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Abstract

Conductive metal-organic frameworks (MOFs) have potential applications as critical functional
materials in electronic devices such as chemiresistive sensors, capacitors and batteries. However,
the widespread adoption of MOFs in devices is limited by the lack of reliable methods to generate
uniform distributions of the MOFs in situ that are strongly adhered to the desired substrates. Here
we present a method of synthesising electrically conductive Cus(HITP), and Niz(HITP), MOFs
from Cu and Ni metal nanoparticles. The metal nanoparticles are deposited from a magnetron
plasma sputtering source onto substrates that include cotton, glass, gold and paper. These
nanoparticle-decorated substrates are then immersed in a mildly alkaline solution of the ligand in
the presence of an electrolyte. This results in the growth of MOF on the substrate only where the
metal nanoparticles were deposited. The described method overcomes problems associated with
drop-casting suspensions of the conductive MOF by generating uniform distributions in situ on the
substrates. Both MOFs were generated successfully on all four of the substrates, with no preference
for conducting or insulating substrates. The mild chemical synthesis environment and proven
success with a variety of substrates indicate that the method is likely to be of wide applicability.

1. Introduction

Metal-organic frameworks (MOFs) are attractive materials for use in a variety of settings due to their
porosity and tuneable chemical and physical functionalities. These include environmental applications such
as carbon capture [1-4], water purification [5-7] and energy storage [8—10]. In addition, MOF-derived
catalysts have been employed for water splitting [11, 12], and in battery electrodes [13, 14]. By changing the
constituent metal nodes and organic linkers, MOFs can be designed to perform particular functions [15].
The dimensionality of the framework can be altered by manipulating the denticity of the organic linkers. For
example, hexadentate triphenylene-based ligands enable the formation of 2D MOF sheets [16]. The
geometry of the resulting MOFs is such that the metal d-orbitals effectively overlap with the 7t system of the
ligand to result in extended charge delocalisation and thus an intrinsically electrically conductive MOEF. The
discovery of conductive MOFs by Yaghi and co-workers [16] has enabled MOFs to be considered for a broad
range of applications including chemiresistive sensing [17-20], electrocatalysis [21-23], and electrochemical
energy storage [24-26].

Powders of 2D conductive MOFs can be synthesised through hydrothermal [16], microwave-assisted
[27], and ultrasonic [28] methods, but further processing is required to integrate the resulting powders into
electronic devices. Dispersion in solution followed by drop-casting was the first approach adopted to deposit
MOF onto the interdigitated electrodes (IDEs) used for impedimetric gas sensing [29]. However, drop-cast
MOF systems often suffer from inhomogeneous distribution, poor conductivities due to high contact
resistance, and poor substrate adhesion. Alternatives to drop casting have been investigated including
mechanical abrasion [17], spray-coating [30], spin-coating [31] and surface-assisted methods such as
application of the Langmuir Blodgett technique [32]. In situ synthesis routes can eliminate the need to
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deposit MOFs onto the desired substrates entirely[33]. One such method is the spray layer-by-layer synthesis
method reported by Yao et al in which substrates are in-turn sprayed by solutions of ligand and metal salt to
obtain the MOF [34]. This was successful on silicon, quartz and sapphire substrates, but as piranha solution
is needed to functionalise the substrates this method cannot be used to obtain MOF on flexible substrates
such as PET, paper and textiles.

Methods that produce conducting MOFs on insulating flexible substrates are desirable for use in
wearable electronic devices such as chemiresistive gas sensors [35], electrochemical glucose monitors [36]
and pressure sensors [37]. This has driven demand for straightforward methods of generating conductive
MOFs on a variety of substrates. In situ growth methods such as the electrochemical synthesis of MOFs are
promising in terms of substrate adhesion, MOF homogeneity and morphological control. However, these
methods are limited to MOF formation on metal anodes and the steps required to remove the MOF from the
anodes and re-adhere them to insulating substrates are lengthy and complex [38—40]. Subsequent reports
describe how the conductive MOF Cus(HHTP), can be synthesised directly on fabric by coating fibres in
copper nanoparticles and then exposing them to solutions of the HHTP ligand [41, 42]. The first of these
methods involves converting the nanoparticles to Cu(OH), nanowires using a concentrated sodium
hydroxide and ammonium persulphate solution, before submerging the substrates in a DMF/H,0 ligand
solution at an elevated temperature over a period of hours. Similar work describes how copper nanoparticles
deposited on a variety of woven substrates can be converted into Cu;(HHTP), MOF by submerging the
substrates in a neutral ligand solution. H,O, gas bubbling was required to reduce the synthesis time from
12 h to 15 min [42]. The resulting MOF was used as an effective gas sensor for NO and H,S gases [42].

