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ABSTRACT Although considerable achievements have been
realized in recent years with respect to the syntheses of metal–
organic frameworks (MOFs), majority of the developed MOFs
are in the form of polydisperse microcrystalline powders,
which cause dustiness, abrasion, and clogging and decrease
pressure when used in industrial applications. Monolithic
MOFs overcome these drawbacks and exhibit various pro-
mising characteristics. In this review, we present the recent
advances associated with monolithic MOFs based on metal
centers and a brief outline of the most prominent examples.
Furthermore, the challenges and prospects associated with
monolithic MOFs in terms of large-scale production and en-
gineering applicability are analyzed based on our knowledge
to conclude this review.
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INTRODUCTION
Metal–organic frameworks (MOFs), which are self-
assembled via coordination bonds between the metal ions
or clusters and organic ligands, are emerging as a class of
fascinating porous organic–inorganic hybrid crystal ma-
terials [1,2]. They exhibit fascinating physicochemical
characteristics, including ultrahigh specific surface area,
abundant active sites, permanent porosity, and diverse
topological structure [3,4], making them potentially ap-
plicable in the fields of adsorption/separation, sensing,
supercapacitors, drug delivery, functional peptidomics,
and catalysis [5–11]. To date, majority of the reported
MOFs are polydisperse microcrystalline powders. How-
ever, the utility of MOF powders in industrial applica-
tions is limited by various problems, including dustiness,

abrasion, clogging, low packing densities, mass transfer
limitations, and mechanical instability during the packing
process [12–14]. For example, when packing HKUST-1
powder into an adsorption column for capturing CH4, the
mass transfer resistance increases with increasing column
time because of the obvious decrease in pressure [15].
Furthermore, the MOF powder as a catalyst exhibits
disadvantages, such as difficulty in separation and re-
cycling [16,17]. Although bulk architecture can be ob-
tained via the simple padding of the MOF powder, the
large amount of void space between the individual dis-
crete crystallites in powders reduces the packing density
[18,19].

Compared with MOF powders, the densification of
MOFs or shaping of MOFs into a monolithic state ex-
hibits various advantages, including increased mechanical
strength, packing density, and stability [20–22]. Since
Küsgens et al. [23] initially reported a monolithic MOF
(Cu3(BTC)2, BTC = benzene tricarboxylate), their man-
ufacturability and superiority have been given more at-
tention compared with those of powder MOFs. To date,
many advanced methods have been developed to syn-
thesize monolithic MOFs, including direct synthesis from
precursors [24], mechanical compression or extrusion
[25], use of binders [26], sol–gel method [27], in situ
combination with monolithic supports [28], and three-
dimensional (3D) printing technology [29]. Specific sol-
vents and drying processes are usually required for the
formation of the monolithic state when directly mixing
the precursors [30]. Compression technology aims at
adding the powdered MOF materials into the mold and
subsequently applying a certain pressure to shape the
materials into tablets, pellets, extrudates, or monoliths,
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according to the shape of the mold cavities [31]. Gen-
erally, to facilitate the shaping process and improve the
density and mechanical strength of the final products,
some binders can be considered [21]. In the sol–gel
method, the precursors are first dispersed in a solvent to
produce a low-viscosity solution, resulting in the forma-
tion of a stable sol system after a series of reactions, fol-
lowed by the polymerization process to form monolithic
gels with a 3D network [15]. Besides, in situ synthesis of
MOF crystals on monolithic supporting materials pro-
vides a novel route to obtain monoliths. Combined with
the popular 3D printing technology, MOFs can be
transformed into agglutinable raw material and mono-
lithic products can be constructed through layer-by-layer
printing [32].

These methods can be used to prepare high-quality
monolithic MOFs. Furthermore, they show considerable
applicability to the improvement of industrial viability of
powdered MOFs [21]. However, the major factor asso-
ciated with the industrial application of monolithic MOFs
is minimizing the loss of porosity when shaping and
providing sufficient mechanical stability, which are ne-
cessary for engineering processes [33,34]. Therefore, ad-
vantages and disadvantages must be considered and
shaping technologies must be optimized based on the
inherent properties and practical applications of the
specified MOFs. For example, the application of external
pressure is a direct way to shape MOFs from powders.
However, challenges such as structural collapse or
amorphization remain even for some highly robust
MOFs. In addition, the crystal topology was observed to
exhibit anisotropic changes in MILs [35,36]. The addition
of binders is another facile methodology to synthesize
monolithic MOFs in any shape, with enhanced mechan-
ical strength and thermal conductivity [37]. Pore blocking
is another method that can be used to reduce the acces-
sibility of channels to guests, resulting in challenges in
finding the appropriate binder [38]. The sol–gel deriva-
tion of monolithic metal–organic gels (MOGs) is a pro-
mising route for shaping direct gelation from precursors
and avoiding the microcrystalline powder state [39]. The
key to the success of the sol–gel method lies in the for-
mation of MOG structures from aggregated MOF parti-
cles (MOFPs), which requires prevention of the
continuous growth of MOFPs [40,41]. This depends on
the regulation of synthetic conditions that dominate
crystallization and precipitation during gelation, includ-
ing the temperature and concentrations of precursors or
additives that disturb coordination [42–44]. The im-
mobilization of MOF crystals on a porous support is an

effective technique for obtaining hybrid features. Fur-
thermore, extended applications can be obtained by op-
timizing the combination of physical and chemical
performances [45]. Cordierite has become a preferred
supporting monolith because of its low cost, low coeffi-
cient of thermal expansion, and improved mechanical
properties [32]. In addition, carbon materials and silica
monoliths are promising [28,46]. Some other techniques,
such as paste extrusion [47] or the improved drying
process [48], can be adopted based on the above methods
to achieve excellent results, such as low cost, high por-
osity, high loading, and sufficient mechanical strength.

