIPEs) that can be used to
prepare high surface area beads, monoliths and membranes
for wide-ranging applications.3° Macroporous polyHIPEs have
previously been used as scaffolds for MOF growth to prepare
hierarchically porous MOF/polymer composite monoliths3!
and beads3? with readily tuneable MOF contents and increased
(MOF) mechanical stability. More recently, Majaz et al have
reported hydrostable MOF-polyHIPEs through transformation
of immobilized metal oxide particles3® and a report by
Shirshova details a simultaneous
crystallisation-polymerisation to generate MOF-
polyHIPE materials in a single step without the need to pre-
form the polyHIPE, but in this final case the recorded MOF
loadings were comparatively low.

PolyHIPES can also be prepared from emulsions that are
stabilised by nanoparticles of diverse composition to access

and co-workers34

process

functional macroporous composites35-38, This relies on the
Pickering-stabilisation of the HIPE emulsion template, and we
(and others) have previously demonstrated that a number of
prototypical MOFs have suitable surface wettability and
colloidal stability for the effective stabilisation of both oil-in-
water and reverse phase emulsions.13.3%,40 We have exploited
this property for the emulsion-templating of MOF/polymer
composite capsules for pH-triggered release of encapsulated
dye molecules?!, and the preparation of magnetic-MOF
composite capsules for the encapsulation of large functional
biomolecules for recyclable size-selective biocatalysis3.

In this contribution, we extend this work to develop an
nanoassembly emulsion polymerization

interfacial and
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strategy where the continuous rather than the dispersed
phase*! of a MOF-stabilized Pickering emulsion? is
polymerized to prepare robust hierarchically porous MOF-
polyHIPE phases. (Figure 1a) This strategy should permit
controlled localisation of the MOF within the emulsion-
templated macropores, allow MOF contents to be readily
adjusted and facilitate shaping due to the fluid nature of the
MOF-stabilized HIPE?. It is also expected to be applicable to a
wide range of MOFs as the process is largely governed by the
surface properties of the framework particles which are readily
tuneable.

ZIF-8 is a tetrahedrally-connected framework constructed
from zinc(ll) ions and 2-methylimidazole that displays high
thermal and chemical stability,*3 44 and has previously been
employed to provide Pickering-stabilisation to emulsion
droplets?!; hence, ZIF-8 was taken as an exemplar material for
validating the concept of interfacial nanoassembly and
emulsion polymerisation for the preparation of hierarchically
porous MOF-polyHIPE composites. ZIF-8/PS composites were
fabricated by employing a water-in-oil (w/o) emulsion
polymerization technique based on high internal phase
emulsions (HIPEs)*> containing the MOF nanoparticles in water
as the dispersed phase and mixtures of polymeric monomers
(styrene and divinylbenzene (DVB)) and the swelling agent
(oleic acid) as the continuous phase (see experimental section
for full details). After shearing, polymerization, and washing,
bulk ZIF-8/PS monolithic composites were obtained (Figure 1b-
d).

Journal Name

resulting macropores is comparable to that of the emulsion
droplets before polymerization (Figure S1), indicating the ZIF-8
stabilized Pickering emulsions acted as direct templates for
macropore formation. We note that ZIF-8 nanoparticles are
homogeneously distributed over the internal surface of each
of the macropores in an approximate monolayer, and since the
nanoparticles were pre-assembled at the w/o interface during
the polymerization process,*®48 this strategy permits
localisation of the ZIF-8 component in a controlled manner
within the composite polyHIPE. This arrangement would be
beneficial for the access of guests during catalysis or
separation applications, and no change in ZIF-8 nanoparticle
shape or size (~ 120 nm) is observed after the polymerization
process (Figure 2d). The structure of the ZIF-8/PS composite
was further characterized by powder X-ray diffraction (PXRD).
As shown in Figure 2e, a series of diffraction peaks at 26 = 7.3,
10.3, 12.7, 14.7, 16.4, 18.0° are observed that match well with
those of as-prepared and simulated ZIF-8,** 4% and no other
impurity is present except for the broad peak at ~ 26 = 20°
resulting from the amorphous PS component. The PXRD data
thus confirm the ZIF-8 nanoparticles incorporated within the
polyHIPE composites retain their original sodalite structure.**
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Figure 1. a) lllustration of the interfacial assembly/polymerization fabrication
procedure for the preparation of hierarchically porous MOF/polymer composites; b)
Various shapes of hierarchically porous ZIF-8/PS by casting the emulsion into moulds
prior to polymerization; c) Magnetic functionalization and recovery of ZIF-8/PS
containing < 2 wt% magnetite; d) Representative MOF/polymer composites obtained
using this strategy.
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Figure 2. Low (a-b) and high magnification (c-d) SEM images of ZIF-8 nanoparticles (a)
and cross-section of ZIF-8/PS composites (b-d) (inset of (b) is the macropore size
distribution of ZIF-8/PS evaluated from the size of macropores in SEM images).(e) PXRD
patterns of simulated ZIF-8, the ZIF-8 nanoparticles used for emulsion stabilisation, and
the ZIF-8/PS composite; and (f) N, sorption/desorption isotherms of ZIF-8 nanoparticles
and the ZIF-8/PS composite.

