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Due to the fascinating features such as ultra-thickness, great surface-to-volume atom ratios, abundantly
available unsaturated coordination sites, highly porous structure, enhanced conductivity, and easily
tunable structure, considerable research interest in the area of 2D metal-organic framework nanosheets
(2D MONSs) has been aroused worldwide. In this review, some recent contributions in 2D MONSs by
adopting various top-down (sonication exfoliation, chemical exfoliation, mechanical exfoliation, Li-
intercalation, and chemical-assisted approach) and bottom-up strategies (surfactant-assisted approach,
interfacial synthesis, modulated method, sonication synthesis) are summarized. This work aims to
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summarize some basic characterization techniques adopted for analyzing the developed 2D MONSs. In
further sections, promising applications of 2D MONSs in various fields such as catalysis, gas separation,
energy storage and conversion, sensors, wastewater treatment and biomedicine are also presented. In
the final section, the exclusive perception of challenges and futuristic possibilities in order to promote
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development in this research field are presented.

Functional Inorganic Materials Lab (FIML), Department of Chemistry, Aligarh Muslim University, Aligarh 202002, India. E-mail: shahid81chem@gmail.com

Dr Shabnam Khan is currently
working as a Post-doctoral
Research Associate under the
mentorship of Dr M. Shahid.
She received her BSc (Hons.)
and MSc degrees in Industrial
Chemistry from the Department
of Chemistry, Aligarh Muslim
University, Aligarh, India in
2010 and 2012, respectively. She
completed her PhD degree from
Department of Chemistry, Jamia
Millia Islamia, New Delhi, India
in 2019 in Functional Inorganic
Chemistry. She qualified Graduate Aptitude Test in Engineering
(GATE) in 2014. While her doctoral research, she was awarded
Maulana Azad National Fellowship (MANF) funded by UGC, New
Delhi. She is a team member of Functional Inorganic Materials Lab
(FIML). She has been working on the design and applications of
Metal-Organic Frameworks (MOFs). She has eight research papers
in reputed journals, one patent and six book chapters as her
credentials.

Shabnam Khan

4914 | Mater. Adv,, 2021, 2, 4914-4944

Dr. M. Shahid is an Associate
Professor at the Department of
Chemistry, Aligarh Muslim Univer-
sity, Aligarh, India. He has been
teaching Inorganic Chemistry to the
under and post graduate students
since 2010. He received his BS and
MS degrees from CSJM University,
Kanpur. He holds a PhD degree in
Inorganic Chemistry from Aligarh
Muslim University, Aligarh. After
completing doctorate, he worked
as a Fast-Track Young Scientist in
the same department. He received
many fellowships and awards given by various agencies of Govt. of
India. He is the Team Leader of the Functional Inorganic Materials
Lab (FIML), Department of Chemistry, Aligarh Muslim University,
Aligarh. His research group is actively involved in development of
Metal-Organic Frameworks (MOFs) acting as functional materials
sensing and adsorption. He has successfully completed many research
projects funded by SERB-DST, UGC and ICMR and is currently
involved in some major projects on developing inorganic functional
materials. He is Associate Editor of many International journals of
repute. He has nearly 100 research papers, 02 granted international
patents and many book chapters to his credit.

M. Shahid

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://orcid.org/0000-0003-1408-2628
http://orcid.org/0000-0003-3817-0286
http://crossmark.crossref.org/dialog/?doi=10.1039/d1ma00389e&domain=pdf&date_stamp=2021-07-07
http://rsc.li/materials-advances
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00389e
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA002015

Open Access Article. Published on 22 June 2021. Downloaded on 2/25/2026 10:14:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

1. Introduction

Metal-organic frameworks (MOFs) have achieved considerable
attention worldwide among researchers owing to their potential
applications in various fields including catalysis, sensing, separation,
adsorption, electronic and optical devices, drug delivery, photo-
catalysis, and energy storage devices."® MOFs, a category of
crystalline porous materials, are usually designed by combining
the organic linkers (e.g. carboxylate ligands or other negatively
charged ligands) with metal nodes (e.g. metal ions and clusters)
using the underlying principle of coordination chemistry.’
MOFs are generally prepared through hydrothermal or sol-
vothermal methods;'® however, some reports on the growth of
crystalline MOFs through surfactant-thermal strategy have also
been documented.’* A number of factors such as tailorability of
organic linkers and metal nodes as well as differing coordination
numbers contributed towards the generation of approximately
90 000 types of MOFs till date and the number is growing daily.">
Research related to MOF is attracting a number of researchers in
the field of materials chemistry, owing to the modifiable struc-
tures and functionality, high surface area, and extremely high
porous behavior of such materials.* A range of well-established
coordination motifs is present that allows a high degree of
predictability over the resultant structure topology. MOFs can
be systematically altered and modified through reticular sub-
stitution of various metal ions and organic linkers or through
post-synthetic modifications due to the prefabricated nature of
these materials. Fig. 1 depicts the general synthesis strategies
used in MOF synthesis, their properties and applications.
With the discovery of graphene in 2004, 2D nanomaterials
viz. metal nanosheets,'* transition metal dichalcogenides,'>'®
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2D hexagonal boron nitride,'”'® etc., have created an enormous
impact on research interest in this field. 2D MONs have evolved
as an emerging class of the 2D family and have received con-
siderable interest. Being a part of the 2D family, 2D MONSs
combines the features of 2D nanosheets'®™" along with extreme
structure tailorbility by careful selection of metal ions and brid-
ging ligands.>”>* 2D MONSs extending in lateral directions and
nanometric thickness have active sites on the surface that offer
advantages in the field of energy conversion and catalysis.”>*°

The fundamental principle behind the fabrication of 2D
MONSs is designing the material with directional and strong
intralayer interactions, but feeble interlayer interactions in the
bulk material. For instance, there exist strong covalent carbon-
carbon bonds forming a hexagonal lattice, and these layers are
held together by comparatively weak dispersion interactions.
The connectivity between MON layers can be attained either
through organic linkers, which help in bridging the isolated
metal ions/clusters or through the joined inorganic clusters, or
sometimes a combination of both.2’*? Typically, there is a
mixture of hydrogen bonding, dispersive, and ionic interactions
for any connectivity in the third dimension that allows the
separation of individual layers and makes them isolated.

2D MONSs have been manifested due to their chemical tenability,
high conductivity and highly porous structure, usually exhibiting
three, four or six connected network topologies.””* Usually in 2D
MONS, three available coordinating metal sites are contained in
the metal complexes of MOF to form the 2D structure.”? 2D
MONs owing to the intrinsic advantages of ultrahigh porous
architectures, abundantly available open active sites in the
framework, and great surface-to-volume ratios, behave well to
the external stimuli-responses such as ion, solvent, temperature,
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Fig. 1 Synthesis, properties and applications of MOFs.
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light, nitroaromatic explosives, gas and electron with remarkable
achievements.>®

So far, a myriad of well-established methods has been
reported that are concerned with the synthesis of bulk MOF
crystals, 0D MOF nanoparticles,” and 1D MOF nanorods/
3031 However, the synthesis of 2D MONSs is still a
challenging field as the MOF crystal growth should only be
allowed in two lateral directions, meanwhile suppressing it
along the vertical direction.**

In this review, an overview of the advancement, challenges,
and future possibilities in the research area of 2D MONSs are
discussed. Herein, a list of various synthesis strategies for the
2D MONs viz., top-down and bottom-up methods are pre-
sented. In these synthesis strategies, the challenges arising
during the synthesis of MONs are also presented. Some basic
characterization techniques for analyzing the molecular, nano-
scopic and macroscopic structures and properties of 2D MONs
are outlined. Finally, the potential applications of 2D MONSs in
the field of catalysis, energy conversion and storage, gas separation,
biomedicine, sensing, wastewater treatment are also discussed.
At last, some personal perspectives on the challenges and future
directions in this favorable research field are stated.

nanowires.

2. Synthetic strategies of 2D-MONs

The literature reveals a variety of methods for 2D MONSs synthesis,
such as sonication exfoliation, Li-intercalation exfoliation,
mechanical exfoliation, chemical exfoliation, surfactant-assisted
approach, interfacial synthesis, and sonication synthesis. The
synthetic strategies of 2D MONSs (Fig. 2) can be broadly categorized
into two broad groups: top-down and bottom-up methods. The
top-down method comprises the efficient exfoliation of layered
bulk MOFs and the bottom-up method involves the direct
synthesis of 2D MONs by employing organic linkers and metal
nodes. In this segment, some top-down and bottom-up methods
for 2D MON preparation will be discussed in detail.

2.1 Top-down strategy for 2D MONSs

As the name suggests, the top-down approach involves the bulk
layered-structured MOF-exfoliation into 2D MONS. In the case of
bulk-layered MOFs, there is a presence of strong coordination
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Fig. 2 Synthesis strategies of 2D MONSs.
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bonds within the layers, and comparatively feeble interactions
between the layers such as hydrogen bonding, van der Waals
forces, m-n stacking interaction exist.>®> These weak interlayer
interactions in bulk-layered MOFs could be easily overcome by
the application of external driving forces such as shaking,
micromechanical force, sonication, and freeze-thaw to yield a
single or few-layer 2D MONSs. This exfoliation approach basically
relies on the concept of being able to break apart weak interlayer
interactions preferentially, without affecting the strong bonding
interactions between them.

Various examples of top-down methods, such as sonication
exfoliation, mechanical exfoliation, chemical exfoliation, inter-
calation/chemical exfoliation to produce single or few-layered
MONSs are summarized in Table 1. In this section, a range of
top-down methods for the preparation of 2D MONs has been
discussed in detail along with suitable examples from the
literature.

2.1.1 Sonication exfoliation. Due to the validity and ease,
one of the most widely used top-down methods to synthesize
2D MONSs is sonication exfoliation (in the liquid phase). In the
sonication exfoliation process of layered MOFs, solvents play a
major role. As already discussed, there exist weak interlayer
interactions such as hydrogen bonding, van der Waals forces
and n-n stacking interaction that could easily be overcome by
using an appropriate solvent (sometimes solvent mixtures)
during the sonication exfoliation process of bulk MOFs to
produce 2D MONSs. Usually, these solvents penetrate into the
interlayer space of bulk MOFs, and act as a stimulus for the layer
separation, thereby, weakening the feeble interlayer interactions
and also stabilizing the exfoliated nanosheets. Inappropriate
solvent use can result in low exfoliation rates. A special feature
of a fine solvent is not only the exfoliation of the layered MOFs
but also the stabilization of the produced nanosheets. A mixture
of solvents is typically used to achieve a high rate of exfoliation
and stability, i.e., one solvent is used for the high exfoliation of
MOFs and another one for the stabilization of MONs.**
Hitherto, the function of the solvent is obscure, but it is believed
that the surface energy of the solvent exhibits a paramount role
in the layered MOF exfoliation.>*” So far, no reports are available
that demonstrate the universal set of parameters for producing
the highest quality nanosheets with high yield. Several authors have
used sonication times from 20 min to 24 h; though sonication
exfoliation at lower temperature showed better results,**? yet
temperature during sonication is rarely controlled. By system-
atically varying the rate of centrifugation used to collect MONs
from a suspension, nanosheets of different sizes can be
afforded.*® The sonication approach breaks the intralayer as
well interlayer bonds, resulting in smaller crystallite fragments,
and eventually, broad particle size distribution and smaller
MON size are resulted as compared to those in the bottom-up
approach.

First, Zamora et al. demonstrated the preparation of extremely
thin 2D MONSs by adopting the sonication exfoliation method that
breaks the weak m-n stacking interlayer interactions of bulk-
layered [Cu,Br(IN),], {IN = isonicotinato}to form ultrathin
nanosheets of [Cu,Br(IN),], in water.**® In [Cu,Br(IN),],, there

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of top-down synthesis strategy of 2D MONs
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Thickness

MOF name Ligand abbreviation Metal  Synthesis strategy Solvent (nm) Ref.

