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Abstract: As an emerging class of hybrid nanoporous materials, metal-organic frameworks (MOFs)
have attracted significant attention as promising multifunctional building blocks for the development
of highly sensitive and selective gas sensors due to their unique properties, such as large surface
area, highly diversified structures, functionalizable sites and specific adsorption affinities. Here, we
provide a review of recent advances in the design and fabrication of MOF nanomaterials for the low-
temperature detection of different gases for air quality and environmental monitoring applications.
The impact of key structural parameters including surface morphologies, metal nodes, organic
linkers and functional groups on the sensing performance of state-of-the-art sensing technologies are
discussed. This review is concluded by summarising achievements and current challenges, providing
a future perspective for the development of the next generation of MOF-based nanostructured

materials for low-temperature detection of gas molecules in real-world environments.

Keywords: metal-organic frameworks; hybrid nanomaterials; gas sensing; selectivity; sensitivity

1. Introduction

In recent decades, the rapid growth of urban populations has resulted in new public
health concerns and environmental pollution [1,2], and the fast monitoring of air- and water-
borne contaminants using effective sensors has grown considerably in importance [1,3].
An effective sensor should interact with the target analyte selectively with high sensi-
tivity and short response time [2,4-6]. In addition, the sensor should be cost-effective
and demonstrate high reusability and reproducibility [2,7]. Sensors can be utilized to
detect pollutants/analytes in aqueous (such as heavy metals, toxic organic compounds,
and antibiotics) and gaseous form (such as volatile organic compounds, toxic gases, and
greenhouse gases) [2,6,8,9]. The latter has a wide range of applications in food quality
processes, industrial gases detection, and disease diagnosis, as well as indoor air-quality
monitoring [8,10-12].

Several gas-sensing techniques have been developed including optical, capacitive,
chemoresistive, and magnetic sensors [8,13-33]. In optical sensing, material optical proper-
ties change upon adsorption of the target analyte onto the surface producing an optical
signal such as a change in visible colour, refractive index, luminescence intensity, etc. [27,32].
Capacitive-based sensors are an attractive class of sensors, in which capacitance changes
due to the change in the dielectric permittivity upon adsorbing the gas/vapour molecules
are detected [28-30]. In chemoresistive detectors, electrical conductivity changes as a
result of a reaction between the target gas and oxygen molecules adsorbed on the surface
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of the sensing material [4,21,33]. Generally, chemoresistive-based gas sensors provide a
superior sensing response at room temperature compared to optical-based gas sensors.
However, their slow response dynamic at low/room operating temperature and their lack
of selectivity towards target gases hinder their real-world application [4—6].

In magnetic gas sensors, the magnetic properties of the sensing material are changed
upon exposure to the target gas molecules; the change can be measured by, for exam-
ple, application of the Hall effect, magnetization, spin orientation, ferromagnetic reso-
nance, the magneto-optical Kerr effect, or the magnetostatic wave oscillation effect [8,13—
15,17-26,31,34,35]. Sensing materials for gas detection can be classified into metal ox-
ides [16,36,37], conductive and non-conductive polymers [38-41], carbon-based materials
(e.g., graphene, carbon nanotubes, etc.) [42-46], noble metal-based structures [47-50],
ionic liquids [51-53], metal-organic frameworks [8,54-56], and their composites [57-59].
Among these material groups, metal oxide-based sensors have been investigated exten-
sively due to their strong and rapid response, low limit of detection (LOD), high repro-
ducibility, simple and portable design, and low fabrication cost [60-62]. In recent years, the
development of nanostructures and nanocomposites of metal oxide sensors has further im-
proved device sensing characteristics. Despite these advantages and improvements, high
operating temperature and inadequate gas selectivity have hindered substantial growth
into new markets [61,63,64]. Polymers have been utilized in gas sensors as a sensing
agent (mainly in a functionalized state) or immobilizing component to overcome some
of these challenges [38,65]. Although significant progress in polymer sensors has been
achieved over the last 20 years, these sensors encounter difficulties, including complex
sensing mechanisms, poor selectivity towards target gases, a slow response dynamic, and
significant matrix aging [22,38].

MOFs, a class of porous coordination polymers (PCPs), are crystalline frameworks
with open porosity and are composed of metal nodes and organic linkers [66,67].
Over the last two decades, numerous compounds have been synthesised by changing
the metal ions and organic ligands to produce materials with exceptional properties, in-
cluding large surface area (surface areas more than 1,000 m?g 1), adjustable pore size, and
tunable functional groups [8,21,68]. The manifold approaches for MOF synthesis, including
the most versatile and widely used solvothermal methods, and recently realised green
approaches, such as solvent-free mechanochemical routes [69-72], are making the process
of preparing high-quality MOF-based materials easier and more environmentally friendly.
Hence, MOFs have attracted much attention for numerous potential applications such as
gas absorption/storage, gas separation, gas sensing, catalysis, solar energy conversion,
energy storage, and biomedical technology/drug delivery [71,73-77].

Among the unique properties of MOFs, the reversible and selective adsorption of
guest molecules onto their large surface areas is of great importance for sensing applica-
tions [2,54]. In fact, a high concentration of target gases inside a highly porous structure
boosts the sensitivity of the sensor and the control over functional groups and pore sizes
of the framework enhances the selectivity of the detection process [54]. Furthermore, in
contrast to carbon-based and metal oxide-based sensors, which require high working
temperature, MOF-based sensors have shown promising performances at low /room tem-
peratures, resulting in significant reductions in power consumption, ease of manufacture
and broadened application areas [78-81]. The variation in MOFs’ physical and chemical
properties following the adsorption of intended gas molecules has been exploited for the
effective monitoring of environmental pollutants, indoor air quality, medical diagnosis and
other areas of application [8,11,29,82,83].

Here, we present recent advances in the design and fabrication of MOF-based nano-
sensors for low concentration detection of different gases including nitrogen dioxide
(NOy), hydrogen sulfide (H»S), sulfur dioxide (SOy), carbon dioxide (CO,) and ammonia
(NHs), for air quality and environmental monitoring applications. We critically assess
and compare state-of-the-art MOF-based nanostructured technologies that are leading the
way in developing sensitive and selective gas sensors with low operating temperatures
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(Table 1). We focus on the impact of nanostructured morphologies, metal nodes, organic
linkers, and functional groups, as well as gas-sensing mechanisms on the performance of
state-of-the-art sensing technologies. We conclude with a review of the rapidly emerging
trends and promising strategies that can enhance functionality and enable the production
of the next generation of highly sensitive and selective MOF-based gas sensors for the
low-temperature detection of gas molecules.

Table 1. Key features of MOF-based gas sensors for air quality monitoring.

Working

Con./LOD

. #H# $$
Gas Materials Sensor Type Cond. (ppm) Response Tres/Trec Ref.
a
Tb-MOF Optical RT, UV (350 5/1.8 055 (APL/PL)y* <2 min?/~2 [84]
nm) min
Eu-MOF Optical RT, E;;GSO 5/2.2 0.11 (APL/PL) * 90sb/- [84]
MOF-A Optical RT 100%/-  Redtoyellow \ [85]
during exposure
Resistance
NO; decreased from
MOF-A Ch isti RT, 05V 100%/- 0.57 TO) 2min/42s € [85]
emoresistive , U o to 025 MQ then min S
further down to
9.1 KQ)
Yellow to
Y-DOBDC Optical RT, UV/Vis \ brow(gvoirs ange \ [32]
illumination)
Ni-MOF-74 C iti 50°C, 10 5/<0.5 725 (R /Ry) @ \ [86]
i apacitive mHz-1MHz . (R1/Ry)
In, O3/ ZIF-8 Chemoresistive 140 °C 1/0.01 16.4 (Rg/Ra) 80s/133 s [87]
Cuz(HHTP), /Fe;O3  Chemoresistive RT, Blue light 5/0.011 63.5% (AR/Rg) \ [88]
Pd@Cusz(HHTP), Chemoresistive  RT, 5%RH 5/- (A%/llio/;) 13.8 min/- [89]
Pt@Cuz(HHTP), Chemoresistive  RT, 5%RH 5/- (_A5R7/31§ /)o 14 min/- [89]
0
Pt@Cuz(HHTP), Chemoresistive RT 3/0.1 89.9% (AR/Rp) 8.2 min/- [90]
Cuz(HHTP), Chemoresistive RT 3/0.1 53.7% (AR/Ryp) 14 min/- [90]
ZIF-8-81 Chemoresistive 350 °C, 5 V 100/- 1185 (Rg/Ry) 10 Ss/ LS oy
MIL-100(In) 2 Optical 40°C 3/0.535 2200 (PL) * \ [92]
. 8.8 x 107*
fum-fcu-MOF Capacitive RT 1/0.0054 (Ac/<) \ [93]
H,S ZIF-8/Zn0O Chemoresistive RT 1/<0.05 187% (AR/Rg) m;;‘él 10.7 [94]
MOF-5/CS/IL3 Chemoresistive RT, 120 mV 100/1 98% (Ra/Rg) <8s/~30s [95]
Cus(HHTP), Chemoresistive RT 80/0.52 98% (—AG/Go) 5 I:I‘l‘i?l/elo [96]
Nis(HHTP), Chemoresistive RT 80/0.23 97% (—AG/Gy) 5 m&o [96]
NiPc-Ni 4 Chemoresistive <V 0'81‘1'0 80/0.032  64% (—AG/Gy) 23;3?! 0 o7
NiPc-Cu 4 Chemoresistive <V 081‘1'0 80/0.019  98% (—AG/G) 1'3;238/ 10 [97]




Chemosensors 2021, 9, 316

40f33

Table 1. Cont.

