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Advancements in porous framework materials for
chemiresistive hydrogen sensing: exploring MOFs and COFs

The perspective highlights the recent developments in
chemiresistive hydrogen sensing using metal-organic
frameworks (MOFs) and covalent organic frameworks
(COFs). Additionally, a comparison is drawn between

the sensing characteristics of MOFs/COFs and
semiconductor materials (SMOs), providing insights into
their complementary nature. This article also puts forward
synergistic advantages of MOF/COF-SMO hybrids, in
overcoming individual material limitations.
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Hydrogen is a zero-emissive fuel and has immense potential to replace carbon-emitting fuels in the
future. The development of efficient H, sensors is essential for preventing hazardous situations and facili-
tating the widespread usage of hydrogen. Chemiresistors are popular gas sensors owing to their attractive
properties such as fast response, miniaturization, simple integration with electronics and low cost.
Traditionally, semiconducting metal oxides (SMOs) and Pd-based materials have been widely investigated
for chemiresistive H, sensing applications. However, issues such as limited selectivity and poor reliability
still hinder their use in real-time applications. Recent advancements have explored metal-organic frame-
works (MOFs) and covalent organic frameworks (COFs), offering new perspectives and potential appli-
cations in this field. MOFs and COFs belong to the crystalline framework (CF) family of materials and are
highly porous, designable materials with tunable pore surfaces featuring sites for H, interactions. They
exhibit good selectivity towards H, with quick response/recovery times at relatively low temperatures
compared to SMOs. Furthermore, they provide an additional advantage of sensing H, in the absence of
oxygen, even at high concentrations of H,. In this perspective article, we summarize recent advancements
and challenges in the development of H, sensors employing MOFs, COFs, and their hybrid composites as
sensing elements. Additionally, we discuss our perspective on hybridizing MOFs/COFs with SMOs and
other nanomaterials for the future development of advanced H, sensors.

aspect of net zero CO, emission has attracted attention from
researchers around the world to harness its potential for gen-

In recent times, there have been significant advancements in
the use of hydrogen as an efficient alternative source of energy.
Often regarded as a fuel of the future, hydrogen (H,) is con-
sidered to be a key player in significantly overhauling the
present energy challenges and global economy.'™ The H,
economy envisions a clean and eco-friendly energy system with
net zero emission and subsequent reduction in carbon
footprints.>” H, has a high energy content per unit mass
(142 kJ g™, about three times that of gasoline) and very low
density (0.0899 kg m™3), which makes it 1/14 times lighter
than air.>® Upon combustion, H, yields only water and heat
energy, and thus, it is free from polluting emissions. This
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erating electricity and as a transportation fuel.'® However,
commercializing H, entails inherent risks associated with its
explosive and flammable nature, given its wide flammable
range of 4.1 to 75% v/v H, and rapid diffusivity (0.756 cm?
s7'), which readily forms a flammable mixture with air.'™"
Any unexpected leakage of H, into the air could be
catastrophic.”*™*> H, gas is devoid of colour, odour, and taste.
It is totally imperceptible to humans. Inhaling high concen-
trations of H, may lead to asphyxiation and could be fatal.'®
Therefore, it is imperative to deploy efficient H, sensors as
safety measures to check for leakages in H,-related energy
systems. A meaningful impact of H, energy can be achieved by
implementing safety codes including sensors.

In recent years, chemiresistors have become popular gas
sensors and are in demand for detecting gases at trace levels.
The chemiresistive technique is an interesting approach due to
its attractive features such as straightforward design, ease of
processing, cost-effectiveness, and suitability for making
small, portable sensing devices.'””'® Indeed, advancements in
the chemiresistive technique have gone beyond those antici-
pated since T. Seiyama introduced a resistance-based gas

This journal is © The Royal Society of Chemistry 2025
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sensor using zinc oxide (ZnO) thin films in 1962." The work
was inspired by the findings of B. W. H. Brattain (1952) and
G. Heiland (1954), which revealed the distinctive behaviour of
semiconducting materials (Ge) and semiconducting metal
oxides (SMOs) such as ZnO in exhibiting variations in conduc-
tion properties upon exposure to different gases present in the
surrounding atmosphere.””*" The first commercial chemi-
resistive gas sensor based on tin oxide (SnO,) was developed
by Taguchi in 1972 for detecting reducing gases.”*??
Essentially, chemiresistivity is a characteristic of certain
materials wherein the intrinsic electrical resistance changes in
response to the presence of specific chemical species (gases,
vapors) in the surrounding environment. This phenomenon is
the basis for chemiresistive sensors that exploit this property
to detect and quantify specific gases.** The construction of a
typical conventional chemiresistive gas sensor includes system-
atically arranged components such as a heater (for thermal
activation), a substrate that integrates electrodes, and the
sensing material, as illustrated in Fig. 1. A sensing element/
material in a chemiresistive sensor plays a crucial role in dic-
tating sensitivity and selectivity. In this regard, SMOs have
been explored widely in chemiresistive gas sensors for sensing
various gases including H,.?®> The detection of H, using SMOs
largely depends on the change in electrical resistance when
electrons (e7) from the generated surface oxygen species (O,
0~ and O*7) interact with the H, gas.® The nature of these
oxygen species is usually governed by two major factors, oper-
ating/sensing temperature (200 °C to 500 °C) and background
gas, iLe. synthetic air. In the absence of either of these two
factors, the detection of gases by SMOs is negligible. The limit-
ations of SMOs can be listed as (i) high operating tempera-
tures, (ii) the lack of selectivity of a target analyte among mul-
tiple gases, (iii) saturation of the signal at higher concen-
trations of the analyte, and (iv) a high consumption of power.>”
Furthermore, limitations of low surface reactivity and sensing
kinetics, especially at room temperature, must be addressed.”®
On the other hand, carbon-based materials like carbon nano-
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Fig. 1 Schematic representation of a chemiresistive device.
Chemiresistive sensing device (side and top views) with coated sensing
material; the device also shows the presence of an interdigitated pattern
of electrodes with contact pads to connect the probes to establish suit-
able contacts to measure the change in resistance of the sensing
material. This figure has been reproduced from ref. 17 with permission
from IOP, copyright@2021.

tubes (CNTs), graphene, its derivatives [graphene oxide (GO),
reduced graphene oxide (rGO)] and conducting polymers have
been explored for H, sensing but with less success.”**
Palladium (Pd) is renowned for its high affinity towards H,,
which explains its frequent use in H,-based chemiresistive
sensors. The formation of PdH, (palladium hydride) during
H, sensing is one of the most widely accepted mechanisms for
Pd-based sensors.>*** Pd exhibits high selectivity for chemi-
sorbed H, and is capable of dissociating H, and hosting the H
species in its interstitial lattice sites through the formation of
PdH,. Initially, a solid solution known as the a-phase (a-PdH,)
is formed. As the H, concentration increases, a transition from
the a-phase to the more stable p-phase (B-PdH,) occurs.
Eventually, a two-phase equilibrium is achieved, where both a
and B phases coexist. The phase transition from a to p is
accompanied by volume expansion and lattice strain, which
causes changes in electrical resistivity and corresponding
changes in output signals.>* These changes can be effectively
achieved under ambient conditions, which is why Pd is a
highly preferred sensor element for H, sensors. However, the
formation of an irreversible f-phase may introduce hysteresis,
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resulting in a poor response, slow recovery, and poor stability
of the sensor with inaccurate electrical read-outs.*> These
issues can be addressed by modifying the Pd surface (the first
contact with H,) or by selecting a substrate material with a
large surface area and robust structure, capable of withstand-
ing mechanical stress.*®

With the pressing need for reliable and cost-effective
sensors, alternative materials characterized by a large surface
area and tuneable porosity are sought for improving the
sensing performance.’”** Amidst the debate, metal-organic
frameworks (MOFs) and covalent-organic frameworks (COFs)
are thriving materials from the family of crystalline frame-
works (CFs) with inherent features of a high degree of porosity
and large surface area, and thus, have immense potential to be
utilized as sensor elements for chemiresistive H, sensors.*® In
this review, CFs specifically refer to MOFs and COFs. The
unique characteristics of CFs include (a) ultrahigh porosity, (b)
large surface area, (c) tailorable pore sizes/volume, (d) flexi-
bility in modifying the internal surface area, and (e) good
thermal/chemical stability.*" It is worth noting that the linkers
can be rationally selected in the design of MOFs and COFs as
they influence the MOF/COF-H, interactions. MOFs possess
topological diversity and are synthesized using different metal
ions/nodes coordinated to many different organic linkers.
Often transition metal ions are employed and can generally
dictate the stability of MOFs based on the coordinative bond
strength.** Carboxylate based linkers [e.g. benzene-1,4-dicar-
boxylate (CgH¢O4/H,BDC)] and nitrogen containing linkers
(e.g. imidazoles) have been widely employed for MOF construc-
tion. Common examples of MOFs constructed using various
metal ions/secondary building units (SBUs) and organic
linkers are given in Fig. 2. Further functionalization of these
linkers with ~-OH, -NH,, etc. have aided in regulating the pore
chemistry at the atomic level.* COFs are regarded as the
organic counterparts to MOFs. However, they differ from
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MOFs by being rich in functionalities. They are exclusively con-
structed with dynamic covalent bonds and possess a low
density.*>™"” Notably, COFs are characterized by uninterrupted
planar m-electron delocalisation due to extended m-m conju-
gations across the two-dimensional (2D) or three-dimensional
(3D) structures.**® Some common examples of COFs con-
structed using organic linkers are represented in Fig. 3.**

In general, CFs have been majorly studied for gas storage
and gas separation applications since their discovery due to
their high surface area and tuneable porosity/pore size.”” At
the same time, they have been overlooked for gas sensing
applications, mostly due to their poor electrical conductivity or
high electrical resistance. With an increasing understanding of
the nature of electrical transport in these classes of materials
and advancements in preparing conducting CFs, significant
interest has emerged in the domain of chemiresistive sensors
fashioned out of CFs. Typically, there are two pathways known
to administer charge conduction in CFs: (a) through-bond and
(b) through-space.*>*® “Through-bond” charge transport
occurs via direct covalent or coordination bonds between
metal ions and organic ligands. “Through-space” conduction
occurs via non-covalent interactions, such as n-n stacking or
other close spatial arrangements of electroactive components,
allowing charges to move between sites that are not directly
bonded but are in proximity. Charge propagation may occur
through continuous energy bands or may hop/“jump” from
one localized site to another via linkers or guests, as illustrated
in Fig. 4.

Hopping transport is more prevalent in MOFs, wherein the
charges move between localized sites through a hopping elec-
tron transfer route across the metal nodes. The generated
charges are activated via thermal/photoexcitation or chemical
doping routes.> ™" Predominantly, through-space charge
transfer is observed in 2D electrically conductive MOFs. COFs
tend to favour both through-bond and through-space charge
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transduction.>® The in-plane conjugation within an individ-
ual 2D COF layer offers a bond channel with an overall in-
plane delocalization of electrons (bond transfer). Whereas, the
space charge transfer is constructed through the inter-planar
n-n stacking layers in the structure. Electroactive CFs have
been in the limelight in recent times, wherein redox-active
conjugated functional building blocks can serve as mobile
charge carriers. Notably, together, through-bond and hopping
charge transfer cannot contribute to the conductivity in CFs as
they generate different channels for conduectivity.>® Overall,
since the motion of generated charge within the framework
critically determines the charge transport performance, a judi-
cious choice of building units, redox-active guests/building
blocks, mixed-valence systems, strong n-n stacking, or
n-conjugation, and long-range crystallinity are essential in the
CF’s structure.”

