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on MOF-based optical sensors for
VOC sensing

Yuwei Shen, Antoine Tissot * and Christian Serre*

The raising apprehension of volatile organic compound (VOC) 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 VOC capture and sensing. To comprehensively

exploit the potential of MOFs as sensing materials, 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 coupled with optical sensors feature distinctive

strength. This review summarized the latest advancements in MOF-based optical sensors with

a particular focus on VOC 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 was also deliberated.
1. Introduction

Air pollution has become a growing concern worldwide.
Specically owing to the recent pandemic, the time people
spend indoors has escalated, 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 CO2) associated with relatively high vola-
tility, due 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. VOC
exposure can cause acute and long-term health issues depend-
ing on exposure durations and doses. A direct example is the
sick building syndrome, where people in a building experience
acute symptoms such as eye, nose, or throat irritations, head-
aches, fatigue, etc. that disappear aer exiting the building.
Besides, odours generated by VOCs are capable of inducing
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 damage.1

Compounds of major concern include benzene, toluene,
xylenes, styrene, acetaldehyde, formaldehyde and naphthalene,
which are classied by the European Commission as the
priority pollutants to be regulated. Specically, benzene, form-
aldehyde, acetaldehyde, and naphthalene are considered
carcinogenic.2 Given the possible health risk caused by VOC
Normale Supérieure, ESPCI Paris, CNRS,
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14007
exposures, it is imperative to monitor the ambient concentra-
tions of VOCs.

Identication of individual components of VOCs in air
samples can be achieved in laboratories via analytical methods
using gas chromatography (GC) coupled with ame ionization
detection (FID), electron capture detection or mass spectrom-
etry (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. Specically, commercially available techniques
include photo-ionization detectors (PIDs), electrochemical
cells, metal-oxide-based chemiresistive sensors (MOs), etc.
These sensors are generally miniature in size, sensitive to
a range of VOCs and have a short response time. However, the
main concern for these sensors is cross-sensitivity to 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-noses. They combine multiple
sensors with smart pattern recognition soware for improved
sensitivity and selectivity. In some cases, employing sensor
arrays can realize individual discrimination of each component
in vapour mixtures.4 Coupling MO sensors with porous solids
(e.g. zeolites) can also enhance the sensing performance by
employing the intrinsic chemical affinity of the porous solids
for better selectivity and/or pre-concentrating the selected VOCs
for improved sensitivity.5
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Metal–organic frameworks (MOFs) are an extensive class of
crystalline micro- or meso-porous hybrid materials that have
been widely developed and investigated over the past 20 years.6

MOFs are built with metal cation based nodes and organic
linkers linked via coordination bonds. A great variety of chem-
ical combinations between metal secondary building units
(SBUs) and organic linkers give rise to diverse topologies and
extended physical and chemical properties. These remarkable
properties oen include tailorable porosity, high surface area,
chemical/thermal stability, etc.7,8 MOFs are therefore of great
interest for multiple applications, such as gas separation,9–12 gas
storage,13,14 catalysis15–17 and bio-applications,18–20 among
others.

MOFs are also appealing candidates for sensing applications
owing to the following reasons: (1) their intrinsic porosity can
favour diffusion, absorption, and/or interactions with analyte
molecules; (2) they can provide various active sites, for instance
openmetal coordination sites as well as possible intermolecular
coupling between analytes and ligands (hydrogen bonds, p–p
interaction, etc.). These sites can consequently favour sensitive
and selective binding with the target gas molecules; (3) their
tunable pore size can enable the molecular sieving phenom-
enon, which can also improve 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 quantication; (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.21–25 Abun-
dant research has been conducted applying MOFs to the design
of various types of gas/vapour sensors, including chemiresistive
sensors, capacitive sensors, gravimetric sensors, and optical
sensors.23,26–33 Among these categories, colorimetric and optical
sensors are highly 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 system-
atically tailor the pore size and aperture of the MOF structure,34

but also 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 a structure is proven 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,
exibility and density of the framework. Specically, missing
linker defects lead to more open metal sites, which can favour
sorption processes.36 However, increasing the number of
defects inMOF crystals can possibly compromise their chemical
stability.
© 2022 The Author(s). Published by the Royal Society of Chemistry
This review summarizes the recent progress of MOF-based
optical sensors, with specic highlights for VOC sensing. We
will rst 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 develop-
ment of MOFs incorporated with Fabry–Perot interferometers,
Bragg stacks, diffraction graing, colloidal lm engineering,
optical bres, micro-ring resonators, surface resonance and
surface-enhanced Raman scattering. Finally, 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 MOF lms with various
substrates, including in situ direct growth from hydro/
solvothermal synthesis,37,38 electrochemical deposition,39

colloidal deposition via spin/dip coating,40,41 atomic layer
deposition42–44 and layer-by-layer epitaxy.45–47 Each method has
its attributes for producing lms with different thicknesses,
preferred orientation, morphology and mechanical properties.
Numerous reviews have been written on this topic, covering
various aspects ranging from general fundamentals to advanced
practical implementations of MOF lms.48–58 In the following,
we describe the most investigated methods for MOF lm
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 lm growth happens simultaneously during the
synthesis. The choice of substrate is critical for this approach
despite its ostensible simplicity. Indeed, the surface structure
and chemical composition of the substrate inuence the
nucleation, anchoring and adhesion processes of the MOF
particles. For example, some metal oxide surfaces with
basicity can form strong covalent bonds with the complexing
groups from acidic linkers (carboxylates, phosphonates.),
accordingly anchoring the MOF. On the other hand, naturally
acidic surfaces such as silica (SiO2) do not favour the growth of
most carboxylate MOFs.59 Metal pieces37,60,61 and polymers62

have also been employed as substrates for successful MOF
lm installation. The thickness of these lms is typically
related to the reaction time and falls within the range of a few
micrometers.48 However, control of polymorphism can be
complicated and conditions may vary for different MOFs for in
situ grown lms.63,64
Chem. Sci., 2022, 13, 13978–14007 | 13979
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Self-assembled monolayers (SAMs) are active molecules
attached to the surface of substrates.65 Tail functional groups
(e.g. carboxylic acid) on a SAM can be used to coordinate metal
centres or SBUs from the mother solution, therefore promoting
the nucleation and growth of MOFs.66 Deploying SAMs can also
lead to patterning MOF lms viamicro-patterning techniques,67

which will be discussed in the next section. Various MOF lms
have been developed on SAM functionalized substrates (Au,
SiO2, Si, FTO, etc.).38,59,68–71 Noticeably, exchanging functionality
of the SAM layer can consequently in some cases impact the
nature of the MOF that is formed61 and/or tune the orientation
of formed crystals.51,59,72 One major disadvantage of this
approach is the compatibility between the high reaction
temperature for hydro/solvothermal MOF synthesis and
temperature-sensitive substrates. However, some MOF lms
can be grown at room temperature under certain condi-
tions.71–73 In addition, the complex preparation process and
limited control over morphology and defects of the lms can
still be problematic.48
2.2 Liquid phase epitaxy

Unlike one-pot direct growth of MOF lms, liquid phase epitaxy
(LPE) alternatively grows MOF lms layer by layer through
immersing substrates into separated solutions of the metal
cation precursor and the ligand in a stepwise manner.57

Epitaxially grown MOF lms are also dened as surface-
mounted MOFs (SURMOFs), which consist of highly oriented
ultrathin MOF multilayers instead of crystalline grains.
SURMOF growth is generally conducted from room temperature
Fig. 1 (a) Schematic illustration of the fabrication of NAFS-1 with bottom-
with the Langmuir–Blodgett method. Reproduced from ref. 78. (b) Vapou
consists of a metal oxide vapour deposition (step 1) and a consecutive
labelled as M, O and L, respectively. Metal oxide deposition can be achie
reactive sputtering (M, zinc; O, oxygen plasma). Atom colours: zinc (gre
atoms are omitted for clarity. Illustration reproduced from ref. 78.81

13980 | Chem. Sci., 2022, 13, 13978–14007
to 60 °C in ethanol, which are milder conditions than the usual
ones used for in situ growth.45 These lms tend to be very
smooth with a roughness at the molecular level. The thickness
and crystallite domain size can be precisely controlled by
considering an ideal layer-by-layer growth mechanism.48

