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Metal-organic frameworks (MOFs) consist of metal ions or clusters coordinated with organic ligands such
as imidazolate or carboxylate ligands. Owing to the high porosity and surface area of MOFs, researchers
have applied MOFs as host matrixes for other functional materials to form MOF composites with improved
stability and functionality. The current research focus is mainly on solution-based synthesis, such as
infiltration synthesis and template synthesis. Mechanochemistry has not been explored much toward MOF
Received 10th October 2022, composites. This review will discuss the current progress on mechanochemically synthesized MOF
Accepted 19th December 2022 composites and their strengths and weaknesses as compared with the traditional solution-based methods.
DOI: 10.1039/d2me00214f The review will also cover the importance of mechanochemistry and the fundamentals behind it, such as
interfacial interaction and milling impact factors. Furthermore, the applications of mechanochemically

rsc.li/molecular-engineering synthesized composites are highlighted, including catalysis, adsorption, energy generation, and storage.

Design, System, Application

Mechanochemistry utilize mechanical energy generated by compression, shearing, and grinding to achieve fast, facile, and green chemical synthesis and
have already been applied in many fields. Furthermore, mechanochemical synthesis is more time-efficient and cost-effective compared to traditional
solution-based methods. Large production is also feasible. Owing to the high porosity, surface area, and stability of MOFs, they could be employed as host
matrixes to embed other functional materials, such as perovskite and metal nanoparticles, particularly via the mechanochemical process. However, without
a complete picture of the mechanism, it is hard to precisely control the synthesis process. More detailed in situ monitoring is urgently needed. Moreover,
interfacial property is an important aspect for composites. For example, compositing two types of crystalline MOF needs careful consideration of their
lattice matching/mismatching. MOF glass, also known as “frozen MOF liquid™, is a recently emerging research area. Owing to the relatively higher entropy
(and therefore energy) of MOF glass compared to its MOF crystal, glass can have better processability and compatibility with the secondary components,
which enables a whole array of composites, particularly via the mechanochemical process.

Introduction as one of the top 10 world-changing chemistry innovations™®

) ) ) ) and has been dubbed as chemical 2.0.
Mechanochemical synthesis refers to chemical formation and

reaction sustained by mechanical factors, including shearing,
compression, and grinding (Fig. 1).> By initializing chemical
synthesis via mechanical action, this route is usually
considered as green synthesis because it is solvent free or
only requires only a little amount of solvent, which could

o
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mitigate environmental impact on solvent disposal. Apart reaction
from this, it could also provide other advantages such as
short reaction time,*°® high conversion efficiency,”® and Plastic
opens up new pathways that would otherwise be difficult to deformation
fill with other synthetic methods.” Due to these unique .

. . Elastic
advantages, mechanochemical synthesis has been regarded deformation
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Fig. 2 Application of mechanochemistry. Reproduced with permission
from ref. 13.

Mechanochemical synthesis has a long history and can be
dated back to prehistoric times, when Theophrastus in his book
entitled “On Stones” recorded people using copper-made
mortar and pestle to grind cinnabar (HgS) to get elemental
mercury.”! In the 19th century, the research on
mechanochemical synthesis started to emerge, for example,
Faraday in 1820 described his “dry way” reaction, which is the
reduction of silver chloride by grinding zinc, tin, iron, and
copper in a mortar with pestle.'* The term “mechanochemistry”
was first introduced by Wilhelm Ostwald in the “Textbook of
General Chemistry” in 1891 and IUPAC (International Union of
Pure and Applied Chemistry), which defined the term
“mechanochemical reaction” as “a chemical reaction that is
induced by the direct absorption of mechanical energy”.'* To
date, mechanochemical synthesis has already been used in
many fields, and Fig. 2 summarizes the most common fields
where mechanochemistry has been applied."

Hand grinding (Fig. 3a) is the first approach of
mechanochemical synthesis and generally uses a mortar and
pestle, which is the easiest and most straightforward way to
generate mechanical energy. This process, however, can be
difficult to control and reproduce, and is usually affected by
environmental factors such as moisture and temperature.
With technological development, machine-based milling
tools are used more, such as a planetary miller (Fig. 3b-
i),"*'> which generally refers to the ball milling process.
During ball milling, the reactants are crushed by balls,
generating mechanical energy. This process provides the
energy needed for chemical reaction, such as bond breakage

Fig. 3 Commonly used milling equipment. (a) Mortar and pestle, (b)
automatic mortar, (c) vertical vibrational mini mill, (d) vibratory micro-
mill, (e) vibrational ball mill, (f) vibrational ball mill with temperature
control, (g) planetary ball mill, (h) multisampling mill, and (i) twin-screw
for continuous mechanochemical synthesis. Reproduced with
permission from ref. 15.
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and formation. Meanwhile, continuous ball milling process
ensure continuous exposure of active sites on the reactants
surface, which facilitate the reaction process. As the milling
reaction mainly happens at the interface between the phases,
it is necessary to create a large surface area for better
reaction, which can be tuned by reaction conditions such as
ball size and milling time."® Mechanical milling can generate
much higher and sustained energy compared to hand milling
and provide inert reaction conditions by flowing inert gas. It
should be noted that an excessive amount of mechanical
energy might destroy the material structure and lead to
amorphization. In addition, a small amount of solvent could
also be added during milling to optimize and control the
milling condition."”

Current focuses on MOFs are on tuning the MOFs
structure and exploring new applications'®>° owing to the
vast available functional group and sub-families of MOFs.
Their rich chemistry and structure also enable the
development of MOF composites through the combination of
MOFs with one or more other functional materials. In the
composite material, the advantages of both MOFs, such as
high porosity, structure flexibility, and adaptivity, and the
hosted functional material, including optical,** electrical,**
magnetic,”® and catalytic>* properties, could be combined,
thus providing unique chemical and physical properties of
the formed MOF composite. In addition, most MOF materials
are synthesized as discrete powders, imposing significant
challenge in their device assembly.>> As a result, these fields
of study have been rapidly evolving recently, particularly in
combination with mechanochemistry.

Current review papers on the MOF composite mainly
focus on the integrated functional groups and their
applications, such as enzymes*® and nanoparticles,”” with
infiltration and template methods being the main reported
methods.  Although these papers briefly mention
mechanochemistry in the MOF composite, they still lack
research on mechanochemical composting principles. This
review paper will not only review the mechanochemical
synthesized MOF composite, including how they are
synthesized, what has been achieved, and their benefits
compared to the conventional method, but also discuss the
mechanochemical composting principles and scientific
factors behind it. We hope that this will shed light on the
process and guide future research in this area.

