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Metal-organic frameworks (MOFs) are a class of crystalline compounds with porous characteristics and
high specific surface area, featuring coordinated metal nodes and ligands formed through covalent and
jonic bonds. In this review, we discuss selected research on MOF-based applications, specifically in the
area of gas-sensing applications for ammonia (NHs), hydrogen (H;), and carbon dioxide (CO,). MOFs are

highlighted both in the context of increasing the sensitivity and specificity of sensing towards such

specific gases and defining essential design and functionalization parameters of the framework to allow
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its use over multiple cycles, while maintaining high efficiency and sustainability. Lastly, the outlook

section of this review focuses on the next steps in the formation of MOFs and how their structure—
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rsc.li/rscsus under user control.
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function—performance relationships can help establish framework usability upon implementation, while

Metal-organic frameworks (MOFs) have garnered significant attention as a promising class of green materials due to their porosity, tunable chemistry, and large

surface area. These properties are achieved through coordination bonds between a chosen metal and an organic linker, as well as through the functionality of
each component. We discuss the implementation of MOF in the context of United Nations' Sustainable Development Goals (SDG) for reducing deleterious
impacts resulting from exposure to ammonia, hydrogen, and carbon dioxide, all known to induce environmental and logistical burden such as harm to human
and aquatic life (SDG 14), asphyxiation in confined spaces (SDG 11) or global warming and climate changes (SDG 13), just to name a few. We provide examples of

MOFs' design and characterization for sensing/monitoring/detection processes. We emphasize how high efficiency and sustainability could be achieved when

using MOFs to reduce corrosiveness, volatility and parasitic energy consumption of currently used adsorbents. Lastly, we provide our perspective on how one can
increase MOFs sensing performance through both rational design and functionality, for user controllled structure-function relationships and affordable,

reliable, and sustainable energy (SDG 7) green technology development.

A historical perspective into the
discovery of metal—organic
frameworks and their characterization

Metal-organic frameworks (MOFs), which are -crystalline
compounds with porous characteristics, are formed by binding
inorganic polynuclear clusters [termed secondary building
units (SBUs)] and organic linkers via strong bonds.* One of the
first MOFs was reported in 1999, specifically, Zn,O(BDC); (MOF-
5); this MOF was synthesized by O'Keefe and Yaghi's group
using a mixture of zinc(u) nitrate [Zn(NO;)] and 1,4-benzenedi-
carboxylic acid (H,BDC) in N,N-dimethylformamide (DMF)/
chlorobenzene.> The resulting framework displayed a tetranu-
clear supertetrahedral [Zn,O]°* architecture. Later studies
identified MOF-5 as a benzenedicarboxylate (BDC) dianion,
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with the oxygen (O) atoms of the carboxylate groups coordinated
to different zinc (Zn) atoms in [Zn,0]%" clusters.? The reticular
nature and coordination bond of the octahedral Zn-O-C clus-
ters were later combined with various organic carboxylate
linkers, resulting in isoreticular frameworks (IRMOF-n; where n
=1, 2, 3, ...; Fig. 1a shows representative IRMOF-1).** The
different carboxylate linkers exhibited unique features,
providing the frameworks different characteristics to be
employed in a plethora of applications.” For instance, studies
showed that IRMOF-1 is an outstanding candidate as an
adsorbent for gases (i.e., hydrogen (H,), carbon dioxide (CO,),
and methane (CH,)); further, this framework possesses sepa-
ration characteristics due to its (1) high surface area and pore
volume and (2) tunability. IRMOF-1 was also reported to have
the best CO, sorption capacity,”® yet poorest water stability
compared to other IRMOFs,” namely, IRMOF-3 (ref. 10) and
IRMOF-8." The poor stability was a result of the substitution of
carboxylic groups by water molecules to subsequently coordi-
nate with Zn®" centers, with such coordination triggering an
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Fig. 1 Scanning electron microscopy (SEM) images (inset: framework representations) of selected MOFs: (a) IRMOF-1 (ref. 5 and 6) and (b)
HKUST-1.26%” Reprinted (adapted) with permission from ref. 16. Copyright 2019, the American Chemical Society. Reprinted (adapted) with
permission from ref. 17. Copyright 2022, the American Chemical Society. (c) MIL-53.2°*° Reprinted (adapted) with permission from ref. 29.
Copyright 2019, the American Chemical Society. Reprinted (adapted) with permission from ref. 30. Copyright 2010, the American Chemical
Society.; (d) MIL-101.442 Reprinted (adapted) with permission from ref. 41. Copyright 2019, the American Chemical Society. (e) ZIF-8.55%¢
Reproduced from ref. 65 with permission from The Royal Society of Chemistry. (f) UiO-66.727* Reprinted (adapted) with permission from ref. 72.
Copyright 2008, the American Chemical Society. Reprinted (adapted) with permission from ref. 73. Copyright 2015, the American Chemical

Society.

irreversible structural transformation within only a few minutes
of exposure.”*™**

