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Developing Scotch tape Exfoliation Methods for Two-
Dimensional Magnetic Metal-Organic Frameworks

Elizabeth J. Evansa and Lucy Clarka∗

The emergence of two-dimensional materials has transformed
solid-state chemistry and condensed matter physics, yet intrinsic
magnetism remains rare in atomically thin systems. Magnetic
metal–organic frameworks (MOFs) offer a compelling and chem-
ically versatile platform to address this challenge, combining
tuneable magnetic interactions with crystal structures amenable
to exfoliation. In this Review, we examine the development of
the micro-mechanical “Scotch tape” method for the isolation
of two-dimensional magnetic MOFs, benchmarking it against
established exfoliation approaches and highlighting its unique
ability to yield larger, higher-quality nanosheets. Through key case
studies, we assess the current state of the field, identifying critical
limitations including poor reproducibility, insufficient methodolog-
ical reporting, challenges in crystal growth, and difficulties in
applying surface-sensitive magnetic characterisation techniques.
We further discuss how these barriers may be overcome through
community-driven standardisation of exfoliation protocols, ad-
vances in crystal engineering, and the integration of computational
and data-driven approaches to predict exfoliation behaviour.
Finally, we outline emerging opportunities for tailoring magnetic
and surface properties in MOF nanosheets, positioning Scotch
tape exfoliation as a powerful yet underutilised route toward the
rational design and discovery of next-generation two-dimensional
magnetic materials.

Introduction
The isolation of graphene in 2004, through mechanical “Scotch
tape” exfoliation, marked a turning point in materials research,
giving rise to the modern field of two-dimensional materials.1

This ostensibly simple method has since been broadly applied
to a range of layered inorganic solids, most prominently transi-
tion metal dichalcogenides (TMDs),2 3 4 hexagonal boron nitride
(hBN),5 and layered perovskite materials,6–8 enabling systematic
exploration of atomically thin crystals.9 Although these exfoli-

a School of Chemistry, Molecular Sciences Building, University of Birmingham, Edgbas-
ton, Birmingham, B15 2TT, UK. E-mail: l.m.clark@bham.ac.uk

ated two-dimensional inorganic materials display an exceptional
array of electronic, optical, and mechanical properties,10–16

intrinsic magnetism is relatively uncommon among them.17 The
development of atomically thin magnetic systems is, therefore,
of considerable interest. From a fundamental standpoint, such
materials provide a platform to probe long-standing theoretical
concepts, most notably the role of magnetic anisotropy in stabil-
ising long-range magnetic order in two dimensions in light of the
Mermin–Wagner theorem,18 and to investigate spin interactions,
phase transitions, and quantum phenomena in the monolayer
limit.19,20 From a technological perspective, two-dimensional
magnets also present opportunities for next-generation devices,
particularly in spintronics and information storage, where their
potential for electrical or optical control, and compatibility
with van der Waals heterostructures, could enable ultra-thin,
low-power magnetic technologies.21–24

Thus, another major breakthrough in the field was the applica-
tion of the Scotch tape method for the exfoliation of magnetic
CrI3 and Cr2Ge2Te6, yielding monolayer and bilayer samples in
each case, respectively, and the demonstration of their intrinsic
ferromagnetism in the two-dimensional limit.25,26 These systems
represent the first experimental realisations of two-dimensional
ferromagnetism, discoveries which came almost fifty years
after their theoretical prediction in the 1970s.27 Indeed, these
discoveries paved the way for subsequent realisations of long-
range magnetic order in monolayers of other inorganic systems,
Fe3GeTe2, VSe2, FePS3 and NiPS3.28–31 However, in terms of
their characterisation and eventual translation into devices, these
inorganic materials present several challenges, including their
chemical instability in the two-dimensional limit32–38 and their
limited chemical tunability.39

In this regard, an attractive alternative class of materials which
has since emerged are magnetic metal-organic frameworks
(MOFs).40 MOFs are composed of metal nodes connected by or-
ganic linkers into extended three-dimensional crystalline struc-
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tures that are particularly well-suited for reticular materials de-
sign strategies.41 Indeed, the chemical tunability of MOFs en-
ables many potential applications42–45 that are widely celebrated,
most recently through the 2025 Nobel Prize in Chemistry.46 Mag-
netic MOFs are particularly attractive because their paramagnetic
metal ions and organic linkers can be readily exchanged to tailor
their magnetic anisotropies and exchange interactions.47,48 For
instance, layered magnetic MOFs are made up of paramagnetic
metal nodes connected by organic linkers into extended two-
dimensional planes, which are layered in the third dimension by
weak intermolecular forces.49 The weak intermolecular forces be-
tween their two-dimensional layers makes such MOFs susceptible
to exfoliation and thus, promising candidates for exploring, tun-
ing and exploiting magnetism in materials which are stable in the
two-dimensional limit.50–52 To date, the exfoliation of MOFs into
two-dimensional structures has largely been achieved by ultra-
sonic or chemical exfoliation techniques. Despite its widespread
use in the exfoliation of inorganic materials and graphene, the
application of the Scotch tape method to layered MOFs has only
been reported in a handful of cases. In this review, we highlight
the recent advances in the development and application of the
Scotch tape method for layered MOFs. In particular, we focus on
the development of this methodology for the realisation of new,
chemically versatile two-dimensional magnetic MOFs and present
what we propose to be the greatest challenges in adapting the
Scotch tape method for MOFs and how we may overcome these
limitations.

