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Abstract: Gas sensing materials, such as semiconducting metal oxides (SMOx), carbon-based materi-
als, and polymers have been studied in recent years. Among of them, SMOx-based gas sensors have
higher operating temperatures; sensors crafted from carbon-based materials have poor selectivity
for gases and longer response times; and polymer gas sensors have poor stability and selectivity,
so it is necessary to develop high-performance gas sensors. As a porous material constructed from
inorganic nodes and multidentate organic bridging linkers, the metal-organic framework (MOF)
shows viable applications in gas sensors due to its inherent large specific surface area and high
porosity. Thus, compounding sensor materials with MOFs can create a synergistic effect. Many
studies have been conducted on composite MOFs with three materials to control the synergistic
effects to improve gas sensing performance. Therefore, this review summarizes the application of
MOFs in sensor materials and emphasizes the synthesis progress of MOF composites. The challenges
and development prospects of MOF-based composites are also discussed.

Keywords: metal-organic framework; semiconducting metal oxides; carbon-based materials; poly-
mers; gas sensing; composites

1. Introduction

Human beings live in the world and perceive nature through a variety of senses.
The use of senses cannot always provide the information needed, which prevents humans
from understanding nature perfectly, so we have begun to use some natural materials to
extend our senses as well as scientific aids to create devices to obtain information in the field
of nature and production. The invention of sensors allows people to detect the existence of
various substances or phenomena that cannot be naturally sensed. These tools dramatically
facilitate the production of human life. Many toxic, harmful, flammable, and explosive
gases in energy production are colorless and tasteless, or at certain concentrations develop
these characteristics. Therefore, people have made gas-sensitive sensors, which are used to
detect the composition or concentration of these gas tools.

To date, there have been many studies regarding gas sensing, and researchers have
discovered a variety of materials that can be used to detect gases. Semiconducting metal
oxides (SMOx, such as SnO,, ZnO, NiO, CuO, etc.) are popular materials and widely
applied in gas sensing [1-4]. Semiconductor metal oxides-based sensors can detect a wide
range of gases due to their higher sensitivity, shorter response/recovery times, relatively
lower cost, and higher level of reliability compared to other sensing materials [5]. However,
the sensing performance of semiconducting metal oxide-based sensors is poor due to
the influence of specific surface area, surface defects, morphological characteristics, and
adsorption capacity of semiconductor materials [6-11]. Meanwhile, some SMOx may suffer
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from cross-sensitivity to other gases (especially water vapor) although they are highly
sensitive to certain low concentrations of inorganic gases and volatile organic compounds
(VOCs) [12,13]. Furthermore, the sensors usually require high operating temperatures
(200-600 °C), which means that they require high energy and high power to use and
are not suitable for real-life production applications [14]. In addition to SMOx, there are
other materials used for gas sensing applications, such as carbon-based materials with
both a larger specific surface area and the ability to prepare devices that can operate at
room temperature, but they are less selective and have longer response times for gases
as well as poorer reproducibility [15]. Two-dimensional transition metal dichalcogenides
(TMDs) have a high specific surface area and unique semiconductor properties with
a tunable bandgap. Nonetheless, the response times of the prepared gas sensors are
slow and usually reverting to the reference resistance [16]. Its surface may be partially
covered by oxygen or moisture in the surrounding atmosphere, resulting in poor sensing
performance and long-term stability [17]. Conducting polymers with active functional
groups in their structure and their complexes with other polymers have also been used
as active layers for gas sensors [18]. Conductive polymers have many interesting sensing
properties, including high sensitivity and short response times at room temperature, thus
reducing energy consumption [19]. However, the poor processing properties of conductive
polymer material limits the use in practical applications, while a single conductive polymer
gas sensor has disadvantages such as poor stability and selectivity. In 2011, Michael
Naguib et al. [20] synthesized a layered transition metal carbide or nitride (MXenes).
The MXene has a high surface area and adjustable morphology and chemical properties
that are suitable for the adsorption of various gas molecules [21,22]. However, compared to
metal oxide semiconductors, its sensitivity is lower and easily restacked; thus, it is currently
receiving less attention.

In 1995, scientists proposed the term metal-organic frameworks (MOFs), which are
porous coordination polymers composed of metal ions and organic linking groups. MOFs
not only have high porosity, large specific surface area, and multiple coordination sites,
but they also have tunable structures and diverse functions [23]. These features allow
MOFs to be used in a variety of applications, including gas storage and separation [24],
catalysis [25,26], energy applications [27], etc. Among them, the unique gas storage and
separation properties of MOFs make selective chemical sensors possible [28]. Due to
the unique porous structure of MOFs, gas molecules can be easily accessed and transported.
Gas molecules can be adsorbed on the active sites of MOF, including metal ions and
functional groups in organic ligands [28]. The sensors can also exhibit high molecular
transport rates and are easily modified, and most importantly, many of the sensors prepared
in the current study can be used at lower temperatures. For example, Valeriya et al. [29]
synthesized a capacitive sensor that can detect SO; at room temperature. Although MOFs
have excellent properties, there is not much research on the use of MOFs in gas sensing,
and the author found that the main reason is that there are several problems with the use
of pure MOFs.

(1) Most pure MOFs are not stable, and some of them are sensitive to link-displacement
reactions (LDRs) when treated with solvents for a long time, so they cannot be used
in chemically extreme conditions [23]. Due to the organic content, the decomposition
temperatures of MOFs typically range from 300 to 500 °C [30]. Due to the fragile nature
of the metal/ligand junction, some MOFs have poor water stability, and water vapor can
destroy their structure [31-33].

(2) MOFs are limited in the types of gases they can detect and only respond to some
specific gases [28].

(3) Sensors based on resistance changes are the most straightforward sensors. How-
ever, the inherent conductivity of most pure MOFs is low, which limits their application in
the field of electronic sensors [34—41]. This is due to the way they are constructed. The metal
ions in MOF are hard, and redox inert organic ligands connected with metal ions do not
promote electron transfer. As such, most pure MOFs cannot provide free charge carriers
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and charge transport paths [42]. However, in recent years, some strategies have been
adopted to improve the electrical conductivity of MOFs. There have been many reports to
improve the electrical conductivity of MOFs by increasing the conduction pathway. Two-
dimensional (2D) electrically conductive MOFs (EC-MOFs) can be synthesized, which have
better conductivity because of the facilitated charge transfer between layers. Moreover,
EC-MOFs have high porosity, which provides a possible platform for the development of
chemosensitive sensors [41]. It is also possible to use some redox active ligands in MOFs
to establish 7t-7r stacking channels, thereby enhancing conductivity [43,44]. Apart from
modifying the structure of the MOF, donor-acceptor interactions, mixed valence, and other
methods can also be used [45]. Although a large number of conductive MOFs have been
synthesized and reported, it is still necessary to consider whether these conductive MOFs
are feasible in practical applications. Most MOFs have poor water stability [46,47]. If we
want to use MOF for gas sensing, we have to consider the effect of water vapor, so we
need to ensure its chemical stability. However, it is obvious that many conductive MOFs
are not suitable for such applications. For those MOFs with excellent water stability, their
electrical conductivity is still low, so it is still a challenge to develop conductive MOFs as
gas-sensitive materials [48].

(4) The MOF powders are generally obtained in conventional synthesis, which have
low mechanical strength and poor processability [49-51]. Moreover, the sensitivity of
the sensor obtained from the powder for gas detection is low, so it needs to be made into
thin films (MOF membranes) for sensing [52].

(5) Although the problems associated with poor selectivity of chemical sensors can be
solved through the introduction of MOF membranes, gas sensors prepared from pure MOF
membranes have some limitations, and their synthesis may require more stringent and
harsh growth conditions. Additionally, MOF membranes are generally processable [52].
There have been many breakthroughs in these issues; however, more research and system-
atic summaries are needed.

Although it is challenging to use MOFs directly as sensing layers due to their usually
poor electrical conductivity, their unique porous structures, and large specific surface
area they can be used to facilitate gas adsorption and diffusion, and the pore size and
morphology of MOF materials can also be adjusted by selecting different metal ions [53].
Additionally, some MOF materials have good structural stability, and organic ligands can
be easily decomposed into gases by high-temperature calcination, which not only retains
the original structure, but also can more effectively form porous and hollow structures [54].
Therefore, many materials such as metal oxides or carbon composites can often use MOF
materials as sacrificial templates, while materials prepared by pyrolysis or calcination of
MOF have a porous structure and can be used for gas detection [20,55]. However, these
improved materials still have poor detection performance for low concentrations of VOC
gases, especially undetectable ppb or sub-ppm detection responses, and have severe signal
drift as well as relatively low selectivity [56-59]. In addition, the calcination temperature of
the MOF porous structure needs be controlled to avoid the collapse of the structure after
calcination [60].

The design of microporous and conductive materials requires the obtaining of efficient
gas sensors [61]. Since MOF can provide microporosity, we can develop different plat-
forms based on MOF composites to overcome this challenge, such as solving the various
drawbacks of MOF, enhancing the conductivity, and improving the sensing performance
for gases by the synergy between the materials [30]. Compared with conductive MOF,
MOF-based composites have outstanding advantages. MOF in the composites still retains
its own advantages, including a large surface area, high porosity, and tunability of frame-
works [62]. At the same time, the properties of the other material remain in the composite
materials, such as stability.

In addition, due to the large specific surface area and the high porosity of the MOF,
there are many studies on gas-phase adsorption of MOF materials, which can be used
to remove certain gases. The advantage is that the adsorption can be performed at low



Chemosensors 2021, 9, 226

4 of 56

temperatures; thus, it exhibits low energy consumption, low cost, easy operation, and
less harmful by-products. The problems that still need to be solved are how to improve
the selectivity of the MOF material and the adsorption capacity of the target gas. It is found
that by combining MOF materials with suitable materials that the gas removal and storage
and separation capacity—especially the carbon dioxide capture capacity—can be improved,
which is one of the key applications of MOF composite materials [63]. We speculate that if
detection can be performed when these composites selectively adsorb gases, sensing and
adsorption of gases can be achieved at the same time, which can be a double benefit for
some industrial productions.

MOFs have been successfully compounded with SMOx [64,65], metal nanoparti-
cles [66,67], carbon-based materials [68,69], polymers [70,71], silica [72,73], and quantum
dots [74,75]. Figure 1 summarizes the number of publications on gas sensing of MOF-
based composites and MOF-derived composites in recent years. It can be seen that this is
a developing field. This review summarizes the sensing properties of MOF composites for
gas sensing. The composites that are summarized combine MOF with inherently capable
materials of gas sensing, including MOF-metal oxides, MOF-carbon based materials, and
MOF-polymers. Additionally, this paper considers the enhanced properties and problems
in gas sensing and gas adsorption of the above-mentioned materials when compounded
with MOE. It should be noted that the literature corresponding to these composites in
gas sensing is relatively limited at present, so some conclusions are only inferences based
on the existing literature and may not be extensive; more experiments are needed to jus-
tify the inferences in the future. We hope that the information in this review related to
the preparation and application of MOF composites as gas sensors can provide ideas and
directions for other groups’ research.
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Figure 1. Number of publications on gas sensing of MOF-based composites and MOF-derived
composites in recent years (data from ISI Web of Science up to 31 December 2020).

2. MOFs-Semiconducting Metal Oxides Composites
2.1. Sensing Mechanism of SMOx and Limitations

SMOX, such as SnO,, ZnO, In, O3, WO3, NiO, CuO, etc., are the main materials that
are currently well studied and used in gas sensing [76]. The chemical resistance sensing
mechanism of most constant valence metal oxides is roughly as follows: the SMOx is placed
into the air, the oxygen molecules in the air are adsorbed on the surface of the material, and
the electrons of the oxygen molecules are captured by the oxide and simultaneously form
chemisorbed reactive oxygen O,~, O™, and 02~ . Note that when reactive oxygen is formed,
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it generally depends on the temperature: O, generates below 150 °C, O™ develops in
the range of 150 to 400 °C, and 0%~ generates above 400 °C, which leads to a change in
conductivity in the near electron-withdrawal region of the surface [77]. Additionally, when
exposed to a reduction or oxidation, the target gas adsorbs on the surface of the SMOx and
reacts with oxygen on the charged surface and the conductivity of the SMOx is changed
by varying the carrier concentration in the space charge layer. The response is reflected
according to the change in conductivity before and after the exposure of the target gas [78].

SMOXx sensors are widely used to detect a wide range of gases with relatively low
cost and high reliability [3]. However, sensitivity, selectivity, response and recovery times,
detection limits, and long-term stability of the sensing material are more important for gas
sensors, which are usually influenced by the composition, structure, and morphology of
the material. SMOx-based sensors currently suffer from several limitations: (i) Their sensing
performance is not high enough due to the influence of specific surface area, surface defects,
morphological characteristics, and limited adsorption capacity [79]. (ii) Their selectivity is
poor due to their sensing mechanism, which may have multiple gas molecules with similar
sensing activity resulting in resistance changes and thus making a single sensor unable to
identify a gas correctly [80]. (iii) Although MOX gas sensors are sensitive to some inorganic
gases and volatile organic compounds (VOCs), water vapor is usually present in the air and
is one of the main combustion products of combustible gases. Water molecules will interact
with oxygen adsorbed on the surface of the oxide by forming hydroxyl groups, which due
to the sensing principle, will change the carrier concentration and thus the conductivity
as well as creating cross-sensitivity [78]. (iv) Since low temperatures are not sufficient to
overcome thermal barriers and trigger gas induction reactions, the operating temperatures
required are generally high (200-600 °C), indicating that high energy and high power are
required for practical life production applications [14].

In response to these existing problems, various solutions have been explored in
the past decades. The mechanism of gas sensing of SMOx materials is a resistive response
process occurring on the surface. The surface properties of the sensor, such as composi-
tion, crystal structure, morphology, and microstructure (e.g., roughness, porosity, grain
size, etc.), are the key parameters that affect the sensing response. These parameters affect
the sensitivity, selectivity, and response recovery time of the sensor, as well as the stability
of the sensing material over time [79]. Therefore, it can be speculated that increasing
the specific surface area is one of the effective ways to improve the gas sensing properties of
the material. It has been found that porous SMOx possess improved gas-sensitive proper-
ties due to their large specific surface area, so the preparation of porous nano-metal oxides
with large specific surface area and abundant reactive sites is also a promising approach.
The preparation of SMOx by thermal decomposition of precursors has attracted much
attention because of its high efficiency and low cost [23]. However, this material cannot
address other limitations and cannot detect responses at the ppb or sub-ppm level [81].
In addition, experimental studies have found that methods including ion doping [82],
modification using noble metals [83], hybridization with catalysts, and functionalization
with sensing probes [84,85] or the use of heterostructures [86] can also improve gas sensing
performance. Remaining challenges include the ability to further enhance selectivity for
molecules with a similar sensing activity and dealing with interference with water vapor.
This has inspired the idea of improving gas sensing performance by developing composite
materials, i.e., using gas-sensitive metal oxides combined with other materials to improve
the limitations of a single material [78].

