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Metal-Organic Nanosheet Gels: Hierarchically Porous
Materials for Selective Loading and Differential Release

Jiangtian Tan* and Jonathan A. Foster*

Metal-organic nanosheets (MONs) are intrinsically porous 2D materials

with a high surface area and tunable chemistry, which have been widely used
in suspensions or on surfaces for a variety of applications. Here, this work
demonstrates that MONs can be used to form gels through a simple cen-
trifugation process, and their hierarchically porous structures used to enable
the selective loading and differential release of small molecules based on their
size and charge. Centrifugation of a suspension of monolayer Zr-BTB MONSs
(BTB = 1,3,5-benzenetribenzoate) formed gels in a range of solvents with a
concentration of ~1.5 wt.%. The gels displayed rapid self-healing behavior, can
be extruded through a syringe needle into different shapes, and freeze-dried
to form self-supporting aerogels. Rapid and selective loading of the gels with
a range of small molecules can be achieved by centrifugation of suspensions
of nanosheets containing different cargo solutions. Small neutral molecules
are found to diffuse out of the gel significantly faster than larger molecules,
which is attributed to the nanosheets acting as “fishing nets” that allow small
molecules to pass through the pores, whilst larger molecules have to take a
tortuous path through the hierarchically porous structure. Charged molecules
are released slower than the neutral ones, which is attributed to electrostatic
interactions with the nanosheets. It is anticipated that hierarchically porous
MON:-based gels will open up a variety of interesting new applications, includ-

in which growing 3D metal-organic frame-
work (MOF) crystals fuse with each other to
form a sample spanning network.l*! Other
examples combine MOFs with gel forming
polymers,°! or use crosslinkers to chem-
ically or physically cross-link MOFs fol-
lowed by removing metal ions.®’] A va-
riety of MOG derived materials have also
been developed in which the MOGs act
as sacrificial templates to create porous
gel-derived materials.®! The solvent con-
taining macro-pores of the gel, combined
with the inherent microporosity of the
MOFs gives MOGs a unique hierarchical
structure.l?! Porous materials are impor-
tant for a wide range of advanced sepa-
ration applications'®'?) and MOGs have
been harnessed in applications ranging
from removing dyes from water,[**! to sep-
arating enantiomers." Solution process-
ability is another key advantage of MOGs
over traditional microcrystalline MOF pow-
ders. For example, Somjit and co-workers
studied UiO-66 MOG, and showed that it

ing sensing, separation, controlled release, drug loading, and drug delivery.

1. Introduction

Metal-organic gels (MOGs) have attracted considerable atten-
tion thanks to their highly tunable structures and intrinsic
porosity.l3] Most MOGs are formed through a sol-gel process
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can be processed into a thin film with
sub-100 nm thickness via spin-coating,
which enhanced the electrical conduc-
tivity of their devices.™ A variety of
other MOGs, such as HKUST-1, UiO-66-NH,, have been pro-
cessed into monolithic materials and have shown great promise
for gas uptake applications.'*8] A wide variety of other
porous materials have also been adapted to form gels and
aerogels, including metal-organic polyhedra,2!l and porous
polymers.[2223]

Metal-organic nanosheets (MONs) are 2D MOFs with a sheet-
like morphology.?*! Their ultrathin nature, high aspect ra-
tios, and high surface areas make them ideal materials for a
wide range of applications, including sensing, catalysis, and
electronics.[?’! Moreover, their varied and well-defined pore size,
shape, and chemistry make them ideal materials for use in water-
purification and gas separation applications.?**”] Among the di-
verse range of MONs that have been reported in the literature,
Zr-BTB MONs (BTB = 1,3,5-benzenetribenzoate) have attracted
considerable attention due to their high water, chemical and ther-
mal stability, ease of synthesis and functionalization,[1?#2% which
have been used in a wide range of different applications includ-
ing catalysis, sensing and separation.3%-34]

Inorganic 2D materials, most notably clays and graphene ox-
ide, are well known to form gels.[>>%] The gels have been used
extensively in a wide range of biomedical,*”) environmental!*’!

