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Metal-organic frameworks (MOFs) have become increasingly important as a class of porous crystalline
materials because of their diverse applications. At the same time, significant progress has been achieved
in the field of MOF-based composite materials toward novel applications based on the synergistic effect
of two or more different components. Clay materials have been explored recently in MOF chemistry for
the synthesis of MOF-clay composites, which are a new class of functional materials synthesized by a
cooperative combination of MOFs with clay. Such composites have evolved only in the recent past with
important functions and applications, such as enhanced gas storage and separation, CO, capture and
conversion, catalysis, drug delivery, and water harvesting. Notably, the typical shortcomings of MOFs,
such as moisture sensitivity, poor water dispersibility, poor thermal and chemical stability, and poor pro-
cessability, could be overcome by developing novel MOF-clay composites. This article provides a concise
overview of MOF—-clay composites and their applications in various fields that will drive the interest of
researchers to explore the emerging field of MOF—clay chemistry. In the initial sections, we classify the
clays that have been used in MOF chemistry and briefly discuss their structures and chemistry. We also
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present the advantages of MOF—-clay composites and discuss their synthetic methodologies. In the later
sections, we classify different MOF—-clay composites based on the clay and present some representative
examples of such composites that show unique properties and applications. Finally, the development in

rsc.li/dalton this field is summarized, and the future scope of such composites is discussed.

ceutical and biomedical applications.’ In recent times, follow-

1. Introduction
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Clays are materials that have played a significant role in
human civilization from ancient times to current modern life
and serve various industries like ceramics, plastics, and cos-
metics. Typically, clay is defined by its fine mineral particles
(<2 pm) mainly consisting of Al-based hydrous layered sili-
cates, although it sometimes contains iron, alkali metals, or
alkaline earth metals.'™ The exploration of clay, termed ‘clay
science’ or ‘argillology’, gained traction in the mid-1930s when
the ‘clay mineral concept’ was widely recognized.® Some of the
naturally occurring clays are long known in history, such as
pyrophyllite, talc, montmorillonite (MMT), saponite, palygors-
kite (PAL), sepiolite (SEP) and halloysite, and they have shown
promise in catalysis, adsorption,*” photocatalysis,® pharma-
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ing the emerging needs of civilization, chemists have devel-
oped a number of tailor-made synthetic clay materials, such as
cloisite 30B, layered double hydroxide (LDH), laponite (LP) and
aminoclay (AC),>%"'°'* which have shown exceptional potential
in various fields such as catalysis,">">™*° biomedicine,'®""'?
adsorption,* rheological studies,' drug delivery*®> and solubil-
izing insoluble dyes.*® Clay materials have attracted widespread
research interest and a number of research articles have been
published on the synthesis, characterization and application of
both natural and synthetic clays.***

Metal-organic frameworks (MOFs) are inorganic-organic
hybrids that have emerged over the last few decades as novel
functional materials.>*>® The porous crystalline frameworks of
MOFs are formed through the self-assembly of inorganic
nodes and organic linkers.”**° The exceptional modularity
and tunability of MOFs have prompted extensive exploration
into their diverse applications like chemical sensing,*"** sep-
aration,*® ijon exchange,® drug delivery,>*?® gas storage and
release,””?”° exclusion of harmful substances from the
environment,*® catalysis* ** and degradation of chemical
warfare agents.”>™*” Despite their potential, MOFs have some
shortcomings, such as inadequate thermal, chemical and
mechanical stability, and poor processability, which eventually
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limit their applicability. Hence, stability and processability
stand as imperative necessities for exploring the potential use
of MOF materials in desired applications and also for enhan-
cing the scope of MOFs in practical fields. Thus, the current
research goal is the development of new materials based on
MOFs, which can meet the requirements of evolving fields
without compromising the integrity of original MOFs, such as
their crystalline nature and porosity. In this context, research-
ers have come up with a carefully crafted method that inte-
grates MOFs with other functional materials. This approach
opens the door for the creation of new superior MOF
composites.*®*® At present, numerous MOF hybrids have been
reported, which are synthesized by integrating MOFs with
various functional materials like graphene and graphene
oxide,>>*! silica,”® carbon nanotubes,” quantum dots,>"**
alumina,®® metal oxides,”” polymers,>® metal nanoparticles/
nanorods®® and nanoclay (natural and synthetic).®*%”

MOFs have been synergistically fused with a number of
natural and synthetic clays, and such judicious fusion has
resulted in the mitigation of the typical shortcomings of MOFs
that have also exhibited novel properties and applications
(Scheme 1). The functions and applications of MOF-clay com-
posites range from enhanced gas adsorption and separation,
CO, conversion, water harvesting, drug delivery, dye removal
and degradation, chemical warfare agent simulants and
catalysis.®*®” Although explored only recently, MOF-clay com-
posites represent an emerging field and we believe that these
composites may take MOF research to the next level by advan-
cing the scope and real applications of MOFs. Recently, we
developed different highly processable MOF-based composites
with AC and LP that showed enhanced CO, adsorption,
separation, chemical fixation efficacy and atmospheric
water harvesting compared to those of the individual
components.*>*”°°* In this article, we have highlighted the
synergistic approach for combining selected MOF and clay
materials and how such combinations have resulted in desired
functional composites. We first briefly introduce the classifi-
cation and structure of clay materials with an emphasis on the
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clays used in MOF chemistry (Schemes 2 and 3). We also
present the advantages of MOF-clay composites over other
contemporary functional materials and outline different syn-
thetic methodologies to furnish these composites. In the sub-
sequent sections, we categorize MOF-clay composites based
on the types of clay used and discuss some representative
examples. Finally, we summarize this emerging field and
present a future outlook on the scope of these composites as
next-generation MOF-based materials.

2. Brief introduction to clay
materials: classifications and
structures

For a long time, clay minerals have been known for their mal-
leability, allowing them to be shaped when moist and then
solidifying this shape upon drying or heating, provided it
retains appropriate moisture levels. While clays are primarily
composed of phyllosilicates, their additional constituents can
influence their plasticity or hardening characteristics.>® Clay
minerals are mainly classified depending on the arrangement
of their layer type and layer charge. Detailed discussions on
their structure and classification are not part of the scope of
this review but these can be found in the literature."™
However, before discussing MOF-clay composites, we will
present a brief overview of clay minerals to understand their
general structures and types. In particular, we will discuss
those specific clays that have served as crucial functional
materials in novel MOF-clay composites.

Clays are mainly divided into two classes depending on the
ratio of tetrahedral and octahedral layers, i.e., 1:1 and 2: 1. In
the case of a 1:1 clay structure, one octahedral sheet aligns
with one tetrahedral sheet.'™ On the other hand, in the case
of a 2:1 clay structure, the basic unit of the clay layer contains
one octahedral sheet that is enclosed between two tetrahedral
sheets facing opposite directions. Further categorization of
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Scheme 1 Scheme showing MOF—-clay composites and their diverse properties and applications. *Different types of clay structures are presented

in Schemes 2 and 3.
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Scheme 2 Structural representation of natural clays used in MOF chemistry.

clays involves considering the innate charge present in the
clay’s basal plane, which results from different substitutions
present in the octahedral and tetrahedral sheets. According to
the literature, clays have also been categorized as either
natural or synthetic/modified clays. Generally, natural clays are
commonly classified into three to four principal groups,
namely montmorillonite-smectite, kaolinite, illite, and poten-
tially chlorite. The kaolinite group encompasses minerals such
as halloysite, kaolinite, dickite, and nacrite, whereas the mon-
tmorillonite-smectite group includes talc, pyrophyllite, sauco-
nite, vermiculite, nontronite, saponite, and montmorillonite.
The illite group primarily consists of clay minerals referred to
as clay micas, with illite being the predominant mineral
within this category.' Natural clays, despite their abundance,
present notable drawbacks when compared to synthetic/modi-
fied clays. A major issue is their chemical variability depending
on the source of extraction, which can lead to variations in
their colour, texture and properties. Additionally, crystallo-
graphic imperfections stemming from their genesis and
deposit location, along with the presence of impurities, pollu-
tants, and poor dispersion in water (i.e., smectite, kaolinite,
and bentonites), limit their suitability for many important
applications. This backdrop particularly hinders their use in
fields that require precise chemical control, such as biomedi-
cine.? In this regard, synthetic clays have shown promise, such
as that through their enhanced water dispersibility, which is
essential for many biological and catalytic applications.'*™°

This journal is © The Royal Society of Chemistry 2025

Such promising properties and applications of clays have also
been achieved in MOF-clay composites, with additional fea-
tures originating from the MOF counterpart.®*”” Schemes 2
and 3 present brief structural overviews of clays that have been
used in MOF chemistry. Illustrative examples of selected clays

and their MOF composites are discussed in section 4.

