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Metal–organic framework nanosheets (MONs):
a new dimension in materials chemistry

David J. Ashworth and Jonathan A. Foster *

Metal–organic framework nanosheets (MONs) are emerging as a novel class of two-dimensional materials

with a distinct set of design principles, synthetic approaches, characterisation techniques and applications.

MONs are free standing, nominally two-dimensional materials formed by the co-ordination of organic

ligands to metal ions or clusters. In comparison to other metal–organic and two-dimensional materials,

the principles behind their design and synthesis are only just beginning to be understood. Here we seek

to bring together recent highlights from this rapidly growing field and attempt to draw out common

principles and strategies which we hope will aid the development of this exciting new class of materials.

We consider the range of chemistries and different synthetic strategies used to fabricate MONs, the

methods employed to characterise them and the applications that have so far been investigated.

1. Introduction

Two-dimensional materials offer a distinct set of mechanical,

electronic, optical and magnetic properties compared to their

bulk, layered forms. Graphene is the archetypal two-

dimensional material and consists of a single layer of sp2

hybridised carbon atoms giving it exceptional conductivity,

tensile strength, exibility and transparency.1 A wide variety of

other elemental and inorganic two-dimensional materials with

complimentary properties have also been investigated

including boron nitride,2 black phosphorus,3 metal-oxides,4

double layer metal hydroxides,5 transition metal dichalcoge-

nides,6 clays and zeolites.7 However, despite the remarkable

properties shown by many of these materials, their simple

composition means that it is oen challenging to modify or

systematically tune their structures in order to optimise these

properties for particular applications.
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Metal–organic materials combine the diversity of organic

ligands with the unique properties of metal ions to produce

robust materials with well-dened and readily tuneable struc-

tures. This approach has been used to create a variety of

different metal–organic architectures ranging from discrete

complexes, cages, grids, helicates and knots to extended poly-

mers, gels, liquids and liquid crystals.8–12 In particular, there are

over 70 000 thousand metal–organic frameworks (MOFs) re-

ported in the Cambridge structural database (CSD), many of

which have a layered structure.13 A number of well-established

coordination motifs exist allowing for a high degree of

predictability over the topology of the structures that will form.

The modular nature of these materials oen allows them to be

systematically tuned and modied through reticular substitu-

tion of different ligands and metal ions and through post-

synthetic modications. The versatility of metal–organic mate-

rials means they have been exploited for applications as diverse

as gas-storage,14 water purication,15 catalysis,16 drug-delivery,17

sensing,18 imaging19 and electronics.20

Two-dimensional metal–organic framework nanosheets

(MONs) have emerged as the most recent form-factor for metal–

organic materials. MONs have been variously described in the

literature as metal–organic framework nanosheets,21 two-

dimensional MOFs,22 metal–organic layers (MOLs),23 metal–

organic graphene analogues (MOGs),24 metal–organic surfaces,25

single-layered MOF based materials (MOFenes),26 metal–organic

akes,27 two-dimensional coordination polymers,28 coordination

nanosheets (CONASH),29 organometallic sheets,30,31 and hybrid

organic–inorganic nanosheets.32 Whilst there are meaningful

distinctions between some of the terms used in these descrip-

tions, in an effort to draw out the commonality in the underlying

chemistry, approaches to synthesis, techniques for character-

isation and applications envisaged we group them here under

a common name.

The term “nanosheet” has been used extensively in the MOF

literature and whilst a large number of layered MOFs exist or

have been grown on surfaces, inmost cases the individual layers

will not be stable or cannot be isolated using a given method.

However, as with other two-dimensional materials, the ideals of

a uniform crystalline material with single unit thickness

extended innitely in the other two dimensions is not oen

achieved in practice. Here we employ a broad denition which

encompasses materials which clearly display ‘nanosheet’-like

structure and properties and that, with iterative development,

could form free standing single-layers. More specically, MONs

consist of: [1] organic ligands coordinated to metal ions or

clusters with continuous connectivity in two-dimensions but

only non-covalent interactions in the third dimension; [2]

highly anisotropic materials with one dimension approaching

monolayer thickness and the others being at least an order of

magnitude larger and approximately equal in size; [3] materials

which can be isolated in a form with the dimensions outlined

above as free standing sheets, not attached to a surface or other

scaffold or as layers in a bulk material.

In this critical review we shall describe recent progress in

this rapidly developing area and seek to highlight the breadth of

approaches taken and draw out informative examples of good

practice and recent innovations. We begin in Section 2 by dis-

cussing the diverse range of chemistries used to synthesise

MONs and attempt to draw-out common design principles. In

Section 3 we present different approaches for synthesising

MONs, either directly or from their parent layered frameworks.

We will then discuss the range of characterisation techniques

that have developed for analysing the molecular, nanoscopic

andmacroscopic structure and properties of MONs in Section 4.

In Section 5 we consider the distinct opportunities offered by

MONs for use in a wide range of applications before summa-

rising and providing our own perspective on the future of this

eld in Section 6.

2. The anatomy of MONs

The basic principle behind the structure of two-dimensional

nanosheets is to design materials with strong, directional inter-

actions within a plane, but weak interactions between the layers

in the bulk material. This is exemplied by graphene in which

strong covalent carbon–carbon bonds form a hexagonal lattice,

layers of which are held together by relatively weak dispersion

interactions.33 Connectivity within the layers of MONs can be

achieved either through organic ligands which bridge isolated

metal ions or clusters or through connected inorganic clusters, or

a mixture of the two.34 Any connectivity in the third dimension is

typically a mixture of dispersive, hydrogen bonding and ionic

interactions which allows for the individual layers to be separated

out and isolated. Here we seek to capture the diversity of struc-

tures investigated so far by bringing together examples of MONs

which share common ligands and structural motifs.

2.1 Carboxylate based MONs

As with MOFs, the most popular organic ligands for the

synthesis of MONs are polycarboxylates thanks to their strong,

directional coordination chemistry and the wide variety of

ligands commercially available. The paddlewheel (PW) motif is

an ideal secondary building unit (SBU) for creating MONs as it

consists of four carboxylate ligands organised in a plane around

two metal cations capped with axial ligands (Fig. 1a). The

archetypal MOF-2 was amongst the rst layered MOFs to be

exfoliated to form MONs and consists of layers of 1,4-benzene

dicarboxylate (BDC) coordinated via Zn paddlewheels with water

molecules occupying the axial positions of the paddlewheel.35

Isostructural MONs have since been formed using a variety of

metal ions (Cu, Zn, Co) and 1,4-BDC36–38 and 1,3-BDC deriva-

tives,39–41 as well as longer linear diacid chains.42 In our own

work, we functionalised 1,4-BDC with weakly interacting alkyl-

ether chains designed to weaken interlayer interactions and

aid exfoliation into solvent (Fig. 1c).43 Several MONs based on

tetrakis(4-carboxy-phenyl)porphyrin (TCPP) structure have been

synthesised (Fig. 1d) in combination with a variety of metal-PW's

(Zn, Cu, Cd, Co).44–55 This motif also allows for the formation of

bimetallic MONs by using different metal ions coordinated at

the PW and porphyrin sites.45,52 The high degree of connectivity

and preorganisation afforded by the porphyrin units makes

them particularly well suited to the formation of MONs.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 16292–16307 | 16293
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Zr and Hf carboxylate clusters have proved popular SBU's for