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
SURMOF growth.74

SAM 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 orienta-
tions.74 Arranging SAM functional groups with certain patterns
prior to SURMOF growth can strategically template well-
dened, patterned lms. Li et al. reported ZIF-8 lm
patterning by arrangement of 1-octadecanethiol(ODT)/16-
mercaptohexadecanoic acid (MHA) groups with micro-contact
printing on gold substrates.75 The selective growth of ZIF-8 on
the ODT SAM surface leads to a dot patterning of the lm. By
switching the solvent from water to methanol, ZIF-8 only
nucleated on the MHA surface and produced a negative pattern.
Several research groups have also demonstrated combining LPE
methods with microprint contact techniques,75 lithography76

and spray coating77 to pattern the lms.74

It is also possible to couple the Langmuir–Blodgett (LB)
technique with layer-by-layer deposition for fabricating MOFs
with a paddle-wheel unit, where 2D nanosheets are rst
upmodular assembly by combining a layer-by-layer growth technique
r-phase deposition of ZIF-8 thin films via ALD ZnO films. The procedure
vapour–solid reaction (step 2). Metal, oxygen and ligand sources are
ved by atomic layer deposition (M, diethylzinc; O, oxygen/water) or by
y) oxygen (red), nitrogen (light blue) and carbon (dark blue); hydrogen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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synthesized via air–liquid interfacial synthesis, followed by
introducing pillar linkers for interlayer connection (Fig. 1a).78

Extensions of this layer-by-layer strategy also include forming
lms of multivariate MOFs (MTV-MOFs) and MOFs on MOF
structures.79 Another similar approach named substrate-seeded
heteroepitaxy uses metal substrates as direct metal sources
matching unit-cells for perfect growth. Falcaro et al. fabricated
a oriented polycrystalline Cu2(BDC)2 thin lm on Cu(OH)2
nanotubes using this strategy.80 However, it should be noted
that only limited MOFs with certain topologies (e.g. paddle-
wheel structures) can be constructed by the aforementioned
approach. The lengthy synthesis and time-consuming step-by-
step process should also be considered. In addition, some
MOF synthesis requires harsh conditions including acids, heat
or specic solvents, which cannot be used for standard LPE or
LB procedures.48,50,74 A simpler LB route starting from pre-
synthesized MOF nanoparticles for lm deposition will be dis-
cussed in the following section dealing with colloidal
deposition.
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 involving
issues, etc.82 One of the well-established techniques is atomic
layer deposition (ALD). It has been widely investigated and
applied to producing inorganic nanomembranes (e.g. oxides,
nitrides, elementary metals).83 Combining ALD with molecular
layer deposition (MLD), which is oen used with organic
molecules can lead to the fabrication of crystalline MOF thin
lms.42,43,84 A 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 lms occurs through
a vapour–solid reaction, where the choice of the metal
precursor, the linker exposure time, temperature and humidity
require precise control.82,84 Film thickness can be carefully
controlled down to the nanoscale. However, the directly
deposited lm is amorphous in most cases, but it can be crys-
tallized by post-treatments, for instance, annealing under
humid conditions,43 or subsequent exposure to acid.44,85 This
post-crystallization process consequently changes the
morphology and roughness of the lm, which counteracts the
targeted precise thickness control.

To avoid post-deposition treatments, Ameloot et al. fabri-
cated a uniform and compact ZIF-8 lm through a vapour-phase
transformation from ALD ZnO lms to ZIF-8, as shown in
Fig. 1b.81 A recent review by Su et al.82 is suggested for further
insight regarding this strategy. The solvent-free strategy makes
ALD/MLD appealing to the microelectronics industry,86 as it can
lead to a meticulous tuning of thickness and possesses 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
© 2022 The Author(s). Published by the Royal Society of Chemistry
polymorphs and affect the quality of the lms. Besides, the
necessity of post-synthetic treatments, requirement of high
processing temperature and high cost may impede the practical
implementation of this method.87
2.4 Colloidal deposition

Another easier option for MOF lm fabrication is to use
colloidal deposition of pre-formed MOF nanoparticles on
a substrate. This strategy requires colloidal-stable suspensions
of MOF nanocrystals prior to deposition, where MOFs are
dispersed in volatile dispersants. Commonly employed tech-
niques 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-66.88–92 The quality of the result-
ing lms highly depends on the homogeneity of the MOF
suspension, where the choice of the dispersant and surfactant
can be crucial.89,90 In this strategy, the MOF suspensions are
deposited onto at substrates, aer which solvent evaporates
leading to uniform and polycrystalline lms. In a recent study,
Rauf et al. reported a homogenous coating of MIL-96(Al)
monolayer thin lms onto conductive and insulating polymer
threads, evidencing the applicability of this approach to a wide
choice of substrates.91 The deposited lms possess the hierar-
chical microporosity from the MOF and additional meso- to
macro-porosity from assembled MOF particles.40 Moreover, the
lm thickness is oen controllable by tuning the particle size of
deployed MOFs, the concentration and viscosity of the MOF
suspension, as well as deposition parameters (e.g. withdraw
speed in the 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 lm fabricating processes (e.g. CVD).92 The roughness and
orientation of MOF crystals yet remain uncontrolled and
depend on the polydispersity and size of the starting nano-
particles. The density of the lm also depends on the kinetics of
deposition that controls the packing density of the nano-
particles on the substrate. In addition, the adhesion strength
between substrates and MOF colloidal lms can be weak,
leading to insubstantial mechanical strength.40 A feasible
strategy to reinforce the mechanical strength of MOF colloidal
lms is by incorporating additives, such as inorganic binders or
polymers,93,94 or via functionalizing the substrates.87
3. MOF-based optical sensors for
VOC sensing

Optical sensors are driven by light–matter interaction in the
forms of light absorption, emission, reection, 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 the UV region to the visible region.
Depending on specic techniques, detectable parameters
include refractive indices, scattering, absorbance and
Chem. Sci., 2022, 13, 13978–14007 | 13981
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luminescence, which are typically guest molecule dependent.95

The sensitivity and limit of detection (LoD), therefore, can be
interpreted and quantied by the change in the detected
parameters induced by analyte exposure. To be specic, the
response of colorimetric sensors is dened as changes in color,
while luminescent sensing materials are evaluated according to
their luminescence intensity or position change upon stimula-
tion. For optical-index-dependent sensors, their sensitivity is
dened by the changes in the monitored indices, e.g. peak shi
in reectance/transmission spectra. This section will focus on
the different platforms that enable MOF-based optical sensing,
especially highlighting their application for VOC detection.
Table 1 summarizes the recent MOF-based sensors and their
performance based on different sensing mechanisms for VOC
sensing.
3.1 MOF-based colorimetric sensing

Colorimetry is one of the oldest analytical techniques for its
straightforward visualization of results95 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 inter-
actions can go from the weakest van der Waals interactions to
bond formation and ligand coordination. The main mecha-
nisms of MOF-based chromism sensing include coordination
geometry of transition metal triggered colour change, ligand-
based charge transfer and functional MOF-composite based
sensing (Fig. 2).

