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Conductive Two-Dimensional Metal-Organic Frameworks as 
Multifunctional Materials  
Michael Ko,  Lukasz Mendecki, and Katherine A. Mirica* 

Two-dimensional (2D) conductive metal-organic frameworks (MOFs) have emerged as a unique class of multifunctional 2D 
materials due to their compositional and structural diversity accessible through bottom-up self-assembly. This feature article 
summarizes the progress in the development of 2D conductive MOFs with emphasis on synthetic modularity, device 
integration strategies, and multifunctional behavior. Applications spanning sensing, catalysis, electronics, energy 
conversion, and storage are discussed. The challenges and future outlook in the context of molecular engineering and 
practical development of 2D conductive MOFs are addressed.

Introduction 
MOFs as a Modular Class of 2D Nanomaterials 

The discovery and development of multifunctional two-
dimensional (2D) materials, which exhibit exceptional 
properties—charge transport,1 large field-effect,2 and unique 
light-matter interactions3—that are distinct from the bulk, can 
enable unprecedented approaches to addressing challenges in 
healthcare, energy conversion, storage, and electronics.1, 2, 4 
Characterized by layered structures, comprising stacked 
individual sheets held together by intermolecular forces, the 
thickness of individual layers can vary from one to several 
atoms, but typically does not exceed 5 nm.1 Since the 
pioneering work of Geim and Novoselov on the exfoliation of 
bulk graphite into graphene,5 many other types of 2D materials, 
including transition metal dichalcogenides (e.g., MoS2, WS2),6-9 
graphitic carbon nitride,10, 11  hexagonal boron nitride,12-14 
MXenes,15 metal oxides,16, 17 noble metals,18-20 layered double 
hydroxides,21 inorganic perovskites,22, 23 layered group III-IV 
semiconductors (e.g., GaSe),24, 25 metal-organic frameworks 
(MOFs),26-28 and black phosphorous (BP)29, 30 (Figure 1), have 
been obtained and characterized as thin layered 

nanostructures. The diversity and the unique electronic, 
physical, and chemical properties of these materials arising 
from confinement of electronic and magnetic states in two 
dimensions have given rise to remarkable breakthroughs in 
environmental,31-34 healthcare35, 36 and security applications37, 

38 due to their atomically-thin layered structure,2 large surface 
chemical activity,39-41 high surface-to-volume ratio42, 43 and 
large chemical adsorption capacity.44-46 

The drive to apply the unique features of 2D materials has 
stimulated the rapid development of numerous synthetic 
techniques for their preparation.10, 47-52 The available methods 
can be subdivided into two distinct categories: bottom-up and 
top-down approaches.2 Bottom-up approaches involve building 
the 2D nanomaterials from the atomic scale by assembling the 
materials from atoms or molecules, using wet chemical 
synthesis, chemical vapour deposition (CVD), or physical vapour 
transport.2 Top-down techniques typically rely on mechanical 
exfoliation, chemical etching, or expansion and separation of 
layers by intercalation.53 These synthetic routes offer different 
degrees of control over the size,54 composition,10 thickness,55 
crystallinity, and number of defects. The preparation of 2D 
materials certainly has limitations, but there has been a rapid 
improvement to overcome the disadvantages.2  

 
Figure 1. A) A molecular model of representative two-dimensional materials viewing down the c-axis with the interatomic distance between each layer. B)  A face-on view of a 
single layer for each representative material.  
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In contrast to most 2D materials, 2D MOFs can be formed 
through self-assembly of molecular building blocks comprising 
organic linkers and metallic nodes to produce numerous 
structural possibilities.56 The resulting materials, characterized 
by intrinsic permanent porosity and structural rigidity,57 can 
provide uniform active sites and open channels for chemo-, 
shape-, size- and stereoselective interactions. Synergistically 
coupling these unique structural features with established 
properties of 2D nanomaterials—tuneable band-gap, charge 
transport, electrocatalytic activity, double-layer capacitance, 
and light-matter interactions—can induce intriguing properties 
in MOFs.2, 58 The large degree of organisational tunability 
accessible through solution-phase self-assembly coupled with 
the potential for multifunctionality set 2D MOFs apart as the 
new generation of functional 2D materials. 

 
Scope of the review 

This article focuses on highlighting the latest fundamental 
and applied advances in research on layered conductive MOFs, 
as an emerging class of multifunctional 2D materials. We discuss 
the unique electrical properties of 2D conductive MOFs as a 
function of their molecular composition and structure. We also 
review several key methods available for integrating MOFs into 
devices and summarize recent progress in the application of 2D 
conductive MOFs for the development of sensing devices, 
electrocatalysts, energy storage devices, and transducers. We 
conclude by pointing out existing gaps in fundamental 
understanding and offering a perspective on the future 
potential applications of 2D conductive MOFs. 

 
Principles of electrical conductivity in 2D MOFs  

The development of crystalline and porous metal-organic 
frameworks (MOFs) through the molecular self-assembly of 
inorganic metallic nodes with organic linkers has revolutionized 
access to modular solid-state materials.59-61 The strategic 
selection of tuneable molecular building blocks, has provided a 
remarkable variety of MOF-based solid-state structures with 
diverse utility in catalysis,62, 63 gas storage,64 energy,65, 66 and 
chemical sensing.67, 68, 58 Until recently, the ability to harness 
and actuate this utility within electronic and electrochemical 
devices has been limited due to the inherently low electrical 
conductivity of most MOFs.69, 70 

Achieving electrical conductivity in solid-state materials 
requires maximizing the concentration and mobility of charge 
carriers.70, 71 Due to the hybrid organic-inorganic character and 
structural modularity of MOFs, engendering electrical 
conductivity in these materials offers the opportunity to 
capitalize upon and integrate the general principles of 
molecular engineering of at least four classes of materials: 1) 
conductive organic polymers,72-74 2) conductive organic 
molecular solids,75-77 3) conductive coordination polymers,78, 79 
and 4) elemental (e.g., Si, Ge) and inorganic semiconductors 
(e.g., CdSe, InAs).5, 80-83 The generation of charge carriers in 
MOFs can be achieved by i) thermal or photo-excitation,84-86 ii) 
doping,86-88 and iii) hole or electron injection,86-88 while mobility 
can be maximized by i) lowering the defect density in the 

material,89 ii) reducing the number of charge trapping sites,89, 90 
and iii) minimizing grain boundaries.91 Hendon et al. have 
proposed several approaches that can harness established 
principles of hopping, through-space, through-bond, and band 
transport in known semiconductors.92 Recent perspectives and 
reviews58, 70, 93 have summarized structural features and design 
principles that can enable the experimental realization of 
electrical transport in MOF-based materials.58, 93-95  

Initial approaches towards obtaining conductive MOFs have 
relied on post-synthetic introduction of external guest 
molecules that promote through-bond charge transport by 
acting as bridges between the neighbouring molecular building 
blocks that compose a MOF.66 Integration of redox-active 
guests (e.g., TCNQ) has also proven to be an effective strategy 
for achieving charge transport through the host-guest charge 
transfer interactions.96, 97 For instance, Talin et al. demonstrated 
that through soaking the Cu3(BTC)2 MOF (benzene-1,3,5-
tricarboxylic acid) in TCNQ solution, the conductivity of this 
MOF can be altered from 10-8 S cm-1 to 0.07 S cm-1, further 
demonstrating that doping strategies can be readily employed 
to enhance electrical conductivity of 3D MOFs.69 More recently, 
Allen et al. incorporated a series of cross-linked benzene 
dicarboxylic acid (bdc) derivatives into the isoreticular lattice of 
MOFs.98 Although the cross-linked MOFs were not conductive, 
this experimental approach can offer a potential alternative to 
install conductive pathways for a wide range of MOF topologies.  

The drawbacks of doping-based approaches, however, may 
lead to the decreased surface area, porosity, and pore volume 
due to pore occlusion by incorporated guest molecules, limited 
thermal stability, and tendency to phase separate the guest 
molecule from the material under conditions to synthesize MOF 
monolayers, all of which may be undesirable for refined control 
of structure-property correlations.58, 69 Therefore, molecularly 
homogeneous and inherently electrically conductive MOFs are 
highly desirable as multifunctional materials. Recent 
development of MOFs with substantial electrical conductivity 
through the strategic selection of molecular building blocks that 
utilize planar, conjugated, and redox active organic linkers have 
made it possible to harness unique characteristics of MOFs, 
such as porosity for gas uptake, catalytically-active sites, and 
tailored host-guest interactions within electronic devices.99 

Intrinsically conductive MOFs display conduction 
mechanisms consistent with those of organic and inorganic 
semiconductors including hopping (Figure 2A),71, 100, 101 
through-space (Figure 2B),102, 103 through-bond (Figure 2C), 104, 

105 and band transport.106, 107 Hopping conduction relies on the 
charge movement from the donor to the acceptor molecules.101, 