Conventional strategies to synthesize
MOF composites

Traditionally, there are broader techniques to construct a
MOF composite, taking advantage of their large surface area
and framework structures, namely, “ship-in-bottle” and
“bottle-around-ship”.  Ship-in-bottle synthesis refers to
introducing guest molecules or guest precursors into the
MOF pores. Infiltration method either via solution or gas is
the most commonly used strategy to synthesize such MOF
composites.
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The solution infiltration method uses the porosity and
capillary force of the MOFs in the solution. Prior to the
solution infiltration process, the solvents in the MOF pores
are removed through an activation process that may involve
the exchange of a high boiling point solvent with a low
boiling point solvent, followed by heating to obtain an empty
framework. Subsequently, the desolvated porous MOFs are
soaked in the solution for infiltration, such as metal salts
solution, followed by in situ reaction to form the guest
components. For example, to form the Pd/MIL-100 (Al;O(OH)
(H,0),[btc],-nH,0) composites, activated MIL-100 powder
was mixed with tetrachloropalladinic acid solution (H,PdCl,)
and stirred for 3 h, followed by hydrogen reduction in air/H,
flow at 553 K for 6 h and vacuum drying.”®

Gas phase infiltration, also called chemical vapor
deposition, one of the early pioneer experiments, was
performed by Fischer and co-workers.”® They exposed
desolvated =~ MOF-5  (Zn,O(BDC);, where BDC =
1,4-benzodicarboxylate) to the metal precursor vapor instead
of solution in a sealed vacuum Schlenk tube. By changing the
temperature based on the vapor pressure, the precursors
were successfully trapped inside the MOF pores. Further
treatment is still needed to get the desired MOF composite,
such as treating with hydrogen reduction or thermal
decomposition to get metal-embedded MOF composite.

Both these infiltration methods face difficulties in
introducing precursors inside the MOF's narrow pores.*’
Therefore, the formed nanoparticles are usually found on the
external surface of the composites MOFs, resulting in low
stability.** A double solvent method has been developed to
solve the above problem by dissolving both metal precursors
(H,PtClg) and a hydrophobic solvent (hexane) to suspend the
absorption on the external surface and facilitate the
impregnation inside the pores.”> However, this method
consumed additional solvent and time.

The bottle-around-ship method, on the other hand, involves
synthesizing the functional nanoparticles first, and then
crystallizing MOFs around the nanoparticles. Templated
synthesis is the most common method used for bottle-around-
ship synthesis by binding nanoparticles on the desired MOFs'
metal source or ligands with the help of surfactants or capping
agents. The addition of surfactants not only stabilizes
nanoparticles in the solution but also facilitates the growth of
MOFs due to coordination interactions between the surfactants
and metal ions of MOFs.** Even though much efforts have been
made for developing this strategy, it is not as facile and
convenient compared to infiltration methods. For example,
surfactants are usually organic materials, which are relatively
hard to remove; therefore, the active site might be captured by
the remaining surfactants and hinder their applications.*
Nevertheless, template synthesis also has some strengths. For
example, Lu et al. found that the spatial distribution of metal
nanoparticles within ZIF-8 ([Zn(mIm),], where mIm =
2-methylimidazole) crystals could be controlled by varying the
time of nanoparticle addition during the synthesis of the
MOF.*

562 | Mol Syst. Des. Eng., 2023, 8, 560-579

View Article Online

MSDE

MOF synthesis by conventional solution methods usually
have weak mechanical properties caused by the trade-off
between porosity and mechanical properties,****> which
hamper composite application in absorption and separation
processes.’® Despite the efforts made to solve the
problem,””*® MOF aggregation and unsatisfactory
mechanical properties are still inevitable, which limits the
composite application. Meanwhile, pore aperture size is
another factor that impacts the formation of the composite.
If a guest molecule is too large for the pore, it is hard to form
composites by absorbing them into the pore during
infiltration. In light of this, mechanochemical synthesis is
another viable synthesis method that can be implemented,
which has yet to be researched in detail. Considering the
nature of mechanochemical synthesis, it could provide fast
and facile synthesis without using a large amount of solvent,
which brings both economic and environmental benefits.
Meanwhile, mechanochemically synthesized MOF composite
enables faster and more controllable routes compared with
other solution-based methods. It also does not require high
temperature treatment to introduce ecrystallization, which
makes it friendly to some thermally-sensitive secondary
materials, such as enzymes.”* In addition, large-scale
synthesis is also feasible via the mechanochemical method,
which allows for their implementation at an industrial scale.

Mechanochemistry
Brief fundamentals of mechanochemical synthesis

Similar to all other material synthesis techniques, the
mechanochemical process offers a high dimensional
parameter space for process control and optimization. The
milling parameters, including milling types, materials, size,
time, temperature, atmosphere, rotation speed, frequency,
ball/powder weight ratio, filling ratio, and process control
agents, could impact the final products and their
properties.*’ Compared to the solution-based method,
mechanochemical synthesis could reduce the particle size
and increase the pore and surface area.

Many mechanochemical works convert the energy to local
heat; hence, some scientists claim that mechanochemical
synthesis is the result of local heating instead of chemical
deformation.” Many evidences have shown that even though
mechanochemistry has been developed for such a long time,
the understanding of the underlying mechanism is relatively
limited. To better control the mechanochemical synthesis
process, a deeper and systematic understanding of
mechanochemistry mechanism is urgently needed. Thiessen
et al firstly proposed magma-plasma theory to explain
mechanochemistry.*? In his theory, it is thought that a highly
excited plasma-like state, lasting about 107 s, is formed at the
point where two particles are crushed with high energy, which
causes instantaneous chemical reaction at the point forming
active products, along with unstable products. Many theoretical
models have been studied after, but these theories are based on
indirect measurements. A time-resolved in situ measurement

This journal is © The Royal Society of Chemistry and IChemE 2023
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Fig. 4 (a) Possible kinetic profile for mechanochemical synthesis. (b)
Macroscopic mechanism description. (c) Existing TRIS methods to
characterize mechanochemical transformations. Reproduced with
permission from ref. 44.

could provide better insight by looking at what is happening
during mechanochemical synthesis. This is extremely useful for
organic and metal-organic systems as chemical transitions
could happen within a few minutes.** Michalchuk et al
summarized a 3-step model for mechanochemistry-based time-
resolved in situ (TRIS) monitoring result (Fig. 4): i) solid state
reagents are mixed at both the macroscale and microscale with
the help of a medium, such as moving balls; ii) as the milling
continues, the physiochemical reaction will happen when the
mixing moves to the atomic or molecular level; iii) products
start to form from the nucleus to nanocrystalline or
microcrystalline phase.**

The in situ study of mechanochemical synthesis has been
conducted to shed light on this process.*> Early researches
mainly focused on monitoring the pressure and temperature
during the process, which only offered indirect and limited
information. One of the early time-resolved in situ
measurements on MOFs was performed in 2012 using TRIS
powder X-ray diffraction.*® Subsequently, a follow-up study
was performed by the in situ monitoring of the milling
reaction through both powder XRD and Raman
spectroscopy.*’

Impact of milling parameters

Different miller types, such as shaker mills and planetary
mills, have different capacities, speeds, and motion types.

This journal is © The Royal Society of Chemistry and IChemE 2023
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The most widely used miller type is the planetary miller
owing to its good reproducibility and reliability, and it is
commonly used in sample processing, colloidal grinding,
and material development.*® Nevertheless, the impact of
miller types on the final products is not as significant
compared to other factors.

