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Abstract 

 

Metal-organic frameworks (MOFs) are attractive materials for use in gas sensing applications 

because of their porosity and high adsorptive site to mass ratios. Through synthesis of 

conductive MOFs, sensors that respond to analyte gases through a change in electrical 

resistance can be fabricated. However, the wide-scale use of MOFs as the functional element 

in electronic devices such as chemiresistors is limited by the absence of methods to reliably 

synthesise conductive MOFs uniformly and in situ on the desired substrates. In this thesis, 

methods of synthesising conductive MOFs to overcome these limitations are reported. 

Four different conductive MOFs were first synthesised using traditional solution synthesis, 

Cu3(HHTP)2, Ni3(HHTP)2, Cu3(HITP)2 and Ni3(HITP)2. From the resulting powdered MOF 

samples, chemiresistive sensing devices were fabricated. By analysing the sensing responses 

to NH3 and NO2 analyte gases, it was concluded that the NO2 interacted permanently with the 

HHTP-based frameworks via chemical reactions with the lone pairs on the oxygen atoms in 

the ligand, whilst the NH3 analyte interacted with the metal centres either directly with the 

metal, or indirectly via coordinated H2O. Experiments comparing sensors of the same 

Cu3(HHTP)2 MOF with different particle morphologies showed that flatter flake-like MOF 

crystals gave a superior limit of detection than sensors of the same MOF composed of 

hexagonal crystals. This work provides sensing performance benchmarks to which sensors 

made from subsequent methods can be accurately compared. It also reveals the significant 

morphological dependence of the sensing performance of these MOF systems. 

The same four MOFs were subsequently synthesised in an inverse opal structure using 

polystyrene nanosphere templates to probe the effect of this morphology on the sensing 

performance. The resulting hierarchically porous Ni3(HHTP)2 MOF structure was found to 
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respond with a reversible increase in resistance when exposed to NH3, whilst the same MOF 

synthesised via traditional solution synthesis showed no response. Contrastingly, the 

hierarchically porous Cu3(HITP)2 MOF responded to NH3 with a multicomponent response 

comprised of a reversible resistance increase and irreversible resistance decrease, when only 

a reversible resistance increase was observed for a sensor made from the same MOF 

synthesised with traditional methods. These differences are rationalised in terms of 

morphology, reaction mixture alkalinity, and inclusion of Cl from the reaction solution.  This 

work reveals that the sensing behaviour and reversibility of sensing responses of these MOFs 

can be changed by changing the synthesis conditions. This is an important insight necessary 

to inform the design of MOFs for reversible gas sensing or irreversible gas storage.  

A new method to synthesise two conductive MOFs in situ on a variety of substrates from 

metal nanoclusters is also presented. Copper and nickel nanoclusters were deposited onto 

substrates to act as the metal source for MOF formation when submerged in an alkaline 

solution of ligand and electrolyte. This method successfully generates uniform distributions 

of the desired MOFs in situ on glass, gold, paper and cotton substrates, and is therefore 

anticipated to be a significant finding in the fields of wearable electronics, chemiresistive 

sensors and capacitor devices.  

To reduce the contribution of inter-particle contact resistance to the measured resistance of 

the MOF sensors, a method to electrochemically synthesise a MOF from metal nanoclusters 

was then developed. By depositing copper nanoclusters onto inter-digitated electrodes, and 

performing chronomamperometry in a solution of the ligand, the desired Cu-based MOF was 

grown in situ on the electrodes required for sensing experiments. The resulting sensors were 

able to detect NH3 gas with concentrations in the ppb range. This makes the electrochemically-

synthesised MOF sensors competitive with the performance of metal oxide semiconductor 

sensors in terms of limit of detection. Beyond the processing and uniformity advantages, the 
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fabricated MOF sensors are also able to operate at room temperature, whilst metal oxide 

semiconductor NH3 sensors typically require operation temperatures of at least 150 °C. The 

electrochemically-synthesised MOF sensors showed enhanced linearity in response compared 

to the analogous sensors made from MOF powders, and would therefore make more reliable 

real-world sensors.  
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Chapter 1  

Introduction  

 

The demand for effective gas sensors has grown with society’s increasing awareness of the 

threats that invisible and odourless gases can pose. Research in the field of gas sensors has 

undergone considerable growth in recent years. As of 2022, the global gas sensor market was 

valued at 1.5 billion USD and is predicted to continue to rise in value over the next decade.1 

Many of us are already exposed to gas sensors on a daily basis in the form of smoke alarms 

and carbon monoxide detectors, but as technology and medical research develop, they are 

likely to play an increasingly visible role in our lives. A variety of gas sensing systems are 

available to purchase online from companies such as Bertin or Omnia Instruments. These 

ordinarily utilise spectroscopic detection techniques such as infrared spectroscopy, mass 

spectrometry or ion-mobility spectrometry, wherein equipment records variations in a 

continuous variable across a spectrum and identifies substances by comparing them to 

database records. Such spectroscopic identification methods are accurate but typically require 

an additional pre-concentration step2 and are generally bulky, costly, and unsuitable for high 

sensitivity continuous remote monitoring of environments.3 Alternative sensing systems in 

which changes in a sensor’s electrical, mechanical or optical properties are measured in real-

time during exposure to an analyte present promising alternatives to spectroscopic detection 

systems.  

Sensors that respond to changes in resistance on analyte adsorption, chemiresistive sensors, 

are widely used sensing media in commercially-available devices. Chemiresistive sensors 

using metal oxide sensing media can be purchased, but are disadvantaged by the high 
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operating temperatures that they require (typically around 300 °C).4 As such, alternative 

chemiresistive sensing systems have been investigated, with conducting polymers attracting 

particular attention, but hurdles have been presented in the form of poor humidity tolerance 

and limited lifespans.5  

Porous frameworks made up of metal nodes and organic linkers, Metal-Organic Frameworks, 

MOFs, are attractive materials for use in gas sensing devices. Renowned for their high internal 

surface areas and tuneable chemical functionalities, MOFs have generated significant interest 

as potential materials for gas sensing directly from the atmosphere.6 Some conductive MOFs 

are able to trap gaseous analytes in their pores resulting in a measurable change in 

conductivity, enabling them to act as chemiresistive sensors. Conductive MOFs are typically 

synthesised as microcrystalline powders which are then drop-cast onto the desired substrates. 

This often results in inhomogeneous MOF distributions, high inter-particle contact resistances 

and poor substrate adhesion. To aid in their integration into electronic devices such as 

chemiresistive sensors, there is therefore a need for synthesis methods that can reliably 

generate uniform distributions of the MOFs in situ on the desired substrates. The work in this 

thesis aims to address these needs by developing new methods of synthesising conductive 

MOFs, with the view to accelerating progress towards the use of conductive MOFs in real-

world devices.  

The thesis begins with a literature review on the topic of MOFs. This starts with a broad 

description of the principles of MOF design and a survey of some of the common uses of 

MOFs. The particular appeal of MOFs for use in gas sensing applications is highlighted and 

the ways in which they have been incorporated into optical, mechanical and electronic gas 

sensors is explored. The mechanisms that can lead to conductivity in MOFs are then described, 

before a description of the structure and conductivity of the specific class of MOFs focused 
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on in this thesis. Reported synthesis methods of these conductive MOFs are summarised 

preceding a description of their previous use in chemiresistive sensing devices. The chapter 

concludes with a summary of the potential sensing mechanisms that could be responsible for 

their chemiresistive responses.  

Chapter 3 gives an introduction to the experimental methods used in carrying out the work 

described. This includes the protocols used for the solution synthesis of conductive MOFs, 

complete with the chemicals and suppliers. The inter-digitated electrodes used are then 

described. This is followed by information about the magnetron sputtering source used to 

deposit metal nanoclusters on various substrates. The chronoamperometry technique 

performed to electrochemically synthesise MOFs from the metal nanoparticles is then 

explained. Sample characterisation is vital to the work in this thesis to confirm that the new 

synthesis methods developed have successfully made the desired MOFs. A description of the 

working principles and experimental conditions used in cyclic voltammetry, powder X-ray 

diffraction, transmission electron microscopy, Raman spectroscopy, X-ray photoelectron 

spectroscopy and scanning electron microscopy are given. Finally, the set-up of the sensing 

experiments is described, and the methods of extracting figures of merit, such as sensitivity 

and limit of detection, from the sensing data are explained.  

Chapter 4 is the first experimental chapter and describes the solution synthesis of 4 conductive 

MOFs. Their morphologies are compared with SEM and their sensing responses to NH3 and 

NO2 analyte gases are analysed. By comparing the responses of the four MOFs it is concluded 

that interactions with NO2 likely occur via chemical reactions with lone pairs of ligand oxygen 

atoms. Analysis of the chemiresistive responses of the same sensors to NH3 allowed us to 

confirm that these interactions likely occur directly with the metal centre, or indirectly by 

interacting with a coordinated H2O molecule.  
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Chapter 5 focuses on the development of a method to synthesise two conductive MOFs in situ 

on glass, gold, cotton and paper substrates. A room temperature magnetron sputtering source 

is used to deposit metal nanoclusters onto the substrates. These nanoclusters then function as 

the metal source for conductive MOF formation. Time-point SEM and optical images are 

analysed to give an insight into the progress of MOF growth. The MOFs are characterised 

with XPS, PXRD and TEM. The method was successful in generating MOF on all of the 

substrates used, and it is anticipated to work on any substrate that will fit inside the nanocluster 

deposition chamber. The versatility of substrates that the method works on, combined with 

the mild synthesis conditions, is anticipated to make this method useful for direct growth of 

conductive MOFs on fragile electronic components.  

Chapter 6 again involves the use of a magnetron sputtering source to deposit metal 

nanoclusters to be used in MOF synthesis. This time they are deposited onto inter-digitated 

electrodes which are then used to grow a Cu-based MOF via an electrochemical method. The 

MOF is characterised with SEM, PXRD, XPS and Raman spectroscopy. The 

electrochemically synthesised MOF was found to detect NH3 with a limit of detection of 0.158 

± 0.006 ppm, a value lower than the majority of metal oxide-based NH3 sensors.7 In addition 

to the superior limit of detection, the electrochemically-synthesised sensor achieves this value 

at room temperature, whilst metal oxide sensors often require heating to a constant 

temperature between 200 and 400 °C.8  

Chapter 7 is the final experimental chapter and describes the templated synthesis of all 4 

MOFs discussed in the previous chapters around polystyrene nanospheres. After the MOFs 

have been produced, the nanospheres are dissolved to leave inverse opal MOF structures. The 

performances of the resulting MOFs as NH3 and NO2 sensors are then assessed. The 

Cu3(HITP)2 MOF sensor made with this method was found to give a response with irreversible 
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and reversible components, whilst the solution synthesised MOF showed only reversible 

behaviour. In addition, it was found that the Ni3(HHTP)2 MOF synthesised with this method 

responded to NH3 with reversible resistance increases whilst the same MOF synthesised via 

solution synthesis showed no response. This is of significance as to our knowledge, 

chemiresistive responses to NH3 by this MOF have not been observed before. This finding 

suggests that changing the synthesis conditions and/or particle morphology can promote 

sensing responses, something that is expected to have implications in the future of MOF sensor 

design. 

In chapter 8 the results of the work described in this thesis are summarised and their 

implications are discussed. The work described presents significant steps forward in enabling 

MOFs to be integrated into electronic devices, with potential uses in wearable toxic gas 

sensors and exhaled breath devices for medical applications. The MOF synthesis methods 

described in chapters 5, 6 and 7 provide significant advantages over the solution-synthesised 

MOF benchmarks provided in chapter 4. These advantages are highlighted in chapter 8 and 

where appropriate, the sensors fabricated in this thesis are compared to other chemiresistive 

sensing materials such as metal oxide semiconductors.  
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Chapter 2 

Literature Review  

 

The aim of this DPhil is to develop effective metal-organic framework gas sensors, and new 

metal-organic framework synthesis methods to improve their applicability in electronic 

devices. In this chapter, the relevant prior art is discussed. It starts with a discussion of 

traditional 3D MOFs and their reasons for use in gas sensing. In section 2.3, conductivity in 

MOFs is introduced, alongside different synthetic routes for producing 2D conductive MOFs. 

Previous reports of such conductive 2D MOFs in chemiresistive gas sensing is then covered, 

whilst in section 2.5, studies to uncover the sensing mechanisms taking place for the MOFs 

focused on in this thesis are described.  

 

2.1 Metal-organic frameworks 

The term ‘metal-organic framework’ was first used by Yaghi et al. in 1995 to describe the 

extended framework structure formed when copper nitrate hydrate and 4,4’-bipyridine were 

reacted under hydrothermal conditions.9 The term, frequently abbreviated to ‘MOF’, describes 

the structure formed when organic ligands link metal-containing groups called secondary 

building units, SBUs, to create permanently porous frameworks.10 The organic and metal-

containing moieties are joined by chemical bonds to produce reticular frameworks. MOFs 

with different ligands or metal SBUs that have the same underlying framework net are 

described as isoreticular.11 The formation of MOFs from their constituent building blocks can 

be represented in its simplest level with a diagram such as that in Figure 2.1, reproduced from 

the 2021 publication by Singh. et al.12 
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By changing the ligand and/or metal SBU, different MOFs can be obtained. As of 2020, over 

100,000 different MOF structures had been reported.13 MOFs have been synthesised using a 

huge variety of organic linkers as the ligands, many of which use oxygen, nitrogen and sulphur 

atoms as part of the groups responsible for binding to the metal. Examples of such ligands can 

be seen in Figure 2.2. Typically, ligands used in MOF synthesis involve functional groups that 

can be deprotonated in solution to facilitate bonding to a positively charged metal ion in more 

than one place on the ligand. In addition, they are often based on planar structures such as 

benzene, as this rigidity in structure lends itself to the formation of ordered networks.  

Figure 2.1: Schematic illustration of the formation of a 3D MOF from its constituent metal nodes 
and organic linkers. 3D MOF structures can form from solutions of their components via self-

assembly. Reproduced from reference 12. 
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The BDC ligand at the top left of Figure 2.2 will be deprotonated at both of the carboxylic 

acid groups enabling it to bridge two different metal SBUs to form 3D MOFs such as 

Zr6O4(OH)4(BDC)6, commonly referred to as UiO-66.14 Subsequent research has found that 

MOFs with the same framework structure can be synthesised from BDC ligands with 

additional functionalities on the benzene in position X, as depicted at the top of Figure 2.2. 

Br, NH2 and NO2 groups have all been successfully added without altering the two-coordinate 

nature of the ligand.15 The result of this is that additional functional groups not involved in 

framework bonding are introduced into the structure, as depicted in Figure 2.3.15 This has 

enhanced the potential applications of MOFs in the UiO-66 family. UiO-66-NH2 for example, 

was found to more effectively adsorb cationic dyes from aqueous solution that its’ UiO-66 

counterpart.16 

Figure 2.2: The structures of 5 organic precursors known to form linkers in metal-organic 
frameworks. All pictured molecules must undergo some deprotonation in order to be incorporated 

into the MOF, apart from TPT (bottom right) which can act as a linker in its pictured form.  
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Figure 2.3: Structures of the UiO-66 family of MOFs comprised of Zr6O4(OH)4 clusters linked by 
benzenedicarboxylate linkers with different functionalities. Key: C (grey), H (white), O (red), Zr 
(cyan), N (purple), Br (large orange). (a) UiO-66 MOF containing 1,4-benzene-dicarboxylate linkers. 
(b) UiO-66-NH2 containing 2-amino-1,4-benzene-dicarboxylate linkers. (c) UiO-66-NO2 containing 
2-nitro-1,4-benzene-dicarboxylate linkers. (d) UiO-66-Br containing 2-bromo-1,4-benzene-
dicarboxylate linkers. The MOFs depicted in (b), (c) and (d) contain ligand functional groups that 
are not involved in MOF formation and are therefore available to interact with guest molecules. 

Reproduced from reference 15.  
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The H3BTC and TPT organic precursors depicted in Figure 2.2 can both facilitate bonding to 

3 different metal SBUs to form MOFs. The MOF synthesised from BTC3- and Cu2(CO2)4 

paddle wheel units has been widely studied since its first reported synthesis.17 More recently, 

researchers have fabricated mixed metal MOFs with the same ligand, whereby some of the 

Cu2+ ions in the original Cu-BDC MOF, Figure 2.4, were substituted for Ni2+, Zn2+, Co2+ or 

Fe2+ ions via post-synthetic ion exchange.18 The resulting M-Cu-BDC MOFs were found to 

have H2 adsorption capacity approximately 60 % higher than that of the original Cu-BDC 

MOF.18  

 

The THBTS ligand depicted in Figure 2.2 forms a 3D MOF on reaction with sodium 

bicarbonate.19 Each ligand molecule bonds to three different Na+ ions. The Na+ ions are 

described to be 8-coordinate, forming 6 bonds to sulphonate oxygen atoms, and two to 

hydroxyl oxygens. The resulting MOF is comprised of hexagonal sheets that are cross-linked 

Figure 2.4: The structure of a Cu-BTC MOF, also referred to as HKUST-1, as viewed down the z-
axis. Key: C (black), O (red), Cu (blue). The green spheres represent porous cavities in the MOF. 
Post-synthetic ion exchange enables some of the Cu centres (blue) to be replaced with Zn, Ni or Co 

centres. This results in higher H2 storage capacities. Reproduced from reference 18.  
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to Na+ in the third dimension to form a structure with 1D pore channels, Figure 2.5.19 Shimizu 

et al. found that introducing triazole molecules into the pores enhanced the proton conducting 

ability of the MOF.19 The ability of some MOFs to facilitate proton conduction by inclusion 

of particular guests or through the MOF itself, is of interest to those looking to fabricate solid 

state proton conductors for the fuel cell industry. As such, a significant amount of work has 

been performed in this field, with a number of review articles recently published.20,21,22,23 

Changing the functionality or length of the linker is key in determining the geometry of the 

pores in the final MOF, with longer linkers typically resulting in larger pores.10 MOFs can be 

Figure 2.5: Structure of the β-PCMOF2 produced from reaction of sodium bicarbonate with 2,3,6-
trihydroxy-1,3,5-benzenetrisulphanate reported by Shimizu et al. Key: C (grey), O (red), S (yellow), 
Na (cyan). (a) Ball and stick representation of a single layer of β-PCMOF2. (b) Space-filling diagram 
viewed perpendicular to the pores. (c) Space-filling diagram viewed down the pore axis. (d) Space-
filling diagram of a single pore cross-section, showing how sulphonate groups line the pores. The 
MOF conducts protons in its depicted form, but loading it with 1H-1,2,4-triazole molecules was found 

to enhance the proton conducting ability. Reproduced from reference 19.  
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labelled as micro-, meso- or macro- porous depending on the diameters of their pores. 

Typically, microporous MOFs have pore diameters less than 2 nm, mesoporous MOFs have 

pore diameters between 2 and 50 nm, and macroporous MOFs have pore diameters greater 

than 50 nm.24 By keeping the linker functionality the same but by adding phenyl groups to 

lengthen it, it can be possible to synthesise isoreticular MOFs with different pore diameters.24 

This approach was pioneered by Yaghi et al. in 2002 when they synthesised MOFs made from 

octahedral Zn-O-C clusters and carboxylate functionalised linkers of different lengths to form 

isoreticular MOFs with pore diameters between 3.8 and 28.8 Å.25 The MOFs with the largest 

and smallest diameters made in these experiments are depicted in Figure 2.6.25 By comparing 

the crystal structures of the two MOFs depicted in Figure 2.6, we can see that on changing the 

linker from 1,4-benzenedicarboxylate to p-terphenyl-4,4”-dicarboxylate, the cubic MOF 

structure is retained but the pore diameter and volume is increased. Similar experiments have 

since been performed for numerous other MOF systems.26,27,28  

MOFs with larger pores are often desired because they can offer more gas storage volume and 

more active sites per unit mass. However, increasing the pore diameter via ligand extension 

Figure 2.6: Left - Representation of the crystal structure of IRMOF-1 made from Zn-O-C clusters 
and 1,4-benzenedicarboxylate linkers. Right – Representation of the crystal structure of IRMOF-16 
made from the same Zn-O-C clusters and longer p-terphenyl-4,4”-dicarboxylate linkers. Key: Zn 
(blue polyhedra), O (red), C (black). The yellow spheres are reflective of the pore volume. Increasing 
linker length results in larger pore volumes. Figure is not to scale and is a modified section of Fig. 1 
from reference 25. 
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comes with a risk of producing less stable frameworks, an effect that is more common for 

frameworks involving relatively soft Lewis acid metals such as Cu2+ and Zn2+.29 It is not 

uncommon for MOFs with larger pore dimensions to only be stable when loaded with 

particular guests, and thus be susceptible to collapse when the guests are removed.28 There is 

also a greater risk of forming interpenetrating MOF structures as the linker is extended. Such 

structures involve the interlocking of two or more different lattices within one MOF crystal,30 

as represented schematically in Figure 2.7.30 This is typically an undesired phenomenon, as 

the formation of interpenetrated lattices reduces the size of the accessible pore aperture,28 

although for some applications interpenetrating structures offer advantages.31,32 Strategies 

explored to reduce the likelihood of forming interpenetrating structures and increase the 

stability of MOFs with larger pore diameters include adding bulky substituents to the ligand 

backbone,33 controlling the reaction temperature and concentration,34 and introducing solvents 

or counter-ions to act as temporary space-filling templates.32,35  

There are a wide range of metal-containing units that can function as nodes in MOFs, 

including single metal ions, metal carboxylate groups and metal-nitrogen groups.36 For 

example, single metal ions such as Cu2+, Co2+, Ni2+ and Fe2+ can be reacted with triphenylene-

Figure 2.7: Schematic to illustrate how on addition of further MOF reactants, an additional MOF 
lattice (red) can form interlocked with the original MOF lattice (blue). The red and blue lattices are 
not chemically bonded to each other. This is more common when longer ligands are used. 
Reproduced from reference 30.  
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based MOFs to form 2D hexagonal MOF sheets that can stack to form 3D structures.37 

Similarly, single Eu3+ ions from Eu(NO3)3.6H2O salt are reported to form a 3D MOF when 

reacted with oxalic acid ligands in the presence of a dimethyl ammonium template.38 Metal 

carboxylate clusters are also common SBUs for MOF formation. Paddlewheel metal clusters 

with the general formula M2(COO)4 appear often in MOF structures.36 For example, the 

square Cu2(COO)4 group forms the well-studied 3D HKUST-1 MOF when reacted with 

benzene-1,3,5-tricarboxylate linkers, Figure 2.4.18 In the starting salt, each Cu in the paddle 

wheel unit is present in a square pyramidal geometry where it is bonded to four carboxylate 

oxygen atoms, and one coordinating water molecule. On formation of MOFs such as MOF-

11, synthesised from Cu paddle wheels and 1,3,5,7 – adamantane tetracarboxylate ligands, the 

coordinated water is removed leaving open metal sites, which is significant for applications 

such as catalysis and gas absorption.39 Other common carboxylate SBUs include octahedron-

shaped Zn4O(COO)6 40 and Fe3O(COO)6 trigonal prisms.41 Schematic representations of 

example metal carboxylate SBUs are depicted in Figure 2.8.36 Instead of metal carboxylate 

clusters, clusters of metal ions and coordinated nitrogen-containing compounds can be used 

as SBUs. Neutral compounds based on pyridine or anionic nitrogen containing species such 

as triazole can be used to form these units.36,42

Figure 2.8: Schematic representation of common metal-carboxylate SBUs present in MOFs. Left – 4-
coordinate M2(COO)4 paddlewheel. Centre – 6-coordinate M4O(COO)6. Right – 6-coordinate 
M3O(COO)6. Key: Metal (blue polyhedra), O (red), C (black). The rest of the linker molecule extends 
from each black carbon atom to continue the framework. Figure is a reproduced subsection of Figure 
2.2 from reference 36.  
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There are now reported syntheses of MOFs based on a large number of metals across different 

blocks of the periodic table. These include lanthanides like Nd and Pr,43 group 1 metals like 

Na and Li,44 alkaline earth metals such as Sr and Ba,45 p-block metals such as Al46 and In,47  

and a number of the transition metals. This large choice in metal ions, metal cluster types, 

ligand functionalities and ligand lengths, means that MOFs lend themselves to systematic 

design for particular applications. MOFs have therefore been investigated as the active 

material across a wide variety of applications, some of which will be highlighted in the 

following section.  

 

2.1.1 Uses of MOFs 

The structural and chemical versatility of MOFs have meant that they have been explored for 

a number of different applications. Most of the investigated uses of MOFs can be grouped into 

the categories of gas storage and capture, water purification, drug delivery, catalysis or energy 

materials.  

MOFs have attracted attention as potential materials for storage of fuel gases such as CH4 and 

H2, in order to store larger masses of gas at higher temperatures or lower pressures than in 

traditional gas cylinders. 48,49,50,51 Similarly, MOFs have been investigated for use in removing 

and storing CO2 gas from the atmosphere52 and for capture of toxic gases such as SO2, H2S 

and NOx.53 A team lead by Omar Farha in the United States now develop MOF/fibre 

composites in collaboration with the military to produce clothing and masks that can both 

capture and deactivate chemical threats, such as nerve agents, in the air.54 

Water-stable MOFs have been investigated for use in water purification technologies, both as 

filtration membranes to capture and remove chemicals from water as it passes through, and as 

simple chemical or physical adsorbents.55 Substances such as dyes,16 heavy metal ions,56 
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antibiotics57 and radionuclides58 have all been removed from water using MOFs. In addition 

to water purification, MOFs have also been utilised for water harvesting.59,60 Of particular 

note is the device fabricated by Yaghi et al. that is able to harvest atmospheric water in low-

humidity environments like deserts. The device uses a MOF based on Al centres linked by 

pyrazine-2,3-dicarboxylate ligands, MOF-303, to capture water from the air without the need 

for energy input other than natural sunlight. An average of 114 g of H2O per kg of MOF per 

day was harvested when the device was tested in Death Valley, California in August 2022.61 

MOFs have also been investigated for use in biomedical applications, with a particular focus 

on drug delivery systems. MOFs have been found to encase antibiotics,62 gasotransmitters63 

and larger biological molecules such as nucleic acids and proteins.64 The drug or biological 

molecules can be incorporated into the MOF pores at the synthesis stage, with the MOF self-

assembling around the drug, or allowed to diffuse into the MOF pores from solution after 

MOF synthesis. Release of the drug can be triggered by MOF decomposition caused by 

changes in pH, exposure to UV light or the presence of biological compounds such as ATP.64 

Whilst many successful laboratory experiments have been performed in this area, there are no 

reported uses of MOFs in clinical trials. 

The high internal surface areas and consequent high densities of active sites have made MOFs 

attractive candidates for catalysis.65 MOFs have been reported to catalyse a wide variety of 

reactions including CO2 reduction,66 H2 production,67 polymerisation68 and alcohol 

oxidation.69 Recent advances in this field include fabricating multifunctional MOF catalysts 

through adding functional groups to the ligands in the MOF, allowing the MOF to act as a 

catalyst for different stages of tandem reactions.70 Not all MOFs are able to act as catalysts, 

but many have been used to immobilise catalytic species or encapsulate species such as 

catalytic nanoparticles.71 This prevents unfavourable agglomeration of the nanoparticles, 

whilst the porous nature of the MOF still enables reactants to diffuse to the nanoparticles.72 
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Diffusion of the reactants can be further enhanced by introducing specific functional groups, 

such as hydrophobic groups, to the MOF linkers.72 The same principles have recently been 

extended to biological systems. Man et al. report success in encapsulating multiple enzymes 

in different shells of ZIF-8 MOF. They were able to host incompatible enzymes in the same 

MOF particle but in different MOF shells by using epitaxial shell-by-shell overgrowth. This 

allowed incompatible-enzyme cascade reactions to occur within the same MOF particle.73  

MOFs have also been used to perform a number of roles within batteries.74 They have been 

employed as the electrode materials in rechargeable lithium-ion and sodium-ion batteries, as 

both anodes and cathodes, but the specific capacity, cost of manufacture, coulombic efficiency 

and cycling stability need to be improved before they can be used in practice.74 MOFs have 

been further investigated as components of battery separators, used to segregate the anodic 

and cathodic regions of the cell,75,76 and as electrolytes either as pristine solid MOFs, or MOFs 

filled with ionic liquids.77 As solid-state electrolytes or electrolyte additives, MOFs can 

prevent the unsafe formation of dendrites, whilst their high cation hopping site density can 

result in reduced activation energy for ionic conductivity.78 It is anticipated that future work 

in this area will focus on understanding the role of grain boundaries and morphology on ionic 

conductivity and dendrite formation, as well as new methods of MOF fabrication to remove 

grain boundaries.78 

The final key application of MOFs to be considered is that of gas sensing. As this is of most 

relevance to this thesis, it will be covered in the following section dedicated solely to this 

application.  
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2.2 MOF gas sensors 

As the demand for sensitive, selective and stable gas sensors has grown, MOFs have received 

a lot of interest as gas sensing media. Their unprecedentedly high surface area to volume ratio 

gives them an advantage in terms of both active sites per mass of material and adsorption 

capacity, which should enable high sensitivities to be accessed.79 There is also potential to 

generate highly selective sensors with MOFs. By manipulating the pore dimensions through 

ligand extension, gaseous molecules can be excluded based on their size. Ligand and metal 

combinations can be selected to manipulate the electron density and distribution, 

hydrophobicity and acidity of the MOF environment to attract desired analytes.80 Additional 

selectivity can be afforded through selection of ligands with functional groups that do not 

participate in bonding to the metal centres, leaving them free to interact with specific analyte 

guests.81 Another route is to use post-synthetic modification strategies to tailor internal 

functionality and consequent selectivity for a particular class of guests.81 There is also the 

potential for MOFs to be combined into a sensing array, in which the individual components 

respond slightly differently to different analytes. If enough components are combined, this 

should enable a characteristic pattern of responses to be generated for different analytes, 

enabling highly selective sensors to be fabricated.82 MOFs are also considered to be 

advantageous in their frequent ability to reversibly adsorb and release gases, requiring less 

energy to release their guests than zeolites.80 

As the preferred systems for gas sensing move away from spectroscopic techniques such as 

desktop mass-spectrometers, to smaller and cheaper systems such as handheld colorimetric 

devices, gas sensors that respond via a measurable change in a material’s properties have 

become more commonplace. Gas sensors reliant on spectroscopic techniques, such as infrared 

spectroscopy, mass spectrometry or ion-mobility spectrometry, use machinery to record how 
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a continuous variable changes over a range, followed by substance identification through 

comparison with a known spectrum. Whilst accurate, these spectroscopic methods suffer from 

the need for a pre-concentration step2 and are typically bulky, expensive and do not facilitate 

high sensitivity continuous stand-off monitoring of an environment.3 Instead, a number of 

materials that show measurable changes in properties on exposure to specific gases have been 

investigated. These include metal oxides, conducting polymers, carbon-based materials and 

MOFs.80 In this section, gas sensors made from MOFs that detect gaseous analytes through a 

measurable change in a material property will be explored. They have been grouped in 

accordance with the property change that the analyte gas induces; optical, electronic and 

mechanical.  

