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Porous materials as effective chemiresistive
gas sensors
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Chemiresistive gas sensors (CGSs) have revolutionized the field of gas sensing by providing a low-
power, low-cost, and highly sensitive means of detecting harmful gases. This technology works by
measuring changes in the conductivity of materials when they interact with a testing gas. While
semiconducting metal oxides and two-dimensional (2D) materials have been used for CGSs, they suffer
from poor selectivity to specific analytes in the presence of interfering gases and require high operating
temperatures, resulting in high signal-to-noise ratios. However, nanoporous materials have emerged as
a promising alternative for CGSs due to their high specific surface area, unsaturated metal actives, and
density of three-dimensional inter-connected conductive and pendant functional groups. Porous
materials have demonstrated excellent response and recovery times, remarkable selectivity, and the
ability to detect gases at extremely low concentrations. Herein, our central emphasis is on all aspects of
CGSs, with a primary focus on the use of porous materials. Further, we discuss the basic sensing
mechanisms and parameters, different types of popular sensing materials, and the critical explanations
of various mechanisms involved throughout the sensing process. We have provided examples of
remarkable performance demonstrated by sensors using these materials. In addition to this, we compare
the performance of porous materials with traditional metal-oxide semiconductors (MOSs) and 2D
materials. Finally, we discussed future aspects, shortcomings, and scope for improvement in sensing
performance, including the use of metal-organic frameworks (MOFs), covalent-organic frameworks
(COFs), and porous organic polymers (POPs), as well as their hybrid counterparts. Overall, CGSs using
porous materials have the potential to address a wide range of applications, including monitoring water
quality, detecting harmful chemicals, improving surveillance, preventing natural disasters, and improving
healthcare.

environment and homes. These emissions have far-reaching
consequences, profoundly affecting both human health and the

The detrimental impact of growing air pollution on our planet
and human well-being is undeniable. The rapid surge in
industrialization and globalization has led to the widespread
release of harmful gases and volatile compounds into our
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delicate ecological balance of Earth." According to the United
Nations Environmental Agency, approximately 7 million pre-
mature deaths every year are due to air pollution. The deadliest
illnesses linked to PM 2.5 air pollution are stroke, heart disease,
lung disease, lower respiratory diseases (such as pneumonia),
and cancer. High levels of fine particles also contribute to other
illnesses, like diabetes, can hinder cognitive development in
children and also cause mental health problems.? Furthermore,
as emphasized by the United Nations, air pollution has exacted
a devastating toll on the biodiversity of our planet’s plant and
animal ispecies. The presence of sulfur and nitrogen oxides in
our atmosphere has given rise to acid rain and smog, causing
extensive harm to plant life and marine ecosystems. To combat
these pressing problems of air pollution, innovative solutions
are urgently needed. One promising approach involves the use
of chemical sensors capable of detecting and alarming us to the
presence of harmful pollutants. These sensors can serve as
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early warning systems, allowing us to take proactive
measures to reduce pollution and protect our health and the
environment. Chemiresistive gas sensors (CGSs) have emerged
as a promising technology for the accurate and simple detec-
tion of harmful gases and volatile organic compounds (VOCs)
in various applications. These sensors are based on the princi-
ple that certain gases and VOCs can induce changes in the
electrical resistance of a sensing material.> This property
allows CGSs to detect and quantify the presence of specific
substances, providing valuable information for assessing
air quality, ensuring safety, and monitoring environmental
conditions.
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CGSs have found applications in diverse fields. Advances in
nanotechnology, materials science, and fabrication techniques
continue to expand the range of sensing materials and improve
the overall functionality of these sensors. CGSs play a vital role
in environmental monitoring, particularly in detecting and
quantifying pollutants. For example, in urban areas with heavy
traffic, these sensors are deployed in air quality monitoring
stations to measure concentrations of gases like carbon mon-
oxide (CO), nitrogen dioxide (NO,), and volatile organic com-
pounds (VOCs). Such sensors provide real-time data, allowing
authorities to assess air quality and implement measures to
mitigate the adverse effects of pollution, such as the reduction
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of CO emissions from vehicles.*®”

In healthcare, they offer the
potential for non-invasive disease diagnosis by detecting spe-
cific biomarkers in exhaled breath. They enable the detection of
biomarkers associated with various diseases. For instance, in
diabetes management, sensors can detect glucose levels in
blood or interstitial fluid, providing crucial information for
insulin dosing. Additionally, breath analysis using CGSs has
shown promise for non-invasive disease diagnosis and mon-
itoring. A prime example is the detection of acetone in the
breath of individuals with diabetes as an indicator of their
blood glucose levels.**° They also play a crucial role in indus-
trial safety, where the detection of hazardous gases is vital to
protect workers and prevent accidents. CGSs are indispensable
in industrial settings for process control and safety. They
monitor and regulate parameters like gas concentrations,
humidity, and solvent levels, ensuring optimal operating con-
ditions. These sensors are vital for leak detection as well,
preventing potentially hazardous situations in industries deal-
ing with volatile substances. For example, in the chemical
industry, these sensors can detect leaks of toxic or flammable
gases, allowing for immediate response and containment.'"*?
The food industry relies on CGSs to assess food quality and
safety. They play a crucial role in monitoring food freshness
and preventing waste. For example, these sensors can detect
spoilage gases, such as ammonia and ethylene, emitted by
fruits, and vegetables, enabling timely interventions to main-
tain food quality. Additionally, CGSs are used in food packaging
to ensure integrity, prevent contamination and ensure product
safety."”>* CGSs are a crucial component of chemical and
biological warfare agent detection systems. They can identify
toxic substances and provide early warning in defence and
security applications. For instance, in military applications,
these sensors are used to detect chemical agents and protect

Prof. Hi-Deok LEE, with BS, MS,
and PhD degrees in electrical
engineering from the Korea
Advanced Institute of Science and
Technology (1990, 1992, 1996),
Jjoined LG Semicon Company Ltd.
in 1993, contributing to CMOS
technology development.  Since
2001, he is a Professor at
Chungnam National University,
specializing in nanoscale CMOS
technology, reliability  physics,
and sensor enhancement. A
recipient of the Excellent Professor
Award (2001, 2003, 2014), Prof. LEE was a Visiting Scholar at the
University of Texas at Austin (2006-2008). A member of the Institute
of Electronics, he currently heads the Intelligent ICT Education &
Research Program for Future Defense Technology. His research focuses
on nanoscale CMOS technology, reliability physics, silicide technol-
09y, test element group design, and sensor development.

Hi-Deok Lee

2532 | Chem. Soc. Rev.,, 2024, 53, 2530-2577

View Article Online

Review Article

personnel from exposure to harmful substances. Additionally,
they are employed in explosives detection, enhancing security
measures at airports and public spaces by detecting trace
amounts of explosive materials.'>™”

Recent advancements have expanded the utility of CGSs to
emerging applications. These include the detection of volatile
organic compounds (VOCs) in indoor air quality monitoring.
For example, in smart buildings, these sensors can detect VOCs
released from building materials or cleaning products, ensur-
ing healthy indoor air quality. Wearable devices incorporating
CGSs have been developed for personal health monitoring,
measuring parameters like sweat electrolyte levels. In the food
and perfume industries, electronic noses equipped with these
sensors are used for flavour and fragrance analysis, ensuring
product consistency and quality. Efforts are ongoing to enhance
the performance of CGSs by improving their selectivity, sensi-
tivity, and response time. In the medical field, CGSs are
extensively used for diagnostic purposes. Fig. 1 shows the
different types of gas detection techniques in general use.

The significance of CGSs lies in their potential to address
the drawbacks associated with traditional detection technolo-
gies, While electrochemical, colorimetric, luminescent, sol-gel,
infrared (IR), and paramagnetic IR optical sensors are effective,
they often suffer from complexities such as high costs, limited
scalability, and energy consumption issues. In contrast, CGSs
offer advantages such as simplicity, cost-effectiveness, com-
pactness, and low power requirements, making them attractive
candidates for widespread adoption. These sensors can be
designed using a variety of sensing materials, including metal
oxides, polymers, nanomaterials, and carbon-based materials
like graphene and carbon nanotubes. The sensing material’s
surface interacts with the target gases or VOCs, causing
changes in its electrical conductivity or resistance. These
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Fig.1 The schematic illustration portrays a range of advanced porous materials such as MOFs, COFs, and POPs, designed for applications in
chemiresistive gas sensors across the industrial, environmental, healthcare, and food quality monitoring sectors.

changes are then translated into measurable signals that can be
analyzed to identify and quantify the concentration of the target
substances. Traditional chemiresistive materials and porous
materials for gas sensing have distinct characteristics and
advantages, and comparing them can help us understand the
differences and potential benefits of using porous materials in
gas sensing applications.

Traditional chemiresistive gas sensors are often based on
metal oxides e.g., SnO,, ZnO, WO; etc. These materials change
their electrical resistance in the presence of specific gases due
to chemical reactions on their surface. The rapid expansion of
metal-oxide-based sensors can be traced back to the pioneering
work of Seyama et al., employing a ZnO thin film as the sensing
layer, successfully showcasing the feasibility of gas sensing
through uncomplicated electrical devices.'® Since then, there
have been tremendous reports on the applications of semicon-
ducting metal oxides as gas sensors such as TiO,, SnO,, WO,
V,0s, Fe,03, NiO, CeO,, CuO, In,03;, Nb,Os, etc. Tin dioxide
(Sn0,) sensors are widely used for detecting gases like methane
and carbon monoxide.'*?° SMO gas sensor devices have several

This journal is © The Royal Society of Chemistry 2024

unique advantages such as low cost, small size, measurement
simplicity, durability, ease of fabrication, and low detection
limits (<ppm levels). In addition, most SMO-based sensors
tend to be long-lived and somewhat resistant to poisoning. For
these reasons, they have rapidly grown in popularity, becoming
the most widely used gas sensors available these days using
various conducting polymers, carbonaceous materials and var-
ious metal/metal oxide nanoparticles. However, the selectivity
of specific analytes such as acetone, methanol, ethanol, iso-
prene etc., by various metal oxide materials is still a big
problem.

However, porous materials possess certain requisite features
that make them potential materials for gas sensing. In order to
get detected by the sensing device, adsorption and desorption
of gas molecules is the primary requirement.>*° Porous
materials being custodians of exceptional surface area and
bearers of appropriate interactive functional sites fulfil the
need of host-analyte interaction. CGSs feature the transduction
of chemical interactions into electrical outputs such as con-
ductance or resistance in low-cost, high performance, less-

Chem. Soc. Rev., 2024, 53, 2530-2577 | 2533
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energy consumption and portable devices. In order to bring
chemiresistivity in the sensing materials, conduction of
charges in the material is the foremost requirement. Porous
materials provide vast options for selecting such appropriate
materials owing to their extended frameworks that work as
conduction highways for the movement of charges.

Porous materials are an interesting class of materials that
have developed a great career in terms of storage, molecular
level seiving, catalysis, water treatment, sensing and so on. The
use of modern crystalline porous materials such as MOFs, COFs
and POPs was well-established as a sensing platform primarily
due to their porous nature.>'">**'"*° An unavoidable feature for
an efficient chemiresistive gas sensing material is the electrical
response towards the analyte gas which not all porous materials
usually offer. Thus, this section will deal with only those
materials meticulously which are usually conductive in nature
or which show an electrical response towards the target gases
based on their band-gap energies.

Metal organic frameworks (MOFs) provide exceptionally
high surface area, rigid and ordered framework, and functional
group versatility that provide optimal host-analyte interaction
and high selectivity. MOFs can be 2D or 3D based on the
geometry of the organic linker being used.***°” Although
3D MOFs provide facile host-guest interactions, their non-

View Article Online
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conductive nature limits their use in chemiresistive sensing.
Conversely, 2D MOFs serve as highly conductive materials
owing to the planar and conjugated organic monomeric units
such as porphyrin, triphenylene, phthalocyanine, etc. and thus
offer an excellent option as a chemiresistive gas sensing
material.®® COFs can provide highly tunable structures and
vast functionalization opportunities which remain beneficial
for efficient guest-host interactions. Although their electrical
conductivities are not much higher, their crystalline nature
enables them to be excellent chemiresistive sensing materials
even with their minute conductivities, though metal and con-
ductive carbon doping based conductivity increments were
reported previously. Graphene-based materials are conductive
in nature and thus their functionalized counterparts are rea-
lized to show chemiresistive nature for gas sensing purposes.

Graphene has extensively gone through various modifica-
tions and hybridizations to produce materials such as graphene
oxide (GO), reduced graphene oxide (rGO), metal/metal oxide
decorated graphene nanocomposites, Graphene-polymer com-
posites and so on.>® These modifications have been used for
facilitating host-analyte interactions that are beneficial for
sensing various analytes including gases. In this section, MOFs
and COFs will be focused extensively as porous materials for
chemiresistive gas sensing, while other prominent porous
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Fig. 2 Publication history of chemiresistive gas sensing (a) traditional material (b) advanced porous MOFs, COFs and POPs over the years. Data are
obtained from the web of science by searching the keywords “chemiresistive gas sensing” and “porous material” (up to September 15, 2023). The number
of publications on chemiresistive gas sensing materials using traditional materials has almost doubled every year since 2000, and a similar trend has been
followed by advanced porous materials since 2014. Data are obtained (c) timeline chart showing the major developments of and progress in advanced
porous materials towards chemiresistive gas sensing in terms of synthesis, design pristine, hybrids and derivatives of MOFs, COFs and POPs for various
gas sensing applications.
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materials that have created milestones in this field will also be
discussed. The remarkable expansion of chemiresistive gas
sensing using advanced porous materials is clearly evident, as
reflected in the steadily rising number of publications from
2014 to 2023 (Fig. 2a and b). However, a diverse array of porous
materials have found application in chemiresistive gas sensors,
with key milestones highlighted in Fig. 2¢. In summary, the
choice between traditional chemiresistive materials and porous
materials for gas sensing depends on the specific requirements
of the application. Traditional materials are often preferred for
their rapid response, robustness, and cost-effectiveness, while
porous materials are gaining attention for their exceptional
sensitivity and selectivity, especially in applications where pre-
cise gas detection is critical. Researchers continue to explore
ways to harness the advantages of both types of materials for
enhanced gas sensing capabilities.

2. Definition and operating principle of
chemiresistive sensors

CGSs are devices that detect and quantify the presence of gases
and volatile organic compounds (VOCs) based on changes in
electrical resistance. The operating principle of CGSs relies on
the interaction between a sensing material and the target
analyte. In general, a gas sensor comprises two main elements:
a receptor and a transducer, as depicted in Fig. 3 The sensing
material (receptor) used in CGSs is carefully chosen to exhibit a
change in its electrical conductivity or resistance (transducer)
when exposed to specific gases or VOCs (analytes).

This material can be a metal oxide, a conducting polymer, a
nanomaterial, or a combination of these. The surface of the
sensing material is designed to have a high surface-to-volume
ratio to maximize the interaction with the target analyte. When
the target gas or VOC molecules come into contact with
the sensing material’s surface, they adsorb onto it, causing
a change in the electrical conductivity or resistance of the

Receptor
Transducer

’

|
" Analyte I
(Gas molecules) :

()
» 2
DLo© o
8o
=
A=
(@]

-

View Article Online

Chem Soc Rev

material. This change in resistance is proportional to the
concentration of the target analyte in the surrounding environ-
ment. The electrical resistance of the sensing material is
typically measured using a setup that includes electrodes con-
nected to a measurement circuit. The resistance measurement
can be performed using various techniques, including four-
terminal measurements, two-terminal measurements, or impe-
dance spectroscopy.

The measured resistance value is then correlated with the
concentration of the target gas or VOCs using calibration curves
or mathematical models. The selectivity and sensitivity of CGSs
can be enhanced by functionalizing the sensing material’s
surface. This involves modifying the surface with specific coat-
ings, catalysts, or receptors that selectively interact with the
target analyte, increasing the sensor’s response to the desired
gas while minimizing interference from other substances.
Overall, the operating principle of CGSs relies on the change
in electrical resistance of a sensing material when exposed to
target gases or VOCs, allowing for the detection and quantifica-
tion of these substances as shown in Fig. 4. The simplicity,
sensitivity, and selectivity of CGS make them attractive for a
wide range of applications, including environmental monitor-
ing, industrial safety, healthcare, and more.

2.1. Device structure

Device structure, in the context of gas sensors, refers to the
physical architecture and composition of the sensor’s core
components. It encompasses the arrangement of materials,
electrodes, and other integral elements within the sensor
framework. This seemingly technical aspect carries immense
significance as it fundamentally shapes the sensor’s perfor-
mance characteristics. One critical facet influenced by the
device structure is sensitivity. The meticulous selection of
materials and their spatial organization can determine how
responsive the sensor is to the presence of specific gases. For
example, semiconductor gas sensors employ carefully designed
sensing layers, where the arrangement of semiconductor

Signal

Fig. 3 Schematic illustration depicts gas sensor parts and typical measurement characteristics of chemiresistive sensors.
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Fig. 4 A schematic illustration provides the potential chemiresistive sensing mechanism, including: (a) the step-by-step synthesis of a chemiresistive gas
sensor setup, (b) the interaction of the effect of gas molecules on inducing a positive change in resistance. Notably, upon the removal of gas molecules,
the system returns to a steady-state baseline, indicating the reversibility of gas molecules interaction.

materials directly impacts the sensor’s ability to detect and
respond to particular gases. The design and configuration of
these layers are tailored to optimize sensitivity. Selectivity is
another vital aspect influenced by the device structure. It
determines the sensor’s capacity to distinguish between differ-
ent gases in complex environments. By engineering the sen-
sor’s structure to interact selectively with specific gas
molecules, interference from unrelated gases can be mini-
mized. This selectivity is crucial in applications where accurate
identification of target gases is paramount, such as environ-
mental monitoring or safety systems.

