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Abstract
Gas sensors are valuable tools for human applications, and extensive research has been
conducted in this field. However, practical implementation has yet to be fully realized. In
response, efforts have been made to explore metal-organic frameworks (MOFs), a novel class of
porous materials, as potential solutions. MOFs exhibit exceptional porosity and highly tunable
chemical compositions and structures, giving rise to a wide range of unique physical and
chemical properties. Significant progress has been achieved in developing MOF-based gas
sensors, improving sensing performance for various gases. This review aims to provide a
comprehensive understanding of MOF-based gas sensors, even for readers unfamiliar with
MOFs and gas sensors. It covers the working principles of these sensors, fundamental concepts
of MOFs, strategies for tuning MOF properties, fabrication techniques for MOF films, and
recent studies on MOF and MOF-derivative gas sensors. Finally, current challenges, overlooked
aspects, and future directions for fully exploiting the potential of MOFs in gas sensor
development are discussed.

Keywords: metal organic framework, gas sensor, gas transport, fabrication, review

§ These authors contributed equally to this work and should be considered
co-first-author.
∗

Authors to whom any correspondence should be addressed.

Original content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

© 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT 1

https://doi.org/10.1088/2631-7990/ae00a9
https://orcid.org/0000-0002-5536-7366
https://orcid.org/0000-0001-6843-6706
https://orcid.org/0000-0001-6533-8086
mailto:khlee2018@yonsei.ac.kr
mailto:audw1105@yonsei.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/ae00a9&domain=pdf&date_stamp=2025-9-15
https://creativecommons.org/licenses/by/4.0/


Int. J. Extrem. Manuf. 8 (2026) 012001
Metal-organic frameworks for gas sensors...

So S H et al.

Abbreviation

MOF Metal-organic Framework
SMO Semiconducting Metal-oxide
SBU Secondary Building Unit
BTC 1,3,5-benzenetricarboxylate
BDC 1,4-benzenedicarboxylate
IRMOF-1 Isoreticular MOF-1
DMF Dimethylformamide
TMA Trimesic acid (benzene-1,3,5-tricarboxylic acid)
TGA Thermal gravimetric analysis
BET Brunauer–Emmett–Teller
DOBDC 2,5-dioxido-1,4-benzenedicarboxylate
2-MeIM 2-methylimidazolate
IL Ionic liquid
UiO Universitetet I Oslo
τ90 Response speed
τ10 Recovery time
ppm Parts per million
ppb Parts per billion
MFM Manchester framework material
HKUST-1 Hong Kong University of Science and

Technology-1
QCM Quartz crystal microbalance
SAW Surface acoustic wave
DMMP Dimethyl methylphosphonate
KAUST King Abdullah University of Science and

Technology
CCD Charged coupled device
RI Refractive index
TCPP 5,10,15,20-tetrakis-(4-carboxyphenyl)

porphyrin
HHTP 2,3,6,7,10,11-hexahydroxytriphenylene
HITP 2,3,6,7,10,11-hexaiminotriphenylene
PDMS Polydimethylsiloxane
3DOM Three-dimensional ordered microporous
Rair Electrical resistance under air
Rgas Electrical resistance under gas
Cair Capacitance under air
Cair Capacitance under gas
Iair Electrical current under air
Igas Electrical current under gas
Vair Bias under air
Vair Bias under gas
f air Frequency current under air
f gas Frequency current under gas
λair Wavelength under air
λgas Wavelength under gas
IDEs Interdigital electrodes
LOD limit of detection
FETs Field-effect transistors
MOSFETs Metal-oxide-semiconductor field-effect

transistors
IDS Output current
VDS Voltage
VGS Gate voltages
VO Oxygen vacancy
SPR Surface plasmon resonance
SERS Surface-enhanced Raman scattering
BAW Bulk acoustic wave
FBARs Film bulk acoustic resonators

1. Introduction

Gas sensors are essential for safety, environmental protec-
tion, and health across various areas. In industrial applica-
tions, sensors are used to detect harmful, flammable, or toxic
gases, preventing accidents such as explosions or poisoning
(e.g. H2S, NH3, SO2, NOx, COx, and CS2). In classic indus-
tries handling chemicals, oil and gas, and mining, gas sensors
are highly effective in monitoring hazardous gases in real-
time. Nowadays, there are growing demands to detect signal
gas from hydrogen-based infrastructures and Li-ion battery-
adopted systems to prevent explosions[1]. For environmental
protection, gas sensors can be used to detect pollutants like car-
bon dioxide, methane, and nitrogen dioxide, helping regulate
air quality and track greenhouse gas emissions. In healthcare,
gas sensors are used in medical devices to monitor oxygen
levels, detect anesthetic gases, and even identify biomarkers in
breath that indicate diseases. In addition, volatile organic com-
pounds (VOCs, e.g. hydrocarbons, alcohols, ketones, alde-
hydes, etc.) have become a severe problem, therefore, detec-
tion and removal of VOCs is another emerging area in health-
care applications[2]. Considering the wide use of gas sensors
and their growing demands, it becomes important to develop
gas sensors with high selectivity, sensitivity, stability, and
response/recovery rate, which can be manufactured in scalable
and reproducible manners.

Gas sensors can be classified based on measurement
methods such as chemiresistors, capacitive, electrochemical,
optical, piezoelectric, photoionization, thermal conductivity,
gravimetric, and FET-based sensors, each detecting gas con-
centrations through different physical or chemical interac-
tions. Characteristics of each sensor type are well summar-
ized in other literature[3−12]. Because of its easy working
principle and sensor structure, the most popular chemiresist-
ive gas sensors operate based on variations in electrical prop-
erties, such as electrical resistance caused by the interaction
with gas species. Although various materials including semi-
conducting metal-oxides (SMOs), conductive polymers, car-
bon nanomaterials, transition metal dichalcogenides, etc. have
been studied in gas sensing[13−15], it has not been reported to
show satisfying performance. Representatively, chemiresistor
gas sensors have several drawbacks, including low selectiv-
ity, which makes it hard to distinguish between gases, and
sensitivity to temperature and humidity, leading to inaccurate
readings. They also suffer from long-term instability as their
sensitivity degrades over time due to contamination or mater-
ial aging. Additionally, these sensors can have high power
consumption, especially when using heated metal oxides,
which limits their use in low-power applications. Lastly, most
chemiresistors show a slow recovery time after exposure to
high gas concentrations, reducing their efficiency for real-time
monitoring[16].

MOFs are novel porous and crystalline materials consist-
ing of metal nodes and organic ligands and have gained
tremendous attention because they can display numerous
physicochemical properties with facile tunability of structures,
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chemical compositions, and functionality[17]. Such attributes
have attracted researchers in various applications, includ-
ing gas storage, gas separation, catalysis, drug delivery,
etc. Because of the unique interaction properties with gas
molecules, MOFs have been paid attention in the research field
of gas sensors as well[18,19]. MOFs have strong advantages for
gas sensors because of several reasons. Firstly, MOFs’ chem-
ical versatility enables the incorporation of different functional
groups, tailoring the sensor’s response to particular gases,
which can increase selectivity. Particularly, this customiza-
tion can result in changes in physical properties not only
for electrical conductivity but also fluorescence, mass, and
reflective index, which are used for detection through various
methods. MOFs also exhibit good reversibility in gas adsorp-
tion, contributing to their long-term stability and reliability
in sensor applications. Additionally, MOFs can be combined
with other materials to form composites, further enhancing
sensor performance.

When using MOFs in gas sensor channels, they can be cat-
egorized based on their electrical conductivity into insulating
and conducting types. Most MOFs reported to date are insu-
lating, though conducting MOFs are also emerging. Insulating
MOFs are beneficial for their high surface area and selectiv-
ity but require additional components for signal detection.
Conducting MOFs, on the other hand, offer direct electrical
responses and high sensitivity but have issues with stability
and selectivity. The choice between insulating and conducting
MOFs depends on the specific needs of the gas-sensing applic-
ation. Despite mostMOFs being insulators due to their organic
linkers, advances in bandgap engineering and the discovery
of mechanisms underlying conductive MOFs have spurred
efforts to develop new conductive variants[20]. The interac-
tion of gas molecules with MOFs, including redox reactions
at metal sites or active organic linkers, and structural changes
from gas adsorption, can change the MOFs’ intrinsic elec-
trical resistance. This results in low power consumption and
eliminates the need for heating since they can operate at room
temperature[21].

Conversely, insulating MOFs can be used to detect gas spe-
cies by measuring variations in their dielectric constant or rel-
ative permittivity. This application involves depositing MOFs
between interdigitated electrodes to serve as dielectric layers
in capacitive gas sensing. Additionally, Field-Effect Transistor
(FET) principles can be applied to MOF gas sensors, where
variations in the electric field due to applied voltage modu-
late the current flowing through semiconductors[22]. Because
MOFs specialize in capturing gas molecules, the change in
mass with adsorbed gas amounts can transduce mechan-
ical response by employing microcantilever, quartz crystal
microbalance, surface acoustic wave, and microresonator[23].
Optically detecting gas is also possible by measuring surface
plasmon resonance or surface-enhanced Raman scattering[24].
Additionally, MOF can contribute to the enhancement of sens-
ing performance as supportive components, including cata-
lysts, sieving membranes, or hydrophobic-coating materials.
Most importantly, MOFs can be coated on semiconducting
materials to filter undesired gas molecules, leading to a higher
selectivity than neat semiconductors. This method is relatively

simple and effective because the response properties of semi-
conductors and gas separation properties of MOFs can be
controllable controlled separately. To achieve the aforemen-
tioned gas sensing performance, MOFs have been tuned in
diverse ways, and these tailored MOFs can be deposited
in various techniques to fabricate MOF films for gas sens-
ing devices, such as drop-casting, tape-casting, spin-coating,
template-mediated synthesis, interfacial synthesis, electro-
chemical deposition, and exfoliation.

Recently, several significant reviews on MOF-based gas
sensors have been published. Park et al. focused exclusively on
chemiresistive MOF sensors utilizing 2-D conductive MOFs,
while Koo et al. also reviewed only chemiresistive MOF
sensors[21]. Jo et al. covered various synthesis methods for
MOF films and discussed the relationship between MOF char-
acteristics, such as compositions and structures, though their
review was limited to chemiresistive sensors[25]. Zhao’s group
published a comprehensive review addressing diverse MOF-
based gas sensors, including chemiresistive, capacitive/im-
pedimetric, field-effect transistor, Kelvin probe-based, mass-
sensitive, and optical sensors, with a focus on large-area fab-
rication methods[26]. Li’s group provided an extensive review
on gas sensors using MOFs, covering sensing mechanisms but
excluding MOF synthesis and film fabrication techniques[27].
This review aims to provide a comprehensive overview of
MOF-based gas sensors, building on the insights from previ-
ous literature. It begins by explaining the working principles
of various MOF gas sensors, such as chemiresistive, capacit-
ive, mass-sensitive, and optical sensors. It then offers a brief
description of prototypical MOFs, outlines strategies for tun-
ing MOFs for gas sensing, and discusses the fabrication meth-
ods for MOF films. The review highlights the latest advance-
ments in MOFs and MOF derivatives as sensing materials and
support components and concludes with a discussion of cur-
rent challenges and potential solutions.We believe the daywill
come when MOF gas sensors are commercially available in
real-world applications. Specifically, food contamination can
generate a myriad of harmful viruses, parasites, or bacteria,
and the evolved gas during the contamination can be detected
by MOF gas sensors[28]. Additionally, their low cytotoxicity,
intrinsic biodegradability, biological affinity, and the compat-
ibility with biomolecules are appealing to biomedical area[29]

while their advantages in high selectivity, real-time analysis,
and fast response are expected to be useful inmonitoring envir-
onmental pollution[30]. To visualize the contribution of MOF
to gas sensors, a timeline of development of MOF gas sensors
is presented in Figure 1.

2. Working principles of gas sensors

2.1. Chemiresistive sensor

The change in electrical resistivity or conductivity due to vari-
ations in surface charge carrier density before and after gas
molecule adsorption on the surface of SMO is one of the
most representative mechanisms in gas sensing[22−26]. This
simple mechanism in chemiresistive gas sensors offers vari-
ous advantages, including ease of integration into devices and
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Figure 1. A timeline of development of MOF gas sensors.

low-cost fabrication. When the carrier density increases after
gas adsorption on the SMO surface, resistivity decreases due to
the formation of a partial charge carrier accumulation region,
where the same type of charge carrier from the gas molecules
is donated to the SMO surface. Conversely, the formation of
larger depletion regions, resulting from the reduction in sur-
face charge carriers or charge recombination between elec-
trons and holes on the SMO surface after gas molecule adsorp-
tion, leads to an increase in resistivity. Therefore, the resistiv-
ity curve changes depending on the type of gas molecules and
the primary conductive carrier type of the MOF. For example,
resistivity decreases when exposed to reducing gases in n-type
SMOs and to oxidizing gases in p-type SMOs due to major
carrier accumulation. On the other hand, resistivity increases
when exposed to reducing gases in p-type SMOs and oxid-
izing gases in n-type SMOs, primarily due to charge recom-
bination and depletion. Thus, a larger difference in electrical
resistance in chemiresistive sensor materials correlates with
a higher response to gas adsorption on the SMO. However,
the vague gas selectivity and low tolerance to moisture, stem-
ming from the surface carrier-concentration-dependent elec-
trical resistance change mechanism, are considered significant
drawbacks.

In chemiresistive gas sensors, the response is typically
expressed as the ratio of electrical resistance in air (Rair) to
electrical resistance under target gas (Rgas), as Rair/Rgas or
Rgas/Rair, or as ∆R/Rair or ∆G/Gair (where G represents con-
ductance, the inverse of electrical resistance, R−1) in most

reports. One of the important gas sensing performances is
the limit of detection (LOD), which is the lowest detectable
gas concentration. It is defined as 3 times the noise level of
electrical resistance under air (LOD = 3 × rmsnoise/S). Here,
rmsnoise represents the standard root-mean-square noise of the
sensors, and S is the sensitivity (dy/dx, where dy is the change
in the sensor’s electrical resistance and dx is the change in
gas concentration). The response and recovery times, which
quantify the sensing speed of the sensors, are generally defined
as the time taken to reach 90% of the maximum electrical
resistance change under target gas from Rair, and the time
to return to 10% of Rgas from the initial electrical resist-
ance after the target gas exposure is turned off. The response
of conductance-based chemiresistive gas sensors (noted as
∆G/Gair) is similarly defined, with response and recovery
times measured in the same way.