 

2.2.1 Optical MOF sensors 

Most MOF-based optical gas sensors centre around detecting changes in refractive index 

triggered by particular analyte gases infiltrating the MOF pores. The first example of this was 

published in 2010 by Lu et al. who describe synthesising the 3D Zn-based MOF ZIF-8 as 1000 

nm thick films on Si slides. As the thickness of the MOF film is of the order of magnitude of 

the wavelength of visible light, Fabry-Pérot interference peaks can be observed in UV-vis 

transmission spectra of the MOF films. On uptake of analyte gases into the MOF pores, the 

refractive index of the MOF changed and the peaks were observed to shift, with the magnitude 

of the shift correlating with the partial pressure of the analyte.83 Shifts were observed when 

the MOF was exposed to gases including propane, n-hexane and ethanol, but no change was 

seen on exposure to water vapour or cyclohexane.83 For a 1 nm resolution spectrophotometer, 

the detection limit for ethanol in water vapour was approximately 100 ppm. 
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A significant development to this technology has since been published by Hinterholzinger et 

al. who report layering ZIF-8 thin films with mesoporous TiO2 layers to produce a 1D 

photonic crystal called a Bragg stack.84 The rationale was that the red-shift of the Fabry-Pérot 

interference peaks would be amplified due to the significant refractive index contrast between 

the layer components and the increased number of layers. The sensor was found to respond to 

ethanol, methanol and isobutanol, but concentration vs response data was not obtained.84 

Further experiments by the same group involved forming additional Bragg stacks with 

HKUST-1 and CAU-1-NH2 MOFs, then combining these with the ZIF-8 Bragg stack to 

produce a 3 component sensing array. By analysing the changes in wavelength on exposure 

to set concentrations of ethanol and methanol using principal component analysis, ethanol and 

methanol vapours could be distinguished.85 

Similar principles have been applied by researchers coating optical fibres with MOFs. Light 

from an LED travels through the MOF-coated fibre to a detector, where changes in 

transmission as a result of changed MOF refractive index altering the amount of light reflected 

back into the fibre can be measured, Figure 2.9.86 It has been reported that the sensitivity of 

such devices should be higher than the Fabry-Pérot devices described above, due to the 

increased time the light waves spend propagating through the MOF.80 Sensors to detect water 

vapour,87 carbon dioxide88,86 and ethanol89 have been fabricated with MOF-coated optical 

fibres.  
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MOFs have also been incorporated into surface plasmon resonance gas sensors. At metal 

surfaces there exist charge density waves known as surface plasmons.90 When illuminated 

with a light source, a minimum in reflected intensity is observed at the incident angle which 

results in the parallel wave components of the incident light and the surface plasmon being 

equal.90 The angle at which this intensity minimum occurs is sensitive to the refractive index 

of the environment above the film, which is in turn affected by the adsorption of gaseous 

analytes. Therefore, by monitoring the change in angle at which the intensity minimum occurs, 

the presence of gaseous analytes can be probed.90 The first reports of SPR gas sensors use 

plasmonic nanoparticles such as Ag, Au and Cu to detect biomolecules, but more recent 

reports show that functionalising the nanoparticles with MOFs can enable volatile organic 

compounds, VOCs, to be detected.91 Vandezande et al. for example deposited ZIF-8 and ZIF-

93 MOFs on Au SPR sensing layers and assessed their abilities to detect alcohol vapours, 

Figure 2.10.92 The ZIF-8 coated Au sensor was able to detect 2.5 ppm of methanol vapour, 

whilst the same sensor without any MOF showed no response.92 

Figure 2.9: Schematic representation of a gas sensor made from a MOF-coated optical fibre. 
Adsorption of analyte gases into the MOF coating cause its refractive index to change, which affects 
the amount of light reflected back into the fibre resulting in a measurable change in % light 

transmission. Reproduced from reference 86.  
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Other optical gas sensors function by monitoring the quenching or enhancement of MOF 

luminescence on exposure to analytes. Luminescence in MOFs can be as a result of photo-

responsive metal centres such as some lanthanides, emission from conjugated ligands, charge 

transfer between the metal and ligand, or emissions due to guest molecules.91 Among the 

successful luminescence enhancement gas sensors is the reported use of a Cu4I4 and 

pyridylphosphine-based MOF in detecting chlorinated volatile organic compounds.93 

Contrastingly, gas sensors based on fluorescence quenching include Eu-based MOFs able to 

detect nitro-aromatic explosives94 and Zr-based porphorynic MOFs able to detect oxygen.95 

As with most of the optical techniques however, detection of analyte presence with 

luminescent MOF sensors is via a shift of wavelength or intensity change. This typically 

requires laboratory equipment and substantial electronics to analyse, which needs to be 

addressed to further the applicability of these instruments.91 

 

2.2.2 Mechanical MOF sensors 

The subtle changes in mass or surface stress on adsorption of analyte gases have been used to 

generate a number of different sensing devices. These include microcantilvers, quartz crystal 

Figure 2.10: Schematic representation of the surface plasmon resonance gas sensor probe made by 
Vandezande et al. ZIF-8 and ZIF-93 MOFs are coated onto a layer of Au surrounding an optical fibre. 
Adsorption of analyte gases into the MOF coating causes its refractive index to change, which affects 
the surface plasmons in the Au layer. This is detected by a change in the measured surface plasmon 

resonance wavelength. Reproduced from reference 92.  
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microbalances, QCM, and surface acoustic wave, SAW, sensors.  Functionalisation of devices 

of all 3 types with MOFs have been reported in literature. Microcantilevers translate surface 

stresses induced by analyte adsorption into a measurable response such as a change in 

deflection amplitude or resonant oscillation frequency.96 A schematic representation of such 

a device is given in Figure 2.11.97 MOFs can be used as the receptors to capture a number of 

gaseous molecules such as H2O, CO2 and CO gases.98,99 In particular, a sensor in which 

HKUST-1, Figure 2.4,18 was printed onto a microcantilever was able to detect p-xylene gas at 

a concentration of 400 ppb, which is lower than the 470 ppb that can be detected with the 

human olfactory system.100  

QCM gas sensors work in much a similar fashion to microcantilevers. They typically consist 

of a quartz layer sandwiched between two electrodes. Changes in mass of the electrodes can 

be detected through changes in the resonant oscillation frequency of the device.101 By 

depositing MOF onto the electrodes, a variety of VOCs can again be captured and the resonant 

frequency shift measured. Investigations by Kitagawa et al. found that Cu3(BTC)2 MOF–

functionalised QCM devices responded to hexane and methanol vapours, but that the size of 

Figure 2.11: Schematic representation of microcantilever deflection on analyte adsorption. This can 
be adapted for non-biological systems by replacing the ‘receptor molecules’ with MOF layers able 
to capture VOCs. Binding of analyte gases to the surface induces stresses which result in a 

measurable change in deflection amplitude. Reprinted from reference 97. 
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the MOF crystals had a greater impact on the frequency change than the type of analyte 

vapour.102 Fischer et al. subsequently employed oriented Cu2(NDC)2(DABCO) MOF films in 

QCM devices and found that the performance of the sensor for detection of VOCs such as 

benzene, toluene and p-xylene was highly dependent on the orientation of the MOF crystals.103 

Surface acoustic wave, SAW, sensors detect analytes through monitoring changes in resonant 

frequency or phase shift of an acoustic wave travelling through a piezoelectric material.104 A 

voltage is applied across electrodes on the piezoelectric, this generates acoustic waves that 

propagate across the surface and are reflected off gratings to enable resonance.105 The resonant 

frequencies obtainable are higher than those reached in QCM and microcantilever techniques, 

which, as proven experimentally by Dickert et al.,106 offers superior sensitivity.105 Adding 

MOFs into the path of the acoustic wave propagation has enabled CO2, CH4, acetone, ethanol 

and NH3 to be detected.80 One of the most sensitive MOF-based SAW sensors published to 

date, is one made from the Zn-based MOF, MFU-4. This device was able to detect CO2, H2, 

He, NH3 and H2O gases, with CO2 concentrations of 1 ppmv still giving a measurable 

response.107 

 

2.2.3 Electronic MOF sensors 

MOFs can be utilised to make sensing devices that respond to analyte gases through changes 

in their electrical properties such as resistance, capacitance or work function. Capacitive or 

impedimetric gas sensors can be made by inserting an insulating MOF between two 

conductive electrodes and applying an alternating current. The permittivity, impedance or 

dielectric constant of the MOF can then be monitored when exposed to gaseous analytes. The 

first major works in this area were performed by Achmann et al. who synthesised Al-
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teraphthalate, Cu-1,3,5-benzenetricarboxylate (Cu-BTC), Fe-1,3,5-benzenetricarboxylate 

(Fe-BTC) and two further sensing media by doping samples of the Fe MOF with Li and Fe(II). 

Sensors were made by screen-printing a MOF paste onto IDEs and applying heat to evaporate 

the organic component of the paste and leave a thick MOF film, or by trapping a MOF pellet 

between metal disc electrodes as in Figure 2.12.108 The sensors were exposed to samples of 

H2, NO, CO2, C3H8, H2O, methanol and ethanol vapours and impedance spectrometry was 

used to monitor changes in the electronic environments of the MOFs on exposure to different 

concentrations. Of those tested, only ethanol, methanol and H2O exposure resulted in a 

decrease in impedance of the undoped Fe MOF.108 The magnitude of impedance change was 

however far lower for ethanol and methanol than it was for comparable concentrations of 

water, and as such the only potential application was humidity sensing. Whilst the sensors 

could not compete with humidity sensors already available, the concept of MOF deposition 

onto IDEs to produce sensors is something that has been performed in the field ever since. 

 

Significant progress has since been made by Eddaoudi et al. who synthesised a MOF from 

Yttrium and fumaric acid and then used it to fabricate a capacitive inter-digitated electrode 

Figure 2.12: Diagrams to illustrate the format of impedance sensors made using (a) deposition of 
MOF onto inter-digitated electrodes and (b) MOF pellets. In both cases conductive MOF bridges 
gaps between metal electrodes. Similar set-ups have been used to integrate MOFs into electrical 
devices ever since.  Reproduced from reference 108. 
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sensor. The sensor was able to selectively detect H2S gas against CH4, NO2, H2 and C7H8. A 

linear relationship between change in capacitance and H2S concentration was obtained, and 

from this a limit of detection of 5.4 ppb was calculated.109 In 2021 Zhao et al. synthesised 

NUS-8 MOF from zirconium chloride and conjugated phenyl-group based ligands with –NH2, 

-CH3 or –H functional groups, and compared the performance of the 3 MOFs in capacitive 

sensors. They found that the –NH2 functionalised MOF sensor was the most sensitive to 

acetone vapour, although concentrations below 75 ppm were not tested.110 

The use of MOFs as active materials in field effect transistors, FETs, has been explored to a 

lesser extent than capacitive sensors. Such sensors work by transducing shifts in work 

functions of a sensing medium, initiated by adsorption of analytes, to changes in drain current 

measured between the source and gate electrodes. There are a number of reports of such 

devices being made using both polymers and MOFs together. Ameloot et al. report using a 

kelvin probe device with UiO-66-NH2 MOF to detect dimethyl methylphosphonate (as a 

model for the nerve agent, sarin) with a calculated limit of detection of 2 ppb at 50 % 

humidity.111 A schematic illustration of the kelvin probe set-up used can be seen in Figure 

2.13.111 Similarly, Davydovska et al. report that adding a Cu-BTC MOF layer onto a TiN 

electrode enabled aldehydes to be detected through changes in the work function.112 
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Sensors fabricated from conductive MOFs that respond to analyte adsorption through 

measurable changes in their resistance are a promising route to producing commercial gas 

sensors. These so-called chemiresistive sensors are the most pertinent to the experimental 

work in this thesis and will therefore be discussed within the next section which is dedicated 

to electrically conductive MOFs.  

 

2.3 Electrically conductive MOFs 

The majority of MOFs are electrical insulators, but since the first intrinsically conductive 

MOF was synthesised in 2009,113 the field has gained increasing amounts of attention. 

Enhancing the conductivity of MOFs is of interest to those looking to make chemiresistive 

sensors, electrocatalysts and charge storage devices.114 The conductivity of a material 

describes the ease with which charge carriers can be transported through it, with both the 

concentration of charge carriers and their mobility contributing to the conductivity value.115 

Five different mechanisms of transporting charge through MOFs have been identified; 

through-bond, extended conjugation, through-space, redox hopping and guest-promoted 

Figure 2.13: Schematic illustration of the kelvin probe gas sensor set-up used by Ameloot et al. to 
detect an analogue of the nerve agent sarin. The MOF is coated onto a stationary electrode which 
is connected to an oscillating reference electrode. As analyte is adsorbed by the MOF film, the 
chemical potential changes which changes the surface work function. A balancing potential is 
applied between the two electrodes, but as the work function changes, a potential difference between 
the electrodes arises and current flows. Reproduced from reference 111. 
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transport pathways. These are represented schematically in Figure 2.14 which has been 

reproduced from the 2020 publication by Xie et al.114 In this section these charge transport 

mechanisms will be explained, and key examples of MOFs using each mechanism will be 

discussed.  

The section will conclude with a discussion of the structure and conductivity of the class of 

MOFs focused on in this thesis.  
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Figure 2.14: Diagrams to represent the possible charge transfer mechanisms taking place in a MOF. 
(a) – (c) Linker heteroatom orbitals are shown in blue, metal orbitals are shown in orange and linker 
backbone orbitals are shown in grey. (a) Through-bond transport due to overlap of metal and linker 
orbitals. (b) An example extended conjugation transport pathway formed from overlapping metal d-
orbitals and linker p-orbitals. (c) Through-space transport pathway due to π-π stacking of out-of-
plane linker orbitals. (d) Electron transport via redox hopping between organic linkers. (e) Electron 

transport from metal SBU to guest molecules. Figure is reproduced and modified from reference 114. 
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2.3.1 Through-bond charge transport  

For frameworks where there is good energetic and spatial overlap between the linker and metal 

SBU orbitals, a continuous covalent pathway for charge to flow through the structure can 

exist. Such MOFs are said to transfer charge via a through-bond pathway.114 Good energetic 

and spatial overlap of the metal SBU and ligand orbitals is needed for the band gap to be low 

enough for the charges to hop from the metal to the linker groups, increasing the charge 

mobility. Such a situation is quite rare for 3D MOFs which don’t also contain extended 

conjugated regions. Successful synthesis of 3D MOFs reliant on through-bond charge transfer 

mechanisms typically involve softer and less electronegative ligand groups, to reduce the ionic 

character of the bond and so improve the spatial and energetic overlap between the SBUs. 

An important study in this area was carried out by Sun et al. in 2017.116 They synthesised 

MOFs from Mg, Mn, Fe, Co, Ni, Cu and Zn metal centres with 2,5-dihydroxybenzene-1,4-

dicarboxylic acid linkers. The conductivity of the resulting MOFs was found to be increased 

by roughly one order of magnitude by substitution of the hydroxyl groups on the ligand for 

thiol groups, resulting in the metals coordinating to the softer sulphur groups on the ligand. 

The highest reported conductivity for the MOFs formed in this experiment was that of the Fe 

and thiol-functionalised MOF, with a value of 3.9×10-6 S cm-1.116 Other MOFs reliant on 

through-bond charge transport for their conductivity often include azolate-based linkers. One 

of the highest reported conductivities for such an azolate MOF is that of the Fe(1,2,3-

triazolate)2 MOF which has a conductivity of 7.7×10-5 S cm-1.117 
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2.3.2 Extended conjugation 

When transition metal ions are bonded to ligands via groups that are conjugated with the rest 

of the ligand, the conjugation can be extended throughout the MOF.114 For this to be possible, 

the ligand itself must be fully conjugated, and the metal must have a d-orbital in the correct 

orientation for overlap with the organic linker plane to allow for π-d conjugation. Many MOFs 

with extended conjugation planes are made up of 2D sheets that stack to form 3D structures, 

with high conductivities within the 2D layers. This is exemplified in the coronene-based 

framework synthesised by Dong et al., Figure 2.15, which has a remarkable conductivity of 

10 S cm-1 at 300 K.118  

 

Success has been reported in synthesising 2D MOFs with extended conjugation using a variety 

of organic linkers.119 These include hexa-substituted triphenylenes,120 hexa-substituted 

benzenes121 and pyrenetetraone ligands.122 When used to make MOFs through solvothermal 

Figure 2.15: Schematic representation of the square planar Fe 1,2,3,4,5,6,7,8,9,10,11,12 – 
perthiolated coronene 2D MOF. Full π-d conjugation throughout the plane leads to exceptional 
conductivity. Reproduced from reference 118. 
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synthesis, these molecules typically undergo partial oxidation and deprotonation in order to 

facilitate bonding to the metal SBUs. This can lead to higher charge carrier densities in the 

resulting MOF which can be favourable for the conductivity.121 Whilst conductivity is 

conferred through extended conjugation in the ab plane, conductivity in the third dimension 

arises through π-π interlayer interactions.  

3D MOFs with extended conjugation are much rarer, but have been reported for MOFs made 

from dihydroxybenzoquinone molecules with some transition123 and rare-earth metals.124 The 

MOF made from Fe and dihydroxybenzoquinone, [Fe2(dhbq)3]2-, is formed from two 

independent enantiomeric interpenetrated nets and was measured to have a high conductivity 

of 0.16 S cm-1. However, bulky tetrabutylammonium ions were required to stabilise the 

charge, occupying the pores and reducing the usable porosity of the framework.125 

 

2.3.3 Through-space charge transport 

MOFs with conjugated ligands can participate in π-π interactions with conjugated systems on 

other ligands if correctly oriented relative to each other. This is common for 2D conductive 

MOFs that form flat layers and stack to enable favourable interactions between aromatic 

systems. This introduces a charge transport pathway across the layers as depicted in Figure 

2.14 (c). It is accepted that the charge mobility decreases as the spatial separation of the 

interacting π systems increases.126 A study by Xie et al. synthesised MOFs consisting of La3+ 

ions and tetrathiafulvalene tetrabenzoate, TTFTB, ligands under different synthesis 

conditions.127 This lead to MOFs with different stacking motifs. Conductivity measurements 

revealed that the larger the distance between the centre of the ligands, the lower the measured 

conductivity. These MOFs are uniquely suitable for this study as they contain conjugated 

ligands that can facilitate π-π interactions, but do not have an extended metal-ligand 
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conjugation pathway. This means that the through-space contribution to the conductivity can 

be studied in isolation.  Another 3D MOF synthesised from Cd2+ ions and N,N’-di(4-pyridyl)-

1,4,5,8-naphthalenetetracarboxdiimide ligands reached conductivities of 3.3×10-3 S cm-1 at 

room temperature.128 The shape of the ligand in this MOF is such that full conjugation within 

the ligand is not possible, which means that the π-π interactions are solely responsible for the 

measured conductivity.  

For 2D layered MOFs with extended conjugation in the ab plane, the extent of the contribution 

of the π-π interactions to the measured conductivity is not fully understood.114 Unless the 

conductivity across a single crystal of the MOF in question can be measured, the effect of the 

grain boundaries on the measured conductivity further complicates the picture.  

 

2.3.4 Redox hopping 

For MOFs in which the conditions for through-bond, through-space and extended conjugation 

charge transport are not met, any measurable conductivity of a MOF with vacant pores can be 

assumed to be down to redox hopping. This is the case for MOFs that do not contain π systems 

that can interact favourably through space, or any redox-active components close enough for 

orbital overlap to occur.114 Redox hopping involves charge transfer within the MOF from 

metal to metal group, and/or from linker to linker group, or metal to linker.   

MOFs reliant on redox hopping between linkers for their conductivity include 

Zr6O4(OH)8(Me2BPDC)4 and Zn4O(NDC)3, with reported conductivities of 1.3×10-5 and 0.04 

S cm-1 respectively.129,130 The conductivity of 0.04 Scm-1 for the Zn4O(NDC)3 MOF 

synthesised from zinc acetate and 2,6-naphthalene dicarboxylic acid, is orders of magnitude 

higher than the conductivities reported for other MOFs with only redox hopping transport 

mechanisms.114 The authors rationalised this in terms of the interpenetrated MOF structure 
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allowing for efficient charge hopping between the naphthalene ligand cores.130 In addition to 

the groups being spatially close enough to facilitate hopping, the redox centres should have 

similar reduction potentials. For metal-metal or ligand-ligand hopping the potential 

requirement is not an issue, but for metal-ligand hopping to occur the difference in reduction 

potential can be the conductivity-limiting factor. Ahrenholtz et al. synthesised the MOF 

CoPIZA from Co(III) tetracarboxyphenylporphorin and Co(II) carboxylate SBUs.131 Analysis 

of the MOF using cyclic voltammetry and spectroelectrochemical techniques found the 

reduction of the ligand-containing SBUs and metal containing SBUs to occur within 0.2 V of 

each other. Redox hopping was concluded to be occurring through analysis of experimentally 

obtained diffusion parameters and further spectroelectrochemical measurements.131 

 

2.3.5 Guest-promoted charge transport 

Some insulating MOFs can be made conductive by encapsulating electroactive guests. These 

guest species can facilitate electron transport from guest to guest, or from framework to guest, 

as depicted in Figure 2.14 (e).114 A number of different types of guest have been found to 

increase the conductivity of MOFs, these include; iodine and polyiodides,132 organic 

molecules such as tetracyanoquinodimethane,133 organometallics such as ferrocene134 and 

conductive polymers.135 Of particular note is the work by Hu et al. who reported a 107 times 

increase in conductivity when I2 was adsorbed by the Cu and Tb heterometallic isonicotinate 

MOF, [Tb(Cu4I4)(ina)3(DMF)].136 Comparison of the single crystal structure before and after 

I2 uptake revealed that the I2 molecules were successfully bridging the Cu4I4 groups across the 

pores through I-…I2…I- interactions, as depicted in Figure 2.16.136 Whilst strategies such as 

this are often successful in introducing conductivity, it comes at the cost of reducing the 
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available pore volume of the MOF, which is undesirable for a number of common MOF 

applications.114 

 

 

 

 

Figure 2.16: The crystal structure of the heterometallic isonicotinate MOF, 
[Tb(Cu4I4)(ina)3(DMF)] before I2 loading (top) and after I2 loading (bottom). I2 molecules bridge 
between Cu4I4 groups to increase the conductivity of the framework by a factor of 107. Key: Cu 
(green), I (purple), O (red), C (grey). The Tb3+ polyhedral are shaded in yellow. Reproduced from 
reference 136. 

 



 
 

  48 

2.4 Hexa-substituted triphenylene MOFs 

MOFs based on hexa-substituted triphenylene ligands, HXTP ligands, have attracted a lot of 

attention because of their good conductivities and potential applications in electronics.120 It is 

MOFs in this family that are synthesised and used as sensors in this thesis. Their structure, 

synthesis routes, and chemiresistive sensing behaviour will be explored in the remainder of 

this chapter.  

 

2.4.1 Structure and conductivity 

The MOFs in the HXTP family are comprised of single ion metal centres joined by HXTP-

based linkers to form hexagonal sheets. Three different molecules are used as the starting 

materials to form MOFs in this family; 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), 

2,3,6,7,10,11-hexaaminotriphenylene (HATP) and 2,3,6,7,10,11-hexathioltriphenylene 

(HTTP). These molecules are depicted in Figure 2.17. 

 

 

 

Figure 2.17: Molecular structures of the three molecules used to form linkers in the hexa-substituted 
triphenylene MOF family. Left - 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP), Centre - 

2,3,6,7,10,11-hexaaminotriphenylene (HATP), Right - 2,3,6,7,10,11-hexathioltriphenylene (HTTP). 
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In order to coordinate to metal ions and form 2D hexagonal layers, the ligands must be 

activated to their anionic and partially oxidised states. Each ligand can exist in oxidation states 

between 0 and -6, depending on the extent of oxidation and deprotonation. MOFs in this 

family are known to contain metal and organic linker species in a 3:2 ratio, forming MOFs 

with general formulas of M3(HXTP)2. The metal ions used are typically 2+, which means that 

a linker charge of 3- is required to maintain charge neutrality. Such linker species with a 3- 

charge are formed when the hetero groups on the starting molecules are deprotonated, and 

then partially oxidised through losing 1 electron per functional group pair. This process is 

depicted for a single functionalised phenyl group in Figure 2.18.137 On the left of this figure 

is the deprotonated molecular starting material with an oxidation state of 2-. Loss of 1 electron 

to form a 1- oxidation state group produces the radical species in the centre of the figure. If 

this happens on each of the phenyl groups in the hexa-substituted triphenylene molecule, a 3- 

charged species is formed. This can then coordinate to M2+ ions to form hexagonal MOF 

sheets conforming to the M3(HXTP)2 MOF formula.  

 

Whilst most of the MOFs in the HXTP family contain semi-oxidised linker groups analogous 

to the one depicted in the centre of Figure 2.18, metal centres with flexible valency can support 

linker groups with different oxidation states. This is most common for Cu-containing MOFs 

Figure 2.18: Redox structures of the 2-, 1- and 0 charge states for a deprotonated fragment of a hexa-
substituted triphenylene molecule. Deprotonation followed by partial oxidation produces the radical 
species in the centre of the figure. This species can then coordinate to M2+ ions to form 2D MOF sheets 

with extended conjugation. Reproduced from reference 137. 
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in which there is evidence to indicate that both Cu+ and Cu2+ ions are present. Redox 

communication between the ligands and metal centres has implications for the chemiresistive 

sensing behaviour of the MOFs and will be discussed in more detail in section 2.5. 

The structure of a single 2D MOF sheet is depicted in Figure 2.19. The metal centres, M, can 

be Cu2+, Ni2+, Co2+ or Pt2+ ions. If the functionality of the linker is -O, the linker is termed 

HHTP for hexahydroxytriphenylene, if it is -NH it is termed HITP for 

hexaiminotriphenyelene, and if it is –S it is termed HTTP for hexathioltriphenylene.  

 

The same planar hexagonal structure is formed for all of the metal and ligand combinations 

but the way in which these layers stack varies to give different 3D structures. The reported 

Figure 2.19: Structure of a single 2D layer of hexa-substituted triphenylene-based MOFs. M can be 
Cu2+, Ni2+, Co2+ or Pt2+ ions. If X = O, a M3(HHTP)2 MOF is formed. If X= NH, an M3(HITP)2 MOF 
is formed. If X = S, an M3(HTTP)2 MOF is formed. At the widest point, the pore diameters are 

approximately 2 nm.  
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stacking modes of MOFs of this family are slipped parallel AAAA, eclipsed AAAA, staggered 

AAAA, or interpolated ABAB, where A layers have identical in-plane structures as depicted 

in Figure 2.20 and B layers have a different arrangement of metal and ligand groups. Most of 

these structures were obtained through a combination of powder X-ray diffraction and 

computational analysis.138,139,140 Only the structure of Co3(HHTP)2 has been obtained with 

single crystal X-ray diffraction,141 but in 2021 the structures of single crystals of Ni3(HITP)2 

and Cu3(HHTP)2 were probed using high resolution TEM.142 The stacking modes of the MOFs 

formed from the different metal and ligand combinations are depicted in Figure 2.20.120 All 

of the structures involve stacking of complete hexagonal layers as drawn in Figure 2.20, apart 

from the interpolated structures exhibited by Co3(HHTP)2 and Ni3(HHTP)2. In these structures 

the hexagonal sheets are alternated with ordered layers of discrete hydrated M3(HHTP) 

units.143 
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Figure 2.20: Schematic illustration of the stacking modes formed when Cu2+, Ni2+, Co2+ or Pt2+ metal 
ions are used to form MOFs with HHTP, HITP or HTTP linkers. The 2D layers stack to form MOFs 
with staggered AAAA, eclipsed AAAA, interpolated ABAB or slipped parallel AAAA stacking modes. 

Reproduced from reference 120. 
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MOFs in the HXTP family are conductive within the 2D sheets due to the extended 

conjugation facilitated by interactions of the metal out-of-plane d-orbitals with the π-system 

of the fully conjugated planar ligands. Conductivity perpendicular to the layer planes arises 

due to through-space charge transfer by way of π-π interactions. A study of the electronic 

structure of the Cu3(HHTP)2 MOF by Rubio-Giménez et al. used dispersion corrected density 

functional theory, DFT, to look at the density of states near the Fermi level.144 By projecting 

the density of states onto specific atoms, they found that the ligand C and O 2p orbitals made 

the largest contributions, which is suggestive of strong π-π interactions between the layers.144 

Studies on single crystals of HXTP MOFs are lacking, but in 2019 Day et al. found that the 

in-plane and out-of-plane conductivity of Cu3(HHTP)2 rods were of comparable orders of 

magnitude.142  

There is some disagreement as to whether multi-layered HXTP MOFs should be considered 

to have metallic or semiconducting conductivity.120 For example, reports by Dincă et al. found 

Ni3(HITP)2 to act as a semiconductor,139 whilst computational studies by Chen et al. found 

multi-layered Ni3(HITP)2 and Cu3(HITP)2 to have metallic conductivities.145 DFT 

calculations by Rubio-Giménez et al. found Cu3(HHTP)2 to be a semiconductor with a 

theoretical band gap of 0.33 eV,144 compared to an experimental band gap of 0.48 eV.146 Their 

calculations also found the band gap to increase as the interlayer separation increased, 

reaching 0.58 eV at an interlayer separation of 5.36 Å.144 Potential reasons for the differences 

in measured and calculated band gaps were described by Foster et al. who postulate that 

transport barriers such as perpendicular grain boundaries that are not considered in theoretical 

calculations could be responsible for the discrepancies.147 

The semiconducting behaviour of Cu3(HHTP)2 has been investigated in a number of studies. 

The first experiments based on ultraviolet photoelectron spectroscopy148 and FET 
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measurements146 concluded that Cu3(HHTP)2 was a p-type semiconductor. Further work by 

Bradshaw et al. attributed the p-type behaviour to adsorbed H2O or O2 molecules at the metal 

sites of the MOF.149 They used XPS and Seebeck measurements to compare two 

electrochemically-synthesised Cu3(HHTP)2 samples, onto which polymer layers were drop-

cast at different temperatures. The polymer layer was used to transfer the MOF from the 

metallic substrates on which they were synthesised to substrates suitable for analysis, after 

which the polymer was dissolved. XPS analysis found the sample dried at the lower 

temperature to have less oxygen than that dried at a higher temperature, whilst Seebeck 

measurements found the sample including more oxygen to behave as a p-type semiconductor 

whilst the other behaved as an n-type semiconductor. They therefore concluded that H2O and 

O2 were acting as p-type dopants to the MOF, and that semiconducting character of the MOF 

could be tuned by changing the drying conditions.149 

Studies on Ni3(HITP)2 MOF samples have also reached different conclusions about its 

semiconducting behaviour. Thermoelectric studies on Ni3(HITP)2 MOF pellets by Sun et al. 

indicate that it is n-type,150 whilst similar experiments performed on a Ni3(HITP)2 thin film 

showed the MOF to be a p-type semiconductor.151 From these experiments it can be concluded 

that the semiconducting behaviours of MOFs in the HXTP family are likely to be highly 

dependent on factors such as atmospheric dopants, solvents, sample thickness and drying 

conditions. This suggests that the way the MOF resistances respond to reducing and oxidising 

gases may vary significantly with the MOF synthesis method.  
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2.4.2 Synthesis methods and device integration 

2D conductive MOFs based on HXTP ligands were first synthesised via solvothermal 

methods. This typically involves mixing solutions of the metal salt and ligand, heating the 

mixture and waiting for the MOF to form via self-assembly.120 The MOF can then be washed 

and filtered, yielding it as a microcrystalline powder. For such MOF samples to be integrated 

into electronic devices, methods like drop-casting can be used. The MOF is first dispersed in 

a solvent, then pipetted onto the desired substrate. Whilst simple and quick, drop-cast MOF 

systems often suffer with inhomogeneous distribution of the MOF on the substrate, uneven 

thicknesses, aggregation of MOF particles, high inter-particle contact resistance and poor 

substrate adhesion. Other methods of integrating powdered MOF samples into functional 

devices include mechanical compression and abrasion. The MOF powder can be compressed 

into a mould in the shape of a pellet for example, or abraded onto the desired substrate. For 

example, Campbell et al. compressed Ni3(HITP)2 MOF into small pellets that were then 

inserted into a mechanical pencil from which they could be drawn onto paper substrates.152 

Similarly, Ko et al. report blending HXTP MOF powders with graphite, then drawing them 

onto paper with a pencil-like device.153 Such methods are advantageous in that there is no 

opportunity for solvents to influence the MOF.  