108, 109 There are localized states of charges with discrete energy 
levels that reside on specific sites, and under favourable 
conditions (e.g., spatial distance, and energy difference) the 
charge carriers can hop between neighbouring units.70, 108-110 
Hopping mechanism have been identified in M2(DEBDC) MOF 
(M = Mn2+, Fe2+; E = O, S) and Fe-MOF-74.111, 112 Through-space 
conduction is similar to the hopping mechanism, and depends 
on the transport of charge carriers between the donor and  
acceptor sites in the material.113, 114 Non-covalent interactions 
(e.g., π-π) can provide direct spatial and orbital overlap to 
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induce through-space charge transport.70, 115 Through-space 
charge transport due to π-π interactions was shown in 
tetrathiafulvalene (TTF) and anthraquinone disulfonate based 
MOFs.102, 103, 116 The through-bond conduction relies on the 
movement of charge carriers through continuous coordination 
or covalent bonds in the conductive material.117, 118 This 
mechanism is strongly influenced by the orbital symmetry, and 
energy level overlap between the metal node and organic 
linker). Through-bond conduction was shown in Cu[Cu(pdt)2] 
(pdt=2,3-pyrazinedithiolate) MOF interconnected with copper 
bis(dithiolene) units.104 Band transport mechanism relies on the 
delocalization of the charge carriers through the valence or 
conduction band.119, 120 The overall charge mobility is dictated 
by effective mass of the charge carriers and the extent of charge 
scattering in the material.70, 110. The tunability of the band gap 
in isoreticular M3S6C6 (M = Mg, Ca, Zn, Cd, Ge, and Sn) MOFs has 
been recently assessed by Deng and co-workers using first 
principle calculations.121 The authors found that the effective 
mass of the charge carriers is significantly influenced by the 
metal d band.121 As the coupling between p-d orbitals of the 
metal and organic linker increases, the effective mass of charge 
carriers decreases and gives rise to enhanced conduction.119, 121 

Planar MOFs with extended 2D π-conjugation and 
graphene-like structures are currently among the most 
conductive frameworks known.122-125 The confinement of 
charge carriers within the 2D lattice forces charge transport in 
the direction of the plane due to improved conjugation and 
enhanced p-d orbital coupling.2, 58, 70, 92, 126, 127 In 2D conductive 
MOFs, both metallic nodes and organic linkers can serve as the 
source of charge carriers.58, 70, 127 More specifically, organic 
linkers with either stable radicals or redox active molecules 
together with the metal centres possessing unpaired electrons 
can be employed to ensure high charge delocalization through 
continuous conjugation in the MOF.95 While the specific 
mechanism of charge transport through 2D porous MOF 
networks is not yet well-understood, strategies to synthesize 2D 
conductive MOFs can be drawn from semiconductors and 3D 
MOFs.70, 93 Since hopping, through-space, through-bond, and 
band transport conduction mechanisms require good spatial 
and energetic overlap between the orbitals of appropriate 
symmetry, the electronic structure of conductive MOFs can be 
thus modulated by the design of organic linkers, and the choice 
of incorporated metals that offer good charge delocalization 
through the material.58, 59, 70, 92 For instance, the orbitals of the 
metal in the MOF framework may form either the upper valence 
or lower conduction band of the MOF. Therefore, depending on 

charge state and the identity of metallic nodes, metal 
substitution can affect oxidation (hole injection) and reduction 
(electron injection) processes within the material, and 
therefore influence its electronic properties.128  

Conventional push-pull strategies relying on the electron-
donating or electron-withdrawing nature of additional 
substituents can be employed to modulate the electron density 
and delocalization of the organic ligands comprising the MOFs. 
For instance, the incorporation of primary amines onto the 
benzene-based building block will increase the electron-density 
on this organic linker.129 Another approach may involve the use 
of inherently redox-active ligands that exhibit numerous 
accessible redox states, such as 2,3,6,7,10,11-
hexahydroxytriphenylene.68, 123, 130-132 In the case of Ni3HITP2, 
the highly π-stacked and extended π-conjugated network 
enables high electrical conductivity.133  

Initial studies by Dincă and co-workers122 showed that bulk 
multi-layered Ni3HITP2 behaves as a semiconductor whereas 
computational studies by Zeng and co-workers134 calculated the 
bulk multi-layered material to possess metallic conductivity. By 
replacing the Ni metal centre to Cu forming Cu3HITP2, the 
theoretical calculations maintained metallic conductivity.134 
Interestingly, the calculations on 2D sheets reported a change 
in conductivity from metallic to semiconducting for Ni3HITP2 
while Cu3HITP2 remained the same.134 Although the 2D sheet for 
Ni3HITP2 is predicted to be semiconducting, novel strategies 
need to be developed for modulating the structure to achieve 
controlled semiconducting properties. Electronic structure 
calculations showed that increasing interlayer spacing or layer-
by-layer displacement can induce changes in band structure.133 
The disconnect between theoretical calculations and 
experimental analysis may arise from the presence of transport 
barriers in experimental systems (e.g., interfaces and defects), 
that are not present in computational models.133 There are 
three potential defects that play a role in charge transport 
which are perpendicular grain boundaries, strike-slip faults 
between grains, and layer-layer displacements.133 As described 
by Talin and co-workers, introducing transport barriers in 
computational work provides a plausible explanation for the 
disagreement between theoretical and experimental work.133  
 
Structural features and preparation strategies of 2D conductive 
MOFs 

Established strategies for constructing 2D conductive MOFs 
rely on square planar or octahedral transition metal ions (Cu, Ni, 

 
Figure 2. Representation of possible modes of charge transport in 2D MOFs such as A) hopping charge transport, B) through-space charge transport, and C) through-bond 
charge transport. 
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Co, and Pd) crosslinked with flat, conjugated (e.g., benzene, 
triphenylene or phthalocyanine-based) ligands containing 
ortho-substituted hetero atoms (O, S or NH) (Figure 3).70 The 
symmetric structure of the ligand typically determines the 
resulting structure and the shape of the pores within the MOF. 
The most common method for producing MOFs is solvothermal 
synthesis.135 The core building block components—the metal 
node in the form of a metal salt and the organic linker —are 
placed into an appropriate solvent, and heated. The MOF solid 
is then filtered, and washed to remove residual reagents or 
biproducts.136  

Subtle changes in the molecular substitution of the ligand 
and the choice of the metal node can dramatically influence the 
stacking mode and the presence of structural defects within 
layered MOFs. The chemical identity of the crosslinking  

 
Figure 3. Core organic ligand building blocks for the construction of 2D MOFs. Different 
ligands lead to the formation of specific MOF topologies which vary in the pore size and 
shape. A) Benzoquinone ligands form non-planar 2D MOFs.137 B) Benzene or 
triphenylene based ligands form no pore or hexagonal pores with sizes ranging from 1.2-
2.0 nm.138 C) Triphenylene ligands form MOFs with the largest pore size for 2D MOFs.123, 

125, 139, 140 D) Phthalocyanine ligands form square pore shapes with an opening of 1.6 
nm.141 

heteroatom (e.g., O, S, NH) in combination with the choice of 
the metal node, together have a substantial effect on the 
stacking mode (e.g., slipped parallel, eclipsed, or staggered) and 
pore diameter of the MOF based on the general structure of the 
hexasubstituted triphenylene (Figure 4). For example, a CuII 
metal salt reacting with hexahydroxytriphenylene (HHTP) forms 
a MOF that stacks in a slipped parallel mode of the extended 
interconnected layer in an AAAA pattern (Figure 4A, top). 
Altering the metal salt to NiII or CoII drastically changes the 
structure of the material under similar synthetic conditions. The  
structural analysis of the single crystal of Co3HHTP2 MOF by 
Yaghi and co-workers,123 demonstrated the presence of an 
analogous extended layer trapped in an alternating stacking 
pattern with the interpolated layer comprising of metal-capped 
hexahydroxytriphenylenes, leading to an ABAB stacking pattern 
(Figure 4A, bottom).  

NiII salt coordinating to hexaaminotriphenylene (HITP) 
affords 2D layers arranged in slipped parallel planes within an 
AAAA stacking pattern (Figure 4B).70, 122 This was shown by 
Dincă and co-workers through structure simulation and analysis 
with powder X-ray diffraction. Aspuru-Guzik provided key 
computational analysis on the stacking mode of Ni3HITP2 with 
the contour map of the potential energy surface leading to 
further evidence for slipped parallel stacking.122 When the 
crosslinking heteroatom on the triphenylene core is 
interchanged to sulphur (HTTP), two new stacking modes can 
present themselves (Figure 4C). Eclipsed stacking mode is 
observed with CoII, NiII, and CuII metal salts used as a building 
block for MOF synthesis. Interestingly, when the metal salt is 
changed to PtII, the stacking changes to a staggered mode.140  

Despite synthetic accessibility of layered conductive MOFs, 
further progress is needed to control the morphology of the 
crystallites. To date, only one single crystal structure of a 2D 
MOF has been reported to yield precise structural information 
and single crystal conductivity measurements.123 The current 
knowledge of this class of materials is largely based on studies 
of bulk materials or thin films comprising microcrystalites with 
minimal control over their orientation. While accessible 
morphologies of crystallites include both nanorods68, 123 or 
nanosheets,138, 142  the control over crystallographic 
morphology and epitaxial orientation is currently limited to 
using synthetic strategies that involve layer-by-layer 
assembly.143  

Overall there has been remarkable progress in the field of 
2D conducting MOFs with applications spanning chemical 
sensing, field-effect transistors, energy conversion, energy 
storage, and catalysis (Table 1). With greater understanding and 
control over the structure-property relationship, 2D conducting 
MOFs have the potential to make a lasting impact as broadly 
applicable multifunctional materials.  
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Table 1. List of electrically conducting 2D MOFs with the ligand, metal, MOF name, and application.  

