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Abstract: In the past few decades, metal-organic frameworks (MOFs) have been widely
employed for a variety of applications such as sensors, adsorption, and catalysis. MOFs
have excellent gas sensing properties and a large specific surface area which makes them a
suitable candidate for the determination of toxic and hazardous gases. Some reports have
also shown that integration of MOFs with other materials such as graphene, metal oxides,
or conducting polymers may further improve their sensing performance. MOF-derived
materials have also demonstrated excellent gas sensing properties. In this review article,
we have compiled the recent progress in MOFs, MOF-based composites, and MOF-derived
materials for gas sensing applications. We believe that the present review article may benefit
readers who are planning or working on the development of MOF-based gas sensors.
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1. Introduction

Metal-organic frameworks (MOFs) are crystalline porous materials which consist
of inorganic metal ions and organic ligands [1]. MOF materials possess excellent poros-
ity, a large surface area, tunable microporosity, and adsorption capacity [2]. MOF-based
materials have received significant attention due to their excellent surface properties, ac-
ceptable conductivity, decent thermal stability, and crystalline nature [3]. MOF-based
materials have been extensively used in a variety of applications, including gas adsorp-
tion [4], chemical sensing [5], energy storage [6], water treatment [7], drug delivery [8],
catalysis/electro-catalysis, etc. [9,10]. MOFs can be synthesized by various approaches,
including hydrothermal, solvothermal, microwave, electrochemical, and sonochemical
methods (Scheme 1).
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Scheme 1. Schematic representation of the properties, synthesis methods, and applications of MOFs.
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The development of high-performance gas sensors is of great significance for mon-
itoring volatile organic compounds (VOCs) and hazardous and toxic gases in the envi-
ronment [11,12]. VOCs and other toxic gases are released from various industries, which
may cause environmental pollution [13]. In the past few years, various metal oxide [14],
reduced graphene oxide (rGO) [15], graphitic-carbon nitride (g-C3Ny) [16], polymer [17],
metal sulfide [18], and MXene-based [19] materials have been employed in gas sensing
applications. Due to their excellent adsorption properties and excellent surface properties,
MOFs and MOF-based materials have been considered promising gas sensing materials.

MOFs have excellent surface properties and it has been found that MOF-derived
materials may also retain high surface properties [20]. The thermal decomposition of the
highly porous framework of MOF materials transforms into metal oxides which possess
abundant active sites, interconnected porosity, and a large surface area [21,22]. These
features may enhance gas adsorption and facilitate fast charge transport which is crucial
for gas sensing applications. Moreover, MOF-derived metal oxides demonstrate better
stability and robustness. Therefore, various reports have demonstrated the fabrication of
gas sensors using MOF-derived metal oxides as gas sensing materials.

In this review report, we have summarized the progress in the preparation of MOFs
and MOF-derived materials for gas sensing applications. This review article would be
beneficial for readers who are working on the synthesis of MOFs, MOF-based composites,
and MOF-derived metal oxides for gas sensing applications.

2. Synthetic Process for MOFs

MOFs have been widely synthesized by utilizing various methods such as hydrother-
mal, solvothermal, microwave, and electrochemical methods. In this section, we have
briefly summarized the four most widely used methods for the synthesis of MOFs.

2.1. Microwave Method

In a previous study, Klinowski et al. [23] stated that the microwave synthesis method
was discovered by P.L. Spencer in 1946 at Raytheon Corporation. In the past few decades,
it has received extensive interest from researchers due to its rapid heating, short reaction
time, and energy efficiency [24]. The microwave synthesis method generates direct heating
within the reaction medium via dielectric heating by harnessing the interaction of electro-
magnetic waves with mobile electric charges, such as electrons or ions in solids and polar
solvent molecules or ions in solutions [25]. The microwave-assisted synthesis method may
generate thermal and kinetic effects that reduce reaction times, improve purity, enhance
product yields, and boost overall efficiency [26]. The microwave-assisted synthesis method
may also enable high yields with significant phase selectivity, rapid crystallization, and
precise control over crystal size and shape, from microcrystals to nanoparticles [27-29].
Yahia et al. [30] reported the microwave synthesis of the MOFs UiO-66 and MOF-808 for
application in CO,/CHy separation. The synthetic procedure is described in Figure 1a.
Skoda et al. [31] also fabricated a Co-MOF using the microwave approach and used it as
anode electrode material for sodium-ion battery applications.

2.2. Sonochemical Method

The literature has suggested that the sonochemical synthesis method has various
advantages, including simplicity, ease of use, and eco/environmentally friendly nature [32].
Thus, the sonochemical synthesis method has been utilized for the preparation of MOFs to
achieve phase selectivity, control crystallite size, and speed up crystallization [33]. Vaitsis
et al. [34] reported the sonochemical synthesis of a Zn-based MOF for electrochemical
reduction of CO, applications. In another study, Abaszadeh et al. [35] synthesized a Cu-
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MOF as shown in Figure 1b and evaluated its antibacterial properties. Moradi et al. [36]
also examined antibacterial properties of a sonochemically synthesized Zn-based MOF.
The synthesized MOF also exhibited good catalytic properties for the removal of mercury.
Due to fast reaction rates, large surface area, simplicity, and excellent energy efficiency, the
sonochemical method has been considered a more advanced synthesis technique compared
to conventional synthesis methods [37].

2.3. Hydrothermal Method

The hydrothermal method is one of the most widely used approaches for the synthesis
of MOFs and metal oxides. Hydrothermal synthesis uses PTFE liners inside tightly sealed
stainless steel autoclaves to synthesize crystalline materials from aqueous solutions at auto-
genous pressure and high temperatures (60-220 °C). The hydrothermal method generates
single crystals by utilizing the material’s solubility in hot water under high vapor pressure
while maintaining a temperature difference across the reactor [38]. In some cases, solvents
are used. This is referred to as the solvothermal method and it is particularly effective
for materials with vapor pressures near their melting points and yields high-quality crys-
tals [39]. Wu et al. [40] reported hydrothermal synthesis of Ni(II)- or Co(Il)-based MOFs
as illustrated in Figure 1c. The authors investigated the electro-catalytic properties of the
synthesized MOFs and explored them as electrode materials for hydrogen evolution appli-
cations. Despite various advantages, a major drawback of this approach is the difficulty
in monitoring crystal growth, as the process can take three to four days. Thus, it is still a
challenge to develop a highly efficient synthetic method for the preparation of MOFs with
high scalability and efficiency with controlled crystal growth.
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Figure 1. Schematic graph for the synthesis of MOFs using microwave (a), sonochemical, (b) and
hydrothermal (c) methods. Reprinted with permission [30,35,40].
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2.4. Electrochemical Method

