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ABSTRACT

With significant technological advances, solid-state gas sensors have been extensively applied to detect toxic gases and volatile organic compounds
(VOCGs) in confined areas such as indoor environments and industries and to identify gas leakage. Semiconductor metal oxides are the primary
sensing materials, although their major drawbacks include a lack of sensitivity, poor performance at high humidity, and operating at high tem-
peratures ranging between 140 and 400 °C. Recently, the use of zeolitic imidazolate frameworks (ZIFs) in gas sensors has received considerable
attention as a promising material to overcome the drawbacks possessed by semiconductor metal oxide-based gas sensors. Because of their unique
properties, including size tunability, high surface area, and stability in humidity, ZIF becomes a preferred candidate for sensing materials. The use of
ZIF materials in gas sensors is limited because of their high-temperature operation and low gas responses. This review outlines the strategies and
developments in the utilization of ZIF-based materials in gas sensing. The significant influence of the addition of carbon additives in ZIF materials
for temperature operation sensors is discussed. Finally, ZIF-carbon additives and SMO@ZIFs/carbon additives are the proposed materials to be
studied for future prospects for the detection of VOCs at low temperatures and exhibiting good selectivity towards the gas of interest.

1. Introduction

Air pollution can be defined as the presence of released harmful volatile chemicals in the atmosphere that harm the health of
humans and animals and the balance of land and sea ecosystems. Major sources of air pollution include industrial factories, mineral
dust, and agricultural burning [1]. The health of living organisms can be maintained by ambient air monitoring of gases released by
industrial companies such as the coal, electricity, and mining industries. In 2013, the EU Environmental Protection Agency reported
that 46 700 people died from air pollution, labelled "the largest environmental hazard," while the UK reported 40 000 deaths [2].

Death-leading toxic gases include hydrogen sulfide (HsS) [3], carbon dioxide (CO5), sulfur dioxide (SO2) [4], and nitrogen dioxide
(NOy) [5]. Volatile organic compounds (VOCs), such as methanol, ethanol [6], formaldehyde, acetone, and toluene [7], are primarily
utilized in paints, cosmetics, detergents, dyes, drugs, and plastics. Severe inhalation of VOCs vapour is dangerous to human health
because it can cause bronchitis, eye inflammation, and dizziness [8,9]. Flammable gases such as Hy and CH4 cause unexpected ex-
plosions or fires [10]. This has led researchers and engineers to develop friendly hazardous gas-detecting devices for environmental
monitoring. Gas sensors are required to ensure good air quality and reduce explosions caused by flammable gases.

The critical quality control for good health and safety in industrial emissions is the online detection and identification of emitted
toxic, flammable gases and volatile organic compounds. High concentrations of inhaled poisonous gases and volatile organic com-
pounds (VOCs) can cause new deaths in hospitalized patients.

Reports have shown that air quality can be monitored using cost-effective gas-sensing devices. Therefore, solid-state gas sensors
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received significant attention because of their low cost production, excellent selectivity, and effective detection [2]. Therefore, finding
a cost-effective, highly sensitive, and selective gas sensor for environmental air monitoring and disease detection remains a priority in
the field of research. Some requirements of these devices include portability, and the sensor needs to be cost-effective and do online or
in-situ gas sensing to monitor the leakage of gases produced in large buildings and industrial applications. The major challenges in gas
sensors are to improve sensitivity and selectivity towards the gas of interest, have a quick response and recovery time, operate at lower
temperatures, have a sensor with a good lifespan, and be resistant to humidity fluctuations. In the past, semiconductor metal oxides
(SMOs) have been the most studied and promising materials for detecting and monitoring toxic gases; however, they possess some
significant drawbacks that make the sensor fail to be applied in real applications, such as high-temperature operation and a lack of
selectivity [7]. Several methods, such as doping SMOs with noble metals and designing SMOs-SMOs hybrids, were used to improve the
sensing performances, such as sensitivity and response-recovery times; however, their high operating temperatures make it difficult for
real-life applications [8].

Furthermore, the successfully prepared carbon additives-SMOs hybrids were able to drop the high operating temperature to room
temperature sensing; sensors are affected by the change in humidity, and selectivity still needs improvement. Thus, the utilization of
the zeolitic imidazolate frameworks with carbon additives are promising candidates to operate at room temperature, have good
selectivity, and be resistant to changes in humidity because the tunability of ZIFs pore sizes can improve selectivity and also be hy-
drophobic [9,10]. The following sections discuss the development and significance of ZIFs in SMOs and carbon additives; their sensing
properties are also discussed.

2. Chemiresistive gas sensor
2.1. Introduction to sensor

Sensors measure or monitor the physicochemical changes in the environment [11]. Three main classes of sensors are classified
according to the properties the device is sensing: physical sensors [12], biosensors [13], and chemical sensors [14]. Physical sensors
reveal information about physical parameters such as temperature, mass change, pressure, or moisture in the environment. A biosensor
is a sensor designed to detect and measure substances by combining the analyte with a specific biological recognition, such as enzymes,
proteins, or nucleic acids [15]. Chemical sensors reveal chemical interactions between the device and the analyte.

A typical gas sensor mainly consists of a sensing material and a transducer. The sensing material chemically interacts with the gas of
interest. Subsequently, it captures the changes in the sensing material’s electrical, optical, and magnetic properties into readable data
that can be displayed on the monitor. For example, the sensor’s electrical properties change during the interaction between the gas
analyte and sensing material, as measured by the transducer [14]. Solid-state gas sensors are in demand because of their easy oper-
ation, low cost, and innovations in line with advancing technology. Solid-state sensors are designed such that there is no mobile
component, such as an electrolyte [11,14,15].

2.2. Chemiresistive gas sensors

Chemiresistive sensors are the type of gas sensors that are mostly studied and applied in commissioning because of their cost-
effectiveness, simplicity of fabrication, ease of use, and portability. There is considerable interest in improving chemiresistive gas
sensors owing to their major challenges, including high-temperature operation, selectivity towards the gas of interest, and long-term
stability. Chemiresistor gas sensors mainly comprise two terminal electrodes connected to a sensing layer, typically a semiconductor
metal oxide. During the interaction of the analyte gas with the thin film of the sensing materials, the current flow changes, which
causes changes in the resistance of the sensors [16].