MOF Electrical Conductivity Application Performance Ref 
Cu3HHTP2 a 2 × 10-3 S/cm f 

chemiresistors 
alcohols, aliphatics, amines, aromatics, ketones, ethers, study at 

200 ppm 
144 Cu3HITP2 a 2 × 10-1 S/cm f 

Ni3HITP2 a 2 S/cm f 

Cu3HITP2 a 2 × 10-1 S/cm f chemiresistors NH3 - LOD 0.5 ppm; range of study 0.5 -10 ppm 67 
Cu3HHTP2 b 0.02 S/cm g,k  chemiresistors NH3 - LOD 0.5 ppm; range of study 1-100 ppm 143 

Ni3HHTP2 a 2.8 ± 0.5 MΩ/cm2 i 
chemiresistors 

Range of study 5-80 ppm, H2S - LOD 0.23 ppm, NO - LOD 1.4 
ppm 131 

Ni3HITP2 a 5.6 ± 2 MΩ/cm2 i H2S- LOD 0.52 ppm, NO - LOD 0.16 

Fe3HHTP2/graphitea 3.2 × 10-2 S/cm h 

chemiresistors 
Range of study 5-80 ppm, array - H2S - LOD 35 ppm, array - NH3 - 

LOD 19 ppm, array - NO - LOD 17 ppm 
130 

Co3HHTP2/graphitea 9.8 × 10-1 S/cm h 

Ni3HHTP2/graphitea 3.8 × 10-2 S/cm h 

Cu3HHTP2/graphitea 2.8 × 10-1 S/cm h 

Cu3HHTP2 a 
7.6 x 10-3 ± 0.3 x 10-3 

S/cm h 

chemiresistors 
Range of study 2.5-80 ppm, array - H2S LOD 40 ppm, array - NO 

LOD 40 ppm 
68 

Ni3HHTP2 a  
1.0 x 10-2 ± 0.3 x 10-2 

S/cm h 

Cu3HHTP2 a n/a 
electrochemical ion 

sensing 
11.1 µA/h, K+ - LOD 6.31 ± 0.01 × 10-7 M, NO3- - LOD 5.01 ± 0.01 

× 10-7 M 
145 Ni3HHTP2 a n/a 

Co3HHTP2 a n/a 
CoBHT n/a 

hydrogen evolution 
overpotential, solution H2SO4, pH = 1.3, -0.19 V 

146 NiBHT n/a -0.33 V 
FeBHT n/a -0.47 V 

THTNi 2DSP 
n/a 

hydrogen evolution overpotential, solution 0.5 M H2SO4, -0.33 V 139 n/a 
n/a 

[Co3(BHT)2]3- b n/a 
hydrogen evolution 

overpotential, solution H2SO4, pH= 1.3, -0.34 V 
63 

[Co3(THT)2]3- a n/a -0.53 V 
Cu-BHTb 280 S/cm h hydrogen evolution overpotential, solution H2SO4, -0.45 V or -0.76 V 147 

NiAT b 3 × 10-6 S/cm j,k hydrogen evolution overpotential, solution H2SO4, pH =1.3, -0.37 V 148 

NiPc-MOF d 0.2 S/cm h water oxidation low onset, <1.48 V, overpotential <0.25V 141 

Ni3HITP2 a 40 S/cm g oxygen reduction onset 0.82 V, overpotential 0.18 V 149 

Ni3HITP2 a 40 S/cm g supercapacitors capacitance, 111 F/g, 18 mF/cm2 65 

Cu3HHTP2 a 3 × 10-1 S/cm f supercapacitors capacitance, 120 F/g, 22 mF/cm2 150 

Ni3HAB2 c n/a 
supercapacitors 

capacitance, 420 F/g, Ni = 1.6 F cm-2 Ni =760 F/cm3 
151 

Cu3HAB2 c n/a capacitance, 215 F/g; Cu= 0.86 F cm-2; Cu n/a 
Co3HTTP2 a 3.4 × 10-9 S/cm h 

electrochemical capture of 
ethylene 

ethylene captured, 126.8 mmol/g 
152 Ni3HTTP2 a 3.6 × 10-4 S/cm h 218.2 mmol/g 

Cu3HTTP2 a 2.4 × 10-8 S/cm h 100.2 mmol/g 
Ni3HITP2 40 S/cm g field-effect transistors 48.6 cm2/Vs, p-type 153 

M-HIB e n/a m field-effect transistors 
slight variation in conductance with variation of a back-gate 

voltage 
142 

Cu-BHT a 1 × 103 S/cm h,n field-effect transistors 116 cm2/Vs 154 
a Structural analysis of MOF crystallinity confirmed with PXRD. b Structural analysis of MOF crystallinity confirmed by PXRD, and SAED. c Structural analysis of 
MOF crystallinity confirmed by PXRD, SAED, and GXID. d Structural analysis of MOF crystallinity confirmed by PXRD, XRD, and synchrotron. e Structural analysis 
of MOF crystallinity confirmed by SAED. f Conductivity measurement analysis on a compressed pellet using a two-point probe. g Conductivity measurement 
analysis on a film using a two-point probe. h Conductivity measurement analysis on a compressed pellet using a four-point probe. i Conductivity measurement 
analysis on a fabric using a two-point probe. j Conductivity measurement analysis on a pellet using van der Pauw. k Description of conducting pathway is strong 
charge delocalization between Cu ions and ligands. l Description of conducting pathway is strong charge delocalization. n Description of conducting pathway is 
insulating charge transport behaviour. n Description of conducting pathway is strong balanced ambipolar charge transport.
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Figure 4. Three triphenylene based organic ligands have been studied with the 
heteroatom interchanged between O (A)123, NH (B)67, 122, and S (C)125, 139, 140, 152. The 
heteroatom present on the triphenylene and the metal salt dictates the formation of 
MOF and the stacking mode which can vary from slipped parallel, eclipsed, staggered, 
and with or without the presence of an interpolated layer leading to either AAAA or ABAB 
pattern. 

Methods of Integration of 2D MOFs into 
Electronic Devices 

The multifaceted characteristics of 2D MOFs such as 
porosity65, catalytic activity,63, 149 field-effect,153 magnetism,137, 

155, 156 and response to chemical stimuli combined with excellent 
electrical conductivity124, 125 further reinforce the utility of 2D 
metal-organic frameworks as new generation of multifunctional 
materials. Despite the recent advancements in the preparation 
strategies of 2D conductive MOFs, a critical step towards 
accessing and optimizing the electronic properties of these 
materials lies in the robust integration of these materials into 
functional electronic devices.58 

This section describes four major integration methods that 
have been established for the fabrication of functional MOF-
based electronic devices. These techniques can be categorized 
into two types: 1) direct integration, where the MOF is grown 
onto the pre-selected substrate in a controllable manner using 
either templated bottom-up self-assembly68, 130, 131, 152 or liquid-
phase epitaxy143 or 2) stepwise integration involving two 
distinct steps: MOF synthesis and MOF integration.  Each 

described method offers distinct advantages and limitations 
including the varying degree of synthetic control of the MOF 
structure, the overall time required for device fabrication, or 
the need for additional processing step. Nonetheless, these  
methods offer capabilities for integrating 2D conductive MOFs 
into functional devices and thus allow to harness the unique 
properties of 2D conductive MOF in practical applications. 
 
Drop-casting 

Drop-casting is a rapid, straightforward, and a commonly 
used approach to integrate materials into functional devices.144 
It is a two step-fabrication process in which a synthesized 
material is initially dispersed in a solvent, and then drop-cast 
onto the surface of a substrate (Figure 5A).157 This method has 
been used to produce simple MOF-based chemiresistive 
sensors capable of sensing toxic gases at sub-ppm levels.67 Our 
group utilized drop-casting to generate conformal coatings of 
MOF layers on customized gold electrodes to achieve 
electrochemically-driven capture and release of ethylene in a 
solid-state device.152 We also used this approach to integrate 
MOFs into layered device architectures to produce functional 
potentiometric devices with excellent signal stability and ability 
to sense biologically and environmentally important ions at sub-
micromolar concentrations.145 

While drop-casting can be straightforward to implement 
and can be broadly applicable, it does have several limitations. 
Achieving a dispersion of an insoluble material, such as a typical 
MOF powder, which requires sonication of the powder in a 
dispersant (e.g., aqueous or non-aqueous) to create a 
suspension. This process can induce changes in crystallinity of 
materials or introduce structural defects. Furthermore, the 
MOF suspension may be prone to aggregation, and thus exhibit 
limited stability. While the use of surfactants may help reduce 
aggregation, the surfactants may introduce undesirable 
structural changes to the materials and may require removal. 
Although sonication of the bulk MOF material possesses several 
limitations in the context of MOF integration into devices, this 
mechanical force method has been successfully applied to 
exfoliate bulk 3D and 2D MOFs into layered MOF nanosheets.1, 

53 However, the utility of this approach has not yet been 
demonstrated in the preparation of nanolayer 2D conductive 
MOFs. We envision that further advancements in the 
development of top-down exfoliation strategies may give rise to 
ultra-thin 2D nanomaterials with unique electronic properties 
and enhanced surface-to-volume ratio, which are beneficial for 
applications in electronics and gas storage.2, 53, 158-161 The non-
homogeneity in the drop-casted layer can cause irregularities in 
solvent evaporation, introducing undesirable non-uniformity in 
MOF film thickness. Drop-cast layer may also exhibit limited 
mechanical stability due to poor adhesion between the material 
and the substrate. The limitations can be minimized through 
strategic process development and may be acceptable for 
proof-of-concept studies of randomly-oriented thin films of 
MOFs crystallites within devices. However, precise examination 
of structure-property relationships of MOFs within electronic 
devices would be benefit from development of device 
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integration methods that offer control over the distribution, 
thickness, and epitaxial orientation of MOFs in devices. 
 
Mechanical compression and abrasion  

Mechanical compression involves the compression of the 
powdered material, using a mold, into the desired 
architecture.65, 130, 144 The compressed powders can be probed 
directly or abraded onto substrates to facilitate the deposition 
of a thin film into a device (Figure 5B). This integration method 
can offer an attractive alternative to solution-phase techniques 
in cases where i) the investigated material exhibits limited 
chemical or mechanical stability to solvents; ii) the compressed 
solid possesses coordination properties towards solvent 
molecules that can diminish its functional performance; iii) the 
presence of solvents may damage the device architecture or 
cause irreversible changes to the underlying substrate; and iv) 
the entrapment of solvent in the pores of the material may be 
difficult to remove and may have a detrimental effect of device 
performance. 