M. G. Campbell et al. synthesized an electrically conductive
2D MOF, Cu,(HITP), (HITP = 2,3,6,7,10,11-hexaiminotripheny-
lene), with a hexagonal structure and a slipped-parallel stack-
ing of the 2D sheets.®® At room temperature, Cus(HITP), dis-
played a bulk electrical conductivity of 0.2 S cm™", as measured
using the two-probe method. The authors measured the elec-
trical conductivity of Cu(HITP), by pressing the MOF powder
into a pellet. This work represented the first study of using a
conductive 2D MOF for a chemiresistive sensing application.
Cu;(HITP), was active for sensing ammonia (<5 ppm, concen-
tration) at room temperature. Moreover, significant studies
carried out by E. X. Chen et al. using a zeolitic imidazolate
framework (ZIF), especially ZIF-67 for sensing formaldehyde
and trimethylamine, were among the first studies reported
for MOF-based chemiresistive sensor applications.®!
Simultaneously, L. M. Tao et al. reported covalent triazine
frameworks (CTFs) for the detection of ammonia at room
temperature.®” In another study, using the aromatic annula-
tion of 2,3,9,10,16,17,23,24-octa-aminophthalocyanine nickel
() and pyrene-4,5,9,10-tetraone, K. A. Mirica’s group syn-
thesized COF-DC-8 for the chemiresistive sensing of NHj;, H,S,
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Fig. 2 Representative examples of (a) secondary building units (SBUs),
(b) organic linkers and structures of (c) MOF-5, (d) Cuz(BTC),, (e) UiO-66
and (f) ZIF-8 MOFs. This figure has been adapted from ref. 43 with per-
mission from Shodhganga, copyright@2022.

NO, and NO, at ppb levels.®® Since then, many reports on
chemiresistive sensing using CFs have been published by
various groups, giving insights highlighting the importance of
these materials.®*7*7%7% However, the existing literature lacks
a thorough exploration of CFs in the context of developing
chemiresistive H, sensors. Therefore, this review focuses on
the progress made in H, sensing utilizing CFs and examines
their potential for future applications.

Unlike gases such as NH3, SO,, etc., H, is a non-polar mole-
cule and as a result, its interactions with the surface of CFs are
largely governed by weak van der Waals interactions.”®*°
few MOFs, sites like metal nodes and functional groups of
linkers do adsorb H, reasonably strongly enough to change the
resistance of the material. The hybridization of MOFs with
SMOs and with Pd NPs is found to be an effective strategy for
realizing synergetic H, sensing properties.*>®* The well-

In a

Dalton Trans., 2025, 54, 3526-3550 | 3529


https://doi.org/10.1039/d4dt02551b

Published on 08 January 2025. Downloaded on 4/26/2025 12:07:50 PM.

Perspective

a)

TpPa-SO,H COF

Fig. 3 Representative examples of organic linkers and structures of
COFs; (a), (b) common organic linkers used for COF synthesis; and
structures of (c) NT COF and (d) TpPa-SOzH COF.
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Fig. 4 Two main charge transport regimes in MOFs: (a) through bond
charge transfer via linker (band transport); (b) through space charge
transfer via linker (hopping transport) and (c) through bond charge
transfer via guest. Reproduced with modifications from ref. 82 from
Wiley, copyright@2016.

defined porosity of MOFs is exploited for the sieving of gas
molecules by preparing metal oxide@MOF
materials, thereby enhancing the selectivity of metal oxides.®*

core-shell

Furthermore, nanomaterials derived from MOFs are also
actively pursued in order to realize effective H, sensors. COFs
are generally enriched with a variety of functional groups and
contain extended n-r conjugations within the plane. The func-
tional groups are potential sites for interactions with H, via
dipole-induced-dipole interactions and the extended n-n con-
jugation facilitates the conversion of interactions across the
material into a readable signal.®®' The versatility of COFs can
be further enhanced by hybridizing COFs with H,-active metal

nanoparticles (MNPs) such as Pd, Pt etc. This aspect enables
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one to utilize the sensing ability of COFs rather than utilizing
them as mere supports to stabilize the nanoparticles.

This perspective article initially includes a short discussion
on chemiresistive sensing measurements, and the parameters
commonly measured/calculated for gas sensing studies
(section 2). The article mainly encompasses the latest advance-
ments in the application of porous CFs for chemiresistive H,
sensing (Scheme 1), section 3, wherein, the H, gas sensors are
classified as two types: MOFs and COFs. We begin with an
overview of MOFs in section 3.1, covering discussions on pris-
tine MOFs, followed by MOF hybrids (MOF-coated SMOs and
metal NP-loaded MOFs), and MOF derivatives that are used for
chemiresistive H, sensing. The latest advancements in COFs
for H, sensing are discussed in section 3.2. Section 4 offers a
comparative discussion on the H, sensing mechanisms in
SMOs and porous CFs. Finally, in section 5, we present our
perspectives on opportunities for developing advanced sensing
elements based on CF hybrids, with a focus on integrating
MOFs/COFs with SMOs. It is anticipated that this unique struc-
ture combines the strengths offered by both of these materials
(MOF/COFs and SMOs) while mitigating their inherent
drawbacks.

2. Chemiresistive sensing
measurements
2.1 Resistance measurements

The resistance (R) of a material can be measured by applying a
current (I) and measuring the resulting potential (V), following
Ohm’s Law, V = R x I, where V is voltage and I is current.
Common approaches to measure resistance include (i) the
four-probe method, suitable for a wide range of materials pos-
sessing low resistivity including bulk materials, (ii) the two-
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2l Tunable pore size/ volume i Host guest interaction
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Scheme 1 Schematic representation of the advantages of MOFs/COFs
(CFs) for chemiresistive H, sensing. Inset displays the resistance vs. time
plot for chemiresistive H, sensing measurements.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02551b

Published on 08 January 2025. Downloaded on 4/26/2025 12:07:50 PM.

Dalton Transactions

probe method, generally used for materials with high resis-
tivity, (iii) the four-point method (distinct from the four-probe
method), and (iv) the van der Pauw method, particularly suit-
able for measuring very thin films and narrow samples where
a set of contacts arranged in a particular geometric pattern are
used to calculate the resistivity of the material more
accurately.’®> The two-probe method is particularly con-
venient for samples with high resistivity that cannot be
measured using the four-probe method.*** This method
involves two wires or contact needles (tips) typically made of
tempered metal wires (Cu, Pt, W, or Au). These wires make
contacts with the samples either using conductive adhesives
made with Au, Ag, or graphitic pastes, or by attaching the
wires to metal pads through soldering or wire bonding.
Interdigitated electrodes (IDEs), patterned on aluminum (Al),
silica, glass, or other materials, are suitable devices for two-
probe measurements and are the most widely used architec-
tures in chemiresistive sensing devices. Deposition of the
sample is typically done either by drop casting the sample dis-
persed in a suitable solvent or by spraying or applying a slurry
of the material on the IDEs. In the case of powdered samples,
resistance is usually measured by making the powders into
pressed pellets. The contacts on pressed pellets are established
by applying adhesive conductive paste (Au, Ag) as equidistant
dots.

2.2 Gas sensing measurements

To obtain an active functional layer, the sample-loaded IDE or
pressed pellet is heated using a heater to a designated temp-
erature. The activation temperature varies from 100 to 200 °C,
depending on the type of material. This process is typically
conducted in a closed environment under an inert gas atmo-
sphere (N, or Ar) by applying a voltage bias (1-2 V for the IDE
or up to 3-5 V for a pressed pellet). Under these conditions,
the material attains a stable resistance value, and is con-
sidered as the baseline resistance, which is detected by a
sourcemeter. Once stabilized, the material is exposed to the
target analyte gas at different temperatures and varying con-
centrations to investigate the sensing behaviour of the
sensing element, the MOF/COF in the present case. The gas
switching and concentration adjustments are managed using
mass flow controllers that precisely control the flow rates of
the gases. Fig. 5 illustrates a schematic representation of the
gas sensing setup, which includes a closed probe chamber
with two probes, the sample material (in the form of a pellet
or coated on the IDE), a heater, and inlet for gases to be
introduced into the probe chamber. The heater is connected
to a temperature control unit to maintain the required temp-
erature, while the probes are interfaced with a sourcemeter
and a computer for data acquisition. The performance of
chemiresistive sensors is evaluated based on some key para-
meters, which collectively determine the accuracy and effec-
tiveness of the sensor.®*"®® These parameters are described
below.

2.2.1 Sensitivity (S). Sensitivity (S) in the context of chemi-
resistive sensors can be defined as the ratio of the change in

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Schematic representation of the chemiresistive gas sensing
setup commonly used in the literature.

resistance (Ay) of the active material to the unit change in gas
concentration (Ax)."”%

S = Ay/Ax

where Ay = change in the resistance of the material and Ax is
the change in concentration of the gas.

2.2.2 Response (Rs). The response (Rs) is calculated by
measuring the difference in the electrical resistance of the
sensor film after exposure to the target gas, compared to its re-
sistance in the pristine state, that is, prior to exposure to the
target gas. These modulations appear either as an increase or
decrease in resistance, depending on the nature of the target
gas and the type of sensor.”® Ry is calculated using different
formulae as given below,

Ry — Ry
R,

R, —R
Rs%:%xwo

a

P
Ry

where R, is the resistance of the material stabilised under an

inert gas, and R, is the resistance in the presence of the target

gas. R, and R, are interchangeable depending on the reducing/

oxidising nature of the target gas.

2.2.3 Response time (7). This refers to the time taken by
the sensor to effectively interact with the target gas, inducing
changes in its intrinsic resistance. It is the defined as time
required by the sensor to achieve 90% of its maximum resis-
tance when exposed to the target gas. Faster response times
are generally preferred for real-time monitoring.

2.2.4 Recovery time (7). This is the time required for the
sensor to revert back to 90% of its initial resistance value after
the supply of the target gas has been discontinued. Short
recovery times are important for continuous monitoring.

2.2.5 Limit of detection (LOD). This is the lowest concen-
tration of the target gas that the sensor can reliably detect
under specific conditions. Often the sensitivity of the sensor is
correlated to the LOD. The LOD can be determined using one
of methods described below.
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2.2.6 Signal-to-noise ratio. Generally, SNR = 3, is widely
recognized as the standard for determining the LOD.*

2.2.7 Linear regression. LOD is calculated as three times
the standard deviation of the response (S,) divided by the
slope of the calibration curve (b).%*

LOD = 3S,/b

2.2.8 Root mean square (RMS) method. Alternatively, LOD
can be determined using the RMS approach, which involves
statistical analysis to estimate the lowest concentration of
analyte that can be reliably detected above background noise
levels.