The electrochemical method may be considered as an environmental friendly approach
for the synthesis of MOFs and other materials. The electrochemical method demonstrates
several unique advantages, including precise control over various reaction parameters,
such as current, voltage, and reaction time, which may enable the customization of the
growth and morphology of the MOFs. Moreover, the electrochemical method operates
under mild conditions, typically at room temperature (RT) and atmospheric pressure,
leading to reduced energy consumption and increased environmental sustainability. Ad-
ditionally, the electrochemical method may facilitate faster synthesis of MOFs compared
to traditional methods. The electrochemical method also eliminates the need for harsh
chemicals, resulting in a cleaner and more sustainable process. In addition, this method can
directly deposit MOFs onto conductive substrates such as fluorine-doped tin oxide (FTO),
making it particularly advantageous for applications in energy storage and electrochemical
sensors. It is seen that the electrochemical synthetic process can be classified in two ways:
anodic dissolution and the cathodic synthesis method. In the anodic approach, the elec-
trodes are electrochemically oxidized to generate the metal ions which can combine with
organic ligands and form MOFs. In the cathodic method, a solution contacting metal ions
and organic ligands produced protons at the cathodic surface. Electrochemical synthesis
offers several advantages over other conventional methods, including minimal reaction
conditions (ambient temperature and pressure), reduced crystal growth time, and greater
ease of scaling up the process. However, a major drawback of the electrochemical method
for the synthesis of MOFs is the risk of producing non-uniform MOF materials. The electro-
chemical process often depends on applied potentials which can create localized reaction
conditions, leading to inconsistencies in crystal size, shape, and phase purity. Additionally,
the electrochemical method demands precise control over electrochemical parameters such
as current density and voltage which makes it more complex and less tolerant to variations.
It is expected that this may affect reproducibility and scalability, especially for large-scale
production. In addition, some unwanted side reactions or by-products arising from the
electrochemical environment can complicate the synthesis further, negatively affecting the
quality and functionality of the resulting MOF product.

3. MOF-Based Materials in Sensing Applications
3.1. MOF and MOFs/Composite

In previous decades, MOFs have been extensively used in a variety of applications
because of their extraordinary and unique physicochemical features. MOFs have been
integrated with various nanostructured and conductive materials to boost their gas sensing
performance. In this context, Zheng et al. [41] reported the preparation of a copper-MOF
(Cu-MOF) integrated with pyrene-cored probes and explored it as sensitive and efficient
indicator for carbon monoxide (CO) in coal mine gas. Figure 2 shows the molecular
structure of pyrene-cored probes (P1-P5) and composites with [Cuz(BTC),(H,0)3]n. The
formation of the Cu-MOF ([Cuz(BTC),(H20)3]n (H3BTC is 1,3,5-benzenetricarboxylic acid))
was authenticated by the NMR technique. The proposed sensing strategies demonstrated
that a Cu-MOF attached to a pyrene-cored probe has a limit of detection (LOD) of 0.005%
vs. Ny, 50 ppm, for the determination of CO.
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Figure 2. Molecular structure of pyrene-cored probes (P1-P5) and [Cug(BTC),(H20)3]n. (Pm@CuBTC;

m =1, 2). Reproduced with permission [41].

In a recent report, Fan et al. [42]
({[Euz(L)(phen)z(0x)2(H20)2]-10H,O-phen}, (HpL = 2,6-bis(4-carboxyphenyl) pyrazine,
phen = 1,10-phenanthroline)) using the hydrothermal method. The coordination environ-
ment and one-, two-, and three-dimensional (1D, 2D, and 3D) structural representations
of the Eu-MOF are demonstrated in Figure 3a—d. The authors constructed convenient test
strips using the Eu-MOF and applied it as a sensor for the detection of liquid/gas benzalde-
hyde, Cr,0,%2~ /CrO,42~, and mercury (Hg?"). The major advantage of the abovementioned
study was the determination of benzaldehyde in gas and liquid phases. The authors also

reported a novel Eu-based MOF

successfully detected Hg?* in tap water, river water, and tea samples which demonstrated
excellent recoveries in the range of 99.84 5 to 102.34%. The authors also found that the
proposed sensor has decent repeatability with an RSD value of less than 2.01%.

(b) ()

Figure 3. (a) Coordination environment, (b) asymmetric unit, (c) 2D layer construction demonstration
by 1D chain and (d) 3D network. Reproduced with permission [42].
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Previously, Liang et al. [43] designed and synthesized two indium-based MOFs (In-
MOF1 and In-MOF2) by using simple and novel strategies. The authors used X-ray pho-
toelectron spectroscopy (XPS) to characterize the proposed In-MOF. The authors also re-
ported that In-MOF]1 contains [Inz(u3—O) (CO2)¢N2O] units whereas In-MOEF?2 has [In3(p3—
O)(COy)6N3] units. The proposed In-based MOF has excellent sensing properties for
the detection of Fe**. In-MOF1 and In-MOF2 exhibited LODs of 2.89 x 10~* M and
6.79 x 10~* M, respectively. Recently, Kong et al. [44] proposed simple strategies and
approaches for the sensing of dimethyl carbonate (DMC). The authors designed and syn-
thesized Cu-MOF integrated polyacrylonitrile (PAN) material for the sensing of DMC. The
synthesis procedure is described in Figure 4a. The fabrication of the sensor (Cu-MOF/PAN)
is presented in Figure 4b—d. The sensing activity of the developed sensor is shown in
Figure 4e. The proposed sensor exhibited an LOD of 53 ppb for the sensing of DMC.
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Figure 4. (a) Schematic picture showing the preparation of Cu-MOF and construction of sensor (b—d).
(e) Schematic illustration for the sensing of DMC. Reproduced with permission [44].

It has been observed from the reported literature that Cu-MOFs possess excellent gas
sensing properties and are widely used in gas sensing and adsorption applications. In this
context, Cai et al. [45] reported the preparation of a 2D conductive Cu-MOF (Cus(HITP),)
for the sensing of ammonia. The schematic illustration of the synthesized Cu-MOF
(Cus(HITP),) is shown in Figure 5a. The authors characterized Cuz(HITP), by using
scanning electron microscopy (SEM) and found that it consists of irregular particles. X-ray
diffraction (XRD) studies also suggested that Cus(HITP);, has a decent crystalline nature.
The authors also adopted the XPS technique to further verify the valence states of the Cu2p,
N1s, and C1s elements in the prepared Cu-MOF. The manufacturing procedure for the pro-
posed sensor is described in Figure 5b. The authors adopted four synthesis systems which
yielded 20 mg samples. The authors also found that samples were uniformly dispersed in
DI water. In further steps, 2 uL of each solution was drop casted on alumina-ceramic-based
substrate featuring Au interdigitated electrodes. Finally, the fabricated sensors electrodes
were dried at 60 °C. The synthesized Cu-MOF was explored as sensing material for the
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determination of ammonia gas as shown in Figure 5c. The Cu-MOF exhibited an excellent
LOD of 0.015 ppm for the detection of ammonia in dry air and RT conditions.