Fig. 5 shows the different device structures used for gas
detection. Response time, a critical metric for gas sensors, is
intimately tied to the device structure. The arrangement of
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Sensing Body
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sensor components can affect the time it takes for the sensor to
detect and register changes in gas concentration. An optimized
structure ensures rapid response, enabling timely actions in
critical situations like gas leak detection or air quality monitor-
ing. Furthermore, the overall performance and reliability of a
gas sensor are heavily influenced by its structural design. A
robust structure can withstand environmental variations,
ensuring stable and consistent operation over extended peri-
ods. This durability is crucial, particularly in industrial settings
where sensors may be exposed to harsh conditions. In essence,
the device structure in gas sensors is not merely a technical
detail but a foundational element that determines the sensor’s
ability to fulfil its intended purpose. It is through careful
consideration and engineering of this structure that gas
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Fig. 5 Chemiresistive gas sensors are commonly built using various structures, including (a) sintered blocks, (b) thin alumina tube coatings, (c) screen-
printed thick films, (d) small beads with coil and needle electrodes, (e) small beads with a single coil (heater and electrode), and (f) practical sensor
elements assembled with metal caps and filters. Redraw the picture with permission from ref. 60 Copyright 2023 Elsevier.
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sensors can exhibit enhanced sensitivity, selectivity, response
time, and reliability, making them invaluable tools across a
spectrum of applications, from ensuring workplace safety to
safeguarding the environment and advancing healthcare diag-
nostics. Looking forward to the future of gas sensor technology,
the existing guidelines for device fabrication are poised to serve
as a cornerstone for further advancements. These principles are
expected to guide the development of next-generation gas
sensors with enhanced capabilities and broader applications.
Anticipated advancements include the exploration of nanos-
tructured oxide semiconductors with even smaller crystallite
sizes, potentially revolutionizing gas sensing by significantly
boosting sensitivity. Future technologies may also focus on
advanced methods for the precise dispersion of sensitizers
within semiconductor materials, leading to sensors with
remarkable selectivity and responsiveness. The optimization
of sensing layer parameters, enabled by advanced materials
engineering and computational modelling, promises to pro-
duce sensors that are both highly selective and exceptionally
durable. Additionally, thin film-type gas sensors, often over-
looked but showing promise, may gain renewed attention with
the maturation of advanced fabrication techniques like Sputter-
ing, PECVD, ALD etc. In this vision of the future, gas sensors are
poised to play a pivotal role in addressing multifaceted chal-
lenges, from environmental monitoring to healthcare diagnos-
tics, setting new standards in sensor performance and utility.
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2.2. Electrical and gas sensing characterization
measurements

The electrical and gas sensing properties of fabricated gas
sensors with a comprehensive analysis of their performance
conducted through a systematic measurement approach. The
evaluation can be carried out using a multi-meter (Keithley
2400) with two conductive electrodes, as illustrated in the
schematic diagram and digital photograph presented in
Fig. 6. The experimental setup involves placing the sensors
within a sealed chamber on a manually controlled heater
equipped with one inlet and one outlet. Initial evacuation of
the chamber should be performed using a high vacuum pump,
achieving a pressure range from 760 torr to 10~ torr. Subse-
quently, the carrier gas, either dry air or N, gas, can be
introduced into the sensing chamber, with precise control over
the gas amount facilitated by external mass flow controllers
(MFCs). Ensuring the formation of an Ohmic contact between
the active layer and electrodes is a crucial step before each
measurement. This confirmation can be achieved through
current-voltage (I-V) measurements, wherein the applied vol-
tage varies from —5 V to +5 V in increments in applied bias V.
To enhance stability, the sensor is preheated before the actual
sensing measurements. The gas dynamics of the sensor are
assessed by passing the sensing gas (Target), along with the
carrier gas, and measuring the resulting current and resistance.
Furthermore, the sensing response can be examined at
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Fig. 6 Schematic illustration of electrical and gas sensing measurements.
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different temperatures by adjusting the heater temperature.
The carrier gas flow rate is maintained in the chamber, while
the sensing gas concentration is varied by controlling the flow
rate. This systematic and controlled approach allows for a
comprehensive examination of the gas sensors’ performance,
shedding light on their electrical and gas sensing capabilities
under varying conditions.

2.3. Fabrication techniques

Various methods have been employed to fabricate nanostruc-
tured metal oxide materials for gas sensing applications, each
imparting a wide range of sensor characteristics. The properties
of these materials heavily rely on their composition and struc-
ture, which, in turn, are dictated by the building blocks of
nanoparticles. Key factors governing the overall gas sensor
performance include particle size, morphology, and crystal
structure.®’ Synthesis techniques for nanomaterials can be
broadly categorized as either ‘“top-down” or “bottom-up”
approaches.®”””” Top-down approaches typically initiate with
a bulk material, from which nanoscale structures are created by
subsequent material removal processes. Common top-down
methods encompass e-beam lithography, photolithography,
milling, and dry or ion/plasma etching. While top-down pro-
cesses generally offer high manufacturing throughput, they
have limited control over surface morphology. Additionally,
these methods often involve complex fabrication techniques
that are less suitable for cost-effective and large-scale industrial
production, particularly in applications like gas sensing.

2.3.1. Top-down approaches. Top-down approaches
involve starting with a bulk material and then creating nano-
scale structures by removing or etching away material. Com-
mon top-down methods include:

E-beam lithography. This technique uses a focused electron
beam to pattern a surface, allowing for the precise creation of
nanostructures. However, it is limited in its scalability and is
more suited for research and small-scale fabrication.

Photolithography. Photolithography uses light to transfer a
pattern onto a substrate coated with a photosensitive material.
It is widely used in the semiconductor industry but may not be
suitable for gas sensor materials that require specific
morphologies.

Milling. Mechanical milling involves grinding and reducing
bulk material into fine nanoparticles. It is a versatile technique
but can lead to agglomeration and limited control over particle
size and shape.

Dry or ion/plasma etching. These methods involve removing
material from a substrate using chemical reactions or ion
bombardment. While they offer high throughput, they may
not provide precise control over surface morphology and often
require sophisticated equipment.

Top-down processes are known for their potential for high
manufacturing throughput, making them attractive for certain
industries. However, they may not offer the level of control over
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surface morphology and composition needed for gas-sensing
materials. Additionally, the complex fabrication techniques
involved in some of these methods can be cost-prohibitive for
large-scale production.”®”°

2.3.2. Bottom-up approaches. On the other hand, bottom-
up approaches involve the assembly of nanomaterials atom by
atom or block by block. Nanoparticle building blocks are
generated on surfaces by depositing vapor molecules (in the
gas phase) or ions (in the liquid phase). These atoms/ions are
then assembled to form crystal planes or atomic clusters, which
can subsequently grow into larger particles and material struc-
tures. These crystal planes and clusters ultimately give rise to
the nanostructure of the sensing material. Alternatively, one
can utilize nanoparticles synthesized in either the gas phase
(aerosol) or the liquid phase (colloid) and then further manip-
ulate these building blocks for desired sensor material
properties.

Vapor phase deposition. In this method, vapor molecules are
deposited onto a substrate, where they assemble atom by atom
or block by block to form nanostructures. Techniques like
chemical vapor deposition (CVD) and metal organic chemical
vapor deposition (MOCVD) atomic layer deposition, and Sput-
tering fall under this category. Solution-based methods: these
methods involve creating nanoparticle building blocks in the
gas phase (aerosol) or the liquid phase (colloid). These building
blocks can then be assembled into desired structures. Solution-
based techniques include sol-gel synthesis and hydrothermal/
solvothermal growth. Bottom-up approaches offer precise con-
trol over crystal structure, particle size, and morphology. This
level of control is essential for optimizing gas sensing materials
to enhance sensitivity and selectivity. These methods are more
suitable for research and development geared toward tailoring
materials for specific gas sensing applications.®® In summary,
the choice of synthesis method significantly impacts the char-
acteristics of metal oxide nanomaterials for gas sensing
applications. While top-down approaches offer high through-
put, they often lack surface morphology control and cost-
effectiveness. Bottom-up methods, on the other hand, enable
precise control over material structure and are more suitable
for tailoring properties to specific gas sensing requirements.

2.4. Gas sensing characteristics

2.4.1. Response and response transients. The ‘“response”
of a gas sensor is a fundamental parameter that describes how
the sensor reacts when exposed to a particular gas or a change
in gas concentration. It essentially quantifies the sensor’s
ability to detect and respond to the presence of a specific gas.
This response is typically expressed as a change in an electrical
property (e.g., resistance, capacitance, voltage) or another mea-
surable output of the sensor when exposed to the target gas.
The response is often characterized by metrics such as sensi-
tivity, which quantifies how much the sensor’s output changes
in response to a given change in gas concentration. For
instance, in a semiconductor gas sensor, an increase in the
concentration of a specific gas like carbon monoxide (CO) may
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lead to a decrease in the sensor’s electrical resistance. The
magnitude of this resistance change constitutes the sensor’s
response to CO. “Response transients” refer to the dynamic
behaviour of a gas sensor during the transition from one gas
environment to another. Gas sensors do not instantaneously
reach a steady-state response when exposed to a new gas.
Instead, they exhibit a time-dependent response, which
includes an initial transient phase before stabilizing into a
steady response. These transients encompass the sensor’s
adjustment to the new gas environment and are crucial to
understanding sensor performance. The response transients
provide insights into several aspects of sensor behaviour,
including response time (the time taken to reach a stable
response), recovery time (the time taken to return to the base-
line response after gas removal), and the sensor’s ability
to discriminate between different gases during dynamic
gas concentration changes. Monitoring and characterizing
response transients are essential for assessing a sensor’s suit-
ability for specific applications. For instance, in safety-critical
scenarios like gas leak detection, a rapid response time is
crucial to ensure timely warnings, while a prolonged recovery
time might be acceptable. In contrast, in applications where
gas discrimination is vital, understanding how a sensor
responds during transitions between different gases is essential
for accurate detection and identification.

2.4.2. Sensitivity (S). Sensitivity measures the responsive-
ness of a gas sensor to changes in gas concentration. It
quantifies how much the sensor’s output (e.g., resistance,
voltage, or current) changes for a given change in gas concen-
tration. High sensitivity means even small changes in gas
concentration produce significant changes in the sensor’s out-
put. The formula for sensitivity is

AR

S=ac

where S is the sensitivity, AR is the change in sensor response
(e.g., resistance), and AC is the change in gas concentration.

High sensitivity is desirable in applications where precise
measurement of gas concentration is crucial, such as in med-
ical diagnostics or air quality monitoring.

2.4.3. Selectivity (S.). Selectivity evaluates a gas sensor’s
ability to distinguish between different gases or to respond
predominantly to a specific target gas while minimizing inter-
ference from other gases. It is often expressed as a selectivity
coefficient (K), calculated as

where S. is the selectivity, S, is the sensitivity to the target gas,
and S; is the sensitivity to an interfering gas.

Selectivity is vital in applications where multiple gases are
present, and accurate detection of the target gas is essential.
Gas sensors with high selectivity minimize false alarms and
improve accuracy.

2.4.4. Response time (To9). Response time measures
the time it takes for a gas sensor to reach 90% of its final,
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steady-state response after exposure to a change in gas concen-
tration. A fast response time is crucial in applications where
rapid detection is critical, such as in safety systems. The
formula for response time is

Tog =1t — 14

where Ty, is the response time, ¢; is the time when the gas
concentration change is initiated, and ¢, is the time when the
sensor’s response reaches 90% of its final value.

Short response times are desirable in scenarios like gas leak
detection and industrial safety.

2.4.5. Recovery time (Ty). Recovery time measures the
time it takes for a gas sensor’s response to return to 10% of
its final baseline value after the gas concentration has been
reduced or removed. It is essential to understand how quickly a
sensor returns to normal conditions after exposure to the gas.
The formula for recovery time is the same as for response time:

Too=t — 14

But, in this case, it measures the time for the sensor’s
response to drop to 10% of the baseline. Short recovery times
are important in applications where it is critical to confirm that
a hazardous gas has dissipated.

2.4.6. Linearity. Linearity assesses how well a gas sensor’s
response follows a linear relationship with gas concentration. A
sensor is considered linear if its output varies proportionally
with changes in gas concentration. Linearity is often evaluated
through regression analysis, where the sensor’s response is
compared to known reference values over a range of gas
concentrations.

In practical terms, a linear sensor provides accurate and
consistent readings across a broad range of gas concentrations,
simplifying calibration and data interpretation.

2.4.7. Accuracy. Accuracy measures the closeness of a gas
sensor’s readings to the true gas concentration. It is typically
expressed as a percentage or an absolute error. Accuracy is
determined by comparing the sensor’s measurements to known
reference values under controlled conditions. High accuracy is
essential in applications like medical diagnostics or environ-
mental monitoring, where precise gas concentration measure-
ments are critical for decision-making.

2.4.8. Range. The range of a gas sensor defines the mini-
mum and maximum gas concentrations within which it can
provide reliable measurements. Sensors are often designed
with specific concentration ranges in mind, and their perfor-
mance may vary outside these limits. Choosing a sensor with an
appropriate range is crucial to ensure accurate measurements
for a given application.

2.4.9. Stability. Sensor stability refers to the ability to
provide consistent and reliable measurements over time. Stable
sensors maintain their performance characteristics, including
sensitivity and selectivity, over extended periods of use. Stability
testing involves continuous monitoring of the sensor’s
response under specified conditions. Stable sensors are desir-
able in long-term applications, such as industrial process
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control and environmental monitoring, where consistent mea-
surements are essential.

2.4.10. Cross-sensitivity. Cross-sensitivity measures how
sensitive a sensor is to gases other than the target gas. It
quantifies the extent to which interfering gases can affect the
sensor’s response. Cross-sensitivity is often expressed as a
percentage or ratio, indicating the sensor’s response to an
interfering gas compared to its response to the target gas.

3. Traditional sensing materials and
fabrication techniques

Sensing materials play a crucial role in converting various
physical, chemical, or biological signals into measurable sig-
nals, enabling the development of highly sensitive, selective,
and reliable sensors. Fig. 7 shows a timeline of all reported
materials in their development for successful chemiresistive
gas sensors.

3.1. Metal oxides

Metal oxide nanomaterials have garnered significant attention
in the field of gas sensors due to their unique properties, high
sensitivity, and low-cost fabrication. In the 1970s, Taguchi
obtained a patent for using tin oxide chemiresistors as efficient
gas sensors.®® Since then, extensive research has been focused
on improving sensor performance in terms of sensitivity,
selectivity, stability, and response time, while also reducing
fabrication costs. MOSs such as ZnO, TiO,, WO3, Fe,O3, SnO,,
CuO, NiO and Cr,0; or Coz0, have been extensively
studied.®>¥"*

Presently, metal oxide semiconductor (MOS) chemiresistors
are widely adopted in industrial settings, particularly where
target gas concentrations are relatively high (ppm or % levels).
Renesas Corporation in Japan produces industrial MOS H,
sensors with an operational range from <10 to 1000 ppm,
while Figaro Inc. manufactures MOS gas sensors for measuring
H,S, NH3, CO, and other gases within the 10-1000 ppm range.
MOS gas sensors show great promise for air quality monitoring
due to their cost-effectiveness and portability, leading to
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significant efforts in optimizing their capabilities for detecting
key gaseous pollutants. Although most MOSs exhibit changes
in resistance upon the adsorption of gaseous species on their
surface, specific materials demonstrate better suitability for
different target gases. For instance, ZnO, SnO,, and TiO, are
commonly used for measuring CO, while WO; is traditionally
employed for NO, sensors.”*®® Researchers have employed
techniques such as doping, nano-structuring, and creating
composites with other materials to enhance sensor specifica-
tions, including sensitivity, selectivity, and response/recovery
times. Extensive research endeavours have been dedicated to
the practice of doping or surface functionalization of metal
oxides with noble metals such as Au, Ag, Pd, and Pt, among
others. For instance, the deliberate incorporation of dopants
like Pt and Pd, carefully dispersed across the surfaces of SnO,
grains, has yielded remarkable improvements in the gas sen-
sing capabilities of SnO,, particularly concerning gases like CO,
CH,, and NO,.%” Similarly, the introduction of Pd doping into
SnO, nanorod thin films, a process achieved by chemical vapor
deposition and enhanced with plasma has significantly ele-
vated their gas sensing performance, notably in the presence of
H, at 300 °C.°® Crucial factors affecting the sensitivity of Pd-
doped SnO, hollow nanofibers, obtained via electrospinning,
include the concentration of Pd doping and the operating
temperature. These factors played pivotal roles in determining
their responses to gases such as H,, CO, CH,4, and C,H;OH.”°
Furthermore, an increase in the Pd dopant concentration in Pd-
doped SnO, nanowires led to a reduction in the operating
temperature and an enhancement in the sensor’s responsive-
ness to H,.'% This concerted effort in metal oxide doping and
surface functionalization has opened up new avenues for
advancing gas sensing technologies, offering the potential for
highly sensitive and selective detection across a wide range of
gases. Nanoscience has transformed material processing,
allowing precise manipulation at the molecular level. Nano-
structures, being smaller, offer increased surface areas for
gas interactions, leading to compact, lightweight, energy-
efficient, and highly sensitive sensors. ZnO, known for its
versatile morphologies, such as nanowires, nanosheets, nanor-
ods, nanobelts, nanocombs, nanotubes, nanohelices, and
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Fig. 7 Timeline illustrating the developmental stages of reported materials for chemiresistive gas sensors.
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nanorings, has gained significant attention in gas sensing
research.’®* ™" In particular, 1D nanowires and nanofibers
have extremely large surface areas and narrow diameters, which
is desirable for their sensing performance.'** 1D nanotubes are
the most representative structure in 1D materials. Compared
with nanowire sensors, the surface area of the hollow 1D
nanomaterials can be maximized to gain improved sensing
performance."™® Extensive research has been conducted on
one-dimensional (1D) composite metal-oxide materials, driven
by their superior physical and chemical properties compared to
individual components. Interactions within these metal oxide
systems can alter the electronic properties of nanocrystals,
influencing their reactivity and potential applications. Notably,
sensor properties can be significantly enhanced by modifying
composition, structure, and work functions. For instance,
composite sensors combining SnO, and ZnO exhibited
greater sensitivity to butanol vapours than their individual
components.'** Similarly, using WO5;-SnO, nanocomposites,
with the 20 mol% WO;-SnO, nanocomposite sensor displaying
a remarkable response to NO,.""> Additionally, sensors based
on the Fe,03;-In,0; heterostructure exhibited the highest
response to C,Hs;OH.''® Despite extensive research efforts,
there remain several notable challenges when it comes to
employing MOS (Metal Oxide Semiconductor) sensors for
chemical monitoring. First, these sensors ideally demand high
selectivity, meaning that they should be able to distinguish and
accurately measure the target gas while remaining unaffected
by other gases present in the environment. Additionally, sensi-
tivity is a critical factor, and it must stay consistent regardless
of fluctuations in temperature and humidity. Lastly, repeat-
ability is paramount; MOS sensors must consistently provide
reliable and consistent measurements over time. Recent
advancements in nanomaterial synthesis, however,
offered solutions to some of these challenges. These break-
throughs have led to the development of MOS gas sensors that
demonstrate remarkable limits of detection. These develop-
ments bring promising prospects for significantly enhancing
the effectiveness of MOS gas sensors in a wide range of air
quality monitoring applications.