3 X RMS (noise)

LOD(ppm) = S

RMS (ppm 1) = \/V,2/N

where RMS(noise) = root mean square (RMS) noise of the base-
line, which is calculated using the variation method, V,* =
S (Y; — Y)? values are the experimental data points of the
baseline from the AR/R, vs. time (s) plot, ¥; and Y are the
measured data points and fitted curve values, respectively. S is
the slope of linear fitted data from AR/R, of the sensor with
the H, concentration (ppm), N = number of data points.”*

2.2.9 Selectivity. Selectivity indicates the ability of the
sensor to specifically respond to a particular gas species
among other interfering gases. It is a key attribute of the
material that depends on factors such as its chemical affinity
towards the target gas, the presence of specific binding sites,
and the molecular morphology.
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3. Porous CFs for chemiresistive H»,
sensing

The versatility of MOFs and COFs is being actively explored to
develop effective H, sensors. Although MOFs and COFs both
belong to the class of porous CFs and share similarities in
their features, a clearer understanding of advancements in
chemiresistive H, sensing requires a distinct classification.
Thus, CFs have been divided into two sections, section 3.1 and
3.2, based on their structural diversity, the nature of studies
reported, and the type of sensing mechanisms operating in
these materials. Section 3.1 is dedicated to MOF-based H,
sensors reported so far in the literature to the best of our
knowledge. Section 3.2 highlights studies on COFs, demon-
strating their potential as effective H, sensors. A schematic
illustrating the classification of CF materials for H, sensing in
the following discussion is given in Scheme 2.

3.1 Applications of MOFs for chemiresistive H, sensing

Leveraging the unique properties of MOFs to achieve optimum
sensing performance for H, detection, some key approaches
have been adopted in the literature; these include utilizing
pristine/functionalized MOFs, applying a MOF passive layer to
cover metal oxides for molecular sieving, integrating metal
nanoparticles (MNPs) with MOFs to form hybrids, and employ-
ing materials that are derived from MOFs. Table 1 summarizes
recent studies reported in the literature in this direction.

3.1.1 Pristine MOFs. A handful of reports on chemiresistive
H, sensing using materials based on pristine MOFs have been
published in recent times, with the first study reported in
2016,%° suggesting the availability of ample opportunities to

v £

y 4
N/
y £

Scheme 2 Schematic illustration depicting the classification of CF materials into MOFs and COFs, along with their respective subdivisions for H,

sensing applications.
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Table 1 Summary of the literature on MOF-based chemiresistive H, sensors

Sensing Limit of

S. temp. Sensing Response  Recovery detection

no. Material (°C) H, conc.  properties time (s) time (s) (LOD) Selectivity Ref.

Pristine MOFs

1 ZIF-8/ZIF-67 RT 5 ppm AR/R, = 81.6% 856 s 905 s 1ppm  C,Hg, CO, NO, and C,H;OH 100

2 Zn-BDC-NH, 50 10 ppm Ry/Rg = 2.93 ~40 s ~50 s 1ppm  CO, C¢Hg, C;Hg and CH, 101

3 Co-MOF-I and Co- 200 50 ppm AR/Ry % 100 = — — — NO,, CO, O,, H,S 102

MOF-11 53.8%; 101.4%

MOF®@SMO hybrids

1 ZnO@ZIF-8 NWs 300 50 ppm Rgas/Rair =1.44 — — 10 ppm  C,Hg and Ce¢Hg 96

2 ZnO@ZIF-8 nanorods 250 50 ppm Allly = 80% — — 10 ppm  Cg¢Hg, C;Hg, C,H50H, and 113
CH,COCH,

3 ZnO@ZIF-8 275 50 ppm — 50s 130 s — CeHe 114

4  16-ZnO@ZIF-8 290 1000 ppm  R./Ry=6 — — — C,H40, C;HsO 115

MNS@MOF hybrids

1 Pd nanowire@ZIF-8 RT 1% AR/Ry, = 3.5 10s 7s 600 ppm O, 117

2 Pt-Co-MOF@GO 15 15000 ppm AR/R, = 9% 9s 12s 700 ppm CH,, CO, CH;0H and 118
CH,;COCH,

3  ZnO@Pd@ZIF-8 200 50 ppm Raas! Rair = 6.7 — — 10 ppm  Ce¢Hg, C,Hg, C,H;OH, and 119

nanowires CH;COCH;
4 Pd/ZIF-67/PMMA - 1% Alll, = 24.1% 9.55(0.4% 8.85(0.4% 2 kPa CeHg, C,Hg, C,HsOH, CO 120
H,) H,) and CH,COCH,

5  pd"@Crpy 60 1% AR/Ry = 2% 13s 10's 0.25%  SO,, NO,, CO, CH, and CO, 126

MOF-derived nanostructures

1 ZnO@GC750 RT 5 ppm AR/Ry = 97.8% 34s 46 s 0.1 ppm HCHO, NO, NH3, CO, NO, 132

2 ZIF-8rGO 400 200 ppm  AR/R, =18 50 s 7s 5ppm  CO, CH,;, NO, and C,H;OH 133

3 Co-ZnO-N/C RT 1% AR/Ry = 3.7% 26 17 s 0.25%  SO,, NO,, CO, CH, and CO, 134

4  MOF-derived TiO, 30 1000 ppm  Ru/R, = 9.2 17 s 150-200s 25 ppm CO, C3Hg 135

5 Sn-SIM-3 RT 5% — 400 s 5-10's — — 136

explore pristine MOF-based H, chemiresistors. The synthesis
of MOFs generally involves solvo/hydrothermal techniques at
elevated temperatures and occasionally high pressures to
obtain crystalline powders.®” In recent times, methods for the
preparation of thin films of MOFs under ambient conditions
have also been developed.’® ZIFs are a class of MOFs that are
demonstrated to be versatile for many applications. They often
display better thermal/chemical stabilities owing to the Co/Zn
tetrahedrally coordinated to N-heterocyclic (for example:
2-methyl imidazole) based linkers. Among them, ZIF-8 with a
zeolite sodalite (SOD)-type structure with a small aperture dia-
meter of 3.4 A and pore size of 11.6 A was given more
attention.”’

Enhancing the sensing capabilities of one MOF over
another by developing composites of two MOFs (MOF@MOF)
was reported by D. Matatagui et al. They combined ZIF-8 and
ZIF-67 [Co(mlm),, mlm = 2-methyl imidazole] into one compo-
site with a molar ratio of 1: 1. The ZIF-8/ZIF-67 composite was
active for the sensing of H, gas at 180 °C.'°° The selectivity
between H,, C;Hg, C,HsOH, CO, and NO, were compared.
However, the responses towards H, and C,Hg using the ZIF-8 +
ZIF-67 composite were comparable and there was scope for
improvement. In addition, insights into the H, interactions
with the MOF surface were not provided by this study. In prin-
ciple, ZIF-8 and ZIF-67 are almost insulators and do not
possess active sites for H,. They may show n-type behaviour
similar to that observed for ZnO. The effect of H, detection
may be attributed to the presence of trace amounts of ZnO
impurities that are formed during the synthesis of ZIF-8.

This journal is © The Royal Society of Chemistry 2025

The functionalization of MOFs is a very straightforward
approach, as shown in Scheme 3 and this was explored by
H. W. Kim et al. for sensing H, at 50 °C by developing an
amine-functionalized Zn-based MOF (Zn-BDC-NH,).'** A
maximum response of R,i;/Rgys = 2.93 and response/recovery
times of 44/160 s, respectively, towards 10 ppm H, were
observed. The H, sensing characteristics were attributed to the
redox reactions occurring on the surface of the MOF between
H, and adsorbed oxygen. D. K. Nguyen et al. demonstrated two
Co-MOF-74 materials (Co-MOF-I = CgoH54Ng0,5C09 and Co-
MOF-II = C,,H36Ns0,45Co,) for H, sensing applications.'®® The
pore apertures of Co-MOF-I and Co-MOF-II are 27.6 A and
23.2 A and they possess a high density of +2 and +3 states of
Co ions. The MOFs were synthesized via a solvothermal route
at 100 °C and activated using anhydrous methanol in super-
critical CO, to achieve guest-free MOF structures. The MOF

gt

7 Linker
Functionalization

5

Functionalized UiO-66 MOF

Ui0-66 MOF

Scheme 3 Schematic representation showing linker functionalization
in MOFs.
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samples were dispersed in 2-propanol and dropcast on Pt-
interdigitated electrodes for further sensing experiments. The
H, sensing studies were carried out at 200 °C in the presence
of 50 ppm H,. Co-MOF-I and Co-MOF-II showed responses
(S%) of 53.8 and 101.4%, respectively. The selectivity was
tested and the sequence of the response was as follows: H, >
NO, > CO > O, > H,S, which depended on the molecular dia-
meter of the gas, with the exception of CO gas. Furthermore,
the high density of unsaturated Co ions also aided in increas-
ing the response/sensitivity towards H,. This was also com-
pared with MOF-74, containing different metal clusters (Ni
and Mg), which displayed a much lower response to H, (1.3 to
3.9%) at 200 °C. However, the actual role played by the Co ions
in the MOFs that leads to the higher response to H, is unclear.

Although the examples on pristine MOFs discussed in
section 3.1.1 have shown potential for the chemiresistive
sensing of H,, they are plagued by inherent challenges of
limited charge migration and poor electrical conductivity.
Moreover, this results in inferior signal transduction at low
temperatures and it is essential to heat the samples for the
hopping transport of electrons to prevail throughout the
surface of the MOF. Also, these studies have not highlighted
the role of H, selectivity. In order to address inherent chal-
lenges of pristine MOFs, the hybridisation of MOFs with semi-
conductor metal oxides and metal nanoparticles (Pd/Pt) has
been developed. Section 3.1.2 discusses the studies reported
on MOF hybrids for H, sensing and highlights their advan-
tages over pristine MOFs.

3.1.2 MOF hybrids. MOFs have been hybridised with SMOs
(MOF@SMO) or metal nanostructures (MNS@MOF) to
enhance their synergistic sensitivity towards H,. This section
on MOF hybrids is further divided into two sub-sections:
section 3.1.2.1 discusses studies reported on hybrids of SMOs
and MOFs. These reports are limited to the role of the MOF as
a molecular sieving layer to improve the selectivity of SMOs
towards H,. Apart from the gas sieving capabilities, as
observed in the case of MOF@SMO hybrids, the hybrids of
MNS@MOF also demonstrate the importance of an efficient
charge transfer phenomenon for achieving superior H,
sensing performance. Section 3.1.2.2 describes studies
reported on MOFs decorated with metal nanostructures
(MNS@MOF).