2.2. Capacitive sensor

A capacitive gas sensor is a type of electrical sensor that oper-
ates based on changes in capacitance, which are influenced
by the dielectric constant and the thickness of the dielectric
layer after gas adsorption on a porous SMO surface using
alternating current (AC). Unlike electrical resistance-based
sensors, capacitance in a capacitive sensor is determined by
the equation C= εA/d, where A is the area of the electrode, d is
the separation distance between two electrodes and described
as thickness. The important parameter ε is the permittivity
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derived by multiplying the vacuum permittivity (ε0) and rel-
ative permittivity (εr) described as ε = ε0 × εr. Therefore,
the mechanism of a capacitive sensor relies on changes in
the dielectric constant of the sensing layer, without involving
charge carrier transport through the SMO. Capacitive gas
sensing devices typically utilize parallel plate and interdigital
electrodes (IDEs) structures. The simplicity of the capacitive
sensor’s structure offers several advantages, including higher
sensitivity, ease of integration into systems with low fabrica-
tion costs, practical reliability, and general independence from
the electrode material[27−34].

Capacitive gas sensors operate through several mechan-
isms. First, capacitance changes can be observed from the C-V
plot due to variations in depletion layer thickness. Specifically,
capacitance can change in two primary ways: through altera-
tions in the work function and charge density. When the tar-
get gas is directly adsorbed onto the porous SMO surface or
the metal electrode, it becomes polarized, affecting the junc-
tion interface between different materials such as metal-MOS
(metal-oxide-semiconductor) and MOS-substrate. This leads
to changes in charge carriers or dipole polarization, which in
turn modifies the depletion layer thickness. This effect is typ-
ically reflected in a shift of the flat-band voltage (bias), with
the shift increasing depending on the concentration of the tar-
get gas. Secondly, the different resonant frequencies (f ) of
each gas molecule, which are associated with their respective
inherited relative permittivity (εr), can be used for gas detec-
tion. The relationship between resonant frequency and permit-
tivity is inversely proportional, as described f ∝1/εr1/2. The
resonant frequency indicates the optimized frequency for gas
sensing and can help to identify specific gas species within
a certain frequency range. Additionally, impedance changes
can also be employed for capacitive gas sensing through LCR
(inductance-capacitance-resistance) measurements. The Cole-
Cole plot (or Nyquist plot) of the equivalent circuit (with
Z′ as electrical resistance on the x-axis and Z′′ as imped-
ance on the y-axis) illustrates the electrical resistance and
capacitance corresponding to different frequencies. The dis-
tribution of contributions from the bulk, grain boundary, and
electrode to resistivity and capacitance changes across vari-
able frequencies offers a detailed insight into the gas sensing
mechanism[27−34].

The response, limit of detection (LOD), and response/re-
covery times of capacitive gas sensors are conceptually similar
to those of chemiresistive sensors. The response is expressed
as ∆C/Cair, where Cair is the baseline of capacitance value
under air, and ∆C is the difference between capacitance
under target gas (Cgas) and Cair. Response time and recov-
ery times are defined as the time taken to reach 90% of the
maximum Cgas and the time taken to return to 10% from
Cgas to Cair after gas desorption begins on the SMO surface,
respectively. The LOD of the capacitive sensor is calculated
as LOD= 3× σ/S, where σ is the standard deviation of capa-
citance in baseline, and S is the slope of the fitting curve for a
response, respectively[35−39].

2.3. Field-effect transistor sensor

Field-effect transistors (FETs) for gas sensing are similar to
MOSFETs, consisting of a source, drain, gate electrode, sub-
strate, and SMO for the gas adsorption area. FET devices
are generally distinguished by the position of the gate elec-
trode or the type of gate material, such as back-gate, top-
gate, dual-gate, floating gate, horizontal floating gate, suspen-
ded gate, capacitively coupled gate, and catalytic metal gate,
among others. Similar to chemiresistive and capacitive gas
sensors, the adsorption of target gases on the SMO surface
leads to changes in charge carriers, resulting in altered elec-
trical conductivity[40−51]. This change is measured by the out-
put current (IDS) versus the voltage (VDS) for different applied
gate voltages (VGS), or IDS versus VGS for a fixed VDS. These
electrical output changes originate from the intrinsic elec-
tronic properties of the SMO, such as band gap, work func-
tion, carrier mobility, and defect density. The modulated elec-
tronic structure of the SMO, influenced by the adsorbed gas
molecules, primarily adjusts charge carrier mobility, which is
crucial for gas sensing operations. Additionally, the height of
the Schottky barrier between the SMO and the metal elec-
trode is critical, not only for proper carrier conduction in an
air environment but also for its response after gas exposure.
The Schottky barrier height is determined by the band struc-
ture mismatch between the materials, and it plays a signific-
ant role when gases are adsorbed on the SMO surface. Upon
gas adsorption, the Schottky barrier can shift either upward or
downward, depending on the type of gas molecule, with lar-
ger shifts occurring at higher gas concentrations. Therefore,
the FET gas sensing mechanism, along with the various device
structures, offers a higher degree of flexibility in device fabric-
ation. Moreover, FET gas sensors demonstrate ease of integ-
ration into systems, similar to commercialized chips or device
structures, and hold great potential for diverse applications,
including flexible, portable, and IoT devices, with reliable
sensing performance.

2.4. Mass-sensitive sensor

A mass-sensitive gas sensor, also known as a gravimetric gas
sensor, is a type of microelectromechanical system (MEMS)
device.When analyte gas molecules adsorb onto the surface of
SMO, a small increase in mass occurs, which can be detected
by measuring the change in the electric signal. This change is
due to a decrease in resonant vibration frequencies, as detected
by a piezoelectric device. The primary devices used in mass-
sensitive gas sensors vary based on their structural differences,
including cantilevers, quartz crystal microbalances (QCMs),
surface acoustic wave (SAW) devices (where acoustic waves
propagate laterally across the piezoelectric substrate), bulk
acoustic wave (BAW) devices (where acoustic waves propag-
ate vertically through the piezoelectric substrate), and film
bulk acoustic resonators (FBARs). When an SMO layer is
coated onto the piezoelectric crystal substrate, it enhances the
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adsorption of target gases, leading to a mass change in the
device, which is then immediately converted into an elec-
trical signal due to the oscillation frequency shift[52−60]. The
response mechanism of a mass-sensitive gas sensor is defined
by the frequency difference between the initial state and after
gas adsorption, denoted as ∆f (f gas -f air). As the concentra-
tion of gas molecules increases, the frequency shift becomes
more pronounced, allowing the identification of gas species
based on their chemical sensitivity, which is the ratio of fre-
quency shift to gas concentration (Hz/ppm). The limit of detec-
tion (LOD) is typically defined as the gas concentration that
produces a frequency shift three times greater than the noise
level[52−60].

2.5. Optical sensor

Optical gas sensors operate by detecting electromagnetic
radiation changes due to permittivity variations in the
gas-adsorbed SMO, which affect the propagated resonant
frequencies[61−63]. Typically, an optical sensor comprises
three basic components: a radiation source, an interaction
volume where gas molecules adsorb onto the SMO, and
a detector. This review discusses several types of optical
gas sensors, including photonic crystal gas sensors, optical
fiber sensors, surface plasmon resonance (SPR) sensors, and
surface-enhanced Raman scattering (SERS) sensors[31−36].
Photonic crystal gas sensors utilize the diffraction proper-
ties of light propagated through dielectric SMO materials.
When target gases adsorb onto the SMO surface, the SMO’s
band structure adjusts, resulting in shifts in the diffracted
wavelengths or frequencies. This shift is explained by the com-
bined Bragg’s law and Snell’s law: mλ = 2d(neff2 − sinθ2)1/2

where m is the order of reflection, λ is wavelength of dif-
fraction light, d is distance between particle planes, neff is
the mean effective refractive index, θ is the angle of diffrac-
tion light. When gas molecules diffuse into the porous spaces
of photonic crystal materials, the detected wavelength peak
shifts are determined by the neff values of the gases or by
changes in the SMO’s neff after gas adsorption. Optical fiber
sensors replace the cladding of optical fibers with SMO coat-
ings, creating various designs such as cladding-off multimode
fiber, tapered optical fiber, and D-shaped optical fiber. Light
propagates through these fibers via internal reflection, accord-
ing to Snell’s law. After analyte gas adsorption, the SMO’s neff
changes, modulating the wavelength emitted from the radi-
ation source and increasing the detected intensity in Raman
spectroscopy. SERS sensors enhance surface plasmon excit-
ation when target gases adsorb onto suitable materials and
nanostructures. To develop ultrasensitive SERS sensors using
SMO, numerous studies have focused on structural engineer-
ing to fabricate lower-dimensional particle structures, enhance
chemical coupling between gas molecules and the SMO sur-
face, and create noblemetal-SMOor conductive organic-SMO
composites to facilitate charge carrier transfer, taking into
account the electronegativity and electronic structure of each
species[64−72].

As introduced above, optical sensors measure wavelength
changes after gas adsorption onto the SMO surface. The

adsorbed analyte gases induce changes in the dielectric con-
stant and electronic structure through carrier transfer, which is
detected by the light source. Optical sensors utilize a diverse
range of formats based on sensing mechanisms that combine
Bragg’s law and Snell’s law, distinguishing them from other
types such as chemiresistive, capacitive, and mass-sensitive
sensors. Regarding the gas response determined by specific λ,
∆λ, and∆neff values associated with different gases and their
concentrations, optical gas sensors provide superior gas dis-
tribution detection due to their specific response at character-
istic wavelengths depending on the gas molecules. As a result,
optical sensors are conventionally used in industrial settings
to monitor hazardous gases in exhaust systems.

In summary, gas sensors can be classified into various types
based on their operating principles, including chemiresistive,
capacitive, FET, mass-sensitive, and optical sensors. Most gas
sensors, such as chemiresistive, capacitive, and FET sensors,
rely on detecting electrical differences before and after expos-
ure to target gas molecules, primarily through surface charge
density modulation. These sensors offer fast response times,
high sensitivity, and compatibility with diverse integrated
device formats. However, they often exhibit limited gas
selectivity due to their one-way response mechanism. Mass-
sensitive sensors, including QCMs and SAW sensors, detect
mass changes upon gas adsorption, enabling ultra-sensitive
detection with miniaturization potential. However, they face
challenges in minimizing environmental noise to ensure pre-
cise signal detection. Lastly, optical sensors monitor changes
in light λ, n, or intensity upon gas adsorption, allowing
for highly accurate gas species identification with excellent
selectivity. However, their complex instrumentation makes
them more suitable for industrial applications such as hazard-
ous gas monitoring and process control. Each sensor type has
unique strengths and trade-offs, and their selection depends
on specific requirements for sensitivity, selectivity, response
time, and environmental stability in applications such as
air quality monitoring, industrial safety, and environmental
sensing.

3. A basic concept of MOFs and fabrication tech-
niques of MOF films

3.1. Brief introduction of MOFs

In 1999, MOF-5 was first reported by the Yaghi group
and they viewed the oxide-centered cluster as a secondary
building unit (SBU) capable of assembly with dicarboxylate.
Through X-ray diffraction study, its composition and structure
were revealed. The formula in the presence of solvents was
Zn4O(BDC)3·(DMF)8(C6H5Cl) and that without solvents was
Zn4O(BDC)3. The structure and space group were suggested
to be a simple cubic six-connected net and Fm-3m as can be
seen in Figure 2(a). Due to its isoreticular structure, MOF-5
has been called Isoreticular MOF-1 (IRMOF-1). This MOF
displays a type-I reversible N2 isotherm and a high specific
Langmuir surface area of 2 900 m2·g−1[37].

Hong Kong University of Science and Technology-1
(HKUST-1) was first announced in 1999 by Chui group, and

6



Int. J. Extrem. Manuf. 8 (2026) 012001
Metal-organic frameworks for gas sensors...

So S H et al.

Clean air Target gas in air

Surface state changed after target gas adsorption 

Charge accumulation or depletion region on particles surface

Bulk
region

Surface charge carrier 
concentration changed

Surface

Modulating the surface
electronic structure

VB

CB

SMO

Capacitive Field effect transistor Mass sensitive Optical

Type of gas sensors

Chemiresistive 

n-type
Oxidizing gasReducing gas

p-type

Response = Δλ (λgas−λair)
Δn (ngas−nair)

Response = ΔIds (Igas−Iair), 
ΔVds (Vgas−Vair)

Response = ΔC/Cair
Cair: Capacitance under air
ΔC: Capacitance difference 
under air and gas (Cgas−Cair)

Response = Rair/Rgas or Rgas/Rair

Rair: Resistance under air
Rgas: Resistance under gas
ΔR: Resistance difference 
       under air and gas (Rgas−Rair)

Rair>Rgas Rair<Rgas

Rair>Rgas Rair<Rgas

A

Substrate
Sample

A A

Cair Cgas>Cair

C-f

Impedance

C-V

Cgas<Cair

f/Hz

f/Hz

V

Z′/Ohm

ΔC

ΔC
ΔV

ΔV

Air

DS
GDS

G

Light
source

Optical fiber 

Detector

Optical fiber

Coated
materials

VG
Oxidizing gasReducing gas

Ids

p-typen-type

ΔIds

ΔIds

ΔVds

ΔVds

Vds=VG,Gas

Coated MOF

Piezoelectric material 
sensing device 
(SAW, BAW, QCM, etc)

Iair: Current under air
Igas: Current  under gas

λair: Wavelength under air
λgas: Wavelength under gas

nair: Refractive index under air
ngas: Refractive index under gas

Response = Δf (fgas−fair)

fair: Frequency under air
fgas: Frequency under gas

Vair: Bias under air
Vgas: Bias under gas

VIns

VG

EC

EV

EF

EFi

VG,Gas

ΔR/Rair or ΔG/Gair

G : Conductance (R−1) 

Gas A
Gas B

ΔMass ΔFrequency

Conc./ppm
Gas A

Gas B
Gas C

Photo crystal

nMOF nair
nMOF_gas adsorbed

n:refractive index

ngas

SERS 

Wavelength/nm
ΔλΔλ

R R

n n n n

pppp

n n p p

Air Air

Metal node

Functional
organic group

MOFSMO

Metal Oxygen

e−

+ + + + + +++++++ + + +

h+ h+ h+ h+ h+

h+ h+
h+

e−

− − − − − − − −−− −− −−−

e− e− e−
e− e−

e− e−

e− e−

e−

e−

e−

In
te

ns
ity

In
te

ns
ity

/d
B

C

Z″
/O

hm

C

Sa
m

pl
e

Δ
f/H

z
Enhanced plasmon excitation

Figure 2. The type of gas sensor and gas sensing mechanism for chemiresistive, capacitive, field effect transistor, mass sensitive, and optical
gas sensors.

they adopted solvothermal chemistry to the copper trimesate
system. X-ray structure analysis showed that HKUST-1 is
composed of dimeric cupric tetracarboxylate, its formula is
Cu3(TMA)2(H2O)3, and the space group corresponds Fm-3m.
It has 1 nm-sized nanochannels with a size of 9.5 Å × 13.3 Å
along [100] direction and hexagonal-shaped windows with a
size of 18 Å along [111] direction (Figure 2(b)). To evaluate
its porosity, N2 isotherm was obtained and the specific surface
area was calculated to be 692 m2·g−1 (Brunauer–Emmett–
Teller, BET) and 918 m2·g−1 (Langmuir)[38].