The size of the miller determines the free space for
reaction. If there are not enough free gaps for reactants, the
collision will become less effective and hence 50% of free
space is recommended to be left as a rule of thumb.'* Milling
time and speed are both critical for mechanochemical
synthesis. A proper milling time can increase the yield, form
a homogeneous phase, and reduce the particle size. However,
if the milling time is too long or too short, incomplete
reaction, formation of undesired phase, deformation, and
decomposition can happen.*”*® Milling speed impacts the
synthesis in terms of mixing, energy, and heat. Higher
milling speed will result in better mixing and conversion but
will also generate more energy and heat due to more
intensive collision. Extra heat and energy can result in
undesired reaction and decomposition,”® and excessive
temperature can directly affect the solid solubility level and
phase formation.>>™>*

Milling balls can directly impact the final products’
surface morphology, such as surface area and interfacial
connection. Larger or higher density balls can result in
higher energy and surface activity during collision, which is
good for forming a thermodynamically-stable product. On
the other hand, smaller or lighter balls can do better in
mixing and form amorphous and metastable material phases
because they have higher mobility and a long motion
trajectory during milling."*>> The optimum number of small
balls and large balls used will differ in different materials as
too many large balls might not mix the reagents well, while
too many small balls might not generate enough energy for
reactions. Apart from the milling ball itself, the balls to
powder weight ratio also plays an important role in the
synthesis. At higher ratio, more energy, and heat are
produced due to more intensive collision between balls.
Therefore, faster energy transfer and mechanical activation
could be expected, which might cause decomposition and
undesired reaction.

The effect of milling parameters is strongly related to the
milled material's mechanical properties, and the relationship
between its functionality and mechanical properties therefore
require careful consideration.

Mechanochemical synthesis of MOFs
and MOF composites
Mechanochemical synthesis of MOFs

Despite the rich history of mechanochemical synthesis, the
mechanochemical synthesis of MOFs only started in 2006.°
Pichon et al ground copper(n) acetate monohydrate and
isonicotinic acid (INA) in a 20 mL steel vessel containing a steel
ball bearing at an oscillation rate of 25 Hz and maintained it for
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10 min to obtain the first mechanochemically synthesized MOF,
[Cu(INA),]-2H,O. The only by-product is water, and X-ray
diffraction (XRD) characterization of the synthesized material
showed good agreement with single-crystal MOF diffraction
data along with the absence of unreacted reactants. Since then,
more and more MOFs have been reported via mechanochemical
synthesis.””

It should be noted that mechanochemical synthesis is not
limited to single metal and single linker MOFs as mixed
metal and mixed linker MOFs could also be synthesized.®®*”
Thorne et al. successfully synthesized mixed metal and mixed
linker ZIF-62 ([Zn(Im),-,(bIm),], where Im = imidazole, bIm =
benzimidazole) via mechanochemical ball milling.” By
mixing metal sources such as ZnO and organic ligands,
namely, imidazole and benzimidazole, with 20 uL. DMF in a
ball milling jar for mechanical milling, ZIF-62 could be
successfully synthesized. The conversion of ZnO to ZIF-62
can be accelerated using 1% zinc acetate dihydrate
[zn(OAc),-2H,0], which acts as both a zinc source and
catalyst for the reaction.®®® To form mixed metal ZIF-62,
zn(OAc),-2H,0 can simply be replaced with co(OAc),-2H,0
without changing other parameters, and mixed metal Zn-Co
ZIF-62 could be formed with up to 20% Co substitution. The
XRD patterns also suggest that no observable impurities are
present, such as ZnO. Unlike the solvothermal synthesis of
ZIF-62, where the ligand ratio is hard to control,
mechanochemical synthesis allows for its relatively precise
control from [Zn(Im); ¢5(bIm)yes] to [Zn(Im), ;5(bIm)g »s]-
Meanwhile, it also works when it comes to ligand derivatives.
For example, we could still precisely control the ligand ratio
when we change benzimidazole to its derivative,
5-chlorobenzimidazole (ZIF-76).

The dimensionality of MOFs plays an important role in its
application.”®”* Other than the most common 3-D MOFs, 1-D
and 2-D MOFs have also been successfully fabricated
mechanochemically.”>”® An open question in this line of
research is that if a metal organic framework has different
dimensional phases, could we mechanochemically tune its
dimensionality?

Theoretically, mechanochemical tuning is feasible because
many external reaction factors are present during the
synthesis, such as high temperature and pressure created by
ball crushing, as well as assisted solvent addition for better
reactivity.”*’®> By varying these external factors, we could
possibly change the MOFs' structures (dimensionality). Our
group has successfully changed the mechanochemical
synthesis product from 3D ZIF-7-I (Zn(bim),) to 2D ZIF-7-II
by adding water (structural template) during milling caused
by the hydrolysis of Zn-N bonds.”® A similar situation was
also observed by Haneul and Junhyung—grinding FeCl;-6H,0
and sodium fumarate with different solvent mediums can
result in both 1D and 3D Fe-MIL-88A (Fe;0(C4H,0,4);).”” In
the future study of mechanochemical tuning, scientists could
also try to vary the reagent amounts. These methods have
already been applied to shift the dimensionality of
perovskites.”®
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Successfully synthesized MOFs suggest that
mechanochemical synthesis can enable a fast, solvent-saving
and high purity synthesis of MOF products. Meanwhile, it
demonstrates the capability of mechanochemical process in
providing all necessary bonding breaking and forming
processes with sufficient mechanical energy. Therefore,
mechanochemical compositing of the functional material
with MOFs is theoretically feasible.

Mechanochemical amorphization of metal organic
frameworks

With regards to the MOF, another concern for the
mechanochemical treatment is the preservation of MOFs'
crystallinity. Mechanochemical treatment, similar to thermal
treatment, can lead to the collapse of the framework
structure and eventual amorphization,”” and this phase
transition is reversible for some MOFs upon vapor
treatment.®® Densification is also expected with the increase
in the milling time due to the transformation from the
crystal to the amorphous form and loss of free volume in the
framework.®" If amorphized MOFs have glass forming ability,
such as ZIF-62, it will become amorphous after extended
milling but it still shows glassy behavior. Successfully formed
ZIF-62 mechano-synthesized glass has a glass transition
temperature (7,) ranging from 318 and 411 °C, and this value
is significantly different from solvothermally synthesized ZIF-
62 glass due to the difference in particle size and possible
presence of a large number of defective sites.®
Mechanochemistry  could  synthesize = some  MOFs
configuration that could not be fabricated via the traditional
solvothermal method due to an excessive amount of energy
generated during the mechanical process.

Interfacial interaction during the mechanochemical process

During grinding or milling, mechanical energy is created and
used for mechanochemical reaction. Apart from effects such
as heating and size reduction in particles, new interfaces are
also fabricated from the continuous mechanochemical
process. However, there are arguments about the exact
mechanism driving the formation of the interface between
two components. Conventionally, in an interfacial study of
alloy metal, Yavari et al. proposed that it is the external
capillary pressure that forces two components to form an
interface.*® On the other hand, Gente et al. suggests that the
chemical enthalpy difference between two components at the
interface is the driving force for the formation.** These two
models approach interface formation from different aspects,
namely, physical and chemical aspects. From the physical
aspect, shearing, grinding, and milling can promote the
formation of the atomic-diffusion layer and hence leads to
the stable anchoring of the two components.”> Meanwhile,
from the chemical aspect, heat and energy can promote the
reaction between the components and chemical connections,
such as van der Waals bonds and covalent bonds, which can
be formed between two components. Both physical and

This journal is © The Royal Society of Chemistry and IChemE 2023
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chemical interactions can also exist together, providing an
even stronger effect to form composites through the
mechanochemical process.