Pour it all in quickly
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Figure 5. (a) Schematic illustration for the synthesis of Cuz(HITP),. (b) Schematic graph showing
the construction of sensor and (c) gas sensing performance testing equipment. Reproduced with
permission [45].

Chen et al. [46] reported the synthesis of a lanthanum- and cerium-based MOF (La-Ce-
MOF). The synthesized MOF was used as gas sensing material for the detection of trimethy-
lamine (TMA), ammonia (NH3), dimethylamine (DMA), and formaldehyde (HCHO). These
gases are volatile in nature and may cause negative impacts on human health and the
environment. Thus, it is important to monitor the level of these gases. The La-Ce-MOF
was prepared using the hydrothermal method and characterized by SEM, XRD, and XPS.
Sensor selectivity is an essential parameter. The target gases selected for analysis were key
indicators commonly produced during the spoilage of salmon meat. Although interfering
gases were mostly insignificant in the context of salmon spoilage, they could serve as
signature indicators for spoilage in other materials. The concentration of all the substances
was 20 pmol/L and obtained findings are presented in Figure 6a. To determine the sensor’s
functionality under atmospheric conditions, a quartz crystal microbalance (QCM) gas
sensor was modified with various sensing materials and tested in air. It was reported that
response to the 1:1 La-Ce-MOF was almost negligible and is it suitable for the detection of
volatile gases under atmospheric conditions. In further investigations, the authors used a
La-MOF, Ce-MOF, and different proportions of La and Ce to optimize the sensing perfor-
mance (Figure 6b—f). The obtained results suggested that a 16:9 La-Ce-MOF demonstrates
relatively better selectivity for HCHO. The 1:1 La-Ce-MOF shows a significant sensing
response to the target gases with negligible responses to the interfering gases. On the other
side, the Ce-MOF and 4:3 La-Ce-MOF demonstrated remarkable selectivity for TMA but
minimal responses to other target gases. In conclusion, the La-Ce-MOF nanocomposite
demonstrated improved sensitivity to the target gases over interfering ones, highlighting
its potential for the simultaneous detection of four target gases and its applicability in eval-
uating the freshness of salmon meat. LODs of 0.16 umol/L, 0.35 pmol/L, 0.94 pmol/L, and
1.42 umol/L were obtained for the sensing of TMA, DMA, NH3, and HCHO, respectively.
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Figure 6. (a) Sensing data for blank, La-MOF, Ce-MOF, and different La-Ce-MOFs. Sensing results of
various analytes with 20 pmol-L~! concentration for La-MOF (b), Ce-MOF (c), 16:9 La-Ce-MOF (d),
1:1 La-Ce-MOF (e), and 4:3 La-Ce-MOF (f). Reproduced with permission [46].

Previously, Jin et al. [47] proposed the synthesis of functionalized cobalt oxide (Co3O4)
porous cages/palladium (Pd)/Co-MOFs. The synthesis of the Pd-Coz04@Co-MOF is
described in Figure 7a. The authors found that the ZIF-67-derived Pd-Co30,@Co-MOF
has excellent gas sensing properties. The physicochemical properties of the Pd-Co3z0,@Co-
MOF were examined by SEM, XRD, XPS, and energy dispersive X-ray spectroscopic (EDX)
studies. The authors also found that the synthesized porous cage composite has humidity-
independent and sensitive properties for the detection of acetone. Figure 7b shows the
response of the Co3z0y, Pd-Co304, and Pd-Coz04@MOF to 50 ppm acetone at temperatures
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from 140-180 °C. The Pd-Co304@MOF sensor exhibits the highest response compared to
Co304 or Pd-Co30;4. The authors found that sensor response increases with increasing
temperature but it started to decrease after 160 °C for the Pd-Co304@MOEF. The resistances
of the Co304, Pd-Co304, and Pd-Co304@MOF in air under different temperature conditions
are shown in Figure 7c. The initial resistance decreases with increasing temperature as
shown in Figure 7c. The dynamic response-recovery transient curves of the CozOy, Pd-
Co304, and Pd-Co304@MOF for 50 ppm acetone in different humidity conditions are
shown in Figure 7d. The response value increases using dry air as background gas under
relative humidity. The performance of the sensor is positive under relative humidity
conditions (Figure 7d). The CV values of the Co304, Pd-Co304, and Pd-Co304@MOF for
50 ppm acetone under different humidity conditions at 160 °C are presented in Figure 7e.
The CV values of the Co304, Pd-Co304, and Pd-Co30,@MOF for 50 ppm acetone were
found to be 17.23%, 5.61%, and 1.80%, respectively. The authors also stated that dual
functionalization of Pd and the Co-MOF may enhance the humidity resistance of the CozO4
sensor. This exceptional moisture resistance may be attributed to the oxygen adsorption
regulation provided by Pd functionalization and the hydrophobic substituent linkers within
the Co-MOF.
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Figure 7. (a) Schematic graph showing the synthesis of Pd-Coz04@Co-MOF. (b) Response of CozOy,
Pd-Co304, and Pd-Co304@MOF to 50 ppm acetone at different temperatures. (c) Resistances of
Co30y, Pd-Co304, and Pd-Co304@MOF in air under different temperature conditions. (d) Response
and (e) CV values of Co30y, Pd-Co304, and Pd-Co304@MOF for 50 ppm acetone under different
humidity conditions at 160 °C. Reproduced with permission [47].
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Figure 8a shows the schematic illustration for the synthesis of M-MOF-74-CNT (where
M = Ni or Co). The surface morphological characteristics of the synthesized Ni-MOF-74,
Co-MOF-74, Ni, Co-MOEF-74 and Ni, Co-MOF-74-CNT were determined by using the SEM
method. The sensing system for the determination of NO is represented in Figure 8b. The
response versus concentration of the different sensing materials is presented in Figure 8c.
It can be clearly understood that Ni, Co-MOF-74-CNT has excellent sensing behavior
compared to the other materials. The real-time responses of the Ni, Co-MOF-74-CNT for
different concentrations of NO are presented in Figure 8d, which demonstrates that Ni,
Co-MOF-74-CNT possesses excellent sensing properties for the determination of NO. This
sensor exhibits an excellent LOD of 18.6 ppb in the detection of NO [48].
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Figure 8. (a) Synthetic steps for the preparation of M-MOF-74-CNT. (b) Schematic picture for NO
detection system. (c) Response versus concentration curves for CNT, Co-MOF-74-CNT, Ni-MOF-74-
CNT, and Ni, Co-MOF-74-CNT. (d) Real-time responses of Ni, Co-MOEF-74-CNT with different NO
concentrations. Reproduced with permission [48].

