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Metal–organic frameworks for chemical
sensing devices

Joseph F. Olorunyomi,ab Shu Teng Geh,ab Rachel A. Caruso *a and
Cara M. Doherty *b

Metal–organic frameworks (MOFs) are exceptionally large surface area materials with organized porous

cages that have been investigated for nearly three decades. Due to the flexibility in their design and pre-

disposition toward functionalization, they have shown promise in many areas of application, including

chemical sensing. Consequently, they are identified as advanced materials with potential for deployment

in analytical devices for chemical and biochemical sensing applications, where high sensitivity is desir-

able, for example, in environmental monitoring and to advance personal diagnostics. To keep abreast of

new research, which signposts the future directions in the development of MOF-based chemical

sensors, this review examines studies since 2015 that focus on the applications of MOF films and devices

in chemical sensing. Various examples that use MOF films in solid-state sensing applications were drawn

from recent studies based on electronic, electrochemical, electromechanical and optical sensing

methods. These examples underscore the readiness of MOFs to be integrated in optical and electronic

analytical devices. Also, preliminary demonstrations of future sensors are indicated in the performances

of MOF-based wearables and smartphone sensors. This review will inspire collaborative efforts between

scientists and engineers working within the field of MOFs, leading to greater innovations and

accelerating the development of MOF-based analytical devices for chemical and biochemical sensing

applications.

1 Introduction

The field of porous materials has undergone significant growth
within the last 25 years and has seen the emergence and rapid
development of metal–organic frameworks (MOFs).1,2 MOFs,
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also known as porous coordination polymers, are a class of
advanced porous materials constructed from inorganic clusters
and organic ligands.3 They are characterized by large internal
surface areas, highly organized porosity and vast structural
diversity with a range of chemical and physical properties.4–6

Consequently, MOFs have shown great promise in various
applications including ionic/molecular adsorption,7,8

separations,9 electrochemical energy storage,10 catalysis,11,12

chemical and biosensing.13

Chemical sensing is a process that uses analytical devices
having sensitive components which undergo chemical changes
upon interactions with chemical substances and a transducer
that transforms the chemical changes into measurable physical
signals. Chemical sensing is one of the most promising appli-
cations of MOFs due to the large libraries of metal centres and
readily functionalized organic cages that render them respon-
sive to different chemical and biological stimuli.13–15 The
publication trends and the associated citations that are related
to MOF sensing topics over the last decade is shown in Fig. 1.
The number of published articles on the sensing applications
of MOFs increased and the citations followed a similar trend
over this period. The sustained citation growth over this period
highlights the significant potential of MOFs as sensitive mate-
rials to different chemical and biochemical stimuli. Hence, this
development has driven the desire to fabricate MOF-based
analytical devices that can provide immediate information on
the occurrence of specific substances in a complex sample.16

The construction of analytical devices starts with the fabrica-
tion of films of MOFs (which are primarily obtained as pow-
ders) either through the deposition or coating of substrates
with MOF crystals.17

Many excellent reviews have been written on the develop-
ment of film fabrication technologies. In 2009, Fischer and co-
workers reviewed studies on the direct MOF growth over
various functionalized substrates and thickness control
through layer-by-layer (LbL) deposition.18 In 2012, Bétard and
Fischer provided a comprehensive critical appraisal of the proces-
sing methods used for the fabrication of MOF thin films.19

In the same year, Bradshaw et al. presented their assessments
on the fabrication techniques for MOF composite thin films.20

Later studies reported systematic MOF crystals positioning on
substrates, film patterning and lithography, which were reviewed
by Falcaro et al. in 201221 and 201422 and to advance the prospects
of MOF films for device applications. Also, Dong et al.,23 Zhao
et al.,24 Wang et al.25 and Chakraborty et al.26 reviewed the recent
progress in the film fabrication processes using 2D MOF struc-
tures with potential toward various sensing applications. Updated
recent reviews from 2021 include Crivello et al.,27 Ren and Jen28

and Faustini29 on advanced technologies for MOF film
fabrication.

Furthermore, the reviews written by Allendorf et al.17 in 2011
and Stassen et al.30 in 2017, highlighted studies aimed at the
implementation of MOF films in electronic devices. The reviews
addressed the important requirements and challenges for the

Fig. 1 The number of published papers with their corresponding citations
on topics related to MOF sensing in the 2011 to 2021 period, using the
search terms (‘‘metal–organic framework’’) AND (sens*) AND (detect*).
Source: Web of Science. The asterisked ‘sens*’ was used to include papers
containing keywords such as ‘sensing’, ‘sensor’, ‘sensors’, ‘sensitive’ and
‘sensitivity’. Similarly, ‘detect*’ was added to the search terms to include
papers containing keywords such as ‘detect’, ‘detection’ and ‘detecting’ in
the search.
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electronic application of MOF films and their interface with
electronic components of a device.17,30 Several more focused
reviews have highlighted key progress on MOF device fabrica-
tion for sensing applications.25,26,31–43 Therefore, the current
review will appeal to researchers beyond the MOF community
because it reveals insights into the future direction of sensing
and highlights areas that are rising in importance across the
materials and sensing fields. The aim of this review is to
provide a complementary overview of the latest research on
MOF integration into different sensing platforms. As illustrated
in Fig. 2, this review will first highlight the latest MOF-based
proof-of-concept sensors developed since 2015 across the four
major sensing platforms, namely: electrochemical, electronic,
electromechanical and optical modes. Finally, the progress
and prospects of MOF sensors for field-deployable applica-
tions such as in point-of-care diagnosis, food security, environ-
mental monitoring, defence and artificial intelligence will be
discussed.

2 Proof-of-concept MOF devices from
different sensing platforms

Many studies have shown interesting performance of MOFs
towards the detection of chemical species and have demon-
strated some proof-of-concept devices across various sensing
platforms.31,33,41,44 It is noteworthy that the progress
recorded in combining various film fabrication and patterning

techniques to MOF syntheses is currently driving the develop-
ment of MOF sensors. Some examples of those sensors and
devices reported since 2015 are shown in Table 1. These
representative proof-of-concept devices highlight the potential
of MOFs in the development of wearable and field-deployable
sensor technology. An overview of the latest research on the
application of electrochemical, electronic, electromechanical
and optical sensors are discussed in this section.

2.1 Electrochemical sensors

Electrochemical sensors are a class of sensors that provide
direct and selective detection of organic and inorganic com-
pounds that can be easily oxidized or reduced.72 They are
promising due to several advantages including ease of opera-
tion, rapid detection and low production cost.73 One of the
most common electrochemical sensing technique is an
amperometric method that uses current as the sensing
response from the analyte.74 Typically, the rate of the electro-
chemical reaction with the target analyte will determine the
sensitivity of the amperometric sensors. Since electrochemical
reactions can only occur on the surface of the electrode, the
surface should be modified by immobilizing the
electrocatalyst.74 This would provide more catalytically active
sites for the electrochemical reaction with the target analyte.
Hence, resulting in a faster reaction rate and higher sensitivity
toward the analyte.

MOFs are attractive for sensing owing to their unique
properties such as high surface area, exceptional porosity and

Fig. 2 Schematic showing MOF sensors that can recognise molecules through different sensing modes including electrochemical, electronic,
electromechanical and optical platforms. Five major areas of application of MOF devices including point of care testing, food security, environmental
monitoring, defence and artificial intelligence are illustrated. The background smartphone highlights the current research trend towards portable
platform technologies utilising MOF sensors and bringing the future of sensing to the individual.
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highly tunable pore size and shape. The porosity of MOFs can
be tuned by selecting the appropriate metal ions and ligands,
making them highly selective to the desired analyte during
electrochemical sensing.75 However, most MOFs are electrically
insulating and have poor electron-transfer ability, which often
hinders the direct use of MOFs for electrochemical sensing. To
overcome this limitation, conducting materials such as
metal nanoparticles (NPs) and carbon-based nanomaterials
(e.g. carbon nanotubes (CNTs) and reduced graphene oxide
(rGO)) are usually incorporated with the MOFs to accelerate
the electron-transfer rate between the MOF composites and the
electrode.76,77 The assembly of metal NPs such as gold and
silver into MOFs have also been reported to increase the
catalytic activity.78,79 On the other hand, the combination of
MOFs and carbon nanomaterials like CNTs not only improve

the electrical conductivity but also the mechanical strength of
the composites.80

In electrochemical sensing, MOFs are typically deposited on
glassy carbon electrodes (GCE) for standard laboratory testing,
but other substrates are also desirable to promote the integra-
tion of MOFs with portable electrochemical devices.81–83 MOF
films are fabricated using controlled parameters to achieve
desired film properties such as low roughness and variable
thickness ranging from nanometres to a few micrometres.27 It
is worth noting that the properties of the MOF films such as the
crystal size and thickness, affect their electron-transfer kinetics
and adsorption ability.27 In other words, these properties will
impact the performance of the electrochemical sensor as well.
Thus, it is important to control the quality of MOF films by
moderating the fabrication parameters. In this section, the

Table 1 Representative proof-of-concept MOF devices for chemical sensing application

Sensing device Active MOF film Film deposition method
Sensing
application Ref.

Wearable sweat sensor Copper isonicotinate Direct growth on graphene-loaded carbon fibre. Sweat glucose and
lactate

45

Enzymatic biofuel cell
sensor

ZIF-8 Biomimetic fabrication: direct assembly of ZIF-8@enzyme
on the surface of cellulose acetate functionalized MWCNTs/Au
electrode.

Bisphenol A and
glucose

46 and 47

On-chip capacitive sensor Mg–MOF-74 In situ growth with energy supply from thermally activated
platinum (Pt) interdigitated electrodes.

CO2 and benzene 48

Capacitive sensor MOF-199 Electrochemical deposition49 and drop-casting.50 Organic volatiles 49 and 50
Capacitive sensor MFM-300 (In) Solvothermal synthesis on a prefunctionalized interdigitated

electrode with an OH-terminated self-assembled monolayer.
SO2 51

Capacitive sensor Yttrium fumarate MOF
with fcu topology

Solvothermal synthesis on a prefunctionalized interdigitated
electrode with an OH-terminated self-assembled monolayer.

H2S 52

Capacitive sensor Yttrium naphthalene
dicarboxylate MOF with
fcu topology

Solvothermal synthesis on a prefunctionalized interdigitated
electrode with an OH-terminated self-assembled monolayer.

NH3 53

Resistance-switching
memory sensors

ZIF-8 Direct synthesis on a polyethylene terephthalate substrate. Alcohols 54

Conductive textile Ni3HHTP2 and Ni3HITP2 In situ growth of conductive MOFs on cotton. NO, H2S and H2O 55
Conductive textile (inter-
digitated textile
electrodes)

MIL-96(Al) Langmuir–Blodgett technique. Humidity with
organic volatile
interferences

56

Impedance sensor MFM-300 (In, Al, Fe or
Sc)

Drop-casting of MFM-300 suspension on an interdigitated
electrode.

I2 57

Liquid-gated field-effect
transistor (FET)

Ni3(HITP)2 In situ growth of Ni–MOF layer on the FET device. Gluconic acid 58

MOF-on-SLG transparent
electronic device

Ni3(HHTP)2 Epitaxial growth. NH3 59

Hybrid resonant acoustic
(HYDRA) device

HKUST-1 Surface acoustic wave (SAW)-induced wetting of piezoelectric
surface with HKUST-1 precursors and subsequent nebuliza-
tion of the wetted surface.

60

SAW device HKUST-1 Fe-MIL-88B Microfluidic centrifugation induced by SAW irradiation. 61
Microcantilever sensor ZIF-8 Direct growth of ZIF-8 on ZnO/Si cantilever. Alcohols 62
Wearable sweat sensor DUT-101 and Ag+/

Eu3+@UiO-67
Cotton fabric immersed in the MOF suspension. Cl� monitoring

through
fluorescence

63

1-D photonic crystal NH2-MIL-101(Cr) Spin coating on TiO2 substrate. Methanal/
formaldehyde

64

A bioactive 3D-printed
MOF flow sensor

ZIF-8 Biomimetic fabrication: direct assembly of ZIF-8 crystals on
the surface of bioactive 3D-printed device.

Methyl parathion 65

Optical fibre long-period
grating MOF device

ZIF-8 and HKUST-1 Layer-by-layer growth. CO2 and organic
vapours

66–68

Optical fibre MOF
sensors

ZIF-8 Layer-by-layer growth. Small inorganic
gas molecules

69

Optical fibre-single MOF
crystal

HKUST-1 Direct attachment of a single crystal to one end of the optical
fibre.

Nitrobenzene 70

Photonic microring
resonator

ZIF-8 Layer-by-layer growth followed by patterning via lithography. Organic vapours 71

Ni3(HHTP)2 = Ni3(2,3,6,7,10,11-hexahydroxytriphenylene)2, Ni3(HITP)2 = Ni3(2,3,6,7,10,11-hexaiminotriphenylene)2, SLG = single-layer graphene.
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recent development of electrochemical sensors based on MOF
films for the detection of analytes, such as hydrogen peroxide,
glucose and nitrite will be discussed.