. Working Con./LOD o $5
Gas Materials Sensor Type Cond. (ppm) Response Tres/Trec Ref.
MOF-5-NH, Optical ~ ROV 5505  Luminescence 155/- [95]
nm) turn-on
. RT, UV (370
_BDC-NH, 5 ' * _
SO, Eu-BDC-NH, Optical nm) 10/0.65 7340 (PL) 6s/ [99]
UiO-66-NH, Capacitive RT 50/- 23 x 107* (Ac/c¢) 1855s/- [28]
—4
MFM-300(In) Capacitive RT (22 °C) 170005 17 *10 . (Ac/c) \ [100]
NH,-UiO-66 Chemoresistive 150 °C 10/1 21.6% (AR/Rp) 26.8s/41.6s [101]
Ni-MOF/-OH- -
SWNTs Chemoresistive RT 1/0.5 0.9784 (AR/Ry) 10s/30s [102]
ZIF-8 Optical RT, EIZ)(MZ 60%/- 72% (T%) * 145/9s [103]
—4
CcO, Mg-MOF-74 Capacitive RT 1000/- 2(1A(>:< /i()) . \ [9]
NH,-UiO-66(Zr) Chemoresistive 150 °C, 5000/ - 11.4% (AR/Ryp) \ [101]
7-8
Cus(HIB), Chemoresistive RT 400- 0.62% (AG/Gg)  min/10-11  [104]
2500/67 min
SnO,@ZIF-67 Chemoresistive 205 °C 5000/ - 16.5% (AR/Rp) 96s/25s [105]
MIL- . RT, UV (298 .
124@Eu™ / ALO; Optical am) 500/262  0.14 (APL/PL) \ [106]
NDC-Y-fcu-MOF © Capacitive RT 25/0.092 7 x 107% (Ac/c) * ~250s/ [107]
. RT, 0.01-1.0 43-45% .
DN 7 , _ -
NiPc-M Chemoresistive v 80/0.05 (—AG/Go) 2.3-1.3 min/ [97]
NH; Cu-BHT 8 Chemoresistive  RT, 0.01 V 20/0.23 7.88% (AR/Rp) 58s/102's [108]
Cuz(HITP), Chemoresistive  RT, 0.1V 2/- 0.48% (AG/Gy) \ [109]
Cu-HHTP Chemoresistive RT 10(;68_57 x 161% (Ra/Rg) 35s/15 min [110]
Pd-Co@IRMOF1 ? Chemoresistive RT 90/1 80.17 (Ra/Rg) 46s/22s [111]
Zn (NA) 10 Chemoresistive RT 100/- 220 (Ra/Rg) 465/200 s [112]
SNNU-88 11 Chemoresistive RT 50/- 2.3 (Ra/Rg) 875s/127 s [113]
Cuz(BTC);/GO 2 Chemoresistive ~ RT, 1V 100/- 4 (Ra/Ry) \ [114]

# In the Response column: “A” represents difference; PL, R, G and c correspond to intensity of photoluminescence emission, electric
resistance, current, and capacitance, respectively; subscripts of “0”, “a” and “g” refer to the initial state, in air and in target gas, respectively.
% Tres and Tyec are the sensor response and recovery time, respectively. * Estimated value, data is unavailable. # Time for emission peak
(543 nm) to reach its plateau. P Time for ~20% increase in PL after exposure to target gas. ¢ 2 min is for current increased from 30 nA to
2 uA, and 42 s is for current decreased from 55 pA to 30 nA. 4 Ry and R correspond to the resistance of M-MOEF-74 before and after

exposure to target gas. ¢ Time for purging the target gas (H,S) and dry N respectively. f %T = transmittance. ! The ZIF-8 was synthesised
at a molar ratio of 8:1 for Zn(NO3),-6H,O and 2-methylimidazole. 2 MIL-100(In) = IngO(OH)(H,0),[BTC],, where indium is the metal
node and BTC (1,3,5-benzenetricarboxylic acid) is the ligand. 3 MOEF-5 ([ZnsO(BDC)3]n) microplates embedded on an organic membrane of
chitosan (CS) blended with glycerol ionic liquid (IL). # NiPc = nickel phthalocyanine. 3 Eu-BDC-NH, (H,BDC-NH,, 2-aminoterephthalic
acid), where BDC = 1,4-benzodicarboxylate. ® NDC-Y-fcu-MOF = Naphthalene (NDC) based RE-fcu-MOF, fcu is short for face-centred cubic.
7 M = Nji, Cu. 8 BHT= benzenehexathiol. * IRMOF-1 (MOF-5) is a metal-organic framework compound with the formula of Zn;O(BDC)3.
10 NA = nicotinic Acid. ' SNNU-88= {[(CH3)>,NH,][Mg3(OH)(DHBDC)3(TPP)]},,; where SNNU = Shaanxi Normal University, and
TPP = 2,4,6-tri(4-pyridyl)pyridine. 12 BTC = benzene tricarboxylic, GO = graphene oxide.

2. Nitrogen Dioxide (NO,)

Among the most common pollutants, NO; is a harmful gas that is generated by
combustion processes at high temperatures and requires to be monitored in order to control
its release [115]. NO, is the main source of nitric acid aerosol leading to smog and acid
rain; in humans, it can cause inflammation of the airways and can even cause death at high
concentrations [116,117]. Therefore, there is great demand for highly sensitive, selective,
cost-effective, rapid and reliable, non-invasive techniques for monitoring NO,.

Monitoring the optical emission changes of the MOF pre- and post-NO, exposure
provides an interesting route for the utilization of MOF-based materials in gas-sensing
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applications. Luminescent MOFs (LMOFs) are widely used in gas sensing because of
their excellent optical response towards guest molecules inside their cavities. Gas sen-
sors, fabricated using two lanthanide-based MOFs (Tb-MOF and Eu-MOF, formed by
2-amino-1,4-benzene dicarboxylic acid with europium and terbium salts, respectively),
were reported by Gamonal et al. [84] for NO, gas detection with an LOD of 2.2 ppm at
room temperature. The sensing mechanism was based on the rise in Eu*>* luminosity
and the reduction in Tb3* luminescence upon exposure to NO, gas. Zhang et al. [118]
demonstrated a direct correlation between the fluorescence intensity of the ZJU-66-based
sensor and NO, concentrations. Similarly, Moscoso et al. [119] developed Tb-based MOF
films, so-called Tb(BTC)@PDMS (BTC: benzene-1,3,5tricarboxylate, PDMS: polydimethyl-
siloxane), where the photoluminescent frequency of the film was gradually decreased as
the NO, concentration was increased from 0 to 500 ppm.

A combination of colorimetric and chemoresistive MOF detectors (MOF A, with Co
and octadentate calix[4]-resorcinarene as the metallic centre and ligand, respectively) was
synthesised by Ma et al. [90] using a solvothermal approach. The sensing mechanism
was based on the absorption of NO, gas molecules onto the surface of MOF A. The O
atoms of the absorbed NO, interacted primarily with the adjacent carboxylic groups
and coordinating water through hydrogen-bonding interactions, leading to the formation
of a conductive pathway. Another conductive pathway may be formed by the NO,
molecule and H3O* through hydrogen-bonding interactions (Figure 1b, inset), resulting
in an eight orders of magnitude enhancement for conductivity where the resistance of
MOF A decreased from 5.7 x 10! Q) t0 9.1 x 10 Q upon exposure to NO, gas molecules
(Figure 1b). In addition to the electrical sensing response, a visible change in the colour
was observed in MOF A where the crystal colour changed from red to yellow after NO,
exposure (Figure 1a).

In a similar gas molecule absorption approach, Gallis et al. [32] reported the NO
adsorption behaviour of Y-DOBDC-based MOF (yttrium-2,5-dihydroxyter-ephthalic acid)
by analysing its photoluminescence (PL) characteristics in both pre-NOx and post-NOy
exposures. As demonstrated in Figure 1c, the colour of synthesised Y-DOBDC-based
MOF changed from pale yellow to vibrant brown-orange after NOx exposure for 24 h
under visible light. In addition, a significant reduction in the emission intensity of all
compounds was observed under UV light illumination (350 nm) after 24 h exposure
(Figure 1d), indicating the interaction between the DOBDC ligand in Y-DOBDC and NO,
molecules (Figure 1d, inset). Observed and detectable optical signals upon the absorption
of NO, gas provided a unique and direct means for NO; detection; however, quantitative
analysis of the variable of NO; concentration was not addressed in detail [85].