Current exfoliation techniques for layered MOFs
The first exfoliation of a layered MOF was reported in 2008,
when Zn(C12H14O4) layers were successfully exfoliated into
monolayers using solvent-mediated ultrasonic exfoliation.53

Since then, this method has become the most widely employed
strategy for MOF exfoliation, in which solvent choice and ultra-
sonic frequency, along with sonication temperature and time,
are typically adjusted for material-specific requirements.49 This
technique can be applied to a wide variety of layered MOFs, and
even to polycrystalline samples,53 which is useful considering
that the single-crystal growth of MOFs can be challenging to
reproduce.54 Tyndall scattering and dynamic light scattering
(DLS) are typically employed to confirm the presence of MOF
nanosheets in solution,55 and deposition onto flat substrates
by, for example, drop casting, allows atomic force microscopy
(AFM) to be used to characterise nanosheet height and lateral
size.56 Whilst this technique often successfully yields ultra-thin
(monolayer thickness) nanosheets, they are typically only a few
hundred nanometres in width and substrate coverage can be
poor.57 This precludes most surface-sensitive chemical, structural
and physical property characterisation techniques, limiting fur-
ther investigation of nanosheet properties and creating ambiguity
over whether chemical composition and crystallinity have been
retained upon exfoliation.

Other exfoliation methods applied to MOFs include chemi-
cal exfoliation, which typically involves synthesis of a three-
dimensional structure with interlayer ligands that can be chem-

ically cleaved. This has most notably been explored in a MOF
with disulfide bridging ligands which can be selectively cleaved
to produce ultra-thin nanosheets up to 10 µm wide.58 This tech-
nique, however, requires specific conditions for selective bond
cleavage. In addition, the preferred conformation of the disulfide
bond in common dipyridyl bridging ligands59 may disturb the
desired topology within the two-dimensional layers of interest.
As such, new, alternative methods of targeted chemical cleavage
for MOF exfoliation are also being explored. For example, re-
searchers at the Catalan Institute of Nanoscience and Nanotech-
nology have developed a novel de-reticulation strategy, which
they term ‘Clip-off Chemistry’.60 This has been successfully ap-
plied to a three-dimensional Zr-polycarboxylate MOF, where pro-
grammed interlayer bond cleavage with high specificity yields a
layered MOF which can then be exfoliated into two-dimensional
sheets.61 Bottom-up methods, such as chemical vapour deposi-
tion (CVD) or molecular beam epitaxy (MBE), have been shown
to produce large MOF monolayers, making surface-sensitive char-
acterisation more facile, but these techniques often require higher
temperatures and extreme conditions, which most MOFs and
their precursors cannot tolerate.62,63

The final general class of exfoliation used for MOFs is mechan-
ical exfoliation. This encompasses methods like ball-milling
and grinding,64 as well as the micro-mechanical “Scotch tape
method.”1 Scotch tape exfoliation, the technique initially used
to afford single-layer graphene, involves the use of adhesive
tape to pull apart weakly-bound layers and deposit them on flat
substrates (Fig. 1). This is arguably the most popular exfoliation
technique for layered materials in general, having been widely
applied to many inorganic layered materials, yet its application
to layered MOFs is surprisingly limited. In cases where it has
been used,50–52,65–68 MOF nanosheets of lateral sizes up to 10
µm have been obtained, even down to the single layer in some
cases. Substrate coverage of exfoliated material after deposition
is typically better than for chemical and ultrasonic methods,65

and the larger nanosheets obtained allow for easier confirmation
of the resulting crystallinity and chemical composition of the
exfoliated material. Despite this promise, there remain several
limitations for the application the Scotch tape method to the
exfoliation of MOFs, which we highlight in the following sections.
We argue that these challenges need to be addressed and fully
reported in order for the full potential of this methodology to be
realised within the MOF community.

Recent advances in the Scotch tape exfoliation of
layered MOFs

The first application of Scotch tape exfoliation to a layered
MOF was reported in 2015.65 In this report by Abhervé et al., a
family of magnetic layered MOFs, with general formula [M3+(L2-
trien)][Mn2+Cr3+(X2An)3] (M = Fe or Ga, L = acetylacetonate
(acac) ligand or salen (sal) ligand and X = Cl or Br) were
successfully synthesised. These MOFs were then exfoliated both
by Scotch tape and ultrasonic exfoliation methods, where the
former produced larger, more crystalline nanosheets than the
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7
Fig. 1 Schematic showing the general “Scotch tape method”, as first developed by Novoselov et. al. to intially obtain single-layer graphene. 1 1. Single
crystals of the layered material are stuck flat to a piece of adhesive tape. 2. Another piece of tape is gently pressed on top of the crystals. 3. The
tape is peeled away, leaving exfoliated material on both pieces of tape. 4. The tape that has been peeled away is then gently stuck back down on the
first piece of tape. 5. It is then peeled away again, yielding thinner exfoliated material on both pieces of tape. 6. This process is repeated as many
times as is desired. 7. Exfoliated nanosheets are deposited onto a flat substrate, typically Si/SiO2.