2.1.1 MOF films for detection of inorganic analytes
(a) Detection of nitrite. Nitrite is a preserving agent that is

often used in the manufacturing of meat products. The amount
of nitrite in food must be measured and controlled as an excess
amount is harmful to humans.84 Several materials, such as Au
NPs and porphyrin, have been widely used for the detection of
nitrite owing to their excellent electrocatalytic ability.85,86 For
instance, the uniformly grown MOF constructed from hexa-
zirconium nodes and porphyrin linkers, i.e. MOF-525 thin film,
was first developed by Kung et al. to detect nitrite in aqueous
KCl solution.87 The MOF-525 thin films were grown on hydroxyl
functionalized fluorine-doped tin oxide (FTO) via a solvother-
mal method, shown in the scanning electron microscopy (SEM)
images, Fig. 3a. In MOF-525, the porphyrin ligands served as
the active sites for the electrooxidation of nitrite. The current
density doubled after the MOF-525 film was exposed to 0.5 mM
nitrite ion and showed extraordinary sensing performance
compared to the bare FTO, which shows negligible current
response with nitrite. Furthermore, a linear increase in peak
current was also observed upon the addition of nitrite when the
MOF-525 film was used, confirming its electrocatalytic activity
for the oxidation of nitrite (see Fig. 3b). In this study, nitrite
ions were expected to diffuse through the pores of the MOF
film, where oxidation of nitrite occurred within the film. The
current response during the detection was attributed to the

charge-hopping between the linkers. The electrochemical sen-
sor exhibited a linear range from 20 to 800 mM, sensitivity of
95 mA mM�1 cm�2 at 0.9 V and limit of detection (LOD) of
2.1 mM (S/N = 3). However, the sensing performance deterio-
rated due to the sluggish linker-to-linker charge hopping
process in MOF-525. Sensitivity can be further enhanced by
improving the electrical conductivity of the MOF composites
because it will increase the charge transport rate. This can be
achieved by incorporating conductive materials into the MOFs.

Kung et al. further improved the electrochemical sensing
performance of the nitrite sensor by interconnecting the MOF-
525 with graphene nanoribbons (GNRs).88 As shown in Fig. 3c,
the GNRs acted as conductive bridges to facilitate charge
transport between the linkers, thus, accelerating the overall
rate of electrocatalysis of the MOF-525 thin films. This improved
version of MOF-525/GNRs sensor achieved a comparable sensitiv-
ity at a lower applied potential, i.e. 93.8 mA mM�1 cm�2 at 0.85 V,
compared to the previously reported MOF-525 thin film sensor.
Furthermore, a much wider linear range of 100 to 2500 mM nitrite
and a lower LOD of 0.75 mM (S/N = 3) were also achieved by the
modified MOF-525/GNRs film.

(b) Detection of hydrogen peroxide (H2O2). H2O2 functions as
the major transmitter of redox signals during electrochemical
processes90 and is also frequently detected for MOF-based
sensing. For instance, a high-density cross-linked copper-
based MOF (Cu–BTC) film for the non-enzymatic detection of
H2O2 was fabricated by Zhou’s group.91 The Cu–BTC film was

Fig. 3 (a) SEM images of the surface of MOF-525 thin film showing MOF-525 crystals at high and low magnifications. (b) CV curve of the MOF-525 thin
film with increasing concentration of nitrite. Adapted with permission.87 Copyright 2015, Elsevier. (c) Schematic drawing of the MOF-525/GNRs
composite for the electrooxidation of nitrite. Reproduced with permission.88 Copyright 2016, the Royal Society of Chemistry. (d) Schematic illustration
for the electrodeposition of cobalt ions in MOF-808 thin film, starting from the MOF/substrate (FTO) interface. Reproduced with permission.89 Copyright
2020, Elsevier.
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prepared on a carboxylated graphene-modified GCE surface,
where functional groups including –OH, –COOH and C–O–C
were used to promote the oriented growth of the MOF.92 Based
on the electrochemical analysis of the fabricated sensor, it was
concluded that only the Cu2+ ions possessed good catalytic
activity toward H2O2 reduction. Moreover, the sensor also
displayed a fast response time of less than 10 s, indicating that
the analyte molecules could reach the electrode surface in a
short time owing to the outstanding porosity of MOFs. The
highly porous Cu–MOFs also displayed high selectivity toward
H2O2 by providing a molecular sieving effect during the detec-
tion. The sensor showed high sensitivity of 792 mA mM�1, LOD
of 0.067 mM and a wide linear detection range from 0.2 to
185 mM. These promising performances are mainly attributed
to three factors, namely: the excellent conductivity of graphene,
high porosity of MOF structures and the electrocatalytic activity
of the copper ions.

Besides graphene, electroactive substances such as metallic
cobalt are an alternative to enhance the conductivity of MOFs,
resulting in superior performances of the fabricated sensor.
Since most MOFs possess high porosity, the conductivity of
MOFs can be improved by inserting the electroactive material
in their pores. In a study conducted by Chang et al., electro-
chemically active cobalt was confined to the pores of an
insulating zirconium-based MOF, MOF-808.89 The electrodepo-
sition of cobalt ions was initiated from the MOF/substrate
(FTO) interface, while the porous structure of MOF-808 pro-
moted the diffusion of cobalt ions throughout the MOF film.
This should provide more electrically conductive sites for the
electrodeposition of cobalt ions within the MOF pores (see
Fig. 3d). Furthermore, the rigid structure of MOF-808 in acidic
and neutral pH aqueous media can prevent the electrochemi-
cally induced aggregation of Co2+ during sensing. The resulting
Co@MOF-808 thin films were applied for electrochemical H2O2

sensing. It was observed that the pore-confined cobalt exhibited
a much higher electrochemical activity than the flat cobalt and
the presence of the MOF thin film does serve as a template to
assist the electrodeposition of cobalt. In the presence of MOF-
808, the amount of deposited cobalt was approximately 10 times
higher than that deposited on bare FTO. The porosity of the
framework also created more exposed surfaces for the confined
cobalt, resulting in its superior electrocatalytic activity. The
proposed electrochemical sensor displayed a sensitivity of
382 mA mM�1 cm�2, LOD of 1.3 mM and a linear range of 10
to 450 mM H2O2.

2.1.2 MOF films for biosensing applications
(a) Enzymatic H2O2 and glucose detection. Zeolitic imidazo-

late frameworks (ZIFs) are attractive for the fabrication of
electrochemical sensors owing to their high surface area,
negligible cytotoxicity and exceptional chemical and thermal
stability.93 For biosensing applications, ZIFs are compatible
with most biomolecules and have been deployed in biomimetic
mineralization as protective shells for biomolecules.94 Fan et al.
first demonstrated the fabrication of a ZIF-8 thin film
with encapsulated horseradish peroxidase (HRP) for the enzy-
matic detection of H2O2.95 To overcome the poor electronic

conductivity of ZIF-8, rGO was combined with ZIF-8@HRP and
the biocomposite film was coated on an indium-tin oxide (ITO)
substrate through the layer-by-layer (LbL) method. When
assembling the ZIF-8@HRP composites via the LbL method,
it was crucial to optimize the film thickness to achieve an
optimum sensing performance. For instance, the content of
HRP increases with increasing number of layers, which pro-
vides more active sites for the target analyte and enhances the
sensitivity of the sensor. However, thicker assembled layers will
obstruct the substrate diffusion and increase the electron
transfer resistance, thus, deteriorating the performance of the
sensor. For the best sensing performance, a maximum of four
layers was fabricated in this study. The enzymatic bioactivity of
HRP was well maintained as the enzyme was enclosed and
protected within the ZIF-8 framework. In addition, ZIF-8 had
good permeability for H2O2, which allowed the sensor to reach
a stable response in less than 5 s upon addition of H2O2. The
resultant enzymatic electrochemical sensor presented excellent
anti-interference ability and long-term stability with a wide
linear range of 0.02 to 6 mM H2O2 and a LOD of 3.4 mM H2O2

(S/N = 3).
A different approach was adopted by Zhang et al. who

prepared a biocomposite film without adding conducting car-
bon to maximize mass transfer of the analyte. They directly
deposited a glucose oxidase (GOx)–ZIF-8 biomineralized com-
posite on a gold substrate for electrochemical glucose detec-
tion. GOx–ZIF-8 was assembled by in situ synthesis of ZIF-8
in the presence of the enzyme, followed by the cast-coating of
the biocomposite on a Au electrode as schematically repre-
sented in Fig. 4a.96 It is interesting that the presence of the
enzyme accelerated the growth of ZIF-8 such that the GOx–ZIF-8
biocomposite has larger crystal size than the pristine ZIF-8
(Fig. 4b and c). The GOx–ZIF-8/Au sensor showed linear
amperometric response to glucose from 0.01 mM to 1.5 mM
with a sensitivity of 21 mA mM�1 cm�2 and detection limit of
2.2 mM. The GOx–ZIF-8/Au electrode exhibited stability under
various testing conditions. The sensor was further shown to be
promising for selective detection of glucose in the presence of
other forms of sugar that are present in food samples, such as
those present in red wine. The stability of the electrode is due to
the protective function of ZIF-8 towards GOx and the strong
attachment of GOx–ZIF-8 on the Au substrate owing to strong
Au–N coordinate bonding.97

(b) Enzymatic biofuel cells for bisphenol A and glucose detec-
tion. Biofuel cells are devices that generate electricity from
enzyme-catalysed redox reactions between organic molecules
as fuels and oxidants and they can be endowed with sensing
capability to develop self-power generating Enzymatic
Biofuel Cell (EBFC) sensors.98 They are promising for the
future advancement of self-powered wearable electrochemical
sensors.99

MOFs are attracting attention to encapsulate enzymes via a
biomineralized pathway with the pores allowing transport of
the substrate.46,47,100 Wei’s group have investigated the pro-
spects of biomineralized ZIF-8 materials in the application of
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EBFC for electrochemical biosensing.46,47 They encapsulated lac-
case (LAC) within ZIF-8, which was then combined with bacterial
cellulose (BC)/carboxylated multi-walled carbon nanotubes (c-
MWCNTs) to fabricate a BC/c-MWCNTs/ZIF-8@LAC electrode.
The sensing set-up shown schematically in Fig. 4d consists of
MWCNTs/ZIF-8@LAC electrodes (as both anode and cathode)
with bisphenol A (BPA) and 2,20-azinobis(ethylbenzothiazoline-6-
sulfonate) as the anolyte and catholyte (ABTS, cathode mediator),
respectively. The role of ABTS was to facilitate good electron
transfer by exchanging electrons between the enzyme and the
conducting support, thereby improving the power output. The
ZIF-8 EBFC attained a maximum power density of 3.68 W m�3

and a detection limit of 1.95 � 10�3 mM BPA. The device also
demonstrated extraordinary stability and consistent performance
due to the protection enjoyed by the encapsulated LAC within ZIF-
8. Moreover, the ZIF-8 EBFC sensor could also detect BPA in
organic media with high percentage residual activity.46

In another study,47 the same group fabricated a CA/ZIF-
8@LAC/MWCNTs/Au electrode using the in situ assembly of
ZIF-8@LAC on cellulose acetate (CA) membrane, followed
by surface adsorption of multi-walled carbon nanotubes
(MWCNT) and gold colloids. The SEM image and the photo-
graph of the flexible electrode are shown in Fig. 4e and f,
respectively. The dependence of glucose concentration on the
open circuit potential of CA/ZIF-8@LAC/MWCNTs/Au through
electrochemical impedance investigation was used to study the
sensitivity of the ZIF-8 EBFC sensor. It gave a linear response to
glucose concentration in the range 1 to 10 mM and showed
continuous glucose detection for up to 15 h without a decrease

in sensitivity due to the stability of the enzyme encapsulated
within the cavities of ZIF-8. The fabrication of flexible biomi-
neralized MOF electrodes are promising in the construction of
wearable and implantable devices with long-term stability for
biomedical applications.

(c) Non-enzymatic glucose detection. In a study performed by
Shahrokhian et al., HKUST-1 was utilized for high performance
non-enzymatic glucose sensing.101 In their study, the thin film
of HKUST-1 was directly grown on the GCE substrate via three
steps, as illustrated in Fig. 5a. The first step involved the
electrodeposition of metallic copper clusters on the GCE sur-
face, followed by the chemical conversion of the copper into
Cu(OH)2 nanotubes (NTs) and finally, the conversion of
Cu(OH)2 NTs into HKUST-1. The final step of this process can
be expressed as a simple acid–base reaction, involving Cu(OH)2

NTs and trimesic acid (H3BTC). The authors also hypothesized
that the residual Cu(OH)2 can serve as a conductive binder,
hence eliminating the need to use other insulating binders or
conductive additives that could increase the resistivity of the
electrode. The Cu(OH)2 NTs also exhibited electrochemical
activity toward glucose oxidation. As shown in the graph of
Fig. 5b, the catalytic current of glucose oxidation was enhanced
when HKUST-1 was used as the sensing element. This indicates
that the MOFs have larger surface area and higher electrocata-
lytic activity toward the oxidation of glucose compared to the
Cu(OH)2 NTs. The surface area of the HKUST-1 film was also
calculated to be 2.6 times higher than that of the Cu(OH)2 NTs.
The properties of the MOF toward glucose detection were

Fig. 4 (a) Illustration of the preparation of GOx–ZIF-8 biocomposites and the fabrication of the electrochemical biosensor. SEM images of (b) ZIF-8 and
(c) GOx–ZIF-8. Adapted with permission.96 Copyright 2018, Elsevier. (d) Schematic representation of processes within an ZIF-8 based enzymatic biofuel
cell sensor for the detection of bisphenol A (BPA). Reproduced with permission.46 Copyright 2020, Elsevier. (e) Optical images of flexible CA/ZIF-
8@enzyme/MWCNTs/Au electrode and (f) SEM image of the surface of the flexible CA/ZIF-8@enzyme/MWCNTs/Au electrode. Reproduced with
permission.47 Copyright 2021, Elsevier.
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investigated, which displayed a LOD of 0.6 mM (S/N = 3) and two
linear ranges of concentration from 2.0 mM to 1.4 mM and 1.4 mM
to 4.0 mM with sensitivities of 1044 and 682 mA mM�1 cm�2

respectively. The lower sensitivity over the latter range might be
attributed to the slow adsorption of the glucose molecules at
high concentration. Nevertheless, this sensor had better per-
formance, such as lower LOD and wider linear range of
concentrations compared to some previously reported copper-
based non-enzymatic glucose sensors.102,103