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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and energy applications.!l In these gels the nanosheets form
sample spanning networks through either electrostatic interac-
tions or chemical cross-linking by polymers or metal ions.[3>4243]
To our knowledge, there are no examples of MONs being har-
nessed in the gel state for use in any applications. We are aware
of only one mention of MONs forming gels in the literature, a
study by Zhao and co-workers, where they observe Zr-BTB show-
ing gel-like behavior during the formation of thin films, which
they were developing for capacitive gas sensing.*’!

In this work, we report a new approach to the formation of
MOGs through centrifugation of suspensions of 2D MONs. We
characterize the rheology and structure of the gels for the first
time and discover self-healing behavior and aerogel formation.
We hypothesised that the high surface area and porosity of the
nanosheets and gels could make them interesting candidates for
small molecule cargo loading and release applications. In par-
ticular, we envisaged the microporous, sheet-like MONs acting
as “fishing nets” with small molecule “fish” being able to pass
through the pores, whereas larger molecules are blocked by the
pores, and charged molecules stick to the MONs. We anticipated
that this could enable size- and charge-selective loading and dif-
ferential release of cargo molecules from MON-based gels, open-
ing up new levels of control for capture and release applications.

2. Results and Discussion

2.1. Preparation and Characterization of Zr-BTB MONs

Zr-BTB MONSs were synthesized according to the solvother-
mal method reported by Zhao and co-workers.[?l As shown in
Figure 1a, zirconium(IV) chloride (ZrCl,, 0.129 mmol) and 1,3,5-
benzenetribenzoic acid (H;BTB, 0.068 mmol) were dissolved in
a mixture of formic acid (HCOOH, 2 mlL), water (H,0, 2 mL),
and N,N-dimethylformamide (DMF, 15 mL). The reaction mix-
ture was heated in a reaction oven at 120 °C for 24 h. The resulting
viscous suspension of Zr-BTB MONs was then centrifuged and
washed three times with fresh DMF then ethanol. The washed
MONSs were stored in fresh ethanol as a homogeneous suspen-
sion with a concentration of 2.5 mg mL~! until needed.

The ethanol suspension of Zr-BTB MONs (1 mL) was dried
using a hot plate at 80 °C to remove most of the solvent, fol-
lowed by complete drying at 120 °C. The dried solids were char-
acterized by powder X-ray diffraction (PXRD). The PXRD pat-
tern of the as-synthesized Zr-BTB MONs (Figure S1, Support-
ing Information) was consistent with that reported by Zhao and
co-workers,? suggesting that phase-pure materials were synthe-
sized. Whereas, compared to the simulated PXRD pattern of 3D
Z1-BTB, the as-synthesized Zr-BTB MONs showed a significantly
reduced number of peaks. This could be attributed to the ex-
treme aspect ratio of the nanosheets, resulting in line broaden-
ing and preferred orientation effects (Figure S1, Supporting In-
formation). The Brunauer—-Emmett-Teller (BET) surface area of
Zr-BTB MONSs was calculated to be 360 m? g~! (Figure S2, Sup-
porting Information), which was consistent with the surface area
reported in the literature.!?’]

Scanning electron microscopy (SEM) characterization of the
Zr-BTB MONSs showed their 2D sheet-like morphology (Figure
S3, Supporting Information), and dynamic light scattering (DLS)
characterization showed that the particle size of the Zr-BTB
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Figure 1. a) Synthesis of Zr-BTB MONSs. The crystal structure of Zr-BTB
was downloaded from CCDC (deposition number: 1567188). b—e) AFM
images and associated height profiles of Zr-BTB MONSs.