3.1.1 Transition metals. MOFs composed of transition
metal ions (Fe, Co, Cu, etc.) can change colour upon the sorp-
tion of guest molecules. In particular, guest molecules inter-
acting with unsaturated metal sites modify the coordination
geometry of the metal ions, thus changing their electronic
properties, which eventually afford a detectable change in the
optical absorption spectrum of theMOF.24,125 For example, Chen
et al. reported a reversible structure transformation of a cobalt-
based MOF accompanied by colour change upon H2O or NH3

sorption in the liquid phase. The presence of H2O/NH3 mole-
cules changes the coordination number of Co2+ ions from 4 to 6
and consequently the geometry from tetrahedral to octahedral,
leading to a colour change from blue to red.125

This principle can also be applied for VOC 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 Co2+ 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 Fig. 3a).126 In this case, the sol-
vatochromic 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 distort the parent framework and
brought changes in d–d transition into the visible region.127

Vapour-phase VOC induced changes in metal centres have
also been achieved. Wang and Chen fabricated a lm of
Chem. Sci., 2022, 13, 13978–14007 | 13983
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Fig. 2 Illustration of chromism-based sensing mechanisms of MOFs,
adapted from ref. 24.
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Co3[Co(CN)6]2 nanoparticles exhibiting a colorimetric and
selective detection of ethanol vapour.96 The prepared Co3[-
Co(CN)6]2 lm undergoes a gradual colour transition from pink
to purple when subjected to different concentrations of ethanol
vapour (Fig. 3b). Such a colour change was not observed with
other solvents (H2O, methanol, formaldehyde, etc.), evidencing
the selectivity of the sensor. The detection range of the sensor is
from 0.05 mg mL−1 to 0.5 mg mL−1 of ethanol, with a response
time of around 1 min and recovery within a few seconds. The
vapochromic behaviour can be explained by the conversion of
Co2+ ion coordination geometry from octahedral to tetrahedral
aer ethanol molecules entered the pores and coordinated to
Co2+ ions. Consequently, the resulting tetrahedral geometry
induces a reduction in the d-orbital splitting energy resulting in
a redshi in the adsorption spectrum and the colour change of
Co3[Co(CN)6]2. In another example, Tunsrichon and co-workers
introduced a Ni-viologen based 2D MOF {[Ni(pzt)2(H2O)2](H2-
O)(DMF)}n (Hpzt = 5-(3-pyridyl)-1,3,4-oxadiazole-2-thiol) with
naked-eye chromism in the presence of primary amines and
methanol vapours.97 Upon exposure to NH3, methylamine,
ethylamine and ethylenediamine, the intrinsic blue colour
changed by replacing coordinated H2Omolecules with a strong-
eld 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 these 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 incor-
poration of MeOH molecules into the MOF distorts the octa-
hedral geometry of NiII and consequently induces chromism.
Vapochromism was also revealed in a single-crystal-to-single-
crystal (SC-SC) transformation of a Cu-based MOF.98 For
example, the 3D-MOF [Cu(HL)(DMSO)$(MeOH)]n (L = triphos-
phaazatriangulene) exhibits a structural transformation into
a 1D-columnar assembly H3L$0.5[Cu2(OH)4$6H2O]$4H2O under
13984 | Chem. Sci., 2022, 13, 13978–14007
humid conditions accompanied by a yellow to blue-green colour
change of the crystals. A reverse 1D-to-3D transformation
structure also occurred upon the sorption of DMSO/MeOH
vapours.

Crystals containing Pt(II) complexes can also be coloured due
to metal-metal-to-ligand charge-transfer (MMLCT) from the Pt–
Pt orbital to the p* orbital of the organic ligand. Slight modi-
cations of the complex structure upon external stimuli can
induce a signicant change in the transition energy of MMLCT,
resulting in a colour change. For example, Kato et al. demon-
strated novel Pt(II) diamine based crystals with vapochromic
behaviour towards H2O and alcohol vapours by switching the
structures between an amorphous compound and a porous
crystalline network.128,129

3.1.2 Redox-active ligands. As in the aforementioned
(expensive) Pt-based complexes, MOF linkers can also partici-
pate as responsive centres towards targeted analytes. Here, the
interaction between the guest molecules and the ligands trig-
gers charge transfer processes, accordingly changing the
perceived colour of MOFs. For example, a porous CuI-MOF re-
ported by Yu et al. shows naked-eye chromic detection of polar
aliphatic VOCs.99 The response time of the MOF upon exposure
to saturated VOC 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 being coordinated to the Cu ions. The UV-visible diffuse
reectance spectra of the VOC-enclosed MOF displayed a grad-
ually 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 CuI-MOF can be
a highly selective visual sensor for recognizing C2H2, which was
also associated with an intermolecular electron-transfer
between the linker and the encapsulated guests.130

MOFs composed of redox-active ligands such as viol-
ogens,100–103,131–133 tetrazine derivatives104 and naphthalene dii-
mide105 have shown great potential in colorimetric sensing
through charge transfer processes. Viologens are 4,4′-bipyr-
idinium derivatives with a particularly electron-decient nature.
Upon interaction with electron-rich molecules, e.g. NH3 and
amines, viologen ligands received electrons from the donors
and produced radicals, leading to colour changes.24,134,135 For
example, Gao et al. synthesized a naphthalene-diimide-based
Zn MOF exhibiting photochromic behavior in the presence of
various amine vapors (Fig. 4a and b).105 The nature of its
photochromism is from photo-induced electron transfer
between the electron-rich guest molecules and electron-
decient MOF. It showed varied colors and response times
towards different amine vapors. Specically for n-butylamine (n-
BUA), the MOF changed its color from yellow to red in 2 s. The
similar color induced by n-BUA and hydrazine (AH) can be
further discriminated by their UV-vis absorption spectra. Yang
et al. modied the 2,2′-bipyridyl-5,5′-dicarboxylate ligand
(bpydc) of the large pore Zr-MOF UiO-67-bpy into N,N′-dimethyl-
2,2′-bipyridinium (dmbpy) through post synthetic N-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Coordination environment of Co(II), packing of {[Co(3,4pba)2-(H2O)]$1/2DMF$H2O}n; and pictures of powdered samples after exposure
to different solvents. Figures adapted from ref. 126. (b) Structure of Co3[Co(CN)6]2 and TEM image of the nanoparticles; the colour of Co3[-
Co(CN)6]2 films changes from pink to purple gradually with an increasing ethanol concentration gradient. Adapted with permission from ref. 96.
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methylation (Fig. 4c).100 Such modication provides charge-
transfer interacting sites for selectively capturing and sensing
alkylamines. In this example, the CT interaction between the
electron-decient 2,2′-bipyridinium site and the electron-rich
analytes is the driving force for selective molecular recogni-
tion and adsorption, as it induces a reversible vapochromism
and luminescence quenching. A follow-up study on the same Zr-
bpy MOF with N-amination modication showed similar
chromism behaviour in the presence of amines.101 Owing to
imine condensation, the N-aminated MOF also shows a unique
colorimetric response to formaldehyde. Another chromic Zn-
MOF constructed from a tris-pyridinium ligand was reported by
the same group in 2020.131 The material showed direct colour
change towards primary amines (methylamine, ethylamine, etc.)
Fig. 4 (a) Color change and response time of [Zn(3-DPMNI)0.5(NDC)]
thalenedicarboxylic acid and 3-DPMNI = N,N′-bis(3-pyridylmethyl)-1,4,5
UV-vis absorption spectra of 1 in the presence of different organic amine
bpy and its reversible colour change when deposited UiO-67-dmbpy wa
diethylamine, AH = hydrazine, DIP(in a)/DiPA(in c) = diisopropylamine, T
ethylamine. Figures adapted from ref. 100.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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 selec-
tivity of the chromic process.

Interpenetrated structures of metal-viologen frameworks can
stabilize the reduced radicals of viologen ligands and also create
multi-bridges for electron transfers, which eventually brings
stable and fast responses to multiple stimuli.102,136 For example,
a 7-fold interpenetrated Anderson-like cluster-based Zn(II) MOF
[Zn7(bpybc)3(o-BDC)6]$2NO3$6H2O, reported by Li et al.,
exhibited visible responses to different types of stimuli
including so X-ray, UV-light, heat, electricity and in the
(denoted as 1 in the figure and following text), (H2NDC = 2,6-naph-
,8-naphthalene diimide) in the presence of different amine vapors. (b)
s. Figures adapted from ref. 105. (c) Structure of N-methylated UiO-67-
s exposed to amine vapours. n-BUA(in a)/BA(in c) = butylamine, DEA =

EA = triethylamine, TEOA = triethanolamine, AN = aniline, and EA =

Chem. Sci., 2022, 13, 13978–14007 | 13985
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presence of some organic amines.102 When exposed to vapours
of dimethylamine (DMA), ethylamine (EA), and propylamine
(PA), an immediate colour change from the original yellow was
observed (pale blue for DEA and purple for EA and PA). Bulkier
amines such as butylamine and benzylamine had a prolonged
response time of ca. 10 s and in these cases, the colour became
brown and green, respectively. Solid-state UV-vis and EPR
spectra conrmed the generation of viologen radicals aer
exposure to amines. Such vapochromism was also observed in
MOF-PMMA polymer lms and is reversible by introducing HCl
vapour onto the amine-exposed samples.