have

3.2. Conducting polymers such as polyaniline, polypyrrole,
and polythiophene

In recent years, there has been a remarkable surge in interest
surrounding polymer-based chemiresistive gas sensors, primar-
ily attributed to the unique properties inherent in organic
conducting polymers. This category of polymers includes
materials such as polypyrrole (PPy), polyaniline (PANI), poly-
thiophene (PTh), poly(3,4-ethylenedioxythiophene) (PEDOT),
and polyacetylene (PA), all of which have emerged as excep-
tionally promising candidates for advancing gas sensor
technology."”” "' One of their standout advantages is their
capability to operate effectively at room temperature. Moreover,
these polymers are easily synthesized through chemical or
electrochemical processes and possess commendable mechan-
ical properties, making them highly desirable for gas sensing
applications."?>"** The outcomes of research into conducting
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polymer-based gas sensors have been quite promising. For
instance, sensors constructed with intertwined PANI nano-
wires, synthesized via electrochemical polymerization, have
exhibited exceptional responsiveness to 0.5 ppm NH;.'**> The
sensing performance of 2D PANI films is particularly note-
worthy, with the lowest detection limit recorded at 30 ppb for
NH; within a concentration range of 15 to 120 ppb at room
temperature, surpassing the performance of most previously
reported PANI film-based gas sensors.'*® Furthermore, the
versatility of organic conducting polymers is evident in their
ease of synthesis and adaptability into various forms, including
thin films, nanofibers, and nanoparticles."”””**" This adapt-
ability empowers designers to create sensors tailored to specific
requirements. Moreover, their chemical properties and sensi-
tivity to particular gases can be fine-tuned through techniques
like chemical doping, nano structuring, and composite for-
mation with other materials, thereby amplifying the sensors’
performance and selectivity. For instance, adding Au nano-
particles (70-120 nm) to PANI nanowires improved H,S sen-
sing. This enhancement includes better detection limits,
superior selectivity, and reproducibility. The improved perfor-
mance results from interactions between H,S and Au nano-
particles, as well as heightened PANI conductivity via electron
transfer from PANI to Au."*®> Nevertheless, despite their
potential, polymer-based gas sensors have exhibited drawbacks
in terms of low sensitivity, slow response and recovery times,
poor thermal stability, and limited selectivity, which have
constrained their broader utility. Fortunately, scientists have
demonstrated that polymer/metal oxide nanocomposites hold
promise in mitigating these shortcomings. These nanocompo-
sites not only address the deficiencies of polymers and metal
oxides but also significantly enhance their sensitivity, thermal
stability, and response speed. Extensive scientific investigation
has yielded a deeper understanding of the mechanisms respon-
sible for these improvements in gas sensing performance. It is
now established that alterations in microstructure and the
creation of P-N junctions play pivotal roles in enhancing the
sensing capabilities of these materials. Various nanostructured
metal oxides like SnO,, TiO,, Fe,03, GeO,, ZnO, WO3;, Nb,Os,
and MoO; have been combined with PANI for gas
detection.**™**° For example, PANI/TiO, nanofiber sensors
were developed for detecting low levels of NH;. P-N hetero-
junction monohybrids were formed through a polymerized
reaction, enhancing NH; sensitivity to 50 ppt."*® Notably, Li
et al. introduced gas sensors consisting of hybrid PANI/WO,
nanocomposites on flexible PET substrates. They designed
flower-like and hollow sphere WO3;@PANI nanocomposites
for detecting NH; at room temperature. These sensors achieved
impressive response values, with flower-like WO;@PANI reach-
ing 20.1 and hollow sphere WO3;@PANI reaching 25 in
response to 100 ppm NH; at room temperature.'*"***> Jun
et al. prepared sensors based on tube-in-tube SnO,@PPy con-
struction for detecting DMMP at extremely low concentrations
(0.05 ppb).**? In conclusion, polymer-based chemiresistive gas
sensors, featuring materials such as polypyrrole, polyaniline,
polythiophene, PEDOT, and polyacetylene, offer a compelling
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alternative to conventional metal oxide sensors. Their ability to
operate efficiently at room temperature, coupled with their
sensitivity and potential for low-power consumption, positions
them as attractive candidates for the development of advanced
gas sensing technologies with enhanced efficiency and relia-
bility. Continued research and development in this domain are
poised to see polymer-based gas sensors play a pivotal role
across various applications, encompassing air quality monitor-
ing, industrial safety, and environmental preservation.

3.3. Carbonaceous materials

Nanomaterials have ushered in a new era in the realm of gas
sensors, representing a paradigm shift in sensor technology.
These materials, which include carbon nanotubes, graphene,
and metal nanoparticles, have redefined the boundaries of
sensitivity, selectivity, and response times in gas sensing appli-
cations. Their unique properties and remarkable potential have
sparked extensive research and development efforts, revolutio-
nizing the field of gas sensors. Let’s explore their individual
contributions to gas sensor reports:
3.3.1. Carbon nanotubes (CNTs).
(CNTs), with their extraordinary electrical, mechanical, and
thermal properties, stand out as one of the most prominent
nanomaterials in gas sensor innovation. The CNTs discovery in
1991 by Ijima has generated great interest among researchers to
explore their unique properties."** These cylindrical carbon
structures exhibit an immense surface area-to-volume ratio,
enabling efficient gas adsorption and interaction. CNT-based
sensors have demonstrated exceptional sensitivity to various
gases, including volatile organic compounds (VOCs), ammonia
(NH;), Nitrogen dioxide (NO,), and carbon dioxide (CO,)."***
The tunability of CNT properties, such as diameter, functiona-
lization, and defect density, offers a versatile platform for
tailoring sensor characteristics to specific gas targets. For
instance, CNT films grown using PECVD exhibited strong
sensitivity to NO, at room temperature, striking a balance
between higher resistance variations and fast, reproducible
baseline recovery."*® Also, building upon the improved gas-
sensing capabilities of one-dimensional hierarchical structures,
the researchers developed hierarchical CNT composite nano-
materials. These nanomaterials came in two types: p-type
(p-PANI/MWCNT) and n-type (n-PANI/MWCNT). They exhibited
heightened sensitivity to NO, and NHj3, respectively, with rapid
response times 5.2 seconds for NO, and 1.8 seconds for NH;
and remarkably low detection limits (16.7 ppb for NO, and 6.4
ppb for NH3)."*® Functionalizing carbon nanotubes (CNTs)
with various groups, metals, oxides, and polymers alters their
electronic properties, enhancing selectivity and response to
specific gases. Notably, the interaction between target mole-
cules and these modifications varies significantly."****' For
instance, carboxylated monolayer CNT-based sensors exhibited
sensitivity to CO with a detection limit of 1 ppm, whereas pure
monolayer CNTs did not respond to this gas.'** Additionally,
the amino group (-NH,) functionalization of monolayer CNTSs
was studied for its NO, gas sensitivity. The amino group acted
as a charge transfer agent, increasing the number of electrons

Carbon nanotubes

2542 | Chem. Soc. Rev,, 2024, 53, 2530-2577

View Article Online

Review Article

transferred from the nanotube to the NO, molecule."* Experi-
mental and theoretical studies point to a promising future for
CNTs in this field. Their unique structure and properties are
poised to become integral components in sensors designed
for detecting various materials, including gases and organic
compounds. Modifying CNTs with functional groups, metal
nanoparticles, polymers, and metal oxides is anticipated to
significantly enhance sensor selectivity. Their impressive elec-
tric catalytic activity, rapid electron transfer capabilities, and
the robust stability of nanotube compounds with redox poly-
mers will position them as valuable assets in the realm of
electrochemical biosensors. Ongoing research will focus on
discovering novel modifying agents to further elevate the
performance of CNT-based sensors.

3.3.2. Graphene. Graphene is a single layer of carbon
atoms arranged in a two-dimensional honeycomb lattice. Its
outstanding electrical conductivity, large surface area, and high
mechanical strength have made it a prominent candidate for
gas sensing applications.’®***> Shi et al. reported the high-
performance NO, sensor based on chemically modified gra-
phene, realizing an ultrahigh response and excellent selectivity,
but the recovery time is too long (>30 min) to promote in
practical gas sensing application. Theoretical studies highlight
that introducing defects and dopants onto graphene signifi-
cantly enhances sensitivity in graphene-based gas sensors by
promoting stronger gas molecule adsorption.’>® Zhang et al.
conducted DFT calculations, revealing robust interactions
between small gas molecules like NO,, CO, NO, NH;, and
modified graphene (boron, nitrogen, and defective graphene)
compared to pristine graphene (PG). Modified graphene dis-
plays higher gas molecule adsorption energies and more sub-
stantial charge transfer, distinguishing it from PG."” Schedin
et al. pioneered a micrometre-sized sensor using a few-layer PG,
detecting single molecules of NO, in high vacuum. They
differentiated electron acceptors like NO, and H,O from donors
like CO and NH; through their distinct effects on resistivity.
This shows graphene’s significant potential in gas detection.'*®
Functionalizing graphene sheets with organic molecules,
metal-oxides, and metal particles through covalent bonding
or supramolecular assembly is a widely adopted approach.
Organic molecules with hydrophilic groups (e.g., -SO; 7,
—COOH, -OH) enhance rGO sheet dispersibility. Molecules with
extra electric charges increase the interlaminar electrostatic
repulsion, preventing aggregation among rGO sheets. Specific
functional groups on organic molecules can significantly
improve gas sensing performance. For example, Shi et al
modified graphene with sulfophenyl groups to create a sulfo-
nated rGO (S-G) gas sensor, resulting in increased hole concen-
tration and improved NO, sensing. Donor groups like
amidogen (-NH,) on organic molecules enhance electron trans-
fer between gas molecules and graphene.**!*® Wan et al.
created a flexible, transparent graphene-polyaniline (PANI)
nanocomposite film for highly sensitive NH; detection. The
wearable sensor detected NH; from 100 ppb to 100 ppm with a
rapid response and recovery times of 36s and 18s, respectively.
It exhibited specific NH; response and reliable repeatability."®*
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Numerous metal oxides such as ZnO, SnO,, WO;, etc. were
reported to form hybrid gas sensing materials with graphene
for achieving sensitive gas detectivity.'®>"®* Liu et al. developed
room-temperature H,S gas sensors using SnO, quantum wire/
rGO nanocomposites through a simple colloidal synthesis
method. The sensors exhibited high sensitivity, selectivity,
and rapid response-recovery for H,S concentrations between
10 and 100 ppm. Notably, they achieved a response time of 2s
and full recovery at 22 °C. The enhanced H,S sensing perfor-
mance resulted from the combination of SnO, quantum wires
and rGO nanosheets, which improved H,S adsorption and
electron transfer, making these sensors effective.'®® Noble
metals boost graphene-based gas sensors, enabling effective
room-temperature gas sensing through their catalytic proper-
ties and rapid electron transfer.'®>'®® Wang et al. achieved a
2.8 times response to 10 ppm NO, using an Ag-NA-rGO sensor
compare to SnO,-rGO, highlighting Ag nanoparticles’ role in
enhancing NO, adsorption and synergy with graphene
sheets.'®” Kim et al. developed a high-performance hydrogen
sensor with graphene decorated with Pd-Ag nanoparticles
using microelectromechanical systems (MEMS) techniques.
The graphene-Pd/Ag nanocomposite sensors showed a low
detection limit of 100 ppm, a response of 16.2% to 5000 ppm
H,, and excellent gas sensing linearity. This enhancement
stems from the coupling of graphene and Pd-Ag nanoparticles,
significantly improving H, sensing."®® Graphene-based compo-
sites, formed by combining graphene with metals, metal oxide
nanoparticles, polymers, quantum dots, and nanowires, show
immense potential for gas detection. Research has demon-
strated their high sensitivity, selectivity, and enhanced sensing
response across various gases and temperatures. Future pro-
spects include exploring new material combinations to develop
even higher-performing gas sensors. Research on graphene-
based ternary and quaternary composites is ongoing, aiming to
improve selectivity issues.

Yoon et al. presented a highly sensitive gas sensor, 10C-
PPy@SLG, that detects NO, and NH;. Fabricated via electro-
chemical polymerization on single-layer graphene, the sensor
exhibits outstanding selectivity, sensitivity, and mechanical
durability. It attains ultralow detection limits (0.03 ppb for
NO,, 0.04 ppb for NH;) with swift response and recovery times.
Remarkably, the sensor can be reset without heat or light
treatment.'®® Furthermore, Kwon et al. reported that ultrasen-
sitive n-channel graphene gas sensors were developed using
n-doping with ethylene amines, achieving selective detection of
oxidizing gases. Graphene doped with diethylenetriamine
(DETA) exhibited the highest sensitivity to NO,, with a detec-
tion limit of 0.83 ppq. The interaction between electron-rich
graphene and NO,, supported by first-principles calculations,
contributed to superior performance. The gate-free graphene
sensors, enabled by non-destructive molecular n-doping, were
successfully fabricated on flexible plastic, showcasing outstand-
ing NO, detection capabilities and potential for selective detec-
tion in gas mixtures."””® However, challenges remain in
achieving large-scale production of high-quality graphene and
ensuring environmental stability for industrial applications.
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Quantum detection of gases with graphene is advancing
rapidly, although practical implementation requires overcom-
ing certain limitations. Theoretical studies will continue to play
a crucial role in understanding gas-graphene interactions
and guiding the design of enhanced sensing systems. Future
research will likely focus on hybridizing graphene with various
functional materials to further improve sensor performance,
considering sensitivity and selectivity as key factors. Compar-
isons with other gas sensing materials will also drive advance-
ments in graphene-based gas sensor technology. In summary,
traditional materials such as metal oxides, polymers, and
carbon nanomaterials have significantly advanced gas sensor
technology. Their exceptional properties, such as high surface
area, electrical conductivity, and chemical reactivity, enable the
development of highly sensitive, selective, and reliable gas
sensors. Reports on gas sensors incorporating these nanoma-
terials continue to demonstrate their potential for various
applications, ranging from environmental monitoring to indus-
trial safety and healthcare diagnostics. Kim and her colleagues
designed organometallic fluorescent probes to detect carbon
monoxide (CO) and accurately measure carboxyhaemoglobin
(HbCO) levels in animal blood. These sensors can work effec-
tively even when exposed to a low CO dose of 100 parts per
million for 10 minutes. Such CGSs can be designed for use in
health sector gas detection applications.'”"

With ongoing research and innovation, nanomaterial-based
gas sensors are likely to continue playing a crucial role in
addressing real-world challenges related to gas detection and
monitoring. While these sensing materials offer many advan-
tages for gas sensors, they also have some disadvantages that
should be considered in specific applications. Here are some of
the key disadvantages:

Selectivity issues. Metal oxide gas sensors can suffer from
cross-sensitivity, where they respond to multiple gases simulta-
neously. This lack of selectivity can lead to false positive read-
ings and make it challenging to accurately identify the specific
gas of interest in complex gas mixtures.

Temperature dependence. The sensitivity and response of
metal oxide gas sensors are highly temperature-dependent.
Operating the sensor at a specific temperature is crucial for
optimal performance. However, this temperature dependence
can make the sensor more susceptible to fluctuations in
ambient temperature, leading to variations in the sensor’s
response.

Baseline drift. Over time, metal oxide gas sensors may exhibit
baseline drift, where their electrical resistance gradually
changes even in the absence of the target gas. Baseline drift
can affect the sensor’s accuracy and reliability and may require
frequent calibration.

Humidity sensitivity. Metal oxide gas sensors can be sensitive
to changes in humidity levels, which can interfere with gas
sensing accuracy. High humidity can alter the sensor’s
response and introduce additional noise in the signal.
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Long-term stability. Some metal oxide gas sensors may
experience degradation or loss of sensitivity over time due to
environmental exposure or contamination. Ensuring long-term
stability and maintaining consistent performance can be a
challenge in real-world applications.

High power consumption. Some metal oxide gas sensors
require elevated operating temperatures for improved sensitiv-
ity. This can result in high power consumption, limiting their
use in low-power and portable applications.

Response and recovery time. Metal oxide gas sensors typically
exhibit relatively slow response and recovery times compared to
other gas sensing technologies. Rapid changes in gas concen-
tration may not be accurately captured by these sensors.

Toxicity and environmental concerns. Some metal oxide mate-
rials used in gas sensors may contain toxic elements, raising
environmental and safety concerns during manufacturing, use,
and disposal.