MONSs was in the range of 1.4 pm-6.5 um (Figure S4, Support-
ing Information). Atomic force microscopy (AFM) characteriza-
tions showed that the thickness of Zr-BTB MONSs was ~1.5 nm,
which was comparable to the van der Waals sizes of Zr, clus-
ters in Zr-BTB (1.2 nm),** confirming the formation of mono-
layer nanosheets (Figure 1b—e). It is worth noting that the Zr-
BTB MONSs prepared in this work were thinner than the 13 nm
thick Zr-BTB nanosheets reported by Zhao and co-workers,?’!
but comparable to the 1.2 nm thick Zr-BTB nanosheets reported
by Lin and co-workers.[>]

2.2. Preparation and Characterization of Gels

Whilst attempting to isolate Zr-BTB nanosheets from a suspen-
sion of ethanol by centrifugation, we noticed that around one fifth
of the solvent at the bottom of the centrifuge tube was immobi-
lized by the nanosheets. The resulting material was stable with re-
spect to inversion (Figure 2a), a crude but widely used method for
identifying gel formation.3*4%] In a typical experiment, 25 mg
of Zr-BTB was dispersed in 10 mL of ethanol by shaking and
centrifuged at 4500 rpm for 1 h. Approximately 2 mL of gel was
isolated with the other 8 mL of ethanol carefully removed using
a pipette. Drying of the ethanol gel confirmed that it contained
1.5 wt.% of MONs by mass. Gel formation was observed in a
wide range of other organic solvents including acetone, DMF,
chloroform, tetrahydrofuran (THF), pentane, and toluene as well
as deionized (DI) water with 1.5-2.5 mL of solvent immobilized
by 25 mg of MONs (Figure 2a; Table S2, Supporting Informa-
tion). In all cases except DI water, stable gels were formed after
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Figure 2. a) Preparation of Zr-BTB gels by solvent evaporation and centrifugation. b) Frequency-sweep rheological measurements of the ethanol gel,
hydrogel, and toluene gel prepared by centrifugation. This rheological experiment was conducted with a fixed shear strain of 0.1%. c) Strain-sweep
rheological measurements of the ethanol gel, hydrogel, and toluene gel prepared by centrifugation. This rheological experiment was conducted with a
fixed angular frequency of 1rad s~'. d) Rheological measurements of the hydrogel prepared by centrifugation. This recovery data showed the self-healing
behavior of the gel, and this rheological experiment was conducted at different shear strains with a fixed angular frequency of 1rad s~'. e) SEM image of
the hydrogel prepared by centrifugation. The sample was dried on the SEM sample disc at room temperature. f) SEM images of Zr-BTB aerogel prepared
by freeze-drying of the hydrogel sample. Additional SEM images of the aerogel can be found in Figure S11b—f (Supporting Information). g) Photographs
of the hydrogels being loaded into a syringe and extruded through a needle and processed into the word “MON.” The hydrogel was dyed with methylene

blue (MnB).

centrifugation at 4500 rpm for just 10 mins. Longer centrifu-
gation times of 1 h were required to form hydrogels, presum-
ably due to the greater stability of the nanosheets in aqueous
suspension. Gels could be readily reformed by redispersion of
the nanosheets in solvent followed by centrifugation. In order
to understand more about the critical gelation concentration, an
ethanol suspension of Zr-BTB MONs (10 mL, 2.5 mg mL™!) was
heated at 80 °C using a hot plate, and the content of MONSs in sus-
pension was checked every 15 mins (Figure 2a; Figure S8, Sup-
porting Information). After 1.5 h of solvent evaporation, the ma-
terial in the vial changed from a flowing liquid to a non-flowing
gel stable with respect to inversion of the vial. After further heat-
ing for 0.5 h, the content of MON in the gel increased from 1 to 2
wt.%, and a shrinkage in the volume of the gel was observed. This
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could be attributed to the capillary forces exerted during solvent
evaporation.[*’]