Shahrokhian et al. also recently reported the fabrication of
bimetallic NiCo-BTC on GCE that showed a higher sensitivity of
1789 mA mM�1 cm�2 to glucose due to the improved electro-
catalytic properties of the bimetallic NiCo-BTC. They then
fabricated a miniaturized device by depositing the same MOF
on a graphitic screen-printed electrode (GSPE), which they

demonstrated towards glucose sensing. The NiCo-BTC/GSPE
had a sensitivity of 230.5 mA mM�1 cm�2 and a detection limit
of 10.8 mM glucose.104 An improvement in the electrocatalytic
and electronic conducting properties of the MOF layer lead
to better sensitivity in electrochemical detection. This was
demonstrated by Xu et al. when they fabricated an electroni-
cally conducting bimetallic NiCo-HHTP MOF on a carbon cloth
(CC) substrate for glucose sensing.105 Ni/Co(HHTP)MOF/CC
showed a sensitivity of 3250 mA mM�1 cm�2 towards glucose.
The high sensitivity of Ni/Co(HHTP)MOF/CC is related to
the excellent electrocatalytic properties and exceptional charge
transfer kinetics due to the synergy in the electro-
catalytic behaviours of both metals within the MOF structure
and the overall high electronic conduction of the MOF,
respectively.105

Fig. 5 (a) Schematic illustration for the fabrication of the HKUST-1 thin films on GCE from Step 1 to Step 3. (b) CV responses of bare GCE (black),
Cu(OH)2 NTs@GCE (pink) and HKUST-1@GCE (blue) obtained from chemically prepared Cu(OH)2 in the presence of 0.27 mM glucose in 0.1 M NaOH
solution; scan rate: 10 mV s�1. Adapted with permission.101 Copyright 2018, Elsevier. (c) Diagram of ACF-rGO/Cu(INA)2 electrode showing the schematic
design of ACF-rGO/Cu(INA)2 and electrochemical response to lactate and glucose. (d and e) Top-sectional SEM images of the surface ACF-rGO/
Cu(INA)2, at (d) low magnification and (e) high magnification. (f) Optical images of flexible ACF-rGO/Cu(INA)2. Reproduced with permission.45 Copyright
2018, American Chemical Society.
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Wang et al. developed a non-enzymatic electrochemical
sweat biosensor (Fig. 5c) using copper isonicotinate MOF
(Cu(INA)2) grown on the surface of a graphene-coated activated
carbon fibre (ACF-rGO).45 The surface of the ACF-rGO/Cu(INA)2

composite as seen from the SEM image in Fig. 5d and e shows
that Cu(INA)2 has a rime-like morphology with hierarchical
pores. The composite was applied in amperometric sensing of
glucose and lactate in an acidic electrolyte showing excellent
performance in the analysis of sweat lactate and glucose to
obtain 9.99 and 0.50 mM, respectively. Moreover, ACF-rGO/
Cu(INA)2 was deposited on flexible substrates (see Fig. 5f),
which is promising to directly deploy MOFs in non-invasive
wearable sweat sensor systems such as body wear or wristbands
for sporting activities or point of care diagnostics.

(d) Detection of imatinib. HKUST-1 is one of the most com-
monly studied MOFs for electrochemical applications due to its
facile preparation and exposed metal sites.106 Recently, Jalal
et al. successfully developed an electrochemical sensor for the
detection of imatinib (IMA) via the in situ growth of HKUST-1
on graphene oxide nanoribbon (GONR) modified GCE.107 IMA
is an anticancer drug and the ability to control the levels of this
drug is required to provide dose optimization.108 Besides
showing good stability, reproducibility and repeatability, the
as-prepared HKUST-1/GONRs/GCE sensor also recorded a LOD
of 6 nM IMA and two linear ranges of 0.04 to 1.0 mM and 1.0 to
80 mM IMA. These properties outperformed most of the existing
electrochemical sensors.107 The GONRs are responsible for
improving the electrochemical sensitivity of the MOF compo-
sites by facilitating the electron transfer between the target
analyte and the electrode surface. Furthermore, the high sur-
face area of the HKUST-1 provided abundant sites for the
electrostatic interaction between the MOF and the IMA. This
resulted in the enhanced oxidation peak current of IMA at the
HKUST-1/GONRs/GCE composites. Owing to the synergistic
effects of both the GONRs and the HKUST-1, a lower potential
was required to achieve higher anodic current for the electro-
oxidation of IMA compared to using HKUST-1 only. Impor-
tantly, the sensitivity of the sensor is controlled by the
thickness of the HKUST-1 film and the concentration of
GONRs. Thicker films slow the electron transfer between the
target analyte and the electrode, whereas high concentrations
of GONRs will potentially block the pores of HKUST-1. Thus, it
is crucial to optimize the reaction time for the in situ growth of
HKUST-1 and the concentration of GONRs.107

(e) Detection of E. coli bacteria. Modified HKUST-1 with
conductive additives can also be applied as an electrochemical
biosensor for the highly sensitive detection of E. coli bacteria.
In a study performed by Gupta et al., HKUST-1 was mixed with
polyaniline (PANI) on an ITO substrate before applying it as a
biosensor.75 This novel biosensor possessed a wide range
of detection from 2.0 to 2.0 � 108 cfu mL�1, low LOD of
2.0 cfu mL�1 and response times of approximately 2 min.
Furthermore, the analyte concentration detected using the as-
fabricated sensor agreed well with that obtained using the

conventional colony counting method. These unprecedented
performances are attributed to the effect of using conducting
PANI and HKUST-1. In addition to introducing electrical con-
ductivity to HKUST-1, PANI also assisted in the formation of
homogenous thin films on the ITO while the large surface area
of the HKUST-1 improved the anti-E. coli antibodies (Ab)
loading, which are essential for the bacteria binding. The
sensor also displayed long-term stability of up to at least 60
days of storage. With this simple synthesis approach, the
development of such a sensor in the form of disposable strips
becomes feasible.

2.2 Electronic sensors

The advancement of semiconductor and integrated circuit
devices has accelerated the development of electronic chemical
sensors. MOFs have been intensively researched for potential
integration with electronic device technology.32 Although most
of the known MOFs are poor electronic conductors, which
prevents direct interfacing with the electronic conducting phy-
sical components of devices, researchers have developed meth-
ods to exploit the sensing properties of MOFs through changes
in their indirect electronic properties such as capacitance,
resistance and field-effects.30,31,34,109,110 Recent reports demon-
strate the design of electronically conducting MOFs,111 tuning
electronic properties of intrinsically insulating MOFs,112–115

and the understanding of charge transfer processes.43,116 These
studies are required to drive research towards the development
of MOF-based electronic devices for chemical sensing technol-
ogies. In this sub-section, discussions will be focussed on
proof-of-concept MOF-based electronic devices that have been
deployed in chemical sensing.

2.2.1 Room temperature chemical capacitive sensors. A
variety of devices have been fabricated to demonstrate the
promise of MOFs towards chemical sensing based on the
capacitance response of MOFs after their adsorption of mole-
cular guests. Interdigitated electrode (IDE) chips are popular
devices used for electrical transduction and can be readily
modified with solid-state materials. Yassine et al. coated a rare
earth (RE) metal centred MOF having face-centred cubic (fcu)
topology, Yttrium-fcu fumarate (Y-fum-fcu-MOF), on IDE chips
to make a capacitive sensor for H2S detection.52 The MOF IDE
chip was fabricated through an in situ solvothermal synthesis
and crystallization of Y-fum-fcu on the surface of an OH-
terminated self-assembled monolayer functionalized IDE sub-
strate. The Y-fum-fcu-MOF IDE sensor showed high response to
H2S compared to other gases including CH4, NO2, H2 and
toluene with a detection limit of 5.4 ppb H2S (see Fig. 6a). This
sensor maintained consistent performance over multiple cycles
of testing and showed better stability than other MOF (ZIF-8
and Cu(II) terephthalate) IDEs which declined in performance
due to the formation of metal sulphide. The unique structural
formation within Y-fum-fcu-MOF consisting of a hexanuclear Y
cluster bridged by short rigid fumarate linkers prevented the
formation of yttrium(III) sulphide during prolonged exposure
to H2S (12 weeks) and ensured the steady performance of the
Y-fum-fcu-MOF IDE sensor (Fig. 6a).52
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Assen et al. integrated a similar MOF with IDE chips for
capacitive sensing of NH3.53 The naphthalene-based Yttrium-
fcu-MOF (NDC-Y-fcu-MOF) was grown on an IDE and exhibited
selective recognition of ammonia gas with a detection limit of
0.1 ppm (see Fig. 6b). The sensor showed excellent selectivity to
NH3 in the presence of mixtures of NH3 with CO2 and various
levels of humidity. The NDC-Y-fcu-MOF retained its chemical
stability with sustained capacitive response to NH3 for more
than two weeks. Interestingly, the low detection limit was
obtained at room temperature, thereby attracting opportunities
to deploy NDC-Y-fcu-MOF in low temperature applications such
as in breath analysis, ammonia detection for livestock protec-
tion, environmental monitoring and chemical leakage sensors
in room temperature sensing applications.53

Chernikova et al. also fabricated an indium based MFM-300
(In) MOF IDE capacitive sensor for the detection of SO2 gas, as
shown in Fig. 6c, that had an outstanding performance at room
temperature with a detection limit of 75 ppb.51 The reported
sensing response was due to excellent adsorption of SO2 by
MFM-300 (In) through hydrogen bonding interactions between
the SO2 with both the bridging –OH group of the inorganic
cluster, InO4(OH)2 and the hydrogen atoms of the aromatic
rings of the linker. The intermolecular interaction between the

adsorbed SO2 molecules also increased their loading within the
MOF cavities.119 This sensor displayed similar performance in
both wet and dry conditions. Remarkably, the uptake and the
capacitive response to SO2 are greatly enhanced at high relative
humidity due to the increased hydrogen bonding interaction of
SO2 with adsorbed water molecules without the collapse of the
MOF structure.51,119 Yuan et al. also deposited Mg–MOF-74 on
an IDE chip (Fig. 6d) via in situ solvothermal crystallization of
the MOF on the IDE substrate for room temperature sensing of
CH4, CO2 and benzene vapour.117 The Mg–MOF-74-IDE capaci-
tive sensor exhibited a selective response to benzene and CO2

over CH4. CO2 with a large quadruple moment and the p-
electron-rich benzene molecules preferentially interact with
the open metal sites of Mg–MOF-74 through strong physisorp-
tion and Lewis acid–based interactions, respectively. Moreover,
the Mg–MOF-74-IDE capacitive sensor was subjected to post-
synthetic ethylenediamine functionalization, which decreased
its sensitivity to benzene vapour but improved selectivity
toward CO2 through strong amine–CO2 interactions.117

Andrés et al. employed a similar device that they fabricated
by depositing preformed MIL-96(Al) particles on an IDE using
the Langmuir–Blodgett (LB) method for humidity sensing,
shown in Fig. 6e.118 The LB film deposition method is used

Fig. 6 (a) Selectivity of the Y-fum-fcu-MOF sensor to H2S in the presence of NO2, CH4, H2 and toluene at 10 ppm (inset: stability performance of Y-fum-
fcu-MOF over 12 weeks (inset: reproducibility cycles for detection of 1 ppm of H2S over 5000 s)). Adapted with permission.52 Copyright 2016, Wiley-VCH.
(b and c) Schematic diagrams of different RE-MOFs fabricated on IDE chips for capacitive sensing applications: (b) NDC-Y-fcu-MOF IDE sensor for NH3

detection. Reproduced with permission.53 Copyright 2017, American Chemical Society. (c) MFM-300 (In) MOF IDE capacitive sensor for SO2 detection.
Adapted with permission.51 Copyright 2018, the Royal Society of Chemistry. (d) (i–iv) Mg–MOF-74 fabricated on IDE chip as a capacitive sensor for CO2

and benzene vapour: (i) optical image of the IDE chip, (ii) a magnified optical image showing expanded view of the IDE chip, (iii) the SEM image of the IDE
chip showing the Pt finger electrodes of the IDE chip and (iv) the SEM image showing the morphology of Mg–MOF-74 crystals grown on the IDE chip.
Adapted with permission.117 Copyright 2019, Wiley-VCH. (e) MIL-96(Al) IDE sensor for humidity sensing. Reproduced with permission.118 Copyright 2020,
American Chemical Society. (f) SEM images showing the surface of a linen fabric coated with MIL-96(Al) crystals as a TEX sensor for humidity detection.
Reproduced with permission.56 Copyright 2020, American Chemical Society.
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to fabricate close-packed MOF films through repeated immer-
sion and withdrawal of the substrate from a suspension of the
MOF that also contains amphiphilic substances at the air–water
interface to induce ordering of the MOF crystals.120 The MIL-
96(Al) LB IDE device response to humidity was based on the
affinity of MIL-96(Al) to water molecules and its high adsorp-
tion capacity. The sensor also shows high selectivity to water
vapour in the presence of organic vapours. Moreover, the
sensitivity of MIL-96(Al) LB IDE to water vapour was improved
after the chemical vapour deposition of a hydrophobic porous
poly(para-xylylene) film (Parylene C) on the surface of the MOF-
IDE chip to ensure the stability of the MOF during multiple
cycles of sensing and regeneration.118 Rauf et al. later inte-
grated the same MIL-96(Al) with textiles to fabricate a smart
textile-based (TEX) sensor for humidity detection after the
incorporation of MIL-96(Al) on fabric materials.56 The MIL-
96(Al) crystals were added to the thread of a conducting fabric
using a vertical LB deposition technique. The SEM image in
Fig. 6f shows the surface of the TEX linen fabric modified with
MIL-96(Al) crystals. The response of the TEX sensor to water
vapour was probed by measuring changes in the capacitance of
the device which increased with increasing humidity. The
presence of MIL-96(Al) on the TEX sensor causes high selectiv-
ity to water due to the hydrogen bonding alumina clusters of
the MOF. The response of the TEX sensor is only lowered by
increased temperature which signposts a promising applica-
tion in wearable sensors for human respiration monitoring.56

2.2.2 Chemoresistive MOF sensors. Most MOFs are insu-
lators, but they exhibit changes in resistance after adsorption of
guest species, hence they have been investigated for use in
chemoresistive devices. The sensing performance of such
devices can be determined through either resistance measure-
ments or direct conductivity studies.