3. MOF-clay composites:
advantages over other materials and
synthetic methodologies

Over the years, MOF research has translated synthesizing new
MOFs and expanding their family to fabricating new MOF-
based functional materials. After realizing that MOF compo-
sites could enhance the scope of MOFs many fold, chemists
escalated research on MOF composites, which has primarily
evolved over the last decade.*®>"% In the design of MOF com-
posites, the choice of other functional materials is crucial as
this ultimately directs the microstructures, properties and
applications of the resulting hybrids. Literature surveys on
emergent MOF-clay composites clearly suggest that clays offer
unique advantages for uplifting the properties and appli-
cations of MOFs. Certain aspects give MOF-clay composites an
edge over the pristine parent materials (MOFs and clay) and
other contemporary porous composites, such as:

Dalton Trans., 2025, 54, 433-457 | 435
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Scheme 3 Structural representation of synthetic clays used in MOF chemistry.

1. A suitably functional clay can undergo distinctive
cooperative interaction with selected MOFs and such coop-
erativity enhances the properties of the composites,
making them ideal for gas storage and separation, CO, fix-
ation and conversion, catalysis, drug delivery and water
harvesting.®®"®” The resulting hybrids often show enhanced
properties compared to those of the parent MOFs or clay;
and sometimes introduction of a completely new property
can be possible.

2. Many natural clays are abundant and environment
friendly, while a good number of synthetic clays are in-
expensive and easy to synthesize. Their abundance and cost-
effectiveness are advantageous while we choose clay as one of
the parent materials in MOF composites. This is in contrast to
other functional materials such as metal nanoparticles or
quantum dots that have been used in MOF chemistry to make
composites.

3. Some synthetic clays, such as AC,°>'°° offer diverse
opportunities to functionalize their 2D nanosheets. Such
functionalization supports MOF nucleation and growth by
offering unique interactions between the MOF building blocks
and the functionalized clay surface.

436 | Dalton Trans., 2025, 54, 433-457

4. The high thermal stability and robust structure of clays
are expected to enhance the stability (thermal and mechanical)
of the resulting MOF composites.®*°%°%9

5. The high water dispersibility of certain synthetic clays
(e.g., AC and LP) offers a unique opportunity to fabricate water-
dispersible MOF composites®®®® using MOFs that are mostly
insoluble and non-dispersible in the majority of solvents,
including water. Such water dispersibility of these composites
is promising for their practical applications, such as making
membranes for devices and biological applications.

The cooperativity in a composite originates from the inter-
action of the MOF’s nodes and linkers with the clay and hence
the choice of parent materials is crucial for the design of
these composites. While the parent design has to be done
thoughtfully, the formation of composites is often serendi-
pitous, occurring by self-assembly reactions under certain
conditions and it is difficult to predict the exact microstruc-
ture/morphology and properties of the composites.
However, by applying knowledge of synthetic and supramo-
lecular chemistry, judicious approaches have been adopted
to synthesize various MOF-clay composites. Broadly, the
synthesis of MOF-clay composites (Scheme 4) can be cate-

This journal is © The Royal Society of Chemistry 2025
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gorized into two primary methods: in situ growth of
the Composite862—66,68—75,77,78,80—83,90—94,96,101—103 and an
ex situ process involving post-synthetic
modification,®0:0167:76:79,84,86-89,95,97 1 the case of the
in situ method, MOF precursors are added to the clay com-
ponent and the composite forms in a single-step (one-pot)
process; meanwhile, the ex situ method involves the inter-
action of a pre-synthesized MOF with its clay counterpart.
The in situ method has been widely adopted to develop
well-integrated composites and a notable example is the
synthesis of CUuBTC@AC composites, where amine-functio-
nalized AC sheets stabilize Cu®' ions, preventing their
aggregation and facilitating the formation of ultra-small
CuBTC nanoparticles on the AC surface.’® Other represen-
tative examples include the in situ growth of Ru-MOFs on
MMT using a solvothermal method,*” and the synthesis of
UiO-66/PAL composites via a one-pot process.”* Fabrication
of new core-shell MOF structures has also been possible by
the in situ approach, although the process is often
serendipitous.®®*°®1%171% A few typical examples include
the core-shell Fe;0,@AC-NH,@Cu-opa composite’® and
the core-shell drug@M-ZIF-8 nanosystem.®® The details of
synthetic pathways of such core-shell composites along
with their features are also discussed in section 4. The ex
situ approach is relatively less frequently observed, but has
been found to be effective in furnishing novel composites
with targeted microstructures and properties. An example
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of this technique includes the coating of preformed ZIF-8
MOF nanoparticles with layers of LP clay for the targeted
fabrication of a hydrogel nanocomposite exhibiting con-
trolled delivery of drug molecules.®® Using an ex situ
method, Co-based spinel nanocrystals have also been
assembled on ZIF-67 frameworks to form the LP@ZIF-67
composite.®®

Synthetic routes to MOF-clay composites may also be classi-
fied based on the growth of one component on the other.
There are two categories where (i) MOFs are grown on the clay
surface®707277578,81-83,90.100 and  (ii) clays are grown on
MOFs.”*1%>71%8 1n cagses where MOFs are grown on clay, the
hydrothermal/solvothermal method is commonly employed,
promoting strong interactions between the clay surface and
the MOFs.”%7>7%% For example, the MIL-53(Al)@AC nano-
composite is synthesized via a hydrothermal method where
the MIL-53(Al) MOF is grown on the AC surface.”> The tem-
plate method is sometimes employed to grow MOFs on the
clay surface, resulting in hollow MOF structures. A representa-
tive example is the formation of a composite in which ZIF-8
nanocrystals are grown onto H-LDH, yielding the successful
fabrication of H-LDH@ZIF-8.'** Conversely, growing clay on
the surfaces of MOFs is a less common approach and to the
best of our knowledge, this approach is primarily limited to
growing LDHs on MOFs."® % Representative examples
include the synthesis of a novel NiFe-LDH@Ni-MOF/NF hetero-
structured electrocatalyst'®® and core-shell Co-HKUST@CoMn-

Synthetic Methodologies of MOF-Clay Composites

Based on Synthetic Routes

Ex Situ/Post-
Synthetic Self-
Assembly

Based on Growth of MOF/Clay

MOFs Grown
on Clay

Clays Grown on
MOFs

Common Methods for Fabrication

Chemical Etching | Electrodeposition | Template Method | Solvothermal Method

Scheme 4 Schematic representation of the synthetic methodologies of MOF-clay composites.
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LDH composites'® by the electrodeposition method and fabri-
cation of the HCSs@Mn/Co-LDH composite by the chemical
etching method."%”

4. MOF-clay composites based on
different types of clays

Among different types of nanoclays (natural and synthetic),
there are a few clays that have shown promise in MOF-clay
chemistry. Natural clays include halloysite, MMT, SEP and
PAL, while synthetic clays are LDH, cloisite 30B, AC and LP
(Schemes 2 and 3). Halloysite, a natural clay mineral, has a
tubular structure with inner surfaces carrying positive charges
due to aluminium hydroxide and outer surfaces bearing nega-
tive charges from siloxane groups. Under highly acidic con-
ditions, its outer surfaces can become positively charged.
These surface properties are key for applications in various
fields like drug delivery, catalysis and tissue engineering.’
Only a few halloysite-MOF composites are known, and these
have shown promise in catalysis,”*’> flame retardancy,”® and
adsorption.”” Cloisite 30B is a modified MMT clay synthesized
by the exchange of Na' ions present in MMT with an organic
modifier. A 3D printing strategy was employed to construct a
hierarchical porous framework of MOF-cloisite composites for
the quick and highly efficient removal of dye from wastewater,
as reported by Rahimi and co-workers.”® LDHs are anionic
lamellar chemical compounds that contain cationic brucite-
like sheets,®® which are stabilized by charge-balancing anions
and interlayer water molecules. The LDH-MOF composites
reviewed in  the literature®® show promise as
supercapacitors,”*® in water remediation systems,®'"®* and as
energy storage and environmental devices.'® In this article,
we have limited our discussion to MOF composites with some
important clays such as MMT, SEP, PAL, LP and AC. In the fol-
lowing sections, we present some representative examples of
such composites, which may emerge as next-generation MOF-
based materials with desired functions and applications.

4.1. MOF-montmorillonite composites

MMT is an extensively studied natural clay because of its abun-
dance and cost-effectiveness. It is characterized by a 2:1
layered framework comprising an octahedral alumina sheet
flanked by two inward-pointing tetrahedral silica layers having
a common formula (Na, Ca)y33(Al, Mg),(Si;O10)(OH),-nH,0
(Scheme 2).>”° MMT/MOF composites have shown great
promise in various applications, including water remediation,
drug delivery, improvement in the wear resistance of resins,
and catalysis.®®"®° Inspired by the natural adsorbent properties
of clays and further exploiting the porosity of MOFs,
Shariatinia et al.®® explored the effectiveness of natural clay-
based MOF composites such as H-MMT/MOF-5 and H-MMT/
MOF-199 as highly effective adsorbents for the removal of
methylene blue dye (MB). Na'-MMT clay was first transformed
into activated H-MMT by treating it with a strong acid, H,SO,
(Scheme 5). By acid treatment, the porosity of the clay was
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enhanced, resulting in an increase in its dye uptake ability
compared to that of the Na*~-MMT. The clay mineral H-MMT,
known for its larger specific surface area (SSA) and reactive OH
groups, was identified as an excellent candidate for furnishing
a cost-effective and environmentally friendly composite adsor-
bent. Subsequently, the authors reported various composites
of H-MMT/MOF-5 and H-MMT/MOF-199 (Scheme 5) having
enhanced adsorption capacity compared to that of H-MMT.
PXRD patterns of all the synthesized materials, including
H-MMT, MOF-5, H-MMT/MOF-5, MOF-199, and H-MMT/
MOF-199 indicated the effective formation of the H-MMT/
MOF-5 composite. The surface morphology of MOF-5 revealed
well-defined cubic particles with a smooth surface, while the
H,SO,-modified H-MMT clay exhibited substantial plate aggre-
gates with a sheet-like structure. FESEM images of H-MMT/
MOF-5 showed that MOF-5 particles are distributed between
and on the surface of the H-MMT layer. MOF-199 displayed
polyhedral particles with defined edges and a clear porous
structure, indicative of high crystallinity.