creating robust 3D MOFs but have only recently be used to

create 2D MONs. Cao et al. synthesised a series of MONs by

combining 3-connected carboxylate ligands, initially benzene-

1,3,5-tribenzoate (BTB) moieties, with the Hf4+ cluster [Hf6(m3-

O)4(m3-OH)4(carboxylate)12] to create an innite 3,6-connected

2D network with kagome dual (kgd) topology (Fig. 1e).56 The 12-

connectivity of the Hf6 cluster violates the geometric require-

ment of a 2D layer so they used formate to cap six of the

connection sites on the cluster, leaving the remaining six in the

same plane to connect to the BTB ligands (Fig. 1b). Zhao and

coworkers produced analogous layered structures based on BTB

with both Hf and Zr M6O4(OH)4 clusters synthesised using

a modulated hydrothermal approach,57 and Wang et al. recently

demonstrated a continuous ow reaction in order to synthesise

the Zr analogue.58 The same Zr6 cluster but with different sites

capped was used to create MONs with tetraphenylethylene-

based tetracarboxylate (TCBPE),23 as well as TCPP ligands.59 A

Hf12 cluster was used by Cliffe et al. who used 4,4-biphenyldi-

carboxylate (bpdc2�) to form a 3D framework containing

a “double cluster” (Hf12O8(OH)14) which they were able to

exfoliate through selective scission of the interlayer ligands

(Fig. 1f).60 A related double-decker Hf12 clusters has also been

used as an SBU with extended tritopic carboxylates.61

Inorganic (I) corner sharing octahedra have also been used

alongside coordination bonds (O) to create two-dimensional

layers. In the nomenclature dened by Cheetham, Rao and

Fuller, superscript numbers are used to dene the types of

connectivity in different dimensions.34 Cheetham and coworkers

combined 2,2-dimethylsuccinate (DMS) and its isomers with

different metal ions to produce a series of layered frameworks

which they exfoliated to form nanosheets.32,62,63 Fig. 1g shows the

archetypal I1O1 network for the Mn-DMS network in which

distorted MnO6 octahedra form corner-sharing chains along the

b-axis which are bridged via DMS ligands to form 2D layers.32,64

The methyl groups of the ligands protrude between the layers

providing weakly interacting hydrophobic caps. Other closely

related systems had either inorganic (I2O0) or organic connec-

tivity in two dimensions (I0O2) highlighting the challenges

associated with predicting structure when using less preorgan-

ised ligands. Phosphonic acids can also be used to create

inorganic layers. Araki et al. exploit the high coordination

numbers of lanthanide ions by coordinating 1,3,5-benzene-

triphosphonate to lanthanum ions to form layered MOFs with

either (I1O1) or (I2O0) connectivity (Fig. 1h).65

2.2 N-Donor based MONs

Zeolitic imidazolate frameworks (ZIFs) are a highly successful

class of MOF due to their relatively high stability, diversity and

structural similarity to zeolites.66 However, the topology of

imidazole-zinc coordination does not automatically lend itself

to the formation of layered structures. Lotsch and coworkers

used the lamellar surfactant CTAB to template benzimidazole

(bim) and Zn to form a ZIF with the composition Zn(bi-

m)(OAc).67 The layers are composed of Zn(bim)2/2 chains and

Zn(OAc)2/2 chains connected by Zn2+ tetrahedra which stack

together through weak van der Waals interactions (Fig. 2a).

Peng et al. successfully exfoliated large nanosheets from

a different layered ZIF with the composition Zn2(bim)4. Here the

layers are formed by Zn atoms coordinated to four bim ligands

in a distorted tetrahedral geometry, and each bim ligand

bridges two Zn atoms via a bis-monodentate linkage

(Fig. 2b).68,69 It should also be noted that the reaction of 2-

methylimidazole (Hmim) with zinc nitrate in water at room

temperature produces highly anisotropic leaf shaped crystals of

Fig. 1 Schemes showing (a) paddlewheel and (b) M6L6 secondary building units. (c–h) example crystal structures showing diversity of carboxylic

acid based linkers and secondary building units used in the synthesis of MONs. Specifically, (c) Zn2(BDC-x2)(DMF)2, where x ¼ O(CH2)3OMe; (d)

M(TCPP) where M ¼ Zn, Cu, Cd, Co; (e) [Hf6(m3-O)4(m3-OH)4(carboxylate)12]; (f) hcp UiO-67; (g) Mn(DMS)(H2O); (h) lanthanum 1,3,5-benzene-

triphosphonate (LBP-II). Adapted with permission from ref. 56, 43, 52, 56, 60, 32 and 65 for images (b–h) respectively.

16294 | J. Mater. Chem. A, 2018, 6, 16292–16307 This journal is © The Royal Society of Chemistry 2018
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ZIF-L (Zn(mim)2$(Hmim)1/2$(H2O)3/2) with thicknesses as low as

�100 nm. Several studies exploiting the sheet like properties of

these materials for gas separation,70 templation71 and catalysis72

have been reported, although sheets approaching monolayer

thickness are, to our knowledge, yet to be reported. However,

nanosheets of the closely related ZIF-67, Co(mim)2, formed

using a salt templated synthesis have recently been reported.73

The neutral N-donor systems, 4,4-bipyridine (bpy), was used

to create a layered framework with the formula Cu(bpy)2(OTf)2
in which the triuoromethanesulfonate (OTf) counterions cap-

ped weakly interacting layers (Fig. 2c).74 Atomic force micros-

copy (AFM) and transmission electron microscopy (TEM)

indicate that single and few layer nanosheets are formed which

show crumpling and rolling to form nanoscrolls highlighting

the exibility of these systems. A variety of tri- and hexa-dentate

terpyridine (tpy) building blocks have also been used to

form monolayers through self-assembly at interfaces through

coordination to M(II) ions (Zn, Co, Ru, Pb, Ni and Fe)

(Fig. 2d).30,52,75–77 These multidentate building blocks provide

a high degree of connectivity and robust coordination interac-

tions through their multidentate binding. The oen single

layered nanosheets which were formed through interfacial

assembly can be up to several cm in lateral dimensions and

mechanically strong enough to be spanned over 20 � 20 mm

sized holes, however the degree of crystallinity can be low.76 A

structurally related series of MONs have also been synthesised

using tri- or tetra-dipyrinato ligands coordinating to tetrahedral

zinc ions.78,79

2.3 Diamine/dithiolene based MONs

A series of MONs assembled from square-planar metal ions

and aromatic bis(dithiolenes) have received considerable

attention thanks to their remarkable electronic properties.