(a) Resistance-switching memory MOF sensors. Resistive
random-access memory (RRAM) devices belong to the family
of non-volatile memory devices that have metal–insulator–
metal structural arrangements and possess resistance-
switching (RS) properties. Devices that exhibit RS properties
undergo resistance fluctuations between two stable states,
namely: high resistance (HRS) and low resistance states (LRS).
Both HRS and LRS represent distinct logic states such as the (0,
1) binary codes that are applicable in computing and informa-
tion storage.121 RRAM devices are also promising in the devel-
opment of portable and wearable sensors with inherent data
storage capability to secure the user’s privacy.122

RS properties have been studied in various MOFs and
combined with their chemical sensitivity towards analytes can
be used to develop wearable sensors with data storage
features.123–129 Pan et al. deposited HKUST-1 film on a gold-
coated flexible polyethylene terephthalate (PET) substrate to
form a Au/HKUST-1/Au device.128 The device, with its current–
voltage characteristic shown in Fig. 7a, was initially in a HRS
due to the insulating property of HKUST-1 and then switched to
the LRS after a biased voltage of 2 V was applied. The device can
be reset (i.e. switching from LRS to HRS) by applying a biased

voltage of �2 V. To understand the process, the authors proposed
that RS occurred due to the presence of a charge transfer pathway
from voltage-induced redox reactions of the MOF’s metal centre
leading to the instability of the negatively charged organic linkers
to create a p-conjugated system. In the Au/HKUST-1/Au device
schematically represented in Fig. 7b, the switching from the HRS
to the LRS occurs due to the reduction of Cu2+ to metallic Cu,
followed by the pyrolysis of the 1,3,5-benzene tricarboxylate linker
to evolve CO2 from the carboxylate group, which then leads to the
creation of conjugated aromatic system for charge transport.128

Park and Lee fabricated a ZIF-8 RS device by spreading the ZIF-8
film on gold-coated flexible substrates.129 The RS behaviour of the
ZIF-8 device was due to the redox activity of the organic linkers.
The electron transfer from the Au layer after applying a voltage
induced a redox reaction of the imidazole linker that facilitates
the electron transport within the MOF structure and causing RS of
the device.129

The chemical sensing demonstration of a MOF-based RS
device was first reported by Liu et al.54 They fabricated a ZIF-8-
based RS memory device with an alcohol vapour recognition
function by sandwiching the ZIF-8 film between Si and Ag
electrodes (see Fig. 7c). The transition from the HRS to LRS
occurred under an applied electric field. The mechanism for
the RS behaviour was proposed to be due to the increased
electronic conductivity of the ZIF-8 structure after the for-
mation of Ag nanoparticles at the Ag-ZIF-8 interface through
electro-migration and electron hopping. Moreover, the resistance
states could be reversed by reversing the electric field. In the

Fig. 7 (a) Current–voltage characteristics of the Au/HKUST-1/Au/PET
flexible device (inset: schematic configuration and the forming process
of the memory device). Stages 1 and 2 represent the switch from the initial
HRS to LRS, respectively after applying voltage bias, while stages 3 and 4
indicate resetting from LRS to HRS, respectively after applying reverse
voltage bias. Adapted with permission.128 Copyright 2015, Wiley-VCH. (b)
Schematic image of the matrix-formed ReRAM device with Al top and Au
bottom electrodes, the ZIF-8 film sits on the PET substrate. Adapted with
permission.129 Copyright 2017, the Royal Society of Chemistry. (c) ZIF-8-
based memory device arrays with alcohol-mediated properties. Adapted
with permission.54 Copyright 2016, Wiley-VCH.
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chemical sensing application, the device showed varied resistance
in the HRS region in proportion to different alcohol concentra-
tions through the adsorption of alcohols into the cavities of the
ZIF-8. The application of an electric field caused organization of
the alcohol molecules within the pores by aligning their dipoles in
the direction of the field inducing charge transfer and decreasing
the resistance to a new (but lower) resistance state. The excellent
sensing response to alcohol was also favoured by the hydrogen
bonding interaction between the molecules. The viability of this
device for wearable electronics was further demonstrated by
fabrication on flexible substrates which showed similar alcohol
response. Since the wearable sensor will be directly attached to the
body, personal physiological data that are collected and processed
may be stored within the device.54,122

(b) Electron conducting MOF sensors. The design and mod-
ification of electron conducting MOFs are actively investigated
within the MOF community for potential electronic device
implementation.111,130–133 The design of electronically conduct-
ing MOFs is achieved from the combination of a variety of
redox-active metal centres with specialized linkers having
p-conjugated structures, such as HITP, THT (THT = 2,3,6,7,10,11-
triphenylenehexathiol) and BHT (BHT = benzenehexathiol).
The resulting MOF materials can exploit different types
of charge transfer interactions, such as the p–p stacking and

p–d conjugated structures, to adjust the Fermi levels and band
gaps.134 Huang et al. fabricated a crystalline CuBHT film that
has the highest reported electronic conductivity with a value of
1580 S cm�1 and fast charge mobilities of 99 cm2 V�1 s�1 for
holes and 116 cm2 V�1 s�1 for electrons.135 Other interesting
conducting MOF materials have been excellently reviewed by
Sun et al.,130 Xie et al.111 and recently by Liu et al.134 The
success accomplished in this area of MOF materials science
motivates the development of conducting MOF sensor arrays
that can directly interface with conducting components of
electronic devices by eliminating ohmic loss to achieve opti-
mum sensor capability. The theoretical study by Gustafson and
Wilmer indicates that the combination of different MOFs with
dissimilar sensing preferences to analytes to make a sensor
array could lead to the detection of a wide range of analytes and
better selectivity than a single MOF system.136 Campbell et al.
fabricated a chemiresistive sensor array by depositing three
isostructural conducting MOFs, namely: Cu3(HHTP)2,
Cu3(HITP)2 and Ni3(HITP)2 on interdigitated gold electrodes
for sensing of volatile organic compounds.137 They devised a
protocol to deposit the MOFs on an interdigitated gold elec-
trode through a solvent-free mechanical abrasion of pelletised
MOF that was placed inside a mechanical pencil holder. The
compressed MOF inside the pencil holder was abraded into
spaces between the fingers of the gold electrode (see Fig. 8a).

Fig. 8 (a) Photograph of conducting MOFs on interdigitated gold electrodes fabricated into a conducting MOF sensor array, shown schematically over
the photo. Reproduced with permission.137 Copyright 2015, American Chemical Society. (b) Principal component analysis demonstrating differentiation
of analytes (3 arrays, 2 sensors each); NH3 shown in red, NO in purple, H2S in green and H2O in blue, whereas Array #1 markers are circular, Array #2 are
square and Array #3 are triangular. Reproduced with permission.138 Copyright 2016, American Chemical Society. (c) Textiles coated with nanoporous
MOF. Both macroscopic and molecular level detail is shown, from a photograph of cotton SOFT-sensor postreaction (top left), to scanning electron
micrographs detailing MOF coating on fibres (bottom left) and characteristic MOF nanorod texture (bottom right), to a space-filling model of the MOF
(top right). Reproduced with permission.55 Copyright 2017, American Chemical Society.
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Upon exposure of the Ni–MOF sensor to organic volatiles, the
sensor showed an increased electronic conductance while the
Cu–MOF-based sensors showed decreased conductance. This
opposite direction in sensing response has been explained in
terms of the different charge densities of the MOFs imposed by
the different electronic states of the metal centres. The sensor
array distinguished between the different families of organic
vapours having different functional groups. The different inter-
actions between the analytes and the organic linkers also
contributed to the selectivity shown by the sensors.137

Smith et al. directly grew conducting isostructural
Cu3HHTP2 and Ni3HHTP2 on the surface of graphite IDE
deposited on a shrinkable polymer film through solvothermal
synthesis to ensure good contact between the MOFs and the
electrodes. Both sensors showed the ability to distinguish
between NO, NH3, H2S and H2O at different concentrations
(Fig. 8b).138 Smith and Mirica further demonstrated the practi-
cality of integrating conducting MOFs with cotton fabric mate-
rials to fabricate electronic textile sensors. The textile sensors
were fabricated by the self-assembly of Cu or Ni precursors with
organic triphenylene-based ligand on the surface of cotton
materials to give Self-Organized Frameworks on Textiles (SOFT)
sensors (Fig. 8c).55 The SOFT sensors were exposed to NO and
H2S at ppm level with detection limits of 160 ppb and 230 ppb,
respectively. It is noteworthy that the sensors showed sustained
performance in a humid environment (RH = 18%) and the
Ni3HITP2 SOFT sensor showed high selectivity for NO.55 Another
class of electronic conducting 2D MOFs reported for their fast
response and selectivity to analytes with potential for sensor
fabrication are based on phthalocyanine (Pc) and naphthalocya-
nine (NPc) MOFs. The sensors developed from these MOFs also
show consistent performance in humid environments. Meng et al.
developed NiPc and NiNPc sensors and demonstrated them for
the detection of NH3, NO and H2S with exceptionally low detection
limits of 310–330 ppb (NH3), 19–32 ppb (H2S) and 1.0–1.1 ppb
(NO).139 Wang et al. performed a surface functionalization on
their bimetallic Ni2[MPc(NH)8] MOF using aliphatic hydrocarbon
chains to devise a sensor capable of discriminating alcohols based
on differences in polarity.140

2.2.3 Field-effect transistors (FETs) in MOF sensors. Field-
effect transistors (FETs) are among the emerging microelec-
tronic devices showing promise for various technological appli-
cations including integrated circuits, memory storage devices,
radio frequency identification (RFID) tags, organic electronics,
robotics and chemical and biochemical sensing.141–145 They
control the electrical properties of materials by employing an
applied electric field. A typical FET device consists of four
components including a substrate and three electrodes (gate,
source and drain electrodes) as illustrated in Fig. 9a. Both the
source and drain are semiconducting electrodes that are sepa-
rated from the metallic gate by a gate oxide. The chemical
sensing response of FETs is assessed from a change in either
the gate-source voltage or drain–source currents.146 For
instance, in ion sensing, the chemical interaction of the ana-
lytes with a functional semiconductor substrate creates a
concentration gradient leading to a chemical potential between
the gate and the source (VGS) that is measurable.144 The
incorporation of porous semiconducting substrates, such as
MOFs, into FETs further provides easy accessibility and high
charge mobility to chemical substances through rapid ionic/
molecular transport resulting in significant electrical response.
MOF-based FETs are promising as sensors due to their stability,
sensitivity and suitability with low-cost and scalable assembly
methods.109

Wu et al. incorporated a conducting Ni3(HITP)2 MOF in a
FET to fabricate a p-type Ni–MOF-FET device that exhibited a
discrete current on/off ratio and field-effect hole mobility of
48.6 cm2 V�1 s�1.147 Wang et al. applied the same Ni–MOF to
fabricate a liquid-gated device for the detection of gluconic acid
(Fig. 9b and c). As a promising glucose sensor, the device
showed a decent response to gluconic acid to as low as
1 ppm. The device exhibited an increased charge mobility from
6.2 to 45.4 cm2 V�1 s�1 for gluconic acid recognition mostly due to
the excellent semiconducting behaviour and large surface area
that provided accessible channels for charge transfer.58 A similar
p-type device was fabricated by Ingle et al. using Ni3(HHTP)2 MOF
to attain a charge mobility of 8.5 � 10�2 cm2 V�1 s�1 and was
applied to sense SO2 gas at 625 ppb.148

Fig. 9 (a) Schematic illustration of a four-terminal metal-oxide semiconductor field-effect transistor. VGS and VDS are the gate-to-source and drain-to-
source voltages. (b) and (c) Schematic illustration of the Ni–MOF-FET (b) as a liquid-gated FET and (c) detecting gluconic acid under negative gate
voltage. Reproduced with permission.58 Copyright 2019, American Chemical Society.
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The ability of MOF-FET sensors to cause charge mobility of
analytes depends on accessible surface areas, ionic/molecular
transport channels and electronic conductivity of MOFs. How-
ever, only a small fraction of MOFs possess the required
electronic conductivity as the vast majority of MOFs are
insulators that must be combined with conducting substances
for FET applications.149,150 Yet, Stassen et al. integrated an
insulating MOF, UiO-66, with FETs for the field-effect detec-
tion of dimethyl methylphosphonate (DMMP).151 DMMP is
used as a chemical simulant for organophosphate nerve
agents due to its lower toxicity.152 They applied the Kelvin
Probe technique which measures the contact potential differ-
ence (CPD) of two electrodes that were brought close but have
no electrical contact. An electron flow can be observed from
the electrode with a lower work-function to the other with
higher work function when their Fermi-levels match.151,153

The electrodes consist of a UiO-66-NH2-coated Si electrode
and a bare Si electrode. At different concentrations of DMMP,
the changes in CPD could be observed. The UiO-66-FET
device could sense DMMP due to a concentration change
following their adsorption on the electrodes, which changes
their work-function to allow the measurement of CPD. The
UiO-66-FET device showed a detection limit of 3 ppb.151

2.3 Electromechanical sensors

Electromechanical devices are among the oldest and simplest
of sensors, and are attractive for their high sensitivity (up to
B10�21 g detection limit).154 They can be considered as micro-
analytical balances that respond to tiny changes in mass of the
species deposited on a piezoelectric layer that is coated with an
adsorbent film to produce measurable electrical signals.155 The
adsorbent films used with these sensors have consisted of a
variety of materials including polymers, zeolites, carbon and
metal oxides for the detection of gases and volatiles. Electro-
mechanical devices, such as surface acoustic wave (SAW)
devices and quartz crystal microbalances (QCMs), are more
advanced and can be obtained from commercial vendors.156

MOFs are promising in the development of ultrasensitive
and selective electromechanical sensors due to their exception-
ally high surface area allowing analytes to concentrate in their
pores and yield significant electromechanical responses.13 This
section presents an update on recent studies on the application
of MOF-based electromechanical sensors which include SAW,
QCM and microcantilever devices to sense various analytes.