Liu et al. [87] reported an In, O3 / ZIF-8 (ZIF-8: zeolitic imidazolate framework-8, where
Zn and 2-methylimidazole are the metal node and ligand, respectively) nanocomplex for
ppb-level NO; gas detection, with enhanced humidity resistance due to the hydropho-
bic nature of the self-templated ZIF-8 nanoparticles on the surface of In,O3 nanofibers.
The synthesis procedure involved electrospinning and subsequent calcination in the air
to fabricate In,O3/Zn0O, which was not only used as the Zn%* source for subsequent ZIF-
8 solvothermal growth on the surface of In,O3; nanofibers (Figure 2a,b) but also as the
template for the In,O3/ZIF-8 nanocomplex. Different microstructures of the In,O3 / ZIF-
8 nanohybrid were prepared by tuning the molar ratios of In and Zn from 8:1 to 2:1
(Figure 2c—e) where ZIF-8 NPs (80-100 nm in diameter) were attached to the surface of the
In, O3 nanofibers.



Chemosensors 2021, 9, 316 6 of 33

NO,
—
(———
Vacuum
Before After
+ - + () + -+ (i)

After NO, exposure

UV light

Intensity, a.u.

NOy 24 hrs

400 450 500 550 600 650
Wavelength, nm

Figure 1. (a) The colour change in a gold electrode sheet covered by MOF A before and after NO, exposure. (b) The resistance
variation versus time upon NO; exposure. Reproduced with permission from [85] American Chemical Society, 2021.
(c) The colour change of Y-DOBDC before and after exposure to NOx under visible and UV light. (d) Photoluminescent
intensity of Y-DOBDC before and after 24 h exposure to NOy, and the guest-framework interactions (Inset). Reproduced
with permission from [32] American Chemical Society, 2019.
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a Electrospinning = In,0; NFs
‘ ' ® In,04/ZIF-8 (8:1) "
: + In,04/ZIF-8 (4:1)
v In;0,/ZIF-8 (2:1)
’ & ; f
In,0; NFs In;03Zn0O NFs Py
e?® ;
vy L]
2-methylimadazole/DMF v - 2= "
100 °C/5h 2 r , - ; ; ;
%, 0 200 400 600 800 1000
s i g Concentration, ppm
- ;’l% Py o4 200 : T
¥ L S c In,0,/ZIF-8 (4:1) ,
‘ P §_1so~
In,04/ZIF-8 (8:1) In;04/ZIF-8 (4:1) In,04/ZIF-8 (2:1) 2 100- 500 ppb
P
] 100 ppb
d e g 504 10 ppb o ppb 1
)
X — - - . .
0 1 2 3 4 5
E= Time, h
h " Co: Log(Ryor/Ro)= -0.20Log(c) - 0.33 I 10° M NO, ' "
Mg: Log(Ruor/Ro)= —0.68Log(c) - 0.29 pprg 202 ;
A '——* %
10° F Ni: Log(Rmor/Ro)= —2.2Log(c) - 0.89 y puEEBT—— 1
s 107§ 3 o 2
o
= (=}
2
107 | 3 LN | 5 1
10-3 2 2 s N —— 10_3 ) ) . )
0.5 1 2 3 45 10 0 1 2
Concentration, ppm Time, h

Figure 2. (a) Schematic diagram of InyO3 /ZIF-8 nanocomposite fabrication. (b) ZIF-8 structure. TEM images of InpO3 /ZIF-8
(8:1) (c), InyO3/ZIF-8 (4:1) (d), and In, O3/ ZIF-8 (2:1) (e). (f) Mean response versus concentration for pure In,Os and its
composites with ZIF-8. (g) Typical dynamic response curves of In,O3/ZIF-8 (4:1) sensors towards NO, gas at different
concentrations at 140 °C. Reproduced with permission from [87] Elsevier, 2019. (h) The relationship of response versus
NO, gas concentration for different M—MOF—74 (M = Co, Mg, Ni). (i) The dynamic response curves of M—MOF—74 for
exposure to 0.5, 1, 2 and 5 ppm NO, gas at 50 °C. Reproduced with permission from [86] Wiley-VCH, 2020.

The fabricated In, O3/ ZIF-8 with a molar ratio of 4:1 (In: Zn) demonstrated the highest
sensing response among all the In,O3/ZIF-8 nanocomposites (and pure In,O3) within
the NO, concentration range of 10 ppb to 1 ppm at an optimal operating temperature
of 140 °C (Figure 2f). A sensing response of 16.4 was achieved for InyO3/ZIF-8 (4:1) at 1
ppm NO; concentration compared to 10.7, 10.4 and 4.9 for In,O3/ZIF-8 (2:1), In,O3 / ZIF-
8 (8:1) and InyOs3 respectively. For a typical dynamic NO; gas-sensing curve based on
In, O3 /ZIF-8 (4:1) (Figure 2g), a well-defined increasing resistance trend was reported with
increasing NO, gas concentration. In addition, rapid response kinetics of 80 s and 133
s for response and recovery time, respectively, were achieved for the In,O3/ZIF-8 (4:1)
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nanosensor, demonstrating that In,O3 /ZIF-8 (4:1) is a promising nanostructured candidate
for the fast detection of NO, gas down to 10 ppb at an operating temperature of 140 °C.

Using a different approach, a macroscale (~35 mm?) capacitive M-MOF-74-based
sensor (formed by divalent metallic cations with the organic ligand of 2,5- dihydrox-
yterephthalic acid) was designed by Small et al. [86] via a solvothermal synthesis technique
for NO; gas sensing at 50 °C with a near-zero power consumption of 2.25 pW. The sensing
performance of the fabricated device towards NO; gas concentrations of 0.5 to 5 ppm
was investigated as a function of metal centres in the synthesised MOF-74 (i.e., Ni, Co,
Mg). As illustrated in Figure 2h, the Ni-based sensor (Ni-MOEF-74) demonstrated the
largest change in the film resistance and consequently a higher sensing response towards
NO; gas at different concentrations. However, the fabricated device suffered from very
slow response dynamics and irreversible sensing performances (Figure 2i), hindering its
real-world application. The former could be attributed to its high resistance change (orders
of magnitude) upon NO; exposure and the significantly large crystallite size of Ni-MOF-74
(up to 100’s of um), making the difference in mass transport of NO, less dominant at short
time intervals. The issue of prolonged recovery time towards NO; gas sensing might be
addressed by using a photoactivation approach [88].

Catalytic metal nanoparticles (NPs, e.g., Au, Pd and Pt) have long been proved to
boost the gas-sensing performance chemoresistively [120-122]. Taking advantage of self-
assembled highly porous 2D conductive MOFs with tuneable cavity size, Koo et al. [89]
introduced well-dispersed Pd and Pt NPs to solvothermally fabricated Cuz(hexahydroxytri
phenylene); (Cuz(HHTP),) with 2 nm cavities (Figure 3a). Upon exposure to 5 ppm NOy,
both Cuz(HHTP), and M@Cuz(HHTP), (M = Pd, Pt) exhibited p-type semiconducting char-
acteristics, with a significantly higher sensing response (about two times higher) for both
Pd@Cu3z(HHTP); and Pt@Cus(HHTP), (62.11% and 57.38%, respectively) compared to the
pure Cuz(HHTP), (response of 29.95%) (Figure 3c). This higher sensing performance could be
attributed to the electronic sensitization mechanism resulting from the lowering of potential
barriers at Schottky junctions between metallic NPs and Cuz(HHTP), as NO, molecules
were absorbed on the surface (Figure 3b). The reduced sensing performance of the Pt-based
sensing material could be attributed to the higher NO, adsorption and desorption kinetics of
Pt-decorated MOF (5.54 x 1072 ppm~!-s~! and 7.30 x 10~° ppm~!-s~! for adsorption and
desorption, respectively) compared to those of Pd-decorated MOF (2.51 x 102 ppm!-s~!
and 5.10 x 107> ppm~!.s~! for adsorption and desorption, respectively).
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Figure 3. (a) Schematic of Cuz(HHTP), and M@Cu3(HHTP), structures, and (b) the sensing mechanism towards NO,
gas. (c) The response dynamics of Cuz(HHTP), and M@Cuz(HHTP), (M = Pd, Pt) sensors to 5 ppm NO, gas, and
(d) the corresponding responses for a range of NO, concentrations. All tests were performed at room temperature in the
air. Reproduced with permission from [89] Wiley, 2019. (e) The dynamic response of ZIF—8—8 sensor versus different
concentrations of NO, gas at 350 °C. (f) The cross-selectivity of ZIF—8—8 sensors towards 100 ppm of different gases at
350 °C (Inset, TEM image of nanostructured polyhedral ZIF—8—8). Reproduced with permission from [91] Elsevier, 2021.
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The sensing response increased linearly from ~6% to ~60% with an increase in NO,
concentration from 1 ppm to 5 ppm (Figure 3d) indicating that M@Cuz(HHTP), (M = Pd, Pt)
is a promising candidate for room temperature NO, sensing applications. In addition to the
higher sensing response, a faster response kinetic was reported for Pd@Cuz(HHTP), and
Pt@Cus(HHTP); with 13.8 min and 14 min response time, respectively, while a significantly
longer response time of >18 min was observed for the non-NP decorated Cuz(HHTP),.

