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Abstract

The raising apprehension of volatile organic compounds (VOCs) exposures urges the exploration of advanced monitoring platforms. Metal-
organic frameworks (MOFs) provide many attractive features including tailorable porosity, high surface areas, good chemical/thermal stability,
and various host-guest interactions, making them appealing candidates for VOCs capture and sensing. To comprehensively exploit the potential
of MOFs as sensing material, great efforts have been dedicated to the shaping and patterning of MOFs for next-level device integration. Among
different types of sensors (chemiresistive sensors, gravimetric sensors, optical sensors, etc) MOFs coped with optical sensors feature distinctive
strength. This review summarized the latest advancements of MOF-based optical sensors with a particular focus on VOCs sensing. The subject is
discussed by different mechanisms: colorimetry, luminescence, and sensors based on optical index modulations. Critical analysis for each system
highlighting practical aspects is also deliberated.

1. Introduction

Air pollution becomes a growing concern worldwide. Especially owing to the recent pandemic, the time people spend
indoors escalates, which comes with a higher risk of indoor pollutant exposure. Volatile organic compounds (VOCs) are
an entire set of vapour-phase atmospheric organics (excluding CO and CO,) associated with relatively high volatility,
according to their high vapour pressures, and low boiling points at ambient temperature and pressure. Common
species of VOCs include (apolar) alkanes, alkenes, aromatic hydrocarbons, and heteroatom-containing (polar) organic
compounds. VOCs exposure can cause acute and long-term health issues depending on exposure durations and doses.
A direct example is the sick building syndromes, where people in a building experience acute symptoms such as eye,
nose, or throat irritations, headaches, fatigue, etc. that disappear after exiting the building. Besides, odours generated
by VOCs are possible to induce psychological negative effects. Long-term chronic exposure to certain VOCs can also
cause adverse health impacts including cancers and liver, kidney or central nervous system damages.1 Compounds of
major concern include benzene, toluene, xylenes, styrene, acetaldehyde, formaldehyde and naphthalene, which are
classified by the European Commission as the priority pollutants to be regulated. Specifically, benzene, formaldehyde,
acetaldehyde, and naphthalene are considered carcinogenic.2 Given the possible health risk caused by VOCs
exposures, it is imperative to monitor the ambient concentrations of VOCs.

Identification of individual components of VOCs in air samples can be achieved in laboratories via analytical methods
using gas chromatography (GC) coupled with flame ionization detection (FID), electron capture detection or mass
spectrometry (MS).3 However, these laboratory-based instruments are typically bulky in size, time and power-
consuming, complex to operate and expensive. Many other types of sensors have therefore become commercially
available or established in research for VOC detection to address the aforementioned limitations. Specifically,
commercially available techniques include photo-ionization detectors (PID), electrochemical cells, metal-oxides-based
chemiresistive sensors (MOs), etc. These sensors are generally with miniature size, sensitive to a range of VOCs and
have short response time. However, the main concern for these sensors is cross-sensitivity for multiple gases/vapours
simultaneously leading to a lack of selectivity and the fact that their response can be largely perturbed by the
interfering species. More advanced sensing platforms are therefore emerging. One solution for circumventing lack of
sensitivity is to adopt multiplexing approaches, for example, sensor arrays, also known as e-nose. They combine
multiple sensors with smart pattern recognition software for improved sensitivity and selectivity. In some cases,
employing sensor arrays can realize individual discrimination of each component in vapour mixtures.’ Coupling MOs
sensor with porous solids (e.g. zeolites) can also enhance the sensing performance by employing the intrinsic chemical
affinity from the porous solids for better selectivity and/or pre-concentrating the selected VOCs for improved
sensitivity.5

Metal-Organic Frameworks (MOFs) are an extensive class of crystalline micro- or meso-porous hybrid materials that
has been widely developed and investigated over the past 20 years.6 MOFs are built with metal cations based nodes



and organic linkers linked via coordination bonds. Great variety of chemical combinations between metal secondary
building units (SBU) and organic linkers gives rise to diverse topologies and extended physical and chemical properties.
These remarkable properties often include tailorable porosity, high surface area, chemical/thermal stability, etc.”®
MOFs are therefore of great interest for multiple applications, such as gas separation9_12, gas storage13’14, catalysisls_17
and bio-applicationsls_zo, among others.

MOFs are also appealing candidates for sensing applications owing to the following reasons: 1) their intrinsic porosity
can favour the diffusion, absorption, and/or interactions with analyte molecules; 2) they can provide various active
sites, for instance open metal coordination sites as well as possible intermolecular coupling between the analytes and
the ligands (hydrogen bonds, ©t-n interaction, etc.). These sites can consequently favour sensitive and selective binding
with the target gas molecules; 3) their tunable pore size can enable molecular sieving phenomenon, which can also
improve the selectivity; 4) the host-guest interactions can lead to detectable changes in chemo-physical properties
(resistance, mass, magnetism, colour, etc.), in favour of further signal transduction and quantification; 5) the reversible
physisorption process assures the reusability of MOFs; in the case of chemisorption, irreversible responses may appear
yet induce higher sensitivity and selectivity.n_25 Abundant research have been conducted applying MOFs for the
design of various types of gas/vapour sensors, including chemiresistive sensors, capacitive sensors, gravimetric
sensors, and optical sensors. 2273 Among these categories, colorimetric and optical sensors are greatly attractive due
to their apparent advantages such as immunity to electromagnetic interferences, capabilities of remote sensing, facile
operations, and direct naked-eye detection.

The sensing process generally involves selective adsorption of targeted molecules. MOFs feature attractive aspects for
gas adsorption and capture, especially for VOCs. Functionalization of organic ligands is a powerful approach to not only
systematically tailor the pore size and aperture of the MOFs structure34, but also to modify the chemical properties of
MOFs including hydrophilicity and hydrophobicity, leading to desired sorption properties. It is also possible to combine
multiple species of organic linkers in one framework, namely multivariate (MTV)-MOFs. Such structure is proved to
provide a more complex pore environment and exhibit better sorption and separation performance.35 Besides, defects
in MOFs are a unique element to tune the adsorption properties. Missing nodes and missing linkers are the two
defects that are mainly observed. The formation of defects in MOFs can change the pore size, rigidity, flexibility and
density of the framework. Especially, missing linker defects leads to more open metal sites, which can favour sorption
processes.36 However, increasing the amount of defects in MOF crystals can possibly comprise their chemical stability.

This review summarizes the recent progress of MOF-based optical sensors, with specific highlights for VOCs sensing.
We will first outline the state of the art in the patterning techniques of MOFs that facilitate the integration of MOFs
into different platforms. The next parts focus on the latest advancements of MOF-based optical sensors, which are
categorized by sensing mechanisms: colorimetric sensing, luminescent sensing and sensing based on optical index
modulation. In particular, the section on optical-index-based sensors describes the development of MOFs incorporated
with Fabry-Perot interferometers, Bragg stacks, diffraction grafting and colloidal film engineering, optical fibres, micro-
ring resonators, surface resonance and surface-enhanced Raman scattering. In the last, we conclude by highlighting
the opportunities and challenges of MOF-based optical sensors with critical insight for their further practical
applications.

2. Patterning techniques of MOF thin films

In order to exploit the great potential of MOFs for sensing applications, it is vital to integrate MOFs onto substrates for
further real device construction. To date, diverse techniques have been addressed to fabricate MOFs films with various
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substrates, including in-situ direct growth from hydro/solvothermal synthesis
colloidal deposition via spin/dip coating40’41, atomic layer deposition“_44 and layer-by-layer epitaxy45_47. Each method
has its attribute for producing films with different thicknesses, preferred orientation, morphology and mechanical
properties. Numerous reviews have been written on this topic, covering various aspects from general fundamentals to
advanced practical implementations of MOFs films.”* % In the following, we describe the most investigated methods

for MOFs film preparation.



2.1 In-situ growth
In-situ direct growth is one of the most straightforward methods where the substrate is placed in the reacting solution and film
growth happens simultaneously during the synthesis. Choice of substrate is critical for this approach despite its ostensible
simplicity. Indeed, the surface structure and chemical composition of the substrate influences the nucleation, anchoring and
adhesion process of the MOF particles. For example, some metal oxide surfaces with basicity can form strong covalent bonds
with the complexing groups from the acidic linkers (carboxylates, phosphonates...), accordingly anchoring the MOF. On the
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opposite, naturally acidic surfaces like silica (SiO,) do not favour the growth of most carboxylate MOFs.”® Metal pieces
polymers62 have also been employed as substrates for successful MOFs film installation. The thickness of these films is typically
related to the reaction time and fall within the range of a few micrometers.”® However, controlling of polymorphism can be
complicated and conditions may vary for different MOFs for in-situ grown films.2%*

Self-assembled monolayers (SAMs) are active molecules attached to the surface of substrates.®® Tail functional groups
(e.g. carboxylic acid) on the SAM can be used to coordinate the metal centres or SBUs from the mother solution,
therefore promoting the nucleation and growth of MOFs.®® Deploying SAMs can also lead to patterning MOF films via
micro-patterning techniquesm, which will be discussed in the next section. Various MOF films have been developed on
SAMs functionalized substrates (Au, SiO,, Si, FTO, et(:.).ag'sg'sg_71 Noticeably, exchanging functionality of the SAM layer
can consequently in some cases impact the nature of the MOF that is formed®! and/or tune the orientation of formed