Chromiumwas one of the challenging elements to be incor-
porated into MOFs, and to this end, Matériaux de l′Institut
Lavoisier-53 (MIL-53) was developed and first presented in
2002. By investigating the X-ray pattern, the formula of
Cr(III)OH(BDC) was confirmed (Figure 2(c)), and it was
found that the Cr polyhedral shares the µ2 hydroxyl group
forming a linear chain. The N2 isotherm at 77 K was obtained
and the specific Langmuir surface area was calculated to
be 1 500 m2·g−1[39].

Universitetet I Oslo-66 (UiO-66) is notable in that it
is based on zirconium oxide, and it was first reported in
2008. The formula and space group were Zr24O120C192H96

and Fm-3m. Zr6-octahedron are alternatively capped by µ3-
O and µ3-OH groups, and by connecting dicarboxylate,
Zr6O4(OH)4(CO2)12 came out. The 12 coordination of metal
atoms indicates a closed-packed structure, leading to the
crystal in a cubic close-packed structure as can be seen
in Figure 2(d). The specific Langmuir surface area of
1 187 m2·g−1 was derived from N2 isotherm at 77 K[40].

As noticed from the name, the assembly way of ZIF-8 is
similar to that of aluminosilicate zeolite consisting of Si or
Al connected by O, and instead, ZIF-8 is built from Zn ions
connected by 2-methylimidazolate (2-MeIM) linker[41,42]. X-
ray diffraction analysis showed that the space group is I-43 m
and Zn ion is tetrahedrally coordinated by 4 nitrogen atoms
and capped by imidazolates, as can be seen in Figure 2(e).
Additionally, the effective diameter of cages was 12.5 Å
and the effective window size was 3.3 Å. The framework
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decomposition was found in the range of 400 ◦C to 550 ◦C
and the specific Langmuir surface area was 1 400 m2·g−1.

One of the prototypical MOFs with open metal sites is
M-MOF-74, and Zn-MOF-74, or CPO-27-Zn was first repor-
ted in 2005. Mg-MOF-74, one of the analogues with light-
weight divalent metal ions, was first reported in 2008, and
the yellow crystalline material was obtained through sol-
vothermal reactions of Mg(NO3)2 · 6H2O and DOBDC in
DMF/ethanol/water. By investigating powder X-ray patterns,
it was found to be isostructure with those of MOF-74 series,
as can be seen in Figure 2(f). The unit cell was a trigonal
cell (a: 26.0 Å, c: 6.72 Å) and the specific surface areas of
1 905 m2·g−1 and 1 495 m2·g−1 were derived from N2 iso-
therm at 77 K[43].

3.2. Electrical properties of MOFs: from insulator to electrical
conducting material

While the crystalline structure and the properties of MOFs
are important for gas sensors. Its electrical properties are fun-
damentally critical to determining the structure of the sensor
and sensing mechanism[3,21,44]. Therefore, we briefly sum-
marize the factors affecting the electrical properties of MOFs.
As we explained in the introduction, most MOFs are insu-
lators due to their structural composition and the nature of
the materials used. MOFs consist of metal ions or clusters
connected by organic linkers through coordination bonds. A
major factor contributing to their insulating nature is the use
of organic linkers, which are often non-conductive[45]. For
example, common linkers, such as carboxylates or phosphon-
ates, do not have extended π-conjugation, which is neces-
sary for facilitating electron transport. As a result, the elec-
trons remain confined to specific atoms or bonds, leading
to insulating behavior. Furthermore, many MOFs have large
electronic band gaps, meaning the energy required to move
electrons from the valence band to the conduction band is
high, indicating that electron excitation is low under nor-
mal conditions. In addition, while the amounts of metals
are not negligible, metal atoms are separated by the organic
linkers, not allowing electron transport through the metal
clusters.

Recently, many results have been reported regarding elec-
trically conductive MOFs. Considering the reasons for the
insulating properties, electrically conductive properties can be
achieved by the combination of a proper metal and organic
linker. The history of conductive MOFs has been summar-
ized in the literature, but we summarize critical factors[45−48].
Conductivity can arise by incorporating π-conjugated organic
linkers, which allow for electron delocalization and create
pathways for electron movement between metal centers. In
addition, when metals like iron or copper exist in mul-
tiple oxidation states, electron hopping between metal ions
can be allowed. In other cases, close metal-metal interac-
tions, either through proximity or conductive linkers, facil-
itate electron transfer. Additionally, guest molecule dop-
ing can enhance conductivity by introducing charge carriers
(electrons or holes), which help electrons move more easily
through the framework. Furthermore, MOFs with 2-D layered

structures often show improved conductivity due to the effi-
cient pathways for electron transport created by the closely
packed metal centers within the layers. A good example of
conductive MOF is Cu3(HHTP)2, where Cu stands for copper
and HHTP stands for hexahydroxytriphenylene. In the MOF,
highly electrically conductive properties have been reported
because of the combined effect of conjugated linker systems,
mixed metal centers, and 2-D layered structures. While the
aforementioned approaches are effectively investigated, they
are still challenging, and many rooms remain undiscovered for
gas sensor applications.

3.3. Strategies for reforming MOFs to be tailored for gas
sensing

3.3.1. Tuning MOFs for facile gas transport and adsorption.
Gas sensing is accompanied by gas transport and adsorption,
and facile access to active sites and favorable specific gas
adsorption ensure high performance in gas sensing regardless
of working principles. Various strategies have been reported
and verified. Simply, thinning MOF films, decreasing MOF
particle size and growing oriented morphologies have been
suggested to facilitate accessible gas transport, which can
lead to effective variations in electrical resistance, capacitance,
work function, mass, refractive index, and resonance units[49].
Also, because each MOF possesses a unique aperture size and
can be utilized for separating targeted gas molecules, tunning
aperture size by changing metal elements or organic linkers
can be effective[50].

Adjusting pore size distributions of MOFs can be a pos-
itive solution because pore size also governs the interaction
with gas molecules[51]. Additionally, the formation of polar
surfaces within MOFs facilitates the capture of diverse polar
gases (e.g. H2O, C3H6O, NH3, O3, etc.) more favorably with
strong electrostatic interaction, enhancing both selectivity and
sensitivity[52,53]. Some MOFs can have open metal sites by
removing labile molecules, and they play roles in strong gas
adsorption sites though too much favorable bonding with gas
molecules sometimes destroys the structures[54].

3.3.2. Use of hydrophobic organics and MOFs. Water
vapor in the air significantly affects the gas sensing perform-
ance due to higher affinity with MOFs than that of other
gases and is preferentially adsorbed. From time to time, MOFs
undergo decomposition by reacting with water vapor and then,
it cannot work properly anymore. Therefore, coating with
materials containing long hydrophobic alkyl chains like oct-
adecyltrimethoxysilane on MOF films, incorporating hydro-
phobic functional groups (e.g. trifluoromethoxy group) into
organic linkers, using water-stable MOFs like UiO-66 in gas
separation membranes can be effective strategies[55].

3.3.3. Extension of charge transport pathways within MOFs.
Highly conductive MOFs are captivating in gas sensing, and
the strategies for realizing it can be established based on
charge transport pathways such as bonding, extended conjug-
ation, space, and guest molecules[45]. First, MOFs are built
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Figure 3. A schematic diagram of various fabrication methods forMOF films. (a)MOF solution dropping onto substrate. (b)MOF suspension
or slurry following doctor blade. (c)MOF solution forced by centrifugal force. (d)MOF formation along template. (e)MOF formation between
two phases. (f) MOF solution following along substrate. (g) movement of MOF precursors caused by electrochemical reaction. (h) exfoliation
of MOF crystals.

from bonding involving the orbital overlap of metals and
organic linkers, leading to the construction of a small band gap
and becoming one of the critical charge transport pathways.
Therefore, finding well-matched combinations of metals and
organic linkers for small bandgap and their continuous forma-
tion in a consistent direction would give rise to highly conduct-
ive MOFs. Secondly, similarly, organic linkers incorporating
chelating functional groups that are conjugated with organic
cores like 2,3,6,7,10,11-hexaaminotriphenylene can form π-d
conjugation, allowing for delocalization of charge carriers and
high electrical conductivities. Thirdly, as organic linkers come
closer, the π-π interaction is stronger, and this space plays a
role in a charge transport pathway. Lastly, charge transport
pathways can form by post-synthetically incorporating elec-
troactive guest molecules into pores and the transport can pro-
ceed through guest-guest or guest-framework.

3.3.4. Integration with catalysts into pores of MOFs.
Exploiting outstanding catalysts and achieving uniform distri-
bution of catalysts is very effective in dramatically enhancing
catalytic performance[56]. The regular small pores of MOFs
can be great nucleation sites for catalysts showing the previ-
ously mentioned properties and stabilizing small catalysts pre-
venting agglomeration. Meanwhile, metal ions in MOFs can
sometimes show catalytic activity. The reaction between cata-
lysts and gas species can give rise to reactive elements con-
tributing to performance and variations in the concentration of
charge carriers, therefore, the selection of an effective candid-
ate catalyst is critical.

3.4. Various fabrication techniques for MOF films

3.4.1. Drop-casting. Drop-casting involves first preparing
MOF solutions and then dropping them onto substrates, and
the evaporation of solvent leads to a film consisting of
remaining MOFs as seen in Figure 3(a). This is one of the
simplest and fastest processes to fabricate MOF films, so
most MOF sensors have been fabricated using this method[57].
This method doesn’t require specific equipment, and volatile
solvents are generally used. However, because several factors
determine the final incorporated MOFs, careful adjustment is
required. The factors include types, surface functionalization,
angles of substrates, surface defects such as cracks and holes,
temperature, and humidity. In addition, the coffee ring effect
left some patterns after solvent evaporation. Therefore, repro-
ducible production is challenging in industrial fabrication.

3.4.2. Tape-casting. Tape-casting is a well-known casting
process for the mass production of ceramic tape and is called
doctor blading as well. First, the doctor blade is adjusted at a
fixed distance from a substrate, and suspension or slurry con-
tainingMOFs is situated in front of the doctor blade.While the
doctor blade moves forward along the substrate with constant
velocity, followed by a drying process, thin films with con-
stant thickness are fabricated as shown in Figure 3(b). The con-
centration and viscoelastic properties of suspension or slurry,
types of solvents, the distance between the doctor blade and
substrate, velocity of the doctor blade, etc., govern features of
final MOF films. This method has the advantages of easy con-
trol of thickness and being applicable to mass production.
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Figure 4. The structures of representative MOFs used for gas sensors. (a) IRMOF-1, (b) HKUST-1, (c) MIL-53(Cr), (d) UiO-66, (e) ZIF-8,
(f) Mg-MOF-74. Zn: yellow, C: black, O: red, H: light red, N: orange, Cr: green, Zr: blue, Mg: Pink.

3.4.3. Spin-coating. A substrate is placed on a spin-
coater, which is essential equipment for spin-coating. As a
spin-coater is rotating, MOF solution is applied on the sub-
strate and the MOFs are then spread by centrifugal force
(Figure 3(c)). The solvents are generally volatile and thus, they
are evaporated as MOF solution is applied. At higher rotat-
ing speeds, thinner films can be fabricated. One of the out-
standing advantages is the possibility of realization of uniform
thickness. Nonetheless, this method can be used to flat sub-
strates only.

3.4.4. Template-mediated synthesis. Template materials,
including metals, metal oxides, and metal hydroxides can
provide metal ions during MOF growth without using addi-
tional metal sources. By reacting the template materials with
organic linkers, MOF growth occurs along the surface of tem-
plate materials, resulting in thin MOF layers. The scheme of
this technique is presented in Figure 3(d), and this method is
mass-productive and cost-effective because most MOFs are
commonly removed during the sensor fabrication. When the
metal source and organic linker source are mixed in solution,
the reaction is hard to control and precursors are consumed.

3.4.5. Interfacial synthesis and Langmuir-Blodgett.
Interfacial synthesis uses two immiscible solvents that sep-
arately dissolve metal ions and organic linkers. When they
meet the interface, MOF growth occurs within a very lim-
ited space as displayed in Figure 3(e). Depending on inter-
faces, MOFs displaying various morphologies can be syn-
thesized. Langmuir-Blodgett is named after Irving Langmuir
and Katharine B. Blodgett, and the method exploits interfa-
cial synthesis as well. In the beginning, a substrate is soaked
into a water reservoir and organic linkers in volatile solvents
such as chloroform are spread through the surface of water.
Next, the constant surface pressure is applied by performing

compression with sliders. The metal salt solution is carefully
injected into the water. The MOF growth at the air/water
interface is awaited. Then, the substrate and sliders move at
constant velocity to collect the MOF nanosheets at the air/wa-
ter interface (Figure 3(f)).

3.4.6. Electrochemical deposition. Electrochemical depos-
ition can occur at the anode (anodic electrodeposition) or
the cathode (cathodic electrodeposition). The metal substrate
is used to provide metal ions, which are used to react with
organic linkers in electrolyte under electric voltage. During
this process, the MOF layer is deposited onto the metal sub-
strate. This technology was first proposed by BASF and has
been studied by lots of researchers[58]. Meanwhile, in cathodic
electrodeposition, electrochemically generated hydroxide ions
from water are deposited on a substrate, deprotonate organic
linkers, and deprotonated elements react with metal ions sup-
plied from the electrolyte. This technology was proposed by
Dinca group[59]. Generally, the electrochemical method is
governed by types of solution composition and substrates,
voltage, current density, and deposition time. A brief illus-
tration is presented in the case of anodic electrodeposition
(Figure 3(g)).

3.4.7. Exfoliation. The exfoliation method is a top-down
process to acquire 2-D MOFs from 3D MOFs as shown
in Figure 4(h), and intercalation or sonication of bulk 3-D
MOFs can delaminate the layers by interrupting the interac-
tion between the layers. After obtaining a 2-D MOF solution,
one can choose one of the previously mentioned deposit meth-
ods to fabricate MOF films. A summary of the pros and cons
of fabrication techniques is presented in Table 1, and a sum-
mary figure of MOFs for gas sensors covered in this paper is
presented in Figure 5.

10



Int. J. Extrem. Manuf. 8 (2026) 012001
Metal-organic frameworks for gas sensors...

So S H et al.

Table 1. A summary of the advantages and disadvantages of fabrication techniques.