As described above, MOF materials have high porosity and large specific surface area.
The unique gas storage and separation properties of MOFs can improve the selectivity.
Nevertheless, many MOFs have relatively low conductivity, meaning that single MOF
materials cannot directly apply for resistive sensing applications [38]. Therefore, combining
the advantages and disadvantages of SMOx and MOFs in sensing performance, composite
structures of SMOx and MOFs are designed, and a sensor with excellent performance is
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developed by using the sensing characteristics of SMOx and the molecular sieve effect of
MOF, which is extremely attractive [87].

2.2. Selection of Composite Materials with SMOx and MOF

There are many sources and preparation methods of SMOx that can be used as active
sensing materials, so we will not explain in much detail. The metal ion source and organic
ligand source are essential for the preparation of MOF, thus the metal source of MOF
is crucial for the successful synthesis of SMOx and MOF composites [88]. At present,
few studies on SMOx and MOF composites have been reported because there are only
a few sources of metals used for the initial conversion of MOF. This review summarizes
the sensing performance of some sensors based on SMOx and MOF composites for certain
gases in recent years, as shown in Table 1. Most SMOx materials are ZnO with a small
number of other oxides, while MOF materials are from the ZIF family. According to
the literature, some reasons are summarized as follows.

Table 1. A brief summary of the gas-sensitive properties of gas sensors prepared from composites of MOF and MO.

Material o TEetGas TR pepn  RespomseRecovery pprag o Detection g
ZnO@ZIF-8 Hy 50 ppm 300 1.44 - 1760 + 260 - [89]
ZnO@ZIF-8 formaldehyde 100 ppm 300 ~13 16/9 307.4 5.6 ppm [80]
erl‘g%irz‘? acetone 10 ppm 260 27 432/612 - 0.0019 ppm  [12]
ZnO@ZIF-8 H, 50 ppm 250 328 - 4813 - [90]
ZnO@ZIF-8 H, 10 ppm 125 ~52 100/20 - ~1.9 ppm [91]

e ~20 ~84 ~40
ZiOOZES  chamolacetmeand 30 o - 2 - 2]
benzene 50 ppm
~240 ~10
SnO,@ZIF-67 CO, 5000 ppm 205 16.5 +2.1% 184 +£3.5/255 £ 4.5 501 - [93]
In,O3/ZIF-8 NO; 1 ppm 140 16.4 80/133 528.2 10 ppb [53]
ZIF-8/ZnO HyS 1 ppm 25 18.70% 420/642 145.5 50 ppb [94]
S ethanol 10 ppm 150 13.40% 194.37/442.17 s 21 ppb [95]
acetone 5 ppm 150 38.90% 195.9/535.5 3 ppb
AuZnOazl > acetone 100 ppm 275 231 180/60 - 0.0034ppm  [96]
ZnO@ZIF-8 H, 275 ~47.5% 50/130 - - [87]
WO,@ZIF-71 H,S 20 ppm 250 19.12 118/431 - 0.697 ppm [88]
ZnO@ZIF-71(Co) acetone 50 ppm 250 513 71/53 - 50 ppb [97]

The first is the choice of MOF material, which requires an improvement of the selectiv-
ity of metal oxide-based gas sensors, a reduction of the cross-sensitivity to water vapor, and
an increase in the stability of the MOF material. According to these criteria, the advantages
of the ZIF family were found. Zeolite imidazolate skeletons (ZIFs) are MOF materials with
a tetrahedral-type three-dimensional mesh structure, which are similar to zeolites that
consist of tetrahedral MN, (M = metal cations, such as Zn(II) and Co(Il)) and tetrahedral
clusters that are connected by imidazolate ligands with ultra-high porosity and substantial
internal surface area [98,99]. Moreover, it is found that due to the chemical tenability and
structural flexibility, the metal cation can be replaced by another metal without changing
its topology [100,101]. Additionally, after changing the metal ion or organic ligand, the ZIF
pore size can be easily changed to adjust the gas sieving ability of ZIF, which provides an ef-
fective method to improve the controllable selectivity of the sensor [23,34,102]. In addition,
ZIF was considered a hydrophobic material in some reports. [103]. In fact, the diffusion
of water in ZIF materials cannot be completely inhibited. Only the absorption of water is
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negligible compared to the absorption of other gases [78]. This advantage of ZIF can be
used to improve the resistance of SMOx to humidity.

From the table, it is known that ZIF-8 and ZIF-71 are the more used MOF mate-
rials, both of which have zinc metal ions, but the organic ligands are different, with
2-methylimidazole (mlIm) for ZIF-8 and 4,5-dichloroimidazole (dcIm) for ZIF-71, and their
structures are also different. Different organic ligands have different pore sizes, with
a smaller pore size of 3.4 A for ZIF-8 and 4.8 A for ZIF-71 [100,104]. Therefore, for gas
detection, ZIF-8 is usually used to detect smaller gas molecules (e.g., Hy, formaldehyde,
etc.) [80,91], while ZIF-71 is used to detect larger gas molecules (e.g., ethanol, acetone,
etc.) [95]. In addition, although ZIF-71 is slightly less insensitive to humidity than ZIF-§,
it can still be used to reduce the cross-sensitivity of water vapor [80]. Apart from ZIF-8
and ZIF-71, ZIF-CoZn and ZIF-67 (metal ions are Co?") have also been reported as MOF
materials compounded with SMOXx, ZIF-CoZn is isostructural with ZIF-8 and ZIF-67 and
have different thermal stabilities. ZIF-8 has the highest thermal stability up to 330 °C;
ZIF-67 has relatively poor thermal stability and the structure cannot be maintained above
220 °C and ZIF-CoZn ranges between 220 °C and 330 °C [12].

Additionally, due to the adjustable molecular sieve effect, relatively good hydropho-
bicity, and thermal stability, the author deduces that another reason for choosing ZIF as
MOF material may be due to its synthesis method, which is related to the choice of SMOx
and will continue to be expressed below.

Next, comes the choice of oxides. As can be seen from the table, most of the oxides
chosen are ZnO and a few are other SMOx. These works of literature show that many
MOS and MOF composites are core-shell structures, and their preparation method is
the oxide sacrificial template method. In brief, this method is to put MO into the solution of
the linking group. SMOX, as a metal ion source, releases the metal cations needed for MOF
synthesis through partial dissolution and reacts with organic ligands in solution under
appropriate conditions to generate MOF materials. Therefore, we speculate that the use of
ZnO as a metal oxide is more frequent due to the choice of MOF materials, and most of
them are ZIF-8 and ZIF-71, both of which have Zn ions as metal ions. Additionally, the use
of ZnO can be used as a substrate for the coating of MOF materials in addition to being
a source of providing zinc ions, and it was found that the morphology and size of the core-
shell heterostructures of MOFs can be directly controlled by the template [80,90,105,106].
For other metal compounds such as InpO3 and WOs3, the researchers found that the MOF
materials were also doped with ZnO inside the oxide or pretreated with ZnO on the surface
before synthesizing the composites [53,88].

Although the synthesis method of MOF@SMOX is relatively simple at present, some
reports can give us inspiration. Julien et al. [107] used a mechanical synthesis method to
prepare MOF materials. They used water as a grinding liquid, and then mixed ZnO and
Hydhta, the precursor of the organic ligand, to obtain Zn-MOF-74 with low density. If this
method of directly synthesizing MOF with metal oxides and a small number of solvents
can be extended to MOF materials of metals other than zinc, it may provide some new
ideas and directions for the preparation of MOF@SMOx.

For MO and MOF composites, there are more oxygen vacancies due to the presence
of MOF material. In addition to the core-shell structure, the lattice mismatch between
the core-shell leads to the appearance of more defects, which provides more active sites and
thus leads to a higher response. Moreover, it has been shown that energy band bending
occurs at the core-shell interface, which promotes spontaneous carrier transfer, so there is
no need for higher temperatures to provide a large amount of energy. Its optimal operating
temperature is greatly reduced compared to that of pure metal oxide-based gas sensors [91].

Having understood the choice of materials and their advantages, here is a look at how
this composite material has evolved in recent years.
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2.3. Development of SMOx@MOF Composites

Summarizing from the limited literature, the development of SMOX@MOF composites
is divided into four parts.

2.3.1. Detection Using Molecular Sieve Only

Earlier studies are ZnO@ZIF-8 materials, and detection of gases is limited to Hp and
formaldehyde. In 2016, Martin Drobek et al. [89] reported encapsulating ZIF-8 on ZnO
nanowires, to achieved improved selectivity for Hj relative to C;Hg and C4Hg at 300 °C
using only the molecular sieving effect of ZIF-8. The response is reduced compared to
the original ZnO sensor, which they attribute to the limitation of H; diffusion through ZIF.
By increasing the number of pure ZnO nanorods, Cui et al. [91] reduced the proportion of
insulating ZIF in materials, thus improving the response to H. The synthesized ZnO@ZIF-8
core-shell microrod gas sensor also reduced the optimal operating temperature for detecting
H, to 125 °C. Although the response is higher, the response-recovery rate remains lower
than that of pure ZnO due to the limitation of H, diffusion by ZIF-8.

From the above examples, it can be seen that there are two problems with the detection
of gases using only the molecular sieve effect of MOF. The gas type is relatively limited to
small molecules, and the response rate of the gas is slow due to the obstruction of diffusion.

2.3.2. The Improvement of Response Rate

The limitation of the target gas due to diffusion in ZIF is a problem to be solved.
The team of Wu et al. found two successive solutions for the detection of Hy, which are
simply the thinning of the MOF layer or the reduction of the MOF loading. One approach
is to obtain a thin shell of ZIF-8 with fine grains by tuning the reaction conditions. MOF
membrane promotes the diffusion of Hy, while the fine particles inhibit the flexibility
of the framework of ZIF-8, thus weakening the molecular sieve effect and improving
the selectivity for small molecules of Hj [90]. The other method they proposed was partial
loading [94]. Instead of a core-shell structure formed by ZnO and ZIF-8, ZIF-8 is partially
attached to the surface of ZnO nanorods in the form of particles. Thanks to ZIF-8, this
provides a larger surface area and more active sites, and allows the target gas (HS) to reach
the exposed ZnO surface. Therefore, compared to the sensor with a complete ZnO@ZIF-8
core—shell structure, the hindrance of diffusion of the target gas to the ZnO is significantly
reduced. The morphologies of the resulting composites for both methods are shown in
Figures 2 and 3. It can be seen from the figures that the former method obtained a thin
shell layer wrapped around the oxide surface, while the second method obtains a partially
loaded composite.

(a) (b)

100 nm

Figure 2. Cont.
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Figure 2. (a) TEM images of raw ZnO nanorods. (b—f) TEM images of the ZnO@ZIF-8 composite
nanorods synthesized at reaction times of 2, 4, 10, 20, and 32 h, respectively. (g) Formation process of
ZnO@ZIF-8 core-shell nanorod films: (I) deposition of ZnO nanorods film and (II) coating of ZIF-8
shell on ZnO nanorods surface. (Reproduced with permission from [90], Copyright 2017 WILEY).

An essential factor affecting the gas sensing performance of the composites of MO
and MOF is the thickness of the MOF shell layer (core-shell structure) or the loading of
MOF (non-core-shell structure). An appropriate shell layer thickness can exhibit better
sensing performance without increasing the diffusion path of the gas while increasing
the specific surface area, as has been demonstrated in some recent studies. The thickness
of the MOF shell layer is affected by many factors, which can be broadly classified into
four types: (i) temperature, (ii) reaction time, (iii) concentration of organic ligands, and
(iv) HHO/N, N-Dimethylformamide (DMF) ratio (concentration of metal ions) [12]. For
example, Tian et al. [80] obtained three ZnO@ZIF-8 nanorods using the hydrothermal
method at different hydrothermal times. The 12 h reaction time was too short and did not
form a complete MOF shell layer; the ZIF-8 shell layer obtained at 36 h was too thick and
would hinder the diffusion of the gas; and the shell layer obtained at 24 h was uniformly
continuous and thin. The related structure and selectivity to gases are shown in Figure 4.
We can see that the gas-sensitive performance of the sensor prepared from 24 h material is
the best of the three. When the concentration of organic ligands is too low, the number of
nucleation sites of ZIF is limited, and the size of the formed ZIF is large and not uniformly
deposited on the oxide. With the increase of the concentration of organic ligands, the size
of MOF crystals decreases, and a uniform shell layer is formed [78]. Changing the ratio of
H,0O/DMF is to change the concentration of metal ions because the dissolution rate of ZnO
is fast in the water and slower in DMFE. When the ratio of water is high, the crystallization
rate of ZIF is slower than the dissolution rate of ZnO, which will lead to uneven deposition
of ZIF-8. If too much ZNO dissolved too fast it will affect the conductivity of the material.
When DMF is higher, it will make the ZIF-8 crystallization rate lower, so the suitable
volume ratio is beneficial to the formation of the MOF shell layer [78].
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Figure 3. (a,b) SEM images of ZnO nanorods. (¢) TEM images of ZnO nanorods. (d,e) SEM images
of ZIF-8/ZnO nanorods. (f) TEM images of ZIF-8/Zn0O nanorods. (g) Schematic of raw ZnO and
ZIF-8/Zn0O nanorod sensors. (Reproduced with permission from [94], Copyright 2019 ELSEVIER).
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Figure 4. (a) ZnO @ ZIF-8 nanorods obtained by reaction at 70 °C for 24 h. (b) TEM images of
the ZnO @ ZIF-8 core-shell structure. (c¢) Two pore sizes of the ZIF-8 structure. (d) Selectivity of
ZnO @ ZIF-8 nanorods sensor for different gas molecules. (Reproduced with permission from [80],
Copyright 2015 American Chemical Society).