latter. Two of the MOFs reported in this study consist of anionic
honeycomb layers in the ab-plane, where Mn2+ S = 5/2 and Cr3+

S = 3/2 ions occupy alternating vertices of the hexagons within
the honeycomb layers, and are linked by halide-functionalised
anilate bridges (X2An, X = Cl or Br) as can be seen in Fig. 2.
[Fe3+(acac2-trien)]+ cationic complexes sit within the hexagonal
channels to charge balance the framework, forming an overall
charge-neutral layered MOF, where the anilate layers stack in the
c-direction and are held together by weak van der Waals forces
between the Cl or Br atoms. The third MOF reported in this study
has the same in-plane structure (X = Br), but instead possesses
a diamagnetic Ga3+ cationic complex in the central channel
in place of [Fe3+(acac2-trien)]+.65 The fourth incorporates a
different chelating ligand for the Fe3+ cation, [Fe3+(sal2-trien)]+,
which results in a structure with alternating anionic/cationic
layers held together by electrostatic interlayer interactions.69

In each case, for bulk samples, there is an antiferromagnetic
arrangement of S = 3/2 Cr3+ and S = 5/2 Mn2+ ions, leading to
long-range ferrimagnetic order below their respective ordering
temperatures, T N = 10.4 K, 11.8 K, 11.6 K, 10.0 K. In addition,
there is a paramagnetic contribution from the Fe3+ ions in
the cationic complexes, which remain in the high-spin state
(S = 5/2).65

Due to the weak van der Waals forces between the layers in
these MOFs, exfoliation techniques can be used to separate them.
Single crystals were grown via a solvothermal synthesis method,
and scanning electron microscopy (SEM) images reveal a layered
morphology. Scotch tape exfoliation successfully yielded flakes
varying in lateral size and thickness, with a reported random

distribution across the Si/SiO2 substrate on which they were
deposited.65 The atomic force microscopy (AFM) images pre-
sented in the main manuscript and supplementary information
of Ref. 65 show that the largest flakes measure up to 5 µm in
diameter, with thicknesses between 10−20 nm, corresponding to
∼ 10−20 layers, where a single layer is approximately 0.7 nm in
height. Smaller flakes of up to 800 nm in diameter and as thin
as 2 nm (i.e. approaching bilayer height) were also obtained.65

Abhervé et al. also showed that the electrostatic MOF can be
exfoliated using Scotch tape exfoliation, yielding nanosheets as
large as 20 µm in diameter (with thickness ∼ 60 nm) and as
thin as 2 nm (with up to 300 nm lateral width), corresponding
to a single cation/anion hybrid layer.69 For comparison, two
of the MOFs were also exfoliated using ultrasonication. In
general, for both MOFs, flakes were smaller laterally (up to a few
hundred nm) and thicker (the thinnest ∼ 5 nm) when obtained
by ultrasonication in comparison to the Scotch tape method. It is
also evident from the AFM images in Ref. 69 that the nanosheets
obtained by ultrasonication have more poorly defined edges,
possibly indicating that they are less crystalline than the large,
angular nanosheets obtained by the Scotch tape method (Fig. 3).

This milestone study clearly illustrates that Scotch tape ex-
foliation can be applied successfully to layered MOFs, and
demonstrates that it even out-performs the more popular ul-
trasonication exfoliation technique, delivering thinner, larger,
better-quality nanosheets. Yet, we argue that the report lacks
a sufficiently detailed methodological description of the Scotch
tape exfoliation procedure used to obtain the nanosheets, and
does not provide any statistical analysis or indication of the
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a

b b

c

Fig. 2 (Left) A single layer of [Fe3+(acac2-trien)][Mn2+Cr3+(Br2An)3] shown in the ab-plane. Alternating Cr3+ and Mn2+ ions are bridged by anilate
ligands, forming a honeycomb structure. Charge-balancing [Fe3+(acac2-trien)] cations sit in the hexagonal channel of the MOF. (Right) Two adjacent
layers, stacked in the c-direction, are shown. Van der Waals interactions between the bromine atoms on the functionalised anilate ligands hold the
layers together. Mn, pink; Cr, purple; Fe, orange; C, black; N, light blue; O, red; Br, teal. Hydrogen atoms and solvent molecules have been omitted
for clarity.