In order to confirm and quantify gel formation, rheological
measurements were undertaken to study the viscoelastic prop-
erties of the gels. The storage modulus (G’) and loss modulus
(G”) were measured as a function of angular frequency and shear
strain for the ethanol gel, hydrogel, and toluene gel prepared by
the centrifugation method. At a low shear strain (0.1%), G’ re-
mained approximately one order of magnitude higher than G”
throughout the frequency range (0.5 to 100 rad s7!), confirming
the formation of a gel state across all samples (Figure 2b).[>]

When the ethanol gel, hydrogel, and toluene gel were sub-
jected to high shear strains (>10%), G’ became lower than G”, in-
dicating the gel broke down to display predominantly liquid-like

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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behavior (Figure 2c). Interestingly, rapid recovery of the hydrogel
was observed when the shear strain was alternated between 0.1
and 100%, showing its self-healing behavior (Figure 2d).

SEM characterizations of the dried hydrogel (Figure 2e) and
ethanol gels (Figures S7,S9, and S10, Supporting Information)
showed wrinkled nanosheets that are tens of nanometers thick
and several microns in lateral dimensions. In order to mini-
mize structural changes caused by thermal drying, a hydrogel
sample was first rapidly frozen into a solid and then freeze-
dried to form a self-supporting aerogel (Figure S1la, Support-
ing Information), which was characterized by SEM. As shown
in Figure 2f, the aerogel showed large pores tens of microns
in size within a continuous network formed by the overlap-
ping of nanosheets (Figure S11b—f, Supporting Information).
These images appear consistent with structures observed for gels
formed from inorganic nanosheets such as graphene oxide and
MXenes.’®48] A wide variety of mechanisms for gel formation
by inorganic nanosheets have been reported in the literature,
including repulsion-dominated gels formed by highly charged
nanosheets and attraction-dominated systems formed by electro-
static or hydrophobic interactions.’”*3#] Reports of centrifuga-
tion induced gel formation appear relatively rare, but we note
examples of MXene nanosheets formed in ionic liquids!*!] and
Y,0; in benzyl-alcohol and octylamine mixtures®” and titanate
nanosheets formed in water.?”]

The zeta potential of dilute suspensions of Zr-BTB nanosheets
in water was measured to be 30.6 mV (5.3 mV), indicat-
ing an overall positive charge, consistent with previous litera-
ture reports.’’*] The MONs were digested and analyzed by
NMR, which showed a lower than expected formate: ligand
ratio (1.14:1 rather than 3:1 for the ideal structural formula
of Zr,0,(OH),(HCOO),(BTB),). Zr-carboxylate frameworks are
known to be defect-rich;®! often, any vacant metal sites are
matched by formate ions, but that does not appear to happen in
this case, consistent with the positive surface charge. The mag-
nitude of the zeta potential is usually considered borderline for
a stable colloid, which is consistent with high stability observed
for the nanosheets under dilute conditions, but also gel forma-
tion when concentrated. The nanosheets themselves also contain
a wide range of other functional groups, including hydropho-
bic aromatic linkers and polar metal clusters, which may inter-
act with each other at short distances in accordance with the
Derjaguin-Landau-Verwey-Overbeek (DLVO) theory.[373¢]

We therefore suggest that at high concentration and so short
distances, electrostatic repulsion between positively charged
nanosheets must be overcome by favorable van der Waals in-
teractions, causing them to overlap and stack together in a mis-
matched way to create the sample spanning honey-comb network
observed by SEM. The high aspect-ratio and surface area of the
nanosheets mean that they have a low percolation threshold, so
they can form a continuous network at relatively low concentra-
tions (~1.5 wt.% in this case) when concentrated by centrifuga-
tion or evaporation. However, this network must be balanced by
strong nanosheet-solvent interactions and repulsive nanosheet-
nanosheet interactions, which allow them to trap solvent, prevent
collapse of the gels, and allow them to self-heal and redisperse to
form stable suspensions of nanosheets. The tunability of MONs
makes them ideal candidates for future experimental and com-
putational studies to systematically understand the role of differ-
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ent functional groups in giving rise to gel formation and build
a more detailed picture of the structure and properties of these
gels in different solvents.