3. Performance evaluation of gas sensors

Gas sensor performance was examined by analyzing the response time, recovery time, sensitivity, limit of detection (LOD), pre-
cision, selectivity, stability, life cycle, working temperature, and fabrication costs [17]. The sensitivity is determined by the ratio
Ra/Rg for the gas of interest, where Ra is the gas sensor resistance in the air (known as a reference gas), and Rg is the resistance of the
gas sensor to the gas analyte. The sensitivity can also be expressed as [(Ra—Rg)/Ra] x 100 % [18,19].

Selectivity is a method by which a sensor can identify and detect the gas of interest in a mixture of gases. Precision is a measure by
which a gas sensor can reproduce similar results and is also known as repeatability. LOD measures the lowest gas analyte concentration
that a gas sensor can detect. The response time is when the sensor produces a signal corresponding to a specific gas concentration.
Recovery time is the time the sensor takes for the corresponding signal of the gas to return to its initial value after a step concentration
change [18].

Stability is a way in which a sensor can reproduce results for a long time. In terms of stability, an ideal gas sensor should operate for
approximately 2-3 years, which is almost equivalent to 17 000-26 000 h of operation. It is prefered for gas sensors to operate at lower
temperatures and have lower fabrication costs. The performance of different materials (carbon materials, polymers, catalytic metals,
and SMOs) used in gas sensors was evaluated using the abovementioned parameters [18,19].
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4. The surface chemistry of the sensors
4.1. General sensing mechanism

Basic semiconductor metal-oxide (SMO) sensing processes explain the general sensing mechanism. SMO gas detection relies on the
availability of acceptor oxygen molecules absorbed on the active layer’s surface via an ionosorption process. The absorbed oxygen
molecules accept electrons from the active sensing layer to form ionized reactive oxygen species (ROS), including O, ~, O ~ and 0% ~
depending on the working temperature of the active sensing material. Gas sensors that work below 100 °C use oxygen ions (O3 ), and
temperatures between 100 and 300 °C convert O3 into O™ as it captures some electrons, while temperatures above 300 °C convert O~
ions into 0%~ Summarized formulae for forming reactive species in the active layer [20,21].

02 (gas) © O2 (ads) o))
O3 (ads) + € < O3 (ads) below 100 °C @)
02 (ads) + €= < 20" (ads) 100-300 °C 3)
O (abs) +e— < o> (abs) above 300 °C )

The adsorbed oxygen molecules accept electrons from the SMO active sensing layer, and the electrons tend to become trapped on
the surface as ions, leading to band bending. As oxygen accepts electrons from the working material, it depletes them. As illustrated in
Fig. 1, active reactive oxygen species interact with the gas of interest, which can either be reducing or oxidizing agents, forming water
vapour and carbon dioxide.

The majority of carriers in n-type SMO are electrons; hence, the absorbed oxygen ions accept electrons from the conduction band of
SMO. The conductivity of the active layer of SMO decreases as electrons are trapped on the surface by the absorbed oxygen molecules;
hence, the resistance increases. Depending on the type of analyte gas (reducing or oxidizing), conductivity increases or decreases when
the absorbed oxygen ions interact with the gases. The carriers in p-type SMO are holes; there is a decrease in resistance or an increase in
conductivity when absorbed oxygen ions interact with oxidizing gases [22], and the opposite is true for reducing gases.

4.2. Band bending

When a sensor is supplied with a DC or AC voltage, the electrons passing through the material grains are trapped by oxygen
molecules that are absorbed on the surface, leading to band bending [21,23]. Band bending occurs during the interaction of the
exposed donor gas analyte with the SMO on the sensing element, wherein the conduction band loses electrons through the extraction
process onto the surface, leading to an electron depletion layer. Since the electrons on the depletion layer are negatively charged, it
leads to band bending, which generates a potential barrier at the surface (see Fig. 2). There is a reverse band bending, which results in
the reduction of potential barriers during the desorption of absorbed oxygen ions and reducing gases on the surface.

4.3. Semiconductor metal oxides in gas sensors

The use of nanomaterials over conventional bulk-scale materials in device fabrication has increased exponentially in the past
decade as they have improved many devices, such as solar cells [24], sensors, batteries [25], and supercapacitors [26]. The unique
properties displayed by nanomaterials include a high surface-to-volume ratio and good electrical properties. Still, a significant
achievement is the detection and monitoring of traces of targeted analytes such as gases, heavy metals, and biomolecules in various
applications [24-26]. Semiconductor metal oxides (SMOs) such as SnO; [27], ZnO [28], TiOy [29,30], NiO [31,32], and MnO,
[33-36] are the most promising materials for the fabrication of gas sensors; however, they operate at high temperatures of 140-400 °C.
The subjection of the devices to high temperature results in material degradation, which causes a shorter lifespan for the devices [37].
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Fig. 1. Schematic representation of the active sensing layer interacting with the gas of interest [7].
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Fig. 2. Schematic of band bending during gas sensing of N-type SMO [21].

In SMO gas sensors, it is difficult to control the sensor to detect the targeted gas only, and it also consumes a lot of energy for their
operation, which are two significant drawbacks of utilizing SMOs in gas sensors [33,35,36].

5. Zeolitic imidazole framework

Due to their unique properties, metal-organic frameworks (MOFs) are currently used in gas-sensing applications. The drawbacks of
high-performing inorganic SMOs are improved by introducing organic functionalities, modifying the metal oxides with gas filtering
materials for specific gases, and using core-shell materials [37]. Recently, gas sensors with higher selectivity have been developed
using gas-filtering porous polymers and metal-organic framework (MOF) composites. MOFs are materials consisting of organic ligand
molecules on metal ions [38]. There is great interest in improving the selectivity, and sensitivity of gas sensors by coating metal oxide
nanowires or nanorods with zeolitic imidazole frameworks (ZIFs) [39]. ZIFs are a subclass of MOFs with a zeolite structure known as a
tetrahedral network, wherein the organic linker is imidazolate [39,40].