The ZIF-8/PS composites were cut into small pieces for
characterization of the interior surface by scanning electron
microscopy (SEM) as shown in Figure 2. SEM images of ZIF-
8/PS (Figure 2b-d) show the as-prepared materials possess a
foam-like structure containing well-separated macroporous
cavities with an average diameter of 17 um. The size of the

2 | J. Name., 2012, 00, 1-3

The microporosity of ZIF-8/PS was revealed by the N
adsorption/desorption isotherm shown in Figure 2f. Although
the specific surface area (BET method) of ZIF-8/PS is reduced
from 1610 m2 g1 for bulk ZIF-8 nanoparticles to 299 m2 g1, the
ZIF-8/PS composite largely displays a type | isotherm and a
pore size predominantly in the microporous range consistent
with the presence of the ZIF-8 nanoparticles (Figure S2) used
to stabilise the emulsion. Mesopores with an average diameter
of 38 nm are also observed, likely resulting from the continual
phase, which should further ensure efficient guest permeation
between the ZIF-8 lined macropores (Figure S2).

To clarify the origin of the mesoporosity and the
contribution of the PS component to the overall specific
surface area, ZIF-8 nanoparticles were fully removed by
soaking the ZIF-8/PS composites in acetic acid solution (Figure
S3). The specific surface area of the resultant PS-only
architecture decreases to 11 m2 g1 (Figure S4), confirming that

This journal is © The Royal Society of Chemistry 20xx
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the N, adsorption capacity of the composite largely arises from
the incorporation of the ZIF-8 nanoparticles. Further, the pore
size distribution following ZIF-8 removal confirms that the
mesoporous contribution to the overall (pore-size) distribution
of the composite originates from the polymer continual phase
(Figure S4). The reduction of the specific surface area for ZIF-
8/PS is thus reasonable considering it is mixed with an
amorphous macroporous polymer.

Thermogravimetric analysis (TGA) shows the amount of ZIF-
8 nanoparticles within the ZIF-8/PS composite is 18.6 wt%
(Figure S5), which is in good agreement with inductively
coupled plasma optical emission spectrometry (ICP-OES)
following composite calcination and oxide digestion (Table S4).
The composite surface area is fully consistent with that
expected for this loading level. The sorption data of ZIF-8/PS
thus demonstrate that the micropores of ZIF-8 in the
composites remain open to guest access, which s
corroborated by SEM images revealing the particles are only
partially embedded in the polymer (continual) phase. This
clearly results from the appropriate surface wettability of the
ZIF-8 particles which partition effectively to the w/o interface
during Pickering stabilisationl, a property that has also been
exploited to prepare ZIF-8/67 Janus-type particles using a
polymer mask>9,

The connectivity between the macropores is important for
practical applications in areas dependent on mass transport,
since it directly determines the ability of analytes or substrates
to penetrate into the polymer foams.>1 52 To investigate the
influence of swelling agents on the pore structure, different
molecules were employed as swelling agents during the
synthesis of the ZIF-8/PS composites including heptane,
dodecane, liquid paraffin, and oleic acid, as well as a control
sample without any swelling agent (i.e. monomers only)
present. The microporosity of the ZIF-8/PS composites
prepared with different swelling agents is revealed by the N,
adsorption/desorption isotherms shown in Figure S6 (and data
Table S1). Mesopores with different sizes are also observed,
and the corresponding pore-size distributions show that ZIF-
8/PS prepared with oleic acid has the largest mesopore size.