In another study, a vanadium (V)-based MOF was synthesized by employing the
hydrothermal method [49]. The hydrothermally prepared V-MOF(PTA) and V-MOF(PMA)
were characterized by XRD, SEM, and XPS methods. The authors pyrolyzed the organic
ligand whereas vanadium ions were oxidized to form the V-MOF1,((PTA), V-MOF5¢(PTA),
V-MOFj0(PMA), and V-MOF;50(PMA). Furthermore, the authors explored the synthesized
materials (V—MOFlzo (PTA), V—MOF150 (PTA), V—MOF120 (PMA) y and V—MOF150(PMA)) for
NO; gas sensing applications. The V-MOF;,0(PTA) exhibited the highest response with an
average of 800.8% at 100 ppm NO,. The proposed sensing material shows the decent LOD
of 1 ppm with acceptable selectivity for the determination of NO, compared to ethanol,
acetone, methanol, and ammonia. Yu et al. [50] successfully prepared a (Cu-S), MOF-
PANI nanocomposite by using an in situ polymerization process. The authors found that
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(Cu-S)n MOF particles are well-distributed in the fiber-like matrix of polyaniline (PANI).
Furthermore, a 3wt% MOF-PANI-coated IDE was constructed for hydrogen sulfide (H;S)
gas sensing applications. The proposed sensing material demonstrated an excellent LOD,
selectivity, and repeatability and acceptable stability. Carbon dioxide (CO,) is the well-
known greenhouse gas which is present in the atmosphere and its amount is increasing
due to deforestation and the extensive use of fossil fuels. Although a low level of CO, does
not harm human beings, a higher concentration may affect the human respiratory system.
Thus, sensing of CO, gas is of great significance and Wang et al. [51] reported the synthesis
of M-MOF-74 (M = Mg, Ni, Zn, and Co) for the sensing of CO, gas.

Figure 9a shows the responses of the various sensing materials for the sensing of CO,
gas. The concentration of CO, gas was 2000 ppm and observations suggested that Mg-MOEF-
74 is most efficient sensing material compared to the other materials. The dynamic response
of the sensors was also checked under 2000 to 10,000 ppm CO, gas at RT (Figure 9b). The
frequency responses of the M-MOF-74 (M = Mg, Ni, Zn, and Co) increase with increasing
CO; concentration as shown in Figure 9b. The obtained results shows that Mg-MOEF-
74 demonstrated a significantly good response in the range of 500 to 1000 ppm CO,
and suggested its potential for practical applications. Figure 9c shows the fitted curves
exhibiting the relationship between the frequency shift and CO, gas concentration for M-
MOF-74 (M = Mg, Ni, Zn, and Co). Correlation coefficients (R?) of 0.923, 0.938, 0.9834, and
0.939 were found for Zn-MOF-74, Ni-MOF-74, Co-MOF-74, and Mg-MOF-74, respectively
(Figure 9¢). The Mg-MOF-74 exhibited the best linearity for CO, gas sensing compared to
the other sensors. Since repeatability is the major concern for these sensors, reproducibility
of the sensor was evaluated for 2000 ppm CO; and obtained results are shown in Figure 9d.
The sensing studies exhibit acceptable repeatability of the proposed sensor. The responses
of the sensors for repetitive tests of more than one month for 2000 ppm CO, are summarized
in Figure 9e. The obtained results demonstrated acceptable results in terms of fluctuations
with a less than 5% deviation. The proposed sensor also exhibited excellent selectivity
as shown in Figure 9f. Wei et al. [52] reported the preparation of Mg-doped MOF-ZnO
for the determination of n-butanol gas at lower temperatures. The authors adopted a
co-precipitation approach for the synthesis of the Mg-doped MOF-ZnO composite. The gas
sensing features of the pristine MOF-ZnO and Mg-doped MOF-ZnO samples with different
doping percentages of 1%, 3%, 5%, and 7% (wt%) were evaluated by a gas-sensitive system.
The investigations showed that the 3% Mg:MOF-ZnO sensor has a large surface area and
the highest oxygen vacancy and demonstrated excellent gas sensing activity compared
to the other sensors. Maji et al. [53] proposed the synthesis of a fully flexible Fe/Co
hydrogel-based sensitive sensor for the detection of acetone gas at RT. The Fe/Co MOF HG
sensor exhibited a lower LOD value of 103 ppb with acceptable selectivity and sensitivity.
The gas sensing performance of this sensor was evaluated by examining the adsorption
of a large number of acetone molecules onto the hydrogel surface and their interaction
with the abundant oxygen-containing groups of PVA in the hydrogel. Reliability tests
of mechanical strength and humidity resistance suggested that the proposed sensor is
stable over time and it its performance is unaffected by humidity. Cai et al. [54] observed
that a quasi-Zn-MOF may be a suitable sensing material for the detection of n-butanol.
The Zn-MOF-210 exhibited a good response of 173 for 30 ppm n-butanol at 200 °C. The
authors proposed and emphasized the importance of the quasi-MOF-based materials for
gas sensing applications. Liu et al. [55] have proposed the synthesis of La,O3 modified
MOF-5nO; composite using a one-step hydrothermal method. In other work, Nguyen
et al. [56] prepared a series of porphyrinic-Al-based MOFs using a benign solvothermal
procedure. The authors prepared porphyrinic pristine and Co?* and Cu?* metalated Al-
based MOFs. The synthesized material was denoted as AIPMOF(M) (M = Cu, Co). The
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reported MOF-based material was applied for a CO sensing application and it was found
that AIPMOF(Cu) and AIPMOEF(Co) materials exhibited better performance compared to
the pristine sensor. The AIMOF (Cu) and AIMOF (Co) exhibited a good response for 10 ppm
CO gas at RT and 200 °C. Fang et al. [57] reported the synthesis of a CuNi-MOF derivative
with TiO, quantum dots for the sensing of H,S gas. The proposed sensor demonstrated an
LOD of 100 ppb with excellent repeatability and selectivity. It has been observed that MXene
materials may boost the sensing performance of MOF-based materials. It would be worth
combining MOFs and MXene materials for gas sensing applications. In this context, Ding
et al. [58] designed and prepared a 0D-2D heterostructure of a Co-MOF integrated MXene
composite for HyS gas sensing applications. It is a well-understood fact that Co-MOFs have
a large surface area, the ability to capture more gas molecules, and improved host—-guest
interactions which can subsequently boost the sensing performance in terms of selectivity
and sensitivity. The Co-MOF@MXene exhibited an acceptable LOD value of 50 ppb for H,S
sensing with high selectivity for H,S determination against interfering species. It is well-
known that triethylamine (TEA) is a volatile organic environmental pollutant which may
have significant negative impacts on the environment. Thus, Liu et al. [59] reported simple
and efficient strategies for the sensing of TEA using MOF integrated MXene as sensing
material. The authors synthesized a Ti3C,Tx/Co-BDC composite and characterized it with
transmission electron microscopy (TEM), XRD, and XPS. The formation of TizC,;Tx/Co-
BDC composite is described in Figure 10a. The synthesized TizC,;Tx/Co-BDC composite
was further applied as a sensor for the determination of TEA as shown in Figure 10b. The
proposed novel sensor demonstrated an LOD of 0.085 ppm for the detection of TEA with
decent selectivity. This shows that MXene-based MOF materials may be suitable sensing
materials for various gas sensing applications. More in-depth study is required on the
development of MOFs/MXene-based materials for gas sensing applications.