313972 One major disadvantage of this approach is the compatibility between the high reaction temperature

crystals.
for hydro/solvothermal MOF synthesis with temperature-sensitive substrates. However, some MOF films can be grown
at room temperature under certain conditions.”* ™ In addition, the complex preparation process and limited control

over morphology and defects of the films can still be problematic.48

2.2 Liquid phase epitaxy
Unlike one-pot direct growth of MOF films, liquid phase epitaxy (LPE) alternatively grows MOF film layer by layer
through immersing substrates into separated solutions of the metal cation precursor and the ligand in a stepwise.57
Epitaxially grown MOF films are also defined as surface-mounted MOFs (SURMOFs), which consist of highly-oriented
ultrathin MOF multilayers instead of crystalline grains. The SURMOF growth is generally conducted from room
temperature to 60°C in ethanol, which are milder conditions than the usual ones used for in-situ growth.45 These films
tend to be very smooth with a roughness of molecular level. The thickness and crystallite domain size can be precisely
controlled considering an ideal layer-by-layer growth mechanism.*® Despite unlimited choices of organic linkers for
SURMOF construction, the metal nodes are to date mainly limited to divalent metals, as mild synthetic conditions are

required for the SURMOFs growth.74

SAMs substrates are broadly employed in this approach to initiate the nucleation of highly oriented SURMOFs. Similar
to in-situ growth, different functional groups on SAMs also affect the growth orientation of SURMOFs. Likewise, tuning
the density of functional groups alters the preferential orientations.”® Arranging SAM functional groups with certain
patterns prior to SURMOF growth can strategically template well-defined, patterned films. Li et al. reported ZIF-8 films
patterning by arrangement of 1-octadecanethiol(ODT)/16-mercaptohexadecanoic acid (MHA) groups with micro-
contact printing on gold substrates.”® The selective growth of ZIF-8 on ODT SAM surface leads to a dot patterning of
the film. By switching the solvent from water to methanol, ZIF-8 only nucleated on MHA surface and produced a
negative pattern. Several research groups have also demonstrated combining LPE methods with microprint contact
technique75, Iithography76 and spray coating77 to pattern the films.”*

It is also possible to couple Langmuir-Blodgett (LB) technique with layer-by-layer deposition for fabricating MOFs with
a paddle-wheel unit, where 2D nanosheets are firstly synthesized via air-liquid interfacial synthesis, followed by
introducing the pillar linkers for interlayer connection (Figure 1a).78 Extensions of this layer-by-layer strategy also
include forming films of multivariate MOFs (MTV-MOFs) and MOF on MOF structures. % Another similar approach
named substrate-seeded heteroepitaxy uses metal substrates as direct metal sources matching unit-cells for a perfect
growth. Falcaro et al. fabricated a oriented polycrystalline Cu,(BDC), thin film on Cu(OH), nanotubes using this
strategy.80 However, it should be noted that only limited MOFs with certain topology (e.g. paddle-wheel structure) can
be constructed by the aforementioned approach. The lengthy synthesis and time-consuming step-by-step process



should also be considered. In addition, some MOFs synthesis requires harsh conditions including acids, heat or specific
solvents, which cannot be used for standard LPE or LB procedures.“‘g"r’o’74 A simpler LB route starting from pre-
synthesized MOF nanoparticles for film deposition will be discussed in the following section dealing with colloidal
deposition.
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Figure 1. (a) Schematic illustration of the fabrication of NAFS-1 with bottom-up modular assembly by combining a layer-by-
layer growth technique with the Langmuir-Blodgett method. Reproduced from ref 78, (b) Vapour-phase deposition of ZIF-8
thin films via ALD ZnO film. The procedure consists of a metal oxide vapour deposition (Step 1) and a consecutive vapour—
solid reaction (Step 2). Metal, oxygen and ligand sources are labelled as M, O and L, respectively. Metal oxide deposition can
be achieved by atomic layer deposition (M, diethylzinc; O, oxygen/water) or by reactive sputtering (M, zinc; O, oxygen
plasma). Atom colours: zinc (grey) oxygen (red), nitrogen (light blue) and carbon (dark blue); hydrogen atoms are omitted for
clarity. lllustration reproduced from Ref 78.

2.3 Atomic/Molecular layer deposition

Vapour-based processes avoid the use of solvents, which can intrinsically overcome the limitations of liquid-based
strategies such as toxicity, difficulty in scale-up, surface-tension involved issues, etc.®? One of the well-established
techniques is atomic layer deposition (ALD). It has been widely investigated and applied in producing inorganic
nanomembranes (e.g. oxides, nitrides, elementary metals).®® Combining ALD with molecular layer deposition (MLD),
which is often used with organic molecules can lead to the fabrication of crystalline MOF thin films, 424384 Typical
ALD/MLD process consists of layer-by-layer deposition of a metal precursor and an organic linker vapour, with purges
of inert gases in between depositing the upcoming layer. The construction of the MOF films occurs through vapour-
solid reaction, where the choice of metal precursor, the linker exposure time, temperature and humidity require
precise control.2*®* Film thickness can be carefully controlled down to nanoscale. However, the directly deposited film
is amorphous in most cases, but it can be crystallized by post-treatments, for instance, annealing under humid
condition“, or subsequent exposure to acid.**® This post-crystallization process consequently changes the
morphology and roughness of the film, which counteracts the targeted precise thickness control.

To avoid post-deposition treatments, Ameloot et al. fabricated a uniform and compact ZIF-8 film through a vapour-
phase transformation from ALD ZnO films to ZIF-8, as shown in Figure 1b.' A recent review by Su et al.®is suggested
for further insight regarding this strategy. The solvent-free strategy makes ALD/MLD appealing for the microelectronics
industry,86 as it can lead to a meticulous tuning of thickness and possess a good potential for scale-up. However, this
approach is employable almost only for ZIF materials that are easy to produce but possess limited chemical stability. In
addition, the large differences in the unit cell parameters between the initial oxide substrates and the MOF might



induce the formation of polymorphs and affects the quality of the films. Besides, the necessity of post-synthetic
treatments, requirement of high processing temperature and high cost may impede the practical implementation of
this method.?’

2.4 Colloidal deposition

Another easier option for MOF film fabrication is to use colloidal deposition of pre-formed MOF nanoparticles on a
substrate. This strategy requires colloidal-stable suspensions of MOFs nanocrystals prior to the deposition, where
MOFs are dispersed in volatile dispersants. Commonly employed techniques include spin coating, dip coating, spray
coating and Langmuir Blodgett deposition.86 The choice of MOF candidates that can be adopted via this approach are
with less limitations, even including high-valence metal based MOFs such as MIL-101(Cr), MIL-96(Al) and Uio-66.%57
The quality of the resulting films highly depends on the homogeneity of the MOF suspension, where the choice of
dispersant and surfactant can be crucial.®®° In this strategy, the MOF suspensions are deposited onto flat substrates,
after which solvent evaporates leading to uniform and polycrystalline films. In a recent study, Rauf et al. reported a
homogenous coating of MIL-96(Al) monolayer thin film onto conductive and insulating polymer threads, evidencing
the applicability of this approach to a wide choice of substrates.”® The deposited films possess the hierarchical
microporosity from the MOF and additional meso- to macro-porosity from assembled MOF particles.40 Moreover, the
film thickness is often controllable by tuning the particle size of deployed MOFs, the concentration and viscosity of
MOF suspension, as well as deposition parameters (e.g. withdraw speed in case of dip coating).21

This approach is easy to operate and cost-efficient. It can be adapted to a broad range of MOFs, as well as combined
with other film fabricating processes (e.g. CVD)BZ. The roughness and orientation of MOF crystals yet remain
uncontrolled and depends on the polydispersity and size of the starting nanoparticles. The density of the film also
depends on the kinetics of deposition that controls the packing density of the nanoparticles on the substrate. In
addition, the adhesion strength between substrates and MOF colloidal films can be weak, leading to insubstantial
mechanical strength.40 A feasible strategy to reinforce the mechanical strength of MOF colloidal films is incorporating
additives, such as inorganic binders or polymers%’g", or via functionalizing the substrates®’.

3. MOFs-based optical sensors for VOCs sensing

Optical sensors are driven by the light-matter interaction in the forms of light absorption, emission, reflection, refraction,
scattering or transmission. They are usually composed of a light source, a sensing material that can interact with the analytes
and a light detector. The spectrum of commonly employed light sources covers from UV to visible region. Depending on specific
techniques, detectable parameters include refractive indexes, scattering, absorbance and luminescence, which are typically
guest molecule dependent.95 The sensitivity and limit of detection (LoD), therefore, can be interpreted and quantified by the
change in the detected parameters induced by analyte exposure. To be specific, the response of colorimetric sensors is defined
as changes in color, while luminescent sensing materials are evaluated according to their luminescence intensity or position
change upon stimulation. For optical-index-dependent sensors, their sensitivity is defined by the changes in the monitored
indices, e.g. peak shift in reflectance/transmission spectra. This section will focus on the different platforms that enable MOF-
based optical sensing, especially highlighting their application for VOCs detection. Table 1 summarizes the recent MOF-based
sensors and their performance based on different sensing mechanisms for VOCs sensing.

3.1 MOF-based colorimetric sensing

Colorimetry is one of the oldest analytical techniques for its straightforward visualization of results™ that is broadly applied in
current life, e.g. pH scales. The phenomenon of chromism originates from interactions between a responsive centre and a
triggering analyte. The range involving intermolecular interactions can go from the weakest van der Waals interactions to bond
formation and ligand coordination. The main mechanisms of MOF-based chromism sensing include coordination geometry of
transition metals triggered colour change, ligand-based charge transfer and functional MOF-composite based sensing.