Tetrazine derivatives are another type of ligand that can
undergo reversible colorimetric responses through redox reac-
tions. Razavi and co-workers developed a dihydrotetrazine-
functionalized pillared MOF [Zn(OBA)(H2DPT)0.5]$DMF (TMU-
34) for selective and colorimetric detection of chloroform
(CHCl3), where H2DPT is 3,6-di(pyridin-4-yl)-1,4-dihydro-1,2,4,5-
tetrazine is the pillar spacer and H2OBA is 4,4′-oxybis(benzoic
acid).104 In the presence of CHCl3, a colour change from yellow
to pink was observed by the naked eye within 10 s, at the lowest
concentration of 2.5 � 10−5 M in both liquid and vapour phases
and was regenerated by washing the compound in DMF. In the
compound, CHCl3 oxidizes dihydrotetrazine (H2DPT) into tet-
razine (DPT), therefore inducing changes in the geometry and
functionality of the pillar spacer, leading to a colour change.

3.1.3 MOF composites. Given the fact that most MOFs are
colourless or do not change signicantly in colour upon
Fig. 5 (a) Illustration of DTNB@NU-1000 for degradation and visual det
MOF-808 and the proposedmechanism of the colour change of DTNB@
of VX compared to DTNB@NU-1000 degradation kinetics. Photographs
installation strategy for anchoring a SCO complex in a MOF and UV-vis s
acetone (orange) and EtOH (red) for MIL-100, and dispersed in acetone

13986 | Chem. Sci., 2022, 13, 13978–14007
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 guests include
organic dyes (rhodamine, spiropyrans, etc.)137–139 and metal
nanoclusters.140–142 These compounds are either graed on the
metal oxoclusters of MOFs, or loaded into their pores through
direct adsorption or covalent graing134,143 For example, Koning
and co-workers anchored two carboxylate groups of DTNB (5,5′-
di-thio-bis-2-nitrobenzoic acid), a bidentate reactive dye, on the
unsaturated inorganic node of the mesoporous Zr tetracarbox-
ylate NU-1000 for degradation and visual detection of the nerve
agent VX.143 The octahedral Zr6 oxoclusters catalyze the hydro-
lysis of VX and DTNB reacts with the thiol group from degraded
products providing a bright yellow colour (Fig. 5a). This dual-
functional composite also brings higher detection efficiency
compared to the separated DTNB/NU-1000 system. A follow-up
study reported the graing of DTNB onto the large pore Zr tri-
mesate MOF-808 immobilized on cotton forming a MOF/fabric
composite enabling practical application of VX degradation and
detection.144 The cloth is capable of visualizing amounts of VX
down to 0.16 mg cm−2, which was more sensitive compared to
DTNB@NU-1000 (0.8 mg cm−2). It also displayed an improve-
ment in catalytic performance with rapid conversion within
5 min (Fig. 5a and b). However, most MOF composites involve
photochromic or luminescent compounds, which require extra
light sources to be applied in naked-eye detection. Limited
research reported guest chromophore induced colorimetric
ection of the nerve agent VX.143 (b) Two anchoring modes of DTNB in
MOF-808 upon VX degradation. DTNB@MOF-808 degradation kinetics
of the MOF-textile composite upon contact with VX.144 (c) Sequential
pectra at room temperature of the MOF-SCO composites dispersed in
(orange) and MeOH (red) for MFU-4l.106

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sensing, and the majority focused on liquid phase detection of
heavy metal ions and organic pollutants.141,145,146

Another strategy to achieve colorimetric sensing towards
VOCs is through encapsulation of spin-crossover (SCO)
complexes into colourless large pore MOFs. As mentioned
previously in Section 2, spin-crossover complexes are responsive
to external stimuli that are accompanied by a colour change. For
example, an Fe(II) complex, [Fe(HB(pz)3)2] was conned in
diamagnetic and optically-transparent NH2-MIL-100(Al) and
showed a colour change induced by solvent adsorption.147

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 great
potential for sensing applications. Some of us have successfully
introduced an Fe(III) SCO compound, Fe(sal2trien)NO3, into
MIL-100(Al) through an in situ synthesis.148 A spin state
switching from the inserted FeIII(sal2trien) cation was observed
upon water sorption. Another SCO-MOF system designed by our
group was built with [FeII(BPI)(HBPI)(ClO4)2]

− anions anchored
in MIL-100(Al) and MFU-4l(Zn), which displayed a selective
solvatochromism towards alcohols.106 In this work, the FeII SCO
complex was anchored on the SBUs of the MOFs via the
sequential installation strategy. The coordination environment
surrounding Fe(II) can be modulated upon alcohol sorption,
which leads to a reversible colour change from orange to red
(Fig. 5c). This strategy is currently at the very early stage of
research but presents great potential for VOC sensing.
3.2 MOF-based luminescent sensing

Luminescent metal–organic frameworks (LMOFs) have been
actively explored and investigated for their potential in biolog-
ical and chemical sensing applications. We will focus in this
part on their application towards VOC sensing.

3.2.1 Origins of luminescence in LMOFs. The lumines-
cence in LMOFs commonly originates from the following
sources: (1) photo-responsive metal SBUs (e.g. lanthanide metal
ions and d10 transition metal ions), especially trivalent lantha-
nide 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
Fig. 6 (a) Schematic diagram of various origins of luminescence in LMO
Adopted from ref. 151.

© 2022 The Author(s). Published by the Royal Society of Chemistry
has extended p-conjugation. Briey speaking, upon photoexci-
tation, uorescence occurs from the emission of a photon from
the lowest singlet state (S1) to the ground state (S0), showing
a typical lifetime in the nanosecond range. With a suitable
triplet state (T1), an intersystem crossing can take place to
populate the T1 state. Subsequently, phosphorescence with
a longer lifetime (microsecond to second range) can occur from
the photon emission to the ground state (see Fig. 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 way, providing a more
comprehensive understanding and interpretation of lumines-
cence 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 a main focus on the most
recent research development of LMOFs.150 Gutierrez et al.
focused on the connement of luminescent guests in MOFs,
where they gave a comprehensive overview of synthetic meth-
odologies, a systematic discussion of characterization methods,
followed by a brief tutorial on the host–guest phenomena and
potential applications for such hybrid materials.141

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 varia-
tions 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 Förster energy transfer (FRET).24,152 A detailed
description of every sensingmechanism in LMOFs can be found
in the reviews by Yan,153 while Cui et al. specically focused on
Fs. (b) Illustration of photon emission in ligand-centred luminescence.
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sensing strategies 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 MOFs.149 It is noteworthy that LMOFs
also bear limitations such as relatively low sensitivity compared
to organic based systems when the sensitivity comes from
ligand-to-metal-transfer.

LMOF-based gas/vapour sensing has been extensively
investigated and comprehensively reviewed
recently.141,149,151,152,154–159 Similar to chromism-based sensing,
nely tuning the physical and chemical properties of LMOFs,
such as introducing functional groups, tuning the
hydrophobicity/hydrophilicity, the Lewis acidity/basicity, or
adjusting the steric hindrance effect, can improve selec-
tivity.24,160 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 VOC sensors.151 Another review pub-
lished 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 pesti-
cides, antibiotics, heavy-metal-ions, explosives and VOCs using
LMOFs has also been highlighted.152,159 Reviews by Lin et al.156

and Khatua et al.157 also highlighted the advantages of using
exible LMOFs in gas/vapour sensing applications. Recently,
Yao et al. graed a non-planar organic chromophore, 3-TPPA
(tri(4-(pyridine-3-yl)phenyl)amine (3-TPPA)), into a 2D exible
MOF, MOF-105, via one-pot synthesis and realized a wide range
of emission colour tuning107 (Fig. 7a). The bulk crystal of the
free-standing 3-TPPA chromophore exhibited only emission
intensity changes at different temperatures. However, the
resulting hybrid material emission can be modulated by both
Fig. 7 (a) Illustration of the organic chromophore 3-TPPA grafted in the d
colour tuning of a 3-TPPA grafted MOF-105 material.107 (c) Illustration
presence of VOCs. (d) Emission spectra of [Cu4I4(Py3P)2]n after incubatio

13988 | Chem. Sci., 2022, 13, 13978–14007
temperature and pressure stimuli as well as VOC sorption via
positive (solvato-)uoro–chromism interactions.