2.3.1 MOF SAW sensors. In a MOF-SAW sensor, the MOF
film is coated on the piezoelectric substrate that separates two
sets of interdigital transducer (IDT) electrodes. The electrodes
are connected by a radio frequency (RF) amplifier to create a
resonant frequency. When the RF voltage passes through the
IDT electrodes, a mechanical Rayleigh surface wave velocity and
the corresponding resonant frequency are produced that pro-
pagate over the surface of the MOF film; these change in the
presence of analytes for chemical sensing (see the schematic in
Fig. 10a).

Conventional methods to attach MOFs on the surface of the
piezoelectric layer are based on solvothermal growth through

surface mounting using self-assembled monolayers, layer-by-
layer growth and drop-casting of preformed crystals.13,27

Recently, the acoustic wave generated by the RF amplifier was
employed to grow MOF crystals directly on the surface of the
piezoelectric substrate using an acoustomicrofluidic technique
developed by Yeo et al.60,61 In this method, SAW irradiation was
used to initiate the reaction between MOF precursors that are
present in a tiny droplet of the solution to crystallize HKUST-1
and Fe-MIL-88B separately on the piezoelectric surface of the
SAW device. The generated acoustic wave from the resonant
oscillating electric field source causes microscale mixing of the
reactants present in the droplet and subsequently microcentri-
fugal flow to induce nucleation and crystallization of the MOFs
on the surface of the piezoelectric substrate (Fig. 10b). The
acoustic excitation causes alignment of the MOF crystals in a
preferred orientation. The study further showed that the
intense SAW oscillations can activate the MOF crystals by
forcing out the solvent molecules from the pores. Although
the study did not demonstrate the device for sensing, the
method developed therein using acoustic irradiation to activate
freshly synthesized MOFs on SAW devices is promising for
future sensing applications.61

The response of MOF-based SAW devices to analytes
depends on the accessibility of molecules to the pore apertures
and the adsorption capability of the MOF layer. Paschke et al.159

incorporated two Metal–organic Framework Ulm University
(MFU)-type MOFs into SAW devices to impart selectivity to
the already sensitive device. One MFU@SAW sensor was fabri-
cated by incorporating MFU-4 (Zn5Cl4(BBTA)3, BBTA2� = 1H,5H-
benzo(1,2-d:4,5-d0)bistriazolate) into a SAW device through
solvothermal growth. MFU has a narrow 2.5 Å pore opening
allowing detection of small gas molecules such as CO2, H2, He,
NH3 and H2O and for screening out larger molecules such as
CH4. For response to larger molecules, another type of MFU
structure, MFU-4l (Zn5Cl4(BTDD)3, BTDD2� = bis(1H-1,2,3-
triazolato-[4,5-b],[4 0,50-i])dibenzo-[1,4]-dioxin), with a larger
aperture of 9.1 Å was grown on the SAW device.159

2.3.2 MOF QCM sensors. In QCM devices, the MOF film is
deposited on a gold electrode that is positioned at the centre of
a circular quartz crystal. The frequency shifts depend on the
slight changes in the mass of the MOF layer due to the
adsorption of analytes (see Fig. 10a). The relationship between
the frequency shift and the mass changes due to analyte
adsorption is directly proportional as shown by Sauerbrey in
eqn (1):30,160

Df ¼ � 2f0
2

A
ffiffiffiffiffiffiffiffiffiffimqrq
p Dm (1)

where f0 is the resonant frequency, A is the area of the quartz,
Dm is the mass change of the active layer, mq is the shear
modulus of the quartz and rq is the density of the quartz.

The response of the MOF QCM sensor to analytes is primar-
ily determined by the mass of the analyte, such that the
heaviest molecule adsorbed by the MOF triggers the highest
frequency change. However, specific chemical interactions
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between the analyte and the secondary building units of MOFs
further contributes to the adsorption of analytes which then
determines the overall sensor response. Xu et al. exploited the
strong affinity of Al(OH)(1,4-NDC) MOF to pyridine vapour to
selectively detect pyridine from a group of vapours consisting of
methanol, ethanol, acetone, THF, pyridine and water vapour
using the QCM platform.161 They demonstrated that the sensor
could attain high sensitivity by activating the Al–MOF film prior
to depositing it on the QCM device through solvent exchange of
DMF with CH2Cl2. A sensitivity of 99.7 Hz ppm�1 was obtained
with a detection limit of 40 ppb pyridine. The selective response
of the Al–MOF QCM sensor to pyridine is favoured by the
combination of hydrogen bonding with Al(OH)2O4 cluster and
interaction with the NDC linker.161 Haghighi and Zeinali also
demonstrated their MIL-101(Cr) QCM sensor for improved
sensing of pyridine with a sensitivity of 2.79 Hz ppm�1 and a
detection limit of 1.6 ppm pyridine.162 The MIL-101(Cr) QCM
sensor was fabricated by drop-casting the MOF suspension on
the Au substrate of the QCM device. The selected target vapours
are both polar and non-polar and include methanol, ethanol, 2-
propanol, n-hexane, dichloromethane, chloroform, acetone,
tetrahydrofuran (THF) and pyridine. Although, all the

molecules could be adsorbed into the MIL-101 pores due to
its large cavities, the MIL-101(Cr) QCM sensor showed highest
frequency change in the presence of pyridine due to a combi-
nation of its hydrogen bond interactions with the Cr3F(H2O)2O
clusters of the MIL-101(Cr) and high molecular weight of
pyridine.162 The authors later reported a similar response of
MIL-101(Cr) QCM sensor with formaldehyde and a sensitivity of
1.67 Hz ppm�1 and a detection limit of 1.79 ppm.163 The MIL-
101(Cr) QCM sensor exhibited long-term stability and retained
its sensitivity to both pyridine and formaldehyde after two
months.162,163 Ma et al. integrated MOF-14 (Cu(BTB); BTB =
4,40,400-benzene-1,3,5-triyl-tribenzoate) with a QCM device to
selectively detect benzene from a selected group of aromatic
organic volatiles which included benzene, toluene, ethylben-
zene and xylene (BTEX).164 The MOF-14 QCM sensor showed
sensitivity of 15 Hz ppm�1 with a detection limit of 500 ppb
benzene. The selective response of the MOF-14 QCM sensor to
benzene is due to its smaller size and lower steric hindrance
than other members of the BTEX group that allows benzene to
access and populate the pores of MOF-14. However, MOF-14
also adsorbs water vapour and CO2, which interfered with the
detection of the organic molecules.164 The MOF-14 QCM device

Fig. 10 (a) Schematics of different MOF-based electromechanical sensors studied recently. The sensitive MOF films are positioned between interdigital
transducers that respond to acoustic wave irradiation in the MOF SAW sensors. In the QCM sensor, MOF films are coated on a gold substrate (electrode)
to give changes in resonance frequency after molecular adsorption. MOF cantilever sensors produce deflections and changes in resonance frequency
following changes in the effective mass of the microcantilever. (b) Illustration of the acoustomicrofluidic platform on which the MOF crystals are
synthesized in the presence of an acoustic wave generated by applying an input voltage to a pair of offset IDTs patterned on the substrate. Reproduced
with permission.61 Copyright 2019, Springer Nature. (c) (left) Digital image of the QCM coated with HKUST-1 film, (middle) false colour SEM images of
CNT-HKUST-1 composite, HKUST-1 is the cyan-coloured cubical crystal, while CNT is the yellow thread, (right) TEM image of the CNT-HKUST-1
composite showing cubical HKUST-1 crystals formed on CNT thread. Adapted with permission.157 Copyright 2018, Elsevier. (d–f) SEM images of a ZIF-8
cantilever fabricated on a Si wafer: (d) side-view SEM image of the ZnO nanorods grown to 3.5 mm on a silicon wafer and cross-sectional SEM image of
the corresponding ZIF-8 films after 1 h solvothermal reaction. (e) Top-view SEM image of a ZIF cantilever and (f) magnified image of the ZIF cantilever
surface. Adapted with permission.158 Copyright 2015, the Royal Society of Chemistry.

Materials Horizons Review

Pu
bl

is
he

d 
on

 3
0 

Ju
ne

 2
02

1.
 D

ow
nl

oa
de

d 
on

 5
/7

/2
02

4 
9:

04
:2

3 
A

M
. 

View Article Online

https://doi.org/10.1039/d1mh00609f


2402 |  Mater. Horiz., 2021, 8, 2387–2419 This journal is © The Royal Society of Chemistry 2021

is a promising sensor for monitoring the presence of benzene
in the environment.

Composite materials of MOFs with other porous materials
have been employed in the fabrication of QCM sensors in
pursuit of improved sensitivity. Chappanda et al. reported a
highly sensitive humidity HKUST-1/CNT QCM sensor. The
composite was prepared by ultrasonic mixing of suspensions
of CNT and HKUST-1 in isopropanol, followed by spin-coating
on the Au substrate of the QCM device as shown in Fig. 10c.
This study indicates that the combination of CNT to HKUST-1
reduces the particle size of the MOF resulting in increased
water vapour adsorption. Low amounts of CNT could not
reduce the particle size of HKUST-1 and did not result in
improved sensitivity over the pristine HKUST-1 QCM sensor.
Conversely, excess CNTs reduce the surface area of HKUST-1
and minimize the adsorption of water molecules. An optimum
composition of the HKUST-1/CNT mixture was determined as
0.5 mg CNT per 2.5 mg HKUST-1 to attain a sensitivity of �141
Hz per % RH.157

Solution-phase sensing by MOF QCM sensors makes them
versatile and promising for biochemical detection. Yang et al.
developed a MOF-based enantioselective QCM sensor for the
discrimination of Cysteine (Cys) enantiomers.165 Tartaric acid-
functionalized UiO-66-NH2 was spin-coated on a QCM device to
fabricate L- and D-UiO-tart@Au QCM sensors. The sensors
showed selective response to the enantiomer with the same
chiral configuration, i.e. L-UiO-tart@Au QCM showed prefer-
ence to L-cys and vice versa. The selectivity for L-cys and D-cys
was 5.97 and 5.63, respectively. The enantioselectivity was due
to the hydrogen bonding interactions between the –OH of the
tartrate group and the –SH of Cys, which depend on the
absolute configurations of the UiO-66-tart layer and Cys.

The QCM sensors have received greater attention in the MOF
community than their SAW counterparts due to their easy
handling and flexibility to detect analytes in both gas and
solution phases. However, they operate at lower natural fre-
quencies and are less sensitive. The difference in the sensing
capabilities of MOF SAW and QCM devices was investigated by
Devkota et al. in the detection of CO2 and CH4.166 The indivi-
dual sensors were fabricated by in situ growth of ZIF-8 from its
precursors directly on the surface of the piezoelectric substrate
of the devices. They reported that both sensors exhibited
selective response to CO2 over CH4, due to the higher molecular
weight of CO2. However, the ZIF-8 SAW sensor exhibited higher
sensitivity than the ZIF-8 QCM sensor over similar thickness of
the ZIF-8 film.166 Moreover, both sensors are promising for
monitoring greenhouse gases.

2.3.3 MOF cantilever sensors. Microcantilevers can lever-
age the structural flexibility of MOFs to become highly sensitive
devices. Molecules adsorbed on the surface of the sensing layer
cause either frequency shifts (dynamic mode) or surface stress
(static mode).167 The sensing in the dynamic mode is similar to
those observed in the SAW and QCM devices since changes in
resonance frequencies are seen with adsorption of molecules
(Fig. 10a). However, for the static mode, the sensing layer
deflects upon molecular adsorption. The presence of a

structurally flexible adsorbent coating provides additional sen-
sitivity to the sensor. MOFs that yield a mechanical response
upon molecular adsorption are compatible with microcantile-
vers to operate in the static mode. An example of such is MIL-53
(Cr or Al), which expands and compresses after the adsorption
and desorption of guest molecules, respectively, without col-
lapse of the framework.168–170 A MIL-53(Al) based microcanti-
lever was fabricated and studied by Yim et al. for the detection
of CO, CO2, N2 and Ar using both sensing modes. Their study
showed that the static mode gave a higher response than the
dynamic mode due to the intrinsic flexibility of MIL-53(Al).171

Yim et al. further investigated the flexible pore property of ZIF-8
in a ZIF-8 cantilever sensor. They fabricated a ZIF-8 microcan-
tilever sensor from the reaction of ZnO that was grown on a Si
cantilever with 2-methylimidazole. The SEM images obtained
during the fabrication of ZIF-8 cantilever is shown in Fig. 10(d–
f).158 The sensor was exposed to different alcohols (methanol,
ethanol and 1-propanol) to cause frequency shifts and deflec-
tion of the ZIF-8 cantilever. Since resonance frequency is
inversely proportional to the square root of the mass difference
of the MOF film due to analyte adsorption,167 the largest
deflection was observed for methanol that has the least mole-
cular mass.158 Also, the critical alcohol vapour concentration
required to cause the cantilever deflection decreased with
increasing hydrophobicity, due to the hydrophobic nature of
ZIF-8.158

MOF-based electromechanical sensors utilize the most
important property of MOFs; high surface areas therefore
offering extraordinary sensitivity and selectivity to analytes.
More studies into these class of sensors are required, particu-
larly to investigate the adaptability of several MOF materials
with SAW and cantilever devices and to explore their versatility
in chemical sensing. Also, the combination of electromechani-
cal capabilities with both electrochemical and electronic sen-
sing to create electrical sensor arrays is promising to develop
highly sensitive MOF-based recognition platforms for chemical
and biochemical applications.172