Table 1. MOF-based sensing for VOCs categorized by different mechanisms

Sensing mechanism MOF Sensing parameters VOCs Response time LoD Ref
Colorimetric Co3[Co(CN)gl, co™ Ethanol 1 min 50 to 500 ppm %
{[Ni(pzt),(H,0),](H,0)(DMF)}, Ni% Primary  amine  and 20minto50min - o7
methanol
[Cu(HL)(DMSO)-(MeOH)], cu® and phosphonate group DMSO 39h - %
Methanol
Cu'—l—benzimidazolyl—3,5—bis(4— Ligand-involved charge transfer Aliphatic VOCs 20minto2.5h 1 ppm (alcohols) %
pyridyl)benzene process 10 ppm (CH,Cl,,
CHCl5)
Ui0-67-dmbpy Ligand-involved charge transfer Alkylamines Immediate - 100
process response
Ui0-67-bpy-A Covalent condensation with Formaldehyde 3h 3 ppm to1
amino groups
[Zn;(bpybc);(0-BDC)¢]-2NO5-6H,0 Radical generation of the Dimethyamine (DEA) Immediate 30% DEA aqueous 102
viologen ligand response solution
Ethylamine (EA); Immediate -
Propylamine (PA) response
Butylamine; Benzylamine ~10s -
[Cd,(ipbp),(NO3),] -2DMF Synergistic effects of host-guest Dimethyamine (DEA) 2 min 400 ppm 108
interactions
TMU-34 Ligand oxidation Chloroform 10s 3 ppm 104
{[Zn(3-DPMNI)q 5(NDC)]-3DMF} Host-guest electron transfer n-butylamine 2s 300 ppm 105
[Fe"(BPI)(HBPI)(CIO,),] € MFU-4/(Zn)  Spin-crossover complex alcohols . . 108
Luminescence NKU-128 Chromophore grafting Toluene 24h - 107
THF
DMF
DMSO
[Cuala(PysP)s], Guest-lock-induced luminescence = CH,Cl, <1ls Saturated vapours 108
(Py3P=tris(2-pyridyl)phosphine)
Chlorobenzene 455 s
NR~ccZIF-8 film (NR = Nil red ) Fluorescent dye Acetone 5 min 60 ppm 109
Toluene 5 min 95 ppm
Fabry-Perot ZIF-8 Reflectance Acetone <2s 1000 ppm 110
interferometers
HKUST-12TiO, Reflectance Acetone 12.2s 11.27 ppm m
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Figure 2. lllustration of chromism-based sensing mechanisms of MOFs, adopted from ref 24.

3.1.1 Transition metals
MOFs composed of transition metal ions (Fe, Co, Cu, etc.) can change colour upon the sorption of guest molecules. Particularly,
guest molecules interacting with unsaturated metal sites modify the coordination geometry of the metal ions, thus changing its
electronic properties, which eventually afford a detectable change in the optical absorption spectrum of the MOF.**'®  For
example, Chen et al. reported a reversible structure transformation of a cobalt-based MOF accompanied by colour change upon
H,0 or NH; sorption in liquid phase. The presence of H,0/NH; molecules changes the coordination number of Co® ions from 4
to 6 and consequently the geometry from tetrahedral to octahedral, leading to a colour change from blue to red.””

Pristine 1,4-dioxane

DMF DMA DMSO 0 mg/mL 0.5 mg/mL

Figure 3. (a) Coordination environment of Co(ll), packing of {[Co(3,4pba),-(H,0)]-1/2DMF-H,0},,; and pictures of powered
samples after exposure to different solvents. Figures adapted from ref 126. (b) Structure of Co;[Co(CN)¢],, and TEM of the
nanoparticles; The colour of Co;[Co(CN)g]l, films changes from pink to purple gradually with an increasing ethanol
concentrations gradient. Adapted with permission from ref 96.

This principle can also be applied for VOCs sensing. Dzesse et. al have reported preliminary results of solvatochromic behaviour
with a transition metal-based MOF by soaking it in different solvents. The MOF, built with Co®* and 3-(4-pyridyl)benzoate,
presents solvatochromism upon sorption of various VOCs including polar protic ethanol and methanol, polar aprotic acetone,
DMF, DMA, DMSO and nonpolar aprotic dioxane (colours are shown in the Figure 2’,a).126 In this case, the solvatochromic



response is accompanied by a phase transition. In addition, a Mn-MOF showing solvatochromic behaviour toward ketone
molecules was investigated by Li et.al, where the introduced ketone molecules distorts the parent framework and brought

changes in d-d transition into the visible region.127

Vapour-phase VOCs induced changes in the metal centres have also been achieved. Wang and Chen fabricated a film of
Co5[Co(CN)g], nanoparticles exhibiting a colorimetric and selective detection of ethanol vapour.96 The prepared Co3[Co(CN)gl,
film undergoes a gradual colour transition from pink to purple when subjected to different concentrations of ethanol vapour
(Figure 3b). Such colour change was not observed with other solvents (H,0, methanol, formaldehyde, etc.), evidencing the
selectivity of the sensor. The detection range of the sensor is from 0.05 mg/mL to 0.5 mg/mL of ethanol, with a response time
around 1 min and recovery within a few seconds. The vapochromic behaviour can be explained by the conversion of Co** ion
coordination geometry from octahedral to tetrahedral after ethanol molecules entered the pores and coordinated to Co” ions.
Consequently, the resulting tetrahedral geometry induces a reduction in the d-orbital splitting energy resulting in a redshift in
the adsorption spectrum and the colour change of Co3;[Co(CN)gl,. In another example, Tunsrichon and co-workers introduced a
Ni-viologen based 2D MOF {[Ni(pzt),(H,0),](H,0)(DMF)}, (Hpzt = 5-(3-pyridyl)-1,3,4-oxadiazole-2-thiol) with a naked-eye
chromism in presence of primary amines and methanol vapours.97 Upon exposure of NH;, methylamine, ethylamine and
ethylenediamine, the intrinsic blue colour changed by replacing coordinated H,0 molecules with a strong-field amine through
forming Ni-N bonds. Bulkier amine vapours did not induce a chromic response due to higher steric hindrance. However, the
vapochromism towards amines is irreversible due to the formation of a more stable coordination compound and to the poor
chemical stability of this low valence based MOFs. This material also exhibited a selective detection of methanol vapour over
other alcohols with a reversible colour change from blue to pale green. The incorporation of MeOH molecules into the MOF
distorts the octahedral geometry of Ni" and consequently induces chromism. Vapochromism was also revealed in a single-
crystal-to-single-crystal (SC-SC) transformation of a Cu-based MOE.* For example, the 3D-MOF [Cu(HL)(DMSO):(MeOH)],
(L= triphosphaazatriangulene) exhibits a structural transformation into a 1D-columnar assembly H;L-0.5[Cu,(OH),:6H,0]-4H,0
under humid conditions accompanied by a yellow to blue-green colour change of the crystals. The reverse 1D-to-3D
transformation structure also occurred upon the sorption of DMSO/MeOH vapours.

Crystals containing Pt(ll) complexes can also be coloured due to metal-metal-to-ligand charge-transfer (MMLCT) from the Pt-Pt
orbital to the m* orbital of the organic ligand. Slight modifications of the complex structure upon external stimuli can induce a
significant change in the transition energy of MMLCT, resulting in a colour change. For example, Kato et al. demonstrated novel
Pt(Il) diamine based crystals with vapochromic behaviour towards H,0 and alcohol vapours by switching the structures between

. 128,129
an amorphous compound and a porous crystalline network.

3.1.2 Redox-active ligands

As in the aforementioned (expensive) Pt-based complexes, MOFs linkers can also participate as responsive centres towards
targeted analytes. Here, the interaction between the guest molecules and the ligands triggers charge transfer processes,
accordingly changing the perceived colour of MOFs. For example, a porous Cu'-MOF reported by Yu et al. shows naked-eye
chromic detection of polar aliphatic VOCs.”® The response time of the MOF upon saturated VOCs vapours at ambient
temperature ranges from 20 min to 2.5 h. The colorimetric detection limit for alcohols and ketones is about 5 ppm. Single crystal
X-ray diffraction analysis evidenced that the guest species are located inside the pores in hydrogen-bonding interactions with
the ligand instead of coordinated to the Cu ions. The UV-visible diffuse reflectance spectra of VOCs-enclosed MOF displayed a
gradually broadened absorption band in the visible region. The colour change can be attributed to an intermolecular electron-
transfer transition between the ligand and the encapsulated guests. A follow-up study showed that this Cu'-MOF can be a highly
selective visual sensor for recognizing C,H,, which was also associated to an intermolecular electron-transfer between the linker

and the encapsulated guests.130
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Figure 4. (a) Color change and response time of [Zn(3-DPMNI), ;(NDC)] (denoted as 1 in the figure and following text), (H,NDC
= 2,6-naphthalenedicarboxylic acid, 3-DPMNI = N,N’-bis(3-pyridylmethyl)-1,4,5,8-naphthalene diimide) in the presence of
different amine vapors. (b) UV-vis absorption spectra of 1 in the presence of different organic amines. Figures adapted from
ref 105. (c) Structure of N-methylated UiO-67-bpy and its reversible colour change when deposited UiO-67-dmbpy was
exposed to amine vapours. n-BUA(in a)/BA (in c) = butylamine, DEA = diethylamine, AH = hydrazine, DIP(in a)/DiPA (in c)=
diisopropylamine, TEA = triethylamine, TEOA = triethanolamine, AN = aniline, EA = ethylamine. Figures adapted from ref 100.
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MOFs composed of redox-active ligands such as viologens ' tetrazine derivatives'™™ and naphthalene diimide " have
shown great potential in colorimetric sensing through charge transfer processes. Viologens are 4,4’-bipyridinium derivatives
with particularly electron-deficient nature. Upon interaction with electron-rich molecules, e.g. NH; and amines, viologen ligands
received electrons from the donors and produced radicals, leading to colour changes.z‘l'le""135 For example, Gao et al.
synthesized a naphthalene-diimide-based Zn MOF exhibiting photochromic behavior in the presence of various amine vapors
(Figure Zla&b).105 The nature of its photochromism is from photo-induced electron transfer between the electron-rich guest
molecules and electron-deficient MOF. It showed varied color and response times towards different amine vapors. Especially for
n-butylamine (n-BUA), the MOF changed its color from yellow to red in 2s. The similar color induced by n-BUA and hydrazine
(AH) can be further discriminated by their UV-vis absorption spectra. Yang et al. modified the 2,2’-bipyridyl-5,5’-dicarboxylate
ligand (bpydc) of the large pores Zr-MOF UiO-67-bpy into N,N’-dimethyl-2,2’-bipyridinium (dmbpy) through post synthetic N-
methylation (Figure 4c).100 Such modification provides charge-transfer interacting sites for selectively capturing and sensing
alkylamines. In this example, the CT interaction between the electron-deficient 2,2’-bipyridinium site and the electron-rich
analytes is the driving force for selective molecular recognition and adsorption, as it induces a reversible vapochromism and
luminescence quenching. A follow-up study on the same Zr-bpy MOF with N-amination modification showed similar chromism
behaviour in presence of amines.'” Owing to imine condensation, the N-aminated MOF also has a unique colorimetric response
to formaldehyde. Another chromic Zn-MOF constructed from a tris-pyridium ligand was reported by the same group in 2020,
The material showed direct colour change towards primary amines (methylamine, ethylamine, etc.) and can also be responsive
to methanol and ethanol. The mechanism is proposed to be radical formation through spontaneous/photo-induced guest-to-
host electron transfer. In addition, the small and interconnected voids due to the 2- fold interpenetration of the MOF give rise to

a size and shape selectivity of the chromic process.