Dincă et al. utilized mechanical abrasion to fabricate a cross-
reactive sensor array that could reliably distinguish between 
different categories of volatile organic compounds in the 
chemiresistor configuration.144 Our group has extended the 
utility of this method by drawing chemiresistive sensor arrays 
from four MOFs/graphite blends for detecting and 
differentiating NH3, H2S, and NO at parts-per-million 
concentrations.130 Mechanical compression has also been 
successfully applied for the integrations of MOFs for energy-
storage applications.65, 151 

 Even though solvent-free methods are compatible with a 
broad range of device architectures, they also have several 
inherent limitations. The high degree of mechanical force 
applied to construct a packed solid may induce defects in the 
structure of the MOF and permanently diminish its crystallinity 
and porosity. Such defects may alter or diminish the 
performance of fabricated devices, especially if high degree of 
porosity is required as for gas152 or energy storage 
applications.65 Despite the limitations, this method is well-
suited for rapid prototyping of MOF-based technologies with 
customizable (size and shape) device architectures.  
 
Templated bottom-up self-assembly 

Templated bottom-up self-assembly (direct growth) allows 
direct integration of the material onto targeted substrates 
without any additional processing steps (Figure 5C).68, 131 While 
this preparatory method of 2D conductive MOFs is relatively 
new, it is well established in the synthesis of non-conductive 
MOFs.162, 163 As the direct growth method relies on the self-
assembly of atoms and molecules into thermodynamically 
stable crystalline structures, the resulting material can be 
designed to exhibit high hierarchical order and porosity, 
advantageous to optimizing performance of fabricated 
devices.164  

Direct growth is particularly attractive for one-step rapid 
fabrication of functional MOF based electronics. Our group 
demonstrated the utility of this method by growing MOFs on 

fabrics to generate conformally-coated flexible electronic 
textiles with high porosity and multifunctional ability to sense, 
capture, and filter toxic gases.131 We have also shown the ability 
to grow randomly oriented mats of MOF-based nanowires on 
polymeric substrates equipped with graphite electrodes to 
produce extended conductive surfaces in chemiresistive 
devices.68 This assembly method has also been applied to 
fabricate energy storage devices,165 and electrocatalysts for 
energy conversion.166 

 Although this experimental approach enables direct 
integration, it also has several distinct features that are required 
for optimal implementation: 1) favourable points for MOF 
nucleation sites that can facilitate good adhesion of MOF to 
substrate in solution, 2) compatibility of the substrate with the 
conditions that may be required for MOF synthesis, such as 
elevated temperatures, presence of organic solvents, or 
potentially corrosive substances. Thus, while extremely 
attractive for certain applications, this method may be 
somewhat limited in scope, and best suited for MOFs/substrate 
combinations that can ensure good adhesion in solution and 
that can be synthesized under relatively mild conditions. 
 

Liquid-phase epitaxy/layer-by-layer growth 

Liquid-phase epitaxy can be used to create stable and 
homogenous coatings of MOF layers, with controlled thickness 
and orientation, on a solid substrate, providing a promising 
model for studying the structure-property relationship in MOF 
materials.167 This interfacing method refers to the deposition of 
a MOF on the well-defined surface of a crystalline substrate, 
with the over-layer having the same crystalline orientation as 
the substrate,168 and while it has been already widely employed 
for the fabrication of non-conductive MOFs,169, 170 it has only 
recently been applied to making 2D conductive MOF films. Yao 
et al. functionalized the surface of sapphire, glass, Si/SiO2 and 
quartz substrates through chemical treatments to imbed 
chemical anchors such as -COOH or -OH that mimic the ligands 
used in normal solvothermal synthesis.143 This specifically 
modified surface acted as a template for MOF 
deposition/growth resulting in a highly oriented MOF films with 
well-controlled thickness for practical utility in chemiresistive 
sensing of ammonia (Figure 5D).143 

Although epitaxial growth method allows the precise 
control over the MOF deposition onto the solid substrate, and 
has demonstrated attractive performance, it also has 
disadvantages: 1) the deposition/fabrication process requires to 
be individually tailored for the chosen substrate and a MOF.168 
2) The need for sequential deposition steps may result in 
lengthy and repetitive sequences that require automation for 
practical implementation.171 These limitations may be 
overcome by advances in surface-coordination chemistry and 
high-throughput automation. Owing to the well-defined 
chemical compositions and structural feature of epitaxially 
grown films, this interfacing method is an excellent choice for 
fundamental investigations of structure-property relationships 
in MOFs.   
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In summary, several distinct methods have been developed 
for the integration of 2D conductive MOFs in electronic devices. 
These methods vary in their precision and control and so far, 
the most precise options available require layer-by-layer 
assembly.143 A number of methods have been implemented to 
put MOFs into a diverse set of substrates such as drop-
casting144, 145 or mechanical compression/abrasion130, 144 but 
with limited epitaxial control and morphology of the crystallites, 
with the exception of layer-by-layer assembly.143  Although 
methods of integration are currently limited for 2D MOFs, many 
opportunities exist for drawing methods from 3D MOFs and 2D 
nanomaterials which include ink-jet printing and chemical vapor 
deposition, respectively ultimately leading towards control over 
structure and morphology of the 2D MOFs in devices.  

 
 

 
Figure 5. General methods of integrating 2D conductive MOFs into devices. A) In drop 
casting, bulk MOF is suspended in a solvent and subsequently dropped onto the 
substrate of interest apply a coating of MOF.144, 145 B) Mechanical abrasion involves the 
compression of bulk MOF powder a pellet in the form of a pencil to draw MOF patterns 
on select substrates.130, 144 C) Templated growth synthesizes MOFs directly on the 
substrate of interest and forms effective and conformal contact.68, 131 D) Layer-by-layer 
assembly carefully controls the growth of MOFs by exposing the substrate to a solution 
of metal node and organic linker sequentially.143 

Applications 
To date, the family of 2D conductive MOFs, made of 

extended hexatopic organic ligands, has received considerable 
attention as advanced electroactive functional materials due to 
their unique physical, chemical and electrical properties. We, 
thus, identified at least three advantages for their multifaced 
utility in in electronics. First, a large degree of structural control 
and compositional modularity can be achieved through bottom-
up synthetic approaches, permitting the integration of known 
electrocatalyst into the MOF framework (e.g., metallic nodes). 
172 Second, 2D MOFs exhibits good conductivity making them 
well-suited for electrically transduced sensing and catalysis.70, 

122  Third, the high porosity and surface area presents numerous 
available active sites necessary for energy conversion and 
energy storage.65 We believe that these characteristics offer the 
possibility to develop conductive MOFs into versatile and 
integral components of electrochemical technologies.  

 
 

Electrically-transduced chemical sensing 

2D conductive MOFs possess at least six attractive features 
for broad applicability in electronically-transduced chemical 
sensing. First, as a subclass of all MOFs, 2D conductive MOFs are 
easily accessible through bottom-up solution-phase synthesis. 
This ease of access can enable rapid development and 
optimization of methods for MOF preparation that are not 
restricted to highly specialized procedures and expensive 
equipment that are often necessary for the preparation of other 
2D nanomaterials using bottom-up fabrication techniques. In 
principle, any standard chemical laboratory—including high 
school and college laboratories173, 174—  can accommodate and 
train students to execute certain versions of MOF synthesis, 
with general skills and techniques transferrable to the 
preparation of layered 2D MOFs. Second, 2D conductive MOFs 
possess conductivity for electronic transduction that is broadly 
comparable to that of conductive polymers and 2D 
nanomaterials, making these MOFs excellent candidates for 
integration into electronic sensing architectures.1, 70, 78, 172, 175 
Third, low-dimensionality and high surface-to-volume ratio of 
individual or few-layers of MOFs are advantageous for 
maximizing sensitivity in chemical sensing. Fourth, the intrinsic 
porosity of MOFs can facilitate analyte uptake into the material 
and provide unique modes of interaction with the material’s 
surface that are not available in non-porous 2D materials. Fifth, 
the structural modularity of MOFs achievable from 
synthetically-tuneable molecular building blocks can enable 
highly tailored integration of host-guest interactions imbedded 
within the scaffold. And finally, the multifunctionality of 2D 
conductive MOFs—such as the combination of electrical 
transport and modular surface chemistry—make them 
excellent candidates for exploring and harnessing the 
synergistic effects of molecular design strategies coupled with 
charge transport.  

The first implementation of a 2D layered MOF in 
electronically-transduced chemical sensing was demonstrated 
by Dincă and co-workers by integrating Cu3HITP2 MOF within a 
chemiresistive sensing device. Drop-casting of Cu3HITP2 onto 
interdigitated gold electrodes,67 produced devices capable of 
detecting NH3 gas at sub-ppm detection limits (0.5 ppm) at 
applied potential of 100 mV at room temperature. Sensing 
performance was unaltered in the presence of humidity (< 
60%). Interestingly, the isostructural Ni3HITP2 MOF did not 
exhibit chemiresistive response towards NH3, thus 
demonstrating that the selectivity of chemiresistive MOF-based 
devices can be potentially controlled by the choice of metallic 
nodes. 

Extending the applicability of MOFs in chemiresistive 
detection, Dincă and co-workers have subsequently developed 
a cross-reactive sensing array comprising of Cu3HHTP2, 
Cu3HITP2, and Ni3HITP2 MOFs integrated into a chemiresistive 
devices either through drop-casting by mechanical abrasion 
using a compressed MOF powder (Figure 6A).144 Linear 
discriminate analysis (LDA) and principle component analysis 
(PCA) enabled differentiation of several classes of volatile 
organic compounds (VOC) with 90% accuracy at 200 ppm. VOCs 
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included alcohols, aromatics, ketones/ethers, amines, and 
aliphatics.  