Even better are methods that synthesise the MOF in situ on the desired substrates, 

circumventing the need to deposit the MOF after synthesis. 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 desired Cu3(HHTP)2 MOF.148 The steps of 

this process are outlined in Figure 2.21.148 Success was achieved with silicon, quartz and 

sapphire substrates, but the piranha solution substrate functionalisation that was required rules 

out this method to obtain MOF on flexible substrates such as PET, paper and textiles. 
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A vapour-assisted conversion technique was explored by Mahringer et al. to synthesise 180 

to 200 nm thick films of Ni3(HHTP)2 and Co3(HHTP)2 MOFs on quartz and conductive 

substrates.154 They coated the desired substrate in a 1:2 ratio ligand/metal salt solution and 

then placed it on glass spacers above a mixture of water and isopropanol solvents in a sealed 

autoclave. This was then heated to 85 °C for a minimum of 3.5 hours, Figure 2.22. The result 

was orientated thin films of the MOFs, with the crystal c-axis perpendicular to the substrate 

surface.154 

Figure 2.21: Schematic illustration of the steps performed to produce thin film Cu3(HHTP)2 MOF 
sensors by spray layer-by-layer synthesis. The copper salt is first sprayed onto the substrate, followed 
by the ethanol solvent, then the HHTP ligand and then another layer of the ethanol solvent. These steps 

are repeated to form more layers of the MOF. Reproduced from reference 148. 
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Liquid-phase epitaxy has also been used to synthesise HXTP MOFs directly on substrates. Of 

particular note is the 2020 work by Wu et al. in which Ni3(HHTP)2 was synthesised on single 

layer graphene in order to make transparent functional films. The single layer graphene 

template was submerged in the saturated ligand and metal salt solution to trigger MOF growth 

on the graphene surface.155 Success has also been reported in synthesising Cu3(HITP)2 MOF 

around polystyrene nanosphere templates. Miao et al. report coating nanospheres with HATP 

ligand and drop-casting them onto the desired substrate. An alkaline copper salt solution was 

then dropped on top allowing the MOF to form in the spaces between the nanospheres. THF 

was used to dissolve the nanospheres to leave an inverse opal MOF structure with hierarchical 

porosity.156  

In 2021 Kim et al. published a method to produce Cu3(HHTP)2 MOF films with embedded Pt 

nanoparticles via solution shearing.157 They mixed MOF and Pt nanoparticle precursor 

solutions in the presence of NaBH4 and flowed them through microfluidic channels on a 

shearing blade. The blade was then drawn across a heated substrate at an angle of 30°. The 

Figure 2.22: Schematic illustration of the vapour assisted conversion set-up used by Mahringer et 
al. Precursor metal salt and ligand solutions are placed on the desired substrates which are situated 
on elevated platforms above the solvent bath. After heating in an autoclave, thin films of the MOF 

grow on the substrate. Reproduced from reference 154. 
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solution flowed out of the microfluidic channels onto the substrate on which the MOF thin 

film grew with the Pt nanoparticles already embedded in the MOF.157 

Further progress in synthesising conductive MOFs in situ on insulating substrates was made 

by the Mirica and Wang groups at the end of 2022. Both groups published work describing 

how Cu3(HHTP)2 could be synthesised directly on fibres through coating the fibres in copper 

nanoparticles and then exposing them to solutions of HHTP.158,159 Wang et al. use a multi-

step method whereby the nanoparticles are first converted to Cu(OH)2 nanowires using a 

concentrated sodium hydroxide and ammonium persulphate solution for 20 minutes, before 

being submerged in a DMF/H2O HHTP solution for 2 hours at 80 °C. The work published by 

the Mirica group on the other hand describes how zero-valent copper nanoparticles deposited 

on a variety of woven substrates can be converted into conductive Cu3(HHTP)2 MOF and then 

used as an effective gas sensor for NO and H2S gases.159 This paper highlights the benefits of 

the synthesis method in terms of its ability to be applied to a number of different substrates 

and how easy it is to control the location of MOF growth and so generate MOF in desired 

patterns. They did not report using similar methods to produce conductive MOFs based on Ni 

or on HITP ligands. The authors utilise a neutral synthesis solution and describe how H2O2 

gas must be bubbled through the solution in order to reduce the synthesis time from 12 hours 

to 15 minutes. 

Electrochemical growth of HXTP MOFs is a promising synthesis route in terms of substrate 

adhesion, MOF homogeneity and morphological control. Bradshaw et al. report how 

Cu3(HHTP)2 can be synthesised on Cu anodes.160 A positive potential is applied to the anodes 

to oxidise the Cu whilst submerging the electrodes in a solution of the linker, allowing the 

MOF to form adhered to the bulk Cu anode. For use in applications such as chemiresistive 

sensing, the MOF must be adhered to an insulating substrate. Therefore, 

polymethylmethacrylate (PMMA) in chlorobenzene was applied to the MOF film and cured 
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overnight before the MOF@PMMA could be peeled off from the copper anode.160 This 

process is summarised in Figure 2.23.160 Attempts to remove the PMMA from the MOF were 

not reported in this publication, but were subsequently described by Liu and co-workers who 

transferred the MOF@PMMA to a flexible polyethylene napthalate substrate, which was then 

heated in acetone to dissolve the PMMA.161  

 

 

Li et al. reported a route to synthesise the same Cu3(HHTP)2 MOF electrochemically but on 

the cathode instead of the anode.162 For this method, bulk copper metal was not used, instead 

the copper source was provided by dissolved copper nitrate salt in solution with the ligand. A 

negative potential was applied to an FTO electrode, and O2 gas was bubbled through the 

solution. The authors concluded that O2 was reduced in the vicinity of the FTO cathode which 

then triggered reaction of the MOF precursors to form the Cu3(HHTP)2 adhered to the FTO.162 

Figure 2.23: Schematic showing the steps involved in the electrochemical synthesis of Cu3(HHTP)2 
on Cu anodes, and the subsequent film transfer. Cu is first electrodeposited on a Au/SiO2 substrate. 
An applied potential triggers the anodic dissolution of Cu which results in MOF formation due to 
reaction with HHTP molecules in solution. For most electrical device applications, the conductive 
MOF must be adhered to an insulating substrate, PMMA is therefore applied to the film so that the 

MOF can be peeled off the conductive Au substrate. Reproduced from reference 160. 
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2.4.3 Chemiresistive sensing of HXTP MOFs 

Conductive MOFs in the HXTP family have been found to operate as effective chemiresistive 

sensors for a number of analyte gases. A small voltage can be applied across the MOF and the 

current flowing through it is measured. On adsorption of particular analytes, the current 

changes, allowing the MOF to operate as a chemiresistive sensor. This was first reported by 

Chen et al. who fabricated a chemiresistive formaldehyde sensor based on the 3D Co-based 

MOF, ZIF-67.8 The current flowing across the sensor at a constant applied voltage was 

measured as the sensor was exposed to varying concentrations of formaldehyde gas. A 

resistance against time plot was then produced, Figure 2.24 – left. From this, the response for 

each exposure is calculated as the change in resistance divided by the pre-exposure resistance. 

Plotting these values against the analyte concentration gives the plot in Figure 2.24 – right. 

For this sensor, we observe that the response-concentration is not linear at concentrations 

above 50 ppm, but is linear below 50 ppm, as depicted in the inset image. It is linear response 

vs concentration plots like these that enable limits of detection to be calculated, section 3.3.2. 

 

Figure 2.24: Left – Resistance vs time plot for a ZIF-67 MOF sensor exposed to formaldehyde gas 
with concentrations between 5 and 500 ppm. Right – Response for each exposure is calculated as the 
change in resistance divided by the initial resistance, this is plotted against analyte concentration. 
Inset – Response and concentration are linearly related at concentrations below 50 ppm.  Reproduced 

from reference 8. 
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The first instance of HXTP MOFs operating as chemiresistive sensors was reported by 

Campbell et al. in 2015. They fabricated Cu3(HITP)2 and Ni3(HITP)2 sensors by drop casting 

the MOFs onto Au electrodes. They found the Cu3(HITP)2 sensor to respond to NH3 gas of 

concentrations down to 0.5 ppm, whilst the analogous Ni3(HITP)2 sensor gave no measurable 

resistance response at any concentration.163 The same research group then fabricated 

Cu3(HHTP)2, Cu3(HITP)2 and Ni3(HITP)2 sensors and combined them into a single sensing 

array. They exposed the sensing array to a number of different organic analytes at 200 ppm 

and recorded the conductivity changes to produce the plot shown in Figure 2.25.152 Analysis 

of the sensing responses with principal component analysis produced the plot in Figure 2.26 

in which distinct groups corresponding to different analyte functionalities are visible.152  

 

 

 

Figure 2.25: Changes in conductance observed when Cu3(HHTP)2, Cu3(HITP)2 and Ni3(HITP)2 MOFs 
were exposed to 200 ppm of various organic analyte gases. Each MOF represents a different 
component of the chemiresistive sensor array fabricated by Campbell et al. The same analyte gas can 
cause opposite resistance changes depending on the MOF used. Reproduced from reference 152. 
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Further potential for fabricating selective chemiresistive sensors was discovered by Yao et al. 

when they found that thin-films of Cu3(HHTP)2 fabricated by spray layer-by-layer epitaxy 

gave a 129 % resistance increase on exposure to 100 ppm of NH3 gas, whilst exposure to 10 

other gases including benzene, carbon monoxide and methanol gave only small resistance 

changes.148  

A lot of work on HXTP gas sensing has been done by the Mirica group. Their first work in 

this area involved drawing electrodes onto polymer films with a graphite pencil, shrinking the 

electrodes down by heating the film, then submerging the graphite-decorated film in a solution 

of the MOF precursors. With this method rod-like Cu3(HHTP)2 and Ni3(HHTP)2 particles 

formed on the polymer substrates with the electrodes on. The chemiresistive responses of the 

two different MOF sensors were considered together in a two component array, which enabled 

NH3, NO and H2S gases to be distinguished at concentrations between 10 and 80 ppm.164 They 

then synthesised Ni3(HHTP)2 and Ni3(HITP)2 MOFs directly on textile substrates by 

Figure 2.26: Principal component analysis for the responses of the 3-component MOF array 
fabricated by Campbell et al. Groups for different types of analytes can be identified; alcohol, 

aromatics, amines, aliphatics and ketones/ethers. Reproduced from reference 152. 
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submerging the clean textiles in the hydrothermal synthesis solution. Both sensors responded 

to NO and H2S gases, with the Ni3(HITP)2 sensor responding to give calculated limits of 

detection of 0.16 ppm for NO and 0.52 ppm for H2S.165 The same research group also report 

ball-milling HHTP-based MOFs with graphite, then abrading the mixture onto inter-digitated 

electrodes on paper substrates. The resulting Fe, Cu, Co and Ni – HHTP sensors were then 

combined into an array with which NH3, NO, H2S and H2O gases could be distinguished from 

one another.153 

 

2.5 Sensing mechanisms  

Whilst the sensing responses of HXTP MOFs to a number of analyte gases have been reported, 

relatively little has been said about the sensing mechanisms responsible for their performance. 

The interaction of Cu and Ni HHTP and HITP frameworks with NH3 gas is the most studied 

of the chemiresistive sensing mechanisms.  

In the pioneering sensing studies performed by Campbell et al. Cu3(HITP)2 MOF was found 

to respond with a reversible resistance increase on exposure to NH3, whilst Ni3(HITP)2 was 

found to not respond. The authors rationalised this in terms of the different d-electron counts 

of the Cu2+ and Ni2+ ions which leads to the Cu MOF having a higher fermi level.163 The 

mechanism of interaction of the isostructural Cu3(HHTP)2 MOF with NH3 was studied 

experimentally and computationally by Rubio-Giménez et al. They used IR, PXRD and 

dispersion corrected DFT to confirm that the Cu centre was the site of interaction with the 

NH3 analyte.144 Their DFT calculations suggested that increasing the interlayer separation in 

the MOF increased the band gap, indicating that the through-space π-π charge transport route 

plays a significant role in the electronic structure of the MOF. Further calculations found that 
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incorporation of NH3 guests disrupted the square planar geometry of the Cu2+ centre to a 

distorted trigonal prism, accompanied by an increase in interlayer separation of approximately 

3 %. This finding was corroborated by PXRD experiments that found a reversible increase in 

interlayer separation on exposure to NH3, and infrared reflection absorption spectroscopy, 

IRRAS, that showed a peak at 1620 cm-1 corresponding to Cu2+---NH3 coordination.144 The 

authors believe that changes in conductivity on NH3 exposure are likely due to increases in 

interlayer separation reducing the through-space charge transport efficiency and so increasing 

the band gap. It should be noted however, that the calculations were performed in an 

environment where one NH3 molecule is present per metal ion. For the case of high sensitivity 

gas sensing experiments, where MOF samples are exposed to 5 ppm of NH3 for 60 s for 

example, we consider it more likely that NH3 donating electrons to the metal centre and so 

reducing the hole concentration is the dominant mechanism responsible for the measured 

resistance increase.  

The sensing responses of Cu and Ni, HHTP and HITP MOFs to NH3 gas were later studied 

by Stolz et al.143 FTIR performed in situ as the MOFs were exposed to NH3 gases found 

evidence for NH3 interacting with the MOFs in two different ways, implying that the Cu 

MOFs contain both Brønsted and Lewis acidic sites. They concluded that the MOFs act as 

Lewis acids when the NH3 molecules donate electrons to the metal sites directly, and as 

Brønsted acids when the NH3 molecules accept protons from H2O molecules coordinated to 

the vacant sites on the metal, as illustrated in Figure 2.27.  When the MOF acts as a Brønsted 

acid, peaks corresponding to NH4
+ ions are present in the FTIR spectrum, whilst peaks 

corresponding to new Cu-N interactions appear when the MOF acts as a Lewis acid. Analysis 

of the FTIR data lead Stolz et al. to the conclusion that the Lewis acid response dominated for 

the Cu3(HITP)2 MOF, whilst a combination of Lewis acid and Brønsted acid behaviour was 

responsible for the interaction of Cu3(HHTP)2 with NH3. Whilst this evidence suggests that 
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slightly different interaction mechanisms are taking place for the two MOFs, both involve 

NH3 interacting with the MOFs at the metal centre above and below the conjugation plane, 

which would lead to slight increases of the interlayer separations, and therefore, by Rubio-

Giménez et al.’s conclusion, increased band gap and resistance. Equally, NH3 donating 

electrons to the Cu2+ metal centre thus reducing the hole concentration, would result in a 

decrease in current flow via the conventional p-type semiconductor sensing mechanism.  

 

 

Further work by Stolz et al. used XPS and EPR techniques to look at charge transfer between 

the ligand and metal centres when all 4 MOFs were exposed to basic gases.143 These 

experiments showed a shift in redox balance between the ligand and metal for the Cu-based 

MOFs on interaction with NH3, but no such change for either of the Ni-based MOFs. This is 

likely due to the more flexible valency of Cu compounds, with both Cu+ and Cu2+ being stable, 

whilst Ni2+ is by far the most stable Ni ion. In the case of Cu3(HHTP)2 interacting with NH3, 

XPS found the ligand to store more of the charge than the metal compared to the MOF pre-

exposure. On the other hand, when the Cu3(HITP)2 MOF interacted with NH3, XPS found the 

Figure 2.27: The host-guest interactions proposed for Cu and Ni HHTP and HITP MOFs. Reducing 
analyte gases, B, can interact directly with the metal centres, at Lewis acid sites, or with H2O molecules 

bonded to the metal centres, Brønsted acid sites. Reproduced from reference 143. 
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ligand to be oxidised and the metal reduced relative to the pristine MOF. The absence of 

similar evidence for the communication between the ligand and metal centre to maintain 

charge neutrality and enable the interaction with NH3 for the Ni MOFs can rationalise why no 

change in conductivity is observed when Ni3(HHTP)2 or Ni3(HITP)2 MOFs are exposed to 

NH3 gas. 

The sensing mechanism responsible for any conductivity changes when HXTP MOFs interact 

with NO2 is rarely addressed in publications. Koo et al. found Cu3(HHTP)2 MOFs with 

embedded Pt or Pd nanoparticles to respond with resistance decreases on exposure to NO2 

gas. The authors attributed this to the NO2 withdrawing electrons from the framework by 

interacting with the metal site, causing the resistance of the p-type semiconducting 

frameworks to increase.166 Jo et al. investigated the visible-light activated sensing response of 

Cu3(HHTP)2/Fe2O3 hybrids to NO2 gas and concluded that Lewis acid-base interactions 

between the Cu centres and the NO2 gas were responsible for the resistance decreases 

observed. They postulate that as the Cu3(HHTP)2 MOF contains both Cu+ and Cu2+ centres, 

the NO2 could interact with the Cu+ centres forming N-nitro, O-nitrito or O,O’ bidentate 

complexes.167 Whichever complex formed, this would result in NO2 withdrawing electrons 

from the framework and increasing the hole concentration, therefore decreasing the resistance. 

Experiments reported in this thesis however, suggest that the ligand is the more likely site for 

interaction with NO2. This will be discussed in more detail in chapter 4.  

 

2.6 Conclusion 

The high porosities and tuneable functionalities of MOFs make them attractive candidates for 

use in a variety of applications. They are also highly promising materials for use in 
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chemiresistive sensing media. Conductive MOFs can be synthesised in a number of ways but 

to aid their integration into electronic devices such as chemiresistive sensors, there is a demand 

for reliable ways of generating uniform distributions of the MOFs in situ on the desired 

substrates. The sensing mechanisms responsible for the resistance changes of HXTP-based 

MOFs on exposure to reducing and oxidising gases such as NH3 and NO2 are not yet fully 

understood.  
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Chapter 3 

Experimental techniques 

 

The general experimental techniques used to undertake the work described in chapters 4 to 7 

of this thesis are discussed in this chapter. Since chapters 5 and 6 focus on the development 

of novel methods of MOF synthesis, the specifics of these methods will not be discussed in 

this chapter. However, the general nanoparticle deposition and chronoamperometry 

techniques that are used are described in sections 3.1.3, and 3.1.4. In sections 3.1.1 and 3.1.2, 

conventional solution synthesis methods for generating the desired MOFs are described as 

well as the typical methods of fabricating sensors from these by depositing them on electrodes. 

In section 3.2 the analytical techniques used to confirm the presence of the desired MOFs are 

detailed, whilst in section 3.3, the equipment and techniques used to assess the performance 

of the sensors are explained.   

 

3.1 Sensor fabrication 

A number of different methods are used in this work to produce MOFs and sensors from these 

MOFs. These include solution synthesis from metal salts, synthesis from metal nanoclusters, 

and electrochemical growth.  

 

3.1.1 Solution synthesis of conductive MOFs 

Four different electrically conductive MOFs were synthesised via solution synthesis methods. 

These MOFs are all formed of similar 2D hexagonal layered sheets, as depicted in Figure 3.1. 

The MOFs are based on Cu or Ni centres linked by hexa-substituted triphenylene organic 
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linkers with amine or oxygen functional groups. The solution synthesis methods used to 

synthesise Cu3(HHTP)2, Cu3(HITP)2, Ni3(HHTP)2 and Ni3(HITP)2 MOFs will be described in 

the remainder of this section.  

 

 

As discussed in section 2.2, conductive MOFs made from hexahydroxytriphenylene, HHTP, 

ligands were first synthesised from solution.141 Adaptations of this first synthesis published 

by Yaghi et al. in 2012 were used to synthesise Cu3(HHTP)2 and Ni3(HHTP)2 MOFs for the 

work contained in this thesis. The methods involve reaction of a soluble metal salt with the 

HHTP ligand in a 3:2 ratio. Copper trifluoroacetate and nickel acetate tetrahydrate were the 

salts used here, both of which were purchased from Sigma-Aldrich, USA. The HHTP ligand 

was purchased from both TCI Chemicals, Japan and Fluorochem, UK. The syntheses were 

Figure 3.1: Structure of a single 2D layer of the four hexa-substituted triphenylene-based MOFs 
synthesised via solution synthesis during this project. These sheets stack to form 3D MOF crystals. 
M represents the metal centres (Cu or Ni), whilst X = NH for HITP MOFs, and X = O for HHTP 

MOFs.  

X X

X

X

M

X

X X

X

M X

X

X X

X

XM

XX

X

X X

X

M

X

XX

X

MX

X

XX

M

X

X X

X

M X

X

X X

M

XX

X

X

M

X

XX

X

MM

X = O
M = Cu

X = NH
M = Cu

X = NH
M = Ni

Ni3(HITP)2

MOF

Cu3(HHTP)2

Cu3(HITP)2

MOF

MOF

X = O
M = Ni

Ni3(HHTP)2

MOF



 
 

  70 

performed in 28 mL vented vials in an aqueous solution. The ligand was always present in 

excess. The vials were heated to 85 °C for between 24 and 48 hours depending on the MOF 

to be synthesised. Gravity filtration and washing with deionised water and acetone yielded the 

MOFs as microcrystalline blue/black powders.  

Inspired by the work of Hoppe et al., Cu3(HHTP)2 MOF was also synthesised from a copper 

(II) nitrate trihydrate salt, with the addition of between 0 and 50 equivalents of ammonia 

solution. 168 This resulted in the formation of flatter MOF crystals. The effect of morphology 

on sensing ability could then be investigated. 

The analogous MOFs based on 2,3,6,7,10,11-hexaiminotriphenylene ligands, Ni3(HITP)2 and 

Cu3(HITP)2, were also synthesised via solution synthesis methods. The organic linker was 

purchased in its hydrogen chloride coordinated form (HATP.6HCl) from BLD Pharmatech, 

Germany. The Cu3(HITP)2 synthesis was carried out according to the method published by 

Campbell et al.163 Copper sulphate pentahydrate (7 mg, 0.028 mmol) was dissolved in 

deionised water (2 mL) and ammonia solution (75 μL, 19.4 M) was added. In a separate vial, 

the HATP starting material (10 mg, 0.019 mmol) was dissolved in deionised water (3 mL). 

The two solutions were then combined and left to stand at room temperature for 3 hours. 

Gravity filtration and washing with deionised water and acetone yielded the MOF as a 

microcrystalline black powder. Both the ammonia solution and copper sulphate pentahydrate 

salt were purchased from Sigma-Aldrich, USA. Synthesis of the Ni3(HITP)2 MOF involved 

dissolving the HATP.6HCl (7 mg, 0.019 mmol) and nickel acetate tetrahydrate salt (10 mg, 

0.040 mmol) in deionised water (4 mL). The mixture was heated to 85 ºC in a vented 28 mL 

vial for 12 hours. After cooling, gravity filtration and washing with deionised water and 

acetone was performed to yield the MOF as a microcrystalline black powder.  
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3.1.2 Interdigitated electrodes and drop casting  

To be used as a chemiresistive sensor, conducting MOF must bridge an insulating gap between 

two conductors. Interdigitated electrodes, IDEs, consist of two main electrodes with 

conductive fingers that resemble interlocking combs. The two electrodes are arranged with 

their fingers extending towards each other so that the fingers of one electrode can occupy gaps 

between the fingers of the other electrode. The result is an IDE that is insulating to current 

flowing from one contact pad to the other, but only a small distance between the metallic 

fingers must be occupied by conductive material for current to flow, Figure 3.2 (a).  

Since Achmann et al. first deposited conductive MOF onto IDEs for sensing in 2009, they 

have become widely used as substrates to deposit chemiresistive MOFs onto.108 Such IDEs 

are now widely available for purchase, often costing under £10 per unit. IDEs using gold, 

platinum and copper electrodes on glass, plastic and ceramic substrates are all available.  

The IDEs used for most of the experiments reported in this thesis were purchased from Micrux 

Technologies (Spain). The metal used was Pt and the substrate was glass. The insulating gaps 

between the electrode fingers were 5 μm wide. Most of the work where IDEs were required 

could be carried out using the standard IDEs depicted in Figure 3.2 (b). The electrochemical 

synthesis described in chapter 6 was carried out on the custom electrodes depicted in Figure 

3.2 (c). The IDEs in (b) and (c) differ only in the distance between the contact pads and the 

interdigitated region. Using longer electrodes for the electrochemical synthesis avoids 

contamination of the electrode holder with the synthesis solution.  
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For instances where the MOF is not synthesised in situ on the IDEs, it is typically suspended 

in a solution and drop-cast onto the electrodes. This can lead to non-uniform distribution of 

the MOF on the electrode, which can make it hard to repeatedly fabricate sensors with the 

same resistances. This in turn can make it difficult to optimise the amount of MOF for best 

sensor performance. To minimise uneven drying of the MOF suspension droplet, different 

solvent combinations were used. The solvents used included ethanol, DI water, 1,3-propane 

diol,  isopropyl alcohol and acetone.  

 

3.1.3 Metal nanocluster deposition 

Instead of using metal salts as the metal source for MOF formation, the work described in 

chapters 6 and 7 uses metal nanoclusters. These were deposited on a variety of substrates on 

Contact pads 

Insulating 

substrate 
Conductive 

finger 

Interdigitated 
electrodes 

Glass 

substrate 

Pt contact 
pads 

(a)  (b)  (c)  

Figure 3.2: (a) Schematic representation of a typical interdigitated electrode, IDE, comprised of 
fingers of conductive material (grey) separated by gaps where the insulating substrate is exposed 
(white). (b) Photograph of the standard Micrux Technologies IDE. (c) Photograph of the custom made 
longer length IDEs from Micrux Technologies. Conductive material is deposited to bridge the 
insulating gaps and allow current to flow when a voltage is applied between the contact pads. 

  



 
 

  73 

which the MOFs were then synthesised. The process of nanocluster generation and deposition 

will be discussed here.  

A room temperature magnetron sputtering source, the NL50 from Nikalyte Ltd., was used to 

deposit nanoclusters of copper and nickel onto various substrates. Magnetron sputtering 

involves the use of magnets to form ‘electron traps’ so that high discharge currents can be 

accessed even at low temperatures and voltages.169 A target of the metal to be deposited is 

selected and inserted into the set-up, Figure 3.3,170 where it acts as a cathode. The resulting 

electric field acts to accelerate the ions of the Ar buffer gas towards the target where they 

sputter atoms of the target metal and trigger the emission of secondary electrons. By 

positioning magnets as illustrated in Figure 3.3, the magnetic field traps electrons in the 

highlighted region, increasing the plasma charge density and ionising more of the Ar atoms 

in the vicinity which increases the sputtering rate over this part of the target. The result is a 

higher sputtering rate than an analogous system without magnets, and the formation of circular 

rings (erosion rills) on the target where it has been eroded more heavily, Figure 3.3 - right.170 

The produced clusters pass through a quadrupole mass filter, QMF, and then flow to the 

substrate due to a pressure gradient inside the machine.  

Figure 3.3: Left – Magnet, electrode and target configuration in a magnetron sputtering set-up like 
the Nikalyte NL50. The combination of magnetic and electric fields creates an electron trap region 
which increases the target sputtering rate. Right – Metallic target with erosion rill due to increased 
sputtering in the electron trap region. Reproduced from reference 170. 
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With the NL50 device, nanoclusters can be deposited on any substrate that will fit on the 

deposition plate (approximately 10 cm in diameter). For the work in this thesis, copper and 

nickel nanoclusters were deposited on glass IDEs (Micrux Technologies, Spain - Figure 3.2), 

white card (WHSmith, UK), 200 thread count cotton percale (Dalston Mill Fabrics, UK) and 

Au (111) on mica (George Albert PVD, Germany).  

Using this apparatus, it has been reported that the size of the clusters varies with the age of 

the target, in that newer targets produce clusters formed of fewer atoms than targets that have 

been eroded for cluster deposition previously.171 For the case of copper nanoclusters deposited 

on silicon, the clusters were reported to diffuse and merge to form larger islands over time.171 

When copper nanoclusters were deposited on the glass IDEs for this project, they were 

annealed at 200 °C for 2 hours in air before electrochemical MOF synthesis (chapter 7). The 

aim of this was to improve adhesion of the nanoclusters to the IDE and improve conductivity 

by initiating necking between the particles. It is suspected that these necking and merging 

effects dominate over dewetting of the nanoclusters from the substrate at 200 °C, which is 

consistent with the measured decrease in resistance after annealing. Decreases in measured 

resistances were consistently observed when comparing the same nanocluster-decorated IDE 

sample before and after annealing. For example, for an IDE with 5 μm insulating gaps (Micrux 

Technologies, Spain), with 1000 ng cm-2 of copper nanoclusters deposited on it, the pre-

annealing resistance was 0.792 MΩ, whilst the resistance after annealing was 112.0 kΩ. 

As a paid for service, I was not able to control the age of the target used, so there will be slight 

variations in cluster size for each run as a result. The argon flow rate and magnetron current 

also effect the size of nanoclusters deposited, as well as the deposition rate. Reports indicate 

that increasing the argon flow rate from zero increases the size of nanoparticles deposited due 

to increased sputtering making more material available to form nanoparticles, before reaching 
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an optimum flow rate above which the deposition rate and particle size decreases. This 

decrease is due to particle growth suppression as a result of the increased frequency of inelastic 

collisions between the nanoparticles and buffer gas.172 Increasing the magnetron current 

increases the particle size and deposition rate by increasing the rate and amount of metal 

particles present in the gaseous state at any given time.172 The QMF typically permits particles 

between 2 and 15 nm through, but TEM analysis reveals particles with diameters above this 

range. This effect is attributed to the inevitable aggregation of the clusters on the surface. The 

size of the particles obtained can therefore only accurately be determined by analysis after 

deposition.173 

Both the argon flow rate and magnetron current can be easily changed on the NL50 machine. 

On consultation with members of the Nikalyte team, parameters for both the current and flow 

rates were set. For deposition of copper, an Ar flow rate of 35 sccm was used and a magnetron 

current (power) of 330 mA. These conditions typically gave a discharge voltage of around 

650 V, significantly lower than the voltages required in magnetron-free sputtering systems.169 

The same current was used for the nickel deposition, but a slightly smaller Ar flow rate of 20 

sccm was used.   

The settings were altered after commencing the deposition if the deposition rate started 

dropping. A variety of different deposition depths between 5000 and 8000 ng cm-2 were used, 

with typical deposition rates between 2 and 50 ng cm-2 s-1. If the same amount was deposited 

as a dense continuous film instead of as discrete nanoclusters, this would equate to film 

thicknesses between 5.5 and 8.9 nm. 
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3.1.4 Chronoamperometry 

Electrochemical MOF synthesis was carried out using chronoamperometry, CA. A standard 

3-electrode set-up was used, Figure 3.4. In this work, the metal source for the MOF was 

present on the working electrode either as nanoclusters or bulk metal such as copper tape or 

foil. The bulk metal was used instead of metal salt in the solution. These working electrodes 

were then submerged in a solution of ligand and electrolyte. The potentiostat applied a 

constant potential between the working and reference electrodes to oxidise the metal source 

and initiate reaction with the ligand in solution. The potential is set between the working and 

reference electrodes whilst the majority of the current flows between the working and counter 

electrodes. An electrolyte is added to the solution where it dissociates into electrochemically 

stable complex ions that enable current transport through the solution, preventing charge build 

up in the vicinity of the electrodes.   

Figure 3.4: Schematic of the 3-electrode cell used for electrochemical synthesis. The working 
electrode is decorated with the metal that will act as the metal node in the resulting MOF. The 
potentiostat applies a potential difference between the working and reference electrodes. Most of the 
current flows between the counter and working electrodes to reduce consumption of the reference. 
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For the experiments performed in Chapter 6, a 2.6 mM solution of 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP) and 0.021 M solution of methyl tetrabutyl ammonium 

sulphate (TBMAMS) electrolyte was made up in a 4:1 ethanol and deionised water mixture. 

An Ag/AgCl reference electrode (IJ Cambria Scientific Ltd., UK) was used in addition to a Pt 

coil counter electrode (BASi MW-1033 Coiled Pt Counter Electrode, Alvatek Ltd., UK). The 

working electrodes were either copper foil, copper tape or long Pt IDEs (section 3.1.2) 

decorated with copper nanoclusters. The potential was applied using a PGASTAT204 Autolab 

potentiostat (Eco Chemie, Netherlands) controlled by a PC with NOVA 2.1 software.  

 

3.1.5 Cyclic voltammetry  

Cyclic voltammetry, CV, is a technique commonly used for analysing the oxidation and 

reduction capabilities of a species. The technique typically uses a 3-electrode electrochemical 

cell like that depicted in Figure 3.4. Instead of applying a constant potential between the 

reference and working electrodes as in CA, in CV the potential is ramped from a set value to 

a minimum or maximum before being reversed. The applied potential can be set to linearly 

increase and decrease multiple times in a given experiment, as depicted in Figure 3.5. The 

current flowing between the counter and working electrodes is recorded as the potential is 

changed, and peaks arise when redox events occur on the electrodes. The potential at which 

these peaks occur and how they change with increasing number of cycles can give us 

information about redox chemistry occurring in the system.  
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To investigate the electrochemical growth of Cu3(HHTP)2 from Cu nanoclusters as described 

in chapter 6, CV was performed. In this experiment the same 2.6 mM solution of HHTP and 

0.021 M solution of the TBMAMS electrolyte in 4:1 ethanol/DI water solution was made up 

and used in the 3 electrode set-up depicted in Figure 3.4. The potential was ramped from -0.8 

V to 1.2 V and then reversed for 40 cycles, at a rate of 0.02 V s-1. The results of these 

experiments will be discussed in chapter 6.  

 

3.2 Characterisation techniques  

A number of characterisation techniques were used throughout this project. For the novel 

synthesis methods described in chapters 5 and 6 sample characterisation is of particular 

importance to prove that the new methods have been successful in making the desired MOF. 

