Open Access Article. Published on 08 November 2025. Downloaded on 1/9/2026 5:27:16 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: DOI: 10.1039/d5ma01105a

Received 26th September 2025,
Accepted 7th November 2025

DOI: 10.1039/d5ma01105a

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Recent progress in synthesis and applications of
monolithic metal—-organic frameworks

Donald Muringaniza, Laurencia Zulu, Linia Gedi Marazani, 2 Piwai Tshuma and
Gift Mehlana 2 *

Monolithic MOFs have so far exhibited significant advantages in various industrial applications such as
catalysis, sensing, separation, and gas storage. Compared to their powder counterparts, they have been
exceptional in terms of mechanical strength, stability, and improved handling. This addresses the critical
challenges with powder MOFs in real-world industrial applications. Despite the notable developments in the
synthesis of monolith MOFs, challenges related to their functional optimization and large-scale production
are still being encountered. This review presents the synthetic methodologies that have been used to
prepare monolithic MOFs. Characterisation techniques are also presented with the hardness test being used
to distinguish between a monolith and a powdered MOF. Owing to their tunable structures, flexibility, and
unique physicochemical properties, monolithic MOFs are increasingly being adopted in diverse industrial
sectors, including catalysis, environmental remediation, energy storage, and sensing. Their ongoing
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Introduction

The field of metal organic frameworks (MOFs) is a rapidly
evolving area of materials science, distinguished by ongoing
breakthroughs and broadening research horizons. These crystal-
line structures, comprised of metal ions or clusters coupled by
organic ligands, have received significant scientific attention due
to their outstanding architectural diversity and exceptional
functional qualities."> MOFs possess several remarkable char-
acteristics: precisely engineerable porous networks, high cataly-
tic activity, and remarkable structural stability. The porous
networks can be tailored at the molecular level, enabling control
over material properties, while the catalytic activity and stability
make them promising for applications under challenging
conditions.>® MOFs have emerged as attractive candidates for
advanced technologies such as targeted drug delivery systems,
gas storage, sensing and selective molecular separation because
of their modular nature which facilitates systematic design and
modification.” " The potential of MOFs to address diverse
scientific and industrial challenges becomes inherently impor-
tant as analytical and synthetic technologies continue to
advance, thereby placing MOFs at the forefront of contemporary
material research and technological innovation."*"

However, the physical and chemical characteristics of MOF
powders pose significant practical challenges, with the main
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development is poised to play a pivotal role in advancing sustainable and high-performance technologies.

issue being pronounced handling difficulties.'® Applications like
catalysis, gas separation, and energy storage require materials that
possess controllable mechanical strength, uniform particle size,
consistent geometry, and predictable microscopic morphology.
MOF powders often lack these fundamental properties, thereby
restricting their industrial applications."”'® Additionally, MOF pow-
ders are prone to aggregation, fragile, and present challenges in
accurate dosing and maintaining consistency during operations.*®

These multifaceted limitations necessitate pre-processing
techniques, such as pelletization, immobilization on support
matrices, or advanced morphological engineering, to transform
these promising materials from laboratory curiosities into
viable technological solutions capable of meeting stringent
industrial performance criteria.”° It is within this context that
the development of monolithic MOF materials has emerged as
a powerful solution to address the challenges inherent to their
powdered counterparts.”"*?

Monolithic MOFs are defined as macroscopically continu-
ous, self-supporting solid materials composed of a MOF or its
composite, which possess structural integrity and can be
handled without the need for an additional binder or support
matrix. They are hierarchically structured materials that inte-
grate a continuous porous network across multiple length
scales, from micro- (<2 nm) and meso- (2-50 nm) to macro-
pores (> 50 nm).>® This nature gives them rigidity, stability, and
a high density, and their porosity can be engineered for a wide
range of applications.”*

The transition from loose powders to monolithic architec-
tures resolves several critical limitations: their cohesive, solid
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form makes them easy to manipulate and integrate into devices,
and they can be readily recovered for reuse.” >’ A key advantage
is their engineered hierarchical pore system,** which preserves
the essential microporosity of the parent MOF (ensuring high
surface area and selectivity) while incorporating meso- and
macropores that drastically enhance mass transfer,”® leading
to excellent permeability and powerful separation capabilities
suitable for applications like chromatographic columns.?
Furthermore, monoliths exhibit significantly superior mechan-
ical properties (e.g., enhanced hardness and Young’s
modulus), providing critical resistance to attrition.>® Finally,
by eliminating interparticle voids, monolithic MOFs achieve
a much higher bulk density, which often translates to superior
volumetric performance (e.g., gas storage per volume),*'
a key metric for practical applications where space is a
constraint.

The rapid evolution of monolithic MOFs is marked by key
developments in synthetic strategies and conceptual advances.
Fig. 1 outlines this progress timeline, highlighting pioneering
works that have demonstrated the potential of monolithic
MOFs in creating hierarchically porous, mechanically robust,
and application-ready structures. The field has progressed from
early shaping methods to advanced manufacturing techniques
like 3D printing and sophisticated templating approaches,
leading to increasingly complex and high-performance mono-
lithic structures for multifunctional applications.

This review focuses on these advancements in monolithic
MOFs, highlighting their importance due to enhanced struc-
tural stability and handling compared to powdered MOFs. Key
synthetic methods, particularly sol-gel processes and 3D print-
ing, are discussed for their ability to create materials with
customized geometries and functionalities. We further examine
the characterisation techniques and industrial applications of
monolithic MOFs in gas storage, catalytic processes, water
treatment, sensing, and drug delivery. Moving beyond pure
monolithic MOF systems, the review also explores the design
and utility of multifunctional composites. Finally, the review
presents current trends, ongoing challenges, and future direc-
tions in the field, with a specific emphasis on emerging
applications and their potential to meet complex technological
needs across various sectors.
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Monolithic MOF synthesis methods
Sol-gel synthesis

Sol-gel synthesis is a versatile and widely used method for
creating monolithic materials with defined shapes and porous,
continuous structures. The process involves the transition from
a liquid colloidal suspension (sol) into a solid, interconnected
network (gel). This is typically initiated by distributing MOF
precursors in a solvent to form a stable sol system.***> A key
indicator of the gelation process is a sharp increase in the
solution’s viscosity.

The formation of the monolith is governed by several critical
stages: supersaturation, nucleation, growth, and Ostwald ripen-
ing. These stages collectively determine the final material’s
size, morphology, and properties. Supersaturation often occurs
as precursors undergo hydrolysis and condensation reactions,
forming small clusters. These clusters then develop into stable
nuclei through homogeneous (throughout the solution) or
heterogeneous (on surfaces) nucleation. Subsequent growth
occurs as more material deposits onto these nuclei. Finally,
during Ostwald ripening, larger, more stable particles grow
at the expense of smaller ones, further densifying the
structure.’®***” As shown in Fig. 2, the high concentration
reaction (HCR) method utilizes a base, triethylamine (NEt;), to
deprotonate the organic linker. This accelerates the formation
of metal-organic clusters, creating a high density of nucleation
sites. The resulting nanoparticles are sufficiently small to form
a gel. Upon drying at room temperature, this gel network
solidifies into a monolithic structure.*®

This is also demonstrated in the work of Tian et al.,** who
synthesized monolithic HKUST-1 (imonoHKUST-1) via a sol-gel
process. Their work exemplifies how precise control over
nucleation and growth conditions yields a densely packed,
robust monolith. The synthesis began with the formation of
approximately 51 nm primary nanoparticles. A subsequent
mild drying process at room temperature promoted epitaxial
growth at the particle interfaces, effectively using the MOF itself
as a binder to create a continuous monolith without external
additives or high-pressure compaction. In contrast, rapid dry-
ing at elevated temperatures resulted in a powdered material
with interparticle voids and lower density.
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Fig. 1
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Timeline of key developments in the synthesis and application of monolithic MOFs.
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MOF monoliths

Fig. 2 (a) Anillustration of the sol-gel synthesis of monolith MOFs, (b) and (c) shows two monolith MOFs prepared using this method.*® Note that in some
instances after self-assembly centrifugation is applied prior to drying. Reproduced from ref. 38, with permission from the Royal Society of Chemistry.

The advantages of this approach are multifaceted. For instance,
the achieved bulk density of ,0noHKUST-1 (1.06 g cm ) signifi-
cantly exceeded that of hand-packed powder and even the theore-
tical crystal density. This high density directly contributed to
superior mechanical properties, with a hardness of 460 MPa and
a Young’s modulus of 9.3 GPa. Concurrently, the material exhib-
ited a exceptional volumetric methane storage capacity of 259 cm®
(STP) em™ at 65 bar and 298 K, nearly meeting the U.S. DOE
target, without sacrificing adsorption kinetics.

He et al®® developed a sophisticated synthesis route to
create monolithic MOF-801, this represented a significant
advancement of the sol-gel method that combined sol-gel
phase separation with a subsequent acid-heat treatment as
illustrated in Fig. 3.

The process began by dissolving zirconyl chloride and
fumaric acid in DMF before adding poly(propylene glycol)
(PPG) as a phase separation inducer. This mixture was stirred
at 60 °C to form a homogeneous emulsion, which was then
transferred to a mold and heated at 80 °C for gelation and aging.
During this step, phase separation occurred, where the DMF
phase formed continuous MOF skeletons and the PPG phase
created continuous macroporous channels, which were
later washed away. A critical acid-heat post-treatment using
formic acid was then employed to enhance the crystallinity
and micropore volume. This innovative method yielded a robust,
centimetre-scale monolith with a hierarchically porous structure,
exhibiting a high porosity of 59.7%, a superior specific surface
area of 977.8 m” ¢~ ', and a micropore volume of 0.234 cm® g~ .
Crucially, the monolith also possessed excellent mechanical
strength, with a compressive Young’s modulus of up to
61.3 MPa, enabling its practical use in scaled-up applications.

Beyond this example, the sol-gel process offers remarkable
simplicity and cost-effectiveness while delivering products of
high purity and versatility.”>*" It allows for the creation of
various product forms, including fibres and aerogels, and is

© 2025 The Author(s). Published by the Royal Society of Chemistry

particularly suited for producing materials with enhanced
physical properties. The solution-phase nature of the process
provides detailed control over the material’s structure through
adjustable variables during the early stages of its formation and
network development.*”> However, challenges remain, includ-
ing scalability, the risk of cracking during drying if not properly
handled, and potential diffusion limitations due to the dense
monolithic structure. Table 1 provides a summary of selected
monolithic MOFs monoliths prepared via sol-gel synthesis,
their applications, advantages, and disadvantages are also
presented.

3D Printing

3D printing enables control over structure, geometry, and
porosity, making it a valuable technique for creating tailored
MOF materials.”” The process allows for the fabrication of
complex structures without expensive retooling and with less
waste than traditional methods.*® 3D-printed monoliths are
usually created by synthesizing MOF particles or utilizing
commercial MOF powders, which are then mixed into a paste
that includes a binder, co-binder, solvents, and plasticizer. A
general schematic of the 3D printing technique for deriving
carboxylate MOFs is shown in Fig. 4, which outlines the key
steps from ink formulation and printing to the necessary post-
processing treatments required to achieve a functional
monolith.

The following sections will explore the primary strategies
employed in 3D printing MOF monoliths, including direct ink
writing (DIW), seed-assisted in situ growth, matrix incorpora-
tion, selective laser sintering (SLS), digital light processing
(DLP), and template-assisted methods.

Direct ink writing

Direct ink writing (DIW), a form of 3D printing, is a technique
that offers high precision and versatility. It is a simple, flexible

Mater. Adv.
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Fig. 3 Schematic of the synthesis of the macroporous MOGs. (a) ZrOCl,-8H,0 and fumaric acid precursors in DMF; (b) introduction of PPG as a phase
separation inducer; (c) formation of a homogeneous emulsion after stirring at 60 °C; (d) formation of macroporous MOGs after gelation at 80 °C
accompanied by phase separation.>® Reproduced from ref. 39. Copyright (2023) Elsevier B. V.

and cheap technique whereby a paste or ink is ejected layer-by-
layer through a fine nozzle.”® A critical requirement of the
process in that the active material must be made into an ink
with ideal viscosity and must also be able to flow through a
nozzle continuously and then solidify quickly to preserve its
shape.*® Once formulated, the prepared ink is typically rolled at
room temperature for 1 to 2 days during the binding process to
ensure proper interaction between the various components and
achieve the desired results. During the densification step, the
prepared ink is slowly heated to a temperature range of 40—
60 °C for several hours to ensure that all the solvent is
evaporated, resulting in a paste with the desired rheological
properties for printing.>'*?

The feasibility of fabricating ZIF-8 monoliths via DIW was
demonstrated by Verougstraete et al.>® providing a clear exam-
ple of the 3D printing fibre deposition method, as shown in
Fig. 5. ZIF-8 powder (66.7 wt%), bentonite (16.7 wt%) and
methylcellulose (16.7 wt%) were mixed with water to form a
printable paste. This was followed by activation under Argon at
450 °C, to remove the methylcellulose binder, yielding a final
composition of 80 wt% ZIF-8 and 20 wt% bentonite.

Building upon this foundational work, Claessens et al.>*
subsequently employed a similar DIW approach to fabricate

Mater. Adv.