Oil red was chosen as a probe molecule to reveal the ability
of the guest to penetrate into the hierarchically porous ZIF-
8/PS composites. The as-prepared composite foams were cut
into small pieces (0.5 x 0.4 x 0.4 cm3) and soaked in an oil red
solution in toluene for 6 h, and then cross-sectioned to
evaluate the extent of guest penetration into the composite
interior. Unquestionably, the sample prepared without any
swelling agent appears almost nonporous prohibiting the
diffusion of the oil red into the cross-linked polystyrene as
evidenced by the almost white interior of the composite after
soaking in the dye solution (Figure S7), which is consistent with
the reduction in surface area and mesoporosity of the
composite in the absence of oleic acid (Figure S2c, S6). Oil red
could penetrate into the polymer matrices for all of the other
samples prepared in the presence of swelling agents, but the
composite prepared in the presence of oleic acid revealed the
best guest penetration ability forming a homogeneously deep
red colour throughout the interior (Figure S7a). This

This journal is © The Royal Society of Chemistry 20xx

phenomena is reasonable in view of the differences of the
solubility parameter and structure between the swelling
agents and polystyrene matrices.*!

The solubility parameters (8) of the swelling agents used
differ sharply with that of the polystyrene (Figure S7b),
promoting efficient phase separation and thus resulting in the
formation of pores for guest diffusion within cross-linked
polymers consistent with our previous reports.*! Interestingly,
although oleic acid has a similar solubility parameter with the
polystyrene, it contains both hydrophilic and hydrophobic
groups at each end, and may act as a surfactant so that
numbers of oleic acid could gather to form reverse micelles in
non-aqueous monomer solution,>! 33 which could potentially
create the observed mesopores and thus improve the
penetration ability of the oil red within the ZIF-8/PS composite.
Although our investigation of swelling agents has initially
focussed on neutral molecules, a range of ionic species such as
CTAB may also be employed which may offer additional
emulsion stabilisation and permit further control and
tuneability of the porosity within the composites (Figure S6).

As described, the macropores present in the composite
monoliths are the inverse replica of the ZIF-8-Pickering-
stabilized emulsions, hence the size of the macropores can be
readily modified by tuning the diameter of the emulsion
droplets. Figure S9-S13 clearly show that by increasing the
amount of ZIF-8 nanoparticles from 0.3 g to 3.0 g, the average
macropore size decreases from 28.5 pum to 6 um (inset of
Figure S8 and Table S2) and the pore size distribution becomes
gradually more narrow. Concomitantly, the proportion of ZIF-8
within the composites increases from 7.2 to 40.7 wt% as
determined from TGA data (Figure S14 and Table S3), which is
at similar levels to the deposition of MOFs into pre-formed
macroporous polyHIPE matrices.31.32 The tuneable macropore
diameter mainly arises from the increased nanoparticle
content which prompts the decrease of the size of dispersed
droplets for the arrangement of ZIF-8 nanoparticle monolayers
during the formation of Pickering-stabilized emulsions.>*

Many industrial applications require the processing of MOFs
into task-specific configurations, including membranes,
capsules, pellets and monoliths.>> Since the MOF-stabilized
in a fluid state before
polymerization, the resulting composites could be easily

emulsions prepared here are
configured into different entities using shaped moulds as
reactors where the polymerization happens®®, as previously
described by Wang and co-workers for magnetic MOF-based
composite foams?’. This concept was validated through filling
vials/moulds  with followed by
polymerization, as shown by the photographic images in Figure
1b and 1d. It shows that the final morphologies adopted by the
composites take on the shape of the reactor with no significant
shrinkage following drying (Figure S15). Composite
morphology can thus be easily varied, and we have
successfully prepared columnar composites of varying aspect
ratio, spheres, and irregular bodies, which could find special
application; for example, MOF-polymer monolithic composite
columns can be used for chromatography.57-5°