(a) (b) (€) o
20| —— ZNMOF-74 ——Co-MOF-74  gpagy, | —~ 5 STMORTs S GET " = Zn-MOF-74 4 Co-MOF-74
N — Ni-MOF-74 —— Mg-MOF-74 E — NiMOF74 — MgMOF-74  n40%| = s Ni-MOF-74 v Mg-MOF-74
L Gasin _ ! 99.07 s 158.29 |~ T .20 —
el W e = 0 S 2 L
r = & Ty, T — s R-0923
] 69.46s £= - TE— v = R2—0.938
= - n -20 £ 404 T .
9 204 75.57 8! © » —* RT-0.934
§ 84 05_35 g 40 8 o
60 v
Q 40 h g s R
& 7814 i 0 3 = T
A48 W
—- [ =4 ———
:h: 604 3 L .80 E 0 ¥ R 0.939
T~Gas out
-80 - - - -100 100 +— . . . . - -
0 200 400 600 o 1000 2000 0 2000 4000 600D 8000 10000 12000
Time (s) Time (s) Concentration (ppm)
(d) (e)o (f) o
—_ ——2Zn-MOF-74 —— Co-MOF-74 i —#—2Zn-MOF-74 —— Co-MOF-74
B — NiMOF74 ——MgMOF-74 "1 4%%| ¢ | ——NiMOF-74 —v—Mg-MOF-74
= M 7 77 = BN
t " l—_.—’-_‘_—.-_“—I——__.__——l N
8 ( 4 = s
» 20 ﬁ - i 0 &
i g < “'%
& 40 c e §'
g_ g error 5% ik é:
@ T 60 T
5 SRS S X
I8 “o,,_)
%
-80 r T 80 4 T T T T T T %‘%.
1000 2000 0 5 10 15 20 25 30
Time (s) Time (days)

Figure 9. (a) Response curves of the M-MOF-74-based QCM sensors for 2000 ppm CO, gas at RT.
(b) Dynamic responses of the M-MOF-74-based QCM sensors exposed to CO,. (c) Fitting curves
of sensors with respect to different CO, concentrations. (d) Repeatability test and (e) stability and
(f) selectivity study. Reproduced with permission [51].
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Figure 10. Schematic illustration of the preparation of (a) Ti3C,Tx/Co-BDC and gas sensing proce-
dure (b). Reproduced with permission [59].

Zhang et al. [60] used a derivative of tin (Sn)-MOF for NO;, sensing applications. The
authors prepared the SnO,-M-O,-T using thermal treatment of the Sn-MOF which was
further applied as NO; sensing material. The SnO,-M-O,-300 exhibited a better response
and sensing performance for the monitoring of NO,. Yan et al. [61] reported the fabrication
of a chemiresistive ethylene gas sensor by employing single-walled carbon nanotube
(SWCNT) modified Pd NPs/Cu-MOEF-74 as sensing material. The SWCNTs/PdNPs/Cu-
MOF-74 composite was attached to a flexible PET substrate and the developed sensor
showed acceptable sensing performance. The sensor exhibited an LOD of 31 ppb with
excellent selectivity and sensitivity. Yang et al. [62] reported the fabrication of accordion-
like ZIF-8/MoOj3; composite via the hydrothermal method. The prepared material was
explored for H,S gas sensing applications and demonstrated decent performance. The
above observations indicated that MOF-based hybrid composite materials are promising
gas sensing materials and further studies and investigations are required to explore them
for practical applications. The gas sensing performance data of the MOF-based materials
are compiled in Table 1.

Table 1. Summary of the gas sensing performance of the previously reported gas sensors using
MOF-based materials.

Materials Analyte Respo;se/Recovery LOD References
ime (s)

P,@CuBTC CcoO 31 50 ppm [41]
Cu-MOFs DMC - 53 ppb [44]
Cusz(HITP), NH; 26 0.015 ppm [45]
La-Ce-MOF TMA 30 0.16 umoL/L [46]
La-Ce-MOF DMA 45 0.35 umoL./L [46]
La-Ce-MOF NH; 70 0.94 umoL/L [46]
La-Ce-MOF HCHO 90 1.42 pymoL/L [46]
Pd-Co30,@MOF Acetone 36 417 ppb [47]
Ni, Co-MOEF-74-CNT NO - 18.6 ppb [48]
V—MOFlzo(PTA) NO2 - 1 pPpm [49]
3wt%(Cu-S)nMOF-PANI H,S 15 0.5 ppm [50]
Mg-doped MOF-ZnO Butanol 12 200 ppb [52]
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Table 1. Cont.

Response/Recovery

Materials Analyte . LOD References
Time (s)
Fe/Co MOF HG Acetone 77 103 ppb [53]
Zn-MOF-210 Butanol - 0.431 ppb [54]
Co-MOF@MXene H,S - 50 ppb [58]
Ti3C,Tx/Co-BDC TEA 11 0.085 ppb [59]
Sn0,-M-Oy-300 NO, 33 0.001 ppm [60]
PdNPs-SWCNTs@Cu-

MOF-74 Ethylene - 31 ppb [61]
10%ZIF-8/MoO3 H,S 20 - [62]

3.2. MOF-Derived Materials

It is reported that MOF-derived nanostructured materials may offer significant ad-
vantages for gas sensing applications due to their exceptional structural and functional
versatility. The large specific surface area and porosity inherited from their parent MOFs
provide abundant active sites for gas adsorption which may increase sensitivity. The
tailored morphologies of the MOF-derived nanostructured materials may promote ef-
ficient gas diffusion/interactions with the sensing material. In addition, MOF-derived
materials may often demonstrate enhanced electrical conductivity. In particular, those
doped with carbon or metallic phases may enable faster and more reliable signal trans-
duction. MOF-derived materials are thermally and chemically stable which make them
suitable candidates for sensing operations in harsh environments. It is also understood
that flexibility in design and composition may further allow the fabrication of materials
with desirable properties which may include selective gas sensing and/or increased re-
sponse speed. Thus, the unique features of MOF-derived materials make them efficient
sensing materials for the development of advanced gas sensing technologies. In this re-
gard, Wang et al. [63] adopted an electrospinning method for the preparation of bimetallic
MOF-derived tungsten oxide/zinc tungstate/cobalt tungstate (WO3/ZnWO,/CoWOy)
composite. The authors used MOF material as a precursor and subsequently transformed
the MOF into WO3/ZnWO,/CoWO, composite. The obtained WO3/ZnWO,;/CoWO,
composite was used for the sensing of n-butanol. The MOF-derived WO3/ZnWQO,4/CoWO,
composite exhibited decent gas sensing performance. Nickel oxide (NiO) an efficient gas
sensing material for the detection of hydrogen (Hjy) gas due to its high sensitivity and
low resistance. However, low electron-hole transport may result in a low gas response
value. Thus, it is worth combing it with other metal oxides such as copper oxide (CuO)
to form a heterostructure. It is also of great significance to use MOF-based structures as
precursors to obtain gas sensing materials with desirable and improved properties. Thus,
Shah et al. [64] prepared unique NiO@CuO nanoflowers (NFs) and morphological studies
showed that the synthesized material has a porous sharp-tip and nanospherical structure.
The synthesis of the gas sensing material is described in Figure 11. A Ni-MOF was pre-
pared using the solvothermal method and a morphological study demonstrated that the
synthesized Ni-MOF has a needle-like surface structure. CuO was also prepared using the
solvothermal method and it was observed that CuO has a spherical structure. The authors
observed that 2 wt% NiO@CuO NFs have excellent selectivity towards the detection of Hj
gas and demonstrated high sensitivity with an LOD of 300 ppb. The improved gas sensing
performance of the 2 wt% NiO@CuO NFs may be ascribed to the presence of synergistic
interactions between the NiO and CuO nanoflowers.
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Figure 11. Schematic description for the preparation of NiO@CuO NFs. Reproduced with permis-
sion [64].