2.3.3. Exploration of the Types of Detection Gases

SMOx and MOF composites sometimes rely not only on the pore size of the MOF
to sieve the gas—so as to improve the selectivity—but also can improve the selectivity
due to the interaction with the target gas. The ZIF-8/ZnO nanorod sensor synthesized by
Wu et al. [94] showed excellent selectivity in sensitivity to H,S, which they hypothesized
was due to the reaction between H,S and ZnO to generate the intermediate product
ZnS, which allowed electrons to enter ZnO leading to a further increase in conductivity.
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Although the presence of ZnS was not proved directly, the results of N, comparison
experiments presented evidence. Ying Zhou et al. [88] successfully synthesized the flower-
like WO3@ZIF-71, and the sensors demonstrated improved performance in selectivity
and response to HyS. Apart from the limitation of ZIF-71 pore size, they suggested that
the improved sensing performance could be caused by the interaction between H,S and
ZIF-71, i.e., the five-membered C-N heterocycle of the organic ligand in ZIF-71 would
enhance the adsorption of H,S by the MOF. Gas permeation through the MOF consists of
three steps: (1) adsorption of the gas in the MOE, (2) diffusion of the gas within the MOF,
and (3) desorption [108]. The enhancement of gas adsorption may also contribute to the gas-
sensitive performance, as evidenced by the study of Zhou et al. [95]. They synthesized
ZnO@ZIF-71 nanorod arrays, and found that compared with pure ZnO, it has better
selectivity for ethanol and acetone, and its response is also improved. The in situ diffuse
reflectance infrared Fourier transform (DRIFT) experiments showed that ZnO@ZIF-71 has
better adsorption and desorption performance than ZnO for both ethanol and acetone.
Further calculations of density functional theory (DFT), as shown in Figure 5, revealed that
the active adsorption sites of ZIF-71 for both gases are Zn?*. Due to the strong interaction
affinity between the target gas molecules and Zn?, it can lead to physisorption of gas
molecules, thus improving the gas-sensitive performance [109,110]. Furthermore, it can be
seen that the adsorption energy for ethanol is greater than that for acetone, which explains
why the response of ZnO@ZIF-71 nanorod array sensor to ethanol is higher than that of
acetone. Looking for the gases that can interact with ZIF may also be one direction for
future research.

(a) Ethanol-1 (b) Ethanol-2 (c) Ethanol-3

N3.071

E..=-12.50 KJ/mol E=5.39 KJ/mol E.«=93.48 KJ/mol
(d)Acetone-1 (e)Acetone-2 (f) Acetone-3

b

1.318

E..=-6.82 KJ/mol E..=3.06 KJ/mol E.x=-2.81 KJ/mol

Figure 5. The possible adsorption sites of ZIF-71 for (a—c) ethanol and (d—f) acetone, respectively, and
the corresponding Eads values. (Reproduced with permission from [95], Copyright 2019 American
Chemical Society).

2.3.4. Addition of Other Substances

It is not enough to synthesize only SMOx and MOF composites in terms of gas-
sensitive performance improvement, so other methods need to be found. Starting from
the improvement methods of SMOx and the nature of MOF, we found three current im-
provement methods. However, there are few corresponding studies, so these examples
are only given to provide some ideas for the doping of complexes in the future. The first
method is ion doping, and the commonly used metal ions in the ZIF family are known to



Chemosensors 2021, 9, 226

12 of 56

be Zn(II) cations and Co(Il) ions. It is known from the ZIF properties above that changing
the metal ions does not change its topology [101,111]. Moreover, because the ionic radius
of the Co?* ion (0.72 A) is similar to that of the Zn?* ion (0.74 A), another ion can be doped
when ZIF is formed [112]. Yao et al. [12] added exogenous Co?* ions to the synthesis to
generate ZnO@ZIF-CoZn with higher selectivity for the target gas (acetone) and preserved
resistance to humidity compared to ZnO@ZIF-8. Moreover, they found that the cobalt
ions in ZnO@ZIF-CoZn have excellent catalytic properties at 200-300 °C, which contribute
to the generation of reactive oxygen species, and thus accelerate the response-recovery
behavior, but the related mechanism is still incomplete [12]. Zhou et al. [97], on the other
hand, proposed a specific catalytic mechanism for Co doping. They found that the Co site
plays two catalytic roles, both in the oxidation of oxygen and acetone decomposition to
intermediate products. The intermediates of acetone decomposition could be more effort-
lessly adsorbed on ZnO, which led to the improved sensing performance of the synthesized
ZnO@ZIF-71(Co) for gases due to the synergistic effect of these three catalytic activities.
However, after further exploring the effects of different Co doping amounts, they found
that this catalytic performance can only occur at a specific temperature with a specific Co
doping amount. Co ions are randomly occupying Zn ion sites. Their catalytic ability is
improved with increasing Co doping amounts, but due to pure Co ions and dcIM organic
ligands, stable MOF structure cannot be formed. Therefore, the Co doping amount should
not be too high. From the above two examples, it can be seen that the introduction of Co
ions mainly utilizes its catalytic effect, which also provides an idea for future research.

The second method is to change the organic ligand, Yao et al. [96] synthesized Au-
ZnO@ZIF-DMBIM nanowires by partially replacing the 2-MIM ligand of about 3.6 A length
in ZIF-8 a DMBIM of 6.0 A length. The relevant gas-sensitive properties of the sensors
prepared from the synthesized composites are shown in Figure 6. After the exchange of
ligands, the material crystal structure did not change, but only the pore size was obvi-
ously reduced. The absorption of macromolecules (benzene series) was further inhibited
by molecular sieve effect, and the moisture resistance was improved. Additionally, its
adsorption of water was reduced.
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Figure 6. (a) Response-recovery curves for different concentrations of Au-ZnO @ ZIF 30 nm-DMBIM
in acetone with relative humidity up to 100 ppm and in dry air. (b) Comparison of sensor response
to different gases. (c) Comparison of acetone selectivity for three benzenes. (d) Comparison of
selectivity with different sensing materials. (Reproduced with permission from [96], Copyright 2019
ROYAL SOCIETY OF CHEMISTRY).
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The third method is to incorporate noble metals. Wang et al. [113] coated ZnO on
the surface of Au nanorods to form Au@ZnO core-shell structure and then used sacrificial
template method to generate ZIF-8 crystals on the surface of ZnO. The Janus Au@ZnO@ZIF-
8 material was generated by a reaction time of 40 min. Under the irradiation of visible
light, the sensor made of this material showed good recovery characteristics for HCHO
in the concentration range of 0.25~100 ppm. The response was not affected by water
vapor and toluene. A better feature was that it could be detected at room temperature.
These advantages are mainly attributed to the synergistic effect of the three materials.
ZnO ensures the conductivity of the composite and is an active sensing material, and
the selectivity for HCHO is improved by ZIF-8 due to molecular sieving and hydrophobicity.
The room temperature sensing performance is attributed to the plasmonic resonance of Au
nanorods, where Au NRs contribute to carrier generation on the ZnO surface under visible
light irradiation, thus reducing the required energy and improving the response.

2.4. MOF-Derived SMOx for Gas Sensors

Apart from the combination of MOF and SMOy, we also find that many studies
use MOF as precursor, and SMOx can be prepared by calcining MOF. Let us give some
examples to see the application of this MOF-derived SMOx in gas sensing.

Bai et al. [114] synthesized Sn/Ni based MOFs by hydrothermal method, and then
calcined it to obtain SnO, /NiO. Their experiments not only determined the optimal calci-
nation temperature of MOF (550 °C), but also found the best content ratio of two oxides
(molar ratio 9:1) through comparative experiments. Compared with the pristine SMOX,
the sensing performance of the product prepared under optimal conditions has been greatly
improved. It not only reduces the temperature of the sensor sharply, but also has higher
response and selectivity. The highest response to 10 ppm of triethylamine (TEA) at 70 °C
was up to 14.03. The SnO, /NiO composite forms a heterogeneous structure compared to
pristine SnO, and pristine NiO, thus improving the response by increasing the resistance
of the material in air and decreasing the resistance in the reaction gas. Moreover, the im-
provement of its sensing performance is also attributed to its morphology and structure, as
shown in Figure 7. When metal oxides are prepared by using MOF as a precursor, metal
ions are highly dispersed by the organic ligands in MOF, thus avoiding the aggregation of
oxides. The product also retains the porosity of porous structure, resulting in a significant
increase in specific surface area. Therefore, MOF-derived metal oxides have potential for
development as sensing materials.

In fact, besides being the precursor of SMOX, the limited pore size of MOF can also
be used for loading. According to the resistive sensing mechanism of SMOX, in order
to improve the gas sensing performance, apart from increasing the specific surface area,
the use of catalysts can also be considered by promoting the occurrence of surface reac-
tions. However, at present, it is still a challenge to functionalize catalysts on the SMOx
by a simple synthesis [115]. In addition, the sensing performance of catalysts is often
degraded by aggregation, so the dispersion of noble metals on the sensing materials is
also an obstacle [116]. Koo et al. [117] first synthesized PA@ZIF-67 structures by dispersing
and loading nanoscale Pd onto ZIF-67, and then calcined to obtain PAO-Co304 composite.
As a catalyst, PdO can significantly improve the surface reaction of the oxide, thereby im-
proving the sensing performance. They also tried to find the ideal conditions with the best
performance by changing the calcination temperature. The experimental results found that
calcination at 400 °C has the best effect. The smallest grain size is obtained at 400 °C, when
the specific surface area is the largest. Additionally, as the temperature increases, internal
voids were generated. When the temperature exceeds a certain level, the hollow structure
will collapse. It was found that PdO-Co3z0O4 with Pd loading of 1.67 wt.% prepared by
ZIF-67 had the highest response to acetone at 350 °C. As shown in Figure 8, this sensor
has good selectivity for acetone and the sensor is more stable. However, the existence of
water vapor still reduces the sensing response to some extent, and its sensing ability is not
outstanding compared with other sensors [117]. As such, the response needs to be further
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improved. By combining the above two methods, using heterojunction and catalysts, they
can further improve the gas-sensitive properties of the material. They prepared PdO@ZnO-
SnO, through electrostatic spinning and subsequent calcination. The sensors made of this
material not only has higher response to acetone, but also can ensure stability and shorter

response and recovery time [118]. Experiments show that this method can also be used in
combination with other SMOx.

$nO
n d(110)=0.334 nm

,mﬁ

Figure 7. (a,b) FESEM images of pure MOF; (c) FESEM and (d) HRTEM images of 9Sn1Ni composite.
(Reproduced with permission from [114], Copyright 2018 ELSEVIER).
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Figure 8. (a) Response of PdO-Co304 HNCS to 1 ppm of various gases; (b) cyclic stability of PdO-

Co304 HNCS to 1 ppm acetone. (Reproduced with permission from [117], Copyright 2017 American
Chemical Society).

Koo et al. [119] used ZIF-8 derived ZnO nanocubes loaded with Pd as composite
catalysts and then combined the catalyst with WOj3 via heterojunctions; the structure is
shown in Figure 9. Sensors prepared from the synthesized materials showed a significant
improvement in selectivity and response to toluene. In addition, they studied the influence
of composite catalyst loading and found that the sensor made of PdA@ZnO-WO; NFs
with Pd@ZnO content of 0.136 wt.% had the highest response at 350 °C. Compared with

the pristine WO3 under higher humidity the response to 1 ppm toluene is still 19.2 times
higher and the response is faster.
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Figure 9. The structure of Pd@ZnO-WO3; NFs and the reaction in certain gas. (Reproduced with
permission from [119], Copyright 2016 American Chemical Society).

According to these reports, the porosity of the SMOx can be improved by using MOF
as a precursor, and this attempt can broaden the types of metal oxides, thereby increasing
the types of detection gases. Therefore, this provides a new direction for the development
of SMOx composites.

2.5. Problems to Be Solved

By reading the literature on MO and MOF composite gas-sensitive sensors, we found
that there are still several problems.

(1) When the MOF only acts as a molecular sieve according to the pore size and does
not interact with the detection gas, the adjustment of the pore size of MOF determines
the selectivity of the sensor. However, when the molecular size of the interfering gas is
smaller than or close to the target molecule, how to realize the selectivity of the target gas
is an urgent problem.

(2) At present, the MOF materials compounded with SMOXx are limited, so its pore
size is limited, thus the size of gas molecules that can be detected at present is also limited;
therefore, it is important to learn whether other MOF materials can be used instead of ZIF.

(3) Based on the existing MOF materials, the choice of SMOx is dominated by ZnO due
to the limitation of the synthesis method. Liu et al. [53] improved the sensing performance
for NO; by adding ZnO to In,O3 and it is known that ZnO can be compounded with
a variety of SMOXx to form a heterogeneous structure. Thus, can the synthesis of MOF on
these materials be successful and can the synthesis improve the sensing performance for
specific gases?

3. MOFs-Carbon Composites
3.1. Advantages and Disadvantages of a Single Material

Carbon-based materials (e.g., graphite, carbon fiber, carbon nanotubes, carbon quan-
tum dots, fullerene) have applications in many research fields due to their lightweight,
good chemical and thermal stability, high mechanical strength and elastic strength, and ex-
cellent electronic and optical properties [120-123]. Among various carbon-based materials,
graphene is a promising material for making chemical sensors because of its high specific
surface area, tunable surface chemistry, and better electrical properties [124]. However,
its chemistry is simple, and the van der Waals bonds between layers are weak. Graphene
sheets are often stacked, which reduces the specific surface area, lowers the carrier mobility,
and prevents gas molecules from diffusing in them. This will result in a decrease in the sen-
sitivity of the sensor. Furthermore, the adsorption of gas molecules on the pristine graphene
surface is very weak, and the selectivity of graphene sheets to gas is not high [125,126].
Carbon nanotubes are chemically inert, and due to their unique physicochemical properties,
their application to gas-sensitive sensors is not only more sensitive but can also operate
at room temperature. They also have low power consumption and high compatibility
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with microelectronic processes, but the selectivity of carbon nanotubes interacting with
analytes is very limited [127,128]. In addition to the above-mentioned inherent problems of
carbon nanotubes and graphene, it was found that they also have low adsorption capacity
for gases, and it is difficult to separate the adsorbent after the reaction [129]. Therefore,
researchers have been looking for other materials to replace them. As shown above, MOF
materials have a larger specific surface area, more pores and better adsorption performance.
In addition, the selectivity of specific gases can be enhanced by the action of molecular
sieves. However, since many MOF materials are insulating materials, it is difficult to
prepare individual MOFs directly into chemical sensors, and their stability is poor. There-
fore, it can be speculated that these drawbacks can be solved by utilizing the synergistic
interaction between the two to construct composite materials.

3.2. The Choice of Carbon-Based Materials and MOF Materials

According to various experiments, MOF materials can be composited with a variety
of carbon-based materials, and the integration of MOF and carbon-based materials can im-
prove the stability, electrical conductivity, template effect, etc. [130]. We have summarized
the sensing performance of some sensors formed by the carbon-based materials and MOF
composites, as shown in Table 2. Currently, most of the carbon-based materials reported
in the literature that can be used for gas sensing and gas adsorption are concentrated in
carbon nanotubes and graphene-based materials. Notably, the graphene-based materials
used in the complexes include graphene, graphene oxide, reduced graphene oxide (rGO),
aminated graphene oxide, etc. There are fewer pristine graphene flakes used at present.
This is because pristine graphene flakes contain fewer oxygen groups, and thus they are
less capable of promoting MOF crystal nucleation than GO. In addition, pristine graphene
flakes may also serve as a physical barrier between MOF seeds during MOF formation [30].
Therefore, there are many researches on the composite materials of MOF and GO or rGO.
This review focuses on the two composite materials, MOF/GO and MOF/CNT.