Interpenetrated structures of metal-viologen frameworks can stabilize the reduced radicals viologen ligands and also create
multi-bridges for electron transfers, which eventually brings stable and fast responses to multiple stimuli.”®*"*® For example, a 7-
fold interpenetrated Anderson-like cluster-based Zn(ll) MOF [Zn,(bpybc);(0-BDC)g]-2NO5:-6H,0, reported by Li et al, exhibited
visible response to different types of stimuli including soft X-ray, UV-light, heat, electricity and in presence of some organic
amines.'” When exposed to vapours of dimethylamine (DEA), ethylamine (EA), propylamine (PA), an immediate colour change
from the original yellow was observed (pale blue for DEA and purple for EA and PA). Bulkier amine like butylamine and
benzylamine had prolonged response time of ca. 10s and in these cases, the colour became brown and green, respectively.
Solid-state UV-vis and EPR spectra confirmed the generation of viologen radicals after exposure to amines. Such vapochromism
was also observed in MOF-PMMA polymer films and is reversible by introducing HCI vapour on the amine-exposed samples.

Tetrazine derivatives are another type of ligand that can undergo reversible colorimetric responses through redox reactions.

Razavi and co-workers developed a dihydrotetrazine-functionalized pillared MOF [Zn(OBA)(H,DPT),s]-DMF (TMU-34) for
selective and colorimetric detection of chloroform (CHCl3), where H,DPT is 3,6-di(pyridin-4-yl)-1,4-dihydro-1,2,4,5-tetrazine is
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%% |n the presence of CHCl;, a colour change from yellow to pink was

the pillar spacer and H,0BA is 4,4’-oxybis(benzoic acid).
observed by naked eye within 10s, at the lowest concentration 2.5 x 10° M in both liqguid and vapour phases and was
regenerated by washing the compound in DMF. In the compound, CHCI; oxidizes the dihyrotetrazine (H,DPT) into tetrazine
(DPT), therefore inducing changes in the geometry and functionality of the pillar spacer, leading to a colour change.

MOF composites

Given the fact that most MOFs are colourless or do not change significantly of colour upon sorption of guests, a rational strategy
is to load functional (optically active) guests within the host MOF to achieve visual detection of analytes. Common functional

137-139 140-142 .
. These compounds are either
134,143

guests include organic dyes (rhodamine, spiropyrans, etc.) and metal nanoclusters
grafted on the metal oxoclusters of the MOFs, or loaded in their pores through direct adsorption or covalent grafting
example, Koning and co-workers anchored two carboxylates group of DTNB (5,5'-di-thio-bis-2-nitrobenzoic acid), a bidentate
reactive dye, on the unsaturated inorganic node of the mesoporous Zr tetracarboxylate NU-1000 for degradation and visually
detection of the nerve agent VX." The octahedral Zrg oxoclusters catalyze the hydrolysis of VX, and the DTNB reacts with the
thiol group from degraded products providing a bright yellow colour (Figure 5a). This dual-functional composite also brings
higher detection efficiency compared to the separated DTNB/NU-1000 system. A follow-up study reported the grafting of DTNB
onto the large pores Zr trimesate MOF-808 immobilized on cotton forming a MOF/fabric composite enabling practical
application of VX degradation and detection.' The cloth is capable of visualizing amounts of VX down to 0.16 ug/cmz, which
was more sensitive compared to DTNB@NU-1000 (0.8 ug/cmz). It also displayed an improvement in catalytic performance with
rapid conversion within 5 min (Figure 5a-b). However, most functional loaded compounds are photochromic or luminescent,

For

which requires extra light source to be applied in naked-eye detections. Limited research reported guest chromophores induced
colorimetric sensing, and the majority focused on liquid phase detection of heavy metal ions and organic poIIutants.l‘u'l"S’146
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Figure 5. (a) lllustration of DTNB@NU-1000 for degradation and visual detection of the nerve agent vx.'*# (b) Two anchoring
modes of DTNB in MOF-808 and the proposed mechanism of the colour change of DTNB@MOF-808 upon VX. DTNB@MOF-
808 degradation kinetics of VX compared to DTNB@NU-1000. Photographs of the MOF-textile composite upon contact with
VX."* (c) Sequential installation strategy for anchoring a SCO complex in a MOF and UV-Vis spectra at room temperature of
the MOF-SCO composites dispersed in acetone (orange) and EtOH (red) for MIL-100, and dispersed in acetone (orange) and
MeOH (red) for MFU-4/."%

Another strategy to achieve colorimetric sensing towards VOCs is through encapsulation of spin-crossover (SCO) complexes into
colourless large pores MOFs. As mentioned previously in section 2, spin-crossover complexes are responsive to external stimuli
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that are accompanied by a colour change. For example, an Fe(ll) complex, [Fe(HB(pz);),] was confined in a diamagnetic and
optically-transparent NH,-MIL-100(Al) and showed a colour change induced by solvent adsorption.”7 Despite that a range of
polar to non-polar solvents can induce spin switching accompanied by off-white to red colour change, it is a proof-of-concept
that SCO-MOF composites have a great potential for sensing applications. Some of us have successfully introduced an Fe(lll) SCO
compound, Fe(sal,trien)NO3, into MIL-100(Al) through an in situ synthesis.148 A spin state switching from the inserted
Fe”'(salztrien) cation was observed upon water sorption. Another SCO-MOF system designed by our group was built with
[Fe”(BPI)(HBPI)(CIO4)2]’ anions anchored in MIL-100(Al) and MFU-4I(Zn), which displayed a selective solvatochromism towards
alcohols.’® In this work, the Fe" SCO complex was anchored on the SBUs of the MOFs via the sequential installation strategy.
The coordination environment surrounding Fe(ll) can be modulated upon alcohols sorption, which leads to a reversible colour
change from orange to red (Figure 5c). This strategy is currently at the very early stage of research but presents a great potential
for VOCs sensing.

3.2 MOF-based Luminescent Sensing
Luminescent metal-organic frameworks (LMOFs) have been actively explored and investigated for their potential in biological
and chemical sensing applications. We will focus in this part on their application towards VOCs sensing.

3.2.1 Origins of luminescence in LMOFs

The luminescence in LMOFs is commonly originated from the following sources: (1) photo-responsive metal SBUs (e.g.
lanthanide metal ions, d™ transition metal ions), especially trivalent lanthanide ions display sharp emission spectra with wide
emission wavelengths from ultraviolet (UV) to near-infrared (NIR) ranges; (2) ligand-centred emission, where the featured ligand
typically have extended m-conjugation. Briefly speaking, upon photoexcitation, fluorescence occurs from the emission of a
photon from the lowest singlet state (S;) to the ground state (S,), showing a typical lifetime in the nanosecond range. With a
suitable triplet state (T;), an intersystem crossing can take place to populate the T, state. Subsequently, phosphorescence with a
longer lifetime (microsecond to second range) can occur from the photon emission to the ground state (See Figure 6b) (3)
Charge-transfer (CT) based luminescence, which corresponds to the transition from the charge-transfer excited state to the
ground state, includes metal-to-metal charge transfer (MMCT), ligand-to-ligand charge transfer (LLCT), metal-to-ligand charge
transfer (MLCT) and ligand-to-metal charge transfer (LMCT). (4) Guest-induced emission, by encapsulating luminescent guests
such as lanthanide ions, quantum dots, organic dyes, etc. in the pores of MOFs. Several books and reviews have described the
origin of luminescence in a detailed aspect, providing a more comprehensive understanding and interpretation of luminescence
in MOFs. For example, Cui et al. described thoroughly the design and construction strategies for luminescent MOFs categorized
by the three elementary units: SBUs, linkers, and guests.149 Recently, Wang et al. carefully depicted the energy transfer
mechanisms in LMOFs with the main focus on the most recent research development of LMOFs.™® Gutierrez et al. focused on
the confinement of luminescent guests in MOFs, where they gave a comprehensive overview on synthetic methodologies, a
systematic discussion of characterization methods, followed by a brief tutorial on the host-guest phenomena and potential
applications for such hybrid materials."*"
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Figure 6. (a) Schematic diagram of various origins of luminescence in LMOFs. (b) Illustration of photon emission in ligand-
centred luminescence. Adopted from ref 151.
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3.2.2 MOF-based luminescent sensing for VOCs
LMOFs combine the general advantages of MOFs (porosity, tailorability, etc.) with their inherent luminescent properties, making
them interesting for sensing applications. The luminescent sensing is essentially based on the host-guest interactions between
the analytes molecules and the LMOFs, which gives rise to variations in the luminescent intensity (e.g. turn-on and turn-off
effects) or peak positions. Classic sensing mechanisms are photo-induced electron transfer (PET), intermolecular charge transfer

(ICT) and Forster energy transfer (FRET).24’152
153

Detailed description of every sensing mechanism in LMOFs can be found in the
reviews by Yan™", while Cui et al. specifically focused on sensing strategy with potential in practical applications, which include
the use of functional sites for selective sensing, turn-on luminescent sensing and self-referencing sensing based on dual-emitting
149
MOFs.

when the sensitivity comes from ligand-to-metal-transfer.

It is noteworthy that LMOFs also bear limitations such as relatively low sensitivity compared to organic based system

. . . . . . 141,149,151,152,154-159
LMOFs-based gas/vapour sensing has been extensively investigated and comprehensively reviewed recently.