Recently, a novel microfluidic channel-embedded solution-shearing (MiCS) fabrica-
tion scheme was proposed for the large-area synthesis of MOF-based thin films (tens of
nanometres) for the room temperature detection of NO, gas molecules [90]. Here, similar to
the blade-coating technique, a solution-to-solid transition close to the edge of the meniscus
was formed between a moving blade and a heated substrate resulted in the deposition
of a thin film on the substrate [123]. Applying this innovative method, Pt@Cuz(HHTP);
with optimized (2.3 wt.%) Pt-loading demonstrated a superior gas sensing performance
towards NO, molecules with a high response of 89.8% and a short response time of 8.2 min.
Compared to Pt@Cuz(HHTP); fabricated previously via the conventional solvothermal
method [89], the synergetic effects of large surface area and high porosity of the ultrathin
MOF structure, as well as embedded nanoscopic Pt catalysts, are the major factors affecting
enhanced NO; gas sensing performance.

In another approach, ZIF-8 nanoparticles (Figure 3f, inset) were fabricated via a solvother-
mal method for NO, gas sensing applications [91]. Different ratios of Zn(NO3),.6H,O to
2-methylimidazole from 8:1 to 64:1 were used in the synthesis of the ZIF-8 (they were named
accordingly as ZIF-8-8, ZIF-8-16, ZIF-8-32 and ZIF-8-64). The fabricated ZIF-8-8 demonstrated
the highest sensing response of ~118.5 (Rg/R,, where Ry and R, are the resistance of ZIF-8-8
in the target gas and air, respectively) at 100 ppm NO, concentration (Figure 3e), which was
four-times that of other ZIF-8 based gas sensors. This higher sensing performance for ZIF-8-8
could be attributed to the larger specific surface area of ZIF-8-8 compared to ZIF-8-16, ZIF-8-32
and ZIF-8-64 nanoparticles.

In addition to high sensitivity, the fabricated ZIF-8-8 also demonstrated outstanding
selectivity towards NO, gas among a variety of gases (Figure 3f). This excellent selec-
tivity could be attributed to the relatively low bond energy of NO, (466 KJ-mol~!) com-
pared to the comparatively high bond energy of other gaes (such as the bond energy of
1072 KJ-mol ! for CO molecules) [91]. Moreover, the sensitivity of the synthesized ZIF-8
nanomaterials was investigated over time, demonstrating an excellent stability /repeatability
for the ZIF-8-8 nanosensor (compared with the other three ZIF-8 based samples) with only a
36.6% reduction in sensing response (from 112 to 71) after 54 days. Novel strategies such as
to form hybrid nanocomposites with metal oxides (e.g., In,O3 [87]) could open new avenues
to reduce the working temperature of current state-of-the-art technologies.

3. Hydrogen Sulphide (H,S)

H,S is another air pollutant gas formed in large quantities by a range of activities,
including some common large-scale activities such as sewerage processing and oil refining.
In humans, H,S can cause significant health concerns including allergic reactions and
lung inflammation [124]. Despite significant advances in the design of highly sensitive
H;S gas sensors, continuous monitoring of trace-level (sub-ppm) H,S at low operating
temperatures is still challenging [125]. Given that H,S is such a significant contaminant and
is generated in several industrial applications, developing real-time sensitive and selective
gas-sensing technologies for rapid detection of this gas is critical.

Zhang et al. [92] reported, for the first time, the fluorescence sensing of H,S gas
molecules through the post functionalisation of MIL-100(In) films with metal ions in-
cluding Eu®* and Cu?* (Figure 4a,b). The sensing mechanism in this device was based
on the reaction between Cu?* ions and H,S gas molecules, resulting in the activation of
Eu3* emission (Figure 4c). The fluorescence response of the MIL-100(In)@Eu®* /Cu?* film
with a range of H;S concentrations at an operating temperature of 40 °C is presented in
Figure 4d,e. The fluorescence intensity of MIL-100(In)@Eu3* /Cu?* was found to increase
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steadily with the increase in H;S level from 0 to 115 ppm (Figure 4d), with a linear increase
in the luminescence intensity as a function of H;S level (Figure 4e), and a detection limit of
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Figure 4. Schematic illustrations of MIL-100(In) based fluorescence sensor for H,S gas detection: The MIL-100(In) film
coordinating BTC ligands on the surface (a) can be functionalized by Eu®* /Cu?* ions simultaneously with no emission of
Eu®* (b); however, the characteristic emission of Eu?* in MIL-100(In)@Eu®* /Cu2* film could turn on with the presence of
H,S gas (c). (d,e) Fluorescence intensity versus H;S gas at different concentrations at 40 °C. Reproduced with permission
from [92] Springer, 2019. (f) The dynamic response curves of fum—fcu—MOF against H,S gas at different concentrations,
and the microstructure of fum—fcu—MOF coated on IDE (Inset). (g) The stability performance of fum-fcu-MOF against
ZIF-8 and Cu(BDC)-xH,O MOEF. Reproduced with permission from [93] Wiley-VCH, 2016.
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Using a solvothermal technique and an in situ crystallisation method, Yassine et al. [93]
reported the development of an isoreticular rare-earth-metal-based MOF on the surface
of capacitive interdigitated electrodes (IDEs). This resulted in homogenous growth of
highly oriented small crystals of fumarate-based fcu-MOF (fum-fcu-MOF, fcu is short for
face-centred cubic) thin film with remarkable sensitivity towards low concentration of
H,S at room temperature (Figure 4f, inset). The IDEs were pre-functionalized with an
OH-terminated monolayer (11-mercaptoundecanol) prior to the growth of fum-fcu-MOEF.
The sensing performance of the fabricated crystals towards different gases was investigated
after activation of the sample under vacuum for one hour. The device showed remarkable
sensitivity towards H,S at concentrations down to 100 ppb, with a linear sensing response
and an impressive LOD of 5 ppb (Figure 4f).

In addition to high sensitivity, the sensor demonstrated excellent selectivity towards
H,S with almost negligible signals upon exposure to other gases, including CHy4, Hp
and CyHg (toluene). A slight cross-sensitivity was detected towards NO, gas molecules;
however, the sensing layer showed a six-fold higher sensing response to H,S compared to
NO; gas. This outstanding sensing performance could be attributed to the interconnected
octahedral and tetrahedral cages of fum-fcu-MOF which significantly reduces the gas
diffusion resistance and consequently enhances the sensing response to target gas.

The stability of sensing performance for the fum-fcu-MOF layer towards H,S was
investigated over a period of three months, exhibiting excellent stability and uniform
detection levels over a range of cycles. To demonstrate the excellent stability of the fab-
ricated sensor, the sensing performance of two other MOF sensors, namely, ZIF-8 and
Cu(BDC)-xH,O (BDC: benzenedicarboxylate), was tested for 4000 s. These tests revealed
a significant reduction in the sensing performance of these devices after only 1000 s
(Figure 4g). This lower stability could be attributed to the degradation of the MOF struc-
tures and the formation of metal sulphide components upon prolonged H,S exposure.
In contrast, the metal clusters in the fum-fcu-MOF structure were bridged by shorter and
rigid liners, prohibiting the formation of metal sulphides.