Here, we present a method to synthesise two triphenylene-based MOFs, Cus (HITP), and Ni;(HITP),,
in situ on glass, gold, paper and cotton substrates. The method involves direct synthesis of the MOFs from
nanoparticles of the relevant metal. The nanoparticles are deposited on the desired substrate and the MOF is
formed when the substrate is submerged in weakly alkaline solutions of the ligand. The syntheses take place
within one hour, at room temperature and no harsh solvents are required. The MOF grows outwards from
the deposited nanoparticles, and hence the resulting MOF coverage reflects the uniform distribution of the
nanoparticles. As the synthesis occurs directly from the metal nanoparticles, the advantages typical of
salt-free synthetic methods, such as minimising the formation of unwanted byproducts, are also retained. We
observe good adhesion of the MOF to the tested substrates and the mild solution conditions mean that this
method is likely to be scalable for use for MOF formation on the majority of substrates used in electronic
devices or for MOF-functionalised materials.

The two MOFs to which our synthesis method is applied are based on the triphenylene linker
2,3,6,7,10,11-hexaiminotriphenylene (HITP, which is the hexa-dehydrogenated imine form of HATP)
combined with either Cu or Ni metal nodes. The resulting MOFs, Cu; (HITP), and Ni; (HITP),, are both
comprised of 2D hexagonal sheets (figure 1) which stack in a slipped parallel arrangement to create extended
pores throughout the crystal [16, 43]. Because of their inherent conductivity, these MOFs have been
investigated as the active material for use in a variety of devices [44]. For example, Dinca et al report using
these MOFs to form a chemiresistive sensing array able to distinguish between different classes and
concentrations of volatile organic compounds [17], whilst Miner et al describe how Niz(HITP), can be used
as a catalyst for oxygen reduction [45]. The numerous potential uses of these MOFs means that improved
synthesis routes are of significant interest.

2. Materials and methods

2.1. Materials synthesis

Cu and Ni nanoparticles were deposited onto the substrates using a dc magnetron plasma sputtering source
(NL50, Nikalyte Ltd.). Four different substrates were used: Pt IDEs with 5 ;sm gap sizes on glass (Micrux
Technologies, Spain), white paper card (WHSmith, UK), 200 thread count cotton percale (Dalston Mill
Fabrics, UK) and 300 nm Au (111) films on mica (Georg Albert PVD, Germany). Cu or Ni nanoparticles
were deposited on to the four substrates: 7000 ng cm™~2 on Au(111), 8000 ng cm 2 on cotton, 5000 ng cm ™
on paper, and 7000 ng cm ™2 on the Pt IDEs. We note that 1000 ng cm 2 corresponds to around 1.1 nm layer
thickness for a continuous Ni or Cu film equivalent. The nanoparticles were observed to have diameters
between 10 and 50 nm. The fabric and paper nanoparticle-decorated substrates had infinite resistances when
measured with a multimeter across 5 mm of the sample, indicating that a continuous thin film has not
formed. Similarly, the measured resistances across the IDEs after nanoparticle deposition are of the order of
hundreds of k(2 indicating that some of the nanoparticles must be touching sufficiently to form some
conductive pathways across the 5 ym gaps in the IDEs. Each nanoparticle-decorated substrate was then
submerged in a vial containing a 2 mM solution of the HATP-6HCl ligand (2,3,6,7,10,11-
hexaaminotriphenylene hexachloride, 97%, BLD Pharmatech, Germany) in 4 ml of ethanol and 1 ml of
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Figure 1. Schematic representation of a single layer of Cuz (HITP), and Ni3(HITP), MOE The metal (M) is either Cu or Ni.
Layers of this MOF stack to form 3D structures with pore channels.
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water. To each vial, 375 ul of 19.4 M ammonia solution (Fisher Scientific UK), and 0.10 mmol of
tributylmethylammonium methyl sulphate (TBMAMS, 97%, Santa Cruz Biotechnology, USA) were added
(figure 2). Substrates were left in the ligand solutions for a set amount of time between 1 min and 24 h, after
which the solution was pipetted off and the substrate left to dry at room temperature in air overnight.