To date, several studies have summarized MOF shaping
technologies suitable for industrial production and spe-
cific applications [20,49–53]. For example, Hou et al. [54]
investigated the synthesis of gel-derived MOF monoliths
and emphasized their importance in new functional
materials. Nandasiri et al. [20] presented the densification
strategies and applications of several representative MOFs
in the form of pellets and emphasized the efforts in terms
of mechanical properties. These studies are considerably
important as reference to enhance the industrial prac-
ticability of monolithic MOFs. However, to the best of
our knowledge, no special review has comprehensively
summarized the selection and optimization of synthetic
methods to fabricate MOF-based monolithic materials
according to metal centers. Hence, this study will describe
the state-of-the-art work related to the development of
monolithic MOFs. Furthermore, this study focuses on the
optimization of preparation methods for different types
of MOFs. Finally, some problems that need to be solved
in this field to bridge the gap between the production of
MOFs and industrial demand are presented in this study.

DIFFERENT TYPES OF MONOLITHIC
MOFs BASED ON METAL IONS

Copper-based monolithic MOFs
HKUST-1 (also known as Cu-BTC or [Cu3(BTC)2-
(H2O)3], BTC = benzene tricarboxylate) is one of the
most famous and best investigated rigid MOF models,
wherein a binuclear copper complex is connected by
carboxylate linkers in a paddle-wheel form to construct a
cubic network [55]. The robust and porous structure
provides attractive features, such as high specific surface
area, well-defined channel properties, coordinatively un-
saturated metal sites, and excellent thermal and chemical
stabilities. Therefore, it has been widely selected to
manufacture Cu-based monoliths [56,57]. For example,
Peterson et al. [58] pelletized HKUST-1 powders at a
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pressure of 10,000 psi and observed no impact on the
crystal structure but a decrease in Brunauer-Emmett-
Teller (BET) surface area because of local structural col-
lapse. Furthermore, Dhainaut et al. [59] reported a re-
duction in the textural properties of an MOF when
compressed at 121 MPa. Therefore, the densification of
HKUST-1 using high pressure is not commonly adopted.

In addition, Ahmed et al. [30] prepared a hierarchically
porous Cu-BTC monolith with micropores, mesopores,
and macropores via a powder packing approach. Speci-
fically, the precursor Cu(CH3COO)2H2O and H3BTC
powders were mixed and packed, followed by the addi-
tion of a mixture of ethanol and water, as shown in
Fig. 1a. This was the first time that MOF monoliths have
been directly obtained from precursors. The monoliths
were formed via nanoparticle aggregation and did not
contain a single crystalline phase. Furthermore, their
Young’s modulus was 10 times greater than that of the
physically accumulated phase. Moreover, an ice-tem-
plating approach (control of the freezing and freeze-
drying processes) was developed to control the orienta-
tion of ice crystals during the directional freezing process
with dimethylsulfoxide (DMSO) to form macropores and
retain the inherent micropores (Fig. 1b) [48]. The samples
obtained in both the aforementioned studies were shaped
into a monolithic column with enhanced asymmetric
mass transport and lower pressure drop during chroma-
tographic separation.

A column-packed silica monolith with a homogeneous
hierarchical network and sufficient mechanical properties
was adopted to support Cu-BTC nanoparticles by in situ
combination [60]. The silica monoliths show unique ad-
vantages by which the inherent micro/meso/macropores
form a penetrating network. The macroporous structures
achieve enhanced mass transport efficiency. Based on the
excellent catalytic performance of Cu-BTC owing to the
abundant unsaturated Cu(II) centers as Lewis acid active
sites, the monolithic composite was used as an efficient
catalyst to ensure continuous flow for the Friedländer
reaction. Similarly, monolithic Cu-BTC/silica on silica
showed promise when developing a simple, low-cost, and
efficient approach for the catalytic oxidation of alkyl-
benzene into corresponding ketones with a high yield and
selectivity [46]. Ulker et al. [61] presented a sol–gel
process to fabricate composite monoliths of silica aerogels
with Cu-BTC. This was realized by the dispersion, hy-
drolysis, condensation, gelation, aging, solvent exchange,
and drying processes, among which the aging process
played an essential role in improving the mechanical
strength of gels via hydrolysis and condensation of the

residual tetraethyl orthosilicate on gels. Furthermore,
monoliths can be molded into any shape with varying
porosities by simply changing the Cu-BTC content to fit
practical applications. In addition to the aforementioned
catalytic capacity, the composite showed gas separation
potential owing to the different accessibilities to the mi-
croporous and mesoporous domains and efficient gas
storage, which were predicted via the grand canonical
Monte Carlo simulations. Subsequently, graphene with
enhanced electrical properties was selected to form a
composite with Cu-BTC via the nucleation, gelation, and
drying processes [62]. The resulting monoliths showed
high surface areas of 1078–1156 m2 g−1 and excellent
electrical conductivities of 7.6 × 10−6 to 6.4 ×10−1 S m−1,
which were proportional to the graphene content. Thus,
the monolithic MOF composites have great potential in
the field of electrochemical sensing.

