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ABSTRACT: The applications of metal−organic frame-
works (MOFs) toward industrial separation, catalysis,
sensing, and some sophisticated devices are drastically
affected by their intrinsic fragility and poor processability.
Unlike organic polymers, MOF crystals are insoluble in
any solvents and are usually not thermoplastic, which
means traditional solvent- or melting-based processing
techniques are not applicable for MOFs. Herein, a
continuous phase transformation processing strategy is
proposed for fabricating and shaping MOFs into
processable fluids, shaped bodies, and even MOF foams
that are capable of reversible transformation among these
states. Based on this strategy, a cup-shaped Cu-MOF
composite and hierarchically porous MOF foam were
developed for highly efficient catalytic C−H oxidation
(conv. 76% and sele. 93% for cup-shaped Cu-MOF
composite and conv. 92% and sele. 97% for porous foam)
with ease of recycling and dramatically improved kinetics.
Furthermore, various MOF-based foams with low densities
(<0.1 g cm−3) and high MOF loadings (up to 80 wt %)
were obtained via this protocol. Imparted with hierarchi-
cally porous structures and fully accessible MOFs
uniformly distributed, these foams presented low energy
penalty (pressure drop <20 Pa, at 500 mL min−1) and
showed potential applications as efficient membrane
reactors.

By virtue of their structural periodicity and tunability, high
porosity, and rich functionality, metal−organic frameworks

(MOFs) are of great interest and show potential in many
important applications such as gas storage/separation, sensing,
drug delivery, and catalysis.1 However, MOF crystals are often
brittle and can easily break into tiny particles or fine powders.
Furthermore, MOFs, unlike organic polymers, tend to be
insoluble in any solvents and are usually not thermoplastic. All
these dampen MOFs’ processability and hamper their further
industrial applications. For instance, catalysis using MOF
crystals can be severely affected by catalyst loss and pipe clog
that will inevitably occur when flushing with fluids (e.g., gas or
liquid) during catalytic cycles. Hence, new methods for
fabricating and shaping porous crystalline solids, like MOFs,

into processable fluids, shaped bodies, and even foams are
highly desirable.2

General processing methods for MOFs include pressing or
extrusion under high pressure with/without binders and
additives.3 The obtained materials (e.g., beads, pellets, etc.)
with inactive ingredients and/or binders blocking the pores
often show lower porosity and diminished catalytic activity.
Some interesting MOF-based porous composites with acces-
sible porosity were reported4 and were mostly achieved via two
major methods: (1) in situ growth of MOFs on porous
substrates (e.g., silica aerogel and polyHIPE foam, etc.) through
approaches such as seeding growth, Layer-by-Layer (LBL)
deposition, hydrothermal, and so on;5 (2) post-treatment
strategies conducted via the combination of preformed MOFs
with other additives followed with special treatments (micro-
wave-assisted polymerization, sol−gel casting, freeze-drying and
surfactant-assisted dip-coating, etc.).6

Overall, these studies, while encouraging, were limited in
certain MOF systems with relatively low MOF loadings
(usually lower than 30%) and lack of mechanical stability.
Besides, systemic investigation of MOFs into various phases
and/or morphologies (e.g., liquid, gel, foam, film, etc.) during
the shaping of MOFs was rarely reported. Herein, we embarked
on exploring the possibilities of MOF shaping, from crystalline
solids to transformable fluids, gels, and further into robust
shaped bodies and foams. We presented a strategy for the
continuous and reversible processing of MOF-based materials
and successfully applied it into various MOFs. Specifically, by
introducing HKUST-1@Fe3O4 core−shell nanoparticles into
carboxymethylcellulose (CMC) solution, we have achieved
magnetic fluid (denoted as HKUST-1@Fe3O4-MF) with high
particle contents (25.0 to 45.4 wt %). Based on this magnetic
fluid, a cup reactor was fabricated with a solvent-induced
hardening process. Moreover, a light and robust foam with
hierarchical porosity was obtained by freeze-drying of HKUST-
1@Fe3O4-MF for efficient C−H oxidation (Scheme 1a). To
study the feasibility of this strategy, we further synthesized a
variety of foams from several important and distinct MOFs with
high MOF loadings and low pressure resistance (Scheme 1b).
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The preparation of HKUST-1@Fe3O4-MF is illustrated in
Scheme 1a. First, core−shell HKUST-1@Fe3O4 nanoparticles
(∼100 nm) were prepared through a secondary-growth
approach according to our previous report.7 Second, the
obtained nanoparticles were predispersed in acetone by
ultrasound8 and then added into an as-prepared transparent
CMC aqueous solution followed by high-speed mechanical
stirring. Flowable HKUST-1@Fe3O4-MF, which could be
drawn toward a magnet, was obtained (Figure 1a). The powder
X-ray diffraction (PXRD) pattern demonstrates that the
underlying topology of HKUST-1 is retained (Figure S2b).
Scanning electron microscopy (SEM) and energy dispersive X-
ray spectroscopy (EDS) mapping reveal uniform dispersion of
HKUST-1@Fe3O4 in the fluid (Figure S2c,d).
Remarkably, HKUST-1@Fe3O4-MF is imparted with phase