With the rapid growth of LMOF-based sensing, new mech-
anisms and platforms are also emerging. In 2020, Liu et al.
designed and synthesized a rigid Cu(I)-based MOF [Cu4I4(Py3-
P)2]n (Py3P = tris(2-pyridyl)phosphine) that displayed a guest-
induced luminescence enhancement mechanism.108 Upon
exposure to chlorinated VOC vapours (CH2Cl2, CHCl3 and
C2H4Cl2), a turn-on detection mode was observed with an
obvious enhancement of luminescence intensity, compared to
other VOC vapour exposures such as benzene, CH3OH, acetone
and DMF. The weak host–guest interactions between chlor-
oalkane molecules and the host framework decrease the
molecular vibrations inside the MOF, resulting in luminescence
enhancement (Fig. 7b). In the same year, the rst report on
enhanced uorescence of self-assembled colloidal crystal lms
was achieved by Olorunyomi et al. They incorporated the uo-
rescent dye Nil red (NR) into ZIF-8 colloidal crystals, followed by
self-assembly of dye-functionalized MOF particles into colloidal
crystal lms via dip-coating.109 The periodically ordered
assembly of NR�ZIF-8 colloidal crystals (denoted as NR�ccZIF-
8 lms) enhanced the uorescence by 186 fold compared to
disordered samples. Furthermore, the NR�ccZIF-8 lms
respond to different organic vapours (acetone, methanol,
toluene and xylenes) at various concentrations via uorescent
quenching. The highest response was obtained with toluene
vapours, whereas the lowest occurred from xylene isomer
exposure. The selectivity is evoked from molecular size and
shape exclusion, which indicates the importance of porosity in
colloidal crystal assemblies for uorescent sensing.

Despite advancements in LMOFs for sensing applications,
further improvements are still required for the practical
implementations of LMOFs in sensors: (1) in the aspect of
sensing VOCs, the majority of the reported results were
ynamic coordination space of a flexible MOF. (b) Wide-range emission
of the guest-induced luminescence enhancement mechanism in the
n for 30 min in various solvent vapours.108

© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc04314a


Review Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
oc

to
m

br
ie

 2
02

2.
 D

ow
nl

oa
de

d 
on

 2
8.

01
.2

02
6 

02
:0

0:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
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
lanthanide metal ions or bulky p-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 posi-
tions, which are currently measurable through laboratory
instruments. The signal transduction can therefore not be
trivial, and the material needs to be rst coupled with elec-
tronics with proper shaping processes. (4) Shaping of LMOFs is
also an important step toward practical applications, and it calls
for further attention, as it is another concern for fabricating
a luminescent sensing device. In conclusion, luminescent
MOFs for gas/vapour sensing application are still a young and
active eld with many promising results and several opportu-
nities 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.161 Fabry–
Perot interferometers, also known as etalons, typically utilize
the reections and transmissions between two closely seated
parallel reective surfaces. When the incident light travels in
the cavity, multiple reections occur and the path-length
difference between subsequent transmissions results in an
interference pattern, as shown in Fig. 8.162 The intensity of the
output interference pattern is highly dependent on the distance
between the mirrors l. When the distance l equals half of the
wavelength of the incident light l or one of its multiples,
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:

l ¼ 2nl

m

Fig. 8 Illustration of the working principle of a Fabry–Perot interferome

© 2022 The Author(s). Published by the Royal Society of Chemistry
wherem is the number of half wavelengths inside the cavity and
n is the refractive index of the active medium.

MOF lms can function as the responsive medium of the
Fabry–Perot (F–P) cavity. The rst proof of concept was
described by Lu and Hupp in 2010 for selective sensing of
chemical vapours.163 For example, a transparent thin lm of ZIF-
8 was deposited on an appropriate substrate (glass or silicon)
and lms 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 (nvac = 1), absorption of guest
molecules modies the bulk refractive index of the MOF, and
red-shis 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
a hollow MOF nanoshell-based etalon (HMNSE).110 The hollow
ZIF-8 arrays function as the dielectric medium in between the
reective 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) nano-
spheres, removal of the PS cores to form the hollow structure of
the MOF, followed by sputtering of Pt (Fig. 9a). The interference
peak wavelength and accordingly the colour of HMNSE were
tuned by varying the size of the ZIF-8 shell. Such construction
allows large optical response and distinct colour outputs for
selective detection of alcohols, ketones, nitriles, cyclohexane/
benzene and xylene isomers in the vapour phase, as well as
good repeatability and recyclability. Fig. 9 presents the sensor
optical shi upon exposure to saturated acetonitrile vapour (b)
and different alcohols (c). This device also exhibits a wide
detection range from 1000 to 20 000 ppm for acetone vapours
with a good correlation between the wavelength shi and the
vapour concentration. Zhang et al. have also reported a Fabry–
Perot optical sensor based on self-assembled UiO-66 nano-
crystals for VOC vapour sensing. They demonstrated that
controlling the size and the missing-linker amount in UiO-66
crystals can tune the optical properties of the lm, as well as
enhance the sensitivity and recovery performance of the
sensor.164 Recently, Li et al. encapsulated TiO2 nanoparticles in
ter and a typical Fabry–Perot interference pattern.
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an HKUST-1 thin lm in order to improve the sensitivity and
response time of the sensor.111 The HKUST-1ITiO2 composite
lm was fabricated through the layer-by-layer deposition of
spray-coated MOF precursor solutions and pre-synthesized TiO2

NP solution alternatively (Fig. 9d). The authors demonstrated
that the incorporation of TiO2 NPs increases the optical quality
of the lm, with narrower reection bands and more intense
reectance compared to a bare MOF lm of similar thickness.
Furthermore, TiO2 NPs brought a higher affinity to isopropanol,
Fig. 9 (a) Illustration of the experimental procedure used to fabricate a
saturated acetonitrile vapour at 293 K. The insets show the correspond
different alcohols, includingmethanol, ethanol, 1-propanol, 1-butanol, 1-
(LPE) method for sequential TiO2-loading in MOF films.111

13990 | Chem. Sci., 2022, 13, 13978–14007
ethanol and methanol for the HKUST-1-based F–P cavity, which
was revealed by a larger redshi of the reection bands upon
vapour exposure. A shorter response time (27.6 s for HKUST-1
vs. 12.6 s for HKUST-1ITiO2 to acetone) was also observed
with the HKUST-1ITiO2 composite due to enhanced H-
bonding between TiO2 NPs and the tested oxygen-containing
molecules.

Colloidal crystals are typically submicron-sized spheres of
silica or polymers in an ordered arrangement. The periodic
HMNSE. (b) HMNSE with 2 nm Pt coating before and after exposure to
ing optical microphotographs. (c) Optical response of the HMNSE to
pentanol, and tert-pentanol.110 (d) Schematic of the liquid phase epitaxy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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variation of the refractive index in the crystals enables them to
reect light at a specic wavelength, also known as a stopband.
Adsorption of guest molecules can shi the stopband due to the
changes in their effective refractive indices 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 capable of VOC sensing.165 Li et al. also managed
to deposit an ultrathin layer (�80 nm) of ZIF-8 on monolayer
colloidal crystals (MCCs) via the LBL method.166 This sensor can
discriminate between different alcohols via the colorimetric
response together with shis in the reectance peak. Later on,
Chen et al. fabricated another optical sensor based on the self-
assembly of polyhedral ZIF-8 into MCCs.112 Three polyhedral
ZIF-8 particles with different exposed facets were assembled,
namely truncated cubic (TC) ZIF-8, truncated rhombic dodeca-
hedral (TRD) ZIF-8, and rhombic dodecahedral (RD) ZIF-8
(Fig. 10a–d). A thin layer of Pt was sputtered on the MOF layer
to enhance the output signal, leading to narrower full width at
half maxima (FWHM), higher reectance peaks to valley ratios
Fig. 10 (a)–(c) SEM images of ZIF-8 MCCs of different crystal morpho
schematic representations of the corresponding crystal morphologies.
showing preferential orientations. The insets show schematic representa
top to bottom: TC ZIF-8, TRD ZIF-8 and RD ZIF-8. (e) and (f) Reflectance
the corresponding optical micrographs. (g) Schematics showing the ad
planes. (h) Dlmax of ZIF-8 MCCs of different crystal morphologies in respo
ZIF-8 (yellow).112

© 2022 The Author(s). Published by the Royal Society of Chemistry
(p–v ratios) and more vivid colours (Fig. 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 rened selectivity towards linear olens (e.g. 1-
hexane) over other BTEX species (benzene, toluene, ethyl-
benzene and xylene). Furthermore, the authors demonstrated
that different exposed facets of ZIF-8 can regulate the sensitivity
of the sensor via differentiated diffusion (Fig. 10h). Specically,
exposing the (110) facet of ZIF-8 allows a more completed
exposure of the six-membered window and consequently real-
izes the detection of C1–C8 linear alcohols, as well as the
colorimetric discrimination of C5–C8 alkanes (Fig. 10g).