A similar device concept was applied by Wu et al. [94], where the surface of a ZnO-
based sensor was partially covered by porous ZIF-8 particles to improve the sensitivity
and selectivity of sensing material towards H,S gas molecules by providing larger surface
areas (thus more active sites) and more abundant oxygen vacancies. This led to the
expansion of the electron depletion region in the ambient atmosphere (Figure 5a) and
resulted in better H,S absorption and higher sensitivity upon gas exposure (Figure 5b).
Since the pore dimension of ZIF-8 (3.4 A)is slightly smaller than the diameter of H;S gas
(3.6 A), the adsorbed H,S gas molecules via active sites on the surface of ZIF-8 particles
were pre-concentrated before transferring and being exposed to the ZnO surface. This
partial coverage of ZnO by ZIF-8 was preferable over fully covered ZnO, as HS gas
molecules could reach the surface of ZnO nanorods with no diffusion limitation through
ZIF-8 particles.
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Figure 5. Schematic representation of ZIF-8/Zn0O sensing mechanism towards H,S gas: (a) the surface depletion region was
expanded due to more electrons were trapped by the surface chemisorbed oxygen before the sensor was explosed to H,S
gas, the sensor exhibited a high base resistivity consequently; (b) when sensor was exposed to H,S gas, the chemisorbed
oxygen would react with H,S molecules chemically to release the trapped electons, resulting in the reduction of depletion
region and significant causing resistivity change; (c) HyS gas might interact with Zn (mLm), transformed from ZIF-8 to form
an intermediate product (ZnS) to further enhance the sensitivity towards H,S gas. (d) The response of ZnO and ZIF-8/ZnO
toward 1, 5 and 10 ppm of H,S gas at 25 °C. (e) The dynamic resistance curves of ZIF-8/Zn0O against H,S gas at ppb-level
concentration. Reproduced with permission from [94] Elsevier, 2019. (f) The electrical current variation of MOF-5/CS/IL
membrane against H,S gas at different concentrations, and the flexibility demonstration of MOF-5/CS/IL membrane as
inset. (g) The high cross-selectivity of MOF-5/CS/IL membrane towards HyS compared with Hp, CoHy and CO gases, and

the possible sensing mechanism for the outstanding H;S gas response. Reproduced with permission from [95] American
Chemical Society, 2021.
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In addition, the reaction between ZIF-8 nanoparticles and H,S gas results in the
formation of ZnS (Figure 5c), which reduces the depletion region even further and plays a
key role in the high selectivity of the developed sensing material towards H,S over other
reducing gases.

The sensing performance of the fabricated ZIF-8/ZnO device is presented in Figure 5d,
demonstrating a sensing response of 18.7% and 52.1% towards H,S gas with concentrations
of 1 and 10 ppm, respectively (Figure 5d, red circles), which is correspondingly 18 and
15 times higher than for the pure ZnO nanorods (Figure 5d black rectangles). The well-
performed ppb-level H,S gas-sensing capability is presented in Figure 5e, starting at a
very low concentration of 50 ppb. The resistance changed steadily with increasing H,S
concentration up to 1 ppm.

Despite the hydrophobic and moisture-resistive properties of ZIF-8 (demonstrating
a contact angle of 138 & 1.5°), the sensor was still vulnerable in a humidity environment
with RH over 50%, showing an adverse impact of the moisture on the performance of H,S
gas sensing. In addition, a slow response dynamic with a long response time of 7 min
was recorded upon exposure to 1 ppm of H,S gas. Further modifications are required to
improve the ZIF-8 stability in a high humidity environment for achieving further humidity-
independent features and enhanced response dynamics [126].

By taking advantage of the cage-bridge structure of MOF-5 ([ZnsO(BDC)s3]y),
Ali et al. [95] developed a high-performance gas sensor for the low concentration detection
of H,S gas molecules (1 ppm) at room temperature. The sensing components of the device
consisted of MOF-5 microparticles, blended and embedded in a conductivity-controlled
chitosan organic membrane resulting in the fabrication of a flexible gas sensor (Figure 5f,
inset). The sensor demonstrated an increase in the measured current as a linear function of
H;S gas concentration with an LOD of 1 ppm and a fast response and recovery time of 8 s
and 30 s, respectively (Figure 5f). This high sensitivity and fast response dynamic were
attributed to the synergistic effect of promoted proton conductivity through the membrane
matrix and the special cage-bridge structure of MOF-5 (Figure 5g, inset). Such synergistic
sensing efforts facilitated the selectivity of MOF-5 embedded sensor towards H,S gas with
a negligible response for other reducing gases at 100 ppm (Figure 5g). The high sensing
response of 98% was maintained throughout 21 days of consecutive testing, indicating
good repeatability and stability for the fabricated sensor.

The first electronic-textile H,S gas sensor was reported by Smith et al. [96] through
self-organized frameworks on textiles (SOFT) where two conductive 2D MOFs (NisHHTP,
and NizHITP,, HITP: 2,3,6,7,10,11-hexaiminotriphenylene) were integrated into cotton by
one-step direct solution-phase self-assembly. Using this technique, a high response of 98%
and 97% was achieved towards H;S gas in dry conditions for NisHHTP, and NizHITP,,
respectively. Interestingly, a ~26% enhancement in the NizHITP, SOFT response was
observed by increasing the humidity to 18% RH while NizHITP; showed an ~8% reduction
in sensing performance under the same conditions. In addition to H,S gas, the fabricated
sensors exhibited high sensitivity towards other gases including nitric oxide (NO) and
NH; gas, demonstrating wide-ranging potential in the design of novel and multifunctional
portable gas sensing devices.

4. Sulphur Dioxide (SO;)

SO; is another toxic air pollutant, posing a serious threat to the environment and
human health, with a primary one-hour acceptable limit of 75 ppb set by the U.S. Envi-
ronmental Protection Agency (EPA) [127]. A wide range of sensing materials, including
metal oxide semiconductors [128-130], organic polymers [131], micro-electro-mechanicals
(MEMs) [132] and carbon-based nanomaterials [133-136], are employed to develop highly
sensitive and selective gas sensors for SO, detection. However, their irreversible struc-
tural transformation upon exposure to SO, hinders their real world application as a
practical, reversible gas sensor [130]. Very recently, a series of MOF-based materials,
including MOF-74 [137], DMOF-1 (double ligands: 1,4-diazabicyclo[2.2.2]octane and
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1,4-benzenedicarboxylic acid) [138] and MFM-300 (MFM: Manchester Framework Ma-
terial) [100,139] have been reported as promising candidates for SO, detection at room
temperature. Amongst them, indium-based MOFs, including MFM-300(In), have attracted
attention as promising materials for SO, detection due to the high SO, sorption capacity
of up to 8.28 mmol-g~! (at 298 K and 1 bar) and the acceptable stability of coordination
compounds to highly reactive SO, gas molecules [139].

Recently, Wang et al. [98] synthesised an amino-functionalized luminescent MOF
material (MOF-5-NHj) on a luminescent test paper as a highly sensitive and selective
SO, gas (and its derivatives) sensor with a short response time of less than 15 s at room
temperature. A Kipp’s apparatus (Figure 6a) was used to generate the SO, gas and control
its concentration via tuning the amount of the corresponding acid. The sensing mechanism
for this device was based on the interaction between MOF-5-NH, and SO, molecules,
resulting in a change in the absorption/luminescence intensity of the sensing material
under UV illumination (Aex = 365 nm) (Figure 6b). Increasing the concentration of SO,
from 0 to 3 ppm resulted in a significant increase in the brightness of the luminescent test
papers, with an LOD-lightened concentration of 0.05 ppm, suggesting that MOF-5-NH
is a promising material for the selective detection of low concentrations of SO, at room
temperature. In contrast to MOF-5-NH,, no change was detected in the luminescence
intensity of MOF-5 after exposure to SO,, emphasising the important role that the -NH;
group plays in the luminescent sensing of MOFs. This observation is in strong agreement
with other studies reporting the utilisation of amino-functionalized materials and the
selective identification of SO, derivatives [140].
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Figure 6. (a) Schematic illustration of Kipp’s apparatus used for producing SO, gas. (b) Photographs of MOF-5-NH,
luminescent test papers upon exposure to different gases (2 ppm concentration) under a 365 nm UV lamp. Reproduced
with permission from [98] American Chemical Society, 2018. (c) The emission spectra of Eu-BDC-NH, film upon exposure
to SO, gas at different concentrations, and the SEM image of Eu-BDC-NHj film (Inset). (d) The relationship of fluorescence
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intensity versus SO, gas for a range of concentrations; the inset displays a linear correlation within a low SO, gas
concentration range (0-25 ppm). Reproduced with permission from [99] Elsevier, 2018.