Similar to chromism-based sensing, finely tuning the physical and chemical properties of LMOFs, such as introducing functional
groups, tuning the hydrophobicity/hydrophilicity, the Lewis acidity/basicity, or playing with steric hindrance effect, can improve
selectivity.zﬁ"160 Li et al. provided their comprehensive insights on the rational designs of LMOFs as functional chemosensors,
along with notable considerations of practical parameters for seeking real-time applicability. They also extensively reviewed the
progress of LMOFs as explosive sensors, humidity sensors, gas sensors, ion sensors and VOCs sensors.™ Another review
published later by the same group highlighted the detection of different types of VOCs, chemical warfare agents and hazardous
gases.158 Sensing of environmental pollutants including pesticides, antibiotics, heavy-metal-ions, explosives and VOCs by LMOFs
have also been highlighted.m’159 Reviews from Lin et al.”®® and Khatua et al.">’ also highlighted the advantages of using flexible
LMOFs in gas/vapour sensing applications. Recently, Yao et al. grafted a non-planar organic chromophore, 3-TPPA (tri(4-
(pyridine-3-yl)phenyl)amine (3-TPPA)), into a 2D flexible MOF, MOF-105, via one-pot synthesis and realized a wide range
emission colour tuning107 (Figure 7a). The bulk crystal of the free-standing 3-TPPA chromophore exhibited only emission
intensity changes under different temperatures. However, the resulting hybrid material emission can be modulated by both

temperature and pressure stimulus as well as VOCs sorption via positive (solvato-)fluoro-chromism interactions.

With the rapid growth of LMOFs-based sensing, new mechanisms and platforms are also emerging. In 2020, Liu et al. designed
and synthesized a rigid Cu(l)-based MOF [Cu4ls(PysP);], (PysP = tris(2-pyridyl)phosphine) that displayed a guest-induced
luminescence enhancement mechanism.'® Upon exposure of chlorinated VOCs vapours (CH,Cl,, CHCl; and C,H,Cl,), a turn-on
detection mode was observed with an obvious enhancement of luminescence intensity, compared to other VOCs vapour
exposure such as benzene, CH;0H, acetone and DMF. The weak host-guest interactions between chloroalkanes molecules and
the host framework decrease the molecular vibrations inside the MOF, resulting in luminescence enhancement (Figure 7b). In
the same year, the first report on enhanced fluorescence of self-assembled colloidal crystal film was achieved by Olorunyomi et
al. They incorporated a fluorescent dye Nil red (NR) into ZIF-8 colloidal crystals, followed by self-assembly of dye-functionalized
MOF particles into colloidal crystal films via dip—coating.109 The periodically ordered assembly of NR~ZIF-8 colloidal crystals
(denoted as NR~ccZIF-8 film) enhanced the fluorescence by 186 folds compared to disordered samples. Furthermore, the
NR~ccZIF-8 films respond to different organic vapours (acetone, methanol, toluene and xylenes) under various concentrations
via fluorescent quenching. The highest response was obtained with toluene vapours, whereas the lowest occurs from xylene
isomers exposure. The selectivity is evoked from molecular size and shape exclusion, which indicates the importance of porosity
in colloidal crystal assemblies for fluorescent sensing.
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Figure 7. (a) lllustration of the organic chromophore 3-TPPA grafted in the dynamic coordination space of a flexible MOF.
(b) Wide-range emission colour tuning of 3-TPPA grafted MOF-105 material.’”’ (c) Hlustration of the guest-induced
luminescence enhancement mechanism in the presence of VOCs. (d) Emission spectra of [Cu,l,(PysP),], after incubation for
30 min in various solvent vapours.108

Despite advancements in LMOFs for sensing applications, further improvements are still required for the practical
implementations of LMOFs into sensors: (1) In the aspect of sensing VOCs, the majority of the reported results was examined in
the liquid phase, yet the response might differ when the material encounters vapour-phase analytes. (2) The dominant
construction strategy of LMOFs relies on either lanthanides metal ions or bulky m-conjugated ligands, which generally are costly
and produced on small scales. The typical synthesis of LMOFs highly depends on solvothermal reactions. Thus, scale-up
synthesis and stability of LMOFs on a longer time scale still await further examination. (3) The luminescent responses are,
mostly, changes in emission intensity and positions, which currently are measurable through laboratory instruments. The signal
transduction can therefore not be trivial, and the material needs to be firstly coupled with electronics with proper shaping
processes. (4) Shaping of LMOFs is also an important step toward practical applications, calls for further attention, as it is
another concern for fabricating a luminescent sensing device. In conclusion, luminescent MOFs for gas/vapour sensing
application is still a young and active field with many promising results and several opportunities remain to move LMOFs from
lab-scale to real-world applications.

3.3 Sensors based on optical index modulation

3.3.1 Fabry-Perot Interferometers
Interferometry is a technique based on the interaction between waves. ™ Fabry-Perot interferometers, also known as etalons,
typically utilize the reflections and transmissions between two closely-seated parallel reflective surfaces. When the incident light
travels in the cavity, multiple reflections occur and the path-length difference between subsequent transmissions results in an
interference pattern, as shown in Figure 8.%% The intensity of the output interference pattern is highly dependent on the
distance between the mirrors I. When the distance / equals half of the wavelength of the incident light A or one of its multiple, a
standing wave with the longitudinal mode is created and a maximum transmittance is observed at the detector. The following
equation can express this correlation:
2nl

A==
m

where m is the number of half wavelength inside the cavity, and n is the refractive index of the active medium.
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Figure 8. lllustration of the working principle of a Fabry-Perot interferometer and a typical Fabry-Perot interference pattern.

MOF films can function as the responsive medium of the Fabry- Perot (F-P) cavity. The first proof of concept was described by Lu
and Hupp in 2010 for selective sensing of chemical vapours.163 For example, a transparent thin film of ZIF-8 was deposited on an
appropriate substrate (glass or silicon) and films with different thicknesses exhibited various colours, which can be attributed to
the thickness-dependent optical interference in the visible region. Given that the cavity of ZIF-8 is evacuated and under vacuum
(nyac=1), absorption of guest molecules modifies the bulk refractive index of the MOF, and red-shifts the interference peaks
accordingly. In 2016, Chen et al. presented a high-performance etalon composed of hollow ZIF-8 nanoshell arrays and a thin
layer of Pt coating, named hollow MOF nanoshell-based elaton (HMNSE).110 The hollow ZIF-8 arrays function as the dielectric
medium in between the reflective Si wafer substrate and the metal layer. The fabrication of the device requires several steps
including repetitive in-situ growth of ZIF-8 on a monolayer of polystyrene (PS) nanospheres, removal of the PS cores to form the
hollow structure of the MOF, followed by sputtering of Pt (Figure 9a). The interference peak wavelength and accordingly the
colour of HMNSE was tuned by varying the size of ZIF-8 shell. Such construction allows large optical response and distinct colour
output for selective detection of alcohols, ketones, nitriles, cyclohexane/benzene and xylene isomers in the vapour phase, as
well as good repeatability and recyclability. Figure 9 presents the sensor optical shift upon exposure to saturated acetonitrile
vapour (b) and different alcohols (c). This device also exhibits a wide detection range from 1000 to 20000 ppm for acetone
vapours with a good correlation between the wavelength shift and the vapour concentration. Zhang et al. have also reported a
Fabry—Perot optical sensor based on self-assembled UiO-66 nanocrystals for VOCs vapour sensing. They demonstrated that
controlling the size and the missing-linker amount in UiO-66 crystals can tune the optical properties of the film, as well as
enhance the sensitivity and recovery performance of the sensor.'® Recently, Li et al. encapsulated TiO, nanoparticles in HKUST-
! The HKUST-12TiO, composite film was
fabricated through the layer-by-layer deposition of spray-coated MOF precursor solutions and pre-synthesized TiO, NPs solution
alternatively (Figure 9d). The authors demonstrated that the incorporation of TiO, NPs increases the optical quality of the film,

1 thin film in order to improve the sensitivity and response time of the sensor.

with narrower reflection bands and more intense reflectance compared to a bare MOF film of similar thickness. Furthermore,
TiO, NPs brought a higher affinity to isopropanol, ethanol and methanol to the HKUST-1-based F-P cavity, which was revealed
by a larger redshift of the reflection bands upon vapour exposure. A shorter response time (27.6 s for HKUST-1 vs. 12.6 s for
HKUST-12Ti0, to acetone) was also observed with the HKUST-12TiO, composite due to enhanced H-bonding between TiO, NPs
and the tested oxygen-containing molecules.
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Figure 9. (a) lllustration of the experimental procedure used to fabricate HMNSE. (b) HMNSE with 2 nm Pt coating before and
after exposure to a saturated acetonitrile vapour at 293 K. Insets are corresponding optical microphotographs. (c) Optical
response of HMNSE to different alcohols, including methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, and tert-
pentanol.110 (d) Schematic of the liquid phase epitaxy (LPE) method for sequential TiO,-loading in MOF films.""!

Colloidal crystals are typically submicron-sized spheres of silica or polymer in an ordered arrangement. The periodic variation of
the refractive index in the crystals enables them to reflect light at a specific wavelength, also known as stopband. Adsorption of
guest molecules can shift the stopband due to the changes in their effective refractive indexes and/or lattice spacing.165 Based
on this strategy, Hupp et al. have shown that coating a thin layer of ZIF-8 on colloidal crystals (CCs) can give rise to a device

185 | et al. also managed to deposit an ultrathin layer (~ 80 nm) of ZIF-8 on monolayer colloidal crystals

166

capable of VOCs sensing.