The resultant interfacial bonding and effect can be
confirmed via various analytical and spectroscopic
techniques, such as Fourier-transform infrared spectroscopy
(FTIR), terahertz spectroscopy (THZ-IR), X-ray photoelectron
spectroscopy (XPS), X-ray absorption, and total scattering
analysis. For example, the Sr-O bond seen in FTIR analysis
confirmed the formation of the interface between SrCO;-
Fe,O; through ball milling.%

Mechanochemically synthesized MOF composite

This section will review the materials that have already been
composited with MOF via mechanochemical synthesis.
Generally, there are three ways to mechanochemically
synthesize MOF composites: i) direct synthesis from MOF
precursors with functional materials; ii) preparation of MOFs
and functional materials separately and composite them
together mechanochemically; iii) deposition of MOFs on the
substrate (coating) (Fig. 5).

Constructing MOF composite directly from MOF precursors

This route requires functional materials to be
mechanochemically treated in the presence MOF precursors.
Composites are formed during the mechanochemical
synthesis of MOFs along with the incorporated functional
materials, similar to “building a bottle-around-a-ship”
configuration. A benefit of this method is that better
protection/encapsulation effect can be expected, with higher
flexibility in hosting different sized guest components. This
is particularly useful for compositing MOF with fragile guest
materials such as enzymes. Enzymes are natural catalysts that

This journal is © The Royal Society of Chemistry and IChemE 2023
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have been used in many applications, including food and
pharmaceutical industries. Great efforts have been devoted to
enhancing their stability, and compositing with MOF is a
viable approach. MOFs can offer rigid frameworks to protect
biomolecules while enabling the diffusion of reaction
substrates and products. Currently, enzyme/MOF composites
are mostly synthesized using zeolite imidazole framework
(ZIFs) due to its mild and biocompatible synthesis
conditions.’*™®® Meanwhile, ZIFs have shown enhanced
acidic stability when compositing with enzymes because zinc
ions could bond with low pK, biofunctional groups, such as
carboxylate and phosphate groups.’® These symbiotic effects
enable the enzyme to protect ZIFs from acidic operation
condition and be protected by the ZIFs matrix from harsh
environment. The mechanochemical process offers access to
additional framework materials, whose synthetic conditions
are normally too harsh for the in situ encapsulation of
enzymes through the solvothermal process.

In one of the early reports, Wei et al performed a
systematic study of four enzymes, namely, B-glucosidase
(BGL), invertase, p-galactosidase, and catalase, which
retained their functionality after encapsulation by three
different MOFs (i.e., ZIF-8, UiO-66 (ZrsO,(OH),(BDC)s), and
ZIF-76) through mechanochemical ball milling synthesis
(Fig. 6). They found that the enzymes encapsulated in MOF
composites have improved stability against proteases, which
is a digestive enzyme that can break down proteins. The
enzyme@MOF composites were fabricated by placing all
reagents, including MOF precursors and enzymes, in the
zirconium-based jar and running the ball mill at a frequency
of 8 Hz for 5 min in a Retsch MM400 Mixer Mill machine.**
They also discovered that the addition of ethanol during
compositing could improve the catalyst performance. This
could be simply done in mechanochemical synthesis due to
the relative ease of controlling the reaction, in comparison to
conventional composite synthesis methods such as
infiltration method and template synthesis.

This route could also be used in synthesizing MOF
composites for biomedical applications, such as MOF-
organic drug composites. Traditional solution-infiltration
method®"*? is time-consuming (a few days) and has low drug
loading in the composite given that the targeted guest
components can be larger than the MOF pore aperture.”
Metal alloy and ceramic composites have been widely

Biological active
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Fig. 6 Two-step mechanochemical approach for embedding
glycosidases into MOF. Reproduced with permission from ref. 24.
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fabricated via mechanochemistry since the last century owing
to fast and facile production,” but it has not drawn much
attention in MOF composite area. One of the works in drug/
MOF composites is performed by Jan and co-workers. They
explored this method for the synthesis of a composite,
namely, ibuprofen/HKUST-1 (IBU/Cu,(BTC),).”> By pre-
assembling [Cu,(IBU),]-2DMF cluster as MOF precursors,
followed by milling with H3;BTC (CeH;3(CO,H);), the
composite is successfully synthesized with a 58.5% drug
loading, which is higher than the traditional solution-based
method. A controlled and complete drug release is realized in
a 14 day period.

Apart from microscopic molecules, MOF precursors-based
mechanochemical synthesis is also suitable for macroscopic
molecules/macrocyclic molecules. Liang et al produced
decamethylcucurbit[5]uril/Fe;O(H,0),0H(BTC),  (MC5/MIL-
100) composite through mechanochemical ball milling. By
grinding MC5-2NH,Cl-4H,0, Fe(NO,);-9H,0, and H;BTC
crystallites, H;BTC/Fe-MC5 gel could be synthesized, followed
by heating at 160 °C for 5 h to form Fe-MC5/MIL-100 (Fe).
During heating, H3;BTC became amorphous due to the
dissolution and reaction with iron centers. Hot water is then
used to wash out the impurities, and the final product is
MC5/MIL-100 (Fe) composites.”®

The MOF composites discussed so far employ MOFs with
high porosity and surface area as the hosted matrix for a
functional material. What if the case was reversed, where a
mesoporous material acted as a platform for MOF growth
within its cavities? The natural question that follows is
whether this can be done using mechanochemical milling?
Szcze$niak et al. approached this question by growing and
filling CuBTC MOF in the mesopores of ordered mesoporous
carbon (OMC) during mechanochemical processing with the
aid of graphene oxide (GO) to facilitate MOF formation in the
voids of the mesoporous network.”” To form OMC/MOF or

Ball milling1h

Pluronic GO
F127

=
S
2
[
N
s
[~]
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o

Cu? BTC
Ball milling1h
OMC/GO/CuBTC composite GMC/ 50 compasit

Fig. 7 Schematic procedure of mechanochemically synthesized OMC/
GO/CuBTC composite. Reproduced with permission from ref. 97.
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OMC/GO/MOF composite, additional OMC or OMC/GO is
added into the milling vessel during the mechanochemical
synthesis of CuBTC MOF (Fig. 7). The morphological
information is rather complex, and the MOF structure is only
seen in TEM, which is different from pure MOF.
Nevertheless, powder XRD confirmed the successful synthesis
of three-component composites. In the OMC/MOF composite,
when OMC concentration is low (less than 3%), higher pore
volume is seen due to the synergistic effect from additional
pores.

Constructing MOF composite via the milling of pre-formed
MOFs and functional materials

Composites synthesized via this route are simply done by
mechanically compositing functional materials with pre-
formed MOFs. This is the most straightforward route for
compositing, similar to the formation of conventional alloys
via the mechanochemical process. Compositing is mainly
achieved by mechanical force, such as stress and
compression. In some cases, the external energy may allow
the pre-formed MOF to re-organize through covalent bonding
breakage and reformation, which will facilitate the hosting
of/bonding with the secondary components. An important
consideration through this technique is the mechanical
robustness of the materials, as the mechanical treatment
may lead to deformation, decomposition, or amorphization
of the raw materials.