2.4 Optical sensors

Generally, an optical sensor comprises of a light source, a light
modulator (which changes wave properties of the radiated light
oscillations such as intensity, polarisation, frequency and
phase) and an optical element to guide the light from the
source through the modulator to a detector. Optical fibre
sensors are attractive for their portability and immunity to
electromagnetic interferences, which give them an advantage
over their electronic counterparts. Thus, they can be used
under harsh conditions such as explosive environments. Also,
since the optical communications do not require electrical
components, the application of optical sensors does not pose
safety threats. Optical fibre sensors may be classified into either
extrinsic or intrinsic sensors as illustrated in Fig. 11a and b.
MOFs have been integrated with optical fibre devices both as
extrinsic and intrinsic sensors to minimize optical losses for
enhanced sensitivity and selectivity.
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2.4.1 Intrinsic MOF-based optical fibre sensor. An intrinsic
optical fibre sensor actively participates in sensing by acting as
the light modulator while propagating the light within the
fibre.175 Nazari et al. fabricated a UiO-66-based intrinsic optical
fibre sensor by coating UiO-66 on a perpendicularly cleaved
end-face of an optical fibre (Fig. 11c) for the aqueous detection
of Rhodamine-B (Rh-B).176 The overall light intensity indicates
the sensitivity of the UiO-66 device towards Rh-B, which
changes with the variation in the wavelength of the light
source. The total intensity analyzed by an optical processor
was estimated from the separate back-reflection light intensi-
ties from the MOF–fibre interface and the MOF–water interface.
The shifts in the interferograms towards the longer wave-
lengths signalled the detection of Rh-B as the concentration
increased.176 The same sensor was applied in a light-triggered
release of 5-fluorouracil that was trapped within the UiO-66
cavities.173

A similar device was constructed by incorporating a single
crystal MOF to an end face of the optical fibre instead of using a
polycrystalline MOF coating on the fibre. Zhu et al. attached a
HKUST-1 single crystal to one end of an optical fibre for the
detection of nitrobenzene (Fig. 11d). The device produces a

polarised light signal which is promising as an in-line polarizer
micro sensor.70 However, the performance of the sensor
declined in the long-term due to the poor stability of HKUST-
1. To fabricate an intrinsic MOF-based optical fibre sensor for
CO2, Kim et al. combined the total internal reflection property
of an optical fibre with the ultra-porosity of ZIF-8 by cladding
the fibre with ZIF-8 (Fig. 11e). ZIF-8 served to selectively adsorb
gaseous molecular targets while the sensitivity of the device can
be measured from the changes in the refractive index of the
MOF film. In this device, optical modulation occurred within
the fibre core. The sensor also showed a rapid response and
high selectivity to CO2.69 The same group later performed a
post-synthetic modification of the ZIF-8 layer with hydrophobic
oleylamine to minimize the interference of moisture during
CO2 sensing, while increasing the sensitivity of ZIF-8-optical
fibre device to CO2 and improving the moisture stability of the
device.177

2.4.2 Extrinsic MOF-based optical fibre sensor. An extrinsic
fibre sensor passively participates in chemical sensing since it
only serves as an optical mediator between the analyte and
external instrumentation for signal detection. After light extrac-
tion from the optical fibre, modulation is performed in a

Fig. 11 (a) Schematic of an intrinsic optical fibre sensor in which the light propagating along the fibre axis is modulated either directly through its
chemical environments or environmentally induced optical path length changes within the fibre itself. (b) Schematic of an extrinsic optical fibre sensor in
which light modulation is performed within a sensing material connected to the fibre. The fibre only serves to propagate the incoming light from the
source and the extracted light toward the detector. (c) SEM images of UiO-66 optical fibre thin film with its cross-section view showing its thickness.
Adapted with permission.173 Copyright 2016, Wiley-VCH. (d) An optical microscope image of a prototype single crystal MOF sensor. Reproduced with
permission.70 Copyright 2019, American Chemical Society. (e) Schematic diagram of an optical fibre sensor integrated with ZIF-8 thin film. Reproduced
with permission.69 Copyright 2018, American Chemical Society. (f) Schematic of the CuBTC filter fibre optic gas sensing device. Reproduced with
permission.174 Copyright 2015, Elsevier.
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different medium (Fig. 11b). Ohira et al. developed an extrinsic
optical gas sensor by integrating a CuBTC filter into an optical
fibre for trace level moisture detection in purified industrial
gases.174 The CuBTC filter was sandwiched between the ends of
two fibre optics that are connected to a light-emitting diode (LED)
source and photodiode detector, respectively (Fig. 11f). Moisture
detection is determined from absorbance measurements by
observing the colour changes of CuBTC from light-blue to deep-
blue after moisture adsorption. The sensitivity of this device is
affected by the gas flow rate or the nature of the industrial gas,
except NH3 which gives a similar response due to its affinity to the
Cu2+ centre of the MOF. However, the interference of NH3 can be
resolved by noting that NH3 was adsorbed faster than water by
CuBTC under similar conditions. The detection limit of NH3 (1.8
ppm) is lower than moisture (85 ppm).174

2.4.3 Optical fibre grating MOF sensors. Optical fibre grat-
ing sensors are a type of optical fibre sensor that consists of a
grating with periodic variation of refractive index within the
fibre core to act as a spectral filter that reflects light of a specific
wavelength while transmitting other wavelengths. The fibre
gratings control the properties of light propagating within the
fibre that involves the periodic changes of the refractive index
of the fibre core that forms a modulated pattern along the fibre

axis. The periodic fibre grating (PFG) devices are classified into
two: (1) the short-period gratings (SPG) which have a sub-
micrometre period and (2) the long-period gratings (LPG)
which have periods in the range 100 mm to 1 mm.178 There
are only a few studies on the integration of MOFs into PFG
devices with more focus on the LPG. A schematic diagram of a
MOF–LPG hybrid is shown in Fig. 12a. The LPG cause periodic
changes in refractive indices of the fibre core through coupling
of the core mode to the co-propagating cladding modes of the
fibre. This coupling yields a transmittance spectrum as a series
of attenuation bands with corresponding central wavelengths,
each band representing coupling to a different cladding mode.
Hromadka et al. coated LPG with MOFs having periods of
approximately 110 mm to sense alcohols,66 volatile organic
compounds67 and CO2.68 High sensitivity can be attained at a
phase-matching turning point (PMTP) by precisely adjusting
the grating periods and tuning the thickness of the MOF layers.
Wu et al. showed that with an increased period, improved
sensitivity could be attained.179 The PMTP is the wavelength
(l) at which minimum energy is coupled from the core to the
cladding mode of the fibre according to:

l = [neff(core) � neff(cladding)]L (2)

Fig. 12 (a) Schematic diagram of MOF-coated LPG showing the input and the transmitted spectra. (b) (i) Electric field distribution of the fundamental
mode (LP01, core mode) and (ii) higher-order mode (LP08, cladding mode); (iii) near-field image of the LP08 mode pattern obtained with an infrared
camera; (iv) schematic diagram of the fibre Mach–Zehnder interferometer with cascaded LPGs. ASE: amplified spontaneous emission light source; OSA:
optical spectrum analyzer. Reproduced with permission.179 Copyright 2020, the Royal Society of Chemistry. (c) Top: Schematic diagram of the hybrid
micro-ring resonator MOF sensor showing the optical fibre connections. The micro-ring resonator was coupled with two bus waveguides that have two
integrated inversed-tip couplers for input and output of optical signals from and to optical fibres; middle: SEM image of a section of the ZIF-8 film coated
on the hybrid micro-ring resonator device; bottom: schematic diagram of the hybrid micro-ring resonator MOF sensor. Adapted with permission.71

Copyright 2017, Springer Nature.
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where neff(core) and neff(cladding) represent the effective refrac-
tive index of the core and cladding, respectively. L is the period
of LPG.66–68,179

The response of the device was measured through the
changes in central wavelengths, which are sensitive to their
chemical environments. The MOF films on the optical fibres
provide increased presence of analytes around the cladding
mode by adsorbing and concentrating molecules within their
pores. Wu et al. also exploited both the light-vapour and the
ZIF-8-vapour interactions to modulate the refractive index in
their fabricated Mach–Zehnder interferometer as shown in
Fig. 12b through the manipulation of the co-propagating clad-
ding mode, LP08. They showed that the vapour adsorption by
ZIF-8 caused significant changes in the refractive index of the
fibre. The changes in the refractive index prompted an
increased power of the evanescent field in ZIF-8 to sense the
vapours.179

2.4.4 MOF-based micro-ring resonators. Tao et al. incorpo-
rated ZIF-8 into a micro-ring resonator device shown in Fig. 12c
for the sensing of volatile organic compounds.71 A micro-ring
resonator is an optical waveguide consisting of at least one
closed loop in which light propagates and consists of a cou-
pling unit to access the loop.180 The response of the device to
vapours is defined by a spectra shift which is caused by changes
in the refractive index. The micro-ring ZIF-8 resonator can
sense the sub-ppm level of organic vapours due to the large
surface area of the MOF and high adsorption of the organic
vapours.71

2.4.5 MOF films as diffracting surfaces. The colour
changes from diffraction gratings are promising in chemical
sensing to promote the integration of MOFs with optoelectronic
devices. Faustini et al. fabricated optical diffracting nanopat-
terned ZIF-8/TiO2 composite film using soft lithography. ZIF-8
crystals were deposited on a patterned TiO2 surface that pro-
vides the optical index contrast. The diffracted light can be
captured by a smartphone camera and is further processed to
obtain diffraction luminance intensity. Following the adsorp-
tion of organic vapour molecules, there is a decrease in the
optical index contrast between ZIF-8 and TiO2 that leads to
reduced luminance intensity.181 A crack-patterning technique
was also used to prepare a MOF-based diffracting surface for an
organic vapour sensor. Colloidal ZIF-8 (32 nm) and MIL-101
particles (about 25 nm) were dip-coated on different surfaces
including flat and the interior of tubular substrates. At low
relative humidity (o10%), crack patterns were obtained via
evaporation of the colloidal solution and excellent control over
periodicity was achieved by dip-coating at different speeds. The
patterned MOF films showed photonic behaviour due to their
ability to diffract light. Signal transduction is based on the
changes in refractive indices due to interaction with molecules
and it is related to the diffraction intensities.182

2.4.6 MOF colloidal crystal films and devices. The combi-
nation of the high surface area of MOFs with the opalescence of
their colloidal crystal films is useful for the optical recognition
of chemicals. The response to gas-phase analytes is due to
changes in the refractive indices of the MOF colloidal crystal

films following the adsorption of guest molecules. Since pores
of MOFs are expected to be free of organic volatiles before
sensing, analyte adsorption will change the overall refractive
indices of the MOF film due to refractive index contributions
from adsorbed molecules during sensing. Hence, a change in
the photonic stopband of the periodic MOF structure can be
observed after the adsorption of guest molecules by the photo-
nic MOF. The shifts in the photonic stopband positions (Dl) are
usually obtained from UV-Vis reflectance or transmission
measurements.183 The sensing response of the colloidal crystal
MOF film is directly correlated to the magnitude of Dl. Avci
et al. exposed a ZIF-8 colloidal crystal film to water and simple
alcohols including methanol, ethanol, iso-propanol and n-
butanol. The film showed largest Dl to n-butanol and no
change to water.184 The organization of crystals of a MOF film
layer added to an optical device has been shown to improve the
sensitivity of the sensor.

Chocarro-Ruiz et al. fabricated a ZIF-8 based optical sensor
for CO2 by depositing self-assembled ZIF-8 nanocrystals on a
bimodal waveguide (BiMW) interferometer as shown in
Fig. 13a. The sensor response is based on adsorption of CO2

by ZIF-8 which significantly changes the refractive index of the
device. High sensitivity to CO2 was obtained via coating of a
transparent film of self-assembled ZIF-8 nanoparticles (size: 32
� 5 nm) on the surface of the BiMW waveguides to achieve high
optical transmittance at 660 nm. This was followed by a
protective coating of the ZIF-8 film with polydimethylsiloxane
to prevent cracking of the ZIF-8 layer that causes the loss of
optical transmission during activation and sensing. The limit
of detection of CO2 by the sensor was 774 ppm at 278 K.185

Zhang et al. fabricated periodic UiO-66 structures from
crystals of different sizes. They tested the response of the
UiO-66 films to saturated organic vapours and found that their
performance is related to the crystal sizes of UiO-66 present in
the self-assembled films. Of the seven different colloidal crystal
UiO-66 films exposed to ethanol vapour, the results in Fig. 13b
indicate that periodic structures consisting of the smallest
crystals (380 nm) have the largest spectra shift, fastest response
and shortest recovery time due to the largest surface area.186

To expand the range of applicability of MOF-based colloidal
crystal sensors and exploit the high surface areas of MOFs
towards the detection of low amounts of chemicals, it is
important to tune the sensitivity of the films such that low
concentrations of analytes should yield measurable Dl. High
sensitivity performance for vapour sensing have been reported
for MOF-coated silica or polystyrene colloidal crystals but may
be improved when template-free MOF colloidal crystals are
used due to higher porosity. The high sensitivity of template-
free MOF colloidal crystals will depend on whether there is a
high degree of colloidal ordering, high surface area, the mole-
cular size of the analytes is small enough to access the MOF
cavities and the resolution of the spectrophotometer.186,188,189

Alternatively, it is possible to exploit the high surface area of
MOFs toward achieving the low-level detection by template-free
colloidal crystals by coupling them with fluorescent-based
detection. Enhanced fluorescence of a Nile Red dye adsorbed
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into a periodic ZIF-8 structure (NRBccZIF-8 film) when exposed
to organic vapours was recently reported (Fig. 13c).187 After
carefully matching the photonic stopband of ZIF-8 with the
emission wavelength of Nile Red, the NRBccZIF-8 film showed
a 200-fold enhanced fluorescence compared to Nile Red
adsorbed on a disordered ZIF-8 film. The enhanced fluores-
cence occurred due to the overlap of the leaky mode of the ZIF-8
colloidal crystal with the emission energy of the Nile Red. The
sensitivity of the NRBccZIF-8 film to low concentrations of
acetone, methanol, toluene and xylene isomers at room tempera-
ture was obtained from fluorescent intensity changes (see
Fig. 13d). Detection limits of 60 ppm and 95 ppm for acetone
and toluene, respectively, were obtained. The NRBccZIF-8 film
also distinguished between vapour adsorbates through vapochro-
mic response at higher vapour concentrations.187 This study
should inspire other combinations of fluorophores with photonic
MOF systems for various fluorescent sensing applications.