The imidazolate linkers were coordinated to a transition metal, Zn, Fe, Cu, or Co. There are several tetrahedral frameworks
containing imidazolate linkers, including ZIF-7 [41], ZIF-9 [42], ZIF-8 [38], ZIF-11 [43], ZIF-67 [9], ZIF-68, and ZIF-71 [44]. Some of
the ZIFs crystal structures are shown in Fig. 3. Highly crystalline materials are chemically robust, thermally stable, and porous. ZIFs are
considered promising materials for gas sensing devices owing to their tunability in pores and functionality, improving gas selectivity
and operating at room temperature. The most commonly applied metal oxide gas sensors exhibit humidity interferences; however, in
the past, ZIF-8 and ZIF-71-based gas sensors have been reported to inhibit humidity interactions due to the hydrophobicity of the
material [44].

ZIF-7 is the earliest reported tetrahedral framework of benzo-imidazole ligands coordinated to divalent zinc cations through a
nitrogen donor. All ZIFs are formed through a dative bond between the N-imidazole and a metal cation. ZIF-8 is a tetrahedral zeolitic
framework containing a 2-methyl imidazolate linker coordinated to a divalent zinc cation [37], while in ZIF-71, the Zn?* is linked
through the 4,5-dichromoimidazilate linkers. Tetrahedral arrangements form spheres or pores within the framework responsible for
gas storage, separation, and sensing [46]. ZIF and SMOs composites are stable and have higher selectivity and sensitivity towards the
gases of interest. SMO-ZIF-based sensors block moisture sensing interference during gas detection, a major challenge for SMOs gas
sensors [47].

6. Methods of synthesis, morphology, and thermal analysis

These highly ordered, intrinsically mesoporous, and microporous materials can be prepared using different synthetic approaches.
Nanostructured ZIFs were synthesized by controlling the synthetic parameters, including the temperature, reaction time, amount of
surfactant added, and concentrations of the reactants. The reaction time controls the pore diameters and sizes of the ZIF particles. The
most popular methods for the synthesis of sol-gel are hydrothermal and solvothermal. Complementary methods for synthesizing ZIFs
include microwave and mechanochemical synthesis [48,49].

6.1. Synthesis of ZIF-8

ZIE-8 particles of four different sizes were synthesized under controlled conditions. Size-controlled ZIF-8 can be synthesized at
room temperature by dissolving a calculated amount of zinc nitrate hexahydrate and 2-methylimidazole in methanol. A specific
amount of sodium formate follows this to get the respective sizes. All the SEM images of ZIF-8 showed a rhombic structure (Fig. 4). The
synthesis temperature and amount of sodium formate were directly proportional to the particle size of ZIF-8 [50].
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Fig. 3. Different crystal structures of ZIFs [45].

6.2. Synthesis of ZIF-67

Heliyon 9 (2023) e22329

ZIF-67 can be synthesized in various particle sizes depending on the reagents used and the applied reaction conditions [see Fig. 5].
Bulk ZIF-67 can be synthesized using a solvothermal method using cobalt acetate tetrahydrate and 2-methylimidazole. Next, cobalt
nitrate hexahydrate and 2-methylimidazole were used to synthesize ZIF-67. Fig. 6 clearly shows that the synthesis of ZIF-67 at higher
temperatures resulted in particle growth via aggregation. The synthesis temperature is directly proportional to the particle size.
Transmission electron microscopy (TEM) revealed that the ZIF-67 structures were rhombic dodecahedral [52] (see Fig. 7).

6.3. Synthesis of ZIF-7, ZIF-65-Zn and ZIF-71

ZIF-7 was assembled by coordinating Zn?* with the benzimidazole ligand, while Z1F-65-Zn was synthesized by linking Zn?* with 2-
nitroimidazole. ZIF-71 was formed by linking the Zn?* ion to a 4,5-dichloroimidazole. It has been reported that the synthesis of nano
ZIF-7 and ZIF-71 requires approximately 48 h, with a lower yield of roughly 12 %. Typically, ZIF-71 is synthesized by weighing a
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Fig. 4. SEM images of ZIF-8 at (a) 60 nm, (d) 140 nm, (c) 260 nm, and (d) 480 nm [51].
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Fig. 5. Schematic illustration showing the synthesis of ZIF-67 using various particle sizes [52].
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a)

Fig. 6. TEM images of 300 nm prepared ZIF-67 [52].

powder sample of 110 mg zinc acetate dihydrate (0.5 mmol) and 160 mg 4,5-dichloroimidazole (1 mmol) in 5 mL of DMF and 5 mL of
methanol, respectively. The zinc solution was transferred to a 4,5-dichloroimidazole linker solution, immediately after which the
solution turned milky and the reaction was continuously stirred for 30 min. Precipitates were formed and filtered through centrifu-
gation by washing three times with methanol [53]. The TEM images of ZIF-7, ZIF-65-Zn, and ZIF-71 present cubic-like structures with
an average diameter of 100 nm, 120 nm, and 90 nm, respectively.