Zhang et al. [65] have adopted different contents of 1, 3, 5-benzenetricarboxylic acid
(BTC) and stannous sulfate (molar ratio 0.5:1, 1.5:1, and 2:1) to design and obtain Sn-
based MOF structures by employing the solvothermal method. The calcination of the
prepared Sn-MOF yielded SnO; particles. The SnO,-1.5 exhibited better gas sensing
properties compared to the other prepared materials. To further improve the gas sensing
properties of the SnO,-1.5, Ce was used as dopant and different mole percentages (0.25%,
0.75%, and 1.25%) of Ce were used to prepare the MOF-derived Ce-doped SnO,. The
5n0O,-Ce-( 75 further demonstrated enhanced gas sensing response and better selectivity for
the detection of ethylene glycol. Hussain et al. [66] reported the simple and straightforward
calcination process for the preparation of Mo-doped Co30, using MOFs as precursors.
The authors used the ion-assisted solvothermal method for obtain Co304 and Mo-Co30;4
nanostructures with yeast-like morphology. The 2 mol % Mo-Co30, showed better CO
sensing performance compared to the pristine Co3O4. Geng et al. [67] proposed the
fabrication of NizV,Og@NiO composite for the sensing of TEA. The authors adopted a
three-step solvothermal method, cation-exchange method, and annealing process approach
for the preparation of NizV,O3@NiO composite. In the first step, the authors prepared a
Ni-MOF structure using the solvothermal method as shown in Figure 12a. In the second
step, a Ni/V-MOF was prepared which was further converted to Ni3V,Og@NiO composite
by the annealing method. The gas sensing activity (response) of the different materials
for 100 ppm of different gases at 240 °C is shown in Figure 12b. It can be observed that
the NV@NiO-2 sensor exhibited a better response for the sensing of TEA compared to
the other materials. The obtained results also demonstrated acceptable selectivity for the
detection of TEA.
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Figure 12. (a) Schematic representation of the synthesis of Ni3V,Og@NiO. (b) Response of the
different sensors for 100 ppm of different gases at 240 °C. Reproduced with permission [67].

Xiao et al. [68] reported the synthesis of ZIF-8-derived CuO/ZnO composite for
the sensing of H,S gas. The synthetic protocols are described in Figure 13a. Various
percentages of CuO were used to optimize the gas sensing performance of the CuO/ZnO
composite. The authors found that the M3 sample has better performance compared to the
other prepared materials. The selectivities of M3 and MO0 were also checked as shown in
Figure 13b. It is clear that M3 has better selectivity compared to the pristine M0 sample.
The resistances of the M3 sample under different humidity conditions are summarized in
Figure 13c. It was found that the M3 sample has excellent gas sensing activity up to 40%
RH. However, M3 also demonstrated acceptable performance at 80% RH. The CuO/ZnO
composite demonstrated excellent gas sensing behavior for 10 ppm H,S gas. Lu et al. [69]
have explored novel strategies to synthesize different valent metal cation (Zn?*, In**, and
Zr**) doped Co304 materials using ZIF-67 as a precursor. The authors investigated the
influence of different doping and valence contents of metal cations on the surface structure
properties of the prepared doped Coz0y4 for toluene sensing. The authors reported that
valence Zr doping significantly enhanced the toluene gas sensing properties of the prepared
Co2.717Z1( 18904 sample. The Coy 717Z1( 18904 sample exhibited the highest response value
of 94.58 to 100 ppm toluene gas which was better than that of pristine Co304.
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Figure 13. (a) Schematic graph for the synthesis of CuO/ZnO composite. (b) Selectivity response
test of M3 and MO for multiple gases. (c¢) Response of M3 for 10 ppm HjS under different humidity
conditions. Reproduced with permission [68].

Ding et al. [70] have reported the synthesis of coral-flower-like Fe-doped Co304
material using a sacrificial template method as shown in Figure 14a. The authors observed
that Fe3* doping may lead to the presence of stable Co?* within the prepared sample and
form p-n heterojunctions. In addition, lattice distortion enhanced oxygen vacancies and
improved the redox reaction for the detection of the target gas. The authors reported
that the FC-2 sample has a better response of 21.2 and fast recovery time of 13 s/15 s for
100 ppm TEA. The gas sensing responses of FC-2 for different concentrations of TEA are
shown in Figure 14b whereas the gas sensing mechanism is illustrated in Figure 14c. FC-2
demonstrated an acceptable LOD of 1 ppm with a good linear relationship. The proposed
sensor also showed good stability and selectivity under acceptable humidity conditions.
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Figure 14. (a) Schematic graph for the synthesis of gas sensing materials. (b) Gas sensing performance
(response) of FC-2 with 1 to 8 ppm TEA. (c) Schematic for gas sensing mechanism of FC-X composite.
Reproduced with permission [70].

Begi et al. [71] synthesized indium oxide decorated CozO4 flower-like composite us-
ing a two-step hydrothermal and heat treatment method. The synthesis of In,O3/Co304
composite is described in Figure 15a. It can be seen that the authors used MOF-derived
strategies for the preparation of InyO3/Co304 composite. Furthermore, the authors used
SEM and transmission electron microscopy (TEM) methods to study the morphological
characteristics of the prepared InyO3;/Co0304 composite. SEM images of the Co304 and
InyO3/Co0304 composite are shown in Figure 15b and 15¢, respectively. It can be observed
that CozOy4 consists of nanoflower-like architecture. In another case, InoO3/Co0304 compos-
ite shows the combination of Iny O3 particles along with the Co3O4 nanoflowers (Figure 15c).
The TEM results of the In;O3/Co304 composite also suggested the successful formation of
InyO3/Co304 composite (Figure 15d). The high-resolution TEM image of the In,O3/Co304
composite indicated the presence of In,O3; and Co304 composite (Figure 15e). The synthe-
sized InyO3/Co304 composite was further explored for NHj3 sensing and obtained results
demonstrated a decent LOD value of 500 ppb for NHj3 at 250 °C.
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Figure 15. (a) Schematic diagram for the synthesis of InyO3/Co30,4 composite. SEM image of
(b) Co304 and (c) InpO3/Co304 composite. (d) TEM image and (e) HRTEM image of In,O3/Co304
composite. Reproduced with permission [71].