2.3. Cargo Loading Experiments

MOFsP”] and gels®®! have been widely used in cargo loading
and release applications due to their porous nature and tunable
chemistry, but a key limitation of both is the rate at which cargo
molecules can be absorbed from solutions. Here, we sought to
take advantage of the facile centrifugation method to rapidly load
a range of model cargoes into the Zr-BTB gels. Five model car-
goes that absorb in the UV-vis region were investigated to un-
derstand the effect of size and charge on cargo loading. Trans-
anethole (T-Ane) was selected as a small neutral molecule, car-
bamazepine (CBZ) as a larger neutral molecule, methylene blue
(MnB) as a small positive molecule, methyl orange (MO) as a
small negative molecule, and brilliant blue G (BBG) as a larger
negatively charged molecule.

The cargo loading experiments were conducted by centrifuga-
tion of ethanol suspensions containing Zr-BTB MONs and the
corresponding cargo molecules. After centrifugation at 4500 rpm
for 1 h, the cargo-loaded ethanol gel formed at the bottom of
the cuvette (Figure S18a,b, Supporting Information). The con-
centrations of the cargo solutions before and after the experi-
ment were measured by UV-vis spectroscopy to calculate the per-
centage loadings, and the results were summarised in Figure 3a
and Table S4 (Supporting Information). The concentrations of
the two neutral molecules (T-Ane and CBZ) in solutions were al-
most unchanged before and after the experiments (Figures S19
and S20, Supporting Information), indicating low cargo load-
ings into the gels. Significantly higher loadings were observed
for charged cargo molecules MnB (65.6 + 1.1%), MO (77.2 +
2.4%), and BBG (68.5 + 0.2%, Figure 3a; Table S4, Supporting
Information). This could be attributed to electrostatic interac-
tions between the charged cargo molecules and the nanosheets.
Like other zirconium-based metal-organic frameworks,! Zr-
BTB MONSs are defect-rich structures with missing linkers and
metal ions creating positively and negatively charged sites, which
could bind to the charged cargo molecules (MnB, MO, and BBG,
Figure 3b), explaining the increased loading compared to the
neutral molecules.

For comparison, a more conventional soaking method was
also used, in which the cargo solutions were layered on top of
pre-formed Zr-BTB ethanol gels (Figure S24, Supporting Infor-
mation). As shown in Figure 3a and Table S5 (Supporting In-
formation), the soaking method took ~72 h to achieve compa-
rable loadings to the centrifugation method. The cargo loading
experiments were also repeated using hydrogels. As shown in
Figure S30 (Supporting Information), a uniform loading of the
Zr-BTB hydrogel with MnB was achieved when the centrifuga-
tion method was used. However, the MnB was not loaded evenly
into the Zr-BTB hydrogel by the soaking method (Figure S31,
Supporting Information) and instead forms a blue layer only on
the top of the gel. This is presumably because in water, MnB ad-
sorbs too strongly to the nanosheets on the surface of the gel,
so it is not able to evenly diffuse throughout. Gel formation by
centrifugation, therefore, provides a faster and more uniform
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Figure 3. a) UV-vis spectroscopy results of the cargo loading experi-
ments, comparing the centrifugation method and the soaking method.
For the centrifugation method, n = 3 for error bars. The models of T-Ane,
CBZ, MnB, MO, and BBG can be found in Figures S42-S46 (Supporting
Information). b) Schematic illustration of the selective loading of cargo
molecules into Zr-BTB gels using the centrifugation method. Charged
cargo molecules showed significantly higher loadings compared to the
neutral ones.

route to load strongly interacting cargo molecules into the Zr-
BTB gels by taking advantage of the high surface area of MONs in
suspension.