The schematic in figure 2 shows the reaction of the high surface-area metal nanoparticles with the HATP
ligand solution which eventually leads to M3 (HITP), MOF formation around the nanoparticles. The
proposed growth mechanism involves the reaction of the hydroxide ions in the solution with the native metal
oxide surface layer of the nanoparticles. This will result in a layer of metal hydroxide M(OH); on the surface
of the nanoparticles. In parallel, the hydroxide ions also deprotonate one of the two amine groups on each
arm of the HATP leading to the partial imine form of the deprotonated molecule. Subsequent oxidation of
this molecule by dissolved oxygen in the solution results in a partial imine radical which in turn reacts with
the hydroxide ions causing deprotonation that leads to the hexaimine form (HITP~). This is the activated
form of the ligand that can react with the metal ions to form the MOFE.

The growth of the MOF can occur at two main locations: the interface between the metal hydroxide on
the surface of the nanoparticles (interface growth), or on the surface of the MOF (surface growth). For
interface growth the activated ligands diffuse through the MOF to the nanoparticle surface and react with the
surface metal hydroxide:

2HITP + 3M(OH), — M; (HITP), + 60H .

Alternatively, surface growth involves the dissolution of the metal hydroxide to release M** ions around
the nanoparticles, which then diffuse through the MOFE. Once the M ions reach the surface of the MOF
they react with the activated HITP to perpetuate growth:

M(OH), = M?** +2 OH™

2HITP>™ +3M?* — M;5(HITP),.

For both growth modes the metal in the nanoparticles is consumed as the MOF grows. The MOF is
anchored to the nanoparticles acting as the metal source, which in turn are anchored to the substrate on
which they were deposited. The faster growth rate of Cusz (HITP), compared to Ni;(HITP), may be due to
the higher solubility of Cu(OH); (39.8 g17!) versus Ni(OH), (0.13 g1~!) in water at 20 °C.
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Figure 2. Reaction scheme for formation of the Cus (HITP), and Ni3 (HITP), MOFs from Ni or Cu nanoparticles. The metal
nanoparticles react with the HATP ligand (top right) in an ethanol/water solvent in the presence of TBMAMS electrolyte and
NH3(aq). The products are hexagonal M3 (HITP), MOF sheets that stack with slipped parallel stacking to form 3D crystals with
pore channels (bottom).

Numerous experiments were performed in which the amounts of ligand, electrolyte (TBMAMS) and
ammonia solution were modulated (further information is presented in the supplementary information).
Syntheses attempted in the absence of electrolyte resulted in the formation of large (8 um edge length)
triangular crystals and significantly less MOF (figure S20), with energy dispersive x-ray (EDX) analysis
suggesting that these features are crystalline forms of the HATP ligand, after removal of the coordinated HCI.
Through adding the TBMAMS, formation of these crystals is inhibited, confirming the key role that the
TBMAMS plays in the reaction in stabilising the soluble form of the HATP ligand. This stabilisation is
suspected to occur by increasing the concentration of counter ions that can react with excess ammonium
hydroxide, without acting to interfere with the MOF growth. This is further discussed in the supplementary
information.