ZIF-8 monoliths for biobutanol recovery. Their study provided a
detailed analysis of how printing parameters dictate monolith
architecture and, consequently, separation efficiency. Using a
paste of ZIF-8, bentonite, and methylcellulose, they produced
monoliths with 600 pm and 250 pm nozzles. After thermal
treatment, the monoliths exhibited a dark-brown colour due to
binder degradation. As shown in Fig. 6, SEM analysis revealed
the 600 um monolith had a fibre thickness of 540 pm and open
side channels (260 pm), while the 250 pm monolith had
blocked side channels (<60 pm). This structural difference,
clearly visible in the figure, caused flow maldistribution in the
smaller monolith, leading to broader breakthrough profiles,
whereas the larger monolith demonstrated superior perfor-
mance with high butanol capacity (0.2 g g ') and selectivity.
Beyond ZIF-8, the DIW technique has been successfully
applied to other MOFs. For instance, Lim et al.*® successfully
fabricated a self-standing HKUST-1 monolith using the DIW
strategy as illustrated in Fig. 7. Their key innovation was
formulating a printable colloidal gel from only HKUST-1 nano-
particles and ethanol, entirely omitting the need for a binder,
which demonstrated excellent printability and rheological
properties. The figure shows photos of the HKUST-1 gel and
various 3D-printed structures, SEM images of the filament and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of selected monolith MOF prepared using the sol-gel, including their application, advantages and disadvantages

Monolith
MOF
examples

Application Advantages

Disadvantages

ZIF-8 and Toluene vapour
ZIF-67 adsorption*®

ZIF-8) and hierarchical porosity***®

- Simple, ambient temperature synthesis
- High surface area (e.g., 1450-1732 m* g~ ' for

- Can require longer aging time (e.g., 96-120 hours)**
- Potential pore blockage.

- Narrow particle size distribution (e.g:,

55 nm).**
- High vapour capacity*®
HKUST-1 - Hydrogen storage.*
460 MPa, young modulus: 3 GPa).**

Methane uptake®?

- Enhanced mechanical stability (hardness: of

- High volumetric storage capacities®"** (e.g.,

- Scale up challenges.

- Susceptible to cracking during drying if not properly

259 cm® (STP) cm ™ for CH, at 65 bar; 10.1 g L™ " handled.

for H, at 100 bar)

- Improved handling.
MIL-101  CO, adsorption,
methylene dye removal

from water*®

- High thermal stability (stable up to 300 °C)

- Reduces pressure drop in fixed-bed reactors,

facilitating scale up.

Ui0-66>°  Gas storage®

reactor loading.

- Easier handling and integration into systems

- Requires multi step solvothermal synthesis with tight
control of solvent composition and temperature, icreasing
process cost.

- Limited adaptability for post-synthetic functionalisation
due to rigid chromium terephthalate framework.

- Susceptible to cracking during drying or activation because
of capillary stress in the dense monolithic matrix.

- Dense framework may impede desorption kinetics, making
regeneration slower and less energy-efficient after multiple
adsorption cycles.

- Cohesive solid form simplifies packaging and - Scaling up limited by the need for uniform gelation and

solvent exchange, which can cause structural inhomogeneity
in larger batches.

- High bulk density with preserved porosity and - Synthesis requires careful control of washing solvents and

surface area (BET ~ 1000-1200 m* g™ )

MOF 801 Atmospheric water

harvesting.*

- High water uptake from air under low

humidity (>0.2 g-g " at 30% RH)

- Fabrication of centimetre scale monolith

demonstrated.

- Robust hierarchical porosity (BET: 977.8 m?
¢!, micropore volume: 0.234 cm® g™)

drying conditions to avoid framework collapse and residual
solvent contamination.

- Susceptible to cracking during solvent removal due to
capillary stress in dense monolithic matrices.

- Synthesis requires multi-step sol-gel and phase-separation
control with post-synthetic acid treatment to enhance crys-
tallinity, increasing process complexity.

- Relatively higher material cost due to use of zirconium
precursors (e.g., ZrOCl,-8H,0) and formic acid treatment
reagents.

- Performance consistency depends on optimising solvent
ratio, gelation temperature (68-80 °C), and aging time to
achieve uniform pore structure.

- High structural stability under cycling

- Suitable for passive water harvesting

applications.

nanoparticles, and rheological data proving the ink’s shear-
thinning behaviour and solid-like gel properties. Crucially, the
process preserved the MOF’s original pore volume, resulting in
a monolith with a high specific surface area (1134 m* g~ ') and
significant methane uptake of 64 cm® (STP) cm > at 65 bar.

MOFs, MOF precursors,

Binders, and Other additives
.

Fig. 4 3D printing pathway of carboxylate derived MOFs.*® Reproduced
from ref. 49, with permission from Springer.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Bouzga et al.> developed 3D-printed UTSA-16 monoliths
using a non-aqueous ink formulation. The ink, tailored with
boehmite and hydroxypropyl cellulose as rheology modifiers,
exhibited optimal printability and enhanced the dispersion of
UTSA-16 nanoparticles within the monolithic structure. The
study demonstrated that the resulting 3D-printed monoliths
function as efficient CO, adsorbents, exhibiting high uptake
capacity and notable structural stability under humid condi-
tions. This stability was attributed to the hydrophobic nature of
the hydroxypropyl cellulose component, which effectively
shields the MOF centres from water molecules.

In a related study, Lawson et al’® developed 3D-printed
monoliths from amine-functionalized MIL-101 for CO, capture
in enclosed environments. They employed a DIW technique using
two strategies: pre-impregnation (where the MIL-101 powder was
first impregnated with polyethylenimine (PEI) or polyethyleni-
mine (TEPA) and then printed) and post-impregnation (where
the monolith was printed first and then functionalized). The study

Mater. Adv.
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Fig. 5 3D printed ZIF-8 monolith. (A) Monolith used for breakthrough experiments. Several pieces were stacked and held together with Teflon tape. (B)
Side view showing the presence of channels in the radial direction. (C) Scanning electron microscopy-picture of the top-view of the monolith. (D)
Scanning electron microscopy-picture of side view visualizing the radial gaps present in the structure.>® Reproduced with permission from ref. 53, under

the terms of the Creative Commons Attribution License (CC BY).

I mm

Fig. 6
(2020), American Chemical Society.

concluded that the pre-impregnation approach was superior,
yielding higher amine loadings and CO, capacities (1.6 mmol
g~ ! for TEPA and 1.4 mmol g~ ' for PEI at 3000 ppm) due to
successful amine grafting within the pores during paste densifica-
tion. However, despite their high capacity, the adsorption kinetics
were slow, leading to the conclusion that future work must focus
on tuning the monolith dimensions to optimize CO, diffusion.

Monolith MOFs synthesised via 3D technology have the
following advantages: (1) interconnected channels are formed
which facilitate heat and mass transfer during operation condi-
tions, (2) MOFs can be used in large-scale practical applications,
(3) 3D printing enables the incorporation of different materials
within a single structure, allowing for multifunctional applica-
tions, (4) allows for the creation of complex and customized
shapes that meet specific application requirements*® and finally
(5) the creation of complex structural networks while generating
minimum waste.*’

Mater. Adv.

SEM images of 3D printed 600 pm monolith (a) and (b) and 250 pm monolith (c) and (d)** Reprinted with permission from ref. 54. Copyright

The main challenge with 3D-printed MOF monoliths is that
they typically have lower specific surface areas and pore
volumes than their powdered equivalents. This problem occurs
due to several factors like, the need for high temperatures and
pressure during the printing process which makes the MOFs
deform, the presence of additives in the paste can result in
several issues, including pore blockage, surface coverage, and
the build-up of dead mass.>®

Template-assisted synthesis of monolithic MOFs

The inherent microporosity of MOFs, while ideal for molecu-
larly selective applications, imposes significant mass transfer
limitations in processes requiring high flow rates or involving
viscous media. To overcome this, template-assisted synthesis
has emerged as a powerful strategy to engineer hierarchical
pore systems within scalable, monolithic structures.** By using
dynamic soft templates, this approach creates well-defined

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Characterization of the HKUST-1 gel and 3D-printed monoliths, including (a) photos of the gel and printed structures, (b) and (c) SEM images of a
filament and its nanoparticles, (d)—(f) photos of monoliths with different geometries, and (g)—(i) rheological profiles of the ink.*® Reprinted with

permission from ref. 48. Copyright (2020), ResearchGate GmbH.

macropores that facilitate convective flow, which are seamlessly
integrated with the intrinsic micro- and mesopores of the MOF
to combine efficient mass transport with high surface area and
selectivity. This versatile pathway enables the rational design of
MOF monoliths with enhanced functionality for demanding
applications in catalysis, adsorption, and separation.

A foundational approach to creating hierarchical MOFs is
the bottom-up, direct templating of mesoporosity during crystal
growth. Do et al.>® pioneered this concept by using amphiphilic
block copolymers as structure-directing agents to synthesize
mesostructured MIL-53(Al), designated L-MOF. Instead of using
a solid scaffold, they employed soft templates in the form of block
copolymers (Pluronic P123 and F127). Under solvothermal condi-
tions, these surfactants self-assemble into micelles. The MOF
precursors (for MIL-53(AI)) then crystallize around these micellar
templates. Subsequent removal of the polymer leaves behind a
material whose walls are made of microporous MIL-53(Al) crystals.
The successful creation of intrinsic mesoporosity was confirmed
by N, physisorption (Fig. 8). The Type IV isotherm with distinct
hysteresis steps (Fig. 8A) provided definitive evidence of meso-
pores, while the corresponding pore size distribution (Fig. 8B)
revealed a trimodal system comprising the native micropores
alongside two mesopore networks: a wormbhole-like system
(~4 nm) and larger channels (5.4-7.6 nm) templated by the block
copolymers. This exemplifies the direct synthesis of a MOF with
hierarchical porosity, ideal for catalysis involving bulky molecules.

© 2025 The Author(s). Published by the Royal Society of Chemistry

While the approach by Do et al.*® exemplifies the templating

of internal porosity within a MOF crystal, the challenge of
assembling MOFs into macroscopic, handleable objects still
remains. To advance the concept of soft templating to a larger
scale, Sun et al?’ demonstrated how a dynamic emulsion
template could be used not only to structure porosity but to
shape an entire monolithic device. Their strategy utilized a
Pickering high internal phase emulsion (HIPE), where ZIF-8
nanoparticles acted as the sole stabilizer for oil droplets dis-
persed in a water phase containing molecular MOF precursors.
As illustrated in Scheme 1, the process begins with ZIF-8
nanoparticles stabilizing droplets of cyclohexane (the internal
phase) within an aqueous solution containing ZIF-8 precursors.
A key innovation was the subsequent in situ growth of addi-
tional ZIF-8 within the continuous phase, which acts as a
natural “cement” to bond the nanoparticle stabilizers together
without any foreign polymeric binder.

After synthesis, the emulsion is freeze-dried to remove the
liquid oil template, leaving behind a solid, monolithic structure.
The resulting morphology, revealed in the SEM images of Fig. 9,
shows a highly interconnected macroporous network that is a
direct inverse replica of the original emulsion droplets, while the
walls consist of microporous ZIF-8. This unique structure
endowed the monolith with exceptional performance in dual
applications: it served as an extremely efficient flow-through
catalyst, achieving complete conversion in a Knoevenagel

Mater. Adv.
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Scheme 1 Knoevenagel reaction of benzaldehyde with malononitrile in
toluene using the 3D ZIF-8 monolith as a flowthrough catalyst.2° Reprinted
with permission from ref. 20 Copyright (2021), American Chemical Society.

reaction within 130 seconds, and as a rapid oil absorbent,
reaching absorption equilibrium for hydrocarbons in less than
5 seconds due to its open, permeable architecture.

The synergy between these two approaches illustrates the
power and versatility of dynamic soft templating for structuring
MOFs across multiple length scales. The work of Do et al.>®
illustrates an intrinsic strategy, templating mesopores within the
MOF crystal to enhance molecular diffusion. To complement
this work, Sun et al.*®
egy, templating macropores between crystals to create a func-
tional monolith. Both methods effectively decouple molecular
selectivity from mass transport, providing valuable blueprints for

demonstrate an extrinsic assembly strat-
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designing hierarchical MOF architectures tailored to specific
applications.

Seed assisted in situ growth

The seed-assisted in situ growth strategy is analogous to the
Direct Ink Writing (DIW) technique in its initial stage, as it also
begins with the formulation of a printable ink containing
solvents, inert binders, and plasticizers. However, a key dis-
tinction is that the structured monoliths produced do not
require a large amount of the active MOF material to be
functional. Instead, the 3D-printed substrate itself acts as a
nucleation site, containing metal oxides or MOF precursors
that enable the coordination and growth of an active MOF layer
after a primary densifying step.*’

This strategy has been effectively applied to the interfacial
synthesis of MOF-74 onto 3D-printed monoliths, as demon-
strated by Lawson et al.®® The process began by printing MOF-
74 nanoparticles into a dope of a Torlon polymer solution.
Although the crystalline structure of these initial MOF particles
was degraded during the subsequent solvent extraction pro-
cess, they successfully served as growth seeds. When these
monoliths were exposed to MOF precursors in a secondary
solvothermal synthesis step, new MOF-74 crystals grew from
the seeds, resulting in the fabrication of monoliths with a high
MOF loading of 40 wt%.

As illustrated in Fig. 10, this two-step approach, direct
printing of seeds followed by secondary growth enables the
formation of a dense, continuous MOF film on the polymer
scaffold. This approach effectively created chemically active
monoliths with significantly enhanced CO, adsorption capa-
city, increasing from 0.5 mmol g~ ' for the directly printed
monolith to 2.5 mmol g~ after secondary growth and improved
mass transfer kinetics due to the formation of a thin, contin-
uous MOF film on the surface. However, it was noted to be
relatively time-consuming and produced extra waste, making it
less suitable for large-scale production.

Matrix incorporation

The matrix incorporation strategy involves dispersing pre-
synthesized, chemically active MOF particles as a filler within
an inert polymeric stabilizer or binder. This method is primar-
ily used to overcome the rheological limitations of pure MOF
inks, enhance the mechanical properties of the final structure,
and modulate its hierarchical porosity.

A foundational example of this approach is the work by
Kreider et al.®® They were among the first to employ this
strategy to fabricate 3D-printed MOF monoliths by creating
composites of acrylonitrile butadiene styrene (ABS) and MOF-5.
The process involved the solvent casting of an ABS mixture
containing 10 wt% MOF-5 particles to produce a liquid-phase
dope with suitable printability. This ink was then used to print
structures with various geometries as illustrated in Fig. 11.