3.1.2.1 Hybrids of MOFs with semiconductor metal oxides
(MOF@SMO). Most of the MOF hybrids have been demon-
strated to act as molecular sieves owing to their well-defined
porous structures with the exception of some studies discussed
in section 3.1.2.2. The molecular (gas) sieving ability of MOFs
provides unique advantages to realize better sensitivity in com-
parison with non-MOF based materials in gas sensing appli-
cations. Two effects, namely, the pre-concentration effect and
the shape/size exclusion effect, can govern the sensitivity and
selectivity of MOF-based sensors, respectively.'®® Molecular
sieving is traditionally a non-equilibrium kinetic separation
that depends mainly on the following factors: (a) gas diffusiv-
ity, (b) temperature, (c) pressure and (d) framework structure
(pore size). Molecular sieving typically does not involve any
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strong binding sites unlike those in the case of equilibrium
separations.'® However, due to extremely low diffusion kine-
tics of certain gases, energy provided in the form of heat
(temperature dictated by the environment) and pressure (dic-
tated by the gradient concentration) plays a crucial role in
determining the selectivity of the MOF for a given gas.'®

One of the well explored MOF-based micromembranes is
ZIF-8 (Zn(MeIM),, MeIM = 2-methylimidazole) with a pore
aperture of 3.4 A (as determined by single crystal XRD). The
pore aperture is flexible as a result of rotation of the MeIM
linker and can be tunable in the range of 4 to 4.2 A>'0°
ZIF-8 has offered a kinetic separation-based selectivity not only
for gas molecules with a molecular diameter comparable to
the pore-aperture size but also for larger molecules like para-
xylene at high temperatures.'®” Studies demonstrating the per-
meability of ZIFs for H, gas, and thus permitting effective
selectivity over other gas molecules, are well reported.'®'
The surface of traditional SMOs, like ZnO, SnO,, etc. have been
modified by growing a suitable ZIF micromembrane
(Scheme 4). Nanorods/nanowires of these SMOs have advan-
tages over spherical nanoparticles in terms of their larger
surface area for the adsorption of gases and to achieve good
sensitivity, in addition to possessing facile percolation paths
for conduction.’™® It should be noted that the H, sensitivity
using bulk/pristine SMOs like ZnO is not adequate. In general,
ZnO is a direct band gap semiconductor material possessing
numerous oxygen vacancy sites with no specific interactions
for H,. ZnO is an active sensor only when these oxygen
vacancies are made available at high operating tempera-
tures.’*! For example, a study on ZnO nanorod arrays showed a
response (AR/R) of 0.1% in the presence of 0.1% H, at
350 °C.'* In another study, ZnO nanoassemblies showed a
response of 11% for 0.5% H, at 400 °C.''? Selectivity to a
target gas is one of the major concerns with ZnO-based
sensors that often results in mixed signals. The main objective
of improving the selectivity of ZnO for H, has led to research-
ers modifying the ZnO surface by coating it with an appropri-
ate material like MOFs. The design of MOF-based membranes
to enhance the selectivity of ZnO towards H, was first explored
by M. Drobek et al. using 10 wt% of ZIF-8 as a molecular

/" » Pre-concentration effect

‘f“ \_ » Size/shape exclusion cffect )
Par o , -
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ZIF-8 ZnO ZnO@ZIF-8

Scheme 4 Schematic representation of the coating of ZnO nanorods
using ZIF-8 to yield the ZnO@ZIF-8 composite. Pre-concentration and
size/shape exclusion effects are two mechanisms that govern the H,
interaction/permeability in the ZnO@ZIF-8 composite based H,
chemiresistor.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02551b

Published on 08 January 2025. Downloaded on 4/26/2025 12:07:50 PM.

Dalton Transactions

sieving element that was grown on n-type ZnO nanowire (with
a length of 25 pm) with ZnO thin films and 2-methyl imidazo-
late linker solution (Fig. 6).”° The nanowires (NWs) of the ZnO
core were encapsulated with a ZIF-8 shell/layer of 50-250 nm
and exhibited a surface area of 1760 + 260 m? g~ *. The devices
fabricated using ZnO@ZIF-8 NWs demonstrated the selective
sensing of H, at 300 °C and showed a maximum response of
Rqir/Rgas = 1.44 (Where Ryir/Rgys are the resistance of the chemi-
resistor in the presence and absence of H,) towards 50 ppm of
H,. In this case, it is reported that ZIF-8 acts as a selective
membrane barrier and permits more diffusion of small H,
molecules (kinetic diameter = 2.89 A) compared to larger C,Hg
and CgHg molecules (kinetic diameter = 5.92 A and 5.27 A,
respectively). Analogous to this study, T. Zhou et al. demon-
strated the applicability of two different MOF coatings,
namely, ZIF-8 and ZIF-71 [Zn(dcIm),, dcIm = 4,5 dichloroimi-
dazole] grown on a ZnO nanorod array (NRA) for selective H,
sensing.'"® ZnO@ZIF NRAs were synthesized by utilizing self-
assembling templates of ZnO NRAs to provide the Zn>" metal
ions, followed by solvothermal treatment. In the case of
ZnO@ZIF-8 NRAs, the ZIF-8 shell thickness was reported to be
70-100 nm whereas, for ZnO@ZIF-71 NRAs, the ZIF-71 shell
thickness was optimised to be 50 nm. The H, sensing charac-
teristics were compared between ZnO NRAs, ZnO@ZIF-8 NRAs
and ZnO@ZIF-71 NRAs at 250 °C. ZnO@ZIF-8 NRAs were able
to selectively detect H, over benzene (5.85 A), ethanol (4.53 A),
and acetone (4.60 A), owing to the presence of the smaller pore
aperture of ZIF-8 (3.4 A). Conversely, ZnO@ZIF-71 NRAs show
a selective response towards ethanol and acetone as the pore
aperture of ZIF-71 is between 4.8 and 5.4 A, and hence, enable
gas permeation with ease.
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Fig. 6 (a) Schematic of the synthesis steps yielding the ZIF-membrane
encapsulated ZnO nanowires (ZnO@ZIF-8 NWs), (b) FESEM images of
networked ZnO nanowires and ZnO@ZIF-8 composite nanowires, (c)
and (d) responses of the pristine ZnO nanowires and ZnO@ZIF-8 com-
posite nanowires in contact with 10, 30, and 50 ppm H; gas.
Reproduced with permission from ref. 96, American Chemical Society,
copyright@2016.
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Another report by A. I. Khudiar et al. reported the encapsu-
lation of ZnO nanorods (NRs) using ZIF-8 to form a hybrid and
was termed ZnO@ZIF-8."'* Thin films of ZIF-8 were syn-
thesized on Al,O; substrate via a solvothermal and sacrificial
template route similar to the self-assembling template route
used by T. Zhou et al. described above.'" Platelet-like struc-
tures of ZIF-8 were coated on ZnO NRs (~7 pm length); this
was evident from electron microscopy studies. The optimal
sensing temperature was reported to be 275 °C and the selecti-
vity studies compared H, and benzene. The transport limit-
ation offered by the ZIF-8 coating over ZnO NRs enabled H, to
be selectively detected with response and recovery times of 50
s and 130 s. Although, the pristine ZnO NRs lacked the selec-
tive detection of H,, the response and recovery times were
shorter than those of the ZnO@ZIF-8-based sensor. This was
ascribed to the uninterrupted interaction between H, and the
uncoated ZnO surface. Notably, the thickness of the MOF
coating on ZnO nanostructures plays a significant role in
sieving and sensing H,. Studies carried out by S. Zhang et al.
demonstrated the effect of the ZIF-8 film thickness coated on
ZnO nanostructures; this was achieved via altering the proces-
sing time of ZIF-8 film formation."™ Sensor studies demon-
strated that 1000 ppm H, was optimum when the measure-
ment was carried out at 290 °C. The molecular sieving effect of
the ZIF-8 film on ZnO particles was more effective at sensing
H, only with a growth time of >8 h with >100 nm thickness.
Among the synthesized hybrids, 16-ZnO@ZIF-8 showed a
response of Ryjr/Rgas = 6 towards 1000 ppm H,. The selectivity
studies were carried out for C,HsO and C3;H¢O. The pore aper-
ture size of ZIF-8@ZnO is ~4 A, which is larger than H, =
2.89 A, and smaller than C,HsO = 4.53 A and C;HO = 4.60 A.
A smaller gas molecule like H, could interact with the ZnO
core more easily than C,HsO and C3H¢O.

The above discussed literature explores using ZIF-based MOF
encapsulated ZnO nanostructures (ZnO@MOF composites) to
improve H, sensor selectivity. However, thicker ZIF films over
ZnO can occlude the adsorption of even H, gas, thus decreasing
the sensitivity of the sensor. Optimization of the uniform ZIF
shell coating is a crucial step to improve the sensitivity of
ZnO@MOF composites for H, sensing. Furthermore, the studies
discussed so far have only demonstrated the selectivity of
ZnO@MOF in the presence of molecules that are much bigger
(in terms of kinetic diameter) than H,, for example, C;Hg, CsHg,
C,HO and C3HO. Despite this fact, investigation of the selecti-
vity of ZnO@MOF composites towards small gas molecules, like
CO, CO,, SO, and NO,, which have kinetic diameters close to
that of H,, is essential. Moreover, redox-active SMOs like SnO,,
Ce0,, Fe,03, Co;0, etc. as the core coated with a suitable MOF
layer have not been explored for H, sensing.