2.2. Characterisation techniques

X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, powder x-ray diffraction (PXRD),
transmission electron microscopy (TEM), and scanning electron microscopy (SEM) in combination with
EDX analysis were used for sample characterisation. For XPS a K-alpha instrument from Thermo Scientific,
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UK was used. Raman spectroscopy was carried out with a System 1000 instrument from Renishaw, UK.
Scans were performed over a range of 500—2500 cm ™!, with an acquisition time of 40 s. The PXRD
instrument used was a Miniflex from Rigaku, Japan with a 1.54 A Cu Ko x-ray source. The sample was
scanned from 2° to 50° at a rate of 5° min~! with a step size of 0.02°. SEM images were taken on an
analytical Merlin instrument from Zeiss, Germany. To image the MOF on Au and MOF on IDE samples,
conductive tape was used to ensure electrical connection between the conductive top surfaces of the samples
and the SEM sample holder. For the MOF on cotton and paper samples, silver dag contacts were drawn on to
the substrates, to which conductive tape was connected to ensure charge could flow between the MOF and
the SEM holder. Accelerating voltages between 3 kV and 6 kV were used for imaging with a probe current of
100 pA. Secondary electron images were taken with the InLens detector. The same instrument was used for
EDX experiments, with an accelerating voltage of 6 kV. TEM was carried out on a JEM-2100 instrument
from JEOL, Japan operating at 200 kV. TEM samples were prepared from MOF made via submersion of pure
bulk metal in the alkaline ligand and electrolyte solution. The MOF was scraped off the surface of the metal,
dispersed in ethanol and then drop-cast onto Cu TEM grids with a holey carbon film.

3. Results and discussion

Evidence of MOF forming from the nanoparticles can be observed at the microscopic and macroscopic
levels. By eye, the colour of the nanoparticle-decorated substrates can be observed to darken as the grey
nanoparticles are consumed and the black MOF forms. This is shown in figure S1 in the SI where Cu and Ni
nanoparticle-decorated paper substrates are immersed for varying amounts of time in the alkaline ligand and
electrolyte solution. Changes in the morphology of the MOF are explored using SEM as shown in subsequent
sections.

For the Cus(HITP), and Ni; (HITP), MOFs formed on the glass IDEs, XPS and Raman spectroscopy
were carried out with the MOFs still adhered to the substrate. The XPS survey scans depicted in figures 3(a)
and (b) show the presence of the constituent MOF elements and are consistent with previously reported XPS
spectra for these MOFs [46, 47]. Survey scans of the same MOFs synthesised on the fabric, paper and Au
substrates also indicate the presence of the expected MOF elements [Cus(HITP),: figures S6-S9;

Ni; (HITP),: figures S14-S16]. Closer analysis of the Ni and Cu regions provide an insight into the oxidation
states of the metals [Cu; (HITP),: figures S10-S13; Niz (HITP),: figures S17-S19]. The binding energies for
the Ni 2p3/, sub-shells are above 855.5 eV for MOF synthesised on all of the substrates. The absence of metal
peaks at lower binding energies indicates a complete conversion of Ni to the Ni>* species within the 6 nm
inelastic mean free path lengths of the electrons (figures S17-S19). Narrow area scans of the Cu 2p regions
for the Cu MOFs on different substrates (figures S10-S13) show satellites for both the 2ps/, and 2p,/, peaks,
indicating that Cu®" ions are present. Peaks consistent with Cu/Cu™ species are also present. As the binding
energies for metallic Cu and Cu™ are coincident for copper compounds, it cannot be ruled out that residual
copper remains within the nanoparticles for the Cu;(HITP), MOFE. I situ PXRD experiments would be
required to determine whether any elemental Cu or Ni nanoparticle cores remain. The Raman spectra
depicted in figure 3(c) show the presence of peaks in the MOF spectra that are not observed in the spectrum
for the HATP ligand on its own, demonstrating that a chemical transformation has indeed occurred on the
surface of the substrates.