various emulsions
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As the requirement for interfacial nanoassembly is
dependent on the surface properties (e.g. surface wettability,
zeta-potential) of the emulsion stabilising nanoparticles rather
than their absolute composition per se, we can further
functionalize the MOF composites.#! For example, magnetic
recyclability is easily achieved through mixing a small amount
of Fe3O4 nanoparticles with the ZIF-8, without the need to
preform magnetic core/shell MOF nanoparticle materials.2’ As
shown in Figure 1c, incorporation of < 2wt% Fe304 in the ZIF-
8/PS composite endows the as-prepared materials with strong
permanent magnetic properties permitting easy separation
from a reaction solution. EDX elemental mapping of Fe reveals
that the Fes304 is uniformly distributed throughout the
composite, although there are a few small clusters that appear
to coincide with the location of macropores. (Figure S16 and
Figure S17) Physical robustness is a prerequisite for practical
application of materials, determining their durability under
actual operating conditions.®® The hierarchically porous ZIF-
8/PS is physically robust and no significant deformation of the
composite is observed even after application of modest force
using a 1.5 kg weight (Figure 3a). Physical stability was also
evaluated through mechanical stirring: the composites were
stirred in water or toluene at 400 rpm for 12 h, and fully
retained their morphology and structural integrity (Figure 3b
and Figure S18).

Figure 3. (a) Pressing experiment of the ZIF-8/PS before (left) and after (right)
conducted with a 1.5 kg autoclave; and (b) Mechanical stability test of the ZIF-8/PS
stirred in the toluene (left) or water (right) for 12 h.

We further investigated the generality of our interfacial
nanoassembly and emulsion polymerisation strategy by
extending to two other MOF types. The first type are moisture-
stable MOFs (cf. ZIF-8) including UiO-66% and MIL-101-Cr62
with different compositions and topologies (Figure S19), and
the second type is moisture-sensitive HKUST-1.%3 The synthetic
procedure for UiO-66 is similar to the ZIF-8 system with
styrene and DVB used as polymerizable monomers, whereas
for MIL-101-Cr a small amount of 4-vinylpyridine was added as

4| J. Name., 2012, 00, 1-3
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a co-monomer in the presence of NaCl to enhance the MOF-
polymer interface and emulsion stability, respectively,
consistent with our previous report.*? PXRD patterns clearly
reveal that UiO-66 and MIL-101-Cr have been successfully
incorporated into the composites (Figure S20) without
disrupting their structures. SEM images in Figure S21 show
that UiO-66 and MIL-101-Cr behave in an identical way to ZIF-8
nanoparticles to form hierarchically porous MOF/PS
composites with well-separated macropores whose internal
surfaces were closely packed with the MOF nanoparticles
which retain their original size (~ 216 nm and ~ 442 nm,
respectively) and shape. The loading levels of UiO-66 and MIL-
101-Cr within their corresponding composites are 8.1 and 12.9
wt%, respectively, determined from TGA data (Figure S22). The
macropore size distribution is relatively narrow and the
average macropore sizes for the UiO-66 and MIL-101-Cr
systems are 14 and 25 um, respectively. UiO-66/PS and MIL-
101-Cr/PS exhibit typical type | isotherms (Figure $23-S24) as
expected, and the specific surface areas of the UiO-66/PS and
MIL-101-Cr/PS composites decreased from 1086 and 2212 m?2
g1 for the bulk UiO-66 and MIL-101-Cr nanoparticles to 84 and
289 m2 g1, respectively, which is fully consistent with the MOF
contents derived from TGA.