Benzenehexathiol (BHT) for example was reacted with d8 metal

ions including Ni(II)84 and Pd(II)85 to create 2D planar nano-

sheets with six-fold symmetry via the formation of the nickel

bis(dithiolene) motif (Fig. 2e). These complexes exhibit strong

charge delocalization across the three metalladithiolene units

through the phenylene linker in mixed-valent states. Expanded

versions of these systems have been synthesised using triphe-

nylene hexathiolate with nickel80 and cobalt.25 The amino

analogues of these materials have also been investigated. The

interfacial reaction of hexaminobenzene with Ni2+/Cu2+/Co2+

acetylacetonate produced akes several microns wide and

approximately 10 nm thick which were shown to be mildly

conducting. Expanded analogues of these layered materials

have been formed by reacting hexaminotriphenylene with Ni

and Cu ions to create semi-conducting frameworks, although

individual akes of these materials have not yet been iso-

lated.24,86,87 Mixed amine/thiolene MONs have also been formed

with related structures using mixtures of triphenylene hexa-

thiolate and hexaminotriphenylene with Ni or Co22 and Ni(1,3,5-

triaminobenzene-2,4,6-trithiol).88

2.4 MONs based on other ligand systems

A number of other MONs have been investigated which are not

readily grouped into the classes of MON described above.

Notable examples include the earliest example of a single layer

thick MON, reported by Zamora and coworkers in 2010. The

framework is based on pairs of copper atoms which are

bridged by the carboxylate end of two isonicotinato ligands

and a bromine ligand and capped by the nitrogen of two

further isonicotinato ligands to produce layers (Fig. 2f).81 This

is an interesting example of a MON with a mixed-valent state

and the authors investigate their electrical and magnetic

properties.

Fig. 2 Example structures of nitrogen (a–d), sulfur (e) and mixed linkers (f–h) used in the synthesis of MONs. Specific repeat structural units are:

(a) Zn(bim)(OAc); (b) Zn2(bim)4; (c) Cu(bpy)2(OTf)2, (d) S1(M
2+), where M ¼ Zn, Fe, Co, Pd and S1-see reference; (e) Ni3(bis(dithiolene))2; (f)

[Cu2Br(IN)2] where IN ¼ isonicotinate; (g) [Zn(Gly-Thr)2]$CH3OH; (h) [Fe(Py2th)2]. Adapted with permission from ref. 67, 68, 74, 76, 80–83 for

images (a–h) respectively.

This journal is © The Royal Society of Chemistry 2018 J. Mater. Chem. A, 2018, 6, 16292–16307 | 16295
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Rosseinsky and coworkers investigated a peptide based

layered MOF [Zn(Gly-Thr)2]$CH3OH which formed single

layered nanosheets following exfoliation with ultrasound

(Fig. 2g).82 Other examples of MONs incorporating multiple

coordination motifs within a single framework include

a lamellar iron(II)-pyrimidine-2-thiolate coordination polymer

[Fe(Py2th)2]n (Fig. 2h),
83 large single layer thick akes of [Cu(m-

pym2S2)(m-Cl)]n (pymS2 ¼ dipyrimidindisulde)27 and lantha-

nide based MONs formed by the coordination of 2,2-thiodi-

acetic acid.89 Examples of de-symmetrised MONs with different

bonding motifs running in different directions include work by

Gao et al. created a zinc based MON with a layered structure

consisting of perpendicular chains of carboxylate coordinated

ibuprofen and 1,2-bis(4-pyrdiyl)ethane.90 Another interesting

de-symmetrised case is a two-dimensional coordination poly-

mer consisting of Cu2I2 chains linked by 2-aminopyrazine.91

3. Synthetic approaches

There are two distinct approaches to the syntheses of MONs:

“bottom-up” methodologies in which the nanosheets are syn-

thesised directly as discreet entities through various methods of

arresting the crystallisation process, and “top-down” approaches

in which the nanosheets are isolated from bulk layeredmaterials.

The coordination bonding present within the layers of MONs is

much more dynamic than those of graphene and most other

inorganic materials. This opens up opportunities for processing

MONs from solution and removes some of the challenges asso-

ciated with irreversible bond formation. However, it also means

milder processes may be required and the structures have the

potential to rearrange. Here we discuss various iterations of the

two main approaches focussing on examples which have yielded

promising nanosheets. A general scheme outlining different

approaches is given in Fig. 3 and examples of nanosheets

produced by each method are given in Fig. 4.

3.1 Arresting crystallisation

The “bottom-up” synthesis of MONs can be seen as an arrested

crystallisation in which growth occurs preferentially in two-

dimensions. The use of ligands and SBUs with a predisposi-

tion to crystallise preferentially in two-dimensions may result in

the formation of nanosheets without the need for further

modication. For example, Kitagawa and coworkers showed

that Cu(TCPP) MONs of average thickness of �15 nm, which

corresponds to 33 layers, could be synthesised in this manner

through a solvothermal synthesis in DMF and EtOH (3 : 1 v/v)

(Fig. 4a).47

Surfactants have been used to modify crystal habit by

binding to the surface of the growing nanosheets, inhibiting

growth and preventing stacking of the layers. The surfactant

species can also decrease the surface energy and so total energy

of the system, which favours the formation of the 2D

morphology.92 Zhang and coworkers used polyvinylpyrrolidone

(PVP) in the synthesis of Zn(TCPP).49 Addition of PVP to the

reactant mixture resulted in MONs of 1.2 � 0.4 mm � 7.6 �

2.6 nm, corresponding to 8 � 3 layers thick (Fig. 4c). FTIR

investigations of PVP interacting with Zn2+ ions showed a strong

interaction of the PVP C]O group with Zn2+ ions, suggesting

that PVP could attach onto the surface of the nanosheet aer

nucleation, leading to highly anisotropic growth to formMONs.

The generality of this method was demonstrated through the

additional synthesis of Cu/Co/Cd(TCPP), in which nanosheets

of <10 nm thickness were obtained for all but Co(TCPP). These

MONs have been further used for various applications.50–52,55

PVP has also been used within the synthesis of Cu(HBTC)

(where BTC ¼ 1,3,5-benzene tricarboxylate) in a reaction which

occurred at room temperature and pressure to produce nano-

sheets between 30–55 nm thick.95 The cationic surfactant CTAB

has been suggested to adsorb to specic crystal planes. The

hydrophobic tail adsorbing to the crystal surface could aid in

MON stabilisation and dispersion in particular solvents. This

Fig. 3 Scheme showing different bottom-up and top-down methodologies used to produce MONs.

16296 | J. Mater. Chem. A, 2018, 6, 16292–16307 This journal is © The Royal Society of Chemistry 2018
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approach has been used to directly produce Zn(bim)(OAc)

MONs down to 7 nm thickness.67,96

Small molecule crystal growth modiers that bind prefer-

entially to a particular facet of a growing crystal can modify the

resulting crystal habit. A classic example of this is the addition

of pyridine to the synthesis of the pillared MOF [Cu2(NDC)2
(DABCO)] (where NDC ¼ 1,4-naphthalene dicarboxylate and

DABCO ¼ 1,4-diazabicyclo[2.2.2]octane) which resulted in the

formation of large nanosheets up to 500 nm2 as a result of

competition with the pillaring ligands.97 PVP has been used to

similar effect to produce highly anisotropic nanosheets of the

pillared MOF Co(TCPP)(BiPY).50 It should be noted that these

nanosheets are connected in three-dimensions through coor-

dination bonds and therefore do not fulll our denition of

a MON. However, in principle this approach could be used to

produce single layers or pillared bilayers which would then have

two-dimensional connectivity.