Table 2. A summary of the gas-sensitive properties of gas sensors prepared from composites of MOF and the carbon-

based materials.

. Target Gas, Topt Response/Recovery 2 Detection
Material Concentration (ppm) (@) Response Time (s) BET (m”/g) Limit Ref.
Cu-BTC/GO (25) NHj3 500 ppm - 7% - 916 - [131]
NH; o
Cu-BTC/PPy-rGO 50 ppm 25 12.4% 13/22 1861 2 ppm [132]
Si0,CuOF- NH
graphze ne-PAni 0 PPSIn - - 30/180 756 0.6 ppm [133]
1.847%
ZIF-8/ methanol, ethanol, 8.0% 12.16% 0.399%
acetone, acetonitrile, RT 2.28% 2.02% - 1176.24 4.996% [134]
MWCNTs/AgNPs n-hexane 1% —0.81% 4431%
5.203%
I\%FZ@“CII\\?T H,S 100 ppm 325 ~166 126/23 363 . [135]
Ni3BTC2 /OH- SOZ - -
SWIITs 15 ppm 25 4.59/11.04 4 ppm [136]
- ~0.58 (10 ppm)
TlOz—Sl’lOz /
MWCNTs@Cu- NH; RT ~0.64 (20 ppm) 80/15 - 077ppm  [137]
BTC - ~0.70 (30 ppm)
~0.83 (40ppm)
Nl_lglv(\?;/fs OH- SO, 1 ppm RT - 10/30 - 05ppm  [128]

Regarding the selection of MOF materials, the related research on gas adsorption
and sensing mainly focusses on some common MOFs, including copperebenzene-1,3,5-
tricarboxylate (Cu-BTC), MOF-5, ZIF-8, etc. [138-140]. In fact, not all MOFs can be com-
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pounded with GO to form composites with high adsorption properties. As shown in
Figure 10, MOF crystals must have a specific geometry (e.g., cubic Cu-BTC) and must
not be spherical or have their metal centers too close to each other. Otherwise, GO
will become disordered, which will prevent the growth of MOF crystals, resulting in
poor crystallinity, porosity, and adsorption capacity [30]. Cuz(BTC),(H,O)3(BTC =1,3,5-
benzenetricarboxylate), also known as HKUST-1, is an MOF material that has been studied
by many theories and experiments [141]. It has a low preparation cost, relatively simple
preparation, permanent pores, good thermal stability (about 300 °C), high adsorption en-
ergy, high adsorption capacity, and reversible adsorption-desorption performance [138,142].
At present, Cug(BTC), is widely used in gas adsorption, especially CO, and NH3 adsorp-
tion. The adsorption of CO, in Cuz(BTC), belongs to physical adsorption. It is found
that Cuz(BTC); can adsorb CO; preferentially by coordinating with the metal center in
the terminal O=C=0--Cu structure [143]. Alkaline ammonia molecules can be adsorbed
by strong hydrogen bonding to the Cu-BTC organic linker and strong interaction with
the open Lewis acidic divalent copper ion metal sites in Cuz(BTC); [132,133]. However,
some studies have shown that this interaction with the unsaturated Cu sites will break
the Cu—-O bond, and NHj3 will also react with the BTC ligand, which will lead to the collapse
of the MOF structure. In particular, in the presence of water vapor, the combination of
the two will lead to the slow decomposition of Cu-BTC to form Cu(OH); and (NH4)3;BTC,
thus reducing the adsorption/sensing performance [144-148]. Moreover, Cus(BTC); also
shows adsorption capacity for other small molecules [143]. Although Cu-BTC adsorption
technology has been widely used, it has the potential to be developed as a gas sensor, but
its hydrophilicity is a big obstacle, and the organic bridges in the structure will be replaced
by water molecules, which will lead to the collapse of the MOF structure. The instability
of the MOF structure will lead to a shortening of its lifetime, which is a problem in gas
sensing [138]. It is found that Cu ions in Cu-BTC can react with carboxyl, hydroxyl, and
sulfonic groups on carbon-based materials, which can reduce the influence of water to
some extent and improve the selectivity of some gases (such as NHj3) [131,149]. Of course,
some methods have been adopted in the experiment to improve the hydrophobicity further,
mainly introducing hydrophobic groups or hydrophobic substances [150-154]. For exam-
ple, Nasim et al. used hydrophobic ZIF-8 to compound MWCNTs and silver nanoparticles.
The influence of water vapor can be avoided, and some volatile organic gas molecules
can be detected at room temperature [134]. Moreover, a layer of silicon dioxide can be
coated on the surface of MOF. Due to the inherent porosity of silica, it can not only improve
the water stability of the composite material, but also does not hinder the adsorption of
gas [133,155].

(a) MOF-5/Graphite oxide
composite

(b) HKUST-1/Graphite oxide
composite

(c)MIL-101/Graphite oxide
composite
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Figure 10. Schematic diagram of three composite materials: (a) MOF-5/GO composite; (b) HKUST-
1/GO composite; and (c¢) MIL-101/GO composite. (Reproduced with permission from [156], Copy-
right 2011 WILEY).
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MOF and graphene-based materials are combined and interact with each other. The fol-
lowing advantages are summarized: (1) GO has many oxygen-containing functional groups
that can coordinate with the metal center of MOF and become nucleation sites of MOF
crystals; other atoms (e.g., N) can also play this role [157,158]. For example, copper sites in
Cu3(BTC); can react with epoxy, hydroxyl, sulfonic acid, and carboxyl functional groups
of GO. Due to the octahedral geometry of copper complex, the oxygen functional group
of graphene phase can replace BTC ligand or water molecule [131]. Other atoms (such
as N) can also be used as nucleation sites and can enhance the structural /chemical het-
erogeneity of composites. This heterogeneity determines the excellent performance of
composite materials as reactive adsorbents of NH3, H,S, and NO, and physical adsorbents
of CO, [30]. (2) The dispersion of MOF can be improved by GO. Oxygen-containing func-
tional groups exist on the surface of GO, which may interact with metal sites in MOF to
prevent the aggregation of MOF [159]. The functional groups on the surface of GO also
promote the dispersion of MOF due to electrostatic repulsion, thereby enhancing the gas
adsorption performance [140,160,161]. (3) The combination of the two materials increases
the defects, and forms new pores at the interface between them, resulting in an increase
in the pore space, the specific surface area, and the surface-active adsorption sites, which
further improves the adsorption of gas molecules [162-164]. (4) Reduced graphene oxide
(rGO) has high conductivity and high surface area. Developing MOF composites con-
taining RGO can improve the conductivity of MOF-based composites [165]. The addition
of GO and its chemical bond with MOF is also expected to enhance the conductivity of
materials, which is very important for the sensing of chemically resistive gases [166-168].
(5) In addition, due to the addition of modified graphene-based materials into the MOF
phase, the microstructure of the parent MOF changed, which led to the enhancement
of molecular adsorption. (6) The introduction of GO enhances the water-resistance of
the composites—which is mainly due to the fact that GO can adsorb water molecules—thus
preventing water molecules from entering those hydrophilic MOFs (e.g., Cuz(BTC),) and
reducing the effect of humidity in the composites when adsorbing gas molecules. Aminated
graphene oxide/RGO also has good hydrophobicity [169]. (7) Adding a small amount of
GO will lead to the deformation of MOF structure, which is beneficial to gas adsorption,
but excessive GO will lead to excessive deformation, thus reducing the specific surface
area and gas adsorption capacity. [170]. (8) The existence of GO/RGO is beneficial to
the service life of MOF. RGO/Cu-BTC and GO/Cu-BTC prepared by Sun et al. could keep
the adsorption capacity of n-hexane above 65% after 50 cycles, indicating that the service
life is longer [138]. (9) With the addition of GO, the thermal stability of the material is
improved [171,172].

However, at the same time, there are some problems that need attention. For example,
the content of GO should not be too high. Otherwise, the MOF structure will be excessively
deformed, resulting in a decrease of gas adsorption capacity [140,146]. Additionally,
humid conditions will limit the application of some MOF/graphene-based materials in gas
adsorption/sense, but there are exceptions. For example, MOF/GO composites prefer H,S
adsorption under wet conditions and NO, adsorption under dry conditions [173].

Carbon nanotubes (CNTs) are one of the most suitable materials for synthesizing MOF
composites, which can control the shape and size of MOF by increasing the dispersion force
in MOF and inhibiting its aggregation [135]. In addition, after compounding MOF and
CNTs it is found that new pores are formed on the interface between them, which increases
the specific surface area of the composite material and is beneficial to improving the gas
adsorption capacity and gas selectivity. Another advantage of carbon nanotubes is that
they have adjustable surface chemical properties and certain chemical stability and their
outer surfaces are hydrophobic [30]. For example, Yang and his colleagues synthesized
an MOF-5/ carbon nanotube (CNT) composite [139], which has higher moisture resistance
than the original MOF-5. Moreover, carbon nanotubes (SWNTs) are also an excellent
framework and conductive surface of some MOFs, which can form electron transmission
channels in MOF to improve the conductivity. The functional groups at the outer side and
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tip of SWINTs provide active channels for chemical reactions, thus improving the sensitivity
and repeatability of composite materials for gas molecule detection [134,136,174].

3.3. Preparation Method of MOF/Carbon-Based Composite Materials

Different from SMOx and MOF composite materials, there are many preparation
methods of carbon-based materials and MOF composite materials. At present, the research
mainly focuses on graphene-based materials and carbon nanotubes, so we mainly look at
the preparation of their composite materials with MOF materials.

Let us look at the preparation of MOF/graphene-based materials. Zheng et al. [173]
summarized some preparation methods commonly used in gas adsorption and chemical
sensors, including the Pickering emulsion interface growth method, the self-assembly
method, the water/solvothermal method, and the layer-by-layer assembly method. Ac-
cording to a summary of the literature, it is found that solvothermal methods are widely
used for their simplicity and low cost. This method is very simple and its sensing perfor-
mance is very reliable [132]. Additionally, Pickering emulsion interfacial growth method
is also a classical method. Pickering emulsion is a system composed of two immiscible
liquids and stabilized by solid particles [175,176]. It has the advantages of low cost, easy
separation, recyclability, etc., so it has wide applications. [175]. There are many kinds of
stable Pickering emulsion solid particles, including MOF and GO [177-180]. The reason
is that both GO and MOF are amphiphilic materials, so both MOF and GO solid particles
can be used as stabilizers, which can be adsorbed to the liquid-liquid interface to form
a Pickering emulsion. In addition, because the oxygen-containing functional groups (hy-
droxyl, carboxyl, epoxy, and ketone) of GO can coordinate with the metal center of MOF,
an MOF crystal can grow on GO films [157,158]. Compared with other reported MOF/GO
composites with huge integral or closely packed layered block morphology, the MOF/GO
synthesized by the Pickering emulsion method can make GO pieces highly dispersed, thus
giving full play to the advantages of GO [181,182]. Zhang et al. [175] used Zr-BDC-NO,
and GO to synthesize a Pickering emulsion, and then freeze-dried it in liquid nitrogen to
remove the liquid, thus obtaining the Zr-BDC-NO, /GO complex with a simple method.
Through an FI-IR test, it is found that GO interacts with MOF through hydrogen bonding,
and through XRD test and analysis it is found that the original MOF crystal structure
was retained, the composite structure has a honeycomb structure, and its porosity can
be changed by adjusting the concentration of GO and MOF. Therefore, it is reasonable to
speculate that the MOF/GO composite material synthesized by this method may have
application potential in gas adsorption or sensing.

Bian et al. [169] prepared Cusz (BTC),/GO composites by the Pickering emulsion
growth method. The synthesis process is shown in Figure 11. Here, GO has three functions.
Initially, it plays the role of stabilizing the Pickering emulsion and providing a large
interface area for MOF crystal growth. As shown in Figure 11, in the Pickering emulsion
stabilized by amphiphilic GO tablets, the presence of the concentration gradient can drive
the diffusion of H3BTC to the surface of GO. Cu?* ions are adsorbed on the surface of
graphene oxide through electrostatic action and coordination with oxygen-containing
functional groups, thus forming Cuz (BTC), /GO material. Furthermore, the morphology
and surface porosity of MOF can be significantly changed. Finally, the water adsorption
of Cuy (BTC); is reduced through the hydrophilicity of the highly dispersed GO sheets,
and thus the adsorption capacity of CO, is enhanced by reducing the competition of
water molecules.
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Figure 11. Schematic Illustration of the synthesis approach for Cuz(BTC),/GO. (Reproduced with
permission from [169], Copyright 2015 American Chemical Society).

The gas adsorption properties of composites prepared by different preparation meth-
ods are different. The properties of MOF-graphene-based composite materials depend on
MOF and graphene-based materials. As mentioned above, MOF crystals must have a cer-
tain crystal structure, otherwise MOF crystals are difficult to grow. Moreover, graphene-
based materials themselves will also have an impact on the properties of materials. Firstly,
the oxidation level of graphene will directly affect the nucleation of MOF. XRD patterns
and some studies show that GO can be used as the nucleation sites of MOF crystals, and
oxygen-containing groups (such as carboxyl or epoxy groups) on GO can act in the nucle-
ation of MOF, thus generating bonds with MOE. These bonds will increase the porosity of
the composite, that is, new pores will be generated at the interface between them, while
the porosity and gas adsorption capacity of graphene sheets with almost no functional
groups are not as high as those of GO [30,183]. Moreover, the active sites/defects at
the edge of graphene layer are related to its oxidation degree, which is the key feature
of the interaction between GO component and MOF unit [184]. Secondly, the types and
numbers of surface functional groups, especially oxygen-containing groups, will also
affect the selective adsorption of graphene-based adsorbents for different polar gases.
Taking RGO and GO as examples—although RGO will reduce the specific surface area
of composite materials due to agglomeration—RGO is nonpolar compared with GO, so
RGO/MOF is the first choice for nonpolar gases. The specific adsorption capacity is closely
related to the reduction degree of RGO. Additionally, RGO is hydrophobic. For polar gases,
the adsorption capacity of GO/MOF is higher [138]. The porosity of GO with different
oxygen-containing groups is also different, which affects the adsorption performance. It
is found that the composites synthesized by GO with hydroxyl groups show the highest
porosity [30]. Thirdly, the content of GO will also affect the porosity. With the increase of
GO content, the carboxyl group at the edge of graphene sheet will interact with MOF, which
will lead to the increase of porosity of the composite. However, the content of GO should
not be too high, because the interaction between GO and MOF will lead to the distortion
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of the MOF structure. Furthermore, when carboxyl groups are not the main groups on
the surface of GO, epoxy, phenol, and carbonyl groups can also become the main reactive
groups with metal sites [184]. Fourth, different sizes of GO sheets will also have an impact.
The ideal composite structure should be composed of graphene sheets and MOF alternately.
It is found that with a decrease of GO sheets, the porosity of the composite increased and
the carboxyl groups in GO also increased. The carboxyl groups of GO can interact with
the metal sites of MOF and play the role of nucleation sites. Therefore, it can be estimated
that GO chips close to or smaller than MOF size are the best [30,184].