Techniques Advantages Disadvantages

Drop-casting Simplicity Challenging control of thickness, defects,
inappropriate for large-scale fabrication,
applicable to only planar substrates

Tape-casting Inexpensiveness, simple, controllable
thickness, scalability

Susceptible to various experimental
factors

Spin-coating Controllable thickness Inappropriate for large-scale fabrication,
applicable to only planar substrates

Template-mediated
synthesis

Strong adhesion, patternable Expensiveness

Interfacial synthesis
and Langmuir-Blodgett

Finely controllable thickness Applicable to only planar substrates

Electrochemical
deposition

Simplicity, scalability, patternable Applicable to only conductive substrates,
high energy consumption

Exfoliation Advantage of using surface
characteristics

Highly challenging

4. State-of-the-art of MOF-based gas sensors

4.1. MOFs as sensing layers

4.1.1. Chemiresistive MOF sensors. The chemiresistive
sensor, which detects electrical resistance changes in the pres-
ence of target gases, is the most widely used type of gas sensor
due to its simple device structure, low power consumption,
reasonable gas sensitivity, and rapid response. As discussed in
Section 2, the electrical resistance changes reversibly depend-
ing on the gas species and the concentration of adsorbed gases.
Increasing the gas adsorption area on the material surface has
been a key factor in developing advanced materials. As a res-
ult, the high porosity of MOFs has gained attention as a prom-
ising candidate for gas-sensing materials. Moreover, MOFs
offer additional degrees of freedom in structural design, such
as metal clusters, organic linkers, and pore sizes, which can
be tailored to achieve larger pores and more active metal sites
while maintaining temperature and chemical stability. These
unique structural advantages make MOFs a viable option
for developing practical chemiresistive gas sensors that are
becoming superior to conventional SMO powders. However,
the inherent challenges of activating gas adsorption on the sur-
face and the lower electrical conductivity of semiconducting
MOFs often necessitate the use of external energy sources
or the integration of highly conductive materials to enhance
performance[3,21,44,60,61]. In this section, we present examples
of improved MOF-based chemiresistive sensors that utilize
heating, light sources, and conductive materials to enhance gas
sensing performance.

4.1.1.1. Heat-assisted MOF chemiresistive. Lee et al. syn-
thesized Zr–BPDC–SO2, and Pd@Zr–BPDC–SO2 samples
to use the chemiresistive sensor and show higher sens-
ing performances at 150 ◦C[62]. These samples, synthes-
ized via a solvothermal reaction, are composed of a 12-
connected cuboctahedral Zr6O4(OH)4(CO2)12 cluster and an
H2BPDC–SO2 sulfone-containing linker in Zr–BPDC–SO2.

The Pd@Zr–BPDC–SO2 variant involves the metallation of
Zr–BPDC–SO2 with Pd atoms integrated into the framework
(Figure 6(a)). To assess gas sensing performance, the sample
powders were mixed with α-terpineol to form a slurry, which
was then printed onto an electrode-deposited SiO2 on Si (100)
substrate. The gas sensing was measured under 10, 50, and
100 ppm for ethanol, H2, Benzene, CO2, Toluene, and HCHO
environments between 25 ◦C and 200 ◦C. The optimal gas
sensing temperature for Zr-BPDC-SO2 was determined to be
150 ◦C, based on gas response (Rgas/Rair), which increased
up to 150 ◦C but decreased at 200 ◦C under ethanol expos-
ure. The mechanism of ethanol sensing response is related
to oxygen ion adsorption at Zr6O4(OH)4(CO2)12 from eth-
anol decomposition into CH3CHO and H2O. The optimal
temperature was attributed to insufficient energy for effect-
ive gas adsorption at lower temperatures and a higher desorp-
tion rate than the adsorption rate at elevated temperatures
(Figure 6(b)). Additionally, Zr-BPDC-SO2 exhibited a higher
ethanol response (between 1.2-1.4 Rgas/Rair) compared to a
lower response (1.1 Rgas/Rair) for other gases, with a propor-
tional relationship to target gas concentration. Meanwhile, the
Pd@Zr-BPDC-SO2 sample showed a significantly higher gas
response (over 1.9 Rgas/Rair) to H2 gas at 100 ppm compared
to a lower response (1.3 Rgas/Rair) for other gases, due to the
enhanced catalytic effect between Pd and H2 molecules, which
activated adsorption sites for hydrogen gas in Zr-BPDC-SO2.
This study highlights the importance of heating gas-sensing
materials to the appropriate temperature that modulates the
balance between adsorption and desorption.

4.1.1.2. Light-assisted MOF chemiresistive. Jo
et al. proposed an alternative method for providing
external energy during gas sensing through light activ-
ation, utilizing photocatalytic mechanisms to enhance
adsorption reactions and desorption processes, thereby
enabling faster recovery of the material’s surface. The
visible light on Cu3(HHTP)2 (HHTP = 2,3,6,7,10,11-
hexahydroxytriphenylene) nanoflakes and Fe2O3 activated
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Figure 5. A summary figure of MOFs for gas sensors.

the desorption of NO2 gas[63]. Cu3(HHTP)2 nanoflakes were
synthesized via a solvothermal reaction, followed by two cent-
rifugation steps to produce Cu3(HHTP)2-NFs. Subsequently,
Fe2O3 nanopowder slurry was mixed with the Cu3(HHTP)2-
NFs slurry to achieve a 2:1 weight ratio of Cu3(HHTP)2-
NFs to Fe2O3 nanopowder, forming a hybrid structure. The
sampling process involved drop-casting the Cu3(HHTP)2-NFs
and Fe2O3 slurry onto a patterned SnO2 electrode on a trans-
parent PET substrate, followed by solvent removal at 60 ◦C
for 30 minutes. Gas sensing was performed at room temper-
ature using 5 ppm of various analyte gases, including NO2,
HCHO, C6H6, CO, C3H6O, H2, C2H5OH, p-xylene, toluene,
and NH3. The Cu3(HHTP)2 nanoflakes exhibited an 89.4%

response to NO2, compared to 61.1% for coarser Cu3(HHTP)2
flakes, indicating a greater abundance of gas adsorption sites
on the Cu3(HHTP)2 surface for NO2, with negligible reactions
to other gases. The issue of irreversible NO2 gas adsorption
was addressed through visible light exposure, which facilit-
ated the desorption of NO2 from Cu3(HHTP)2 flakes. Greater
desorption was observed under blue light (2.76 eV), which has
higher energy than lower-energy bright light. Furthermore,
the Fe2O3 nanopowder and Cu3(HHTP)2-NFs exhibited full
recovery to Rair under blue light exposure, as the hetero-
junction between Fe2O3 and Cu3(HHTP)2-NFs promoted the
desorption of adsorbed NO2 by generating more photoinduced
holes and extending their lifetime. This study demonstrated
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films such as Cu-TCPP-0C-on-Cu-HHTP-yC and the Cu-TCPP-xC-on-Cu-HHTP-20C for detecting the NH3 and benzene.[68] John Wiley &
Sons. © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

the enhanced gas sensing performance achieved through pho-
toactivation of the MOF-oxide hybrid, offering a practical
approach to gas sensor design that leverages external photon
energy for low-temperature operation without the need for
heating.

Ling et al. reported the UV-activated NO2 gas sens-
ing response using Au nanoparticle decorated ZnO@ZIF-
8 core-shell heterostructure nanorods at room temperature
(Figure 6(c))[64]. The ZnO@ZIF-8/Au is fabricated in 3 steps.
First, the growth of ZnO nanorods was performed using a
hydrothermal method on a Si substrate. Second, the solution
dissolved 2-methylimidazole in 10 ml methanol was spin-
coated on ZnO nanorods/Si substrate, and heat treated under
160 ◦C for 20min to synthesize ZnO@ZIF-8 core-shell nanor-
ods. The last step was Au decoration using HAuCl4 solution
and UV light irradiation on ZnO@3ZIF-8 core-shell nanor-
ods. The gas sensing was measured under 365 nm UV light,
and the ZnO@3ZIF-8/Au sensor exhibited higher responses
of 260% and 34 700% toward 0.05 and 3.75 ppm of NO2

environment than the other gases. Under UV light, photo-
generated holes supported the desorption of NO2 gases from
the surface, thereby restoring the material’s sensing ability.
Thus, the UV light activated reversible electronic sensitiza-
tion through the heterojunctions interface between ZnO@ZIF-
8/Au nanoparticles (Each of the elements plays distinct roles:
as a gas adsorption site in ZnO, a charge transport chan-
nel in 3ZIF-8, and an electron sink with gas adsorption cap-
ability in Au), which modulated the depletion region via

adsorption/desorption of the NO2 gases on the ZnO@3ZIF-
8/Au surface and measured the highest sensitivity.

4.1.1.3. Electrical conductivity improved MOF
chemiresistive. Campbell et al. used conductive MOFs for
the chemiresistive gas sensing materials, which measured dif-
ferent electrical conductivities: 0.002 S·cm−1 of Cu3(HHTP)2,
0.2 S·cm−1 Cu3(HITP)2, and 2 S·cm−1 Ni3(HITP)2 to solve
the lack of MOF conductivity[65]. The MOF materials were
synthesized by solvothermal reaction, and fabrication of the
MOF sensor devices was drop-casted using acetone solution
and synthesized samples onto interdigitated gold electrodes
on a corundum substrate. In addition, the gas sensing array
was fabricated by drawing MOF chemiresistors onto paper
substrates. The gas-sensing was performed by measuring
the electronic conductance when exposured for 30 seconds
under 200 ppm concentration of diverse VOC gases such
as Haxane, Cyclohexane, Heptane, MeOH, EtOH, i-PrOH,
Acetone, MEK, THF, Dioxane, Benzene, Toluene, p-Xylene,
BuNH2, i-Pr2NH, and ET3N. The Ni3(HITP)2 measured a dir-
ection of response opposite to Cu-based MOFs (Cu3(HHTP)2
and Cu3(HITP)2), which showed a significantly different
response from each other. All samples showed responsive-
ness to VOCs with polar character VOCs but no appreciable
response to aliphatic hydrocarbons. The distinct variations
in the chemiresistive response of all samples were to distin-
guish different types of VOCs. This report suggested a charge
transfer mechanism for sensing as the d-electron count of the
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metal center that induced a pronounced effect on the electronic
structure of the MOF and implied electronic interactions with
polar analytes. The different gas selectivity for Cu3(HHTP)2,
Cu3(HITP)2, and Ni3(HITP)2 was speculated by both strong
H-bonding and strongly reducing reactions via metal atoms.
Therefore, the different charge transfer and the following
hydrogen bonding difference contributed to sensing response
and selectivity.

Meng et al. successfully activated chemiresistive gas sens-
ing using bimetallic conductive 2-D MOFs based on metal-
lophthalocyanines (MPCs), specifically NiPc-Ni, NiPc-Cu,
NiNPc-Ni, and NiNPc-Cu, synthesized through a solvo-
thermal reaction in Figure 6(d)[66]. The structures of NiPc-M
and NiNPc-M were calculated to have pore sizes of approx-
imately 1.8 nm and 2.3 nm, respectively. The MPC samples
in this study demonstrated intrinsic conductivity of 10−2

S·cm−1, enabling the use of gas sensors without conductive
binders at low driving voltages (0.01–1.0 V). Isoreticular ana-
logs of metallophthalocyanines andmetallonaphthalocyanines
were shown to modulate gas sensitivity and selectivity to NH3,
NO, and H2S, with sub-ppm to ppb levels of detection limits
(LOD) for NH3 (0.31–0.33 ppm), H2S (19–32 ppb), and NO
(1.0–1.1 ppb). Principle component analysis revealed that all
NiPc-M and NiNPc-M MOFs were capable of distinguishing
between NH3 (40 ppm), H2S (40 ppm), and NO (1 ppm). This
study suggested that the gas sensing mechanisms arise from
surface interactions between the analyte gases and the MPC
surface, where charge-transfer or redox reactions occur at the
metal sites. Furthermore, gas selectivity and sensitivity were
influenced by both the inorganic linkers and the π-system in
the MPC structure.

4.1.1.4. Heterostructured MOF chemiresistive. Zhou et al.
reported a remarkable 130-fold increase in H2S gas sensing
performance using a molecular-sieving MOF membrane on
ZnCo2%O@BM-ZIF, as shown in Figure 6(e)[67]. The 3DOM
ZnCoxO@BM-ZIF samples were prepared in two steps. First,
a macroporous ZnCoxO substrate was synthesized by creat-
ing a PMMA template composed of ∼550 nm rubber spheres
using a self-assembly method. A bimetallic precursor solu-
tion containing Zn(NO3)2 · 6H2O and Co(NO3)2 · 6H2O (at
0, 1, 2, and 5 wt%) was mixed with citric acid in ethanol
and sonicated. This precursor was then infiltrated into the
opal templates, dried, and heated at 60 ◦C for 1–2 hours.
The 3DOM bimetallic oxide scaffold was formed by sin-
tering the precursor at 500 ◦C for 3 hours, removing the
PMMA template, and transforming it into ZnCoxO. For the
3DOM ZnCoxO@BM-ZIF samples, the ZnCoxO substrate
was submerged in a 2-MeIM solution and heated at 60 ◦C for
2 hours to coat the BM-ZIF membrane, followed by washing
with ethanol and drying. Among the samples (x = 1%, 5%),
the ZnCo2%O@BM-ZIF showed the highest response, with a
value of 260, which was 1.3 to 52 times greater than the oth-
ers. This result was attributed to the proper baseline resistance
of 0.93 MΩ for ZnCo2%O@BM-ZIF, compared to 0.9 MΩ for
ZnCo1%O@BM-ZIF and 1.01 MΩ for ZnCo3%O@BM-ZIF.

The increased resistance was related to the expanded elec-
tron depletion layer in the ZnCo2%O@BM-ZIF sensor, which
was confirmed by the highest proportion of adsorbed oxy-
gen and the formation of more p-n heterojunctions between
n-type ZnO and p-type Co3O4 as the Co content increased.
The detailed gas sensing mechanism is based on the BM-ZIF
membrane, where the interface states of ZnCoxO were influ-
enced by the organic ligands and the outer film. The synergistic
effects of Co and Zn in ZnCo2%O@BM-ZIF significantly
enhanced sensing performance through three keymechanisms:
(I) molecular sieving by the ZIF membrane, (II) increased
catalytic activity of Co sites due to the porous MOF struc-
ture, and (III) p-n heterojunctions between ZnO and Co3O4. In
stage I, the outer BM-ZIF membrane acts as a molecular sieve,
allowing smaller gas molecules to pass through more easily
than larger ones. BM-ZIF’s alkaline sites selectively capture
H2S over other gases. In stage II, Co2+ sites enhance the cata-
lytic reaction with H2S, generating reactive oxygen species.
Finally, in stage III, the interaction between ZnO and Co3O4

forms a built-in potential barrier, which amplifies resistance
changes when exposed to H2S, significantly improving the
sensor’s performance.