Small molecule addictives can also become incorporated

into growing MOFs resulting in the formation of layered

structures. Zhao and coworkers exploited acetic acid as

a modulator to prevent the formation of interpenetrated

networks. This lead to the formation of MONs of 10–20 nm

thickness which exhibit stability superior to the analogous 3D

MOF (Fig. 4b).93 Lin and coworkers found that the 12-connec-

tivity of Zr6 and Hf6 SBUs could bemodied by incorporating six

formate ions into the SBU to produce nanosheets with thickness

of <4 nm and lateral dimensions >10 mm, with nanosheets

observed down to monolayer thickness.23,29,50,61

Wang and coworkers demonstrated a “pseudoassembly

disassembly” strategy for the formation of Zr6-(NiTCPP) MONs

in high yield (85%) and high dimensional uniformity of around

200 � 1.5 nm.59 Incorporation of controlled concentrations of

small monoacid (formic, acetic, lauric and oleic acid) ligands as

a modulator into the reaction mixture lead to layered MOFs,

within which the monoacids occupied the interlayer coordina-

tion sites of the Zr cluster (conrmed by quantitative NMR and

SAXRD) which lead to destabilisation and “disassembly” to

MONs. Stacking of produced MONs was observed under TEM

with lengthening of the aliphatic chain. Rodenas et al. were able

to produce a series of nanosheets of 5–25 nm thickness and up

to 4 mm square using a “layered synthesis” method (Fig. 4d).36

The ligands and metal ions were dissolved in different ratios of

DMF and acetonitrile to produce solutions of different densities

which were layered on top of each other, with a buffer layer in

between. Slow diffusion of the ligand and metal ions into the

buffer layer produced preferential growth in two-dimensions to

produce nanosheets, which then sank as a result of gravity into

a metal ion decient layer preventing further growth (Fig. 4e).

Inspired by this work, Fu and coworkers developed a spray

technique which used ultrasonic atomisation to spray a solu-

tion of metal salt onto a reservoir of the ligand solution. This

approach reduces the disturbance caused by contact between

the layers, providing a steady interface for anisotropic crystal

growth. The nanosheets produced through this method were

<500 nm and >5 nm thick (Fig. 4e).

An alternative method for directing crystal growth into two-

dimensions is the use of phase interfaces such as air–liquid

(Fig. 4f, for example)30,45,48,75,76,78,80,98 or liquid–liquid.22,77–79,85,99,100

These methods also generally proceed under ambient condi-

tions. Liquid–gas interfacial growth has been demonstrated

using Langmuir–Blodgett troughs, in which a solution of ligand

in a volatile solvent is applied on top of the aqueous phase

containing metal ions.46,48,75,80,98,101,102 Surface compression can

result in large extended nanosheets of potentially innite size,

Fig. 4 Example AFM (b, d-l) and TEM (a, c) images illustrating MONs synthesized using various bottom-up (a–f) and top-down (g–l) method-

ologies. Heights of nanosheets across the indicated vectors are approximately: (b)– 3 nm; (d)– 6 and 8 nm (red and blue, respectively), (e)� both

5 nm, (f) – 0.8 nm, (g) – 1.1 nm, (h)– 1.9 nm, (i) – 2 nm, (j) – 4 nm and (l) – 2 nm. Image (g) is 3 mm square, the indicated vector in (i) is 5 mmand the

scale bar in (j) is 10 mm. Images adapted with permission from ref. 47, 93, 49, 36, 37, 30, 68, 43, 89, 40, 53 and 94, for images (a–l) respectively.
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with domains demonstrated up to sub-mm scale, although

questions remain about the crystallinity of these large sheets.

Additionally, MON lms can also be built up by layer-by-layer

deposition of these large MONs. More detailed methodology

and examples of nanosheets produced in these ways can be

found in a recent review by Nishihara and coworkers.29,103,104

Additionally, there have been multiple demonstrations since

2003 of the growth of MOF layers at solid–liquid interfaces.

These materials have been recently reviewed elsewhere,105,106

and the difficulties associated with removing these materials

from the surfaces mean we will not cover these approaches in

detail here. Another interesting approach that has been

explored is the growth of MOFs on other two-dimensional

materials such as graphene oxide, although in most cases the

MOFs are not themselves two-dimensional.107 Rare examples of

the formation of MOF thin lms at the vacuum–solid interface

by chemical-vapour deposition (CVD) have also been re-

ported,108 but again are outside the focus of this review.

3.2 Exfoliating layered MOFs

Just as layers of graphite can be separated to form nanosheets of

graphene, crystals of layeredMOFs can similarly be exfoliated to

formMONs. This approach relies on being able to preferentially

break apart weak interactions between the layers, without dis-

rupting strong bonding interactions between them.

Abhervé et al. mimicked the famous “Scotch tape” method,

originally used to isolate graphene nanosheets, to produce

MONs with heights down to 2 nm from a layered cationic

framework.109 Exfoliation can also be achieved mechanically,

either through grinding by hand or with the use of a ball mill.

For example, UiO-67 was exfoliated from the bulk MOF to form

sheets of �10 nm thickness (Fig. 4g).60 This approach produced

a relatively broad distribution of particle sizes, in terms of both

lateral dimensionality and thickness. Grinding can also cleave

chemical bonds, which was utilised by Cliffe et al. to create

sheet-like particulates from non-layered MOFs to form nano-

sheets with a relatively broad distribution of layer thicknesses.60

Wet-ball-milling has been additionally demonstrated in

a solvent mixture of MeOH/nPrOH.68 The authors suggest that

methanol penetrates into the galleries of the layered MOF,

which is facilitated by the ball-milling process, and the nPrOH

acts to stabilize the exfoliated nanosheets through adsorbing

onto the surface through the alkane tails, fullling a similar role

as surfactants previously described.

Liquid exfoliation through sonication has perhaps been the

most widely adopted method of MOF exfoliation over the past

decade. The energy input provided by the ultrasonicator (typi-

cally 20–80 kHz, with powers of 80–750 W) can overcome the

inter-layer interactions, facilitating solvent penetration, and

serve as a stimulus for layer separation. As yet, there has not

been a universal set of conditions demonstrated to produce the

highest quality and quantity of nanosheets. Various authors

have used sonication times from 20 minutes to 24 hours, and

although exfoliation through sonication has been shown to

achieve better results at lower temperature,110 the temperature

of sonication is rarely controlled. Systematically varying

centrifugation rates used to collect MONs from suspension can

be used to select for different sizes of nanosheet.110 The soni-

cation process breaks bonds within the layers as well as between

them resulting in smaller crystallite fragments, and subse-

quently broader particle size distribution and smaller MON size

than bottom-up methodology. This is due to the low elastic

modulus (3–7 GPa)27,32 of these crystalline materials, compared

to other 2D systems such as monolayer graphene and graphene

oxide (1000 � 100 GPa and 207.6 � 23.4 GPa respectively).70,72

However, mono- and few-layer nanosheets have been found to

be produced through this methodology (Fig. 4h), with lateral

dimensions that are comparable to mono/few-layer graphene

nanosheets produced from liquid phase graphite exfoliations

through sonication, which typically produces nanosheets of

below 1 mm size.111,112

Liquid exfoliation has additionally been achieved by simply

stirring,113 or shaking a MOF in a solvent (in the presence of

surfactant in order to prevent restacking).67 Junggeburth et al.

note the effect of shaking in differing solvent systems. Their use

of a hydrophobic MOF showed decreasing exfoliation in THF >

tol > CHCl3, and poor exfoliation observed when using the polar

solvents DMF and H2O. This was suggested to result from an

inability of these solvents to efficiently penetrate between the

hydrophobic interlayer space. In contrast, Moorthy and

coworkers showed that hydrogen bonds between layers of MOF

could be overcome by hydrogen-bond-accepting solvents,

resulting in spontaneous exfoliation.114 This shows that the

selection of an appropriate solvent system for exfoliation may

be of paramount importance. A solvent system that works well

for one MOF is not generalizable to others as each MOF has

widely varying properties depending on its makeup of metal

and ligands. Lower energy-input liquid exfoliation techniques

may generally be preferred, as these are less likely to fragment

the produced nanosheets.