[Cu,Br(IN),],, Isonicotinic acid (HIN) Cu Sonication exfoliation Water 0.5 + 0.015 36

Zn,(bim), Benzimidazole Zn Ball-milling/sonication Methanol/  1.12 34 and
exfoliation n-propanol 129

[Co(CNS),(pyz)a]n Pyrazine (pyz) Co Sonication exfoliation Ethanol 1.0 37a

Zn(BDC)-H,O-DMF (MOF-2)  1,4-Benzene dicarboxylic acid (H,BDC) Zn Sonication exfoliation Acetone 1.5-6 130

Zn,(DMS)s(OH), 2,2-Dimethylsuccinic acid (H,DMS) Zn Sonication exfoliation Ethanol >10 36D

M(DMS)-(H,0) 2,3-Dimethylsuccinic acid (H,DMS) Mn, Co, Sonication exfoliation Ethanol <5 36¢

M = Mn, Co, Zn Zn

Mn(DMS)-H,O 2,2-Dimethyl succinic acid (H,DMS) Mn (1) Sonication exfoliation  Ethanol ~1 36d
(2) Sonication/ Hexane ~1 48¢
Li-intercalation

CuL(DMF) 2,5-Bis(3-methoxypropoxy)- Cu Sonication exfoliation DMF, 5-30 84

ZnL(DMF) terephthalic acid (H,L) Zn acetonitrile,

acetone, or
ethanol

Ti,(HDOBC),-(H,-DOBDC) 2,5-Dihydroxy terephthalic acid Ti Sonication exfoliation Isopropanol 15-50 131

(NTU-9)

Cu(p-pym,S,)(1Cl)-nH,O Dipyrimidinedisulfide (pym,S,) Cu (1) Spontaneous exfoliation Water ~2 45

Cu(p-pym,S,)(nCl)-nMeOH (2) Sonication Exfoliation =~ Water 2-50 83b

Nig(5-bbdc)e(n-OH), (MAMS-1) 5-tert-Butyl-1,3-benzenedicarboxylic Ni Freeze-thaw exfoliation Hexane 4 47

acid (bbdc)

Zn,(PATCPP) (DPDS), Pd(u) tetrakis (4-carboxyphenyl)porphyrin  Zn Intercalation/chemical Ethanol ~1 48

[PATCPP] and 4,4'-dipyridyl disulfide exfoliation
(DPDS)

Cu,(bdc),(DMF), 1,4-Benzenedicarboxylate (bdc) Cu Amine-assisted delamination 70 49
Surfactant (PVP) + amine 4-14
delamination

Zny(BIM);(OH)(H,0) Zn,(bim); Benzimidazole (BIM) Zn Ball-milling/sonication Methanol- ~1.6 132
exfoliation propanol

[La,(TDA);]-2H,0 2,2'-Thiodiacetic acid (TDA) La Sonication/ Hexane ~2 48b
Li-intercalation

Eu,(PSA);(H,0) [Eu-PSA] 2-Phenylsuccinic acid (H,PSA) Eu Sonication exfoliation Ethanol ~20 133

[(H3O)gphz)3]- 2,5-Dihydroxy-3,6-dibromo-1,4- Fe Sonication exfoliation Methanol ~7 134

[Fe"'Fe'(C404Cl,);]-12H,0 benzoquinone (H,Cs04Cly)

exists a coordination of one copper dimer with one bromine
ligand and four isonicotinato ligands (two coordinate through
Cu-O bond, and the rest two coordinate through Cu-N bond)
resulting in the formation of a 2D layered structure. There is a
presence of interlayer n-m interactions between the aromatic
rings of isonicotinato ligands that are responsible for the stack-
ing of 2D layers. However, bulk [Cu,Br(IN),], MOF (1 mg mL ™)
was successfully exfoliated and dispersed through sonication for
30 min to produce 2D MONSs with 5 + 0.15 A thickness. Later on,
several reports inspired by this enlightening method appeared,
wherein sonication exfoliation was widely reported for the pre-
paration of 2D MONSs, some of which are discussed below.
Cheetham et al. reported a systematic study on the exfoliation
of a series of DMS-based MOFs (DMS = dimethyl succinate), viz.,
ZnDMS,**? M(2,3-DMS) {where, M = Mn, Co and Zn},** and
MnDMS.**? A wide range of solvents such as water, methanol,
ethanol, propanol, hexane, and tetrahydrofuran (THF) were
employed for the exfoliation, out of which ethanol was found
to be the most effective solvent for the exfoliation of the layered
MOFs and also to inhibit the restacking of exfoliated nano-
sheets.**® The effective exfoliation in the case of DMS-based
MOFs might be attributable to the presence of bulky methyl
groups in the ligand, that aided in the formation of frameworks
with weak interlayer interactions.>*” The kinetics of exfoliation
and the relationship between sonication time and concentration

© 2021 The Author(s). Published by the Royal Society of Chemistry

for different MOFs was also demonstrated by using absorption
spectroscopy.’® It was overall inferred that high exfoliation rate
of >70% for all MOFs could be achieved with 20 min sonication.

Yang et al. combined the sonication process with a wet ball
milling process (Fig. 3a-d) for the exfoliation of layered
Zny(bim), {bim = benzimidazole} MOF to its nanosheets.** A
single Zn,(bim), layer comprising Zn ions, which are coordinated
with four benzimidazole ligands in a distorted tetrahedral geo-
metry as shown in Fig. 3a. The resultant 2D layers are stacked
through van der Waals interaction along the ¢ axis to form final
MOF crystals. The exfoliation of bulk Zn,(bim), MOF crystals was
achieved by wet ball milling of crystals at 60 rpm, followed by
sonication exfoliation in an appropriate solvent. The choice of
using a solvent mixture of methyl alcohol and n-propyl alcohol
(1:1 volume ratio) was found to be an appropriate one in this
case. It was observed that the small methanol molecule’s
penetration into the interlayer space of bulk Zn,(bim), was
facilitated by the wet ball-milling process in order to weaken
the interlayer interactions. On the contrary, n-propyl alcohol
aids in the stabilization of exfoliated Zn,(bim), nanosheets by
adhering on the MONs surface with hydrophobic alkane chains,
thus fulfilling the role similar to that of surfactants. The
thickness (Fig. 3c) of Zn,(bim), nanosheets was found to be
1.12 nm with several micrometers lateral size that coincides
with HRTEM results. The SAED pattern (along ¢ axis) showed

Mater. Adv., 2021, 2, 4914-4944 | 4917
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(a) Schematic representation of the mono-layer Zn,(bim)4 nanosheet (Zn coordination polyhedral depicted in blue), whereas bim ligands are

represented by sticks (b) AFM image of Zn,(bim)4 nanosheets on Si, and the corresponding height profile measured along the black line (c) TEM image of
Zn,(bim)4 nanosheet. Inset: HRTEM image of five-layered nanosheet (d) TEM image and the SAED pattern (white circle) of few-layered Zn,(bim),
nanosheet. Reproduced with permission from ref. 34. Copyright 2014, the American Association for the Advancement of Science. (e) Image of the
powder samples of bulk Co(CNS),(pyz), precursor and 2D [Co(CNS),(pyz),In nanosheets; (f) Tyndall effect of an ethanolic colloidal suspension; (g) SEM
image of bulk Co(CNS),(pyz), precursors; and (h and i) TEM images of the 2D MOF nanosheets. (j) AFM topological image and (k) height profile of a single-
layered nanosheet along the white line. Reproduced with permission from ref. 37a. Copyright 2018, the American Chemical Society.

the diffraction pattern of (kkl) nanosheet planes, which shows
good agreement with the simulated result that confirms the
crystal structure of exfoliated nanosheets.

Luo et al. developed single layers of 2D [Co(CNS),(pyz).],
{pyz = pyrazine} nanosheets by adopting ultrasonic force-
assisted liquid exfoliation technology on bulk MOF by using
ethanol as a solvent.’”’® As shown in Fig. 3e, after the ultrasonic
treatment of a crystalline bulk [Co(CNS),(pyz),],, which is pink
in color, for approx. 2 h resulted in green 2D MONSs, and Fig. 3f
depicts a colorless and finely dispersed colloidal suspension,
exhibiting a considerable Tyndall effect. The SEM image of the
bulk precursor revealed that the nanosheets are arranged in
lamellar structures that are stacked one above the other by means
of weak van der Waals forces to form 3D block morphology. TEM
morphology of 2D nanosheets (Fig. 3h and i) depicted randomly
stacked enormous ultrathin nanosheets with about 0.5 um lateral
size and thickness in sub-1.0 nm (as shown in the height profile
in Fig. 3k).

It is likely to understand that a solvent system working well
for one MOF system cannot be generalized for others as each
MOF has its own properties depending on its combination of
metal and ligands. For instance, Junggeburth et al. noted the
effect of shaking in varying solvent systems. The use of hydro-
phobic MOF revealed poor exfoliation while using polar solvents
such as H,O and DMF and decreasing exfoliation in order,
THF > toluene > CHCI;. This behaviour results from the
inability of polar solvents to penetrate into the hydrophobic
interlayer space.’”” On the contrary, Moorthy et al. showed that
the presence of hydrogen bonds between MOF layers could be

4918 | Mater. Adv, 2021, 2, 4914-4944

overcome by using hydrogen-bond-accepting solvents, leading to
spontaneous exfoliation.?”

Although the mechanism of exfoliation is not well established
yet some reports are available that describe the mechanism to get a
better understanding of this aspect. For instance, Huang et al.
demonstrated the exfoliation of 3D pillared-layer MOFs into single-
layer 2D MONs by utilizing the advantage of coordination bond
anisotropy in 3D MOFs.*”? This anisotropy results in the selective
breaking of interlayer bonding through the substitution of pillared
ligands by capping solvent molecules combined with sonication in
solvent for a short duration (30 min) leading to single-layer MONs.
In this work, [Zn,(bdc),(dabco)]-4DMF-0.5H,0, (where, Hybdc =
1,4-benzenedicarboxylic acid, dabco = 1,4-diazabicyclo{2.2.2]-
octane, and DMF = N,N-dimethylformamide), also known as
3D-Zn, was employed as the exfoliation precursor. [M,(bdc)] is
the 2D metal-organic coordination layer, dabco is the pillared
ligand and H,O was employed as capping-end guest molecules for
the exchange of pillared ligands and finally destructing the pillar
structure of 3D pillared-layer MOFs. At the same time, ultrasonica-
tion restricts the restacking of resulting 2D MON layers. As a result,
the parent MOFs can be easily and rapidly exfoliated to single-layer
nanosheets (~0.9 nm) by sonication exfoliation in H,O in a
relatively higher yield of up to 94%. The possible exfoliation
mechanism is illustrated in Fig. 4 where the dabco pillars in
3D-Zn were selectively removed through solvent substitution
and capping to yield essentially 2D layered sheets for which
synergistic ultrasound was applied to reinforce the exfoliation
effect and prevent the well-ordered restacking of the resultant
single layer nanosheet.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00389e

Open Access Article. Published on 22 June 2021. Downloaded on 2/25/2026 10:14:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Host-guest interaction

> | ﬁ,)

synergistic actionof ¢
O —
host-guest interactions
and sonication
¢
Zn**

h = [Zny(bde] layer

View Article Online

Materials Advances

L Sonication

H 4 4 X

= dabco

= interlayer force vc’ =H,0

Fig. 4 Proposed mechanisms for the transformation of a 3D pillared-layer MOF to ultrathin 2D MOF nanosheets. Reproduced with permission from

ref. 37d. Copyright 2020, the Royal Society of Chemistry.

2.1.2 Mechanical exfoliation. Another excellent top-down
approach for the preparation of 2D MONSs, similar to the
sonication exfoliation approach, is the mechanical method.
The sole difference between mechanical and sonication exfoliation
method®® is shown in Fig. 5. Earlier Scotch-tape method was
widely used for graphene exfoliation®® and various 2D materials
such as hexagonal boron nitride (h-BN) and molybdenum dis-
ulfide (MoS,) were prepared from the bulk layered MOF
precursors.’® Coronado et al adopted the Scotch method
(mechanical exfoliation) for the exfoliation of layered MOF to
obtain MONs with lateral size in micrometers.”" Recently,
Espallargas et al. presented the preparation of 2D nanosheets
of Fe(bimCl), {HbimCl = 5-chlorobenzimidazole} by the similar
method.”” In this method, bulk crystals could be exfoliated by
simple means of using plastic tape and thus monolayer flakes
could be obtained and further observed. Although very few
MONSs have been obtained through mechanical exfoliation due
to the fragile nature of initial crystals, yet this approach holds
the great possibility to develop excellent MONs with tidy
surfaces, great lateral size and superior crystal quality.*

2.1.3 Solvent-induced exfoliation. The use of appropriate
solvent resulting in the breakage of feeble interlayer interactions
of bulk layered MOF to form MONs has been established in
some cases according to literature reports.** Zamora et al.
utilized the solvent-induced spontaneous exfoliation method
for the development of Cu(p-pym,S,)(HCl)}-nH,O {pym,S, =
dipyrimidinedisulfide} ultrathin MONs (less than 2 nm in
thickness) without any additional energy input.*” It has been
shown in this report that the penetration of water molecules into
the pockets of bulk MOFs resulted in weakened interactions
between the layers that lead to the successful development of
ultrathin MONS. Very recently, Aida et al. demonstrated the exfolia-
tion of bulk-layered Cu(u)-MOF through the use of tetrahydrofuran

© 2021 The Author(s). Published by the Royal Society of Chemistry

(THF) as a solvent resulting in significant interlayer expansion,
followed by the delamination of expanded bulk-layered Cu(u)-
MOF to monolayer and bilayer nanosheets in dioxane and
2-methyltetrahydrofuran (MeTHF), respectively.*** Banerjee et al.
adopted this solvent-induced process for the exfoliation of metal-
organic polyhedra to the layered MOF through a transformative
hydrolytic process. This results in the spontaneous exfoliation to
6-8 layers thick nanosheets upon addition of a relatively large
amount of water.*®” The mechanism of action of this approach
could be corroborated to the use of excess solvent and the
incorporation of additional solvent molecules within the cavities
present in the parent framework for some duration that resulted in
the spontaneous exfoliation into nanosheets.

2.1.4 Freeze-thaw exfoliation. Zhao et al. adopted this method
for the bulk crystals preparation of Nig(5-bbdc)e(u-OH), {MAMS-1,
bbdc = 5-tert-butyl-1,3-benzenedicarboxylic acid} and their MONs by
adopting mild freeze-thaw exfoliation method.”* In this process,
MAMS-1 crystals powder (Fig. 6a) was first of all dispersed in hexane
and finally, the solution was allowed to freeze in liquid nitrogen
(=196 °C), followed by thawing in hot water (80 °C). During the
freezing-thawing process in a liquid nitrogen bath, the shear force
generated by the volume change of the solvent between solid and
liquid phases resulted in the breakage of bonds between layers of
the bulk MOF. In this manner, MAMS-1 crystals were efficiently
exfoliated into nanosheets using freeze-thaw exfoliation with about
4 nm thickness and of 10.7 pm average lateral size (Fig. 6b and c).