The hierarchical porous carbon monoliths (HCMs)
show great potential for capturing CO2 and a rapid re-
generation ability, which can be attributed to the hier-
archical network involving micrometer-sized macropores
and micropores that can serve as gas diffusion and ad-
sorption sites, respectively [64]. As a matrix, HCM with
incorporated Cu-BTC crystals allows further enhance-
ment of the volumetric adsorption capacity of CO2.
Furthermore, this was the first successful trial in which an
MOF was synthesized within the macropores in HCM

Figure 1 Schematic representations of the production of monoliths via
(a) powder-packing synthesis, and (b) powder-packing synthesis cou-
pled with ice-templating drying. Reprinted with permission from Refs
[30,48]. Copyright 2014 & 2015, Royal Society of Chemistry.
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[63]. HCM was cured by a gel in any shape in which Cu-
BTC was formed via in situ synthesis. This was followed
by the step-by-step impregnation and crystallization
procedures to form HCM-Cu3(BTC)2 composites (Fig. 2).
The monolithic composite exhibited an enhanced CO2
uptake of 22.7 cm3 cm−3, more than the initial HCM
(12.9 cm3 cm−3) under identical conditions. This study
created a new composite method to load an MOF for
practical application in the field of CO2 capture.

The extrusion of 3D printing technology or direct ink
writing is a flexible, low-waste, and low-cost processing
method that retains the structural integrity and perfor-
mance [66]. Gels containing only Cu-BTC nanoparticles
and ethanol exhibit ideal rheological characteristics;
therefore, they can be used as a medium for 3D-printed
(3DP) MOF monoliths (Fig. 3). In addition, other Cu-
based monolithic MOFs have been reported in recent
years. For example, Cu(II) hydroxide monolith was fab-
ricated using CuCl2 and propylene oxide via a sol–gel
process with phase separation. This was followed by co-
ordination replication into a Cu-BTC monolith exhibit-
ing high crystallinity, a surface area of 1315 m2 g−1, and
sufficient mechanical properties in the presence of
H3BTC [65]. This study confirmed the possibility that
hydroxide materials can be developed into pure MOFs in
terms of monoliths.

In addition, monolithic MOFs in the form of thin films,
i.e., surface-mounted MOFs (SURMOFs) have been
widely developed over the past years [67]. Compared with
common monolithic MOFs, SURMOFs have high mass
transfer rates, ultrathin thickness, and high surface-to-
volume atom ratios [68,69]. Owing to these character-
istics, SURMOFs have enormous potential of integrating
multifunctional MOF thin films into miniaturized op-
toelectronics, sensors, lab-on-a-chip, and microfluidic
devices [70,71]. For example, Gu et al. [72] reported the
synthesis of HKUST-1 SURMOFs in a layer-by-layer
fashion using liquid-phase epitaxy by employing a dip-
ping robot. The as-synthesized highly crystalline HKUST-
1 SURMOFs enable the band gap in HKUST-1 to be
experimentally determined using ellipsometry. Subse-
quently, the same group reported the anisotropic thermal
expansion behavior of HKUST-1 SURMOFs [73].
Usually, these investigations are difficult to conduct for
MOF powders and common monolithic MOFs.

Iron-based monolithic MOFs
To date, the research on iron-based monolithic MOFs has
mainly focused on MIL-100(Fe), which comprises iron
trimeric octahedral clusters and BTC linkers [74]. MIL-

100(Fe) contains three types of pores with diameters of
8.7, 25, and 29 Å to obtain a zeolite structure, allowing
accessibility of guest molecules and ensuring adherence
with the design of adsorption or catalytic materials [75].
Lohe et al. [76] presented the first example of a mono-
lithic MOF aerogel (Fe-BTC) with high micro- and
macroporosity. Compared with the powdered product,
which was aged for 20 h before Soxhlet extraction and
air-dried overnight at 80°C, the as-synthesized Fe-BTC
MOF monolith exhibited a considerably higher total pore
volume of 5.62 cm3 g−1 at a relative pressure (P/P0) of
0.99. The strategy of developing a high-porosity MOF
monolith with any shape and size resulted in the devel-
opment of a new concept for the design and application
of MOFs as catalysts or catalyst supports; however, the
low density and amorphous structure are issues that must
be addressed.

Wickenheisser et al. [77] proposed a novel poly-
merization method to embed the presynthesized MOFs
into a macroporous oil–water high internal phase emul-
sion (HIPE) foam based on N-isopropyl acrylamide
(NIPAM). As shown in Fig. 4, the as-synthesized MIL-
100(Fe)@NIPAM exhibited a monolith. Furthermore, the
scanning electron microscopy (SEM) image indicates that
the monolithic MIL-100(Fe)@NIPAM material exhibited
obvious microporous structures. The average size of the
MIL particles attached to the HIPE surface was 2–5 µm.
In addition, prepolymerization of the HIPE emulsion
before the addition of MOF powders was an indis-
pensable procedure to obtain MIL@NIPAM monoliths;

Figure 2 Schematic diagram of the fabrication of HCM-Cu3(BTC)2.
Reprinted with permission from Ref [63]. Copyright 2012, American
Chemical Society.

Figure 3 Schematic diagram of the 3DP-HKUST-1. Reprinted with
permission from Ref [65]. Copyright 2015, Royal Society of Chemistry.
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otherwise, severe channel blocking would occur. How-
ever, the pore blocking effect could be observed to some
extent when using NIPAM and N,N’-methylenebisacry-
lamide (MBA), resulting in a drastic reduction of the
specific surface area from the expected values of 800
(containing 37 wt% MIL) and 1650 m2 g−1 (containing 78
wt% MIL) to the measured values of 230 and 300 m2 g−1,
respectively; however, these values were slightly greater
than those of the native HIPE material (20 m2 g−1).
Consequently, the composite showed a slightly enhanced
water uptake capacity when compared with HIPE. For-
tunately, the pore blocking effect was resolved by Wang et
al. [78] by adding a small amount of poly(vinyl alcohol)
(PVA) as the stabilizer when preparing monolithic MOFs.