In a similar approach, Zhang et al. [99] devised a novel technique of “in situ secondary
growth” to readily synthesise Eu-BDC-NH,; MOF (amino-functionalized) on glass sub-
strates using solvothermally fabricated UiO-66-NH, (resulting from the combination of
zirconium salt and 2-aminoterephthalic acid (HBDC-NH,); UiO is short for the University
of Oslo) as the seed layer for the optical detection of SO,. As the structure and molecular
content of UiO-66-NH, crystals are well-matched to Eu-BDC-NHjy, tightly coherent crack-
free Eu-BDC-NH, films with controllable grain size and film thickness were synthesised
(Figure 6c, inset). The fabricated Eu-BDC-NH, film was found to exhibit distinctively
characteristic Eu®* emissions at 594, 615 and 699 nm under 370 nm excitation within N,
due to band transition (°Dy —>7F], J =1, 2, 4). However, these fingerprint emissions could
be significantly suppressed by increasing SO, gas concentrations, as depicted in Figure 6¢;
all emission intensities decreased significantly as SO, concentrations were increased from
0 to 220 ppm. The overall emissions were further quenched with a sharp increase in the
SO, concentration to 22,000 ppm, demonstrating an exponential drop in the luminescence
intensity of the sensing materials (Figure 6d). However, at low SO, gas concentrations
(< 25 ppm), a good linear correlation between the two variables was observed (Figure 7d,
inset). Meanwhile, the LOD was calculated to be 0.65 ppm, which is significantly lower
than the Occupational Safety and Health Administration (OSHA) warning value for SO,
gas [116].
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Figure 7. (a) Schematic illustrations of UiO-66-NH, preparation on flexible PVDF layer for capacitive SO, gas sensor. (b) The dynamic capacitance variations of UiO-66-NH,; versus
different SO, gas concentrations, and the SEM image of UiO-66-NH; powder (Inset). (c) The stability tests of UiO-66-NH, based gas sensor under 10 and 50 ppm of SO, gas for over 20
days. Reproduced with permission from [28] Wiley-VCH, 2021. (d) The structure of MFM-300 (In) MOF and the sites for SO, adsorption. (e) The capacitive response of MFM-300 (In) MOF
against varied SO, gas concentrations, and the SEM image of MFM-300 (In) MOF thin film as inset. Reproduced with permission from [100] The Royal Society of Chemistry, 2018.
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Very recently, Zhang et al. [28] developed a capacitive-based sensing material using
a relatively simple fabrication process (Figure 7a) for the real-time monitoring of SO,
gas molecules at room temperature. The sensing technology was introduced by using
polyvinylidenefluoride (PVDEF) nanofibers (with a diameter of 300-400 nm) coated with a
thin layer of UiO-66-NH; MOF (200 nm in size) (Figure 7b, inset) as a dielectric layer and
carbon nanotubes (CNTs) as an electrode. The fabricated sensing material demonstrated
a high sensitivity towards SO; in a large ppm range from 1 ppm to 150 ppm (Figure 7b),
high stability (over a testing period of 20 days) (Figure 7c) and excellent bending flexibility
(2000 bending cycles), with a short response time of 185 s for detecting a low concentration
of SO, gas. The sensing mechanism was based on the change in the dielectric constant of
UiO-66-NH; MOF layer due to the physical adsorption of SO, gas molecules in the MOF
pores and voids. Interestingly, it demonstrated a faster response dynamic (both response
and recovery time) after bending (compared to an unbended sample), which could be
attributed to the shortened distance between the electrode and dielectric layer, resulting
in a shorter transfer path for gas molecules to reach the dialectic layer, and consequently
faster response dynamics.

Using a simple solvothermal technique, Chernikova et al. [100] deposited a layer
of MFM-300 (a 3-periodic open framework composing of InO4(OH), octahedral chains
bridged by tetradentate ligands (biphenyl-3,3’,5,5 -tetracarboxylic acid)) (Figure 7d), on a sil-
icon wafer featuring a capacitive interdigitated electrode functionalized with 11-Mercapto-
1-undecanol, for the low concentration detection of SO, gas molecules. The sensing
performance of the proposed porous nanostructured layer (Figure 7e, inset) was investi-
gated by monitoring the changes in capacitance upon exposure to a selection of different
gas molecules including SO,, CHy, CO3, NO; and Hj. The results showed outstanding
detection sensitivity to SO, down to 75 ppb (Figure 6e) with a lower detection limit of 5 ppb
and excellent selectivity towards SO, compared to other gases with slight cross-selectivity
with CO; (four times less sensitive compared to SO;).

The sensing mechanism was based on the interaction between SO, molecules and the
exposed hydrogen centres from free hydroxyl (OH-) groups on the surface of MFM-300
(Figure 7d), leading to the formation of hydrogen bonds between SO, and the sensing
materials [100]. Similarly, the neighbouring C-H groups from the benzene ring of the
ligand can contribute to SO, detection by providing further adsorption sites on the surface
(Figure 7d), resulting in excellent sensitivity and selectivity towards SO,. Interestingly, the
adsorbed SO, molecules on the surface can interact with each other through analyte-analyte
interaction (dipoles), leading to a higher capacitance change in the sensors.

The effect of humidity level on sensing performance of the active film upon SO,
exposure was investigated at 1000 and 350 ppb gas concentrations, and at relative hu-
midity (RH) from 5% to 85%. In contrast to conventional gas sensors including metal
oxide semiconductors, the sensing performance of the MFM-300-based gas sensor was
enhanced significantly by increasing the RH up to 85%. This higher sensing response was
attributed to the formation of additional hydrogen bonding between SO, gas molecules
and adsorbed water molecules on the MOF’s surface, resulting in a higher capacitance
change [107,141]. In addition, the MFM-300 layer demonstrated a higher sensing perfor-
mance at lower operating temperature with an optimal operating temperature of 22 °C,
making it a promising material for highly sensitive, room temperature nanosensors for the
ultra-low concentration detection of SO, gas molecules. This higher sensitivity could be
attributed to a lower molecule diffusion rate and consequently, a higher analyte adsorption
rate at a lower temperature [100].

Although the UiO-66(Zr) family of MOFs is unreactive by nature towards acid gases
such SO;, CO, and NO,, functionalising the surface of UiO-66 with an amine moiety can
convert it into a chemoresistive acidic gas sensor [101]. The NH,-OH-UiO-66 exhibited
an attractive response of 11.4 £ 2.2% for 10 ppm SO, with a fast response and decay
time of 26.8 s and 46.1 s, respectively. It was shown that the bandgap of pelletized NH>-
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OH-UiO-66 narrowed down to 2.75 eV compared to the 3.05 eV of Uio-66, indicating an
increased charge density at the lowest unoccupied crystalline orbitals (LUCO). Meanwhile,
a suggested electron-hopping transport was observed with a decrease of resistance at
elevated temperatures. The transformations between a semiconductor and insulator for
NH,-OH-UiO-66 make it an intriguing candidate for SO, gas sensing chemoresistively
at low concentrations (observed response of 3.2% with concentrations down to 1 ppm).
Additionally, NH;-UiO-66 outperformed the OH-UiO-66(Zr) and NH,-OH-UiO-66 with
approximate 5-fold and 3-fold enhanced responses (4.1% and 7.1% for OH-UiO-66 and NH,-
OH-UiO-66, respectively), highlighting the importance of carefully selecting an appropriate
linker for sensing a specific target gas. However, the elevated operating temperature of
150 °C could hinder their applications in practice where room temperature or near room
temperature operation is needed.

In another approach, Ingle et al. [102] fabricated a flexible SO, gas sensor based on a
crystalline nickel (II) benzenetricarboxylate metal-organic framework (Ni-MOF). In this
device, the Ni-MOF composited with hydroxyl group (-OH) activated single-wall carbon
nanotubes (SWNTs) and multi-wall carbon nanotubes (MWNTs), namely, Ni-MOF/-OH-
SWNTs and Ni-MOF/-OH-MWNTs. Both CNT-modified Ni-MOF microdevices exhibited a
discriminating response upon SO, exposure, which was contributed by the highly sensitive
surface network of CNTs [142] providing favourable conditions for electron transporta-
tion [143]. The Ni-MOF/-OH-SWNTs sensor showed higher SO, sensing performance
compared to the Ni-MOF/-OH-MWNTs at different SO, concentrations. This was due to
holes being the majority charge careers in Ni-MOF/-OH-SWNTs [144] resulting in better
interaction with electron donor analytes such as SO, gas molecules. However, a slow
recovery speed was observed which could be attributed to the honeycomb structure of the
CNTs as this plays a significant role in holding the gas molecules on the sensor’s surface
for a longer time [142,145] prolonging the recovery dynamics of the device. A high sensing
selectivity towards SO, molecules was also achieved using the MOF/CNT composite
material compared to other gases, including NO,, NHj3 and CO gases, at relatively high
concentrations (>10 ppm).

5. Carbon Dioxide (CO5,)

Despite the modest greenhouse effect of CO, compared to methane (CHy) and nitrous
oxide (NO), which possess 25 and 298 times more global warming potential (GWP) than
CO,, respectively [146,147], CO, is widely understood to be the major driver of climate
change due to its dominant concentrations in the atmosphere (0.04 vol%) when compared
to other types of greenhouse gas [148]. Sustained exposure to CO, gas indoors can cause
inflammation and oxidative stress at a modest concentration level of 1000 ppm [149,150].
Thus, ongoing monitoring of indoor and outdoor CO; gas levels with reliable, portable
and cost-effective sensing systems is highly desired in many industrial sectors.