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 indices (RI). The periodic structure enhances the
reections of certain wavelengths because of the diffraction and
interferences at every interface.113,167–169 The optical response
can oen be intrinsically tuned by modifying the incident
logies: TC ZIF-8 (a), TRD ZIF-8 (b) and RD ZIF-8 (c). The insets show
(d) PXRD patterns of ZIF-8 MCCs of different crystal morphologies
tions of the corresponding arrangement of ZIF-8 nanoparticles. From
spectra of TC ZIF-8 MCCs (e) and TRD ZIF-8 MCCs (f). The insets show
sorption of C5–C8 linear alcohols on ZIF-8 through (110) and (100)
nse to C1–C8 linear alcohols: RD ZIF-8 (pink), TRD ZIF-8 (cyan) and TC
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angles170 and the stack thickness.113,114 Similar to F–P interfer-
ometers, the position of the diffraction maxima lmax is at
normal incidence and is given by:113,114

lmax ¼ 2ðnHlH þ nLlLÞ
m

where the indices H and L represent the high- and low-RI layer,
respectively. In MOF-based BSs, MOFs typically function as the
low-RI layers and TiO2 (ref. 113, 114 and 170) or polymers168 are
oen employed as the high-RI layers. Adsorption of guest
molecules varies the refractive index of the MOF layers (nL) and
accordingly shis the reectance peaks. Selectivity can be ach-
ieved via size sieving, pore accessibility and/or host–guest
interactions between MOFs and the analytes.

The rst MOF-based Bragg stack based on ZIF-8 and TiO2 for
ethanol sensing was introduced by Lotsch et al., where ZIF-8
functions as the low-RI layer and TiO2 possesses a high RI.169

Patterning of ZIF/Pt BSs171 and 3D-ordered MOF photonic
lms172 for sensing application has also been achieved. BSs were
also prepared with NH2-MIL-88 for selective sensing of EtOH
vapour, benetting from the selective breathing behaviour of
MIL-88.170 Lotsch et al. also assembled an optical sensor array
from three TiO2/MOFs BSs (TiO2/ZIF-8, TiO2/HKUST-1, and
TiO2/CAU-1-NH2).113 Combining responses from multiple MOF
elements with appropriate signal analysis methods (colour
Fig. 11 Illustration of Mayer rod coating of a MOF amorphous photon
substrate during coating with spherical/polyhedral MOF inks; (b) format
removal of water; (c) vapour-responsive colour changes of the MOF AP

13992 | Chem. Sci., 2022, 13, 13978–14007
image analysis and principal component analysis-PCA) gener-
ated analyte-specic ngerprints, which facilitated the single
component discrimination of mixed vapours. In another study
by the same group, post-synthetic modication (PSM) on either
the SBU or the linker of CAU-1(Al) directly on an assembled BS
of TiO2/CAU-1 was achieved to precisely tune the sensitivity and
selectivity of the active MOF layers.114 De-methoxylation of the
SBU increased the pore accessibility and improved the possi-
bility to form hydrogen bonds, while amidication 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 rst
Bragg stack composed of NH2-MIL-88B nanoparticles and
a functional polymer poly(styrene-acrylic acid) was reported in
2020.168 The polymer and the exible MOF can both undergo
swelling upon BTEX sorption and the associated volume change
induces modications in the thickness and RI of both compo-
nents. Consequently, the sensitivity of the sensor is boosted
with contributions from both parts. The brown-purple lm 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 layer173 and MOF metal
doping.174
ic structure (APS). (a) Selective wetting of the hydrophilic area of the
ion of APS patterns of spherical or polyhedral MOF particles after the
S patterns.175

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.3.3 Diffraction graing and colloidal lm engineering.
Engineering colloidal lms of MOFs can create photonic
structures for sensing applications. For example, Faustini et al.
have described a so-lithographic technique for the fabrication
of sub-micrometer 2D photonic structures based on colloidal
ZIF-8 or ZIF-8/TiO2 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 using integrated cameras in
smartphones. The same group also demonstrated an
evaporation-directed crack patterning of MIL-101(Cr) colloidal
lms.116 The crack pattern was promoted during dip-coating
deposition, where controlling the evaporation front and the
withdrawal speed guided the crack propagation and periodicity
differently. The crack arrays acted as diffraction graing 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.175 The
inltration-assisted Mayer rod coating can customize the colour
Fig. 12 (a) Schematic diagram of the HKUST-1 coated optical fibre sen
a section of the original (blue) and shifted (red) interferograms.180 (c) Sche
with a ZIF-8/GO functional layer.118

© 2022 The Author(s). Published by the Royal Society of Chemistry
of the lm by controlling the wetting process (see Fig. 11). This
photonic structure exhibited a vapour-responsive colour varia-
tion, where distinctions among ethanol, methanol, acetone,
toluene and DMF can be realized.

3.3.4 Optical bres. Optical bres are oen 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 bre by total internal reections (TIRs), where the bre acts
as a waveguide. In such a manner, light can be transmitted over
long distances with low loss and immunity to electromagnetic
interferences. Optical bres are commonly employed in tele-
communication, but they have also been explored as chemical
sensors. Fibre optic interferometry is one of the chemical
sensing approaches that makes use of optical bres and is
known for its high sensitivity, but lacks chemical specicity.162

One solution is to combineMOF nanocrystals with optical bres
for improved selectivity. Several MOF-coated optical bres have
been reported to be able to selectively detect CO2 and H2.176–179

Some studies have also explored their potential for VOC
sensing. For example, Zhu and coworkers coupled a single
crystal of HKUST-1 to the end-face of an optical bre using
epoxy glue for quantitative detection of nitrobenzene
sor and an optical microscope image of the sensor. (b) Illustration of
matics of themodification step at the interface of the optical microfibre

Chem. Sci., 2022, 13, 13978–14007 | 13993
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(Fig. 12a).180 The sensing mechanism is based on the variation
of the refractive index induced by the adsorption of nitroben-
zene within theMOF crystal. The quantication was achieved by
analysing the shis of the interference spectra derived from the
bre optic interferometry (Fig. 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 bres. In another study,
Chen et al. realized the on-chip integration of ZIF-8 on the
surface of a SiO2 waveguide.117 The fabricated sensor 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 microbre interferometric
VOC sensor based on evanescent eld interaction with ZIF-8/
graphene oxide nanocoating.118 The surface of the optical bre
was pre-modied with graphene oxide (GO), where multilayers
of ZIF-8 were grown subsequently via in situ synthesis (Fig. 12c).
The GO layer enhanced the adhesion and homogeneity of ZIF-8
layers due to the large p-conjugated network of GO. The sensor
presented an ultrafast response of 118 ms towards ethanol with
a LoD of 5.26 ppm, which was attributed to the porous structure
of the ZIF-8/GO composite.