The organogels and hydrogels also showed excellent process-
ability and could be loaded into a syringe and extruded through a
needle, allowing them to be processed into complex shapes, such
as the word “MON” (Figure 2g; Figure S32, Supporting Informa-
tion). The hydrogels retained their shape for several hours in sol-
vents such as chloroform, pentane, and DI water. This could be
explained by the self-healing behavior of the hydrogel and shows
the advantages of the gel state in enabling MONSs to be formed
into useful shapes. The hydrogel extruded through a needle was
also loaded onto the rheometer, and data shown in Figures S16
and S17 (Supporting Information) confirmed its gel state.

2.4. Cargo Release Experiments

The gel state offers solid-like rheology for a material that is largely
liquid in composition, making it ideal for the loading and re-
lease of small molecules into and out of solution.?!] The abil-
ity to do this selectively and in a controlled way is key to a wide
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range of applications, including water purification!®! and the de-
livery of drugs,I®!! pesticides, and fertilisers.[®?! As porous 2D
materials, MONs have shown great promise for use in separa-
tion applications, including gas separation,[®}! dye separation/2¢!
and desalination.®?] Their open structure provides well-defined
channels through that can exclude molecules above a certain
size.’*] Their 2D shape also creates a tortuous path around
which larger molecules must pass, interacting with the surface
of the nanosheets as they go, allowing for differentiation.!%]
The nanosheets can be imagined as “fishing nets,” which allow
some small molecules “fish” to pass through, large molecules
to go around, and charged molecules to get temporarily trapped
(Figure 4a). We hypothesised that these mechanisms might also
be harnessed within the hierarchically porous gel to enable differ-
ential release of molecules depending on their size and charge.

In order to test this hypothesis, fresh ethanol was layered
on top of the Zr-BTB ethanol gels loaded with different cargo
molecules (Figure S33a,b, Supporting Information), and the
cargo concentrations in ethanol above the gel were monitored by
UV-vis spectroscopy over time (Figures S34-S38, Supporting In-
formation). As shown in Figure 4D, the T-Ane showed the fastest
release rate among the five cargo molecules, its concentration
reached equilibrium after 6 h, whereas the concentration of CBZ
in ethanol took ~18 h to reach equilibrium.

Low cargo loadings and no significant absorption was observed
for T-Ane and CBZ in the cargo loading experiments, indicat-
ing that there were only weak interactions between the two neu-
tral cargo molecules and the Zr-BTB MONs (Figure 3a). The
reported pore size of Zr-BTB in the literature is ~0.54 nm,!%!
larger than the calculated width of T-Ane at 0.43 nm (Figure
S42, Supporting Information), but smaller than the width of CBZ
at 0.67 nm (Figure S43, Supporting Information). The Stokes-
Einstein Gierer-Wirtz Estimation (SEGWE) was used to model
the rates of diffusion, taking into account differences in molec-
ular weights. The calculated distance of diffusion for CBZ was
~1.5 times as long as that of the T-Ane (Table S6, Supporting
Information). These results therefore broadly support our “fish
and fishing net” hypothesis (Figure 4a) with T-Ane molecules
small enough to be able to pass through the pores of Zr-BTB
MONSs allowing them to take more direct and shorter diffusion
paths, whereas larger CBZ molecules have to pass around the
nanosheets, so took more tortuous and longer diffusion paths
when they were released from the gels. It is worth noting that
this is the opposite trend to the one expected for 3D porous ma-
terials, where smaller molecules would be trapped in the pores,
leading to longer residence times and slower release rates, as in
gel-permeation chromatography (GPC).