While the specific mechanism of binding was not elucidated, 
the authors indicated that multiple competitive binding 
mechanisms are simultaneously operating in the studied MOFs 
including charge transfer mechanism or hydrogen bonding.144 

A significant enhancement in chemiresistive sensing using 
layered 2D MOFs was recently developed by Yao et al. using 
epitaxially-oriented thin-films of Cu3HHTP2 MOF prepared 
through layer-by-layer liquid-phase epitaxial method (Figure 
6B).143 The thin-layer formation was made possible by the use 
of pre-functionalized substrates in which the hydroxyl groups (-
OH) created a template for the oriented film growth. The 
resulting devices exhibited low-ppm sensitivity to ammonia 
(LOD of 0.5 ppm) and only limited response to 10 other gases 
and vapours including benzene, CO, ethanol, ethylbenzene, H2 
methane, methanol, n-hexane, and toluene, highlighting 
potential for good selectivity. Interestingly, the response and 
recovery time was up to 54% faster than observed for bulk 
powder counterparts. This observation was attributed to 
enhanced contact of gaseous analytes with the active sites in 
the MOF with minimal diffusion barriers.143  

 
Figure 6. A) Fabrication of MOF-based chemiresistors by “drawing” onto gold electrodes 
on paper, using a compressed pellet of MOF. Principal component analysis of MOF senor 
array’s response to volatile organic compounds.144 B) Room temperature gas-sensing 
performances of Cu3HHTP2. The gas sensor and possible gas-sensing mechanism. The 
response–recovery curve toward NH3 with different concentrations. The column chart of 
responses toward different reducing gases of Cu3HHTP2-10C.143 

 
 

 Broadening the implementation of MOFs in chemiresistive 
sensing, our group has focused on the development of direct 
integration techniques that do not rely on drop-casting or 
mechanical abrasion to create several unique device 
architectures. Our first demonstration of using direct assembly 
for integrating 2D conductive MOFs into a chemiresistive device 
featured the installation of 2D conductive M3HHTP2 MOFs (M = 
Ni and Cu) into polymeric device chips equipped with pre-
patterned graphitic electrodes.68 The method generated mats 
(15 µm in thickness) of randomly-oriented MOF nanowires. The 
resulting miniaturized devices Cu3HHTP2 and Ni3HHTP2 
successfully differentiated between gas-phase NH3, NO, and H2S 
at ppm concentrations (10-80 ppm).68 

Extending the generality of direct assembly of MOFs into 
devices, we fabricated multifunctional electrically conductive 
textiles through direct solution-phase growth of Ni3HHTP2 and 
Ni3HITP2 MOFs from their molecular precursors on flexible 
fabric-based substrates (Figure 7A).131 The resulting Self-
Organized Frameworks on Textiles (SOFT) exhibited good 
mechanical stability and uniquely capitalized on the porosity of 
both constituent components: the MOF and the fabric. SOFT 
sensors were simultaneously capable of detecting, capturing, 
and filtering NO and H2S with sub-ppm limits of detection (NO = 
0.16 ppm and for H2S = 0.23 ppm) and uptake capacity of 12-23 
mmol of gas per mg of MOF. The chemiresistive response was 
largely unaffected by the presence of humidity (18% RH) and 
was fully recoverable by washing the SOFT sensors in water. 
This behaviour implied the potential reversibility of MOF-
analyte interactions in aqueous environments.131 

To broaden the applicability of solvent-free methods for 
integrating MOFs into devices, our group has also developed a 
rapid-prototyping approach for fabricating chemiresistive 
sensing arrays based on M3HHTP2 MOFs/graphite blends (M = 
Fe, Co, Cu, Ni).130 The formation of graphite/MOF blends was 
necessary to establish electrical contact within sensing devices 
and allow direct integration of only moderately conductive 
MOFs that alone presented challenges with producing a 
continuous charge transport pathway within simple electrically 
transduced sensors. This method produced devices capable of 
detection and differentiation of NH3, NO, and H2S at ppm-
concentrations.130 

 To expand and demonstrate the broad potential utility of 
MOFs in electroanalysis beyond amperometric chemiresistive 
devices, our group has recently illustrated the applicability of 2D 
conductive MOFs (Ni3HHTP2, Cu3HHTP2, and Co3HHTP2) as ion-
to-electron transducers in potentiometric sensing of ions 
(Figure 7B).145 We fabricated multilayer potentiometric sensing 
devices for K+ and NO3- ion detection using M3HHTP2 MOFs (M 
= Cu, Ni, and Co) by drop-casting the MOFs on top of glassy 
carbon electrodes, and covering them with a layer of polymeric 
ion-selective membranes. Fabricated devices exhibited 
excellent signal stability of 14.6 µV/sec under polarizing 
conditions (1 nA), low long-term drift (11.1 µV/sec), and high 
sensitivity to K+ and NO3- of 6.31 ± 0.01 × 10-7 M and 5.01 ± 0.01 
× 10-7 M, respectively. These observations were ascribed to 
large double-layer  
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Figure 7. A) Photograph of cotton SOFT-sensor: textiles coated with nanoporous MOF. Scanning electron microscope image of self-assembled MOF grown on the individual fibres of 
the textile. Representative response for Ni3HITP2 (blue) and Ni3HHTP2 (red) SOFT-sensors when exposed to (from left to right) NO or H2S. Slope (m) of first 5 min of sensor response 
versus concentration of analyte, in response to NO (left) and H2S (right).131 B) Schematic representation of layered electrode architecture used for potentiometric measurements.145 
In this configuration, a thin film of 2D MOF was drop-casted directly on the top of a glassy carbon electrode (GCE), and then covered with an ion-selective membrane (ISM) to enable 
potentiometric ion sensing. Potentiometric response of GCE/Ni3HHTP2 MOF/ISM devices to K+ (red squares) and NO3

- (blue diamonds) ions. Chronopotentiograms obtained during 
the analysis of K+-ISM-II based ISEs under polarizing conditions. (Top) K+-ISM-II applied directly onto a GCE contact without the MOF as undelaying conductive layer; (Bottom) 
GCE/Ni3HHTP2 MOF/K+-ISM-II electrode. Inset demonstrates a close-up of response obtained for the GCE/Ni3HHTP2 MOF/K+-ISM-II. Experimental conditions: applied current +1 nA 
for 60 seconds followed by -1 nA for 60 seconds in 0.1 M KCl.145 

capacitance (204.1 µF) in MOF-coated electrodes. The ion-to-
electron transduction was hypothesized to proceed through the 
formation of electrical double layer in the case of Ni3HHTP2 and 
Co3HHTP2 MOFs and with an additional contribution from redox 
doping/undoping in Cu3HHTP2 MOFs.145   
 2D MOFs have been developed as active materials in 
chemiresistive and potentiometric sensors. Despite this 
progress, host-guest interaction between MOFs and analytes 
are not well established. While several hypotheses have been 
drawn, the is still lack of conclusive evidence for characterizing 
the sensing mechanisms.130, 143, 144 The fundamental insight into 
host-guest interactions is a crucial aspect that needs further 
investigation to ensure rational molecular design of 2D MOFs 
for chemical sensing.  

 MOF-based electronics  

Field-effects modulate the electric and magnetic field to 
influence the behaviour of the device leading to fundamental 
understanding in charge carrier mobility, charge carrier type, 
and carrier concentration, ultimately leading to new and 
improved electronic applications.153 2D MOFs possess attractive 

features that make them applicable to electronic devices, such 
as low-dimensionality for compact device implementation,96, 99 
structurally tuneable bandgap,176 and possibility for unique 
magnetic exchange interactions.137, 155  

In 2017, Louie and co-workers demonstrated the controlled 
growth of M3HAB2 (M=Co, Ni, and Cu) thin films that were 
subsequently integrated into FET devices using a lift-off 
technique.142 Laterally large (µm) but also ultrathin MOF films 
were synthesized through a biphasic method. The interfacial 
synthesis was conducted with the metal salt dissolved in an 
aqueous layer and the organic linker dissolved in the EtOAc 
layer then the MOF forms at the liquid/liquid interface. Ni3HAB2 
showed a gate-dependent conductance down to 4 K. The 
devices generally decreased in conductance with lower 
temperature, indicating semiconducting behaviour.142 

While Louie and co-workers used the liquid/liquid interface, 
Xu and co-workers examined the application of a versatile 
liquid-air synthetic approach to fabricate ultrathin (<50 nm) 
films of Ni3HITP2 MOF (Figure 8A).153 The porous FET 
demonstrated p-type behaviour with great charge mobility with 
48.6 cm2 V-1 s-1at room temperature. MOF films were initially 
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transferred onto the FET devices using the Langmuir-Schaefer 
transfer method. The conductivity of Ni3HITP2 followed an 
exponential decrease upon cooling, revealing the 
semiconducting nature of the MOF. Based on the temperature 
dependent conductance, the authors proposed at least two 
types of conduction mechanisms: thermal activation at higher 
temperatures (>240 K) and hopping conduction at lower 
temperatures (< 240 K).153 

The group of Marinescu tested the temperature depended 
conductance of Co3HTTP2 (Figure 8B).125 At 300 K the bulk 
conductivity of a pressed pellet of Co3HTTP2 was measured to 
be 1.4 × 10-3 S cm-1.  As expected in semiconducting materials 
with thermally populated carriers, the decrease in temperature 
(300 to 170 K) led to a decrease in conductivity.  Interestingly, 
between 130 to 50 K the conductivity increased suggesting a 
transition from the semiconducting to metallic behaviour.  The 
temperature dependent resistivity showed multiple maxima, 
which the authors attributed to the contributions from stacking 
faults, local molecular vibrations, and pore-entrapped solvent 
molecules subsequently producing a complex mechanism for 
scattering of charge carriers.125 