In addition, MIL-100(Fe) can be used as a precursor for
the synthesis of metal–organic xerogel (MOX) composite
monoliths. For example, Mahmood et al. [79] constructed
a highly active Fe-based nanoporous carbon (NPC) car-
bonized from MOXs as a positive electrode for asym-
metric supercapacitors (Fig. 5). Here MOX monoliths
were obtained via a facile solvothermal process, which
resulted in high surface areas, very low densities, and
hierarchical channels. The Fe3O4 active sites were pre-
served at an appropriate carbonization temperature, and
the electrode exhibited an outstanding capacity retention
of 500 F g−1 for 5000 charge–discharge cycles at a high
current density of 8 A g−1.

Zinc-based monolithic MOFs
Zeolitic imidazolate frameworks (ZIFs), such as ZIF-4
and ZIF-8, are representative materials of zinc-based
MOFs exhibiting highly tunable porosity, excellent ther-
mal stability, and moisture resistance [80,81]. However,
their utility in many applications is restricted by the in-
ability to process the microcrystalline powders produced
during their syntheses. Therefore, many advanced
methods have been developed to prepare monolithic ZIF
materials. For example, Tian et al. [24] reported the
manufacturing of a transparent and robust ZIF-8
monolithic material via a facile and straightforward
technique that did not involve the usage of binders or
high pressure. The as-synthesized ZIF-8 monolith main-
tained the channel properties of powder crystals and ex-
hibited a high pore volume. The key to the success is
attributed to the presence of ZIF-8 precursors and the
mild and slow drying process performed with respect to
the products. Researchers have focused on analyzing the
mechanical properties of the monolith, thereby indicating
that the elastic modulus and hardness of the material
were considerably higher than those of the ZIF-8 single
crystals and even those of previous monoliths. Further-
more, this method was successfully used to develop an-
other ZIF-based material (ZIF-4); however, no further
studies were conducted with respect to the mechanics of
this method.

Widmer et al. [83] established another process based on
the field-assisted sintering technique (FAST) to study the
thermal and mechanical properties of the ZIF-4 monolith.
This investigation was conducted for the very first time in
the field of MOFs. Compared with the direct sintering
method, FAST combines two steps, including powder
compaction and heat treatment, into one step [82]. The
machine rams the uniaxially compressed sample, and the
electrodes simultaneously generate a direct current pulse
through punches and graphite molds, producing thermal

Figure 4 Schematic diagram of the preparation of MIL@NIPAM
monoliths (MIL = MIL-100(Fe or Cr)). Reprinted with permission from
Ref [77]. Copyright 2016, Elsevier.

Figure 5 Schematic diagram of the preparation of MOXs composite monoliths derived from MIL-100(Fe). Reprinted with permission from Ref [79].
Copyright 2016, American Chemical Society.
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resistance to fuse the particles (Fig. 6). Compared with
the direct mechanical densification reported by Zacharia
et al. [35], the application of hot pressure allowed the
monolith to avoid the formation of an amorphous
structure, thereby maintaining the internal microporous
properties. The material exhibited low elastic moduli and
hardness values, which can be attributed to the response
of the soft grain support and uniaxial compression during
the sintering process. However, controlling the sintering
conditions to regulate the mechanical and structural
properties of the materials remains one of the future re-
search directions.

In addition to the pure monolithic ZIF materials, some
monolithic ZIF composites have been synthesized re-
cently. For example, Mehta et al. [84] successfully used
SnO2 nanoparticles (NPs) in situ within a monolithic ZIF-
8 sample through the sol–gel process coupled with an in
situ combination at room temperature for 10 min. This
strategy does not require complicated synthesis condi-
tions (e.g., binders, additives, or high pressures) and
avoids structural amorphization as well as pore collapse.
The resulting SnO2@monoZIF-8 exhibited the effective
photocatalytic activity of NPs and the size repulsion of
micropores in ZIF-8 particles, which allowed only water
and H2O2 to contact the active sites during the photo-
degradation reaction. Furthermore, reusability facilitates
the promising application of the ZIF-8 monolith in the
field of sewage treatment.

Aluminum-based monolithic MOFs
Recently, two novel nanoporous monolithic materials,
i.e., MIL-100(Al) xerogel and aerogel, with hierarchically
porous structures have been reported for the high-effi-
ciency removal of microcystin-LR (MC-LR) through
economical solvothermal synthesis (Fig. 7) [85]. The
main difference between the synthesis methods of MIL-

100(Al) xerogel and aerogel is in the drying process;
specifically, the former was slowly dried at ambient
temperature, whereas the latter was obtained using a
supercritical CO2 drying process, causing some differ-
ences in pore characteristics. The N2 adsorption–
desorption tests showed that the xerogel sample exhibited
good surface chemistry with sufficient metal sites and
carboxyl groups, resulting in an excellent adsorption
capacity of 9007 µg g−1 at the initial MC-LR concentration
of 10,000 ppb. The remaining concentration of MC-LR
can be as low as 0.093 µg L−1, which is considerably
lower than that of the standard concentration of drinking
water.

In addition, cage-type MOF crystals with mesopores or
corresponding MOF polymers as monolithic columns
have been widely studied in the field of solid-phase mi-
croextraction (SPME) [86]. Specifically, the Al-based
MOF monolith exhibits good extraction ability, which
can be attributed to its mesoporous channels and unique
breathing effect. Recently, Li et al. [87] assembled hier-
archically porous Al-MOA (MOA = metal-organic aero-
gel) by introducing mesospaces via a versatile and facile
template-assisted technique based on the two-step gela-
tion of nanosized MOF particles (nMOFPs) containing
well-defined microporous structures (Fig. 8). The result-

Figure 6 Schematic diagram of the fabrication of ZIF-4 monolith
using a pressure-assisted sintering technique. Reprinted with permission
from Ref [83]. Copyright 2018, American Chemical Society.