The morphology of H-MMT/MOF-199 depicted particles dis-
persed between and on the surface of H-MMT sheets.
Following the adsorption of MB onto the H-MMT/MOF-5 and
H-MMT/MOF-199 surfaces, SEM micrographs showed agglom-
erations in specific regions resulting from interactions among
the mixed particles. The anions present on the solid surface of
the adsorbent can attract positively charged dye ions in the
MB solution, leading to the aggregation of adsorbent particles.
Moreover, after adsorption, the surface became smoother and
more uniform, indicating slight alterations in the adsorbent
surfaces caused by the dye molecules. Thermodynamic experi-
ments revealed that at temperatures ranging from 283 to
313 K, when H-MMT/MOF-5 and H-MMT/MOF-199 were used,
all reactions were spontaneous and exothermic. The mecha-
nisms of MB adsorption by the H-MMT/MOF-5 and H-MMT/
MOF-199 composites were attributed to the creation of
H-bonds, electrostatic attraction, and =n-n interactions.
Optimal MB removal efficiencies of 97.52% and 98.73% were
achieved for the 60% H-MMT/40% MOF-5 and 70% H-MMT/
30% MOF-199 composites, respectively, with corresponding
maximum adsorption capacities (¢may) of 192.3 mg g~ and
238.09 mg g~ '. Comparison between H-MMT, H-MMT/MOF-5,
and H-MMT/MOF-199 demonstrated that H-MMT/MOF-199
was the most effective adsorbent, as it exhibited a higher gnax
value and a larger surface area.

Zhang et al. explored the advancement of durable PBO
(poly(p-phenylene benzobisoxazole)) fabric composites by
adding Co-MOF nanosheets and OMMT (modified MMT).**
Co-MOF nanosheets were deposited at the interface of the PBO
fabric via coordination interactions to enhance surface pro-
perties such as roughness and compatibility of the PBO fabric,
which significantly enhanced the interfacial adhesion at the
interface of the composites. FESEM images (Fig. 1) revealed
that the surface of pure PBO fibers was extremely uniform and
smooth. Also, PBO fibers were uniformly coated with the
nanosheets, enabling the phenolic resin to infiltrate the loose
structures and form strong mechanical interlocking between

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Schematic representation of (a) formation of the modified H-MMT structure and (b) possible interactions of H-MMT occurring with
MOF-5 or MOF-199. This figure has been adapted from ref. 60 with permission from Elsevier, copyright 2023.

the PBO fibers and the matrix. Elemental mapping images
(Fig. 1) of the Co-MOF@PBO fabric showed homogeneous dis-
tribution of C, O, and Co elements across the fiber surfaces,
indicating well-distributed deposition of the Co-MOF onto the
fibers. OMMT, with expansive layer spacing, tends to slip
between its layers, facilitating its dispersion within the resin
matrix. This dispersion aids in forming a transfer film on the
contact surface and promotes physical entanglement with
resin chains, enhancing the composite’s mechanical pro-
perties. It also enhanced the compatibility with the resin and
its larger layered structure, resulting in better durability. The
research found that Co-MOF@PBO/OMMT composites
showed excellent wear-resisting ability due to the mutual
effect of the modified Co-MOF interface and OMMT
reinforcement. The study emphasized the significance of
interfaces and reinforcement in boosting the resistance to
abrasion in fabric composites. Moreover, tribological tests
were carried out on a pin-on-disc tester to show how the
OMMT filler influences tribological behaviour. The results

This journal is © The Royal Society of Chemistry 2025

demonstrated that the composite with the addition of 2 wt%
of OMMT filler presented excellent anti-wear resistance and
the wear rate was reduced by 19.1% compared to the compo-
site without the addition of filler.

Miao et al.®® presented the catalytic properties of a novel
MMT/MOF composite material, Ru-MOF_MMT, which consists
of Ru-MOFs [Ruy™(BTC),X,Y, 5s_,] (where, BTC = 1,3,5-benze-
netricarboxylate, X, Y = ClI” or OH™) grown on MMT
(Scheme 6). This composite was synthesized through an in situ
solvothermal reaction that significantly enhanced its surface
area, thereby boosting its catalytic capabilities. After the syn-
thesis of the composite, the material underwent an annealing
process that disrupted the Ru-MOF structure, creating coordi-
natively unsaturated sites (CUS) essential for catalytic activity.
The N, adsorption-desorption isotherms of all the samples,
ie.,, MMT, Ru-MOF_MMT and Ru MMT showed a large
specific surface area (265 m> g~') of the composite as com-
pared to that of the other materials due to the presence of CUS
in the structure. The Ru-MOF_MMT composite exhibited

Dalton Trans., 2025, 54, 433-457 | 439
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Fig. 1 FESEM images of (a) pure PBO fabric, and (b) and (d) Co-MOF nanosheets anchored onto the fabric, and (c) elemental mapping of Co-
MOF@PBO fibers showing uniform distribution of all the elements. This figure has been adapted from ref. 61 with permission from Elsevier, copy-

right 2022.

Montmorillonite lamellas

Scheme 6 Schematic representation of the in situ growth of the Ru-MOF on the surfaces of MMT and the Ru nano-clusters developed after H,
annealing at 300 °C. This figure has been adapted from ref. 62 with permission from Elsevier, copyright 2016.

exceptional efficiency in catalyzing benzene hydrogenation,
achieving a high turnover frequency (TOF) of 3478 h™'. The
catalyst demonstrated remarkable stability, maintaining its
activity over at least five cycles without any degradation of the
catalyst.

Bai et al.”” discussed the development of a new core-shell
nanosystem for drug delivery named drug@M-ZIF-8. The devel-
opment of drug@M-ZIF-8 involved a process where drugs were
encapsulated within ZIF-8 and then coated with MMT (M) to
form a core-shell nanoplatform. The authors explored the
drug encapsulation in ZIF-8 by one-pot synthesis using three

l. 63
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different types of nonsteroidal anti-inflammatory drugs
(NSAIDs) such as rhodamine (Rho), sorafenib (Sor) and asprin
(Asp), denoted as drug@ZIF-8 (Rho@ZIF-8, Sor@ZIF-8 and
Asp@ZIF-8) (Scheme 7).

The uniform capping of MMT over drug@ZIF-8 was pro-
cessed by the electrostatic interaction present in the system.
M-ZIF-8 had the potential to deliver NSAIDs to reduce inflam-
mation without causing irritation in the gastrointestinal (GI)
tract and promoting the healing of mucosal tissues. The con-
trolled release of drugs extended GI retention and reduced tox-
icity. Testing in both gastritis and colitis models confirmed

This journal is © The Royal Society of Chemistry 2025
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the effects of M-ZIF 8 on drug delivery and mucosal
improvement.

4.2. MOF-sepiolite/palygorskite composites

Fibrous natural clays SEP and PAL are composed of mag-
nesium hydrosilicate, belonging to the group of silicates. SEP
has an ideal formula of Si;;MggO30(OH)4(H,0)4-8H,0, while
PAL has an ideal formula of SigMgs0,0(OH),(H,0),-4H,O.
Both clay minerals (SEP and PAL) exhibit similar structures,
with tetrahedral units facing the same direction, forming a
2:1 ribbon extending along the g-axis direction (Scheme 2).
The potential use of SEP and PAL clays by integrating them
with MOFs has been explored to overcome the drawbacks of
MOFs for various practical applications such as gas storage/
separation, adsorption, catalysis and environmental
remediation,®””* and we discuss a few representative compo-
sites here.

Zhang et al.®” reported an inventive method for enhancing
the flame retardancy of thermoplastic polyurethane (TPU) by
incorporating a hybrid material comprising a combination of a
prototype MOF (ZIF-8) and SEP clay. FTIR and PXRD tech-
niques were employed to verify the existence of characteristic
peaks and lattices associated with ZIF-8 and SEP, affirming the
successful synthesis of the hybrid. FESEM and EDS offered
insights into the microtopography and elemental composition,
revealing a rough surface and the presence of Si, Mg, Zn, and
N elements (Fig. 2). The study illustrated that the synergistic
flame retardant, ZIF-8@SEP, not only improved the limiting
oxygen index (LOI) and flammability performance
(UL-94V-0 grade rating of TPU), but also significantly reduced
both the heat release rate and total heat release, thus contri-
buting to a safer material with reduced fire hazards.
Additionally, the novel flame retardant effectively absorbed

This journal is © The Royal Society of Chemistry 2025

smoke, mitigating the increased smoke production typically
caused by aluminium hypophosphite (AHP). Notably, the inte-
gration of ZIF-8@SEP in TPU composites has minimal impact
on the material’s tensile strength and elongation at break,
ensuring the preservation of its mechanical integrity.