Very recently, Zheng et al. reported the freeze-thaw exfoliation
of Co-MOF by incorporating a pre-photodimerized 9-anthrylmethyl-
phosphonic acid (amp,H,), producing Co,(amp,H,),(H,0),-6H,0
{designated as MDAF-1, where MDAF is the abbreviation for metal
dianthracene framework}.*”? In the layered compound, MDAF-1, the
interlayer interactions are mainly dominated by hydrogen bond
and van der Waals interactions, which were overcome by a mild

Mater. Adv., 2021, 2, 4914-4944 | 4919
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Fig. 6 (a) Schematic illustration of the freeze—thaw process for the exfoliation
of MAMS-1 crystals into dispersed nanosheets. (b) The AFM image of a piece of
MAMS-1 nanosheets and the corresponding height profile measured along the
white line. Scale bar: 10 mm. (c) Thickness (purple) and lateral size (blue)
distributions of exfoliated MAMS-1 nanosheets after 10-cycle freeze—thaw in
hexane. Reproduced with permission from ref. 47a. Copyright 2017, Nature
Publishing Group.

freeze-thaw strategy. Firstly, MDAF-1 crystals (approx. 2 mg)
were firstly dispersed in 5 ml water, then this solution was
frozen in liquid nitrogen (—196 °C), and finally followed by
thawing in hot water (at 55 °C). After 70 freeze-thaw cycles, the
suspension was allowed to stand for 24 h, and then centrifuged
for 10 min in order to remove the precipitate. Hence,
nanosheets (MDAF-1-ns) were obtained with 1.4-1.7 nm thick-
ness and 5.6 um average lateral size.

2.1.5 Intercalation/chemical exfoliation. Another top-down
strategy for 2D MONSs synthesis is the intercalation/chemical
exfoliation method in which combined approaches were used
to increase the exfoliation yield. Zhou et al. developed an
intercalation/chemical exfoliation method (Fig. 7) for the synthesis
of ultrathin MONs in which a chemically scissile intercalating

4920 | Mater. Adv, 2021, 2, 4914-4944

agent, DPDS (4,4'-dipyridyl disulfide), was used in order to
intercalate the bulk-layered Zn,(PdTCPP) {TCPP = tetrakis(4-
carboxyphenyl)porphyrin}.*®*® The coordination of DPDS with
the metal nodes resulted in the weakened interlayer interactions
of the bulk MOF. Trimethylphosphine was used for the selective
splitting of the disulfide bond present in DPDS via a chemical
reaction. Due to the weakened interlayer interactions, inter-
calated bulk MOFs were exfoliated with ease under N, atmo-
sphere in a capped vial with gentle stirring to produce extremely
thin (1 nm) nanosheets in comparatively higher yield (~57%).

Xia et al. adopted a sonication/Li-intercalation approach for
the exfoliation of La,(TDA); (TDA = 2,2/-thiodiacetic acid).**” First
of all, multilayered La,(TDA); nanosheets were prepared through
the sonication exfoliation method. After that, Li-intercalation was
introduced to further exfoliate the multi-layered MONs to single-
layered MONs. The mode of mechanism can be due to the
incorporation of Li ions that increases the layer spacing, thus
weakening the interlayer interactions resulting in easy exfoliation
of layered MOFs. In a similar way, Song et al. demonstrated the
exfoliation of MnDMS to ultrathin MONs adopting the same
sonication/Li-intercalation approach.*® First of all, MnDMS crys-
tals were broken to form nanoparticles (size up to 200 nm) via
ultrasonication in ethanol for 20 min. Finally, Li-intercalation
was done to exfoliate these MnDMS nanoparticles into ultrathin
layers of 1 nm thickness. In both cases, the mode of action could
be due to the forced hydration of Li ions, which leads to the
pushing of MOF layers apart to such an extent that the interlayer
interactions are negated."*”

2.1.6 Chemical-assisted approach. Kaskel et al. reported a
new strategy based on a chemically-assisted top-down approach
(Fig. 8) by using amine-based delamination agents for the devel-
opment of MOF nanoplates (2D MOF monolayers/MOFenes)
from bulk compound, Cuy(bdc),(DMF), {bdc = 1,4-benzenedi-
carboxylate}.*>* In this method, two strategies were applied viz.,
direct amine-assisted delamination of Cu,(bdc), by using several
amine reagents and surfactant (polyvinylpyrrolidone) assisted
synthesis in combination with post-synthetic amine delamina-
tion. The best result among all was shown by using octylamine
that resulted in 3 pm wide and 70 nm thick MOF plates (Fig. 8e).

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00389e

Open Access Article. Published on 22 June 2021. Downloaded on 2/25/2026 10:14:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

View Article Online

Review Materials Advances

'\‘¢ ¢ disulfide ligand i |
_—
breakage *%h'.é. |%| .%I

mteractlon

exfollatlon

4 4'-d|pyndy| disulfide H trlmethylphosphlne

Layered MOF Crystal Intercalated MOF Crystal 2D MOF Nanosheets
b) &8

0.96nm| |

(1
0.97 nm, |

Fig. 7 (a) Schematic illustration of the procedure for the synthesis of 2D MONSs via an intercalation and chemical exfoliation approach. (b) TEM image of a piece
of exfoliated MON. (c) AFM image of the exfoliated MONs with the corresponding height profiles measured along three white lines. (d) High-resolution TEM
image of a multilayered MON and the corresponding FFT pattern. Reproduced with permission from ref. 48a. Copyright 2017, the American Chemical Society.
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Fig. 8 (a) SEM images of Cuy(bdc), after delamination tests with (a) ethylamine (EA) and (b) octylamine (OA) under optimized conditions for each
substrate, respectively. (c) SEM image of PVP (10 mol%) derived Cu(bdc) and (d) SEM and TEM images of delaminated PVP-Cu(bdc) with ethylamine (EA)
at 60 °C. (e) AFM images (left) and height profiles (right), of the particles obtained from the supernatant suspension after delamination with octylamine (f)
AFM image (left) and height profiles (right) of the particles obtained from the supernatant suspension after delamination of Cuy(bdc), PVP with
ethylamine. Reproduced with permission from ref. 49a. Copyright 2017, the Royal Society of Chemistry.

While surfactant-assisted synthesis along with post-synthetic This new strategy has the advantage of a gentle delamination
delamination with ethylamine resulted in the formation of process due to the absence of any mechanical pressure that
square-shaped nanoplates with 4-14 nm thickness. usually affects the preliminary, bulk material but it utilizes the
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affinity of open metal sites in copper paddle wheels to the amine
reagents so as to shatter the weak interlayer interactions for the
separation of stabilized single layers. This synthesis strategy
serves as a general method for other possible 2D MOFs (in
which paddle wheel clusters or open metal sites are present)
delamination into MONSs.

As a whole, top-down methods have been recognized as the
simplest and consistent strategies for the preparation of 2D
MONSs. Regardless of the great attainments of this approach,
several disadvantages of top-down methods still hamper their
further applications. Foremost, top-down methods are found to
be not suitable for non-layered MONs in general. Second, it is
quite difficult to have control over the external driving force for
precisely controlling the thickness of obtained MONSs. Lastly, the
major drawback is the low exfoliation yield of MONSs (usually less
than 15%) for large-scale applications. Furthermore, there arise
some structural deterioration or restacking problems with the
exfoliated MONs.*?” Henceforth, substantial efforts are required
to surpass the above-discussed issues of top-down methods.

2.2 Bottom-up synthesis strategy for 2D MONs

This method involves the direct assembly of 2D MONs from
organic ligands and metal ions under specific synthesis condi-
tions. The underlying principle of this straightforward method
is allowing the bi-directional lateral growth while limiting the
MOF growth along the vertical direction.'® In comparison to the

Table 2 Summary of bottom-up synthesis strategy of 2D MONs

View Article Online

Review

top-down method, this method can result in higher yields of
MONSs with uniform thickness. This approach is most suitable for
non-layered MOFs and nearly all of the non-layered MOFs were
synthesized by utilizing bottom-up methods. On the other hand, in
the case of layered MOFs, hampering the layer stacking restricts the
vertical direction growth of MOFs that result in the formation of 2D
MONSs. In this section, some bottom-up strategies, such as inter-
facial synthesis strategy, surfactant-assisted approach, modulated
synthesis, and sonication method, used in the direct preparation of
2D MON:s are discussed in detail. Various bottom-up methods along
with examples are summarized in Table 2.

2.2.1 Interfacial synthesis method. This is one of the most
widely used methods for the synthesis of 2D MONs in which
coordination assembly of organic linkers and metal nodes
takes place at the interface of two dissimilar phases. The
restricted expansion of MOF crystals at the 2D interface results
in the generation of 2D MONs.*® The types of interfaces used
for the MON synthesis are liquid-gas interface, liquid-liquid
interface, and liquid-solid interface.

The liquid-gas interface can be applied to develop ultra-thin
or single-layer nanosheets.” In this method, the liquid surface
is roofed over with a little quantity of volatile organic solvent
consisting of a limited amount of organic ligands or metal ions.
The evaporation of organic solvent leads to the formation of a
gas-liquid interface. In this method, good control over the
nucleation and growth kinetics of MOFs is possible as the

MOF name Ligand abbreviation Metal Synthesis strategy Thickness (nm) Ref.
Ni-BHT (nano-1) Benzenehexathiol (BHT) Ni Liquid-liquid interfacial 1000-2000 135
Liquid-air interfacial 0.6 52g
Cu(dhbc),(bpy).H,0 2,5-Dihydroxybenzoic acid (dhbc) Cu Liquid-air interfacial 44 52h
TCPP-Cu (NAFS-2) Tetrakis(4-carboxyphenyl)-porphyrin (TCPP) Cu Liquid-air interfacial Depending on cycle 52¢
number, ~21 nm
for 30 cycles
PATCPP-Cu (NAFS-13)  Tetrakis(4-carboxyphenyl)-porphyrin (TCPP) Cu Liquid-air interfacial Single-layer 52d
ZnTPyP-Cu (NAFS-21)  Tetra(4-pyridyl)-porphinato zinc(u) (ZnTPyP) Cu Liquid-air interfacial 0.5 52e
Ni-THT Triphenylenehexathiol (THT) Ni Liquid-air interfacial 0.7-0.9 136
Cu-HHTP 2,3,6,7,10,11-Hexahydroxytriphenylene (HHTP) Cu Liquid-liquid interfacial 380 53
Cu-MOF Tetrakis(4-carboxyphenyl)-porphyrin (TCPP) Cu Liquid-liquid interfacial 3.4 54a
Ni-MOF Terephthalic acid (1,4-H,BDC) Ni Liquid-liquid interfacial 5 54b
Cu;(BHT) Benzenehexathiol (BHT) Cu Liquid-liquid interfacial 15-500 137
Co3(THT),H; (Co-THT) Triphenylenehexathiol (THT) Co Liquid-liquid interfacial 100-200 138
CuBDC 1,4-Benzene dicarboxylic acid (H,BDC) Cu Liquid-liquid interfacial ~5 139
Pd-BHT Benzenehexathiol (BHT) Pd Liquid-liquid interfacial 1000 140
Liquid-air interfacial 4-10
Nano-NilIT NiAT 1,3,5-Triaminobenzene-2,4,6-trithiol Ni Liquid-liquid interfacial 20 141
Liquid-air interfacial 0.6-12 142
Zn-TCPP Tetrakis(4-carboxyphenyl)-porphyrin (TCPP) Zn Surfactant-assisted 7.6 £2.6 55
polyvinylpyrrolidone (PVP)
Zr-BDC 1,4-Benzene dicarboxylic acid (H,BDC) Zr Surfactant-assisted 34 56
sorbitol-alkylamine
NH,-MIL-53(Al) 2-Aminoterephthalic acid Al Surfactant-assisted 35-45 143
hexadecyltrimethylammonium
bromide (CTAB)
[Cu,(BDC),(BPY)], 1,4-Benzene dicarboxylic acid (H,BDC) Cu Modulated synthesis (acetic acid) 60-300 58
(or, 1-meso)
NiCo-BDC 1,4-Benzene dicarboxylic acid (H,BDC) Ni, Co Sonication 3.1 67
Mn-UMOFNs 1,4-Benzene dicarboxylic acid (H,BDC) Mn Sonication 1.8-7 68
Ni-UMOFNs Ni 8-10
NiFe-BDC 1,4-Benzene dicarboxylic acid (H,BDC) Ni, Fe Sonication 10 69
Ni-MOF 1,4-Benzene dicarboxylic acid (H,BDC) Ni Sonication 4.3-4.4 70
4922 | Mater. Adv., 2021, 2, 4914-4944 © 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00389e

Open Access Article. Published on 22 June 2021. Downloaded on 2/25/2026 10:14:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

T - LRI
1 ES—

Deposition

a
) HOPG

Ni?* and Na*
aqueous solution

Complexation

=3
D
°
@
@
@
<
o

0.2

2 3 1
distance / ym distance / ym

Fig. 9 (a) lllustration of the synthesis of nano-1. (b) (top) AFM phase image
on HOPG and (bottom) its cross-sectional analysis. The bright areas
correspond to nano-1. (c) (top) AFM topological image of single-layer
nano-1 and (bottom) and its cross-sectional analysis. The white square in
(b) corresponds to the scan area. Reproduced with permission from
ref. 52g Copyright 2013, the American Chemical Society.

reaction takes place on the water surface. Initially, Kitagawa
and co-workers employed the liquid-gas interfacial synthesis
method for the preparation of a series of TCPP-based MONs at
the water/air interface.”?*?