Let us take a look at the preparation method of MOFs/carbon nanotube materi-
als. The synthesis of MOFs/CNTs composite materials is mainly based on solvother-
mal/hydrothermal method, which is a crystallization process in an organic solvent under
high temperature and high pressure in a closed container [139,185]. It is generally divided
into three steps, and the process is shown in Figure 12. To start with, a metal salt and ligand
molecule are added into a solvent to prepare the MOF precursor. Additionally, the carbon
nanotubes are uniformly dispersed in the solvent. The second step is to mix the two, carry
out ultrasonic treatment, and stir for a certain time. Then, the hydrothermal reaction takes
place at a specific temperature. Finally, washing the product obtained in the second step
with a solvent to remove unreacted substances, and drying in an oven to obtain the final
compound [129]. Note that other experimental conditions should also be considered in this
preparation method, such as solvent type, reagent concentration and ratio, temperature
and time, etc. In order to prevent the decomposition of MOF structure, the hydrothermal
temperature should be close to the synthesis temperature of original MOF.
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Figure 12. Schematic representation of an MOFs/CNT composite. (Reproduced with permission
from [129], Copyright 2020 Springer Nature).

Another method to synthesize MOFs/CNTs composites is spin-coating technique.
Chappanda et al. [186] reported the synthesis of carbon nanotubes/HKUST-1 composites
using this method. Briefly, the base solution of MOF is synthesized first, then the carbon
nanotubes are added into the MOF solution for sonication, the treated solution is spin-
coated on the electrode of QCM at a certain speed for a certain time, and then the solvent
is evaporated, thus forming the CNT-MOF composite film. It is found that the existence
of dispersed carbon nanotubes increased the number of nucleation sites and the effective
surface area for MOF growth, which may be the reason for the decrease of MOF crystal size
and the increase of MOF crystal number. Although this approach is easy and convenient
to use and the generated films are stable and reliable, not many MOFs/CNTs composites
have been prepared using this method.
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3.4. Current Development of Research in Gas Sensing and Gas Adsorption
3.4.1. MOF-Carbon Nanotube /Graphene-Based Composites for Gas-Sensitive
Sensing Applications

Tran et al. [187] used pristine graphene (pG) compounded with three MOF mate-
rials, Cu-BTC, zirconium 1,4-dicarboxybenzene (UiO-66), and ZIF-8. Then, the sensing
performance of the sensors prepared from these three materials for several volatile organic
compounds (VOCs) was tested. It was found that all three gas sensors could detect chloro-
form vapors at ppm level at room temperature. pG-Cu-BTC sensors showed the highest
response to chloroform, as well as the highest sensitivity and selectivity to chloroform
and methanol. There are several reasons for this. Firstly, Cu-BTC has the largest specific
surface area among the three MOFs. Secondly, as shown in Figure 13, ZIF-8 and UiO-66
are randomly distributed on the surface of graphene due to the aggregation phenomenon,
while Cu-BTC is uniformly distributed on the graphene carrier and inserted between
the graphene sheets, increasing the specific surface area and the number of active sites.
Finally, the interaction of chloroform molecules with Cu-BTC leads to increased selectivity,
while for methanol molecules, which possess higher polarity and can form coordination
bonds with Cu ions in Cu-BTC, their response is higher.

Figure 13. SEM images of (a—c) pG-ZIP-8, (d—f) pG-UiO-66, and (g-i) pG-Cu-BTC. (Reproduced with
permission from [187], Copyright 2020 ELSEVIER).

Tan et al. [135] first synthesized a p-type Zn-Co-Ni MOF@CNT composite with
a hollow core—shell structure in a leaf-like bilayer by hydrothermal method. The syn-
thesis scheme and the microstructure of the obtained composites are shown in Figure 14.
The pores of the material are mainly mesoporous, and this structure has a large specific
surface area, which facilitates the diffusion of gas molecules and the transfer of electrons,
thus improving the gas sensing performance. Carbon nanotubes here can be modified by
carboxyl groups in addition to inhibiting MOF aggregation, thus facilitating the uniform
growth of MOF. Compared with the monolayer Zn-Co MOF@CNT composite, the sensor
prepared from this bilayer trimetallic MOF composite exhibited higher H,S sensing per-
formance at 325 °C, with a response of up to 166 for 100 ppm H,S and response recovery
times of 126 s and 23 s, respectively. After adding Ni ions and annealing, the surface of
the material becomes rougher and many pores are formed due to the production of more
nanoparticles. The mesoporous nanostructure promotes the transport and diffusion of
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gas molecules, which results in the improvement of gas-sensitive performance. In addition,
the selectivity of the sensors prepared by this complex is also good for HyS compared to NO,,
CsHg, NH3, and CO. This report suggests that polymetallic MOF materials compounded with
carbon nanotubes should be used to improve gas sensing properties. This also provides a new
direction for the selection of MOF materials in MOF-carbon-based materials.
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Figure 14. (a—c) TEM images of Zn-Co-Ni MOF@CNT composite. (d) Schematic illustration of the Zn-
Co-Ni MOF@CNT composite. (Reproduced with permission from [135], Copyright 2020 ELSEVIER).

It has been reported that single-walled carbon nanotubes can serve as a robust back-
bone for the uniform growth of Ni-MOF and provide excellent electrical conductivity
using a solvothermal method [174]. Ingle et al. [136] combined Nickel Benzene Carboxylic
(NizBTC,) with OH-Functionalized Single-Walled Carbon Nanotubes (OH-SWNTs), and
the complexes showed the p-type. The addition of OH-SWNTs resulted in the formation of
a micro-network in the MOF that facilitates charge transfer, thus enhancing the conductivity
and sensing performance. The sensor made of this composite can reversibly detect SO,
down to 4 ppm at room temperature with good reproducibility and shows fast response
recovery for different concentrations of SO, gas, with response recovery times of 4.59 s and
11.04 s at a SO, concentration of 15 ppm, respectively. In addition, its selectivity is also
good, as shown in Figure 15, for five gases at 5 ppm detection, with the highest sensitivity
for SO,. This report is the first to use NisBTC, /OH-SWNTs composites for reversible
sensing of SO, in chemical field-effect transistors.

Ingle et al. [80] used a solvothermal method to compound single-walled carbon
nanotubes and multi-walled carbon nanotubes functionalized with nitric acid with Ni-
MOF and prepared gas sensors to detect SOp, NOp, NH3, and CO at room temperature,
respectively. As shown in Figure 16a—c, the gas-sensitive performance of the sensors
prepared by the complexes was better than that of the single material because the carbon
nanotubes established a connection network between the agglomerated MOFs, which
facilitated the electron transfer. In addition, as shown in Figure 16e,{, the sensors prepared
from Ni-MOF/-OH-SWNTs had higher sensitivity due to the larger average roughness
(Ra) than the value of Ni-MOF/-OH-MWNTs. Because Ni-MOF/-OH-MWNTs have
honeycomb structured pores and thus retain gas molecules for a long time, the recovery
time required for the sensors prepared from Ni-MOF/-OH-MWNTs is longer. As shown in
Figure 16g—j, the sensing results of the gas sensor under dry conditions show that the Ni-
MOE/-OH-SWNTs sensor has higher selectivity for SO, and shorter response recovery
time of 10 s-30 s. The repeatability of this sensor at room temperature is also excellent. This
material has excellent gas-sensitive performance due to its easy preparation, low cost, and
workability at room temperature.
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Figure 15. Selectivity of the NisBTC,/OH-SWNTs composite sensor toward 5 ppm of SOy, NO,,
CHy, CO, and CyHj. (Reproduced with permission from [136], Copyright 2020 FRONTIERS).

Travlou et al. [131] found that although exposure of Cu3(BTC),-GO to NHj; causes
the reaction of NH3 with the Cu sites in MOF, leading to the disruption of the Cu-O bond
and the destruction of the MOF structure, which results in a significant reduction in the spe-
cific surface area of the material. Irreversible signals can be generated by the interaction
between the amorphous phase obtained after the collapse of the structure and NH; and
the interaction between NHj and GO. The weaker interaction between NH3 and BTC in GO
again leads to a change in the reversible signal. Even though the MOF structure collapses,
the absorption of low concentration of NH3 by this material can still be used for sensing
applications. Although they did not solve the problem of humidity, their study provides
hope for sensing of MOF-carbon-based materials.

Selectivity and stability are two major problems to be solved for MOF materials used
in gas sensing [148]. Many studies have found that some MOFs will undergo structural
decomposition when exposed to H,O or toxic gases (such as H,S, NHj3, etc.). So, how can
we improve the selectivity of gas and solve the problem of poor water stability of MOF?

The use of hydrophobic MOF materials can be a solution to the moisture problem. As
mentioned above, ZIF-8 materials are inherently hydrophobic so that they can be laminated
with carbon-based materials. Ellis et al. [188] grew ZIF-8 on the surface of SWCNTs to
form p-type semiconductor nanowires. They discussed the influence of the preparation
conditions of the composites. According to the literature, the factors affecting the size and
morphology of ZIF-8 include the source of zinc precursors, zinc concentration, temperature,
and the ratio of zinc to 2mIM [189,190]. At the same time, the addition of oxidized
monolayer graphene (ox-SWCNTs) was found that changing the order of precursor addition
also changed the final MOF size and the properties of the last complex, so the effect of
the order of addition of zinc ions and 2mIM was also discussed. The comparison of the two
routes is shown in Figure 17. If zinc ions are added first, it leads to the agglomeration
of 0ox-SWCNTs, when the size of the resulting MOF crystals is larger, and the interface
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between the two in the complex is greatly reduced. In contrast, adding 2mIM first can
prevent the material from agglomeration and a solvation layer (2mIM) can be formed
around the ox-SWCNTs. The nucleation and growth of ZIF-8 crystals on the sidewalls
of ox-SWCNTs were promoted, and the generated ZIF-8 crystals grew along the axial
direction and were not large. They used pathway 2 to prepare composites. Then, they
synthesized the ethanol gas sensor by using the porosity of ZIF-8, the conductivity of single-
walled carbon nanotubes, the large specific surface area of nanowires, and sensitivity to
the change of nanowire spacing. This sensor showed an increase in relative response change
to saturated ethanol from 1.5% to 13.7% compared to the sensor of SWCNTs. One possible
reason for the increase in sensitivity is that with the addition of ethanol, it combines with
the pores of the MOF and ZIF-8 adsorbs the ethanol and expands in volume, so the interface
distance between the nanotubes increases, which increases the electron tunneling distance.
This report provides a new idea that the morphology of the composite can be changed by
changing the experimental conditions, thus affecting its properties.
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Figure 16. FESEM images and AFM images of (a,d) pristine Ni-MOF, (b,e) Ni-MOF/-OH-SWNTs,
and (c,f) Ni-MOF/-OH-MWNTs materials, respectively. Ni-MOF/-OH-SWNTs sensors: (g) repro-
ducibility performance for SO, gas at 1 ppm; (h) response and recovery time for SO, analytes;
(i) standard error for various gases; (j) comparison with Ni-MOF/-OH-MWNTs sensors for the se-
lectivity of SO,, NO,, NHj3, and CO. (Reproduced with permission from [128], Copyright 2021
Springer Nature).
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Figure 17. Pathway #1: Zinc ions are added first. Pathway #2: 2mIM is added first. (Reproduced
with permission from [188], Copyright 2019 ROYAL SOCIETY OF CHEMISTRY).

The problem can also be solved by introducing a hydrophobic layer. Bhardwaj et al. [133]
synthesized a three-phase composite by compounding Cu-BTC coated with SiO, with
graphene and PANI. Cu-BTC plays the role of enlarging the specific surface area and
adsorption of NHj3. The silica coating on the surface is permeable to gases, thus improving
the water stability of the material [191]. Graphene plays the role of ensuring thermal
stability and high electrical conductivity. Polyaniline can improve the semiconductor
properties of the composites. Its addition to this complex can also avoid the restacking of
graphene sheets [192]. The sensor prepared by SiO,CuOF-graphene-PAni can be repeatedly
used many times at room temperature. The detection limit is as low as 0.6 ppm. NH3 can
be detected rapidly and effectively in the range of 1-100 ppm. Although the recovery time
depends on the concentration of NHj, its average response recovery time is between 30 s
and 180 s, which remains relatively fast.

Danny et al. [137] loaded TiO,-SnO, /MWCNT into Cu-BTC, which formed a hy-
drophobic layer to improve the humidity stability and improved the stability of the frame-
work, as shown in Figure 18. The composite of MOF with carbon-based materials can
increase the specific surface area of the material and improve the selectivity for NHs. As
mentioned above, besides this, SMOx added here has the following effects: (i) The oxygen
functional groups can replace the water molecules or BTC in octahedral Cu-BTC, thus im-
proving the hydrothermal stability of MOF. (ii) Functionalizing metal oxide nanoparticles
onto MWCNTs can improve the porosity and the diffusion rate of gas molecules [193].
(iii) N-P heterojunctions formed by N-type semiconductor SnO; and p-type semiconductor
MWCNTs can provide more charge transfer, so as to improve the sensitivity of the sensor.
(iv) The co-existence of TiO, and SnO; can reduce the energy barrier of charge transfer
and shorten the response time. Therefore, the sensor prepared by this material has better
sensing performance for NH3, with improved selectivity for NH3 at room temperature,
a shortened response recovery time, and the detection limit can be as low as 0.77 ppm.
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Figure 18. Schematic diagram of TiO,-SnO, /MWCNT doping on Cu-BTC. (Reproduced with per-
mission from [137], Copyright 2020 ROYAL SOCIETY OF CHEMISTRY).

The stability can also be improved by introducing some substances to suppress the col-
lapse of the structure. Huang et al. [140] found that the addition of GO resulted in the distor-
tion of the MOF-5 structure in MOF/GO composites, and the exposure of MOF to H,S also
leads to a partial collapse of the MOEF-5 structure due to the reaction. However, the addition
of glucose hinders the deformation effect of GO. This is due to the good matching between
GO and glucose, which makes an MOF-5-like porous crystal structure, thus the highest
adsorption capacity for HyS can be obtained. The reaction mechanism of the composite
material with Hj,S is shown in Figure 19. H,S can not only react with the Zn site to form
ZnS but also change the coordination of Zn with O in BDC.
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Figure 19. Mechanism of the desulfurization process of MOF-5/GO composites. (Reproduced with
permission from [140], Copyright 2012 American Chemical Society).