Metal nanoparticles (MNP) for heterogeneous catalysts is a
topic of rising interest because we could modify its functionality
by simply varying the size, shape, and morphology.”®*’
However, problems such as aggregation could significantly
impact its functionality. One of the solutions is the integration
of MNPs into the MOF matrix mechanochemically by milling
MNPs with MOFs. Ishida et al. first deposit Au cluster into five
different MOFs (CPL-1 ([Cuy(pzdc),(pyz)],, pzde = pyrazine-2,3-
dicarboxylate, pyz = pyrazine), CPL-2 ([Cuy(pzdc),(bpy)l:, bpy =
4,4-bipyridine), MIL-53(Al) ([Al(OH)(bdc)],), MOF-5, and
HKUST-1  ([Cus(btc),(H,0)3])) through  mechanochemical
treatment."” In the following year, similar work was also
performed by compositing Au cluster into ZIF-8 by simply
grinding dimethyl Au™ acetylacetonate with ZIF-8.'**

Apart from MNP, this type of compositing method can
also be applied to small molecules. For example, model drugs
including 5-fluorouracil (5FU), caffeine, para-aminobenzoic
acid (PABA), and benzocaine have been loaded into
[Zn,0(3,5-dimethyl-4-carboxypyrazolato);]  ([Zn,O(dmcapz);])
3D MOF via simple mechanochemical ball milling."°> The
composites' showed high loading capacity, ease of control,
and excellent stability. It is expected that the highly dynamic
treatment conditions facilitated the diffusion of the guest
molecules into the pores. Otherwise, the steric hindrance can
lead to very low loading capacity through the conventional
solvent-based encapsulation process.”>'*>

Perovskites (PVK) have been under the research spotlight
due to its unique properties in various optoelectronic and
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photonic device applications.'®® However, issues such as
stability significantly hinder its application.'®* In the last 10
years, only a few perovskite-MOF composites have been
successfully synthesized through the mechanochemical
method. Among these, halide perovskite is the most popular
one owing to its unique properties in photovoltaic devices.'®
The high tunability of this perovskite material opens great
opportunity for further exploration. This includes the
variation of the monovalent cation at the center (Cs, MA
(methylammonium, CH3NH;) or FA (formamidinium,
CH(NH,),)), the divalent cation (Pb or Sn), and halide X (X =
Cl, Br, I, or a combination of them). Bhattacharyya et al
synthesized lead halide perovskite (CsPbX;, X = Cl, Br or I)/
AMOF-1  ({[(NH;Me,),][Zn;s(L),]-9H0} (L = 5,5'-(1,4-
phenylenebis(methylene))bis(oxy)diisophthalate) by absorbing
Pb(u) into the AMOF-1 and grinding it with CsX to allow on-
site  CsPbX; nucleation, generating spatially confined
perovskite quantum dot-MOF composites.*! Many previous
researchers have already demonstrated the benefits
associated with the size control of perovskite QDs,"%°'%
including tuning of the optical band gap while enhancing
their stability. Their compositing with MOFs enables a viable
technique to reliably tune these properties. A similar study
has also been performed on organic-based lead halides
(MAPbBr;, MA = methylammonium), as shown in Fig. 8a.""°
Instead of coating cations on the MOFs, Darsi and co-
workers used MA-loaded MOF directly. In this case, part of
the MOFs is functional groups that react with PbBr,
mechanochemically to form the MAPbBr;@MA-M(HCOO);
composite. Apart from the metal halide perovskite, another
oxygen perovskite could be composited with MOFs via a
similar mechanochemical compositing method (Fig. 8b).""*
Aside from these functional materials, MOF itself as a type
of hybrid material has also been composited into another
MOF to form MOF-MOF composites through multi-step
approaches.”*™""® However, the mechanochemical synthesis
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PbBr,
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MAPbBr,@MA-:..

Mn(HCOO), ~“ o b
3

MA-Mn(HCOO),
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NiFe,0, + MOF-808 —— 3

NiF::C{)‘/MOF-SOS
nanocomposite

Fig. 8 (a) Synthesis of MAPbBr3@MA-Mn(HCOO)z via solvent-free

mechanochemical grinding. Reproduced with permission from ref. 110,

(b) mechanochemical synthesis of the NiFe,O,/MOF-808 composite.

Reproduced with permission from ref. 111.
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of MOF-MOF crystal composite has not been reported
because compatibility is always a problem with compositing.
Recently, we developed a new type of MOF composite
comprised of a crystal MOF and a disordered glassy MOF,
called a MOF crystal-glass composite (MOF CGC).''® The
fabrication was achieved through milling MOF crystals (MIL-
53 or Ui0-66) and MOF glass (ZIF-62 glass) for
homogenization, followed by thermal treatment. Though the
formation of the composite was mainly attributed to the high
temperature annealing, increasing evidence suggests the
formation of interfacial bonds during the initial milling
process, which deserves further investigation.

Constructing MOF composite via coating MOFs onto
substrates (MOF me coating)

The formation of a thin film is wusually needed for
transferring MOF materials into devices, such as separation
membrane, sensor, catalysis, and electrodes. However, the
technique that allows the direct bonding of MOF onto non-
functionalized substrates is still relatively limited. Given the
nature of the mechanochemical process, this enables the
direct compositing or coating of pre-formed MOF powders
onto substrates for device assembly. The versatile technique
circumvents the incompatibility issue between certain MOFs
and substrates.

Our group first introduced the formation of MOF glass
coating on non-functionalized carbon cloth substrates.""”
The process involves the ball milling of pre-synthesized glass-
forming MOF powders with a piece of carbon -cloth,
generating the stable MOF coating. Given that the substrate
is non-functionalized, the direct coating allows efficient
electron transfer between the MOF's reactive sites and the
conductive substrate. Therefore, the fabricated composite can
serve as efficient electrocatalytic electrodes for the oxygen
evolution reaction. Glassy composites significantly improved
the oxygen evolution reaction,®® especially Co-Fe bimetallic
ZIF-62 glass due to the presence of coordinatively bonded
Fe."'®% It is worth mentioning that the process is rather
facile and rapid: the coating can be realized with merely 5
min of treatment.

In a subsequent study, we further explored the versatility
of such a technique by coating different types of MOFs,
including ZIF-4 (Zn(Im),), ZIF-8, and ZIF-67(Co(mIm),), onto
various substrates such as carbon cloth, nickel foam,
polymeric thin film, titanium foil, and glass slide (Fig. 9).>
Local heat and mechanical stress created by the
mechanochemical process facilitated the interfacial
connection and strongly anchored MOFs on the non-
functional materials. Ease of operation and scalable
production lead to the hope of processable and controllable
MOF devices.

MOFs have also been widely composited with polymers to
form functional thin films for use in many different
applications. Although extensive research has been
performed to understand the mechanochemistry of MOF and
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Fig. 9 Mechanochemical coating of ZIF-8 on various substrates: (a-c) one-pot coating on PVDF from ZIF-8 precursors, (d-f) one-pot coating on
nickel foam (NF) from ZIF-8 precursors, (g-i) one-pot coating on Ti foils from ZIF-8 precursors, (j-1) ZIF-8 coating on FTO glass. Reproduced with

permission from ref. 2.

polymer formation, only a few studies have been conducted
on MOF-polymer composite formation via
mechanochemistry.””"***2* Our group has demonstrated the
capability of MOF composite formation onto PVDF polymeric
membrane, showing good interfacial interaction of the
synthesized MOFs onto the non-functionalized polymeric
substrate.> This approach opens a new possible application
of the polymer-MOF composite with fast and facile one-pot
synthesis and no pre-functionalization requirement.