2.5 Current limitations of each sensing method

In the previous sections, different proof-of-concept MOF
devices have been evaluated from electrochemical, electronic,
electromechanical and optical sensing platforms. The perfor-
mance of MOF devices across the four platforms is encouraging
and signals their readiness for integration with wearable and

field-deployable sensors. However, there remain a few issues
that should be addressed to expand the library of MOFs that
can be integrated with devices.

Electrochemical sensing that occurs in an aqueous environ-
ment requires water-stable MOFs. However, only a few families
of MOFs are stable in humid environments. Post-synthetic
functionalization through well-controlled incorporation of
hydrophobic moieties may be required to enhance the stabi-
lities of various hydrolytic-vulnerable MOFs. The synthetic
protocols should be carefully performed to allow analytes
unrestricted access to the pores, channels and chemical recog-
nition groups.190

Another challenge with electrochemical sensing is the poor
electronic conduction in MOFs that limits their performance.
This is also problematic for some types of electronic sensing.
Current efforts to develop protocols to design electron conduct-
ing or semiconducting MOFs and to modify the existing insu-
lating ones will greatly benefit both the electronic and
electrochemical sensing platforms. However, the best of the
recently developed conducting MOFs are nonporous or have
low surface areas.134 Therefore, a compromise between large
surface areas and electronic conductivity should be reached to
obtain a suitable material for a specific electronic-based sen-
sing applications.

Fig. 13 (a) (left) Photo of a chip containing 20 BiMW sensors; (middle) schematic of the nanoZIF-8-based BiMW sensor and (right) FE-SEM image (side
view) of the nanoZIF-8-based BiMW sensor, showing the layers of nanoZIF-8 and PDMS built on top of the waveguide. Scale bar: 5 mm. Reproduced with
permission.185 Copyright 2018, the Royal Society of Chemistry. (b) Maximum absolute reflectance changes (|DR|), response times and recovery times of
MOF sensors (i.e., CS380/0.49, CS466/0.19, CS468/0.26, CS506/0.26, CS641/0.15, CS755/0.27 and CS1057/0.41) for the saturated ethanol vapour. Adapted with
permission.186 Copyright 2019, American Chemical Society. (c) Illustration of fluorescent sensing of organic vapours by NRBccZIF-8 film and (d)
fluorescent response of the NRBccZIF-8 film to different concentrations of acetone, methanol, toluene, p-, o- and m-xylene vapours at 298 K. The
negative % S values indicate fluorescent quenching while positive values show the fluorescent intensity increase. Adapted with permission.187 Copyright
2020, Wiley-VCH.
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Electromechanical sensors utilize the large surface areas of
MOFs to attain exceptional sensitivity to analytes. Molecular
adsorption capacity of MOFs and the molecular weights of the
analytes are the key factors that determine the sensing perfor-
mance on this platform. However, a major limitation is the lack
of selectivity between molecular species having identical mole-
cular mass in a mixture of analytes. This issue may be
addressed by designing the pores of MOFs to discriminate
between molecules based on structural and chemical differ-
ences such as molecular geometry, chirality and polarity rather
than molecular mass.

Interestingly for optical sensing, light interacts with almost
any type of MOF. The changes accompanying chemical sensing
can be obtained through signals produced from light absorp-
tion, transmittance, diffraction, refraction and luminescence.
However, a major challenge is how to magnify sensing
responses generated within small devices based on the various
light-MOF interactions. Addressing this issue could require
subtle material design or using an appropriate optical techni-
que to extract signals. For example, the fluorescent response
from a solid-state device can be low due to weak excitation
sources, possible optical loss resulting from scattering of the
incident light and the quantum yield of the active material.
Hence, MOFs could be designed or post-synthetically modified
by incorporating light extracting groups to maximize optical
excitation and produce measurable fluorescent signals for
applications in small analytical sensing devices.

3 Smartphones in MOF-based sensing

The introduction and evolution of mobile phone technology is
one of the most remarkable achievements of the 21st century
that has had significant global impact. Smartphones are mobile
phones with integrated computer and internet capabilities that
can perform many advanced functions besides phone call
exchange, such as high pixel imaging, sensing of physical
parameters and coordinates, due to their high microprocessing
strength, networking and image recognition properties.191 Li
et al. recently reviewed the sensing applications of smartphones
from their installed physical sensors. Their studies showed that
smartphones can detect chemicals through various modes
depending on the type of physical sensor that is activated.192

Rezazadeh et al. also recently compiled and reviewed how
different functions of smartphones are applied in qualitative
and quantitative chemical analysis.193 The combination of
MOF-based sensing with mobile devices technology is a pro-
mising area that is expected to experience significant growth
within the next few years.

3.1 MOF optical sensing using smartphones

The chemical sensing response from MOFs can be obtained
and processed by smartphones through their inbuilt sensors
and microprocessors. For example, for the ZIF-8/TiO2 diffrac-
tion grating film that consists of a 200 nm feature replicated
over an area of 1 cm2 of a selected substrate shown in Fig. 14a,

the diffracted light was detected by the charge coupled device
(CCD) camera installed in a smartphone. During chemical
sensing, the CCD camera estimates the changes in the diffrac-
tion efficiency due to variation in the refractive index of the ZIF-
8/TiO2 film.181

The refractive index of the ZIF-8/TiO2 film changed due to
the exposure of the film to styrene and isopropanol vapours at
room temperature. The changes in luminance of the film due to
vapour uptake was measured by the CCD camera and the photo
image of the film after vapour exposure could be processed by
the smartphone. This study demonstrates that a simple smart-
phone camera can give chemical sensing results that agree with
those from the bench-top ellipsometer.181

Spectroscopy can be also be combined with smartphones to
access their inbuilt light and image recognition features for
chemical sensing. Different sensing platforms have leveraged
these features to perform MOF-based detection of chemical and
biochemical analytes. A simple spectroscopic technique that
has been used many times is colorimetric sensing that is based
on visual observation of chemical changes to the MOF after
interactions with analytes. Colour changes of the active MOF
film at different analyte concentrations may be captured with
smartphones that could then be analysed to evaluate the
sensing performance. Kou et al. combined their fabricated
biomimetic MOF colorimetric paper with a smartphone for
the detection of biomolecules such as glucose, uric acid, lactose
and urea.195 The smartphone-assisted biomimetic MOF nanor-
eactor colorimetric paper is promising for point-of-care tech-
nology and personal diagnosis. The molecular recognition in
this device was driven by the cascade reactions occurring within
the micropores of ZIF-8, which was catalyzed by the enzymes
encapsulated in the MOF. These reactions result in colour
changes on the paper strip that can be inspected by the naked
eye but also with a specialized app installed on the smartphone
that works with the camera.195

The smartphone-based spectroscopic approach can exploit
the fluorescent detection technique, which is more sensitive
than colorimetry since it relies on the fluorescence emission of
the active MOF. Zeng et al. performed a ppm level detection of
fluoride ions through a Lewis acid–base interaction with mixed
lanthanide MOFs consisting of triazine-based ligands (Tb/
Eu(TATB)). The sensing performance of Tb/Eu(TATB) in the
presence of F� was assessed with a fluorometer while a smart-
phone captured the digital image of the light emitted from the
MOF. The red-green-blue (RGB) values of the images were
identified with the aid of an installed app to calibrate the
MOF/smartphone device for further detection of F� from
drinking water samples.196 Other fluorescent-based smart-
phone sensing approaches have been reported.197–199 Chemical
sensing may be performed through the excitation of fluorescent
MOFs by a commercial UV light emitting diode and the
luminescent emissions detected by a light sensor installed with
the smartphone camera. Zhao et al. demonstrated this by
constructing a portable homemade device equipped with cap-
abilities to measure luminescent signals of MIL-53(Fe)–OH
suspensions for sensing Fe3+ and to transmit the optical
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information to a smartphone, as shown in Fig. 14b. The
smartphone was fit into a light-proof box equipped with a
green light filter that interfaces with the smartphone camera
and a cuvette holder. The LED light of the smartphone func-
tions as the excitation light source. The emission light passes
through the green filter and is then captured with the smart-
phone camera to be analysed with a dedicated app.194

3.2 MOF electrochemical sensing using smartphone

Smartphone-based optical sensing involves changes in the
optical and spectroscopic properties of the MOF after exposure
to analytes that are captured through the CCD camera and
processed by the appropriate image recognition software
installed on the phone. Whereas, in electrochemical sensing,
the smartphone acts as a miniature electrochemical analyser to
which an electrochemical module is attached. The electroche-
mical module consists of a test strip that is fabricated by
depositing the sensitive MOF on specialized electrodes that
are joined to electronic accessories.200 Xu et al. constructed a
smartphone-controlled electrochemical sensor that consisted
of a module which could achieve a two-way communication

with the smartphone for the detection of heavy metal ions
through differential pulse voltammetry.201 The test strips were
made by depositing reduced graphene oxide (rGO), polyethyle-
neimine (PEI) with SMOF (a composite of UiO-66-NH2 and
single walled carbon nanotubes) on screen-printed carbon
electrodes (SPCE). The function of UiO-66-NH2 was to capture
and bind to different metal ions, while the other components of
the test strip provided the required electrical conductivity to
produce measurable signals that can be transferred to the
smartphone. An installed application controlled the device
and transformed the electrical signals into output data that
was displayed as a voltammogram on the smartphone screen in
real-time, as shown in Fig. 15a.

In another study, Zhu and co-workers fabricated a wearable
smartphone-controlled electrochemical ZIF-67 sweatband sensor
for the analysis of perspiration glucose as shown in Fig. 15b.202

The glucose detection is a nonenzymatic reaction that is based on
water splitting-assisted electrocatalytic oxidation of glucose on
Pd@ZIF-67 which is deposited on a conducting polymer substrate.
The sweatband electrochemical module consisting of Pd@ZIF-67
electrode and flexible printed circuit board was connected to the
smartphone through Bluetooth wireless communication. This
system is promising for non-invasive glucose monitoring by a
nonenzymatic process that can be achieved due to the unique
electrocatalytic water-splitting glucose oxidation of ZIF-67.

4 Promising sensing applications of
MOF devices and future outlook

MOF sensing devices are promising in five major areas of
public health and environmental safety comprising of point-
of-care diagnosis, food security, environmental monitoring,
defence and artificial intelligence.

4.1 Point-of-care testing and diagnostics

Many recent studies have focussed on the design and the
implementation of wearable MOF-based sensors for point-of-
care (POC) testing and diagnostics. Functional devices are
fabricated through the integration of MOF materials with
biocompatible substrates that can then be deployed for detect-
ing important biomarkers and monitoring the physiological
conditions of the users. Wu et al. fabricated a transparent
electronic and flexible Ni–MOF film for the detection of NH3,
CO and O2.59 The nickel catecholate (Ni-Cat-1) MOF was grown
epitaxially on a single-layer-graphene (SLG) that was coated on
PET and polydimethylsiloxane substrates. The thickness of the
Ni-CAT-1-on-SLG layer was controlled to ensure the transpar-
ency of the film while the polymer substrates provide flexibility
(Fig. 16a and b). The visible light transparency of the film may
be explored for optical recognition purposes. However, the
sensor response to different gases was measured from the
changes in its electrical conductivity at room temperature.
The presence of the Ni-CAT-1 MOF provides molecular recogni-
tion capability to the sensor. The alignment between the lattice
structure of Ni-CAT-1 with graphene lead to a high

Fig. 14 (a) Illustration of the experimental set-up for the detection using a
smartphone camera and the photographs of the diffracting grating in
colour and grayscale taken by a smartphone photo camera. Reproduced
with permission.181 Copyright 2015, Wiley-VCH. (b) Diagram of the smart-
phone fluorescent reader. Reproduced with permission.194 Copyright
2019, Elsevier.
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electronically conducting composite. Limited film thickness of
the Ni-CAT-1-on-SLG composite and the flexibility of the poly-
mer substrate render the Ni-CAT-1-on-SLG device promising as
a wearable electronic sensor for indicating the blood ammonia
level in the body.59,203

The combination of MOF sensors with smartphone technol-
ogies has been demonstrated in advancing POC testing. The
widespread use of smartphones has inspired an emerging field
of mobile health in which the medical and public health
practices are supported by mobile devices.206 A simple demon-
stration of MOF–smartphone-based diagnosis was reported by
Leelasree et al. in the application of their prototypical HKUST-1-
modified face mask used to monitor breathing patterns in sleep
apnoea diagnosis (Fig. 16c).204 The face mask coated with a
HKUST-1/MoS2 composite has excellent recognition for water
vapour due to the high adsorption capacity of HKUST-1. The
vapour is then transported to the MoS2 layer that is acting as a
charge carrier in the device for electronic sensing. The

prototype was assembled by connecting the face mask to a
smartphone through an Arduino Bluetooth wireless
technology.204 Additional promising smartphone based POC
demonstrations by MOF sensors are indicated in Table 2 from
summarising different sensing platforms.

Another milestone in the demonstration of MOF devices for
POC testing and diagnosis was reported by Ling et al., which
showed the prospects of implantable electrochemical MOF
sensors for monitoring biomolecules in body fluids.205 They
fabricated implantable electrochemical sensor arrays using a
combination of different enzyme-encapsulated Co and Cu-
based MOFs with flexible electronics for the detection
of biochemical species in the blood and interstitial fluids.
Different enzyme@MOF suspensions were prepared in Nafion
solutions and drop-cast onto screen-printed silver/carbon elec-
trodes using thin PET substrates as flexible supports. The
sensors were implanted on different parts of a live animal for
in vivo detection of biomolecules from various organs and

Fig. 15 (a) Schematic representation of the quantitative point-of-care testing system and the simultaneous detection of multiple metal ions by the rGO/
SMOF/PEI-modified screen-printed carbon electrodes. Reproduced with permission.201 Copyright 2020, Elsevier. (b) Sweatband with electrochemical
sensor for perspiration glucose sensing: non-enzymatic glucose sensing method with the water splitting-assisted electrocatalytic reaction on the MOF-
based electrode; a photograph of the smartphone with an app for the perspiration analysis. The sensor was connected to the smartphone via Bluetooth.
Adapted with permission.202 Copyright 2019, American Chemical Society.
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interstitial fluids (Fig. 16d–f). The MOFs used in this experi-
ment demonstrated structural stability during the electroche-
mical measurements which lasted for 20 days, thereby also
ensuring that the metal ions did not leach into the biological
systems to cause cytotoxicity.