3.1.2.2 Hybrids of MOFs decorated with metal ions/nano-
structures (MNS@MOF). Functionalization of MOFs with metal
ions/nanostructures is another approach to achieve enhanced
performance. The incredible features of MOFs, especially
ZIF-8, which exhibit good permeability for H, and ease of syn-
thesis, as detailed in section 3.1.1, have led researchers to
explore functionalizing MOFs with nanostructures. Among all
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the noble metals, Pd is a good chemisorption component that
can interact with H, under ambient conditions via interstitial
metal hydride (PdH,) formation, as discussed in Section 1."*
Pd nanoparticles (NPs) are either confined to the pores of
MOFs or they are highly dispersed on the MOF matrix
(Scheme 5). Although these Pd-based H, sensors display very
fast response times, they are limited to detecting H, only at
lower concentrations (1-2% max). On the other hand, the sen-
sitivity of Pd-based sensors is known to degrade in the pres-
ence of gases like O,, CO, SO, and H,S due to the formation of
strong Pd-O intermediates, giving water as a by-product.’*® As
a result, the kinetics/rate of H, adsorption will not only
decrease but also block the adsorption sites on the Pd surface
for further adsorption of gases. W.T. Koo et al. optimised the
self-assembled growth of ZIF-8 on Pd NWs to address the inter-
ference in sensing H, caused by the presence of O, gas."” The
primary step in preparing Pd NWs@ZIF-8 is to synthesize Pd
NWs (diameter = 200 + 50 nm) followed by growing a layer of
ZIF-8 using a nanofiltration method. Pd NWs@ZIF-8 were self-
assembled over 2-6 h to obtain a maximum thickness of
330 nm of ZIF-8 layer grown on the surface of Pd NWs. The gas
sensing characteristics were tested as a function of the thick-
ness of the ZIF-8 coating on Pd NWs obtained at different time
intervals (2 h to 6 h). Pd NWs@ZIF-8_4 h exhibited the highest
response of 3.5% towards 1% H, at room temperature. The
response and recovery times were 10-fold faster than those of
pristine Pd NWs. The sensing mechanism was explained by
the molecular sieving effect of ZIF-8, which further enhanced
the kinetics of response and recovery in the presence of H,. In
another study, nanocomposites of Pt NPs, Co-BDC MOF
(BDC = 1,4 benzene dicarboxylic acid) and graphene oxide
(GO) Dbased p-type sensors were demonstrated by
S. Fardindoost et al.''® Pt was sputtered on Co-MOF@GO that
was synthesized by a solvothermal route using as-synthesized
GO powder and Co(NO3),-6H,0 and a BDC linker. A flower-like
morphology with an interlayer distance of 0.43 nm in GO-Co
was observed. The optimum sensing temperature was reported
to be 85 °C. Pt-sputtered Co-MOF@GO showed a response of
AR/Ry = 10% towards 1.5% H,. The response and recovery
times are reported in the range of 216-230 s. The interaction
between H, and Pt-sputtered Co-MOF@GO is known to facili-
tate the formation of Pt-H, intermediates, which undergo
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Scheme 5 Schematic representation of the decoration of a MOF
(example: ZIF-8) with Pd nanoparticles/clusters to give Pd@MOF com-
posites. Pre-concentration, spillover and the charge transfer effect are
three mechanisms that govern the H; interaction/permeability.
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redox reactions that occur on the surface of GO. In another
study, M. J. Weber et al. prepared Pd NPs (prepared by an
atomic layer deposition method) decorated on ZnO with
ZIF-8 membrane (ZIF-8/Pd/ZnO) to enhance the selectivity of
ZnO NWs for H, sensing and achieved a maximum signal
response.'® The optimal sensing temperature was reported to
be 200 °C and the highest response of R,i/Rgas = 6.7 for
50 ppm H, was observed (Fig. 7). Although the response of Pd/
ZnO NWs was ~20% greater than that of ZIF-8/Pd/ZnO, it
failed to outdo ZIF-8/Pd/ZnO in terms of selectivity towards
CeHe/C,H5;0H/C,Hg/CH3;COCH;. Three factors are reported to
influence the sensor performance; (a) concentration effect of
the ZIF-8 membrane, (b) spill-over effect of Pd NWs and (c)
redox reactions on the surface of ZnO NWs. It should be noted
that often H, gas produced from the steam reforming of
methane is contaminated with CO. It is essential to decipher
the H, sensor characteristics in the presence of CO for real-
time applications. In order to address the detrimental effect of
the presence of CO on the sensing characteristics of Pd-based
nanostructures for H, sensing, the Pd/ZIF-67/PMMA [PMMA =
poly(methyl methacrylate)] based sensing element was
reported by B. Xie et al.'*® The composite material consisted of
a MOF as an intermediate layer between the Pd nanocluster
and PMMA polymer. The synergistic effects of ZIF-67 and
PMMA membrane impacted the electronic structure of Pd NCs
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Fig. 7 (a and b) SEM images of ZIF-8/Pd/ZnO NWs, (c) GI-XRD diffrac-
tion pattern (the ZIF-8, ZnO and Pd peaks are indicated), (d) dynamic
normalized resistance curves of Pd/ZnO and ZIF-8/Pd/ZnO NW gas
sensors when the devices were exposed to 10, 30 and 50 ppm H,, C¢He,
C,HsOH, C;Hg and CH3zCOCHs gases, (e) calibration curves obtained
using bare ZnO, Pd/ZnO and ZIF-8/Pd/ZnO NW-based gas sensors, (f)
calibration curves of bare ZnO, Pd/ZnO and ZIF-8/Pd/ZnO NW gas
sensors to 10, 30 and 50 ppm H,, CgHe, CoHsOH, C;Hg and CH3COCH3
interfering gases. Reproduced with permission from ref. 119, American
Chemical Society, copyright@2018.

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02551b

Published on 08 January 2025. Downloaded on 4/26/2025 12:07:50 PM.

Dalton Transactions

(NCs = nanocubes). Pd/ZIF-67/PMMA showed the highest
response of Al/l, = 24.1% towards 1% H,. The response and
recovery times were in the range of 8-10 s in the presence of
0.4% H,. The authors proposed that PMMA acted as a per-
meable layer for H, whereas ZIF-67 assisted in enhancing the
sensitivity and improving the response/recovery times. It was
also reported that the Pd/ZIF-67/PMMA sensor showed a high
tolerance towards CO poisoning because of the PMMA layer, as
compared to that observed in the case of pristine Pd and Pd/
ZIF-67. Selectivity studies with volatile organic compounds -
VOCs (C¢Hg, CH3COCHj;, C;Hg, C,H50H) — using Pd/ZIF-67/
PMMA revealed that the sensor did not show any response to
VOCs, thus exhibiting high selectivity.

The rapid development of electrically conductive 2D MOFs
is another driving force that has led to increased research in
developing MOFs as sensing elements in chemiresistive
sensing.®”'*! The research groups of Mircea Dinci and Marti-
Gastaldo have extensively investigated electrically conductive
MOFs for the detection of VOCs and small molecules.>"*?
Additionally, the phase of developing redox-active MOFs has
been highly sought after in recent times.'*® In fact, the MOFs
synthesized traditionally using metal centres like Zn(u) and
carboxylates (e.g. BDC) or imidazolates (2-MeIM) are often
redox inactive.'*® The construction of MOFs using 3d tran-
sition metal centres (first row transition series) that show
redox-state changes may often result in changes to the topo-
logy/geometry of the product MOF. Besides, the use of redox-
active ligands can lead to the availability of radical states (e.g.
anion radicals of pyrazine ligands) but require an inert atmo-
sphere during synthesis.'”® In an attempt to design 2D con-
ductive MOFs using transition metal ions with strongly redu-
cing features in conjugation with organic linkers,
K. S. Pedersen et al. synthesized CrCl,(pyz), [Cr™Cl,(pyz),, pyz
= pyrazine] for the first time. CrCl,(pyz), showed a strong
degree of n-d conjugation and strong redox activity was dis-
played by the pyrazine ligand.'*® Instead of an ionic conduc-
tion pathway through the pores, the movement of electrons/
holes (charge transfer phenomenon) through the framework
was reported to influence the redox activity. Inspired by fasci-
nating structure dependent properties displayed by the redox-
active CrCl,(pyz), MOF, our group investigated the use of
CrCl,(pyz), as a sensor element in a chemiresistor configur-
ation for H, sensing (Fig. 8)."*° The sites responsible for the
interactions with H, in the target gas were systematically
studied by anchoring Pd(u) ions on CrCly(pyz),. It was
observed that the CrCl,(pyz), MOF enabled a high dispersion
of Pd(u) through charge transfer interactions, occurring in the
vicinity of the negatively charged pyrazine linker. Pd"@CrPy
showed a response of AR/R, = 2% towards 1% H, concen-
tration at 60 °C. The response and recovery times were in the
range of 5-8 s. The limit of detection for H, was found to be
0.25%. Pd"@CrPy displayed reversible and long-term stability
towards H, via a partial charge transfer mechanism demon-
strated through density functional theory (DFT) calculations.
In this study, an inert atmosphere of N, was used as a back-
ground gas unlike in the previous studies described wherein
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Fig. 8 Structures of CrCly(pyrazine), MOF and Pd"@CrCly(pyrazine):
(a) staggered stacking layers of CrCl,(pyrazine),, (b) secondary building
unit in CrCl,(pyrazine),, (c) pyrazine anion radical in ligand reaction with
Pd** precursor, (d) chemiresistive sensing of H, using
Pd"@CrCly(pyrazine),, (e) comparison of the gas sensing performance
of CrPy and Pd"@CrPy to 1% H, gas; response—recovery curves of
Pd"'@CrPy for 1% H, and (f) selectivity studies of gases tested near their
TLV limits include 10 ppm SO,, 10 ppm CO, 10 ppm NO,, 0.05% CH,,
0.5% H; and 0.5% CO,. The figure is reproduced with permission from
ref. 126, Elsevier, copyright@2022.

air was majorly used. This particular study gives an insight
into sensing H, above ppm levels using 2D conductive MOFs.

It should be noted that the majority of studies described in
this section have demonstrated H, sensing at ultra-low ppm
levels. The detection of H, in the range of 1-4% is also a great
challenge as the sensing surface begins to get saturated at
these concentrations. Composites of Pd/Pt@MOFs are very
attractive for room temperature sensing; however, the stability
and sluggish recovery speeds pose challenges for their H,
sensing proficiencies. Downsizing Pd/Pt NPs to atomic levels
and high dispersion could overcome some of the glitches
associated with metal surface saturation attributed to the for-
mation of -PdH, systems in the future.

3.1.3 MOF-derived nanostructures (metal oxides derived
from MOF templates). In this section, studies on pyrolyzing
MOFs and using a MOF-templated route to derive metal oxide
nanostructures and graphitic carbon-based materials are dis-
cussed. MOFs have been used as self-sacrificing precursors/
templates for creating carbon-rich materials, various metal
oxide nanostructures, carbides, nitrides, sulfides and phos-
phides (Scheme 6)."*” These MOF-derived nanomaterials can
offer many advantages compared to the nanostructures orig-
inating from non-MOF-derived precursors and these include,
(a) large surface area, (b) abundant active sites, (c) high degree
of porosity, (d) reasonably straightforward structural trans-
formation and (e) control over the degree of graphitization and
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Scheme 6 Schematic showing the pyrolysis of the pristine MOF to its
derivative, wherein the MOF derivative contains an extensive network of
doped carbon and metal oxide nanostructures. Rapid charge diffusion
and multiple heterojunctions are two major mechanisms for sensing H,
in MOF-derived materials.

crystallinity of the end-product. All these characteristic features
can be tuned by a suitable choice of the parent MOF and the
right amalgamation of conditions such as pyrolysis tempera-
ture, composition of the reaction gas/gas mixture, heating rate
and pyrolysis time.'”® Nonetheless, the unavoidable partial/
complete destruction of MOFs, which results in a reduction of
the overall surface area and porosity to obtain MOF-derived
nanomaterials with superior performances compared to their
conventional bulk counterparts, will always be a concern.
However, MOF-derived nanomaterials stand out in various
areas of applications compared to pristine MOFs due to the
benefits of having a more condensed carbon network (graphi-
tic carbon), good charge transport, high electrical conductivity,
and high thermal and chemical stability.'*® Over time, the
limitation associated with the conductivity of pristine MOFs
has been overcome by developing MOF-derived nano-
structures; this has further broadened their scope for sensing
applicability. The majority of studies have been directed
towards sensing VOCs and NO,; however, H, sensing studies
have been slowly attracting attention from the research
community."*>'*! Sharma et al. synthesized an ethylenediami-
netetraacetic acid (EDTA) chelated ZIF-8 framework by high
temperature calcination (550, 650, and 750 °C) under an Ar
atmosphere to obtain ZnO@GC (GC = graphitic carbon).'*?
Electron microscopy studies confirmed the formation of trun-
cated hexagonal-like polyhedra (~230 nm). A chemiresistor
fabricated using ZnO@GC-750 demonstrated a superior H,
sensing performance at room temperature with 97.8%
response towards 5 ppm of H,. The response/recovery times
were in the range of 34-46 s with a LOD of 0.1 ppm. The
sensing characteristics were also superior when compared to
those of pristine ZnO-750 (prepared using a conventional
approach, non-MOF derived). In this study, the sensing fea-
tures can be corroborated by the enhancement in H, inter-
actions in addition to the presence of multiple p-n heterojunc-
tions at the interface of n-type ZnO and p-type GC in
ZnO@GC-750. S. Zhou et al. used an approach of functionaliz-
ing ZIF-8-derived ZnO with reduced graphene oxide (rGO).'*
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Sheets of rGO contained homogeneously dispersed ZnO NPs,
which maintained the rhombic dodecahedron morphology
(~250 nm) of the ZIF-8 precursor. The ZnO/rGO composite was
active for sensing H, at 400 °C. The rGO contributed to the
increased conductivity of the ZnO/rGO composite and
enhanced the selectivity of pristine ZnO, with a response of I,/
I, = 18 (I; and I, are the sensor DC currents in a target gas and
ambient air, respectively) and response/recovery times of 50/7
s towards 200 ppm of H,. However, the sensing temperatures
in this study are quite high and are in the same range as those
required for pristine SMOs. Our group reported a room temp-
erature H, sensor using bimetallic Co/Zn-ZIF-derived Co-
doped ZnO nanostructures."** Co-ZnO-N/C (N/C refers to
nitrogen-doped carbon) possessed a high dispersion of Co**
(2.3 wt%) active sites on amorphous ZnO-N/C and showed a
response of 3.4% and fast response/recovery times in the
17-26 s range. The sensing characteristics of Co-ZnO-N/C
were superior to those of ZnO-N/C (Fig. 9). The presence of
Co”* was found to be responsible for sensitizing the Co-ZnO-
N/C nanostructure followed by a rapid charge transfer
diffusion pathway provided by nitrogen-doped carbon. M. Guo
et al. fabricated a miniature WO;-C/In,O; micro-electro-
mechanical system (MEM)-based sensor for H, detection.”*
In,0; is derived from MIL-68 (In) MOF (molecular formula:
Cas.5H12In3Ng 5045 5) followed by an optimum loading of WO,
(9 wt%) and subjecting the material to further calcination.
WO;-C/In,0; responded to H, with a maximum response of
R,/R; = 10.11 and response/recovery times of 1.9/9 s. The
enhanced sensing characteristics are attributed to the presence
of multiple heterojunctions (n-n and p-n) between In,0;,
WOj; and carbon material, which are responsible for increasing
the number of chemisorbed oxygen species and oxygen
vacancies. TiO, nanotablets derived from MIL-125 were
reported for H, sensing at room temperature by utilizing the
advantages of the presence of abundant oxygen vacancies and
porous nature of the material."*® MIL-125 was calcined at
400 °C and the resulting sample (MOF-derived TiO,) displayed
a regular morphology of square nanotablets in the range of
200 to 300 nm, as confirmed by electron microscopy studies. A
response of 9.2 for MOF-derived TiO, was reported, which was
~5 times higher than that of pristine TiO, (synthesized via
non-MOF pathway). Moreover, a response time of 17 s exhibi-
ted by MOF-derived TiO, was higher than that of pristine TiO,
(6000 s). The gas sensing mechanism was attributed to the
redox reactions occurring on the surface of TiO,.