The thickness of the MOF layers relative to the substrates’ roughness meant that PXRD experiments
could not be carried out with the MOF still on the substrates using the available equipment. In the case of the
Cus(HITP), MOFE, the synthesis was scaled up using copper foil instead of nanoparticles for the purposes of
PXRD. Enough MOF was produced in this experiment so that the powder could be scraped off the foil and
PXRD data could be obtained (figure 3(d)). Peaks were observed at 20 = 4.7°, 9.6°, 12.6°, 16.6° and 27.4°
which are consistent with the peak positions reported in literature [48]. When indexed according to a
hexagonal unit cell, these peaks correspond to lattice parameters of a = b = 21.7 A and ¢ = 3.2 A. The (001)
peak at 20 = 27.5° is however significantly sharper than typically reported, suggesting enhanced long range
order in the interlayer c-direction for MOFs created via this synthesis method. The two additional starred
peaks at 260 = 35.6° and 38.6° can be assigned to CuO crystals [49]. The CuO is presumed to form from the
Cu(OH), intermediate as the foil dries after removal from solution. The small peak at around 24° cannot be
assigned to any reflections in the MOF, starting materials or any likely side products. It is therefore assumed
to be due to trace metal impurities in the Cu foil (99.98%) used for this scaled up synthesis, or impurities in
the HATP ligand (97%) or the TBMAMS electrolyte (97%). Unfortunately not enough material could be
produced to obtain PXRD data for the Niz (HITP), MOE. TEM was therefore carried out in order to
determine the lattice structure of both MOFs. MOF powder synthesised from pure Ni and Cu metal was
scraped off the metal surfaces and deposited onto TEM grids. In both cases, stacks of the 2D MOF sheets
were visible and the interlayer spacing could be measured. For the Cu MOF (figure 4(a)), the spacing was
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Figure 3. (a) XPS survey scan for the Cuz (HITP), MOF on glass interdigitated electrode substrate. (b) XPS survey scan for the
Ni; (HITP), MOF on glass interdigitated electrode substrate. The starred peaks are due to residual sulphur. (c) Raman spectra for
Cus(HITP), MOF (red) and Ni3(HITP), MOF (blue) synthesised in situ on glass interdigitated electrodes. The HATP ligand is
also shown (grey) but there are no distinctive features. (d) Powder X-ray diffraction scan for Cuz (HITP), synthesised on copper
foil. The MOF reflections are indexed. The two starred peaks are due to CuO crystals.

measured to be 3.2 A, which is consistent with the lattice parameter ¢ ascertained from the PXRD results. For
the Ni MOF (figure 4(b)), the interlayer spacing was measured to be 3.3 A, which is also consistent with the
literature-reported value [43].

For the copper nanoparticles deposited on paper, SEM images show how the Cu; (HITP), MOF growth
initiates from the nanoparticles within 10 min of submersion in the synthesis solution, with the smaller
particles growing and aggregating to form bigger features as the synthesis time increases (figure 5). At 0 min
the nanoparticles can be seen as spot-like features covering the paper substrate. After 10 min these features
have noticeably grown outwards from the paper substrate. After 1 h, larger rounded features formed from the
amalgamation of smaller MOF crystallites are observed on top of the paper. In the lower magnification
image, we observe that the number of larger amalgamated crystallites is sufficient for connected MOF
crystallites to bridge the paper fibres in multiple places. Treating a series of Ni nanoparticles on paper with
the synthesis solution for the same series of times enables the growth rate of Niz(HITP), to be compared to
that of Cus(HITP),. A likely growth mechanism is that larger amalgamated MOF crystallites start to form on
top of the paper fibre surfaces once the MOF particles have grown sufficiently to completely cover the fibre.
We can estimate the time taken for growth to this completely covered state by observing the time at which the
larger amalgamated crystallites start to grow. By comparing the time series SEM images for Cus; (HITP), and
Ni; (HITP), in figures S2 and S3, respectively, it can be observed that these larger MOF features are observed
within the first 10 min for the Cu MOE, but not until a time between 1 h and 2 h for the Ni MOE. This allows
us to estimate the rate of growth of the Cu MOF to be a minimum of 6 times faster than that of the Ni MOF
in this experiment.
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Figure 4. (a) TEM image depicting the 3.2 A interlayer spacing in Cus (HITP), MOE. (b) TEM image depicting the 3.3 A
interlayer spacing in Ni; (HITP), MOF.