Since the methods use nanoparticles coated on small areas of various substrates as the metal 

source for the MOF, the MOF is synthesised in small amounts, most of which is strongly 

adhered to the substrates. A distinction is therefore made between analytical techniques that 

Figure 3.5: Example plot to illustrate the potential cycling used in cyclic voltammetry. The potential 
is linearly ramped between upper and lower limits as the current flow is measured. Peaks in the 
resulting potential vs current plot can give us an insight into the redox processes taking place. 
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can be performed with the MOF still adhered to the substrate, and those for which bulk MOF 

powder must be obtained.   

 

3.2.1 Electron microscopy 

Scanning electron microscopy, SEM, involves detecting the secondary electrons emitted from 

a sample as a highly focused electron beam is rastered across the specimen.174 It was the main 

imaging technique used in this project, and was valuable for determining sample morphology 

and comparing the morphologies of samples made using different synthesis conditions. A 

Merlin Analytical SEM machine was used (Zeiss, Germany), with most images taken with 

either the standard secondary electron detector or the in-lens detector. Operating voltages 

between 3 kV and 8 kV were used as a compromise between resolution and sample damage 

prevention. The probe current was 100 pA. Imaging of the MOFs could be carried out in situ 

on all of the substrates used, including fabric, paper and glass IDEs. Whilst the MOFs are 

conductive, they were largely deposited on insulating substrates. Care was taken to electrically 

connect the MOF to the SEM holder to prevent charge build up hindering imaging. For the 

glass IDEs, a holder with copper screws that could be rotated and connected to the contact 

pads of the IDEs were used. For the fabric and paper samples, conductive contacts were drawn 

on with silver dag which was then connected to the holder with conductive tape.  

Energy-dispersive X-ray spectroscopy, EDX, was carried out on the same Zeiss Merlin 

electron microscope. In this technique, the incident electron beam knocks out electrons from 

the inner shells of an atom. Electrons occupying outer shells then move to fill the inner shell 

vacancy resulting in the release of an X-ray with energy equal to the energy difference 

between the levels, which is characteristic of a particular element.175 The X-rays are detected 

by the EDX detector and can be used for elemental analysis. In this project EDX has been 
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used primarily to determine the elemental composition of features with different morphologies 

and to identify by-products and impurities in order to inform decisions about how the reactant 

ratios should be changed.  

 

3.2.2 Powder X-ray diffraction 

Powder X-ray diffraction, PXRD, experiments can be used to calculate the lattice parameters 

of polycrystalline samples such as the MOFs synthesised in this project. When a sample with 

long-range order is irradiated with electromagnetic radiation in the X-ray region, diffraction 

occurs as the atomic spacing is of the order of magnitude of the wavelength of the incident X-

rays.176 Incident X-ray beams are reflected off lattice planes in the crystal. When the incident 

beam hits the planes at certain angles, the path difference between beams reflected off 

different parallel planes will be such that they can interfere constructively, leading to a peak 

in intensity measured by the detector. The sample is rotated within the X-ray beam to produce 

a pattern of spots corresponding to orientations that give peaks in intensity of radiation 

reaching the detector.177 For polycrystalline samples such as powders, the diffraction patterns 

from each crystal will overlap to produce a set of rings instead of a pattern of spots. These 

rings correspond to cones of diffracted X-rays as depicted in Figure 3.6.178 The angle of the 

detector to the sample, or equivalently the semi-angle of the cone, at which the intensity peaks 

occur, can be used to generate a plot of diffracted intensity as a function of angle, 2θ. By 

looking at the ratio of 2θ values at which the peaks in intensity occur, the lattice type can be 

inferred, the peaks indexed and the lattice parameters calculated. 
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In this project, PXRD was used to confirm that the desired MOFs had been produced. By 

comparing the peak positions and therefore lattice parameters with those reported in literature, 

we were able to confirm that the new synthesis methods developed in this project were 

successful in generating the MOFs. The experiments were carried out on a Miniflex machine 

with a 1.54 Å CuKα X-ray source from Rigaku, Japan. Attempts to gather data from MOF in 

situ on the substrates were not successful, likely due to the high substrate surface roughness 

relative to the thickness of MOF layer. For the syntheses described in chapters 5 and 6, 

scraping the MOF off the substrates did not yield enough MOF for ex-situ experiments to be 

performed. The metal nanoparticles were therefore replaced by bulk metal foil or tape and the 

synthesis conditions replicated in order to obtain enough MOF to be able to do PXRD. The 

Java applet, ReciprOgraph (EPFL, Switzerland), was used to generate simulated PXRD data 

for known structures from their .cif files.  

 

 

3.2.3 Transmission electron microscopy 

Transmission electron microscopy, TEM, was used for the MOFs synthesised from 

nanoclusters when not enough material could be obtained for PXRD. Like SEM, TEM uses a 

Figure 3.6: When illuminated with X-rays, powder samples produce cones of diffracted intensity with 
semi-angles, 2θ, governed by their crystal structure. The angles and intensities of the cones can be 
used to produce a PXRD plot. Reproduced from reference 178. 
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fine electron beam to probe the sample, but instead of collecting secondary electrons emitted 

from the sample or electrons reflected from the sample, TEM detects the electrons that are 

transmitted through it.179 The resolutions obtained from TEM images are typically higher than 

those obtained with SEM, but there is a requirement for the particles to be thinner and more 

dispersed. For the MOFs described in this thesis, this means that they must be removed from 

the substrate on which they were synthesised and sonicated vigorously to break the particles 

apart. They can then be drop-cast onto a TEM grid from a dilute solution. If the samples are 

prepared optimally, TEM should be able to show the hexagonal in-layer structures of the 

MOFs, with the pore diameters visible. This would negate the need to obtain the a and b lattice 

parameters from techniques such as PXRD. In reality, it is very difficult to obtain thin enough 

particles for this to be seen. When such features are observed, the thinness of the sample in 

that region makes it difficult to capture an image before the sample is destroyed by the beam. 

Imaging the stacked layers side-on to the incident beam is however more straightforward. 

Such images depict lines corresponding to MOF sheets, separated by the interlayer separation, 

equivalent to lattice parameter c for the MOFs in this project.  

In this thesis, TEM was used to determine the interlayer separation of MOF sheets when not 

enough material could be obtained for PXRD. The MOF samples were dispersed in ethanol 

and deposited onto Cu TEM grids with a lacey carbon film. The instrument used was a JEM-

2100 machine manufactured by JEOL Ltd, Japan.  

 

 

 3.2.4 Raman spectroscopy 

Raman spectroscopy was chosen over infrared spectroscopy as it was better able to probe the 

optical properties of the MOFs in situ on the IDEs on which they were synthesised. In this 

technique a laser is focused on an area of interest on the sample where it excites electrons to 
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a virtual electronic state. The electrons then fall back down to their original electronic state 

where they may end up in a different vibrational energy level and emit a photon. When 

electrons end up in a higher vibrational state than they started, the photon emitted will have 

lower energy than the incident laser beam, this leads to a peak in intensity at an energy below 

that of the incident laser.180 These peaks are termed Stokes lines whilst peaks that occur at 

higher frequencies than the original laser are termed anti-Stokes lines. The peaks in the Raman 

spectra are therefore characteristic of the vibrational energy levels of the sample, which are 

dependent on the bond strengths and atomic masses of the sample components. In this project 

a confocal instrument with a 633 nm Ne-He laser and  ̴ 2 μm probe size was used (System 

1000 instrument, Renishaw, UK) in which only the Stokes lines are recorded. Using this set-

up Raman spectra between 500 and 3000 cm-1 were recorded so that the spectra obtained for 

the starting materials and MOF products could be compared.  

For some gaseous samples, rotational fine structure can be seen but for periodic solids such 

as the MOFs, distances between functional groups are not large enough to prevent interference 

and peak broadening. Nevertheless, Raman spectroscopy has been useful here to prove that 

chemical reactions have taken place on the surface of the electrodes.  

 

3.2.5 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy, XPS, was also performed with the MOFs in situ on the 

glass IDEs. In this project it serves a similar role to EDX in that it is primarily used for element 

identification. The technique involves bombarding the sample with X-rays to stimulate 

emission of photoelectrons from deep core energy levels. The kinetic energy of these 

photoelectrons can be used to determine the binding energy of the level from which they 

came.181 This enables us to identify the elements present, but can also give us an insight into 
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the oxidation states of the atoms. Depending on the element in question, different oxidation 

states can give different binding energies, or lead to the presence of satellite peaks that are 

absent in the XPS spectrum of the atom in its neutral state. Such information about 

characteristic binding energies and satellite appearances is well documented in sources such 

as the Thermo Fisher Scientific XPS database.  

To obtain the XPS data in this thesis, a K-alpha machine with an aluminium X-ray source was 

used (Thermo Scientific, USA). As photoelectrons are emitted during the measurements, 

positive ions are generated in the sample and charge can build up if it is not earthed properly. 

This is more common for samples with conductivities lower than those of typical metals, such 

as the MOFs in this project. In order to prevent this charge build up, an electron neutraliser 

beam was used.  

 

3.3 Sensing techniques 

Experiments in which sensing materials are exposed to analyte gases of particular 

concentrations will be referred to in chapters 4, 5 and 7 of this thesis. In section 3.3.1 the 

apparatus used to test the sensors’ ability to detect different gaseous analytes will be described. 

The methods used to quantify the sensors’ performances will be detailed in section 3.3.2.  

 

3.3.1 Sensing chamber set-up 

The apparatus used to expose the sensors to analyte gases comprises a sealed chamber with 

gas inlet and outlet and equipment for recording the sensing response. A power source is 

required to apply a constant voltage across the interdigitated electrodes, and a multimeter is 

needed to measure the current flowing. Gas flow controllers are connected to cylinders of the 
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desired analyte gases so that the relative flow rates of the analyte and carrier gases can be 

manipulated to control the analyte concentration. Such a set-up can be seen in Figure 3.7, 

whilst the layout within the gas sensing chamber (Figure 3.7 (e)) is depicted in Figure 3.8.182 

 

   

 

(a)

(b)

(d)
(e)

(g)

(f)

(h)

(c)

Figure 3.7: Schematic representation of the equipment used to measure the response of a 
chemiresistive sensor to analyte gases. (a) analyte gas cylinder (b) carrier gas cylinder (c) mass flow 
controller (d) T-junction to allow mixing of analyte and carrier gases (e) sensing chamber containing 
the sensor (f) wires connecting the sensor and multimeter (g) mulitmeter and power source (h) gas 
outlet. 
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For the work in this thesis, the gas cylinders used were both purchased from BOC gases, UK. 

The ammonia cylinder had an ammonia concentration of 10 ppm, diluted in dry nitrogen. The 

carrier gas was a zero-grade dry nitrogen. The gas flow from each cylinder was controlled 

using mass flow controllers purchased from Alicat Scientific, USA. The relative flow rates of 

gases from the two cylinders were controlled via a PC with FlowVision software, so that the 

ammonia gas concentration could be changed. The gas flows from each cylinder were mixed 

at a T-junction before entering the chamber. Inside the chamber, the sensor was connected to 

a U8001A Single Output DC Power Supply (Keysight, UK) to apply a potential of 1 V across 

the sensor, and to a B2900A Source Meter (Keysight, UK) to measure the current flowing. 

The current flow was monitored in real time on a PC with Keysight Benchvue software. 

 

Figure 3.8: Schematic representation of the components inside the sensing chamber. The chamber 
is sealed except for gas inlet and outlets, and wires allowing for connection to the power supply and 
multimeter. The inter-digitated electrode sensor, IDE, is mounted on the sample stage over which 
the inlet gas will flow. A voltage is applied between the sides of the IDE using the power source, and 
a multimeter records the current flowing. The current changes as a function of analyte gas identity 
and concentration. Reproduced from reference 182. 
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3.3.2 Sensor performance assessment 

The primary quantitative factor used in literature to compare the success of sensors is their 

limit of detection, LOD. Whilst in practice the LOD of a sensor equates to the lowest 

concentration of analyte for which we observe a sensing response, the official IUPAC 

definition for a chemiresistor’s LOD is the concentration that gives a response with magnitude 

equal to three times the standard deviation of the baseline resistance, or equivalently the root 

mean square of the baseline noise.183 It is significant to note that the LOD is not usually 

directly measured through experiment, but calculated by extrapolation, as very low 

concentrations of analyte gases can often not be accurately obtained.  

To calculate the LOD for a chemiresistive sensor, the response % for each gas exposure is 

first calculated using equation (1), where ΔR is the change in resistance on exposure and R0 

is the resistance before the exposure. The response for each exposure is then plotted against 

the concentration of gas in ppm. This plot should show response to linearly increase with 

concentration. The gradient of the best fit line is equal to the sensitivity of the sensor in % 

ppm-1.   

Response % =  
ΔR

R�
× 100 

(1) 

Statistically, it can be stated with over 99 % certainty that a signal with magnitude greater 

than 3 times the value of the baseline noise has not occurred through random fluctuations of 

the baseline signal.183 In this vein the LOD in ppm can be calculated from the sensitivity 

through equation (2), were σ is the root mean square of the baseline noise. Further information 
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about the statistical justifications of this method can be found in the publication by Long et 

al.183 

LOD =  
3σ

sensitivity
 

(2) 

Whilst the LOD and sensitivity are the most commonly quoted figures of merit for gas sensors, 

they are affected by a number of factors in addition to the analyte concentration. This means 

that the effectiveness of different sensors often cannot be meaningfully compared. For short 

analyte exposures where saturation of the sensor is not possible, the response magnitude has 

been found to be affected by the analyte exposure time.184 It is also suspected that increasing 

the flow rate will increase the magnitude of the sensing response for a given concentration.185 

Until a mathematical way of correcting for flow rate in LOD calculations is developed, only 

sensors where the exposures were carried out at the same flow rate can have their LODs 

accurately compared. Moreover, the linear best-fit lines of the response vs concentration plots 

often do not pass through the origin. This means that in order for a 0 % response to register 

for a 0 ppm analyte exposure, there must be a deviation from the linear trend at concentrations 

below those sampled. Depending on how far the best fit line is extrapolated to calculate the 

LOD, this may introduce inaccuracies in the LOD value. In this project, the flow rate was kept 

constant at 500 sccm and analyte exposures were always 60 s in length. 
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Chapter 4 

Synthesis and sensing performance of solution-synthesised MOFs 

 

This chapter describes how the 4 structurally analogous Cu3(HHTP)2, Cu3(HITP)2, 

Ni3(HHTP)2 and Ni3(HITP)2 MOFs were synthesised via solution synthesis and used to make 

sensors. The morphologies of the MOFs are assessed via SEM imaging and their crystal 

structures ascertained using PXRD. Their chemiresistive sensing responses to NH3 and NO2 

gases are discussed and compared.  

The sensing results in this chapter provide the benchmark to which the sensing performance 

of the MOF sensors made using the new synthesis methods described in chapters 6 and 7 can 

be compared. Moreover, by comparing the chemiresistive sensing response shapes of the 

solution synthesised MOFs, the role of the metal centre, ligand, MOF morphology and analyte 

gas on the sensing performance can be investigated. These experiments can give us an insight 

into the sensing mechanisms of the MOFs.  

 

4.1 Context 

In order for MOF sensors made by different methods to be accurately compared, a number of 

experimental conditions must be kept constant. These include the gas flow rate, carrier gas, 

exposure time to the analyte gas, whether the concentration is increased from a minimum or 

decreased from a maximum, voltage applied to the sensor, number of repeat exposures for 

each concentration, the size of the sensing chamber and the distance of the sensor from the 

gas inlet. The chemiresistive sensing responses of Cu3(HHTP)2, Cu3(HITP)2, Ni3(HHTP)2 and 

Ni3(HITP)2  MOFs to oxidising and reducing gases have all been investigated and published 
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in literature, but the differing experimental conditions used make it difficult to decouple the 

effects of sensor fabrication/MOF synthesis methods from the effects of differing sensing 

conditions on sensor performance. 

For the sensing results in this chapter, the same conditions are used throughout so that data 

given in subsequent chapters can be meaningfully compared. A voltage of 1.0 V is applied to 

all sensors, a dry N2 carrier gas is used and the length of exposures to the analyte gases is 

always 60 s. An overall gas flow rate of 500 sccm is maintained throughout all the 

experiments. The same sensing chamber set-up is used, with the orientation and distance of 

the sensor from the gas inlet kept as constant as possible. It is common in literature for 

baselines to be corrected mathematically. In this chapter, the raw resistance changes before 

baseline correction are included to give a clear indication of the sensing response magnitude 

relative to any baseline changes.  

NH3 and NO2 gases are the analytes used in the following experiments. By comparing the 

chemiresistive responses of the sensors to a reducing gas (NH3) and an oxidising gas (NO2) it 

may be possible to gain an insight into the sensing mechanisms taking place. The mechanistic 

insights will be summarised at the end of this chapter in section 4.4.  

 

4.2 HHTP MOFs 

The solution synthesis of Cu3(HHTP)2 and Ni3(HHTP)2 MOFs will be discussed in the 

following section, followed by SEM images depicting the crystal morphologies and 

characterisation of the MOFs with PXRD. In section 4.2.3, the chemiresistive sensing 

responses of the MOFs to NH3 gas will be assessed, whilst the response to NO2 gas will be 

discussed in section 4.2.4.  
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4.2.1 Synthesis 

The Cu3(HHTP)2 and Ni3(HHTP)2 MOFs were synthesised through heating solutions of the 

relevant metal salt and HHTP ligand as described in section 3.1.1. Cu3(HHTP)2 MOF was 

synthesised from either copper trifluoroacetate, or copper nitrate trihydrate in the presence of 

50 eq of ammonia. By synthesising the Cu3(HHTP)2 MOF from different starting salts, 

samples of the same MOF with different crystal morphologies are produced. This means that 

the effect of morphology on sensing performance can be explored. In the remainder of this 

chapter, Cu3(HHTP)2 synthesised from the copper trifluoroacetate salt will be referred to as 

a-Cu3(HHTP)2, whilst that synthesised from the copper nitrate trihydrate salt will be referred 

to as n-Cu3(HHTP)2. 

 

4.2.2 Characterisation 

SEM was used to compare the morphologies of the Cu3(HHTP)2 MOFs made from the 

different starting salts. At the top of Figure 4.1, crystals of a-Cu3(HHTP)2 synthesised from 

the trifluoroacetate starting salt are depicted, whilst below crystals of n-Cu3(HHTP)2 

synthesised from the nitrate starting salt are visible. Inspired by the work of Hoppe et al., the 

nitrate salt was selected to make the flatter crystals as the nitrate anion coordinates less 

strongly to the Cu2+ than the trifluroroacetate anion.168 This means that other nitrogen-

containing additives can more effectively modulate the crystal growth and dictate the 

morphology. 50 equivalents of aqueous ammonia were added to the copper nitrate trihydrate 

and HHTP synthesis solution. The theory behind this is that the ammonia molecules will 

occupy some of the coordination sites on the Cu2+ centres, preventing further reaction with 

the HHTP. The flake-like crystals visible in the SEM, Figure 4.1 – bottom, suggest that the 

presence of ammonia terminating groups inhibits stacking of the 2D MOF sheets, resulting in 
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flatter/thinner crystals.168 It should also be noted that the crystals produced from the nitrate 

salt (Figure 4.1 – bottom) are shorter in length as well as flatter in width than the a-

Cu3(HHTP)2 crystals (Figure 4.2 – top). The effect of this larger surface area to volume ratio 

on the sensing performance will be discussed in sections 4.2.3 and 4.2.4. 

 

PXRD was used to confirm that the MOFs made from the two different methods were both 

Cu3(HHTP)2, and a comparison of the relative peak heights was used to determine the 

Figure 4.1: Top – SEM image of a-Cu3(HHTP)2 synthesised from copper trifluoroacetate. Bottom – 
SEM image of n-Cu3(HHTP)2 synthesised from copper nitrate trihydrate in the presence of 50 
equivalents of ammonia. These crystals are flatter and smaller than those fabricated from the 
trifluoroacetate salt.  
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dimension which the ammonia additives affected the crystal growth. The PXRD data in Figure 

4.2 shows that the peaks at 2θ = 4.6°, 9.4°, 12.4° and 16.4° appear in the diffraction pattern 

for both a-Cu3(HHTP)2 and n-Cu3(HHTP)2. These can be indexed to the (100), (200), (210) 

and (220) planes respectively and correspond to lattice parameters a and b being equal to 22.2 

Å. The peaks corresponding to stacking of the 2D crystals in the c-direction however differ 

slightly in position and shape between the a-Cu3(HHTP)2 and n-Cu3(HHTP)2 samples. In the 

n-Cu3(HHTP)2 pattern the (001) peak appears at 28.2° corresponding to a lattice parameter, c, 

of 3.16 Å., whilst the analogous peak in the a-Cu3(HHTP)2 pattern appears at 27.6° leading to 

a c value of 3.23 Å. This suggests that the presence of the ammonia modulator affects the 

interlayer spacing of the 2D MOF sheets, with the layers presenting slightly closer together 

on average in the ammonia-modulated crystals. However, the broadening of the (001) peak in 

the n-Cu3(HHTP)2 sample increases the uncertainty in the reported 2θ value for this peak. This 

broadening could be due to slight stacking variations leading to a range of d001 values. 

However, the symmetrical nature of the peak makes Scherrer broadening due to the low 

thickness of the crystal in the c-direction the more logical conclusion. Calculation of the 

average particle thickness by using the full width half maximum in the Scherrer equation 

calculates the thickness to be 6 -7 nm, which is roughly consistent with the thickness observed 

in the SEM image at the bottom of Figure 4.1. The (001) peak in the a-Cu3(HHTP)2 pattern is 

sharper, and other reflections in this region are visible. Comparison to simulated data suggests 

that the small peak at 29° corresponds to the (201) plane.168 
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The significantly reduced intensity of the (001) peak relative to the (100) peak in the n-

Cu3(HHTP)2 pattern compared to the same peaks in the a-Cu3(HHTP)2 pattern, reflects the 

difference in morphologies of the samples observed in the SEM. It suggests that ordering in 

the c-direction is shorter range for the n-Cu3(HHTP)2 MOF than for the a-Cu3(HHTP)2 MOF.  

From this information is can be concluded that the pores’ openings are present on the planes 

of the flakes. The effect of this on sensing performance will be looked at in section 4.2.3.  

The structurally analogous Ni3(HHTP)2 MOF was synthesised in aqueous solution as 

described in section 3.1.1. The resulting MOF crystals can be seen in the SEM image in Figure 

4.3. This depicts rod-like crystals with hexagonal cross-sections.  

 

Figure 4.2: PXRD patterns for a-Cu3(HHTP)2 synthesised from copper trifluoroacetate (blue) and  
n-Cu3(HHTP)2 synthesised from copper nitrate trihydrate in the presence of 50 equivalents of 
ammonia (red). The (001), (200), (210), (200) and (001) peaks appear at very similar 2θ values, 
indicating that the MOFs have the same crystal structure.  
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Further characterisation with PXRD reveals peaks at 2θ = 4.6°, 9.3°, 12.3° and 16.1°, Figure 

4.4.  As for the Cu3(HHTP)2 samples, these can be indexed to the (100), (200), (210) and (220) 

planes respectively. In contrast to the Cu3(HHTP)2 patterns, the (001) peak appears at 13.9°, 

giving a c parameter of 6.36 Å, approximately double the c value for the analogous copper 

MOF. This is consistent with literature reports indicating that unlike the Cu3(HHTP)2 MOFs 

which have slipped parallel AAAA stacking, the layers of the Ni3(HHTP)2 MOF have an 

interpolated ABAB stacking arrangement.120 As expected, this interpolated stacking 

arrangement would require a double height unit cell to describe the stacking periodicity of the 

crystal. The pattern obtained here is consistent with that published by Mirica et al., where they 

concluded the structure to be formed of 2D hexagonal sheets of MOF, interpolated with 

ordered layers of discrete hydrated Ni3(HHTP) ions.143  The likely effect of this stacking on 

the interaction of the MOF with analyte gases can be investigated by looking at the MOFs’ 

chemiresistive responses to reducing and oxidising analyte gases. 

Figure 4.3: SEM image of Ni3(HHTP)2 synthesised from a solution of the ligand and metal salt. Rod-

like crystals with hexagonal cross sections are visible.  
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4.2.3 Sensing response of HHTP MOFs to NH3 

Separate sensors were made from each of the a-Cu3(HHTP)2, n-Cu3(HHTP)2 and Ni3(HHTP)2 

MOF powders. 10 mg mL-1 solutions of the MOFs were made up in IPA and 30 × 5μL droplets 

were drop-cast onto Pt/glass interdigitated electrodes (Micrux Technologies, Spain). The 

sensors were then submerged in acetone overnight before being removed and dried on a hot 

plate at 60 °C for 20 minutes. The baseline resistance was allowed to settle for at least an hour 

before analyte exposures commenced. The Ni3(HHTP)2 sensor showed no change in 

resistance on exposure to 5 ppm of NH3 for 60 s, consistent with previously published 

studies.164 Both Cu3(HHTP)2 sensors did respond to 60 s exposures of NH3 gas with 

concentrations between 5 ppm and 1 ppm. The results of these experiments can be seen in 

Figure 4.5. 

Figure 4.4: PXRD pattern of Ni3(HHTP)2 MOF powder made via solution synthesis. Peaks 
corresponding to the (100), (200), (001), (220) and (002) planes have been indexed. The presence of 

two (00l) peaks indicates that the MOF is comprised of alternating layers. 
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Figure 4.5: Top Left - Resistance change of an a-Cu3(HHTP)2 sensor exposed to NH3 gas with 
concentrations between 5 and 1 ppm. Centre Left – Baseline corrected resistance change of the a-
Cu3(HHTP)2 sensor exposed to NH3 gas. Bottom Left - Corresponding calibration plot for the a-
Cu3(HHTP)2 response to NH3. Top Right - Resistance change of an n-Cu3(HHTP)2 sensor exposed 
to NH3 gas with concentrations between 5 and 1 ppm. Centre Right - Baseline corrected resistance 
change of the n-Cu3(HHTP)2 sensor exposed to NH3 gas. Bottom Right - Resistance change of the 
n-Cu3(HHTP)2 sensor exposed to NH3 gas. Both sensors respond with reversible resistance increases 
when exposed to NH3 gas, but the sensitivity of the sensor fabricated from the flatter n-Cu3(HHTP)2  

crystals is superior.  
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By inspecting the raw resistance change plot shown on the top left of Figure 4.5 for an a-

Cu3(HHTP)2 sensor and the top right for an n-Cu3(HHTP)2 sensor, a significant baseline 

resistance decrease can be seen for both sensors. This could be due to the dry N2 carrier gas 

flow driving off any residual solvent molecules that could be present adhered to the IDEs or 

inside the MOF pores themselves. The resistance decrease persists after many hours of dry N2 

flow which implies that it is likely to be solvent inside the MOF that is being drawn out, rather 

than solvent adhered to the electrode surface. The increase in current whilst a continuous 

voltage is maintained implies that the solvent molecules, (water, IPA and acetone were all 

used in the synthesis) interact with the MOF in a way that reduces its conductivity. On 

exposure to the reducing gas, NH3, the resistance of both Cu3(HHTP)2 sensors increased 

reversibly. Since it is suspected that residual solvent increases the resistance too, this could 

mean that the same sites on the MOF can be occupied by solvent and reducing gas molecules. 

The fact that the analogous Ni3(HHTP)2 MOF did not respond to NH3 gas suggests that the 

interaction site is likely on the Cu centre. 

Comparison of the plots at the top of Figure 4.5 reveals that the n-Cu3(HHTP)2 sensor gives 

resistance increases with magnitudes much larger relative to the baseline drift than the a-

Cu3(HHTP)2 sensor does. By subtracting a baseline formed from interpolating between the 

points on the curve just before analyte exposure, and then adding the average resistance of 

this baseline, the baseline-corrected plots in the centre of Figure 4.5 are obtained.  

The change in resistance as a percentage of the initial resistance (the response) is calculated 

for each analyte exposure and a plot of the response % against concentration for each sensor 

can be seen at the bottom of Figure 4.5. The gradient of these calibration plots gives the 

sensitivities of the sensor. The sensitivity of the n-Cu3(HHTP)2 sensor is found to be 5 times 

higher than the a-Cu3(HHTP)2 at 0.22 ± 0.06 % ppm-1 compared to 0.044 ± 0.006 % ppm-1. 

Using the sensitivities derived from the calibration plots, theoretical limits of detection can be 
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calculated. The noisier baseline and smaller response percentages gave the a-Cu3(HHTP)2 

sensor a higher LOD of 1.2 ± 0.2 ppm, whilst the LOD for the n-Cu3(HHTP)2 sample was 

calculated to be 0.12 ± 0.03 ppm. For an ideal sensor, the best fit line of the calibration plot 

should pass through the origin, indicating that an analyte concentration of 0 would give a 0 % 

response. However, this is rarely the case for chemical sensors like MOFs and is not the case 

for the plots in Figure 4.5. The offset of the best fit line from the origin means that the response 

vs concentration behaviour must deviate from the linear trend at very low concentrations. As 

the intercepts of the best fit lines are positive however, the gradients must increase as the 

concentration decreases to below 1 ppm, leading to higher sensitivities in the low 

concentration region.  

The superior sensing ability of the n-Cu3(HHTP)2 sample implies that the flake-like particle 

morphology and/or smaller particle dimensions are favourable for generating NH3 sensors in 

terms of response magnitude. This is likely due to the greater proportion of pores exposed at 

the surface of the particles, reducing the distance an analyte molecule must diffuse before 

reaching a site to bind to on the MOF. The measured conductivity across the IDEs for the 

same mass of MOF was also higher for the n-Cu3(HHTP)2 sensor suggesting that there is 

better electrical contact between the particles. Furthermore, the baseline drift of the n-

Cu3(HHTP)2 was also less significant. Whether the same enhanced sensing response for the 

MOF with the flake-like morphology is observed when the sensors are exposed to NO2 gas 

will be discussed in the following section.  

 

4.2.4 Sensing response of HHTP MOFs to NO2 

All three of the a-Cu3(HHTP)2, n-Cu3(HHTP)2 and Ni3(HHTP)2 MOF sensors were found to 

respond to NO2 gas giving irreversible resistance decreases, Figure 4.6. The contrasting 
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magnitude and reversibility of the responses to NO2 and NH3 imply that a different sensing 

mechanism is taking place, likely at a different site on the MOF, with a suggestion that the 

NO2 remains permanently chemically bound to the framework. The largely irreversible nature 

of the responses means that the magnitude of subsequent sensing responses is highly 

dependent on the number of prior analyte exposures. As such, exposures at each concentration 

were not repeated and no calibration plot could be obtained. Instead, the change in resistance 

as a percentage of the initial resistance for 5 ppm exposures for each sensor are compared. 

The highest percentage change in resistance was for the a-Cu3(HHTP)2 sensor at 19.6 % 

followed by the Ni3(HHTP)2 sensor at 17.0 %. At 8.7 % the n-Cu3(HHTP)2 sensor gave the 

smallest resistance decrease. This suggests that the accessibility of the pores does not limit the 

response magnitude when it comes to interaction with NO2 gases. The fact that the same type 

of response is seen when both Ni and Cu-based HHTP sensors are exposed to NO2 gas 

suggests that the NO2 is not binding to the metal centres, and is more likely to participate in 

an irreversible chemical interaction with the ligand. The contrasting ABAB stacking mode of 

the Ni3(HHTP)2 MOF compared the Cu3(HHTP)2 MOF’s AAAA stacking does not appear to 

affect the sensing response to NO2, despite the fact that the resulting sensor has a significantly 

higher initial resistance. This Ni3(HHTP)2 sensor does however have a higher baseline noise 

than the analogous Cu sensors. If reversible responses were observed, this would result in a 

significantly higher calculated LOD.  
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Figure 4.6: Resistance changes of a-Cu3(HHTP)2 (top), n-Cu3(HHTP)2 (centre) and Ni3(HHTP)2 
(bottom) sensors to concentrations of NO2 gas between 5 and 1 ppm. All sensors show irreversible 

resistance decreases on exposure to NO2. 
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4.3 HITP MOFs 

Analogous MOFs made from hexa-substituted triphenylene molecules with amine groups 

rather than hydroxyl groups were also synthesised. In this section solution synthesis routes to 

produce these MOFs will be discussed, followed by how they were characterised by SEM and 

PXRD. Their sensing responses to NH3 and NO2 analyte gases will then be explored.  