Applications of mechanochemically
synthesized MOF composites

Apart from the short reaction time, little solvent usage, and
ease of fabrication compared to conventional solution-based
methods, MOF composite fabricated via mechanochemical
compositing can also have smaller particle size, larger surface
area, better porosity/diffusion, and better mechanical
robustness due to the high energy mechanical process.'**
These advantages enable mechanochemically synthesized
composites to offer new opportunities in many
applications.'® The applications are summarized in Table 1.

Catalysis

A catalyst used in the fine chemicals industry must have a
high product selectivity. Among various nanoparticle
composite catalysts, MOF-nanoparticle composites have
shown a great potential in particular due to the presence of

568 | Mol Syst. Des. Eng., 2023, 8, 560-579

active sites in the MOFs, and the encapsulation of catalysts
in MOFs has already shown promising results in various
disciplines.**'****® Furthermore, the nanoparticle catalysts
can be controllably integrated with MOFs via
mechanochemical methods."*

Haruta and co-workers deposited gold clusters into MOFs
(CPL-1, CPL-2, MIL-53(Al), MOF-5, and HKUST-1) through
hand grinding (Fig. 10a) and found that the composites
showed much higher catalytic activity (91% conversion rate)
in the aerobic oxidation of alcohols than the parent
materials.’®® They also observed that the composites tend to
have smaller mean diameter size with more uniform particle
distribution compared to the traditional chemical vapor
deposition method. The composites’ particle size is
associated with the type of MOF used in grinding, suggesting
that different structures, pore sizes, and surface nature of
MOFs could alter the dimensions of the composite. For
example, Au/CPL-2 has a cluster size of 2.2 + 0.3 nm and Au/
MIL-53 has a cluster size of 1.5 + 0.7 nm, but they are all
smaller than Au nanoparticles yielded from chemical vapor
deposition.’® Small size benefits are found in the following
research.”® 1t was found that the favorable small size of
Au@MIL-53 can promote the catalytic synthesis of amines,
such as one-pot synthesis of secondary amines from primary
amines by sequential oxidation/hydrogenation, and the
hydrogenation of imine to amine. In the following year, Jiang
et al. successfully deposited Au in ZIF-8 through hand milling
and produced the Au/ZIF-8 nanocomposite with different
loading, which showed great potential as a CO oxidation

This journal is © The Royal Society of Chemistry and IChemE 2023
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Application MOF

Functional material

Composting
type*

Performance

Ref.

Catalysis CPL-1, CPL-2,

MIL-53(Al), MOF-5,

and HKUST-1

MIL-53(Al)

ZIF-8

UIO-66-NH,

ZIF-8 (Zn, Co, ZN/Co)

MOF-808

Adsorption CuBTC

HKUST-1

MIL-100(Fe)

TpPa-1

Energy ZIF-8

storage

ZIF-8

CoBTC

NENU-3

This journal is © The Royal Society of Chemistry and IChemE 2023

Au clusters

Au clusters

Au nanoparticles

B-Glucosidase (BGL)

1-Methyl-3-propylimidazolum
bromide (ionic liquid, IL)

NiFe,O,

Mesoporous carbon (OMC)
and graphene oxide (GO)

Imidazole
Decamethylcucurbit[5]uril

(MC5)

Magnetic carbon nanotubes
(MCNTs)

Si

Carbon/Sg

Graphene sheet (GNS)

Imidazole

Type 2

Type 2

Type 2

Type 1

Type 1

Type 2

Type 1

Type 1

Type 1

Type 1

Type 1

Type-1/type-2

Type-2

Type-1

Mechanochemically synthesized catalysts

Au/MOF-5 composite can reach 91% and 79%

yield in the oxidation of benzyl alcohol and
1-phenylethanol, respectively

The mean diameter of Au particles in the
Au/MIL-53 composite could be minimized to

1.6 £ 1.0 nm and the composite can reach 91%
yield in the synthesis of dibenzylamine

CO oxidation behavior is enhanced with

increased amount of Au inside the composite

with 50% conversion temperature, which is
decreased to 170 °C at 5% Au in ZIF-8

After exposure to protease in acidic condition

(pH = 6), the free BGL and BGL/ZIF-8 composite
only retained 16% and 40% activity, respectively,
while BGL/UiO-66-NH, composite could retain
about 90% of its activity. The outstanding enzyme
activity retention of BGL/UiO-66-NH, was due to
the stability of UiO-66-NH, under acidic condition,
which protected BGL from protease. On the other
hand, ZIF-8 was unstable in acidic condition,
which exposed the BGL to hydrolysis by protease
IL/ZIF-8 (Zn/Co) composite reaches 99% yield in
cycloaddition of CO,. Reaction conditions:
epichlorohydrin (10.8 mmol), IL/ZIF-8 (Zn/Co)

(100 mg), 24 h, 100 °C, and 1 atm of CO,
NiFe,0,/MOF-808 composite has great capability in
visible-light photocatalytic meropenem degradation
and Cr(vi) reduction with 100% efficiency at pH = 2
within 60 min for Cr(vi) reduction and 100% in

60 min for meropenem degradation

1-3% wt% OMC added into CuBTC could result in
larger surface area (from 1830 m* g ™" to 1930 m* g )
for CO, adsorption due to optimal combination
between MOF and OMC in the composite
IM,4,/HKUST-1 composite has excellent SFs adsorption
capacity (5.98 mmol g™" at 1 bar and 25 °C) with

up to 93 SFe/N, selectivity at 1 bar and water stability
MC5/MIL-100(Fe) showed better Pb(ir) removal
efficiency (99.7%) compared to the parent materials
(53% and 8%, respectively). Even in the presence of
100 ppm competing ions, such as Na*, K", Mg>*, and
Ca**, over 73% Pb(u) could still be removed
MCNTs/TpPa-1 showed outstanding adsorption
capacity of three types of MCs (MC-RR, MC-YR,

and MC-LR) with maximum adsorption capacity
(Qmax) of about 120.8, 209.6, and 244.7 ug g%,
respectively

The Si/ZIF-8 composite has superior electrochemical
properties with up to 1050 mA h g™ lithium storage
as well as excellent cycle stability (>99% capacity
retention after 500 cycles) and rate performance
Positive electrode ZIF-8/C/Sg composite showed
initial discharges of 772 mA h g”', showing

54% improvement compared with pristine

ZIF-8/S8. Meanwhile, the Li,S¢ absorption tests
confirms the ZIF-8/C/Sg better polysulfides
absorption with 87% discoloration

The GNS/CoBTC composite shows high specific
capacitance of 608.2 F g™" at current density of

0.25 A g in 1 M KOH electrolyte with about 95%
capacitance retention after 2000 cycles

The IM/NENU-3 composite shows increase in the
proton conductivity and varies from 5.79 x 10™* S em™
at 298 K to 7.06 x 10> S cm™* at 338 K, with
tremendous improvement compared to the original
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Table 1 (continued)
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Composting

Application MOF

Functional material type®

Performance Ref.