Yao et al. reported a heterostructured MOF (Cu-
HHTP, HHTP = 2,3,6,7,10,11-hexahydrotriphenylene)–
MOF (Cu-TCPP, TCPP = 5,10,15,20-tetrakis(4-
carboxyphenyl)porphyrin) film used as a highly selective ben-
zene chemiresistive gas sensor operating at room temperature,
as depicted in Figure 6(f)[68]. The Cu-TCPP film was synthes-
ized via a solvothermal method and then transferred onto the
Cu-HHTP film by a stamping technique. The Cu-HHTP layer
itself was prepared by spraying a copper acetate and HHTP
solution onto a substrate. The physical integration of differ-
ent MOF layers with weak van der Waals (vdW) interactions
enables a synergistic enhancement of device functionality.
While the Cu-HHTP thin film showed a higher response to
polar gases like NH3 at room temperature, the addition of the
molecular sieving Cu-TCPP layer on top of the Cu-HHTP
layer, combined with vdW forces between the interfaces sup-
pressed NH3 penetration but developed a higher gas response
to benzene at room temperature. This method eliminated the
need for lattice matching conditions required by previous
techniques for growing MOF-on-MOF heterostructure thin
films. Furthermore, this report suggested that integrating a
molecular sieving MOF layer onto a chemiresistive sensing
MOF layer modulated gas selectivity.

Ghanbarian et al. introduced VOC gas sensing for
compounds such as methanol, ethanol, isopropanol, and
toluene using a ternary compound conductive MIL-
53(Cr-Fe)/Ag/CNT under 10% relative humidity at room
temperature[69]. In this study, the bimetallic MIL-53(Cr-Fe)
nanostructure was synthesized via a sonochemical method,
with Ag nanoparticles and CNTs added to form the ternary
composition. The VOC sensing mechanism was related to the
structure of theMIL-53(Cr-Fe)/Ag/CNT. The sensor exhibited
increasing resistance in response to polar VOCs, with LOD of
30.5 ppm for methanol, 39.6 ppm for ethanol, and 50.5 ppm
for isopropanol, while showing decreasing resistance under
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exposure to the non-polar gas toluene. The flexible struc-
ture of MIL-53(Cr-Fe) provided intercrystalline channels that
facilitated the passage of organic vapors, while CNTs acted
as conductive fillers, enhancing the performance of the gas
sensor. As a result, the resistance of the composite decreased
due to the inclusion of CNTs, which provided an electron
transport pathway, improving the highly insulating properties
ofMIL-53(Cr-Fe). Ag nanoparticles further enhanced electron
transport throughout the MOF structure and adsorbed oxygen
gases. When exposed to reducing polar gases (methanol, eth-
anol, and isopropanol), these gases captured electrons from
the nanocomposite, reducing the material’s electrical con-
ductivity. In contrast, when exposed to non-polar gases like
toluene, the adsorbed electrons from oxygen returned to the
MIL-53(Cr-Fe) film, leading to a reduction in the potential
barrier height. Electrons are then transported via the CNTs,
increasing conductivity.

4.1.2. Capacitive MOF sensors. As previously discussed,
capacitive sensors detect various gases by measuring changes
in the dielectric constant or the thickness of the dielectric
layer after gas molecules are absorbed[70]. Among various
sensor types, capacitive sensors stand out due to their super-
ior stability, ease of manufacturing, accuracy, selectivity, and
potential for miniaturization.MOFs are particularly promising
as dielectric layers in capacitive sensors because they offer
highly ordered structures, large surface-to-volume ratios, and
exceptional porosity along with precise control over gas affin-
ity using tunability of active sites and organic ligands. These
unique properties facilitate specific surface reactions and the
adsorption of target gas molecules, leading to sensitive capa-
citance variations[71]. As described in Figure 7(a), the capa-
citive gas sensor measures the capacitance difference before
and after adsorption the gas molecules on the MOF surface by
modulating surface carrier density. Over the past decades, a
variety of MOF-based capacitive sensor systems and designs
incorporating different sensing transducer platforms have been
proposed. This diversity has driven the development of high-
performance capacitive gas sensors for detecting gases such as
acetone, ethanol, benzene, CO2, and SO2.

Fernandez et al. utilized 1-ethyl-3-methy-Iimidazolium
bis(trifluoromethylsulfonyl)imide (([Emim] [NTf]2)) ionic
liquid (IL) and Universitetet I Oslo (UiO)-66-(OH)2) MOF
to fabricate thin-film capacitive sensors for VOC detection
(Figure 7(a))[72]. To facilitate effective integration into elec-
tronic circuits, UiO-66-(OH)2 was synthesized via solvo-
thermal methods and then spray-coated with the IL. The elec-
trical response of the fabricated IL/UiO-66-(OH)2 sensor was
dependent on the acid dissociation constant (pKa) of the gas
molecules. As shown in Figure 7(b), after removing humidity
and residual gases from the MOF by heating at 100 ◦C, the
MOF-based capacitive sensor exhibited a linear response to
varying concentrations of acetone. Specifically, the IL/MOF
sensor demonstrated a sensitivity of 32 fF·sccm−1 toward
acetone. Moreover, it exhibited a response time (τ90) and
recovery time (τ10) of less than 1 second, achieving a steady

response value thereafter. The sensor showed a distinctive lin-
ear relationship between capacitance response and the expo-
nential of gas concentration, correlating with each gas’s pKa
value (Figure 7(c)). This indicates that the IL/MOF capacit-
ance change varies depending on the gas’s acidity, provid-
ing selectivity and offering a rational approach to developing
highly selective capacitive sensors, given the numerous pos-
sible combinations of ILs and MOFs. The intrinsically porous
and chemically tunable structures of MOFs provide space for
IL incorporation, enabling high ionic conductivity and facilit-
ating sensitive capacitance changes in response to gases with
varying pKa values. This may be attributed to the role of
MOFs as active components in the electrical response, where
their hydroxyl-decorated pore surfaces induce ionic and pro-
ton migration within the porous system. Similarly, Chernikova
et al. proposedManchester frameworkmaterial (MFM)-300 as
a sensing layer for a capacitive SO2 sensor[73]. MFM(In)-300
has a high SO2 sorption capacity of 8.28 mmol·g−2 at 25 ◦C
and 1 bar, and it can be fabricated through mild solvothermal
methods that ensure circuit stability[74]. The permittivity of
MFM(In)-300 changed significantly upon SO2 adsorption,
showing a linear response ranging from 75 to 1 000 ppb and
a detection limit as low as 5 ppb. The selectivity toward SO2

is maintained by both analyte-MOF interactions and analyte-
analyte interactions, where adsorbed SO2 interacts with other
SO2 molecules through dipole interactions on the free bridging
hydroxyl group within the pore of MFM-300(In). This res-
ults in more than four times higher cross-selectivity against
CO2 and more than twenty times higher selectivity compared
to CH4, H2, NO2, C3H8, and C7H8. Furthermore, the sensor
maintained a stable relative capacitance change response over
25 days and during continuous exposure to SO2.

To enhance the capacitive response of sensors, various on-
chip MOF fabrication methods for better circuit integration
have been proposed. For example, Xia et al. introduced a one-
step solvothermal method to embed Hong Kong University
of Science and Technology (HKUST)-1 single crystals on
surface-embedded electrodes for ethanol sensing[75]. This
method leverages the confined growth of HKUST-1 single
crystals around prefabricated metal patterns with varying
adhesion strengths. By embedding the electrodes within the
MOF, the low base capacitance value was ensured by prevent-
ing parasitic contributions from the substrate to the measured
capacitance. As a result, at 100 kHz and 0.5 V, the sensor
could detect ethanol gas as low as 0.6 ppm, with the relat-
ive capacitance response matching the ethanol adsorption on
HKUST-1. Additionally, the sensor exhibited distinct capacit-
ance changes at varying ethanol concentrations and demon-
strated excellent stability over 225 hours of continuous eth-
anol sensing at room temperature. This superior performance
is attributed to the change in the coordination state of the Cu2+

sites in the MOF, which causes capacitance changes upon eth-
anol exposure[76]. Similarly, Yuan et al. suggested on-chip in
situ growth of homogeneous Mg-MOF-74 films via solvo-
thermal methods for benzene and CO2 detection[77]. The Mg-
MOF-74-based capacitive sensor exhibited a positive linear
response toward 2 to 100 ppm of benzene and a slightly lower
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Figure 7. Other types of MOF sensor. (a) Mechanism of capacitive MOF gas sensor. (b) Sensing dynamic of IL/UiO-66-(OH)2 capacitive
sensor against various flow rates of acetone, (c) ethanol. (d) Capacitance change of IL/UiO-66-(OH)2 as function of gas concentration (ppm)
in the vapor.[72] John Wiley & Sons. © 2021 Wiley-VCH GmbH. (e) Mechanism of gravimetric MOF gas sensor using QCM. (f) Image of
gravimetric Ni-MOF-74 loaded microcantilever sensor. (g) Sensing dynamics of Ni-MOF-74 microcantilever sensors against CO gas ranging
from 10 ppb to 2.6 ppm. (h) Response of Ni-MOF-74 loaded microcantilever sensor to various interfering gas (1 ppm for all gases).[80]

John Wiley & Sons. © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim(i) Schematically illustrated optical MOF gas sensor using
different n values before and after exposure gas molecules. (j) Illustration of the ZIF-8 photonic crystal based optical sensor. (k) RI variance
of ZIF-8 optical sensor against styrene/water vapor ranging 1% to 10%. (l) Plot of the normalized RI as a function of the square root of the
time for various vapor concentrations of styrene/water vapor. Reprinted from[81], Copyright (2018), with permission from Elsevier.

positive response toward 200 to 5 000 ppm of CO2, despite the
similar dielectric constants of these two gases.

Furthermore, Mg-MOF-74 did not respond to 5 000 ppm
of methane, indicating that the capacitance change likely
arises from the MOF’s unique chemical tunability and its
gas interaction. Specifically, the interaction initiated by π-
complexation between the open metal sites of Mg-MOF-74
and the π-electron-rich benzene molecules leads to a signific-
ant alteration in the permittivity of the Mg-MOF-74 frame-
work, enhancing its sensitivity to benzene[78]. Furthermore,
this study proposed altering the selectivity and sensitivity by
reducing porosity and blocking metal sites through postsyn-
thetic functionalization with ethylenediamine, thereby chan-
ging the sensor’s selectivity. As a result, the sensor’s response
to benzene was drastically reduced by approximately 60%,
while its response to CO2 was enhanced by approximately
25%. Conversely, the increased basicity from amine groups on

the metal sites could adsorb more CO2 molecules, enhancing
sensitivity toward CO2

[79].
Capacitive sensors leveraging MOFs have shown excep-

tional promise in gas detection due to their precise tunability,
high surface area, and superior porosity. Various gases, includ-
ing VOCs and acidic gases, have demonstrated selective, sens-
itive, and rapid sensing responses. The unique properties of
MOFs, combined with various fabrication processes, high-
light their potential for developing high-performance capacit-
ors, paving the way for future applications in a wide array of
gas sensing technologies.

4.1.3. Mass-sensitive MOF sensors. Gravimetric sensors
operate by using a sensing layer as electromechanical oscil-
lators, detecting gases through changes in resonant fre-
quency caused by mass variations on the surface from
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gas interactions[82]. MOF, known for their highly ordered
and porous structures, can significantly enhance the sens-
itivity of gravimetric sensors as they can provide numer-
ous adsorption sites and specific interaction with the gas
analyte. Additionally, the selective adsorption capabilities
provided by the extensive metal and organic ligand libraries
of MOFs contribute to superior selectivity. However, the fab-
rication process of these sensors requires a strong mechan-
ical coupling and stable bonding with the substrate to ensure
precise measurement of frequency changes resulting solely
from gas interactions. Consequently, various MOF-based gra-
vimetric sensors with excellent mechanical coupling have
been developed, including microcantilevers, quartz crystal
microbalance (QCM) sensors, microresonators, and surface
acoustic wave (SAW) sensors.

Lv et al. utilized Ni-MOF-74 crystals in reson-
ant microcantilever sensors to detect CO at ppb levels
(Figure 7(d))[74]. Ni-MOF-74 sensors were fabricated using
solvothermal methods and applied to microcantilevers
(Schematically described sensing mechanism in Figure 7(e).
The gas response of gravimetric MOF gas sensor using
microcantilever is determined by the frequency difference
when the gas adsorbed on the MOF mass is changed depend-
ing on the gas molecule species and density) through ink
printing levels (Figure 7(f)). Among various active metal
site candidates, Ni-MOF-74 demonstrated the most favorable
adsorption enthalpy (−52.7 kJ·mol−1) toward CO, resulting
in the highest sensitivity[83]. The synergetic effect of Ni2+

yields specific adsorption interaction with CO and the porous,
high surface area of MOF-74 results in numerous adsorp-
tion sites for MOF-CO interaction. As a result, it showed
a linear frequency shift in the range of 10 ppb to 2.6 ppm
CO (Figure 7(g)). Notably, even at 40 ppb CO adsorption,
only 16% of the adsorption sites were utilized, indicating the
sensor’s applicability to higher concentrations. The selectivity
of the Ni-MOF-74 microcantilever sensor was also evalu-
ated, showing at least 4.9 times higher response to 1 ppm
of CO than to 1 ppm of NH3, CO2, H2, C2H5OH, toluene,
acetone, CH2Cl2, and hexane (Figure 7(h)). Additionally, the
sensor exhibited very stable operation with a 1% relative
standard deviation response and maintained its performance
over six months, with only a 10.5% sensitivity degradation.
Furthermore, Cai et al. employed UiO-66 as a sensing layer
on a microcantilever to detect dimethyl methylphosphonate
(DMMP) at ppb levels[84]. To avoid damage from corros-
ive precursors and polar solvents during MOF growth on a
microcantilever beam, Parylene-C was used as a protective
layer for solvothermal growth of UiO-66 on the beam. The
UiO-66-loaded microcantilever demonstrated a highly sens-
itive response to DMMP, with a wide detection range from
5 ppb to 440 ppb and a noise level of less than 0.01 Hz.
It also exhibited superior selectivity against various VOCs
and showed excellent repeatability, with a difference of only
0.2 Hz between three exposures toward DMMP. This superior
gravimetric sensing performance toward DMMP is attributed
to the Lewis acidic sites of Zr6 in UiO-66 over MOF struc-
tures, which induce strong adsorption between DMMP and
UiO-66, resulting in larger mass changes[85].