(MCCs) via the LBL method.™" This sensor can discriminate between different alcohols via the colorimetric response together
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with shifts in the reflectance peak. Later on, Chen et al. fabricated another optical sensor based on the self-assembly of
polyhedral ZIF-8 into MCCs.** Three polyhedral ZIF-8 particles with different exposed facet were assembled, namely truncated
cubic (TC) ZIF-8, truncated rhombic dodecahedral (TRD) ZIF-8, and rhombic dodecahedral (RD) ZIF-8 (Figure 10 a-d). A thin layer
of Pt was sputtered on the MOF layer to enhance the output signal, leading to narrower full width at maximums (FWHMs),
higher reflectance peaks to valley ratios (p-v ratios) and more vivid colour (Figure 10e-f). Compared to polycrystalline ZIF-8, RD
ZIF-8 MCCs lead to a more controlled crystal orientation and elimination of grain boundaries, resulting in a refined selectivity
towards linear olefins (e.g. 1-hexane) over other BTEX species (benzene, toluene, ethylbenzene and xylene). Furthermore, the
authors demonstrated that different exposed facets of ZIF-8 can regulate the sensitivity of the sensor via differentiated diffusion
(Figure 10h). Especially, exposing (110) facet of ZIF-8 allows a more completed exposure of the six-membered window and
consequently realizes the detection of C1-C8 linear alcohols, as well as the colorimetric discrimination of C5-C8 alkanes (Figure
10g).
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Figure 10. (a—c) SEM images of ZIF-8 MCCs of different crystal morphologies: TC ZIF-8 (a), TRD ZIF-8 (b) and RD ZIF-8 (c). Insets
show schematic representations of corresponding crystal morphologies. (d) PXRD patterns of ZIF-8 MCCs of different crystal
morphologies showing preferential orientations. Inset show schematic representations of corresponding arrangement of ZIF-
8 nanoparticles. From top to bottom: TC ZIF-8, TRD ZIF-8 and RD ZIF-8. (e and f) Reflectance spectra of TC ZIF-8 MCCs (e) and
TRD ZIF-8 MCCs (f). Insets show corresponding optical micrographs. (g) Schematics showing the adsorption of C5-C8 linear
alcohols on ZIF-8 through (110) and (100) planes. (h) A\, of ZIF-8 MCCs of different crystal morphologies in response to C1-
C8 linear alcohols: RD ZIF-8 (pink), TRD ZIF-8 (cyan) and TC ZIF-8 (yellow).112

3.3.2 Bragg stacks
Bragg stacks (BSs), also known as Bragg mirrors or one-dimensional photonic crystals (1D PCs), typically consist of multiple
dielectric layers with alternating high- and low refractive indexes (RI). The periodic structure enhances the reflections of certain
wavelengths because of the diffraction and interferences at every interface.’®"*" % The optical response can often be
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intrinsically tuned by modifying the incident angles170 and the stack thickness™>**

113,114

. Similar to F-P interferometers, the position
of the diffraction maxima A4 is at normal incidence given by:
2(nyly +nyl;)

m
where the indices H and L represent the high- and low-Rl layer, respectively. In MOF-based BSs, MOFs typically function as the
low-RI layers and TiOzm’m’170

Amax -

or polymers168 are often employed as the high-RI layers. Adsorption of guest molecules varies the
refractive index of the MOF layers (n) and accordingly shifts the reflectance peaks. Selectivity can be achieved via size sieving,
pore accessibility and/or host-guest interactions between MOF and the analytes.

The first MOF-based Bragg stack based on ZIF-8 and TiO, for ethanol sensing was introduced by Lotsch et al., where ZIF-8
functions as the low-Rl layer and TiO, possesses high RI.'®° Patterning of ZIF/Pt BSs*’* and 3D-ordered MOF photonic films'" f

sensing application have also been achieved. BSs were also prepared with NH,-MIL-88 for selective sensing of EtOH vapour,
170

or

taking profit from the selective breathing behaviour of MIL-88.""" Lotsch et al. also assembled an optical sensor array from three
TiO,/MOFs BSs (TiO,/ZIF-8, TiO,/HKUST-1, and TiO,/CAU-1-NH,)."** Combining responses from multiple MOF elements with
appropriate signal analysis methods (colour image analysis and principal component analysis-PCA) generated analyte-specific
fingerprints, which facilitated the single component discrimination of mixed vapours. In another study from the same group,
post-synthetic modification (PSM) on either the SBU or the linker of CAU-1(Al) directly on an assembled BS of TiO,/CAU-1 was
achieved to precisely tune the sensitivity and selectivity of the active MOF Iayers.114 De-methoxylation of the SBU increased the
pore accessibility and improved the possibility to form hydrogen bonds, while amidification of the linker with hexanoic acid
brought hydrophobicity. Both modulations allowed a better distinction among water, alcohols (methanol, ethanol and iso-
propanol) and n-heptane vapours. The first Bragg stack composed of NH,-MIL-88B nanoparticles and a functional polymer
poly(styrene-acrylic acid) was reported in 2020."% The polymer and the flexible MOF can both undergo swelling upon BTEX
sorption and the associated volume change induces modifications in the thickness and RI of both components. Consequently,
the sensitivity of the sensor is boosted with contributions from both parts. The brown-purple film also exhibited a colour
variation correlated to the concentration of exposed BTEX vapours. Selective sensing of chlorobenzene has also been achieved

using two other strategies: combining MOFs and graphene oxide as the sensing Iayer173 and MOF metal doping.174

3.3.3 Diffraction grafting and colloidal film engineering

Engineering colloidal films of MOFs can create photonic structures for sensing applications. For example, Faustini et al. have
described a soft-lithographic technique for the fabrication of sub-micrometer 2D photonic structures based on colloidal ZIF-8 or
ZIF-8/TiO, nanocomposites.115 The sensor presented a selective detection of styrene under the interference of humidity, with a
LoD of 57 ppm. The signal was transduced by the change in colour luminance, which originated from the MOF refractive index
variation upon adsorption of the targeted analytes and can be detected by integrated cameras in smartphones. The same group
also demonstrated an evaporation-directed crack patterning of MIL-101(Cr) colloidal films."® The crack pattern was promoted
during dip-coating deposition, where controlling the evaporation front and the withdrawal speed guide the crack propagation
and periodicity differently. The crack arrays acted as diffraction grafting and allowed the detection of toluene down to 200 ppm.
Bai et al. introduced a responsive amorphous photonic structure (APS) constructed by the colloidal assembly of
spherical/polyhedral ZIF-8 particles on a liquid-permeable substrate.”’” The infiltration-assisted Mayer rod coating can
customize the colour of the film by controlling the wetting process (see Figure 11). This photonic structure exhibited a vapour-
responsive colour variation, where distinctions among ethanol, methanol, acetone, toluene and DMF can be realized.
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Figure 11. lllustration of Mayer rod coating of MOF amorphous photonic structure (APS). (a) Selective wetting of the
hydrophilic area of the substrate during coating by spherical/polyhedral MOF inks; b) Formation of APS patterns of spherical
or polyhedral MOF particles after the removal of water; c) Vapour-responsive colour changes of the MOF APS patterns.175

3.3.4 Optical fibres
Optical fibres are often made of silica or plastic for the core, covered by a cladding layer with a lower refractive index. This
structure allows light to propagate along the fibre by total internal reflections (TIR), where the fibre acts as a waveguide. In such
manner, light can be transmitted over long distances with low loss and immunity to electromagnetic interferences. Optical
fibres are commonly employed in telecommunication, but they have also been explored as chemical sensors. Fibre optic
interferometry is one of the chemical sensing approaches that make use of optical fibres that is known for its high sensitivity,
but lacks chemical specificity.162 One solution is to combine MOFs nanocrystals with optical fibres for improved selectivity.
Several MOF-coated optical fibres have been reported to be able to selectively detect CO, and H,.7e7°

explored their potential for VOCs sensing. For example, Zhu and coworkers coupled a single crystal of HKUST-1 to the end-face
180

Some studies have also

of an optical fibre using epoxy glue for quantitative detection of nitrobenzene (Figure 12a).” The sensing mechanism is based
on the variation of the refractive index induced by the adsorption of nitrobenzene within the MOF crystal. The quantification
was achieved by analysing the shifts of the interference spectra derived from the fibre optic interferometry (Figure 12b). Cao et
al. also developed a methane-sensitive cladding layer by integrating ZIF-8 into a UV-curable polymer.181 The detection limit of 1%
methane in nitrogen was achieved by employing the ZIF-8/polymer coating in either single-mode or multi-mode fibres. In

"7 The fabricated sensor

another work, Chen et al. realized the on-chip integration of ZIF-8 on the surface of a SiO, waveguide.
exhibited high sensitivity towards ethanol with a large detection range of 0-1000 ppm and a low detection limit of 1.6 ppm.
Recently, Huang et al. fabricated an optical microfibre interferometric VOC sensor based on evanescent field interaction with
ZIF-8/graphene oxide nanocoating.118 The surface of the optical fibre was pre-modified with graphene oxide (GO), where

multilayers of ZIF-8 were grown subsequently via the in situ synthesis (Figure 12c). The GO layer enhanced the adhesion and
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homogeneity of ZIF-8 layers due to the large n-conjugated network of GO. The sensor presented an ultrafast response of 118 ms
towards ethanol with the LoD of 5.26 ppm, which was attributed to the porous structure of the ZIF-8/GO composite.
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Figure 12. (a) Schematic diagram of the HKUST-1 coated optical fibre sensor and an optical microscope image of the sensor. (b)
lllustration of a section of the original (blue) and shifted (red) interferograms.180 (c) Schematics of the modification step at

the interface of the optical microfibre with ZIF-8/GO functional Iayer.118

Long-period grafting (LPG) optical fibres are another well-known type of sensor that relies on the modulation of refractive
indexes. Typically, a periodic perturbation of the refractive index is present on an LPG fibre, which results in a series of
attenuation bands in the transmission spectrum. Each band corresponds to different couplings between the core mode and a
particular cladding mode. With such, the exposure of guest vapours induced changes in the refractive index of the cladding that
shifted the attenuation band.*®****® Hromadka et al. have reported a LPG-based sensor working at phase-matching turning

point presenting a high sensitivity for ethanol and acetone.”®® |n another study, Chiang et al. developed a fibre interferometer

"9 The LPGs enable a co-propagating mode,

with pair of cascaded LPGs, where ZIF-8 was coated on the surface of the cladding.
where the light in the core and the cladding interfere with each other and result in a sharp interference fringe as shown in
Figure 13. Ethanol and methanol showed the largest interfering fringe shifts and greatest RI changes from 1.216 to 1.499 and
1.476, respectively. DFT calculations attributed the distinctive response toward ethanol and methanol to their different
desorption energy from ZIF-8. In a follow-up study, Chiang et al. utilized the same configuration for real-time monitoring of
bulkier molecules (e.g. toluene, pyridine) and proved that the adsorption dynamics is greatly linked to molecular geometries
and kinetic diameters of the guest molecules.’® Adsorption of toluene on ZIF-8 shifted the outcome interference spectrum by
4.3 nm after 40 min exposure. However, due to the slow adsorption dynamics and difficulty in desorption, the device is rather

suitable for toluene capture than for the sensing application.
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Figure 13. (a) Optical power distribution of the fundamental mode (LPy;, core mode) and (b) higher-order mode (LPgg,
cladding mode); (c) near-field image of the LPO8 mode pattern obtained with an infrared camera; (d) schematic diagram of
the proposed fibre interferometer with cascaded LPFGs. ASE: amplified spontaneous emission light source; OSA: optical
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spectrum analyzer.