However, a significant limitation was identified, the MOF
content could not exceed 10 wt% without the ink exhibiting
shear-thickening behaviour, rendering it unprintable. Further-
more, the high temperature and pressure involved in the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 SEM images of 3D ZIF-8 monoliths: (a) M-8-75, (b) M-8-80, (c) M-8-
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85, (d) M-4-80, (e) M-12-80, and (f) surface of the void wall of M-8-80.2°

Reprinted with permission from ref. 20 Copyright (2021), American Chemical Society.
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polymer-MOF monoliths: (Step 1) direct ink writing of a polymer dope

containing MOF particles, which act as seeds, and (Step 2) secondary growth via solvothermal synthesis to form a dense, continuous MOF film on the
monolithic scaffold.®® Reprinted with permission from ref. 60 Copyright (2019), American Chemical Society.

thermoplastic processing, combined with the presence of the
polymer matrix, typically lead to a reduction in the specific
surface area and accessible pore volume compared to the pure
MOF powder. Despite this partial degradation, the study con-
firmed that the MOF-5 particles retained their functionality for
applications like hydrogen storage.

Selective laser sintering (SLS)

Selective laser sintering (SLS) strategy involves using a program-
controlled laser beam to sinter powdered materials, such as
thermoplastic polymers, layer-by-layer into a 3D solid structure.*’
A key advantage of this method is that the operating conditions
can be finely tuned to only partially melt the polymer powders,
creating a porous, solid monolith with micro-voids between the
sintered particles. When MOF nanoparticles are mixed with the
polymer powder, these micro-voids form open channels that

© 2025 The Author(s). Published by the Royal Society of Chemistry

improve the exposure of the MOF fillers to the external environ-
ment, allowing fluids to pass through the monolith. A series of
polymer-based MOF mixed matrix films (MMFs) have been pre-
pared by Li et al.®® utilizing thermoplastic polyamide 12 (PA12)
powder as the printable polymer matrix and five kinds of pow-
dered MOFs, MOF-801, ZIF-67, ZIF-8, HKUST-1, and NH,-MIL-
101(Al) as the porous fillers (Fig. 12a). In their study, single-layer
MMFs with a lacing structure were printed to evaluate their
mechanical properties, BET surface area, and performance. The
resulting films were flexible, free-standing, and could be shaped
or folded, indicating excellent mechanical stability. The NH,-MIL-
101(Al)-PA12 MMF, with the smallest pore size, was identified as
an efficient adsorbent for methylene blue (MB) dye removal,
showing high adsorption capacity and kinetics. The reusability
was demonstrated through cyclic adsorption/desorption tests,
where the adsorbent maintained an 83% removal efficiency after

Mater. Adv.
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five consecutive cycles (Fig. 12b), highlighting its durability and
potential for practical water treatment applications.

Digital light processing

Digital light processing (DLP) approach generally involves
localized photopolymerization of monomers or oligomers with
appropriate photoinitiators. This technique uses photoinduced
cross-linking to solidify liquid resins on locally illuminated
regions, replicating a 3D structure sequentially in a layer-by-
layer manner. This enables rapid prototyping and provides
precise control over layer thickness and resolution, which is
crucial for fabricating functional MOF-based devices.®

This method was used by Halevi et al.®* to fabricate flexible
and complex 3D monoliths containing HKUST-1 nanoparticles,
as shown in Fig. 13. The images demonstrate the printing
process, the intricate designs achieved, and the material’s flex-
ibility. Crucially, the graph reveals that while the adsorption
capacity of the 3D-printed monolith matched that of pure
HKUST-1 powder initially, the printed structure proved superior
over time by preventing the dye release caused by the hydrolysis
and decomposition that degraded the pure powder.

Mater. Adv.

The diverse 3D printing strategies for fabricating MOF
monoliths offer distinct advantages and face specific limita-
tions, making them suitable for different applications. Table 2
provides a comparative overview of the primary techniques,
summarizing their key benefits, challenges, and typical use
cases to guide the selection of an appropriate method.

Characterization of monolith based
MOFS

Several techniques have been employed to understand the
structural, thermal, and functional properties of monolithic-
based MOFs. These include, but are not limited to, powder X-
ray diffraction (PXRD) for assessing crystallinity and phase
purity, Fourier-transform infrared spectroscopy (FTIR) for ana-
lyzing chemical bonding and functional groups, thermogravi-
metric analysis (TGA) for evaluating thermal stability, scanning
electron and Transmission electron microscopy (SEM and
TEM) for morphological analyses, and gas sorption measure-
ments for determining porosity and surface area. A good

© 2025 The Author(s). Published by the Royal Society of Chemistry
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understanding of monolith MOF properties will allow for their
rational design and optimization in specific applications such
as catalysis, gas storage, sensing, separation, and drug delivery.
This knowledge also provides insights into their structural
integrity, chemical resilience, and performance under various
operational conditions.

Powder X-ray diffraction (PXRD)

PXRD is a critical tool for identifying the crystallinity and
structural integrity of MOFs.*”®® PXRD gives detail on phase
purity of materials, which is necessary to guarantee the mechan-
ical stability and reliable use of monolithic MOFs. The PXRD
profiles of monoliths and powders can exhibit distinct variations
due to differences in crystal orientation and sample morphology.
Powder samples consist of many small crystallites oriented
randomly. This ensures that all crystal planes are statistically
represented during diffraction, and this usually produces sharp,
intense and well-defined peaks. These peaks are also easily
compared with simulated or database patterns. In monolithic
samples (especially dense, compacted, or shaped samples),
however, the crystals may be aligned in specific directions,
leading to non-random orientation. This results in intensity
variations, some peaks may be enhanced, suppressed, broa-
dened or even missing. This makes it best for checking bulk
crystallinity and phase retention after monolith fabrication, but
not always quantitative for crystallographic detail.

Furthermore, PXRD analysis is able to unmask a lot about
the material for example, the degree of crystallinity within the
monolith is indicated by the PXRD pattern’s strong, distinct
diffraction peaks.”® The broadening of these peaks in some
monoliths, may indicate the existence of an amorphous mate-
rial, which could affect its mechanical stability and function-
ality. However, in monolithic UiO-66, significant peak
broadening has been identified and this was attributed to the
nanocrystallites causing nano-convergence of diffraction
peaks.**! Additionally, PXRD is also used to identify any phase
transitions or structural alterations’® that may occur in the
monolithic MOF due to external factors, such as mechanical
stress, temperature, or exposure to different environments.”
The preservation of the monolithic MOF’s original crystalline
structure is essential for its long-term stability and dependable
operation, and researchers may verify this by tracking the PXRD
patterns over time or under various circumstances.

Over the years there has been a marked advancement in the
development of new and more advanced techniques which
has made material analysis easy, notable examples include
High-resolution PXRD and Synchrotron radiation PXRD.”*”*
These techniques provide detailed information on the crystal-
line structure, including unit cell parameters, atomic positions,
and the presence of minor impurities or defects.”® By utilizing
PXRD as a reliable and comprehensive characterization tool,
researchers can confidently validate the crystallinity and struc-
tural integrity of monolithic MOFs,”®”° ensuring that these
materials meet the stringent requirements for their intended
applications,”® such as gas storage,®® catalysis or separation
processes.®’ The insights gained from PXRD analysis, coupled
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with other characterization methods, play a crucial role in the
development and optimization of high-performance mono-
lithic MOF materials.”®®*

However, it must be noted that while PXRD provides valu-
able information on the crystallinity and phase purity of MOFs,
it does not always distinguish if a MOF is powdered or mono-
lithic. Takahashi et al.®® used powder X-ray diffraction (XRD)
characterisation to verify the crystallinity of HKUST-1 struc-
tures. The resulting pattern, presented in Fig. 14, indicated the
presence of the target MOF but was dominated by crystalline
material of Cu,(OH);NO; and Cu(NHj3)4(NO3), phases.

Scanning electron microscopy (SEM) analysis

Scanning electron microscopy is a fundamental tool for compre-
hensive characterisation of monolithic MOFs, offering unprece-
dented insights into their structural, morphological, and
compositional characteristics.*>®> The measurements allow for
the analysis of both pore structure and overall morphology.®®*”
Due to its high-resolution imaging capabilities, SEM enables
researchers to meticulously examine the intricate microstructure
of MOFs, revealing critical details about crystal morphology,
surface topology, and potential structural defects that might
significantly impact material performance.®>%%%°

The profound impact of synthesis conditions on morphology
is eloquently illustrated in the work of Hunter-Sellars et al., as
shown in Fig. 15.*" The well-defined, faceted crystals of conven-
tional ZIF-8 and ZIF-67 powders provide a stark contrast to the
structures formed by monolithic synthesis. The transition to a
monolithic form via a ligand-assisted sol-gel method using
n-butylamine (NB) as a modulator result in a dramatic morpho-
logical change. For instance, ZIF-67 (NB) consists of densely
packed, much smaller nanoparticles that appear agglomerated
with what is assumed to be amorphous material. This evolution
is even more pronounced when a mixture of modulators
(n-butylamine and 1-methylimidazole, ML) is used. The resulting
ZIF-8 (ML) and ZIF-67 (ML) monoliths lack any distinct or well-
defined particles altogether, an observation that aligns with
PXRD data indicating a severe loss of crystallinity. This suppres-
sion of crystal growth is attributed to monodentate linkages
formed between metal ions and the modulating ligands, which
inhibit the formation of long-range crystalline order.

Beyond revealing this microstructural evolution, SEM, when
coupled with energy-dispersive X-ray spectroscopy (EDS), allows
for the mapping of elemental composition across the mono-
lith’s surface. This is crucial for confirming the homogeneous
distribution of metal nodes and organic linkers, ensuring the
chemical integrity of the monolith and the absence of phase
segregation.

Transmission electron microscopy (TEM)

TEM is a critical characterization tool in the study of MOFs,
offering nanoscale insights that complement other techniques
such as PXRD, BET surface area analysis, and SEM. In mono-
lithic MOFs, where the morphology, internal nanoparticle
arrangement, and nanoparticle interactions are key to perfor-
mance, TEM allows researchers to directly observe the size,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 3Dprinting methods for monolithic MOFs including their advantages, disadvantages and applications
3D printing
strategies Advantages Disadvantages Application Examples
Direct ink - Simple and flexible process. - Clogging of printing nozzle. Methane uptake*® HKUST-1*®
writing - Operating at room temperature.*® - Potential deformation of MOFs due - CO,/CH,, CO,/N,  UTSA-

to high pressure during processing.”® and CO,/H, 16(Co)**>*

separation®%>%%

- Compatible with diverse range of MOFs (e.g.,
HKUST, ZIF-8, UiO-66, MIL-101)

- Laborious, multi-step ink preparation CO,, N,, CH, and H,0 MOF-74(Ni)*
(e.g., 1 to 2 days of rolling and
densification).

uptake®®
51,52

- Moderate to high production rate (faster than - Can be brittle, depending on binder. - Butanol recovery®®  ZIF-8>*%°
seed-assisted, slower than LDP).
- Particle agglomeration in high MOF - CO, capture®® Ui0-66>"
loadings.
- Requires rheological modifiers (e.g. MIL-101%°
bentonite, cellulose).>*>?
- Low resolution compared to light
based techniques.
- Require post-processing (e.g. thermal
activation).>®
Seed-assisted - Forms a dense, continuous MOF film on the - Not suitable for high MOF loadings CO, adsorption® MOF-74%°
in situ growth printed scaffold. (typically <50 wt%)®°
- Good interaction between MOFs and matrices. - Poor crystallinity of MOF phases
- Uniform distribution of MOFs within the - Multi-step process leading to long
matrices. fabrication times
- Significantly enhances CO, capacity (from 0.5 to - Generate liquid waste; not ideal for
2.5 mmol g~ ') and improves mass transfer kinetics. scale-up.
Matrix - Effective dispersion of MOF particles within the - Not suitable for high MOF loadings - Hydrogen storage®’ - MOF-5%"
incorporation polymer matrix. (e.g., limited to ~10 wt% in some
cases).’’
- Ink exhibits suitable viscoelasticity for printing. - Possibility of partial decomposition - CO, uptake® - MOF-74%°
of the MOF crystals and pore blockage.
- Relies on inexpensive polymer matrices like acry- — Batch process with limited
lonitrile butadiene styrene (ABS). throughput.
- Fabricating MOF monoliths via a simple solvent-
casting process.
Selective - High resolution and good control over physical - Limited range of applicable - Water adsorption, MOF-801, ZIF-
laser characteristics. materials. purification® 67, ZIF-8,
sintering HKUST-1,%
- Formation of micropores between MOF and poly- — Limited by small build chambers, - CO, conversion®”  ZIF 8%’
mer powders, improving exposure.®> resulting in lower throughput.
- High processing temperatures
(>100 °C) can degrade some MOFs.°>
- Poor interaction between MOF and
matrices.
Digital light - High resolution and very fast layer-by-leyer curing. — Limited to photosensitive resin - Adsorption of - HKUST-1%

processing methylene blue dye®*
- Good control over thickness and monolith - Needing photo initiators - CO,/CH4 - MIL-53(Fe)-
formation. separation® NH,*
- Enables rapid fabrication of complex-high reso- - Needing a light source.
lution 3D monolith.
- Can result in reduced mechanical
properties for some composites.
Template- - It is a more versatile technique as it offers a - Limited template availability. - Oil-water separa- - ZIF-8*°
assisted chance to achieve more diverse structures (e.g., tion and Knoevenagel
synthesis macroporous networks). reaction®

- Templating results in control over the chemical
reactivity of guests.