transition ability to reversibly transform from fluid to gel and to
the solid state. Upon immersing in a small amount of CH3CN
(V(CH3CN)/V(MF) = 1/10) for 10 min, the fluid was
converted to a gel state (HKUST-1@Fe3O4-gel), in which the
material is soft yet loses its fluidity. It is worth noting that the
thus-obtained gel exhibits self-healing ability.9 Four pieces cut
from a bulk of gel could be gathered together to reform the
bulk material in just 5 min by using a magnet (Figure 1b). The
gel material can be further converted to the solid state by
soaking it in five times its volume of CH3CN. Using this
method, the magnetic fluid is capable of shaping into the
desired form with a mold, such as bulk material and even stand-
alone film (Figure 1a,c and Figure S4). Moreover, these shaped
bodies are able to reconvert to gel and even to the fluid state
upon adding different amounts of water.
Specially, we fabricated a cup reactor through solidification of

HKUST-1@Fe3O4-MF (40 wt %, Figure 1c) and then applied
it for C−H activation catalysis without using any extra catalyst
(Figure 1e). SEM image and EDS mapping of the inner side of
the cup indicate uniform dispersion of HKUST-1@Fe3O4
(Figures 1d and S5). Diphenylmethane (0.250 mmol), tert-
butyl hydroperoxide (0.625 mmol), and chlorobenzene (2 mL)
were premixed and added to the cup reactor. The cup reactor
was subsequently heated at 60 °C in an oven for 24 h (a cover
was put on top of the cup), and conv. 76% and sele. 93% was
achieved (Figure 1e,f). The product allows ease of collection by
pouring out without the need for separation of the catalyst. It
should be noted that the cup reactor could be directly used for

the next catalytic cycle, and the activity and stability of the cup
reactor were still retained after three cycles (Figures 1f and S6).
To further explore the catalytic performances of other MOF-

based shaped bodies, we also fabricated robust foams. We
attempted to directly freeze-dry HKUST-1@Fe3O4-MF to
generate hierarchical porosity. After freeze-drying of the fluids
in a cylinder shaped mold, light foams with different densities
(0.058 to 0.072 g cm−3) were obtained by varying the loadings
of HKUST-1@Fe3O4 (Figures S7a and S8). Using the foam
with 40 wt % for example, the PXRD pattern indicates the
retained phase of HKUST-1@Fe3O4 (Figure S9). Based on the
N2 sorption isotherms at 77 K, the surface area (SBET) of this
foam is 196 m2 g−1 and the pore volume is 0.65 cm3 g−1 (Figure
S7b and Table S1). Quenched solid-state density functional
theory (QSDFT) calculation reveals the foam possesses
hierarchically distributed porosity with a pore size distribution
in both the micro- and mesopore range (up to 40 nm). In
comparison, CMC foam prepared under similar conditions
shows an SBET of 24 m2 g−1 and a mesopore size distribution
(up to 10 nm) with a pore volume of 0.06 cm3 g−1 (Table S1).
The porosity of the foam was also verified by CO2 adsorption
(60 cm3 g−1, 273 K and 45 cm3 g−1, 298 K, Figure S10). As
shown in the SEM image, this foam presents cell-like structure
with macropores in the micrometer range (Figures S7c and
S11). The above results demonstrate hierarchical porosities
were successfully generated in the foam by the freeze-drying
approach. Besides, this foam with low density and magnetism
can be readily attracted by a magnet (Figure S7e). As proven by
a magnetism test at 298 K, the magnetization saturation values

Scheme 1. (a) Schematic Procedure of HKUST-1@Fe3O4-
MF and the Transformation from Magnetic Fluid to Gel,
Shaped Bodies and a Porous Foam; (b) Other Foams
Derived from Representative MOFs Achieved Using This
Strategy

Figure 1. (a) Photo images of reversible phase transformation. From
left to right: the fluid that could be drawn toward a magnet was filled
in a tulip-shape mold followed by immersing in CH3CN, and then a
tulip-shape bulk material was obtained. The bulk material turned back
to fluid after treating in water, and then it was converted to a sakura-
shape bulk material upon CH3CN treating. (b) Self-healing property
of the HKUST-1@Fe3O4-gel. (c) A cup reactor prepared by solvent-
inducing approach. (d) SEM image of the inner surface of the cup
reactor. (e) Schematic representation of the cup reactor for C−H
oxidation catalysis. (f) Catalytic performance of the cup reactor.
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of the foams (25.0 to 45.4 wt %) at 10 T were measured to be
0.15 to 0.43 emu g−1, respectively (Figure S7f).
Robustness is one of the critical prerequisites in practical