Recently, a novel sensing mechanism was introduced to leverage small molecules by
extremely small differences in the refractive indices (RI) of MOF nanofilms as a function
of analyte adsorption within a MOF layer. This allows for the detection of chemical
compounds at the molecular level via slight distinctions in refractive index (RI) through
utilization of an optical-fiber-waveguide framework (Figure 8a(i)). Using a simple solution-
based technique, Kim et al. [103] synthesised a uniform, dense and continuous layer
detection of CO, gas molecules at room temperature. The transmittance of the ZIF-8
coated optical fibre at the wavelength of 242 nm decreased by a factor of 2 from 100% to
50% by increasing the concentration of CO, gas molecules from zero to 100% (Figure 8b),
indicating a linear relationship between the sensing response and the concentration of CO,
gas (Figure 8b, inset). The sensing mechanism is based on a shift in the RI of the ZIF-8
layer due to the adsorption of CO; gas molecules into the MOF apertures. According to
the Lorenz—Lorentz law, the density of ZIF-8 film increases when CO, gas molecules are
adsorbed on the surface, resulting in a change in the RI of the MOF layer. This RI change in
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the MOF layer is proportional to the number of CO, molecules adsorbed on the surface.
Hence, the closer the RI of the MOF layer is to the RI of the fibre, the more light propagates
from the fibre optic into the MOF film, resulting in lower transmittance at the wavelength
of 242 nm [103].
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Figure 8. (a(i)) Graphic representation of the gas detection system using MOF-coated optical fiber. FESEM images of top
(a(ii)) and side (a(iii)) views of optical fiber covered by 200 nm thick ZIE-8. (b) The transmittance spectra of 350 nm thick
ZIF-8 coated optical fiber against varied CO; levels, and the absorbance spectra of 2-mIm and ZIF-8. A linearity of %T
(A =242 nm) and CO, concentrations was plotted as inset. (c¢) Ten cyclic dynamic responses of 200 nm thick ZIF-8 coated
optical fiber under different CO, concentrations. Reproduced with permission from [103] American Chemical Society, 2018.

This lower transmittance was mainly due to a significant absorbance wavelength
(A = 242 nm) induced by the 2-methylimidazole linker within the ZIF-8 layer, as indicated
by the observed similarity with the maximum absorbance wavelength obtained for the free
2-methylimidazole linker in the diluted fluid (Figure 8b). At wavelengths over 250 nm, the
changes in transmittances are negligible due to the weak 2-methylimidazole absorption
band trail at longer wavelengths (Figure 8b) [103]. This sensing technology demonstrated
a remarkably fast response and recovery time of 14 s and 9 s, respectively, for 200 nm
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thick ZIF-8 film. However, the response and recovery times increased to 84 and 24 s,
respectively, by increasing the ZIF-8 film thickness to 530 nm. This slower response
dynamic could be attributed to the long-range diffusion rate of gas transferring through
the ZIF-8 crystallites toward the interior of the film. In addition, excellent repeatability
(Figure 8c) and high selectivity towards CO, gas molecules were observed compared to
other gases with relatively small molecule sizes, including Hy, Ny, Oy, and CO.

Using an in situ solvothermal technique, Yuan et al. [9] fabricated a tailorable capac-
itive sensor for selective detection of benzene vapour and CO, gas molecules at room
temperature. The sensor was made of Mg-MOF-74 crystallites grown on a silicon nitride
(Si3Ny) substrate featuring platinum (Pt) IDEs (Figure 9a,b). By changing the metal ion (Mg)
to linker (2,5-dioxido-1,4-benzenedicarboxylate (DOBDC)) ratio (k) for the MOF growth,
a thick (7 um) and compact film morphology with intergrown hexagonal crystallites
(Figure 9c,d) was observed for k > 3, compared to isolated hexagonal bunches with free
space on the substrate for k < 2. This change in the morphology is attributed to the competi-
tion between the simultaneous homogeneous and heterogeneous nucleation and growth of
the Mg-MOF-74 films. The homogeneous (in solution) nucleation was dominant at a lower
k where a higher concentration of ligand led to precursor consumption, powder formation
and, consequently, growth restriction, and resultant formation of additional voids on the
surface. In contrast, the nucleation was limited at a higher k where heterogenous (on
surface) growth was promoted, resulting in the formation of highly intergrown crystallites
forming a dense and compact layer (Figure 9d).

The sensing performance of the MOF film was investigated by measuring the ca-
pacitance change upon exposure to different gases including methane, benzene and
COg, resulting in an outstanding sensing response of ~1 towards 200 ppm CO, vapour
(Figure 9e). This response is attributed to the interaction between unsaturated open metal
sites of the Mg-MOEF-74 crystallites (as an electron acceptor) and adsorbed CO; molecules
acting as electron donors. A positive linear response was reported upon increasing the
CO; gas concentration from 200 to 5000 ppm and attributed to the linear change in the
dielectric constant of the Mg-MOF-74 layer over the gas adsorption on the surface (Figure
9e, inset). However, no obvious response was detected for other gases, including methane,
at similar concentrations. Post-synthesis modification of these MOF layers with ethylenedi-
amine slightly increased their sensitivity towards CO,. However, further investigations are
required to reveal the key factors in the sensing performance of Mg-MOF-74 crystallites
and their surface-analyte interaction with different gas molecules.

Inspired by the Guest@MOF concept which combines MOFs and guest molecules
to prompt the conductivity of MOF [151], Strauss et al. [152] designed a chemoresis-
tive gas sensor based on one-dimensional Co-MOF-74-TTF (Figure 91, inset) materials.
This was achieved by infiltration of Co-MOF-74 (with Co as the metallic centre linked by
2,5-dioxido-1,4-benzenedicarboxylate ligands) powder with the organic semiconductor
tetrathiafulvalene (TTF) [152]. As presented in Figure 9f, a significant increase in the
CO, uptake (up to 100 cc-g~!) was observed when the CO, pressure inside the cell was
increased stepwise up to 1000 mbar. In contrast, the CO, uptake only increased up to ~18
cc-g~! for Co-MOF-74-TTF after increasing the CO, pressure to 1000 mbar. This lower CO,
uptake could be attributed to the blockage of pore volumes in Co-MOF-74-TTE In fact, the
amount of adsorbed CO; was drastically reduced in Co-MOF-74-TTF because of the TTF
molecules infiltrated into the pores (i.e., successful infiltration).
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(c,d) SEM images of the top (c) and side (d) views of the as-grown Mg-MOF-74 film on IDEs. (e) The dynamic response of
ethylenediamine-modified Mg-MOF-74 film against CO, at different concentrations, the response varied proportionally to

the CO, concentration (inset). Reproduced with permission from [9] Wiley-VCH, 2019. (f) CO, adsorption isotherms of
Co-MOF-74 (i) and Co-MOF-74-TTF (ii). (g) The I-V curves of Co-MOF-74-TTF under CO; and other atmospheric conditions.
Reproduced with permission from [152] American Chemical Society, 2019. (h) The normalized dynamic response curves

and, (i) response versus CO, gas at different concentrations for various humidity scenarios (0—80% RH). Reproduced with

permission from [104] American Chemical Society, 2019.
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To investigate the gas-sensing capability of Co-MOF-74-TTEF, the I-V characteris-
tics of the sensing material was measured after 24 h under vacuum, air, N, CHy, and
CO, atmospheres, respectively, at an applied voltage up to 10 V. The material demon-
strated a higher sensing performance towards CO, gas molecules (current of 7 nA) com-
pared to other gases including CHy (current of 6 nA) and N, (current of 4.5 nA) at 10 V
(Figure 9g). This higher sensing performance could be attributed to the strong interaction
between open-metal Co-centres (acting as the Lewis acid) of MOF and CO, gas molecules
(acting as the Lewis base/electron donor) resulting in the highest conductivity of the fabri-
cated sensing material upon exposure to CO, gas (Figure 9¢g), while a smaller increase in the
conductivity was observed for weaker gas—MOF interactions (CO, > CHy > Ny). In fact,
the permanent dipole moment, which is present in the cobalt atoms, could induce the
polarization of molecules such as CHy, resulting in the lower affinity of Co-MOF-74 toward
CH4 compared to CO; [153]. In addition, a significantly lower interaction was expected for
Ny, as an inert gas, resulting in a lower sensing response towards Ny gas molecules. Further
investigation is required to resolve the poor selectivity and slow response dynamics (>500
min) of these Co-MOF-74-TTF for their real-world application as CO; gas sensors [152].

In another approach, Stassen et al. [104] reported the fabrication of an ambient CO,
chemoresistor platform based on nanoporous, electrically conducting 2D MOFs deposited
on Al,Oj3 substrates featuring IDEs. The normalized response dynamics of the fabri-
cated sensing MOFs (Cus(hexaiminobenzene),, Cuz(HIB),) at different CO, concentrations
(400—2500 ppm) demonstrated a highly repeatable and robust operation over 7 days of
continuous experimentation and remarkable humidity-independence across a wide range
of relative humidity (10—80% RH) (Figure 9h). Figure 9i shows the quantitative responses
of the sensing material upon exposure to CO, gas molecules across a concentration range
of 400 to 1000 ppm, demonstrating a linear response-concentration relationship and an
average response of 0.62%/100 ppm over the broad range of ambient humidity (10—80%
RH). This strong RH-independency of the Cuz(HIB), senor towards CO, gas molecules
could be attributed to the autogenously generated hydrated adsorption sites and a charge
trap mechanism of Cuz(HIB), resulting in such intriguing CO, sensing performance at
high RH, outperforming other amine-rich based CO, sensors including polyethylenimine
(PEI) [154] and ZIF-8 [155-157]. This indicates the great potential of Cuz(HIB),-based
MOFs as remarkably stable sensing materials for real-world applications in a highly humid
environment.