6.4. Decoration of SMOs with ZIFs

Nanomaterials play a crucial role in gas sensing applications because they can be synthesized in various morphologies, including
nanorods, nanoflowers, and nanowires. They exhibit higher surface areas and reactivities, which enhance the sensing performance
[37,54,55]. Zero-dimensional (0D) nanospheres or nanoparticles usually have a high surface area but can easily agglomerate,
decreasing gas-sensing performance as the number of active sites becomes narrower [56]. However, the use of one-dimensional (1D)
nanotubes [51,57], nanorods [58], and nanowires [59-61] of SMOs received significant attention for gas sensing applications because
of their higher surface area and higher porosity. 1D nanostructured SMOs have more positive attributes in gas-sensing applications
than OD nanostructured SMOs. Thus, ZIFs are currently prepared through the decoration or encapsulation of nanorods [62] and
nanowires [63] with imidazolate ligands, as shown in Fig. 8. For the preparation of ZIF through the encapsulation of SMOs, the 1D
nanostructured SMOs are primarily prepared through a hydrothermal synthetic method. This was followed by solvothermal treatment,
wherein the prepared 1D nanostructured metal oxide was mixed with the imidazolate linker of interest, depending on the desired
output, in a mixture of two solvents, dimethylformamide (DMF) and water, at a 3:1 ratio. The 1D nanostructured SMOs act as a
structural template for the ZIFs, whereas the ZIFs retain the 1D nanostructured structure, as shown in Fig. 8 (a) and (b) [37].

6.5. The effect of parameters on ZIF-based synthesis

The choice of solvent in ZIF synthesis is critical because ZIFs do not form in water or just any solvents. And among all the
investigated solvents, alcohols (especially methanol) and DMF were suitable for ZIFs. The type of solvent chosen, temperature, time,
and pH lead to the desired morphology, particle size, and surface area, which play a crucial role in sensing [64]. For instance, a higher
surface area results in a high rate of gas molecule adsorption, which enhances gas response during sensing. Different types of
morphology result in different sensing performances; thus, the synthesis of ZIFs is very important [65].

6.6. The effect of thermal, chemical, and pore sizes properties in sensing

Thermogravimetric (TGA) analysis is used to determine the thermal decomposition of materials. Fig. 9 (a) and (b) present TGA
profiles that revealed that ZIF-8 and ZIF-9 lose approximately 17 % weight percentage at the temperature of 180 °C for the elimination
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Fig. 7. TEM images of (a) ZIF-7, (b) ZIF-65-Zn, and (c) ZIF-71 and their respective particle sizes [53].

of NHJ, and become stable until 450 °C, which is equivalent to the decomposition temperature of ZnO [66,67]. The TGA profiles of
ZIF-71 and ZIF-67 are the same (see Fig. 9 (b) and (d)); the materials are stable until they degrade at 450 °C. Some ZIF-based materials
are filled with NHJ in the pores. But generally, ZIF materials are thermally stable until 450 °C [68,69]. In addition, SMOs gas sensors
operate at a temperature between 150 and 400 °C; thus, introducing ZIFs into SMOs does not limit the optimization of the gas sensors
as they can be tested in a wide range of temperatures. Moreover, the thermal stability of the materials is not important enough to be
investigated for sensors that operate at room temperature (about 23-25 °C).

A work reported by K. S. Park et. al, proved that ZIF materials are stable in many solvents. ZIFs, including ZIF-8 and ZIF-11, were
soaked in various solvents such as benzene, water, methanol, and sodium hydroxide separately at their boiling temperatures (80 °C,
100 °C, 65 °C, and 100 °C, respectively) for a week. Periodically, the process was examined and studied under a microscope to study
decomposition or the formation of new structures; fortunately, the immersed ZIFs were found to be stable in various chemical
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Fig. 8. (a) ZnO nanorods and ZnO@ZIF-8 core-shell nanorods, (b) TEM image of ZnO@ZIF-8, and (c) tetrahedral map of ZnO@ZIF-8 [37].

conditions [70]. This factor is advantageous to gas sensing since the analytes cannot be permanently attached or bonded to ZIF-based
materials since most gas sensors use an adsorption-desorption sensing mechanism.

ZIFs are unique materials with different pore sizes, and the pore sizes of ZIFs are controllable during synthesis, which can work as
an advantage to control the selectivity to a gas of interest. The pore diameters of ZIF-8, ZIF-11, ZIF-67, and ZIF-71 are 11.6 A, 14.6 A
[5], 0.32 nm [71], and 4.8 A [711], respectively. Gases and molecules have their specific kinetic diameters; for example, the kinetic
diameters of ethanol, benzene, acetone, and hydrogen range between 2.89 Aand5.85A [72]. Consequently, if the kinetic diameter of
the molecules is smaller than the pore size diameter of the materials, then there is a high probability that the sensor will have poor
selectivity because all the analytes pass through and get detected. In addition, if the material has a smaller pore size diameter than the
kinetic diameter of the vapour analyte, then there is a high probability that there will be no sensing or show small gas responses [73].
ZIFs materials repel water molecules, which is advantageous as the gas sensors are water vapour resistant [9]. With all the advantages
mentioned above, ZIFs are more promising candidates to be utilized in gas sensing than pristine semiconductor metal oxides. The
selectivity of the targeted gas can also be determined by the chemical interaction between the ZIF-ligands and the organic functionality
of the analyte [73,74].

7. ZIF- based sensor strategies and design
7.1. Bi- ZIF gas sensors

In recent years, gas sensors have been developed by combining nanostructured SMOs with carbon-based materials and conducting
polymers. However, the pristine ZIFs (as a single material) performed well in gas sensing due to their unique tetrahedral structure,
higher surface area, and size-exclusion nature, with improved selectivity for the gas of interest. Recently, combining two different ZIFs
exhibited excellent results compared to ZIF as a single material [66]. Bi-ZIF gas sensors are gas sensors fabricated from the combination
of two different ZIFs; the composite can be obtained by combining any two ZIFs from ZIF-7, ZIF-8, ZIF-9, ZIF-11, ZIF-65, and ZIF-68,
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Fig. 9. TGA profiles of (a) ZIF-8, (b) ZIF-9, (c) ZIF-71, (d) ZIF-67.