- Template removal challenging, often
requiring calcination, or solvent

- MIL-53(Al)*®

extraction.

shape, and dispersion of these nanoparticles that aggregate
into the final monolithic structure. It has been proven through
TEM that monoliths of Al-BDC and UiO-66 are comprised of
nanoparticles of sizes that are around 10 nm.**°° One of
the most important contributions of TEM to monolithic
MOF research is its ability to reveal how synthesis parameters
such as solvent choice, concentration, or aging time directly
influence the nucleation and final morphology of colloidal
precursors.

© 2025 The Author(s). Published by the Royal Society of Chemistry

A study by Pathak et al.** powerfully illustrates this, using
TEM to deconvolute the effects of solvent system and tempera-
ture on ZIF-8 monolith MOF formation. Their TEM analysis,
summarised in Fig. 16, was pivotal in explaining why certain
synthesis yielded powdered (pZIF-8) and other monoliths
(mZIF-8-R, mZIF-8-A). The images reveal that synthesis in pure
water resulted in very large particles which hinder the dense
packing required for monolithicity. Conversely, the optimised
15% v/v EtOH-H,O solvent system produced significantly

Mater. Adv.
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1.8% Reproduced from ref. 83, with permission from the Royal Society of Chemistry.

B *
(f) ZIF* 7L )
M,

Fig. 15 SEM images of monolithic ZIF-MOF family. (a) ZIF-8, (b) ZIF-8
(NB), (c) ZIF-8 (ML), (d) ZIF-67 (e) ZIF-67 (NB) and (f) ZIF-67 (ML).** NB
stands for n-butylamine and ML stands for mixed ligands. Reproduced with
permission from ref. 41 under the terms of the Creative Commons
Attribution License (CC BY).

smaller, uniform primary nanocrystallites, with mean size
of 55 + 10 nm for mZIF-8-A. This precise control over particle
size was identified as the key factor enabling the particles to
agglomerate into coherent, robust monolith rather than a
powder.

Furthermore, the study used TEM to track the reaction
progress in situ. Aliquots taken from the reaction mixture at
various times showed that primary particles formed rapidly but
required extended periods (96-120 hours) to achieve their final,

Mater. Adv.

well-defined state. This TEM evidence directly supported the
conclusion that the solvent mixture’s primary effect was to
drastically slow down the reaction kinetics and colloidal aggre-
gation. This ability to visually corroborate kinetic data makes
TEM an indispensable tool for understanding the complex sol-
gel process that underpin monolithic MOF formation.

TEM also enables the detailed examination of structural
features that are difficult to detect using other techniques.
These include the interfaces between aggregated nanoparticles,
mesoporous interparticle spaces, the presence of defects or
amorphous regions, and the degree of fusion or continuity within
the monolith.”® Such information is essential for understanding
how microstructural features affect macroscopic properties like
mechanical strength, gas permeability, or catalytic activity.

In addition, it is particularly useful for characterizing hybrid
or composite monoliths, where MOFs are combined with poly-
mers, carbon materials, or other functional components. It can
resolve the nanoscale interfaces between phases and provide
insights into compatibility, dispersion, and potential phase
separation. These factors are critical when designing monoliths
for real-world applications such as gas separation membranes,
adsorbents, or catalytic reactors.

Porosity and surface area analysis

The applications of MOFs in gas storage, separation and hetero-
geneous catalysis fundamentally relies on their extraordinary
intrinsic porosity and massive surface areas, properties that
often surpass those of traditional porous materials like zeolites
and activated carbons.’® This porosity is a direct consequence of
their modular, crystalline architecture, where metal nodes are
connected by organic linkers to form well-defined cages and
channels. Precise characterization of these textural properties is
therefore a critical endeavour that links synthetic design and
molecular-scale structure directly to application performance.
The most established technique for this purpose is gas
physisorption, most commonly using nitrogen (N,) at 77 K.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Representative TEM images of MOFs after the complete drying of gel followed by activation in a vacuum oven. pZIF-8 (A)—(C), mZIF-8-R (D)—(F),
mMZIF-8-A (G)—(1) and mZIF-8-CS (J)—(L). Scale bars; 5 nm (A), (D), (G) and (J), 200 nm (B), (C), (I) and (K) and 100 nm (E), (F), (H) and (L).** Reproduced with
permission from ref. 44 under the terms of the Creative Commons (CC BY) license.

The analysis of the resulting adsorption isotherm allows for the
calculation of several key metrics: the Brunauer-Emmett-Teller
(BET) surface area, which serves as the primary benchmark for
comparing porosity; the pore volume, often delineated into
micropore volume (pores <2 nm) and total pore volume; and
the pore size distribution (PSD), determined using advanced
models such as non-local density functional theory (NLDFT),
which dictates a material’s molecular sieving capabilities.”*
However, a significant challenge arises when transitioning
from laboratory powder to industrial application, which neces-
sitates shaping the MOF into robust, handleable forms such as

© 2025 The Author(s). Published by the Royal Society of Chemistry

pellets or monoliths. Conventional techniques like pelletization
under high mechanical pressure often incur a catastrophic loss
of surface area and porosity. This makes the development of
shaping methods that preserve porosity a key research focus.”

For instance, Pathak et al.** demonstrated that monolithic
ZIF-8 (mZIF-8) possesses a hierarchical pore structure combin-
ing micro- and mesoporosity, which is a significant advance-
ment over conventional powdered ZIF-8 (pZIF-8). While the
powder form is exclusively microporous (Type-I isotherm, BET
~1450 m”> g~ "), the monoliths exhibit a Type-IV isotherm with
a distinct hysteresis loop, confirming the introduction of
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mesopores with a mean size of 16 nm. Crucially, despite this
architectural change, the optimal monolith (mZIF-8-A) retained
a high BET surface area of 1421 m* g~ *. The key distinction lies
in the density and volumetric performance; the monolith’s
much higher bulk density (0.76 g em™> vs. 0.35 g cm™> for
the powder) results in a far superior volumetric surface area
(1080 m*’ecm ™~ vs. 508 m* cm ™), making it far more practical
for real-world applications where space is a constraint, without
sacrificing its adsorptive capacity.

This principle of creating hierarchical structures within
monoliths is further advanced in the work of Thakkar et al.,*’
who utilized 3D printing to structure MOF-74(Ni) and UTSA-
16(Co). The results, summarized in Fig. 17, reveal significant
structural insights: the pure MOF powders exhibited classic Type
I isotherms, confirming their purely microporous nature
with high BET surface areas (1180 m”* g~ for MOF-74(Ni) and
727 m* g~ for UTSA-16(Co)). In contrast, the 3D-printed mono-
liths, particularly UTSA-16(Co), displayed a Type IV isotherm with
a distinct hysteresis loop, confirming the successful introduction
of mesoporosity during the printing process. While the incorpora-
tion of non-porous binders led to a reduction in gravimetric
surface area and micropore volume, the highest-loaded monoliths
retained substantial values (737 m> g~ ' and 0.32 cm® g~ for MOF-
74(Ni); 568 m* g~ ' and 0.23 cm® g * for UTSA-16(Co)). The UTSA-
16(Co) monolith also exhibited an additional mesopore volume of
0.06 cm® g~ ' with a mean size of 25 nm.
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The data showed that the structured monoliths retained 79—
87% of the powder’s CO, capacity. Furthermore, the intention-
ally introduced mesoporosity facilitated dramatically improved
mass transfer kinetics as evidenced by a sharper breakthrough
curve (10 minutes for the monolith vs. 15 minutes for the
powder). This demonstrates that the 3D-printed form factor
mitigates kinetic limitations without sacrificing core adsorp-
tion capacity, thereby validating this monolithic approach for
practical CO, capture.

Mechanical strength

Powdered MOFs are characterised by poor mechanical strength
compared to their monolithic counterparts.®® The majority of
research examining the mechanical properties of MOFs has
primarily relied on nano indentation techniques. This techni-
que involves pressing a hard indenter tip (often diamond) into
a material’s surface while precisely measuring the applied load
and the resulting displacement, as illustrated in Fig. 18. In this
representative molecular dynamics simulation model, a conical
diamond indenter is pressed into a single-crystal specimen.
The substrate is typically divided into layers: a fixed boundary
layer to prevent slippage, a thermostatic layer to maintain the
target temperature, and a Newtonian layer where the indenta-
tion occurs, and atomic motion is calculated. This approach
which was established by Oliver and Pharr is mainly used to
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Fig. 17 Nitrogen physisorption isotherms and pore size distribution curves for 3D-printed MOF monoliths (a) an (b) MOF-74(Ni) and (c) an (d) UTSA-
16(Co) and their corresponding powders.*” Reproduced with permission from ref. 47, Copyright (2017) American Chemical Society.
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Fig. 18 Schematic of a molecular dynamics simulation model for nanoin-
dentationon a single crystal, showing the indenter and the different atomic
layers of substrate.®® Reproduced from ref. 96, under the terms of the
Creative Commons (CC BY) license.

determine two key properties: Young’s modulus (E), which
measures elasticity, and hardness (H).%

The monolithic samples are first made cylindrical by cold
mounting, then they are polished to minimize roughness. A
diamond indenter tip is then used to indent the smooth surface
to a certain depth whilst the continuous stiffness measurement
will be measuring the elastic modulus and hardness.””%®
Young’s modulus (E) represents the material’s elastic stiffness,
that is, its ability to resist elastic (reversible) deformation under
applied stress. A high E value indicates that the material is rigid
and can retain its shape under mechanical load, which is
crucial for maintaining structural integrity in applications
involving pressure, vibration, or mechanical agitation. This is
particularly important for monolithic MOFs used in gas separa-
tion, flow reactors, or packed bed systems, where structural
deformation could lead to channel blockage, pressure drops, or
even framework collapse.

Hardness (H), on the other hand, measures a material’s resis-
tance to permanent (plastic) deformation, such as scratching or
indentation. A high hardness value suggests that the material can
withstand localized mechanical stress without sustaining damage.
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In MOFs, higher hardness is advantageous for resisting wear and
abrasion during processing, handling, or operation in dynamic
environments, such as catalytic beds or adsorption columns. Mono-
lithic MOFs preserve their structural integrity under conditions of
cyclic loading, including repetitive compression and decompression
as encountered in gas storage systems. Their stability without the
inclusion of binders, coupled with a hierarchical porous structure,
significantly enhances their mechanical properties and overall
performance in practical applications. A notable example is that
of ZIF-67 powder which was transformed into a monolith by the
compression of the powder at 25 MPa for 5 min yielding a monolith
after calcinating at 800 °C. The resulting monolith could withstand
cyclic loadings of pressure up to 3 MPa.”’

Tricarico et al.,'°® used nanoindentation method to evaluate
the mechanical properties of four MOF monoliths: ZIF-8,
HKUST-1, MIL-68, and MOF-808. Fig. 19 illustrates the load-
depth curves from nanoindentation tests (Fig. 19A) and the
relationship between elastic recovery and the H/E ratio
(Fig. 19B), highlighting the distinct mechanical behaviour of
each monolith. The results revealed a clear distinction in their
mechanical responses, governed by their unique nanostruc-
tures. HKUST-1 exhibited the highest hardness (0.46 GPa) and
an intermediate elastic recovery, contributing to its exceptional
indentation fracture toughness (K. = 0.80 & 0.45 MPa /m), the
highest reported for any MOF material.

In contrast, ZIF-8 showed a high elastic recovery but inter-
mediate hardness, making it more prone to radial cracking.
Meanwhile, MIL-68 and MOF-808, characterized by smaller
nanograins and a higher density of grain boundaries, displayed
lower hardness and significantly reduced elastic recovery. This
nanostructure promotes grain boundary sliding, which
enhances ductility and energy dissipation, thereby providing
remarkable resistance to crack propagation despite their lower
inherent strength. These findings underscore how nanostruc-
tural features such as grain size, porosity, and framework
topology directly influence both elastic and plastic deformation
mechanisms. The superior hardness and fracture toughness of
HKUST-1 make it highly suitable for industrial applications
requiring durability under mechanical stress.
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Fig. 19 Mechanical properties of monolithic MOFs, (A) nanoindentation load-depth curves and (B) elastic recovery versus hardness/modulus ratio.X°°
Reproduced from ref. 100, under the terms of the Creative Commons (CC BY).
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Recent upgrades to the nanoindentation technique have seen
the emergence of two advanced mechanical testing methods: flat
punch nanoindentation and micropillar compression.’* Flat
punch nanoindentation uses a cylindrical indenter with a flat
end to compress a relatively large, flat area of a monolith. This
technique is ideal for probing the bulk-like mechanical beha-
viour of porous monoliths since it minimizes localized densifi-
cation that occurs with sharp tips usually used in conventional
nanoindentation. As applied in the study of MOF monoliths, it
enables the estimation of stress-strain relationships, providing
insight into yielding and plastic flow under a constrained,
triaxial stress state. It is commonly used to measure Young’s
modulus, yield strength, and to monitor fracture initiation under
uniaxial loading. It helps in evaluating the structural stiffness
and pore collapse behaviour in a more distributed stress field
compared to standard indentation.

Fig. 20(a) and (b) shows the resulting load-depth (P-4) and
stress-strain (o—¢) curves from flat punch nanoindentation tests
on ZIF-8 and MIL-68 monoliths, using a flat punch indenter
with a diameter of 10.64 pm. The data, summarized in Table 3,
reveal that both monoliths exhibit similar yield stresses (ZIF-8:
88.2 £+ 16.4 MPa; MIL-68: 90.0 = 10.5 MPa), but differ in their
strain hardening behaviour, with ZIF-8 showing a higher strain
hardening exponent (n ~ 0.20) compared to MIL-68 (n ~ 0.11).
It was observed that MIL-68 exhibited an initial stiff response
followed by softening for depths >200 nm (as visible in the
derivative dP/dh in Fig. 20(c)). This was contrary to the case of
ZIF-8, which exhibited a softer response, without a drastic
change in its slope. The authors attributed the initial stiff
response of MIL-68 to its higher elastic modulus, prior to the
onset of grain boundary sliding.