The intercalation of molecular/ionic species between MOF

layers in order to increase interlayer distance and induce exfo-

liation has been demonstrated for the production of MONs.

Lithium-ions were intercalated into various layered frameworks

by Wang et al. which were shown to undergo complete exfolia-

tion following sonication in water (Fig. 4i). The forced hydration

of the lithium ions is thought to push the layers of MOF apart to

such an extent that the interlayer interactions are negated.64,89 A

freeze–thaw method has been demonstrated by Zhou and

coworkers, in which a hexane dispersion of MOF was repeatedly

frozen in liquid nitrogen and then thawed at elevated temper-

ature with a temperature differential of 256 �C.40 The authors

suggest that a shear force was exerted on the MOF crystals as

a result of the volumetric change to the hexane upon gas–liquid

phase transition. Bilayer thick nanosheets with a broad distri-

bution of lateral dimensions (10.7 � 4.8 mm) were produced in

95% yield (Fig. 4j).

The exfoliative techniques discussed so far all rely on the pre-

ordered layered 2D structure of MOF, in order to separate layers.

However, there is also the potential for chemical modication

of the system in order to promote exfoliation. Zhou and

coworkers intercalated a pillaring dipyridyl ligand which con-

tained a disulphide bond between layers of a pre-designed
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layered MOF.53 This increased the interplanar distance from 9.8

to 22.6 Å. Scissoring of the ligand through chemical reduction

of the disulphide bond resulted in spontaneous exfoliation

upon stirring the reaction media, which resulted in single layer

nanosheets with lateral dimensions up to several micrometres

(Fig. 4k). An element of control upon the produced nanosheet

size was additionally demonstrated through varying the reac-

tion conditions for the disulphide scissor. Huang et al.

demonstrated an electrochemical exfoliation of a MOF through

oxidation of pillaring 2,3-dihydroxybenzene dicarboxylic acid

ligands to cyclopenta-2,4-dienone. This allowed for facile

removal of the pillars due to weakened coordination ability

from both structural strain and electronic differences between

the ligands and reported nanosheets with lateral dimensions

100–200 nm and as little as 2 nm in height.41

In addition, there has been exciting recent work demon-

strating solvent induced structural transformations resulting in

the formation of nanosheets. Banerjee and coworkers demon-

strated a transformative hydrolytic process from metal–organic

polyhedra to layered MOF, which resulted in a spontaneous

exfoliation to nanosheets of 6–8 layers thick upon addition of

larger relative amounts of water.39 Similarly, Gallego et al. found

that exposure of bulk layered crystals to excess water induced

layer separation down to monolayer thickness, without any

additional energetic input (Fig. 4l).94 This is suggested to be due

to incorporation of additional solvent molecules within the

cavities present in the starting framework.

4. Characterisation

MONs are complex, hierarchical nanomaterials whose structure

and properties must be probed using a wide variety of tech-

niques drawn from the solid state, surface, nanomaterials,

solution and colloidal characterisation communities. Here we

focus on the core-set of methods that have emerged for the

characterisation of MONs whilst highlighting innovative use of

advanced techniques.

4.1 Structure and composition

The prolic success of MOFs has to a large extent been thanks to

developments in single-crystal X-ray diffraction (SC-XRD)

allowing for atomic resolution of these complex structures.

The reduced dimensions of MONs mean the crystals are too

small for SC-XRD. The high surface area and oen labile

structures of metal–organic materials mean that they have

a high potential to undergo structural and compositional rear-

rangements during exfoliation or through subsequent drying or

heating of the MONs.36,43 However, where the structure of the

parent layered MOF or that of a closely related structure is

known, comparison or renement of the X-ray powder diffrac-

tion (XRPD) patterns of MONs against the known structure can

allow, the structure of the nanosheets to be determined. The

powder patterns of MONs measured in reection or trans-

mission may show systematic loss of peaks corresponding to

out of plane reections in the parent MOF. This may be due to

peak broadening resulting from the reduced dimensions of the

nanosheet as well as preferred orientation of crystallites. This

effect is well illustrated in the work of Gascon and coworkers

who were able to assign peaks in the XRPD pattern of their

nanosheets to reections corresponding to the layers which

stack along the [�201] direction (Fig. 5a).36 However, broadening

of peaks is not always observed which may indicate re-

aggregation of nanosheets or larger particles dominating

powder patterns. Grazing incidence (GIXRD) can be used to

enhance detection of in-plane peaks in thin-lms.46,48,101,104

A diverse range of other techniques have also been used to

provide additional information about the structure and

composition of the MONs. Solid state nuclear magnetic reso-

nance (NMR) spectroscopy, pair distribution function (PDF)

data, thermal gravimetric analysis (TGA), infrared spectroscopy

and elemental analysis have been widely used to provide

evidence of the composition of MONs, as well as NMR analysis

of digested samples.23,60,117 Surface analysis techniques such as

X-ray photo spectroscopy (XPS), X-ray uorescence (XRF) and

Ultraviolet Photoelectron Spectroscopy (UPS) also been used to

give information about the elemental composition and oxida-

tion states of the nanosheets (Fig. 5c–f).24,79,89,94,116 Density

functional theory modelling has also been used alongside

experimental data to calculate likely MON structures.60

4.2 Nanoscopic dimensions

In addition to understanding the molecular structure of MONs,

their nanoscopic dimensions must also be probed. AFM repre-

sents the gold standard for determining the thickness of

nanosheets with angstrom level resolution (Fig. 4 and 6a). In

many cases the height of the nanosheets observed match those

predicted from the crystal structures. However, the height of

multilayer nanosheets may not match those of a single layer

Fig. 5 (a) XRPD patterns comparing nanosheets with parent MOF

showing systematic loss of out of plane reflections; (b) STEM-HAADF

image of nanosheet showing lattice spacing and corresponding

structural model; (c) XPS data providing evidence on elemental

composition of a MON; (d–g) EDXS mapping distribution of elements

(C, O, S and Co) within a MON. Images reprinted with permission from

ref. 36 (a), ref. 115 (b) and ref. 116 (c–g).
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exactly due to interpenetration of components within layers, as