Fig. 3 (Top, left) AFM topographical image showing a nanosheet of
[Fe3+(acac2-trien)][Mn2+Cr3+(Br2An)3] obtained via Scotch tape exfoli-
ation. The blue line corresponds to the line profile (top, right), which
indicates the section of flake has a height of ∼ 2 nm, corresponding
to the bilayer height. (Bottom, left) AFM topographical image showing
nanosheets of [Fe3+(acac2-trien)][Mn2+Cr3+(Br2An)3] obtained via ultra-
sonic exfoliation of single crystals in ethanol. The blue line corresponds
to the line profile (bottom, right), which indicates an average nanosheet
of lateral width ∼ 250 nm µm and height ∼ 5 nm (∼ 5 layers). Here
we can clearly see that nanosheets obtained via Scotch tape exfoliation
are typically much larger laterally, and have angular, well-defined edges.
In comparison, nanosheets obtained via ultrasonic exfoliation are much
smaller and edges are less well-defined, possibly indicating poorer crys-
tallinity. Figures adapted from Ref. 65 with permission from the Royal
Society of Chemistry, 65 copyright 2015.

reproducibility of the exfoliation methods used. There are also
a number of artefacts in the AFM images presented, which may
indicate challenges with substrate cleanliness and/or adhesive
contamination,70 but these are not explained. This can lead
to difficulty in interpreting the results presented as a reader,
as it is challenging to distinguish what is sample from possible
contamination in microscopy imaging. We propose, however,
that this is not uncommon, as limitations in the reporting of
Scotch tape exfoliation methods have been perpetuated from
its very first use.1 For a technique so widely-used in the two-
dimensional materials community, detailed method statements
are often lacking throughout the scientific literature. Instead, this
appears a technique in which expertise is more commonly passed
through groups anecdotally, making it less accessible to the wider
scientific community. We suggest that this may be one of the
key barriers to its wider adoption by the MOF community, where
additional challenges, such as weak inter-plane interactions,
small crystal sizes and increased crystal fragility, make a nuanced,
detailed understanding of the technique all the more critical.

Another important case study in the Scotch tape exfoliation
of layered MOFs is the 2018 paper from López-Cabrelles et
al..50 In this study, the authors prepare a series of MOFs in
the MUV-1-X(Fe) family, with the general formula [Fe(bimX)2],
where bimX is the benzimidazole ligand functionalised at the
5-position with X = H, Cl, Br, CH3, NH2,50 or F.52 Here, the
pre-synthetic ligand functionalisation, made possible by the
versatility of chemical space offered by MOFs, yields layered
MOF crystals which are proposed to retain their crystallinity
upon exfoliation down to the few-layer and monolayer limit.50

Within the crystal structure, distorted tetrahedral Fe2+ S = 2 ions
are connected by HbimX ligands to form neutral layers in the
ab-plane. These layers are then held together by weak van der
Waals forces between the X substituents in the layers (Fig. 4)
Below their respective Néel temperatures in bulk, TN ≈ 20 K, the
MUV-1-X(Fe) family adopt a canted antiferromagnetic ground
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state, as confirmed by d.c. and a.c. susceptibility magnetometry
studies on bulk powder MOF samples.50

In this study of López-Cabrelles et al., the use of “Ultron Systems”
plastic tape is reported for the exfoliation, which, anecdotally,
is preferred within the two-dimensional materials community
because it typically leaves less adhesive residue compared to
the Scotch MagicTM tape brand. However, it is also generally
considered that this tape is less well-suited to materials that
are more difficult to cleave, i.e., those with stronger inter-plane
interactions, since there is less adhesive on the tape overall.
Nanosheets were deposited on Si/SiO2 substrates, and the
exfoliation provided good coverage of nanosheets with typical
lateral dimensions greater than 1 µm, and varying thicknesses
from 1.5 nm (corresponding to the monolayer, Fig. 5) to
hundreds of nm.50 The authors confirm that both the structural
and chemical composition of MUV-1-Cl(Fe) are retained on
exfoliation through transmission electron microscopy (TEM)
and Raman spectroscopy, respectively. They also perform low-
temperature magnetic force microscopy (LT-MFM) measurements
on exfoliated flakes to ascertain whether the magnetic behaviour
seen in bulk is retained on exfoliation. Whilst they detect a
small ferromagnetic signature, which may be associated with
the canted antiferromagnetic ground state observed in bulk, one
cannot unequivocally conclude that the observed signal is purely
magnetic and does not have any contribution from electrostatic
forces.50

This highlights another challenge for the field, which is that
surface-sensitive magnetic characterisation of MOF nanosheets
is particularly difficult. Techniques commonly applied to in-
organic two-dimensional materials, like magneto-optic Kerr
effect (MOKE) microscopy,25,26 require large, uniform flakes,
at least several microns in width. This is particularly difficult
to achieve for MOFs, where metal-organic intra-plane bonds
are typically weaker than in purely inorganic systems, leading
to more fracturing of layers during exfoliation and, therefore,
smaller lateral sizes of nanosheets compared to inorganic layered
materials.71,72 It is often observed, as in the case of Ref. 50, that
Scotch tape exfoliation of MOFs also leads to substrate coverage
by a variety of nanosheet thicknesses. In addition, it is also
observed that a range of thicknesses exist within a single flake, as
is illustrated by Fig. 5. This makes magnetic characterisation by
techniques with large probe areas particularly difficult, because
contribution from a variety of flake thicknesses can complicate
measurements and analyses. This is particularly pertinent in the
two-dimensional limit (monolayer, bilayer), where the emergent
magnetic behaviour may be distinct from that observed in
multiple layers and the bulk.27,73