Sensor aging. Over time, metal oxide gas sensors may experi-
ence degradation in their sensing properties, leading to
reduced sensitivity and overall performance. Regular sensor
replacement or maintenance may be necessary for long-term
applications.

4. Overview of the key challenges in
gas detection and the role of CGSs in
addressing them

Gas detection poses several challenges that need to be
addressed for effective monitoring and safety. CGSs play a
significant role in overcoming these challenges. Here is an
overview of key challenges in gas detection and how CGS
addresses them: Sensitivity and selectivity. Detecting low con-
centrations of target gases and VOCs while minimizing false
alarms from interfering substances is a challenge in gas detec-
tion. CGSs offer high sensitivity and selectivity by leveraging the
specific interactions between the sensing material and the
target analytes. Functionalization techniques further enhance
selectivity, allowing for accurate detection and discrimination
of specific gases or VOCs.

Real-time monitoring

Timely detection and response to gas leaks or hazardous
substances are critical for safety and environmental monitor-
ing. CGSs provide real-time monitoring capabilities, enabling
rapid detection and immediate response. They offer continuous
monitoring and can trigger alarms or activate safety measures
when gas concentrations exceed pre-set thresholds, facilitating
prompt actions to mitigate risks.

Portability and field applications

Some gas detection scenarios require portable and field-
deployable solutions, such as industrial safety or environmen-
tal monitoring in remote areas. CGSs can be designed in
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compact formats, suitable for handheld devices or integration
into wireless sensor networks. Their low power requirements
and robustness make them ideal for on-site measurements and
remote monitoring, ensuring effective gas detection in various
environments.

Cost-effectiveness

Cost is a significant factor for widespread deployment of
gas detection systems. CGSs offer cost advantages compared
to certain alternatives. The fabrication processes for CGSs can
be relatively simple and scalable, reducing production costs.
Additionally, the sensing materials used in CGS are often
affordable, contributing to overall cost-effectiveness.

Integration with IoT and data management

Managing and analyzing data from multiple gas detection
sensors can be challenging. CGSs can be seamlessly integrated
into IoT networks, enabling real-time data transmission,
remote monitoring, and centralized data management. This
integration facilitates data analysis, pattern recognition, and
the development of predictive models, enhancing the effective-
ness of gas detection systems.

Long-term stability and reliability

Long-term stability and reliability of gas detection systems are
crucial for continuous monitoring. CGSs are designed to be
robust and resistant to environmental factors. Ongoing
research focuses on improving the stability of sensing materi-
als, reducing drift, and enhancing the longevity of chemiresis-
tive sensors, ensuring reliable and accurate performance over
extended periods.

CGSs address these challenges by providing high sensitivity,
selectivity, real-time monitoring, portability, cost-effectiveness,
and integration capabilities. As research and development in
this field continue, further advancements in chemiresistive
sensor technology will enhance gas detection systems’ perfor-
mance, making them more efficient, reliable, and accessible for
a wide range of applications in safety, environmental monitor-
ing, and industrial processes.

4.1. Performance optimization and signal transduction

Performance optimization and signal transduction are critical
aspects of CGSs to ensure accurate and reliable gas detection.
Here is an overview of the key considerations for optimizing the
performance of CGSs and the techniques employed for effective
signal transduction:

Sensing material selection. The choice of sensing material is
crucial for achieving the desired performance characteristics.
Different materials exhibit varying affinities and responses to
target gases or VOCs. Selecting a suitable sensing material with
high sensitivity and selectivity towards the target analyte is
essential. Additionally, the stability and repeatability of the
sensing material’s response should be considered for long-
term performance.

Surface functionalization. Functionalization techniques can
enhance the interaction between the sensing material and
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target analytes, improving sensitivity and selectivity. Surface
functionalization can involve the deposition of specific coat-
ings, catalysts, or receptors that selectively bind to the target
analyte. This process enhances the adsorption and detection of
the desired gas, while minimizing interference from other
substances, thus optimizing the sensor’s performance.

Transduction techniques. CGSs employ various transduc-
tion techniques to convert the changes in electrical resistance
into measurable signals. The choice of transduction technique
depends on the specific application requirements and the
desired sensitivity. Common transduction methods include
direct resistance measurement, impedance spectroscopy,
and frequency-dependent measurements. These techniques
allow for the accurate quantification of the target gas or VOC
concentration.

Signal processing and analysis. Signal processing and ana-
lysis techniques play a vital role in extracting meaningful
information from the sensor’s response. This involves filtering
and amplifying the sensor’s electrical signal, followed by data
analysis and interpretation. Signal processing techniques can
enhance the sensor’s signal-to-noise ratio and improve the
detection limit. Advanced data analysis methods, such as
pattern recognition algorithms and machine learning techni-
ques, can be employed to identify and classify different gases or
VOCs based on their unique sensor responses.

Calibration and validation. Calibration is essential for estab-
lishing a relationship between the sensor’s electrical response
and the concentration of the target analyte. Calibration
curves or mathematical models are developed using known
concentrations of the target gas or VOC. Regular calibration
and validation ensure the sensor’s accuracy and reliability
over time.

Stability and drift compensation. Long-term stability of
CGSs is crucial for continuous and reliable gas detection.
Sensor drift, caused by environmental factors or aging effects,
can lead to false readings and reduced accuracy. Drift compen-
sation techniques, such as baseline correction, temperature
compensation, and periodic recalibration, help maintain the
sensor’s stability and compensate for any drifts, ensuring
consistent and accurate measurements.

Overall, optimizing the performance of CGSs involves care-
ful selection of sensing materials, surface functionalization,
appropriate transduction techniques, signal processing, cali-
bration, and addressing stability and drift issues. By consider-
ing these factors and employing suitable techniques, CGSs can
achieve high sensitivity, selectivity, and accuracy, enabling
reliable gas detection for various applications in healthcare,
safety, environmental monitoring, and industrial processes.

4.2. Strategies to improve selectivity and sensitivity

Functionalization techniques are used for enhancing the inter-
action between sensing materials and target analytes. Trans-
duction methods include resistance measurement, impedance
spectroscopy, and other signal transduction approaches. This
comprehensive review provides valuable insights into the
advancements made in chemiresistive sensor technology,
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highlighting its potential to revolutionize gas detection across
various sectors. The knowledge and understanding presented
in this review will aid researchers, engineers, and stakeholders
in harnessing the full potential of CGS and driving further
advancements in this field.

5. Chemiresistive gas sensing of
porous materials

To highlight the importance and advancement of this field,
some very good reviews have already been published on porous
materials for sensing purposes.'””> We have also tried to sum-
marise all of the prominent porous materials such as MOFs,
COFs, POPs and their hybrid examples which are also tabulated
as given in the respective sections based on pristine and
hybrid sensing materials. Metal-organic frameworks (MOFs)
have emerged as an interesting class of porous materials
that possess highly crystalline structures, robust frameworks,
first-rate high surface area, high conductivities and tunable
pore sizes. These properties of MOFs make them practically
useful and highly functional in many arenas such as energy
storage,'”?'7> gas storage'’®'’® and separation,'”®'%!
sensing,'®*'®" biomedical field'®*>'®” and other scientific
areas. Looking into a world where sensing is one of the
inevitably required things, MOFs are one of those materials
that have proved themselves to work excellently in this field
owing to the requisite properties that are required for the
purpose of sensing.'8%1%°

5.1. CGS sensing metal-organic framework based materials

5.1.1. Pristine MOFs. The very first work of using a pristine
MOF for chemiresistive gas sensing was reported in 2014, when
Zhang et al."®" studied the chemiresistive nature of the cobalt-
based zeolitic imidazole framework (Co-ZIF-67); although gas
sensing with ZIFs has already been studied before,'*> the
‘chemiresistive’ sensing technique for gas sensing by using a
MOF was never been used before. In this work, the group
studied and demonstrated the sensing of various gases such
as acetone, formaldehyde, methanol, and triethylamine
(Fig. 8a-d). The band Gap of a material is a crucial property
of a material that plays a driving role in its chemiresistive
nature since the optimum band gap is directly related to the
conductive properties of a material. MOFs generally have a high
band gap of ~4-8 eV which is not suitable for their application
involving electrical properties. In this work, Co-ZIF-67 was used
which was found to have a low band gap of 1.98 eV which is
adequate for the electrical conductivity required for chemire-
sistive operation. The porous sodalite-like structure of Co-ZIF-
67 possesses high specific surface area (1832.2 m” g~ '), provid-
ing a highly accessible surface for the interaction of gases
(Fig. 8a). Among the targeted gases, formaldehyde was found
to give the highest sensing response (Fig. 8b). Response and
recovery performances (Fig. 8c) of this material were found to
be fast but not faster than typical metal-oxide-based sensing
materials. This can be due to the high surface area of MOFs
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(a) Sodalite topology of Co-ZIF-67. (b) Sensitivity of the Co-ZIF-67 sensor to various gases from 75-200 °C. (c) Chemiresistive sensing

performance of ZIF-67 at different gas concentrations. Reproduced with permission from ref. 191 Copyright 2014, American Chemical Society. (d)
Sensitivity of the [Co(im),], sensor to various gases from 50-175 °C. Reproduced with permission from ref. 193 Copyright 2014, American Chemical

Society.

that take more time to reach the highest adsorption-desorption
equilibrium extent and thus shows the highest resistance value.
The selectivity of a gas by a particular sensing material is due to
various factors (discussed in Section 4). The same group
reported the use of a cobalt imidazolate framework [Co(Im),],
as a sensor for trimethylamine (TMA) gas (Fig. 8d). The result-
ing imidazole framework exhibits excellent selectivity, high gas
response, and a low detection limit of 2 ppm, primarily due to
the weak interaction between the TMA molecules and the
framework.

The ZIF-based materials were able to sense specific gases
with high selectivity and good detection limits, but when it
comes to sensing diversity for gases, efficient sensing was
shown only for a few analyte gases. Also, the band gap is low
for the ZIF-based MOFs but still, higher conductivities are
needed for fast chemiresistive sensing operations. Conductivity
in chemiresistive gas sensing materials is of utmost importance
in order to bring the best performance out of them. Although
high conductivities in MOFs were reported previously,"** 2!
their applications remain limited and had never been used
specifically for chemiresistive gas sensing before the revolu-
tionary work by Campbell et al.?°® (Fig. 9a). High electrical
conductivities of two-dimensional structures inspired the fab-
rication of 2D MOFs using such specific metals that can form
2D geometries as well as 2D organic linkers such as

2546 | Chem. Soc. Rev., 2024, 53, 2530-2577

triphenylene, porphyrin and phthalocyanine-based monomers.
In this current work, authors synthesized various novel 2D
conducting Cu and Ni-MOFs (2D-cMOFs).>>?% Response-
recovery performance of the Cus(HITP), based chemiresistive
gas sensor (Fig. 9b) revealed a fast chemiresistive response of
the sensing material towards various NH; vapour concentra-
tions. The swift response could be due to the 2D morphologi-
cally provided highly accessible interaction sites. Since Ni and
Cu are in different electronic configurations (d® vs. d°, respec-
tively), the theoretical studies suggest that the charge transfer
between the target gas and the sensing 2D MOF material
directly impacts the electronic response because metals with
different electron counts result into different Fermi levels and
thus tune the band gap values.?** For example, it is predicted
that the use of higher electron count elements in place of Ni,
such as Cu, in M3;HITP, type MOFs raises the Fermi level of this
conducting material (Fig. 9d and e).>°> This was also found to
be legitimate in experimental evidence as polar analytes such as
methanol, ethanol, and acetone show high variations in sen-
sing responses whereas not much difference could be seen for
non-polar analytes, such as cyclohexane and pentane, which
lack free electrons (Fig. 9c). These results provide us with the
opportunity to tune the sensing performance of chemiresistive
gas sensors by examining the effect of versatile metals in 2D
MOFs. To further study the effect of different metals on the

This journal is © The Royal Society of Chemistry 2024
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(a) First report on 2D conductive MOFs (with conductivity and pore size) (b) relative responses of a Cus(HITP), sensor to 0.5, 2, 5, and 10 ppm of

ammonia. Reproduced with permission from ref. 202 Copyright 2015, Wiley-VCH. (c) PCA analysis for groupings of various VOCs for sensing purposes.
Reproduced with permission from ref. 203 Copyright 2015, American Chemical Society. (d) and (e) Theoretical band, DOS, charge density isosurface and
Kagome bands and SOC gaps in 2D M3(HITP), MOFs (d) Nis(HITP), and (e) Cus(HITP), respectively. Reproduced with permission from ref. 204 Copyright
2015, Royal Society of Chemistry.

sensing of gases in 2D MOFs, Dinca et al. worked out three
triphenylene-based 2D MOFs with copper and nickel for metal-
lic nodes. The high intrinsic conductivities of these MOFs come
through the planar extended structure that is stacked on one

This journal is © The Royal Society of Chemistry 2024

another to form 1D pores. The electrons are free to move more
swiftly through the rigid and planar triphenylene cores consist-
ing of conjugated double bonds and electron-rich nitrogen and
oxygen atoms, in the case of HITP and HHTP, respectively.
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Carefully looking at the sensing performances of these 2D
MOFs with various analytes, the Cu;(HITP),, Co;(HHTP), and
Ni3(HITP), show high differences in sensing responses. The
main difference is suggested to come majorly from different
metal centres (Cu vs. Ni), although other factors such as
different heteroatoms (NH and O) in HATP and HHTP linkers,
respectively, and sensing device nature should also have sig-
nificant effects.

Another essential parameter that cannot be overlooked
while studying the sensing of an analyte is the limit of detection
or LOD values. The LOD of a sensing material can be described
by the ability of the material to sense the lowest gas concen-
tration and produce a readable intensity of the chemiresistive
signal. This parameter is directly related to the interaction
between the analyte and the sensing material. The sensing
material would be able to sense the target analyte when the
analyte molecules get free access to the materials’ interaction
sites and the interaction causes a change in the electronic
parameters of the material.

MOFs are known to provide record-breaking surface area
from a materials perspective'’>?% and accessible functional
sites?®”*°® for analytes owing to their highly ordered rigid
porosity due to excellent crystallinity. Two-dimensional MOFs
possess ordered long 1D channels with accessible metal and
linker functional sites that induce sub-ppm level detection of
analyte gases. For instance, 2D conductive MOFs were able to
sense lower gas concentrations. Conductive MOFs provide
reliable high cross-reactive detection of a particular analyte
gas among various VOCs and high electrical conductivities
favour the ease of sensing response for gas analytes. However
2D MOFs with powder or bulk morphology are not much
favourable for fast charge transfer and also fast gas diffusion.
In this regard, Yao et al. came up with a layer-by-layer (LBL)
fabrication technique for synthesizing conductive MOFs, here
Cuz(HHTP),-xC, which can excellently control the 2D conduc-
tive MOF’s thin-film thickness down to an accuracy of 2 nm
(Fig. 10a-c).””® The LBL thickness controlled synthesis of 2D-
c¢MOFs was effected by simultaneously spraying metal salt and
organic ligand on the -OH functionalized substrate such as
quartz, sapphire etc (Fig. 10a). This improved the sensitivity of
already existing 2D conductive MOFs that were used in powder
or bulk forms, as depicted by the sensing of the ammonia gas
(ARqyg = 129%) which is many folds as compared to the previous
studies (Fig. 10b and c).>'° This thin layer morphology of the
MOFs also helped in a fast response time due to the fast
accessibility of the available surface area to the target gases.
In terms of the layered growth of 2D conductive MOFs, Smith
et al.,'®® have been working extensively on textile-based materi-
als, came up with a 2D conductive MOF fabrication methodol-
ogy on textiles for flexible MOFs using Niz(HITP), and
Niz(HHTP), MOFs via a bottom-up modular growth approach
(Fig. 10d). This methodology led to the expected sub-ppm level
detection of gases (NO and H,S), high gas responses (49-98%)
and room temperature sensing. MOFs can also be equipped
with various functionalities that can play as interaction sites for
various gases and VOCs to produce chemiresistive modulation
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in the sensing MOF material. MOFs can be tuned very easily in
terms of functionality which comes from the organic linkers.
Different gases interact with different functional groups with
some particular force of interaction and this feature can be
easily induced into MOFs to improve the MOF-gas interaction.
One of the such initial studies was demonstrated by Wang
et al.”™ where they exploited the free carboxyl functionalities of
MOF linkers for their strong H-bonding ability with volatile
amine protons. MD Mello et al. played with the interaction sites
in the organic linker fragments of UiO-66 MOF where they used
BDC, BDC-NH, and BDC-OH as organic linkers for the detec-
tion of acidic gases such as NO,, SO, etc.>"> As expected from
common acid-base interactions, in these MOFs, basic func-
tionalities such as NH,, OH etc interacted in a similar way with
the acidic gases such as NO,, SO, etc. Since there is some
electronic charge transfer from basic to acidic moieties in acid-
base interactions, the resulting change in the electron density
of the basic moiety can be seen reflected as a chemiresistive
signal when employing the MOF material in chemiresistive gas
sensing.