Pawar and co-workers®® synthesized novel MOF-clay compo-
site materials by an in situ method, denoted as MOF@SEP,, (n
= 1-4), by precipitating a stable MOF, {ZrsO,(OH),(ABDC)s}
(where ABDC = 2-aminobenzene-1,4-dicarboxylic acid), onto
the natural clay SEP. Among all the composites, MOF@SEP_3
showed better N, adsorption at low pressure than the parent
MOF and the clay material. FESEM images demonstrated that
the parent MOF particles were finely dispersed on the surface
of the SEP clay. The composites exhibited enhanced thermal
stability as the loading of the clay mineral increased. In the
presence of visible light irradiation, the MOF@SEP_3 compo-
site showed efficient adsorption due to the synergy present in
the MOF@SEP_3 composite. These composites were also
employed as photocatalysts for the degradation of organic dyes
in aqueous solutions, and the MOF@SEP_3 composite was
found to be more effective for photocatalysis.

wang et al® developed PAL/MIL 88A(Fe) composites
(PMFe-x, x is the added amount of Fe(m) salt in mmol) to
remove Congo red dye in water treatment. Integrating PAL into
MIL-88A(Fe) composites through an in situ growth method by
using different amounts (2, 6, 10, 14 and 18 mmol) of Fe(u)
salt resulted in an enhancement in stability and adsorption
capabilities in the case of the PMFe-10 composite. The PXRD
pattern of all the samples revealed that the pure phase of
MIL-88A was present in the composite. SEM images of the
samples showed the successful formation of composites with
an increase in the roughness on the surface due to the pres-
ence of PAL content (Fig. 3).
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Fig. 2 SEM images of (a) ZIF-8, (b) SEP, and (c) ZIF-8@SEP. (d) EDS spectrum of ZIF-8@SEP. This figure has been adapted from ref. 67 with per-

mission from Elsevier, copyright 2021.

Fig. 3 FESEM images of (a) MIL-88A(Fe) and (b) PMFe-x. This figure has been adapted from ref. 69 with permission from Elsevier, copyright 2023.

The PMFe-10 composite showed absorption efficiency and
acid/alkali resistance at various pH levels, achieving a
maximum adsorption capacity of 1141.4 mg g~ for Congo red
in only 3 hours. In addition to this, the composite also showed
efficient regeneration and reusability over five cycles by using
one-step pyrolysis carbonization (Scheme 8). The mechanisms
behind the adsorption of Congo red by the composites
involved H-bonding interaction, electrostatic attraction and
coordination effects.

4.3. MOF-laponite composites

LP is a tailor-made clay mineral that bears a striking resem-
blance to hectorite clay (a naturally occurring clay). Both LP
and hectorite are phyllosilicates that belong to the smectite

442 | Dalton Trans., 2025, 54, 433-457

group, characterized by a unique 2:1 crystal structure made
up of stacked units containing two sheets of tetrahedral silica
surrounding an octahedral sheet that contains one Mg”"
cation.'®"" The microstructure of LP can be represented as an-
isotropic disks having particle diameters of approximately
25 nm and a width of less than 1 nm (Scheme 3). Its chemical
composition, Na®y;[(SigMgs 5Lig.3)020(0H),]*7, suggests the
presence of positively charged lithium ions substituting for
magnesium ions in its framework. Recently, a number of novel
nanocomposite materials based on LP have shown promise,
thanks to their high water dispersibility and the remarkable
rheological properties of LP.*"'**''* In an aqueous medium,
the delamination of LP nanosheets into a single nanosheet
enhances the surface area, thereby enhancing the interaction

This journal is © The Royal Society of Chemistry 2025
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Scheme 8 Adsorption of Congo red using PMFe-x composites and the carbonization regeneration cycling process. This figure has been adapted

from ref. 69 with permission from Elsevier, copyright 2023.

with biomolecules. Apart from their use in biomedicine,
remarkable features and applications, such as fabrication of
shape-persistent modulable hydrogels,""" targeted drug
delivery’®'! or solubilizing an insoluble dye,* could also be
achieved by judiciously synthesizing LP composites. Despite
the great promise of LP to furnish functional nanocomposites,
its exploration in MOF chemistry is limited. Our group envi-
saged that the self-assembly of MOF NPs with LP would be an
interesting field to pursue, targeting nanocomposite hydrogels
with enhancement in solution processability, high mechani-
cal/thermal stability, and stimuli-responsive behaviour.
However, it may be noted that the fabrication of a soft gel
material from a hard MOF material is not an easy task.
Strategies such as cross-linking of organic polymers with
MOFs""*™* or conversion of surface-anchored MOFs''* have
been adopted to furnish MOF-derived gels, which often involve
tedious synthetic processes. Self-assembly of MOF NPs with LP
paved the way for facile and easy fabrication of MOF-based

hydrogel nanocomposites of ZIF-8 and LP nanoclay.®®
Employing a charge-assisted self-assembly method, we suc-
cessfully coated the positively charged surfaces of ZIF-8 NPs
with LP, known for its negatively charged facets, resulting in
the formation of a ZIF-8 + LP hydrogel nanocomposite. Our
study also highlighted the controlled release of 5-fluorouracil
(FU) from a hydrogel composite encapsulating FU-loaded ZIF-8
(FU@ZIF-8 + LP) (Scheme 9). Additionally, we demonstrated
the formation of a fluorescent hydrogel by initially encapsulat-
ing the fluorescent “drug mimic” fluorescein within ZIF-8, fol-
lowed by gelation with LP.

TEM images showed that the LP layers coated the surface of
hexagonal ZIF-8 NPs in a ZIF-8 + LP xerogel as a consequence
of the strong interaction between the unsaturated Zn>" sites on
the surface of ZIF-8 NPs and the negatively charged faces of
LP. Rheological analysis confirmed the viscoelastic nature of
the ZIF-8 + LP hydrogel, with the storage modulus (G') surpass-
ing the loss modulus (G”) (Fig. 4).
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Scheme 9 Schematic illustration of (a) the structure of ZIF-8, (b) the structure of LP, and (c) the self-assembly of ZIF-8 and LP NPs toward nano-
composite gel formation. This figure has been adapted from ref. 86 with permission from the American Chemical Society, copyright 2018.
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Fig. 4 (a) TEM image of the ZIF-8 NPs, (b) image of the ZIF-8 + LP hydrogel, (c) strain measurements of the ZIF-8 + LP hydrogel: black squares,
storage modulus (G'); red squares, loss modulus (G"). (d—f) TEM images of the ZIF-8 + LP xerogel. This figure has been adapted from ref. 86 with

permission from the American Chemical Society, copyright 2018.

By employing a one-pot synthesis technique, we embedded
the fluorescein dye molecule within ZIF-8 NPs, resulting in the
formation of fluorescein@ZIF-8. Gelation performed using LP
and fluorescein@ZIF-8 produced the hydrogel composite,
fluorescein@ZIF-8 + LP, which displayed an intense radiant
bright-green emission, arising from the embedded dye. The
hydrogel exhibited a lifetime and a quantum yield of 3.8 ns
and 86%, respectively. Moreover, the composite demonstrated
superior processability, allowing for easy application onto a
glass substrate without compromising its emission properties.
The encapsulation of the small-molecule anticancer drug
5-fluorouracil (FU) into porous ZIF-8 and subsequent gelation
of the FU@ZIF-8 material with LP yielded a stable hydrogel
composite FU@ZIF-8 + LP, which exhibited a finely tuned pH-
responsive release mechanism for the encapsulated FU mole-
cules, contrasting with the uncontrolled release of the drug
from FU@ZIF-8 alone. This control was attributed to the
surface coating of FU@ZIF-8 particles by LP layers (Scheme 9).