well as instrumental set-up.118 The presence of surface water or

solvent molecules and counter ions may also lead to nanosheets

appearing thicker than expected.68,119 MONs have been imaged

using a variety of substrates including silica, mica and HOP

graphene and different nanosheets will stick to different

surfaces to different degrees. Key to imaging the MONs is

getting the concentration low enough to see isolated nano-

sheets. Nanosheets can also aggregate during drying and heat-

ing the substrate to speed up drying has been shown to help

with imaging other nanosheets.110

Scanning electron microscopy (SEM) and TEM can provide

high resolution images of the nanosheets, giving information

about their dimensions and rigidity. The non-conductive and

labile nature of most MONs mean they readily suffer electron

damage and charging which can make imaging challenging,

although many systems have been successfully imaged with

high resolution (Fig. 6b and c). A wide variety of advanced

electron microscopy techniques have been used to provide

additional information about the underlying structure of the

MONs. For example, Lin and coworkers used fast Fourier

transform and rotation electron diffraction to determine the

reciprocal lattice of sub-micron sized nanosheets as well as high

resolution TEM and scanning TEM high angle annular dark-

eld (STEM-HAADF) images to corroborate their structural

model (Fig. 5b).23 Selected area electron diffraction (SAED) has

also been used to conrm unit-cell measurements.29,32 Energy-

dispersive X-ray spectroscopy (EDX) and electron energy-loss

spectroscopy (EELS) have been used to map the elemental

distribution of the nanosheets.59,67,116 These powerful tech-

niques provide an important route to understanding the nature

and position of defects, functional groups and active sites

which are oen essential to their performance in a range of

applications.

SEM can also achieve good resolution and can be useful for

characterising the layers of parent material and getting an

overview of the particle size distribution. For example, Rodenas

et al. used focused ion beam SEM (FIB-SEM) to image the

distribution of MONs within their composite membranes

(Fig. 6d).36 SEM microscopes can also be coupled to elemental

characterisation techniques such as EDX. Brewster angle optical

microscopy can be used to image nanosheets at interfaces such

as those shown in Fig. 6d,30 as can Raman microscopy

(Fig. 6e).27

Oen only selected images of nanosheets are shown which

may not be representative of the bulk sample. Some groups have

attempted to quantify the size distribution by imaging a large

number of nanosheets and tallying their thickness against their

largest lateral dimension, as shown in Fig. 6a taken from the

research of Maeda and coworkers.74 Although time consuming,

this provides a more reliable account of the range of particles

observed and must be considered good practice. Dynamic light

scattering (DLS) has been used to measure the lateral size

distribution of nanosheets. Lin and coworkers observed

hydrodynamic diameters of 600–800 nm which corresponds

with wrinkled nanosheets of �0.5 � 1 mm observed by TEM,61

whilst Rosseinsky and coworkers produced a narrow distribu-

tion of lateral sizes between 120–180 nm consistent with those

observed by AFM (Fig. 6f).82

4.3 Macroscopic characterisation

The ability to disperse MONs in solution allows them to be used

and processed as suspensions making them available to

interact as sensors and catalysts withmolecules in solution. The

Fig. 6 (a) AFM images of nanosheets and (below) plot of corresponding size profiles; (b) TEM images of crinkled nanosheets; (c) SEM image of

nanosheets grown by layering method and associated (d) FEB-SEM of nanosheets dispersed in a polymer membrane; (e) Brewster angle optical

microscopy of nanosheets formed at the liquid–gas interface using Langmuir–Blodgett method; (f) Raman microscopy images of MONs; (g) DLS

data showing lateral size distribution of nanosheets in suspension. Images reprinted with permission from ref. 74, 56, 36, 30, 27 and 82 respectively.
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presence of Tyndall scattering when a laser is shone through

a sample is indicative of the presence of nanosheets in

suspension (Fig. 7a).32 It should be noted that other shapes of

nanoparticle create the same effect and the morphology of the

particles in suspension should be evaluated using a suitable

imaging technique. The concentration of material that can form

a stable suspension is oen very low, typically less than 0.1 mg

mL�1. However, careful choice of solvent, the presence of

surfactants and the incorporation of functional groups can all

enhance the concentration of material in suspension.43 The

concentration of material in suspension can be evaluated by

accurately measuring the mass of material le over following

careful drying or ltration of a suspension. Alternatively, an

estimate can be obtained from UV-vis data by creating a cali-

bration curve from samples of known concentration.43 Recently,

Moorthy and coworkers were able to compare the degree of

exfoliation achieved in different solvents using uorescence

spectroscopy due to quenching of emission upon aggregation or

stacking of layers (Fig. 7b).114 Elder et al. probed the surface

interactions of water and ethanol molecules to Cu-BDC nano-

sheets using temperature-programmed desorption (TPD) and

were able to extract kinetic parameters for desorption from

edge, pore and external surface sites.38

As with MOFs, many of the applications of MONs take

advantage of their porous structure and high surface area in the

solid state. Gas adsorption measurements have relatively

routinely been used to characterise the accessible volumes of

MONs (Fig. 7c).68,121,122 The Brunauer–Emmett–Teller BET

surface area of the nanosheets is typically lower than that of the

parent bulk porous material due to inefficient packing of the

small crystallites,120 however other properties such as perme-

ability may be signicantly enhanced, which is discussed

further in Section 5.1.

Understanding the mechanical properties of MONs is also

essential for optimising their use in applications such as in

membranes for gas separation and in forming composites. The

group of Cheetham used a spherical-tip diamond indentor to

compare the mechanical properties of different faces of a bulk

layered MOF.32 They were able to determine the critical resolved

shear stress needed for the micromechanical delamination of

individual layers to be relatively small at #0.4 GPa. AFM can

also be used to undertake nanoindentation experiments of

nanosheets positioned over wells of different diameters.

Gomez-Herrero, Zamora and coworkers calculated the Young's

modulus and breaking strength of their frameworks to be 5 GPa

and 0.12 N m�1 (Fig. 7d).27 This is 200 and 150 times lower than

the values reported for pristine graphene, but the MONs were

still strong enough for free standing sheets to be suspended

over micron sized holes.

5. Applications

Other metal–organic materials have been developed extensively

for a wide variety of applications ranging from ‘smart’materials

and sensors, to light harvesting, gas storage and drug delivery.

MONs share many of the advantages of other metal–organic

materials, such as the ease with which their structures can be

varied and new properties introduced, allowing them to be

tuned for a wide variety of applications. However, their distinct

2D structure, vast external surface area and colloidal nature

mean they present a range of opportunities for use in a variety of

applications. Here, we seek to illustrate the main bodies of

research and recent highlights within the MON literature.

5.1 Molecular separation

As with MOFs, MONs can have an open structure creating

regular arrays of 1D channels large enough to allow solvent and

other molecules to pass through. The tuneable length, sterics

and chemistry of the organic linker means that pore size can be

controlled to selectively allow certain molecules to pass

through, whilst excluding others. The two-dimensional struc-

ture of MONs makes them ideal for use in membranes due to

the shorter diffusional pathway required as compared to MOFs.

Tailoring of the properties of the pore gives opportunities to

increase the permeance without a corresponding decrease in

specicity. Peng et al. used 1 mm � 1 nm ZIF-based MONs as

building blocks for a molecular sieving membrane.68,121 They

achieved a selectivity ratio over 200 for H2 over CO2 (Fig. 8b).