López-Cabrelles et al. also investigated the surface be-
haviour of exfoliated flakes as a function of X substituents in
MUV-1-X(Fe).50 In particular, they investigated the hydropho-
bicity/hydrophilicity of exfoliated flakes through contact angle
measurements of water droplets deposited on their surfaces.
They observed that surface hydrophobicity changes with func-

tional group X , showing that flakes with halide substituents (Cl,
Br) show strong hydrophobic character, with alkane substituents
(H, CH3) showing moderate hydrophobic character and X = NH2

showing super-hydrophilic behaviour. This highly tuneable
surface behaviour highlights the advantages of MOFs over
inorganic materials. It demonstrates how exploiting the reticular
design principles inherent to MOFs might allow us to employ
surface groups to make them more resistant to degradation in
the two-dimensional limit.

One might imagine that changing X , which clearly affects the
MOF surface energy, will also affect the inter-plane energies (i.e.,
the strength of the van der Waals interactions between layers),
and thus also affect the relative ease of exfoliation of each MOF,
with those with stronger inter-plane energies being harder to
exfoliate than those with weaker inter-plane interactions.71

However, this comparison is not presented in Ref. 50. While it
is stated that all members of the MUV-1-X(Fe) series presented
can be exfoliated, only a single AFM image of flakes for each is
shown in the supplementary information.50 We suggest that the
lack of such a comparison of exfoliation successes (and failures)
within this family of MOFs presents an important opportunity
for future studies. Comprehensive recording of the size of flakes,
minimum thickness achieved, and the coverage and uniformity
of flakes across multiple samples, coupled with appropriate
statistical analysis would allow the “success” of exfoliation to be
qualified and compared to other systems, which could in turn
be rationalised by MOF structure and the magnitude of intra-
and inter-plane interactions to guide future two-dimensional
materials design.

In their subsequent 2021 study,51 the same team investigated the
effect of exchanging the HbimX ligand to bimX2, where X = Cl
or CH3. This affords a change to the MOF structure, resulting
in MUV-8-X(Fe). In this structure, the doubly-functionalised
benzimidazole ligands cause the formation of an Fe2+-based
double-layer, where the tetrahedral Fe2+ S = 2 centres are
connected by three ligands in the ab-plane and a fourth ligand
connects to another Fe2+ in the c-direction (Fig. 6) These
double layers are then held together by weak van der Waals
forces between the X substituents on the ligand. In bulk,
these compounds display canted antiferromagnetism below a
T N ∼ 23 K.51 MUV-8-Cl(Fe) can also be successfully exfoliated
via a Scotch tape method, yielding nanosheets as thin as 6 nm,
which corresponds to 3 − 4 layers. Raman spectroscopy of
MUV-8-Cl flakes indicated that the chemical composition of the
bulk is retained on exfoliation.51

In this paper, the authors also investigated the effect on the
magnetic behaviour of the system of switching the metal ion in
MUV-1-Cl(Fe) to Co2+ (S = 3/2) and Mn2+ (S = 5/2).51 MUV-1-
Cl(Co) still behaves as a canted antiferromagnet, but the Néel
temperature, T N, decreases to 11 K. In MUV-1-Cl(Mn), below
T N = 14 K, the system is antiferromagnetic without spin canting,
confirmed by d.c. and a.c. susceptibility measurements, likely
a result of the spin isotropy of d5 Mn2+. No comment is made
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b

a c

a

Fig. 4 (Left) A single layer of MUV-1-Cl(Fe) shown in the ab-plane. Tetrahedral Fe2+ centres are bridged by HbimCl ligands forming a square lattice.
(Right) Two adjacent layers of MUV-1-Cl(Fe) shown stacked in the c-axis direction. Van der Waals interactions between the Cl atoms hold the layers
together. Fe, orange; C, black, N, light blue; Cl, yellow. Hydrogen atoms, ligand disorder, and solvent molecules have been omitted for omitted for
clarity.

on the effect of changing ligand, or metal ion, on the exfoliation
of the MOFs, despite a significant change to the structure (Fig.
6), in the former case, and the bulk crystal morphology,51 in
the latter, both of which might be predicted to have an effect.
However, in this study, the T N of exfoliated flakes are extracted
through nanomechanical resonance. Here, flakes are suspended
over small circular cavities (d = 5− 6 µm) and probed between
T = 4−50 K using laser interferometry. The relationship between
resonance frequency of exfoliated flakes and their specific heat is
exploited to extract the transition temperature in each case.74 In
this way, it is shown that the T N values of exfoliated flakes closely
agree with the corresponding values for the bulk samples. Whilst
this technique has been shown to work well for the family of
insulating two-dimensional materials, MPS3 (M = Fe, Ni, Mn),74

it may be less widely applicable to MOFs. In this case, flakes of
MUV-1-H(Co), MUV-1-Cl(Fe) and MUV-8-Cl(Fe) are quite robust,
but not particularly thin (65− 120 nm), limiting the conclusions
that can be drawn about dimensionality effects on magnetic
behaviour.