For moisture-sensitive HKUST-1 it is not possible to use the
previously outlined protocol to synthesize hierarchically
porous MOF composites due to framework degradation in
aqueous solution.®* Therefore, inverse o/w emulsions were
employed to prepare HKUST-1 composites, where HKUST-1
pre-dispersed in liquid paraffin acted as a dispersive phase and
an aqueous solution containing acrylamide, N,N’-methylene-
bisacrylamide, and N-isopropylacrylamide as the continuous
phase (the as-obtained materials are labelled as HKUST-
1/PAM). The introduction of N-isopropylacrylamide is
important since the as-prepared polymer is temperature-
responsive, which would result in phase separation at
temperatures above 32°C to potentially improve the
permeability within the final composite.*l SEM images of
HKUST-1/PAM are shown in Figure 4, which indicate
macroporous composites with an average pore size of 29 um
have been prepared. The nanoparticles are still packed
throughout the internal surface of the macropores and their
shape and size (~ 230 nm) are unchanged after polymerization.
Furthermore, all diffraction peaks in the PXRD pattern of
HKUST-1/PAM can be assigned to that of the original HKUST-1
nanoparticles, confirming that the o/w emulsion
polymerization process did not destroy the crystal structure of
these moisture-sensitive HKUST-1 nanoparticles. These results
indicate that reverse-phase emulsions are equally effective for
the preparation of MOF-polymer composites via Pickering-
stabilised poly-HIPEs, and provides a means to include
potentially moisture sensitive frameworks.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. SEM images of the cross-section of hierarchically porous HKUST-1/PAM
polyHIPE composites (a-c) and pristine HKUST-1 nanoparticles (average size 230 nm)
before the interfacial assembly (d) (inset of (a) is the macropore size distribution within
HKUST-1/PAM); (e) PXRD patterns of simulated HKUST-1, HKUST-1 nanoparticles, and
HKUST-1/PAM; and (f) Photos of split pieces of HKUST-1/PAM before (left) and after
(right) soaking in a Rhodamine B solution.

HKUST-1/PAM also exhibits a typical type | isotherm,
confirming the presence of micropores within the composites
(Figure S25a). The specific surface area of the HKUST-1/PAM
composite is 136 m2 g1 (bulk HKUST-1 = 1089 m?2 g1) in
excellent agreement with the loading of HKUST-1 from TGA
data (the weight percentage of HKUST-1 is 12.3 wt%, Figure
S26) and ICP-OES (Table S4). Mesopores with an average
diameter of 3.5 nm are also observed, most likely resulting
from the continual phase constructed with the cross-linked
polyacrylamides, which would ensure guest permeation
between macropores (Figure S25b). The porosity and PXRD
data are indicative of the structural integrity of HKUST-1 even
after polymerization of the emulsion. This is because the
framework may not directly contact the aqueous solution
during the polymerization, since these nanoparticles were
dispersed in the hydrophobic solvent, preventing the diffusion
of water into the interior of HKUST-1 which could degrade the
frameworks. A similar strategy is often employed to restrict
functionalisation to the external surface of MOF particles,
where a solvent incompatible with the functional group
transformation occupying the porous network prevents the
reaction occurring throughout the crystal interior.%>

Rhodamine B was used as a probe to detect the
permeability of the hierarchically porous HKUST-1/PAM
composites by soaking in an ethanolic Rhodamine B solution
for 2 h. The colour of the interior changed from blue to violet
throughout confirming the guest could diffuse freely within
the macroporous composites (Figure 4f). The results
mentioned above confirm our interfacial nanoassembly and
polymerization process is a general strategy to synthesize
hierarchically porous MOF/polymer composites, regardless of
their composition, topologies, and stability toward moisture.

Hierarchically porous emulsion-templated MOFs®¢ and post-
synthetically metallated polymer foams40.67.68 have previously
been investigated for their catalytic activity which is generally
enhanced using these fabrication strategies either through
their ready incorporation of
functional nanoparticles. The robust hierarchically porous ZIF-

increased porosity or the

8/PS composite prepared here was thus tested as a

This journal is © The Royal Society of Chemistry 20xx

heterogeneous catalyst using the Knoevenagel condensation
reaction between malononitrile and benzaldehyde® (Figure
5a). For the catalytic properties of ZIF-8
nanoparticles (~120 nm) and microparticles (~150 um) were

comparison,

also evaluated. The curves of % conversion versus reaction
time for the composite and particulate catalysts are shown in
Figure 5b. ZIF-8/PS clearly the best catalytic
performance among the samples tested, achieving 86.5 and

shows

99.8% conversion into benzylidene malononitrile after 2 and 6
h, respectively (Figure 5b and Figure S29). Control experiments
with macroporous PS following acid removal of the ZIF-8
nanoparticles do not exhibit any catalytic activity thus
behaving as the blank reaction (no catalyst), confirming that
the observed catalytic enhancement derives from the ZIF-8
and not the polymer matrix (Figure 5b). The conversion and
yield of the Knoevenagel condensation catalysed by ZIF-8/PS is
much higher than those catalysed by ZIF-8 microparticles (32.5
and 60.0 % conversion rates after 2 and 6 h, respectively), and
since the PS component is largely inactive this confirms the
decrease in size of ZIF-8 leads to the improvement of catalytic
activity, since the reaction mainly occurs on the surface of
catalysts by consideration of the small window size of the ZIF-8
framework.%°®