ZIF-67, ZIF-71, ZIF-90 and more. Fig. 10 shows ZIF-67 and ZIF-8+ZIF-67 chemiresistive sensors for detecting hydrogen gas at 180 °C,
wherein combined ZIF-8 and ZIF-67 showed a 5.1 times higher response than the ZIF-67 sensor alone [75]. Fig. 10 (b) shows the
response relativity of toluene, ethanol, hydrogen, carbon monoxide, and nitrogen dioxide at different concentrations of 10, 25, 50, 75,
and 90 ppm, where all combined ZIF-8 and ZIF-67 sensors showed higher responses than the ZIF-67 sensor. Finally, it was clearly
shown that ZIF alone and its combination derivatives could detect gases using a solid-state gas sensor and have good repeatability,
selectivity, and fast sensing responses. The working temperatures of these sensors are incredibly high, and there are high ignition risks
during the detection of highly flammable gases (hydrogen gas).
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Fig. 10. (a) Real-time chemiresistive hydrogen gas sensing at different concentrations and (b) relative responses of different analytes at different
concentrations for ZIF-67 and ZIF-8+ZIF-67 sensors [75].
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7.2. SMOs@ZIFs composite sensors

The combination of nanostructured ZIFs and SMOs showed improved gas-sensing performance compared to individual materials
such as SMOs and ZIFs sensors. Although solid-state chemiresistive gas sensors have been reported to be effective in sensing appli-
cations, ZnO@ZIF-8 has better sensitivity for detecting formaldehyde than ZnO nanorods, as shown in Fig. 11 (a-d). ZnO@ZIF-8 sensor
is four times more formaldehyde sensitive than ethanol, ammonia, acetone, methanol, and toluene vapours. The introduction of ZIF-8
improved sensitivity because of its unique size-exclusion nature, wherein formaldehyde has a kinetic diameter of 2.43 A and while
2.90 A, 3.60 A, 4.43 i\, 5.25 A are the kinetic diameters of ammonia, methanol, ethanol, acetone, and toluene, respectively. ZIF-8
allows only formaldehyde to pass through the pores easily other than all mentioned VOCs because ZIF-8 has a pore size aperture of
3.40 A. Ammonia has a low response on the ZnO@ZIF-8 sensor. However, it has a small kinetic diameter to pass through ZIF-8 easily
because the ZnO sensor blocks the ammonia response, as shown in Fig. 11 (b). The ZnO sensor has a higher response to formaldehyde
than the ZnO@ZIF-8 sensor at the optimal temperature of 300 °C; however, the ZnO@ZIF-8-based sensor is preferred over the others
because it has higher selectivity than the ZnO sensor and works even with humidity interference [37].

In addition to the use of sensors under humid conditions, bimetallic ZIF-based materials, such as ZIF-67 (Co) and ZIF-8 (Zn) with
ZnO, have been used to fabricate ZnO@ZIF-CoZn sensors. The ZnO@ZIF-CoZn-based sensor showed 20 times higher response and a
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100 times improved LOD than the ZnO-based sensor, as shown in Fig. 11 (e), and the working temperature of the sensor was reduced by
over 120 °C from 385 to 260 °C. The ZnO@ZIF-CoZn sensor responded to gaseous analytes, such as hydrogen, acetone, and m-xylene;
however, the highest sensitivity for acetone was recorded. The kinetic diameter of ZnO@ZIF-CoZn is 5 nm, while the analytes have a
kinetic diameter of 0.3, 0.51, and 0.7 nm for hydrogen, acetone, and m-xylene, respectively. In this case, ZnO played a significant role
by being more responsive to acetone than to hydrogen and m-xylene, and the ZIF-ZnCoZn only improved the sensitivity of the ZnO
sensor [54]. The kinetic diameter of ZnO@ZIF-CoZn did not significantly improve the selectivity towards the gas of interest because all
analytes could penetrate the pore spaces of the material. One way to enhance the selectivity of these analytes is to reduce the dynamic
diameter of the sensing material.

7.3. Metal doping on SMOs@ZIF composite sensors

In addition, the effect of doping on ZIF and SMOs composite sensors plays a crucial role, as shown for ZnO@ZIF-71Co-(0.05) [60].
As shown in Fig. 12, introducing ZIF within the semiconductor-metal-based sensor improves the sensitivity and gas response. The
maximum response of ZnO@ZIF-71Co-(0.005) for acetone detection was obtained at 250 °C. The coating of ZnO@ZIF-71 with Co
atoms showed a significant effect, whereas the sensor with 0.05 g doped with Co metal had 100 times more response than the undoped
sensor, as shown in Fig. 12. The Co-doped ZnO@ZIF-71 sensor with acetone had a 50 ppb LOD and a short response-recovery time. In
addition, ZnO@ZIF-71Co is a suitable sensor for acetone over ethanol, benzene, and hydrogen; advantageously, the sensor is humidity
insensitive. According to the literature, cobalt can catalytically activate the oxygen atoms on ZIF to facilitate gas detection [55].

7.4. The effect of SMOs loading on SMOs@ZIF composite sensor

The effect of SMOs loading on the ZIF for the fabrication of gas sensors affects gas-sensing performance. Fig. 13 shows the impact of
Iny03 and the mass concentration of ZIF-8 in making a composite to detect NOs. The investigated mass ratios of InpO3/ZIF-8 included
8:1, 4:1, and 2:1. In contrast, the sensor with a 4:1 mass ratio showed the highest NO, sensitivity of 16.4, and the sensors with mass
ratios of 8:1 and 2:1 had sensitivity of 10.4 and 4.9 %, respectively. Introducing ZIF-8 onto the transition, InpO3 NRs reduced the
working temperature from 160 °C to 140 °C and all mass ratios’ response and recovery times. In,O3 NRs during the detection of NO, at

a b)1000
( 1)000 | —==2Zn0 ( ) 250 C
_ [—e—ZnO@ZIF-71(C0)-0.05 50 ppm acetone
=[50 ppm Acetone '%
=i | =
£ <100 ¢ ,
3 9
& 10F S
2" 2 .
o f @ 10 |
X 5] % i
T 0l < e
01 1 L 1 1 1 1 1 1 1 1
150 200 250 300 L 0 0.005 0.01 0.02 005 0.10
Temperature (C) d Nominal Cobalt Amount
(c) (d) ——
S L L esponse
1000 r= g:ggi:iﬂ(cm 100+ Acetone .7_500 Linear fit of response
. Acetones.513 D\:o 5’5400_ R?=0.97
= Ethanol.§132 Dfo s
3100 3 § ; \c; 10l Ethanol 3 300F
(O] § é ﬁ [ 15
2 ¥ 4 8 200r K,
O 10 o] o Hydrogen Benzeng() il g
Q ..ﬁ » 0] 8
0 Hydrogen ;M 5.3 c “H----- ----| Y 100} g4l
& 275 i 15} 5
1L 1.7 i Benzene % Tt
F ! i 0.73| © OF 00 02 04 06 08 10
H ' E ' 05 |oe - ' ' :‘\cetone co?centrauon l(ppm
e 0.1 10 20 30, 40 5?
03 04 05 06 ;
Kinetic Diameter (nm) B\cetone concentration (ppm