One of the biggest challenges for the exfoliation of layered
MOFs lies in obtaining suitably sized single crystals to begin
with. The weak bonding along the stacking direction of layered
MOFs often leads to poor crystallinity, stacking faults and small
crystallite sizes.75–79 This, in turn, ultimately limits the quality
and size of exfoliated material that can be obtained. Recently, a
team based at Yale University have managed to overcome this
challenge by employing the use of a functionalised anthracene
dimer as a ligand (Fig. 7), forming a three-dimensional MOF
which is capable of forming larger single crystals (∼ 300 µm).66

Subsequent thermal treatment breaks the dimerisation of the
ligand, producing similarly sized single crystals of a layered
MOF with pi-stacking interactions between the layers. The
three-dimensional precursor MOF has the general formula,
Zn3BDC3L, where BDC = 1,4-benzenedicarboxylic acid and L is
a pyridyl-terminated dianthracene ligand, denoted diAnCNC−3Py

(Fig. 8).

The novel synthesis pathway presented in Ref. 66 allows for
selective functionalisation and direct incorporation of the dimer
ligand into the three-dimensional MOF structure. This synthesis
route produces large (∼ 300 µm), colourless, plate-shaped single
crystals. The structure consists of a secondary building unit
(SBU) with three Zn2+ ions and six BDC molecules. Each SBU
is linked by BDC molecules to form two-dimensional sheets and
the terminal Zn ions in each SBU are connected to diAnCNC−3Py

ligands in the stacking direction. Upon annealing at 210 ◦C, the
ligand undimerises to form a two-dimensional MOF structure.
π-stacking interactions between the anthracene on one layer,
and the pyridine on an adjacent layer, hold the two-dimensional
sheets together. These layers are then exfoliated using Scotch
MagicTM tape and deposited onto a Si/SiO2 substrate. The tape
with exfoliated flakes was secured to the substrate surface and
annealed at 100 ◦C for two minutes, before being allowed to cool
for five minutes and peeled away.66 The chemical composition
of flakes was investigated using optical photothermal infrared
spectroscopy (O-PTIR) and X-ray photoelectron spectroscopy
(XPS). They confirm that the chemical composition seen in bulk
is retained on exfoliation. In the supplementary information of
Ref. 66, the authors also report data for a sample of 16 flakes,
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including flake height, estimated area, mean roughness, and
aspect ratio. In this way, we see that the thinnest flake obtained
is 3.8 nm, which corresponds to a bilayer, but the average height
across all sampled flakes is 15 nm.66 The authors also show that
flakes are typically quite large, with areas of up to 3500 nm2. This
detailed reporting of flake dimensions sets a precedent for future
MOF exfoliation work, which we suggest should incorporate
at least a qualitative description of the reproducibility of any
exfoliation procedure, and ideally a statistical analysis of results,
as presented here. Ref. 66 also demonstrates that single-crystal
MOF growth is a key consideration in the engineering of novel
layered MOFs suitable for exfoliation, and the new synthesis
strategy presented in this work could be a route to achieving
large, high-quality crystals and, therefore, improve the quality
of nanosheets. Indeed, this work also opens the opportunity to
utilise this novel synthesis strategy with alternative, paramag-
netic metal, M2+, ions, which may enable the discovery of new
magnetic topologies in the two-dimensional limit.

Thus, in this section, through a comprehensive presentation of
several key case studies, we have highlighted what we believe
are the current key challenges associated with the Scotch tape
exfoliation of magnetic MOFs. In summary, they are:

• Limited literature reporting of the Scotch tape exfoliation

Fig. 5 AFM topographical image of a MUV-1-Cl(Fe) nanosheet obtained
via Scotch tape exfoliation. The line profile indicates the monolayer
section of the nanosheet (1L) which is ∼ 1.5 nm in height. Across the
whole ∼ 4 x 4 µm AFM scan area, it can be seen that there are a variety
of thicknesses within the one flake (2L = 2 layers, 4L = 4 layers, etc).
Figure adapted from Ref. 50 with permission from Springer Nature, 50

copyright 2018.

b

c

Fig. 6 Two Fe2+ “double-layers” of MUV-8-Cl(Fe) stacked in the c-axis
direction. Fe2+ ions are coordinated to three bimCl2 in the same plane,
and a fourth in the c-axis direction to form this novel structure. Adjacent
“double-layers” are held together in the c-axis direction by van der Waals
interactions between the chlorine atoms. Fe, orange; C, black; N, light
blue; Cl, yellow. Hydrogen atoms and disordered ferrocenes between the
layers have been omitted for clarity.

Fig. 7 Novel synthesis pathway developed by Logelin et. al. to synthesise
the dimer ligand, diAnCNC−3Py. Here they take the 9,9’-dianthraldehyde
ligand and functionalise it with a primary amine to favour the pyridine-
terminated dimer, diAnCNC−3Py. Figure adapted from Ref. 66 with per-
mission from the Royal Society of Chemistry, 66 copyright 2024.

methodology, including full details of the procedure itself,
tools used, deposition techniques and cleaning procedures.