Nishihara et al. adopted liquid-gas interfacial synthesis for the
development of ultrathin Ni-BHT (where, BHT = benzenehexathiol)

2 Hdhbc+ 4,4’-bpy/

Ethyl ether Interfacial

Reaction

298 K, 3 days

Fig. 10
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nanosheets.””® As shown in Fig. 9a, the aqueous solution surface
containing Ni(OAc), was gently covered with AcOEt (ethyl acetate)
solution containing the BHT ligand. After the evaporation of ethyl
acetate, a thin layer comprising BHT ligands on the water surface
appears. At this liquid/air interface, Ni-BHT nanosheets are
obtained after the reaction for a period of 2 h. The obtained
nanosheets were finally transferred to HOPG substrate (highly
oriented pyrolytic graphite). The AFM phase image (Fig. 9b) clearly
shows few-layer Ni-BHT nanosheets morphology with several nano-
metric thicknesses. While the single-layer Ni-BHT nanosheet AFM
image represents a smooth surface with 0.6 nm thickness.

Recently, Zhao et al. adopted a modified interfacial synthesis
method for the preparation of Cu(dhbc),(bpy)-H,O MONS at the
air/water interface, as shown in Fig. 10.°*" Thus, obtained nano-
sheets were dispersed in isopropanol to form a colloidal
solution with appreciable Tyndall effect (Fig. 10b). The AFM
image revealed layered morphology with lateral of about 8 pm
and thickness of approximately 4.4 nm (Fig. 10c). TEM
results also confirmed the layered morphology (Fig. 10d) while
MOF crystallinity was seen in the few-layer MONs as shown in
HR-TEM and SAED results (Fig. 10e and f).

In the case of a liquid-liquid interfacial interface, two immiscible
liquids are utilized in order to dissolve the organic linker and metal
ions. Wong et al fabricated a m-conjugated metal complex
nanosheet (Cu-HHTP nanosheets) by employing liquid-liquid
interfacial synthesis.>® As illustrated in Fig. 11a, ethyl acetate
was carefully poured above the deionized aqueous solution of Cu*
and then ethyl acetate solution of HHTP (2,3,6,7,10,11-hexahydroxy-
triphenylene) was carefully added on the top to generate a
liquid-liquid interface. The reaction was kept undisturbed
for 1 day under ambient conditions. AFM topological image
(Fig. 11f) revealed smooth and homogeneous texture with a
thickness of around 380 nm.

MOF nanosheets P
at interface

il

5 1/nm

(a) Scheme of the preparation of few-layer Cu(dhbc),(bpy)-H,O MONs at the air/water interface. (b) Image of the synthesized MONs. Inset:

Tyndall effect of the MON suspension in isopropanol. (c) Tapping-mode AFM topographical image of MONs on a silicon wafer. Inset: Height profiles of
the MONs corresponding to the three marked lines. (d) Low-magnification TEM image of few-layer MONs. (e and f) High-resolution TEM (HRTEM) images
of few-layer MONs. Inset: The selected area electron diffraction (SAED) pattern. Reproduced with permission from ref. 52h Copyright 2021, Wiley-VCH.
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(a) The photograph of the formed HHTP—-Cu through the interface-assisted synthesis process (b) schematic diagram of the transfer process of

large-sized HHTP-Cu onto the substrate (c) scanning electron microscopy (SEM) image of HHTP—-Cu. The inset image is the magnification of the edge.
Scale bar: 400 nm. (d) The transmission electron microscopy (TEM) image of HHTP—Cu on a copper grid. (e) The TEM image of the selected area on the
nanosheet and the corresponding electron diffraction pattern. (f) Atomic force microscopy images and cross-sectional analysis of HHTP—Cu on the Si
substrate. Left: Height image; right: phase image. The cross-sectional analysis was conducted along with the white line in the height image. Reproduced

with permission from ref. 53. Copyright 2020, Springer.

Recently, Zhao et al. developed ultrathin 2D MONSs via sonica-
tion exfoliation of the membranes of MOF (Fig. 12) developed from
interfacial growth.>** In this method, the copper acetate salt was
first dissolved in water to form the aqueous phase and TCPP was
dissolved in a mixed solvent (DMF and 1-octanol) to form the
organic phase. This organic phase was carefully poured above the
aqueous phase and left as such for 3 days and finally, the product
obtained at the interface of two immiscible solvents was extracted
with the aid of a spoon. After washing with ethanol, Cu-MONs
were obtained by applying the sonication exfoliation method on
membranes in water for a period of 20 min. The AFM image
indicated a consistent thickness of ~3.4 nm of MONs.

Very recently, Huang et al. fabricated 2D Ni MONs through a
mild liquid-liquid interfacial method with a controlled molar ratio
of metal precursors and linkers.”*” In this method, a definite
amount of organic linker (1,4-H,BDC, terephthalic acid) dissolved
in a mixture solution consisting of N,N-dimethylacetamide
(DMAC) and trichloromethane (CHCl;) was taken in a beaker.
To this solution, a stoichiometric amount of nickel acetate
(Ni(Ac),) as a metal salt dispersed in deionized water was dropped
into the organic solution. As the metallic precursor aqueous
solution comes in contact with the organic phase, a light-green
product starts to appear at the liquid-liquid interface. The obtained
product displayed 2D parallelogram-like features with 200-450 nm
lateral size exhibiting the Tyndall effect. Thus, it indicated the
formation of 2D Ni MONs with an average thickness of ~5 nm
(corresponding to 6 metal coordination structural layers).

The major limitation of interfacial synthesis is the relatively
lower yield of MON s that can be attributed to the limited area at
the interface.

4924 | Mater. Adv, 2021, 2, 4914-4944

2.2.2 Surfactant-assisted method. The surfactant-assisted
method is another most common bottom-up approach for the
synthesis of 2D MONs with preferable morphology/structure as
the surfactant can show selective adherence to the nanocrystal
facets restricting growth along certain directions. The surfactant
species also decreases the surface energy and hence total energy
of the system, which finally favours the 2D morphology for-
mation. The first report on this method was given by Zhang
et al., who obtained, ultrathin MONs by a simple solvothermal
method by using polyvinylpyrrolidone (PVP) as a surfactant.’® In
this method, PVP assisted in the anisotropic growth of crystals
by selectively attaching them to the Zn-TCPP surface and
restricting the growth perpendicular to the plane (Fig. 13a)
and finally contributes to the ultrathin Zn-TCPP nanosheets
(7.6 £ 2.6 nm) formation. In addition to this method, a variety
of MONs such as M-TCPP (M = Cd, Cu or Co) were also
developed as shown in Fig. 13(b-e). The function of the surfac-
tant (PVP) in this method was also to stabilize the obtained
Zn-TCPP nanosheets.

Recently, Zhang et al. presented the fabrication of ultrathin
2D MONSs by surfactant-assisted coordination approach (Fig. 14a)
through the pseudo-assembly process.’® In this method, bio-based
surfactant sorbitol-alkylamine was used consisting of polyhydroxy
and amine groups that could competitively bind to the defects
present in Zr-BDC MOF leading to the anisotropic growth of
MOFs. By careful control of the ligand and surfactant ratio, the
pseudo-assembly process leads to the MOF formation and hence
intercalated MOFs are produced. Due to hydrophobic chain
interactions, the intercalated MOFs get accumulated with the
surfactant, which could result in weakened interlayer interactions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Synthetic procedure and crystal structure of Cu-MOF nanosheets (schematic) (b) photographs of the color changes of two immiscible phases

before and after the reaction (c) optical image of a Cu-MOF membrane. (d) FESEM image of the overview of a Cu-MOF membrane (e) high-magnification
FESEM image of the surface of a Cu-MOF membrane (f) TEM image of Cu-MOF nanosheets, inset: the Tyndall effect of a colloidal suspension. (g) AFM
image of Cu-MOF nanosheet. Reproduced with permission from ref. 54a. Copyright 2019, the Royal Society of Chemistry.

to form ultrathin nanosheets with 3-4 nm thickness (Fig. 14d) in
high yield (67%). It was also concluded that the thickness of
nanosheets can be varied in 3-60 nm range by changing the
hydrophobic chain length in the surfactant.

2.2.3 Modulated synthesis. In addition to surfactants,
various small molecules (e.g., pyridine, acetic acid) can also be
used for the MON s synthesis. The small molecules also known as
modulators, hold functional groups similar to organic linkers,
which can show combative binding to the metal nodes in order to
control the growth kinetics of MONs.>” It was found that judi-
cious coordination of modulators on definite crystal planes can
restrict the MOF growth along that direction (Fig. 15a), finally
leading to anisotropic growth of MONs with different morphol-
ogies such as nanorods, nanocubes and nanosheets.>” Kitagawa
et al. demonstrated the nanosheet synthesis of [Cu,(BDC),(BPY)],
(or, 1-meso) by employing a modulator (acetic acid) in order to
regulate the MOF crystal growth in two steps.”® Firstly, 2D
[Cu(BDC)],, was developed by linking the BDC ligand with copper
metal nodes along with acetic acid, which serves as a modulator
to regulate the MOF crystal growth, and finally intercalation of
the BPY ligand in between the 2D layers resulting in the
formation of [Cu,(BDC),(BPY)], nanosheets. It was observed
that the MON size could be controlled by altering the mod-
ulator concentration (r = 10, 20, 30, 40 and 50), where r = [acetic
acid]/[copper acetate]. On increasing r = 20-50, 1-meso
nanosheets size showed a gradual increase from 60 nm to

© 2021 The Author(s). Published by the Royal Society of Chemistry

300 nm [Fig. 15(b-e)]. Later, Xu et al. synthesized microneedles
and nanorods of NH,Mil-53(Al) via a coordination modulation
approach (Fig. 15f) by employing acetic acid as a modulator.>® It
was observed that the solvent effect also holds an important
role in crystal growth as shown in Fig. 15(g-i). In the case of
water as a solvent, the crystal growth of NH,Mil-53(Al) was not
much distinct as in DMF.

Many other types of modulators have been reported such as
cetyltrimethylammonium bromide (CTAB),*° trisodium citrate,*"
trisodium lauric acid,®* formic acid and water.®® In addition to the
above-mentioned modulators, synthesis of MONs could also be
performed by the use of basic compounds such as triethylamine®*
and NaOH.*

2.2.4 Sonication synthesis. In a top-down method, sonication
is employed for breaking weak interactions present in the inter-
layer of bulk MOFs. On contrary, in the case of the bottom-up
method, sonication is used as an energy input in order to
synthesize MONs directly from the solution containing organic
linker and metal ions. Sonication synthesis is basically rapid,
energy-saving and environment friendly owing to the quick main-
tenance of high temperature (~5000 K), pressure (~986.9 atm)
and cooling/heating rates of >10' K s~*.°® The use of ultrasound
waves in the sonication process results in the sequential
formation-generation, growth and collapse of bubbles in the
so-formed hot spot. This results in extreme local heating
increased pressure and very short lifetimes. These hotspots

Mater. Adv., 2021, 2, 4914-4944 | 4925
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(a) Scheme of the traditional synthesis and surfactant-assisted synthesis of Zn—-TCPP MOFs. To make the layered structures clear, the MOF layers

are drawn in blue and purple, respectively. (b—h) TEM images of MOF nanosheets synthesized by using the surfactant-assisted synthetic method. (b) Zn-
TCPP nanosheets. (c) Cu-TCPP nanosheets. (d) Cd-TCPP nanosheets. () Co—-TCPP nanosheets. Reproduced with permission from ref. 55. Copyright

2015, Wiley-VCH.

have a general temperature of up to 5000 K, pressure up to 1000
atm and a heating/cooling rate above 10'° K s, due to which a
sufficient amount of energy is available for the reaction. Further,
it is also believed that by applying ultrasound waves (20 kHz to 1
MHz), the microscopic cavitation bubbles can collapse near the
surface of the solid surface and activate it or split larger particles
into small ones (i.e., MONSs) or deagglomerate these MONs. Tang
et al. adopted this method for the fabrication of ultrathin NiCo-BDC
nanosheets by using Co*, Ni*" and BDC dissolved in water, DMF
and ethanol and finally triethylamine was added to the reaction
mixture.®” After stirring the reaction mixture for 5 min under
ambient conditions, the colloidal suspension was eventually formed
and it was allowed to undergo continuous sonication under airtight
conditions for 8 h so as to prepare the nanosheets of NiCo-UMOFN.
As shown in Fig. 16a, Ni and Co atoms are associated with each
other to form 2D bimetallic layers separated through BDC ligands to
yield NiCo-MOF crystals. The thickness of NiCo-UMOFNSs crystals
was found to be 3.1 nm as confirmed through TEM (Fig. 16b) and
AFM (Fig. 16c¢). After this successful effort, the sonication
method has been utilized to prepare other kinds of MONs with
different metal nodes and ligands such as Mn-BDC,*® NiFe-BDC,*
Ni-MOF,”® Co-TDA (H,TDA = 2,5-thiophenedicarboxylic acid),”
[Zn(BDC)(H,0)],, nanosheets’> and much more.