3.35 Micro-ring Resonators

Similar to optical-fibre-based sensors, photonic micro-ring resonators detect the analytes based on evanescent field interaction
and consequent changes in refractive index. However, the waveguides, in that case, are bendable and connected in a closed
loop with a light source and a detector. Light in micro-ring resonators is propagated in the fashion of a circulating waveguide
mode, which is derived from the total internal reflection of an arced boundary between a high and a low refractive index
medium. As a result, the interaction between the sensitive layer and the analytes give rises to a shift in the resonant
wavelength.n'29 Tao et al. exemplified a micro-ring resonator with ZIF-8 coating for detection of multiple VOCs at ppb level
including styrene, toluene, benzene, propylene and methanol.” The coating of ZIF-8 was achieved by in situ growth followed by
chemical etching. With the presence of ZIF-8, the sensitivity of the resonator was enhanced by a factor up to 1000 for propylene
compared to a bare resonator. This can be attributed to the preconcentration of the analytes in ZIF-8. In addition, the
hydrophobicity of ZIF-8 also made the device much less sensitive to humidity. The LoD ranged from 29 to 99 ppb with a
response time of 30 min, which can be suitable for applications requiring high-accuracy.

3.3.6 Surface plasmon resonance
Surface plasmon resonance (SPR) occurs when incident light stimulates the resonant oscillation of plasmon at the interface
between two media with opposite permittivity. When plasmonic metal nanoparticles are involved, the nanoscale dimension
confines the oscillation on the particle surface, which is known as localized surface plasmon resonance. Plasmonic nanoparticles,
typically Ag, Au and Cu, can interact with light in the visible and near-infrared regions. The presence of analytes at their surface
can modify the local Rl and results in a shift in the resonance wavelength. MOFs incorporating SPR platforms can amplify the
sensor response, therefore extending its applications from biomolecule detection to VOCs sensing.lgs’187

Vanderzande et al. presented a ppm-level detection of alcohol vapours using MOF-functionalized SPR sensors.”?’ A layer of ZIF-8
or ZIF-93 was deposited as a recognition layer on a gold surface of the fibre-optic-based SPR sensors (see Figure 14a). Upon
exposure to several alcohol vapours (MeOH, n-BuOH, etc.), the bare SPR sensor did not exhibit any detectable SPR activity due
to the low intrinsic Rl of the alcohols. With the assistance of MOF coating, vapours with ppm concentration were detected. A
LoD of 2.5 ppm for methanol was realized by the ZIF-8 coated sensor. ZIF-93 coating presented the highest sensitivity and
selectivity towards MeOH at low partial pressure due to its hydrophilicity, whereas ZIF-8 showed high sensitivity to MeOH at
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high partial pressure because of the molecular clustering effect. Such difference in recognition behaviour can be used for
qualitative distinction of the vapour composition. Lately, Ameloot et al. explored surface plasmon polariton (SPP) resonance by
incorporating a ZIF-8 thin film via CVD approach onto an AlO,/Ag layered surface on a glass substrate for methanol detection.™
The sample configuration is illustrated in Figure 14b. The signal of VOC uptake was transduced into SPP shifts by applying
spectroscopic total internal reflection ellipsometry (TIRE). Upon exposure to MeOH vapour, the sensor responded up to 160 nm
in the SPP shifts with a LoD lower than 1 ppm (Figure 14c). A resolution of 10” in refractive index units was achieved by optical

modelling of measured TIRE/SPP spectra, which outperformed conventional ellipsometric porosimetry.
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Figure 14. (a) Schematic representation of an MOF-FO-SPR probe (not in real scale). The probe consists of an optical fibre with
a diameter of 400 um with the inner TECS cladding and the outer protective cladding removed from the end. A gold layer is
covered with a MOF which functions as a recognition layer. The atoms in the floating methanol molecules are oxygen (red),
carbon (black), and hydrogen (white).120 (b) TIRE/SPP principle and TIRE measurement geometry with the sample layer stacks.
(c) The measured SPP peak redshift under Methanol in dry Nz.121

3.3.7 Surface-enhanced Raman scattering
Surface-enhanced Raman scattering is an ultrasensitive vibrational spectroscopic analytical technique. It is based on the working
principle of traditional Raman spectroscopy that identifies and quantifies the analytes with their characteristic vibrational
fingerprints. Enhancement of Raman signals is achievable by adopting SERS-active substrates such as plasmonic particles, for
instance Au and Ag, which can generate an enhanced electromagnetic field on the surface upon excitations and accordingly
amplify the signals. The poor affinity between the plasmonic surface and analytes is often addressed as a problem of SERS
platforms. Incorporating MOFs with SERS essentially facilitates the selectivity and sensitivity by preconcentrating the analytes

. . . . . 188-190
and introducing intermolecular interactions between the framework and guest molecules.

Koh et al. reported a plasmonic nose by encapsulating Ag nanotubes in ZIF-8 (Ag@ZIF-8) for molecular-level recognition of

VOCs."? The combination of Ag and ZIF-8 leads to pre-concentration of analyte molecules and enhancement of the
electromagnetic (EM) field at the nanoscale. The ultra-trace SERS detection of VOCs was facilitated by optimizing the thickness
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of the ZIF-film for maximizing the volume of preconcentrated vapour and tailoring the plasmonic coupling between
neighbouring Ag nanotubes to intensify the EM hotspots. The Ag@ZIF-8 plasmonic nose exhibited SERS response towards
multiple vapours including toluene and chloroform. Especially, it presented unique vibrational features for toluene down to 200
ppm and a linear quantification of the toluene in the range from 200 to 2000 ppm. Osterrieth et al. fabricated a core-shell
structure of Au nanorods (Au NRs) and Zr-MOFs NU-901 for SERS detection of thiolated analytes.191 NU-901 is composed of
eight-connected Zrg oxoclusters and tetratopic 1,3,5,8- (p-benzoate)pyrene linkers (H4TBAPy). The 1D diamond-shaped channel
of NU-901 has the dimension ca. 12 x 26 A which allows fast diffusion of relatively large analytes. Au NRs as seeds facilitated the
MOF growth at room temperature with core-shell structure and a yield higher than 99% under optimal conditions. The
composite maintained the SERS capability of the Au NRs, allowing the selective adsorption and detection of thiolated
polystyrene with SERS spectra. In other examples, Li et al. constructed a core-shell HKUST-1@Ag NPs via in situ
electrodeposition for SERS detection of polycyclic aromatic hydrocarbons192 and Chen et al. achieved SERS detection for toluene,
193 Another platform of Au@Ag
nanorods encapsulated in ZIF-8 was fabricated by Lafuente et al. for chemical warfare agents detection in ambient air.’? Yang et
al. also demonstrated a site-selective deposition of ZIF-8 on Au nanobipyramids for SERS detection of toluene and aniline

vapours.194 ZIF-8 was selectively grown either at the ends, the waist, or forming a core-shell structure on the bipyramids. The

ethylbenzene, and chlorobenzene by constructing a similar core-shell structure of Au@ZIF-8.

formation of the selectively deposited ZIF-8 was confirmed by SEM and TEM images shown in Figure 15a-b. All three
nanostructures presented distinctive Raman peaks of toluene and aniline under the vapour exposure, indicating the occurrence
of analyte interactions with the MOF. The end-deposited Au NBP@ZIF-8 presented the strongest Raman signals, which can be
explained by the large local electric field at the sharp ends of the Au NBPs.
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Figure 15.( a) Schematics of the routes for selective deposition of ZIF-8 on the Au NBPs. (b) TEM images of the Au NBPs,
NBP/end-ZIF, NBP/waist-ZIF, and NBP@ZIF nanostructures, respectively.194 (c) llustration of the setup for stand-off SERS
sensing. (d) Stand-off multiplex spectra obtained in outdoor condition with natural light, for two different mixtures of

naphthalene and toluene, with reference to individual naphthalene and toluene SERS spectra.
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Phan-Quang et al. also realized a real-time stand-off SERS spectroscopy with the integration of Ag@ZIF-8 for remote and
multiplex detection of airborne molecules.’® The platform was fabricated via the drop-casting multiple layers of the solution of
pre-synthesized Ag@ZIF-8 core-shell composite. The formed 3D structure of Ag@ZIF-8 has a thickness of ca. 1.3 um after 10-15
layers with an interparticle distance of Ag cores of ca. 10 nm, which allows strong plasmonic coupling for intense SERS hotspots.
Upon exposure to vapours of the probe molecule 4-methanylbenzenethiol (4-MBT), it presented a rapid response of 10 s under
500 ppm and the signals were 6-fold more intense compared to the control platforms (the MOF-coated Ag platform and bare Ag
nanocubes). Notably, the multilayered structure also brought an appropriate hotspot focal depth to be able to cooperate with
the stand-off Raman system. The response of the sensor can therefore be recorded with the detector placed 2-10 m apart with
8-fold less laser power employed (< 55 mW, see Figure 15c). The Ag@ZIF-8 combined stand-off Raman detection can respond to
a minimum of 50 ppb aerosolized 4-MBT and a linear calibration curve can be constructed within the range of 500 ppm to 50
ppb. Outdoor sensing of aerosolized mixtures of (poly)cyclic aromatic hydrocarbons (PAHs), naphthalene and toluene was also
realized. The reported platform can elucidate the characteristic vibrational fingerprints of each species within 10 s under the
interference of a daylight background (Figure 15d).