Another study from our laboratory delved into the for-
mation of a nanocomposite hydrogel made up of Pd@ZIF-8
NPs and LP.*” This composite demonstrated size-selective cata-
lytic hydrogenation of olefins under mild conditions. Pd nano-
particle-decorated ZIF-8 and LP were employed to form a
stable hydrogel using a MeOH/water solvent mixture. The
PXRD pattern of the composite xerogel revealed the coexis-
tence of both ZIF-8 and LP components within the composite.
FESEM images of the PA@ZIF-8 + LP xerogel unveiled an inter-
woven network structure, with the Pd@ZIF-8 particles
embedded within a layered LP clay matrix. It was envisaged
that in the PA@ZIF-8 + LP xerogel, the inclusion of an extra
layer of LP in Pd@ZIF-8 has the potential to create additional

444 | Dalton Trans., 2025, 54, 433-457

variations in the diffusion of reactant molecules, resulting in a
finer sieving effect on reactants. To verify this, we conducted
various hydrogenation experiments on a range of alkenes
using both Pd@ZIF-8 and Pd@ZIF-8 + LP materials. These
reactions were carried out under optimized conditions, allow-
ing for direct comparison. The results revealed that the pres-
ence of LP introduced an added sieving effect, leading to lower
conversions over PA@ZIF-8 + LP as compared to Pd@ZIF-8.
This effect was particularly notable for alkenes containing
cyclic C6 rings. For instance, while both catalysts showed high
conversions for simple linear 1-hexene, Pd@ZIF-8 exhibited
significantly higher conversion rates than Pd@ZIF-8 + LP.
Similarly, conversions were substantially lower for styrene and
1-limonene over PAd@ZIF-8 + LP compared to Pd@ZIF-8.
Interestingly, mixtures of alkenes were also tested for hydro-
genation, revealing that PA@ZIF-8 + LP selectively hydrogen-
ated 1-hexene while leaving 1-limonene unaffected. In contrast,
Pd@ZIF-8 demonstrated conversions of both substrates. On
the other hand, PA@ZIF-8 + LP exhibited remarkable stability
and maintained its activity over four cycles, with negligible
changes observed in the conversion of 1-hexene.

Browe et al.®® demonstrated that integrating a high-aspect-
ratio and impervious filler like LP with a reactive UiO-66-NH,
filler component in polyethylene oxide (PEO) preserves the
alignment of the high-aspect-ratio component parallel to the
film surface. This not only enhanced the barrier protection
attributes of the hybrid material, but also enabled high water
vapor transport rates (WVTR) (Fig. 5).

The pH sensitivity of the UiO-66-NH, structure was investi-
gated, revealing that it only undergoes degradation at high pH
levels. PXRD pattern analysis suggested that at pH 8, the struc-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02789b

Published on 15 November 2024. Downloaded on 5/21/2025 9:58:32 PM.

Dalton Transactions

View Article Online

Perspective

MOF only Clay only Clay + MOF
| | :
Reaction with and — — 5 —1
diffusion through MOF —_— BWSTET around V __Diffusionaround

impermeable clay and

2‘ p bleclayfiller

reactionwith MOF

—
—_—
L I E—

Fig. 5 Toxic gas permeation behaviour for different filler combinations at equal times: (left) polymer + MOF, (middle) polymer + clay, and (right)
polymer + MOF + clay. This figure has been adapted from ref. 88 with permission from the American Chemical Society, copyright 2021.

tures of both UiO-66-NH, and LP were preserved, while
UiO-66-NH, lost all of its crystallinity at pH 10. As a result,
films were crafted at three different pH levels (pH 8, 9, and
10), incorporating the MOF, named PEO-U-pH x, LP, labeled as
PEO-LRD-pH x, and a combination of both MOF and LP,
referred to as PEO-U-LRD-pH x. Furthermore, a PEO control
film was produced to assess the comparative properties and
efficiency of composite films under different conditions. The
composite films prepared at pH 8 exhibited large spherulitic
structures within the standard PEO film, which displayed a
reduction in size on the addition of LP, indicating that the
PEO loses its complete crystallinity. SEM images of the PEO-U-
LRD composite at pH 8 revealed that the dispersion of UiO-66-
NH, within the PEO-U-LRD composite appeared relatively
uniform, although with larger aggregates compared to the
PEO-U counterpart, possibly attributed to interactions with LP
platelets. On the other hand, at pH levels of 9 and 10, a less
homogeneous distribution was observed, characterized by dis-
tinct regions of aggregated UiO-66-NH, particles.

Miao et al.®® investigated the fabrication of Co-based spinel
nanocrystals (NCs) through the thermal breakdown of clay
structures composed of LP, which were gathered on ZIF-67
frameworks ([Co(mim),],, mim = 2-methylimidazolate). This
work showcased the fabrication of a Co-based zeolitic imidazo-
late composite by coating the ZIF-67 framework using LP via
supersonic mixing, named LP@ZIF-67 with rhombic dodeca-
hedral morphologies. LP@ZIF-67 was used to embed spinal
NCs, ie., Co-Fe-Mg-O, by thermal treatments. During the
process, the Mg and Fe isomorphs within LP underwent a
transformation into FeCo,0O, and MgCo,0, NCs at a tempera-
ture of approximately 400 °C. Alongside the formation of
Co30, NPs originating from the breakdown of ZIF-67, spinel
structures comprising FeCo,0, and MgCo,0, were also identi-
fied and embedded within the LP cages. The adsorption—de-
sorption isotherms of the synthesized ZIF-67 exhibited type-I
behaviour. The SSA of ZIF-67 was found to be 1521 m”> g™,
while LP@ZIF-67 with LP loading of 8 wt% exhibited a
reduced SSA of 826.5 m> g¢”', confirming the integration of LP
with ZIF-67. This decrease was attributed to the packing of clay
sheets, which reduced the SSA. After calcination, the SSA of

This journal is © The Royal Society of Chemistry 2025

LP@ZIF-67 was found to be 135 m” g~* with type-IV behaviour.
The resulting LP@spinel composites exhibited promising cata-
Iytic properties in the molecular oxidation of cyclohexane.

4.4. MOF-aminoclay composites

Magnesium phyllosilicate functionalized with aminopropyl
groups, known as AC, is a synthetic, highly water-dispersible
clay, which was first reported by Mann and co-workers."” AC
was synthesized by the co-condensation of magnesium chlor-
ide and 3-aminopropyltriethoxysilane (APTES), where the high
pH of APTES facilitated catalysis, without requiring an
additional catalyst."> APTES undergoes hydrolysis in the solu-
tion, reacting with magnesium chloride to form AC at room
temperature. AC exhibits a greatly disordered talc-like 2:1
trioctahedral smectite structure, including a central brucite
sheet with octahedrally coordinated MgO/OH chains, which
are surrounded on both sides by an aminopropyl-functiona-
lized silicate network (Scheme 3). Inspired by the fact that AC
can act as an excellent structural template to stabilize metal
nanoparticles (MNPs), for the first time, our group decided to
explore the use of AC in MOF chemistry to furnish small MOF
NPs supported on the clay matrix.’® Our research indicated
that the functional amine groups within AC play a dual role as
nucleation and anchoring sites for ultra-small NPs of the MOF
{[Cu;(BTC),(H,0),]-xH,0} (CuBTC; BTC = 1,3,5-tricarboxylic
acid), typically measuring 2-3 nm in diameter. Notably, this
represents the inaugural report of such ultra-small NPs within
the realm of MOF chemistry.”® This work demonstrated that
the combination of such ultra-small MOF NPs grown on the
amine-functionalized clay could meet the challenge of furnish-
ing a water-dispersible MOF composite, exhibiting enhanced
CO, adsorption, separation and catalytic conversion (Scheme 10).

Three different composites were synthesized by varying the
loading of AC, namely CuBTC@AC-1, CuBTC@AC-2 and
CuBTC@AC-3 and the PXRD patterns of these composites
suggested the formation of the pure phase of pristine CuBTC
within the composites. TEM analysis (Fig. 6) demonstrated the
successful stabilization of small MOF NPs on a layered AC tem-
plate in both the CuBTC@AC-1 and CuBTC@AC-2 composites,
while the 3™ composite exhibited an irregular morphology,
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Scheme 10 Schematic representation of the synthesis of the CuBTC@AC composite from the CuBTC precursors and AC. Blue spheres: CuBTC NPs.
This figure has been adapted from ref. 90 with permission from the Royal Society of Chemistry, copyright 2016.

owing to too much clay content. The NPs of CuBTC@AC-2
have an average size of 2-3 nm and were uniformly distributed
on the AC layers, resulting in a stable dispersion in water,
which remained stable for over 6 hours, as compared to that of
bulk CuBTC (which is precipitated within 15 minutes).
Notably, CuBTC@AC-2 exhibited a substantially elevated
CO, uptake capacity at 298 K and 1 bar, reaching 120 mL g™,
a 46% improvement over CuBTC. At zero loading, pristine
CuBTC exhibited an isosteric heat of adsorption (Q) of 24 kJ
mol ™, while CuBTC@AC-2 showed a higher value of 38 KJ
mol ™", which closely resembles that observed in certain NH,-
functionalized MOFs. The enhanced CO, affinity observed in
CuBTC@AC-2 is attributed to the creation of active sites at the
interface between the MOF NPs and AC, facilitating the inter-
action with quadrupolar CO,. A single-component CO,, N, and
CH, adsorption isotherm analysis at 298 K and 1 bar revealed
high CO, selectivity of the CuBTC@AC-2 -composite.
Breakthrough column experiments using binary CO,/N, and
CO,/CH, mixtures at room temperature showed significantly
longer retention times for CO, in CuBTC@AC-2, indicating its
effectiveness in CO, gas separation from gas mixtures. At room
temperature and 1 bar of CO, pressure, CuBTC@AC-2 also acts
as a catalyst in the cycloaddition process between propylene
oxide and CO,, yielding propylene carbonate revealing a sig-
nificant increase in catalytic activity compared to the pristine

446 | Dalton Trans., 2025, 54, 433-457

CuBTC MOF. This was attributed to the high CO, absorption
ability of CuBTC@AC-2 and the uniformly distributed ultra-
small NPs that served as catalytic sites, enabling greater inter-
action between the substrate and the catalyst.