Long-period graing (LPG) optical bres are another well-
known type of sensor that relies on the modulation of refrac-
tive indices. Typically, a periodic perturbation of the refractive
index is present on an LPG bre, 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. As such, the exposure of guest
vapours induced changes in the refractive index of the cladding
that shied the attenuation band.162,182–184 Hromadka et al. have
reported a LPG-based sensor working at a phase-matching
turning point presenting a high sensitivity for ethanol and
acetone.184,185 In another study, Chiang et al. developed a bre
Fig. 13 (a) Optical power distribution of the fundamental mode (LP01, co
field image of the LP08 mode pattern obtained with an infrared came
cascaded LPFGs. ASE: amplified spontaneous emission light source; OSA

13994 | Chem. Sci., 2022, 13, 13978–14007
interferometer with a pair of cascaded LPGs, where ZIF-8 was
coated on the surface of the cladding.119 The LPGs enable a co-
propagating mode, where the light in the core and the cladding
interfere with each other and results in a sharp interference
fringe as shown in Fig. 13. Ethanol and methanol showed the
largest interfering fringe shis and greatest RI changes from
1.216 to 1.499 and 1.476, respectively. DFT calculations attrib-
uted the distinctive responses toward ethanol and methanol to
their different desorption energies from ZIF-8. In a follow-up
study, Chiang et al. utilized the same conguration for real-
time monitoring of bulkier molecules (e.g. toluene and pyri-
dine) and proved that the adsorption dynamics is greatly linked
to molecular geometries and kinetic diameters of the guest
molecules.183 Adsorption of toluene on ZIF-8 shied the
outcome interference spectrum by 4.3 nm aer 40 min of
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.

3.3.5 Micro-ring resonators. Similar to optical-bre-based
sensors, photonic micro-ring resonators detect the analytes
based on evanescent eld interaction and consequent changes
in the 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 reection 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 gives
rise to a shi in the resonant wavelength.21,29 Tao et al. exem-
plied a micro-ring resonator with ZIF-8 coating for detection of
multiple VOCs at the ppb level including styrene, toluene,
benzene, propylene and methanol.29 The coating of ZIF-8 was
achieved by in situ growth followed by chemical etching. In the
presence of ZIF-8, the sensitivity of the resonator was enhanced
by a factor of up to 1000 for propylene compared to that of
re mode) and (b) higher-order mode (LP08, cladding mode); (c) near-
ra; (d) schematic diagram of the proposed fibre interferometer with
: optical spectrum analyzer.119

© 2022 The Author(s). Published by the Royal Society of Chemistry
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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 reso-
nance (SPR) occurs when incident light stimulates the resonant
oscillation of plasmons at the interface between two media with
opposite permittivity. When plasmonic metal nanoparticles are
involved, the nanoscale dimension connes the oscillation on
the particle surface, which is known as localized surface plas-
mon 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 RI and results in a shi in the resonance wavelength.
MOFs incorporating SPR platforms can amplify the sensor
response, therefore extending its applications from biomole-
cule detection to VOC sensing.186,187

Vanderzande et al. presented a ppm-level detection of
alcohol vapours using MOF-functionalized SPR sensors.120 A
layer of ZIF-8 or ZIF-93 was deposited as a recognition layer on
a gold surface of bre-optic-based SPR sensors (see Fig. 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 RI of the alcohols. With the assistance of
MOF coating, vapours with ppm concentrations were detected.
Fig. 14 (a) Schematic representation of an MOF-FO-SPR probe (not at re
mmwith the inner TECS cladding and the outer protective cladding remov
a recognition layer. The atoms in the floatingmethanolmolecules are oxy
and TIRE measurement geometry with the sample layer stacks. (c) The m

© 2022 The Author(s). Published by the Royal Society of Chemistry
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 high partial pressure because of the molecular clustering
effect. Such differences in recognition behaviour can be used for
qualitative distinction of the vapour composition. Recently,
Ameloot et al. explored surface plasmon polariton (SPP) reso-
nance by incorporating a ZIF-8 thin lm via the CVD approach
onto an AlOx/Ag layered surface on a glass substrate for meth-
anol detection.121 The sample conguration is illustrated in
Fig. 14b. The signal of VOC uptake was transduced into SPP
shis by applying spectroscopic total internal reection ellips-
ometry (TIRE). Upon exposure to MeOH vapour, the sensor
responded up to 160 nm in the SPP shis with a LoD lower than
1 ppm (Fig. 14c). A resolution of 10−5 in refractive index units
was achieved by optical modelling of measured TIRE/SPP
spectra, which outperformed conventional ellipsometric
porosimetry.

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 identies and
quanties the analytes with their characteristic vibrational
ngerprints. Enhancement of Raman signals is achievable by
adopting SERS-active substrates such as plasmonic particles,
al scale). The probe consists of an optical fibre with a diameter of 400
ed from the end. A gold layer is covered with a MOF which functions as
gen (red), carbon (black), and hydrogen (white).120 (b) TIRE/SPP principle
easured SPP peak redshift in methanol compared to dry N2.121

Chem. Sci., 2022, 13, 13978–14007 | 13995
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Fig. 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) Illustration of the setup for stand-off SERS sensing. (d) Stand-offmultiplex spectra obtained
under outdoor conditions with natural light, for two different mixtures of naphthalene and toluene, with reference to individual naphthalene and
toluene SERS spectra.
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for instance Au and Ag, which can generate an enhanced elec-
tromagnetic eld on the surface upon excitations and accord-
ingly amplify the signals. The poor affinity between the
plasmonic surface and analytes is oen addressed as a problem
with SERS platforms. Incorporating MOFs with SERS essentially
facilitates the selectivity and sensitivity by preconcentrating the
analytes and introducing intermolecular interactions between
the framework and guest molecules.188–190

Koh et al. reported a plasmonic nose by encapsulating Ag
nanotubes in ZIF-8 (Ag@ZIF-8) for molecular-level recognition
of VOCs.122 The combination of Ag and ZIF-8 leads to pre-
concentration of analyte molecules and enhancement of the
electromagnetic (EM) eld at the nanoscale. The ultra-trace
SERS detection of VOCs was facilitated by optimizing the
thickness of the ZIF-lm for maximizing the volume of pre-
concentrated vapour and tailoring the plasmonic coupling
between neighbouring Ag nanotubes to intensify the EM hot-
spots. The Ag@ZIF-8 plasmonic nose exhibited a SERS response
towards multiple vapours including toluene and chloroform.
Specically, it presented unique vibrational features for toluene
13996 | Chem. Sci., 2022, 13, 13978–14007
down to 200 ppm and a linear quantication of 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 Zr6 oxoclusters and tetratopic
1,3,5,8-(p-benzoate)pyrene linkers (H4TBAPy). The 1D diamond-
shaped channel of NU-901 has the dimension of ca. 12 � 26 Å
which allows fast diffusion of relatively large analytes. Au NRs as
seeds facilitated the MOF growth at room temperature with
a 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 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, ethylbenzene, and chlorobenzene by
constructing a similar core–shell structure of Au@ZIF-8.193

Another platform of Au@Ag nanorods encapsulated in ZIF-8
was fabricated by Lafuente et al. for chemical warfare agent
© 2022 The Author(s). Published by the Royal Society of Chemistry
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detection in ambient air.123 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, at the waist, or by forming a core–shell
structure on the bipyramids. The formation of the selectively
deposited ZIF-8 was conrmed by SEM and TEM images shown
in Fig. 15a and 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 elec-
tric eld at the sharp ends of the Au NBPs.

Phan-Quang et al. also realized real-time stand-off SERS
spectroscopy with the integration of Ag@ZIF-8 for remote and
multiplex detection of airborne molecules.124 The platform was
fabricated via drop-casting multiple layers of the solution of
a pre-synthesized Ag@ZIF-8 core–shell composite. The formed
3D structure of Ag@ZIF-8 has a thickness of ca. 1.3 mm aer 10–
15 layers with an interparticle distance of Ag cores of ca. 10 nm,
which allows strong plasmonic coupling for intense SERS hot-
spots. Upon exposure to vapours of the probe molecule 4-
methylbenzenethiol (4-MBT), it presented a rapid response of
10 s at 500 ppm and the signals were 6-fold more intense
compared to those of 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 a detector
placed 2–10 m apart with 8-fold less laser power employed (#55
mW, see Fig. 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), naph-
thalene and toluene was also realized. The reported platform
can elucidate the characteristic vibrational ngerprints of each
species within 10 s under the interference of a daylight back-
ground (Fig. 15d).