Energy ZIF-8
generation

AMOF-1
quantum dots

MA-M(HCOO);
(M = Mn or Co)

BODIPY dye PM605 Type-1

Halide perovskite Type-2

MAPbDBr; Type-2

NENU-3 (only 4.97 x 10°° S em™" at 338 K). Meanwhile,

the composite conductivity could be further tuned by
changing the relative humidity (RH)

PM605@ZIF-8 materials show enhanced emissive 159
properties with an unprecedented ~10-fold better

BODIPY photostability. 0.5% PM605 in the composite

shows the best fluorescence intensity

The composites exhibited stable, narrow, and high 21
luminescence from peaks at 412 nm to 695 nm with

better size distribution

Mechanochemically-fabricated MA-M(HCOO);/MAPbBr; 110
composites exhibit noticeable improvement in the
luminescence with outstanding stability in various

solvents, such as water and ethanol, for over 15 days

¢ Type 1-MOF precursor + functional material, type 2-preformed MOF + functional material.

catalyst. By applying this material to catalyze the CO
oxidation reaction, improved performance was seen in the
composite compared to pure ZIF-8, with the 5% Au/ZIF-8
composite showing the best performance that reached half
conversion at about 170 °C.'”" This demonstrated the
possibility of loading various noble metals into the MOF
network,'*H*3?

Wei et al. used mechanochemical milling to successfully
composite enzymes such as p-glucosidase (BGL), invertase,
B-galactosidase, and catalase with ZIF-8, UiO-66, and ZIF-76.
The BGL/UiO-66-NH, composite showed great performance
and stability in the acidic condition due to its acidic
resistance and large aperture size of ~6.0 A, while BGL/ZIF-8

a Au clusters on PCP
(.) 3
Mixing H. reductions#:
120°C

Solid grinding

b Starting materials Active components
c02+
Zn(OH), e o T——
Mixing with IL
+ > >

> i
IL+Co* &
1

Fig. 10 (a) Mechanochemical deposition of gold clusters on porous
coordination polymers. Reproduced with permission from ref. 100, (b)
synthetic procedures of L@ZIF-8(Zn/Co). Reproduced with permission
from ref. 133.
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had no apparent activity due to the smaller pore size of ZIF-8
(~3.4 A).** Apart from improving the functionality and
stability of the enzyme, enhanced immobilization of the
hosted catalyst could also be achieved through the
mechanical amorphization of the MOF composite."** By
amorphorizing calcein or a-cyano-4-hydroxycinnamic acid (a-
CHC)-loaded Zr-based MOFs via ball milling, slower drug
release was observed.

Imidazolium-based ionic liquids are considered as good
catalysts, but their application is hindered by complicated
separation procedures. Sun et al. successfully combined ionic
liquid (1-methyl-3-propylimidazolium bromide, MPImBr) with
ZIF-8 and fabricated the IL/ZIF-8 composite. Mixed metal
composite could also be formed by simply adding metal salts
during mixing (Fig. 10b). The catalytic performance of the
composite has shown significant enhancement, reaching
99% yield in the cycloaddition of CO, and epoxide.*?

In the photocatalyst field, Negi and co-workers used ferrite/
MOF composite as a photocatalyst by simply grinding NiFe,O,
together with MOF-808 [ZrsO5(OH);(BTC),(HCOO)5(H,0),, BTC
= 1,3,5-benzenetricarboxylate]. The synthesized composite
demonstrated great capability in visible-light photocatalytic
meropenem degradation and Cr(vi) reduction, having 100%
efficiency at pH = 2 within 60 min for Cr(vi) reduction and
100% in 60 min for meropenem degradation. The composites’
outstanding photocatalytic performance is the result of
increased surface area and active sites."™

Adsorption

Due to unique porosity and functional groups, MOF itself has
already been employed as a great candidate for adsorption,
including gas adsorption,'** water treatment,'*>"*® and
specific ion adsorption."®” The integration of MOFs with
other porous materials has demonstrated great potential in
increasing their adsorption ability compared with the parent
materials.**3°7142 Compared to traditional methods such as
solvothermal method, larger surface area, better porosity,

This journal is © The Royal Society of Chemistry and IChemE 2023
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and structure robustness make mechanochemically-
fabricated MOF composites more appealing.

For gas adsorption, Szcze$niak et al. mechanochemically
composited mesoporous carbon (OMC) and graphene oxide
(GO) into CuBTC, and observed improved porosity and CO,
adsorption capacity in the 1-3% OMC/MOF composites
compared with the parent materials, which is suggested to be
due to the optimal combination between MOF and OMC in
the composite and the additional porosity created by the
compositing.”” Additional porosity and surface area promote
CO, adsorption capacity. Similarly, Liu et al. demonstrate
that Im@HKUST-1 could selectively adsorb harmful
greenhouse gas SFq with outstanding cyclability and water
resistance.'*?

In an extraction study, Liang et al. mechanochemically
composited macroscopic cage-like monolithic
decamethylcucurbit[5Juril (MC5) into MIL-100(Fe). The
composites have outstanding lead capture ability even at low
concentration. Compared to pure MIL-100(Fe) and solid
MC5-2NH,Cl-4H,0, the composite showed improved Pb(u)
removal efficiency (99.7%) compared to the parent materials
(53% and 8% respectively). Even in the presence of competing
ions, such as Na', K, Mg?*, and Ca>', the efficiency was still
relatively high. These findings demonstrate the ability of
mechanochemical synthesis in producing macroscopic porous
composite materials.”® The same year, Liu et al. synthesized
another MOF composite by grinding magnetic carbon
nanotubes  (MCNTs), p-toluenesulfonic  acid  (PTSA),
p-phenylenediamine (Pa-1), and 1,3,5-triformylphloroglucinol
(Tp), which exhibited great adsorption ability in water. The
composite has great water dispersibility, large surface area, and
high affinity toward microcystins (MCs). The adsorption study
of the composite in lake water samples showed outstanding
adsorption capacity of three types of MCs (MC-RR, MC-YR, and
MC-LR) with maximum adsorption capacity (Qmax) of about
120.8, 209.6, and 244.7 ug g, respectively. Furthermore, the
composite showed better enrichment performance of the MCs
compared to MCNTs.'**

Energy storage

Energy storage is another hot topic for MOF composites. The
pores of the MOFs could provide space for transferring
cations and electrochemical reaction**>'*® while the hosted
material, such as metal oxide or graphene, could provide
different functions. For example, metal oxide could supply
active redox sites.>**”"'*” Pioneering works have already been
done using MOF composite as the supercapacitor,'*® energy
storage material,"*® and anode*° via template synthesis.