Additionally they showed these membranes to be stable over

400 hours of use at room temperature, and for 120 hours at

150 �C with 4 mol% steam. Rodenas et al. found up to an 8-fold

increase in the selectivity of membranes for CO2 over CH4 of

upon incorporation of MONs compared with the parent layered

MOF.36 They attribute this large difference to better packing of

the highly anisotropic nanosheets within the membranes, key

Fig. 7 (a) Photo showing typical Tyndall scattering resulting from

a suspension of MONs. (b) Fluorescence emission profiles (lex ¼

330 nm) of Cd MONs in different solvents. (c) Gas adsorption isotherm

comparing N2 uptake for Cu(BDC) bulk MOF (red) and MONs (blue). (d)

AFM topographic image of Cu-based nanosheets suspended over

micron-sized wells (400 nm depth) within a Si/SiO2 substrate. Images

reprinted with permission from ref. 32, 114, 120 and 27, for images

(a–d) respectively.
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for the occupation of gas permeation pathways. Further steps in

CO2/CH4 separation have been made by Zhao and coworkers,

where a CO2 permeance of 407 GPU was maintained over

100 h.120 Interestingly, the same authors have also identied the

rst reversed thermoswitchable membranes, where H2 per-

meance decreases at elevated temperatures.40 This property is

attributed to the exibility of the 2D framework leading to

blocking of the apertures at elevated temperatures.

Recently, MONs have been used for water purication

through high-performance nanoltration (NF).123 Membranes

showed permeance about two orders of magnitude higher than

a commercial NF membrane, while exhibiting high rejection

rates of over 90% for organic dye molecules with sizes larger

than 0.8 � 1.1 nm (Fig. 8a). The large body of research on the

use of MOFs in gas storage and separation, coupled with

the inherent advantages of MON morphology in enhancing the

performance of membranes, means this area is likely to see

considerable future investment.

5.2 Catalysis

The large external surface area of MONs compared to bulk

materials makes them ideal candidates as catalysts. They have

well-dened structures but can readily be separated from

reaction mixtures, combining many of the advantages of

homogeneous and heterogeneous catalysts. In MOFs, the

majority of active sites are buried within the bulk of thematerial

and reagents must diffuse to the active site. This also limits the

size of reagents that may be used and the products that can be

formed. The increased on- or near-surface active site presenta-

tion of MONs negates these limitations. Various authors have

demonstrated that MONs show increased catalytic activity

relative to the corresponding 3D MOF, including: hydro-

silylation of terminal olens (Fig. 8c),56 H2O2 reduction (used as

biomimetic enzymes for real-time tracking of live cell H2O2

secretion),52,54 and Lewis acid activity for the oxidation of thio-

anisoles. The cycloaddition of CO2 with epoxides has also been

demonstrated.37

MONs have also been used as photocatalysts and in elec-

trochemical reactions. Ding et al. demonstrated Zn(Pd-TCPP)

MONs perform better in singlet oxygen generation that the

unexfoliated MOF, leading to increased rate of photooxidation

of 1,5-dihydroxynaphthalene to juglone (Fig. 8d).53 The same

photocatalytic reaction has been demonstrated using a Zr6-

cluster-linked (NiTCPP) MON.59 Similarly, Zn-(ZnTCPP) MONs

were used as a semiconductor photosensitizer along with ZIF-67

as a cocatalyst for the photochemical reduction of CO2 and

exhibited enhanced photocatalytic efficiency compared to the

Fig. 8 (a) Schematic illustration of selectively permeable MON composite membrane (left), and permeance as a function of the energy

consumption for the 2DM-TCP(Fe)-basedmembranes, compared with additional advancedmembranes. (b) N2 adsorption–desorption isotherms

(77 K) on pristine Zn2(bim)4 and Zn2(bim)4 nanosheets, with inset photographs ofmaterial used for analyses. (c) Schematic of catalytic activity of Fe-

TPY MONs. (d) Absorbance of juglone (l¼ 419 nm) as a function of reaction time with different catalysts (right) and catalytic reaction scheme (left).

(e) UV-Vis titration of pyridine into an aqueous suspension of Cu-MONs, with an inset of absorbance vs. concentration, used to calculate the

binding constant. (f) Operation of the dual-electrochromic MON device. (g) Confocal fluorescence image of a single cell, showing two-colour

sensing of DNA and small molecules with La-MONs. (h) TEM image of CuS nanoparticle-MON composite (left), and schematic illustration of the

used photoelectrochemical cell (right). (i) Charge–discharge profile (black) and specific capacitance (red) at a current density of 2 A g�1 of the Co-

MOF electrode. (j) Variable-temperature van der Pauw conductivity measurement on a�500 nm thick MON film on quartz. Images reprinted with

permission. Images reprinted with permission from ref. 123, 68, 56, 53, 43, 100, 89, 51, 125 and 24 for images (a–j) respectively.
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bulk MOF.55 Multiple authors have incorporated MONs into

electrodes for use within the electrochemical catalytic splitting

of water, for H2 generation.
22,25,41,57,80 Recent efforts outperform

standard IrO2-based catalysts and comparing favourably with

state-of-the-art transition-metal-based catalysts.57

5.3 Sensing

The high external surface area and diverse chemistry of the

nanosheets also makes them ideally suited for creating sensors.