The examples discussed above are some of the rare studies
in the direction of using non-noble metals for chemiresistive
sensing of H,. A MOF-derived route for developing room temp-
erature H, sensors may be quite attractive research in terms of
academic curiosity. However, arguably MOFs may offer certain
practical limitations like longer synthetic methodologies and
the use of very high calcination temperatures (600-800 °C).

3.2. Application of COFs for chemiresistive H, sensing

The significant structure-property relationship has rendered
COFs intriguing materials for multiple functionalities includ-
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energy-dispersive X-ray spectroscopy (EDS) mapping of C, N, O, Co, and Zn; (e) comparison of the gas sensing performance of Co—ZnO-N/C and
ZnO-N/C for 1% H, gas and (f) effect of H, concentration (0.25, 0.5, and 1%) on the overall gas sensing characteristics at room temperature.
Reproduced with permission from ref. 132, American Chemical Society, copyright@2023.

ing gas adsorption, energy storage devices, optoelectronic
devices, catalysis, chemical sensing, and bio-related
applications."®”"** Initially, COFs were perceived as less
optimal materials for chemiresistive gas sensing applications
compared to other uses, primarily due to their inherent bulky
nature and low conductivity. Through efforts over the past
decade, COFs have gradually emerged in chemiresistive
sensing applications, effectively detecting gases such as NO,,
CO,, NH;, VOCs and humidity."**~*** However, the potential of
COFs for sensing H, gas has been overlooked. In this section
we discuss the emerging prospects of COFs as chemiresistive
H, gas sensors. A summary of the literature on COF-based
chemiresistive H, sensors is provided in Table 2.

In the context of H, sensing, there has been limited
exploration of using COFs. The bulkiness of COFs results from
the dense stacking of layers driven by n—x interactions, leading

to hindered access to the active sites.'*®

It is rather a challenge
to fabricate sensors using bulk materials, as it often results in
inhomogeneous films due to poor dispersibility in solvents.
The unstable suspensions pose difficulties in device fabrica-
tion and impact sensor performance.'*”'*® Addressing these
issues, COFs have been delaminated into nanosheets that
exhibit improved functionalities including high efficiency for
energy storage, enhanced gas adsorption, ion diffusion
and Dbetter processability, compared to their bulk
counterparts.'*">' The significant improvement and unique
features observed for exfoliated COFs have propelled the devel-
opment of various strategies for the delamination of COFs.
The commonly employed routes include mechanical exfolia-
tion, solvent/liquid-assisted exfoliation, and chemical exfolia-
tion. Solvent-assisted exfoliation is a mild method for exfolia-
tion, espoused for its non-damaging approach. Exploiting the

Table 2 Summary of the literature on COF-based chemiresistive H, sensors

S. Sensing  H, Sensing Response  Recovery  Limit of

No.  Material temp. conc.  properties time (s) time (s) detection (LOD)  Selectivity Ref.
1. eNT COF 200 °C 1% AR/R, = 30.7 4.5 3.9 0.14% — 152
2. TpPa-SO;H CONs 120 °C 1% AR/Ry=12+1 55=%1 2.6 £0.5 0.2% — 154
3. ePd@TpPa-SO;H 120 °C 1% AR/Ry=29+1 5.3 3.1 0.2% S0,, NO,, and CH, 156
4. Pd@amicPT RT 1% AR/R, = 67.3 5.3 3.5 0.18% NH,, NO,, SO,, and CO 157
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advantages of exfoliation, our group was the first to report
COF-based H, chemiresistive sensors and has conducted
notable work in H, sensing with COFs. The following provides
a discussion on these works.

3.2.1 Pristine COFs. Our group reported the first COF-
based metal-free chemiresistive H, gas sensor utilizing
naphthalene-1,4,5,8-tetracaboxylic dianhydride (NDA) and tris
(4-aminophenyl)amine (TAPA), NDA-TAPA COF (NT COF), as a
sensing element.'>* NT COF is synthesized by a solvothermal
approach followed by delamination of the COF into a few
layers by an acid exfoliation method (Fig. 10a)."”* The process
of exfoliation involved vigorous stirring of NT COF in a mixture
of solvents consisting of anhydrous acetonitrile, tetrahydro-
furan and trifluoroacetic acid (7:3:2 ratio) at room tempera-
ture. The exfoliated NT COF (eNT COF) retained its basic struc-
ture, as supported by powder X-ray diffraction (PXRD) patterns
and Fourier-transform infrared (FT-IR) studies. Exfoliation to
a-few-layers-thick 2D sheets with a thickness of 17-20 nm was
confirmed by atomic force microscopy (AFM) analysis. The
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Fig. 10 (a) Schematic illustration of the structure of the NT COF
showing the solvothermal synthesis of the NT COF, acid exfoliation of
the NT COF (eNT COF) and a chemiresistive H, gas sensing device using
eNT COF. (b) Response and recovery curve of eNT COF at optimum
temperature with 1% H, concentration. (c) Molecular electrostatic
potential plot of the optimized binding site. Reproduced with permission
from ref. 152, Royal Society of Chemistry, Copyright@2023.
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eNT COF dispersion, when integrated into the chemiresistor,
demonstrated an appreciable sensing response of 30.7 + 0.26%
at 200 °C for 1% H, with 4.5 + 0.6/3.9 + 0.3 s response/recovery
times, respectively (Fig. 10b). The sensitivity of eNT COF
towards H, was ascribed to exfoliation, which permitted the
effective interaction of H, with the functional active sites that
were previously buried within the interiors of the COF. The col-
loidal dispersion of eNT COF allowed straightforward device
fabrication by simple drop casting, which facilitated the cre-
ation of a more uniform and homogeneous sensing film. The
eNT COF sensor was used to quantify varying concentrations
of H, gas, ranging from 1 to 0.2%, at 200 °C. The sensing
mechanism, elucidated by DFT calculations, suggested an
electrostatic interaction between H, molecules and the carbo-
nyl oxygen (C=O0) atoms of the COF, resulting in increased
negative charge density on the carbonyl oxygen (Fig. 10c).
Unlike SMOs, where the interaction of H, is with surface-
adsorbed oxygen species, here the electrostatic interaction of
H, occurs with functionalities of the COF. In a recent study by
our group, a simple and green in situ gas exfoliation method to
exfoliate an imine-linked TpPa-SO;H COF, synthesized from
triformylphloroglucinol (Tp) and 2,5-diaminobenzene sulfonic
acid (Pa-SO3;H) was demonstrated. The approach utilised the
catalytic activity of the -SO;H groups to induce the hydrolysis
of ammonia borane (AB), producing H, gas within the COF
layers, which facilitated exfoliation of the COF into covalent
organic nanosheets (CONs). CONs realized through this route
not only retained the basic structure but exhibited improved
photoelectrochemical and photoluminescence properties and
good H, sensing characteristics with a response of 12.5 + 1%.
The response/recovery times were noted as 5.5 + 1-2.6 + 0.5s,
respectively, at an operating temperature of 120 °C, towards
1% H, concentration.*®*

3.2.2 Hybrids of COF decorated with metal ions/nano-
structures (MNS@COF). Functionalizing the COF surface with
precious metals like Pd can enhance the material’s suitability
for H, sensing applications. It is well-known that COFs are
capable of mimicking the role of a surfactant, whereby they
restrict aggregation and control the growth of MNPs.'* In our
subsequent study, TpPa-SO;H COF was used as a support for
hybridising Pd NPs.'*® Utilizing a wet impregnation route, a
metal-COF hybrid, Pd@TpPa-SO;H COF, was synthesised. The
acidic -SO3H groups in TpPa-SO;H COF are considered to play
a crucial role in immobilizing the Pd NPs. Post synthesis,
Pd@TpPa-SO3H COF was exfoliated by an acid treatment
method (Fig. 11a). Interestingly, the exfoliated Pd@TpPa-
SO;H COF (ePd@TpPa-SO;H) preserved its structural integrity,
as supported by PXRD and FTIR studies. Well-dispersed Pd
NPs with an average particle size of ~5.6 nm were prominently
observed in transmission electron microscopy (TEM) images of
ePd@TpPa-SOz;H COF. eTpPa-SO3;H COF exhibited ambiguous
behaviour when exposed to 1% H,, at 120 °C. In contrast,
ePd@TpPa-SO;H was found to be sensitive to H,, exhibiting a
pronounced decrease in resistance, as quantified by a response
of 29 + 1% with fast response/recovery times of 5.3 + 0.5/3.1 +
1 s for 1% H, (Fig. 11b and c). The optimum working tempera-

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d4dt02551b

Published on 08 January 2025. Downloaded on 4/26/2025 12:07:50 PM.