One of the early mechanochemical attempts was
performed by Han and co-workers, who fabricated the Si/ZIF-
8 composite via mechanochemical synthesis and
demonstrated its ability to be used as the anode in a lithium-
ion battery. The composite had a lithium storage capacity of
up to 1050 mA h g™' with 99% capacity retention after 500
cycles at only about 7% Si loading in the composite. It was

This journal is © The Royal Society of Chemistry and IChemE 2023
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suggested that encapsulating with ZIF-8 could mitigate the Si
volume change during operation to ensure that it is in close
contact with the conductors. Meanwhile, the uniform metal
distribution of ZIF-8 could help to improve conductivity in
the matrix structure, which is beneficial for Li ion
transportation during operation. Even though only a small
amount of Si is applied, the fast synthesis and promising
performance enable it to be an ideal substitute for high
energy anode and open the gate for mechanochemically-
synthesized MOF composites in electrodes.'”" A similar study
has also been performed to circumvent Li-S Dbattery
problems."**

Apart from the lithium battery, a follow up study has
employed MOF composites in supercapacitors to further
expand its application. Supercapacitors have been a hot topic
recently not only due to their application in renewable energy
technologies but also its high energy storage density and
shorter charging time compared with conventional energy
sources, such as batteries.">® Punde et al. synthesized cobalt-
based MOF CoBTC/graphene sheet nanocomposite via
grinding. Compositing MOF with graphene effectively
mitigated the restacking problem because CoBTC rods are
placed between graphene, which is used as a support.
Consequently, extremely high specific capacitance of 608.2 F
g ' was found at a current density of 0.25 A ¢g”* in 1 M KOH

Cu(NO,),3H,0

b i

M NENU-3
SA@NENU-3
1024 ™ Urea@NENU-3
APA@NENU-3
=10 B Im@NENU-3
g
S
2
-4
o 101
10-5.
10°6-

Proton conductors

Fig. 11 (a) Schematic procedure of mechanochemically synthesized
IM/MOF composite (b) the comparison of proton conductivity of the
guest@NENU-3 composite and NENU-3 @338k. Reproduced with
permission from ref. 1.
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electrolyte, with about 95% capacitance retention after 2000
cycles.”* In addition, Punde and co-workers also compared
mechanochemical MOFs composite with solvothermal MOFs
composite; better performance is observed in the former
because of its large surface area and better porosity for
diffusion.

Wang et al. attempted to composite imidazole (IM) into
NENU-3 ([Cuy,(BTC)g(H,0)15] [H3PW,,0,40)nH,0, H;BTC =
1,3,5-benzentricaboxylate) via mechanochemical grinding. As
the following scheme in Fig. 11a shows, IM can be grinded
into NENU-3 through simple one-pot grinding, which
provides a fast and facile way to produce IM/MOF composite
that requires only a small amount of ethanol compared to
solution immersion*****> and chemical vapor deposition
methods.'”® The BET surface area of NENU-3 is 538 m” g*,
while the BET surface area of IM@NENU-3 reduced by almost
half at 274 m” g%, indicating the presence of IM in the pores.
An increase in the proton conductivity of 5.79 x 10™* § cm™
at 298 K and up to 7.06 x 10 S em™ at 338 K (Fig. 11b) was
observed in the composite, compared to the original NENU-3
with only 4.97 x 10® S em™ at 338 K. This is equivalent to an
increase by almost three orders of magnitude. Meanwhile,
the composite conductivity could be further tuned by
changing the relative humidity (RH) to 95%."

Energy generation

Energy generation has drawn increasing attention in the past
few decade, especially for clean and sustainable energy
generation via photocatalysis.”””'*® High fluorescence
material could also be synthesized via ion and liquid-assisted
ball milling. By compositing commercial BODIPY dye PM605
into ZIF-8, the PM605@ZIF-8 composite was formed that is
highly emissive, photostable, and microporous (Fig. 12).
Meanwhile, this strategy could be used to encapsulate other

ILAG (30 min) or
accelerated
aging (48 h)

Zno+ 2 [N/>‘CH3 + %

visible

0.05 wt% 0.5 wt% 1.5 wt% 5wt% light

UV-light

Fig. 12 Schematic procedure of mechanochemically synthesized
PM605/ZIF-8 composite. Reproduced with permission from ref. 159.

572 | Mol. Syst. Des. Eng., 2023, 8, 560-579

View Article Online

MSDE

BODIPY systems, such as PM546, HCIBOH, and PM650,
yielding high emission and providing a facile method to
include fluorophores within MOF."®® One year later,
Bhattacharyya et al. synthesized perovskite quantum dots
(PQDs)/AMOF-1  composite with high stability and
processibility. The composite exhibited stable, narrow, and
high luminescence from the peaks at 412 nm to 695 nm (Cl-
Br-1).>! Narrow luminescence results indicate good size
contribution due to quantum confinement.'®® Similar work
was performed by Rambabu and co-workers on organic—
inorganic lead halide (MAPbBr;) perovskite and a stable,
narrow, and high luminescence was seen."'® Previously,
MAPDbBr; has already been reported to be stabilized by oleic
acid.’® Comparing with the reported oleic acid-stabilized
MAPDbBr;, the mechanochemical synthesized composite
showed far superior stability and could exist in various
solvents for over 15 days.

Conclusions and perspective

The integration of functional materials into the MOF matrix
allows for the utilization of the MOFs' high surface area and
porosity to protect the functional materials from external
environmental factors, resulting in enhanced stability and
functionality. Compared to infiltration synthesis and
template synthesis, mechanochemical synthesis provides a
fast, facile, green, and convenient way to produce the MOF
composite, with better structural robustness, porosity, and
smaller particle sizes, endowing the composite with great
potentials in many application fields. Furthermore, large
scale production is also more feasible via mechanochemical
synthesis.

However, this does not mean ball milling is a perfect all-
rounder. Excessive mechanical energy generated during
milling could lead to the amorphization of MOFs and
decomposition or damage to the functional materials, which
strictly limits the selection of the applied materials.
Meanwhile, impurities are more likely to occur, especially in
hand milling, causing difficulties for future applications. The
biggest problem about mechanochemistry is the poor
understanding of the mechanism, and hence scientists
cannot have full control of the modern mechanochemical
synthesis, which necessitates deeper and more systematic
understanding of the mechanochemical mechanism. In situ
spectroscopic analysis of the product/composite during
synthesis would be highly desirable, although highly
challenging due to high-speed movement.

Future studies on the mechanosynthesis of MOF
composites may see the increased use of an emerging class
of MOFs known as MOF glass, which can be an effective
hosting matrix in addition to MOF crystals due to increased
processability and interaction with functional materials
during melting. In addition, interfacial defects in the MOF
composites can also be regulated and eliminated through
heat treatment.
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The construction of a mixed-matrix architecture via the
mechanochemistry for MOF-MOF composites has a unique
benefit in that the issue of lattice mismatch with other
crystalline MOFs can be avoided. The implementation of
glassy MOFs as the shell can further promote interfacial
chemical bonding with the core MOF due to the formation of
a liquid state upon melting.

Although the product obtained from mechanochemical
synthesis is typically in the form of a solid powder, it can be
further applied to form a coating on the substrates in situ. It
is possible to transfer MOF powders as a coating onto a non-
prefunctionalized substrate such as porous polymer
membranes or carbon cloth using the mechanochemical
route.> This is due to the generation of surface oxide
functional groups and atomic inter-diffusion layer by the high
energy mechanochemical treatment for the stable anchoring
of MOFs to the substrates. We imagine that with further
regulation and optimization of the milling parameters, the
mechanochemical synthesis of MOF composites can be
coupled with the in situ formation of a coating on a substrate.
It should be acknowledged that this would be difficult to
implement at the current stage due to the poor understanding
of the mechanochemistry mechanism surrounding MOF
synthesis, but with increasing studies, this could be
achievable. This would not only improve the recyclability of
the MOF composites but also enable their synthesis and
assembly in practical devices in one step, with minimal or no
wastage of solvents and products.
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