• Limitations in crystal size and increased crystal fragility for
MOFs, which is linked to their inter- and intra-plane inter-
action strengths. This is most likely the reason why MOF
nanosheets are non-uniform in height, size and coverage and
is a key factor in determining the sample thickness and qual-
ity achievable.

• Difficulty in applying surface-sensitive magnetic characteri-
sation techniques to exfoliated MOFs.
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c

a

Fig. 8 Crystal structure of Zn3BDC3(diAnCNC−3Py) shown along the b-
axis direction. Three Zn atoms and six BDC molecules make up the
SBU which are connected in the c-axis direction to form two-dimensional
sheets. The terminal zinc ions in each SBU connect to diAnCNC−3Py

ligands in the stacking direction (a-axis direction). When annealed at 210
◦C, the dimer bonds, indicated here on one dimer with the red arrows,
are cleaved. This results in the two-dimensional MOF with π-stacking
interactions between an anthracene on one layer and a pyridine on the
adjacent layer. Zn, grey; C, black; N, light blue; O, red. Hydrogen atoms
and solvent molecules removed for clarity.

In the following section we will explore these challenges in more
detail, and suggest the ways in which we believe they can be
tackled by the wider research community.

Overcoming challenges and future directions

A community-wide effort to create and adhere to reporting
protocols for exfoliation methods

The lack of rigorous reporting of Scotch tape exfoliation method-
ology is a fundamental shortcoming for the two-dimensional ma-
terials community, in general. This is exacerbated in the explo-
ration of two-dimensional MOFs, where Scotch tape exfoliation is
typically more difficult to achieve, and requires a more nuanced
approach. Overcoming this barrier requires a concerted effort
from the entire research community. Strategies could involve
co-creating guidelines for the reporting of exfoliation methods,
which could be implemented in peer review. As a general frame-
work, we suggest reporting, at minimum, the following method-
ological information to (i) facilitate wider adoption of the tech-
nique across the community and (ii) enable researchers to assess

the validity and reproducibility of research outcomes in the field:

• Substrate preparation procedures, including substrate clean-
ing pre- and post-deposition.

• Detailed description of the exfoliation procedure employed,
including the type of tape used, number of exfoliation steps,
and conditions under which the exfoliation was performed,
i.e. ambient, glovebox etc.

• Deposition procedures, e.g. deposition temperature, details
of any transfer steps or any substrate dependence.

• Representative optical and AFM images of exfoliated flakes,
with any artefacts, e.g., adhesive or atmospheric contamina-
tion, identified and explained.

• The range of nanosheet thicknesses and lateral dimensions
achieved alongside an indication of how reproducibly these
results were achieved. This could also include statistical
analysis of such metrics across sampled flakes, as in, for ex-
ample, Ref. 66.

Characterisation of MOF nanosheets by AFM is often particularly
labour-intensive because of their small lateral dimensions and the
low surface coverage typically achieved on substrates. In contrast,
optical imaging is generally a more rapid and convenient tech-
nique and has therefore been used in the characterisation of two-
dimensional inorganic materials, whose flakes are often substan-
tially larger. For these materials, the thickness-dependent optical
contrast of nanosheets has been exploited to generate optical cal-
ibration curves, allowing nanosheet thickness to be estimated di-
rectly from optical microscopy. Such calibration curves make the
identification and selection of suitable nanosheets considerably
faster and more reliable than relying on AFM alone.80 There are
also a number of ways in which flake identification has been au-
tomated for these materials.81,82 Typically, these involve the use
of machine learning (ML) algorithms for data segmentation. Sim-
ilar techniques could be employed to exfoliated MOFs, but would
first require the generation of sufficiently large and reliable train-
ing datasets. We argue that this can only be achieved through a
community-wide effort, along the lines proposed above. We be-
lieve that clearer methodological reporting could transform the
application of the Scotch tape method to MOFs by democratising
the technique and facilitating the automated design and discovery
of new two-dimensional materials.

Understanding the feasibility of Scotch tape exfoliation to dif-
ferent families of MOFs