In the pursuit of developing more MOF-AC composites,
understanding their properties and enhancing their scope in
diverse applications, our group next explored the synthesis of
flexible MOF@AC composites.” Following our effort to
develop clay composites of flexible MOFs (F-MOFs), which are
well known in the MOF literature for their interesting gas
adsorption and separation behaviour,"*>"'® we pioneered a
novel approach for utilizing AC-templated synthesis to create
F-MOF nanocrystals.”’ This method allowed for the construc-
tion of new composite materials with tunable gas adsorption
and separation properties. The synthesis of F-MOF@AC com-
posites was carried out by using two different 2D F-MOFs: {[Cu
(pyrdc)(bpp)](5H,0)}, (F-MOF1) (pyrdc = pyridine-2,3-dicar-
boxylate; bpp 1,3-bis(4-pyridyl)-propane) and {[Cu
(dhbc),(4,4"-bpy)]-H,O} (F-MOF2) (Hdhbc = 2,5-dihydroxyben-
zoic acid, 4,4"-bpy = 4,4"-bipyridine). Both F-MOF1 and F-MOF2
undergo modifications to their structures after dehydration,
resulting in a constricted structure, whereas addition of guest
molecules causes structural expansion (Scheme 11). Different
composites of F-MOF1, denoted as F-MOF1@AC-1,
F-MOF1@AC-2 and F-MOF1®@AC-3, were synthesized by alter-
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Fig. 6 TEM images of (a) CUBTC@AC-1, and (b) CuBTC@AC-2 with size distribution histogram plots in the inset. (c) HRTEM image of CuBTC@AC-2 and
(d) the sample obtained by the solvothermal reaction of Cu@AC and BTC. Images of dispersion in water of (e) CuBTC 15 minutes and of (f)
CuBTC@AC-2 6 hours after preparation. This figure has been adapted from ref. 90 with permission from the Royal Society of Chemistry, copyright 2016.

.
Scheme 11 Schematic representation showing the guest-induced structural change in (a) F-MOF1 and (b) F-MOF2. This figure has been adapted
from ref. 91 with permission from the Royal Society of Chemistry, copyright 2017.

[Cu(dhbc),(4,4'-bpy)]

ing the AC loading. TEM images of all the composites exhibit viously reported rigid CuBTC MOF grown on AC.°° With an
the growth and stabilization of MOF nanocrystals seamlessly increase of AC loading in the F-MOF composites, the layers of
dispersed within the layered AC template, similar to the pre- AC were found to increase in the composites. N, sorption iso-
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therms at 77 K were recorded with the activated composites,
revealing notable type-IV-like behaviour for F-MOF1@AC-1,
while F-MOF1@AC-2 and F-MOF1@AC-3 exhibited negligible
adsorption (Fig. 7a). FFMOF1@AC-1 exhibited enhanced N,
uptake in comparison with the parent F-MOF-1, which was
attributed to the presence of finely dispersed MOF NPs, along
with enhanced accessibility and porosity relative to the bulk-
sized F-MOF-1. The presence of micropores and mesopores,
owing to the distribution of MOF NPs between AC layers and
void formation at the MOF NP-AC interface, further contribu-
ted to the elevated uptake.

The CO, adsorption behaviour of F-MOF1@AC-1 and
F-MOF1 at 195 K revealed stepwise CO, adsorption by
F-MOF1@AC-1, while pristine F-MOF1 showed gated behaviour
(Fig. 7b). The initial CO, uptake was attributed to the micro-
pores in the F-FMOF1@AC-1 composite and the sharp uptake
beyond P = 0.39 bar was assigned to the open phase of F-MOF1
in the porous composite. The other two composites,
F-MOF1@AC-2 and F-MOF1@AC-3, exhibited gated behaviour,
and the step/gate pressures of all the composites were found
to be higher than the gate-opening pressure of desolvated
F-MOF1. Such tunable step/gate pressure in the composites
was attributed to the fact that the activated phase of F-MOF1 is
more stabilized in the composites, as a number of amine
groups of AC are present in the composites, which helps in
stabilization of the activated phase of F-MOF1 via non-covalent
interactions. To check whether or not AC can stabilize versatile
F-MOF NPs, resulting in novel F-MOF@AC composites, a
different F-MOF (F-MOF2) was next explored.””

Upon dehydration, F-MOF2 was reported to undergo a tran-
sition from porous to non-porous structure due to the gliding
action of two n-stacked sheets. Two different F-MOF2@AC
composites (F-MOF2@AC-1 and F-MOF2@AC-2) with different
AC content were developed and thoroughly characterized.
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Breakthrough column experiments at 298 K demonstrated the
potential of the F-MOF2@AC-1 composite to separate CO, gas
from a mixture of CO,/N, and CO,/CH, gases.

After investigating AC as a template to grow both rigid and
flexible MOFs, the next effort of our group was to study the
self-assembly of MOF NPs with AC. Subsequently, we reported
the in situ growth of self-assembled AC nanocomposites
(Scheme 12)° of the prototype zeolitic imidazolate framework,
ZIF-8,""” (Zn[Melm],; MeIm = 2-methylimidazolate). Compared
to the pure ZIF-8 MOF NPs, the ZIF-8@AC composites showed
larger surface area and enhanced N, and CO, adsorption
capacities due to the formation of random voids and active
sites at the MOF-clay interface. Four different composites were
synthesized by changing the amount of AC loading and
denoted as ZIF-S@AC-1, ZIF-S@AC-2, ZIF-8@AC-3 and
ZIF-8@AC-4. The driving force for the formation of these com-
posites is a distinct interaction between unsaturated Zn(u)
metal sites present in the ZIF-8 NPs and the amine groups
(NH,) present in AC. Such an interaction was also confirmed
by the reduction of the positive zeta potential on the surface of
ZIF-8, as well as from IR and Raman studies. As the AC layers
coated the surface of the ZIF-8 particles, the zeta potential in
the composites having higher clay content progressively
decreased.

Morphology studies by FESEM and TEM revealed that all
the composites have assemblies of ZIF-8 NPs fused with AC
(Fig. 8), while the parent ZIF-8 NPs and pristine AC exhibited
hexagonal-like shapes and 2D sheet-like structures, respect-
ively. With an increase in AC content, the composites showed a
transition from hexagonal-like particles to spherical particles.
The composites with higher clay content, such as ZIF-8@AC-3
and ZIF-8@AC-4, revealed visible AC layers that coated ZIF-8
particle surfaces and layered junctions between the ZIF-8 NPs
(Fig. 8c). Out of all the composites, ZIF-8@AC-2 showed the
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Fig. 7 (a) N, adsorption isotherms at 77 K. The pore size distribution of F-MOF1@AC-1 is shown in the inset. (b) CO, adsorption isotherms at 195 K.
Color code: F-MOF1: black, AC: red, F-MOF1@AC-1: blue, F-MOF1@AC-2: orange, and F-MOF1@AC-3: magenta (open and closed symbols denote
adsorption and desorption, respectively). The isotherms for composites represent N, uptake per gram of the respective composite. This figure has
been adapted from ref. 91 with permission from the Royal Society of Chemistry, copyright 2017.
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best performance, exhibiting a 42% increase in the BET
surface area, while the CO, uptake at 298 K was doubled rela-
tive to the pristine ZIF-8 NPs. In situ Raman studies for this
composite under a CO, atmosphere indicated that the amine
groups in the composite act as CO, binding sites, facilitating
CO, adsorption.

By developing binary and ternary MOF-clay nano-
composites adopting an in situ hydrothermal process, our
group recently presented a new approach for atmospheric
water harvesting (AWH) suitable for indoor environments
(Scheme 13).> A series of CuBTC/AC/GO MOF-clay nano-
composites (Cuz(BTC),(H,0);; BTC = benzene-1,3,5-tricarboxy-
late and GO = graphene oxide) were synthesized by adding
different amounts of AC and GO to the pristine CuBTC MOF.
Three different binary composites were synthesized, denoted
as CuBTC/AC-1, CuBTC/AC-2 and CuBTC/AC-3, by adding
different proportions of AC (6.2, 8.9 and 14.1%, respectively).
The ternary composites, named CuBTC/AC/GO-1, CuBTC/AC/
GO-2 and CuBTC/AC/GO-3, were also synthesized by adding
9 wt% of GO to the CuBTC/AC composites. All the composites
showed larger specific surface areas in comparison with that
of the pristine CuBTC MOF. The composite CuBTC/AC/GO-2
composite exhibited a significant increase in the specific
surface area (1569 m” g ') relative to that of the pristine
CuBTC MOF (1260 m”> g~'), which may be associated with the
decreased diffusion barrier due to the successful formation of

This journal is © The Royal Society of Chemistry 2025

MOF NPs and the development of interfacial voids within the
composites, resulting in an increased number of accessible
adsorption sites for N,. Furthermore, the dynamic dispersion
ability of AC in water provides enhanced water stability to the
composite. Subsequently, the addition of GO, having pro-
longed heat conduction capability, aids in the easy release of
water during desorption.