Figure 7 Schematic illustration of (a) transformation from solution to MIL-100(Al) monolith and (b) structure of MIL-100(Al) monolith. Reprinted
with permission from Ref [85]. Copyright 2012, Royal Society of Chemistry.
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ing Al-MOA exhibited the advantages of both porous
MOFs and aerogels such as high specific surface area,
tunable porosity, convenient chemical modification, and
low density. The H2/CO2 or dye (congo red and brilliant
blue R-250) molecules in MOA monolith exhibited ex-
cellent accessibility. In addition, the aerogel can be ap-
plied to SPME fiber coating with high molecular
diffusion, outstanding extraction, and enriched perfor-
mance, allowing it to compete with other materials hav-
ing high capacity, selectivity, and sensitivity [88].

Similarly, Lirio et al. [89] prepared Al-based MOFPs,
including MIL-53, MIL-68, CYCU-4, and DUT-5, in an
aqueous phase. This was followed by the formation of
monolithic composite columns using butyl methacrylate-
co-ethylene dimethacrylate (BMA-EDMA) using an ionic
liquid ([C6mim][BF4]) coupled with the microwave-as-
sisted polymerization procedure for SPME of penicillin in
river water and milk samples. The optimum extraction
recovery of all the Al-based monolithic compounds to-
ward penicillin was tested and evaluated; among the
tested compounds, the MIL-53(Al)-polymer exhibited
superior extraction recovery (river water: 80.8%–90.9%;
milk: 81.1%–100.7%), low relative standard deviation
(river water: <6.7%; milk: <7.1%), low detection limit
(0.06–0.26 µg L−1), and reusability, which can be attrib-
uted to the strong electrostatic interaction between the
analyte and adsorbent and the unique breathing effect of
MIL-53(Al). The simple synthetic process and high ad-
sorption performance provide a good reference for other
materials for application as adsorbents in SPME. This
strategy can also be applied to fabricate other monolithic

MOFs (e.g., MIL-101(Cr)) with low cost, good recovery
percentage, and high reusability [90].

Hastürk et al. [91] reported a novel shaping strategy,
i.e., phase separation technique with PVA, to construct
Alfum@PVA (Alfum = aluminum fumarate) and MIL-
101(Cr) monoliths. The pore volume of Alfum@PVA was
greater than that expected on the basis of MOF loading,
which can be attributed to the additional mesopores
formed at the MOF–polymer interface, resulting in an
increase in water uptake when compared with that in
pure MOFs. However, this phenomenon was not ob-
served in MIL-101(Cr) monoliths, resulting in decreased
water loading (approximately 80% of that observed in
pure MOFs). In addition, among all the prepared
monoliths, the mechanical resistance was the highest
when the Alfum loading was 65 wt% and decreased with
the increasing loading capacity. Furthermore, the in-
vestigation of three different drying processes, including
vacuum drying, supercritical drying, and freeze-drying,
indicated that vacuum drying was the optimal choice to
maintain the monolith and avoid shrinkage. However,
freeze-drying is advantageous because ice-templated
macroporous monoliths can be obtained after the re-
moval of ice crystals generated during the freezing pro-
cess; this approach was successfully applied to shape the
HKUST-1 monolith [48,92]. Based on this principle, a
research group adopted freeze-drying (also known as the
freeze-casting method) coupled with the phase separation
technology for polymers to prepare Alfum, MIL-160(Al),
and MIL-101(Cr) monolithic composites [93]. Six hy-
drophilic polymer binders, including polyacrylic acid
(PAA), sodium polyacrylate (PAANa), polyethylene gly-
col (PEG), polyethylene imine (PEI), PVA with two dif-
ferent hydrolysis degrees, 88 and 98, and polyvinyl
pyrrolidone (PVP), were used. The N2 sorption tests
showed that MIL-160(Al) with PVA(98) exhibited the
best porosity corresponding to the MOF mass fraction,
whereas the material containing PEI ranked low because
of the strong interaction of PEI with MOF, resulting in a
nonnegligible pore blocking effect. In addition, MIL-101
(Cr) with PEI showed heavy pore blocking. Furthermore,
in terms of water loading, the monolithic MIL-160(Al)
80@PAA, PVA(98), PVA(88)4, and PVP exhibited highly
satisfactory results with approximately 100% of the cal-
culated water loading when P/P0 = 0.20. However, the
Alfum composites exhibited a varying water uptake of
87%–114% when P/P0 = 0.35. The facile operation and
satisfactory results obtained with respect to water loading
enhance the reference value of this study when preparing
other monolithic MOF composites.

Figure 8 Schematic representation of the formation of initial MIL-53
(Al), and the resultant MOFP, MOG and MOA. Reprinted with per-
mission from Ref [87]. Copyright 2013, Macmillan Publishers Limited.
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Zirconium-based monolithic MOFs
UiO-66 ([Zr6O4(OH)4(BDC)6], BDC = 1,4-benzenedi-
carboxylate) and UiO-66-NH2 are the most interesting
MOFs in the family of Zr-based MOFs because of their
high thermal, mechanical, and chemical stabilities, high
porosity, and tunable structural properties [94]. Thus,
UiO-66 and its derivates are the most studied Zr-based
MOFs, whereas other Zr-based MOFs, such as UiO-67,
MOF-801, and NU-1000, have rarely been investigated.
For example, Dhainaut et al. [59] presented a general
methodology based on quantitative descriptors for the
densification of pure UiO-66, UiO-66-NH2, and UiO-67
using a tableting facility. Furthermore, the impact of ex-
ternal pressure on the porous features, mechanical
strength, and bulk density was measured. The results
indicate that the bulk density of the tablet can be in-
creased by 1.8–3.4 times and that the specific surface area
(SSA) decreased by 0–30% compared with those of the
initial MOF powders obtained via compression. The
aforementioned researchers have reported the propor-
tional relation between mechanical stability and bulk
density for the very first time. Only UiO-66 and UiO-66-
NH2 were confirmed to exhibit long-term stability in the
presence of water vapor. This study has considerable re-
ference value for the densification of other materials ac-
cording to their applications. The mechanical strengths of
the millimeter-scale UiO-66 and UiO-66-NH2 fabricated
via the wet granulation strategy using rho-alumina as the
binder were studied and exhibited average crushing
strengths of 4.7 and 2.5 N, respectively.