The binding of analytes to free coordination sites of metal ions,

such as the axial position of PW based MONs, can result in

changes in the MONs photophysical properties. This allows

detection and quantication of binding interactions (Fig. 8d,

for example).43,92,124 Similarly, Dincă and coworkers were able to

sense ammonia down to <5 ppm by recording the change in

electrical response of the MONs upon substrate coordination.86

An alternative approach has been to use MONs to quench the

uorescence of adsorbed, dye-labelled DNA and mRNA,49,64 of

which detection limits have been found as low as 20 �

10�12 M,49 and 1 pM (aer hybridisation chain reaction ampli-

cation).64 Similarly, background ourescence quenching

enabled a signal-to-noise ratio increase of 7.5� that when using

2D graphene oxide, and enabled a detection limit down to 0.9

pM (0.3 pg mL�1) of chloramphenical, a model antibiotic,126

and luminescent quenching of nanosheet photoluminescence

has been used to detect Fe3+ to a detection limit of 0.45 mM,

amongst additional metal ions,127 and 0.054 mM (compared with

0.11 mM for bulk MOF).128

He et al. have developed MONs within a biosensor for the

protein MUC1, with a detection limit of 0.12 ng mL�1.129 The

cancer marker protein was detected from human serum, which

points towards MON application within medicinal biosensing

and diagnoses. Wang et al. have additionally demonstrated

a lanthanide-based MON, useful as a two-colour sensing plat-

form for intracellular DNA and small molecules (Fig. 8g).89 For

further information on the preparation of MONs for chemical

and biosensing and examples within this area, see Yang et al.'s

recent review.130

5.4 Electronics

Perhaps the greatest excitement surrounding graphene has

been the possibility of harnessing its electronic properties to

create a new generation of ultrathin electronic devices. Gra-

phene can potentially be combined with other 2D materials

with insulating or semiconducting properties in order to form

ultrathin electronic devices. In 2013, Nishihara and coworkers

demonstrated a planer p-conjugated MON which was shown to

be semiconducting, opening up research into MONs within

molecular electronics.99 Since then, multiple authors have

found MONs to be semiconducting,24,84,86,88,99,131,132 with Dincă

and coworkers setting a record in 2014 for conductivity of

metal–organic materials, at 40 S cm�1 (Fig. 8i).24 Zeng and

coworkers have suggested from theoretical calculations that it

may be possible to tune semiconducting MONs to metals

through alteration of the metal ions used.87 Additional work

fabricating MONs into electrochemical devices has suggested

MONs may be useful within devices such as colour displays and

electronic paper, due to their rapid electrochemical response

rate (Fig. 8f).100,132

Recent work has been directed towards the incorporation of

MONs into supercapacitor electrodes.50,125,133 The groups of Jia

and Wei have utilised MONs as electrode materials. Jia and

coworkers found an 80.2% retention rate aer 500 charge–

discharge cycles,133 and more recently the group of Wei set

records for both capacitance (2564 F g�1) and retention (95.8%

aer 3000 cycles) for MO materials (Fig. 8i).125

5.5 Photofunctional nanomaterials

As with other new materials, researchers seek novel, inventive

uses for them to further the body of research and excitement

surrounding them. Lin and coworkers have recently demon-

strated that uorescence of few-layer MONs can be used in

white light emitting diodes (WLEDs), which exhibit a switching

speed of at least three times as fast as current commercial

WLEDs, due to the shorter uorescence lifetime of MONs. This

makes them useful for visible-light communications, used

within wireless information transmission applications.23 The

group of Nishihara have demonstrated an avenue into devel-

opment of MONs into photofunctional devices.77 They found

photoluminescent colour could be modied through alteration

of both the metal ions and ligands used, as well as almost

quantitative exciton transmission to bound guest dyes. This

opens up possibilities of further development for novel photo-

functional nanomaterials.

5.6 Other applications

MONs have been used as a surface in order to grow in situ M–S

nanoparticles (M ¼ Cu, Cd, Co), using the metal sites presented

on the nanosheet surface to stimulate growth (Fig. 8h).51 This

led to the CuS-nanosheet composite performing with notably

increased photocurrent within a photoelectrochemical cell,

compared to the nanosheet alone. This is due to the improved

exciton separation and charge carrier transport from the CuS

nanoparticles. Zhang and coworkers suggest these types of

composite MON materials may have applications within solar

cells and photochromism, for example.

Liu et al. have utilised MONs as a clean-background matrix

for MALDI-TOF mass spectrometry analysis of small biomole-

cules.69 Biomarkers are normally below the scope of this tech-

nique as interference from conventional matrices normally

limits the size of molecules that can be seen to �700 Da. The

superior background provided by the nanosheet composite

allowed detection of glutamic acid (147 Da) amongst other

small molecules and biomarkers. The same group also

demonstrate MON inhibition of enzyme activity, allowing

activity modulation.113

6. Conclusions and outlook

The extensive body of research on MOFs has provided an

important starting point for identifying promising layered

compounds and SBUs for the construction of MONs. A diverse
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range of MOF SBUs and ligands readily provide the strong,

directional interactions within two-dimensions required to

form MONs and innovation has already occurred in adapting

well known SBUs to give two-dimensional connectivity. Other

key MOF concepts such as reticular substitution and post-

synthetic modication are also already beginning to be used

in MONs with great effect. However, the design principles

behind creating the porous, three-dimensional structures

which have been the focus of the MOF community may be quite

distinct from those required to create effective two-dimensional

MONs. For example, in MOFs neutral frameworks have gener-

ally been favoured as counterions tend to occupy pore space.

However, in MONs counterions can sit above or below the

nanosheets and aid formation of nanosheets through solvation.

Structural rearrangements may occur in nanosheets which do

not occur in bulk structures due to the high surface area and

MONs may form higher order structures such as rolling into

“nanoscrolls.” We anticipate that as research into MONs

develops, new SBUs and design features not found in MOF

chemistry will emerge to address the distinct requirements and

opportunities faced in forming nanosheets from metal–organic

building blocks.

Intensive research over the last decade into the synthesis of

two-dimensional materials and the exfoliation of layered

materials into nanosheets similarly provides an important

starting point for research into MONs. The use of ultrasound,

solvation, intercalants, surfactants and crystal-growthmodiers

all have parallels in the formation of nanosheets from other

materials. There has been considerable innovation over the last

year in new ‘soer forms’ of exfoliation and new ways to direct

crystal growth, but it is not yet clear how broadly applicable

these approaches will be. As with other nanosheets, the

preferred method of synthesis is likely to depend on the prop-

erties of nanosheets required. In general, bottom-up methods

have tended to produce larger nanosheets with narrower size

distributions whilst top-down exfoliations have tended to give

smaller, thinner sheets. However, the diversity of MON chem-

istry means it is difficult to generalise and compare different

studies, and in most cases the synthesis or exfoliation will not

have been optimised. More detailed and systematic studies are

therefore required to understand the effect of different param-

eters on the dimensions of nanosheets produced to allow more

targeted synthesis.

A diverse range of solid, solution, colloidal and surface

analysis techniques must be combined to provide insights into

different levels of their structure. The complex molecular

structure of MONs, their relatively fragile and non-conducting

composition and the spread of sizes and thicknesses of

nanosheets produced makes them particularly challenging to

characterise. Greater understanding of the mechanical, opto-

electronic and porosity of nanosheets and how this compares

with the parent, layered materials will be important for identi-

fying new applications. There is also little general acceptance of

what constitutes a “nanosheet” in terms of the number of

layers, size distribution and crystallinity of the materials

formed. Setting the bar too high at this early stage has the

potential to stie innovation. Setting it too low will dilute the

eld with compounds without the potential to form free-

standing, crystalline, single-layered materials.

The success of MONs as a distinct class of nanomaterials is

likely to rest on their utility. The billions of dollars invested by

industry and funding councils in other two-dimensional and

metal–organic materials demonstrates both the potential

demand for these type of materials and the challenges in

bringing them to market. The chemical diversity, modular

structure and tunability of MONs offers obvious advantages

over simple inorganic nanosheets and the inherent reversibility

of coordination bonds and unique properties of metal ions

offers distinct opportunities compared to covalent–organic

framework (COF) nanosheets. The high external surface area

and tuneable structure of MONs make them obvious candidates

for a wide range of sensing, separation and catalytic applica-

tions and there are already promising examples of MONs out-

performing bulk MOFs when used as membranes for gas-

separation and as catalysts. The tuneable electronic, optical

andmagnetic properties of MONs also potentially allow them to

be used as layers in diverse range of devices including displays,

solar-cells and batteries. The wide range of inexpensive and

abundant ligands and metal ions that can be used to construct

MONs and the ability to synthesise them from solution and

process them as suspensions offers further environmental and

economic advantages.

In conclusion, MONs represent a rich new class of materials

requiring distinct approaches in their design, synthesis and

characterisation and offering a novel combination of properties

that can be harnessed for a wide range of applications. This is

an emerging eld whose boundaries, techniques, rules and

potential are only just beginning to be explored. Here we have

tried to highlight both the breadth of different approaches that

have so far been taken and draw out common threads between

the different studies. We hope that this review will further

stimulate this exciting area of research and look forward to

contributing further to its development.
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