 

4.3.1 HITP MOF synthesis  

Both MOFs were synthesised using the experimental protocols outlined in section 3.1.1. A 

nickel(II) acetate trihydrate salt was used for synthesis of Ni3(HITP)2 and synthesis of the 

Cu3(HITP)2 MOF was only attempted from the copper(II) acetate salt. The organic starting 

material used was 2,3,6,7,10,11–hexamine triphenylene in its hexahydrochloride form. The 

sensors were fabricated using the same protocol as for the HHTP sensors, where 10 mg mL-1 

solutions of the MOFs were made up in IPA and 30 × 5 μL droplets were drop-cast onto 

Pt/glass interdigitated electrodes (Micrux Technologies, Spain). The sensors were then 

submerged in acetone overnight before being removed and dried on a hot plate at 60°C for 20 

minutes. 

 

4.3.2 HITP MOF characterisation 

The morphologies of the Cu3(HITP)2 and Ni3(HITP)2 MOFs were investigated using SEM to 

produce the images in Figure 4.7. Both images depict densely packed microcrystallites with 

dimensions smaller than 1 μm. This is in contrast to the HHTP MOFs depicted in Figure 4.1 

where the crystals were typically at least 1 μm in one dimension.   



 
 

  103 

 

 

Further characterisation by PXRD revealed a similar crystal structure to the Cu3(HHTP)2 

MOFs referred to in section 4.2. For the Cu3(HITP)2 PXRD trace depicted in Figure 4.8 (red), 

peaks at 2θ = 4.8º, 9.5º, 12.4º, 17.0º and 27.9º are observed. When indexed to a hexagonal unit 

cell these can be assigned to the (100), (200), (210), (220) and (001) planes respectively. 

Similarly, peaks are observed in the Ni3(HITP)2 trace, Figure 4.8 (black), at 2θ = 5.0º, 9.5º, 

Figure 4.7: Top - SEM image of Cu3(HITP)2 synthesised via solution synthesis. Bottom - SEM image 
of Ni3(HITP)2 synthesised via solution synthesis. Both MOF samples depict densely packed 

microcrystallites with smaller dimensions than the analogous HHTP-based MOFs.  
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12.9º and 27.3º which can be indexed to the (100), (200), (210) and (001) planes. For the 

Cu3(HITP)2 MOF these peaks correspond to lattice parameters a = 21.1 Å and c = 3.2 Å, 

whilst for the Ni3(HITP)2 MOF the calculated values were a = 20.4 Å and c = 3.3 Å. Both 

PXRD traces are consistent with the MOFs having slipped parallel AAAA layer stacking. 

Also observable in the Ni3(HITP)2 trace, marked with asterisks, are peaks at 2θ = 19.4º, 33.3º 

and 38.7º. These are consistent with peaks expected for Ni(OH)2,186 indicating that this has 

formed in addition to the desired MOF. No additional base was added to the solution but the 

presence of the basic acetate coordinating anion is likely responsible for this. Some Cu(OH)2 

may also have formed during the analogous Cu MOF synthesis, but the higher solubility of 

this hydroxide means that it will have been removed at the filtration stage whilst the Ni(OH)2 

persists.  

 

Figure 4.8:  PXRD patterns for solution synthesised Cu3(HITP)2 (red) and Ni3(HITP)2 (black).  The 
(100), (200), (210) and (001) peaks appear at similar 2θ values for both MOFs, indicating that they 
have the same crystal structure. Peaks corresponding to Ni(OH)2 are marked with asterisks. 
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4.3.3 Sensing response of HITP MOFs to NH3 

As was the case for the analogous HHTP MOF, the Cu3(HITP)2 MOF responded to NH3 gas 

exposures with reversible resistance increases, Figure 4.9 – top. Again the baseline resistance 

is observed to decrease throughout the experiment, and for many hours before the analyte gas 

exposures were started. The same baseline correction procedure as described in section 4.2.3 

was performed to produce the plot depicted in the centre of Figure 4.9. Plotting the change in 

resistance on exposure to NH3 as a percentage of the original resistance enables the calibration 

plot at the bottom of Figure 4.9 to be obtained. The sensitivity of the sensor was extracted 

from the gradient of the plot to give a value of 0.052 ± 0.006 % ppm-1. This correlates to a 

theoretical limit of detection of 0.53 ± 0.06 ppm. This is intermediate between the LODs of 

the a-Cu3(HHTP)2
 and n-Cu3(HHTP)2 sensors described in section 4.2.3. The similar response 

shapes and limits of detection for the Cu HHTP and HITP MOF sensors makes it likely that 

the same sensing mechanism takes place when both Cu MOFs are exposed to NH3.  
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Figure 4.9:  Top - Resistance change of a Cu3(HITP)2 sensor exposed to NH3 gas with concentrations 
between 5 and 1 ppm. Centre - Baseline-corrected resistance change of the Cu3(HITP)2 sensor 
exposed to NH3 gas. Bottom - Corresponding calibration plot for Cu3(HITP)2 response to NH3.  
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Like the Ni3(HHTP)2 sensors, sensors made from Ni3(HITP)2 did not respond to NH3 gas. 

Again this suggests that the NH3 interaction is taking place at the Cu centre or via another 

mechanism that is precluded in the Ni3(HITP)2 MOF. Further discussion of likely mechanisms 

of interaction between the frameworks and the analyte gases will be given in section 4.4.  

 

4.3.4 Sensing response of HITP MOFs to NO2 

The raw resistance change on exposure of a Cu3(HITP)2 MOF sensor to NO2 gas is depicted 

in Figure 4.10 – top. In this figure we see a non-linear background resistance change. 

Subtracting a baseline formed from interpolating between the points just before each analyte 

exposure, then adding the average pre-exposure resistance results in the plot displayed in the 

centre of Figure 4.10. Plotting the average percentage change in resistance for each exposure 

concentration produces the plot at the bottom of Figure 4.10. The gradient of this plot gives a 

sensitivity to NO2 exposure of 0.05 ± 0.01 % ppm-1, with a Pearson’s r value of 0.9813 for the 

linear fit. From this a limit of detection of 1.1 ± 0.2 ppm is calculated. Whilst the sensing 

performance is non-ideal in terms of the high error in the LOD, relatively poor linearity in the 

concentration vs response plot, and fluctuating baseline, this sensor does provide the only 

reversible response to NO2 of the MOF sensors described in this chapter. Should further 

Cu3(HITP)2 MOF sensors made by the novel methods described in this thesis offer 

improvements with respect to the above limitations, this would therefore provide an important 

advancement in terms of NO2 sensing. Potential reasons as to why this MOF in particular 

responds reversibly to NO2, whilst the others respond irreversibly or not at all, will be 

discussed in section 4.4.  
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Figure 4.10: Top - Resistance change of a Cu3(HITP)2 sensor exposed to NO2 gas with concentrations 
between 5 and 1 ppm. Centre - Baseline-corrected resistance change of the Cu3(HITP)2 sensor exposed 
to NO2 gas. Bottom - Corresponding calibration plot for Cu3(HITP)2 response to NO2.   
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The Ni3(HITP)2 MOF did not respond to exposures of NO2 gas, despite the conductivity of 

the sensors produced being the highest of those discussed in this chapter (of the order of 100 

Ω). It could therefore be that any changes in conductivity due to analyte interaction have little 

impact on the measured current flow due to the high abundance of other conductive pathways.  

 

4.4 Sensing mechanisms 

Throughout this chapter the effects of two different analyte gases on the conductivity of 4 

different MOFs have been investigated. Finding sensing mechanisms to explain all of the 

interactions is not a trivial task, but insight can be gleaned from the sensing responses, 

theoretical calculations and various analytical techniques. The 4 MOFs surveyed have 

similarities and differences in terms of ligand, metal centre, stacking mode and morphology, 

whilst the NH3 and NO2 analyte gases differ in their redox properties. NH3 is considered a 

reducing gas containing a lone pair of electrons in an sp3 hybrid orbital, enabling it to act as a 

Lewis base. On interaction with a p-type semiconductor, we would therefore anticipate the 

resistance to increase. Contrastingly, NO2 is an oxidising gas which can act as a Lewis acid 

by accepting electrons to the positively charged N centre of the zwitterionic molecule, as 

exemplified in Figure 4.11. We would therefore anticipate the interaction of NO2 with a p-

type semiconductor to increase the resistance.  
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The resistance responses of the 4 surveyed MOFs on exposure to NH3 and NO2 analyte gases 

explored earlier in this chapter are summarised in Figure 4.12. A reversible resistance increase 

on exposure to NH3 occurred for Cu MOFs with either HHTP or HITP ligands but not for 

either of the Ni-based MOFs, suggesting that the Cu-centre is the likely site for NH3 

interaction. This supports the conclusions made by Rubio-Giménez et al. and Mirica et al., as 

discussed in section 2.6, which identify the Cu site as the site of interaction with NH3. This 

resistance increase is consistent with the Cu3(HHTP)2 MOF acting as a p-type semiconductor, 

whereby the NH3 donates electron density to the framework, reducing the concentration of 

holes and consequently increasing the resistance. There may also be a contribution to the 

resistance increase made by the NH3 distorting the planarity at the Cu centres, and so pushing 

the 2D layers apart and reducing through-space charge transport as theorised by Rubio-

Giménez et al.144 The reversible nature of the resistance response suggests that a short-lived 

charge carrier doping interaction is taking place rather than a permanent chemical change. It 

could be that the NH3-induced lattice distortions introduce some strain into the MOF crystals, 

making it reasonable to assume that an NH3 concentration dependant equilibrium is set up in 

which favourable Cu-NH3 interactions compete with strain-induced desorption. 

 

Figure 4.11: Left – Interaction between NO2 analyte gas and a base, B. The NO2 molecule accepts a 
lone pair of electrons from the base. Right – Interaction between NH3 and an acid, A. The NH3 

molecule donates a pair of electrons to the acid.  
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The absence of a response of the analogous Ni MOFs to NH3 is consistent with literature 

reports and is as expected considering the inflexible valency of Ni ions. Whilst both Cu+ and 

Cu2+ ions are stable, Ni+ is not stable so reducing Ni2+ to Ni+ would not be feasible. This is 

reflected in the lack of evidence for redox communication between the ligands and Ni ion 

centres as found through the experiments performed by Stolz et al.143 described in section 2.6. 

The resistance decreases of the Cu3(HHTP)2 and Ni3(HHTP)2 to NO2 is what we would expect 

from a p-type semiconductor interacting with an oxidising gas. The NO2 gas can withdraw 

electron density from the framework, increase the concentration of holes and therefore 

decrease the resistance. In the work published by Jo et al. on Cu3(HHTP)2/Fe2O3 hybrids, the 

authors concluded that the NO2 gas was interacting at the Cu centres.167 However, in this 

chapter it has been shown that the same shape of resistance response is observed when both 

Ni and Cu HHTP based MOFs are exposed to NO2, whilst different/no responses are observed 

for Ni and Cu MOFs with HITP ligands. This suggests that it is more likely that the NO2 gas 

is interacting via the HHTP ligands. Moreover, the irreversible nature of the HHTP MOF and 

Figure. 4.12: Top – Summary of the resistance responses of the MOFs featured in this chapter to NH3 

gas. Bottom – Summary of the resistance responses of the MOFs featured in this chapter to NO2 gas. 
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NO2 interactions implies a very different type of interaction is occurring to that which was 

observed for the NH3 analyte.  

The fact that the same irreversible decrease is observed for both the Ni and Cu HHTP MOFs 

suggests that the ligand plays a key role in the interaction. In both the HHTP and HITP based 

MOFs, the heteroatoms involved in bonding to the metal are considered to be sp2 hybridised 

with approximately trigonal planar geometry. For the HITP MOFs, the N atoms donate one 

lone pair of electrons to the π-system above and below the plane, and then participate in 3 in-

plane bonds to the metal, a carbon from the ligand, and also to a hydrogen atom. Each O atom 

in the HHTP-based ligands similarly donates one lone pair of electrons to the π-system, and 

participates in an in-plane bond to the metal and a carbon from the ligand. However, instead 

of forming a third in-plane bond to a hydrogen atom as occurred for the HITP analogue, the 

final sp2 hybrid orbital is occupied by a lone pair of electrons. It is this pendant lone pair from 

the oxygen that we suspect to be the site for interaction with the NO2 gas.  

This pendant lone pair gives an opportunity for NO2 to interact with the ligand in the plane of 

the MOF layers. A potential route for this is sketched in Figure 4.13. Interaction in this plane 

via the ligand would not lead to the layers being pushed apart as was the case for the NH3 

interaction mechanism, and would therefore not result in disruption to the through-space 

charge transport pathway. If better quality crystals of the MOFs after permanent interaction 

with NO2 could be obtained, the location of the NO2 could potentially be confirmed via 

SCXRD. Co3(HHTP)2 could be a promising candidate for this as prior success has been 

reported in literature in obtaining single crystal data for this MOF,141 but the Ni3(HHTP)2 and 

Cu3(HHTP)2 crystals are typically too small for such experiments to be carried out.  
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The reversible resistance increase observed when Cu3(HITP)2 is exposed to NO2 is initially 

surprising given the typical classification of Cu3(HITP)2 as a p-type semiconductor. However, 

on closer inspection we see that Cu3(HITP)2 is the only MOF which Mirica et al. found to 

have redox communication between metal and ligand, in which charge is preferentially stored 

on the metal rather than ligand in its interaction with NH3. By this logic, if NO2 interacts at 

the metal centre, likely removing electron density from Cu+ ions, electrons can be transferred 

from the ligand to the metal to stabilise the interaction. In a simple semiconductor model of 

the MOF, we would anticipate this interaction to reduce the resistance. However, if the 

disruption to the through-space transport due to distortion of the planarity at the metal centre 

increasing the interlayer separation dominates over the change to the in-plane conductivity 

due to the charge carrier density, the net effect would be a resistance increase. Such an 

interaction at the metal centre would be precluded for the analogous Ni3(HITP)2 MOF as this 

is not a mixed valence compound, and Mirica et al.’s experiments found no evidence for redox 

communication between the ligand and metal centres. 

Figure 4.13: Schematic illustration of how an oxygen lone pair can interact with an NO2 analyte, 
within the plane of the MOF layers. This interaction involves withdrawal of electrons from the 
conjugation plane, increasing the conductivity of a p-type semiconductor. 
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4.5 Conclusion  

In this chapter the responses of Cu3(HHTP)2, Cu3(HITP)2, Ni3(HHTP)2 and Ni3(HITP)2 MOF 

sensors to NH3 and NO2 analyte gases are discussed. All four MOFs were made via solution 

synthesis methods and sensors were prepared using identical protocols and the sensing 

conditions were kept consistent throughout. Both the Cu3(HHTP)2 and Cu3(HITP)2 MOFs 

were found to respond with reversible resistance increases on exposure to NH3 gas. By 

changing the solution synthesis components, samples of the same Cu3(HHTP)2 MOF with 

different crystal morphologies were synthesised. Comparing the limits of detection of these 

sensors revealed that the morphology had a large impact on the sensing ability, with the flatter 

flake-like crystals giving a limit of detection to NH3 of 0.12 ± 0.03 ppm compared to the 1.2 

± 0.2 ppm of the rod-like crystals. Manipulating the morphology of the MOF to improve 

sensing performance is a theme that will be built on in Chapter 8.  

Three of the probed MOF sensors, Ni3(HHTP)2, Cu3(HHTP)2 and Cu3(HITP)2 responded to 

NO2 gas. For both of the HHTP-based MOFs this response came in the form of irreversible 

resistance increases, implying NO2-MOF interactions not specific to the metal are occurring. 

Contrastingly, the Cu3(HITP)2 sensor responded to NO2 by way of a reversible resistance 

increase. The response was rationalised in terms of redox communication between the metal 

centre and HITP ligand. 

The work in this chapter also highlights limitations in the sensing behaviours. These include 

poor response magnitudes relative to baseline resistance drift and poor linearity in the 

relationship between sensing response and analyte concentration. The new MOF sensor 

fabrication methods introduced in the subsequent chapters will be assessed relative to these 

benchmarks as well as their effects on sensing figures of merit such as sensitivity and limit of 

detection.  
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Chapter 5 

Synthesis of conductive metal-organic frameworks via metal nanocluster 

submersion 

 

In this chapter I will present a new method of synthesising Cu3(HITP)2 and Ni3(HITP)2 MOFs 

from their constituent metal nanoclusters, in situ on a variety of substrates. I will first 

rationalise the demand for such an in situ method by discussing the relevant prior art, section 

5.1, before detailing the final method and the experimental process through which the method 

was developed, sections 5.2 and 5.3. In section 5.4 I will show SEM images of the MOFs on 

the various substrates used, whilst in section 5.5 I will compare the rates of growth of the Ni 

and Cu MOFs on paper substrates. In section 5.6 I will discuss how the MOFs were 

characterised and in section 5.7 I will summarise the benefits of the presented method. 

Much of the content of this chapter can be found in the paper titled ‘Conductive metal-organic 

framework synthesis from metal nanoparticle precursors’ by Abigail M. Lister, Yu Wang, Ben 

I. Armitage and Martin R. Castell, which has been submitted to IOP Journal of Physics: 

Materials. 

 

5.1 Context 

Drop-cast MOF systems often suffer from inhomogeneous distribution of MOF, poor 

conductivities due to high inter-particle contact resistance, and poor substrate adhesion. As 

such, alternatives to drop casting have been investigated. Better still are in situ synthesis routes 

that eliminate the need to deposit MOFs onto the desired substrates entirely. To realise the full 
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benefit of conductive MOFs in electronic devices or MOF-functionalised materials, current 

flow through the MOF itself must dominate over current flow through the substrate. For this 

to occur, the MOF needs to be adhered to an insulating surface. Methods such as the 

electrochemical growth of MOF are promising in terms of substrate adhesion, MOF 

homogeneity and morphological control. However, such methods reported thus far form the 

MOF on metal anodes,187,160,161 and so cannot be used as sensors without removal of the MOF 

from the metal and then re-adhering it to an insulating substrate.  

In this chapter a method to synthesise two triphenylene-based MOFs, Cu3(HITP)2 and 

Ni3(HITP)2, in situ on glass, gold, paper and cotton substrates is presented. The method 

described involves direct synthesis of the MOFs from nanoclusters of the relevant metal. The 

nanoclusters are deposited on the desired substrate and the MOF is formed when the substrate 

is submerged in alkaline solutions of the desired ligand. The syntheses take place within one 

hour at room temperature and no harsh or expensive solvents are required. The MOF grows 

outwards from the deposited nanoclusters, and as such the resulting MOF coverage reflects 

the uniform distribution of the nanoclusters, thus eliminating issues such as the coffee-ring 

effect which are typical of drop-casting deposition methods. As the synthesis occurs directly 

from the metal, the advantages typical of salt-free synthetic methods are also retained – 

namely minimising the formation of unwanted by-products. We observe good adhesion of the 

MOF to the tested substrates and the mild solution conditions mean that we are confident that 

this method is scalable for use for MOF formation on the majority of substrates desired for 

applications in electronic devices or for MOF-functionalised materials.  
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5.2 Materials and methods 

For the deposition of the Cu and Ni nanoclusters, an NL50 system manufactured by Nikalyte 

Ltd was used. The machine is a dc magnetron plasma sputtering source that operates at room 

temperature171 and deposits nanoclusters with depths measured in ng cm-2 (section 4.1.3). Four 

different substrates were used; Pt IDEs with 5 μm gap sizes on glass (Micrux Technologies, 

Spain), white card (WHSmith, UK), 200 thread count cotton percale (Dalston Mill Fabrics, 

UK) and Au (111) on mica (Georg Albert PVD, Germany). Deposition depths between 5000 

and 8000 ng cm-2 were used depending on the substrate, as detailed in Figure 5.1. Each 

substrate was submerged in a vial containing a 2 mM solution of the HATP.6HCl organic 

starting material in a 4:1 water and ethanol solvent. To each vial, 375 μL of 19.4 M ammonia 

solution (Fisher Scientific UK), and 0.10 mmol of tributylmethylammonium methyl sulphate, 

TBMAMS, (Santa Cruz Biotechnology, USA) were added. Substrates were left in the ligand 

solutions for a set amount of time between one minute and 24 hours, after which they were 

removed from the solution and left to dry at room temperature in air overnight.  

 

The scheme for the reaction is depicted in Figure 5.2 Justification for the inclusion of the 

TBMAMS electrolyte and alkaline environment will be discussed in section 5.3, and a 

proposed mechanism in light of the comparative growth rates of the different MOFs will be 

given in section 5.4.  

Substrate Metal Deposition amount /ng cm-2 
Au(111) Cu 7000 
Au(111) Ni 7000 
Cotton Cu 8000 
Cotton Ni 8000 
Paper Cu 5000 
Paper Ni 5000 

Glass/Pt interdigitated electrodes Cu 7000 
Glass/Pt interdigitated electrodes Ni 7000 

Figure 5.1: Table of the nanocluster deposition amounts in ng cm-2 per substrate per metal. 
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5.3 Method development  

Numerous experiments were performed in which the amounts of ligand, electrolyte 

(TBMAMS) and ammonia solution were modulated. SEM and EDX were used to initially 

screen the samples made from different solutions to ascertain whether they were likely to have 

successfully made the desired MOFs. Syntheses attempted in the absence of electrolyte 

resulted in the formation of large (10 μm edge length) triangular crystals. Such crystals are 

visible in Figure 5.3 (left) which shows the result of leaving copper nanoclusters deposited on 

Figure 5.2: Reaction scheme for formation of the Cu3(HITP)2 and Ni3(HITP)2  MOFs from Ni or Cu 
nanoclusters. The metal nanoclusters react with the HATP·6HCl ligand (top right) in an ethanol/water 
solvent in the presence of TBMAMS electrolyte (centre right) and aqueous NH3. The products are 
hexagonal MOF sheets that stack with slipped parallel stacking to form 3D crystals with pore channels 
(bottom). 
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paper in a solution of ligand and ammonia overnight in the absence of an electrolyte. EDX 

mapping of the highlighted region, Figure 5.3, shows that the large crystals are made up of 

carbon and nitrogen, with quantitative compositional analysis indicating that the crystal is 

68.50 wt% carbon and 29.82 wt% nitrogen in addition to some oxygen, Figure 5.4. This is 

consistent with the weight percentages of carbon and oxygen in the HATP organic starting 

material. The absence of Cl in the EDX maps indicates that the crystals are crystalline forms 

of the HATP after removal of the coordinated HCl by the ammonia. In instances where high 

coverages of these crystals were observed, the amount of features containing both carbon and 

copper was low, suggesting that the formation of these crystals inhibits the formation of the 

desired MOF. 

Figure 5.3: Top left – SEM image depicting the triangular prismatic crystals formed from 
submersion of copper nanocluster decorated paper in a HATP.6HCl and ammonia solution 
overnight. Top right – Carbon EDX map of the blue highlighted region. Bottom left – Nitrogen EDX 
map of the blue highlighted region. Bottom right – Oxygen EDX map of the blue highlighted region. 
The carbon and nitrogen maps show patterns of elements that reflect the shape of the prismatic 
crystal. The oxygen map contains less dense points, indicating that significantly less oxygen than 
carbon or nitrogen is present in this area.  
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By contrast, EDX mapping carried out on a copper-on-paper sample in an optimised solution 

of ammonia, HATP.6HCl and TBMAMS electrolyte produced the plots in Figure 5.5. The 

maps indicate that copper, carbon and nitrogen are present in the material grown on the surface 

of the paper, which is corroborated by the quantitative EDX output in Figure 5.6. The oxygen 

and calcium picked up by the quantitative analysis are components of the paper substrate. This 

implies formation of the desired Cu3(HITP)2 MOF, but more rigorous characterisation can be 

found in section 5.6. Far fewer ligand crystals are observed under the SEM for samples made 

from electrolyte-containing solutions, confirming the key role that the TBMAMS plays in 

stabilising the HATP after the coordinated HCl is removed.  

 

 

 

 

 

 

Figure 5.4: Table of quantitative elemental composition data generated by the Aztec software used 
to perform EDX on the large prismatic crystal depicted in Figure 5.3 – top left. The weight 
percentages of carbon and nitrogen indicate that the carbon to nitrogen ratio in the crystal is the 
same as that in the HATP organic starting material.  



 
 

  121 

 

Figure 5.5: Top left – SEM image depicting the material grown from submersion of copper 
nanocluster decorated paper in an optimised solution of ligand, ammonia and electrolyte. Top right 
– Copper EDX map of the imaged area. Bottom left – Carbon EDX map of the blue imaged area. 
Top right – Nitrogen EDX map of the imaged area. The appearance of C, Cu and N atoms in the 
EDX maps coincide with the features depicted in the SEM image. 

Figure 5.6: Table of quantitative elemental composition data generated by the Aztec software used 
to perform EDX analysis on copper-nanocluster decorated paper that has been submerged in an 
optimised solution of ligand, ammonia and electrolyte. Significant amounts of the copper, carbon and 
nitrogen MOF constituent elements are present. Oxygen and calcium are components of the paper 
substrates.  
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5.4 MOF growth 

In order to determine the approximate time-scales over which the MOFs are growing on the 

substrates, time-point experiments were performed in which the different samples were left in 

the synthesis solutions for times varying between one minute and 24 hours. Paper samples 

with 5000 ng cm-2 of metal nanoclusters deposited on them were used. For both the Cu and 

Ni HITP MOFs, darkening of the substrates with increased submersion time is visible by eye, 

as depicted by the optical images in Figure 5.7 

Figure 5.7 Photographs showing how the colours of nanocluster-decorated paper samples change 
with increasing MOF synthesis times for Cu3(HITP)2 MOF – Left and Ni3(HITP)2 MOF – Right. 
Both samples visibly darken as the nanoclusters are consumed to form the dark blue/black MOFs. 
The clean paper substrate before nanocluster deposition is depicted in the top row, whilst the 
nanocluster-decorated substrates before submersion in the MOF synthesis solution can be seen in 
row 2, labelled ‘0 mins’. 

10 mm 
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Closer inspection of the substrates was done via SEM.  The resulting images of the 

Cu3(HITP)2 MOF can be seen in Figure 5.8 and in Figure 5.9 for the Ni3(HITP)2 MOF. By 

comparing the images taken before submersion in the synthesis solution (0 minutes) with 

those after 10 minutes of submersion in Figure 5.8, we can see that the Cu3(HITP)2 MOF 

growth initiates from the nanoclusters within 10 minutes of submersion, with rounded features 

bigger than the original nanoclusters appearing on the surface of the paper fibres. Some bigger 

features on top of the surface are also visible after 10 minutes of submersion, with more 

appearing as the submersion time is increased. These are assumed to be formed from the 

amalgamation of smaller MOF crystallites. After 24 hours, the number of larger amalgamated 

crystallites is sufficient that there are multiple points where connected crystallites bridge the 

paper fibres. 
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Figure 5.8 SEM images of copper nanoclusters deposited on paper after different submersion times 
in the MOF synthesis solution. The top row depicts only nanoclusters, whereas Cu3(HITP)2 MOF is 
visible for the samples submerged in the ligand solution. Each row depicts the same sample imaged 

at different magnifications. 
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By submerging nickel nanoclusters on paper in identical ligand solutions for the same amounts 

of time, the morphologies and growth rates of the Ni3(HITP)2 and Cu3(HITP)2 MOFs can be 

compared. Whilst some broadening of the nanoclusters is visible between 0 minutes and 10 

minutes, Figure 5.9, the changes are much more subtle than those observed for the Cu3(HITP)2 

MOF. No larger features formed from amalgamated crystallites are visible until two hours of 

submersion in the ligand solution. After 24 hours, the amalgamated crystallites have grown to 

approximately 0.5 – 0.8 μm in diameter, bigger than the average 0.3 μm Cu3(HITP)2 MOF 

amalgamated crystallites formed after the same amount of time. A greater proportion of the 

Ni3(HITP)2 crystallites however are adhered to the surface as opposed to between the fibres, 

in that less bridging of the fibres is observed for the Ni3(HITP)2 24 hour sample than in the 

analogous Cu3(HITP)2 sample. Also of note are the contrasting shapes of MOF crystals, with 

the Cu3(HITP)2 crystals more rounded and the Ni3(HITP)2 crystals growing as fine shards that 

then form rounded features on amalgamation.  In the case of both MOFs, these shapes are 

consistent with those synthesised from different methods reported in literature.139,188 
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Figure 5.9: SEM images of copper nanoclusters deposited on paper after different submersion times 
in the MOF synthesis solution. The top row depicts only nanoclusters, whereas Ni3(HITP)2 MOF is 
visible for the samples submerged in the ligand solution. Each row depicts the same sample imaged 
at different magnifications. 
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Despite Ni metal being more reactive than Cu, the SEM images in Figures 5.8 and 5.9 indicate 

that growth of the Ni3(HITP)2 MOF proceeds slower than that of the Cu3(HITP)2. Potential 

reasons for this can be ascertained by considering the mechanism of MOF formation. The 

reaction is suspected to proceed via formation of small amounts of metal hydroxide at the 

surfaces of the nanoparticles, initiated by the alkaline environment. In parallel, the hydroxide 

ions in solution will deprotonate one of the two amine groups on each arm of the HATP 

molecules to form the partial imine form. Subsequent oxidation of this molecule by dissolved 

oxygen in the solution results in a partial imine radical which in is then deprotonated to form 

the activated HITP3- species that can form the MOF. 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:  

2HITP3- + 3M(OH)2  M3(HITP)2 + 6OH- 

Alternatively, surface growth can involve the dissolution of the metal hydroxide to release 

M2+ ions around the nanoclusters, which then diffuse through the MOF. Once the M2+ ions 

reach the surface of the MOF they react with the activated HITP to perpetuate growth:  

M(OH)2 ⇌ M2+ + 2OH- 

2HITP3- + 3M2+  M3(HITP)2  

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 Cu3(HITP)2 compared 

to Ni3(HITP)2 may be due to the higher solubility of Cu(OH)2 (39.8 g L-1) versus Ni(OH)2 

(0.13 g L-1) in water at 20 °C. 
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The TBMAMS electrolyte was added to increase the concentration of counter ions that can 

react with any excess ammonia. This prevents the ammonia reacting with the HCl 

coordinating to the HATP organic starting material, the removal of which causes the HATP 

to rapidly crystallise out of the solution. Ammonia is necessary in the solution to facilitate the 

formation of the metal hydroxide reaction intermediates, but the nature of the nanocluster 

deposition makes it non-trivial to determine the number of moles of metal present accurately. 

Exact molar ratios of the metal and alkali can therefore not readily be calculated, but by adding 

the electrolyte, we can always use an excess of ammonia solution whilst also preventing 

crystallisation of the ligand.    
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5.5 Substrate investigations 

By following the optimised experimental procedure outlined in section 5.2, MOF growth was 

attempted from nanoclusters deposited on Pt/glass IDEs, white card, cotton and Au (111) on 

mica. Submersion of the nanoclusters on various substrates in the ligand solution for 1 hour 

resulted in noticeable colour changes by eye and changes in the surface texture observable via 

SEM. In Figure 5.10, the SEM images resulting from submerging copper nanocluster-

decorated substrates in the ligand solution for 1 hour are shown. An underlying surface texture 

of rounded features bigger in size than the original nanoclusters is observed for all of the 

substrates. This supports the idea that the MOF grows outwards from the nanoclusters. In 

addition to the change in underlying texture, some bigger features sitting on top of the surface 

are visible, appearing mostly in white in the SEM images. These are assumed to be 

amalgamated crystallites of the MOF.  

  

Figure 5.10: SEM images showing the surface morphology of Cu3(HITP)2 MOF on fabric, gold, 
glass and paper substrates formed from deposition of copper nanoclusters onto the substrates and 

subsequent submersion in a solution of the HATP organic starting material for one hour.   
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When nickel nanocluster-decorated Pt/glass IDEs, paper, gold and fabric substrates were 

submerged in identical HATP solutions for one hour, as the copper samples above, the SEM 

images in Figure 5.11 were obtained. As per the copper samples, an underlying surface texture 

of rounded features bigger in size than the original nanoclusters is observed for all of the 

substrates. The underlying features however, are noticeably smaller for the nickel samples 

than the analogous copper samples. This is consistent with the slower rate of formation of the 

Ni3(HITP)2 MOF as rationalised in section 5.4. Across the glass, gold and paper samples, 

there are fewer larger features that can be attributed to amalgamated crystallites than in the 

copper samples. This is also as expected when considering the relative rates of reactions of 

the copper and nickel MOFs. The 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, wherby nanoclusters 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 easily detach and amalgamate.  
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5.6 Characterisation 

Sample characterisation is important for the work detailed in this chapter to prove that the new 

method introduced can reliably generate the desired MOFs. As the method uses nanoparticles 

covering small areas of substrate as the metal source for the MOF, the MOFs are synthesised 

in small amounts. Moreover, most of the MOF forms strongly adhered to the substrates. XPS, 

section 5.6.1 could be performed with the MOFs in situ on the glass IDE substrates on which 

they were formed. However, for PXRD and TEM, loose MOF powder samples were required. 