SEM images of the same Cus(HITP), MOF formed by submerging nanoparticles on cotton, Au(111) and
Pt/glass IDE into the synthesis solution for 1 h can be seen in figure 6. Features larger than the initial
nanoparticles are observed to form on all of the substrates, supporting the proposal that the MOF grows out
from the nanoparticles. Some larger features assumed to be amalgamated MOF crystallites are also visible on
top of the substrates. For the glass and gold substrates, the MOF particles appear evenly distributed across
the flat surface of the substrate, whilst they follow the curved surface of the fibres present in the paper and
cotton samples. SEM imaging reveals that similar structures form for the case of Ni; (HITP), MOF on the
same substrates (figure S5). Consistent with the time-point experiments performed on paper substrates, the
broadening of the Ni nanoparticle features is less pronounced within 1 h across all of the substrates, reflective
of the slower growth rate of the Ni MOF. As expected, there are fewer larger features that can be attributed to
amalgamated crystallites across the paper, gold and glass samples than are present in the copper samples. The
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Figure 5. SEM images of Cu nanoparticles deposited on paper after different submersion times in the ligand synthesis solution.
The submersion time is noted in the top right of each image. The top row depicts only nanoparticles, whereas Cus (HITP), MOF
is visible for the samples submerged in the ligand solution for 10 mins, 1 h and 24 h. Each row depicts the same sample imaged at
two different magnifications (10 pm scale bar applies to the left column, 1 pm scale bar to the right column.).

fabric sample however, shows a surprisingly high concentration of amalgamated crystallites in the imaged
region. This is likely due to the fibrous and rough nature of the substrate, whereby nanoparticles deposited in
between fibres or on the sides of the fibres will be adhered less strongly to the substrate and so form MOF
crystallites that can more readily amalgamate.

The slower growth rate of the Ni MOF compared to the Cu MOF on paper is corroborated in figure 7,
which depicts Ni and Cu MOF samples on paper that were synthesised for the same amount of time. In this
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Figure 6. SEM images of Cus(HITP), MOF synthesised for 1 h on three different substrates: (a) cotton, (b) glass, and (c) Au(111).

figure a lower density of amalgamated MOF crystallites for the Ni; (HITP), image (figure 7(a)) than for the
Cu; (HITP), image (figure 7(b)) can be observed. Potential reasons for the slower growth of the Ni MOF than
the Cu MOF, despite Ni being the more reactive metal centre, can be ascertained by considering the potential
mechanism of MOF formation whereby dissolution of surface metal hydroxide releases M** ions into the
solution for combination with the activated ligand species. The significantly higher solubility of Cu(OH); in
water than that of Ni(OH), could therefore be responsible for the faster rate of Cu MOF formation.

By drawing contacts separated by 0.5 cm onto the paper samples depicted in figure 7 with silver dag, the
resistance of the samples could be measured. Prior to submersion of the nanoparticle-decorated paper
samples in the MOF synthesis solution, both the Ni and Cu paper samples were insulating. However, after
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Figure 7. SEM images of (a) Niz(HITP); and (b) Cus(HITP), MOF synthesised on paper after 24 h of submersion in the ligand
solution.

24 h of submersion in the MOF synthesis solution, the resistance of the Cuz(HITP), sample was measured at
388 kf2, and the Niz(HITP), sample at 206 kS2. The lower resistance of the Ni MOF sample, despite the lower
concentration of Ni MOF, reflects the previously-reported higher inherent conductivity of the Niz(HITP),
MOF compared to the Cu; (HITP), MOF [43, 48].

4. Conclusions

A method to synthesise Cuz(HITP), and Ni;(HITP), MOFs in situ on a variety of conductive and insulating
substrates has been presented. The method uses metal nanoparticles as the metal source to synthesise the
MOFs via submersion of the decorated substrates in an alkaline solution of the ligand in the presence of an
electrolyte. SEM imaging reveals that the MOF begins to form on the substrate within 10 min of submersion
in the ligand solution. By using metal nanoparticles deposited with a magnetron sputtering source, any
substrate that fits inside the sputtering chamber can be used. Therefore, this method is expected to be widely
applicable to substrates beyond the cotton, glass, paper and gold explored in this work. This method has the
potential for use on many substrates as it is salt-free, rapid, and does not require toxic solvents or elevated
temperatures. The proven effectiveness of the method in synthesising conductive MOFs in situ on IDEs could
be employed in the area of chemiresistive sensing, whilst the mild conditions in general make this method
promising for direct growth in delicate electronic devices. The ability to synthesise conductive MOFs on
flexible insulating substrates such as cotton and paper is significant for the development of flexible and
wearable technologies. The next step to advance this research would be to assess the performance of devices
that use the MOFs synthesised by our method as the active material. Scaling up the MOF synthesis to cover
larger areas should also be investigated.
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