Fig. 12. (a) Investigation of working temperature showing maximum response for acetone at 50 ppm, (b) investigating the gas response from the
effect of Co doping at 250 °C, (c) response and sensitivity of ZnO@ZIF-71 and ZnO@ZIF-7(Co) sensor for different analytes at their respective kinetic

diameters, and (d) acetone response linearity of ZnO@ZIF-71(Co) sensor [55].
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Fig. 13. (a) Working temperature-dependent response curves of In;O3 NFs and In,O3/ZIF-8 NFs; (b) mean response of NO, concentration in the
chemiresistive sensor (c—j) response curves of NO, at different concentrations on In,O3, (d and h) In,O3/ZIF-8 (8:1), (e and i) In,O3/ZIF-8 (4:1), and
(f and j) In,03/ZIF-8 (2:1) sensors at 140 °C, and (k) is the sensitivity graph of the analytes to their respective sensors [57].

its maximum active detecting temperature of 160 °C exhibited a low response, and the sensor failed to reach the plateau as shown in
Fig. 13 (c); however, the In203/ZIF-8 (4:1) and In,O3/ZIF-8 sensors reached plateau stability during the NO, detection. The presence
of ZIF increases the gas adsorption, as a coating on InpO3 has great gas diffusion to facilitate a high gas response. For application
purposes, using an In,O3/ZIF-8 (4:1) sensor to detect NOs is ideal because it can work even at high humidity between 50 and 70 %

[57].
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Through a literature survey, we tabulated the SMO@ZIF composite to study and understand the effects of ZIFs on SMOs in gas-
sensing applications (Table 1). It provides an overview of the change in gas sensing performance, including the operational tem-
perature, response-recovery time, and detection limit.

7.5. Advantages and disadvantages of SMOs@ZIF, ZIF-ZIF, and metal-doped SMOs/ZIF sensors

SMOs@ZIF, ZIF-ZIF (also called bi-ZIF), and metal doped-SMO/ZIF composite sensors have shown improved sensing responses as
compared to their pristine sensing materials. Improved features include response-recovery time, sensitivity, selectivity, and repeat-
ability. However, all the above mentioned ZIF-based sensors operate at elevated temperatures above 140 °C [54,60,64], which is a
significant challenge owing to their higher energy consumption and increases the risk of causing an explosion because some analytes
are explosive at elevated temperatures (e.g., propane, butane, and Hj). The sensing materials operating at high temperatures undergo
structural changes resulting, in a low lifespan.

7.6. ZIFs-carbon additives composites

ZIFs are reported to have low charge carrier concentrations and high energy bandgaps that arise from their poor gas-responsive
character. Usually, ZIFs are integrated with materials such as SMOs [76], doped with transition metals such as cobalt and palla-
dium [55], or other ZIFs [75] to enhance the sensing performance; however, the working temperatures of these sensors are above
140 °C [57]. Recently, carbon-based materials such as reduced graphene oxide (rGO) [61], carbon soot (CNPs) [9], double-walled
carbon nanotubes (DWCNT) [62]], and multi-walled carbon nanotubes (MWCNT) [77] have become promising candidates for
reducing high working temperature ZIF-based sensors to room working temperature. Working at low temperatures is due to their
higher electrical conductivity and higher surface area, which enhance the gas response. However, carbon-based materials exhibit
metallic behaviour, making them suffer from selectivity towards the gas of interest compared with semiconductor metal oxides [33,
78]. Utilization of carbon materials reduces the risks of ignition or gas explosions since they can work at room temperature (about
23-26 °C). Moreover, carbon materials alone are unsuitable for gas sensing since they exhibit low response, poor selectivity, and
sensitivity. However, carbon additive hybrids improve gas response, response-recovery times, and stability and operate at lower
temperatures. The advantage of using a room temperature operating sensor is that the material cannot experience structural changes,
which improves the lifespan of gas sensors [79].

In addition to ZIFs properties, such as having the ability for pore size tunability [80], which improves the selectivity of gas analytes
based on their kinetic diameters, high adsorption capacity enhances the gas sensitivity response, and the ability to work even in the
presence of humidity [46]. These factors make ZIFs exclusive for gas sensing, but they operate at high temperatures. Moreover,
introducing carbon-based materials into ZIFs is ideal for chemiresistive gas sensors.

7.6.1. ZIF/MWCNT sensor

According to the work reported by N. Jafari et al., the ZIF-8/MWCNT [77] sensor exhibits eleven times improved sensitivity to
formaldehyde compared to the pristine ZIF-8 sensor [37], whereby the operating temperature for the pristine ZIF-8 for the detection of
formaldehyde was 300 °C, and while the ZIF/MWCNT works at room temperature. The ZIF-8/MWCNT sensor exhibited excellent
repeatability (stability), as shown in Fig. 14 (a). The ZIF-8/MWCNT sensor was susceptible to formaldehyde in water, acetonitrile,
ethanol, methanol, and acetone, as shown in Fig. 14 (b), and had a LOD of 5 ppm of formaldehyde.