As an alternative to microcantilevers, QCM can also be
effectively utilized when MOFs are incorporated into the sys-
tem. Tchalala et al. spin-coated King Abdullah University of
Science and Technology (KAUST)-7 and KAUST-8 MOFs
onto a QCM electrode to selectively detect SO2 under atmo-
spheric conditions[86]. KAUST-7 and KAUST-8 exhibit CO2

and H2S sieving properties, allowing the KAUST-QCM sensor
to selectively and sensitively detect SO2 in a range of 0
to 500 ppm under a nitrogen environment. In atmospheric
environments with humidity and interfering gases, the sens-
itivity was slightly reduced, but the sensor still responded
sensitively to 25–500 ppm of SO2. It also demonstrated
four times higher sensitivity toward SO2 compared to other
gases and maintained its sensitivity for 12 days. Similarly,
Zhang et al. utilized ZIF-90-based QCM sensors for super-
ior detection of acetone[87]. ZIF-90 was synthesized via
solution methods and applied to the QCM sensor through
drop casting. Acetone interacts strongly with the aldehyde
group of ZIF-90, resulting in a rational adsorption enthalpy.
Consequently, the ZIF-90-based QCM sensor showed high
sensitivity of 95 Hz toward 1 ppm acetone, with a detection
limit of 20 ppb. Furthermore, its adequate adsorption enthalpy
enabled a fully reversible and stable response, with response
and recovery times of 12 seconds and 17 seconds, respect-
ively, and maintained performance over 70 days. The spe-
cial interaction between ZIF-90 and acetone results in select-
ive detection of acetone among other VOCs, including CH2O,
C2H5OH, NH3, CO2, NO, NO2, C6H6, and C7H8, at the same
concentration.

Other types of gravimetric MOF sensors include microres-
onators and SAW devices. While microcantilevers utilize
MOFs on a beam structure to detect frequency changes,
microresonators use a fixed center paddle connected with
beams. Hwang et al. proposed using ZIF-69, known for its
high adsorption affinity toward CO2, in a microresonator
CO2 sensor[88]. Dielectrophoresis methods were employed to
directly assemble non-agglomerated ZIF-69 onto the reson-
ator. This approach resulted in frequency shifts of 1 460.54,
2 246.66, 3 547.28, and 3 629.07 Hz for CO2 concentra-
tions of 1 300, 2 600, 3 900, and 5 200 ppm, respectively.
This sensitive detection represents a 150-fold enhancement
compared to bare Si resonators with identical dimensions.
Additionally, the response and recovery times were less than
10 seconds, indicating fully reversible adsorption of the tar-
get material. The strong CO2 adsorption properties of ZIF-69,
driven by benzimidazolate linkers that facilitate dipole interac-
tions, ensure high selectivity toward CO2

[89,90]. Paschke et al.
proposed a method for fabricating high-performance MFU-4
SAW CO2 gas sensors using in situ solvothermal growth of
MFU-4 between two separate interdigitated transducers[91].
MFU-4 induces significant changes in acoustic wave velocity
specifically toward CO2, due to its pore size and adsorption
affinity. The MFU-4 SAW sensor exhibited increasing sensor
signals in the range of 10% to 100% CO2, eventually saturat-
ing at higher concentrations, with τ90 of 3.52 seconds and τ10
of 4.86 seconds.

The integration of MOFs with gravimetric sensors has led
to significant advancements in gas detection technologies. The
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unique properties of MOFs, such as their high surface area,
tunable pore sizes, and selective adsorption capabilities, con-
tribute to the enhanced sensitivity and selectivity of gravimet-
ric sensors, including microcantilever sensors, QCM sensors,
microresonator sensors, and SAW sensors. These demon-
strated successes highlight the potential utilization of MOFs
in various gravimetric sensors for a variety of gases.

4.1.4. Optical MOF sensors. MOFs, with their highly
ordered structures and extensive porosity, interact with gas
molecules in ways that induce changes in light scattering,
refraction, reflection, absorption, and luminescence[26]. These
interactions make MOFs highly suitable for optical sensors,
where their tunable porosity and adsorption properties can lead
to sensitive detection of various gases through the observa-
tion of these optical changes. Dalstein et al. proposed a ZIF-8
nanopattern-based 2-D photonic crystal structure for detect-
ing styrene gas (The schematically illustrated optical sensing
method of this report is described in Figures 7(i) and (j). The
gas response is determined by n factors after reflected beam
from MOF surface between the air and analyte gas environ-
ment and described as∆n, which are changed according to gas
molecule species and concentration[73]. ZIF-8was synthesized
via solution methods at room temperature and drop-cast onto
a substrate, followed by a nanoimprinting process. The res-
ulting ZIF-8 nanopatterns featured periodic nanogrooves with
780 nm spacing and 200 nm height and width. These peri-
odic structures cause light diffraction at various angles when
exposed to white light, which can be measured using a charge-
coupled device (CCD) camera on a smartphone. The optical
response of the ZIF-8 diffraction grating system was tested
against styrene/water vapors with concentrations ranging from
1% to 10% (Figure 7(k)). Due to its hydrophobicity and flex-
ible cage structure, ZIF-8 effectively adsorbs styrene, enabling
the ZIF-8 optical styrene sensor to achieve selective uptake
and a corresponding linear increase in its refractive index (RI).
Notably, water vapor did not interfere with changes in the RI,
as confirmed by the observation that vapor alone did not cause
any variation in RI in the report. When analyzing the styrene
uptake variations concerning the square root of time, the
adsorption behavior was divided into two phases (Figure 7(l)):
an initial fast uptake attributed to styrene adsorption on the sur-
face of ZIF-8, followed by progressive penetration of styrene
into the core of the ZIF-8 particles. The adsorption rates were
highly dependent on the styrene concentration, enabling accur-
ate styrene sensing in large concentration ranges even in humid
conditions.

MOFs can also be integrated into optical fibers, which are
valued for their flexibility and stability in various applica-
tions. Optical fibers, as waveguide-based sensors, can have
their optical absorption adjusted and amplified through inter-
actions with target gas analytes within porous MOFs. Zhu
et al. proposed an HKUST-1 integrated optical fiber device for
detecting nitrobenzene[92]. A single crystal of HKUST-1 was

attached to the end of the optical fiber using solution synthesis
at room temperature, and the interferogram shifts induced by
the presence of nitrobenzene were used to measure its detec-
tion. Due to the strong adsorption of nitrobenzene by HKUST-
1, facilitated by the interaction between the oxygen in the
nitro group and Cu2+ ions, as well as the interaction between
the aromatic component and the BTC3− ligand in HKUST-
1, the RI of the HKUST-1 loaded optical fiber changed
upon nitrobenzene sensing[93]. Specifically, as HKUST-1 crys-
tals adsorbed nitrobenzene, the effective RI of HKUST-1
increased, causing the interference spectra to shift to longer
wavelengths. Kim et al. also developed a ZIF-8-coated optical
fiber using a similar solution synthesismethod[94].When gases
like CO2 interact specifically with ZIF-8, the RI of ZIF-
8 changes, leading to corresponding changes in transmitted
light intensity. The intensity variance was directly correlated
with the partial pressure of CO2, thus, ZIF-8 optical fiber
could detect a wide range of CO2 concentrations from 10%
to 100%, with less than 0.5% variation over 10 consecutive
exposures.

Surface-enhanced Raman scattering (SERS) is another
technique that can leverage MOFs to create microscale hot-
spots with high analyte adsorption capability. Phan-Quang
et al. developed a stand-off SERS platform for detecting air-
borne molecules using a 3D Ag@MOF composite[95]. In this
system, Ag nanocubes within the MOF serve as plasmonic
nanoparticles, while the MOF provides adsorption sites for
various airborne gas molecules and a platform for Ag encap-
sulation. With its flexible structure and optimal pore size,
ZIF-8 effectively captures airborne gas molecules, enhancing
the SERS intensity of embedded Ag nanocubes within its
porous framework. The fabricated structures exhibited sig-
nificantly larger and deeper SERS intensity, enabling highly
sensitive gas detection. The Ag@ZIF-8 platform reached an
intensity of over 5 000 counts within 30 seconds, while an
Ag layer without MOF failed to reach 1 000 counts even
after 60 seconds. According to the Lagergren pseudo-first-
order adsorption kinetics, the Ag@ZIF-8 platform demon-
strated the highest sorption constant, k = 5.5 × 10−2 s−1.
The large hotspots and high surface area of ZIF-8, combined
with its adsorption capabilities, facilitated the rapid and quant-
itative detection of gases at ppb levels at 2–10 meters away.
Furthermore, this platform could detect the fingerprints of
multiple airborne polyaromatic hydrocarbons, including tolu-
ene and naphthalene, even under strong daylight background
interference.

MOFs exhibit considerable potential in optical gas sensing
applications due to their highly ordered structures, extensive
porosity, and tunable adsorption properties, which facilitate
significant interactions with gas molecules and lead to detect-
able changes in optical properties such as scattering, refrac-
tion, reflection, absorption, and luminescence. The examples
discussed underscore the versatility and efficacy of MOFs in
optical sensors, offering novel perspectives on the utilization
of MOFs in various optical sensing technologies.
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4.2. MOF-derivates as sensing layers

While some conductive MOFs have shown promising results
in the electrochemical sensing of gaseous molecules, there
are several limitations to their use in practical applications.
First, the sensing sensitivity of MOFs is much lower than
that of conventional SMOs. When exposed to target gas, the
response in MOFs is less than one (∆R/Rair or ∆C/Cair), com-
pared to the SMO sensing layer, which can exhibit changes
greater than ten or even hundreds. Second, MOFs typically
exhibit non-specific binding to various types of molecules
due to their extremely high surface area, porosity, and dipole
properties. Since electrochemical detection only measures a
single electrical component, this non-selective binding can
lead to false-positive signals. Third, MOFs tend to have lower
reversibility compared to SMOmaterials. In SMOs, the detec-
tion of gaseous molecules occurs through catalytic oxidation-
reduction reactions at high temperatures, while in MOFs,
molecules are simply bound or captured in the pores with
simple electron exchanges. Given these issues, direct use
of MOF sensing layers in electrochemical sensing devices
requires further functional modifications. Various efforts have
been made to structurally modify MOFs, and we will briefly
introduce some examples of these methods.

4.2.1. Thermal decomposition of MOFs. Thermal treatment
of MOF crystals is the simplest method for modifying their
structure. When heated above 300 ◦C in an oxygen environ-
ment, the organic linkers within the MOF lattice react with
oxygen and decompose, leading to a collapse of the overall
MOF crystallinity[96]. This process results in the production
of N-doped carbon species containing electron-enriched func-
tional groups, which enhance the reaction pathways of elec-
trochemical sensing. The centered metal atoms are also oxid-
ized and transformed into SMOswithmuch smaller grain sizes
compared to those prepared by conventional hydrothermal
reactions or deposition. The electron-depleted regions of this
dimension usually align with the Debye length of the elec-
trons, maximizing the sensitivity of the sensing materials[97].
Leveraging this chemistry, several groups have successfully
demonstrated MOF-derived SMO gas sensors with perform-
ances superior to conventional techniques. For instance, Yuan
et al. developed a hierarchically porous ZnO nanoarchitecture
through the pyrolysis of a chip-level Zn-centeredMOF layer at
400 ◦C for 3 hours in dry air (Figure 8(a))[98]. This nanoarchi-
tecture features individual ZnO particles with diameters under
100 nm, forming a micro-mesoporous structure that provides
a high surface area (53.4 m2·g−1). Further chemical bonding
analysis via XPS revealed that these oxide particles contain
a high number of oxygen vacancies, which can be modulated
by varying the temperature ramping rate. These vacancies, cre-
ated through defect engineering, provide unpaired electrons on
the sensing layer, narrow the bandgap energy, and offer ample
reactive sites for gas reactions. Using this material, they suc-
cessfully detected 447 ppb of carbon monoxide gas at a 300
◦C operating temperature. Similarly, Xia et al. reported the
decomposition of ZIF-8 particles through in-situ annealing on
a fast-ramping MEMS heater (60 ◦C·s−1)[99]. They heated the

MOFs to 350 ◦C for two hours in dry air and confirmed that the
resulting materials consisted of ZnO nanoparticles with grain
sizes of 23.3 nm. These sensors demonstrated exceptional per-
formance in detecting gaseous ethanol at a 250 ◦C operating
temperature, with a response time shorter than 2 seconds and
a detection limit of 1.2 ppb. Additionally, Ren et al. conduc-
ted pyrolysis on ZIF-8 at 500 ◦C in ambient air and demon-
strated a highly sensitive NO2 gas sensor with a detection
limit in the tens of ppb range[100]. These studies offer valu-
able insights into achieving outstanding performances of SMO
sensing materials through a simple thermal annealing process
of MOFs above 300 ◦C.

4.2.2. SMO heterogeneous catalysts derived from
MOFs. Anchoring noble metal species on oxide sur-
faces is a promising approach to enhance the performance of
SMO gas sensors by facilitating effective reaction pathways,
such as the Mars-van Krevelen or Langmuir-Hinshelwood
mechanisms[104]. The size of the noble metal particles plays
a crucial role in the performance of heterogeneous catalysts,
but forming these particles on oxide surfaces requires well-
controlled reaction conditions to prevent agglomeration and
ensure higher uniformity. To address this challenge, Koo et al.
utilized the nano-confined cages of MOF structures to sup-
press the excessive growth and agglomeration of particles
(Figure 8(b))[101]. They mixed palladium precursors with
ZIF-8 crystals, confining Pd2+ ions within the ZIF-8 pores.
Subsequently, they added NaBH4 to chemically reduce the
Pd2+ ions, forming Pd nanoparticles within the ZIF-8 pores
(Pd@ZIF-8). These particles were then combined with PVP
and ammonium metatungstate hydrate and shaped into fiber
structures using the electrospinning technique. Calcining these
fibers at a high temperature (500 ◦C) for an hour resulted in
the formation of WO3, ZnO, and 2–3 nanometers of PdO
with high homogeneity (Pd@ZnO-WO3). This material was
used to detect gaseous toluene, a biomarker for lung cancer,
successfully demonstrating a detection limit of 100 ppb. A
distinctive feature of this sensing material is the p-n junction
between the three oxides, which contributes to band bending.
Likewise, recently, Sun et al. reported the creation of a unique
3D ZnO/Ag micro-octahedra structure by calcining MOF-5
and Ag precursors at 500 ◦C for one hour in air[105]. During
the thermal treatment, the crystallinity of MOF-5 was com-
pletely decomposed while preserving its octahedral structure
with the formation of Ag nanoparticles. This heterogeneous
combination of SMO and noble metal contributed to high
levels of oxygen vacancies and a catalytic spillover effect.
Leveraging this unique material, the researchers demonstrated
an ultrahigh sensing response of 293.8 to 10 ppm of gaseous
triethylamine. This study highlights how the highly porous
MOF structure and its nano-confinement capabilities can be
leveraged to prepare unique heterogeneous sensing materials.