Dalton Transactions

J -\ Pd NP:
r 4 Vo i
iy / > o -
Acid :.X .3 L aia (B
exfoliation /@ BE E e 1) N pdcl, P < 7

; exfoliation 1§,
7 3: Z(ralla / "2) NaBH, 7:3: Z&a!o)

Tf&

Bulk TpPa-SO;H COF Bulk

eTpPa- SO,H o
COF solution Pd@TpPa-SO,H COF epgg?;:::-:“
) D)
2.9x107+ 1% H, ON & 7.6x10°{ H.ON Hy ON Hy ON
—_— )
G L P
o 2:3x107 9"” G 6.9x10%
0 [
[ Q © o
S1.7x107 £ 8.3x10
@ bt s
® . 0 5.7x10°1
©1.1x10" ]
© & 5.0x10°
57x10° &,
eTpPa-SOH COF|  4.4x1 0°1
0 5 10 15 20 25 30 35 0 20 40 60 80

Time (s) Time (s)

Fig. 11 (a) Schematic illustration depicting the experimental protocol
followed to prepare exfoliated TpPa-SOzH COF and Pd loaded COF; the
Tyndal light scattering effect of dispersions of ePd@TpPa-SOzH COF is
also shown. (b) H, gas sensing performance of eTpPa-SOzH COF at
80 °C. (c) Response and recovery curve of ePd@TpPa-SOsH COF at
optimum temperature with 1% H, concentration. Reproduced with per-
mission from ref. 156, American Chemical Society, copyright@2023.

ture reported for ePd@TpPa-SO;H was 120 °C. ePd@TpPa-
SO;H COF represents the first example of an exfoliated metal-
COF hybrid integrated into an H, sensing chemiresistor.
Notable sensing characteristics of ePd@TpPa-SO;H COF
include its selectivity towards H,, with no cross-sensitivity to
relative humidity (75 and 85%) or other interfering gases such
as SO,, NO,, and CH,, and long-term stability over 190 days.
The sensing mechanism in the ePd@TpPa-SO;H based sensor
is attributed to the adsorption-desorption of H, on catalytic
sites facilitated by Pd NPs and the consequent formation of
PdH, species, resulting in noticeable changes in resistance.
The study showcased the structural richness of the COF that
was retained even after exposure to H,. In other recent work by
our group, a rapid H, sensor operating at room temperature,
was reported by employing a redox-active COF, namely a PT
COF constructed by polyimidization of pyromellitic dianhy-
dride (PMDA) and tris(4-aminophenyl)amine (TAPA)
(Fig. 12a)."®” The PT COF features a bicontinuous donor-
acceptor structure and is used as a functional material for
energy storage and gas adsorption.'*® Additionally, the struc-
tural framework of the PT COF is reductive in nature owing to
the presence of the triphenylamine (TPA) moiety. Leveraging
the reductive framework, the study demonstrated a simplified
methodology to load Pd NPs on the COF, wherein TPA effec-
tively reduced Pd** ions to Pd® without the use of conventional
reducing agents such as NaBH,. The sites on the framework
acted as docking sites for the Pd ions, which eventually trans-
formed into Pd NPs. The Pd NPs decorated the PT COF sensor,
referred to as Pd@amicPT, which operated at room tempera-
ture (30 °C), with a high response of 67.3% and rapid
response-recovery times of 5.3-3.5 s, respectively (Fig. 12b and
c). The sensor remained unaffected by relative humidity (8 and
75%) with long-term stability of over 300 days. Furthermore,
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Fig. 12 (a) Schematic illustration of the synthesis of PT COF and
Pd@amicPT material; the Tyndal light scattering effect of the dispersion
is also shown. (b) H, gas sensing performance of the Pd@amicPT sensor
at optimum temperature, 30 °C, for 1% H,. (c) Effect of concentrations
ranging from 0.2 to 1% of H,. Reproduced with permission from ref. 157,
Elsevier, copyright@2024.

the sensor exhibited appreciable reproducibility, repeatability
and selectivity among other gases, including NH;, NO,, SO,,
CO. The high sensitivity of the Pd@amicPT sensor at low
temperature, such as 30 °C, is attributed to the presence of Pd
NPs docked on the COF surface and subsequent formation of
PdH, species upon exposure to H,. The study demonstrated
the significant role of the underlying COF framework in immo-
bilizing Pd NPs and in providing an efficient percolation
pathway for effective charge transport.

These studies illustrate the significant potential of COFs as
emerging materials that can effectively serve as chemiresistive
sensing elements for H,. The hybridization of COFs with Pd
also offers benefits such as high selectivity and a noticeable
improvement in response% and reaction kinetics of the
sensor. COFs have yielded promising findings, pushing the
boundaries for the effective detection of H, under ambient
conditions, below its flammability limit.

4. H, sensing mechanism: SMO vs.
porous CFs

Commonly adapted mechanisms for H, sensing in SMOs and
porous CFs are discussed in this section.

4.1 H, sensing mechanism in SMOs

In general, H, detection by SMO-based sensors is primarily
influenced by oxygen (O,) ions, oxygen-deficient sites, and
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ions present in the interstitial sites of SMOs, which play a vital
role in electrical conductance.?® Typically, the charge carriers
are free electrons (e7) in n-type SMOs and holes (h") in p-type
SMOs. When oxygen, an oxidising molecule from air, adsorbs
on the surface of the SMO, it acquires a negative charge by cap-
turing e~ from the conduction band, forming adsorbed oxygen
species such as 0, (ads), O"(ads) and O*>(ads) (ads: denotes
an adsorption site on the surface); this results in the formation
of an electron-depleted region or hole-accumulation region in
n- or p-type SMOs, respectively.'>® Variations in electrical con-
ductivity occur when these chemisorbed oxygen species inter-
act with the H, gas. In most of the n-type SMOs, such as ZnO,
In,0;, and WO;, a redox reaction occurs between H, and
adsorbed oxygen species, producing water and free e”. The
produced e thins the depletion layer, resulting in a significant
decrease in the device resistance, as illustrated in
Scheme 7a.'®*'®! For a p-type SMO, exposure to H, removes
the holes and increases the resistance (Scheme 7a).'®>7'%*
Under certain circumstances, a direct interaction of H, with
the SMO, resulting in the formation of a metallized region and
causing a reduction in resistance, is also reported.'®>'® In
either case, the SMO reverts to its original state, and the resis-
tance returns to its initial value when re-exposed to air, imply-
ing the reversibility of the interaction and re-adsorption of
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oxygen onto the SMO (Scheme 7a). This widely accepted
mechanism infers that the effective interaction between H,
and chemisorbed oxygen species critically influences the
sensing capability of the SMO-based sensor.

4.2 Sensing mechanism in pristine CFs

The plausible H, sensing mechanism proposed for pristine
MOFs in the existing literature is an extrapolation of a similar
concept of electron depletion or hole accumulation that occurs
in SMOs (Scheme 7b). The changes in resistance are dictated
by the type of MOF (n-type or p-type) in addition to inter-
actions between H, gas and the framework, more specifically
with ligands. For instance, in the combined ZIF-8 and ZIF-67
sensor studied by D. Matataguia et al., the chemiresistive
response was represented by an increase in the resistance of
the material.’°® The response is attributed to the p-type electri-
cal behaviour of the materials and reductive nature of H,. In
Co-MOF-1 and Co-MOF-II (Co-MOF-74 based sensors), demon-
strated by D. K. Nguyen et al., the sensing behaviour of the
MOFs is explained using the concept of an electron-depletion
mechanism, which involves redox changes in the chemisorbed
oxygen species and an interaction with the reducing H,
environment, resulting in a decrease in resistance.'®® An ana-
logous pathway is reported by H. W. Kim et al. for a Zn-
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Scheme 7 Schematic illustration of the sensing mechanism for the detection of H,. (a) In n-type and p-type SMO. The scheme illustrates the
corresponding resistance vs. time plot displaying a decrease in n-type SMO and an increase in the resistance in p-type SMO, upon exposure to H,
gas. This figure has been reproduced from ref. 167 with permission from Shodhganga, copyright@2023. (b) H, sensing mechanism in pristine MOFs.
This figure has been reproduced from ref. 101 with permission with modification, Elsevier, copyright@2022. (c) H, sensing mechanism in pristine
COFs. (d) H, sensing mechanism in SMO@MOF hybrid materials, adapted with permission with modification from ref. 171, Elsevier, copyright@2019.
(e) Spill-over effect in metal NP loaded MOF/COF composites. (f) H, sensing mechanism in MOF-derived materials, adapted with permission with

modification from ref. 171, Elsevier, copyright@2019.
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BDC-NH, based sensor, which is known to exhibit n-type
behaviour.'”" However, these studies lack substantial experi-
mental evidence and are rather an adaptation of the mecha-
nism followed by SMO MOF-based materials. Therefore, deriv-
ing a clear sensing mechanism is difficult and a thorough
understanding of the interaction of H, with pristine MOFs
requires further comprehensive studies in this area.

Our understanding of the H, sensing mechanism in pris-
tine COFs is in the relatively nascent stage, as the field is in
the early stages. In pristine COFs, charge transfer interactions
between H, and functional groups present in the structure of
the COFs play a determining role in chemiresistive sensing
that distinguish COFs from the mechanism that operates in
SMQs.°41031437145 Ror instance, as reported in our study, an
electrostatic interaction between H, and the carbonyl oxygen
in eNT COF may be responsible for changes in the resistance
of eNT COF, as revealed from DFT calculations. Mulliken
charge analysis also indicates charge transfer from the H,
molecule to the oxygen atom of the NDI linker, which results
in a chemiresistive response (described in section 3.2.1).'*?
Calculations also revealed that the negative charge density on
the oxygen atom increased under an electric field, which
further strengthened the interaction with H,. It is noteworthy
that there is very little focus on the direct use of pristine COFs
as H, sensors; however, there are reports in the literature on
other analyte gases such as NO,, NH;, H,S, and VOCs.5%187170
All these studies revealed the critical role of functional groups
such as the triazine core, imine linkages etc. in the sensing
mechanism. A schematic illustrating the interaction of H, with
the functional groups in COFs is shown in Scheme 7c.

4.3 Sensing mechanism in hybrid CFs

In the hybrids of SMOs encapsulated by MOFs, the well-
defined and highly porous structure of a MOF functions as a
molecular sieving layer, which increases the permeability and
concentration of the H, interaction. The pre-concentrated H,
molecules undergo typical redox reactions with the chemi-
sorbed oxygen species, on the SMO surface (described in
section 4.1). This process brings about a change in the resis-
tance of the overall sensing material, which is measured as a
H, sensing signal (Scheme 7d).

In composites of PA@MOF, the permeability and inter-
action of H, are primarily governed by three effects: (a) pre-
concentration, (b) spill-over, and (c) charge transfer. Pd exhi-
bits a reversible interaction with H, that makes it particularly
beneficial for real-time H, detection. The pre-concentrated H,
molecules are easily dissociated to hydrogen atoms by the Pd
NPs, owing to their high catalytic activity. These dissociated
hydrogen atoms then easily migrate (spill over) to the surface
of the MOF (Scheme 7e). Notably, PA@MOF composites
exhibit a decrease in resistance when exposed to H,, behaviour
that can be attributed to the formation of hydrides, and an
associated phase transition from o-PdHx to p-PdHX, as dis-
cussed in section 1. The phase change causes a volume expan-
sion, while reducing discontinuities within the Pd nano-
structures, thus resulting in effective charge transfer from Pd

This journal is © The Royal Society of Chemistry 2025
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to the underlying material and, consequently, lowering the re-
sistance."'® A similar role of Pd is anticipated in the case of
Pd@COF hybrid materials,'*”'*® wherein the formation of
PdH, species increases the charge carrier concentration in the
material owing to its lower work function compared to Pd. The
sensing response is generally produced as a negative sigmoidal
curve.