Yin et al. [132] prepared Cu-BTC/PPy-rGO nanocomposites using hydrothermal
and in situ polymerization methods, where PPy-rGO served to improve the electrical
conductivity and induce the formation of Cu-BTC particles. Cu-BTC is the main NHj
trapping material due to its high accessibility to NH3 and specific surface area. After
adding non-porous PPy-rGO, the specific surface area is larger than pure Cu-BTC, which is
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attributed to the good dispersion of Cu-BTC and the formation of pores at the interface
between PPy-rGO and MOF. The sensors prepared from this composite showed good
detection performance for NHj at room temperature with a minimum detection limit
of 2 ppm, a response of 12.4% for 50 ppm NHj, and response recovery times of 13 s
and 22 s, respectively. Compared with PPy and PPy-rGO sensors, the sensitivity and
response speed were improved. Moreover, the sensors made of this composite were
not seriously affected by the relative humidity compared to the pure MOEF. The authors
also investigated the effects of rGO and PPy-rGO contents on the NHj3 response. As
shown in Figure 20, both rGO and PPy-rGO contents should not be too high. Otherwise,
the response may be degraded due to the lower adsorption energy of gas molecules or
the poor decorative properties of MOF. In addition, it can be seen above that Cu-BTC may
collapse the structure after exposure to NHj3, but after adding PPy-rGO it is found that
the Cu-BTC structure maintains the stability, as shown by an XRD test. This composite
has potential applications for sensitive detection of NH;3 gas due to the practicality of low
temperature and the simplicity of preparation.
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Figure 20. Sensors based on Cu-BTC/PPy-rGO-nanocomposites: (a) NHs response versus rGO
concentration and (b) NHj response versus PPy-rGO concentration. (Reproduced with permission
from [132], Copyright 2018 ELSEVIER).

3.4.2. Gas Adsorption of MOF-GO Composites

MOF is a porous material, thus it can be used for gas adsorption. Different MOF
materials can adsorb other materials. For example, it was found that materials such as
Mg-MOF-74 and MIL-101 (Cr) can adsorb H,S [194]. Various MOF materials such as Cu-
BTC, MOE-5, and Mg-MOEF-74 can adsorb COy, etc. [195-197]. However, due to the weak
interaction between MOF walls and the small size of gas molecules, their ample void
space has not been fully utilized by gas adsorption [158]. One way to modify MOF to
have the best performance in the adsorption process is the synthesis of MOF-containing
nanocomposites.

In previous studies, composites combining MOF and graphene oxide or aminated
graphene oxide with synergistic effects of porosity and chemical properties have been
reported, and these composite treatments have significantly improved the adsorption per-
formance of some small molecules such as NH3, H,S, NO,, H,, and CO, [63,131,198-200].

Dastbaz et al. [172] synthesized Cu-BDC-NH,@GO composites using an acoustic-
chemical synthesis method with the synthesis procedure shown in Figure 21. Using this
synthesis method has the following advantages: compared to the conventional solvother-
mal method, the reaction time and energy consumption are significantly reduced, smaller
sized and uniformly distributed MOF crystals can be produced, and the yield is improved.
Through a series of experiments as well as analysis, it was found that the adsorption
capacity of pure MOF for H; at a low temperature of 77 k and a pressure of 40 bar is
54% lower than that of Cu-BDC-NH,@GO, and the reasons for this may be considered as
follows. Firstly, an increase in copper ions was found by EDX analysis in the composites,
which indicates an increase in the adsorption sites. Secondly, the GO added to the MOF
can introduce functional groups and thus replace the main ligands in the MOF, which
can lead to defects in the composite framework. These defects can increase the accessibil-
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ity of the active sites to Hy, thus allowing the adsorption capacity of H, to be increased.
Moreover, the water stability of the MOF material is improved by adding GO due to the in-
creased binding strength of the metal-linked bonds. They explored the effect of changing
the composite obtained from the experimental conditions on the composite yield. The main
variables included the content of GO, the power of sonication, and sonication time. It
was found that the optimum content of GO was 0.7 mg/mL. When the optimum value
is exceeded, the yield of the composite material decreases because most of the ultrasonic
energy is absorbed by the multilayer GO and the energy absorbed by the GO nanosheets
as a modifier is not enough to peel off. The optimum ultrasonic power was 600 W, which
directly affected the synthesis temperature. When the optimum synthesis temperature is
exceeded, the yield decreases due to the increase of metal content in solution. The optimal
sonication time is 150 min, after which it will lead to the aggregation of GO nanosheets
because of the high energy and also increase the oxidation of metal ions in the solution.
The highest yield of this composite was 84% when all the above three conditions were
met optimally.
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Figure 21. The Synthesis procedure of Cu-BDC-NH,@GO. (Reproduced with permission from [172], Copyright 2019 ELSEVIER).

Ning et al. [201] synthesized a super-crosslinked polyimide-UiO-graphene compos-
ite (PI-UiO/GO) by chemical in situ braiding and condensation reaction. As shown in
Figure 22, the carbonyl, N atom, oxygen atom, and -NH- (primary amine) in the polyimide
are the adsorption sites for CO,. The amino group on UiO-66-NH, generated by condensa-
tion and nucleophilic substitution of GO is also the adsorption site for CO;. The addition
of PI and GO also extends the molecular diffusion/transport channels to the material.
The addition of PI and GO also extends the molecular diffusion/transport channels to
the micropores of the material, which makes the adsorption capacity of this composite mate-
rial for COj significantly improved. Moreover, the negatively charged N and O atoms in PI
have strong interactions with the positively charged C in CO,, thus improving the CO, /N,
selectivity. They tested this composite material under water-containing conditions as well
as acidic and alkaline conditions, and found that it could maintain the morphology of MOF,
which indicates that this material has good chemical stability. The heating analysis found
that its thermal stability is sufficient to withstand the average flue gas temperature used
for CO; separation. This material also has good recycling ability, which indicates that it is
promising to apply this material for selective adsorption of CO, in flue gas.
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Figure 22. Adsorption sites for CO; on the structure of PI-UiO/GOs. (Reproduced with permission from [201], Copyright
2021 American Chemical Society).

Some studies have used urea modified GO to obtain aminated graphene oxide and
aminated GO. Nitrogen-containing groups, as well as oxygen groups, can be considered
as nucleation sites for the growth of MOF. In addition, BTC ligand can interact with
the amines existing on the surface of the GO layer [30]. The combination of Cu-BTC with
this aminated graphene oxide leads to an improved adsorption performance on CO,, which
is summarized in the literature for the following reasons: in the first place, the obtained
graphene oxide contains amino groups, which not only provide sites for reaction with
BTC in MOF but also chemically interact with acidic gases, thus improving the adsorption
performance and selectivity on CO, [200]. Next, the amino group introduced in GO, as
well as residual oxygen groups, lead to a change in the chemical environment of the Cu
sites, resulting in an increase in porosity and defects in the MOF crystals, thus exposing
more unsaturated Cu sites than in the parent MOF. In addition, under dry conditions, CO,
is mainly adsorbed on the composite materials through physical adsorption, and the main
adsorption sites is the open Cu centers, so the increase in Cu sites is beneficial to CO,
adsorption [202]. The schematic diagram of the adsorption sites of CO, by the composite
is shown in Figure 23. [30]. Lastly, the compounding of the two resulted in the creation
of new pores at the interface, thus increasing the porosity, which improved the physical
adsorption capacity for CO,. During the synthesis process, with the increase of urea
content, the adsorption capacity of CO, increased [200]. Moreover, it was found that
the adsorption process of CO, by MOF/aminated graphene oxide composites is completely
reversible, and its CO, adsorption capacity can be recovered without heat treatment,
indicating that this material can be recycled [203,204]. Reading through the literature we
found that most of the current studies on MOF/aminated graphene oxide composites
have focused on improving CO, adsorption and there are very few relevant reports in
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recent years. Nevertheless, we speculate that it is a promising material, which can improve
the adsorption and selectivity for acid gases.

Figure 23. Schematic representation of CO, adsorption sites on the heterogeneous MOF/aminated GO composites.
(Reproduced with permission from [30], Copyright 2015 ELSEVIER).

Levasseur et al. [181] combined GO with HKUST-1 to form composites and investi-
gated their adsorption capacity of NO; gas under dry and humid conditions. It is found
that when compared with pure MOF, the adsorption capacity of composite materials for
NO, under dry conditions is mainly improved by physical adsorption, which is due to
the formation of extra pores between MOF and GO. As shown in Figure 24, the change in
the composite structure before and after exposure to NO, under dry conditions indicates
that the MOF units are enclosed between the GO layers. After NO, adsorption, the MOF
undergoes accumulation, thus leading to an increase in the densities. The micropores of
the material decrease, but mesopores are generated, while the number of mesopores of
pure MOF only increases slightly. In the presence of water vapor, although the stability
of the material is significantly improved, the adsorption capacity of NO, decreases and
the corresponding adsorption mechanism is analyzed. Firstly, the adsorption of NO, by
this composite material is divided into physical adsorption and chemisorption. Physical
adsorption mainly uses the micropores of MOF and new pores of MOF/GO interface
to adsorb NO;, which is not affected by water. The reactive adsorption mainly refers to
the adsorption of NO, by Cu sites. The adsorption of NO, will produce a disproportionate
reaction, resulting in NO and nitrate, which will lead to partial destruction of the MOF
structure, thereby reducing the porosity. This adsorption is reduced by water, which reacts
with the Cu sites to form complexes, thus resulting in lower chemisorption of NO, and
lower the release of NO, but also in higher stability. In the study, it is proposed to increase
the densities of particle and allow the formation of micropores, thus improving the physical
adsorption of NO;.
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Figure 24. Changes in the texture of the composite materials after exposure to NO,. (Reproduced with permission from [181],

Copyright 2010 American Chemical Society).

UiO-66 has relatively good mechanical, thermal, and chemical stability and is, there-
fore, a suitable MOF material for practical applications [205]. Daraee et al. [206] combined
UiO-66 with GO by hydrothermal method to adsorb H,S gas. XRD results showed that
GO had been successfully doped into the MOF material, and the crystal structure of
the MOF material can be prevented from being destroyed. However, the amount of GO
addition should not be too high. Otherwise, the microcrystals will still be deformed and
the high content of GO may cause agglomeration, which is unfavorable for gas adsorption.
The thermal stability of UiO-66 can be further enhanced by the addition of GO, which can
also improve the adsorption activity of H,S by introducing oxygen-containing functional
groups. The specific surface area and pore volume measurements revealed that the surface
properties of the complexes containing 3 wt.% GO are better than the original MOF as well
as the other GO content of ZMCO, which facilitates the adsorption of H;S. The reasons
are summarized as follows. First, the new pores are generated due to the partial filling of
the mesopores at the interface between the two materials and then porous MOF is grown
on the surface of mesopores. In addition, microporous channels can be embedded in
the mesoporous channels of composite materials and the number of micropores is reduced,
resulting in new mesopores. The best adsorption capacity of ZMCO-3 for H,S was found
to be 8.7 mmol S/g at 30 °C. The decrease in adsorption capacity after warming up to
50 °C indicates that physical adsorption may be the main form of adsorption. However,
compared with pure uio-66, the decrease of adsorption capacity was slowed down due to
the improvement of chemisorption. Figure 25 explains the mechanism of H,S adsorption
on ZMCO-3. Subsequently, the regeneration experiments were carried out, and it was
found that this composite material was very renewable, which showed its effectiveness as
an adsorbent.

Figure 25. Possible adsorption mechanism of HyS by ZMGO-3 nanocomposites. (Reproduced with
permission from [206], Copyright 2020 ELSEVIER).
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At present, there are very many studies on gas adsorption using MOF-carbon-based
materials, especially MOF-GO composites. There have been reviews for systematic sum-
maries [63,173,199]. Here, we give some examples for analysis. How these adsorbable
gases such as H;S, SO,, Hy, CO,, and NO; can be detected is a possible future research
direction. The research on the adsorption of these gases can provide some insight and ideas
for their application in gas sensing.

3.4.3. Future Developments

In summary, some MOEF/carbon-based materials have been investigated for gas
sensing/adsorption, and their applications are still progressing and evolving. However,
there are still some issues that need to be addressed. As mentioned above, this limits
the types of MOFs since they must have a specific geometry to grow properly on GO. We
believe that other MOFs may also produce composite materials with tremendous potential,
which is a promising research direction. In addition, although there are more studies on
gas adsorption using MOF/ carbon-based materials, there are fewer reports on gas sensing.
For those physical adsorptions, we can consider how to improve the reversible adsorption
of gases. For those chemisorbed gases, we can consider using Raman spectroscopy to
detect the presence of gases by detecting the formation of chemical bonds. In conclusion,
the research of MOF/ carbon-based materials in gas sensing is still developing.

4. MOFs-Polymer Composites
4.1. Advantages and Disadvantages of Polymers as Gas Sensing Materials

A survey of the literature shows that besides SMOx and carbon-based materials, poly-
mers can also be used as a material for preparing gas sensors. [18]. Conductive polymers
are a kind of attractive sensing material due to good electrical conductivity, magnetic
properties, and optical properties. Meanwhile, the mechanical properties and processing
advantages of the polymer itself are not affected [207]. The main advantage of conducting
polymer-based sensors over metal oxide-based sensors is that they can operate at room
temperature, which implies the low energy consumption and safety of such devices [208].
Additionally, conducting polymers have a fully reversible doping/de-doping process,
a feature that when combined with room temperature conductivity can be used in highly
selective and reproducible gas sensors. Organic conducting polymers can be used as
coatings or encapsulants on electrode surfaces to fabricate gas sensors. Commonly used
conducting polymers include polypyrrole (PPy) [209-212], polythiophene (PTh) [213,214],
poly (3,4-ethylenedioxythiophene) (PEDOT) [215-217], and polyaniline (PANI) [218,219].
Among them, PPy and polyaniline are more studied. Gas sensors based on conductive
polymers have been prepared in previous studies and they have shown very encouraging
results in gas response. According to the literature, PPy can be used for sensing NH3, Hy,
nitrogen dioxide, carbon monoxide, hydrogen chloride, methanol, and acetone, among
which NHj is the most studied [208]. PANI can detect NHj3, carbon monoxide, nitrogen
dioxide, Hy, H;S, ethanol, xylene, and triethylamine. Additionally, NHj is the most studied,
although polyaniline sensors show significantly better sensing performance for carbon
monoxide and nitrogen dioxide gases [208]. Polythiophene (PTh) can detect a variety of
gases, including NH3, NO,, H;S, acetone, chloroform, and toluene [208]. PEDOT sensors
can detect NH3, NO, NO,, methanol, and ethanol, but the overall response is relatively
lower than that of PPy, PANI, and PTh-based sensors. Only PEDOT nanowires at 80 °C
have a high response of 6.67 for nitric oxide (NO) gas, and not for other gases [208], which
can be exploited to improve the selectivity of NO. In the case of non-conductive poly-
mers, they can be used to immobilize specific receptor reagents on the sensor device [18].
Conductive polymers show promising applications for sensing gases with acid-base or
oxidizing properties. Other polymers with reactive functional groups and SPEs (e.g., PVC,
PMMA, etc.) can also be used to detect such gases [18]. However, the presence of rigid
molecular chains with II-conjugated structure in conducting polymers makes both chemi-
cally synthesized conducting polymer powders and electrochemically synthesized films
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have the disadvantages of poor mechanical ductility and difficult processing. In addition
to the poor selectivity of the gas sensors prepared from these materials, there are various
methods to improve the processability of conducting polymers, such as the preparation of
soluble conducting polymer derivatives [220], the synthesis of polymer films by the self-
assembly and template method [221], and the preparation of composite materials, in which
inorganic phase and polymer are often compounded [222,223]. Relatively few reports have
used specific data to illustrate the gas-sensitive properties of MOFs-polymer composites
(Table 3). The processability of the material can be improved to a certain extent, and their
sensitivity and selectivity can be changed by forming composite materials.