The detection of the gases was carried out at a temperature
of 150 °C, but for an ideal gas sensor, it should be operable at
ambient temperature to widen the operation window of gas
sensing in various fields. At elevated temperatures, the multiple
heat cycles can lead to abnormal crystal growth which can
break the electronic interconnections*'® and can also reduce
the fabricated sensors’ lifetime. Thus, chemiresistive gas sen-
sing is always sought and preferred at room temperature over
high-temperature gas sensing. But, high temperature is
required for higher sensitivity and reversibility in the case of
most of the traditional metal-oxide gas sensors. Since porous
materials provide a high degree of sensing material-gas analyte
interaction owing to their high surface area and approachable
interactive sites due to their highly crystalline nature (especially
in the case of MOFs and COFs), thus high-temperature require-
ments for gas sensing are unneeded. Extensive work on 2D
MOFs and the study of their electronic properties to apply for
chemiresistive gas sensing has been done. The gas sensing
performance gives excellent results at room temperature
revealing the structural and functional superiority of 2D
porous materials such as 2D MOFs over conventional non-
porous materials. Stassen et al. worked up on copper
hexaiminobenzene(HIB)-based 2D electronically conductive
MOFs for CO, sensing.>'* Cu;(HIB), consisting of imino-
semiquinonate (-NH-) groups which are electron-rich and
thus interact with acidic gases such as CO,. -NH- moieties
are found to be of significant relevance since CO, sensing
with  the hexaoxytriphenylene (HOTP)-based MOF,
Cu3(HOTP), provided unmeasurable signals indicating the
efficient electron donating influence of imino moieties in
contrast to oxo moieties. Working in the direction of 2D
conductive MOFs, Meng et al. fabricated phthalocyanine-
based 2D MOFs containing Ni and Cu as metal centres and
as phthalocyanine-cavity metal - thus producing bimetallic
2D MOFs.”"® These 2D MOFs provided three major advances
in chemiresistive gas sensing. First, the presence of two-

This journal is © The Royal Society of Chemistry 2024
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different reducing gases. (d) Response of Cus(HHTP), towards NH3z analytes with different concentrations. Reproduced with permission from ref. 209
Copyright 2017, Wiley-VCHGmbH. (e) Customized Teflon container with SOFT-textile-MOF based sequentially stacked sensing material and gas

response curves for the |-material (solid line) and II-material (dashed line) for Nis(HHTP), and Niz(HITP),.

Copyright 2017, American Chemical Society.

dimensional structures of the MOFs due to planar, conju-
gated phthalocyanine linkers, they provide a high surface
area, excellent conductivity, and a highly ordered distribu-
tion of active sites in the sensing material. Intrinsic conduc-
tivity of metal-phthalocyanine moieties provides ultra
sensitivity to the sensing material towards the target gases
(H,S, NO, NH3). Second, by varying the organic linker (metal-
lophthalocyanine and metallonaphthalocyanine), sensitivity
and selectivity can be tuned via isoreticular modulation
of the sensing MOF material. Third, due to high intrinsic

This journal is © The Royal Society of Chemistry 2024

Reproduced with permission from ref. 183

conductivities (~10"> S cm '), excellent sensing perfor-
mance can be seen even at lower sensing voltages (~0.01 V
to 1.0 V).

Thus, the sensor requires a lesser amount of energy to
operate. 2D c-MOFs provide highly electroactive chemiresistive
sensing materials but faster sensing performance and fair gas
selectivity are challenging task. Improvising this condition,
Wang et al. improved these two features in a single 2D c-MOF
by tuning its surface-polarity.>'® Usually, 2D ¢-MOFs are hydro-
philic in nature due to the presence of metal nodes and polar
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(@) Chemical structure and Ni>x[MPc(NH)g] (M = Cu & Ni). (b) Surface modification of Ni,[MPc(NH)g] MOF by APTMS, PTCS and OTMS and (c)

response curves (—AG/G,, values vs time) for different H,O vapors concentration fed to the sensing material. (d) and (e) Response curves (—AG/G,, values
vs time) for different (d) methanol and (e) ethanol concentrations fed to the sensing material. (f) Response curves (—AG/G,, values vs. time) of various
protic and aprotic analytes interact with Nio[MPc(NH)gl. Reproduced with permission from ref. 216 Copyright 2021, Wiley-VCH.

atoms such as N, O etc (Fig. 11a). Grafting with long alkyl
chains, hydrophobicity can be introduced into the same mate-
rial. With the infusion of hydrophobicity, the adsorption/
desorption of water vapours becomes more frequent, thus
decreasing response/recovery times by a much greater extent.
For instance, surface modification studies of 2D c¢-MOF
Ni,[MPc(NH),] with organosilanes such as phenyltrichlorosi-
lane (PTCS), (3-aminopropyl)trimethoxysilane (APTMS), and
octadecyltrimethoxysilane (OTMS) (Fig. 11b). Out of these,
Ni,[MPc(NH)g]-OTMS produced the highest levels of hydropho-
bicity (water contact angle = 138°) which leads to faster recovery
from humidity (Fig. 11c) and thus was used as a VOC sensing
material. Since the polarity trend of lower alcohols follows
methanol > ethanol > isopropanol trend, methanol with the
highest polarity showed the fastest diffusion and response
towards the surface modified sensing material (Fig. 11d-f).
Thus, surface modification of 2D c-MOFs established opportu-
nities to develop these materials in the field of electronics.
Discussing the advantages of 2D c-MOFs, they provide a 2D
surface to the analytes for the interaction for sensing purposes.
The surface underlying area thus remains unapproached by the
analyte particles which was highlighted by Lin et al. while
proposing an improvement in this scenario by replacing 2D c-
MOFs with LBL grown 3D c-MOFs.”?"” Langmuir-Blodgett
deposition of one kind of material on the relevant substrate
provides a thickness-controlled and highly oriented material
designing approach. This approach was used to fabricate a Cu-
HHTP based 3D sensing material which otherwise previously
used to be synthesized as 2D ¢-MOF materials. LBL over flat
surfaces yields only surface-exposed materials whereas over 3D

2550 | Chem. Soc. Rev., 2024, 53, 2530-2577

substrates such as a nanowire array, provides higher surface
area of layered material with higher exposure to active sites.
This resulted in an ultralow detection of ammonia gas (5 ppb)
which is about a thousand times lower than reported for 2D Cu-
HHTP MOFs. Since the 3D Cu-HHTP material is grown on TiO,-
NWaAs, which doesn’t show an observable response towards the
ammonia gas, the sensing performance of this material can be
considered solely due to the 3D-grown Cu-HHTP MOF.
Carrying the excellent potential of 2D-based c-MOFs, Meng
et al. (Fig. 12a and b) and Aykanat et al. synthesized (Fig. 12c-e)
bimetallic phthalocyanine and napthalophthalocyanine based
2D conducting MOFs in two different studies but by the same
group to enlighten the sensing and differentiating various
gases such as H,S, NH; and NO in the former studies by Meng
et al. and CO gas sensing tunability and intensifying the
sensing performance in the latter studies by Aykanat et al.>'®
In the former experiments, isoreticular synthesis of robust
bimetallic MOFs and their chemiresistive response towards
various gases reveals the effective interaction between analyte
and sensing material due to the presence of uniformly distrib-
uted metallic and linker sites, which are able to effectively
differentiate between various types of gases. During the latter
experiments, Co and Ni-based MPc-Og-Cu MOFs were gener-
ated, structured as Co or Ni inserted hydroxy-functionalized
phthalocyanine linkers interconnected via Cu nodes. The 2D
nature and presence of bi-metals in the structure resulted into
the high conductivity, thus providing the advantage of using a
low voltage (0.1 V) to power the sensing device and receive
optimal results. The bimetallic phthalocyanine pattern of the
sensing material helped for two particular reasons - first, the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00761d

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 01 February 2024. Downloaded on 7/16/2025 11:20:53 PM.

(cc)

Review Article

HO OH
NiPc

M(OAc),, | DMSO or H,0,

M=Ni, Cu 85°C

2.3nm

HO  OH 60
O (b) - 40 ppm NHy NiNP
O £ 40 | NiPeNi &
i NiPc-Cu
30 = NiNPc-Ni
HO. ! /'f\ ) OH gzo ) ¢
NS SPTIS & & S o Wl
N=N=N
0
120 - -
0 ppm H,S
O 100 : _
80 ]
HO  OH 23
NiNPc % jz - Wl . 7
M(OAc),, | H,OINMP, b
M=Ni, Cu 85°C 20 6
=l L
s B
Ny B

1 ppm NO
L
W3 40 ppm NH;
RS
1 ppm NO

CO@Co/CoPc-0g-Cu

NiPc-Og-Cu CO@Ni/NiPc-Og-Cu CO@Cui/NiPc-Og-Cu
( )20 — (€)ss
g - CoPc-0g-Cu i NiPc-Og-Cu 20 80 ppm CO
E 1
210 | g &
85 i &
2 . o 15
o <
o 1 10
] 1
& > | 5
Q 1
-10 = m S 0 o T
© o 2 o S LS A AP AL
o® o® o of o 08 o SRS
o o v © 00?0 $\Q° c/o‘v\Y\ ‘\;\s\\?\ 0\\3\\8\

View Article Online

Chem Soc Rev

Fig. 12 (a) Illustration of and naphthalocyanine- and phthalocyanine-based MOFs — NiNPc-M and NiPc-M respectively. (b) Chemiresistive gas sensing
response for NiPc-M and NiNPc-M MOFs upon exposure to 40 ppm of NH3z and H,S, and 1 ppm of NO in dry nitrogen (solid bar) and drenched in 5000
ppm H,O (bar with droplet symbols). PCA analysis for NiPc-Cu (blue), NiPc-Ni (green), NiNPc-Cu (yellow) and NiNPc-Ni (red) sensor arrays. Reproduced
with permission from ref. 183 Copyright 2017, American Chemical Society. (c) Bonding optimization of Co- and Ni-based Pc-MOFs. (d) Binding energy
calculations for CO interaction with Co and Ni-Pc MOFs. (e) Highest sensing performance for Co- and Ni-based Pc-MOFs as compared with other
triphenylene linker-based 2D c-MOFs. Reproduced with permission from ref. 218 Copyright 2015, Wiley-VCHGmbH.

need for active CO host sites and the sites for electronic
transduction of the electronic perturbation due to CO inter-

action with the metal-phthalocyanine MOF.

Second, the presence of Cu induces redox active charge
hopping through the 2D-cMOF network by acting as a node

This journal is © The Royal Society of Chemistry 2024

for metallophthalocyanine network extension. The presence of
these features in these MOFs helped in the ultralow sub-ppm

level detection of CO. Further insight into the CO sensing

performance was achieved by computational studies using
DFT calculations. The interaction of CO with Co-based MOFs
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(Fig. 12c) was optimized and some constant CO-Cu and CO-Co
bonding distances were realized for the best sensing results.
The linearity of these bonds was realized by the metal-CO back
bonding. Binding energy optimization studies revealed the
incompatibility of the Ni based MOF to bind CO efficiently
because of the positive free energy for the Ni-CO binding
whereas the negative Co—-CO free energy suggested the positive
results in the case of the Co-based MOF (Fig. 12d). Also, the
high sensitivity of the Co-based MOF than the Ni-based MOF
can be explained by the same theoretical reasons. The superior
response from phthalocyanine based sensing materials as
compared with the triphenylene based 2D sensing materials
could be because of the presence of doped Co- and Ni- metallic
entities. Thus, the synthesis of pristine MOFs, their incorpora-
tion into the fabricated chemiresistive gas sensing device and
tuning of their features such as porosity, functionalization, and
morphology results in the tuning of sensing performances of
the pristine MOF-based gas sensors (Table 1).

5.1.2. MOF hybrids/derivatives. MOFs can be broadly clas-
sified into two types of materials — one type that includes MOFs
as templates or precursors for hybrids/composites that contain
MOF as a constituent and other types that includes materials
that themselves don’t contain MOF entities but are derived
from MOFs. Metal-oxide semiconductor (MOS)-based chemir-
esistive gas sensors have already been developed significantly
by improving their sensing performance by hybridizing with
heteronanostructures,”*® doping or loading of metal oxides/
mixed metals**® and making composites with carbon materials
such as graphene.**' MOFs provide an exceptional surface area
and a robust framework for granting chemical stability to the
materials they get linked with. MOF-MOS composites have
been developed with critical insight into the conductivity,
stability, selectivity and sensing time of the resultant material
in chemiresistive gas sensing. These composites have mostly
served as an upgrade to the pristine materials. MOFs can have
fixed-size pores that can be used for molecular separation.”*?

Drobek et al recognized this trait of MOFs and used it for
creating a metal-oxide/MOF composite viz. ZIF-8 cloaked ZnO
nanowires (NWs) (ZnO/ZIF-8 NWs) (Fig. 13a) for size-based
response selectively to H, while being aloof for larger CsHe
and C;Hg molecules (credit to ZIF-8 porosity) while giving
excellent sensitivity to H, at 300 °C (credit to ZnO NWs)
(Fig. 13b).""* Since MOF synthesis requires a metal source,
Tian et al. followed an interesting strategy where they used ZnO
nanorods (NRs) as the source for the zinc ions for the synthesis
of ZIF-8 MOF shell around themselves.?** This synthetic tech-
nique not only provided the MOF-MOS core-shell heterostruc-
ture, the selectivity ratio for formaldehyde sensing was also
improved (Fig. 13c) with respect to other interfering VOCs such
as ethanol, acetone, ammonia etc. in contrast to the bare ZnO
nanorod sensors because of the molecular sieving via ZIF-8
windows.”** Koo et al using a similar protocol, fabricated H,
gas sensors by developing a ZIF-8 nanofiltration network on Pd
NWs.**® This work improved the hydrogen gas sensing speeds
and selectivity by fastening the adsorption/desorption of H,
molecules on/from Pd-NWs. Molecular sieving was exploited to
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restrict the entry of larger molecules of O, (0.345 nm) and N,
(0.364 nm) than H, molecules (0.289 nm) with a ZIF-8 micro-
pore size of 0.34 nm. Molecular sieving properties of pristine
MOFs can be modulated with the help of metal nanoparticles.
As metal NPs have the tendency to be engulfed inside the MOF
pores, their spacious occupation further restricts the larger
molecules and thus smaller gas molecules can be separated
more specifically.

Zhou et al., while considering this idea, performed H,
sensing by using Ag NPs encapsulated ZnO/ZIF-71 which
showed higher selectivity towards H, and decreased response
for acetone owing to their size preferences (Fig. 14a).”*® This
work thus supported the enhancement of metal oxide sensing
performance which otherwise would have been poor as the
normal case. The variation in the sieving process changes from
pore to pore due to the different levels of Ag nanoparticles
filling inside the pores of ZIF-71. Temperature programmed
desorption (TPD) studies revealed the obstruction of acetone
desorption while supporting the hydrogen desorption by
increasing the silver nanoparticle concentration inside the
ZIF-71 pores (Fig. 14b). This revealed the effect of pore size
tuning on the molecular sieving by embedding metal nano-
particles inside the cavities of the MOF and thus the subse-
quent sensing of singled out gases. The sensing response of the
ZnO@ZIF-71DAg NRA towards acetone and hydrogen with
different Ag-loading concentrations also support the metal
nanoparticle based sieving tuning where with an increase in
the Ag-load, H, response increases and acetone response
decreases (Fig. 14c).

Similarly, recently, the molecular sieving property of ZIF-8
was exploited for the H, sensing at lower temperatures of
100 °C as compared to the previously studied ZnO-NPs/ZIF-8
composites. In this work, Poschmann et al. pointed out the use
of ZnO nanoparticles in polycrystalline powder form and the
conductivity hindrance effect of the ZnO-MOF-ZnO sequenced
sensing material morphology.”*® Thus, they used the tetrapodal
single-crystalline ZnO microparticles to avoid this undesired
conductivity reduction. The ZIF-8 layer over the single-
crystalline ZnO microparticles provides excellent selectivity
towards the H, molecules, even in the presence of optimum
methane concentration. This is observed due to the pinhole-
free morphology of ZnO microparticles plus ZIF-8’s micropor-
osity. Another compounding reason is the increased rigidity of
the pore windows due to the composite formation with single
unit ZnO particles. Here, due to the single-crystalline nature of
the ZnO particles which are surrounded by MOF layers, the
change in conductivity cannot possibly occur due to the lack of
adsorbed atmospheric oxygen molecules. This might be
because of the presence of oxygen defects on the crystal surface
which provide the interacting surface for the hydrogen mole-
cules and result into the change in the electrical parameters.
One important thing to note here is the optimum thickness of
the MOF layers grown over the metal/metal-oxide nanowires.
Thin MOF layers are being used here to provide molecular
sieving and faster diffusion, whereas thicker MOF layers
decrease the traveling speed of gas molecules and thus increase