It was concluded that these MOF monoliths consists of
stepwise microcracking, accommodating excessive build-up of
stress, likely taking place at the grain boundaries between the
nanocrystals. This mechanism is supported by the appearance
of concentric ring-shaped cracks around the residual imprints
(Fig. 20(d) and (e)), resembling shear faults, and the absence of
pop-ins in the load-depth curves, indicating contained damage
without catastrophic crack propagation.

Micropillar compression involves fabricating tiny cylindrical
or square pillars (usually via focused ion beam milling) from a
monolith and compressing them using a flat punch. This
technique provides data on uniaxial compressive strength,
yielding, and failure modes at the microscale. It is particularly
useful for studying anisotropic mechanical responses, brittle-
to-ductile transitions, or the effects of defects in monolithic
frameworks. For MOFs and other fragile porous materials, it
enables controlled study of plastic deformation or fracture
mechanisms without bulk sample limitations. This technique
has been used for studying the stress-strain relationships of
ZIF-8 and MIL-68 monoliths, obtained by a sol-gel synthesis
route.”® The stress-strain curves obtained and the micropillar
compression images are shown in Fig. 21 and they show
distinctly different plastic behaviour of the two monoliths.
From this study, it was concluded that ZIF-8 exhibited elastic
crack propagation failure as shown in Fig. 21d, whereas MIL-68
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had some plastic flow before failure (Fig. 21¢).°* The difference
in failure modes is attributed to the distinct framework archi-
tectures and nanostructures: ZIF-8 fails by longitudinal split-
ting due to its brittle nature, while MIL-68 shows ductile flow
and transverse cracking, enhanced by its finer nanoparticle size
and stiffer framework.

Nanoindentation has been employed to evaluate the
mechanical performance of a wide range of monolithic MOFs,
as summarized in Table 4. These studies reveal that monolithic
MOFs exhibit significantly enhanced mechanical durability
compared to their powdered forms, making them suitable for
high-pressure applications. Furthermore, their properties are
not merely intrinsic but can be deliberately engineered. For
instance, creating defects via thermolysis (e.g., in monoUiO-66-
NH-30%-A) results in a predictable decrease in hardness and
elasticity.”! Conversely, the encapsulation of guest molecules
presents a exciting strategy for enhancing mechanical integrity.
Recent work has shown that embedding rigid, planar dyes
within monolithic UiO-66 frameworks increases both Young’s
modulus and hardness, suggesting a pore-filling stiffening
effect.”® This enhanced resistance to fracture and wear is
critical for the sustained utilization of monolithic MOFs in
demanding applications like catalysis and gas storage.

Emerging characterisation tools

While conventional techniques such as PXRD, gas sorption
analysis, and electron microscopy provide essential informa-
tion on the structure, porosity, and morphology of MOF mono-
liths, they often fall short of revealing the nanoscale features
that dictate macroscopic mechanical and functional properties.
The complex, often heterogeneous architecture of monoliths,
comprising nanoparticles, grain boundaries, potential amor-
phous phases, and in composites, guest molecules demands
characterisation tools with superior spatial resolution and
multifunctional capabilities.®® Recently, a suite of advanced
nanocharacterisation techniques has been leveraged to provide
these critical, mechanistic insights, moving beyond bulk aver-
aging to probe local phenomena. Atomic force microscopy
(AFM) has emerged as a pivotal technique for visualising the
results of mechanical interaction at the nanoscale. Its primary
advantage lies in its ability to generate high-resolution, three-
dimensional topographical maps of a surface after testing,
offering unambiguous evidence of deformation behaviour that
complements quantitative data from nanoindentation.

This was demonstrated by Tian et al.*” in their study of a sol-
gel derived HKUST-1 monolith for methane storage. The mechan-
ical robustness of the monoHKUST-1 monolith, a critical property
for its application in high-pressure gas storage, was comprehen-
sively characterized via nanoindentation and Atomic Force Micro-
scopy (AFM), as summarized in Fig. 22. The nanoindentation
results (Fig. 22a and b) quantified the bulk mechanical properties,
showing that the monolith possessed a Young’s modulus of 9.3
0.3 GPa and, most notably, a hardness of 460 + 30 MPa. This
hardness value was more than double that of any conventional
HKUST-1 material reported previously, a fact highlighted in the
inset of Fig. 4b. An optical micrograph (Fig. 22c) of the sample

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 Flat punch tests on ZIF-8 and MIL-68 monoliths (a) load-depth curves, (b) stress—strain curves, (c) load-depth curves in the 0-500 nm range, (d)
SEM image for flat punched ZIF-8, and (e) SEM image for flat punched for MIL-68.2% Reproduced with permission from ref. 94, under the terms of the

Creative Commons Attribution License (CC BY).

surface showed an array of these indents, providing a macroscopic
view that confirmed the tests were performed successfully and
repeatedly across the material’s surface.

Crucially, AFM imaging of the residual indents (Fig. 22d)
was employed to move beyond numerical values and visualize
the nanoscale quality of the deformation. The primary advantage

of AFM was its ability to provide a high-resolution, three-
dimensional topographical map of the impression left by the
indenter. The profile revealed a well-defined pit with smooth
walls and, most importantly, a complete absence of surface
cracking or radial fractures emanating from the edges. This
evidence was the definitive visual proof of the monolith’s

Table 3 Mechanical properties of ZIF-8 and MIL-68 monolith extrapolated from the stress—strain obtained by flat punch nanoindentation

Material Number of tests Yield stress (MPa) Yield strain (-) K (MPa) (n-) Average flow stress (MPa) Hardness (MPa)
ZIF-8 18 88.2 + 16.4 0.00238 + 0.0033 184.1 + 9.5 0.1976 + 0.0405 140 £ 10 452 £ 20
MIL-68 16 90.0 £ 10.5 0.0072 £ 0.0008 154.0 £ 6.6 0.1093 £ 0.029 150 + 16 402 + 13
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 21 (a)—(c) Stress—strain curves of ZIF-8 and MIL-68 micropillars compression samples, (d) and (e) micropillars compression representative images.®*
Reproduced with permission from ref. 94 under the terms of the Creative Commons Attribution License (CC BY).

superior mechanical resilience. It demonstrated that under
intense local stress, the material underwent plastic deformation
rather than brittle fracture. This finding directly correlated with
the high hardness values, confirming that the sol-gel process
had successfully created a dense, monolithic structure capable
of resisting permanent deformation and mechanical damage,
a vital requirement for any material destined for practical,
industrial use.

Tricarico et al®>> combined nano-FTIR spectroscopy with
AFM-based methods (tip force microscopy) to deconvolute the
deformation mechanisms of ZIF-8 and ZIF-71 monoliths. The
AFM topographical images and cross-sectional profiles, as
illustrated in Fig. 23, showed that the residual indents from
Berkovich, cube corner, and spherical tips exhibited quite an
insignificant pile-up at their edges. This observation is a critical
signature of a material that undergoes plastic deformation with
negligible work hardening. Furthermore, the images confirmed

Mater. Adv.

a complete absence of cracking around the indents, even those
made with the sharp cube corner tip designed to initiate fractures.
These AFM findings provided direct visual evidence that sup-
ported the authors’ proposed deformation mechanism: grain
boundary sliding (GBS). In the nanocrystalline structure of the
monoliths, plastic flow is accommodated by nanograins sliding
past one another, a process that does not lead to the dislocation
accumulation that causes work hardening and pile-up. Thus, the
AFM data served as the crucial visual proof linking the monoliths’
unique sol-gel-derived nanostructure to their ductile, plastic
mechanical behaviour under compressive load. The corres-
ponding cross-sectional profiles show the depth of the indent
and the minimal material pile-up at the edges, indicating ductile
deformation with negligible work hardening.

Tricarico et al.’® further advanced this approach by applying
nano-FTIR to composite monoliths, using its nanochemical
sensitivity to rule out framework alteration and prove that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The nanoindentation data for selected monoliths

Max depth Indentation Hardness
Monolith (nm) modulus (GPa) (MPa)
ZIF-8** 2000 3.18 + 0.04 452 + 20
ZIF-713%9% 2000 1.67 + 0.38 227 + 47
MIL-68"* 2000 13.24 4+ 0.52 402 + 13
Ui0-66-30%-B”* 1000 6.01 & 0.2 185 + 10

2000 6.0 £ 0.2 180 + 14
Ui0-66-30%-A"" 1000 4.8+ 0.3 169 + 16

2000 4.6 £ 0.2 155 + 13
HKUST-1'° 1000 15.25 £ 0.61 761 + 53
MOF-808%° 1000 4.61 + 0.32 122 + 14
Ui0-66-COOH"* 3000 15.471 £ 0.25 589 4 18
UiO-66-NH,'** 3000 11.959 =+ 0.243 334+ 9
Ui0-66-(OH),"" 3000 10.251 + 0.142 33142
HKUST-1*? 2000 9.3+ 0.3 460 =+ 30
Ui0-66"% 2000 2.06 £ 0.2 72 + 12
RhB@UiO-66"% 2000 3.02 + 1.59 145 + 101
FI@UiO-66"° 2000 3.79 £ 0.42 151 4 27
7MC@Ui0-66°° 2000 5.91 + 1.38 263 + 114

mechanical heterogeneity originated from physical guest distribu-
tion rather than chemical change. In their study, on luminescent
monolithic MOFs, they employed an emerging nanoscale character-
ization tool known as near-field infrared nanospectroscopy (nano-
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FTIR) to unravel the complex structure-property relationships
within their materials (Fig. 24). This advanced technique bypasses
the diffraction limit of conventional infrared spectroscopy by utiliz-
ing a metallic atomic force microscope tip to act as an optical
antenna, enabling the acquisition of local chemical fingerprints
with a spatial resolution of approximately 20 nm.

The authors leveraged this powerful tool to investigate the
origin of the significant scatter in mechanical properties
observed across their monoliths. Analysis was performed on
the two distinct morphological phases identified-‘“smooth’” and
“porous”. The key finding was that the local IR spectra from
both phases across all composites were virtually identical and
matched the bulk spectrum of pristine UiO-66, as illustrated in
Fig. 24d. This confirmed the preservation of the MOF’s
chemical framework integrity throughout the monolith despite
the mechanical heterogeneity. However, the exquisite sensitiv-
ity of nano-FTIR did reveal a subtle yet crucial detail in the
RhB@UiO-66 composite, the spectra from the mechanically
softer “porous” phase showed a slight merging of the char-
acteristic UiO-66 peak at ~1390 cm™ ' with peaks attributable
to the rhodamine B dye. This indicated the presence of aggre-
gated dye molecules residing in the intergranular macropores

b 2,000
600
Monolithic HKUST-1
mﬁﬁ
oy 400 Hi33333333
E 200 == ————————
é Polycrystalline HKUST-1 film
< |
@ 1,000 | § 0 - . .
g 500 1,000 1,500 2,000
]
T
5004 5
§§§§§§§§§§§§§§ 33333
——> H =460+ 30 MPa
O T

T T T
0 500 1,000 1,500 2,000

Penetration into surface, h (nm)

1.2um

Fig. 22 Nanoindentation on menoHKUST-1. (a) and (b) Young's modulus and hardness, respectively, as a function of indentation depth. (c) Optical
micrograph showing the array of residual indents. (d) AFM profile depicting the 3D topography of a representative indent.>® Reproduced with permission
from ref. 32, under the terms of the Creative Commons Attribution License (CC BY).
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Reproduced with permission from ref. 35, Copyright (2022) Elsevier B.V.

between MOF nanoparticles, rather than being neatly confined
within the framework’s nanopores. This finding directly
explained the reduced stiffness of the “porous’ phase, as these
aggregate-rich regions created mechanically weaker zones,
while the ‘“smooth” phase, with its well-confined guests,
exhibited superior mechanical performance. Thus, by provid-
ing nanoscale chemical evidence, nano-FTIR was instrumental
in correlating the physical location of the guest molecules with
the macroscopic mechanical behaviour of the monolithic
composites.

The adoption of these advanced techniques is transforming
understanding of structure-property relationships in mono-
lithic MOFs. Looking forward, the integration of techniques
like nanoindentation mapping (e.g., NanoBlitz 3D) to quantita-
tively spatialise mechanical properties, and in situ mechanical
testing within electron microscopes to observe deformation in
real-time, will provide the next level of insight. These emerging
tools are not merely for characterisation; they are essential
guides for the rational design of next-generation monoliths
with bespoke mechanical and functional properties for targeted
applications.

Mater. Adv.

Application of monolithic MOFS
Catalysis

Monolithic MOFs offer significant advantages over their pow-
dered counterparts in catalytic applications due to their struc-
tural integrity, enhanced mass transfer properties, and ease of
handling.?*"®” Their high surface area provides a large number
of active sites while also facilitating efficient substrate diffu-
sion, which is crucial for improving catalytic performance. The
interconnected hierarchical pore network typical of many
monoliths combines microporosity, for size and shape selectiv-
ity, with meso- and macroporosity, which function as transport
arteries to drastically reduce mass transfer limitations and
prevent pore clogging. This enhanced mass transfer is less
prone to clogging when applied in flow reactors, making them
ideal for continuous processes. Additionally, their open poros-
ity and interconnected networks enhance reactant accessibility
to active sites, ensuring efficient conversion rates in both gas
and liquid-phase reactions. %

The mechanical robustness of monolithic structures allows
for easy integration into catalytic reactors, simplifying catalyst

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 24 Far-field ATR-FTIR and nearfield nano-FTIR spectra of (a) RnB@monoUiO-66, (b) 7MC@monoUiO-66, and (c) FlamonoUiO-66. (d) Comparison
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monolith (black trace). Characteristic vibrational mode of UiO-66 at 1390 cm™* is highlighted in green.98 Reproduced with permission from ref. 98,

Copyright (2024). America Chemical Society.

packing, recovery, and reuse, which is a critical advantage for
industrial application.'® Furthermore, the monolithic format
provides a versatile platform for creating multi-functional
systems, where the MOF itself can be the catalyst, or it can
serve as a high-surface-area support for other catalytic species
(e.g., metal nanoparticles) distributed throughout the 3D
framework."*>"%*

A study by Mehta et al.'® demonstrated the advantage of
monolithic MOFs in catalyst recovery and reuse. The authors
developed a sol-gel method to synthesize a robust, monolithic
ZIF-8 framework (monoZIF-8) and encapsulated SnO, nano-
particles (NPs) within it in situ to create a SnO,@monoZIF-8
composite. This approach directly addressed the critical chal-
lenges of using powdered NP@MOF composites such as difficult
handling, NP agglomeration, and catalyst loss. The monolithic
MOF provided a rigid, high-density scaffold that prevented NP
leaching and allowed for incredibly facile catalyst recovery after
reaction cycles via simple gravity filtration (Fig. 25).