6. Ammonia (NH3)

Ammonia is one of the most important gases present in human activities, especially
in relation to its use in agriculture, where nitrogenous fertilizers are extensively used. It
is a corrosive and flammable gas with a pungent smell and an odour threshold range of
5—50 ppm. Exposure to a large quantity of NHj3 (concentrations greater than 300 ppm) can
cause burns to the eyes and skin and can damage the respiratory system [158]. In addition,
NHj3 is a natural product produced in the human body by various metabolic activities
and is a promising breath biomarker for the well-being of patients with kidney and liver
diseases [159,160]. Thus, the development of a non-invasive, flexible, reliable, robust and
fast NHj gas sensors operating at a low temperature is of great interest.

A luminescent quantitative-based sensor for NHj gas detection fabricated by in situ
solvothermal growth of MOF film (MIL-124@Eu>*, where MIL-124(In) was first synthe-
sised by mixture of InCls and 1,2,4-benzenetricarboxylic acid, followed by immersion into
Eu3* solution for preparation of the final product) on a porous x-Al,O3 substrate [106].
This sensor demonstrated an outstanding sensing threshold of 26.2 ppm, which is signifi-
cantly lower than the OSHA-specified health alert line of 50 ppm. The sensing mechanism
was based on the partial coordination of carboxylates on the surface of MIL-124@Eu>",
leaving free -COOH to serve as active sites for NHj interaction to form -COONHjy. The for-
mation of -COONHj, changes the energy transfer process between ligand and Eu®* ions,
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leading to the quenching effect of luminescence emission of MIL-124@Eu>* film upon
exposure to NHj3 gas molecules.

In chemoresistors, using a rapid (<16 min) interfacial self-assembly method
(Figure 10a), Chen et al. [108] synthesised a centimetre-sized conductive MOF film (cop-
per benzenehexathiol, Cu-BHT) for highly sensitive and selective detection of NHj3 gas
molecules at room temperature. Due to the rapid interaction between Cu?* and BHT
ligands usingsuch as in situ synthesis technique (Figure 10b), the Cu-BHT film was formed
at the interface between Cu(NOs), aqueous solution and BHT organic solution within 5 s.
A continuous and uniform Cu-BHT film was then prepared by spinning the solution off at
high speed. The film thickness could be controlled by tuning the reaction time, resulting in
more coordination reactions, and consequently thicker film for an extended reaction time.
Figure 10b shows the crystal structure of Cu-BHT, where Cu ions are coordinated by BHT
ligands to form a 2D kagome lattice structure with an interval distance of 3.38 A.
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A 10-nm-thick Cu-BHT thin-film demonstrated an excellent sensing performance
towards NHj gas molecules (Figure 10c) with a sensing response of ~16% upon exposure to
100 ppm NHj3 and under a low driving voltage of 0.01 V (Figure 10e). This high sensitivity
was 30-50 times higher compared to other gases including acetone, toluene and hexane,
indicating strong selectivity towards the target gas (Figure 10e). In addition, a remarkable
LOD of 0.23 ppm and fast signal dynamic of 58 s and 102 s for response and recovery
time, respectively, was recorded for NHj gas with 20 ppm concentration (Figure 10d).
However, the gas sensing performance dropped from 7.88% to 4.01% by increasing the
RH from 0 to 80%, due to sensing site blockage by water vapour molecules. Thus, surface
modifications, including integration of hydrophobic MOFs fillers (e.g., microporous MIL-
160/PDMS [161]) on the surface of Cu-BHT via Van der Waals interactions, are likely to
significantly improve the sensing performance in a high humidity environment [162].

In another approach, a 2D conductive MOF-based sensor, namely, Cuz(HITP),, was
synthesised by a drop-casting technique for sub-ppm detection of NH3 gas molecules
under an applied bias of 0.1 V [109]. The fabricated sensor demonstrated a linear response
with increasing concentration of NHj gas from 0.5 to 10 ppm, indicating that Cuz(HITP),
is a promising candidate for the quantitative sensing of NHj3 at a wide range of concentra-
tions. Very recently, Khan et al. [111] reported the synthesis of Pd-Co@MOF-5 core-shell
nanocomposite as a fast, highly sensitive, and selective gas sensor for sub-ppm detection
of NHj3 at room temperature. The nanocomposite sensor exhibited remarkable resistive
signals upon exposure to ammonia gas molecules in the range of 1 to 90 ppm concentration
of NHj. The sensor’s response increased linearly from 1.5 for 1 ppm concentration to
80.17 for 90 ppm concentration with a fast response dynamic of 46 s and 22 s for response
and recovery time, respectively. This excellent sensing performance towards NH3 could
be attributed to the rich open/unsaturated metal sites in the porous MOF-5 structure
and the surface carboxyl group providing extra absorption sites for ammonia interaction.
In addition to high sensitivity, an excellent selectivity towards NH; was reported with
negligible response to other gases including ethanol, formaldehyde, acetone and benzene
at the same gas concentration (90 ppm).

Most recently, a Cu-HHTP 3D thin film (20 nm in thickness) was prepared in a
controllable layer-by-layer approach for NHj3 gas sensing at room temperature [110].
Instead of using a flat substrate for MOF growth, a TiO, nanowire array (NWAs) was
grown on sapphire hydrothermally providing a large surface area, short charge and mass
transport pathway. The fabricated films exhibited a response of 1.6 towards 100 ppm
NH3 gas with a fast response time of 35 s. This was 600% and 130% faster compared to
Cu-HHTP powder and 2D thin film with the same thickness, respectively. A record low
LOD of ~87 ppt and an excellent selectivity among the most common carbonaceous gases
(such as CO,, CO, CHy, EtOH, MeOH, acetone, etc.) and H, was achieved. Such a high
sensing performance at room temperature casts a bright light on NH3 gas sensing design.
However, further work is encouraged to promote faster recovering kinetics as a 15 min
recovery time impedes the potential of Cu-HHTP 3D thin film for practical applications.

7. Summary and Outlook

In summary, we have reviewed and discussed in detail recent advances in the develop-
ment of MOF-based nanosensors for air quality and environmental monitoring applications.
In this comprehensive review, the main focus has been on the most recent research progress
in capacitive, optical and chemoresistive sensors made of MOF nanoparticles and nanofilms.
The sensing performance, along with the corresponding sensing mechanisms of the state-of-
the-art technologies, was carefully investigated for the room temperature detection of gases
including NO,, SO,, H,S, CO, and NH3 with a wide variety of MOF-based nanosensing
technologies.

High sensitivity and selectivity at low operating temperatures have been reported
for state-of-the-art MOF-based sensors making them a promising candidate for various
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gas-sensing applications; however, MOF-based nanosensors for sub-ppb detection of gas
molecules are still in the initial stages of development, with much room to improve the
sensing performance of these MOF materials and many opportunities to enhance their
LODs towards gas molecules.

High chemical, thermal, and photo stabilities have been achieved for some of the MOF-
based sensing technologies, which determine their repeatability and long-term reusability.
However, recent studies have indicated that some of the widely used MOFs for gas sensors
undergo partial degradation upon exposure to moisture. Continued efforts are necessary
for the design and development of robust MOF-based sensing materials to demonstrate
long-term stability in different environments. Careful assessment of MOF sensors after long-
term tests using analytical techniques sensitive to MOF degradation will enable researchers
to improve their stability. The careful design of novel MOF structures (such as mixed metal
ions, hydrophobic ligands, and interpenetration of frameworks), post-processing of current
MOFs (such as metal/ligand exchange, hydrophobic surface modification, and thermal
treatment), and compositing MOFs with, or encapsulating MOFs into, other materials (such
as polymers, carbon nanotubes, graphenes and graphene oxide) are among the proposed
techniques for improving the chemical stability of MOFs.

Among several different fabrication techniques, the solvothermal method is the most
common synthesis method to produce MOF particles which are then incorporated into the
sensing devices using drop coating, spin coating, electrospinning, etc. Despite the progress
in nanofabrication methodologies, there have been limited investigations that consider
environmentally friendly synthesis techniques to form MOFs for gas-sensing purposes
using a green approach with high yield, hence minimum wastes [69,70]. Fabrication
of MOFs through a green and scalable route is of great importance to their commercial
translation and real-life application.

The inherently low electrical conductivity of most MOFs has severely limited their
applications in gas and liquid sensors. However, the development of highly porous 2D
conductive MOFs with tunable cavity size has facilitated the rise of MOF-based sens-
ing technologies. In addition, the design of novel nanomaterials, including guest-MOF
nanostructures where MOFs and guest molecules are combined, has shown excellent
enhancement in the conductivity of MOF-based gas sensors.

The future is bright for the development of highly sensitive and selective MOF-based
nanosensors for room temperature detection of low concentrations of gas molecules, with
applications in many areas of technology, industry, or daily life, providing strong health,
safety and security benefits to address many standing fundamental and technological
challenges.
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