7.6.2. CNPs/ZnO@ZIF-8 and CNPs@ZIF sensors

The sensor made up of carbon nanoparticles from carbon soot (CNPs), ZnO@ZIF-8, and CNPs/ZnO@ZIF-8 composites detected
methanol vapour at room temperature. In this work, ZnO nanorods are coated with ZIF-8 to have ZnO@ZIF-8. ZnO@ZIF-8 is a good
proposed sensing material because vapours get filtered by the external ZIF-8 before they can interact with the inner ZnO. Thus, this
improves selectivity as the ZIF-8 is designed to have a specific pore diameter that does not allow some vapours to pass through. In
addition, as reported, the ZnO@ZIF-8 shows improved sensitivity as compared to gas sensors made up of pristine ZnO and ZIF-8 [37].
ZnO@ZIF-8 sensors did not respond to any of the VOCs (methanol, ethanol, 2-propanol, acetone, chloroform, and ethyl acetate) tested

Table 1

Summarized gas sensing properties of different analytes on SMO@ZIF-composite sensors.

Analyte Sample T Response t/res (s) t/rec (s) LOD Ref
°C

Ethanol ZnO@ZIF-71 150 13.4 194 442.2 21 ppb [45]
ZnO 150 2.57 419 988 207 ppb [45]
H,S WOs@ZIF-71 250 19.12 118 431 0.67 ppm [58]
HCHO WO3 250 2.24 221 308 4.7 ppm [58]
NO, ZnO@ZIF-8 300 14 16 9 5.6 ppm [371
ZnO 300 18 - - - [37]
In,03@ZIF-8(4:1) 140 - 80 133 - [571
In,03 140 - 1302 1609 - [571

No value (-).
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Fig. 14. (b) ZIF-8/MWCNT sensor showing formaldehyde response and repeatability investigation at a concentration from 5 to 100 ppm (b) ZIF-8/
MWCNT sensor response to different analytes at 100 ppm [77].

at room temperature, but the pure CNPs sensor responded to VOCs showing little change in responses as the vapour concentration
increases (see Fig. 15) [81]. In addition, CNPs/ZnO@ZIF-8 composite showed a 125 times improvement in methanol vapour response
compared to the CNPs sensor. However, the extreme changes in methanol response were mainly due to the synergic effect. The
CNPs/ZnO@ZIF-8 sensor showed that the gas response is directly proportional to the concentration of methanol and ethanol (see
Fig. 15 a-d). The sensor has the quickest response time of 49 s and quickly recovered within 47 s during the detection of methanol
vapour. The sensitivity of the gas sensor was optimized by varying the mass amounts of CNPs while the amount of ZnO@ZIF-8 was kept
constant (see Fig. 15 e, f, and g). The ZIF-based solid-state gas sensors resist humidity during VOC detection, as experimentally shown
in Fig. 15. The dynamic response of CNPs/ZnO@ZIF-8 composite gas sensor at different relative humidities on detecting methanol, i.e.,
33 %, 53 %, and 61 %, has shown a response value of 35.4 Q, 37.8 Q, and 39.2 Q, respectively. The gas sensing responses changed
slightly, showing a change percentage of about 5 % in relative response from 33 % to 61 % relative humidity, indicating a high re-
sistivity towards water molecules. The response time of the CNP/ZnO@ZIF-8 sensor during the detection of methanol vapour is
directly proportional to a change in humidity (see Fig. 15 b) [81].

The carbon soot/ZIF-71 (also written as CNPs/ZIF-71) composite sensor detected acetone vapour at room temperature, and its
relative response is directly proportional to the change in acetone concentration, as shown in Fig. 16c¢. The detection of acetone vapour
using a CNPs/ZIF-71 composite sensor was investigated at different humidity conditions, i.e., 28 %, 40 %, and 60 %, showing relative
response values of 1.6 Q, 1.5 Q, and 1.3 Q, respectively (Fig. 16 d). It is clearly shown that the relative response of acetone vapour is
directly proportional to humidity, although it shows little change in relative response. But it proved that the ZIF-based sensors are
hydrophobic, mainly because they are humidity-resistant [9]. Table 2 summarizes the sensing performance of ZIFs. As a single ma-
terial, ZIF detects vapour analytes at higher temperatures [44,75]. Only a few studies have reported on detecting vapours using a
pristine ZIF. They have a slow response time during the detection of gases, as summarized in Table 2. The sensing performances of
ZIF-carbon additive sensors are summarized in Table 3.

7.6.3. Low-temperature operation, electronic structure of ZIFs-carbon additives

Nowadays, it is clear that combining carbon materials with semiconductor metal oxides enhances gas sensing performance. Based
on their electronic structure, ZIFs are considered to fall under the class of semiconductors because of their wide bandgap. The band gap
of ZIF-7, ZIF-8, ZIF-9, and ZIF-67 is 4.8 eV, 5.2 eV, 3.2 eV, and 4.3 eV [84], respectively, while the band gap of carbon materials is more
like metals. The band gap of carbon material is very low, the band gap of carbon soot, carbon nanotubes, and graphene is about 0.1 eV
[85,86]. It is known that ZIFs are mainly n-type based and carbon materials have the p-type behaviour of semiconductors.

Moreover, ZIF-carbon material hybrids from p-n or heterojunctions with a lower band gap exhibit better gas sensing performances
than a single material. The heterojunction is the interface between the ZIF material and the carbon material, wherein the work function
decreases, and the composite’s conductivity increases compared to pure ZIFs, which leads the sensor to operate at lower temperatures
[87,88]. The discussed mechanism needs more experimental work to prove the theory.

The gas sensing performance does not depend only on the electronic structure; other factors that also contribute to sensing are the
ability of the material to adsorb gas molecules and morphological variations. Single active layers, carbon-based and ZIF- materials, do
not produce satisfying sensing performance; the limitations are that the single components have deficient physical and chemical
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Fig. 15. Dynamics response-recovery curve of sensor F (a) and (c) for methanol and ethanol vapour, respectively, and their corresponding cali-
bration curve for methanol and ethanol (b) and (d), respectively. Response-recovery times of methanol on sensor F (d), the sensitivity of the sensors
towards various organic vapour (e) for sensors A and B; (f) for sensors C and D; (g) for sensors E and F; (h) the response-recovery profile of sensor F
Eowards methanol [81].
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Fig. 16. (a) Humidity bar graph of CNPs/ZnO@ZIF-8 sensor during the detection of acetone vapour, (b) relationship between response time and
relative humidity of CNPs/ZnO@ZIF-8 sensor [81], (c) response curve of acetone vapour using CNPs/ZIF-71 sensor and (d) dynamic response of
CNPs/ZIF-71 sensor using acetone vapour at different humidity conditions [9].