Table 3. Gas sensing properties of some gas sensors made of MOF and polymer composite materials.

. Target Gas, Topt Response/Recovery 2 Detection
Material Concentration (ppm) O Response Time (s) BET (m*/g) Limit Ref.
MIL-101(Cr)D SO, o )
PEDOT(45) 200 ppb RT 0.9% <30/ 1038 60 ppb [61]
Cu-BTC/ NH; o
PPy-rGO 50 ppm 25 12.4% 13/22 1861 2 ppm [132]
Si0,CuOF- NH;
graphene-PAni 40 ppm - - 30/180 756 0.6 ppm [133]
[Ni(TPyP)(TiFg)In NO
MOF-A/ 25 2b 20 ~18% 43/438 - 8.25 ppb [224]
PDVT-10 PP
Matrimid-NHj-
MIL-53(Al) methanol 20,000 ppm 28 ~8% - - - [225]
(20%)

The polymerization of MOF with polymers can show many advantages. MOF has
a large specific surface area. When it is added into polymer matrix, there is a very strong
interface interaction between MOF and polymer, which leads to a great improvement
in the performance of the polymer. When the polymer is used as a carrier, it can not
only prevent agglomeration of MOF particles, but also control the size and distribution of
the particles, and enhance/maintain the stability of MOF including chemical stability, ther-
mal stability, and mechanical stability [226]. It is known that many MOFs have poor water
stability and they break the coordination bonds between the metal and the ligand, which
caused the framework to be decomposed. The addition of polymers can improve the water
stability and one method is to introduce polymers into the MOF pores to strengthen the co-
ordination bonds between the metal and the ligand [227,228]. Additionally, it is known that
MOF-5 is a hydrophilic MOF and that water molecules break its coordination bonds [229].
Ding et al. [227] used in situ polymerization of aromatic acetylenes in the pores of MOF-5
and the polymer PN separated the micropores of MOEF-5, resulting in the formation of
ultra-micropores, as shown in Figure 26b. Additionally, CO; on the surface and edges
of PN can reduce water adsorption. As shown in Figure 26a, PN can effectively prevent
a water attack on the coordination bonds, so the water stability and hydrophobic properties
of PN@MOF-5 are significantly improved. Moreover, the aromatic ring contained in PN
has enough exposed surface and edge and the pore size of MOF is reduced, which is
beneficial to the adsorption of CO;, so the adsorption capacity of the complex for CO; is
also increased.
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Figure 26. (a) Competitive adsorption of CO, against H,O at the surface and edge of PN; (b) poly-
merization of DEB in MOFs. (Reproduced with permission from [227], Copyright 2016 American
Chemical Society).

The second method is to encapsulate the hydrophilic MOF into a hydrophobic poly-
mer so as to inhibit the diffusion of water into the MOF pores. As we have mentioned
before, HKUST-1 is an MOF material that is very sensitive to water. It will undergo struc-
tural decomposition under the influence of water [230], but at the same time it can store
CHj4 well at room temperature [231]. Therefore, Carné-Sanchez et al. [232] synthesized
HKUST-1 @ PS composite by the spray-drying (SD) synthesis method. The waterproof
PS effectively encapsulates the MOF, so this composite material can reduce the attack of
water on MOF material without reducing the adsorption capacity. In a word, the intro-
duction of hydrophobic polymers on the inner and outer surfaces of MOF can enhance
the water stability without significantly reducing the specific surface area and properties
of the material. In addition, various studies have shown that direct insertion of polymers
into the pores of MOF stabilizes the pores, thereby improving mechanical stability [233].
XRD analysis shows that the composite material retains the porous structure of the original
MOF crystals after adding the polymer [234-236]. Factors affecting the thermal stability
include the metal-ligand bond strength and the number of attachment sites at a given
MOF node [226]. Yan et al. [237] found a slight increase in thermal stability after PEI
incorporation into MOF compared to the pristine amine-MIL-101(Cr), which was attributed
to the interaction between the amine group in PEI and the open metal sites in MOF. In
addition, other studies have also shown that the addition of a polymer could maintain or
improve thermal stability [237,238].

There are other advantages of MOF-polymer composites for gas sensing, but they are
not necessarily representative due to limited literature reports, and we will describe them
accordingly based on specific examples.
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4.2. Comparison of Synthesis Methods of MOF-Polymer Composites and Their Advantages
and Disadvantages

As shown in Figure 27, Yang et al. [226] summarized five commonly used methods
for synthesizing MOF-polymer composites: (a) in situ polymerization reactions; (b) MOF
construction using polymeric ligands MOF method; (c) post-synthetic covalent grafting of
polymers onto reactive ligands, (d) the post-synthetic introduction of preformed polymers,
and (e) MOF self-assembly around polymers.

At present, the most commonly used method in gas sensing applications is in situ
polymerization. The method is mainly used for polymerization of polymer monomers in
MOF pores. It has many advantages, including mild reaction conditions, a wide range
of applicable frameworks, and ease of preparation of porous polymers at the expense of
MOF derivatives [228,239,240]. Mashao et al. [241] combined polyaniline (PANI) with
CoZIF by in situ oxidative polymerization to form PANI-CoZIF composites. SEM images
of the complexes are shown in Figure 27e, where spherical CoZIF grafting on the polymer
can be seen. The study investigated the sensing of H; based on chrono-current analysis
and found that the sensors prepared from the composite have a faster current response
and good sensitivity to Hy when H,SOy is present as the hydrogen source, proving that
the material can be used for electrochemical hydrogen sensing. However, the current
method has some shortcomings. Initially, it may lead to the heterogeneous nature of
the resulting composite due to the inability to control the uniform diffusion of polymer
monomers [242]. Furthermore, the polymerization reaction may occur on the MOF surface
rather than inside the pores, which can lead to pore blockage. However, both problems
can be solved, as Sun et al. [243] found that MOFs with catalytically active open metal
sites, their metal sites can contribute to the homogeneous distribution of the polymer
through catalytic polymerization. By improving the synthesis method, the polymerization
of monomer on the surface of MOF can be inhibited. They proposed a two-solvent method
with the scheme shown in Figure 28. This method effectively introduces PDA into the pores
of MOF so as to polymerize in the pores, but the loading of PDA should not be too high.
Otherwise, part of PDA may polymerize on the surface [244].
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Figure 27. Schematic diagram of the five methods commonly used to prepare MOF composites.
(Reproduced with permission from [226], Copyright 2021 ELSEVIER).

(e) ®

In addition to in situ polymerization, there are also studies on the use of prefabricated
polymer ligands directly incorporated into the MOF framework during crystallization,
which is referred to as “polyMOFs” [70]. This method is considered to be a unique and
promising method for synthesizing MOF composites, which not only controls the shape,
size, and colloidal stability of MOF by exploiting the chemical stability and processability,
but also by controlling the loading, structure, and composition of supported polymer.

In addition, we have seen a method named “wet impregnation” in the literature
related to CO; adsorption, which is presumed to be a “Post-synthetic introduction of pre-
formed polymers” method since the polymers are first synthesized and then introduced



Chemosensors 2021, 9, 226

37 of 56

into the MOF. Compared with in situ polymerization, this method has the following
advantages. The loading of the polymer can be controlled. Furthermore, the properties
of the MOF-polymer composite can be more easily inferred because the properties of
the polymer itself are known. For example, if the amine group in PEI is known to interact
with CO,, then the CO, adsorption of the composite can be improved by compounding
PEI into MOF [235,236]. Of course, there are some problems with this method, such as that
the addition of polymers may block the pores of MOF resulting in the decrease of specific
surface area, which is not conducive to the adsorption of gas molecules, and it is difficult
to ensure uniformity of polymer distribution. Moreover, some highly branched polymers
may be challenging to enter the pores of MOF creating obstacles for the preparation of
complexes [226].

4.3. Development of MOF-Polymer Gas-Sensitive Sensing Materials
4.3.1. Blended Films Formed by MOF and Polymers

Polymer membranes are widely used for gas separation because of their simple
manufacture and low cost [245,246]. However, the permeability and selectivity of most
polymer membranes are contradictory, so it is difficult to obtain these two properties at
the same time [247,248]. In order to solve the problem of selectivity and permeability,
mixing MOF with polymers for gas sensing has also been reported in recent years. For
example, Yuvaraja et al. [224] coated a porous N-type porphyrin-based MOF film on
an organic field-effect transistor device containing only a p-type PDVT-10 layer. PDVT-10
interacts with NO; and provides electrons for NO,. The porphyrin-based MOF prepared
in this experiment has a high affinity for NO;, so it has a high selectivity. The two form
a heterogeneous structure. NO; is an electrophile and absorbs electrons from the polymer,
creating holes in the polymer. At the same time, the MOF material also attracts electrons in
the polymer due to its high electron affinity, which increases the holes in PDVT-10, thus
improving the sensitivity to NO,. The interaction between NO, and the heterogeneous
structure is shown in Figure 29. By mixing the two, the sensitivity to NO, is improved by
700%, the detection limit is as low as 8.25 ppb, and the water stability is better than that of
the original device. This report innovatively puts forward the strategy of using MOF to
form heterojunctions with polymers, which may be a new development direction.

Dopamine

>

- Hexane

Figure 28. Synthesis process of Ni-MOF/PDA composite [244], (Copyright 2018 ROYAL SOCIETY
OF CHEMISTRY).

However, it is clear from the literature that the preparation of mixed matrix membranes
(MMMs) by dispersing MOFs in polymeric matrices is relatively more reported in sensing or
adsorption studies [249-251]. Among the various porous fillers, metal-organic backbones
(MOFs) are a better filler for fabricating MMMs because their crystal structure is highly
porous. Compared with other fillers, the organic ligands provide more desired interactions
with the surrounding polymer [252]. Moreover, the shape and size of the pores, as well
as the chemical functionality, can be highly modulated by proper alteration of the metal
node-organic ligand pairs [253]. Furthermore, due to their selectivity with enhanced gas
permeability the problems of polymeric membranes can be overcome [254]. In addition,
because of the flexibility and easy processability of polymers the problem of difficult
preparation of MOF membranes and the limited processability can also be solved [52].
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Zhang et al. [52] reported a fluorescent sensor that can detect HyS in water, and they
mixed different amounts of AI-MIL-53-NO, into PVDF. The -NO; groups in MOF can
selectively detect H,S by reducing it to amine groups, as shown in Figure 30a. It can be
seen that the active detection material here is the MOF material. The polymer’s role is
mainly as a substrate to provide flexibility and processability. As MOF material can increase
the adsorption sites, with the increase of MOF loading, the response of H,S (expressed as
fluorescence intensity) increases significantly, as shown in Figure 30b.
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Figure 29. Interaction between NO, and the MOF-A /PDVT-10 heterostructures. (Reproduced with
permission from [224], Copyright 2020 American Chemical Society).

Although MMMs have many advantages, they also have some problems. The prob-
lems are that there may be non-selective voids at the interface between MOF and polymer,
especially those MMMs that use micron-sized MOFs. These voids can lead to the transport
of other interfering gases; thus, the membrane is less selective for the target gas. The reason
for these interfacial defects is that the compatibility between MOF and polymer is general
and produces a low interfacial adhesion [255-257]. For these problems of MMM, the use
of composite materials can be considered to solve them.

Regarding the application of MOF-polymer composites in gas sensing, in the limited
literature available, the author divided it into two types according to the matrix and dopant.
One is doping MOF in the polymer (including composite film) and the other is doping
polymer in MOF (including polymerization in holes), and we look at the composites
prepared in these two ways below.

4.3.2. Application of Composites Prepared by Doping MOF in Polymers for Gas Sensing

One strategy was the doping of MOF in polymers and Sachdeva et al. [225,258] used
Matrimid 5218 as a substrate to prepare thin films of nano NH,-MIL-53 (Al) dispersed
in polymers for use on capacitive sensor devices. Matrimid 5218 has high thermal and
mechanical stability, while the selected MOF has good compatibility [259]. It reduces
the detection limit of the capacitive gas sensor fabricated by the composite membrane
for methanol gas because of NHy-MIL-53 (Al) affinity for methanol [260]. Subsequently,
a cross-sensitivity analysis was performed to expose the 20 wt.% MOF-Matrimid film
device to 20,000 ppm of water, methanol, ethanol, and 2-propanol. The results are shown
in Figure 31a. It was found that the change in capacitive response after exposure to
ethanol and 2-propanol was negligible, and the response of methanol was not affected
due to the large molecular size and hindered diffusion, but when exposed to water and
methanol, the capacitance changes faster. In order to investigate whether water has
an effect on the methanol response and examine the impact of MOF loading on the sensing
performance, they continued their experiments and found that the response of this sensor
device to methanol is greatest when the polymer contains 40 wt.% NH;-MIL-53 (Al), as
shown in Figure 31b. When the loading amount is less than 40 wt.%, the sensitivity of
methanol changes with the increase of MOF content, and the adsorption sites increases
with the increase of MOF content, thus the response increases. When the load exceeds
40%, the hardening of the polymer occurs at the MOF-polymer interface, which can
lead to a brittle or even cracked coating, so its response decreases [261,262]. To explore
the effect of water on methanol, the water concentration was kept at 5000 ppm at 28 °C,
and the concentration of methanol was varied to observe the capacitance change. It can
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be seen from Figure 31c,d that water has little interference with the detection of methanol
response. Similarly, it is found that methanol has little effect on water, which indicates
that the influence of the device on water and methanol is independent. This is the first
reported MOF-polymer composite that can be used for capacitive sensor applications at
room temperature.
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Figure 30. (a) [llustration of nitro (-NO;,)-functionalized MOF as a fluorescence-based turn-on probe
for HjS. (b) Emission spectra of PVDF membranes; Al-MIL-53-NO, MMMs with different MOF
contents before and after treatment with NaHS. (Reproduced with permission from [52], Copyright
2016 WILEY).
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Figure 31. (a) Response of Matrimid-MOF (20%) coated device toward 20,000 ppm of water, methanol,
ethanol, and isopropanol at 28 °C. (Reproduced with permission from [225], Copyright 2016 American
Chemical Society). (b) Comparison of the sensor response by devices with different ratios of NHj-
MIL-53(Al) and Matrimid to the exposure of different concentrations of methanol. (c) Response of
devices containing 40 wt.% NH,-MIL-53(Al) in Matrimid to different concentrations of methanol in
the presence of 5000 ppm water. (d) Capacitive response of devices containing 40 wt.% NH;-MIL-53
(Al) in Matrimid to 5000 ppm methanol at 28 °C and different water concentrations. (Reproduced
with permission from [258], Copyright 2017 American Chemical Society).