The current state-of-the-art indicates that the feasibility and likely
success of a Scotch tape exfoliation of a MOF, i.e., whether it
is possible to reproducibly obtain high-quality, sufficiently large
and thin nanosheets, is highly sample-dependent. Whilst there
are likely multiple underlying factors, we believe one of the main
reasons stems from the challenges in growing suitably robust sin-
gle crystals to facilitate Scotch tape exfoliation, in comparison to
inorganic systems. The vast chemical space accessible to MOFs,
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arising from their reticular design principles, means there are a
huge range of intra-plane bonding motifs and intermolecular in-
teractions that may govern the assembly of a layered MOF’s struc-
ture. As a result, there will be enormous variety in the energy
scales of their inter- and intra-plane interactions, which will di-
rectly affect the way in which they are exfoliated. Understanding
this complex energy landscape may be central to elucidating the
behaviour of layered MOFs upon exfoliation and, indeed, to pre-
dicting how successfully they may be exfoliated, not necessarily
just by the Scotch tape method, but by other exfoliation methods
as well. One way in which this may be achieved is through the
use of density functional theory (DFT) calculations. Such meth-
ods have been applied to inorganic layered materials and are even
capable of calculating the energy required to separate individual
layers.83,84 Of course, applying DFT to MOFs is challenging. They
typically have a large number of atoms per unit cell, and often
possess defects and disorder in their structures,85 making cal-
culations computationally expensive. Treating layered, magnetic
MOFs with DFT is even more difficult. Dispersive interactions are
typically not well treated by DFT and require additional correc-
tions.86–88 On top of this, describing two-dimensional magnetism
with DFT also requires extra considerations.89 Yet, progress is be-
ing made in addressing these challenges. For instance, DFT has
been recently used to investigate magnetic van der Waals MOF
structures.48 Indeed, it is a powerful computational tool that
could allow us to rationalise the exfoliation behaviour of layered
MOFs and also predict their magnetic behaviour. Thus, further
research effort to develop computational techniques for treating
layered MOFs could prove extremely fruitful. Once exfoliation
behaviour relative to MOF interactions is better understood, DFT-
or ML-driven crystal structure prediction (CSP) could be used to
engineer new two-dimensional MOF structures,90 which possess
the required characteristics to make them more amenable to ex-
foliation, and also incorporate motifs which could endow exotic
magnetic behaviours.

As well as exploring ways to design new MOFs which are more
amenable to exfoliation, we can also look to engineer new exfo-
liation tools which improve the exfoliation process. Indeed, this
has recently been investigated for the inorganic TMDs, where On-
odera et al. at the University of Tokyo have engineered a new
adhesive tape for exfoliation.91 They carry out a rigorous system-
atic study to show that, with this new tape, they are able to re-
producibly achieve good coverage of high-quality monolayers and
bilayers of WSe2, which are up to ten times larger in lateral width
than those obtained with the most commonly-used commercial
tapes for TMDs.91 Since TMDs are known to be more fragile than
graphite, and thus are more susceptible to cracking on exfolia-
tion,71 this tape has been designed with optimised adhesive flat-
ness and a rigid tape backing, which prevents flake wrinkling and
cracking.91 Since, as we have highlighted, the in-plane fragility
of MOFs is one of the limiting factors to successful exfoliation, ap-
plying a tape such as this to MOF exfoliation may improve results.
Furthermore, as a community we can work to optimise tape de-
sign specifically for MOFs, which when done in a systematic way
such as this,91 could prove highly advantageous.

Developing existing surface-sensitive magnetic characterisa-
tion techniques and exploring new ones

The final major challenge associated with exfoliated magnetic
MOFs that we have highlighted in the view is the current lack
of magnetic characterisation techniques that can be applied to
them. The most common quantitative characterisation techniques
applied to inorganic two-dimensional magnets, like MOKE or
nitrogen vacancies (NV) magnetometry,92 require micron-sized
flakes of uniform thickness and, therefore, are unsuitable for
MOFs where flakes, as we have seen, are typically smaller and
non-uniform. In addition, these techniques can be destructive
for MOFs, which are often fragile and sensitive to radiation.93,94

X-ray magnetic circular dichroism (XMCD) or X-ray magnetic
linear dichroism (XMLD) are synchrotron soft X-ray spectroscopy
techniques which can be used to investigate ferromagnetism,
or antiferromagnetism, in two-dimensional materials, respec-
tively.95,96 It is a highly surface-sensitive technique, which has
been used in a number of cases to investigate the magnetic phase
behaviour in the two-dimensional limit for inorganic materials.97

Whilst exposure to synchrotron radiation has been known to
damage MOFs,94 this technique has the advantage of being quite
tuneable, meaning beam intensity can be modulated to reduce
sample exposure and damage, and measurement protocols can
be adapted to avoid unnecessary beam exposure. Indeed, this
approach has been successfully carried out in the case of two
magnetic MOFs,98,99 and warrants further development and
application.

In summary, we suggest that advancing the field of exfoliated two-
dimensional magnetic MOFs will require coordinated progress
across experimental practice, data generation, sample charac-
terisation, and theory. Standardised and transparent reporting
of Scotch tape exfoliation methodologies would significantly im-
prove reproducibility and enable the creation of large, reliable
datasets that could support automated flake identification and
machine-learning approaches. At the same time, a deeper the-
oretical understanding through improved DFT and data-driven
modelling of the interplay between intra- and interlayer inter-
actions in layered MOFs could enable the prediction and design
of structures more amenable to exfoliation. Finally, continued
development and adaptation of surface-sensitive magnetic char-
acterisation techniques will be essential for probing the properties
of increasingly small and fragile MOF nanosheets. Together, we
hope that these directions present a useful roadmap for future re-
search, with the potential to unlock the systematic discovery and
investigation of new two-dimensional MOF materials and their
emergent magnetic phenomena.
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