4.2.3. Templating and hybridization of nanomaterials and
SMO. Despite the exceptional sensing capabilities of SMO
materials, their high operating temperatures remain problem-
atic due to excessive power consumption in devices. Over
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Figure 8. MOF-derived sensing materials. Utilizing thermal decomposition and confinement effect of porous MOFs for generating various
nanostructures. (a) Hierarchical ZnO nanosheets prepared by the pyrolysis of MOF layers, Zn-centered MOF layer.[98] JohnWiley & Sons. ©
2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Heterogeneous catalysts derived through the calcination of metal precursor-
embedded MOF structures. Reprinted with permission from[101]. Copyright (2016) American Chemical Society. (c) Suppression of TMDs
growth via the nano-confinement effect of MOF cages, with demonstration of an oxide/TMDs hybrid structure.[102] John Wiley & Sons. ©
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Binary nanophase of oxide/MOF prepared by simple thermal annealing.[103]

John Wiley & Sons. © 2023 Wiley-VCH GmbH. (e) Schematic representation of the formation of an oxides/MOF binary phase through
thermal treatment and gaseous etching processes.[103] John Wiley & Sons. © 2023 Wiley-VCH GmbH. (f) Operating temperature-dependent
response curve of an N-doped-carbon ZnO/ZIF-8 sensing layer (CZZ-300) against 10 ppm of NO2 gas.[103] John Wiley & Sons. © 2023
Wiley-VCH GmbH. (g) Quantitative detection of NO2 gases by the CZZ-300 sensor.[103] John Wiley & Sons. © 2023 Wiley-VCH GmbH.
(h) Effect of humidity on the sensing capabilities of the CZZ-300 sensor.[103] John Wiley & Sons. © 2023 Wiley-VCH GmbH. (i) Gas
sensing selectivity of the CZZ-300 sensor, showing a specific reaction toward NO2 gas due to the strong affinity of the molecule to the ZIF-8
structure.[103] John Wiley & Sons. © 2023 Wiley-VCH GmbH.

the past few decades, room temperature detection of gaseous
molecules has been extensively studied using 1-D and 2-
D nanomaterials such as carbon nanotubes, graphene, and

TMDs. Here, edge sites of those materials are known to be the
primary active sites for gaseous molecule reactions, leading to
significant efforts to increase these sites. In this context, Koo
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et al. reported synthesizing a few layers of 2-D TMDs, spe-
cificallyWS2, by utilizing the nano-confined porous structures
of ZIF-67 (Figure 8(c))[102]. They mixed WS42− precursors
with ZIF-67 to facilitate the spontaneous insertion of the pre-
cursors into the pores through electrostatic dipole interactions
between the centered Co metals and the negatively charged
WS42−. The mixture was then pyrolyzed at 400 ◦C for two
hours in an air atmosphere, followed by a reduction in a H2/N2

atmosphere at 700 ◦C for another two hours. Due to the con-
finement effect of the ZIF-67 layers, the growth of WS2 was
highly restricted, forming only a few layers. The ZIF-67 also
decomposed under high temperatures, yielding Co3O4 with N-
doped carbon species, which could contribute to forming elec-
trical conducting channels and doping effects, enhancing the
sensing capabilities of the devices. This sensor has been valid-
ated to detect 0.1 ppm of NO2 gas at room temperature. This
study also demonstrates the potential ofMOF structures to fab-
ricate nanomaterials/SMO hybrid sensing materials.

4.2.4. Binary nanophase of SMO-MOF. Although MOF-
derived SMO sensing materials have shown significant
enhancement of sensing capabilities, the high-temperature
annealing conditions often lead to the collapse of the entire
MOF structure, losing its advantages. Recently, Min et al.
reported the development of N-doped carbon ZnO-ZIF binary
structures that showed synergistic effect of the sensing capab-
ilities of oxides with the high gas adsorption properties of ZIF-
8 (Figure 8(d))[103]. In this study, they conducted annealing of
ZIF-8 layer and simultaneously measured the electrical resist-
ance across the material. They observed a rapid drop in overall
resistance around 280 ◦C, implying the formation of conduct-
ing channel, ZnO and N-doped carbon species resulted from
decomposition of ZIF-8 structure. They optimized the anneal-
ing temperature at 300 ◦C for one hour where the main part of
the materials remained ZIF-8 crystallinity, but also had surface
ZnO nanoparticles. In detail, while the XRD signals showed
only peaks from ZIF-8 crystals, the EDX mapping indicated
that 2 to 3 nm-sized ZnO nanoparticles were densely formed
on the surfaces of the ZIF-8 layer. In-depth XPS data also
revealed strong lattice oxygen on the surface of the material,
suggesting that a ZnO layer covered the core ZIF-8. The XPS
data also showed the presence of N-doped carbon residues that
function as electron reservoirs for the ZnO species. Further
exposure to NO2 gas at 150 ◦C was determined to enhance the
oxide lattice structures and etch unstable amorphous carbons,
yielding well-connected conductive channels (Figure 8(e)).
Using this material, they measured the sensing performance
for gaseous NO2 and optimized the operating temperature to
150 ◦C, where the response was calculated higher than 1 000
(∆R/Rair) (Figure 8(f)). Their quantitative analysis represen-
ted the detection limit of the sensor as 0.6 ppb (Figure 8(g)).
Additionally, the response of CZZ-300 was enhanced by two-
fold under humid conditions because the affinity for electron-
withdrawing NO2 molecules allowed them to displace pre-
adsorbed water molecules, which are electron-donating spe-
cies (Figure 8(h)). Furthermore, the unique nature of the ZIF-
8 structure contributed to higher sensing selectivity, showing

a high affinity for NO2 compared to other industrial gases
and VOCs (Figure 8(i)). This study is the first to demonstrate
an organic-SMO-MOF hybrid structure derived from a single
MOF structure through simple thermal treatment, opening new
possibilities for future MOF-derived gas sensing materials.

4.3. MOFs as supportive components for sensor performance
enhancement

Even though MOF can be an excellent candidate for sens-
ing material, MOF also offers a rational approach to effect-
ively enhance the “4S” of sensors: speed, selectivity, sensit-
ivity, and stability as a supportive component, in the sensor
system. MOFs are frequently coated onto various sensing
layer, functioning as catalysts, molecular sieving membranes,
hydrophobic layers, or often performing multiple roles sim-
ultaneously. The enhancement is primarily due to the unique
characteristics of MOFs, such as their porosity, pore size,
dimensionality, adjustable band gap, open metal sites, and
the extensive variety of available MOF components[106−108].
This section focuses on examples and detailed mechanisms
behind the supportive role of MOFs in various chemiresistive
sensors, exploring how these properties contribute to perform-
ance enhancement. Additionally, it discusses the preparation
methods of integrating MOFs into sensor devices.

4.3.1. Catalysts. The development of highly sensitive
sensors capable of detecting extremely low concentrations is
imperative in contemporary society. This capability opens new
avenues for technological advancements in diverse fields and
ensures early detection, enabling timely responses in situations
such as disease diagnosis, industrial safety systems, and envir-
onmental monitoring. Consequently, the development of cata-
lysts to enhance the sensitivity and detectability of sensors
has been a primary focus for the past decades. Among vari-
ous approaches, the catalytic role of MOFs in chemiresist-
ive sensors offers a unique platform for enhancing sensor
performance, owing to their highly ordered structures, tun-
able properties, and open metal sites. In chemical sensitiz-
ation, MOFs facilitate catalytic activation and the spillover
effect through abundant open metal sites, promoting reac-
tions with target analytes. Additionally, MOFs offer custom-
izable pore environments for tailored catalytic sensitization.
Additionally, MOFs can offer electronic sensitization, which
tunes the charge carrier concentration in the sensor during
operation due to their finely tunable electronic properties
depending on the sensing materials.

Lee et al. utilized ZIF-8 as a photocatalyst on UV-activated
ZnO nanostructured sensors for sensitive and selective NO2

sensing at room temperature (Figure 9(a))[109]. By using solvo-
thermal reaction and in-situ growth on the substrate, 3D ZnO
thin hierarchical nanostructures were converted to ZIF-8, cov-
ering the ZnO surface with a ZIF-8 layer. By controlling the
thickness of ZnO and ZIF-8, the effect of ZIF-8 on photo-
activation was optimized to improve sensitivity toward NO2

gas. As a result, a 17-fold enhancement in gas response was
achieved under UV illumination due to the solid interaction
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Figure 9. MOF as a supportive component for sensor performance enhancement. (a) Schematic illustration of ZIF-8 photocatalyst for ZnO
NO2 sensor. (b) Gas response of ZnO, ZIF-8@ZnO nanostructures under dark and UV light (365 nm) conditions at room temperature against
0.1 ppm NO2. (c) Gas selectivity analysis of the ZIF-8@ZnO gas sensor against various VOCs. Reproduced from[109]. CC BY 4.0. (d)
Schematic illustration of ZIF-8 as a sieving layer on ZnO formaldehyde sensor. (e) Sensing dynamics of ZIF-8@ZnO sensor against form-
aldehyde at concentrations from 10 to 200 ppm. (f) Selectivity of ZIF-8@ZnO and pristine ZnO sensor to 100 ppm of various VOCs at
300 ◦C. Reprinted with permission from[111]. Copyright (2016) American Chemical Society. (g) Schematic illustration of ZIF-CoZn hydro-
phobic coating on ZnO acetone sensor. (h) Sensing dynamics of ZIF-CoZn@ZnO sensor against acetone at the concentration range of 0.25
to 100 ppm under various humidity condition at 260 ◦C. (i) coefficient of variance of the sensors toward 10 ppm of acetone at 260 ◦C under
varying humidity range from 0 to 90 RH%.[112] John Wiley & Sons. © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

between ZIF-8 and ZnO (Figure 9(b)). Specifically, while
pristine 50 nm ZnO films achieved around 7.33%, ZIF-8 dec-
orated 50 nm ZnO films achieved 124% against 0.1 ppm of
NO2 under UV illumination. As a result, the fabricated ZIF-
8@ZnO nanostructures showed excellent sensitivity enhance-
ment after appropriate ZIF-8 conversion and demonstrated
exclusive selectivity through a selective molecular sieving
effect, which will be discussed in a later section (Figure 9(c)).
This enhancement is attributed to the photoactivation enhance-
ment effect from the ZIF-8@ZnO composite, which induces
effective interfacial charge transfer between the organic ligand
and metal[110]. ZIF-8 effectively prevents interfacial charge

recombination by transferring photo-activated electrons from
the organic ligand to the Zn ion.

MOFs can also act as chemical catalysts instead of pho-
tocatalysts, providing more oxygen vacancies and additional
reaction routes that generate larger charge differences upon
gas introduction.Wu et al. utilized solvothermal in-situ growth
of MOF to fabricate partially loaded ZIF-8@ZnO nanorods
for sensitive H2S detection[113]. Compared to pristine ZnO
nanorod sensors, ZIF-8@ZnO nanorod sensors showed 15
times higher response toward 10 ppm H2S at 25 ◦C and signi-
ficant sensitivity enhancement across 1–10 ppm of H2S. ZIF-
8 on ZnO acts as a catalyst for H2S reactions by providing
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better gas adsorption, generating more oxygen vacancies com-
pared to pristine ZnO, and offering intermediate reaction
routes between ZIF-8 and H2S. In detail, ZIF-8 induces the
formation of ZnS and 2-methylimidazolate, which cause lar-
ger charge carrier concentration variation upon H2S expos-
ure. Alternatively, metal sites inside MOF cage structures can
also induce chemical sensitization for better sensitivity and
selectivity. Zhou et al. used solvothermal in-situ growth of
MOF to fabricate Co-doped ZIF-71 on ZnO for an acetone
sensor[114]. They utilized ZIF-71 as a framework for Co dop-
ing, which promotes the catalytic activation of oxygen and the
decomposition of acetone[115]. As a result, ZIF-71(Co)@ZnO
showed about 100 times higher gas response toward 50 ppb
of acetone compared to undoped sensors at an optimal Co/Zn
ratio. Similarly, ZIF-67 can directly alter the electronic proper-
ties of the sensing layer to further enhance sensitivity. DMello
et al. reported ZIF-67@SnO2 hybrid structures for enhancing
sensitivity toward CO2

[116]. The coating of ZIF-67 on SnO2

nanoparticles changed the electronic structures, involving par-
tial electron transfer from imidazole to Sn and oxygen of
SnO2, and Co. These transfers provide better stabilization of
CO3

2− at the interfaces and increase CO2 adsorption (an addi-
tional 23.5% CO2 uptake). As a result, the fabricated hybrid
ZIF-67@SnO2 showed a 12-fold higher response compared
to pristine SnO2 toward 50% CO2 and approximately 2 times
higher response to 5 000 ppm CO2. Additionally, the recovery
time drastically decreased from 208 seconds to 22 seconds for
50% CO2 and from 96 seconds to 25 seconds for 5 000 ppm
CO2.

MOFs play a crucial catalytic role in enhancing the per-
formance of chemiresistive sensors. Their highly ordered
structures, tunable properties, and open metal sites facilitate
both chemical and electronic sensitization, leading to signific-
ant improvements in sensitivity and selectivity. Various stud-
ies, including those utilizing ZIF-8, ZIF-67, and ZIF-71(Co),
have demonstrated substantial enhancements in gas response
and selectivity for target analytes such as NO2, H2S, acet-
one, and CO2. These advancements underscore the potential
of MOF-based catalysts in developing highly sensitive and
selective sensors for diverse applications.

4.3.2. Sieving membranes. Selectivity is essential in
gas sensors to ensure accurate performance and prevent
false alarms, particularly as their applications expand into
the industrial, environmental, and medical fields. Various
strategies have been developed to enhance selectivity, includ-
ing chemical sensitization, electronic sensitization, hetero-
junction formation, multi-array electronic nose systems, and
molecular sieving. Among these, molecular sieving offers a
direct approach by filtering out interfering gases and allowing
only the target analyte to reach the sensing layer for detec-
tion. Molecular sieving utilizes selective permeability of tar-
get analytes to the sensing layer, and its mechanism can be
classified into two categories: physical and chemical sieving.
Physical sieving uses precise pore sizes to permit only tar-
get analytes with smaller kinetic diameters to pass through
while blocking larger molecules. For example, ZIF-8 has a

pore size of 3.4 Å, which selectively allows small gases such as
hydrogen (2.89 Å), formaldehyde (2.43 Å), and helium (2.6 Å)
to pass through, while other competing gases are selectively
excluded from the passage. Chemical sieving, on the other
hand, involves specific interactions between the sieving mater-
ial and gas molecules, where properties such as surface polar-
izability, acidity, reactivity, and magnetic susceptibility cre-
ate strong binding sites that prevent non-target gases from
accessing the sensing[81,117]. For instance, the organic linkers
or metal nodes in MOFs can preferentially adsorb interfer-
ing gases, while unsaturated metal sites can coordinate with
specific gas molecules, resulting in selective adsorption. Due
to their tunable well-defined pore sizes, dimensionality, and
exceptional stability, MOFs have emerged as promising siev-
ing components for enhancing the selectivity of chemiresistive
sensors, particularly in systems involving metal and semicon-
ductor metal oxides, where spontaneous interactions with gas
analytes are prevalent.