This journal is © The Royal Society of Chemistry 2024
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Table 1 MOF and its hybrids/derivatives for chemiresistive gas sensors
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S.no.  Material VOCs Sensing mechanism Response (%)  LOD (ppm)  trestrec (S)  Ref.
1 ZIF-67 TMA 14.1 2 193
2 ZIF-67 FA 13.9 5 191
3 Cu,(HITP), NH; 0.5 202
4 M;(HHTP), (M = Cu, Ni) Various VOCs CT 203
5 Niz(HHTP),@textile NO CT 49 £+ 10 1.4 183
6 H,S 98 +£9 0.23
7 Niz(HITP),@textile NO CCT 81+6 0.16
8 H,S 97 + 2 0.52
9 Cu,(HHTP), NH, DA 129 0.5 81.6-46.6 209
10 Cd(H,L), EDA HD-DA <3-10 211
11 [Cd(TMA)(DPP), 5 H,0], Humidity Proton hopping 11-56 282
12 UiO-66-NH, SO, DA 21.6-2.7 1 26.8 + 5.4 212
NO, 7.6-0.4 10
CO, 11.4-2.2 500 35+2
13 Cu;HIB, Co, DA —0.62 420-660 214
14 Cu-TCPP@ Cu-HHTP NH; CCT 94 91.8-643.2 283
CeHs 153
15 NiNPc NH; CT/Redox action 43-45 0.31 215
H,S 64-98 0.019
NO 657-397 0.001
16 Cu-BHT NH; ET —7.88 0.23 58-102 284
17 Ni,y[MPc(NH)g] CH;0H Proton transfer 4.7 10 36-13 216
18 Cu-HHTP NH; Charge/Mass transport 42 0.005 35-900 217
19 Cu-HITP NH; CCT 71 0.5 285
20 NiPc@CoTAA NO, ET 37.6 300-3600 286
21 HITP@Cu-HHTP NH; CCT 80 0.024 <60-600 287
Benzene 75 0.096
22 HIB-Cu Humidity CT 200 21-40 288
23 Zn-BDC-NH, H, 2.93 289
24 CoPc-Og-Cu CO 27.4 + 0.8 0.5-3 218
NiPc-Og-Cu 18.9 + 0.8
25 Co—pyNDI NH, CT 46.7 0.00015 ppb ~ 168-198 290
Ni—pyNDI NH, 426
Zn—pyNDI 32.5
26 Cu,0/CuO Ethanol DA 291
27 ZIF-CoZn/ZnO Acetone DA 27 0.0019 43.2-61.2 292
28 ZnO@ZIF-8 N H, DA 1.44 113
29 ZnO@ZIF-8 FA DA — 5.6 16-9 223
30 Pd@ZnO (ZIF-8)-WO; NFs Toluene DA S =4.37 0.1 293
31 PEDOT@MIL-101(Cr) NO, DA 0.9 0.06 30-150 259
32 PdO@ZnO(ZIF-8)-SnO, Acetone DA 5.6 0.010 <20-64 294
33 PAdO@C0;0,(ZIF-67) Acetone DA 2.51 0.1 295
34 Pd NWs@ZIF-8 H, DA 3. 0.6 7-10 225
35 ZnFe,0,@MOF-5 Acetone DA 64.4 296
36 PdO@C05;0,-nSnO, Acetone DA 22.8 1 90.8-108.4 297
37 ZnO@ZIF-8 Acetone ethanol DA 298
ZnO@ZIF-67
38 Pd-ZnO@ZnCo,0, Acetone DA 69 299
39 ZIF8/Pd/ZnO NWs H, DA 8.5+ 0.5 227
40 ZIF- Co30,4 rods@ZnO Acetone DA 25 0.005 300
41 ZIF-67@C030, p-Xylene DA 78.6 63-86 301
Toluene 43.8
42 ZIF-67@WS, NO, DA 48.2 0.1 302
43 ZIF-67@Sn0, Co, DA 48.2 18-25 229
44 POM@ZIF-8@ZnO FA DA 4.4 0.387 15.1-16.2 230
45 Ti0,/Co;0, NFs by TBT@ZIF-67  Ethanol DA 16.7 5 303
46 ZnO NSs@ZIF-L CO DA 3.2 0.134 30-1 304
VOCs 1.4 0.02
47 Pt@Cu,(HHTP), NO, DA 62.11-57.38 828-840 233
48 Ag@ZnO@ZIF-71 H, DA 226
49 Au-ZnO@ZIFs Acetone DA 231 0.0001 305
50 In,05/MoS, MIL-68(In) NO, DA 371.9 306
51 MIL-53(Al)/CNT CO, Pore transition of MOF 15 < 30 249
52 ZIF-8/ZnO NRs H,S DA 52.1 0.05 420 307
53 HKUST-1/MoS, H,0 PT 8-14 0.38 182
54 Cu(BTC)@PDMS CO DA —0.46 264
MIL-160@PDMS Humidity
55 Ln(acac); @ZIF-8 NO, DA 187.9 0.0002 1050-1230 308
56 CoSnO; @MOF H,S DA 12.1 + 10 0.00018 234

This journal is © The Royal Society of Chemistry 2024
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Table 1 (continued)
S.no.  Material VOCs Sensing mechanism Response (%) LOD (ppm) tres—trec (S) Ref.
57 G@Cu-BTC CHCl; DA ~0.15 >1 309
G@ZIF-8 ~0.10
G@UiI0-66 ~0.04
58 ZnO/CuO from Zn/Cu-BTC H,S DA 393.35 0.0003 173-3000 310
59 GA@UiO-66-NH, Co, DA 8.6 18 221
60 GO@PDDA@Cog(HITP)Z NO, IC 9.05 0.0068 24-41 311
61 t-ZnO@ZIF-8 H, DA 546 1-2 228

DA = Donor-acceptor; CT = Charge transfer;Charge carrier transport = CCT;Ethylenediamine = EDA;Formaldehyde = FA;Trimethylamine =
TMA;Electron transfer = ET;Intrasheet conductivity = IC;Proton transfer = PT;Hydrogen bonding = HB.

the response and recovery times. SnO, NPs/ZIF-67, due to the
tuneable porosity of the MOF counterpart, was explored as a
novel gas sensing material by DMello et al.>*° The exclusive and
stable sensing response to CO, was delivered because of the
suggested synergistic effect between SnO, and ZIF-67. Synergis-
tic involves the transfer of electrons at the interface of ZIF-67
and SnO, from the organic linker (Imidazole) to the MOS metal
(Sn) and parallelly from the oxide to the MOF metal (Co), which
stabilizes the carbonate formation from CO, after interaction
with oxides. Synergistic effects were further explored by Wang
et al. as they studied formaldehyde detection via higher photo-
current emergence values for the POM@ZIF-8@ZnO (POM =
Polyoxometalate) as compared to ZIF-8/ZnO nanorods.>*° ZIF-8
pores served as an analyte concentrating medium so that
formaldehyde molecules can gather densely and produce an
equivalently higher photocurrent. These observations further
corroborated the advantageous role of synergistic effects of
metal-oxide-MOF combinations. Getting some mechanistic
insight into these excellent outcomes of metal-oxide NWs/
MOFs hybrids, incorporating metal nanoparticles greatly
advances the sensing performance of the MO NWs/MOFs
materials. Metal atoms can exist as agglomerated nanoparticles
which are found to show a spill-over effect. Gaseous molecules
while interacting with the metallic nanoparticles dissociate into
smaller fragments and thus can interact more intensely with
the surrounding host material.

Hydrogen spill-over effect (HSPE), first discovered in 1964, is
a peculiar surface phenomenon in which H, molecules dis-
sociate into H-atoms after being ‘“‘cut” by tiny metal nano-
particles and subsequently “spill” over the supported
material.>*' Weber et al. fabricated a ZnO NWs/ZIF-8 hybrid
embedded with Pd nanoparticles (NPs) for chemiresistive H,
sensing and increased selectivity excellently towards the H,
sensing compared to bare ZnO NWs observed because of the
molecular filtering out VOCs other than H, on the basis of
*27 The improved results were seen because of the spill-over
effect due to Pd-NPs combined with the nanofiltration due to
ZIF-8 pores. Although Pd@ZnO NWs/ZIF-8 exhibits a lower
response towards H, sensing, the porous ZIF-8 cladding helped
this material to outperform both PdA@ZnO NWs and ZnO NWs
in H, selectivity. The comparison of H, sensing mechanisms
for ZnO NWs, Pd/ZnO NWs and ZIF-8@Pd/ZnO NWs as gas
sensing materials is schematically shown in (Fig. 14d). H, being
a reducing gas leads to reduction of ZnO to Zn metal in ZnO

size.

2554 | Chem. Soc. Rev., 2024, 53, 2530-2577

NWs and additional Pd NPs to PdH, in Pd/ZnO NWs and ZIF-
8@Pd/ZnO NWs, each of which causes conductivity increments.
Due to the absence of a spill-over effect for the reducing gases
other than H, results in no significant enhancement in the
sensing performance for these VOCs, thus producing a better
comparative study of H, sensing. Metal nanoparticles are
remarkable catalysts and due to their nano-sized nature, they
can be infused into nano, micro and macroporous materials.
Smaller size of metal NPs provides them with larger surface
area which thus improves the catalytic performance of their
hybrids.>*>

Based on these properties of metal NPs, their encapsulation
in MOFs has also shown an enhancement in their catalytic
properties. 2D conductive MOFs incorporated into metal NPs
such as Pd, Pt and Au NPs, have been shown to improve both
their catalytic as and conducting properties. Koo et al. demon-
strated the revamping of Cu-HHTP based c-MOFs by fusing
them with Pd and Pt NPs (Fig. 15a and b).>** The catalytic effect
of metal NPs was observed for Pt@Cus(HHTP), and can be
supported by the activation energy depletion of NO, adsorption
by the sensing material which resulted in the higher decrease
in the p-type c-MOFs resistance while interacting with strong
electron acceptor NO, gas (Fig. 15e). In the case of
Pd@Cu;(HHTP),, the activation energy was only raised up but
it still showed a decrease in the resistance of the sensing
material. This provided an insight further into the electronic
structure change upon NO, adsorption on the sensing material.
While interacting with the Pd NPs, NO, molecules interacted
via the formation of a nitrito-complex with the Pd NPs, absorb-
ing electron density from them, and thus reducing the Schottky
junction barrier that persists between Pd NPs and c-MOF. This
increased the conductivity of the sensing material and thus
enhanced its sensing performance via electronic sensitization
of NO, by Pd NPs (Fig. 15¢). This provides the sensing material
with a more enhanced response towards the NO, gas molecules
(Fig. 15c) and thus acts as a state-of-the-art NO, gas sensing
device (Fig. 15d). The study of reaction kinetics of these
eventual reactions was beneficial for understanding the effect
of metal nanoparticles’ catalytic properties on the NO, gas
interaction reactions with the sensing material surface. Adsorp-
tion/desorption rates of NO, on/from M@Cus(HHTP), were
enhanced more prominently during Pt NP doping as compared
to Pd NP doping. This trend was observed because Pt NPs
decrease the activation energy of NO, interaction with the metal

This journal is © The Royal Society of Chemistry 2024
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nanoparticles while Pd NPs increase the activation energy for
the same as compared with pristine Cuz(HHTP),.
Chemiresistive gas sensing by metal oxides usually provides
exceptional sensitivity and response as compared to pristine
porous materials because of their direct surface accessibility to
the target gases. However their poor selectivity makes them less
efficient in generating the response data more accurately and

2556 | Chem. Soc. Rev,, 2024, 53, 2530-2577

the presence of humidity makes them even more vulnerable.
The solution to this inevitable situation was demonstrated in
an intriguing work by Qu et al. where they improved the sensing
performance of a bimetallic oxide CoSnO; by enclaving them
inside MOF/PDMS (Fig. 16a) combination that provides corro-
borated advantages of molecular sieving by MOFs and hydro-
phobicity by PDMS.>** The effect of humidity on the sensor

This journal is © The Royal Society of Chemistry 2024
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performance can be seen while performing the H,S gas sensing
by pristine CoSnO;z;, CoSnO3;/MOF and CoSnO3;/MOF/PDMS.
Since the hydrophobic nature of PDMS provided a high shield
from humidity, it can be seen that there is barely an effect on
the baseline resistance due to the stability of the encapsulated
CoSnO3/MOF against humidity (Fig. 16b-d). Thus, growth of
hydrophobic materials such as PDMS by chemical vapour
deposition (CVD) on the humidity sensitive gas sensing materi-
als can provide an assuring technique for synthesizing highly
stable gas sensing materials. This work makes use of the
advantages of CVD such as uniform coating of the materials
and thickness control of the coating material. Universal appli-
cation of this technique was demonstrated by implementing
the technique on other metal-oxide/MOF composites such as
SnO,/MOF@PDMS and ZnO/MOF@PDMS showing similarly
improved results in contrast with their pristine counterparts
(Fig. 16e and f).

Carbon exists in various allotropic forms such as diamond,
graphite, fullerenes, graphene, nanotubes, lonsdaleite, quan-
tum dots and so on. These allotropes of carbon have been

This journal is © The Royal Society of Chemistry 2024

as chemiresistive in

235,236

gas sensing materials,

as well as composite forms.”*”>*® MOF-Carbon
241,242

serving
pristine
composites have been used for gas adsorption, molecular
separation,**® energy storage,”** chemical sensing®*® and so on.
Chemical sensing by pristine MOFs is undoubtedly possible but
due to their poor conductivities and lower quantum yields,
their hybrids with carbon materials provide a passage to
improved sensors which have proved to give enhanced sensing
performance.>****” Many such chemical sensors have been
employed in electrochemical and luminescence-based sensors,
while chemiresistive gas sensing events are rare due to a
limited number of reported conductive MOFs. Some MOFs
are reported to show a stepwise change in the crystallites’
structure (a property known as switchability) upon interaction
with analytes®*® but entities which further lead to transduction
into measurable signals are very few. Careful insight into these
unique properties of MOFs by Freund et al., a switchable MOF
composite with carbon to form conductive films was evolved
into a CO, gas sensor. For this, MIL-53(Al) was blended with
carbon nanotubes (CNTs) and carbon black (CB) since the MOF
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(a) Schematic illustration of tandem MOF/PDMS encapsulation on CoSnOs nanocubes. (b) and (c) Dynamic response curve for various gases and

sensor response in CoSnO3z, CoSnOz@MOF and CoSnOz@MOF@PDMS nanocubes for H,S interaction under dry and humid conditions. (d) Selectivity
enhancement of CoSnOs@MOF over pristine CoSnOs. (e) Dynamic gas sensing transients and sensor response in SnO, and SnO,@MOF@PDMS
nanocubes for ethanol interaction (e) and in ZnO and ZNO@MOF@PDMS for acetone interaction (f) under dry and humid conditions. Reproduced with

permission from ref. 234 Copyright 2020, Wiley-VCHGmbH.

is non-conductive and CNTs and CB are highly conductive -
thus forming a conductive composite with chemiresistive nat-
ure. The mechanism of chemiresistive analyte sensing in
switchable MOF crystals/carbon composites is demonstrated
in Fig. 17a. The change in resistivity of this composite happens
because carbon additives, when added to MOFs, form a perco-
lating network that forms an electronic flow pathway when the

2558 | Chem. Soc. Rev., 2024, 53, 2530-2577

addition reaches a particular threshold value. A structural
change occurs in the percolation network which then causes
a subsequential change in the electrical parameters of the
conductive composite. The change in the electrical parameters
with respect to the change in the volume of the material can be
interpreted as the discontinuity produced in the framework
connection which causes an increase in the resistance in the

This journal is © The Royal Society of Chemistry 2024
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symbols = adsorption; open symbols = desorption). Reproduced with permission from ref. 249 Copyright 2019, American Chemical Society.

sensing material, thus serving as a chemiresistive device mate-
rial. This can be investigated for CO, and CH, absorption,
where the former gas physisorption causes a significant step-
wise resistance increment but a very minor increment can be
seen in the case of the latter one (Fig. 17b and c). Thus, this
strategy of inducing a conductive carbon material inside a non-
conductive but highly porous and “breathable” MOF can serve
as assuring material for the purpose of enhancement in the gas
sensing properties.

The availability of pores and cavity sizes of MOFs provides a
way for the facile tunability of these pores by exploiting the
dimensional scope of organic linkers or via incorporation of
flexible polymers due to their vast size variations.>> When it
comes to induce conductivity in non-conducting MOFs, con-
duction polymers (CPs) are a promising option. Conduction
polymers such as Poly|[3,4-(ethylenedioxy)thiophene] (PEDOT),
Polyaniline (PANi), Polypyrrole (Ppy) and many more can be
polymerized into the free spaces of porous materials such as 1D
nanochannels,*"*** 2D nanoslits>®® and 3D porosity.>** CPs
provide tunable conductivities, flexible and free standing mate-
rial morphology®>®> whereas MOFs with high porosity and a
well-defined geometrical framework can be used as host moi-
eties for the incorporation of foreign materials, ranging from
nanoparticles®®® to macromolecules.””” Coalescence of MOFs
with CPs has proven to be of great importance in the fields of
supercapacitors,>*> photoconduction®* and so on. For chemir-
esistive gas sensing, the use of conduction polymers has been
there since 1980s when conductive polymers such as polythio-
phene films were used for the sensing of both oxidizing and

This journal is © The Royal Society of Chemistry 2024

reducing gases by analysing changes in the resistance of
the polymer.”*® So their hybrid assemblies with MOFs can
act as symbiotic materials that can provide high-end
individual properties-based performances. Keeping this in
mind, exploiting the ultrahigh surface area of non-conducting
3D MOFs and the conducting nature of low surface area CPs,
(pristine Sger = 2 m? g7 into the pores of the 3D MOF MIL-
101(Cr) (pristine Sppr ~3100 m* g~ '), resulted into the for-
mation of a highly porous and conductive composite
(Fig. 18a).>*° PEDOT, as a p-type semiconductor, is already
known to identify the presence of NO,, which is an oxidizing
gas, by means of chemiresistive analysis through intrinsic
Fermi level modification.”®® But the agglomeration of the
polymeric structures of PEDOT impedes the accessible surface
area to the interacting gases. Thus, the composite was found to
give excellent performance for the same purpose compared
with the pristine PEDOT polymer as the highly ordered MIL
framework provides impartially distributed growth of the
PEDOT polymer inside its pores. This uniform growth of
polymer by nano structuring approach inside MOF’s pores
helps the resulted MOF/CP composite to interact with the target
gas with high accessibility. Thus, the role of MOF’s well-defined
framework working as a template for the sensing CP material to
improve its sensitivity can be seen as an advancement in
developing MOFs as gas sensing porous materials. Flexibility
and stretchability in polymers can provide high surface area as
a template material for coating various foreign materials for
applications in oil/water separation,”®" wearable pressure
sensors®®®> and so on. PDMS as a microporous template

Chem. Soc. Rev,, 2024, 53, 2530-2577 | 2559
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(a) Schematic illustrations of H, gas adsorption with improved selectivity via structural hybridization of microporous MIL-160/PDMS and Cu-

(BTC)/PDMS filters with SnO, thin film. (b) Sensor response towards H, gas in a mixture of H, and 20/40/80 ppm CO gas with 20 wt%/without
microporous Cu-(BTC)/PDMS filter. (c) Sensor response towards H, gas and a mixture of H, and 20/40/60 RH% with 40 wt%/without microporous MIL-
160/PDMS filter. (d) Sensor response towards H, gas RH 40% air, and 20/40/60 ppm CO gas with/without microporous Cu(BTC)/PDMS and MIL-160/
PDMS filters. Reproduced with permission from ref. 264 Copyright 2020, American Chemical Society.

provides high surface area and microchannels for facile gas/air
flow through them.>®® Using this property of the microporous
PDMS elastomer, Hwang et al. coated two high performance
MOFs on PDMS - Cu-BTC as an excellent CO selective adsorb-
ing material®®* and MIL-160 for high uptake of humidity.>®®
These two separate MOF-PDMS composites act as high-
performance gas filters and provide a highly selective and
stable H, gas sensor. Sensing of H, gas provided by semicon-
ducting metal oxides (SMOs) based chemiresistive gas sensors
usually get affected by external factors such as the interaction of
competing gases in addition to the target gas and humidity.
These MOF-PDMS composites provide excellent filtration of
these disturbances and thus greatly enhance the sensing per-
formance of pristine SMOs. While covering the SMO with MOF-
PDMS composite, Cu-atoms in Cu-BTC provides eminent CO
adsorption which improves the H,/CO response selectivity in
addition to the humidity adsorption by metal centres in MIL-
160. This corroborated filtration performance of MOFs provides
a promising stage for improving the sensing performance of a
gas sensor by blocking the unwanted analytes and suppressing
the effect of relative humidity.