4926 | Mater. Adv, 2021, 2, 4914-4944

In short, the sonication method is straightforward, power-
efficient and reliable that has the potential for the extensive
fabrication of 2D MONSs.

2.2.5 Other synthesis methods. Additionally, to the above-
mentioned methods, some additional bottom-up methods such as
the competitive coordination method and inverse microemulsion
method were also adopted to synthesize MONSs. Zhao et al. synthe-
sized 2D nanosheets of Zr-BTB by a novel microdroplet flow
synthesis (Fig. 17a).”* It was much complicated so as to form weak
interlayer interactions between the synthesized monolayer Zr-BTB
due to the forced convection and diffusion in the microdroplet
flow environment. Hence, it is easier to fabricate ultrathin Zr-BTB
nanosheets as the growth of crystals along the vertical direction
is restricted and resulted in nanosheets with a thickness of
3.8-6.7 nm. Huang et al. synthesized porphyrin-based lanthanide
MONs in a domestic microwave.”* The microwave-assisted
method is too easy and fast, and just took 10 minutes to yield
MONSs from a DMF solution comprising of organic ligands, metal
ions and acetic acid. In addition to this, it was also observed that
upon the addition of acetic acid, the thickness of the synthesized
Tb-TCPP nanosheets could be reduced. However, ultrathin
Tb-TCPP nanosheets with 1.6 nm (Fig. 17c) thickness were
obtained when no acetic acid was employed.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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TEM image (c) EDX elemental mapping (d) AFM image and the corres-
ponding height profiles (e) of the 2D Zr-BDC MOF synthesized using
SAAS-C12 as the surfactant. Reproduced with permission from ref. 56.
Copyright 2019, the Royal Society of Chemistry.
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Fig. 16 (a) Crystal structure of NiCo—UMOFNSs. (b) TEM image of NiCo—
UMOFNSs. Inset: Tyndall light scattering of NiCo-UMOFNs in an aqueous
solution. (c) AFM image of as-prepared NiCo-UMOFNs, showing mea-
sured dimensions of individual nanosheets. (d) HAADFSTEM image of the
(200) plane for NiCo—-UMOFNs, showing the hexagonal arrangement of
the metal atoms. The pink color represents metal atoms, blue is for light
elements (carbon and oxygen), and green is for background. Reproduced
with permission from ref. 67. Copyright 2016, Nature Publishing Group.

Lotsch et al. synthesized ultrathin MONs by adopting the
surfactant-assisted bottom-up method and successive exfoliation
method.”” CTAB was employed as a surfactant to synthesize
mesostructured imidazolate frameworks (MIFs), which are
comprised of stacked 2D [Zn(BIM)OAc] layers with periodic
interspace occupied by CTAB. This could further be easily
exfoliated to 10 nm thickness nanosheets due to weak van

Fig. 15 Schematic illustration of the modulated synthesis of MOF nanocrystals. Reproduced with permission from ref. 57. Copyright 2009, Wiley-VCH.
(b—e) TEM images of [Cu,(BDC),(BPY)] nanosheets prepared by adding different amounts of modulator (r = 20, 30, 40 and 50, where r = [acetic acid]/
[copper acetate]). (b) 1-meso60 nanosheets, r = 20. (c) 1-mesol10 nanosheets, r = 30. (d) 1-mesol60 nanosheets, r = 40. (e) 1-meso300 nanosheets, r =
50. Reproduced with permission from ref. 58. Copyright 2013, the American Association for the Advancement of Science. (f) SEM images of NH,-MIL-
53(Al) synthesized with decreasing molar ratio of acetic acid to AIINO=)3-9H,0; 30 (in DMF); (g) 30 (in H,O); (h) 20 (in H,O); (i) O (in H,O). Reproduced with

permission from ref. 59. Copyright 2013, Royal Society of Chemistry.
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(a) TEM image of Zr—BTB nanosheets prepared by microdroplet flow synthesis method, and the inset displays the Tyndall light scattering of the

Zr—BTB colloidal suspension. (b) AFM image of Zr—-BTB nanosheets, and corresponding height profiles along the blue and red lines, respectively.
Reproduced with permission ref. 73 Copyright 2018, American Chemical Society (c) AFM image of Tb—TCPP-4 nanosheets synthesized in a household
microwave oven, together with the height profile of To—TCPP-4 nanosheets along the white dashed line. Reproduced with permission ref. 74. Copyright

2020, Wiley-VCH.

der Waals interactions existing between [Zn(BIM)OAc] layers
and CTAB.

To conclude, the bottom-up synthesis strategy has been
successfully utilized for the development of a wide variety of MONS.
In comparison to above mentioned top-down methods, usually,
bottom-up methods hold some inherent advantages. First, the
bottom-up approach that is normally performed in the solution
can result in a higher yield of MONs. Secondly, the fabrication of
MONSs with appreciable nanometric thickness and large lateral size
(up to several centimeters) could be achieved through a bottom-up
method via fine-tuning of reaction parameters. Lastly, non-layered
MONSs can be fabricated by a bottom-up approach. Despite the
above-listed achievements, it still a remains challenge to design a
global bottom-up method for the fabrication of high-quality MONS.

3. Characterization methodologies

After the synthesis of 2D MONSs, the analysis and clear demon-
stration of their structure plays a crucial role. Even though the
crystal structure of MOFs were usually resolved with the aid of
single-crystal X-ray diffraction (XRD) technique or through the
combined agreement between simulation and refinement with
powder X-ray diffraction (PXRD), still there is not a single decisive
technique in order to determine the structure of 2D MONs.”*””
Hence, a combination of multiple techniques is usually employed
for the characterization of these nanosheets. Some in-situ
characterization techniques such as Infrared (IR) spectroscopy,
Ultraviolet-Visible (UV-vis) spectroscopy, Raman spectroscopy and
Tyndall light scattering are usually employed to determine the
formation of MONs. MONSs are basically complex, ordered nanoma-
terials whose structure as well as properties needs to be studied with
a wide range of characterization techniques obtained from the solid-
state, surface, solution and colloidal state. In this section, the core-set
of methods emerging for the characterization of MONs are focused
on underlining the innovative use of advanced techniques.

3.1 Structure and composition

The fruitful success of MOFs has been mainly due to the
developments in single-crystal X-ray diffraction (SC-XRD) that

4928 | Mater. Adv, 2021, 2, 4914-4944

helps in the atomic resolution of complex structures. In the
case of MONSs, reduced dimensions mean that the crystals are
too small for SC-XRD. However, if the structure of parent
layered MOF or somewhat closely related structure is known,
comparing the X-ray powder diffraction (XRPD) patterns of
MONSs with the known structure, allows with ease the determi-
nation of nanosheet structure. XRPD patterns of MONs may
show systematic disappearance of peaks analogous to out-of-
plane reflections in the parent MOF. This behavior arises due to
the broadening of peaks resulting from the reduced dimen-
sions of MONs and also preferred crystallite orientation. Gas-
con et al. explained this effect by assigning the peaks in XRPD
patterns (Fig. 18a) of the developed nanosheets to the reflec-
tions that correspond to the layers stacking along the [201]
direction.”® However, there is not always peak broadening that
indicates nanosheet re-aggregation or the presence of larger
particles that dominates the powder patterns. Grazing inci-
dence (GIXRD) can be utilized for enhancing the detection of
in-plane peaks in thin films.”%>

Some additional information about the structure and com-
position can be obtained from a diverse range of other techniques
such as solid-state nuclear magnetic resonance (NMR) spectro-
scopy, thermal gravimetric analysis (TGA), infrared (IR) spectro-
scopy, pair distribution function (PDF) and elemental analysis for
providing evidence of MON composition.”” Some surface techni-
ques like X-ray photo spectroscopy (XPS), X-ray fluorescence (XRF)
and ultraviolet photoelectron spectroscopy (UPS) give information
regarding the elemental composition and oxidation state of
nanosheets.”"®® The prime factor to consider during the MON
imaging is to get the concentration low enough in order to see the
isolated nanosheets.

XPS technique is a sophisticated analytical technique used
to study the surface elemental composition of MONs (particularly,
photocatalyst) and gives information of the presence of any
element by the usage of XPS database (semi-quantitative), or by
comparison with standard reference material (quantitative)
(Fig. 18b). XPS is based on the concept of the photoelectric effect,
which shows the impact of photons results in the ejection of
electrons from the material surface. Basically, the XPS technique

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 (a) XRPD patterns comparing nanosheets with parent MOF showing systematic loss of out-of-plane reflections. Reproduced with permission

from ref. 78a. Copyright 2015, Nature Publishing Group. (b) XPS data providing evidence on the elemental composition of a MON. Reproduced with
permission from ref. 71. Copyright 2017, Wiley-VCH. (c) AFM image of CuMOF nanosheets exfoliated by shaking treatment (d) the height data of CuUMOF
nanosheets against the lateral sizes. Reproduced with permission from ref. 81c. Copyright 2013, Royal Society of Chemistry.

relies upon the incident photon energy, kinetic energy possessed
by ejected electrons, and collection angle. The source of photon
energy is usually Al-Ko. (1486.6 eV) or Mg-Ku. (1253.6 eV) cathodes.
Due to the interactions of photon-matter, the emitted electron
usually contains all the necessary data that reveals the compositional
behavior of the sample. With the aid of instrumental technique, the
ejected electrons form a spectrogram in which the peak area
provides the information related to the binding energy (BE) of the
present elements, the number of atoms present in the material, and
chemical bonding information.

3.2 Nanoscopic characterization

The nanoscopic dimensions of MONs must also be investigated
in addition to understanding the molecular framework of MONs.
The surface topography of MON is considered a key feature to get
precise information about its adsorption capability and could be
carried out by both contact and non-contact techniques. One of
the most common techniques that fall under the category of
contact process is atomic force microscopy (AFM). AFM is
basically applied to measure the thickness of nanosheets at
the resolution of angstrom. With the aid of the AFM technique,
the layered structure and comparatively smooth structure of
MONS (Fig. 18c and d) can be discovered.®" In most of the cases,

© 2021 The Author(s). Published by the Royal Society of Chemistry

the height of the nanosheets observed matches that predicted
from the crystal structures. However, the interpenetration
of components, as well as instrumental set-up, leads to the
mismatching in the height of multilayer nanosheets to those of
single-layer nanosheets.®** Sometimes, due to the presence of
solvent molecules or surface water and counter ions, the
nanosheets appear thicker than expected.®”” A range of sub-
strates such as mica, silica and HOP graphenes have been used
for imaging nanosheets.

In general, SEM and TEM are employed for the characteriza-
tion of MONSs generating high-resolution images which display
the shape of the material thus giving information about
the dimensions and rigidity. SEM characterization requires
prior pretreatment, usually by employing a coating on the
surface with conductive material, generally gold.®** In order
to eliminate this significant drawback, researchers nowadays
use a field emission electron microscope (FESEM). Sometimes,
the labile and non-conductive nature of MONs means that they
may readily suffer electron damage and charging making
the imaging quite challenging. In order to determine the
underlying structure of MONSs, a range of advanced electron
microscopy techniques have been utilized for such additional
information.

Mater. Adv., 2021, 2, 4914-4944 | 4929
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HRTEM has been widely used in order to determine the
particle size, grain size, plane indices and dislocations. Further-
more, HRTEM analysis can be employed to calculate the inter-
planar distance of crystalline structure (fringe width) and
crystalline planes that can be further deduced from the SAED
(selected area electron diffraction) pattern. This technique also
contributes to the MOFs analysis modified with nanoparticle
(NP) incorporation as the recorded TEM provides a good
insight into the size and dispersion of NPs. These microscopy
techniques can also be coupled with energy dispersive X-ray
analysis (EDX or EDAX) or energy dispersive spectroscopy (EDS)
that is used for the quantitative or qualitative composition
determination of MONSs. For instance, Zhao et al. synthesized
2D Cu-MONs and decorated them with Au NPs to produce
Au/Cu-MOF nanocomposites that were characterized using
FESEM (Fig. 19a and b) and HRTEM (Fig. 19c and d) to study
the surface morphology of developed MOFs.>* These powerful
techniques help gain a proper insight to understand the nature
and position of defects, functional groups and active sites that
are vital to their performance in a wide range of applications.