Mclntyre et al.'® investigated the use of monolithic MOFs,
specifically MIL-88B, MIL-100, and ZIF-8@Pd(NO;),, as cata-
lysts for the transfer hydrogenation of levulinic acid (LA) to

© 2025 The Author(s). Published by the Royal Society of Chemistry

y-valerolactone (GVL), a valuable green solvent and fuel pre-
cursor. The study highlights the critical role of mass transport
and diffusion limitations in determining catalytic selectivity
and stability, particularly under basic aqueous conditions.

The monolithic forms of these MOFs were synthesized via
modulated sol-gel methods, providing structural integrity, and
facilitating handling compared to powdered analogues. As
illustrated in Fig. 26, the reaction involves the conversion of
LA over different monolithic MOF catalysts. The authors
demonstrated that despite having lower noble metal content,
the Fe-based MIL-88B and MIL-100 catalysts achieved compar-
able conversion rates to the Pd-doped ZIF-8 catalyst. However,
the hydrophilic nature of the iron-based MOFs led to hydrolytic
degradation over multiple cycles, reducing their long-term
stability.

A key finding was the role of pore architecture in product
selectivity. The smaller pore apertures of ZIF-8@Pd(NOs3),
(Fig. 27C) restricted side reactions, consistently yielding GVL
selectivity above 80%, whereas the larger-pore MIL frameworks
(Fig. 27A and B) showed decreased selectivity due to substrate
accumulation and pore blockage.

Mater. Adv.
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4-hydroxypentanoic acid

Fig. 26 Schematic representation of levulinic acid conversion over monolithic MOF catalysts.®> Reproduced with permission from ref. 102, under

Creative Attribution Licence (CC BY).

Using zero-length column (ZLC) methods, the authors quan-
tified diffusion constants and mass transfer coefficients, reveal-
ing that ZIF-8 exhibited superior mass transfer properties due to
its hydrophobic nature and hierarchical porosity. This enhanced

A MIL-88B (Fc) B

transport contributed to higher selectivity and reduced fouling.
In contrast, the hydrophilic MIL frameworks suffered from
slower diffusion and eventual structural collapse under
basic conditions. This study underscores the importance of

MIL-100 (F¢) c ZIF-8@PA(NO,),

Calculated GVL concentration / mM

3
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GC-MS yicld %
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Fig. 27 Batch transfer hydrogenation of LA to GVL over (A) MIL-88B, (B) MIL-100, and (C) ZIF-8@Pd(NOs),, showing conversion and selectivity over
time.1°2 Reproduced with permission from ref. 102, under Creative Attribution Licence (CC BY).
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Table 5 A summary of selected monolith MOFs used in catalysis
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monoMOF Catalytic activity Comparison with powder counterpart
MIL-88B Transfer hydro%enation of levulinic acid to Improved conversion ratio
y-valerolactone'®?
MIL-100 Transfer hydrogenation of levulinic acid to Showed similar initial activity but had the poorest stability, with severe per-
y-valerolactone'*> manent deactivation after just 2 cycles caused by rapid framework collapse.
ZIF- Transfer hydrogenation of Levulinic acid to Displayed superior hydrolytic stability over 5 cycles due to its hydrophobic
8@Pd(NO;),  7y-valerolactone'® framework. Activity decline was attributed to pore blockage rather than struc-
tural degradation. Exhibited micropore diffusion limitations.
M-ZIF 8 Catalytic condensation of malononitrile and Presence of large mesopores in M-ZIF8 contributed to improved rate of catalytic
benzaldehyde into benzylidenemalononitrile activity compared to that of a general ZIF-8§ MOF'®®
ZIF-8 Knoevenagel reaction between benzaldehyde and Enhanced reaction kinetics due to hierarchical macroporosity enabling efficient
ref. 20 flow-through catalysis. The ZIF-8 monolith achieved 100% conversion in under
130 seconds, far surpassing the catalytic performance of ZIF-8 powder, which
took ~3 hours to complete the same reaction.
monoUi0-66 Catalytic hydrolysis of methyl paraoxon to Turnover frequency for monoUiOgs Was 0.48 s~* while that of powder UiOgq 0.94

4-nitrophenol

SnO,@monoZIF- Photocatalytic degradation of methylene blue

s~'. This suggests the monolith may have introduced diffusion limitations or
reduce accessibility of active sites compared to the powdered form.>*
Improved photocatalytic activity and reusability, up to 10 times with no loss of

8 activity.'*®

Cu-BTC silica
monolith

Catalytic oxidation of alkylbenzene to ketones

monolithic MOF design, combining micro- and mesoporosity-to
optimize mass transfer and catalytic performance in liquid-
phase biomass conversion reactions. It also highlights the
trade-offs between activity, selectivity, and stability when select-
ing MOF platforms for sustainable catalytic processes.

Structuring MOFs into monolithic forms transcends mere
shaping for practical handling; it is a critical strategy that
fundamentally enhances their catalytic efficacy and viability.
By integrating microporosity for molecular selectivity with meso-
and macroporous networks that serve as transport arteries,
monolithic MOFs drastically mitigate mass transfer limitations
inherent to powdered counterparts, leading to improved reaction
rates and selectivity. Furthermore, their macroscopic integrity
facilitates seamless integration into continuous-flow reactors,
eliminates issues of pressure drop and particle clogging, and
enables effortless catalyst recovery and reuse, thereby addressing
key barriers to the industrial adoption of MOF-based catalysts.
This unique synergy of enhanced molecular-level performance
and superior process-level operation solidifies monolithic MOFs
as a transformative platform for advancing sustainable catalytic
processes. Monolith MOFs that have been used for catalysis are
presented in Table 5.

Gas storage and adsorption

The environmental benefits of cleaner gaseous fuels like natural
gas and hydrogen are well-documented, yet their widespread
adoption is hindered by limitations in current gas storage
technologies.'®® Monolithic MOFs address these challenges by
combining high surface areas, tunable pore sizes, and engi-
neered geometries, making them ideal for gas storage applica-
tions. Their porous structure facilitates rapid gas diffusion,
enabling faster adsorption/desorption cycles which are critical
for practical storage systems. Unlike powdered MOFs, monoliths
exhibit minimal pressure loss during adsorption, superior heat
and mass transfer, and attrition resistance, owing to their uni-
form flow channels and dense, stable architectures.*’

© 2025 The Author(s). Published by the Royal Society of Chemistry

Excellent yield with reduced reaction time.

104

Madden et al.,** demonstrated that the exceptionally high-
density structure of ,,0noHKUST-1 enables record-breaking
hydrogen storage performance. The unique synthesis mecha-
nism preserves porosity after shaping and yields benchmark
volumetric BET areas, resulting in outstanding H, sorption
characteristics. As illustrated in Fig. 28, ,,onoHKUST-1 displays
a hydrogen adsorption capacity of 10.1 g L™" at 25 °C and
100 bar, represents the highest measured H, capacity of a
densified MOF using its true density under these conditions.
At 100 bar, ;onoHKUST-1 stores more hydrogen than com-
pressed gas or powdered HKUST-1, owing to its compact
morphology and minimized interparticle voids. Under cryo-
genic temperature-pressure swing conditions from 100 bar at
77 K to 5 bar at 160 K, it delivers a greater usable hydrogen
amount, highlighting its excellent adsorption-desorption rever-
sibility and structural integrity. At 77 K across varying pres-
sures, monoHKUST-1 consistently outperforms powdered MOF
and even an empty tank in deliverable capacity. Notably, it
achieves H, working capacity at 25 bars under cryogenic con-
ditions, performance previously only possible by compressing
hydrogen to 700 bars at ambient temperature. This reduction in
operating pressure holds promise for lowering engineering
demands and costs while enhancing the safety of onboard
hydrogen storage systems for vehicular applications. Further-
more, the monolithic structure reduces material degradation
typically seen in HKUST-1 powders, as an oxidized surface layer
shields the internal particles from moisture, preserving high
performance even after extended atmospheric exposure.

The same architectural advantages translate to methane
storage, where ,onoHKUST-1 approaches the US Department
of Energy (DOE) target of 263 cm® (STP) cm™®, a 30-50%
improvement over pelletized/powdered forms.**'%® The volu-
metric adsorption isotherms illustrated in Fig. 29 demonstrate
monoHKUST-1’s superior capacity, approaching the target of
263 cm® (STP) cm ™ at high pressure, while pelletized forms
show reduced uptake due to pore collapse from compression.
Kinetic analysis reveals faster methane adsorption in the

Mater. Adv.
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(a) Hz uptake of 1onoHKUST-1 at different temperatures (b) volumetric storage of ,onoHKUST-1 compared to compressed gas at 100 bars (c) H,

delivery under cryogenic conditions and (d) deliverable H, capacity of 1onocHKUST-1 compared to HKUST-1 powder and an empty tank at various
adsorption pressures at 77 K.3! Reproduced with permission from ref. 31. Copyright (2022) American Chemical Society.

monolith across all pressures, attributed to its hierarchical pore
structure enhancing gas diffusion. Pressure decay measure-
ments further confirm the monolith’s stability, exhibiting
slower pressure drop at 40 bar due to better heat dissipation
and stronger gas-framework interactions. Together, these
results establish monolithic HKUST-1 as technologically advan-
tageous for methane storage, combining high capacity with
rapid, stable adsorption-performance metrics that pelletized
forms compromise for mechanical stability.

Lawson et al.>® prepared polyethyleneimine (PEI) and tetra-
ethylenepentamine (TEPA) impregnated MIL-101 monoliths
MOFs using 3D printing technique, through pre- and post-
functionalization approaches, and evaluated their CO, capture
performances. The adsorption analysis results indicated that all
impregnated monoliths showed improved CO, capacities from the
pristine monolith at dilute concentrations, and pre-impregnation
yielded higher CO, uptakes than post-impregnation. Specifically,
the pre-impregnated TEPA and pre-impregnated PEI monoliths,
with 3.5 and 5.5 mmol N g~" amine content, respectively, dis-
played a capture capacity of 1.6 and 1.4 mmol g™, respectively, at
3000 ppm and 25 °C.

Mater. Adv.

Fig. 30 compares the CO, adsorption performance of pow-
dered and monolithic forms of HKUST-1, UiO-66, and UiO-66-
NH, through gravimetric and volumetric isotherms at 298 K.*>
While powdered MOFs exhibit higher gravimetric uptake due to
their greater surface area,* monolithic MOFs address a critical
challenge in industrial deployment by combining high bulk
density®* with preserved sorption performance, enabling super-
ior volumetric separation efficiency in applications like carbon
capture and gas purification.**

Energy storage

MOFs have gained considerable attention for energy storage
applications due to their tunable porosity, high surface areas,
and chemical versatility. However, conventional MOF powders
often suffer from poor electrical conductivity and mechanical
instability, limiting their performance in devices such as super-
conductors and batteries. The development of monolithic
MOFs offers a promising route to overcome these challenges
by creating robust, continuous structure with enhanced elec-
trical properties.>*>”'°” The tunable architecture of monolithic
MOFs provides high strength while maintaining lightweight,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 29 Gas adsorption in HKUST-1. (a) Comparison of absolute volumetric methane adsorption isotherms at 298 K on 1,0noHKUST-1 (red filled circles),
excess volumetric uptake on monoHKUST-1 (red open circles), HKUST-1 pellets under hand packing (blue diamonds), HKUST-1 pellets packed under
27.6 MPa (black squares), and HKUST-1 pellets under 68.9 MPa (green triangles). (b) Equilibrium time of methane adsorption at 298 K as a function of
equilibrium pressure, and (c) decay of pressure with time at 40 bar for monoHKUST-1 (blue diamonds) and powdHKUST-1 (red circles).>?> Reproduced

with permission from ref. 32. Copyright (2017) Springer Nature Limited.

making them portable energy storage systems.'°® Additionally, the
use of MOF precursors allows the resulting derivatives to possess
numerous active sites, thereby improving the utilisation of the
intrinsic active sites. The structural advantage translates to
impressive performances across a range of energy-related applica-
tions, including batteries, supercapacitors, and electrocatalysis.'*’

One innovative approach involves the fabrication of mono-
lithic composites of MOFs and conductive additives like graphene.
A particularly notable study’® demonstrated the synthesis of a
composite material based on HKUST-1 and commercial, non-
modified graphene. In this method, a one-pot synthesis strategy
was employed to produce a moldable composite without the need

for graphene oxidation or chemical functionalization, which can
otherwise degrade the electrical properties of graphene. By care-
fully controlling the graphene loading during synthesis, research-
ers were able to tune the porosity and achieve high surface areas
ranging between 1078 and 1156 m?> g . Furthermore, the elec-
trical conductivity of the resulting monolithic coatings showed a
significant dependence on graphene content, reaching values from
76 x10°°Sm ' upto 6.4 x 1071 Sm " (Fig. 31).