Based on the excellent tolerance of high pressure,
Bambalaza et al. [95] confirmed that UiO-66 can retain at
least 95% of the initial porosity and that it shows an
enhanced total volumetric hydrogen storage capacity
under high external pressure (665 MPa or 97,000 psi),
which is unprecedented for the compaction of MOFs.
However, the UiO-66 powder sample was synthesized
using a conventional method followed by compaction at
applied pressures of 150, 290, 440, 590, and 665 MPa in a
Specac Manual Hydraulic Press for 15 min. The results
obtained when using the highest pressure demonstrated
the retention of crystallinity and the enhancement of
packing density from 0.57 to 1.45 g cm−3. When the
packing density was increased, the H2 uptake of the
monolith reached an unprecedented value of 74 g L−1 at
77 K and 100 bar (13 g L−1 at 298 K) compared with the
value of 29 g L−1 (6 g L−1 at 298 K) obtained for the
powder sample. The study offers promise with respect to
the H2 storage targets set by the United States Depart-
ment of Energy.

Connolly et al. [96] prepared high-density and cen-
timeter-scale monoliths of UiO-66 from gels without
using binders or applying high pressure. This allowed
varying the hierarchical system and modulating the shape
of monoliths depending on the washing and drying
procedures (Fig. 9). The adsorption of CH4 and CO2 in
the synthesized monoliths indicated a promising Type-II
isotherm, which contributed to a higher volumetric up-
take when compared with that of the microporous UiO-
66 powder with a Type-I curve. Similarly, Vilela et al. [97]
reported the production of hierarchically porous and
centimeter-scale UiO-66-NH2 monolithic single pieces
with a controlled shape and mechanical robustness from
ethanolic gels. The hierarchical structure of monolithic
UiO-66-NH2 was studied. N2 sorption proved the ex-
istence of abundant micro- and mesopores; mercury in-
trusion porosimetry further proved the presence of
macropores, fractures, and even intergranular pores and
confirmed that less concentrated gels increased the por-
osity. Focused ion beam scanning electron microscopy
(FIB-SEM) is a powerful mechanism to reconstruct the
3D models of porous UiOs. The strategy of synthesizing
monolithic MOF from gelated samples via a specific
drying process was successfully applied to other Zr-based
MOFs such as MOF-801, MOF-808 and NU-1000 [98].
Moreover, the gelated UiO-66 sample was molded into
monolithic spheres with a diameter of 600 mm using the
oil drop method. The creative design can be applied in
packed-bed catalytic or adsorptive applications, wherein
the mass transfer constraints can be reduced using a
hierarchical system.

Chromium-based monolithic MOFs
MIL-101(Cr) is a chromium(III) terephthalate MOF with
micro-/mesoporous structures and high Langmuir sur-
face areas of up to 5900 ± 300 m2 g−1. This compound is a
cage-type material with diameters of 3 and 29 Å, and can
provide abundant channels and active sites for gas ad-
sorption or other applications. Furthermore, it can avoid
pore blockage when using polymers or binders to some
extent [77,99]. In addition, the excellent stability of MIL-
101(Cr) allows maintaining the structural integrity in air
for several months, which is promising for the syntheses
and applications of monolithic MOFs. Cr(III) gels with a
rigid bridging carboxyl group, such as BDC, BTC or 1,4-
naphthalenedicarboxylate (NDC), can be obtained only at
high temperatures (e.g., 80°C), which can be attributed to
the slow substitution kinetics associated with aqueous Cr
(III) [100]. The high-temperature effect causes the ther-
mal irreversibility of monolithic materials, which exhibit
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good application prospects at high temperatures.
Recently, Hong et al. [47] prepared the MIL-101(Cr)

monolith from as-synthesized powders using bentonite
clay as the binding agent via the paste extrusion techni-
que (Fig. 10a). This method is economical and energy-
saving, and the monolithic product showed reusability,
good porosity, and strong mechanical resistance. Fur-
thermore, the mass transfer properties (e.g., equilibrium
adsorption capacity, stoichiometric and equilibrium time,
and mass transfer zone velocity) and the length of the
samples were evaluated based on the CO2 adsorption
breakthrough curves. For example, the equilibrium ad-
sorption capacity for 40% (v/v) CO2 on the MIL-100(Cr)
monolith was 1.95 mmol g−1 at 2 bar, which is approxi-
mately 38% greater than those of the corresponding
powders.