A good resolution can also be achieved through SEM that
can be quite worthwhile for characterizing the parent material
layers and to get an overview of particle size distribution. For
instance, Rodenas et al. used focused ion beam SEM (FIB-SEM)
in order to determine the distribution of MONs within their
composite membranes (Fig. 19¢).”%* Brewster angle microscopy
can be utilized for imaging the nanosheets at interfaces shown
in Fig. 19f,°! as in the case of Raman spectroscopy (Fig. 19g).%*”
Dynamic light scattering (DLS) has been utilized for determin-
ing the lateral size distribution of nanosheets. Rosseinsky
et al. represented a narrow distribution of lateral size between
120-180 nm through DLS, consistent with those observed
through AFM (Fig. 19h).%*¢

Fig. 19

View Article Online

Review

3.3 Macroscopic characterization

The ability of MONs to disperse in solutions makes it possible
to be processed as suspensions thus making them available to
interact as catalysts and sensors with molecules in a solution.
The most common in situ way for 2D MON characterization is
the presence of Tyndall scattering when a laser beam is allowed
to pass through the sample (Fig. 20a).>*? Stable suspensions
have a very low concentration of material, typically less than
0.1 mg mL~". However, several factors such as the choice of
solvent, presence of surfactants and functional group incorporation
can overall enhance the material concentration in a suspension.
The concentration of material present in a suspension can be
determined by measuring the material mass left after careful drying
or filtration of the suspension. Otherwise, it can also be obtained
from UV-vis data by plotting a calibration curve using samples
of known concentration.®* Moorthy et al. compared the degree
of exfoliation attained in various solvents by using fluorescence
spectroscopy resulting from emission quenching due to
layers stacking or aggregation (Fig. 20b).** Elder et al. utilized
temperature-programmed desorption (TPD) for investigating
the surface interactions of ethanol and water molecules
with Cu-BDC nanosheets and also studied the kinetic para-
meters for desorption from the pore, edge and external surface
sites.®”

Similar to MOFs, most of the applications of MONSs rely on
the porous structure and high surface area in the solid-state.
Gas adsorption measurements have been utilized for the char-
acterization of accessible volumes present in MONs (Fig. 20c).?*%”
It is used for the determination of textural parameters like surface
area, average pore size, pore volume and pore size distribution.
This technique is based on the study of N, adsorption (at the
boiling temperature of liquid nitrogen) over the solid surface that
results in an adsorption isotherm. According to the International
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(a) FESEM image of the overview of Cu-MOF membrane (b) high-magnification FESEM image of the surface of a Cu-MOF membrane (c) TEM

image of Au/Cu-MOF nanocomposites (d) HRTEM image of Au NPs on nanosheets, inset: corresponding electron diffraction pattern. Reproduced with
permission from ref. 54a. Copyright 2019, Royal Society of Chemistry. (e) FIB-SEM of nanosheets dispersed in a polymer membrane. Reproduced with
permission from ref. 78a. Copyright 2015, Nature Publishing Group. (f) Brewster angle optical microscopy of nanosheets formed at the liquid—gas
interface using Langmuir—Blodgett method Reproduced with permission ref. 51. Copyright 2011, Wiley-VCH. (g) Raman microscopy images of MONSs.
Reproduced with permission from ref. 83b. Copyright 2015, the Royal Society of Chemistry. (h) DLS data showing the lateral size distribution of
nanosheets in suspension. Reproduced with permission from ref. 83c. Copyright 2012, Wiley-VCH.
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Fig. 20 (a) Photo showing typical Tyndall scattering resulting from a suspension of MONs. Reproduced with permission from ref. 36d. Copyright 2012,

American Chemical Society (b) Fluorescence emission profiles (Lex = 330 nm) of Cd MONSs in different solvents. Reproduced with permission from ref. 44.
Copyright 2017, the Royal Society of Chemistry. (c) Gas adsorption isotherm comparing N, uptake for Cu(BDC) bulk MOF (red) and MONs (blue).
Reproduced with permission from ref. 87. Copyright 2017, Elsevier (d) AFM topographic image of Cu-based nanosheets suspended over micron-sized

wells (400 nm depth) within a-Si/SiO, substrate. Reproduced with permission from ref. 83b. Copyright 2015, the Royal Society of Chemistry.

Union of Pure and Applied Chemistry (IUPAC), there are six
categories of physisorption isotherms (Type I-Type VI, Fig. 18a).%®
Type I corresponds to the physisorption of non-polar gases
(N, and Ar) on nanoporous, microporous, or macroporous solids.
Type II and III isotherm refers to the macro porous samples,
while Type IV and V isotherms indicate mesopores in the sample.
In case, if there is no hysteresis loop in the reversible adsorption—
desorption of N, gas then that relates to the presence of meso-
pores (>4 nm) in the sample and corresponds to Type IV (b)
isotherm. On the other hand, Type VI isotherm represents a
homogeneous nonporous solid surface.

Generally, MOFs are solids characterized with porosity and
the presence of high surface area (>2000 m? g~ ') and most of
them fall under microporous Type I isotherm. For the calculation
of surface area of MOFs, the most commonly used approach is
Brunauer-Emmett-Teller (BET) method,®® that allows their com-
parison with other porous materials. The presence of micropores
is studied with the aid of the t-plot method, which compares the
adsorption isotherm data of a nonporous sample to that of
porous materials.”® The BET surface area of the nanosheets is
generally found to be lower than that of the parent porous
material, which is due to the inefficient packing of small

© 2021 The Author(s). Published by the Royal Society of Chemistry

crystallites,®” while other properties like permeability may be

enhanced up to a significant extent.

In addition to the above-discussed characterization para-
meters, a better understanding of the mechanical properties of
MONSs is also necessary for the optimization of their applications
in membranes for gas separation and in composite formation.
Cheetham et al. compared the mechanical properties of different
faces of bulk layered MOF using a spherical-tip diamond
indentor.>*? They also measured the critical resolved shear stress
to be relatively small (<0.4 GPa), which is needed for the
micromechanical delamination of individual layers. AFM was
also utilized for nanoindentation experiments of nanosheets
situated over different diameter wells. For instance, Zamora
et al. calculated the breaking strength and Young’s modulus of
their frameworks as 0.12 N m ' and 5 GPa (Fig. 20d).**” These
mentioned values were found to be 150 and 200 times lower as
compared to values for pristine graphene, however, the MONs
were strong enough to be suspended as free-standing sheets over
micron-sized holes.

The assessment of the aqueous stability of MOFs is signifi-
cantly important. In general, MOFs must possess stability in
aqueous solutions in order to achieve practical application in

Mater. Adv., 2021, 2, 4914-4944 | 4931


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00389e

Open Access Article. Published on 22 June 2021. Downloaded on 2/25/2026 10:14:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

fields such as water purification. The water stability of 2D
MONSs is quite similar to that of bulk MOFs. The water stability
of bulk MOF, as well as 2D MONSs, can be determined by simply
immersing the material in an aqueous solution of known pH.
After a definite time duration, MOF is filtered, washed and dried
and the stability yield could be assessed by the comparison of the
mass recovered with respect to the initial mass.”* Though, this
process of comparison greatly needs control of the structure and
porosity and measuring N, adsorption isotherm and XRD before
and after aqueous testing. Another most common approach for
estimating the aqueous stability is to analyze the water adsorption
isotherms by applying partial pressure of water vapor into the MOF
under vacuum.”” As discussed in the earlier section that most of
the MOFs fall under the category of microporous materials,
following the Type-I adsorption isotherm. Hence, the shape of
the respective adsorption isotherm gives great information about
the strength and type of interaction between water molecules and
MOF surfaces. This water adsorption isotherm analysis must be
supported by XRD characterization to get a detailed insight into
the changes if any. Most MOFs show water adsorption isotherms
similar to the previously reported isotherms of porous materials,
still several MOFs are available that show fascinating adsorption
behavior due to the flexibility in their framework. For instance,
MIL-53 water adsorption behavior displays a reversible structure
transition from the large pore form to the narrow pore form,

Table 3 List of diverse applications of 2D MONs in diverse fields
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resulting in large pore volume reduction. Overall, for applications
in which MOFs must be used in an aqueous phase, it is always
recommended to assess the MOF stability in water by simply
immersing them and stirring in certain aqueous conditions, which
is followed by XRD, BET, and mass loss evaluation after the
filtration of the sample.

4. Applications of 2D MONs

2D MONS s exhibit interesting nano effects and there exists plenty
of unsaturated active sites rendering them highly reactive or
show activity, known as the surface effect. Due to the planar
structure of MONSs, there is a presence of a proper conjugation
system that allows electron delivery on the nanosheets. Due to
the 2D structure, these MONs possess interesting chemical and
physical properties and an ample range of applications.”® The
adjustable structural features and functions of MONs facilitate
resourceful compositional framework and properties by varying
the organic linkers and metal nodes, thus proving advantageous
towards specific applications. Until now, 2D MONs proved to be
a great milestone in a range of applications, including sensing,
catalysis, gas separation, energy storage and conversion, bio-
medicine and much more. In the present segment, applications
of 2D MONs will be briefly discussed along with some examples
(Table 3).

MON Ligand Metal Application Ref.
UPC-28 Pentiptycene based Mg Sensing (Ba>") 126
Dye adsorption
Cu-TCPP Tetrakis(4-carboxyphenyl)porphyrin TCPP Cu Sensing (dopamine) 97
[CdL(p-1,3-SCN),],, 2-(2-(Ethylmamino)ethyliminomethyl)-6-ethoxyphenol (HL) Cd Photosensitive devices 110
Niz(HITP), 2,3,6,7,10,11-Hexaaminotriphenylene (HITP) Ni Gas separation 103
NMOF 5-(4-Pyridyl)-methoxyl isophthalic acid [5,4-PMIA] Ni Catalysis 116
and tetrakis(4-pyridyloxymethylene) methane [TPOM]
[Cd,(5-NO,-BDC),L(MeOH)]-  5-Nitro-1,3-benzenecarboxylic acid (5-NO,-H,BDC) cd Fluorescence detector 144
2MeOH (MOF-Calix) 25,26,27,28-tetra-[(4-pyridylmethyl)oxy|calyx[4]arene (L)
M-TCPP Tetrakis(4-carboxyphenyl)porphyrin (TCPP) Zn, Cu, Fluorescence detector (DNA) 55
Cd, Co
Zr-BDC 1,4-Benzenedicarboxylic acid (H,BDC) Zr Catalysis 56
Cu-BDC 1,4-Benzenedicarboxylic acid (H,BDC) Cu Catalysis 117
Ni-MOF@NiS2@C (NMSC) 1,4-Benzenedicarboxylic acid (H,BDC) Ni Energy storage 140 and 145
MIL-53(Al)-FA Sodium meta-aluminate (NaAlO,) Al Iodine adsorption 141 and 146
Fumaric acid (FA)
ZIF-67 Sodium hypophosphite (NaH,PO,) Co Energy conversion 142 and 147
2-Methylimidazole (MI) Ni
[Cuy(ndc),(dabeo)], 1,4-Naphthalenedicarboxylic acid Cu CO, sorption 143 and 148
[Cu,(nbdc),(dabceo)], 2-Nitro-1,4-benzenedicarboxylic acid
[Cu,(abdc),(dabceo)], 2-Amino-1,4-benzenedicarboxylic acid
[Ni(C404)(H,0),] Squaric acid (H,C40,) Ni Energy storage/conversion 90 and 149
[Cu,(TTPB),(H,0)6)-5DMF 1,3,5-Tri(4-(2H-tetrazol-5-yl)phenoxy)benzene (H;TTPB) Cu Nitroaromatic explosive 144 and 150
[Cds(TTPB),(H,0)s)-6DMF Cd sensing
NiCo-BDC 1,4-Benzenedicarboxylic acid (H,BDC) Ni Energy storage 109
Co
Cu(u)-5N;IP 5-Azidoisophthalic acid (H,5N;IP) Cu Dye adsorption 127
Catalysis
M-TCPP Tetrakis(4-carboxyphenyl)porphyrin (TCPP) Cu Catalysis 151
Zn
RuMOFNS Tris(4,4’-dicarboxylic acid-2,2’-bipyridyl) ruthenium(i) Zn Immunosensor 152
chloride (Ru(dcbpy);>")
Zn(bim)(OAc) Benzimidazole (bim) Zn Energy storage 153
Ni-MOF p-Benzenedicarboxylic acid (PTA) Ni Sensing 154
MOF-5 1,4-Benzenedicarboxylic acid (H,BDC) Zn Catalysis 155
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4.1 Sensing

Due to the 2D characteristics and structural miscellany, 2D
MONSs can exhibit great potential for sensing applications. The
escalating demand for extremely responsive and selective sensors
has stimulated the growth of a wide variety of novel functional
nanomaterials.”* Until now, 2D MONs have been utilized for
sensing systems, such as electrochemical sensors and optical
sensors. Due to distinct 2D structural features and high specific
areas, 2D MONs typically find applications as fluorescence
sensors for the detection of different analytes, such as
adenosine,*® microRNA,** and DNA.*® Zhao et al reported a
2D MON-based fluorescent sensing platform for the recognition
of DNA.”> Experiments have revealed the excellent quenching
ability of 2D MONSs usually comes from their 2D structures. The
detection limit was found to be 20 x 10~"> M for DNA sensing
that is found to be lesser in comparison to previously reported
MOF-based fluorescent assays and quite analogous to other 2D
nanomaterials. It is noteworthy to mention that the developed
fluorescent sensor of 2D Cu-TCPP nanosheet could concomi-
tantly achieve multiple DNA detection.

Ghosh et al fabricated highly luminescent 2D MOF
[Zn; 5(L)(H,O)]-1.5benzene (1) consisting of m-stacked cylindrical
arrangement in a backbone for the rapid and reversible solid-state
detection of both aliphatic and aromatic nitro-explosives by using
fluorescence quenching mechanism.”® The plausible mechanism
for the nitro-explosives detection could be explained on the basis
of interaction of super n electron-rich supramolecular 2D sheets or
n-1 stacked 1D packing of ligands (leading to a “supramolecular
wire effect’’) with the electron-deficient nitrobenzene as shown

View Article Online
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in Fig. 21b. The highest quenching effect can be seen in the
case of NB (86%) (Fig. 21a) in comparison to electron-deficient
smaller aliphatic NM (75%), although NM can enter inside the
pores of MOF, but NB cannot. Other nitro-explosives, such as
2,4-DNT and 2,6-DNT displayed appreciable quenching effects
(53% and 46%, respectively) owing to their low vapor pressure
and bulky molecular sizes. Despite the bulkier size of these
compounds, they are capable to form strong n-interactions on
the n-stacked framework backbone surface. In addition, DMNB
(aliphatic nitro-explosive) also displayed remarkable quenching
(57%) even though it is devoid of the electron-deficient aro-
matic ring as shown in Fig. 21c. In this case, orbital overlapping
of super electron-rich MOFs over electron-deficient DMNB nitro
groups could be the sole reason for quenching, involving the
n-n* charge transfer from MOF to DMNB. The comparative
quenching efficiency of different nitro-explosives is presented
in Fig. 21d.