applications, as it determines the durability of materials
especially under harsh conditions. Proven by weight pressing,
tape test, and collision experiment, this foam possesses
extraordinary mechanical stability and robustness (Figure
2a,c,d). In contrast, the CMC foam shrunk to 20% of its

original volume under pressing (Figure S12). Furthermore,
HKUST-1@Fe3O4-foam can be cut into a stand-alone thin film
that is able to tolerate bending (Figure 2b).
Given the excellent robustness and processing properties of

the foam, we further set out to explore its applications in
catalysis. This foam possesses extraordinary performance (conv.
92% and sele. 97%) in the catalysis of C−H oxidation (Figure
2f). It also shows a higher reaction rate than the simulated
industrial pressing HKUST-1 pellet with similar MOF content
as in the foam (conv. 58% and sele. 98%) (Figure 2e).10 After
catalysis, HKUST-1@Fe3O4-foam could be readily recycled
three times without losing its activity (Figure 2f and Figure
S13).
Furthermore, we successfully extended this protocol to

several representative MOFs. Specifically, six MOFs with
distinct metal clusters, organic linkers, topologies, and/or
functionalities were synthesized and successfully fabricated into
robust foams under the same procedures (Figures 3 and S15).11

The underlying topologies of these MOFs were retained after
processing into foams proven by PXRD tests (Figures S16−
21). As presented in Figure 3, these foams all presented cellular
textures with macropores in the micrometer range. MOF
particles were uniformly distributed inside these foams as

shown by SEM and EDS mapping analyses (Figures S22−27).
By virtue of these unique hierarchical porous structures, these
MOF foams were light in weight and the volume densities were
all below 0.1 g cm−3 (Table S2). Besides, these foams exhibited
low pressure resistance. In a pressure resistance test, MOF films
(2.5 cm, diameter and 4 mm, thickness) cut from the pristine
foams showed a low pressure drop (<20 Pa) in a gas flow rate
of 500 mL min−1 (Figure S28). Importantly these MOF foams
with extremely high MOF loadings were also investigated.
Processed under the same protocol, ZIF-8@CMC-foam (80 wt
%) with low density (0.094 g cm−3) was achieved (Figure S29)
which was among the highest values reported.8

In conclusion, we incorporated HKUST-1@Fe3O4 nano-
particles and CMC to form magnetic fluid and presented a
facile strategy to transform this fluid to gel and shaped bodies.
The successful transformation among these states with good
reversibility by the solvent-inducing method imparts this MOF-
based composite with great processability and recoverability.
Specially, we prepared a cup reactor to catalyze the C−H
oxidation reaction (conv. 76% and sele. 93%). To further
improve the catalytic efficiency and develop more practical
catalyst shaped bodies for industrial application, we directly
freeze-dried HKUST-1@Fe3O4-MF to yield foams with low
densities, hierarchical porosities, excellent robustness, and
catalytic performances. Furthermore, six unique and robust
MOF foams with low densities (<0.1 g cm−3) were obtained
using the same protocol. The MOF loading can even reach up
to 80 wt % without sacrificing the mechanical stability. And by
virtue of the hierarchically porous structures and uniformly
distributed MOFs, these MOF foams presented high
permeability with a low pressure drop (<20 Pa, 500 mL
min−1) and can potentially be used as membrane reactors in
various important catalytic and separation processes. It may
also shed light on the exploration of porous solids, such as
MOFs, COFs (covalent−organic frameworks),12 and CMPs

Figure 2. (a) Pressing experiment of the HKUST-1@Fe3O4-foam (40
wt %) conducted with an autoclave, insert image presents the state
before pressing. (b) Foam cut into thin films with a knife; insert is the
obtained film that can tolerant bending. (c) The surface of the Scotch
Tape after tape test. (d) Mechanical stability test of the foam. (e)
Kinetic catalysis performance of the foam and HKUST-1 pellet
(pressing at 10 MPa, 5 wt % sesbania gum powder as auxiliary agent).
(f) Recycle performances of the foam (green, conversion and cyan,
selectivity).

Figure 3. (a) HKUST-1@CMC-foam (40 wt %). (b) ZIF-8@CMC-
foam (40 wt %). (c) Mg-MOF-74@CMC-foam (40 wt %). (d) Zn-
MOF-74@CMC-foam (40 wt %). (e) UIO-66@CMC-foam (40 wt
%). (f) NH2-UIO-66@CMC-foam (40 wt %). Metal clusters (i),
linkers (ii), and the structures (iii) are presented for the corresponding
MOFs. Atoms: Cu, pink; Zn, dark cyan; Mg, light green; Zr, blue; N,
green and O, red. Photo images (iv) and SEM images (v, vi) of the
prepared foams; vi is the zoomed-in image of the square box in v. The
scale bars are 100 μm in v and 1 μm in vi.
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(conjugated microporous polymers)13 toward many industrial
applications.
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