Sufficient MOF powder could be obtained for TEM by scraping material off the paper 

substrates, but not enough MOF could be obtained for PXRD with this method. Alternative 

arrangements as described in section 5.6.3 were therefore made.  

Figure 5.11: SEM images showing the surface morphology of Ni3(HITP)2 MOF on fabric, gold, glass 
and paper substrates formed from deposition of Ni nanoclusters onto the substrates and subsequent 
submersion in a solution of the HATP organic starting material for one hour.   
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5.6.1 X-ray photoelectron spectroscopy 

XPS was carried out on a K-alpha machine from Thermo Scientific, USA. The MOF-on-IDE 

samples were analysed without any further processing. An electron neutraliser was used to 

prevent charge build up. The XPS survey scans depicted in Figure 5.12 illustrate the presence 

of the elements present in the MOF and are consistent with previously reported XPS spectra 

for both MOFs.188,189  

The survey scan for the Cu-HITP MOF in Figure 5.12 – left shows peaks corresponding to 

the binding energies of the expected elements. The main peaks at 285.0 eV (C 1s), 399.0 eV 

(N 1s), and 934.1 eV (Cu 2p) are labelled in bold. The less sharp peaks at 571.0, 651.0 and 

716.7 eV are copper Auger peaks. Also labelled is an intense O 1s peak at 532.0 eV, but this 

can be attributed to the oxygen present in the substrate due to a similarly intense peak being 

visible in the spectrum of the clean IDE. The smaller peaks visible at 76.7 and 123.4 eV can 

be assigned to photoelectrons from the Cu 3p and Cu 3s respectively. The minor peaks at 

169.0 and 199.0 eV can be assigned to S and Cl 2p sub-shells. These peaks do not appear in 

the survey scan of the clean electrode, and therefore indicate the presence of some impurities. 

S is present in the TBMAMS electrolyte used and Cl in the HCl coordinated to the HATP 

organic starting material. Quantitative analysis by the XPS software however indicates that 

the atomic % of Cl is 0.59 % and that of S is 0.94 %. The peaks at 103.0 and 153.6 eV can be 

assigned to Si 2p and Si 2s sub-shells, which are also present in the survey scan of the clean 

IDE.  
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The survey scan depicted in Figure 5.12 - right is that of the Ni3(HITP)2 MOF synthesised in 

situ on the glass interdigitated electrode. Again the peaks at 25.0, 102.0, 153.0 and 532.1 eV 

can be assigned to components of the IDE substrate. As in the case of the Cu3(HITP)2 MOF, 

there is some evidence of contamination by Cl and S, with the peak at 232.1 eV indicative of 

S presence, and that at 199.9 eV indicative of Cl presence. The Ni 2p peak appears at a binding 

energy of 855.7 eV, whilst the C 1s appears at 285.3 eV and the N 1s at 402.0 eV. Evidence 

that a chemical reaction has taken place can be found by looking at the component peaks of 

the N 1s and C 1s features, but the most compelling evidence is seen by analysing narrow area 

scans centred at the metal 2p binding energies, Figures 5.13 and 5.14.  

By inspecting Figure 5.13, the copper 2p3/2 and 2p1/2 peaks can be identified at 932.6 eV and 

952.4 eV respectively. These binding energy values are consistent with those expected for 

copper in its +1 oxidation state or metallic copper. Two satellite peaks at higher binding 

energies accompany each of the peaks. By comparing XPS spectra with those of copper and 

Figure 5.12: Left - XPS survey scan for the Cu3(HITP)2 MOF on glass interdigitated electrode 
substrate. Right - XPS survey scan for the Ni3(HITP)2 MOF on glass interdigitated electrode 
substrate. Labelled in bold are peaks corresponding to the elements in the respective MOFs. Cl peaks 
arise from the HATP.6HCl starting material. Si is present in the electrode substrate. The S peak 

indicates contamination with a sulphur-containing species.  
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its’ known compounds from the ThermoFisher Elemental Database, it can be noted that 

satellite peaks are only observed when the copper is present in its oxidised state. Both the 2p3/2 

and 2p1/2 satellite peaks are observed for substances containing Cu2+, and only the 2p1/2 

satellite is visible when Cu+ is present. The presence of the satellite peaks in the spectrum in 

5.13 therefore provides evidence that the copper nanoclusters have been oxidised, likely 

during formation of the Cu3(HITP)2 MOF. It is suspected that the copper in the MOF is present 

as a mixture of Cu+ and Cu2+.143,190 There is no obvious peak splitting for the 2p3/2 and 2p1/2 

peaks but the peaks are noticeably asymmetrical, with slight shoulders of the peaks visible on 

the higher binding energy side, suggesting the presence of Cu2+ in addition to Cu+. As the 

binding energies for metallic Cu and Cu+ are coincident for copper compounds, it cannot be 

ruled out that residual copper cores remain on the substrate. The satellite peaks however make 

us sure that some oxidised Cu is present.  

 

Figure 5.13: Narrow area XPS scan of the Cu 2p region for a Cu3(HITP)2 sample synthesised from 
Cu nanoclusters on a glass IDE substrate. The Cu 2p1/2 and 2p3/2 peaks are visible. The presence of 
satellite peaks indicates that some Cu is present in an oxidised state. The asymmetry in the main 
peaks suggests that both Cu+ and Cu2+ ions are present.   
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Similarly, by inspecting Figure 5.14, the nickel 2p3/2 and 2p1/2 peaks can be identified at 855.7 

eV and 873.2 eV respectively. Satellite peaks can be observed at slightly lower binding 

energies for each of the 2p peaks. However, by consulting database XPS data, it can be seen 

that satellite peaks appear for both elemental nickel and oxidised nickel. The presence of 

satellite peaks can therefore not be used as evidence that the nickel nanoclusters have 

undergone a chemical reaction. Instead, evidence can be found by comparing the binding 

energies recorded for the MOF sample with those for the pure metal. It is well reported that 

the 2p3/2 electrons in elemental nickel have a binding energy of 852.6 eV, whilst compounds 

containing oxidised nickel have higher binding energies up to 856.1 eV.191 This means that 

the Ni 2p3/2 peak at 855.7 eV recorded for the Ni3(HITP)2 sample discussed here contains Ni 

in an oxidised state, suspected to be part of the Ni3(HITP)2 MOF. The absence of peaks at 

lower binding energies consistent with metallic Ni, suggests that the Ni on the electrodes has 

been fully converted to its oxidised species.  

Figure 5.14: Narrow area XPS scan of the Ni 2p region for a Ni3(HITP)2 sample synthesised from Ni 
nanoclusters on glass IDEs. Ni 2p1/2 and 2p3/2 peaks are visible as are their associated satellite peaks. 
The values of the main peak binding energies are consistent with Ni being present in its oxidised state.  
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5.6.2 Powder X-ray diffraction 

The thickness of the MOF layers relative to the substrates’ roughness meant that PXRD 

experiments could not be carried out with the MOF on the substrates using the available 

equipment. Thin film PXRD attempted with an Empyrean Panalytical XRD machine was not 

successful in probing the MOF, with only peaks for the substrates observed. Attempts were 

made to scrape MOF off the substrate in order to obtain bulk powder suitable for conventional 

PXRD experiments. Both MOFs were however very strongly adhered to the substrates, with 

vigorous sonication removing very little MOF from the surface. Scraping the surfaces with a 

spatula only served to remove parts of the substrate as well. In the case of the Cu3(HITP)2  

MOF, the synthesis was therefore scaled up using copper foil instead of nanoparticles for the 

purposes of PXRD. Enough MOF was produced in this experiment that the powder could be 

scraped off the foil and the plot in Figure 5.15 was obtained with a Rigaku Miniflex machine 

(1.54 Å CuKα X-ray source). Peaks were observed at 2θ = 4.7°, 9.6°, 12.6°, 16.6° and 27.4° 

which are consistent with the peak positions reported in literature.163 When indexed according 

to a hexagonal unit cell, these peaks correspond to lattice parameters of a = b = 21.7Å and c 

= 3.2 Å. The (001) peak at 2θ = 27.5° is however significantly sharper than typically reported, 

suggesting enhanced long range order in the c-direction for MOFs synthesised via this method. 

The two additional peaks at 2θ = 35.6° and 38.6° can be assigned to CuO crystals. The CuO 

is expected to form from the Cu(OH)2 intermediate as the foil dries after removal from 

solution. We would anticipate less CuO to be produced for the MOF formed from the 

nanoclusters due to the excess of ligand as opposed to metal. Unfortunately not enough 

material could be produced to obtain PXRD data for the Ni3(HITP)2 MOF, even after 

substituting Ni nanoclusters for Ni mesh. There was enough material however for TEM to be 

carried out. 
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5.6.3 Transmission electron microscopy 

Material scraped off the surface of the substrates was sonicated in ethanol and deposited on 

Cu TEM grids. Transmission electron microscopy, TEM, was then carried out on a JEM-2100 

machine (JEOL Ltd, Japan) in order to probe the lattice structure of the MOFs. In both cases, 

stacks of the 2D MOF sheets were visible and the interlayer spacing could be measured. This 

was done using ImageJ by measuring the distance between 10 parallel lines depicting layers 

of MOF, then taking the average by dividing this value by 10. Representative interlayer 

distances are marked in white in Figure 5.16. For the Ni MOF, Figure 5.16 – left, the interlayer 

spacing was measured to be 3.3 Å. For the Cu MOF, Figure 5.16 - right, the spacing was 

measured to be 3.2 Å, which is consistent with the value for lattice parameter c ascertained 

from the PXRD results. The larger hexagonal pores with approximate diameter of 2 nm were 

more difficult to find because of the thickness of the crystallites. When they were observed, 

Figure 5.15: Powder X-ray diffraction pattern for Cu3(HITP)2 synthesised from copper foil. Visible 
peaks can be indexed to (100), (200), (210), (220) and (001) reflections in the MOF. The peaks 
marked with asterisks indicate that CuO crystals are also present.  

a) b) 



 
 

  138 

the regions were destroyed by the electron beam before clear images could be obtained. The 

values of the interlayer spacing obtained in these experiments is consistent with those reported 

in literature for both MOFs.139,192 

 

5.7 Conclusion 

A method to synthesise Cu3(HITP)2 and Ni3(HITP)2 MOFs in situ on a variety of conductive 

and insulating substrates has been presented. The method uses metal nanoclusters 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 revealed that the MOFs 

begin to form on the substrate within 10 minutes of submersion in the ligand solution. Through 

using metal nanoclusters deposited with a magnetron sputtering machine as the metal source, 

any substrate that fits inside the sputtering chamber can be used. As such, this method is 

expected to be widely applicable to substrates beyond the cotton, glass, paper and gold 

explored in this work. This method combines the potential for use on many substrates with 

Figure 5.16: Left - TEM image depicting the 3.3 Å interlayer spacing in Ni3(HITP)2 MOF. Right - 
TEM image depicting the 3.2Å interlayer spacing in Cu3(HITP)2 MOF. Spacings were measured using 

ImageJ and the calculated averages are represented in white on each image.  

2 nm 
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being salt-free, rapid, and not requiring toxic solvents or elevated temperatures. The proven 

effectiveness of the method presented in synthesising conductive MOFs in situ on inter-

digitated electrodes could be employed in the area of chemiresistive sensing, whilst the mild 

conditions in general make this method promising for direct growth on delicate electronics.  
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Chapter 6 

 

Electrochemical growth of Cu3(HHTP)2 from copper nanoclusters for 

chemiresistive gas sensing 

 

In this chapter I will describe a new route to synthesise Cu3(HHTP)2 conductive MOF via 

electrochemical synthesis from copper nanoclusters, producing the MOF in situ on the 

electrodes required for gas sensing. It should be noted that the Cu3(HITP)2 and Ni3(HITP)2 

MOFs discussed in chapter 5 do not require an applied electrical potential to form so the 

method described in chapter 5 can be used instead of the one outlined in this chapter. On the 

other hand, the Cu3(HHTP)2 MOF synthesised in this chapter cannot be made via the 

nanocluster submersion method detailed in chapter 5. 

In section 6.1 I will highlight the limitations of previously reported synthesis methods for this 

MOF and how the method presented herein seeks to address these. In section 6.2 I will 

describe how the presented method should work in theory, followed by a description of how 

the experimental conditions were optimised followed by the final experimental procedure 

used. In section 6.3 I will use SEM images to describe how the MOF grows from the 

nanoclusters, whilst in section 6.4 I will present XPS, Raman and PXRD evidence that the 

method is successful in generating the desired MOF. In section 6.5 the sensing performance 

of sensors made through this method will be investigated.  

Much of the content of this chapter can be found in the paper titled, ‘Electrochemically grown 

Cu3(HHTP)2 metal-organic framework from copper nanoclusters for chemiresistive gas 

sensing’ by Abigail M. Lister, Ben I. Armitage, Yu Wang, Runze Chen, Weishuo Li and 

Martin R. Castell. It has been submitted for review by ACS Applied Nanomaterials.  
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6.1 Context  

To maximise the advantages of MOFs as chemiresistive sensing media, efficient and reliable 

methods of integrating the MOFs into the sensors are required. Obtaining a uniform dispersion 

of MOF on an insulating substrate is desirable for chemiresistive sensing applications. 

Methods to synthesise the MOF in situ on the desired substrates have been investigated to 

circumvent the need for drop-casting. Such methods include liquid-phase layer-by-layer 

epitaxial self-assembly,148 vapour-assisted conversion154 and spin-coating.193 Whilst the 

above in situ methods result in more uniformly distributed MOF on the substrate, they do not 

address the issue whereby the measured resistance across the electrodes is likely to be 

dominated by the contact resistance between the particles. Methods to electrochemically grow 

the MOF have been explored as routes to reduce the effects of contact resistance in the 

sensors.194,160 However, the methods published so far result in the MOFs synthesised attached 

to conductive substrates. They therefore cannot be used as chemiresistive sensors because the 

current would simply flow through the remaining copper anode as opposed to the less 

conductive MOF on the surface. Steps must therefore be taken to remove the MOF from the 

conductive substrate and re-adhere it to an insulating one.   

In this chapter a route to electrochemically synthesise Cu3(HHTP)2 from copper nanoclusters 

in situ on the insulating glass substrates required for sensing is presented. The method requires 

no assistance from oxygen bubbling and no removal of the MOF from the substrate in order 

for it to be used as an NH3 sensor. A potential is applied to oxidise the metal nanoclusters and 

initiate MOF growth. This ensures that all the MOF that grows is electrically connected to the 

electrodes that the potential will be applied across when operated as a chemiresistive sensor. 

Some of the high contact resistance MOF-MOF grain boundaries are replaced by copper-MOF 

boundaries whilst still ensuring current must flow through the MOF rather than only bulk 

metal. Growing the MOF from nanoclusters enables control over the regions where the MOF 
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forms through patterning at the nanocluster deposition stage. Uniform distribution of MOF is 

ensured and the coverage of MOF can be easily controlled by changing the synthesis time.  

 

6.2 Methodology 

This section will start with a diagrammatic discussion of the principles behind the method 

developed in this chapter. This is followed by the final experimental protocol used. 

  

6.2.1 Method in theory  

The aim of the synthesis method described here is to improve chemiresistive sensing 

performance by ensuring that all the electrically conducting pathways are connected to the 

electrodes. This aim is necessarily achieved by electrochemical growth because MOF growth 

will only occur if there is a potential, and this potential originates from one of the electrodes. 

The approach described here starts by depositing copper nanoclusters onto clean IDEs using 

a magnetron discharge source (section 3.1.3). Just enough nanoclusters are deposited to take 

the IDEs from insulating to having a resistance between 20 and 40 kΩ across them, as 

measured according to Figure 6.1 (a). The MOF growth process is illustrated schematically in 

Figure 6.1 where in (b) just enough copper nanoclusters (orange) have been deposited to 

generate some conductive pathways across the insulating gaps, depicted by black lines. The 

copper nanocluster-decorated IDE is then used to grow the Cu3(HHTP)2 MOF. This occurs 

via submersion in a solution of the HHTP organic starting material and electrolyte, whilst a 

positive potential is applied to both sides of the IDE to oxidise the Cu. This results in the 

MOF, depicted in green in Figure 6.1 (c), growing outwards from the copper nanoclusters that 

are experiencing a positive potential due to their electrical connection to the electrodes. This 
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is accompanied by a decrease in size of the nanoclusters as the copper is consumed to form 

the MOF. The result is an increase in the number of conductive pathways bridging the 

electrodes, all of which require current to flow through the MOF. This MOF decorated 

electrode is then a ready-to-use chemiresisitve sensor.  

 

 

Copper nanoclusters were deposited onto IDEs with Pt fingers separated by insulating glass 

gaps, as is illustrated schematically in Figure 6.1 (a). Before deposition of any conductive 

materials to bridge the insulating gaps, inserting a multimeter between the contact pads will 

give an infinite resistance reading. The measured resistance decreases as the MOF 

electrochemically grows.  

The potential applied to the nanocluster-decorated electrode to trigger copper oxidation and 

initiate MOF formation was +0.435 V. This potential was chosen in light of the results of 

Bradshaw et al.’s investigations into the electrochemical growth of the same MOF from bulk 

Figure 6.1: (a) Schematic representation of a Pt on glass interdigitated electrode with copper 
nanoclusters deposited on it. (b) Portion of an IDE on which copper nanoclusters (orange) have been 
deposited before any electrochemical synthesis. Limited conductive pathways (black lines) exist 
between the electrodes. (c) After electrochemical synthesis has commenced, MOF (green) has grown 
outwards from the copper nanoclusters resulting in more conductive pathways bridging the 
electrodes. (d) As the electrochemical synthesis continues more MOF and more conductive pathways 
bridging the insulating gaps arise. This results in a reduced electrical resistance across the IDE. 

(a) (b) (c) (d) 
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Cu electrodes.160 They performed a series of electrochemical experiments in which different 

potentials between 0.435 V and 0.7 V were applied. They found that the sharpest PXRD peaks 

and largest MOF crystals were present for the sample synthesised at +0.435 V, which they 

attributed to the slower oxidation rate meaning that there was sufficient time for ligands to 

coordinate to the Cu ions. They also found that the (001) peak in the PXRD spectrum became 

less sharp as the synthesis potential was increased, indicating that there was less long range 

order in the crystals. Since the π-π interlayer stacking is suspected to be a significant 

contributor to the conductivity, it was considered best to select the lower potential for 

synthesis to maximise the through-space charge transport in the c-direction.160 If the potential 

was decreased below +0.435 V, there would be a risk of the potential not being high enough 

for the Cu oxidation to occur. A potential of +0.435 V was therefore selected as the optimum 

potential for this experiment. 

 

6.2.2 Experimental protocol  

Copper nanoclusters were deposited onto Pt inter-digitated electrodes, IDEs, with 5 μm gap 

sizes on glass (Micrux Technologies, Spain). An NL50 system manufactured by Nikalyte Ltd 

was used to deposit the copper nanoclusters onto the IDEs. 7000 ng cm-2 of copper 

nanoclusters with diameters between 10 and 50 nm were deposited. This resulted in IDEs with 

resistances between 100 and 300 kΩ. Each IDE was annealed for 2 hours on a hot plate at 200 

°C to reduce the resistance to between 20 and 40 kΩ. The aim of this was to improve adhesion 

of the nanoclusters to the glass of the IDE and improve conductivity by initiating necking 

between the particles, thereby increasing the proportion of nanoclusters to which the potential 

for MOF formation is applied. 
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A 2.6 mM of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and 0.021 M solution of 

methyltetrabutylammonium methyl sulphate (TBMAMS) electrolyte was made up in a 4:1 

ethanol and deionised water mixture. The solution was degassed by bubbling N2 gas through 

the solution for 10 minutes before the potential was applied. A standard 3-electrode set-up as 

described in section 3.1.4 was used. The two sides of the copper nanocluster-decorated IDE 

were connected together and a potential of +0.435 V was applied to grow the MOF. The 

potential was applied for times between one minute and 4 hours for each electrode. A 

morphological comparison of the MOF formed after different electrochemical synthesis times 

will be given in the following section. 

 

6.3 MOF growth  

Copper nanocluster-decorated IDEs were used for MOF synthesis as described in section 

6.1.3. By submerging a series of identical IDEs in the ligand solution and applying the 

potential for different amounts of time, the progress of the MOF growth could be assessed via 

SEM imaging. The top row labelled ‘0 minutes’ in Figure 6.2 depicts only the nanoclusters 

on the IDE surface before any electrochemical synthesis, whilst the central row depicts the 

surface of the IDE after 10 minutes of electrochemical growth, and the bottom row the surface 

after 2 hours. The left-hand column shows images taken at 5K zoom, whilst the right-hand 

column shows images taken at 15K zoom. 

By comparing the images of the IDEs at 0 minutes with those after 10 minutes, a change in 

surface morphology can already be seen. The spot-like nanoclusters visible in the 0 minutes 

images have been replaced by broader features with the same random but uniform distribution 

as the initial nanoclusters. This suggests that the larger crystallites have nucleated from the 

nanoclusters. After 2 hours, the surface features are bigger still, with the shapes less rounded 
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and more shard-like. Also of note is that the same crystallite growth is observed on the Pt of 

the IDEs and across the glass gaps, which is reflective of the even deposition of the 

nanoclusters on both of the electrode components.  

Figure 6.2:  SEM images of copper nanocluster-decorated interdigitated electrodes after different 
electrochemical synthesis times. The top row depicts only nanoclusters, whereas Cu3(HHTP)2 MOF 
crystals are visible for the samples after 10 minutes and 2 hours of electrochemical synthesis. Each 
column depicts the same sample imaged at different magnifications. As the synthesis time increases, 
the features on the IDE surface get larger as the MOF grows out from the nanoclusters. 
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The growth of the MOF is also reflected in how the measured resistance across the IDEs varies 

with electrochemical deposition time. The plot in Figure 6.3 was generated through 

measurement of the resistance between the contact pads of 5 separate IDEs after differing 

electrochemical synthesis times. The resistance decrease on increased electrochemical growth 

time is consistent with the MOF growing to bridge gaps between nanoclusters and then further 

to bridge the insulating gaps in the IDE, as illustrated schematically in Figure 6.1. The 

resistance of the sample that underwent 4 hours of electrochemical synthesis is however 

slightly higher than that of the 2 hours sample. It is expected that there will be a point beyond 

which the effect of copper nanoclusters being replaced by the less conductive MOF dominates 

over the increased bridging between clusters by the MOF. The increase in resistance between 

2 and 4 hours suggests that this point lies between these two deposition time. 

 

Figure 6.3: Plot of electrical resistance against MOF electrochemical synthesis time for 5 different 
copper nanocluster decorated IDEs. Largely, resistance decreases as synthesis time increases. This 
is consistent with conductive MOF growing to bridge the nanoclusters as the synthesis progresses. 
Error bars are estimates representing 10 % of the measured resistance.  
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6.4 Characterisation  

As per the work detailed in chapter 5, sample characterisation is important for the work in this 

chapter to prove that the introduced method is successful in generating the desired MOF. As 

this method also uses nanoparticles covering small areas of substrate as the metal source for 

the MOF, the MOFs are synthesised in small amounts and are adhered strongly to the 

substrate. The XPS and Raman spectroscopy described in sections 6.4.2 and 6.4.3 

respectively, could be performed with the MOFs in situ on the glass IDE substrates on which 

they were formed. However, for PXRD a larger volume of loose MOF powder was required. 

The synthesis was therefore scaled up using copper tape as opposed to copper nanoclusters, 

as described in the following section. Cyclic voltammetry was also performed to gain an 

insight into potential mechanisms of MOF formation.  

 

6.4.1 Powder X-ray diffraction  

Insufficient material could be obtained by scraping MOF off the IDEs for successful PXRD 

analysis. The synthesis was therefore scaled up using bulk copper tape (RS Pro conductive 

metallic tape, RS Components, UK) attached to a glass slide in order to obtain enough material 

to carry out PXRD. A 4cm × 4cm glass slide was covered in copper tape on both sides. This 

was used in place of the nanocluster-decorated IDE and connected to the 3-electrode set-up 

as described in section 6.1.3, where the potential of +0.435 V was applied for two hours. As 

observed for the copper nanocluster-decorated electrodes, the copper foil turned black during 

this time. The black material was then scraped off the tape with a spatula to yield sufficient 

powder for the PXRD data in Figure 6.4 to be obtained using a Rigaku Miniflex machine with 

a 1.54 CuKα source.   
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Peaks are observed in the electrochemically synthesised sample at 2θ = 4.95°, 9.64°, 12.67°, 

16.68° and 27.76°. These peaks can be assigned to the (100), (200), (210), (220) and (001) 

planes respectively, as per the labels in Figure 6.4. When indexed to a hexagonal unit cell, the 

peaks correspond to lattice parameters of a = b = 21.17 Å, and c = 3.21 Å. In Figure 6.4, the 

PXRD data for the electrochemically synthesised MOF (grey) is plotted alongside the data for 

the same MOF synthesised via solution synthesis (red) as described in section 4.1.1. From this 

we can see that the positions of the indexed peaks are consistent with the peaks in the solution 

synthesised MOF. They are also consistent with the peak positions reported in literature.160 

The small peaks at 19.3° and 21.0° visible in the electrochemically synthesised PXRD scan 

(grey) cannot be assigned to any of the reaction mixture components or other potential 

products. It is therefore assumed that they arise due to impurities in the ‘conductive acrylic 

adhesive’ on the Cu tape used for the scaled-up electrochemical synthesis. We would therefore 

expect these peaks to be absent for the MOF prepared from Cu nanoclusters.  

Figure 6.4: Powder X-ray diffraction pattern for Cu3(HHTP)2 electrochemically synthesised from 
copper foil (grey) plotted against the PXRD scan of the same MOF synthesised via solution synthesis 
(red). The indexed (100), (200), (210), (220) and (001) peaks appear at the same 2θ values for MOF 

samples made from both methods, indicating that the same MOF is made in both cases. 
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It is also worth noting the differences in relative intensities of the different PXRD peaks 

between the electrochemically synthesised and solution synthesised samples, which is 

suggestive of different crystal morphologies. In particular the relative heights of the (100) and 

(001) peaks indicate enhanced growth in the c-direction compared to that in the ab plane for 

the electrochemically synthesised sample. The effect of this on its performance as a 

chemiresistive sensor will be looked at in section 6.5. 

 

6.4.2 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy, XPS, was able to be carried out in situ on the IDEs on 

which the MOF was synthesised, with no need to remove the MOF from the substrate. A K-

alpha machine from Thermo Scientific, USA, was used. An electron neutraliser was used to 

prevent charge build up. The survey scan visible in Figure 6.5 shows the presence of the 

expected carbon, oxygen and copper elements in the MOF and is consistent with survey scans 

published in literature for Cu3(HHTP)2.195 The intense peaks at 532.1 and 285.1 eV can be 

attributed to photoelectrons emitted from the O 1s and C 1s sub-shells respectively. Also 

visible but less intense are peaks at 168.1 and 232.1 eV. These can be assigned to 

photoelectrons emitted from sulphur, indicating the presence of some residual TBMAMS 

electrolyte on the electrode surface. The peak at 402.0 eV is a N 1s peak that is present with 

similar intensity in the survey scan of the clean IDE. The Cu 2p peak around 940 eV will be 

looked at in more detail in Figure 6.6.  
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A higher resolution scan between 925 and 965 eV can reveal the finer structure in the Cu 2p 

region, Figure 6.6. Significant peak splitting for both the 2p3/2 and 2p1/2 peaks can be observed, 

indicating that the MOF contains both Cu2+ and Cu+ species. The peaks at 932.4 and 952.2 eV 

can be assigned to the photoelectrons emitted from the 2p3/2 and 2p1/2 levels in Cu+ or Cu, 

whilst the peaks at 934.5 and 954.2 eV can be assigned to the same sub-shells in Cu2+. The 

presence of satellite peaks with similar splittings further confirms the presence of both copper 

ions.  

Figure 6.5: XPS survey scan for the Cu3(HHTP)2 MOF synthesised via electrochemical synthesis 
from copper nanoclusters in situ on an interdigitated electrode substrate. Labelled in bold are the 
expected Cu 2p, O 1s and C 1s peaks from the elements present in the MOF. Also labelled are other 
peaks corresponding to S from the electrolyte and N from the substrate.  
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6.4.3 Raman spectroscopy  

Raman spectroscopy was carried out with the Cu3(HHTP)2 still adhered to the glass IDE 

substrates on which they were synthesised. A System 1000 machine from Renishaw, UK was 

used. The resulting spectrum for the electrochemically synthesised MOF can be seen in red in 

Figure 6.7. It has been plotted against the trace for the HHTP ligand starting material (blue) 

and the same Cu3(HHTP)2 MOF synthesised via solution synthesis and drop-cast onto the 

same IDE substrates (grey). The spectra show the presence of peaks in the MOF scans that 

are not observed in the spectrum for the HHTP organic starting material. The spectra have 

been artificially offset in y for clarity.  

Figure 6.6: Narrow area XPS scan of the Cu 2p region for Cu3(HHTP)2 on glass inter-digitated 
electrodes. Each of the 2p3/2 and 2p1/2 peaks are split into Cu+/Cu and Cu2+ peaks. Similar 

splittings are visible in the satellite peaks at slightly higher binding energies.  
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On looking at the Raman spectrum for the HHTP ligand in Figure 6.7 (blue), the two sharpest 

peaks are observed at 1398 and 1620 cm-1. On transformation to the MOF, the 1620 cm-1 

disappears, whilst the 1398 cm-1 peak remains in the spectra for the MOF samples made from 

both methods but with a lower intensity. New peaks arise at 1363, 1461 and 1542 cm-1 in the 

spectra for the MOFs. The appearance of peaks at the same wavenumbers for the Cu3(HHTP)2 

samples made from solution and electrochemical synthesis reinforces the conclusion that the 

same MOF is made from both methods. The marked difference between the MOF traces and 

the trace for the HHTP ligand indicates that the ligand has undergone chemical changes to 

form a new compound. The peaks observed in Figure 6.7 are in the region typical of aromatic 

systems, known constituents of the desired MOF. To assign the peaks to specific bonds, DFT 

calculations could be performed. 

Figure 6.7: Raman spectra of Cu3(HHTP)2 MOF synthesised via electrochemical synthesis from 
copper nanoclusters (red) and conventional solution synthesis methods (grey) compared to Raman 
spectrum for the HHTP ligand on the same substrate (blue). Peaks for the MOF traces appear at the 
same wavenumbers, and both traces differ from that of the ligand. This indicates that the same 
substance is formed during the electrochemical and solution synthesis methods, and that this cannot 

be due to ligand deposition on the IDE surface.  
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6.4.4 Cyclic voltammetry 

Cyclic voltammetry, CV, was performed to investigate the redox processes involved in 

formation of the MOF. An IDE with copper nanoclusters deposited on it was submerged in a 

solution of the ligand and electrolyte and the potential was ramped from -0.80 V to +1.20 V 

in steps of 0.00244 V with a speed of 0.02 V s-1. The two sides of the IDE were connected for 

this experiment, and the current flowing between the IDE working electrode and the reference 

electrode is recorded as the voltage is changed. The resulting current vs potential plot is given 

in Figure 6.8.   