Besides fluorescent sensors, 2D MONSs could also be fabri-
cated for the application as electrochemical sensors due to their
extremely low thickness and exceptional adsorption affinity. By
carefully examining structural tenability and flexibility, electro-
chemically active 2D MONs could be fabricated by the use of
catalytically active organic ligands/metal ions as building units.
Zhang et al. designed 2D M-TCPP(Fe) nanosheets [M = Cu, Co,
and Zn] that serve as an electrochemical sensor for H,O,
detection.®® Firstly, multilayer films of M~TCPP(Fe) nanosheets
were prepared via the Langmuir-Schafer method by transferring
the 2D MOF suspension on the top of a glass carbon electrode
(Fig. 22a). It was observed that 2D Co-TCPP(Fe) nanosheets
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of benzene and the surface interaction of nitrobenzene molecules in 1’ (c)

(a) A quenching profile of 1 by NB. (b) Supra-molecular wire effect showing a flow of n-electrons from sheet to sheet, and the plausible diffusion

A quenching profile of 1’ by DMNB. (d) Descending sequential quenching

effects of NB, NM, NT, DMNB, 2,4-DNT, 2,6-DNT, and NP on the luminescence of 1’ in 10 min. Reproduced with permission from ref. 95. Copyright 2013,

the American Chemical Society.
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(a) Schematic illustration of the assembly of 2D MOF film. (b) Cyclic voltammograms of the bare GCE and GCE/(Co-TCPP(Fe)), (n = 1-6) in the
presence of H,O,. (c) Typical amperometric responses of H,O, at bare GCE and GCE/Co-TCPP(Fe)s.

Reproduced with permission from ref. 96.

Copyright 2016, Wiley-VCH. (d) Schematic illustration of the preparation process of the ratiometric electrochemical sensor for DA detection. (e) Results
of DA detection in real sample analysis. Reproduced with permission from ref. 97. Copyright 2019, Elsevier.

exhibited exceptional electrocatalytic activity for H,O, reduction
and quantitative detection of H,O, with 0.4-50 uM linear range
and 0.15 pM detection limit (Fig. 22b and c).

Jie et al. fabricated novel Cu-MONSs to develop a responsive
and proficient electrochemical ratiometric sensor for dopamine
(DA) detection, a small biological molecule playing a vital
function as neuromodulators and neurotransmitters in the
brain.®” The synthesized Cu-MOFs were amalgamated with gold
nanoparticles (NPs) and poly-xanthurenic acid (pXA) by a
simple electrochemical method on the electrode (Fig. 22d), in
order to develop an outstanding electrocatalyst for the electro-
chemical detection of DA in the 5-125 puM range and 1.0 uM
detection limit. The potential application of the proposed sensor
was assessed by the detection of DA in human serum that revealed
a recovery rate from 99% to 103% (as shown in Fig. 22¢) that
indicated successful detection of DA in the real sample.

4.2 Gas separation

For the applications in fields of clean energy and environmental
sustainability, gas separation plays a critically important role.*®°
Natural gas contains a considerable quantity of acidic gases such
as CO, and H,S that need to be eliminated so as to enhance the
heating value and thus preventing corrosion of the pipeline.'®
For example, H,/CO, separation plays a key role in precombus-
tion CO, capture and H, purification in power plants.’*’ In
comparison to traditional gas separation techniques, viz., amine
scrubbing, membrane-based gas separation imparts high energy
efficiency, ease of operation and better scalability.'*>

4934 | Mater. Adv., 2021, 2, 4914-4944

Emerging as a new category of 2D nanomaterials, 2D MONs
served as favorable and promising candidates for highly selective
and ultra-permeable membranes. 2D MON-based membranes
have been anticipated to realize high permeability (productivity)
and high selectivity (efficiency), owing to the nanometric thick-
ness and distinct structure of pore structures that can distinguish
small gas molecules of different shapes and sizes.** For instance,
Yang et al fabricated 2D MON-based ultrathin molecular
sieve membranes for the separation of H,/CO,.>* Monolayered
Zny(bim), nanosheets were cast into membranes with several
nanometer thicknesses by hot-dropping the MON colloid onto
porous ceramic (o-Al,O3) substrates. The developed membranes
displayed outstanding size selectivity (>200) for H,/CO, and high
H, permeance of up to 3760 gas permeation units (GPUs), due
to the ultrathin nature and small pore orifice (0.21 nm) of
Zn,(bim);(OH) nanosheets as shown in Fig. 23b.

Recently, Zhu et al. reported the development of Ni;(HITP),
(HITP = 2,3,6,7,10,11-hexaaminotriphenylene) nanosheets by
adopting a soft physical method and fabricated the gas separation
membranes by utilizing these nanosheets supported on anodized
aluminium oxide (AAO) by adopting a filtration method.'” Gas
permeation results revealed high permeance and selectivity for
CO, over N, and H, over N,. The CO, permeance was found to be
3.15 x 10" ®mol m > s~ " Pa~ " (Fig. 23e). The separation factors for
CO,/N, and H,/N, (Fig. 23f) from single gas permeance were found
to be 13.6 and 7.8, respectively. The fabricated membranes dis-
played enhanced stability, reproducibility and durability that are of
great interest in the field of CO, separation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 (a) SEM image of a Zn,(bim)4 nanosheet layer on a-Al,O3 support. (b) An anomalous relationship between selectivity and permeance was

measured from 15 Zn,(bim), membranes. Reproduced with permission from ref. 34. Copyright 2014, American Association for the Advancement of
Science. (c) TEM image of Niz(HITP), nanosheets (d) cross-sectional view of Niz(HITP), membranes on AAO support (e) single and binary gas permeances
through the Niz(HITP), membrane measured at 298 K and 1.2 bar (f) stability of the Niz(HITP), membrane for the separation of an equimolar H,/N,, CO,/
N> mixture at 298 K and 1.2 bar. Reproduced with permission from ref. 103. Copyright 2020, Wiley-VCH.

Lennox et al. demonstrated the CO,/CH, separation in both
defective and defect-free 2D CuBDC nanosheets and compared
their performances with the bulk CuBDC MOF.'™ Studies
revealed that the separation mechanism is basically a pore-
blocking effect. Most of the adsorption sites were occupied by
CO, molecules that can show strong interaction with the
framework atoms and thus possess a lower velocity through
MON, hence limiting the CH, molecule permeability through
the nanosheet. The performance of nanosheet for the separation
of CO, and CH, as compared to bulk MOFs might be attributable
to the surface effect and mass transfer resistance causing the
agglomeration of methane molecules on the pore window of
MON. It was also observed that the presence of defects has a great
impact on the selectivity of the nanosheets. Missing of just 10%
linkers results in the formation of nonselective MONSs, whereas in

© 2021 The Author(s). Published by the Royal Society of Chemistry

the case of 20% concentration MONs becomes selective towards
methane. These results indicated that the synthesis process
should be done with utmost care in order to limit the missing
linkers as much as is humanly possible, such that, CuBDC can be
used successfully for the separation of light gas.

4.3 Energy conversion and storage

Due to the ordered nature of the porous framework, ultrathin
thickness, and profusely available metal sites, it makes MONs as
an ultimate choice for applications in the field of energy storage or
conversions.'*"'% The exposed metal sites in the case of 2D MONs
make them feasible catalysts for a broad range of energy conver-
sion applications such as carbon dioxide reduction reaction
(CO,RR), oxygen reduction reaction (ORR), oxygen evolution reaction
(OER), and hydrogen evolution reaction (HER). Marinescu et al.
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reported the application of 2D MONs in HER.'®” In this work,
BHT-based 2D MONs were integrated with cobalt dithiolene
species by employing liquid-liquid interfacial synthesis. These
synthesized 2D MONSs could be employed as electrocatalysts for
HER in an aqueous electrolyte and displayed a current density
of up to 41 mA ecm ™~ at —0.8 V. 2D MONs also find application
as OER catalysts. Zhang et al fabricated ultrathin FeCo
2D-MONs by an electrochemical/chemical exfoliation method
that displayed gleaming performance in OER with 211 mV over-
potential at 10 mA cm > current density that is comparatively
lower than of its bulk counterpart."®®

Apart from these applications, 2D MONs has also been
employed for energy storage purpose. Li et al. fabricated ultra-
thin bimetallic NiCo-MON (4.69 nm thickness) via a hydrothermal
method.'® The results revealed exceptional electrochemical per-
formance with 1945.83 and 1700.40 F g~ specific capacitance at
0.5 and 1 A g~ current densities, respectively, with good stability
(Fig. 24a and b). The superior electrochemical performance might
be attributed to ultrathin thickness, which in turn offers rich metal
sites and great electrochemical surface area for redox reactions.
The enhanced performance can also be related to increased charge
transfer during the electrochemical process due to the strong
coupling between Ni and Co species causing the high oxidation
state of Ni** and hence improved pseudocapacitance reactivity.

Chattopadhyay et al. synthesized novel thiocyanate bridged
2D MON, [CdL(p-1,3-SCN),],; HL = 2-(2-(ethylamino)ethylimino-
methyl)-6-ethoxyphenol, and demonstrated the photosensitive
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nature of developed semiconducting MOF with remarkably high
on-off ratio (Fig. 24c)."™ It was observed that the synthesized
2D MON exhibited good sensitivity to the switched on/off light
source which means that photocurrent can be switched repeatedly,
multiple times, without deteriorating the on/off ratio and thus it
finds applications in photo-switch nanodevices. This interesting
behavior might be correlated to the twofold donor-acceptor
properties of organic-inorganic hybrid material. The organic
ligand upon the photo-excitation acts as an electron donor, whereas
the inorganic CdSCN part acts as an electron acceptor.'™

4.4 Catalysis

2D MONs combining the lateral dimensions and thickness in
the nanometer range hold rich accessible sites on the surface
that is likely to show great performance in the field of hetero-
geneous catalytic systems.''>'"® The existence of abundantly
available active sites on the surface of 2D MONSs offers efficient
interactions between the substrate and active sites as compared to
the interactions occurring in confined pores of 3D frameworks.>>'**
Therefore, 2D MONSs generally show outstanding performances in
various catalysis reactions. For instance, Morsali et al. synthesized
2D MOF (TMU-58), [Zn (L1)(oba)] based on carbohydrazide moiety
(L1), an effective heterogenous H-bond donor catalyst, for the
effective and enhanced catalytic activity in the methanolysis of
epoxides."” In order to achieve a high-efficiency catalytic system,
carbohydrazide moiety was selected in the fabrication of MOF. Due
to the stronger acidic hydrogen in carbohydrazide, as compared to
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(a) CV curves and (b) GCD curves of NiCo-BDC nanosheets. Reproduced with permission from ref. 109. Copyright 2019, the American
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Fig. 25 (a) Comparison of catalytic activity of 3D-MOF and 2D-MOF in methanolysis of styrene epoxide. Reproduced with permission from ref. 115.

Copyright 2019, the American Chemical Society. (b) Time-dependent UV-visible absorption spectra for catalytic reduction of 4-NP by Ni/NMOF-Ni-0.4
(c) catalytic performance of various catalysts evaluated by 4-NP conversion within 6 min (d) stability tests of Ni/NMOF-Ni-0.4 over five cycles.
Reproduced with permission from ref. 116. Copyright 2020, the American Chemical Society. (e) The condensation reaction between benzaldehyde and
aromatic amines (R = H for aniline and R = SH for 4-aminothiophenol). Results of an experiment with condensation between benzaldehyde and (f) aniline
(9) 4-aminothiphenol over pristine Cu-BDC and Cu-BDC/Au catalysts. Reproduced with permission from ref. 117. Copyright 2019, Wiley-VCH.

that in urea, it is capable to form effectual host-guest interactions
with various substrates. In addition, carbohydrazide moiety-based
2D structure offers more accessible active sites for efficient
catalytic reactions. The 2D heterogenous H-bond -catalyst,
TMU-58, with strong acidic Lewis sites was found to be more
efficient in comparison to the 3D MOF organocatalyst based on
urea for the methanolysis of styrene epoxide (Fig. 25a) and other
bulky epoxides.