Moving forward, further research is needed to optimize the
structural stability, conductivity, and scalability of monolithic
MOFs for commercial energy storage applications. Strategies
such as composite formation with conductive materials (e.g.,
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Fig. 30 Gravimetric (A)-(C) and volumetric (D)—-(F) CO, adsorption isotherms at 298 K for monolithic and powdered HKUST-1, UiO-66 and UiO-66-
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Royal Society of Chemistry.
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Fig. 31 (a) Conductivity measurements for several monoliths of HKUST-1

containing increasing loadings of G, and (b) electrical conductivity mea-
sured at 4 Hz for the three monolith composites.*®” Reproduced with
permission from ref. 107. Copyright (2019) American Chemical Society.

graphene, carbon nanotubes),""® doping with transition metals,
and hybridizing with other porous materials could significantly
enhance their electrochemical properties. With continued
innovation, monolithic MOFs are poised to play a critical role
in the development of next-generation energy storage systems.

Water purification

Monolithic MOFs excel in adsorption, catalytic degradation,
and membrane-based separation of contaminants. Their inter-
connected porosity facilitates rapid diffusion of water pollu-
tants such as heavy metals, organic dyes, pesticides and
pharmaceuticals with uptake capacities rivalling powdered
MOFs.*>""1112 These contaminants are often challenging to

Mater. Adv.
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eliminate through conventional water treatment methods such
as filtration, sedimentation, membrane bioreactors, and even
advanced oxidation processes. To overcome these limitations,
studies have demonstrated that monolith MOFs can be dis-
persed in wastewater to adsorb pollutants after which they can
be recovered by filtration. Subsequently, the monolith MOFs
can then be regenerated via solvent extraction, making them
reusable and cost effective.”®

For instance, Wang et al. developed a monolithic, hydro-
phobic ZIF-8 material (IPD-mesoMOF-12) by packing suffi-
ciently small nanocrystals to create interparticle mesopores.
The monolith exhibited a high BET surface area (1732 m* g~ ')
and mesopore volume (up to 1.70 cm® g~ '). When tested for
toluene removal from aqueous solution, it achieved a high
Langmuir adsorption capacity of 242 mg g~ ', surpassing typical
activated carbons, and reached equilibrium within 30 minutes.
Critically, the monolith demonstrated excellent regenerability
and the framework’s structural integrity was maintained after
recycling.”®

Parsazadeh et al.''* prepared HKUST-1 monolith MOF and
used it as an adsorbent for the removal of eosin yellow and
malachite green dyes. The study concluded that the HKUST-1
monolith MOF exhibited high efficiency for dye removal, high-
lighting its potential as an effective adsorbent material. Simi-
larly, Yao et al.,'*® applied a freeze casting procedure in liquid
nitrogen to prepare Ti-MOF monolith/polymer composites. Dye
adsorption experiments were conducted on methylene blue,
methyl orange and indigo carmine. It was observed that effi-
cient adsorption occurred across pH range of 3-9. This work
successfully demonstrated an alternative strategy for synthesis-
ing monolithic MOFs/polymer composites, offering a promis-
ing route for wastewater treatment application beyond the
traditional use of powders. The results of the tests are shown
in Fig. 32, where the monolithic composite displays superior
activity in wastewater treatment coupled to easier separation
from solution.

UiO-66-NH,-CS aerogel monolith synthesised by Liu et al
through covalent cross linking was used to investigate the
adsorption of Pb>" from aqueous solutions. The success of this
study shows that such synthesis methods may offer an effective
route for transforming MOF powder particles into more flexible
and mouldable forms, facilitating easier application in pollu-
tion treatment fields."™* Similarly, Cu-BTC/NFC aerogel com-
posites were synthesised using a direct mixing method,
followed by gelation and freeze drying. Adsorption studies were
carried out targeting the organic dye congo red and a heavy
metal Mn”*. The Cu-BTC/NFC monolith showed exceptional
adsorption capacity for congo red and also acted as a reducing
agent, removing permanganate ions by reducing them to
manganese dioxide as illustrated in Fig. 33."™

Monolithic MOFs with large surface areas, tuneable wett-
abilities and good water resistance have been shown to play an
important role in oil-water separations. In a recent study, a
superhydrophobic (water contact angle of above 170°), water-
stable MOF containing Cu®" and hexafluorinated dicarboxylate
linkers was prepared. After coating on a porous support, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 32 Comparison of NH,-MIL-125(Ti) powder and monolith Ti-MOF@PEG10 composite in dye absorption.!** Reproduced with permission from ref.
113. Copyright (2025), Elsevier B.V.
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(a) The UV-vis spectra of aqueous solutions of congo red before adsorption, (b) after exposing to Cu-BTC/NFC for 18 h, (c) adsorption isotherm

of Cu-BTC/NFC aerogel composite for various concentrations of Congo Red, (d) adsorption isotherm for different concentrations of Congo Red in Cu-
BTC/CNC aerogel composite, (e) the time dependency of the adsorption, (f) the pseudo-second-order model for the kinetics of the reaction, (g) the CNC
aerogel and Cu-BTC/NFC aerogel composite adsorption isotherm for various concentrations of KMnO,4. (h) The colour change process during the
reduction of KMnO,.*° Reproduced with permission from ref. 115. Copyright (2025) Springer Nature Limited.
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monolithic MOF film exhibits excellent oil absorption capaci-
ties and reusability, during the separation of hexadecane,
biodiesel, toluene and crude oil from water®® (Fig. 34).

Sensing

Detection is a critical process across many sectors of the chemical
industry, driving essential operations such as pollution monitoring,

industrial safety and medical diagnostics. In this context, mono-
lithic materials have gained significant attention, offering unique
advantages over traditional sensing materials.>* A variety of sensing
techniques have been developed utilising monoliths, particularly
the electrical/chemi-resistive method."***"”

A unique monolithic chemiresistor sensor was utilised for
detection of formaldehyde, a probable carcinogen (Fig. 35).
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Fig. 35 Gas response, formaldehyde selectivity, response/recovery times, and gas-sensing mechanism. (a) Gas response of pure PEBA/TiO,, 2.5MMM/
TiO2, SMMM/TIO,, 10MMM/TiO,, 20MMM/TiO, sensors (temperature: 23 °C). (b) Formaldehyde selectivity to ethanol of pure PEBA/TiO,, 2.5MMM/TiO,,
S5MMM/TiO,, 1I0MMM/TIO,, 20MMM/TiO, sensors. (c) 90% response time (1., left) and 90% recovery times (t,ecov., right) of pure PEBA/TIO,, 2.5MMM/
TiO,, SMMM/TIO,, 10MMM/TIO,, and 20MMM/TIO, sensors. (d) and (e) Schematic illustration of gas penetration model, stress level, and polymer
configuration when mild amount of ZIF-7 loading in PEBA (d) and excessively high amount of ZIF-7 loading in PEBA (e).*® Reproduced with permission
from ref. 116, Copyright (2024) American Chemical Society.
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TiO, was coated with 1onoZIF-7 providing a distinctive and
selective pathway for formaldehyde detection.’*® The key inno-
vation lies in the synergistic combination of two mechanisms:
UV light activation of the TiO, layer at room temperature, which
selectively enhances sensitivity to highly reactive gases like
formaldehyde and ethanol while ignoring other interferents,
and the molecular sieving effect of the ZIF-7/PEBA MMM over-
layer. The precisely tuned pore aperture of ZIF-7 (~0.3 nm)
allows the smaller formaldehyde molecules (0.373 nm) to
diffuse through to the sensor surface while effectively blocking
larger interfering gases such as ethanol (0.45 nm), benzene,
and toluene (0.585 nm). This strategy resulted in exclusive,
ultrasensitive detection of formaldehyde down to 25 ppb with
an ultrahigh selectivity ratio (>50) over ethanol at room
temperature. This monolithic design led to improved sensitivity
and stability compared to conventional sensor coatings.

In a related study, MOF(Tb) xerogel presented its application
as chemosensor for the selective detection of nitroaromatics such
as 2,4-dinitrophenol (2,4-DNT) and 2,6-dinitrophenol (2,6-DNT).
Further experiments demonstrated excellent selectivity and recycl-
ability, maintaining its performance across multiple sensing
cycles.""® ZIF-8 monolithic membranes have been applied in
humidity sensing, taking advantage of their hydrophobic/hydro-
philic balance, although improvements are needed to address
water stability challenges."*® Humidity sensing is another area
where monoliths have shown potential. However, challenges
remain, particularly regarding the fragility of many materials
under aqueous conditions, which necessitates further research
and development to improve their stability and durability.'>**>*

In a recent study by Li et al,"” a monolithic MOF-based
metal-insulator-metal (MIM) resonator was developed for high-
performance optical chemical sensing. The device was constructed
by sandwiching a monolithic HKUST-1 surface-mounted metal-
organic framework (SURMOF) film between two gold layers, fabri-
cated via a layer-by-layer deposition method. The structure exhib-
ited high reflectivity (>95%) and tunable coloration across the
visible spectrum by varying the MOF thickness. To overcome the
diffusion limitation imposed by the top metal layer, femtosecond
laser-processing was used to create microwell arrays on the surface,
which significantly enhanced the adsorption and diffusion of
analyte molecules into the porous MOF layer without compromis-
ing optical performance.

The optimized device with a microwell period of 40 pm
and height of 220 nm demonstrated rapid response (5.2 s) and
high sensitivity to xylene vapours, with a detection limit of
17.39 ppm, as shown in Fig. 36(a)-(c). The real-time reflectance
response, detailed in Fig. 36(d)—(f), further confirmed the fast
kinetics and high dynamic range of the sensor. The integration
of monolithic MOFs into MIM resonators represents a signifi-
cant advancement in optical sensing platforms, combining
high structural integrity with enhanced analyte accessibility
and real-time monitoring capability.

Multifunctional composites and emerging applications

The integration of monolithic MOFs with other functional materials
represents a frontier in designing advanced composites that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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leverage synergetic effects. By moving beyond pure MOF monoliths,
these composites address limitations such as poor electrical con-
ductivity, limited stability, or lack of specific functionality, opening
doors to emerging applications.

A significant direction involves the combination of MOFs
with ionic liquids (ILs). ILs, known for their high ionic conduc-
tivity, thermal stability, and tunable chemistry, can be encapsu-
lated within MOF pores or used to form composite monoliths.
For example, as highlighted in recent reviews, IL/MOF compo-
sites are being explored as advanced solid electrolytes in energy
storage devices, highly selective membranes for gas separation,
supported catalysts for CO, conversion,'”® and as specialized
stationary phases for chromatographic separations.'** The
monolithic form of such composites ensures ease of handling
and integration into devices while the IL enhances host-guest
interactions and ionic transport.

Similarly, the incorporation of two-dimensional materials like
MXenes or molybdenum disulfide (MoS,) with MOFs into mono-
lithic structures has garnered significant interest. MXenes offer
high electrical conductivity and rich surface chemistry, while
MoS, is a renowned semiconductor catalyst."**'*>> A monolithic
MOF-MXene composite could synergize the high surface area
and selectivity of the MOF with the excellent electrical conduc-
tivity of MXenes, creating ideal electrodes for supercapacitors or
electrocatalysis. Likewise, combining photoactive MoS, with
MOFs in a monolithic scaffold can facilitate efficient charge
separation and mass transport, significantly enhancing photo-
catalytic performance for reactions like water splitting or pollu-
tant degradation.'**"?’

Beyond integrating other materials into MOF monoliths, a
powerful strategy is the functionalization of the MOF’s external
surface to impart new properties to the entire monolithic
structure. A recent pioneering study by Bogdanova et al'’®
demonstrates this by grafting long-chain hydrocarbons (C18)
onto the surface of highly oriented UiO-66-NH, MOF thin films.
The key innovation lies in the well-defined, large spacing
(~0.8 nm) between grafting sites on the monolith MOF lattice.
These spacing forces the hydrocarbon chains to adopt a coiled,
brush-like conformation with high conformational entropy.
When a water droplet contacts this surface, the chains must
stretch to accommodate it, incurring a large entropic penalty
that effectively pushes the water away, resulting in a super-
hydrophobic surface with water contact angles exceeding 160°,
as illustrated in Fig. 37. Counterintuitively, this entropy-driven
mechanism outperforms traditional chemical strategies, as
using less flexible fluorinated chains yielded lower hydropho-
bicity. This approach creates a novel type of functional compo-
site where the MOF monolith is not just a porous scaffold but
an engineered platform for controlling macroscopic interfacial
properties like wettability and adhesion through nanoscale
architectural design.

A highly impactful emerging application for these advanced
materials is in atmospheric water harvesting (AWH), where the
inherent powdery nature and poor mechanical stability of pure
MOFs are major obstacles to practical implementation.
Research is advancing on two key fronts: the creation of pure

Mater. Adv.
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MOF-based MIM resonator with microwell arrays during xylene sensing. (b) Reflection band shifts upon exposure to various saturated chemical vapours.
(c) Concentration-dependent sensing performance and (d)-(f) time-dependent reflectance changes for different microwell periods.*” Adapted with

permission from ref. 117. Copyright (2023) American Chemical Society.

MOF monoliths and the integration of MOFs into composite
matrices. The review by Panahi-Sarmad et al*® details how
integrating MOFs into macroporous monoliths like aerogels,
cryogels, or foams creates a hierarchical structure that combines
the nanoscale adsorption properties of MOFs with the mechanical
integrity and rapid mass transport of the monolith scaffold. The
paper highlights a composite where MOF-801 particles are inte-
grated into a cross-linked calcium alginate (CA) matrix with
polypyrrole (PPy) to form a porous monolith (denoted as PMC).
This composite leverages the MOF’s high-water affinity at low
humidity, the alginate’s structural support and hydrophilicity,
and the polypyrrole’s photothermal properties for efficient solar-
driven desorption. The results showed a water uptake capacity of
1.106 g g~ " at 60% RH (relative humidity) and a remarkable daily
water harvesting rate of 1.081 kg of water per kg of sorbent in field
tests, demonstrating the practical viability of such composites for
arid regions. The synthesis, structure, and performance of this
specific composite are illustrated in Fig. 38.