Currently, there are many risks surrounding the clinical
application of implantable devices including infections, blood
clotting, inflammation and tissue growth around the implanted
device. Just as in drug delivery applications of MOFs,229 a
careful selection of MOFs can be made to minimise potential
biological risks from the building units of the MOF or other
accessories that make up the device. The chemical stability of
the MOFs in the presence of body fluids should also be
considered to ensure sustained performance of the sensor.
Although research on MOF-based implantable sensors is rela-
tively new, these sensors are showing promise in the advance-
ment of biomedical and clinical practices.230–232

4.2 Food security

The detection of harmful chemicals in plant and animal
products ensures food safety and protects the consumers.
MOFs have been deployed to detect, adsorb and disarm toxic
agrochemicals that are present in plants and to promote

livestock wellbeing.233 The function of MOFs in food analysis,
chemical sensing, food preservation, food packaging and clean-
ing has been reviewed by Wang et al.234 Typical MOF devices
that have recently been studied for food safety are highlighted
in Table 2. Sustainable agriculture is currently pursued to
promote the quality of life of the current and future global
population. Smart farming using farm-deployable MOF devices
and information technology will revolutionize sustainable agri-
culture for food and environmental safety.235

4.3 Environmental monitoring

Large surface areas and high molecular adsorption capacity are
important properties of MOFs that differentiate them from other
solid-state materials. The effectiveness of bulk MOF materials to
remediate environmentally unfriendly chemicals has inspired the
fabrication of different types of devices. Excellent reviews have
thoroughly discussed MOF devices for environmental
applications.236–238 Examples of recently developed MOF sensor
devices are included in Table 2. New directions should focus on
driving MOF sensors towards consumer needs, which could be
either as simple as digitalized face masks and clothing for
assessing indoor/outdoor air quality or as advanced as MOF-
integrated unmanned aerial vehicles.239–242

Fig. 16 (a and b) Ni-CAT-1-on-SLG construct with 25 nm thickness on transparent flexible polymers for personal electronics. (a) Illustration of the
flexible device composed of Ni-CAT-1-on-SLG construct. (b) Photograph of Ni-CAT-1-on-SLG device attached to the skin of a human arm using PDMS
as the substrate. Adapted with permission.59 Copyright 2020, Wiley-VCH. (c) Schematic illustration of the face mask with the embedded HKUST-1-MoS2

device showing real time operation using a smartphone device. Breath sensing mechanism in the HKUST-1-MoS2 integrated device. Adsorption and
transfer of water molecules from the MOF to the MoS2 layer and the mechanism of proton conduction in the MOF layer involving proton transfer from
acidic water molecules coordinated to the metal cluster to the solvent molecules present in the channels. Only one cluster has been shown for clarity.
Reproduced with permission.204 Copyright 2020, the Royal Society of Chemistry. (d) The schematic of flexible MOF-modified sensors for nutrient
sensing (e) multilayer structure of the MOF electrochemical sensor, in which a MOF layer is integrated. SEM micrograph of Cu–MOF before grinding is
shown on the left and a 3D framework structure of Cu–MOF through hydrogen bonds is shown on the right. (f) SEM micrographs of the Cu–MOF
nanoparticles on the surface of an electrode. Adapted with permission.205 Copyright 2018, Wiley-VCH.
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4.4 Defence and security applications

The global events of chemical attacks and explosions in the last
decade, such as the terrorist attacks in Brussels and France in
2015 using the toxin triacetone triperoxide, the deployment of

nerve agents in Syria in 2018 and the 2020 Beirut explosion
from a large storage of ammonium nitrate, indicate the realities
of the times we are in. Terrorism and diverse crimes have also
become global threats to public safety. Remarkably, many

Table 2 Applications of various field-deployable MOF devices to sense important biological, organic and inorganic analytes

Application Sensor Analyte Sensing platform Ref.

POC diagnostics Co–MOF integrated carbon cloth/paper
hybrid electrochemical button-sensor

Glucose Electrochemical 207

POC diagnostics Smartphone-assisted rGO/SMOF/PEI Heavy metals Electrochemical 201
POC diagnostics Acetylcholinesterase/Zn–MOF EmAD Chlorpyrifos Electrochemical 208
POC diagnostics BC/c-MWCNTs/ZIF-8@LAC biofuel cell sensor Bisphenol A Electrochemical 46
POC diagnostics CA/ZIF-8@LAC/MWCNTs/Au biofuel cell sensor Glucose Electrochemical 47
POC diagnostics ACF-rGO/Cu(INA)2 sensor Glucose from sweat Electrochemical 106
POC diagnostics Trx-1 and ADAM17cyto-ZIF-8 IDE device Protein–protein (ADAM17cyto)

interactions
Electrochemical 209

POC diagnostics Smartphone-assisted HKUST-1-MoS2 face mask
sensor

Sleep apnoea diagnosis Electronic 204

POC diagnostics ZIF-8@antibody plasmonic biochip Goat anti-rabbit IgG Optical 210
POC diagnostics ZIF-8@antibody plasmonic biochips Neutrophil gelatinase associated

lipocalin (NGAL)
Optical 211

POC diagnostics Smartphone-assisted Ln3+–MOF sensor Phenylamine and 1-naphthol in
human urine

Optical 212 and 213

POC diagnostics Smartphone-assisted 1-OHP@Co/Tb-DPA sensor pH Optical 214
POC diagnostics Smartphone-assisted 2-D Co–MOF sensor Blood glucose Optical 215
POC diagnostics GOx-Eu3+@UMOF Logic Detector Glucose Optical 216
POC diagnostics GOx@Zr-PCN-222(Fe) microfluidic mPADs Glucose Optical 217
POC diagnostics Smartphone-assisted GOx/HRP@ZIF-8 paper

biosensor
Glucose Optical 195

POC diagnostics Smartphone-assisted mPADs Glucose Optical 218
POC diagnostics GOx/HRP@ZIF-8 microfluidic biosensor Glucose Optical 219
POC diagnostics Smartphone-assisted NH2–Cu–MOF sensors Alkaline phosphatase activity Optical 198
POC diagnostics Smartphone-assisted Eu3+/Sc–MOF Phenylglyoxylic acid Optical 199
POC diagnostics Apt/HRP@MAF-7 colorimetric device Antibiotics Optical 220
Food security AChE/Z1200/EmPAD device Chlorpyrifos in tomatoes Electrochemical 221
Food security Smartphone-integrated logic platform

with binary UiO-66-NH2/Eu3+@MOF-808
paper indicator

Phosphate Optical 222

Food security Cu-Based surface-anchored MOF sensor
array on quartz crystal microbalance

Volatile plant oils Electromechanical 223

Food security AChE/Cys/aAuNR/MOF/ITO bioprobe Organophosphate pesticides Electrochemical 224
Food security Eu–BCA MOF thin-film Nitrofuran antibiotics in animals Optical 225
Food security Au@ZIF-8 SERS paper putrescine and cadaverine

detection from spoilt food
Optical 226

Food security Fe-MIL-88NH2-Pt aptasensor Kanamycin in milk Optical 227
Food security NDC-Y-fcu-MOF IDE sensor NH3 for livestock protection Electronic 53
Environmental
monitoring

NH2-MIL-53(Al)-Matrimid/CMOS device Alcohol vapour Electronic 228

Environmental
monitoring

Cu3HHTP2/Ni3HHTP2 IDE chip NH3, H2S and NO Electronic 138

Environmental
monitoring

MFM-300 (In)/IDE SO2 Electronic 51

Environmental
monitoring

MIL-96(Al)/IDE Humidity Electronic 118

Environmental
monitoring

Ni3(HITP)2 SOFT sensor NO Electronic 55

Environmental
monitoring

MIL-96(Al) smart textile-based (TEX) sensor Humidity Electronic 56

Environmental
monitoring

Smartphone-assisted ZIF-8/TiO2 Styrene Optical 181

Environmental
monitoring

UiO-66 optical fibre Rh B Optical 176

Environmental
monitoring

UiO-66 optical fibre 5-Fluorouracil Optical 173

Environmental
monitoring

HKUST-1 single crystal optical fibre Nitrobenzene Optical 177

Environmental
monitoring

ZIF-8 micro-ring resonator sensor Various organic vapours Optical 71

Environmental
monitoring

NanoZIF-8-based BiMW sensor CO2 Optical 185
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studies have demonstrated the potential of MOFs to adsorb and
detoxify chemical warfare agents.243–252 The excellent perfor-
mance of MOFs demonstrated in these studies should motivate
researchers to investigate the production of MOF-based porta-
ble catalytic sensors to assist the military in combating
chemical warfare on the frontline and for the protection of
civilians. These sensors may include MOF-integrated military
wearables: helmet, personal digital assistants, smart wristwatch
and wristbands. Also, other devices such as MOF-based smart
gloves for narcotics sensing, portable electronics for explosives
detection and miniaturized spectrometers can assist the law
enforcement agents to effectively fight crimes and terrorism.

4.5 Artificial intelligence and robotics

Advances in computer technology are currently driving the
development of industrial automation. Computers are pro-
grammed to learn cognitive behaviours of humans and to
perform several tasks without human aid. In the MOF field,
machine intelligence has been explored to envisage the proper-
ties of new materials and their potential applications.253–258

Computer-guided research in machine intelligence will be
crucial in the near future for materials screening to identify
exceptionally performing MOFs and to predict ideal structure–
property–performance relationships to design new sensors. The
combination of the predictive strength of machine learning
with advanced manufacturing and engineering technology
should accelerate the mass production of MOF sensors for
various applications. Moreover, computer-guided MOF
research should extend to robotics to design machines with
multifunctional chemical features that can simulate human/
mammalian senses, such as strong ‘sense of smell’ provided by
MOF-based electronic nose, electronic eye for optical sensing,
electronic tongue for liquid/ion detection, electronic ears for
acoustic detection of chemicals and chemically sensitive skin
provided by MOF-based electronic skin.59,223,259–261 Therefore,
the integration of MOF sensors with artificial intelligence and
robotics will aid the advancement of other areas such as food
security, environmental monitoring and defence.

5 Conclusion

Over the last 25 years, the field of MOFs has continued to grow
and increase in diversity due to the evolution of new materials.
MOFs possess modifiable structures to incorporate chemical
recognition groups, large surface areas for adsorption, uniform
pore structure to control mass transport and a wide range of
physical properties including chemoresistive, electronic and
optical properties, making them ideal for chemical sensing.
This review has examined the latest progress on the application
of MOF films and proof-of-concept devices in chemical sensing.
The development of wearable and hand-held MOF sensors for
on-site analyte detection across the four major sensing plat-
forms, namely: electronic, electrochemical, electromechanical
and optical sensing are currently pursued within the MOF
sensing community, which is indicative of the prospects of

the combination of MOFs with portable optoelectronic gadgets.
A major challenge regarding the integration of the majority of
MOFs into analytical devices is their instability in the environ-
ments of application. The instability of some MOFs to air and
water will hinder their performance in sensing devices despite
their other advantageous properties. Only a few families of
MOFs such as the ZIFs, Al-based MOFs, Matériaux de l’Institut
Lavoisier MOFs and Zr-based MOFs, consisting of either high
valent metal centres or imidazolate, terephthalate and other
hydrophobic linkers, have shown extraordinary stability in
humid conditions. Great efforts within the MOF community
to enhance MOF stability include the synthesis of MOF com-
posites with hydrophobic materials having exceptional stability
even under extreme acidic and alkaline conditions.190 Poor
electronic conductivity is another key issue that affects charge
transfer in MOFs and limits their performance in electroche-
mical sensing. This is usually addressed through either MOF
designs using electron conducting ligands and appropriate
metal centres or through the fabrication of MOF composites
with suitable electron conducting materials.111

The mass production of MOF sensing devices to reach the
end users will rely on key developments: the use of computer-
guided research in artificial intelligence to screen materials to
identify high performing MOFs; the advancement in large-scale
synthesis of MOFs using flow chemistry; and advanced MOF
film fabrication techniques such as lithography and vapour
deposition methods.262–264 It is also important for future stu-
dies to investigate the techno-economics of MOF device fabri-
cation by taking advantage of the available computational tools
to simplify MOF synthesis and materials processing towards
the development of highly performing and affordable sensors.
Based on the current success of MOF sensing capability and the
microprocessing strength of smartphones, future MOF devices
are likely to play key roles in the revolution of healthcare, smart
farming, environmental monitoring, defence and artificial
intelligence. Therefore, mobile devices such as smartphones,
computer tablets, personal digital assistants, wristwatches,
aerial drones and robots are all likely candidates for future
integration with functional MOFs.
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M. Ferreira, F. de Lima Leite and O. N. Oliveira, William
Andrew Publishing, 2017, pp. 155–178.

74 C.-H. Chuang and C.-W. Kung, Electroanalysis, 2020, 32,
1885–1895, DOI: 10.1002/elan.202060111.

75 A. Gupta, S. K. Bhardwaj, A. L. Sharma, K.-H. Kim and
A. Deep, Environ. Res., 2019, 171, 395–402, DOI: 10.1016/
j.envres.2019.01.049.

76 H. A. Schulze, B. Hoppe, M. Schäfer, D. P. Warwas and
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DOI: 10.3390/s17051108.

110 M. Ko, L. Mendecki and K. A. Mirica, Chem. Commun.,
2018, 54, 7873–7891, DOI: 10.1039/C8CC02871K.

111 L. S. Xie, G. Skorupskii and M. Dincă, Chem. Rev., 2020,
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Köpe, E. Yalon, A. Kenyon, M. Buckwell, A. Mehonic,
A. Shluger, H. Li, T.-H. Hou, B. Hudec, D. Akinwande,
R. Ge, S. Ambrogio, J. B. Roldan, E. Miranda, J. Suñe,
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