Dou et al. reported on the synthesis of crystalline Ni3HIB2 
and Cu3HIB2 MOF which produced pellet conductivities 
exceeding 800 S cm-1 (Figure 8C).124 DFT calculations revealed 
metallic character in both MOFs with metallic character in the 
ab direction and semiconducting character in the c direction of 
the Brillion zone. Ni3HIB2 and Cu3HIB2 revealed a positive 
correlation in temperature dependence conductivity.124  

 
Figure 8. A) Fabrication of MOF-based porous FETs. Electrical characteristics of Ni3(HITP)2 
-based FETs output curves.68, 153 B) Variable-temperature resistivity data for films of 
Co3HTTP2 with thicknesses of 0.5 μm before (blue) and after (red) 2 h under vacuum at 
90 °C.125 C) Variable-temperature electrical conductivity of pressed pellets of M

3
(HIB)

2 

measured by the van der Pauw method under vacuum.124 

The fundamental investigation for charge carrier type and 
development of metallic behaviour in 2D MOFs shows great 
promise for potential electronic applications.133, 134, 176 Unlike 
other 2D nanomaterials, the inherent porosity in 2D MOFs may 
greatly extend FET based applications which require large 
surface area and penetrability for the targeted analytes.153 The 
exertion of control on the formation of 2D MOFs greatly affects 
the conductivity of the materials which was demonstrated with 
the same MOF either possessing metallic conductivity or  

semiconducting behaviour which is not found in other 2D 
nanomaterials.  
 

Energy conversion: H2/O2 Evolution  

The electrochemical splitting of water is one of the most 
appealing strategies for storing clean and renewable energy in 
chemical bonds with a possibility of highly efficient conversion 
into water, electricity, and heat when used in fuel cells.177  High-
performing electrocatalysts for hydrogen evolution reaction 
(HER), oxygen reduction reaction (ORR), and oxygen evolution 
reaction (OER) are thus critical to propel the progress in 
sustainable energy technologies. The HER, ORR, and OER 
proceed through:178 

 
HER: 2H+ + 2e- → H2 

ORR: 2H+ + 1/2O2 + 2e- → H2O 
OER: H2O → 2H+ + 1/2O2 + 2e- 

 
Despite a handful of superbly performing commercial 

electrocatalysts, their high cost and poor electrochemical 
stability have consistently limited their long-term practicality.179 
Thus, inexpensive and scalable electrocatalysts that can 
facilitate catalytic transformations in HER, ORR and OER with 
high efficiencies and low energy input must be developed. 2D 
conductive MOFs are promising substitutes that have been 
explored to develop advanced electroactive materials for 
energy transformations. Firstly, the large degree of structural 
tunability of MOFs allows integration of well-defined catalytic 
units, with known low overpotentials for energy conversion 
technologies,63, 146, 178 into the framework of the MOF. Second, 
the permanent porosity facilitates rapid diffusion throughout 
the electrocatalyst giving rise to enhanced active sites densities. 
Third, the high electrical conductivity can facilitate charge 
transport during electrocatalytic transformations resulting in 
low overpotentials for energy conversion applications. Fourth, 
2D MOFs may exhibit improved hydrolytic stability over other 
electrocatalysts such as metal nanoparticles, metal oxides or 
organo-metallic complexes due to the strong nature of metal-
ligand bonds in MOF framework. And fifth, external guest 
molecules such as catalytic nanoparticles can be loaded into the 
MOF, which act as porous scaffold, thus harnessing the 
synergistic effect for energy conversion applications of both 
materials. 

The integration of HER electrocatalytic units into MOFs is an 
effective route to prepare high-performance electrodes. In 
2015, Marinescu and co-workers, through solvothermal 
bottom-up synthesis, integrated cobalt dithioline catalytic sites 
into the [Co3(BHT)2]3+ and [Co3(THT)2]3+ MOFs, directly onto the 
HOPG plate, to obtain effective catalysts for HERs.63 The authors 
observed low overpotential for HERs in acidic environment (pH 
= 1.3) of 0.34 V and 0.53 V at 10 mA/cm2 for [Co3(BHT)2]3+ and 
[Co3(THT)2]3+ MOFs, respectively. While direct MOF growth on 
HOPG yielded good catalytic performance towards HERs, the 
same electrodes prepared through drop-casting method 
showed limited mechanical stability, and low current-density. 
The diminishment in the electrocatalytic performance was 
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caused by the peeling-off of the material from the electrode 
surface due to H2 bubbles generated during prolonged 
electrolysis. The proposed mechanism of HERs in both MOFs 
involved redox reactions of metal centres (Co3+ to Co2+) 
followed by the protonation of the sulphur sites in the organic 
ligand.63  

Dong et al. used the Langmuir–Blodgett method to 
construct a free-standing single-layer sheet of Ni3HTTP2 MOF 
(0.7–0.9 nm in thickness).139 Device integration involved 
transferring the MOF thin-film from the solution interface and 
placing it directly onto the glassy carbon electrode. This 
electrocatalyst generated hydrogen gas from 0.5 M sulphuric 
acid solution at the overpotential of 0.33 V (10 mA cm−2). Good 
catalytic performance of Ni3HTTP2 MOF sheets for hydrogen 
generation was attributed to their large available surface area 
which allowed for sufficient exposure of electrocatalytic active 
sites during the HER.139 The authors also suggested that HER 
proceeds through the protonation of S heteroatoms in the 
bis(dithiolene) as previously reported by Marinescu.63  

Considerable efforts have been devoted to designing novel 
MOFs that could serve as electrocatalyst in HERs.  In the recent 
work, Nishihara and co-workers synthesized single layer sheets 
(0.6 nm) of NiAT that can undergo a reversible interconversion 
between NiAT and bis(iminothiolato)nickel (NiIT) nanosheet 
forms through 2H+ → 2e- reaction for HERs.148 This process was 
accompanied by large change in conductivity - from 3 x 10-6 to 
1 x 10-1 S cm-1 with ferrocenium tetrafluoroborate used as 
oxidizing agent. The NiAT MOFs drop-cast on GCE covered with 
a thin layer of Nafion at pH = 1.3 showed the onset potential for 
HER at -0.15 V (-0.37 V at 10 mA cm-2) and a Tafel slope of 128 
mV dec-1. Tafel slope analysis demonstrated that charge 
transfer was a rate defining step in HERs and demonstrated 
quick electron transfer kinetics of the catalyst for hydrogen 
generation. The same electrocatalyst also demonstrated good 
electrochemical stability for prolonged cycling in acidic 
conditions (over 500 cycles). The authors calculated that 0.1 s-1 
molecules of H2 gas are generated during the HERs using NiAT 
MOFs at 300 mV overpotential, outperforming other 2D 
intrinsically conductive MOFs as electrocatalysts in HERs.148 

Further work by Huang et al. examined the influence of 
different morphologies of CuBHT (thin film (TF-1), nanocrystals 
(NC-1) and amorphous nanoparticles (NP-1) on the 
electrocatalytic performance to HERs in acidic environment 
(H2SO4, pH = 0.0).147 To aid this investigation, the authors 
integrated the electroactive materials onto the glassy carbon 
electrode through drop-casting MOF/Nafion solution. They 
observed that the overpotential for HER was reduced from 760 
mV to 450 mV at 10 mAcm–2 when the morphology of the MOF 
was changed from NC-1 to NP-1, respectively. This remarkable 
decrease in activation energy for HER was attributed to the Cu-
edge site effect on the (100) plane present in the NP-1 of CuBHC 
and higher interfacial contact area of NP-1 with the background 
electrolyte if compared to TF-1 or NC-1. Moreover, the authors 
reported that NP-1 CuBHC electrocatalyst retains 
approximately 99% of its function in HERs beyond 20 h of 
continuous operation in a highly acid medium, demonstrating 
excellent electrochemical stability.147 

Recently, Downes et al. assessed the influence of 
coordinated metal (Co, Ni and Fe) on HERs in 
benzenehexathiolate (BHT) coordination frameworks (Figure 
9A).146 The drop-cast layer of MOF on glassy carbon electrode 
exhibited overpotential for HER in acidic environment (pH = 1.3) 
as low as 473 mV, 331 mV and 340 mV for FeBHT, NiBHT and 
CoBHT, respectively. The enhanced activity of CoBHT was 
attributed to a higher electrochemically accessible surface area 
and lower charge transfer resistance at smaller overpotentials 
compared to NiBHT and FeBHT. The authors observed strong 
thickness dependence on the MOF activity to catalyse HERs. 
They reported on optimum 244 nm film thickness in which 
proton diffusion and transfer rates, together with the number 
of electrochemically accessible active sites were optimized to 
promote high electrocatalytic activity for hydrogen generation. 
However, with increasing thickness the charge transfer and 
proton permeation through the thick films were diminished 
consequently reducing the electrocatalytic activity of MOFs to 
HERs.146 

 Oxygen reduction reactions convert H2 into useful energy 
through the hydrogen oxidation reaction at the cathode of fuel 
cells. Miner et al. reported on the first use of 2D conductive 
MOF (Ni3HITP2) in the oxygen reduction reaction (ORRs) in 
alkaline media (Figure 9B).149 The authors solvatochemically 
grew 120 nm thin films of Ni3HITP2 directly onto the GCE and 
used it for the oxygen reduction reactions. This demonstrated 
experimental approach is considered as superior in comparison 
to other integration techniques as it eliminated the need for 
binders/additives that may block access to the electrocatalytic 
active sites in the MOF. The reported on 0.18 V overpotential 
relative to Pt electrode (Eonset =1.00 V) for ORRs in 0.10 M KOH 
solution (pH = 13.0) was comparable in magnitude with many 
other non-precious metal-based catalysts. The authors 
proposed that ORRs proceeds through the one-electron pre-
equilibrium reaction (formation of the superoxide anion as the 
rate-limiting step) further evidenced by Tafel slope of 120 
mV/dec. Miner et al. also observed that 88% recorded current 
density was retained after 8h of continuous electrochemical 
cycling indicating that 2D conductive MOFs could be potentially 
used in catalysis of ORRs.149 