More interestingly, the catalytic activity of ZIF-8/PS is even
superior to that of ZIF-8 nanoparticles (45.1 and 76.6%
conversion after 2 and 6 h, respectively). The increased activity
observed for the composite clearly indicates that the
macroporous polyHIPE network does not limit mass diffusion20
and that substrates and products can enter and leave the
composite in an unhindered fashion. To understand the reason
for this increased activity, we measured the benzaldehyde
adsorption properties of ZIF-8/PS and porous PS without ZIF-8
(Figure S30). After soaking these materials in a toluene
solution containing benzaldehyde for 6 h, the concentration of
benzaldehyde in the solution declined by around 8 percent.
This suggests that the concentration of reactants may
accumulate within the macropores of the composites to
increase the reaction rate, facilitated by the nature and
structure of the PS matrix and the favourable localization of
the active ZIF-8 within those pores. We also should keep in
mind that the ZIF-8 nanoparticles are partially embedded
within the polymer matrices which may act to prevent particle
aggregation during the reaction’% 71, which could also lead to
an increase in the conversion rate compared with ZIF-8
nanoparticles only.

ZIF-8-based CN

CHO -
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CN  room temperature CN
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b) 10— 7IF8ps C) 100
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Figure 5. a) Knoevenagel condensation reaction of malononitrile with benzaldehyde
catalyzed by ZIF-8-based catalysts; b) Conversion vs. time profiles for the reaction in (a)
using ZIF-8 nanoparticles, ZIF-8 microparticles, and ZIF-8/PS composite catalysts, and
the leaching test for ZIF-8/PS; and c) Catalytic recycling performance of the ZIF-8/PS
composite.

After the reaction, the catalysts could be easily reused
following filtration and reactivation because of the bulk
characteristics of the composites. These results also
demonstrate that the hierarchically porous ZIF-8/PS exhibits
not only the high catalytic activity even higher than that of ZIF-
8 nanoparticles but also the recyclability of bulk materials. The
leach test shows that no reaction happened after the ZIF-8/PS
composites removed from the reaction solution,
indicating the catalysts are quite stable without decomposition
during the reaction. The heterogeneous nature of the ZIF-8/PS
facilitates the recovery of the composite catalyst and no
obvious loss of the conversion rate is observed after reusing
the ZIF-8/PS composite for at least three cycles (Figure 5c).
we have demonstrated a general

were

In summary, and

convenient method to synthesize hierarchically porous
MOF/polymer composites through an interfacial
nanoassembly and emulsion-polymerization strategy by

employing a polyHIPE template Pickering-stabilized by MOF
nanoparticles to achieve simultaneously the formation of
porosity across multiple length scales and easy MOF
processibility. The size of macropores within the HIPE template
can be controlled by changing the amount of MOF
nanoparticles, and the MOF composites can be readily shaped
into spheres, columns, and irregular particles by casting the
MOF-stabilized emulsion into moulds prior to polymerization.
Owing to the advantageous surface wettability of MOF
nanoparticles, this method can be generalized to different
MOF systems, including ZIF-8, UiO-66, and MIL-101, and
moisture-sensitive HKUST-1. The MOF composites can be
easily magnetically functionalized through co-assembly of
Fe3z04 and MOF nanoparticles.

The hierarchically porous MOF/polymer composites exhibit
robust mechanical properties,
deformation was observed on application of pressure or

and no shape change or

mechanical stirring, which is crucial for practical applications.
The merit of hierarchically porous MOF composites was
evidenced by the catalytic performance of the Knoevenagel
condensation catalysed by ZIF-8/PS composites, in which the
composite shows better conversion rate than ZIF-8 micro- and
nanoparticles which we attribute to the accumulation effect of
hierarchically porous PS matrices, unhindered substrate
diffusion, and the ordered arrangement of ZIF-8 nanoparticles
localized within the macropores of the composite. The high
versatility and simultaneous achievement of hierarchical
porosity and processibility using this new approach, together
with the robust mechanical property and magnetic
functionality could further advance the potential of MOFs and
their composites in practical applications such as catalysis and
separation.
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