Wickenheisser et al. [101] adopted 2-hydroxy-
ethylmethacrylate (HEMA) as a hydrophilic monomer to
synthesize the poly(HIPE) material and embedded MIL-
101(Cr) into it to fabricate monolithic MIL-101@HIPE
composites (Fig. 10b). The maximum loading of MIL was
up to 59%; however, the BET specific surface area of the
composites was less than that of the corresponding
loading. This result can be attributed to the partial pore
blocking, which causes the reduction of maximum ex-
change toward methanol (0.37 g g−1) and water vapor
(0.29 g g−1) when compared with those of pure MOFs

(1.08 g g−1 for methanol and 1.06 g g−1 for water). Re-
gardless, this innovation was an improvement for HIPE
after the construction of HKUST-1. In a later report [77],
the authors changed the hydrophilic monomer into NI-
PAM and prepared MIL-100(Cr)@NIPAM (58 wt% MIL)
and MIL-101(Cr)@NIPAM (71 wt% MIL) monoliths in a
similar manner with water sorption values of 0.25 and
0.42 g g−1, respectively. The loading of MIL-101(Cr) was
up to 92%; however, shrinkage still occurred. In addition,
the experimental specific surface area of MIL-101(Cr)
@NIPAM is similar to that estimated for MIL-100(Cr)
@NIPAM, which may be attributed to the large windows
of MIL-101.

Other types of monolithic MOFs
In addition to the common MOFs summarized above,

Figure 10 Picture of samples: (a) MIL-101(Cr) monolith, and (b)
MIL-101@HIPE composites. Reprinted with permission from Refs
[47,101]. Copyright 2015, Elsevier.

Figure 9 (a) Graphical representation of the crystal structure of UiO-66; (b) XRD patterns of UiO-66 samples; (c) UiO-66 gel for synthesis of
monoliths; and (d–g) the optical images of UiO-66 monoliths: UiO-66_A (UiO-66 gel washed in ethanol and dried at 200°C); UiO-66_B (UiO-66 gel
washed in ethanol and dried at 30°C); UiO-66_C (UiO-66 gel washed in DMF and dried at 30°C); UiO-66_D (UiO-66 gel washed in DMF with
extended centrifugation and then dried at 30°C). Reprinted with permission from Ref [96].
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other monolithic MOFs with different metal ions have
also been sporadically reported in recent years. For ex-
ample, Darunte et al. [102] investigated the amine-func-
tionalized M2(dobpdc) (M = Mg and Mn; dobpdc =
obpdc4−: 4,4ʹ-dihydroxy-(1,1ʹ-biphenyl)-3,3ʹ-dicarbox-
ylate) films on the surface of the cordierite monoliths
wash-coated with α-alumina using MgO nanoparticles as
the metal precursor. The outward orientation of MOF
crystals could be achieved in these films, and the mono-
lith products exhibited an outstanding CO2 capture ca-
pacity. Rezaei et al. [103] have considerably contributed
to the study of Co- and Mg-based MOF monoliths. The
immobilization of MOF-74(Ni) and UTSA-16(Co) on
cordierite monolith (600 cpsi) was reported, and their
adsorption capacities for CO2 capture were investigated.
As shown in Fig. 11, using the liquid-phase epitaxy
technique, the layer-by-layer (LBL) assembly is focused
on the formation of secondary building units followed by
a secondary growth procedure. In situ dip coating (ISDC)
is employed for the direct growth of the MOF building
units. The reliable coating approaches were optimized
according to the loading, thickness, and adsorption per-
formance, indicating that the UTSA-16(Co)-cordierite
monolith can be successfully obtained only via the ISDC
process owing to the high MOF coating (55 wt%). Both
the aforementioned methods can be adopted for the de-
position of MOF-74(Ni) on cordierite; however, the
combination of LBL assembly and secondary growth was
a promising methodology in terms of high MOF coating
(52 wt%). This high loading can be primarily attributed to
the pretreatment of the cordierite surface by dentate

groups (–OH, –COOH, –NH2), resulting in strong ad-
hesion between monoliths and MOF layers as well as in
the orientation of nanocrystals in the layers. However, the
weight loading of MOFs did not exceed 55 wt%.

Based on a previous study [32], this group presented an
improved technique by simplifying the coating proce-
dures and increasing the MOF loadings. Torlon polymer
doping (prepared by Torlon in N-methyl-2-pyrrolidone
(NMP)) was adopted during the preparation of MOF@-
polymer via the phase separation technique to achieve
good adhesion and promote the physical binding of solid
surfaces and MOF powders. This was followed by in situ
construction of the MOF monolith composite adsorbent
(MOF-MCA). Compared with the previous maximum
loading, the MOF loading of MOF-74(Ni) and UTSA-
16(Co) was considerably high, i.e., 73 wt% and 80 wt%,
respectively. Moreover, in both the studies, monolithic
MOFs exhibited higher affinity and faster adsorption ki-
netics when compared with those exhibited by the MOF
powders. However, the CO2 uptake was lower, necessi-
tating further research.

Thakkar et al. [104,105] developed the fabrication of
3DP monoliths via the 3D printing technology, facilitat-
ing the direct and facile modulation of monolithic ma-
terials (e.g., size and geometric shape) through simple
programming to satisfy the practical requirements ob-
served in some studies. In accordance with previously
conducted studies [106,107], the MOF-74(Ni) or UTSA-
16(Co) powders were mixed with bentonite clay (as a
binder) in ethanol followed by mixing with a PVA solu-
tion and 3D printing in an LBL manner (Fig. 12). The

Figure 11 Schematic diagram of preparation of MOF-coated monoliths by LBL assembly + secondary growth and the ISDC techniques. Reprinted
with permission from Ref [103]. Copyright 2017, Elsevier.
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resultant 3D MOF-74(Ni) and UTSA-16(Co) with good
mechanical properties showed maximum loadings of 80
wt% and 85 wt%, respectively, and fast adsorption ki-
netics for CO2 capture [29]. Subsequently, they changed
the binder to kaolin to avoid disintegration upon ex-
posure to the synthesis liquor and used methyl cellulose
(as a plasticizer) and metal impregnation (Co, Cu, Ni, or
Cr) to optimize the MOF loading and structural stability
[108]. Co (cobalt oxide inside) was the source of mono-
lithic strength as a 3D impregnation material because of
its inherent properties of high mechanical strength, cor-
rosion resistance, and excellent thermal stability, which
have been confirmed previously [109]; these character-
istics resulted in a ten-fold enhancement in mechanical
strength. This study provides a new proof-of-concept
prospect for the economical and efficient industrial ap-
plication of monolithic MOFs.