The oxygen evolution reaction (OER) is the anodic reaction 
of water splitting and is a counterpart to HERs.178 To enable 
efficient water splitting it is thus important to design novel 
electrocatalysts with minimal overpotential for OER that enable 
long-term stability. In the seminal study, Tang and co-workers 
developed the NiCo bimetal–organic framework nanosheets 
(NiCo-BDC) with high electrocatalytic efficiency for OERs.180 The 
synthesized NiCo-UMOFNs thin films were dispersed in Nafion-
containing solution and subsequently drop-cast onto a glassy 
carbon electrode and copper foam to from functional devices. 
The authors observed that GCE-coated electrode exhibits low 
overpotential for OERs – 250 mV at 10 mA cm−2, which can be 
further lowered to 189 mV by transferring the thin films onto a 
copper foam electrode in alkaline conditions (1 M KOH). The 
improvement in the response was attributed to the excellent 
conductivity and electron transfer ability of the copper 
substrates in comparison to GCE. Interestingly, control 
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experiments with monometallic NiBDC and CoBDC MOFs and 
bulk powder NiCo MOF were used, revealed that much higher 
overpotentials for OERs are required: 1.46 V, 1.53 V and 1.48 V, 
respectively. Tang et al. also reported on great electrochemical 
stability of the catalyst with 99.3% retention of faradic 
efficiency after 200h of continuous cycling. They provided 
experimental evidence that OER reactions proceed through the 
adsorption of  

 
Figure 9. A) Polarization curves for CoBHT-23 (purple), CoBHT-57 (blue), CoBHT-157 
(orange), CoBHT-244 (red), and CoBHT-1000 (green); scan rate: 100 mV/s.146 B) 
Polarization curves of Ni3(HITP)2 under N2 (green) versus O2 atmosphere (red) as well as 
of the blank glassy carbon electrode under N2 versus O2 atmosphere (blue and purple, 
respectively). Scan rate=5 mV s−1, rotation rate=2,000 r.p.m., electrolyte=0.10 M 
aqueous KOH, counter electrode=Pt mesh, reference electrode=Hg/HgO (1.00 M KOH), 
working electrode=glassy carbon electrode (GCE).149 C) The pH-dependent LSV curves 
using the NiPc–MOF as the OER catalyst.141  

the intermediates onto the unsaturated coordination metal 
sites (Ni and Co) in the MOF framework.  In addition, the authors 
suggested partial electron transfer from the Ni2+ sites to the 
Co3+ sites giving rise to the high activity of the bimetallic MOF 
for OERs.180 

Recently, a novel class of 2D conductive nickel 
phthalocyanine-based (Ni-Pc) MOF was investigated for their 
catalytic applications in OERs (Figure 9C).141 Jia et al. used 
bottom-up synthetic approach to integrate Ni-Pc MOFs directly 
onto the FTO electrodes.141 The resulting films (100 – 200 nm) 
yielded satisfactory conductivity (approximately 0.2 S cm-1 at 
RT) and mechanical stability for the use as catalyst in OERs. They 
observed good electrocatalytic activity for oxygen evolution 
with estimated overpotential of 0.25 V in 1.0 M KOH and faradic  
efficiency of 94% after continuous cycling for 6000 seconds. 
Moreover, Tafel slope analysis (74 mV/dec) confirmed efficient 
electron transfer kinetics for OERs in Ni-Pc MOFs.141 

Despite many improvements and large promise in the 
applications of 2D conductive MOFs as electrocatalyst in energy 
conversion applications, there are several major challenges that 
need to be addressed through future research. Chemical 
stability of many MOFs in aqueous media (acidic, neutral or 
basic) used in energy transformation reactions can be 
compromised. In particular, MOF decomposition during 
electrochemical testing at either strongly reductive or oxidizing 
applied potentials can be encountered for many MOF based 
systems.178, 179 Therefore, strong metal-ligand bonds are 
required to induce sufficient stability to MOF hydrolysis. For 
many energy conversion applications, delamination of MOF 
from the electrode surface over prolonged electrochemical 
testing is also observed.178, 179 A more robust and reproducible 
integration/deposition method needs to be developed to 
ensure good contact between the material and underlaying 
electrode especially if such systems were employed in 
commercial energy applications. And finally, the experimental 
and computational mechanistic investigation of structure-
property relationship of 2D conductive MOFs will deepen the 
understanding of the role of MOF in electrocatalysis and will 
ideally guide the design of future conductive MOFs for energy 
applications.  Regardless of these challenges, the use of 2D 
conductive MOFs is an exciting development in the energy 
conversion field that has not yet converged on a fully 
satisfactory material solution. 

 

Energy storage  

The increasing importance of developing efficient and 
reliable long- and short-term electrical energy storage devices 
significantly propelled the development of battery and 
supercapacitor technologies in the recent years.181 Depending 
on the energy-storage mechanism, electrical capacitors can be 
sub-divided into either electrical double-layer capacitors (EDLC) 
or pseudo-capacitors.  

The capacitance of EDLC systems arises from charge 
separation at the electrolyte/electrode interface and is thus 
directly proportional to surface area of material.182 In contrast, 

Page 13 of 20 ChemComm



ARTICLE Journal Name 

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

pseudocapacitive devices store electrical charge via reversible 
redox reactions. 2D conductive MOFs possess optimal features  
for their utility as electroactive materials for energy storage 
applications: they possess high electrical conductivity that is on 
par or exceeds of other 2D nanomaterials,122 further leading to 
increased capacity and rate performance of electrical 
capacitors. These materials also exhibit high specific surface 
area necessary for obtaining high capacitance.65, 151 The 
modular tunability of the MOF structure also allows for the 
integration of pseudocapacitive components into the MOF 
framework that leads to increased density of redox active sites, 
and consequently enhanced gravimetric and volumetric 
capacitances. Although, the redox properties of many MOFs are 
primarily ligand centred, the incorporation of transition metals 
into the MOF framework (e.g., Fe, Cu, Co) recently allowed to 
harness their redox activity in energy production and storage 
applications.63, 151 Some additional benefits include fully 
accessible organic molecule–coordinated metal sites and easily 
tuneable pore structures that can be tailored towards specific 
electrolyte used for energy storage. 

The first example of a supercapacitor made entirely of MOF 
was shown in 2017 by Sheberla et al. (Figure 10A).65 The authors 
used Ni3HITP2 MOF to fabricate electrochemical double layer 
capacitor (EDLC) for energy storage applications through 
compression of MOF powder into a pellet form thus eliminating 
the need for conductive additives or organic binders.65 Under 
these circumstances, the high degree of double layer 
capacitance exhibited by the Ni3HITP2 was mainly dictated by 
their extremely large surface area and unique porous structure, 
which allows diffusion of the background electrolyte ions 
through porous framework.  The authors noted high gravimetric 
capacitance of 111 F g-1 at a low discharge rate of 0.05 A g-1.65 
The same EDLC exhibited performance retention over 10,000 
cycles and large surface area normalized capacitance of 18 
mFcm-2. They observed that electrical double layer storage 
mechanism is dominant in this material with negligible 
contribution of redox pseudo-capacitance to the recorded 
response. These performance characteristics are on a par with 
many EDLCs based on porous carbons, however still does not 
outperform the optimal materials. The authors identify that 
further increase in porosity, conductivity and deliberate 
introduction of redox pseudo-capacitance may give rise to 
better capacitors.67 

 In the same year, Li et al. used bottom-up synthesis to 
integrate Cu3HHTP2 directly onto the carbon nanowire to form 
single-material electrode for supercapacitors.150 They also 
prepared an analogous Cu3HHTP2 MOF electrode through 
mixing Cu3HHTP2 MOF powder with a polymer binder and then 
coating the material onto carbon paper using slurry-coating 
method. The proposed Cu3HHTP2 MOF nanowire capacitor 
exhibited capacitance of 120 F g−1 at current densities of 0.5 A 
g−1 with specific surface area normalized capacitance estimated 
at 22 µF cm−2. The authors noted that Cu3HHTP2 powder-based 
electrodes retain approximately 23% of the initial capacitance, 
at current densities spanning from 0.25 to 5 A g-1, while 
Cu3HHTP2 MOF nanowire can retain up to 55% of the current 
density probed in the same region.150 Direct growth of MOF 

crystals on the carbon fibres provided good mechanical 
adhesion and consequently reduction of the intrinsic resistance 
and charge transfer resistance at the electrode/electrolyte 
interface thus allowing effective charge/electron transport on 
the MOF nanowire/electrolyte interface. The authors suggested 
that double layer mechanism is primarily responsible for 
excellent capacitive response of Cu3HHTP2 MOF nanowires as 
evidenced by the rectangular shaped of the CV.150  