The ternary composites demonstrated notably improved
water adsorption performance, achieving an enhanced water
uptake of 716 ecm® g~" under arid-humid-fog conditions. This
effectively overcomes the shortcomings observed in the indi-
vidual performances of both the MOF and the combined GO
and AC components. A prototype device was designed with
three compartments for water generation, featuring a tempera-
ture-controlled system for efficient water vapor condensation.
The ternary MOF nanocomposite (CuBTC/AC/GO) exhibited
better efficiency for indoor atmospheric water harvesting. The
composite underwent testing under a relative humidity (RH)
range of 85%-90% at temperatures of 65, 75, 85, and 90 °C. It
was observed that as the temperature increased, there was a
sharp increase in water uptake, reaching a maximum of 0.67 g
¢~ " at 90% RH, which is a 39.5% increase compared to that of
bulk CuBTC. Furthermore, variations in RH levels from 10%,
30%, 50%, 70%, to 90% at a constant temperature of 20-25 °C
were examined to assess water harvesting performance, result-
ing in a maximum amount of water collection of 0.43 g g™*
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Fig. 8 FESEM images of (a) ZIF-8@AC-1, (b) ZIF-8@AC-2, (d) ZIF-8@AC-3, and (e) ZIF-8@AC-4. (c) Enlarged view of a portion of ZIF-8@AC-2 in (b)
showing that the NPs are connected through the thin junctions of AC. This figure has been adapted from ref. 92 with permission from the American
Chemical Society, copyright 2017.
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The prototype nanocomposite (CuBTC/AC/GO) showed an
overall water harvesting efficiency of 63.4%-68.5%. An auto-
nomous indoor water harvesting method was also established,
which allowed for a continuous cycle of capture and release,
yielding an improved water collection rate of 0.445 g g~ * day ™.
In a recent study, we synthesized AC nanocomposites of the
MIL-101(Cr) framework (MIL = Materials of Institute
Lavoisier), which served as an excellent heterogeneous catalyst
for the conversion of the greenhouse gas CO, into cyclic car-
bonates.” Interestingly, these composites exhibited good cata-
lytic efficacy, and showcased complete conversion under
ambient conditions, while most of the MIL-101-based
materials typically require either high temperature and
pressure or a longer reaction time, or a combination of all the
parameters. We synthesized three different composites by
adding different amounts of AC, denoted as MIL-101(Cr)/AC-1,
MIL-101(Cr)/AC-2 and MIL-101(Cr)/AC-3 and the PXRD pat-
terns of the composites suggested the formation of the pure
phase of MIL-101(Cr) (PMIL) within the composites. The
FESEM images of all the composites showed the formation of
a self-assembled network structure for all the composites.
MIL-101(Cr)/AC-1 and MIL-101(Cr)/AC-2 revealed particle size
distributions in the range of 70-90 nm and 50-70 nm, respect-
ively. For the MIL-101(Cr)/AC-2 composite, the particle distri-
bution is more homogeneous as compared to the other com-
posites, and this results in the enhanced solution processabil-
ity of this composite (its dispersion is stable for more than 4
days in methanol). This composite also showed the best cata-
lytic activity for the CO, cycloaddition reaction and exhibited
99.9% conversion in cycloaddition reactions with various
epoxide substrates (Table 1) under ambient reaction con-
ditions (at 1 bar CO, pressure and temperature of 30/40 °C).
MIL-101(Cr)/AC-2 also exhibited excellent heterogeneity and
recyclability, maintaining its efficiency over multiple cycles (up
to 5 cycles) without any significant loss in catalytic activity.
Mohammadi et al.®® synthesized a porous aluminium-
based MOF-AC nanocomposite denoted as MIL-53(Al)@AC
using an environmentally friendly hydrothermal method.
FESEM images revealed that the MIL-53(Al)@AC composite
possessed characteristics of both MIL-53(Al), with its rod-like
structure, and AC, particularly evident at the junctions among
the MIL-53(Al) MOF particles. Type-IV behaviour was observed
for all the samples when the N, adsorption-desorption iso-
therms were measured. The composite showed a larger
specific surface area (1536.73 m” g”') in comparison with that
of the pristine MIL-53(Al) MOF (1294.34 m> g~ "). The enhance-
ment of the surface area was attributed to the interaction
between AC and MIL-53(Al), which effectively mitigated crystal
aggregation, improving the accessibility of MIL-53(Al) to N,
molecules. Additionally, the formation of voids at the interface
of MIL-53(Al)@AC layers further contributed to the increased
surface area of the nanocomposite. The authors also explored
the sorption capacity of the nanocomposite under different
conditions, such as pH, temperature, and ionic strength, and
found that the MIL-53(Al)@AC composite had a higher sorp-
tion capacity compared to that of pristine MIL-53(Al). The
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composite demonstrated exceptional sorption capacities for
cephalosporin antibiotics cefixime (CFX) and cephalexin
(CPX).

In a recent study, Cao et al.’® developed innovative compo-
site NPs denoted as Fe;0,@AC-NH,@Cu-opa (AC-NH, = AC,
Cu-opa = [Cu(opa)(bipy)o.s(H,O)], (Hyopa = 3-(4-oxypyridinium-
1-yl) phthalic acid)). These NPs played a dual role as both
adsorbents and catalysts for the removal of phenolic com-
pounds from wastewater. The typical synthesis of the core-
shell-structured Fe;0,@AC-NH,@Cu-MOF NPs is presented in
Scheme 14. Initially, a layer of AC was deposited onto the pre-
synthesized magnetic Fe;O, NPs by an in situ synthesis
approach, resulting in the formation of Fe;O,@AC-NH,. To
initiate the growth of a thin Cu-MOF shell onto the AC layer,
Fe;0,@AC-NH, was dispersed in a mixture of water/ethanol
and then the precursor solution of Cu-opa was added under
solvothermal conditions, leading to the formation of the final
compound, named Fe;0,@AC-NH,@Cu-opa NPs. The amine
(NH,) groups present in AC act as binding sites for metals,
enabling the growth of small MOF NPs. The surface mor-
phology and structural features of Fe;0,4, Fe;0,@AC-NH,, and
Fe;0,@AC-NH,@Cu-opa, as observed by SEM analysis, demon-
strated that the Fe;O, NPs displayed a uniform diameter of
approximately 300 nm with a rough, spherical surface and
coating Fe;O, with AC resulted in globular structures of
around 310 nm size, indicating a 5 nm thickness of the AC
shell. Further coating with Cu-MOF revealed a layered Cu-opa
shell of approximately 10 nm thickness, confirming the suc-
cessful synthesis of core-shell structured Fe;O,@AC-NH,@Cu-
opa microspheres. SEM elemental mapping confirmed the
uniform distribution of Mg, Cu, and Fe elements, validating
the effectiveness of this synthetic approach.

N, adsorption-desorption isotherms were measured to
evaluate the specific surface areas of Fe;0,, Fe;0,@AC-NH,,
and Fe;0,@AC-NH,@Cu-opa. The Fe;0, NPs displayed a type-
IV isotherm with hysteresis occurring at P/P, = 0.7-1.0, which
is typical of mesoporous materials. The BET surface area of
Fe;O, was found to be 68.6 m> g~'. Upon clay coating,
Fe;0,@AC-NH, NPs displayed a similar isotherm and hyster-
esis to those of Fe;0,, with a decrease in the specific surface
area of Fe;0,@AC-NH, (53.4 m?> g '). Subsequently,
Fe;0,@AC-NH,@Cu-opa exhibited a type-I isotherm after Cu-
MOF coating that indicated the formation of micropores on
the outer layer. The specific surface area of
Fe;0,@AC-NH,@Cu-opa was approximately 719.1 m*> g ',
suggesting a significant increase in the SSA facilitated by Cu-
opa. The authors also explored the interaction of
Fe;0,@AC-NH,@Cu-opa NPs with phenol molecules. By incor-
porating Cu-opa, which boasted substantial electron-deficient
channels, the NPs exhibit enhanced adsorption capabilities.
This enhancement is reflected in the rapid uptake of phenol,
with equilibrium reached within 120 minutes and a notable
adsorption capacity of 107.42 mg g *. Kinetic modeling under-
scored the chemical nature of the adsorption process, favoring
a pseudo-second-order mechanism over a pseudo-first-order
one. Further analysis using Langmuir and Freundlich iso-
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Table 1 CO; cycloaddition to different epoxides using MIL-101(Cr)/AC-2 as a heterogeneous catalyst’

Mo

o) +n-
Ll\ Catalyst, TBA™Br -

+ COZ
R 1 bar

AL

R

R = CH,Cl, CHs, CHy-CH3, CHy-O-CH,-CH=CH,, CHy-0-CH,-CH,-CH,-CHs, Ph

Entry Substrates Products Temperature (°C) Time (h) Conversion (%)
1 (o) (o) 30 6 99.9
A_a -
oL e
2 /& (o) 30 6 99.9
o)
)0
0\)\
3 &/ (o) 40 6 99.9
o >L o
0\)\/
4 lo) 40 12 99.9
O/K/O\/\ % 0
o)
\)\/0\/\
5 k/ (o) 40 15 99.9
O\)\/O\/\/
6 (0] 40 48 99.9
(o)
o
o