Min et al. also explored a SERS-active sensory array based on MIL-100(Fe) for ultrasensitive and multiplex detection of vOCs.”’
The LoD for toluene was 2.5 ppm on solely MIL-100(Fe) substrate, and depositing gold nanoparticles over MIL-100 greatly
amplified the signal with the enhancement factor up to 1010, which consequently reduced the LoD for toluene to 0.48 ppb. The
high-SERS activity of MIL-100(Fe) can be accounted for a charge transfer enhancement mechanism between the framework and
the analytes, which was confirmed by the specific adsorption energy and DFT calculation. Especially, the aromatic ligand and
metal active sites are preferably combined by different molecules (e.g. toluene adsorption via n-7 interaction and acetone via
Fe-O coordination), providing a sensor array property for multiplex VOCs detection. Finally, MOF-integrated plasmonic surface-
enhanced infrared adsorption platform was explored by Mu et al., where ZIF-8 was coated on Au antenna to realize on-chip
sensing of greenhouse gases (CH, and COZ).195

4. Conclusions and perspectives
This review summarizes recent progresses on MOF-based colorimetric sensors with particular highlights on VOCs sensing. The
versatility of MOFs features their unique chemical and physical properties, drawing extensive research interest on them,
especially as chemical sensing materials. The advancement of integrated circuits and miniaturization of electronic devices,
combined with the development of MOF film fabrication, recently allowed the preliminary laboratory demonstrations to
practical VOCs sensing application of MOFs.

Compared to MOF-based electronic sensors, research on MOF-based colorimetric sensors is still in the early stage. Chromism
sensing exhibits straightforward output with often naked-eye observable colour change. The colorimetric responses highly rely
on the design of MOF structures including modifying the coordination geometry of the metal sites in MOFs, using chromophoric
ligands and encapsulating functional chromophores. Although many studies have demonstrated sensitive and selective sensing
of VOCs using chromic MOFs, the delivered selectivity targets groups of VOCs and often lack refined selectivity towards
individual compounds as well as missing the examination of the materials under environmental conditions. The combination of
multiple MOFs to create a sensor array can take advantage of the differentiated affinity of each MOF component and thus, an
improved selectivity might be achieved. Besides, the shaping of colorimetric MOFs requires further attention, as it can also
strongly influence the sensing performances. The reproducibility of nanoMOF-integrated sensing devices also needs critical
recognition as it highly relies on the purity of MOFs, their activation status, and water-stability for consistent long-term
performance. Luminescent sensing shares similar characteristics, where the intensity of luminescence is modified by the
targeting analytes. The various choices of building blocks and diverse guest-recognition mechanisms have made luminescent
MOFs rapidly evolving for sensing applications. The prominent challenge of luminescent MOFs is, similar to colorimetric MOFs, a
lack of processability for practical implementations. Specifically, the construction of MOFs as thin films or membranes is starting,
yet comprehensive evaluations of their performances including sensitivity, selectivity, response time, stability and recyclability
still await further efforts. In addition, evaluating the luminescence change often requires specific instruments, which may pose
additional obstacles to their practical applications. Overall, there is still a long journey ahead for chromism- and luminescent-
based MOFs to achieve ultra-sensitive VOC sensing, especially for real-world sensing installation. Their limitation of sensitivity
comes intrinsically from their sensing mechanisms, thus colour-based sensors can hardly compete with other techniques like

24



SERS. Nonetheless, colour-based MOFs for VOC sensing possess their own advantages as they are easy to operate and interpret,
not even to mention the customizable selectivity provided by desired MOFs. Yet, one needs to note that the unique selective
behaviour of MOFs is not a confirmation of outstanding sensing ability. It is also worth to investigate and examine promising
materials under different circumstances. To summarize, despite the advantage of naked-eye observation, limited studies
examined chromic and luminescent MOFs under the presence of VOCs vapors and sensing performance was often not
systematically investigated. The reported LoD of some chromic or luminescent MOFs falls in the ppm levels and can be varied
greatly depending on chosen MOFs. It is worth to mention that their sensitivity is sometimes limited by the sensing mechanisms,
especially for the ones relying on ligand-to-metal transfer, which are often less sensitive than the organic-based system.
Furthermore, considering that the shaping process are not often developed with these compounds, considerable efforts are still
required in order to use these type of MOFs into real devices.

Other optical sensors are based on the change of optical index induced by the absorbance of analytes on the MOF sensing layer.
For such purpose, multiple techniques have integrated MOFs in the form of thin films or photonic crystals into sensing devices.
They present great potential in VOC vapour sensing with sensitivity from ppb to ppm level. Particularly, Fabry-Perot
interferometers can efficiently transduce adsorption-induced refractive index change, with sensing performances including
sensitivity, selectivity and response time that are highly associated with the sorption features of integrated MOF layers. MOFs
sorption ability not only depends on their microstructure and intrinsic physico-chemical properties but is also related to the
attributes of MOF-film engineering. Reducing the thickness of MOF films can accelerate the mass-transport process of analytes,
but at the same time, can damage the optical properties of the sensor by diminishing the magnitude of RI, leading to
undermined performance. Furthermore, the orientation of MOF particles can also impact the optical properties of the film, as
highly oriented films can enhance both the selectivitymand signal intensity for potential colorimetric sensing. Another possible
strategy to optimize the signal transduction is the hybridization of MOFs with oxide nanoparticles. One way is to integrate MOF
photonic crystal into Bragg stacks with contrast oxide NPs, which requires the size and morphology control during MOF
synthesis. The other approach is by encapsulating oxide NPs into MOF films, however, obtaining a uniform and homogenous
distribution of NPs is still challenging.

Optical fibres based on Rl changes can also encode sensing events into spectra. They are known for immunity to
electromagnetic interference and are generally light-weighted with small probe heads and high flexibility, which allows highly
sensitive and multiplex detection in remote or harsh environments. The MOF coatings in optical fibres act as concentrators to
boost the sensitivity (LoD under 10 ppm) and also potentially as sieving layer for enhanced selectivity. However, it is, like the
aforementioned others, a technique under preliminary investigation, as only ZIF-8 was coated on the fibres and ethanol was the
only tested vapor. Thus, the selectivity of this method must still be explored. The mechanical property of the MOF coating is a
key factor for the practical integration of MOFs into optical fibres. In-situ growth of MOF films is widely adopted for optical fibre
coating. Despite the convenience of this method, it is challenging to precisely control the morphology and defects of the film, as
well as not easily scalable. Besides, mismatching MOFs with weakly adhered optical fibres can cause damage to the MOF coating
(e.g. cracks and shedding), thus hindering the performance of the sensor. MOF-polymer-based mixed-matrix membranes might
be an alternative solution to tackle such drawbacks, yet a systematic investigation is still required.

SERS is recognized as a highly sensitive and selective technique for quantitative detection of chemicals at trace levels. MOFs
have been identified as Raman active substrates and, with appropriate choices of candidates, their enhancement factor can be
competitive with classic SERS substrates including noble metal NPs. These MOF-based SERS systems have been actively applied
in vapour-phase sensing with promising processes recently. Configuration of core-shell structures between MOFs and plasmonic
noble metal NPs is also a popular strategy to improve sensing performances via enhanced substrate-analyte affinity or
molecular trapping.

As multiple sensing techniques are involved in this review, it is also important to para-compare among them for their
performance and potential in practical applications. The detection and monitoring of VOCs in real-world require sufficient
sensitivity of sensors considering the toxicity and exposure limits of VOCs, especially carcinogenic ones including benzene,
formaldehyde, toluene, etc. For example, the exposure limit of formaldehyde regulated by the EU is 300 ppb for 8h average
exposure, and 600 ppb for short term expoure (data from GESTIS database). The LoD of MOF-incorporated colorimetric and
luminescent sensing is grouped around ppm level, as they are mostly preliminary research. Micro-ring resonators, SPP
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resonance, and SERS can handle ppb-level detection. However, micro-ring resonators with MOFs coating and SPP resonance are
currently at the proof-of-concept level. Their performance under practical conditions including interfering gases/vapors and
humidity needs further examination. At the current stage, SERS can be considered as the platform closest to actual application
for its refined LoD (lowest report value 0.48 ppb) and fast response time (several seconds). The cost of MOFs is a generally
concerned topic when speaking about their real application due to harsh synthetic conditions limiting the production scale and
its price. Optimizing MOF synthesis and large-scale production are the two contributing factors that can benefit MOFs’ practical
use.

The key challenge for MOF-based SERS, as well as for other MOF-integrated proof-of-concept techniques, is to expand the
spectrum of MOF candidates. The majority of research on sensing applications employed limited benchmark MOFs such as ZIF-8
or HKUST-1, due to their well-developed facile synthesis and diverse shaping approaches. However, they have drawbacks
including poor chemical stability (HKUST-1), insufficient water stability and the narrow pore sizes of ZIF-8(4 A) that limit their
potential for practical usage, especially in large-molecule sensing. Besides, difficulty in functionalization further obstacles them
by restricted tailorability for desired analytes. Conventional one-pot MOF synthesis generally acquires harsh conditions (e.g.
high pressure and temperature), especially for water-stable high-valence MOFs, which makes it complicated to further
incorporate with nanoparticles. Thus, developments on the mild-condition synthesis of MOFs expect to promote a further
diverse application, where the potential of MOFs can be fully explored.
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