Different strategy to increase the volumetric and areal 
capacitance was recently introduced by Bao and co-workers 
(Figure 10B).151 This research group prepared free-standing 
electrodes of CuHAB and NiHAB MOFs for energy storage 
applications by mixing either material with a binder (5% 
polytetrafluoroethylene (PTFE)) and conductive additive (5% 
carbon black).151 During cyclic voltammetry measurements, 
they observed reversible redox behaviour for both HAB MOFs 
and large gravimetric capacitances of 420 F g−1 for Ni-HAB and 
215 F g−1 for Cu-HAB. The authors indicated that redox pseudo-
capacitance was the primary charge storing mechanism in the 
studied MOFs with minimal contribution of double layer 
capacitance (<10 % for NiHAB and <20 % for CuHAB MOFs). Bao 
and co-workers also prepared compressed pellets of NiHAB 
MOFs which exhibited exceptionally high volumetric 
capacitances of 760 F cm−3 for a 50 µm thick pellet. Moreover, 
the MOF electrodes showed good electrochemical stability to 
continuous cycling with 90% capacitance retention over 12000 
cycles. They indicated that the very small particle size of the Ni-
HAB aggregates, their substantial porosity that enabled easy 
access for the diffusion of electrolyte to the active sites, and the 
intrinsic conductivity of the HAB MOFs were responsible for 
large volumetric and gravimetric capacitance of studied 
systems.151 

The class of 2D conductive MOFs is promising, as an active 
electrode material, for the development of stable capacitors. 
However, there are still some challenges with practical 
implementation of MOFs for energy storage applications. 
During fabrication of capacitors many of the MOF 
electrocatalysts either adhere to electrode surfaces through 
noncovalent interactions, which often leads to surface layer 
delamination, and consequently a diminishment in 
performance/stability of a device,63 or through the compression 
into the pellet.65 In particular, mechanical compression may 
significantly reduce the porosity or even lead to the collapse of 
porous framework,152 thus potentially minimizing capacitance 
of the fabricated device. Additionally, if the deposited films or 
compressed pellets are not mechanically stable upon contact 
with an electrolyte, binders such as Nafion are required for 
electrode construction, which can diminish charge transport 
and electrocatalytic activity.178 A more robust approach to 
integrate the 2D conductive MOFs is thus sought and ideally 
with future advancements in rapid-prototyping methods such 
as 3D printing, or ink-jet printing, more stable device 
architecture could be fabricated. The electrochemical stability 
of 2D conductive MOFs during operation of capacitors in highly 
corrosive electrolytes remains another critical issue. 
Improvements in stability and robustness through strategic  
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Figure 10. A) Molecular structure of Ni3HITP2. Relative size of pores, electrolyte Et4N+ and BF4
− ions, and acetonitrile solvent molecules shown in a space-filling diagram of idealized 

Ni3HITP2. Green, lime, blue, grey, brown, and white spheres represent Ni, F, N, C, B, and H atoms, respectively. Cyclic voltammetry at a scan rate of 10 mV s−1 at increasing cell voltage. 
A slight deviation of the CV trace around 1 V from rectangular shape is attributed to a redox process described in the text.  Capacitance retention under repeated cycling at a current 
density of 2 A g−1 for 10,000 cycles. The inset shows galvanostatic charge and discharge curves at current densities of 0.5, 1.0, 2.0 A g−1.65, 67 B) A space-filling model of the Cu-HAB 
model. Blue, grey, green and white spheres represent N, C, Ni and H atoms, respectively. Cyclic voltammetry profiles collected at different scan rates for Cu-HAB Capacitance 
retention data collected by galvanostatic charge discharge at 10 A g−1. Inset: galvanostatic charge–discharge profiles.151 

modifications of the bond strength of metal-ligand structural 
units may address these issues. In future studies, theoretical  
prediction based on computational modelling might 
significantly aid the design and discovery of new optimal MOFs 
for energy storage applications. Thus, 2D inherently conductive 
MOFs are promising alternatives electrodes for electrical-
double layer capacitors and pseudo-capacitors. 
 

Electrochemically-controlled capture and release 

Electrochemical transformations offer potential advantages 
over other catalytic methods due to their mild conditions, 
minimal waste, and potential for energy-efficiency.  Amongst 
other 2D materials, MOFs are very unique since they are 
capable of bridging the areas of homogeneous and 
heterogeneous catalysis by harnessing many of the  
advantageous qualities of both systems.183 Such modularly 
prepared 2D MOF structures can induce the stability of 
heterogeneous catalysts and preserve the well-defined 
molecular catalytic units found in homogeneous systems.184 2D  
conductive MOFs can be thus envisioned as new generation of 
nanomaterials for catalysis because of their highly ordered and 
tailorable pores or channels, which can provide a suitable 

confined environment for catalysing reactions with appropriate 
size-selectivity, as well as provide an ordered distribution of 
highly dense analyte-accessible active sites throughout the 
MOF framework. Moreover, high density of incorporated 
catalytic sites can offer increased reaction rates which are not 
often accessible using conventional 2D materials. Further 
improvements in turnover rates can arise from the ordered 
arrangement of pores in the MOFs frameworks that permits 
efficient diffusion of reactants and products out of the solid 
material, which leads to increased efficiency of catalytic 
reactions.185 

We harnessed the multifunctional nature of 2D MOFs 
combining redox activity and the presence of reactive metal 
bis(dithiolene) active sites for voltage-actuated reversible 
capture of ethylene. This concept was demonstrated using 
M3HTTP2 porous coordination polymers (PCPs, M = Co, Ni and 
Cu) that were highly amorphous in character with certain 
features of MOFs such as large surface area and good thermal 
stability.152 These conductive PCPs were then incorporated into 
solid-state devices through either mechanical compressions 
into pellets or by drop-casting aliquots of each MOF onto gold-
plated electrodes (Figure 11).152 Applying a positive bias (+2.0 
V) to the M3HTTP2 promoted capture of ethylene. The 

Page 15 of 20 ChemComm



ARTICLE Journal Name 

16 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

subsequent delivery of negative potential (−2.0 V) induced its 
release. The amounts of electrochemically captured ethylene 
for drop-cast MOF thin films (3 – 6 mg/g) was approximately 
time times larger than recorded for compressed pellets (0.1 – 
0.5 mg/g) suggesting that the exposed surface area dominated 
the capture process. These materials also exhibited high 
resistance to common interfering agents such as CO and H2S, 
and retained  
at least 50% of their function after the exposure to 2 ppt of both 
interferants. Although, more detailed computational and 
experimental investigations of the mechanism of ethylene 
binding to the MOF is required, we suggested that ethylene 
interactions with the metal bis(dithiolene) moiety within the  
framework may proceed through a cycloaddition reaction, as 
reported for molecular complexes.186 
 

 
Figure 11. A) Synthesis of PCPs. Illustration of proposed voltage-actuated capture and 
release of ethylene with PCPs. B) Experimental design and demonstration for solid-state 
electrochemical capture and release of ethylene. The setup comprises the PCPs 
positioned under ethylene atmosphere (∼1 atm) in a sealed container. Applied electrical 
potential (+2.0 V) to the material facilitates ethylene capture. Switching off the power 
and evacuating at 1.5 × 10–3 Torr removes all unbound ethylene. Refilling of the container 
with N2, and addition of deuterated dimethyl sulfoxide (DMSO-d6) enables monitoring of 
electrochemical release by NMR. Subsequent reduction at −2.0 V promotes ethylene 
release. The amount of ethylene quantified in the electrochemical capture/release 
experiment in the absence and presence of interferents (80 ppm and 2 ppt of CO and 
H2S) by thin films and pellets.152 

Conclusions and Outlook 
2D conductive MOFs are poised for the development of next 

generation of technologies due to their unique features and 
multifunctional character. The access to MOFs with new and 
often tuneable electronic properties opened up a new class of 
conductive materials that combined unique capabilities 
emergent from the distinct nature of the structural building 
blocks that comprise them. These developments in material 
research have the potential to elevate 2D conductive MOFs 
above the level of other 2D materials due to their entirely 
different mechanical, structural, electrical, and chemical 
properties which can be readily modulated and accessed 
through modular synthesis from an almost unlimited number of 
structurally distinct molecular building units. In this review, we 
highlighted some of the more recent progress in understanding 
the structural properties of 2D conductive MOFs that dictate 
and ultimately lead to their intrinsic electrical conductivity. We 
also demonstrated numerous applied areas in which 2D 
conductive MOFs are likely to surpass other 2D materials 
including sensor development, energy storage devices, and 
catalysis. The current challenges and opportunities in such 
applications demonstrate the continually expanding interest in 
the development of 2D conductive MOFs. 

The electronic, chemical and physical properties of 2D 
conductive MOFs are defined by their structural features, which 
further define the performance of these materials in practical 
applications. However, harnessing the full potential of these 
structural features through functional performance requires 
several fundamental scientific advances in 2D MOF research. 
First, controlled synthesis of 2D conductive MOFs with 
predictable and desired structures remains difficult to achieve 
using available synthetic methods. Therefore, the preparation 
of ultrathin epitaxially oriented 2D nanomaterials with desired 
structural characteristics in a highly controllable manner is still 
one of the major challenges in this field. Additionally, the ability 
to produce and characterize single-crystals of layered 2D MOFs 
remains an unresolved challenge. Second, the molecular 
engineered of targeted structure-property relationships 
remains difficult due to limited fundamental understanding of 
intrinsic MOF structure and limited knowledge of host-guest 
interactions within MOFs. Overcome this challenge will require 
rigorous computational modelling combined with spectroscopic 
assessment of MOF surfaces. Third, even when the first two 
challenges are resolved, interfacing MOFs with electrodes 
within functional devices will remain an important aspect 
influencing their performance characteristics as functional 
materials. Ideally, this issue could be addressed by improving 
the current methods of direct self-assembly of 2D conductive 
MOFs onto the functional devices. Given that the electrically 
conductive, multifunctional 2D MOFs have already 
demonstrated excellent performance in numerous applications, 
the ultimate goal is to enable the design of the materials with 
predictable and targeted structure-property relationship that 
could address and overcome current limitations of other 
materials and surpass their performance. 
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