  

Figure 6.8: Cyclic voltammogram for a copper nanocluster-decorated electrode in a solution of 
HHTP ligand and electrolyte. Potential was ramped from -0.8 V to +1.2 V for 40 cycles. Peaks in the 
forward direction occur at 0.15 V and 0.77 V. Peaks in the reverse direction appear at 0.56 V and 
0.14 V. The positive current peak at 0.56 V that occurs as Cu2+ ions on the IDE are reduced to Cu+ 
ions in order to oxidise the ligand.   
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In the forward direction, peaks occur at 0.148 and 0.766 V. The first of these is assumed to be 

due to the oxidation of metallic Cu to Cu+ ions, whilst the second is likely due to the further 

oxidation of Cu+ to Cu2+. In the reverse direction, we observe a positive current peak at 0.579 

V and a negative peak at 0.140 V. The peak at 0.140 V can be attributed to the reduction of 

Cu+ ions back to Cu metal. The peak at 0.579 V that crosses over the forward scan, indicates 

that electrons are being donated to the electrode despite the fact that the potential is being 

decreased. We postulate that this peak corresponds to Cu2+ ions oxidising the HHTP 

molecules. On the forward scan Cu2+ ions form which can then participate in the step-wise 

oxidation of the hydroxy-substituted ligand to the semiquinone species. Each Cu2+ ion can 

accept one electron, forming Cu+, and so oxidise one dihydroxy group to the corresponding 

semiquinone radical, Figure 2.18. Since this involves the copper species on the electrode 

accepting electrons which can then be transferred to the circuit, the peak presents in the 

positive current direction crossing over the forward traces. As the solution is degassed with 

N2 flow prior to the experiment, O2 dissolved in the solution cannot participate in ligand 

oxidation. The CV suggests that the maximum rate of ligand oxidation occurs at a potential 

of 0.579 V, with a lower rate at higher potentials in the reverse direction due to the lower 

stability of the Cu+ ion in this environment.  

The insights from the CV inform the mechanism of MOF formation with this method. It is 

expected that the MOF forms via the following sequence of steps: 

1. Oxidation of the metal to the Cu+ then Cu2+ species due to the applied potential. 

2. Deprotonation of the ligand in solution. 

3. Oxidation of the ligand by Cu2+ ions on the IDE, forming Cu+. 

4. Deprotonation of the ligand and combination with metal ions to irreversibly form the 

MOF.  
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The 0.435 V applied for MOF formation, as marked by the dashed line in Figure 6.8, is 

approximately at the point where the Cu+/Cu2+ current increase begins. It is therefore likely 

that this is the minimum potential that could be used to trigger formation of the Cu2+ ions, 

whilst minimising the oxidation rate, which is desirable for formation of larger crystals.  

 

6.5 Sensing behaviour 

The MOF-decorated electrodes were submerged in acetone overnight and dried for 10 minutes 

on a hot plate at 80 °C before being put into a custom-built sensing chamber. A potential 

difference of 1V was applied across the IDEs and the current flow was recorded in real time 

using a digital multimeter. The current flowing was monitored as the sensors were exposed to 

concentrations of NH3 gas between 5 and 1 ppm for 60 s each, with recovery times of 20 

minutes for the 5 ppm exposures. A constant flow rate of 500 sccm was maintained and a dry 

N2 carrier gas was used.  

A typical resistance response plot can be seen in Figure 6.9 - top, which was obtained from a 

sensor that underwent 2 hours of electrochemical synthesis. In this figure we see a reversible 

resistance increase on exposure to ammonia. As NH3 is a strong electron donor, the resistance 

increase on exposure to NH3 is consistent with the MOF behaving as a p-type semiconductor. 

The change in resistance on exposure as a percentage of the initial resistance is then plotted 

against concentration to produce the calibration plot in Figure 6.9 – bottom, no baseline 

correction was required. The gradient of this plot gives the sensor sensitivity as 0.154 ± 0.006 

% ppm-1. The root mean square, RMS, of the baseline noise is 0.00813 %. By using the 

sensitivity to calculate the analyte concentration that would give a sensing response with 

magnitude 3 times greater than the baseline noise, a calculated limit of detection of 158 ± 6 

ppb is obtained.  
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Figure 6.9: Top – The reversible resistance increases of a sensor exposed to NH3 gas with 
concentrations between 5 and 1 ppm for 60 s. Bottom - Plot to show the linear relationship between 
response % and NH3 concentration. The gradient of this plot gives the sensitivity of the sensor. Results 
are from a Cu3(HHTP)2 MOF sensor generated from 2 hours of electrochemical synthesis. The 
linearity of sensing response with increasing concentration is superior to that obtained with solution 
synthesised MOF sensors. 
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The reversible resistance increase on exposure to NH3 gas is consistent with the reponse shape 

for the same MOF synthesisd via solution synthesis (section 4.2.3). The calculated limit of 

detection of the sample prepared via electrochemical synthesis (0.158 ± 0.006 ppm) is of a 

similar magnitude to that of the n-Cu3(HHTP)2 sensor made from solution synthesis (0.13 ± 

0.01 ppm). It can be observed however, that the electrochemically synthesised sample shows 

a significantly improved linearity of relationship between response % and analyte 

concentration, with a Pearson’s r of 0.999 for the electrochemically synthesised sample, 

compared to r = 0.991 for the solution synthesised n-Cu3(HHTP)2 sensor. Furthermore, the 

variance in response magnitudes between exposures of the same concentration is far smaller 

for the electrochemically synthesised sensor, as depicted by the much smaller error bars 

visible in Figure 6.9 compared to the analogous plot in chapter 4 (Figure 4.5). This renders 

the electrochemically synthesised sample a more reliable real-world sensor, as an analyte 

concentration inferred from a given response % can be more accurately determined.  

The response to NO2 gas was also probed using the same sensor and the same experimental 

conditions. As was observed for the solution synthesised Cu3(HHTP)2 sensors, exposure to 

NO2 resulted in irreversible resistance decreases, Figure 6.10.  This indicates that the NO2 is 

interacting with the framework in the same way as was described in section 4.5. The 

irreversible nature of the interaction means that the magnitude of the resistance decrease 

decays rapidly on repeated exposures to the same concentration of analyte gas. As such no 

sensitivity or limit of detection could be ascertained. The decrease in resistance continues after 

the NO2 exposure stops, but with an increasingly shallow gradient. This can be seen more 

clearly in the lower graph of Figure 6.10 which depicts a single 5 ppm NO2 exposure.
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Figure 6.10: Top - The resistance response of an electrochemically synthesised Cu3(HHTP)2 
sensor exposed to NO2 gas with concentrations between 5 and 1 ppm for 60 s. Bottom – Enlarged 
plot of a single 5 ppm NO2 exposure indicating the start and end points of the exposure. 
Annotations in red show how the change in resistance is measured.  
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When ΔR is measured as depicted in Figure 6.10, the first 5 ppm exposure leads to a 

percentage change in resistance of 3.4 %. This change is significantly lower than the 19.6 % 

and 8.7 % for the a-Cu3(HHTP)2 and n-Cu3(HHTP)2 sensors tested in chapter 4. This could 

be rationalised by considering the sensing mechanism discussed in section 4.4, alongside 

comparing the morphology of the electrochemically and solution synthesised samples. In 

section 4.4 it was concluded that NO2 is likely to interact with lone pairs on the ligand oxygen 

atoms. These would be most accessible for the ligands on the outer edges of the crystals. The 

rod-like crystals would therefore have the highest concentration of easily accessible oxygen 

lone pairs. The flake-like crystals of the n-Cu3(HHTP)2 sample would have fewer accessible 

external ligands due to the reduced thickness of the MOF crystals, whilst the electrochemically 

synthesised samples would have fewer still due to the dense packing of the flake-like crystals. 

 

6.6 Conclusion  

A method to electrochemically grow Cu3(HHTP)2 from pre-patterned copper nanoclusters has 

been presented. The described protocol allows us to generate a uniform distribution of the 

MOF in situ on the IDEs required for chemiresistive gas sensing. SEM imaging indicates that 

significant MOF growth occurs within 10 minutes of applying the potential, which is 

corroborated by a decrease in measured resistance across the electrodes. A sensor made after 

10 minutes of electrochemical growth is reported to detect NH3 gas with a limit of detection 

of 158 ± 6 ppb. The method offers advantages in terms of uniformity of chemiresistive sensing 

medium, control of MOF growth, and reduced post-growth processing requirements.  

The only chemiresistive Cu3(HHTP)2 NH3 sensor with a calculated limit of detection reported 

in literature is that fabricated by Yao et al. using a spray layer-by-layer deposition method. 

They reported an LOD of approximately 500 ppb, making the sensor fabricated in this chapter 
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superior.196 Moreover, our calculated LOD of 158 ppb is competitive with the LODs quoted 

for chemiresistive sensors fabricated from conducting polymers and metal-oxide 

semiconductors.7 However, as discussed in section 3.3.2, it should be noted that factors such 

as the gas flow rate, exposure time and sensing chamber geometry have significant effects on 

the sensing responses and limits of detection. Comparisons between sensors made by different 

research groups should therefore be treated with caution, as experimental conditions are rarely 

consistent. The electrochemically-synthesised sensor discussed here can however be 

compared to the Cu3(HHTP)2 sensors made from powdered MOF described in section 4.2.3 

which were analysed under identical conditions. On comparing the sensing results in Figure 

6.9, to those in Figure 4.5, it can be observed that the electrochemically-synthesised MOF 

sensor results in a more linear response % against analyte concentration plot which leads to 

lower uncertainties in the sensitivity and limit of detection. This means that the concentration 

of analyte can be more accurately calculated from the electrochemically-synthesised sensor. 

Moreover, the electrochemically synthesised sample is significantly more robust, in that the 

MOF could not be removed from the IDE through sonication in ethanol, whilst macroscopic 

amounts of the powdered MOF came off the IDE each time the solution synthesised sensor 

was submerged in then removed from an ethanol solution.  
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Chapter 7 

Templated synthesis of conductive MOFs for hierarchically porous sensors  

 

In this chapter I will describe a method to synthesise all four metal-organic frameworks 

previously discussed in this thesis, Cu3(HHTP)2, Cu3(HITP)2, Ni3(HHTP)2 and Ni3(HITP)2,  

in an inverse opal morphology using polystyrene nanospheres. The motivation and inspiration 

for these experiments will be discussed in section 7.1 and the methodology will be described 

in section 7.2. SEM images of the samples of the four different MOFs will be given in section 

7.3.1, the EDX results will be discussed in section 7.3.2 and the results of XPS characterisation 

will be covered in section 7.3.3. The inverse opal MOFs produced in this method were used 

to make chemiresistive sensors and their responses to NH3 and NO2 analyte gases were tested. 

The results of these experiments are discussed in section 7.4. This section includes a 

comparison of the sensing ability of the hierarchically porous MOF structures detailed in this 

chapter, with those of the MOF sensors discussed in chapter 4.  

 

7.1 Context 

The morphology of conductive triphenylene-based MOFs has been reported to be a significant 

factor determining the success of MOF-functionalised electronic materials. The first study in 

which the morphology of Cu3(HHTP)2 was deliberately manipulated used different amounts 

of NH3 and pyridine modulators to change the crystals from rods to flakes.168 In chapter 4 of 

this thesis, section 4.2.3, Cu3(HHTP)2 with a flake-like morphology was found to have a 

higher sensitivity to NH3 gas than the rod-like crystals of the same MOF. Other published 

work has focused on the role of triphenylene-based MOF morphology on capacitive 
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performance. In 2021, Dincă et al. concluded that the capacitive performances of Ni3(HITP)2 

MOF samples were more affected by morphology and crystal agglomeration than by 

conductivity.197 Similarly, in subsequent work by Forse et al. the capacitive performance of 

Cu3(HHTP)2 was found to be enhanced when flatter MOF crystals were used.198  

This well-established relationship between crystal morphology and electronic device 

performance, inspired me to consider further ways of manipulating the structures of the MOFs 

featured in this thesis. The formation of hierarchically porous MOF structures via 

supramolecular templating has been reported for many 3D MOFs.199 In 2012, Kitagawa et al. 

described a method of producing an inverse opal structure of an aluminium naphthalene 

dicarboxylate framework from an inverse opal aluminium template. The aluminium structures 

were formed from polystyrene bead arrays treated with an acidic aluminium butoxide solution, 

and then converted to the MOF via microwave treatment in the presence of the ligand.200 

Formation of inverse opal structures of a 2D conductive MOF was subsequently reported by 

Miao et al.. Polystyrene nanospheres were mixed with HATP.6HCl and deposited onto 

ceramic electrodes.190 An alkaline solution of CuSO4 was then drop-cast onto the dry 

nanosphere/ligand mixture, forming the Cu3(HITP)2 MOF within seconds. Tetrahydrofuran, 

THF, was used to dissolve the polystyrene nanospheres to leave the inverse opal structured 

MOF. The authors also report that when used as a chemiresistive sensor, the nanostructured 

MOF performed as a better sensor to H2S than an analogous non-nanostructured Cu3(HITP)2 

sensor, although responding irreversibly in both cases.  

In this chapter, the synthesis first described by Miao et al. is modified and applied to other 

conductive MOFs, resulting in inverse opal structures of 3 conductive MOFs that have not 

been reported with this structure previously, Cu3(HHTP)2, Ni3(HITP)2 and Ni3(HHTP)2, as 

well as Cu3(HITP)2. The sensing response of the 4 nanostructured MOFs to NH3 and NO2 are 
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investigated and assessed relative to analogous sensors made with non-microstructured 

MOFs. This comparison can give us an insight into the extent to which diffusion limits the 

sensing response, and whether altering the morphology in this way could affect the sensing 

performance in terms of magnitude or reversibility.  

 

7.2 Materials and methods 

The principles of this method are represented schematically in Figure 7.1. The first step 

involves depositing a mixture of ligand and nanospheres onto an electrode via drop-casting, 

Figure 7.1 (a). An alkaline solution of a metal salt is then deposited on top, allowing the metal 

ions to react with the ligand to form the MOF in the areas not occupied by the nanospheres, 

Figure 7.1 (b). The final stage involves submerging the electrode in tetrahydrofuran (THF) to 

dissolve the nanospheres, leaving an inverse opal structure of the MOF, Figure 7.1 (c).  

 

Figure 7.1: Schematic illustration for the formation of inverse opal structures of conductive MOFs 
via templated synthesis using polystyrene nanospheres. (a) Ligand surrounds polystyrene 
nanospheres. (b) MOF forms around the nanospheres on addition of metal salt solution. (c) The 
inverse opal MOF structure remaining after dissolution of the nanospheres with THF. 

 

(a) 

(b) 

(c) 
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Two polystyrene nanosphere solutions with a 1.5 mg mL-1 concentration were made up in 

deionised water. The nanospheres were purchased from Sigma-Aldrich, USA as an aqueous 

suspension. The mean diameters of the particles is 0.3 μm. To one of the nanosphere solutions 

2,3,6,7,10,11-hexahydroxytriphenylene (TCI, Japan) was added to form a 7 mg mL-1, 10.8 

mM, solution with respect to the HHTP. To the other nanosphere solution, 2,3,6,7,10,11-

hexaaminetriphenylene hexachloride was added to produce a 10 mg mL-1, 9.3 mM, solution 

with respect to the HATP.6HCl. Two further solutions were made up, one comprising 

copper(II) sulphate pentahydrate (Fisher Scientific, UK), and the other nickel acetate 

tetrahydrate (Acros Organics, USA). Solutions containing 9.53 mL of deionised water and 

0.47 mL ammonia solution (19.4 M, Fisher Scientific, UK) were made up, to which the metal 

salt was added to form 0.13 mM solutions of the metal salts.  

Interdigitated electrodes with 5 μm gas sizes (Micrux Technologies, Spain) were placed on a 

hot plate at 60 ºC. To make the Cu3(HHTP)2 MOF, one 10 μL drop of the HHTP/nanosphere 

solution was dropped onto the hot electrode. After 5 minutes of drying, two 5 μL drops of the 

alkaline copper sulphate solution were drop-cast on top. To make the Cu3(HITP)2 MOF, 10 

μL of the HATP/nanosphere solution was drop-cast onto the hot electrode. After drying on 

the hot plate (5 minutes), one 10 μL drop of the alkaline copper sulphate solution was drop-

cast on top. To make the Ni3(HHTP)2 sample, again a singular 10 μL drop of the 

HHTP/nanosphere solution was drop-cast onto the hot electrode, followed by two 10 μL drops 

of the alkaline nickel salt solution after 5 minutes of drying. Similarly, the Ni3(HITP)2 MOF 

was synthesised from one 10 μL drop of HATP/nanosphere solution followed by 5 minutes 

of drying and then 3 × 10 μL drops of the alkaline nickel salt solution.  

After a further 30 minutes of drying on the hot plate at 60 ºC, the four samples were allowed 

to cool to room temperature. They were then placed in narrow 8 mL vials to which 3 mL of 
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THF was added. The vials were left overnight, after which the IDEs were removed from the 

THF and dried for 20 minutes on a hot plate at 60 ºC.  

 

7.3 Characterisation  

The MOF sensors fabricated as described in section 7.2 were characterised via SEM, EDX 

and XPS. Analysis with all of these techniques was carried out with the MOFs still adhered 

to the inter-digitated electrode substrates that they were synthesised on. This analysis is 

therefore reflective of the conditions of the MOF during the sensing experiments to be 

described in section 7.4.  

 

7.3.1 Scanning electron microscopy 

SEM imaging of the four different MOFs reveals inverse opal structures with slight 

differences in morphology. Representative images are given in Figures 7.2 and 7.3. For all 

four samples, spherical holes previously occupied by polystyrene nanospheres can be 

observed. Solid material that is resistant to the THF used to dissolve the nanospheres remains 

around these hollow regions. Of the four samples, that of Cu3(HHTP)2 shows the least rigid 

inverse opal structure, Figure 7.2 – top, whilst the inverse opal structure for the Ni3(HITP)2 

sample is continuous over the whole of the depicted region, Figure 7.3 – bottom. Looking 

more closely at the morphology of the material making up the inverse opal structures, it can 

be observed that the HHTP-based MOFs, Figure 7.2, are comprised of angular features 

arranged around the regions previously occupied by the nanospheres. The diameters of these 

angular features are no more than 60 nm when viewed as a cross-section for both HHTP 

MOFs. Some regions of more continuous solid material are visible over larger areas 
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representing partial surfaces of the spheres, indicating that the presence of the spheres during 

the synthesis is directing the morphology and growth of the MOF.  

 

Figure 7.2: Top – SEM image of Cu3(HHTP)2 synthesised around a polystyrene nanosphere template. 
Bottom – SEM image of Ni3(HHTP)2 synthesised around a polystyrene nanosphere template. Inverse 
opal structures are visible in both images, indicating that the MOFs have grown around the 
nanosphere templates. The Ni3(HHTP)2 MOF has taken to the templated synthesis method better, with 
a more extensive inverse opal structure visible for that sample.  
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SEM imaging of the analogous HITP-based MOFs revealed further inverse opal structures, 

Figure 7.3. For the Cu3(HITP)2 sample, Figure 7.3 – top, there are fewer regions where the 

MOF has grown smoothly and continuously around the nanosphere template, with only a 

couple of smooth grey partial nanosphere shell regions. This indicates that MOF has not grown 

well on the surfaces of the ligand-coated nanospheres that are in contact with the electrode, 

with MOF-like material largely only visible bridging the nanosphere vacancies rather than 

underneath them as well. In contrast to the HHTP MOFs where any non-continuous shells are 

made up of angular features with aspect ratios close to one, the Cu3(HITP)2 sample shows 

rod-like features, some spanning the distances between circular hollows left by the 

nanospheres with lengths of the order of 100 nm. The persistence of rod-like features despite 

the nanosphere template, suggests that the favourability for growth in one particular 

dimension is strong for this MOF or more likely, that the growth of crystals is favoured over 

nucleation of new crystals for the synthesis of this MOF in this way. 

The appearance of the Ni3(HITP)2 sample, as depicted in Figure 7.3 – bottom, shows a further 

contrasting morphology. This image shows the highest proportion of continuous smooth 

inverse opal shells of the four MOFs discussed, indicating that growth of the Ni3(HITP)2 MOF 

is most easily directed by the presence of the nanospheres. In contrast to these smooth regions 

previously in direct contact with the nanospheres, the outer surfaces of the smooth areas are 

noticeably rougher with densely packed nm-sized protrusions.  

A number of factors are relevant in determining the success of this method in generating the 

MOFs, and the morphology of the MOF formed. These include the miscibility of the ligand 

and the nanosphere solution, the rate of deprotonation of the ligand on addition of the alkaline 

metal salt solution (affected by the pH), the rate of coordination of the metal ion to the 

deprotonated ligand and the extent to which the ligand remains coated on the nanospheres as 
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the ligand/nanosphere solution dries. Whilst the morphologies of the two HHTP MOFs 

resemble each other on the scale smaller than the inverse opal arrangement, the two HITP 

MOFs differ more significantly, indicating that it is not simply the differences in the ligands 

that are responsible for the contrasting morphologies. Comparing the SEM images given in 

this chapter, with those for the same MOFs synthesised via conventional solution synthesis 

methods, chapter 4, we see that the differences in sub-inverse opal morphologies are indeed 

reflective of the solution synthesised MOF morphologies in most cases. However, the features 

are consistently smaller for the MOFs synthesised in this chapter compared to those in chapter 

4, as expected for the rapid method described here. The Cu3(HHTP)2 and Ni3(HHTP)2 solution 

synthesised samples are rod-like crystals with hexagonal cross sections. The features observed 

in Figure 7.2 resemble these in their cross section, but the growth in the favoured direction 

has been supressed, likely due to the constraints imposed by the close proximity of the 

nanospheres. Similarly, the rough surface protrusions observed for the Ni3(HITP)2 MOF in 

Figure 7.3 – bottom, are reflective of the fine crystals imaged in Figure 4.7 – bottom. The 

features observed for the Cu3(HITP)2 crystals however, do not resemble the solution 

synthesised version as closely, with the rod-like features visible in the templated synthesis not 

visible amongst the fine crystals and with no obvious favourable growth dimensions as 

observed in the solution synthesised sample, Figure 4.7 – top. The net impact of the inverse 

opal microstructure and the template-induced changes to particle morphology on the 

chemiresistive sensing performances will be discussed later in this chapter.  
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Figure 7.3: Top – SEM image of Cu3(HITP)2 synthesised around a polystyrene nanosphere template. 
MOF particles are visible bridging the vacancies previously occupied by nanospheres. Some rod-like 
features are visible despite the nanosphere template used. Bottom – SEM image of Ni3(HITP)2

synthesised around a polystyrene nanosphere template. Shells of solid material surrounding the spaces 
previously occupied by nanospheres are clearly visible. The outer surfaces of the shells are rough with 
densely packed nm-sized protrusions.  
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7.3.2 Energy dispersive X-ray analysis  

Energy dispersive X-ray, EDX, mapping experiments were performed to analyse the 

elemental composition of the material on the electrodes. The results of these experiments can 

be seen in Figures 7.4 and 7.5. By inspecting the chemical composition spectra for the 4 

MOFs, the presence of the expected Cu, Ni, C, N and O elements can be confirmed. The SEM 

images taken of the mapped areas depict only material with the inverse opal structures, with 

no evidence for the presence of other crystalline phases or amorphous material. This indicates 

that the material with the inverse opal structure contains both metal and linker components, 

which suggests MOF formation has been successful.  

In addition to the expected elements present in the desired MOFs, the EDX composition 

spectra show that Si, Na, K, Pt, Cl and S are present. Si, Na and Pt are all components of the 

glass IDE substrates, but the reason for the presence of K is unknown. Whilst some Cl and S 

is likely present in the IDEs too, Cl and S are also present in the starting materials for some 

of the MOFs. S is present in the CuSO4.5H2O used to produce both the Cu3(HHTP)2 and 

Cu3(HITP)2 MOFs. By inspecting the spectra in Figures 7.4 and 7.5, it can be seen that S is 

indeed present in the EDX maps of both the Cu-containing MOFs, with smaller peaks not at 

a high enough concentration to be labelled by the EDX software also present in the spectra 

for the Ni MOFs. This suggests that some residual sulphate ions are likely present on the IDE 

surface, and also that another source of S contamination is likely present. Similarly, Cl is 

present in the HATP.6HCl starting material used in the synthesis of the Cu3(HITP)2 and 

Ni3(HITP)2 MOFs, and Cl is only present in the EDX spectra for these two MOFs. Further 

analysis with XPS will give an insight into the chemical environments of the S and Cl, which 

should indicate whether it is residual starting material that is present or other contaminants.  
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Figure 7.4: Left – Plots of X-ray energy in keV against counts obtained via EDX for Cu3(HHTP)2

and Ni3(HHTP)2 samples. Both spectra show peaks with energies characteristic of the expected 
elemental components of the MOF, indicating that the single phase of material observed with SEM 
contains all of the elements known to be present in the desired MOFs. Pt, Si, Na, and N peaks 
originate from the substrate. The presence of S indicates that there are sulphate ions on the surface 
of the Cu3(HHTP)2 sample. Right – SEM images of the areas that compositional analysis was 
performed on.  
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7.3.3 X-ray photoelectron spectroscopy 

XPS was carried out on a K-alpha machine from Thermo Scientific, USA. The samples used 

were synthesised on IDEs as described in section 7.2 and the XPS analysis was performed 

without any further sample processing. An electron neutraliser was used to prevent charge 

build up. Figure 7.6 depicts the survey scans for the Cu3(HHTP)2 and Cu3(HITP)2 inverse opal 

samples. The Cu3(HHTP)2 scan, Figure 7.6 (a), illustrates the presence of the expected 

elements, with a Cu 2p peak at 935.0 eV, an O 1s peak at 532.8 eV and a C 1s peak at 285.2  

Figure 7.5: Left – Plots of X-ray energy in keV against counts obtained via EDX for Cu3(HITP)2 
(top) and Ni3(HITP)2 samples. Both spectra show peaks with energies characteristic of the expected 
elemental components of the MOF, indicating that the single phase of material observed with SEM 
contains all of the known components of the target MOF. Pt, Si and Na peaks originate from the 
substrate. The presence of S indicates that there are sulphate ions on the surface of the Cu3(HITP)2 
sample. The presence of Cl originates from the hydrogen chloride coordinated to the ligand starting 
material. Right – SEM images of the areas that compositional analysis was performed on.  



 
 

174 
 

eV. The minor peaks present at 977.3 eV, 718.4 eV, 650.2 eV and 571.1 eV can be assigned 

to Cu Auger peaks, whilst the peak at 124.2 eV is consistent with the binding energy of 

electrons in the Cu 3s sub-shell. The peaks at 25.7 eV, 84.4 eV and 336.0 eV can be assigned 

to elements present in the clean IDE, as can the peak at 401.3 eV which can be assigned to the 

N 1s sub-shell. The small peak at 168.9 eV can be attributed to the S 2p sub-shell, indicating 

that some residual sulphate ions remain on the surface. The corresponding atomic % data 

generated by the software indicates that S only represents 1.08 % of the atoms present over 

the sampled area. The peak at 497.1 eV is consistent with the binding energy for a Na KLL 

peak, a likely component of the IDE.  

Similarly, the survey scan depicted in Figure 7.6 (b) shows the presence of the known 

constituents of the Cu3(HITP)2 MOF at 933.8 eV (Cu 2p), 399.3 eV (N 1s) and 284.9 eV (C 

1s). An intense peak is also seen at 532.0 eV, corresponding to O 1s, which is present in the 

clean IDE. The peak at 77.4 eV can be assigned to electrons from the Cu 3p sub-shell, whilst 

the peaks at 26.3 eV, 104.6 eV and 154.2 eV can be assigned to electrons from elements such  

Figure 7.6: (a) XPS survey scan for the Cu3(HHTP)2 MOF on glass interdigitated electrode substrate. 
(b) XPS survey scan for the Cu3(HITP)2 MOF on glass interdigitated electrode substrate. Peaks 
corresponding to the Cu, C, N and O elements expected to be present in the MOF are marked in bold. 
S and Cl contaminant peaks are also labelled. Other peaks correspond to elements present in the IDE 
substrates.  

(a) (b) 

Binding Energy (eV) 
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as Si in the IDE, and the peak at 244.7 eV to Ar from the gas in the XPS chamber. There is 

some evidence for contamination with starting materials again with the peaks at 232.8 eV and 

168.5 eV originating from S 2s and S 2p electrons in the metal sulphate starting material, and 

the peaks at 197.7 eV and 268.3 eV from the Cl 2p and Cl 2s electrons in the HATP.6HCl. 

Both the survey scans depicted in Figure 7.6 show the major peaks consistent with those 

reported for the same MOFs in literature.159,189 On comparing the XPS survey scans of the 

two Cu-based MOFs, we observe the expected increase in intensity of the N 1s peak and 

decrease in intensity of the O 1s peak for the HITP-MOF relative to the HHTP-MOF. This is 

reflective of the different elemental compositions of the MOFs with different ligands. 

Higher resolution scans of the Cu 2p regions reveal further information about the chemical 

environment of the Cu in the two MOFs.  Distinct peaks for electrons from the 2p3/2 sub-shells 

and the 2p1/2 sub-shells are visible for both of the Cu3(HHTP)2 and Cu3(HITP)2 samples, as 

labelled in Figure 7.7, which are further split into two peaks corresponding to different Cu 

oxidation states. As XPS peaks for neutral Cu and Cu+ occur at the same binding energies for 

copper, we cannot distinguish between the two. However, as copper ions were used as the 

starting material for the synthesis method described in this chapter, it is reasonable to assume 

that no elemental Cu is present, and as such the Cu+/Cu peaks will be almost entirely Cu+. On 

comparing the two spectra in Figure 7.7, it appears that a greater proportion of the Cu centres 

present are in the 2+ oxidation state as opposed to in their Cu+ form for the Cu3(HHTP)2 

sample than for the Cu3(HITP)2 sample. The effect this has on the sensing performance will 

be discussed in section 7.4. The presence of satellite peaks in both spectra, further confirms 

that Cu in an oxidised state is present on the electrodes.  
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Survey scans of the analogous Ni-based MOFs, Ni3(HHTP)2 and Ni3(HITP)2 also show the 

presence of the expected elements. For the Ni3(HHTP)2 scan depicted in 7.8 (a), the expected 

MOF component peaks appear at 856.3 eV (Ni 2p), 532.2 (O 1s) and 284.9 (C 1s). A Ni Auger 

peak can also be seen at 644.5 eV, whilst oxygen Auger peaks are visible at 976.5 eV and 

1001.1 eV. The peaks appearing at 398.9 eV, 154.1 eV, 103.2 eV, 71.4 eV and 24.8 eV can 

all be assigned to sub-shells in the N, Si and Pt components of the IDE. The peak at 168.6 eV 

indicates the presence of S on the IDE. This is assumed to be from environmental 

contamination or trace presence in the electrode substrate, as no sulphur-containing reagents 

were used in the synthesis of the Ni MOFs. XPS compositional analysis indicated that only 

0.87 % of the sampled atoms are S.  

Figure 7.7: (a) High resolution XPS scan of the Cu 2p region of a Cu3(HHTP)2 MOF sample on glass 
interdigitated electrode substrate. (b) High resolution XPS scan of the Cu 2p region of a Cu3(HITP)2 
MOF sample on glass interdigitated electrode substrate. Cu 2p3/2 and 2p1/2 peaks are visible in both 
plots, along with their associated satellites. Splitting of the 2p3/2 peak into components corresponding 
to Cu+ and Cu2+ ions is visible for both samples, indicating that the Cu is present as a mixture of two 
oxidation states in the MOFs.  

(a) (b) 

Binding Energy (eV) 
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Similarly, the survey scan of the inverse opal Ni3(HITP)2 MOF sample, Figure 7.8 (b) 

indicates the presence of the expected constituent elements. These peaks appear at 855.5 eV 

(Ni 2p), 398.9 eV (N 1s) and 284.9 eV (C 1s). An intense peak at 532.1 eV can be assigned 

to O 1s in the IDE. An O Auger peak is visible at 978.9 eV, and Ni Auger peaks at 779.0 eV, 

713.7 eV and 643.6 eV. Further Ni peaks can be seen at 69.1 eV (Ni 3p) and 113.2 eV (Ni 

3s). The peaks at 103.6 eV and 154.6 eV can be assigned to Si 2p and Si 2s electrons from the 

IDE substrate. The peaks at 198.3 eV and 168.5 eV indicate the presence of Cl and S. Cl is 

present in the HATP.6HCl starting material, but the origin of the sulphur contamination is 

unknown, as nickel acetate not sulphate was used as the Ni source. The atomic % of these are 

the highest of the MOFs sampled in this chapter, with 2.88 % of atoms being Cl and 3.52 % 

of atoms being S in the sampled area. The Cl peak at 198.3 eV is more consistent with the 

binding energy of a metal chloride than of organic chlorine. This is also the case for the Cl 

peak in the Cu3(HITP)2 sample. This could imply that the Cl atoms are occupying vacant sites 

of the metal centres. Whether this has any noticeable effect on the sensing performance will 

be considered in section 7.3.4.  