Additionally, in 2020 Cao et al. [263] applied a ZIF-8/PDMS polymer coating on
an optical fiber to prepare an optical fiber gas sensor to detect CHy in N at concentrations
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as low as 1%. Here, PDMS polymer provides hydrophobicity, good mechanical properties
with good permeability to CHy4 gas, and MOF to increase the free volume of the polymer and
the diffusion of CHy4 rate. At the same time, the addition of MOF can change the mechanical
properties of the polymer matrix. Regarding the higher selectivity of CHy relative to Ny,
the authors summarized three points: (1) CHy has a higher adsorption potential than N; in
PDMS and ZIF-8. (2) The molecular size of CHy is smaller, so it diffuses more quickly in
the complexes. (3) CHy interacts with the polymer preferentially to Nj.

Besides loading MOF in polymers, we found some reports about loading polymers in
MOF. Most commonly, the polymer monomers are polymerized in the pores of MOF to
prepare a composite.

4.3.3. Application of Composites Obtained by Doping Polymers in MOF for Gas Sensing
and Gas Adsorption

Here, we look at composites obtained by doping polymers in MOEF. Le Ouay et al. [61]
prepared MIL-101(Cr)> NPEDOT with different polymer contents by introducing uni-
formly dispersed EDOT monomers in MIL-101(Cr) by evaporating the solvent, followed by
oxidative polymerization in the pores by iodine vapor to obtain PEDOT. It was found that
PEDOT belongs to a P-type semiconductor and can be used for NO, detection [264-268].
PEDOT mainly functions as an active and conductive material here. MOF can improve
the sensitivity and increase the specific surface area by providing micropores, while com-
posite material can also solve the drift problem of PEDOT sensors. As the PEDOT content
increases, the BET specific surface area of the composites decreases, but the electrical con-
ductivity increases. As shown in Figure 32, to achieve the best result between the electrical
conductivity and accessibility of the composite to NO,, the researcher chose a mass fraction
of PEDOT of 45%. This gas sensor has many advantages, including operating at room
temperature, high sensitivity, LOD to NO, down to about 60 ppb, and its wide linear range.
Therefore, preparing MOF/conductive polymer composites may be a promising method to
obtain porous conductive materials.
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Figure 32. Changes in conductivity and specific surface area of 1> (N\PEDOT with changes in PEDOT
mass fraction (red squares represent conductivity, blue dots represent specific surface area [61],
Copyright 2016 American Chemical Society).

In fact, besides MOF-polymer composites, other materials can be introduced to im-
prove the sensing performance for gases, such as carbon-based materials (graphene, GO,
etc.) and the corresponding studies we have given examples in the carbon-based materials
section and will not repeat them here.
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4.3.4. Application of MOF-Polymer Composites for Enhanced CO, Adsorption

It is well known that the first step in the sensing of gases is adsorption, so the study of
gas adsorption can provide some ideas and directions for the research of gas sensing.

Global warming is a serious global environmental problem, which is caused by
the increase of carbon dioxide in the atmosphere [269]. Fossil-fuel powerplants emit
a relatively high proportion of CO; in flue gases, accounting for about 40% of the total CO,
emissions [270]. The main components of flue gas include Ny (about 80% molar fraction),
CO; (about 3-15% molar fraction), and O, (about 5-15% molar fraction). Additionally,
the flue gas also contains water, SO, NOx, and carbon monoxide, as well as particles in
suspension [271].

In order to alleviate global warming, people have started to consider reducing the car-
bon dioxide concentration in the atmosphere. In addition to using plants to absorb CO,
by photosynthesis, anthropogenic carbon capture and sequestration (CCS) techniques can
be considered [272-275], and various studies have considered many materials that can be
used for CO, adsorption, such as zeolites [276,277], activated carbon [278,279], etc. MOF
can also be used for CO, adsorption due to its large specific surface area and high gas
adsorption capacity [280,281]. However, MOF needs to be optimized to improve the ad-
sorption capacity and selectivity of CO, and avoid the interference of water. Previous
studies have concluded that there are several methods to improve the adsorption capacity
and selectivity of MOF for CO;. The first is to immobilize basic groups or add alkali metal
cations including Mg?* on MOF [244,282-284]. The second one is introducing open metal
sites to induce the polarization of CO, [285-289]. Additionally, the third one is to introduce
highly polar functional groups to MOF (such as -OH, -NO,, pyridine, etc.), which can
induce the polarization of CO, and enhance the affinity of MOF with CO, [227,250,290].
The methods of introducing these functional groups include introducing groups directly
into MOF and preparing MOF composites to introduce corresponding groups [285,291,292].
At the same time, polymers are a medium to introduce these groups [235-237]. Compared
to zeolite or granular activated carbon, through these chemical modification methods,
the material can show a larger adsorption capacity of CO, [293].

We found that quite a few pieces of literature have reported the enhancement of CO,
adsorption by MOF-polymer, mainly by using the basic sites of the polymer. Yoo et al. [234]
chose to polymerize aniline in MIL-101 (Cr) pores using the wet impregnation method
to obtain the PANI@MOF complex. They found that although the specific surface area
and pore volume of the composite decreased with the addition of PANI, the adsorption
of CO, was increased. The selectivity for CO, /N, was also improved, indicating that
the adsorption of CO; on this material depends not only on the surface area but also on
the interaction. To verify the existence of this interaction, the composite material was
treated with acid and then the adsorption tests was carried out again. It was found that
the adsorption of CO, on the material after acid treatment was significantly lower than
that before acid treatment, which indicates that the alkaline sites introduced by PANI may
effectively promote the adsorption of CO;. Still, the adsorption of CO, on the material
after acid treatment was higher than that of pure MOEF, which indicates that besides
alkaline sites there are other substances present on the composites that contribute to CO,
adsorption. They further investigated the adsorption mechanism and found that according
to XPS, there is a high concentration of amine (-NH-) and low concentration of imine
(=N-) on PANI-MOF—as shown in Figure 33—so it can be presumed that it is the amine
in PANI that effectively adsorbs CO;. After acid treatment, -NH- may become -NH,*—
while =N- may become =NH*-. They may have dipole—quadrupole interaction or weak
electrostatic interaction with CO;. There is a dipole-quadrupole interaction or a weak
electrostatic interaction between them so that the adsorption of COj is still increased even
after treatment with acid.
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From the above examples, it can be seen that the introduction of some polymers can
introduce basic sites to improve the adsorption capacity of CO,. Such polymers include
PEI], etc. For example, Yan et al. [237] modified the amine group to MIL-101 (Cr) to ob-
tain smaller amine-MIL-101 (Cr) particles with good water stability [294] and then used
wet impregnation to dope PEI into the pores of amine-MIL-101 (Cr). This composite can
improve the adsorption performance of CO; at room temperature and low pressure and
significantly improve the selectivity for CO, /CHy. However, one point that needs attention
is the selection of MOF. First of all, the MOF material we choose must be alkali-resistant
MOFE. Other MOF materials such as Cu-BTC are not suitable for loading these polymers
because the framework structure may be destroyed in alkali amine solution. Moreover,
the presence of water is an important variable. Some MOF materials, such as MIL-101 (Cr)
mentioned above, have good thermal and water stability and high adsorption capacity
for CO, [295,296]. Still, the adsorption of CO, in humid air decreases significantly due to
the competition from water vapor because of the hydrophilic nature of the unsaturated
metal center [297-301]. Therefore, it is also essential to develop composites with high CO,
capacity and better moisture resistance. With regard to improving the hydrophobicity of
MOF by polymers, two methods have been introduced above, mainly through the water re-
pellency by polymers on the inner and outer surfaces of MOE. However, we also found that
some studies can use water vapor to improve the adsorption of CO,, which is undoubtedly
a new development direction but this is limited to polymers containing specific groups.

Xian et al. [235,236] synthesized UiO-66 and ZIF-8 complexes modified with PEI by
the wet impregnation method and investigated the adsorption properties of the complexes
on the adsorption performance and humidity of CO,. Both UiO-66 and ZIF-8 are alkali-
stabilized MOF materials, and their binding sites to PEI are metal sites [302]. The CO,
adsorption experiments revealed that the adsorption was significantly improved by the ad-
dition of polymer, which is due to the fact that PEI is a polymer containing a high density
of amine groups that can interact with CO, to generate carbamates [303]. The reaction
of the amine group on PEI with CO; under the condition of no water vapor is shown in
Figure 34a,b. The reaction equation is as follows [304].

CO, + 2RNH, — RNHCOO™ + RNH;* 1)

CO; + 2RpNH — RoNCOO™ + Rzl\H‘Iz+ (2)
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Figure 34. The best interaction configurations and adsorption energies for CO, adsorption on
tetraethylenepentamine under (a) dry conditions and (b) wet conditions, respectively (gray represents
C, red represents O, blue represents N, and white represents H). (¢) CO, adsorption capacity and
CO,/CHy selectivity at 308 K for 30PEI @ UiO-66 at 0%, 30%, 55%, and 80% relative humidity,
respectively [235], (Copyright 2015 American Chemical Society).

It can be seen that under these experimental conditions, one CO, molecule needs
to consume two amine groups to generate stable carbamates. The adsorption capacity
of CO;, varies by changing the PEI loading. For UiO-66, the maximum CO; adsorption
was achieved at a PEI loading of 30 wt.%. In contrast, for ZIF-8, the maximum CO,
adsorption was achieved at a PEI loading of 45 wt.% at a temperature of 298 K and
pressure between 0 and 0.8 bar and greater than 0.8 bar. The PEI loading of the maximum
adsorption was observed at 30 wt.%. This is because as the increase of PEI loading,
the active site of the complex adsorption for CO, increases, but at the same time, its
specific surface area decreases, so there is a compromise between the two loadings, which
leads to the maximum adsorption amount of CO,. Hence, when water vapor is added
to the experimental conditions, will it affect the CO, adsorption? They tested the CO,
adsorption capacity and CO,/CHy selectivity at 308 K for 30PEI@UiO-66 at 0%, 30%, 55%,
and 80% relative humidity, respectively, and the results are shown in Figure 34c. It can be
seen that both adsorption capacity and selectivity are improved in the presence of water
vapor compared to water-free conditions, and the maximum value is reached at 55% relative
humidity, which indicates that the presence of water molecules has a favorable impact
on the adsorption of CO,. The result was also observed for 45PEI@ZIF-8. They suggest
that this is because water molecules may have preferentially formed bicarbonate with
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CO; molecules and then adsorbed on the amine group of the complex through hydrogen
bonding, with the following reactions [305-307].

COZ + Hzo + R{NHR; +— RleNH2+ + HCOgi (3)

N, or CHj4 do not react, so as PEI increases and the specific surface area decreases,
the adsorption capacity decreases, and therefore the selectivity for CO, improves signifi-
cantly as the CO, adsorption capacity increases. However, after the relative humidity (RH)
exceeded 55%, the adsorption amount, as well as the selectivity for CO;, decreased again,
which could be attributed to the excess of water molecules that would compete with CO,.

To conclude, their study provides a new way to enhance the adsorption of CO, in flue
gas, which can be enhanced by the synergistic interaction of water molecules with amine
groups on the polymer.

The addition of adsorption provides an improved direction for the development of
sense, and for those chemically reactive adsorptions, chemical bond detection by Raman
spectroscopy can also be considered for gas detection purposes.

4.3.5. Current Problems

The current development of MOF-polymer for gas sensing faces several problems:
(i) The pores of MOF have a certain pore size, so the polymer may hinder the transport
of some gas molecules if it is polymerized pore. If it is polymerized and inserted into
the pore, it may be difficult to enter the pore because of the pore size and lead to difficulties
in preparing the complexes. (ii) When loading polymers in MOF, various synthetic meth-
ods need to be improved and explored to control the loading amount, while maintaining
the high porosity of MOF and the accessibility of the target to the active site. (iii) The homo-
geneous dispersion of polymers in MOFs still needs to be explored. They are influenced by
several factors, which also affect the sensing and adsorption properties of the composites
for gases. (iv) At present, from the evidence in the literature, there are few applications
of MOF-polymer in gas sensing and the corresponding selection of MOF materials and
polymers is also small; therefore, many laws cannot be summarized. There is still more
room for the development of such composites and it can be said that this is a direction
worth exploring.

5. Conclusions

This paper reviews the synthesis methods, advantages, disadvantages, and applica-
tions of MOF and its composites as gas sensing materials. The composite materials of
SMOx and MOF synthesized using the template-sacrifice method can increase the spe-
cific surface area of the materials, enhance the moisture resistance of the materials, and
improve the selectivity for specific gases. By compounding carbon-based materials with
MOF, the dispersibility of the porous materials can be improved, the electrical conductivity
of the materials can be increased, and the surface-active sites can be increased, thereby
improving the adsorption and diffusion of gas molecules. Using the synergistic effect of
polymer and MOF materials, the stability of the materials can be enhanced, and the gas
can be detected at lower temperatures. Although there are not many reports on these com-
posites for gas sensing, MOFs with porous structures and their composites are expected to
be candidates for improving gas sensing performance.

6. Outlook

Although some progress has been made in gas sensors based on MOF composites,
further research is still needed. Regarding the materials for the composites, we summarized
the metal oxide, carbon-based materials, and polymers with MOF. For the composite of
the MOF with metal oxides, the current material selection needs to be further explored.
For the composites of MOF with carbon-based materials, although there are many reports,
they focus on the adsorption of gases and the investigation of the sensing of gases is
still a significant challenge. For the composites of MOF with polymers, the preparation
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methods still need to be improved. Finally, we hope our work can provide some ideas for
developing more MOF-based composites with good gas sensing properties.
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