Physical sieving in MOFs typically requires precise control
of pore size, which can be achieved by modifying the metal
complexes or organic linkers in the framework. In detail, the
length and structures of organic linkers and the charge and size
of the metal ion can precisely control the pore size of MOFs
for selective molecular sieving effect[118,119]. Tian et al. util-
ized hydrothermal methods to fabricate ZIF-8 for the selective
permeation of formaldehyde among VOCs (Figure 9(d))[111].
The kinetic diameter of formaldehyde is 2.43 Å, while the
kinetic diameters of other VOCs are 2.90 Å, 3.63 Å, 4.53 Å,
4.60 Å, and 5.25 Å for ammonia, methanol, ethanol, acetone,
and toluene, respectively. Since ZIF-8’s pore size is 3.4 Å,
only formaldehyde can easily pass through the ZIF-8 and
react with ZnO. The ZIF-8@ZnO showed sensitive detection
toward a wide range of formaldehyde concentrations from
10 ppm to 200 ppm and demonstrated response and recovery
speeds of about 16 seconds and 9 seconds, respectively, toward
100 pppm of formaldehyde (Figure 9(e)). This indicates that
ZIF-8 did not impede the molecular movement of formal-
dehyde, allowing for sensitive and fast detection by ZnO.
While achieving sensitive and fast detection, ZIF-8 effectively
blocked reactions between ZnO and other VOCs, providing at
least 4 times higher response for formaldehyde against other
interfering VOCs (Figure 9(f)). Similarly, ZIF-8, fabricated
using solvothermal in-situ growth on Pd/ZnO can also be util-
ized for selective H2 sensors, as demonstrated by Weber et al.
with ZIF-8@Pd/ZnO[120]. ZIF-8 covered Pd/ZnO nanowires,
ensuring the permeation of H2 with a 2.9 Å kinetic diameter
while blocking interfering gases such as benzene, toluene,
ethanol, and acetone. ZIF-8/Pd/ZnO nanowires showed gas
responses of 3.2, 4.7, and 6.7 toward 10, 30, and 50 ppm of H2,
respectively, while noticeable responses were not observed
toward interfering gases.

Beyond physical sieving, MOFs also enable chemical
sieving, as their metal ions and the chemical properties
of organic ligands facilitate selective adsorption, as shown
by Yao et al.[68]. They designed a benzene sensor sys-
tem with a sensing layer of conducting MOF Cu-HHTP
and a sieving layer on top with Cu-5,10,15,20-tetrakis-(4-
carboxyphenyl)porphyrin (TCPP). They used liquid-phase
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epitaxy spray and solvothermal methods to fabricate two
MOFs and utilized Van der Waals interactions to integrate
into a sensor system. Without Cu-TCPP, Cu-HHTP shows a
higher response toward NH3 than benzene. However, with Cu-
TCPP, which has abundant coordination-unsaturated Cu ions,
resulting in a stronger interaction with NH3. Thus, the inter-
action causes Jahn-Teller distortion, which blocks the NH3

pathway. As a result, Cu-TCPP@Cu-HHTP showed a remark-
able decrease in response toward NH3 from 230% to 94%,
while the response toward benzene increased from 134% to
153%. Additionally, the benzene sensor showed long-term
stability up to 160 days and exhibited the highest sensitiv-
ity and selectivity among reported room temperature recov-
erable chemiresistive materials across 1–100 ppm of ben-
zene. Likewise, Hwang et al. utilized Cu(BTC) to chemic-
ally adsorb CO for the selective detection of H2

[121]. By mix-
ing Cu(BTC) with PDMS, the filter was placed in front of
a commercial SnO2 sensor. The MOF filter effectively pre-
vents CO permeation to SMO sensors, having an adsorption
efficiency of up to 62.38% at 20 ppm CO with a 20 wt%
Cu(BTC)/polydimethylsiloxane (PDMS) filter and selectivity
enhancement up to 2.7 times. This selectivity is attributed to
the presence of Cu in Cu(BTC), which facilitates the adsorp-
tion of CO, CH4, CO2, and VOCs. Finally, due to MOF’s
superior mechanical and chemical stability, the filter shows
excellent reproducibility and long-term stability with under
5% standard deviation between five different filters and stable
performance for 3 months.

MOFs, with their various pore sizes, dimensionalities, and
adsorption surface properties, provide a rational system to con-
trol the physical and chemical adsorption of various interfering
gases and enhance selectivity performance without sacrificing
other performances such as sensitivity, speed, and stability.
This overcomes conventional limitations of various sensors,
especially SMO sensors, and opens new avenues for high-
performing gas sensors that can operate in diverse environ-
ments and situations.

4.3.3. Hydrophobic-coating materials. Stability is an indis-
pensable parameter that must be ensured for industrializ-
ation and practical application in real life. Among vari-
ous environmental effects, humidity has posed significant
challenges for more than 70 years as it causes critical
performance degradation, electrical property changes, and
baseline drifting in chemiresistive sensors, especially in SMO
sensors[122−124]. When water molecules reach the sensor sur-
face, they break down into hydrogen and hydroxyl ions and
adsorb onto the sensor surface, with excess molecules adsorb-
ing through hydrogen bonding. Additionally, the presence of
water molecules during detection often competes with the tar-
get analyte and occupies active chemical sites, reducing the
rate of target gas reaction and recovery. Here, MOFs can play
a vital role in preventingwater adsorption on the sensor surface
through amolecular sieving effect or chemical adsorption with
water molecules before they reach the sensor layer. Although
the general mechanism is similar to the previous MOF sieving

section, this section focuses on stability enhancement against
humidity, discussing the stability enhancement from water
molecules in detail.

Yao et al. reported ZIF-CoZn@ZnO to mitigate the
effects of water molecules during gas response with acetone
(Figure 9(g))[112]. Solvothermal in-situ growth of ZIF-CoZn
on ZnO effectively acts as a filtration membrane, allowing
acetone to permeate while preventing water molecules due
to its hydrophobic nature. As shown in Figure 9(h), the cur-
rent change toward 10 ppm of acetone under various humid-
ity environments (0–90 RH%) demonstrated sensitive detec-
tionwithout performance degradation. To evaluate the effect of
ZIF-CoZn in preventing humidity interference, the coefficient
of variation was also assessed (Figure 9(i)). The coefficient of
variation represents the ratio between the standard deviation
of response and the average response value under different
humidity conditions, with a higher coefficient indicatingworse
anti-interference performance. While ZnO nanowire arrays
showed a variation as high as 31.76%, ZIF-CoZn coated ZnO
nanowires exhibited only 7.42% variation for 5 nm coating
and further decreased to 6.53% for 15 nm coating. However,
with 100 nm coating, the variation increased to 41.01%, attrib-
uted to the competing response of the ZnO core and the p-
type CoOx cover. As ZIF-67 (Co) shows poor thermal stabil-
ity, the thickness increment of the ZIF-CoZn coating causes
more oxidation of ZIF (Co) to CoOx nanoparticles at the
operation temperature of 260 ◦C. Consequently, the response
becomes p-type, inducing resistance increases similar to water
molecules upon acetone introduction. However, with MOF
thickness control, ZIF-CoZn provides a rational way to inhibit
water molecule interaction, while maximizing its reaction
with acetone. Co and Zn in ZIF provide excellent catalytic
effects to activate oxygen molecules and generate active oxy-
gen species for the reaction with acetone (response enhance-
ment ∼20 times, detection limit enhancement ∼2 times).
Similarly, Qu et al. introduced porous CoBDC and PDMS on
CoSnO3 for humidity-independent gas detection[125]. CoBDC
was applied to CoSnO3 using thermal reaction as the initial
coating layer, followed by a common hydrophobic PDMS
polymer coating, achieving approximately 120◦ water con-
tact angles. The fabricated CoBDC/PDMS@CoSnO3 sensor
showed within 10% standard deviation limit from the nor-
malized response for 5 ppm H2S, 100 ppm NH3, ethanol,
xylene, and Trimethylamine at 160 ◦C against 0–90 RH%
humidity levels. Additionally, the MOF-based PDMS coat-
ing is viable for ZnO and SnO2, primary n-type SMO mater-
ials, preserving their performance. Here, CoBDC acts as a
supplementary water sieving layer and catalyst. Zhou et al.
reported three-dimensional ordered microporous (3DOM)
ZIF-CoZn@ZnCoxO sensors for a sensitive, humidity res-
istant sensor[67]. In detail, 3D structures were coated with
MOF using thermal reaction with imidazole ligand solution.
Fabricated ZIF-CoZn@ZnCoxO showed approximately 96.2◦

water contact angles and maintained 93.1% of the initial
response after 90 days. This can be attributed to the mechanic-
ally robust, water-resistantMOFfilters. For anti-humidity tests
in the RH range of 35%–75%, the response under 75 RH%
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to 5 ppm of H2S reached 62% of the original value, exhibit-
ing good humidity resilience. In addition, although discussed
in previous sections, various MOFs served as water filter lay-
ers, providing resistance to humidity during sensing and stor-
age, as illustrated by Wu et al. with ZIF-8 (138◦ water contact
angle)[113], and Hwang et al. with MIL-160/PDMS filter (over
70% RH adsorption efficiency)[121].

MOF hydrophobic coatings significantly enhance the sta-
bility and performance of chemiresistive sensors by mitigat-
ing the adverse effects of humidity. By providing effective
molecular sieving and chemical adsorption properties, MOFs
prevent water molecules from interfering with sensor sur-
faces, thus maintaining sensitivity and selectivity. MOFs have
demonstrated substantial improvements in sensor perform-
ance, including enhanced response times, recovery speeds, and
resilience to humidity-induced degradation. These advance-
ments underscore the potential of MOF coatings in develop-
ing reliable, high-performance gas sensors for various humid
industrial and environmental applications.

5. Conclusions and outlooks

Significant progress has been made over the years in develop-
ing sensors for the efficient and effective detection of toxic
gases, greenhouse gases, volatile organic compounds, and
inflammable gases. While various materials, including SMO
have been explored, MOFs have emerged as promising can-
didates due to their superior tunability in structure and chem-
ical composition. Specifically, their highly ordered porous
frameworks, formed from diverse metal ions and organic
ligands, enable a wide range of chemical, electronic, and
structural properties. Their versatile functionality allows for
strong interactions with gas molecules, making MOFs a com-
pelling choice for high-performing gas sensor applications.
MOFs have been incorporated into sensor components using
techniques such as drop-casting, tape-casting, spin-coating,
template-mediated synthesis, interfacial synthesis, Langmuir-
Blodgett deposition, electrochemical deposition, and exfoli-
ation. Fabricated MOF gas sensors exhibit sensitive changes
in electrical resistance, capacitance, mass, and optical prop-
erties after gas adsorption, attributed to their high porosity
and selective adsorption capabilities. Moreover, MOFs can
enhance sensor performance by introducing hydrophobicity,
extending charge transport pathways, and integrating cata-
lysts into their pores through combinations of different organic
linkers or metal nodes. This paper has provided a detailed dis-
cussion of recent advances in MOF-based gas sensors, their
working principles, and fabrication methods. Maximizing the
potential of various MOFs could drive significant advance-
ments in gas sensor technology with broad implications across
numerous industries. However, despite notable progress, there
remains substantial room for improvement to meet its expect-
ations. Further endeavors are needed to focus on the following
issues.

• First, more emphasis should be placed on the processability
and homogeneity of MOF fabrication, which has often been

overlooked.MOF production often involves complex fabric-
ation processes that require high pressure and temperature,
making it crucial to consider scalable manufacturing meth-
ods and commercial viability along with its homogeneity for
industrial-level sensor production. Additionally, the cost of
production and its environmental impact must not be over-
looked, necessitating careful monitoring through compre-
hensive life cycle assessments or green synthesis methods
development[126−128]. As variations in structure and com-
position during the scale-up process can significantly affect
their sensing properties, more efforts should be made to
bridge the gap between academia and industry. Artificial
intelligence-assisted fabrication processes could be imple-
mented to precisely control synthesis conditions on a large
scale, and alternative manufacturing routes could provide
solutions for broader industrial applications of MOF-based
sensors[129,130].

• Second, although various fabrication methods have been
proposed, MOF sensors predominantly rely on solvo-
thermal synthesis and subsequent drop-casting processes for
sensor fabrication. Exploring alternative fabrication tech-
niques could unlock untapped advantages and properties,
as the unique characteristics of MOFs are closely linked
to their fabrication methods. Structural, dimensional, com-
positional, and alignment variations could further diver-
sify MOF-based sensors and enhance their sensing per-
formance in various applications. For instance, alternat-
ive MOF fabrication techniques—such as microcontact
printing, electrochemical deposition, seeding patterning,
ceramic conversion, ink-jet and spray coating, nanoimprint-
ing, photolithography, and electron-beam lithography—
enable a broad range of structural variations and pre-
cise patterning. These approaches pave the way for the
development of high-performance gas sensors with unique
functionalities[131−133].

• Third, the stability of MOF-based sensors requires further
attention. As noted in previous research, MOFs exhibit irre-
versible gas adsorption during detection, leading to baseline
drift and incomplete recovery. Enhanced efforts, such as
platform and MOF engineering, should be further pursued
to achieve fully reversible gas detection. In detail, material-
based strategies that include metal ion, ligand substitution
in MOFs and heterostructures, or external sensor platforms
incorporating UV light or heat-assisted systems can induce
stable and reversible sensing dynamics that overcome con-
ventional limitations[63,134−138]. Additionally, addressing
the effects of environmental fluctuations, such as temperat-
ure and humidity, is essential to broaden the range of applic-
ations for MOF-based sensors.

• Finally, MOFs hold significant potential as template mater-
ials for fabricating highly porous nanostructures. Their
tunability provides flexibility over metal sites, pore sizes,
dimensions, and metal encapsulation, enabling the creation
of various porous nanostructures through simple thermal
treatment. This approach combines the advantages of MOFs
with relatively straightforward fabrication methods to pro-
duce 3D nanostructures with superior performance across a
wide range of applications. As detailed in Figure 8, thermal
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annealing of MOF produces a variety of structures, includ-
ing pristine porous SMO, MOF-SMO heteronanostructures,
and bilayer hybrid MOF-SMO configurations with numer-
ous catalyst embedments. Consequently, further explora-
tion of MOF-based nanostructures and their combinations
is necessary[98,101−103].

In conclusion, MOFs offer distinct advantages in various gas
sensor systems. By leveraging these benefits while addressing
the outlined endeavors, the full potential of MOFs can be real-
ized, leading to their successful application in a wide array of
real-world scenarios.

This review aims to provide a comprehensive introduction
and insights intoMOF-based gas sensors and their fabrication,
offering new perspectives to guide future developments in this
promising field.
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