Hussain et al. [72] reported the synthesis of In-doped Co30, nanoflowers using a
solvent heating-assisted calcination method via an MOF self-sacrificial template. Charac-
terization such as XPS confirmed the presence of In ions in the prepared In-doped Co304
sample. The authors observed that 5% In-doped Co304 has excellent responses for the
detection of 50 ppm HjS gas and demonstrated an LOD of 1.8 ppm. Zhang et al. [73] demon-
strated the role of H3BTC and H;ABDC ligand-based Zn-MOF-derived ZnO combined with
Tb for gas sensing applications. The authors synthesized Tb@ZnO-1 and Tb@ZnO-2 and
examined their sensing ability for the monitoring of acetic acid. Interestingly, Tb@ZnO-2
exhibited better performance compared to Tb@ZnO-1. Begi et al. [74] also prepared MOF-
derived Co3zO4 by employing a precipitation approach for the monitoring of H,S gas. The
prepared sample was characterized by various sophisticated techniques and explored for
the determination of H,S gas. The obtained results exhibited excellent selectivity, stability,
and response towards H,S with an LOD of 500 ppb. According to Peng et al. [75], it was ob-
served that MXene may enhance the physicochemical properties of CuO NPs. The authors
fabricated CuO NPs/TizC,Tx MXene composite using MOFs as precursor sources for CuO
NPs. The obtained results showed excellent selectivity, stability, and response time for the
sensing of NO; using CuO NPs/Ti3C,Tx MXene composite at RT. The authors found that
the proposed sensor has an excellent LOD of 0.03 ppm in the determination of NO;. The
authors found that the presence of oxygen vacancies and a large specific surface area were
responsible for the enhanced sensing activity of the prepared material. In addition, the
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presence of MXene may further boost electron transport ability and improved performance
was observed for the sensing of NO;. Geng et al. [76] reported the synthesis of bimetal-
lic Ni/Zr-MOF microspheres using the solvothermal method. This prepared MOF was
transformed into NiO/ZrO, composite using the annealing method. Gas sensing studies
showed that NiO/ZrO,-2 has a relatively better response (32.3 to 100 ppm), a decent LOD
of 7.2 ppb, and excellent repeatability for the detection of TEA. In addition, the proposed
sensor demonstrated a wide specific range of 1 to 200 ppm and a strong linear relationship
(R?) of 0.9588. Geng et al. [77] proposed the preparation of MOF-derived InyO3/ZnCo,O4
composites by employing a two-step solvothermal method. Morphological studies showed
that In,O3/ZnCo,04 composite comprised hollow microtubes and microflowers. It was
also observed that InpO3/ZnCo,04-2 composite has better gas sensing properties compared
to other prepared control samples. A decent LOD of 4.2 ppb with a response value of 208.7
was reported for the determination of n-butanol. The proposed sensor also has excellent
selectivity and repeatability which may open doors for practical applications.

Hu et al. [78] also adopted the hydrothermal method for the preparation of MOF-
derived Sn/W co-doped NiO hollow flower-like spherical structures. The synthesized
material was further explored for the sensing of TEA and demonstrated a decent LOD of
0.1 ppm with good sensing response. Wang et al. [79] adopted a one-step hydrothermal
method for the preparation of MOF-derived Au functionalized CeO,/Co304 composite.
The MOF-derived CeO,/Co304 composite was further used as toluene gas sensing material
which demonstrated a response to 100 ppm toluene and an excellent LOD of 0.1 ppm was
obtained with selectivity and stability. Duan et al. [80] proposed synthetic strategies for
the fabrication of MOF-derived porous xPd-NPs@ZnO. The authors also observed that the
prepared sample has a large surface area of 471.08 m? /g which may significantly enhance
the sensing ability of the prepared sample. A wide range of 0.2 to 4000 ppm was observed
for the monitoring of H, gas. The authors reported an excellent LOD of less than 10~2 ppm
for the detection of H; gas using 5.0Pd-NPs@ZnO material. Xin et al. [81] designed and
synthesized an Al/Co metal-organic framework (MOF) by adopting the hydrothermal
method. Furthermore, the authors prepared MOF-derived Al?’*—doped Co30;4 (AI3*-Co304)
material for the sensing of n-butanol. The observations revealed that 10% AP*-Co304
nanocomposite has improved gas sensing properties and excellent selectivity, stability,
and repeatability were observed for the sensing of n-butanol. The authors stated that
doping may have significantly improved the gas sensing performance of the proposed
materials due to the insertion of AI** into the Co30,4 which created oxygen vacancies.
Majhi et al. [82] reported the role of hydrothermally prepared Sn-MOEF-derived SnO, NPs
in NO; sensing studies. It was also mentioned that SnO, NPs were prepared with a size of
20 to 30 nm with a large surface area of 185.31 m?/g. The proposed Sn-MOF-derived SnO,
NPs showed decent and acceptable gas sensing activity towards NO; gas. Liu et al. [83]
synthesized MOF-derived Ru-doped SnO, for the sensing of TEA. The authors reported that
0.4 mol % Ru-SnMOF@5SnO; has better sensitivity, a fast response, and decent selectivity
with good long-term stability. In another study, Xie et al. [84] prepared MOFE-derived
Cr;O3 modified reduced graphene oxide composite to form p-p junctions by using the
hydrothermal method. The prepared Cr,O3/rGO p-p heterojunction was explored for
n-butanol sensing applications. The authors observed that rGO not only prevented the
agglomeration/stacking of Cr,O3 NPs but also facilitated the formation of Cr,O3/rGO p-p
heterojunctions. The theoretical LOD was determined to be 8.6 ppb. Montoro et al. [85]
synthesized M-MOFs (M = Cu, Ni, and Zn) and converted them into metal oxides by a
calcination process. The MOF-derived metal oxides (CuO, NiO, and ZnO) demonstrated
improved selectivity for the determination of H;S, CO, and H; gases, respectively. Liu
et al. [86] prepared MoOj3/TiO,-X (MMT-X) composites using a condensation reflux and
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annealing process. The authors prepared exfoliated-TizC,T-derived TiO, and assembled
it on rod-shaped Mo-MOF-derived MoOj3. The prepared MMT-X exhibited good sensitivity
towards 100 ppm TEA. It is well-understood that MOF-derived materials may offer a
large interfacial surface area for prepared hybrid composite materials and facilitate swift
adsorption and charge transfer while ensuring crucial structural stability. Lu et al. [87]
synthesized a carbon-derived dodecahedral MOF (ZIF-8-C) and subsequently prepared
3D hollow dodecahedral ZIF-derived carbon-PANI composite (ZCPx; x = mass fraction
of ZIF-derived carbon). The 3D hollow ZCP50 demonstrated excellent repeatability, good
long-term stability, and sensitivity for the detection of NH3. Ding et al. [88] reported the
preparation of bimetallic Ni/Sn-BTC MOFs (BTC: benzene-1,3,5-tricarboxylic)-derived
NiO-5nO; composite by utilizing solvothermal and calcination methods. The authors
found that the prepared MOF-derived NiO-S5nO; composite has a large surface area of
74.73 m? /g and porosity of 0.343 m3/g. This may maximize the number of active sites for
sufficient pathways for NO; and improve the capacity to capture NO,. A decent LOD of
25 ppb was achieved for the detection of NO, with acceptable long-term stability. Qiao
et al. [89] synthesized MOF-derived CdS@In,;O3; composite for the determination of NO,.
The prepared materials showed good sensitivity and response for the monitoring of NO,.
The improved performance may be ascribed to the presence of synergistic interactions
and quantum dot size of the CdS. Gao et al. [90] adopted a ZIF-67 derivative for the
preparation of CozO4. The prepared sensing material showed good sensing performance
for the determination of TEA. Qin et al. [91] proposed a benign approach for the preparation
of MOF-derived Mn-doped In,O3 hollow nanotubes using solvothermal and annealing
methods. The 3 mol % Mn-In,O3 showed the highest sensing performance compared to the
other prepared control materials. The 3 mol % Mn-In,O3; demonstrated a decent LOD of
25 ppb with high selectivity and response. Li et al. [92] prepared MOF-derived Cu;O/CuO-
C composite using thermal decomposition of Cu-MOF-based precursors. The Cu-MOEF-
74-derived CupO/CuO-C-250 exhibited sensitivity of 1.03 to 30 ppb for the detection of
NO; with acceptable selectivity. Maji et al. [93] prepared MOF-derived ZnCo,04 using
the solvothermal method. The prepared material was explored for the detection of CHy
gas. The MOF-derived ZnCo,0, exhibited good response for 100 ppm CHy gas. The
proposed material also demonstrated excellent stability for 45 days. The performances of
the MOF-derived materials for gas sensing applications are summarized in Table 2.