4.4 Sensing mechanism in MOF-derived materials

Due to the challenges associated with poor electrical conduc-
tivity and charge migration of pristine MOFs, these MOFs have
been pyrolyzed at high temperature to obtain nanostructures
different from the parent MOF. The MOF-derived nano-
structures possess graphitic carbon/a nitrogen-doped carbon
network and metal oxide dispersed throughout the matrix."*?
The graphitic carbon provides facile charge transport path-
ways while the derived metal oxide nanostructures possess
abundant oxygen adsorption sites/vacancies in addition to
multi-component n-n/p-n heterojunctions (Scheme 7d).***
These materials have shown rapid charge migration and
improved H, interactions. This is followed by the redox reac-
tions occurring at the surface of the MOF-derived metal oxide
analogous to the phenomenon occurring in the presence of
SMOs. In summary, improved charge distribution due to
synergistic interactions and the subsequent surface redox
reaction with H, lead to the sensing of H, in the case of
MOF-derived materials."**

Taken together with the discussion on H, sensing, MOFs
and COFs exhibit different sensing mechanisms towards H, as
compared to that of SMOs. It should be noted that the highly
porous nature, large surface area, and diverse functionalities
resulting from a variety of linkers in MOFs/COFs could be
additional gears that might provide a new mechanism of H,
sensing. Although limited studies exist on MOFs that follow
the electron depletion/accumulation concept, we presume that
in pristine MOFs and COFs, sensing is primarily governed by
functional groups and linkers, as well as metal clusters in the
case of MOFs. When examining the sensing mechanisms of
MOFs for analytes other than H,, there is a clear indication
that the metal nodes present in MOFs can coordinate with the
analytes, enabling selective and sensitive detection of
gases.”®*®* In metal NP-loaded MOF and COF hybrids,
similar behaviour is expected from both materials, with the
NPs playing a crucial role in facilitating charge transfer.

5. Conclusion and future
perspectives

MOFs/COFs belonging to the CF family are demonstrated to be
promising materials for next-generation chemiresistive H, gas
sensors through recent examples. Owing to their beneficial
structural features, such as rich pore chemistry, high surface
area, and well-defined active sites, these materials provide
wide opportunities for exploration. While MOFs and their
hybrids have been relatively well-explored for H, sensing, the
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exploration of COFs in this area represents a promising
venture that still needs to be fully exploited. In our opinion,
COFs carry greater promise as materials for H, sensing due to
their rich functional diversity. COFs are constructed with lin-
kages, such as boronic esters, imines, imides, hydrazones,
azines, triazines, and polar groups (C=0, NH, S=0), that can
act as active sites for reversible interactions with the analyte.
Unlike MOFs, where charge transport relies on hopping trans-
port or “guest-promoted” mechanisms, COFs offer more
efficient charge transport, arising from the framework itself,
due to enhanced in-plane/interplanar charge transport routes.
This makes COFs particularly promising for advanced H,
sensing applications. However, CFs exhibit certain limitations
that cannot be overlooked and must be addressed to enhance
their performance as sensors:

(i) Limited detection range: CFs are generally effective at
detecting higher analyte concentrations, typically above
0.1 ppm, but struggle to achieve sensitivity at lower trace
levels.

(if) Long-term drift: some CF-based sensors experience
long-term drift in baseline resistance, affecting their perform-
ance and reliability over time.

(iif) Difficulty in processability: the large-scale green syn-
thesis of CFs is not straightforward given control of their long-
range-order growth. Moreover, device fabrication is a cumber-
some process, as most CF samples exist as bulk materials or
powders, making solution processability difficult.
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Chemiresistors based on SMOs and CFs complement each
other with respect to their H, sensing characteristics (Fig. 13).
SMOs have the ability to detect H, at low concentrations (in
ppm levels) with good stability (less drift in baseline over
time), making them ideal for the trace level detection of H,.
However, they require high temperatures (>300 °C), saturation
of signals at higher concentrations and the presence of
oxygen. Additionally, SMOs suffer from low selectivity, particu-
larly with gases such as CO and SO,. On the other hand, CF
sensors work very well for detecting gases at higher concen-
trations (0.2-5%), with excellent selectivity. They can operate
efficiently under inert conditions as the sensing mechanism is
different from that of SMOs. Importantly, the CF-based
sensors have the ability to work at moderate temperatures (low
temperature range from room temperature to 250 °C), making
them suitable candidates for the development of energy-saving
chemiresistive gas sensors. Furthermore, most of the reported
CF-based sensors exhibited good stability towards humidity.
However, the gas sensing data discussed in this review clearly
suggest that baseline drift over time is a common phenom-
enon in these classes of materials. Though CFs do not appear
suitable for trace level H, detection, their ability to handle
higher concentrations, where semi-conductor oxides may fail,
makes them a valuable complement in comprehensive gas
sensing systems.

In order to design efficient H, sensors based on pristine
CFs, the synthetic design strategies should aim to create

Characteristics of chemiresistive sensors based on
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Fig. 13 Schematic representation of the characteristic features of CFs and SMOs to complement each other in developing efficient hybrid materials

for chemiresistive sensing devices.
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notable active sites for H, interactions. These include func-
tional groups in the organic linker and open metal centers in
the secondary building units. Additionally, it is crucial that the
interactions with H, are efficiently converted into measurable
signals.'”? To achieve this, the framework must possess facile
electron-conducting pathways. The incorporation of redox-
active linkers (tetrathiafulvalene (TTF) based linkers, metal-bis
(dithiolene), naphthalene diimide (NDI) based linkers and
quinone-based linkers) can significantly enhance charge trans-
fer properties in CFs.'”>'7* Additionally, in MOFs, the use of
transition metal nodes with partially filled d-orbitals (e.g., Fe
or Co) has shown promise for creating MOFs with tunable
band gaps, contributing to their semiconducting nature.'”
Furthermore, effective signal transduction between particles is
critical for the overall performance of the sensing material.
Therefore, the utilization of methods such as layer-by-layer
assembly, electrophoretic deposition, and spin coating should
be an integral part of the device fabrication process.'”®

Considering the versatility and adaptability of MOFs and
COFs, we foresee that the challenges posed by individual
materials in chemiresistive sensing can be addressed through
hybridization with other materials to form composites, such
as CFs hybridized with SMOs (CF@SMO), MOFs with other
MOFs (MOF@MOF), MOFs with COFs (MOF@COF), COFs with
MOFs (COF@MOF) or employing conducting MOFs/COFs. The
prospects for some of these systems in realizing high-perform-
ance sensing are discussed below.

5.1 SMO-CF hybrids

Upon reviewing the strengths and limitations of CFs and
SMOs, we recognize their potential for synergistic complemen-
tarity. Modifying CFs with SMOs could enhance various sensor
parameters. The approach involves hybridizing SMOs with CFs
to form composites like SMO@MOFs or SMO@COFs, lever-
aging the strengths of each material. This strategy anticipates
that the hybrid composite material could offer improved pro-
perties such as broader detection ranges with better sensitivity.
For example, in a study, our group demonstrated the assembly
of cobalt-imidazole based ZIF-67 MOF onto SnO, nano-
particles to create SnO,@ZIF-67 material.'”” The ZIF-67 MOF
is effective at capturing CO,. Coating SnO, with ZIF-67 signifi-
cantly boosted the sensitivity of SnO, towards CO, at relatively
low temperature. The response of SnO,@ZIF-67 is reported to
be 16.5% at 205 °C for 5% of CO,, which is one of the highest
values recorded for a SnO,-based sensor. The response rep-
resents a 3-fold increase compared to pristine SnO, under the
same conditions. The study is a demonstration of the superior
performance of SMO@MOF hybrid materials and provides
ways to design novel sensors for H, by utilizing the same
strategy.

Recent research has highlighted the effective use of 2D
materials having p-n heterojunctions in gas sensing appli-
cations.'”® By carefully selecting p-n junction configurations
composed of MOFs/COFs and SMOs, researchers can tailor
their properties to achieve selectivity and robust sensing
characteristics. For example, Andre et al. developed a p-n het-

This journal is © The Royal Society of Chemistry 2025
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erojunction using n-type In,O3; and p-type reduced graphene
oxide (rGO), which exhibited an excellent sensing performance
for NH;.'”® We expect that creating such heterojunctions with
COFs/MOFs might substantially enhance the H, sensing
abilities.

5.2 MOF®@COF and COF@MOF composites

Current research has focused on the integration of MOFs with
MOFs and MOFs with COFs, which have exciting electro-
chemical, biosensing, and chemiresistive sensor
applications.®®8%'8! For example, Cho et al. integrated a 2D
MOF (Ni-HHTP) with a 3D MOF (UiO-66-NH,), which showed
excellent porosity, conductivity, and new interfacial pro-
perties.'®” This hybrid MOF was successfully employed for the
chemiresistive sensing of toxic H,S gas, achieving enhanced
sensitivity with a remarkably low detection limit of 1.4 ppb.
While such approaches have not yet been explored for H,
sensing, further research in this direction holds promise for
enhanced sensing capabilities.

5.3 Conducting MOFs/COFs

A notable number of conducting MOFs and COFs have been
documented in the literature, offering their versatility across
various applications,'® including chemiresistive sensing.®’
These conductive CF sensors operate effectively at room temp-
erature and exhibit impressive selectivity and sensitivity
towards low-concentration gases. A study by Yao et al. demon-
strated the effectiveness of a conducting MOF chemiresistor,
Cu;(HHTP)(THQ), utilizing conductive organic linkages,
HHTP (2,3,6,7,10,11-hexahydrotriphenylene) and THQ (tetrahy-
droxy-1,4-quinone), which showed excellent NH; detection
capabilities under ambient conditions."®* In contrast, research
on conducting COF sensors remains relatively limited. Meng
et al. reported a prominent example, COF-DC-8, of a 2D-COF
employing  2,3,9,10,16,17,23,24-octa-amino  phthalocyanine
nickel(n) and pyrene-4,5,9,10-tetraone linkages, signifying
superior detection of various gases such as NH;, H,S, NO, and
NO, at low concentrations (ppb level) at room temperature.®®
However, reports based on H, sensors are very limited in this
direction. Considering initial studies in this area and promis-
ing prospects for future research, we believe that MOF/COF-
based chemiresistors have great potential to surpass state-of-
the-art H, sensing characteristics. The area also provides
enough opportunities for theoretical and experimental
researchers to understand the interactions between H, and
MOF/COF linkers, which are responsible for H, sensing. This
may enable the rational design of MOFs/COFs with suitable
linkers to realize enhanced sensing performance.
Furthermore, the molecular level design of CFs with redox-
active linkers with functional groups such as imine, phena-
zine, carbonyl etc. that have the ability to interact with H, are
particularly beneficial for H, sensing materials. Furthermore,
interactive guest molecules and the incorporation of mixed-
valence systems are crucial for optimizing the structure and
enhancing the sensing capabilities of CF materials. Thus, the
proper amalgamation of synthetic chemists, materials che-
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mists, device physicists and theoreticians may further enhance
this area and lead to the development of effective porous CF-
based H, sensors.
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