Recently, Wen et al. fabricated MONs incorporated with
ultrasmall and homogeneous non-noble metal nanoparticles (Ni
NPs) within NMOF-Ni, where Ni(u) metal ion nodes get partly self-
reduced to metallic Ni(0) atoms in the presence of aqueous NaBH,
reducing agent under ambient conditions.’*® These as-formed
Ni/NMOF-Ni-0.4 played the role of an ideal catalyst in the catalytic
reduction of 4-nitrophenol (4-NP) with great efficiency and selec-
tivity and better recyclability (Fig. 25d). The high catalytic efficiency
might be attributed to ultrasmall and monodisperse Ni NPs as well
as 2D MON carriers. The progress of the reaction was monitored
by means of UV-vis spectroscopy (Fig. 25b) and it was observed that
the absorption peak of 4-NP decreased within 6 min (Fig. 25¢). In
addition to this, neither NMOF-Ni nor Ni/NMOF-Ni-0.2 displayed
no appreciable catalytic activity due to the scarcity of active Ni NPs.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Zhan et al. fabricated 2D Cu-BDC nanosheets by adopting
facile and benign methodology through the use of Cu,O nano-
cubes as the metal ion source and 1,4-benzenedicarboxylic acid
as an organic linker.""” Cu,0 nanocubes serving as metal ion
sources slowly release Cu' ions that are further oxidized by
dissolved oxygen and serve in the formation of 2D frameworks.
The as-synthesized Cu-BDC nanosheets with ultrathin thickness,
oriented growth and superb crystallinity can be utilized as a
platform for designing 2D-integrated nanocatalysts by using
various metal nanocrystals (Au, Ag, Pt and Ru) with 3-mer-
captopropionic acid as a molecular link. The developed
Cu-BDC/M composites with rich accessible active sites on its
surface displayed enhanced catalytic activity (due to the synergistic
effect of two components) in several condensation reactions
between benzaldehyde and primary amines (Fig. 25e). As shown
in Fig. 25(f and g), Cu-BDC/Au profoundly increased the reaction
rate in comparison to pristine Cu-BDC nanosheets as catalysts in
the case of both the amines (aniline and 4-aminothiophenol) used
as substrates. It is noteworthy to mention that the reaction rate
was comparatively higher in the case of 4-aminothiophenol due to
the presence of electron-donating para substituents (-SH) on
aniline as reported earlier.®
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It is well known that the combination of two different
components with varying catalytic activities has proven to be an
effective means for the development of multi-functional catalysis
for cascade reactions.''® Zhang et al. fabricated 2D MONS,
Cu-TCPP(M) [M = Co, Fe] for the growth of Au nanoparticles in
order to synthesize multifunctional catalysts for cascade reactions."*
Metalloporphyrinic MONs, Cu-TCPP(M) exhibit peroxidase-like
activity and Au NPs referred to as glucose oxidase (GOx) mimics.
Hence, Au NPs/Cu-TCPP(M) hybrid nanosheets catalyze glucose
oxidation reaction in the presence of O, to give gluconic acid and
H,0,. This in situ generated H,0, can be utilized in the second step
for the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) to give the
oxidized TMB (0XTMB).

4.5 Biomedicine

Due to features such as large surface area, high porosity,
biodegradability and surface functionality, 2D MONs perform
the role of nanocarriers for chemotherapeutics, nucleic acid, and
drug delivery and release.”" Lin et al. outlined the application of
UiO MONs in treating drug-resistant ovarian cancer cells by the
successful delivery of cisplatin and pooled small interfering RNAs
(siRNAs) at the site."" The huge pores in the case of UiO MONs
can be utilized for loading cisplatin, while vacant Zr sites in MONSs
are utilized for the binding of siRNAs via coordination bonds. The
in vitro chemotherapeutic efficacy improved a lot by simultaneous
delivery of cisplatin and siRNA into cancer cells. Still, this area is
in its infancy stage, yet MONs shows the great ability to be used as
drug delivery materials due to possible chances regarding the
adjustment of a functional group on the surface of framework,
tunable pore size and the introduction of drug molecules acting
as linkers.

Lin et al. developed GO/Fe-MOF Nanozyme Nest and
explained its robust peroxidase-like catalytic activity."** This
developed Nanozyme Nest could be utilized for the quantification
of woodsmoke biomarker (BPDE-DNA adduct) through the use of
the ultrasensitive ELISA method. The better detection sensitivity
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Dual-Amplified Catalytic Activity
Good Water Solubility

Fig. 26
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can be attributed to the enriched Fe-MOF nanozyme and the
cooperated GO. In addition to this, Nanozyme Nest combines the
characteristics of classical nanozymes such as low cost, easy
purification and excellent stability (Fig. 26a).

In addition to chemotherapy, another field of photodynamic
therapy (PDT) has gained considerable attention by adopting 2D
hybrid MOFs as promising photosensitizers. Likewise, porphyrin,
photosensitizers can be used to produce singlet oxygen from
molecular oxygen in the presence of light, thus enhancing the
therapeutic efficiency of PDT. Hence, loading 2D MOF with por-
phyrin enables the hybrid structure to effectively produce cytotoxic
singlet oxygen from surrounding tissue oxygen that causes an
increase in the cell temperature. Thus, enhanced apoptosis and
necrosis of cells due to the photothermal conversion makes
porphyrin-based 2D MONS an effective oxygen sensor in cells.'*

For instance, Lin et al. synthesized DBP UiO MONs (Fig. 26b)
by using porphyrin derivative, 5,15-di(p-benzoato)porphyrin (H,DBP)
that could be utilized as an effectual photosensitizer to be applied
for the PDT of resistant head and neck cancer."** These developed
nanosheets effectively generate singlet oxygen (‘O,) under light
irradiation. In vivo efficiency of PDT on tumor-bearing mice revealed
that half of the tumors upon the single dosage of DBP-UiO with
single light exposure were completely eradicated while the remaining
half of the tumors showed volume reduction by 50 times. On the
contrary, no considerable therapeutic effect was seen in the mice
treated with H,DBP ligands.

4.6 Wastewater treatment

2D MONs find application in wastewater treatment owing to
interesting features such as intriguing structural diversity, ionic
framework, tunable pore size, ultrahigh surface area, abundant
active sites and added stability that aids the selective uptake
and dye removal.'*® Recently, our group synthesized 2D MOFs,
[M(0x)(bpy)]. [M = Cu or Co] under solvothermal conditions via
a simple approach and assessed their application in wastewater
treatment.'**” These two MOFs were employed for adsorption

H,DBP
c) «d)
—=—control ] ‘0.6
12{ -e-Hy0BP -
% -+-DBP-UIO s
S C)
e Z 04
gos £
3 :
5 04 202
g =
2
00 00
01 2 3 4 5 6 7 8 DBP.UIO  HDBP  control

Day post injection

(a) The Generation of Labels for ELISA: (3rd generation) GO/Fe-MOF Nanozyme Nest. Reproduced with permission from ref. 122. Copyright

2019, the American Chemical Society. (b) Schematic illustration of the synthesis of DBP—UiO and the process of light-triggered 1O, generation (c) tumor
growth inhibition curves after PDT treatment (d) tumor weight after PDT treatment. Reproduced with permission from ref. 124. Copyright 2014, the

American Chemical Society.
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of organic dyes, i.e., methyl orange (MO) and methylene blue
(MB). Among the two dyes, MOFs showed selective adsorption of
MB with % removal of up to 96-98% at optimum temperature
and neutral pH. The plausible mechanism (Fig. 27a) for dye
adsorption of MB was mainly through electrostatic, t-n and
hydrogen bonding interactions between 2D sheets and the dye.

Zhang et al. fabricated 2D porous pentiptycene-based MONs
(UPC-28) for the detection of Ba*>" and adsorptive removal of
organic dyes from wastewater.'® The porosity of the synthe-
sized MOFs revealed that it falls under the microporous cate-
gory with 648.9 m”> g~ ' of Brunauer-Emmett-Teller (BET)
surface area and 1.1 to 1.6 nm pore size distribution. The
synthesized MOF, UPC-28, was assessed for dye uptake by using
neutral bromophenol blue (BB), positively charged rhodamine
B (RhB) and methylene blue (MB) and negatively charged acid
fuschin (AF). It was observed that UPC-28 readily and effectively
adsorbed RhB' (Fig. 27b) and MB" (Fig. 27c) within 5 and
10 minutes, respectively, with negligible uptake of neutral BB
(Fig. 27d) and anionic AF (Fig. 27e). The possible mechanism
for adsorption might be strong electrostatic interactions
between electrically anionic framework and positively charged
dyes and also the existence of weak (n-) interactions between
the framework and the dyes.

Verpoort et al. fabricated 2D MONs, Cu(u)-5N;IP under the
ambient condition as well as solvothermal conditions at 85 °C

View Article Online
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and assessed their potential applications in dye adsorption
and catalytic applications (aerobic oxidation and Knoevenagel
condensation)."” The adsorption was studied by using two
types of dyes such as cationic dyes like rhodamine B (RhB),
methylene blue (MB) and anionic dye like congo red (CR) and
methyl orange (MO). As shown in Fig. 27(f-i), the adsorptive
removal of dye follows the order MB > CR > RhB > MO. The
overall MB adsorption is much higher as compared to RhB (in
spite of their similar ionic strength) due to the relative differ-
ence in the molecular sizes. In the case of MB, nearly 50%
adsorption takes place within the first 10 min and continues to
completion in around one hour. The fast adsorption rate of
MOF could be attributed to electronic interactions between dye
molecules and the azide functional group along with hydrogen
bonding and weak n-rn interactions between the aromatic rings
of MOF and dyes.

Hou et al. developed ultrathin 2D MONs, PCN-134-2D and
Zr-BTB-H,TBAPy, possessing large surface area, high water
stability and show selective adsorption towards cationic dyes,
RhB and MB from their aqueous solution with 100% removal
within a time period of 10 min."*® The excellent adsorption
could be ascertained to their ultrathin and porous behavior,
bounteous exposed active sites on the surface and effectual
electrostatic interactions between adsorbents and cationic
dyes. Along with this, 2D MONSs revealed excellent recyclability
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(a) The plausible mechanism of dye adsorption between cationic/anionic dyes and MOFs. Reproduced with permission from ref. 125b. Copyright

RhB, (c) MB, (d) BB and (e) AF. The inset photographs highlight the adsorption

effects showing before (left), during (middle) and after (right) adsorption. Reproduced with permission from ref. 126. Copyright 2018, the Royal Society of
Chemistry. (f) UV-vis spectra of Cu(i)-NzIP for adsorption of MB (g) RhB (h) CR (i) MO. Reproduced with permission from ref. 127. Copyright 2018, the

Royal Society of Chemistry.
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and reusability that makes 2D MONSs potentially pertinent for
selective and rapid cationic dye adsorption and separation.

5. Conclusion and future perspectives

In a nutshell, we have summarized the synthesis strategies that
are widely adopted in the synthesis of 2D MONs, viz., top-down
and bottom-up methods. As already discussed, one of the most
widely used top-down methods is sonication-exfoliation that is
used for the successful preparation of 2D MONs. However,
some other top-down synthesis approaches, viz., freeze-thaw
exfoliation, mechanical exfoliation, chemical assisted approach,
and chemical exfoliation, have also been much explored for the
synthesis of 2D MONs. Though a myriad of potential advance-
ment has been achieved in the field of 2D MONs by applying
top-down strategies, still some challenges need to be resolved.
For instance, the yield of the 2D MONs, which is commonly
quite low, could be improved by the combination of two
different approaches (intercalation and chemical exfoliation)
up to 57%."%* Besides this, stabilization of the exfoliated MONs
is another challenge of the top-down method which could be
overcome by the use of solvents with surface energy comparable
to exfoliated MONs or by adding stabilizers so as to lower the
high surface energy of exfoliated MONs, and much more. In
comparison to top-down methods, the direct synthesis of MONs
including non-layered MONs could be attained by bottom-up
methods. Various methods from the bottom-up approach, such
as surfactant-assisted synthesis, interfacial synthesis, modulated
synthesis, and sonication, have been introduced by researchers
worldwide. Single or few-layer MONs could be synthesized
efficiently in a solution phase by liquid/air interfacial synthesis.
The preparation of MONs under ambient conditions could be
done by three-layer synthesis and sonication synthesis. Modulated
synthesis and surfactant-assisted synthesis are the best-suited
approaches in cases where synthesis temperature is high. In spite
of all these achievements, there still remain some limits for
specific synthesis methods. In the case of the surfactant-assisted
approach, ultrathin, stable and uniform 2D MONs can be
synthesized due to the protective nature of surfactants. How-
ever, surfactants attached to the MON surface can sometimes
lead to the blocking of some active sites, which is not found to
be appreciably good for sensing and catalysis applications.
Interfacial synthesis is quite promising for the preparation of
large-sized single and few-layered MOF nanosheets, however,
the crystallinity of these MONs is somewhat lost, as depicted by
the weak diffraction spots and XRD patterns.'>®

The aim of the present review was also to summarize some
basic characterization techniques that are used to analyze 2D
MONSs. However, new characterization methodologies should be
explored in order to further elucidate the fine structure of these
nanosheets. With glooming research awareness in 2D MONSs,
their applications are widening day by day especially in the field
of sensing, catalysis, energy storage due to the large surface
area, available active sites, permanent porosity and appreciable
dispersibility of 2D MONs. However, some other promising
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applications still need to be explored such as optoelectronic
devices, drug delivery and photodynamic therapy. It is also clear
from the literature that examples of semiconductive MON-based
devices and wastewater treatment are rare. The synthesis of
high-quality conductive and semi-conductive MONs can open
new prospects for their successful application in the device and
energy fields. In addition to this, another promising strategy is
the combination of 2D MOF with other 2D nanomaterials to
prepare functional composites for varied potential applications.

Overall, the sole objective of this review article was to provide
material science researchers (particularly young investigators)
appropriate knowledge about the 2D MONSs, their synthetic
strategies with instrumental techniques and a broad range of
applications in various fields.
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