Figure 7.8: (a). XPS survey scan for the Ni3(HHTP)2 MOF on glass interdigitated electrode substrate. 
(b) XPS survey scan for the Ni3(HITP)2 MOF on glass interdigitated electrode substrate. Peaks 
corresponding to the MOF constituent elements, Ni, N, C and O, are marked in bold. The presence of 

Cl and S peaks indicate a degree of contamination. 

a) b) 

(a) (b) 
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Higher resolution scans of the Ni 2p region can be seen in Figure 7.9. The 2p3/2 peaks occur 

at 855.8 eV and 855.2 eV for the HHTP and HITP samples respectively, whilst the 2p1/2 peaks 

appear at 873.5 eV and 872.8 eV. These values are consistent between the two samples given 

the error introduced by the noise in the Ni3(HHTP)2 sample. Satellite peaks at lower binding 

energies are visible accompanying all of the peaks in Figure 7.9. However, similar satellite 

peaks are present in samples of pure Ni metal, so a closer look at the binding energies is 

required to confirm the presence of Ni in its oxidised state. By comparing the measured 

binding energies of the 2p3/2 and 2p1/2 peaks with those in the ThermoFisher Elemental 

Database, it can be confirmed that the peaks occur at too high a binding energies for them to 

correspond to metallic Ni. We can therefore conclude that the Ni present is in its oxidised 

state. The survey scans and higher resolution Ni 2p scans are consistent with those previously 

reported in literature for both MOFs.201,139 

 

 

Figure 7.9: (a) High resolution XPS scan of the Ni 2p region of a Ni3(HHTP)2 MOF sample on glass 
interdigitated electrode substrate. (b) High resolution XPS scan of the Ni 2p region of a Ni3(HITP)2 
MOF sample on glass interdigitated electrode substrate. Ni 2p3/2 and 2p1/2 peaks are visible in both 

plots. Their binding energies indicate that the Ni is present in its oxidised state.  

(a) (b) 
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The single phases of material observed via SEM, presence and even distribution of the 

constituent MOF elements across the inverse opal structures found by EDX, and the XPS 

characterisation consistent with literature reports for the known MOFs, make us confident that 

the method described in this chapter is successful in generating the 4 conductive MOFs.  

 

7.4 Sensing responses 

Sensors were fabricated by synthesising the 4 MOFs on the IDEs as described in section 7.2. 

The sensors were then placed in vials each containing 2 mL of acetone and left overnight to 

draw any residual solvent out of the MOF pores and activate the sensors. Sensing experiments 

were carried out in a specially-built chamber as described in section 3.3. The same testing 

conditions were used for the experiments in this chapter as those described in chapter 4. A 

voltage of 1 V was applied across the sensors for the tests and a dry N2 carrier gas was used. 

Sensors were allowed to settle under 500 sccm of N2 flow for at least one hour before analyte 

exposure commenced. Each exposure to analyte gas was 60 s in length. In the following 

sections the responses of the inverse opal sensors to NH3 and NO2 gases are reported, and 

conclusions about the effect of this new morphology on the sensing behaviour are drawn.  

 

7.4.1 Sensing behaviour of Cu3(HHTP)2 

The same Cu3(HHTP)2 sample that was analysed in section 7.3, with a starting resistance of 

around 118 Ω, was exposed to NH3 gas with concentrations between 5 ppm and 1 ppm for 60 

s. The resulting raw resistance response is depicted at the top of Figure 7.10. The plot shows 

reversible resistance increases on exposure to NH3, with shapes consistent with those depicted 

for sensors fabricated from the same MOF via solution synthesis in section 7.2.3. The 
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magnitude of the sensing responses was however larger relative to the baseline drift. A 

baseline produced from interpolating between the points just before each analyte exposure 

was subtracted from the data to obtain the plot depicted in the centre of Figure 7.10. The 

corresponding calibration plot can be seen at the bottom of Figure 7.10. The gradient of the 

best fit line in this plot equates to the sensitivity of the sensor; 0.097 ± 0.008 % ppm-1. The 

limit of detection calculated from this sensitivity is 0.31 ± 0.03 ppm, putting the LOD between 

that of the solution-synthesised a-Cu3(HHTP)2 and n-Cu3(HHTP)2 samples discussed in 

chapter 4.  

The fact that the same response shape is observed suggests that the sensing mechanism 

discussed in section 4.4 still applies, and that the introduction of the hierarchical porosity by 

way of the inverse opal morphology, has not impacted the sites of the Cu3(HHTP)2 and NH3 

gas interaction. We therefore assume that the NH3 gas interacts with the Cu metal centre 

through a combination of direct interaction with the Cu metal, and by interacting with H2O 

coordinated to the Cu centres, as described in section 4.4. Both of these effects result in 

donation of electron density to the framework, reducing the concentration of holes and so 

increasing the resistance. By Rubio-Giménez et al.’s conclusions, this would also distort the 

planarity at the metal centres,144 pushing the layers apart slightly and disrupting the through-

space charge transport pathway. 
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Figure 7.10: Top - Resistance change of a Cu3(HHTP)2 sensor with inverse opal morphology exposed 
to NH3 gas with concentrations between 5 and 1 ppm. Reversible increases in resistance are observed. 
Centre - Baseline corrected resistance change of the sensor exposed to NH3 gas. Bottom - 
Corresponding calibration plot for the response to NH3.  
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Whilst the LOD of this hierarchically porous sample is superior to that of the sensor made 

from solution-synthesised rod-shaped crystals, a-Cu3(HHTP)2, it is less good than that made 

from a similar sensor of flake-like n-Cu3(HHTP)2 crystals. However, it should be noted that 

the sensing performance of the sensors fabricated in chapter 4 cannot be directly compared 

with those here, as the mass of MOF present for each sensor will not be the same. In chapter 

4, 30 × 5 μL drops of 10 mg mL-1 MOF solution are deposited onto the electrodes, resulting 

in an estimated 1.5 mg of MOF on each electrode. In this chapter however, if the yield of the 

reaction were 100 %, only 0.22 mg of MOF could be present on each electrode. Performing 

the same synthesis as described in section 7.2, but substituting the ligand and nanosphere 

solution for a solution of just the ligand does not result in MOF formation, and so a comparison 

cannot be drawn there either. Given the low mass of MOF on the electrodes from this 

templated synthesis method, we consider the LOD calculated here to be good. 

The observed response of the same hierarchically porous Cu3(HHTP)2 sensor to NO2 gas was 

also largely consistent with that of the analogous solution-synthesised MOF sensor. The raw 

resistance plot in Figure 7.11 depicts an irreversible resistance decrease on exposure to NO2. 

We therefore anticipate that the same permanent binding of the NO2 to the pendant oxygen 

lone pairs on the ligand is responsible for this change (section 4.4). The percentage change in 

resistance on exposure to 5 ppm of NO2 is lower than those of the solution synthesised 

samples, at 2.3 % compared to the 19.6 % and 8.7 % responses for the a-Cu3(HHTP)2 and n-

Cu3(HHTP)2 samples respectively.  

There is however a small initial increase on exposure of the sensor to 5 ppm of NO2. As this 

is only visible for the 5 ppm exposure, we assume this response to be an effect of the temporary 

change in pressure when the gas flow is changed to introduce the analyte, and is therefore an 

artefact of the test. As a 10 ppm NH3 cylinder is used, a 5 ppm exposure is made from mixing 
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250 sccm of N2 carrier with 250 sccm of gas flow from the 10 ppm NH3 cylinder. This means 

that on transferring from the pure N2 flow to the 5 ppm NH3 flow, the flow from one cylinder 

is dropped by 50 % and the other increased from 0 to 250 sccm. Any delay in changing the 

flow of one cylinder could therefore induce a short-lived change in pressure of the air flowing 

across the sensor. Such spikes were observed in control experiments when the relative flow 

rates of two identical N2 gas flow lines were changed. They are more common for the first 

exposure of a sensor but decrease in intensity rapidly with subsequent exposures. They can be 

distinguished from genuine sensing responses as their resistances start to recover within 20 s 

of the analyte exposure starting. 

 

 

 

Figure 7.11: Resistance change of a Cu3(HHTP)2 sensor with inverse opal morphology exposed to 
NO2 gas with concentrations between 5 and 1 ppm. Irreversible resistance decreases are observed. 
The small increase in resistance observed at the start of the 5 ppm exposure is assumed to be an 
artefact of the gas sensing set-up.  



 
 

184 
 

7.4.2 Sensing behaviour of Cu3(HITP)2 

The Cu3(HITP)2 sensor fabricated from a polystyrene nanosphere template responded 

differently to NH3 gas when compared to the solution-synthesised Cu3(HITP)2 sensors. Figure 

7.12 shows the response of the template-synthesised MOF to NH3 gas with concentrations 

between 5 and 1 ppm. Instead of showing the reversible resistance increases on exposure to 

NH3 like the solution-synthesised samples, Figure 7.12 shows an initial reversible resistance 

increase which is then taken over by an irreversible resistance decrease. This multi-component 

response implies that the NH3 is interacting with the framework in more than one way. The 

initial resistance increase is likely to be due to NH3 interacting with the framework via the 

same mechanism described in section 4.4, at vacant sites on the Cu above and below the MOF 

conjugation plane, decreasing the charge carrier concentration and increasing the resistance.  

The second contribution to the sensing response could be rationalised by considering the 

presence of Cl as detected via XPS and EDX. The rapid nature of this synthesis method, and 

the fact that the ligand and metal salt are only present in solution simultaneously for a very 

short period of time, makes it likely that the HCl from the HATP.6HCl ligand will remain in 

the vicinity of the MOF during the MOF formation reaction, as opposed to being dissolved 

into the solution and reacting with the added base as we would anticipate to occur during 

conventional solution synthesis. The XPS data indicated that the Cl present was in the form 

of a metal chloride, and therefore likely bonded to the Cu centre directly. It could be then that 

the irreversible component of the response comes from NH3 interacting with the Cl-containing 

species bonded to the Cu, rather than with the Cu directly. HCl molecules would coordinate 

to the Cu centre via the Cl, which donates electron density to the Cu. Incoming NH3 could 

then react with the HCl coordinated to the MOF to form ammonium chloride, NH4Cl. If the 

NH4Cl then detaches from the MOF, the electron donating effects of the Cl-containing 
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molecule would be removed. The concentration of holes in the MOF would therefore increase 

and the resistance would decrease. NH4Cl re-coordinating to the metal centre would be 

unlikely, making this an irreversible resistance change. The shape of the response indicates 

that the resistance increase due to NH3 occupying vacant Cu sites dominates early in the gas 

exposure, but once all of the vacant metal sites have been occupied by NH3, interaction of the 

NH3 via HCl already interacting with the metal will have the dominant effect on the resistance.  

 

When exposed to NO2 gas, the same inverse opal Cu3(HITP)2 sensor showed no resistance 

response. This is in contrast to the analogous sensor made from solution synthesised 

Cu3(HITP)2 which showed reversible resistance increases when exposed to NO2. In section 

4.4, this reversible increase was attributed to interaction of the NO2 at the Cu metal centre, 

enabled by the redox communication between the ligand and the metal. The reason for the 

absence of such a response for the inverse opal structure is unclear, but it is likely that 

coordinated HCl is impacting the approach of the NO2 to the metal centre.  

Figure 7.12: Resistance change of a Cu3(HITP)2 sensor with inverse opal morphology exposed to NH3 
gas with concentrations between 5 and 1 ppm. The responses show an initial reversible increase in 
resistance followed by an irreversible resistance decrease. It is suspected that HCl occupying vacant 
sites on the metal is responsible for the irreversible component of the response.  
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7.4.3 Sensing behaviour of Ni3(HHTP)2 

The Ni3(HHTP)2 sensor visible at the bottom of Figure 7.2 was found to respond to NH3 gas 

with reversible resistance increases, Figure 7.13. In contrast, sensors fabricated from the same 

MOF synthesised via solution synthesis showed no resistance change on exposure to NH3 

(section 4.2.3). Whilst the magnitude of resistance change was not sufficiently linearly related 

to the analyte concentration for an LOD to be calculated, the presence of any resistance 

response presents a step toward increasing the applications of this MOF.  

When exposed to NO2 gas, the same sensor made from templated synthesis responded with 

similar irreversible resistance decreases to those observed for the analogous solution-

synthesised sensor. The results of this experiment can be seen in Figure 7.14. The percentage 

change in resistance when exposed to 5 ppm of NO2 was 17.4 %, similar to the 17.0 % 

recorded for the solution-synthesised sensor. This implies that the same permanent binding of 

NO2 to the pendant lone pairs on oxygen atoms present in the ligand (section 4.4) dominates 

for both the solution-synthesised and templated MOF sensors. 
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Figure 7.13: Resistance change of a Ni3(HHTP)2 sensor with inverse opal morphology exposed to 
NH3 gas with concentrations between 5 and 1 ppm. Unlike the analogous solution-synthesised 
Ni3(HHTP)2 MOF sensor, this inverse opal sensor shows reversible resistance increases on 
exposure to NH3.   

Figure 7.14: Resistance change of a Ni3(HHTP)2 sensor with inverse opal morphology exposed to 
NO2 gas with concentrations between 5 and 1 ppm. Irreversible resistance decreases are observed 
on exposure to NO2.  
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A new sensing mechanism is required to rationalise how the NH3 interacts with the inverse 

opal Ni3(HHTP)2 to give reversible resistance increases, whilst no response is seen when the 

same gas interacts with solution-synthesised Ni3(HHTP)2. Differences between the MOFs 

synthesised from the two methods could arise from the limited time the reactants spend in 

solution, difference in pH of the reaction mixtures, or differences in the resulting MOF 

morphologies. For the Ni MOFs it is known that no Ni+ ions are present, only Ni2+ ions. This 

means that at any defects or capping points of the layers where the metal centres cannot bond 

to enough anionic ligand groups, OH- ions are likely to coordinate to the Ni2+ centres to 

maintain charge neutrality. Of the four MOFs focused on in this thesis, Ni3(HHTP)2 is likely 

to contain the most M—OH groups due to its interpolated structure, whereby every other layer 

is comprised of discrete Ni3HHTP units. Each of the three Ni centres in the Ni3HHTP units 

must be coordinated to an OH- ion for charge balance. The rapid nature of the templated 

synthesis described in this chapter is likely to introduce more defects than in the slower 

solution synthesis growth method, and so it is anticipated that there is a higher concentration 

of M—OH groups in the templated sample. These OH- groups will be more resistant to 

removal by acetone than coordinated H2O molecules and so are likely still present during the 

sensing experiments. The OH- groups donate electron density to the Ni2+ centres. When the 

sample is exposed to NH3, the NH3 can donate electron density to the H of the OH- group, in 

turn allowing the OH- group to donate more electron density to the MOF. This results in a 

reduction in the hole concentration and an increase in resistance of the p-type semiconducting 

MOF.  
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7.4.4 Sensing behaviour of Ni3(HITP)2  

The Ni3(HITP)2 MOF synthesised with an inverse opal structure showed no resistance 

responses on exposure to either NO2 or NH3 analytes, consistent with the behaviour of 

solution-synthesised Ni3(HITP)2. The lack of response to NO2 analyte can again be 

rationalised by the lack of pendant lone pairs in the conjugation plane (see section 4.4). The 

lack of NH3 interaction was rationalised for the solution-synthesised sample in terms of the 

absence for evidence for redox communication between the ligand and metal, and lack of 

flexibility in stable oxidation states of Ni. However, in the case of the inverse opal Ni3(HHTP)2 

MOF, a response to NH3 was seen. This was attributed to the suspected presence of M—OH 

groups at defects. The concentration of these groups is likely to be less for the Ni3(HITP)2 

MOF due to its slipped parallel structure, as opposed to the interpolated structure of 

Ni3(HHTP)2. It could also be reasonable to assume that the presence of the HCl molecules in 

the reaction mixture as part of the HATP.6HCl reactant for the HITP MOF synthesis may act 

to reduce the alkalinity of the solution, increasing the proportion of H2O ligands relative to 

OH ligands and so reducing this effect for the analogous HITP-based MOF. This would result 

in a lower concentration of Ni—OH moieties in the Ni3(HITP)2 sample compared to the 

Ni3(HHTP)2 sample, resulting in a diminished resistance response to NH3.  

 

7.5 Conclusion  

Cu3(HHTP)2, Cu3(HITP)2, Ni3(HHTP)2 and Ni3(HITP)2 MOFs have all been synthesised with 

inverse opal morphologies via templated synthesis around polystyrene nanospheres. The 

samples were analysed using SEM, EDX and XPS. Following on from the experiments 

performed in section 4.2, where the morphology of Cu3(HHTP)2 was found to have a 

significant effect on the sensing performance, the sensing behaviour of these inverse-opal 
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structured MOFs were analysed. The templated Cu3(HHTP)2 sample showed the same sensing 

response shape when exposed to both NH3 and NO2 analyte gases as the analogous solution 

synthesised samples. The LOD for NH3 gas was 0.31 ± 0.03 ppm, which is between the LODs 

of the solution-synthesised a-Cu3(HHTP)2 and n-Cu3(HHTP)2 samples discussed in chapter 

4. From this we conclude that the same sensing mechanisms are taking place, and that the 

inverse opal morphology offers an advantage in terms of LOD relative to the rod-like 

Cu3(HHTP)2 crystals, but not compared to the flake-like crystals. However, the response 

magnitude of the template-synthesised MOF sensor is considered good considering the small 

mass of MOF present on the electrodes. It is likely that the macropores introduced by the 

nanosphere template aid access to the micropores in the MOF structure. 

The templated Cu3(HITP)2 MOF showed a multicomponent sensing response when exposed 

to NH3, with evidence of both a reversible resistance increase and irreversible resistance 

decrease. This irreversible component was not observed for the solution-synthesised MOF 

sensor. Furthermore, the templated MOF did not respond to NO2 whilst the solution 

synthesised MOF did. These differences were attributed not to the change in morphology, but 

to the inclusion of Cl in the MOF as a result of the quasi solid-liquid synthetic method used 

for the templated synthesis. The Ni3(HHTP)2 templated MOF sample also showed differences 

to its solution synthesised counterpart, with reversible increases in resistance observed when 

the templated MOF was exposed to NH3, whereas no response was registered for the solution 

synthesised MOF. The findings of this experiment suggests that the response of the MOF can 

be manipulated by changing the reaction conditions. Whilst the role of the inverse opal 

morphology on the sensing behaviour alone could not be decoupled from the other effects of 

using this synthesis method, we anticipate the inverse opal structure to be of interest to those 

working on MOF-based capacitors, or other devices where diffusion and pore accessibility 
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dictate their performance. We anticipate the next step of this work to be on moving away from 

drop-casting techniques whilst retaining the inverse opal morphology, enabling larger scale 

areas to be coated in the MOF. This would enable PXRD data to be obtained, and for any 

permanent impact on the interlayer separation by the analyte to be explored.  
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Chapter 8  

Summary and future outlook 

 

This final chapter begins with a summary of the scientific progress made during this project. 

This is followed by a discussion of the implications of the results, which then leads on to a 

broader look at the future of chemiresistive MOF gas sensors and finally a discussion of some 

of the preliminary work undertaken to further the research described in this thesis. 

 

8.1 Scientific progress 

In this thesis two routes to synthesise uniform distributions of conductive MOFs in situ on 

different substrates have been developed. Additionally, sensors have been fabricated from 

solution-synthesised conductive MOFs, electrochemically synthesised MOF, and 

hierarchically porous MOF structures. Comparing their sensing performances has given us 

additional insight into the sensing mechanisms responsible.  

Solution-synthesised MOF sensors: Structurally analogous Cu3(HHTP)2, Cu3(HITP)2, 

Ni3(HHTP)2 and Ni3(HITP)2 MOFs were synthesised using known solvothermal methods. 

Sensors were fabricated from them by drop-casting ethanolic suspensions of the MOF 

powders onto IDEs. Their sensing responses to NH3 and NO2 gases were then probed. To our 

knowledge, a systematic study that fabricates these 4 MOFs and tests their sensing responses 

in a way that means they can be meaningfully compared has not been reported. By analysing 

the sensing responses of the different MOFs alongside each other, we were able to conclude 

that the HHTP linker is the site of interaction with NO2 gas, something that has not been 
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reported before. Our experiments supported conclusions about the sensing mechanism 

responsible for NH3 sensing, and also confirmed that particle morphology has a significant 

effect on the sensing performance of Cu3(HHTP)2 NH3 sensors.  

Synthesis of conductive MOFs from metal nanoclusters: By pre-patterning fabric, paper, 

glass IDE and Au substrates with Cu and Ni nanoclusters deposited from a magnetron 

sputtering source, uniform distributions of Cu3(HITP)2 and Ni3(HITP)2 MOFs were formed in 

situ on the substrates. The nanoclusters acted as the sole source of Cu or Ni metal for the MOF 

synthesis, and the desired MOFs grew anchored to the substrates. For applications of 

conductive MOFs such as chemiresistive sensing, it is necessary for the MOF to be adhered 

to insulating substrates, or bridging insulating gaps between conductive electrodes. This 

method was successful on all of the substrates attempted, including insulating and flexible 

ones. We therefore anticipate this method to be useful to those looking to integrate MOFs as 

active components in flexible and wearable electronic devices such as chemiresistive sensing 

textiles.  

Electrochemical growth of a conductive MOF from metal nanoclusters: A method to 

electrochemically grow Cu3(HHTP)2 MOF from Cu nanoclusters deposited on Pt/glass IDEs 

has been developed. This method enables the advantages of electrochemical growth 

techniques to be combined with the advantages of the nanocluster MOF growth method 

described above. The conductive MOF is fabricated in situ on the IDEs required for sensing, 

removing the need to remove the MOF from a bulk metal electrode and re-adhere it to the 

desired IDEs. The distribution of MOF reflects the even distribution of the Cu nanoclusters, 

and the MOF is formed strongly adhered to the IDE. Some of the high contact resistance 

MOF-MOF particle boundaries are replaced by nanocluster-MOF boundaries, and MOF only 

grows from nanoclusters electrically connected to the electrodes. A representative sensor 
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fabricated using this method required no baseline correction and was able to detect NH3 gas 

with a calculated LOD of 0.158 ± 0.006 ppm, making it a superior sensor to most metal oxide 

semiconductors which typically report LODs in the region of 2 – 5 ppm.7 This method is 

anticipated to be highly useful for those looking to grow Cu3(HHTP)2 MOF in a controlled 

manner for incorporation into a variety of electronic devices, and to reliably and quickly 

fabricate chemiresistive sensors.  

Fabrication of MOF sensors with inverse opal structures: The work performed by Miao 

et al.190 was expanded upon to form inverse opal structures of Cu3(HHTP)2, Ni3(HHTP)2 and 

Ni3(HITP)2 MOFs in addition to the Cu3(HITP)2 that they report synthesising. Aside from 

developing the method to synthesise additional MOFs, these hierarchically porous structures 

were used to fabricate sensors. The sensing responses to NH3 and NO2 gases were explored, 

and it was found that the Ni3(HHTP)2 MOF sensor made from the MOF with an inverse opal 

structure showed evidence of a reversible resistance response to NH3, whilst no response was 

observed for an analogous sensor made from the same MOF synthesised via conventional 

methods. This difference was rationalised in terms of the alkalinity of the solution used in the 

synthesis, combined with the effects of the nanosphere template. In addition, a sensor made 

from hierarchically porous Cu3(HITP)2 MOF gave a sensing response with both reversible 

resistance increase and irreversible resistance decrease components on exposure to NH3. This 

is different to the pure reversible resistance increase exhibited with the conventionally 

synthesised Cu3(HITP)2 sensor. This difference was attributed to the inclusion of Cl in the 

MOF framework, a side-effect of the rapid synthesis method used to create the inverse opal 

structures.  This work has provided an insight into the role of dopants such as Cl, solution pH 

and morphology on the sensing behaviour of these MOFs. These insights suggest that it may 

be possible to tailor the reversibility and response types of conductive MOFs to particular 
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analytes through changing the morphology and solution conditions. In the longer term this 

would provide the potential for highly selective arrays of MOFs to be formed, in which each 

array component is comprised of a sensor made of the same MOF, but synthesised in a 

different way.  

 

8.2 Implications of the research  

In general, the results described in this thesis are anticipated to play an important role in 

accelerating the development of real-world devices containing conductive MOFs. In chapter 

4, the identification of the oxygen on the ligand as the likely site for interaction with NO2 is 

important for directing the design of future MOFs for NO2 sensing. Studies of the sensing 

responses of the same MOFs synthesised with inverse opal structures in chapter 8, 

demonstrated that changing the synthesis method could result in changes in the MOF that 

mean they can function as sensors even when the same MOF made from traditional methods 

cannot. This finding can inform future work to design strategies for making MOFs that give 

the desired sensing responses. Moreover, the macroporous arrangement of the microporous 

MOF, induced by the nanosphere template, is of potential benefit to those looking to use 

MOFs in applications where regular arrangements of accessible pores are required. To this 

end, the use of such MOF structures in gas storage or capacitors could yield interesting results. 

The method of synthesising Cu3(HITP)2 and Ni3(HITP)2 MOFs in situ on a variety of 

substrates, chapter 5, is expected to be of wide applicability. The demonstrated success in 

synthesising conductive MOFs on flexible and insulating substrates in particular, could be 

used in applications such as wearable toxic gas sensors for industrial or military applications.  
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The gas sensor made from Cu3(HHTP)2 that was electrochemically grown from pre-patterned 

Cu nanoclusters, had a superior limit of detection to the majority of metal oxide semiconductor 

gas sensors, the current industry standard.7 In addition, this LOD was achieved at room 

temperature. This method offers advantages over other MOF synthesis methods in that it does 

not require a metal salt, it generates MOF with a uniform distribution, it circumvents the need 

to remove the MOF from a conductive substrate and re-adhere it to an insulating one, no gas 

bubbling through the solution is required, and the MOF is generated in situ on and strongly 

adhered to the substrate. The method is a reliable way of generating chemiresistive NH3 

sensors, and could therefore find a use in exhaled breath diagnostic devices. NH3 gas is known 

to be present at elevated levels in the exhaled breath of persons with helicobacter pylori 

infections, so the sensor fabricated in chapter 6 could be applied in an application like this. 

Moreover, the methods of MOF synthesis described in both chapters 5 and 6 could be further 

employed in applications beyond chemiresistive gas sensing. Ways of generating uniform 

distributions of conductive MOFs in situ on the desired substrates are required by those 

looking to make MOF-based supercapacitors, electrodes for batteries and electrocatalysts. 

In comparison to NH3 gas sensors made from alternative sensing media, the limits of detection 

calculated for all of the sensors in this thesis are competitive.7 The current favoured NH3 

sensors are based on metal oxide semiconductors, most of which report LODs between 2 and 

5 ppm. The LOD of 0.158 ppm for our electrochemically synthesised sensor was only 

outperformed by the SnO2/In2O3 sensor fabricated by Qi et al. who quote a 0.100 ppm LOD.202 

The sensors described in chapters 4 and 7 all have LODs between 0.12 and 1.2 ppb which 

means that they too are competitive with metal oxide semiconductors. Conducting polymer, 

field effect transistor, electrochemical and surface acoustic wave sensors typically quote 

LODs of a similar magnitude to those of metal oxide semiconductors, making the sensors 
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described in this thesis competitive with these devices also.7 Tunable diode laser absorption 

spectrometry sensors are able to detect NH3 at lower concentrations (the lowest quotes an 

LOD of 6 ppb203) but are disadvantaged by their cost, complexity and size.  

 

8.3 Broader outlook 

The reported work on conductive MOFs in this thesis and the wider literature is very 

promising but further progress needs to be made before chemiresistive gas sensors can be used 

in real-world devices. Specifically, their tolerance to ambient humidity and other chemicals 

in the air needs to be explored more thoroughly. Experiments on the response of MOF sensors 

to mixtures of gases have been reported, but are not yet reflective of likely atmospheric 

conditions in real-life situations such as airports, venues and hospitals. To make sensors that 

are selective for the desired analyte gas, and that do not register false positives to other 

environmental contaminants, chemiresistive sensing arrays can be made. Prototypes of such 

arrays have been made from MOF sensors such as the 3-component array made by Campbell 

et al.152 and the 4-component array fabricated by Ko et al..153 To achieve reliable selectivity 

for use in real-world environments, the MOFs need to be tailored very specifically to only 

interact with the desired analyte, or higher component arrays need to be fabricated. Such 

arrays could involve MOF sensor components as well as components based on other 

chemiresistive sensing media such as conducting polymers or metal oxide semiconductors. 

Should these issues be overcome, MOF-based chemiresistive gas sensors could be utilised in 

a multitude of ways. For example, both NH3 and NO2 gases can be present at elevated levels 

in the vicinity of improvised explosive devices made from substances such as fertilisers.204 

Such sensors may therefore have a place in the explosives detection industry, for use in 
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settings such as airports or landmine detection. Integration of the sensors with the Internet of 

Things, IoT, would enable data from a number of sensors in different locations to be collected 

and processed together, to trigger alarms or control safety systems.205 Sniffer dogs are 

currently the gold standard for work in this area, but the expense and time associated with 

training and handling them has driven a demand for a technological solution. Moreover, 

chemiresistive sensors for volatile organic compounds could be integrated into fridges to alert 

us when the contents is off, or into smart watches that you can breathe onto to get data about 

your current metabolic rate indicated by acetone levels. The progress described in this thesis 

takes us a step closer to being able to manufacture such devices.  

Future and current technological advancements are likely to accelerate progress further. For 

example, advances in machine learning techniques can be used to improve the accuracy of 

conclusions made from sensor array data, and generative artificial intelligence may soon be 

able to predict the structures of MOFs that will interact best with particular analytes. 

 

8.4 Future work 

To build directly on the findings reported in this thesis, a number of preliminary experiments 

have been performed, many of which have shown promising results. Success has been had in 

synthesising a conductive MOF with Fe metal centres, Fe3(HHTP)2 and initial sensing 

experiments suggest that it responds to NH3 gas. As Fe can exist in multiple stable oxidation 

states, it could be that this MOF responds differently to a number of analytes, which could 

make it a valuable component of a selective chemiresistive sensing array.  

There is also scope to further optimise the conductive MOF sensors described in chapters 6 

and 7. For the hierarchically porous MOF structures described in chapter 7 for example, 
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nanospheres of different sizes could be used as the template, and the effect of the different 

mesopore dimensions on the sensing responses could be studied.  

For the electrochemically synthesised samples described in chapter 6, it is anticipated that 

sensors with the highest sensitivity and best LODs will be fabricated when a percolation 

network of MOF exists bridging the insulating IDE gaps. For a system comprised of a random 

mixture of insulating and conductive components, below a certain concentration of conductive 

material the system is insulating. As the amount of conductive material is increased, discrete 

areas within which current could flow grow until enough of these regions connect to form a 

continuous path for current to flow across the system, this is the percolation threshold and the 

system is no longer insulating. For the case of depositing conductive material such as MOF 

randomly across an insulating gap between two electrodes, we do not see a step change from 

insulator to good conductor, but a region in which the conductivity rapidly changes with 

amount of conductive material. This region is referred to as the percolation region and is the 

region in which the measured resistance changes the most for a given change in amount of 

conductive material. This means that sensors made from percolation networks should give the 

greatest percentage responses on exposure to analytes, as disruption to small numbers of 

conductive pathways due to analyte interactions have the most significant effect on the 

measured resistance. Percolation networks of conducting polymers have been found to be 

more sensitive gas sensors than thick films,206 and initial experiments suggest this will be the 

case for MOF sensors too. MOF sensors at different points on the percolation curve can be 

fabricated by changing the electrochemical synthesis time, and the real-time sensor resistance 

has been measured as the MOF grows using the same method as that described by Li et al. in 

2022.206 Completion of these experiments is expected to show a clear minimum in limit of 
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detection corresponding to electrochemically synthesised Cu3(HHTP)2 sensors operating in 

the percolation region.  

As part of this project, percolation networks containing MOFs were also fabricated by mixing 

Ag nanowires with conductive MOF powders in different ratios and drop-casting the solution 

onto paper. Pressing the paper after deposition with a mechanical press was found to improve 

the conductivity. Effective NH3 and NO2 sensors were fabricated using this method but more 

experiments are required to optimise the ratio of MOFs to Ag NWs and exploit the 

phenomenon of electrical percolation for sensitivity benefit. Furthering these investigations 

could be a promising route to easily fabricate highly sensitive gas sensors on paper substrates.  

I anticipate that continuing with these experiments will yield significant results that will 

further shape work in this area, and help to bring MOF-based chemiresistive gas sensors closer 

to use in real-world devices.  
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