Furthermore, the authors discussed advanced fabrication
techniques like 3D printing to create monolithic structures with
optimized millimetre-scale grids for enhanced air circulation
and water vapor interaction. This approach, combined with the
encapsulation of hygroscopic salts like LiCl within the MOF-
monolith matrix, preventing leakage and agglomeration issues
associated with pure salts while significantly boosting water
uptake capacity under low-humidity conditions.

In a parallel, the synthesis of pure robust monolithic MOFs,
such as the hierarchically porous MOF-801 monolith prepared

Mater. Adv.

via sol-gel phase separation (as previously discussed and
shown in Fig. 3),% directly addresses the critical barriers of
poor mass transfer and high pressure drop inherent in packed
powder beds. The performance of this binder free monolith is
compelling: it achieves excellent water uptake at 30% RH even
at a 4 g scale, providing a viable pathway for industrial-scale
water harvesting devices by avoiding the pore blockage and
reduced capacity typical of composite sorbents. Quantitatively,
the material demonstrated a superior water vapor sorption
capacity, exceeding that of conventional MOF-801 powder by
1.2 times in small batches and outperforming compressed
tablets by 1.4 times in large-scale tests at 30% RH. Further-
more, the structure showed excellent cyclic stability. Crucially,
for scale-up, the monolith possessed remarkable mechanical
robustness, with a compressive Young’s modulus of up to
61.3 MPa, enabling it to withstand practical handling, as
comprehensively illustrated in Fig. 39.

Together, these studies underscore a major trend in the
field: the move beyond powder synthesis towards engineering
monolithic structures, whether pure or composite, with tailored
hierarchies that are essential for real-world applications requir-
ing efficient fluid transport, rapid sorption kinetics, and
mechanical durability.

Beyond compositing, monolithic MOFs represent a promis-
ing class of precursors for the synthesis of shaped, derived
functional materials. The thermal decomposition of MOFs
under controlled atmospheres (a process known as calcination)
is a well-established route to transform powdered MOFs into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of the PMC monolith synthesis via freeze-drying. (b) Water adsorption isotherm of the PO.5MC composite showing high capacity.

(c) Real-world AWH performance data demonstrating high daily water yield.?> Reproduced with permission from ref. 23, under Creative Commons

Attribution Licence (CC BY).

functional derivatives like metal oxides, carbon-based compo-
sites, or single-atom catalysts. This concept of using MOFs as
sacrificial templates is extensively demonstrated in the litera-
ture for powdered systems, yielding a wide range of materials
for applications in catalysis and sensing. For instance, a zeolitic
imidazolate framework (ZIF) can be converted into nitrogen-
doped porous carbon with high electrical conductivity for

© 2025 The Author(s). Published by the Royal Society of Chemistry

electrocatalysis,"”® and sophisticated materials like CuO/Cu,O
can be derived from HKUST-1,"*° exhibiting excellent perfor-
mance in applications such as pollutant degradation.

In a related study, cobalt-based zeolitic imidazolate frame-
works (ZIF-67) was converted into hollow cobalt sulphide
(CosS,) nanopolyhedrons through a solvothermal sulphidation
process.”*! The resulting material inherits the high surface area

Mater. Adv.
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and porous morphology of the ZIF-67 precursor but gains
significantly enhanced electrochemical activity due to the for-
mation of a metal sulphide. When applied as an electrode
material, these hollow Co3S, structures demonstrate excellent
supercapacitive performance, highlighting the potential of this
top-down synthesis route for creating advanced energy storage
materials.

The exciting potential for monolithic MOFs lies in applying
this same principle to a pre-formed macroscopic structure.

Mater. Adv.

Attribution Licence (CC BC).

While the current literature on the direct calcination of pre-
formed, macroscopic MOF monoliths into shaped derivatives is
more limited, the work on powders provides a strong founda-
tional proof-of-concept. It indicates that the calcination path-
way could be effectively transferred to monolithic MOFs to
create robust, structured functional materials with retained
macroscopic integrity. This potential is underscored by
research that utilizes structured MOF precursors. A compelling
example is the work by Zhang et al.,"** who used a solvothermal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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method to synthesize a terephthalate-based MOF precursor,
which was then calcined in air at 400 °C for 3 h to yield (Ni,
Cu)O@C derivatives with a hierarchical porous composite
structure containing macropores (Fig. 40). This pathway from
a structured MOF to a structured derivative effectively demon-
strates how the advantages of a monolithic form can be
transferred to a new class of materials with distinct properties,
highlighting the viability of this approach for future monolithic
systems.

Challenges and future perspectives

Monolithic MOFs represent a significant advancement in por-
ous materials engineering, offering a unique combination of
hierarchical porosity, mechanical stability, and enhanced pro-
cessability into integrated structures. Although these attributes
position them as strong candidates for advanced applications,
the technology is still in its early stages. Several critical chal-
lenges must be addressed to fully unlock the potential of
monolithic MOFs.

According to Lorignon et al.,*” during 3D printing of mono-
lith MOFs there is a possible loss of key properties, particularly
porosity and crystallinity. Such loses can restrict the final shape
and architecture of the monolith, ultimately limiting its applic-
ability in practical systems. Another significant challenge
relates to the workability of monolithic MOFs, largely due to
their limited stability in water, as noted by Duan et al.>* In their
study they further highlighted that the synthesis mechanisms
of monolith MOFs are still unclear. Additionally, for monolithic
MOFs to be viable across a wide range of applications, large-
scale production is essential; however, current synthetic strate-
gies often require long reaction times.** For example, as high-
lighted in the synthesis sections, certain sol-gel processes
require extended aging times of up to 120 hours,”" and DIW
ink preparation can be a multi-step process taking 1-2
days,>™* directly impacting production throughput.

While monolithic MOFs hold great potential for diverse
applications, several environmental concerns must also be
addressed. In particular, there is need to explore fabrication
methods that enable the mass production of complex mono-
lithic structures, preferably through solvent-free techniques or
employing environmentally benign solvents in the synthesis
process.”°

Combining MOFs with other materials, such as polymers
and nanoparticles, presents and effective strategy for creating
multifunctional composites that leverage the strengths of each
component, resulting in materials well-suited for a variety of
applications. Although this concept remains under active inves-
tigation, researchers have already explored its
potential.>*'*® For instance, Tian et al.'** encapsulated poly-
vinylpyrrolidone (PVP)-stabilized gold nanoparticles (Au NPs)
within ZIF-67 particles to form monolithic Au@ZIF-67 compo-
sites. The composites combine the benefits of both constitu-
ents, retaining the characteristic porosity and high bulk density
from 1onoZIF-67 along with the localized surface plasmonic
resonance (LSPR) properties from Au NPs. This results in an
enhanced CO, photoreduction rate as compared to pristine

several

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ZIF-67. Under visible irradiation, the optimal monolithic
Au@ZIF-67, g Au@ZIF-67, achieved a volumetric CO produc-
tion rate 1.5 and 3 times higher than 1,,,n0ZIF-67 and o ZIF-67,
respectively. Additionally, the monolithic composite exhibits
excellent mechanical stability, as indicated by their high elastic
modulus and hardness.

In another notable study, Avila et a synthesised a per-
ovskite@ MOF monolith composite, which demonstrated
exceptional stability against humidity, temperature variations,
and exposure to different solvents (Fig. 41). Overally, the
integration of nanoparticles with monolithic MOFs offers excit-
ing opportunities for enhancing functionality and broadening
the range of potential applications.

l 134

Sustainability and environmental impact

When assessing sustainability and environmental footprint of
MOFs, several factors come into play. Typically, the materials
are composed of metal ions and organic linkers. Metals like
iron, zinc, and copper are relatively benign, whereas rare,
energy-intensive to extract, or toxic metals like cadmium carry
a higher environmental cost. Similarly, the choice of organic
linkers and their synthetic origin (petrochemical, bio-based,
etc.) also matters.'*’

A major determinant of impact is the synthesis route,
including solvents, energy inputs, and purification. Traditional
synthesis often relies on toxic solvents like dimethylformamide
(DMF),"® raising concerns about waste and safety, alongside
energy-intensive processes. Recent life cycle assessment (LCA)
studies (Ntouros et al., 2021)"* highlight that solvent use (e.g.,
DMF and methanol) can constitute over 80% of the total
environmental burden, with post-synthetic washing sometimes
costing more than the MOF formation itself. This context has
driven interest in solvent-free approaches for synthesizing
monolithic MOFs.

Several alternative strategies have been explored to mini-
mize solvent usage and reduce environmental impact. Mechan-
ochemical synthesis and freeze casting are among the most
promising solvent-free or low-solvent methods. For instance, a
reusable NH,-MIL-125(Ti)@polymer monolith fabricated via
freeze casting exhibited an impressive adsorption capacity of
747.4 mg g ' for wastewater dyes, outperforming pure MOF
powders and demonstrating mechanical integrity for multiple
reuses.'® Mechanochemical synthesis, in particular, offers high
space-time yields with lower energy and solvent consumption."*’
Reactive extrusion, another emerging approach, allows for con-
tinuous processing and significantly lowers the environmental
impact compared to conventional solvothermal synthesis.'*®

Although some MOF synthesis processes still demand con-
siderable energy, contributing to their overall environmental
footprint, the production of monolithic MOFs represents a
more sustainable alternative. Their enhanced mechanical
strength not only facilitates easier handling and recycling but
also helps reduce material waste, further aligning with the
principles of green chemistry. It is important to emphasize,
however, that shaping methods such as freeze casting or
extrusion only contribute to sustainability when the MOF
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the MAPbBrz@ZIF-8 monolith when thermally stressed at 120 °C for 1 month, and (d) when immersed in EtOH for 5 months.*** Reproduced with
permission from ref. 134, under the terms of the Creative Commons CC-BY.

synthesis itself is green. Simply structuring a monolith using a
sustainable technique does not offset the environmental bur-
den of an upstream solvent-intensive MOF synthesis. Full
sustainability must be evaluated across the entire lifecycle,
from raw material sourcing, synthesis, purification, shaping,
to end-of-life disposal or reuse.

Emerging trends and future directions

As the applications of monolithic MOFs continue to grow, there is
increasing emphasis on enhancing functionality, scalability and
sustainability.** This shift is evident in recent innovations in
synthesis methods, which increasingly adopt green approaches
such as solvent-free or aqueous-phase techniques, to minimize
environmental impact."*® Techniques like sol-gel and hydrother-
mal synthesis have been refined to support these goals, offering
more environmentally friendly pathways while preserving mate-
rial quality.’®**° These methods also help reduce pollutant gen-
eration and often incorporate bio-based precursors.

In parallel, additive manufacturing techniques, particularly
3D printing, have emerged as powerful tools for engineering
the hierarchical structure of monoliths. These approaches

Mater. Adv.

enable the creation of complex architectures with improved
functionality."** Looking forward, strategies such as roll-to-roll
production and biomimetic design are gaining traction.™*°
These aim is to bridge the gap between laboratory-scale
research and industrial-scale production by enhancing cost-
effectiveness and mechanical robustness under harsh operat-
ing conditions.

Another key development is the creation of hybrid compo-
sites through the incorporation of nanoparticles, polymers,
ionic liquids or MXenes into monolithic MOFs,'2%127:133,134
These composites enhance multifunctionality, making them
highly suitable for catalysis, sensing, and environmental reme-
diation. For instance, hierarchical porous monoliths are
increasingly used in water treatment and catalysis due to their
superior mass transfer, catalytic activity, and separation effi-
ciency, which are benefits arising from their integrated macro-,
meso-, and microporous structures.

Recent advances in nanocharacterization techniques have
been essential in supporting these developments. While scanning
electron microscopy (SEM) and transmission electron microscopy
(TEM)'** provide detailed analyses of pore architectures and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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phase distributions, and nanoparticle arrangements, a suite of
newer tools is providing critical, mechanistic insights. Atomic
force microscopy (AFM) is now pivotal for visualizing nanoscale
deformation and damage resilience after mechanical testing,
providing unambiguous evidence to complement quantitative
data.®® Furthermore, techniques like nano-FTIR spectroscopy
offer nanochemical mapping with ~20 nm resolution, enabling
the correlation of local chemical environments (e.g;, guest mole-
cule distribution) with macroscopic mechanical and functional
properties.”® The integration of these methods with established
techniques like nanoindentation is transforming the understand-
ing of structure-property relationships in monolithic MOFs,
guiding the rational design of next-generation materials with
tailored properties. Mechanical and thermal testing further
ensure that monolithic materials can withstand elevated pres-
sures and temperatures.

Conclusion

The synthesis methods for monolithic MOFs are moving towards
more green and efficient pathways, while their applications are
also evolving into a wide range of fields including biomedical,
energy and environmental sectors. Continued research in synth-
esis and application is expected to generate novel multifunctional
composites, further broadening the practical use of these materi-
als. Inherent challenges traditionally associated with conventional
MOFs, such as poor mechanical stability, difficult handling and
processing, have been significantly mitigated through the devel-
opment of monolithic MOFs. Their enhanced structural integrity,
ease of handling, and tunable properties position them as strong
candidates for industrial applications including gas storage,
catalysis, separation and drug delivery. Key methods for synthesis
of monolith MOFs particularly sol-gel techniques and 3D print-
ing, have shown significant potential in producing monolithic
MOFs with tailored architectures and functionalities while offer-
ing routes to greener synthesis methods. As research progresses,
overcoming issues related to scalability, reproducibility, mass
transport limitations, and optimization of both physical and
chemical properties will be crucial. Prospective work should focus
on refining synthesis approaches, developing advanced nanochar-
acterisation tools, exploring innovative fabrication methods, and
expanding the scope of applications into areas like atmospheric
water harvesting and advanced sensing. With the rapid pace of
advancements in this field, monolithic MOFs are on the verge of
playing a pivotal role in addressing complex scientific and indus-
trial challenges, ultimately contributing to the development of
more efficient, sustainable technologies.
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