The hybrid’s enhanced sensing performances can be seen in
Fig. 18b-d. Dynamic response curves and sensing responses of
H, sensing in solely as well as in various combinations with CO
(Fig. 17b) with and without the PDMS-Cu-BTC filter, with

2560 | Chem. Soc. Rev,, 2024, 53, 2530-2577

various RH% (Fig. 17d) with and without the MIL-160/PDMS
filter and finally sensing H, from a mixture of H, + CO + RH
and combining both the filters reveal the high selectivity
towards the H, gas as well as an improved sensing response
as compared with the pristine SMO sensors.

Graphene being one of the most highly explored 2D con-
ducting materials can be merged with insulating MOFs to form
composites with improved conductivities.>**>% Additionally,
the merging of functionalized graphene with MOFs also
invokes optimal interacting properties in the thus formed
MOF/Graphene composite.””*>*" These inculcations are suita-
ble enough for improving chemiresistive gas sensing properties
owing to the improved conductivity and the presence of active
interacting sites. Consequently, our group worked in this
direction by fabricating a functionalized graphene-MOF com-
posite, and we reported a covalently assembled hybrid con-
structed from graphene acid (GA) and amine functionalized
Ui0-66-NH, for chemiresistive CO, sensing (Fig. 19a).>*' Hav-
ing hierarchical porosity, and the micropores are located at the
octahedral UiO-66-NH, nanocrystals and the mesopores are
built up through the stacking of GA through the MOF nano-
crystals. The hierarchical architecture facilitates gas diffusion
through the material, hence providing faster access to the
interaction sites for the analyte and the interconnected con-
ductive network ensures quick readout of the signal. The faster

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic illustration of the synthesis of GA@QUIO-66-NH2 and GA@UIO-66-NH, porous network with amide linkage. (b) Gas sensing

performance of GAQUIO-66-NH, (from 100% to 5% CO,, at an operating temperature of 200 °C. Gas sensing characteristics (% response, response time
and recovery time) of the hybrid at different concentrations of CO,; Temperature effect on the sensing characteristics of GA@QUIO-66-NH,, (c) on the
response % and (d) response and recovery times. Reproduced with permission from ref. 221 Copyright 2021 Royal Society of Chemistry.

access to the amine interaction sites ensures faster response
and recovery times for CO, sensing (f s = 18.5 S, trec = 18.7 S).
Consequently, the introduction of amine functional groups
inside the porous pathway of GA@UiO-66-NH, provides a high
response of 8.6% (Fig. 19b-d) compared to the pristine GA
which shows a negligible response to CO, under the same
sensing conditions. In comparison, graphene has a low elec-
trical resistivity (~10~° ohms) and high carrier electron mobi-
lity. Still, the lack of specific and strong interaction sites for the
adsorption of gaseous analytes, renders it unusable for chemir-
esistive sensing in its pristine form. These results are clarified
by temperature-dependent in situ Raman spectroscopy during
the exposure of the material to CO,. While up to 125 °C, the
softening takes place which can be observed further up to
200 °C, suggesting the gradual uptake of CO, into the porous
GA-UiO-66-NH, network while strongly interacting with the
amide bonds. A further increase in the temperature causes an
increase in the frequencies of both -CO-NH linkages and Fermi
modes of CO, suggesting a very weak interaction of CO, with
the sensing material.

5.2. Covalent-organic frameworks as chemiresistive gas
sensors

Covalent-organic frameworks (COFs) have been employed for
sensing purposes due to their highly ordered structure, func-
tional group versatility, and high thermal and chemical stabi-
lity. They have been primarily utilized for explosive sensing,
metal ion sensing, humidity sensing, biosensing, gas sensing,
and more.*'> However, covalent-organic frameworks (COFs) are
in their nascent stage regarding the application of chemiresis-
tive gas sensing.’™® One major reason for this is the challenging
task of bringing intrinsic electronic conductivity in them in

This journal is © The Royal Society of Chemistry 2024

addition to the robust framework that is the fundamental
necessity for a successful gas sensing material with requisite
results that can outshine or at least compete with the already
available sensing materials’ performance (Table 2).>'*?*!
5.2.1. Pristine COFs. Despite their poor conductivity, some
researchers have actively pursued using COFs as chemiresistive
gas sensors, aiming to compare them directly with other
sensing materials due to their promising porous and versatile
functionality. Singh et al. reported a Truxene-based COF for
humidity sensing.***> The high surface area and ordered struc-
tural porosity along with the boronate ester groups in the COF
resulted into an excellent interactive material for humidity. The
stability of this COF in a high humid environment is might be
due to its structural robustness. The conductivity required for
the chemiresistiveness comes from the planar COF sheets and
the multilayer formation of water vapours at higher RH% that
acts as a proton conduction medium throughout the sensing
COF material. Thus, the sensing can be attributed much to the
humid medium rather than the intrinsic COF conductivity.
COFs most often are very low (~107% to 107'° S em™') or
non-conductive materials. To tackle this problem of conductiv-
ity requirements, many researchers have worked to produce
conductive COFs by modulating their spatial stacking, electro-
nic band gap and tuning framework backbone functionalities.
Meng et al. have reported a pristine COF, named COF-DC-8,
with an intrinsic bulk electronic conductivity of 2.51 x
107° S m ! that was the highest reported for a COF at that
time®*® (presently, Huang et al achieved 12.7 S m™" for a
piperazine-linked COF).*** The high conductivity can be attrib-
uted to full n-m conjugation spread over the entire intrinsic 2D
framework and the DFT-suggested out-of-plane charge trans-
ferring due to the anisotropic band structure (Fig. 20a and b)

Chem. Soc. Rev., 2024, 53, 2530-2577 | 2561


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cs00761d

Open Access Article. Published on 01 February 2024. Downloaded on 7/16/2025 11:20:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 2 COF and its hybrids for chemiresistive gas sensors
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S. no. Material VOCs Sensing mechanism Response (%) LOD (ppm) tres/trec (S) Ref.
1 COF-TXDBA Humidity Lewis acid-base interaction 2.3 37 322
42
2 COF-DC-8 NH;3 CT-DA 39 0.07 323
H,S 62 0.204
NO 3939 0.005
NO, 6338 0.016
3 M-TPCOF NO, DA 2713 (Co) 0.0068 318 (Co) 329
2056 (Cu) 510 (Cu)
690 (Cu)
4 COF-5 Humidity 90 26/16 325
5 COF@PANI NH; 7 x 10° 5
COF@Ppy
6 TiO,@COF-316 NO, DA 572 (NA) 1.41 8-1.1 330
7 Pd@TpPa-SO3;H COF H, DA 60.1 £+ 10 0.2% 5.3-3.1 332

(synthesized by condensation of two planar, rigid and them-
selves fully conjugated metal-phthalocyanine and pyrene core
monomers). This COF showed chemiresistive nature towards
various gases with excellent results for NH;, NO,, H,S and NO
gases (Fig. 20c—f). The metal-analyte interaction was exploited
in this case for chemiresistiveness since metal doped phthalo-
cyanine rings have improved electronic conductivities in con-
trast with the pristine phthalocyanine rings. The charge
transfer interaction of oxidizing (NO and NO,) and reducing
(H,S and NHj3) gases with the Ni-centre corresponds to the
mechanistic performance of the sensing COF material. Ni
containing free valence electrons has the potential to interact
weakly via non-covalent interactions as well as stronger cova-
lent interactions too with the analyte gases. This results into a
significant change in the electronic parameters supporting the
highly sensitive chemiresistive nature of the COF towards the
targeted gases which might also be a reason for the low and

ultralow ppb level detection limits for this material. COFs are
usually formed as a powdered material by traditional solvother-
mal processes but for convenient practical applications, robust
materials play the required role. For an efficient, practical gas
sensor, the sensing COF material should have such properties
so that the sensor can work for longevity with the same
performance. Fathoming this need for the COF-based chemir-
esistive gas sensors, Mei et al. fabricated a flexible and robust
COF-5 film on a polyimide (PI) substrate and employed it for
humidity sensing.**’

The synthesis of COF films was approached via a vapour-
assisted method. This method provides a sophisticated way to
control the film thickness of the COF material by changing the
monomer concentration in the solution. After achieving the
required thickness of the COF-5 film and sensor fabrication,
the device was tested from 11-98% RH range which showed a
remarkable linear response between log of resistance and
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Fig. 20 (a) Schematic representation of a phthalocyanine-based 2D conducting COF (COF-DC-8). (b) DFT calculated anisotropic electronic band
structure and the corresponding first Brillouin zone. Response curves of COF-DC-8 when interacting with (c) NHs, (d) H,S, (e) NO, (f) NO, gases.
Reproduced with permission from ref. 323 Copyright 2019, American Chemical Society.
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relative humidity. The COF-5 film showed better performance
in gas sensing than the COF-5 powder. The uniform morphol-
ogy and uninterrupted conductive contact due to the 2D film
nature proved to be superior to the discrete powder in terms of
electrical sensing requirements.

5.2.2. COF hybrids. Synthesizing intrinsic COFs with high
electrical conductivities is one tremendous challenge that
limits their application as a practically usable chemiresistive
material. Polymers, on the other hand, such as polyaniline®*°
and polypyrrole,**” have high intrinsic conductivities — about
600 S cm ' and 380 S cm ™', respectively. Conducting polymers
are known for their composition into various materials such as
MOFs, COFs, Metal oxides, Carbon materials etc. to either
induce or increase their electrical conductivities of the latter.
Their infusion with these materials has been explored exten-
sively in the field of chemiresistive gas sensing. This strategy
for COF-Conductive polymer composites for chemiresistive gas
sensing was effected insightfully by Sahiner and group in 2019,
by using a mesoporous COF developed from condensation
between melamine and dibromoalkane monomeric units, to
create in situ formation conditions for conducting polymers
such as polypyrrole (PPy) and polyaniline (PANi) which resulted
into a semi-interpenetrated network of COF and conductive
polymers.® This intrinsic growth of conducting polymers inside
the COF led to an increase in the electrical conductivity by 3-
million folds for COF-PANi and 0.5-million folds for COF-PPy
networks, respectively. This high conductivity was utilized for
gas sensing (NH; & HCl vapours) as well as dye sensing (Methyl
Orange and Methyl Blue) purpose in a chemiconductive man-
ner. Both pristine COF and COF-Polymer composites were
tested for gas and dye sensing. Towards NH; and HCI vapours,
pristine COF showed an increase in conductance while both
COF-Polymer composites showed an opposite effect. This could
primarily be due to the protonation of amine groups which
resulted into the formation of positively charged ammonium
ions, thus causing an increase in the ionic conductivity of the
pristine COF material. The opposite effect in the case of
composites could be explained by the fact that the reducing
gases such as ammonia cause de-doping of PANi**® by depro-
tonating the bridging amino groups and over-oxidation of
chlorine ions by PPy. Materials in their bulk phase cannot able
to offer the entire surface area for interaction with the analyte
particles. In contrast, 2D layered materials or bulk materials
after exfoliation reveal their maximum surface area and thus
can interact with the lower concentrations of the analyte
particles. In this regard, Liu et al. developed porphyrin-based
2D COF nanosheets (M-TPCOF, M = Co, Cu) where porphyrin
moieties can be used to coordinate metal active sites as a result
of their post-metallization (Fig. 21a).>*°

The easily formed stable nanosheets after exfoliation are a
result of the non-linear linker (2,6-pyridinedicarboxaldehyde)
used in synthesizing this COF which hinders the n-n stacking
of extended porphyrin layers due to the strong deviation from
the planar COF layers. Thus, it produced high surface area
nanosheets with exposed metal active sites which increased the
extent of NO, gas interaction with the metal active sites and

This journal is © The Royal Society of Chemistry 2024
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thus resulted in the excellent sensitivity. The highly specific
affinity towards the NO, gas is proposed to the presence of
electron-rich metal centres (Co & Cu) due to the highly electron
withdrawing nature of acidic NO, gas, which eventually pro-
duces excellent selectivity performance as can be figured by the
adsorption studies of various analytes (Fig. 21b). DRIFT IR
spectroscopy has proven to be a useful technique for analysing
gas-host interactions by carefully observing the changes in the
intensity of interaction signals (Fig. 21c). The broad peak at
1500-1290 cm ' corresponds to the N=O stretching of the
monodentate nitrite or the asymmetric stretching NO, vibra-
tion of the nitro group. The peak at 1398-1353 cm™ " implies to
Co-NO, species, indicating Co as the active site for NO,. A
significantly wider peak observed at 2310-2230 cm ™" might be
due to the N=0 stretching in the NO" ions. With an ultra-low
LOD of 6.8 ppb, the device showed a fast response and strong
binding of NO, with the metal centre of M-TPCOF nanosheets.
This level of sensing performance is a result of few-layered
structures of the materials, which provide fast diffusion access
pathways to the gases. Thus, distortion-based exfoliation of
metalloporphyrin bulk COFs to COF nanosheets provides scope
for the exfoliated material-based sensing performance improve-
ments. COFs can attune surface properties effectively due to
their versatile nature towards functional modifications. They
can be used for the easy tuning of redox properties of the
materials based on their electronic interactions with them.

This nature of COFs was beautifully explored by Chen et al.
while working with the MOS-based chemiresistive gas sensors.
The TiO, nanowire array was coated with COF-316 (a dioxin-
linked COF), which resulted into the reversing of the reductive
to oxidative nature of TiO, (Fig. 22a).**° This work represents
the benefits of 2D porous materials for enhancing the sensing
properties of a pre-existing metal-oxide gas sensor. The high
porosity, facile redox interchange and abundant active sites
offered by the COF-sheath over TiO, nanowires for NO, gas
sensing can be possible due to these intrinsic properties of
porous COFs. Redox reversing being the striking advantage of
this COF/TiO, heterojunction can be explained by the Z-scheme
of charge separation.?*" Since the band gaps in COF-316 and
TiO, overlap, the electrons excited from the valence band to the
conduction band in TiO, relax by occupying the valesnce band
in COF-316 under the influence of an intrinsically evolved
electric field between COF/TiO, heterojunction. This event
results into the concealment of oxidative sites on TiO, and
revelation of the reductive sites on the outer COF-sheath for the
sensing reversal from the reductive gas sensing such as EtOH
towards the oxidizing gas sensing such as NO, (Fig. 22b). Due
to the intrinsic hydrophobic nature of the TiO,/COF-316 hybrid
(contact angle = 108.3°) in contrast with the hydrophilic nature
of the bare TiO, (contact angle = 7.1°), the sensing device
integrated with this hybrid leads to undisturbed sensing per-
formance of the device with consistent results of the NO,
sensing (Fig. 22c).

The NO, sensing mechanism of the TiO,/COF-316
hybrid reveals the reversal of the sensing of oxidizing NO,
gas (Fig. 22d). This hybrid promotes the reductive sensing
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mechanism for NO, gas which otherwise produces an oxidative
sensing mechanism for pristine TiO,-based sensors. Hydrogen
gas detection is of crucial concern since it is a highly flammable
gas and it provides one of the cleanest fuels, making it a
precious entity. Various hydrogen chemiresistors are already
in function including metal based (Pd, Pt) materials, transition
metal dichalcogenides (TMDs) and graphene-based materials.
Although graphene-based materials are good in terms of con-
ductivity and stability, but they have poor interaction with gases
due to the lack of any functionality. Thus, inducing function-
ality or adding other materials such as metal nanoparticles (Pd/
Pt) improves interaction of graphene materials with hydrogen
gas molecules. Eventually, Krishanveni et al. synthesized Pd-
doped imine-COF which offers a stable hybrid structure and

2564 | Chem. Soc. Rev., 2024, 53, 2530-2577

highly efficient hydrogen sensing performance.**> The presence
of sulphonic functional groups in the constituent COF mono-
mer effectively stabilizes the Pd-nanoparticles. The interaction
of H, molecules with the Pd-decorated COF particles was
excellently improved as compared to that of bulk COF by acid
exfoliating the bulk COF material to COF-nanosheets since
individual Pd-doped COF nanosheets provide maximum sur-
face area for hydrogen molecules to get interacted with the
exfoliated nanosheets. This provides highly approachable Pd
nanoparticles for hydrogen spillover, i.e., dissociation of H,
particles onto the Pd nanoparticles and the resulting formation
of PdH, species. This causes electron enrichment of the mate-
rial and a subsequent decrease in the resistance which can be
termed as chemiresistive change in the material.

This journal is © The Royal Society of Chemistry 2024
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(a) Schematic representation of COF-316 structure and ‘filter amplifier' and ‘redox reversal’ nature of TiO,/COF-316 hybrid. (b) Sensing response

of TiO,/COF-316 hybrid towards NO, compared with other gases. (c) Response analysis of bare TiO, and TiO,/COF-316 hybrid towards RH%. (d)
Chemiresistive response of NO, interaction with TiO,/COF-316 hybrid in the presence of light and corresponding illustrated sensing mechanism.
Reproduced with permission from ref. 330 Copyright 2023, American Chemical Society.