“Reaction conditions: 9.2 mmol respective epoxide, 30 mg of activated catalyst and 0.92 mmol TBA'Br~ under optimized reaction conditions, ie.,
1.0 bar CO, and at optimized temperature (30/40 °C). Conversion (%) was calculated from the "H NMR spectra. This table has been adapted from
ref. 94 with permission from the Royal Society of Chemistry, copyright 2024.

therms revealed a compelling fit of both models to the experi-
mental data. The Langmuir model revealed a notable mono-
layer adsorption capacity of 166.39 mg g~ . This implied that
the surface of the NPs provided highly effective sites for
phenol adsorption. The robust adsorption was further sup-
ported by the substantial Langmuir adsorption equilibrium
constant (k) of 7.16 L mg™', indicating strong binding
between the NPs and the phenol molecules. The catalytic pro-
perties of Fe;O,@AC-NH,@Cu-opa in phenol degradation were
also investigated under Fenton-like conditions using H,0,.
The results showed complete disappearance of phenol within
15 minutes in Fe;0,@AC-NH,@Cu-opa/H,0,, whereas Fe;0,/
H,0, took 60 minutes. However, only 60% of phenol was
removed in 60 minutes using Fe;O,@AC-NH,@Cu-opa. The

452 | Dalton Trans., 2025, 54, 433-457

heterogeneous Fenton-like reactions were catalyzed using
Fe;0, or Fe;0,@AC-NH,@Cu-opa NPs, leading to rapid
phenol degradation, which was attributed to the activation of
H,0, dissociation by Fe;O,. The degradation mechanism
involved breaking the benzene ring and oxidizing the organic
chain compound facilitated by hydroxyl radicals ("OH) pro-
duced via the Fe®* from Fe®* redox process. The
Fe;0,@AC-NH,@Cu-opa NPs exhibited a higher pseudo-first-
order rate constant compared to that of Fe;O,4 indicating
superior efficiency in phenol degradation, which was attribu-
ted to a synergistic effect between adsorption and oxidation,
enhancing phenol removal, with the strong adsorption
capacity of Fe;0,@AC-NH,@Cu-opa’s playing a key role. The
nanoparticle’s ability to degrade phenol over multiple cycles
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Scheme 14 Schematic representation of the synthetic procedure of the core-shell-structured Fe;0,@AC-NH,@Cu-opa NPs. This figure has been
adapted from ref. 96 with permission from the Royal Society of Chemistry, copyright 2024.

and its effectiveness in real wastewater samples highlighted its
promising role in wastewater treatment.

Recently, Lee et al.®’ synthesized an Ag-MgAC-MIL-53(Fe)-
based MOF composite electrode sensor. MIL-53(Fe) has active
metal sites, while 2D AC has a number of amine-functiona-
lized groups, which play important roles as supporting stabil-
izers and also as efficient linkers between the AgNPs and
MIL-53(Fe). However, the AgNPs exhibited attractive chemical
and physical properties that were stabilized and homoge-
neously distributed on the MIL-53(Fe) MOF framework due to
the presence of AC. The modified electrode demonstrated
impressive recyclability, selectivity and stability, showcasing its
considerable promise for use in electrochemical sensors for
monitoring chloromycetin.

5. Summary, challenges and future
outlook

In this comprehensive article, we have summarized emerging
MOF-clay composites and discussed some representative lit-
erature reports, which indicate the promise of these compo-
sites as next-generation MOF-based materials with multi-
faceted functionalities and a broad spectrum of applications.
MOFs have been blended with both natural and synthetic
clays, and we have summarized both cases, which elucidate
the design principles of the desired composites. The selected
examples of MOF-clay composites illustrate how a synergistic
interplay between both parent materials has mitigated the tra-
ditional shortcomings of MOFs, including poor thermal and
chemical stability, moisture sensitivity, and solution processa-
bility. At the same time, these composites have also shown
enhanced properties compared to those of the parent
materials or introduced new properties, including gas storage

This journal is © The Royal Society of Chemistry 2025

and separation, pollutant removal, catalysis (organic trans-
formation reactions and photocatalysis), drug delivery, dye
removal and degradation, chemical warfare agent simulants,
CO, conversion, etc.

The field of the emergent MOF-clay composites has great
potential, but there are certain drawbacks and challenges too.
While certain synthetic routes (discussed in section 3) have
been reported for the facile synthesis of composites, the
detailed mechanisms of the formation of such composites are
not well understood and yet to be explored. The lack of clarity
surrounding the synthesis mechanisms of MOF composites
could be caused by a number of issues. First, the self-assembly
interactions between the MOF precursors/pre-formed MOF
particles and clay are complex, sophisticated and often unpre-
dictable. Additionally, different synthetic conditions such as
temperature, pH, choice of solvents, etc. affect the interactions
between the parent materials, adding complexity.

A good number of techniques used to characterize MOF-
clay composites have been widely reported, such as PXRD to
study their crystalline nature, FTIR and Raman spectroscopy
for verification of functional groups and interfacial inter-
actions between the MOF and clay; SEM and TEM for their par-
ticle size and morphology; N, adsorption studies and BET ana-
lysis to obtain the specific surface area and pore volume;
ICP-AES to detect the chemical elements present in the compo-
sites; XPS and TGA for studying thermal stability, etc."*® It may
be noted that a combination of several techniques are required
to adequately characterize MOF-clay composites. The difficulty
in the characterization of MOF-clay composites is rooted in
the complex and heterogeneous nature of the materials com-
prising the composites. Furthermore, most of the literature
has reported characterization methods that involve post-syn-
thetic examination of the samples and thus the studies may
overlook or fail to capture subtle, transient interactions in the
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composites. Advanced in situ characterization methods could
be employed in future, which may shed light on the synthesis
in real time and mechanism of the formation of such
composites.

While the above aspects pose challenges related to the syn-
thesis and characterization and need to be addressed in the
future, the versatile properties and applications of MOF-clay
composites are already well documented. To obtain the
desired functional composite, the choice of clay is crucial.
MOFs can be blended with both natural and synthetic clays
(see section 4) and clay minerals have acted as a functional
matrix assisting the growth of MOF particles. Additionally,
some clay minerals can undergo self-assembly with MOF par-
ticles. For instance, AC has been shown to act as a 2D func-
tional scaffold to grow MOF particles®® and can also undergo
self-assembly with MOF nanoparticles.’?

Synthetic clays seem to be more promising than natural
clays to synthesize targeted composites, as they are often suit-
ably functionalized. We believe that water-dispersible synthetic
clays, such as AC and LP, hold great promise to furnish water-
dispersible MOF composites with enhanced properties, as
already shown in the literature.®*” The water dispersibility of
composites could overcome the limitation of the poor proces-
sability of MOFs, ease the fabrication of MOF-based devices
and also enhance the scope of MOFs in biomedicine and
certain catalytic reactions, where good water dispersion is
essential. This could transform MOF chemistry from the lab-
oratory to real-life applications.

MOF-clay composites are an emerging field with great
promise to target diverse properties and there are several
opportunities to perform detailed studies in the future. The
catalytic properties of MOF-AC composites can particularly be
studied, as we have recently demonstrated that they can serve
as water-dispersible, processable and recyclable catalysts
showing enhanced catalytic efficacy for CO, conversion reac-
tions compared to the parent MOFs, and require only mild
conditions to function.®® A similar principle can be extended
further to generate new nanocomposites targeting various cata-
lytic reactions. Additionally, it is also possible to develop excel-
lent composite catalysts for aqueous and biphasic catalysis,
taking the unique advantage of AC.'”'® We also believe that
MOF-LP composites hold great promise to furnish MOF-based
hydrogels, which will be easy to synthesize, retain the advan-
tages of hydrogels and can potentially serve as excellent
materials for controlled drug delivery, catalysis, and selective
guest molecule capture and separation. These hydrogel MOF
composites can also be employed as stationary gel matrices
suitable for the separation of guest molecules and provide tar-
geted gel chromatographic separation. Enhancing the mechan-
ical properties and obtaining controlled energy transfer are
also ideally possible in MOF-clay composites but are yet to be
explored. As silicate-based clay minerals typically have a highly
stable framework structure and some of the -clay-based
materials have already shown high mechanical strength,"**
MOF composites with enhanced mechanical properties can be
targeted in the future. On the other hand, some specific clays,

454 | Dalton Trans., 2025, 54, 433-457

View Article Online

Dalton Transactions

such as AC, have shown their ability to provide an ordered
arrangement of chromophores, facilitating proficient energy
transfer,' and the same concept can be extended to develop
MOF-AC composites having MOF-based chromophores, target-
ing efficient light harvesting processes.

The above discussion makes it clear that MOF-clay compo-
sites offer unique opportunities to target versatile properties,
some of which have already been reported in the literature and
more are to be explored. Continued research and development
in this field are expected to unlock new functionalities and
applications, innovation, and address critical technological
and environmental challenges to furnish next-generation
materials.
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