Min et al. also explored a SERS-active sensory array based on
MIL-100(Fe) for ultrasensitive and multiplex detection of
VOCs.27 The LoD for toluene was 2.5 ppm on a solely MIL-
100(Fe) substrate, and depositing gold nanoparticles over
MIL-100 greatly amplied the signal with an enhancement
factor of 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 by a charge transfer enhancement mechanism
between the framework and the analytes, which was conrmed
by the specic adsorption energy and DFT calculations.
Specically, the aromatic ligand and metal active sites are
preferably combined by different molecules (e.g. toluene
adsorption via p–p interaction and acetone via Fe–O coordi-
nation), providing sensor array properties for multiplex VOC
detection. Finally, a MOF-integrated plasmonic surface-
enhanced infrared adsorption platform was explored by Mu
et al., where ZIF-8 was coated on an Au antenna to realize on-
chip sensing of greenhouse gases (CH4 and CO2).195
© 2022 The Author(s). Published by the Royal Society of Chemistry
4. Conclusions and perspectives

This review summarizes recent progress on MOF-based colori-
metric sensors with particular highlights on VOC sensing. The
versatility of MOFs features their unique chemical and physical
properties, drawing extensive research interest in them, espe-
cially as chemical sensing materials. The advancement of inte-
grated circuits and miniaturization of electronic devices,
combined with the development of MOF lm fabrication, has
recently allowed the preliminary laboratory demonstrations of
practical VOC sensing application of MOFs.

Compared to research on MOF-based electronic sensors,
research on MOF-based colorimetric sensors is still in the early
stage. Chromism sensing exhibits a straightforward output with
an oen 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 func-
tional chromophores. Although many studies have demon-
strated sensitive and selective sensing of VOCs using chromic
MOFs, the delivered selectivity targets groups of VOCs and oen
lacks rened selectivity towards individual compounds as well
as misses the examination of the materials under environ-
mental 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 inuence 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 modied by the target analytes. The various
choices of building blocks and diverse guest-recognition
mechanisms have made luminescent MOFs rapidly evolve for
sensing applications. The prominent challenge of luminescent
MOFs is, similar to that of colorimetric MOFs, a lack of proc-
essability for practical implementations. Specically, the
construction of MOFs as thin lms 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 lumines-
cence change oen requires specic instruments, which may
pose additional obstacles to their practical applications. Over-
all, 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, and thus colour-based sensors can hardly
compete with other techniques such as SERS. Nonetheless,
colour-based MOFs for VOC sensing possess their own advan-
tages as they are easy to operate and interpret, not to mention
the customizable selectivity provided by desired MOFs. Yet, one
needs to note that the unique selective behaviour of MOFs is not
a conrmation of outstanding sensing ability. It is also worth
Chem. Sci., 2022, 13, 13978–14007 | 13997
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investigating and examining promising materials under
different circumstances. To summarize, despite the advantage
of naked-eye observation, limited studies examined chromic
and luminescent MOFs in the presence of VOC vapors and
sensing performance was oen not systematically investigated.
The reported LoD of some chromic or luminescent MOFs falls
within the ppm levels and can be varied greatly depending on
the chosen MOFs. It is worth mentioning that their sensitivity is
sometimes limited by the sensing mechanisms, especially for
the ones relying on ligand-to-metal transfer, which are oen
less sensitive than the organic-based system. Furthermore,
considering that the shaping processes are not oen developed
with these compounds, considerable efforts are still required in
order to use these types of MOFs in real devices.

Other optical sensors are based on the change of the optical
index induced by the absorbance of analytes on the MOF
sensing layer. For such purposes, multiple techniques have
integrated MOFs in the form of thin lms or photonic crystals
into sensing devices. They present great potential in VOC
vapour sensing with sensitivity from the ppb to the ppm level. In
particular, Fabry–Perot interferometers can efficiently trans-
duce 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. MOF sorption ability not only depends
on their microstructure and intrinsic physico-chemical prop-
erties but is also related to the attributes of MOF-lm engi-
neering. Reducing the thickness of MOF lms 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 the RI, leading to undermined performance.
Furthermore, the orientation of MOF particles can also impact
the optical properties of the lm, as highly oriented lms can
enhance both the selectivity112 and 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 crystals
into Bragg stacks with contrasting oxide NPs, which requires
size and morphology control during MOF synthesis. The other
approach is by encapsulating oxide NPs into MOF lms;
however, obtaining a uniform and homogenous distribution of
NPs is still challenging.

Optical bres based on RI changes can also encode sensing
events into spectra. They are known for their immunity to
electromagnetic interference and are generally light weight with
small probe heads and high exibility, which allows highly
sensitive and multiplex detection in remote or harsh environ-
ments. The MOF coatings in optical bres act as concentrators
to boost the sensitivity (LoD under 10 ppm) and also potentially
as sieving layers for enhanced selectivity. However, it is, like the
aforementioned others, a technique under preliminary investi-
gation, as only ZIF-8 was coated on the bres and ethanol was
the only tested vapor. Thus, the selectivity of this method must
still be explored. The mechanical properties of the MOF coating
are key factors for the practical integration of MOFs into optical
bres. In situ growth of MOF lms is widely adopted for optical
bre coating. Despite the convenience of this method, it is
13998 | Chem. Sci., 2022, 13, 13978–14007
challenging to precisely control the morphology and defects of
the lm, as well as not being easily scalable. Besides, mis-
matching MOFs with weakly adhered optical bres 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 tech-
nique for quantitative detection of chemicals at trace levels.
MOFs have been identied 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. Conguration of core–shell structures
betweenMOFs 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 compare them for their performance and
potential in practical applications. The detection and moni-
toring of VOCs in the 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 8 h of average exposure and
600 ppb for short term exposure (data from the GESTIS data-
base). The LoD of MOF-incorporated colorimetric and lumi-
nescent sensing is grouped around the ppm level, as it is mostly
preliminary research. Micro-ring resonators, SPP resonance,
and SERS can handle ppb-level detection. However, micro-ring
resonators with MOF 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 the actual application for
its rened LoD (lowest report value of 0.48 ppb) and fast
response time (several seconds). The cost of MOFs is a generally
concerning topic when speaking about their real application
due to harsh synthetic conditions limiting the production scale
and their price. Optimizing MOF synthesis and large-scale
production are the two contributing factors that can benet
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 Å) that limit their
potential for practical usage, especially in large-molecule
sensing. Besides, difficulty in functionalization further
hinders them by restricting tailorability for desired analytes.
Conventional one-pot MOF synthesis generally acquires harsh
conditions (e.g. high pressure and temperature), especially for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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water-stable high-valence MOFs, which makes it complicated to
further incorporate with nanoparticles. Thus, developments in
the mild-condition synthesis of MOFs are expected to promote
a further diverse application, where the potential of MOFs can
be fully explored.
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43 L. D. Salmi, M. J. Heikkilä, E. Puukilainen, T. Sajavaara,
D. Grosso and M. Ritala, Studies on Atomic Layer
Deposition of MOF-5 Thin Films, Microporous Mesoporous
Mater., 2013, 182, 147–154, DOI: 10.1016/
J.MICROMESO.2013.08.024.

44 K. B. Lausund and O. Nilsen, All-Gas-Phase Synthesis of
UiO-66 through Modulated Atomic Layer Deposition, Nat.
Commun., 2016, 7(1), 1–9, DOI: 10.1038/ncomms13578.

45 X.-J. Yu, Y.-M. Xian, C. Wang, H.-L. Mao, M. Kind, T. Abu-
Husein, Z. Chen, S.-B. Zhu, B. Ren, A. Terfort and
J.-L. Zhuang, Liquid-Phase Epitaxial Growth of Highly
Oriented and Multivariate Surface-Attached Metal–
Organic Frameworks, J. Am. Chem. Soc., 2019, 141, 21,
DOI: 10.1021/jacs.9b08169.

46 A. Summereld, I. Cebula, M. Schrö Der and P. H. Beton,
Nucleation and Early Stages of Layer-by-Layer Growth of
Metal Organic Frameworks on Surfaces, J. Phys. Chem. C,
2015, 119, 2022, DOI: 10.1021/acs.jpcc.5b07133.

47 J. Liu, B. Lukose, O. Shekhah, H. K. Arslan, P. Weidler,
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