Table 2. Summary of the gas sensing performance of the previously reported gas sensors using
MOF-derived materials.

Response/Recovery

Materials Analyte Time (s) LOD References
WO3/ZnWQO,/CoWOy Butanol 115/179 - [63]
NiO@CuO NFs H, 100/167 20 ppm [64]
SnO,-Ce-0.75 Ethylene glycol 13/3 - [65]
Mo-Co304 CcO 78.5/55.3 0.195 ppm [66]
NV@NiO-2 TEA 88/127 4.5 ppb [67]
CuO/ZnO H,S 10 100 ppb [68]
C0304 /Fe203 TEA 13/15 1 ppm [70]
IIleg /CO304 NH3 92/51 0.5 Ppm [71]
In-Co304 H,>S - 1.8 ppm [72]
Co304 H,S 63.56/103.34 500 ppb [74]
CuO NPS/TingTX N02 - 30 ppb [75]
NiO/ZrO,-2 TEA 55/83 7.2 ppb [76]
Iny,O3/ZnCoy04-2 Butanol 152/223 4.2 ppb [77]
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Materi Response/Recovery
aterials Analyte Ti LOD References
ime (s)

Sn/W-NiO TEA - 0.1 ppm [78]
Au-CeO,/Co304 Toluene 53/34 0.1 ppm [79]
5.0Pd-NPs@ZnO H, - <1073 ppm [80]

AP*-Co304 Butanol - 0.4 ppm [81]

N-doped SnO,-rGO NO, - 1 ppm [82]
Cr,O3/RGO Butanol 150/250 8.6 ppb [84]
MoO3/TiO,-X TEA 19/23 - [86]

ZCP50 NHj; 115/169 0.1 ppm [87]

NiO-SnO, NO, 86.8/29.4 25 ppb [88]
Amorphous ZIF-67 derivative TEA 125/88 - [90]
3Mn-In; O3 nanotubes H, 4/15 0.025 ppm [91]
Cu,O/CuO-C NO, - 7 ppb [92]
ZnCo,04 flower Methane 14/20 - [93]

4. Conclusions and Future Perspectives

MOFs, MOF-based composites, and MOF-derived materials have been reviewed in
terms of gas sensing applications in the monitoring of CO, DMC, TMA, NHj3, NO, NO,,
TEA, H,S, butanol, methane, Hj, and toluene. It was observed from the reported literature
that MOF-based hybrid materials demonstrated reasonably good responses and detection
limits. Despite numerous efforts, MOFs suffer from poor conductivity and limited mass
transfer. In this regard, MOFs have been incorporated with various materials such as
polymers, MXenes, and metal oxides. The hybrid MOF-based composites showed im-
proved performance. The hybrid composite of MOFs/polymer and MOFs/MXene showed
decent performance in terms of detection limit. In addition, MOF-derived materials also
demonstrated excellent performance for the sensing of various toxic and hazardous gases.
The MOEF-derived materials retain excellent surface properties and porosity compared to
metal oxides synthesized by conventional methods. The large surface area of the MOFs
provides a better pathway for the sensing of analytes with low concentrations. Although
MOF-derived materials show promising gas sensing performance, they still have many
challenges, including high working temperature, limited choices of precursors/methods,
and limited variety of detected gases. The synergistic interactions between the hybrid
composite still need to be studied in depth due to their unclear mechanism. We believe
that understanding the mechanism for the synergistic interactions among ternary or binary
MOF-based composites may further improve the sensing performance of MOF-based gas
sensors. The development of new cost-effective and environmentally friendly synthesis
methods would be of great significance towards the development of low-cost gas sensors.
For practical applications, MOFs and MOF-derived materials should have robust stabil-
ity, low cost, and durability. In this regard, rational design and cost-effective synthetic
approaches are required to fabricate highly stable MOFs for gas sensing applications. The
structural stability of the MOFs can be improved by coating with protective layers. To
improve the selectivity of the MOFs, it is required to design and prepare special-group-
based functionalized MOFs for the determination of a selective gas. MOF-derived material
showed decent stability but suffers from poor electrical conductivity. Thus, it is required
to design and construct hybrid composite materials with MXenes and layered double
hydroxide (LDH) materials to further enhance the electrical conductivity of the MOFs and
MOF-derived materials. Future research may focus on the preparation of functionalized
MOFs/MOF-derived materials with MXene and LDH to obtain conductive and stable
hybrid composites for gas sensing applications.
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