5.3. Porous conjugated polymers as chemiresistive gas sensors

Porous conjugated polymers or conjugated porous polymers
(CPPs) are a class of porous materials that are realized by the
polymerization of monomeric units via a strong bonding
between them.****3* They are different from other porous
materials such as MOFs and COFs as they do not rely on the
crystallinity of the materials. Thus, they can be prepared with
robust conditions keeping in mind only the stability of the
product and no special conditions for achieving crystallinity.
This makes CPPs a promising choice for chemiresistive gas

This journal is © The Royal Society of Chemistry 2024

sensing materials. Although they are very stable materials and
can be potentially used in harsh environments, not much work
in the direction of chemiresistive gas sensing is done (Table 3).
In this regard, Wisser et al. performed a polymerisation of 4,4-
diacetyl-2,2-diamino-biphenyl and 1,4-diacetylbenzene result-
ing into microporous polymers (DUT-92(NH,) and DUT-
92(NO,)).**® These polymeric materials were mixed with PTFE
binder and carbon black to form flexible sensor films. The
porous structure of the polymer causes a huge uptake of the
target VOCs which causes expansion of the material, resulting
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Table 3 Porous organic polymers based chemiresistive gas sensors
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S. no. Material VOCs Sensing mechanism Response (%) LOD (ppm) tres—trec (S) Ref.
1 T-2DP NO, CcT 452.6 0.0002 35-47, 56-140 337
2 Heptazine-based COP NH; DA 70 1 65-9 340
3 Hydrazide-based COP H,S Proton conduction 51 9-12 338
4 CONs NO, CcT 73.7 0.00024 339
5 P,05-CTF NH; CT -8 54-200 341

into an increase in the tunnelling distance between the
embedded particles of conductive carbon black and thus a
simultaneous increase in the resistivity of the material. This
mechanism is in contrast with the change in the resistivity in
non-porous polymeric materials. A high surface area of about
680 m> g ! provides effective interaction with VOCs which
leads to the LOD values of <1 ppm. The swelling behaviour
is observed to be effective for effective sensing performances of
DUT-family polymers towards various VOCs.

5.3.1. Pristine porous organic polymers as chemiresistive
gas sensors. Porous organic polymers represent the polymeric
porous materials consisting of only organic constituting parts.
The class consists of - conjugated microporous polymers
(CMPs), porous aromatic frameworks (PAFs), hyper cross-
linked polymers (HCPs), polymers of intrinsic-microporosity
(PIMs), covalent organic polymers (COPs) and covalent triazine
frameworks (CTFs). Covalent organic frameworks (COFs) are
also a kind of POP material but their high superiority over the
other POPs in terms of crystallinity and potential conductive
nature makes them to be discussed critically as a separate
section. Owing to their porous nature, we will be interested in
POPs to check their potential for applications which involve the
interaction of analyte molecules while passing through the
porous passage, like gas sensing. Not all POPs have been
explored for the chemiresistive gas sensing application because
of the need for conductivity in the material, whereas most
POPs, except COFs and CTFs, are either non-conductive or
become conductive in hybrid forms.

Thus, we would be highlighting here some important land-
marks that prove the potential of these materials in chemir-
esistivity based sensing applications. Since CTFs are conductive
in nature, they remain as the protagonist in the current
scenario. Yang et al. synthesized a 2D organic polymer derived
from a covalent triazine framework (CTFs), shortened as T-2DP
(Fig. 23a).>*” The presence of a porous 2D pathway provides the
facile gas transport and the presence of the high-density imine
functional groups provides optimum adsorption/desorption
which leads to highly improved sensing performances com-
pared with the CTF-based sensor. This T-2DP-based sensor thus
produces superfast response and recovery times for NO, sen-
sing. Response/recovery times (35-47 s) are fast due to the
presence of uniformly distributed interacting sites (-C—N-
sites in this material) (Fig. 23b). The distribution of interacting
sites is usually out-of-plane in the case of 2D inorganic materi-
als such as MXenes, Graphene, rGO and so on. In the case of
the present material, the interacting sites are in the 2D plane,
which contributes to the conduction of electrons in this

2566 | Chem. Soc. Rev., 2024, 53, 2530-2577

material. Thus, the interaction of target gas molecules (NO,)
with these in-plane interacting sites produces highly sensitive
output signals (Fig. 23c) with an excellent sensitivity of
452.6 ppm~". The performance comparison with the corres-
ponding bulk CTF based sensing material gives similar sensing
behaviour with diminished sensitivity because of the slow
diffusion of the analyte gas into the bulky CTF assembly. Due
to the excellent recovery property of T-2DP, it produces highly
reproducible response results with a mere 4% perturbation in
response values over a series of 15 cycles (Fig. 23d). Compara-
tive chemiresistive studies for CTF, RGO and MXene indicate
that T-2DP is superior to all of them for faster response/recovery
values by several magnitudes (Fig. 23e-h).

Non-crystalline POPs usually show poor electronic conduc-
tivity due to the absence of an electronic conduction channel in
contrast to what is usually found in, say, 2D conductive COFs.
Maiti et al. synthesized a trialdehydebenzene and phenyl-
dihydrazine combined hydrazide linkage based COP for the
room temperature sensing of H,S gas.**® Amine based macro-
molecules show conductivity through proton-conduction
mechanism. This sensing material also showed fast sensing
behaviour due to its high sensitivity towards acidic gases. H,S
being an acidic gas, when interacts with this sensing material,
produces an abrupt decrease in the proton conductivity of the
material which is seen as fast response time (9 s) for 200 ppm of
gas input. Thus, non-electronic conductive materials can be
used for gas sensing by exploiting their proton conductivity,
similar to what exists in amine-based covalent organic poly-
mers. Metal-oxide semiconductors give excellent sensitive per-
formance in the case of gas sensing but their selectivity and
sensitivity are demolished to a great extent when they are kept
under humid conditions because of the active site’s deactiva-
tion by the humidity. Organic-based materials provide a super-
ior alternative for chemiresistive gas sensing jobs when they are
stable under humid conditions, with accurate and reliable
values. Taking forward the concept, Ko et al. fabricated a NO,
sensing device, powered by covalent organic nanosheets which
are two-dimensional semiconductive in nature, abbreviated
CON-10.>*° The 2D nanosheet morphology of this material
endows it with a hydrophobic nature with a water contact angle
of 135.4° along with the thermal stability of this material up to
320 °C. The exfoliated nature of CON-10 nanosheets provides a
highly exposed surface area for the analyte gas molecules to
interact with the m-electrons moving on these nanosheets sur-
face analogous to the graphene electronic conduction beha-
viour. This can be the reason for the lower concentration
detection limit of 2.242 ppb. The hydrophobic behaviour of

This journal is © The Royal Society of Chemistry 2024
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(a) Diagrammatic illustration of a triazine-based 2D polymer. (b) Exclusive chemiresistive response towards NO, gas while comparing with other

inorganic and organic analytes. (c) Response curve of the T-2DP sensor towards NO, sensing at ppb-level. (d) Chemiresistive response of T-2DP towards NO,
(1 ppm) feed. Dynamic sensing response of (e) pristine CTF to various NO, concentrations (5 ppm to 200 ppb), (f) RGO to different NO, levels (5 ppm to
500 ppb). (g) MXene to different NO, levels (5 ppm to 500 ppb). (h) Response vs. concentration curves for T-2DP compared to CTF, RGO, and MXene. (i)
Response of MXene, RGO and T-2DP to various target analytes. Reproduced with permission from ref. 337 Copyright 2020, American Chemical Society.

CON-10 benefits the material to detect NO, gas in the ambient
atmosphere and weather. Thus, the material is proposed to be
suitable for trace-level detection of NO,. The inherent hydropho-
bicity in this material is supposed to be the result of uniformly
distributed covalent bonding and the presence of N-S bonds.

The hydrophobic nature of the sensing material is an
important requirement for the real-time application of a che-
miresistive gas sensor since it protects the material from the
baseline resistance change when repeated cycles of the gas
sensing are performed as is being observed in the present case.
Comparing with the SnO, NW-based gas sensor, the damping
effect of relative humidity on the baseline resistance value of
the sensing material can be observed as highly impactful. High
selectivity towards the NO, gas sensing can be observed in this
material because of the hydrophobic nature of the CON
nanosheets as they prevent the interaction of other gases with
the sensing material, thus causing a negligible change in the
conductivity values of the sensing material. CONs display
excellent sensing performance at the real-life application value
and thus prove the extensive morphological dependence of gas
sensing performance.

Similar to other porous materials, hydrogen-bonded organic
frameworks (HOFs) consist of the polymerization of functional
organic moieties through hydrogen bonding. They exhibit high

This journal is © The Royal Society of Chemistry 2024

permanent porosity, facile synthesis, and show promising
applications such as molecular/gas separation, optical
and biomedical applications.>*> Wang et al. synthesized a
porphyrin-based hydrogen-bonded organic framework (HOF)
for NO, sensing, leveraging abundant amine groups that con-
tribute to excellent selectivity and an ultrafast response at room
temperature.***~**° The one-dimensional channels of HOF, the
sensor demonstrated response and recovery times of 17.6 s and
15.4 s, respectively. The abundance of amine groups in the
sensor results in n-type semiconductor behavior, leading to an
ultrafast response to acidic NO2 gas molecules. Similarly, Lee
et al. demonstrated the significance of HOFs in the separation
of noble gases, such as isolating xenon (Xe) from an Xe/Kr
mixture.**® Xenon (Xe) gas-based devices find diverse applica-
tions, ranging from lighting, laser technology, space explora-
tion to medical devices. Nevertheless, monitoring selective Xe
gas and achieving sensitive separation using chemiresistive gas
sensing will be an interesting study in the field of sensors.

6. Conclusion and future perspective

The field of chemiresistive gas sensing has rapidly gained
prominence due to its remarkable responsiveness to various

Chem. Soc. Rev., 2024, 53, 2530-2577 | 2567
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gases, driven by swift electronic changes in the sensing mate-
rial. Achieving sensitivity in gas sensing demands an ideal
interplay between the gas sensing material and target gases, a
substantial surface area providing accessible interaction sites,
and rapid responses to analytes. Porous materials have
emerged as highly promising candidates in the realm of
chemiresistive gas sensing, as they effectively meet these essen-
tial requirements for modern and efficient gas sensing
materials.

This review offers an up-to-date overview of advancements in
chemiresistive gas sensing, covering fundamental principles,
sensing parameters, and the various materials employed. It
places particular emphasis on porous materials, including
metal-organic frameworks (MOFs) and their hybrids, covalent
organic frameworks (COFs) and their hybrids, graphene-based
materials, and porous conjugated polymers. The future of
chemiresistive gas sensors holds exciting prospects driven by
advancements in materials, fabrication techniques, and sensor
designs. Advanced materials, such as 2D wonders like graphene
and transition metal dichalcogenides, hybrid nanomaterials,
and functionalized polymers are at the forefront.'*®3477354
These materials offer exceptional sensitivity and selectivity,
promising the detection of a broader spectrum of gases,
including elusive volatile organic compounds and industrial
hazards. The world of nanotechnology continues to unfold,
with nanowires, quantum dots, and hybrid nanomaterials
driving the development of highly efficient sensors capable of
swift responses and astonishingly low detection thresholds.
Additionally, the integration of machine learning and data
analytics promises to make gas sensors smarter and more

2568 | Chem. Soc. Rev,, 2024, 53, 2530-2577

responsive. These sensors will not only detect gases but also
interpret data in real-time, recognizing patterns and identifying
multiple gases simultaneously. Such intelligent sensors are set
to revolutionize environmental monitoring, healthcare, and
safety systems across various domains (Fig. 24). Furthermore,
we are on the brink of witnessing gas sensors embedded in
wearable devices and seamlessly integrated into the Internet of
Things (IoT).>**=73

This transformation enables continuous monitoring of air
quality, personal health, and safety in diverse environments,
from urban landscapes to remote industrial sites. Flexible and
printable sensors are also emerging, offering a cost-effective,
disposable solution for various applications. These sensors are
used in food packaging, healthcare, and beyond. Environmen-
tal applications remain a key focus, with gas sensors leading
the charge in monitoring pollution, greenhouse gases, and
indoor air quality. Healthcare is another area where gas sensors
are poised to make significant contributions. From disease
diagnosis through breath analysis to non-invasive health
assessments via skin emissions, these sensors are poised to
enable early disease detection and personalized healthcare.
Industrial safety, particularly in the energy sector, is set to
benefit as gas sensors play pivotal roles in detecting hazardous
gases. Their deployment ensures safer oil and gas exploration
and production. As the world turns its gaze towards environ-
mental sustainability, gas sensors will embrace eco-friendly
materials and sustainable manufacturing processes. This shift
aligns with the growing commitment to environmental respon-
sibility. Finally, global collaborations are catalysing these
advancements. Scientists, engineers, and industries worldwide

This journal is © The Royal Society of Chemistry 2024
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are uniting, pooling knowledge, and resources to accelerate the
development and commercialization of cutting-edge sensor
technologies. In conclusion, the future of gas sensors is radi-
ant, holding promise for improving air quality, safety, health-
care, and environmental stewardship on a global scale. In this
perspective, porous materials provide almost all the basic
requirements as an effective chemiresistive gas sensing mate-
rial. They provide high surface area, functional group versati-
lity, an extended structural framework with electronic
conjugation and many more properties for optimal host-ana-
lyte interaction and the aftermath results consisting of reliable
and accurate sensing performance and data. Since there is
always a scope for improvement in any work, this field can
also be taken further towards a more powerful gas sensing level
by considering some key future perspective points.

1. MOFs have already proven valuable in chemiresistive gas
sensing due to their outstanding surface area and tuneable
functionality, facilitating close interaction with target gases.
Additionally, certain 2D conductive MOFs like M-HHTP, M-
HITP, and M-TCPP exhibit conductivity, offering electronic
conduction for chemiresistive behaviour. To enhance their
performance, there is room for improving MOFs by transition-
ing toward a more crystalline nature and developing high-
surface-morphology frameworks. Controlling the shape of
MOF-based nanoparticles can also be optimized to maximize
the accessible surface area for analyte gases. MOFs are primar-
ily used in powder form, posing processing challenges. Con-
sidering the actual material for gas sensing purposes, thin-
films and membranes like material are of considerable impor-
tance. Therefore, it is essential to focus on developing facile
synthetic methods for MOF membranes or easily processable
solutions. Exploration into MOF combinations with materials
like CNTs, metal oxides, and conducting polymers has shown
promise. Further investigations into highly conductive materi-
als like MXenes hold potential, although stability improve-
ments, especially under ambient conditions, are necessary.

2. COFs face challenges due to their instability in humid or
ambient conditions and limited conductivity. To make them
viable for gas sensing, more robust and conductive COFs are
needed. COFs offer adaptable frameworks and versatile func-
tionality, crucial for ideal target gas sensing. They are particu-
larly suitable for gas sensing in living organisms, avoiding
concerns associated with metal-based materials like MOS and
MOFs. While examples using other materials like MOS and
MOFs already exist, particularly for VOCs sensing in humans
and plants, research involving COFs in this context remains
unexplored. Also, the requirement of flexible and robust COF
materials is a compelling need for a device level development of
this work. Some COF membranes and thin-films are already
being explored,>”*”® but no reports on their pristine mem-
branes or films were found to the best of our knowledge.
Further, investigation in this direction can be done by devel-
oping new universal methods for processing COFs to thin-films
and membranes.

3. Graphene, a 2D conductive material, has been success-
fully employed in chemiresistive gas sensing applications.

This journal is © The Royal Society of Chemistry 2024
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Graphene, primarily in its 2D monolayer form, serves as an
excellent chemiresistive material owing to its superior electro-
nic properties compared to multilayer graphene. Consequently,
graphene and its derivatives, as well as hybrids, have emerged
as top-notch materials for room-temperature chemiresistive gas
sensing. However, despite their physical and chemical robust-
ness, graphene-based materials face challenges such as limited
selectivity and sensitivity due to their chemical inertness, which
hampers host-gas analyte interactions. To address this issue,
efforts have been made to introduce metal/metal oxide sites
and related functionalities into pristine graphene, resulting in
improved gas sensing performance. Further enhancements can
be achieved by developing these hybrids with more intriguing
morphologies and additional functionalities, building upon the
success of materials like GO, rGO, and G-COOH in gas sensing.
Incorporating dopants like B, N, or -SH becomes crucial for
fine-tuning the redox properties and electronic structure,
including band gaps and Schottky barriers, to enable precise
sensing of interacting gases. Synthesis of graphene-based
devices is still restricted to monolayers or thin-layer graphene
derivatives which are difficult to achieve as it require critical
precision and sophisticated tools. Chemical exfoliation meth-
ods to develop large monolayers need to be explored further.
4. Porous organic polymers including amorphous porous
materials like porous carbon black, ionic liquids, hyper-cross-
linked polymers (HCPs), and PIMs offer notable advantages in
terms of stability, ease of synthesis, and functionality. Despite
these merits, their complex microstructure and lack of long-
range order pose challenges, particularly regarding electronic
conductivity. To overcome this hurdle, inducing conductivity
through space becomes a viable strategy, addressing the need
for extended conjugation and through-bond or through-space
conduction. This can be accomplished by meticulously control-
ling the orientation of individual moieties, allowing their empty
orbitals or charges to traverse the entire amorphous framework
and enhancing the utility of these materials in chemiresistive
gas sensing. Powders are usually not processable if they are
robust in nature. Thus, solution processable POPs or mem-
branes are the need of the hour. To synthesize these mem-
branes or film methods like doctor blade, Langmuir-Blodgett
nanostructured film formation kind of methods are required to
be more in use for producing effective chemiresistive films.
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