Table 2

Summarized pristine ZIF sensors and their sensing performances.
Analyte Sample Temp Response (Ohms) t/resp (mins) t/recov (mins) Ref

°C

Formaldehyde ZIF-67 150 13.9 at 100 ppm - - [44]
Toluene ZIF-67 180 1.1 at 90 ppm 150 - [75]
Hydrogen ZIF-8+ZIF-67 180 7.2 at 90 ppm 186 - [75]
Hydrogen ZIF-67 180 1.5 at 90 ppm 132 - [75]

No value (-).

properties. ZIF materials sensors improve selectivity towards the gas of interest and humidity interferences; those sensors cannot
operate at room temperature. Carbon materials can operate at room temperature, but the lack of selectivity towards the targeted gas
and the fact that they are easily affected by humidity are significant drawbacks; however, the ZIF-carbon material has a hybrid
synergetic effect on gas sensing. Room temperature sensors are highly recommended to save energy consumption and increase sensor
lifespan [89].
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Table 3
Gas sensing properties of ZIF and carbon additives combination operating at room temperature.
Analyte Sample Response (Ohms) t/res (s) t/rec (s) LOD Ref
Acetone ZIF-8/MWCNT 0.4 at 20 ppm 59 58 1.7 ppb [82]
Ammonia ZIF-8/CNT 20 at 100 ppm 120 300 208 ppb [83]
Ethanol CNPs/ZnO@ZIF-8 9 at 21 ppm - - - [81]
Acetone ZIF-67 /carbon soot 2 at 16.7 ppm 53 43 484 ppb [9]
Ammonia ZIF-8/1GO 0.9 at 30 ppm 63 52 74 ppb [77]
Methanol CNPs/ZnO@ZIF-8 20 at 30 ppm 49 47 60 ppb [81]
No value(—).

7.6.4. Advantages and challenges of using carbon/SMOs-ZIFs and ZIF-carbon additives hybrids

The presence of carbon material in sensing has received considerable attention in gas-sensing applications because of its ability to
work at room temperature [9 [61,62,77]. However, there are some drawbacks to using pristine carbon materials in gas-sensing ap-
plications, including poor selectivity, low sensitivity, and high reactivity to polar-based analytes such as ammonia, water, and nitrogen
dioxide [59]. Carbon-based sensors are known to have poor reproducibility performance for real-life applications, sensors should have
good reproducibility and selectivity [59,76], which is why SMO-carbon and ZIFs-carbon additives grow intensively. Unfortunately, the
amounts of carbon materials and ZIFs needed to make a composite that performs very well resulted in no drawback. Having a lot of
carbon material in a ZIFs-carbon composite may result in poor selectivity, low sensitivity, responsiveness to humidity, and poor
repeatability. Therefore, getting appropriate amounts of carbon and ZIFs as reagents is still under research. In addition, ZIF-carbon
sensors should exhibit a higher gas-sensing response than high-operating sensors.

7.7. The future room temperature gas sensors

Most gas sensors, including SMO-based sensors and ZIF-based sensors, operate at high temperatures of approximately 140-400 °C,
resulting in high sensitivity and response [90-96]. The fabricated sensors are attached to small heaters to obtain a high working
temperature; however, the heaters are costly, and high temperature-based sensors lead to increased power consumption. Thus, there is
a need for room-temperature gas sensors; however, these sensors have higher sensing responses than room-temperature (carbon--
based) sensors [97]. The major drawback in both high and low-operating temperature sensors is that most of them suffer from
selectivity, and carbon-based sensors suffer from humidity as well, which opens the ZIF-carbon material hybrid sensors’ field of
research because they can work in the presence of moisture and at room temperature. Gas selectivity is possible through ZIF pore size
tunability. The ZIF-carbon hybrid sensors are expected to grow rapidly as promising future sensors to assist the system owing to their
low working temperature, high surface area, pore size tunability, good absorption capacity, and good electrical conductivity [37,51,
57]. All of these excellent properties positively impact the improvement of chemiresistive gas sensors.

Conclusion and future perspectives

This review discusses the growth of ZIF-based gas sensors from high working temperatures to energy-saving sensor devices. We are
in the fourth industrial revolution (4IR), rapidly changing the world with advanced artificial intelligence technology. The world is
developing suitable materials for gas sensors that can allow devices to work at room temperature and have good sensing performance.
Gas devices will not only be installed in buildings and areas where toxic gas can escape but might soon be integrated into our cell
phones and tablets. Thus, carbon-ZIF-based composites are promising sensing materials for gas sensing devices because of their ability
to work at low temperatures, cheap synthesis, and longer life span. However, these materials need improved properties to enhance
their sensitivity and fast recovery response. ZIF with nanorod (SMOs@ZIFs) networks are promising candidates for use in real gas-
sensing applications, but other morphologies have room to be explored for sensor performance improvement. Cabon/SMO@ZIFs
and ZIF-carbon additive composites exhibit improved sensing performance than their single materials, a synergetic effect occurs when
combining the materials. Inexpensive ZIF-based sensors improve the selectivity towards the gas of interest by reducing the pores of the
materials and working in the presence of humidity; only a few reports are available on room-temperature ZIF-based gas sensors.
Among the various strategies to improve ZIF-based sensors, ZIF-carbon materials were found to be more promising as they operate at
room temperature. However, the appropriate amounts of ZIFs and carbon materials are under research to form good heterojunctions
that do not possess drawbacks.
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