CONCLUSIONS AND OUTLOOK
The shaping of MOF into monolithic state is a necessary
route to promote its industrial practicability because of
the limitations associated with powdered MOF during
industrial engineering (e.g., dustiness, abrasion, clogging,
and the pressure drop generated by the packing process).
This study aims to summarize the recent advancements
associated with monolithic MOFs, including the selection
and optimization of the synthesis conditions toward
specific MOFs based on different metal ions (e.g., Cu, Fe,
Zn, Al, Zr, and Cr-based MOFs), and their excellent
performance compared with those of the powdered
MOFs. The preparation strategies of MOF monoliths
have mainly focused on direct synthesis, the addition of
binders, mechanical densification, in situ combination,

sol–gel method, and the 3D printing technology. For a
specific MOF, it is critical to select and optimize the
appropriate route according to the inherent properties
and practical application requirements, and create pro-
mising candidates for applications in industrial fields,
such as for the adsorption of industrial waste gases, re-
moval of heavy metal ions or dyes from sewage, or ser-
ving as industrial catalysts or sensors. These requirements
encourage the development of monolithic MOF in terms
of structure, composition, shape, and performance with
respect to the following aspects: low cost, easy handling,
non-toxicity/low toxicity, high porosity, high loading
capacity, adequate compression resistance, high thermal/
chemical stability, recyclability or regeneration capacity,
and excellent adsorption/catalytic/sensing capabilities.
Actually, the general objective of ideal MOF monoliths is
based on the previous studies on powdered MOFs. Thus,
the basic studies that have investigated powdered MOFs
cannot be ignored when promoting the industrialization
of monolithic MOFs.

Although the shaping studies of monolithic MOFs have
made encouraging progress, some challenges remain that
are expected to be addressed in the future to realize their
engineering applicability. (i) The MOFs in a monolithic
state obtained via various approaches are gradually en-
riched in terms of the structural and functional diversity.
However, some well-studied MOFs, such as HKUST-1,
ZIF-8, and the MIL-n family, dominate the MOF
monoliths. Although these MOFs have produced sa-
tisfactory results with respect to advanced applications
and processability, certain limitations can be observed.
This has resulted in the exploration of the possibility of
using other MOFs to improve the universality of the
current synthesis technologies. (ii) Until now, majority of
the studies that have investigated the structural properties
of MOF monoliths primarily focus on mechanical stabi-
lity and high porosity. Less attention has been devoted to
thermal and chemical stabilities as well as hydrophobicity,
which are practical application requirements. For ex-
ample, some monolithic MOFs are unstable in water, and
irreversible structural decomposition may easily occur
after exposure to humid air. In addition, the reduction in
the mass transfer rate of the monolithic state has become
the biggest limitation in case of industrial applications.
This has been alleviated by changing the channel en-
vironment (e.g., by introducing a hierarchical network).
(iii) Many synthesis strategies have been demonstrated;
however, the synthesis mechanism remains unclear,
prompting a long and difficult exploration process. (iv)
The excellent performance of powdered MOFs is essential

Figure 12 Schematic diagram of the preparation of monolithic MOFs
by a 3D printing technique. Reprinted with permission from Ref [29].
Copyright 2017, ACS Publications.
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for the advancement of monolithic MOFs, especially for
the promotion of coordination and regulation of the
channel environment. In addition to the traditional
controlling factors (polarity of solvents, temperature,
synthetic time, metal/ligand ratio, and pH), other at-
tempts (e.g., addition of templates, modulators, and op-
timization) along with the drying process have been
confirmed to be feasible. However, many concepts related
to the formation and application of powdered MOF have
not been successfully applied to the field of MOF
monolith products, and the functional modification to-
ward monoliths has not been widely studied. (v) Cur-
rently, the MOF shaping project is still in the laboratory
stage. When being applied in industrial fields, the cost
and industrial applicability must not be overlooked with
respect to optimization. (vi) The large-scale production of
monolithic MOFs is a prerequisite for their applications.
However, current synthetic strategies for monolithic
MOFs usually require a long reaction time (>12 h) re-
sulting in a low production rate (usually the space-time-
yield (STY) < 300 kg m−3 d−1). In conclusion, the pre-
paration of monolithic MOFs still involves many oppor-
tunities and challenges. Therefore, further long-term
studies must be promoted in this field.
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块状金属-有机骨架材料合成研究进展
段崇雄1,3, 余仪2, 李静静1,3, 李理波2, 黄碧纯4, 陈东初1,3*,
奚红霞2*

摘要 近年来, 金属-有机骨架材料在制备方面取得了重要进展, 然
而大多数制得的金属-有机骨架材料为分散微晶粉末形态, 在工业
应用中易导致粉尘、磨损、堵塞以及压降等一系列问题. 块状金
属-有机骨架材料能克服这些缺陷, 因而表现出了许多优良特性.
本综述中, 我们介绍了基于不同金属中心的块状金属-有机骨架材
料的最新进展, 并简要介绍了一些突出例子. 此外, 本文还分析了
块状金属-有机骨架材料在大规模生产和工业应用中面临的挑战和
前景.
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