The release rates of charged cargo molecules were significantly
slower than those of neutral ones. As shown in Figure 4b, the
concentration of positively charged MnB levels off after ~34 h,
almost doubling the release time of CBZ. Moreover, the two
negatively charged cargo molecules (MO and BBG) required ap-
proximately two weeks to reach their concentration equilibria
(Figure 4c). The diffusion path-lengths of the two negatively
charged dyes were calculated to be similar despite their size dif-
ferences (Table S6, Supporting Information). This indicates elec-
trostatic interactions, rather than size differences, dominate in
the case of charged cargo molecules. The defect-rich Zr-BTB
MONs have an overall positive charge, which is likely to bind
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Figure 4. a) Schematic illustration of the “fish and fishing net” hypothe-
sis. Small neutral “fish” are able to pass more easily through the pores of
Zr-BTB MONSs, larger molecules have to take a more tortuous path around
the nanosheets, slowing down their release rates. Charged molecules stick
to the nanosheets through electrostatic interactions, resulting in even
slower release rates. b) UV-vis results of T-Ane, CBZ, and MnB release
experiments, n = 3 for error bars. The inset photographs show the MnB-
loaded gel before and after the release experiment. ¢) UV-vis result of MO
and BBG release experiments, n = 3 for error bars.
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to negatively charged cargo molecules, increasing their absorp-
tions and loadings, but resulting in their slower release rates
compared to the neutral ones. Another possibility is that sulfate
groups on the negatively charged MO and BBG dyes coordinate
reversibly to Zr ions, slowing their release.**°! Therefore, in the
“fish and fishing net” hypothesis (Figure 4a), the much longer
release time of charged cargo molecules can be explained by
the negatively “charged fishes” sticking to the positively charged
“fishing nets.”

3. Conclusion

In this work, we showed how suspensions of MONs can be
centrifuged to form hierarchically porous gels able to differ-
entially absorb and release molecules based on their size and
charge. Monolayer Zr-BTB nanosheets were shown to form
both organogels and hydrogels through a facile centrifugation
process. Rheological characterisation of these gels for the first
time revealed rapid self-healing behavior, which allows them to
be passed through a needle and formed into complex shapes.
They form stable aerogels following freeze drying, and charac-
terisation by SEM reveals a porous structure formed by over-
lapping nanosheets. The structure and properties of the Zr-
BTB gels are similar to those seen for many graphene oxide
nanosheet-based gels, but with the addition of the intrinsic mi-
cropores of Zr-BIB MONs alongside the macropores of the
gels. Preliminary studies in our own lab have shown that a
variety of related Zr- and Hf-tricarboxylate based nanosheets
also form gels, and we anticipate that the approach should be
broadly applicable to other MONs and related molecular 2D
materials.

A key advantage of our centrifugation approach is that it al-
lowed rapid and uniform loading of cargo molecules into the
gels by harnessing the high surface area of the nanosheets in
suspension. Moreover, molecular cargo was found to diffuse out
of the gels at very different rates (from 6 h to ~2 weeks), which
was attributed to the different diffusion paths available to differ-
ent molecules depending on their size and charge. In particular,
neutral molecules small enough to pass through the pores of Zr-
BTB MONSs diffused more rapidly out of the gel, whereas larger
molecules had to take a more tortuous diffusion path around
the nanosheets. This ability to differentiate between molecules
based on their molecular size arises from the unique combina-
tion of intrinsically porous nanosheets, and the hierarchically
porous structure offers new opportunities for the release of mul-
tiple drugs or pesticides at different rates depending on the path
they can take through the gel.

Overall, this work demonstrates a promising new route for
transforming a diverse and highly tuneable class of 2D mate-
rials into the gel state. The solid-like rheology of gels offers
distinct new opportunities for processing MONs and allowing
them to be used heterogeneously to interact with molecules
in solution or the gas phase. The porous nature of MONs in-
troduces an additional size-selective path not available to gels
based on clays and other non-porous nanosheets. We there-
fore anticipate that the unique combination of properties of-
fered by MON-based gels will provide exciting new opportunities
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within a range of capture, sensing, catalysis, and release
applications.
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