In 1999, Chui et al.*® reported the synthesis of [Cus(TMA),(-
H,0);],,, which is commonly known as HKUST-1 or MOF-199,
a class of blue-cubic crystals (Fig. 1b (ref. 16 and 17)) obtained
through the coordination of copper(u) (Cu®*) metal nodes with
trimesic acid (TMA). The solvothermal synthesis involved
heating cupric nitrate trihydrate in trimesic acid in a 1: 1 ratio
of water (H,O) : ethyl alcohol (EtOH), at 180 °C for 12 h. The as-
synthesized HKUST-1 was turquoise in color and composed of
dimeric cupric tetra-carboxylate units, with a short Cu-Cu
separation of 2.628(2) A. Furthermore, the framework was
neutral given that the 12 carboxylate oxygens from the two TMA
ligands were bonded to four coordination sites of each of the
three Cu®" ions. Also, the framework had a higher dimension-
ality, presumably resulting from the loss of its terminal ancillary
ligands." Each of the Cu metal nodes completed the pseudo-
octahedral coordination sphere with an axial aqua TMA
ligand opposite the Cu-Cu vector. The key SBUs of HKUST-1
were described as octahedral units with the Cu, dimers occu-
pying the six vertices of each such unit. The framework also had
four trimesate ions tetrahedrally coordinated to each one of the
four of its eight triangular faces, respectively. Thermal gravi-
metric analysis (TGA) indicated that this structure could hold
up to ten to fifteen water molecules per unit.'®* The compound
was anhydrate, with analysis demonstrating that its dehydra-
tion leads to changes in color, i.e., from turquoise to dark blue.

126 | RSC Sustainability, 2023, 1, 1125-1149

In 2002, Gérald Férey's group reported the synthesis of the
MIL (MIL = Matériaux de I'Institute Lavoisier) frameworks, with
chromium(i) (Cr**) serving as the metal center and BDC-based
ligands as the linkers. Generally, MILs are synthesized via
either the solvothermal or hydrothermal route, by mixing
trivalent (M>*) metal centers with BDC in DMF solvent. This
process can be tuned by (1) substituting M** with divalent (M>")
or tetravalent (M*") metal centers;>*?* (2) adding a mineralizer
such as hydrochloric acid (HCI) or hydrofluoric acid (HF),* or
(3) by changing dicarboxylate-based ligands with different
functional linkers,***° respectively. The uniqueness of the re-
ported MIL-53, for instance, was the possibilities of assemblies
of its inorganic chains in the trivalent metal centers and the
terephthalate-based linkers, with MIL-53(Cr) shape-sharing
trans-corners, alternating between Cr** and OH . The BDC
linker connected to four different metal centers by bridging
each dicarboxylate functional group in a Z,Z-u,-n":n" manner.?
Each metal center was also octahedrally coordinated by six O
atoms, four of which originated from the four different
carboxylate groups of the BDC linker, respectively. The
remaining two O atoms were covalently bound to carbon (C) and
linked to Cr*" via an ionocovalent bond.*** The resulting
framework structure contained a one-dimensional diamond-
shaped pore* and had an overall topology of an sra net, with
its morphology and histology being shown in Fig. 1c¢.**° The
flexibility of the MIL-53 structure allowed its integration in

applications such as liquid-gas sensing®®** or water

© 2023 The Author(s). Published by the Royal Society of Chemistry
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purification (e.g., for sensing nitrobenzene,* ibuprofen,* and
dimethylphthalate®).

Recently, aluminum(m) (AI*) was incorporated MIL
MOFs**° as a metal node, resulting in the formation of
frameworks with higher thermal stability.”® For instance, MIL-
53 was shown to have “breathing effect”>*” flexibility, in
which the dihedral angle, «, between two planes was expanded
to a maximum of 180°.>” The studies also showed that when
water was present in the pores of the framework, such molecule
formed strong hydrogen bonds with the MOF structure.

In 2005, Férey further synthesized MIL-101 through the
hydrothermal reaction of Cr(NO;);-9H,0 and H,BDC in HF, for
8 h and at 220 °C.** As presented in Fig. 1d,*»** the structure of
MIL-101 was comprised of M*" trimers with each of the trimers
forming octahedra with the metal atom located in the center.
The analysis also showed that two of these trimers contained
bound water molecules, while the third one had a halide or
hydroxide ion present. Each octahedron was connected laterally
to another octahedron through the carboxylic groups of two
BDC molecules. These bonds led to four connections and a total
of six bidentate carboxylic linkers.** The trimers occupied the
four vertices of the SBU tetrahedron, while the ligands were
present at the six edges of the super tetrahedron. The resulting
assembly displayed a complex microporous structure with two
mesoporous cages. The smaller cage was shown to be connected
through pentagonal windows, while the larger one was con-
nected through both pentagonal and hexagonal windows,
respectively.*

The development of zeolitic imidazolate frameworks (ZIFs)
was first reported by Yaghi's group in 2006, with their analysis
focusing on the synthesis of ZIF-1 to ZIF-12, as defined by the
implementation of different imidazolate linkers (i.e., imidazole
(IM), benzimidazole (H-PhIM), and 2-methyl imidazole (H-
MeIM)) and three different solvents (i.e., DMF, N,N-dieth-
ylformamide (DEF), and N-methylpyrrolidine (NMP)), respec-
tively.** ZIFs have been synthesized either through solvent
techniques (i.e., solvothermal,*** hydrothermal,*** microwave-
assisted,**® and sol-gel synthesis®*?), solvent-free techniques
(i.e., mechanochemical®** and accelerate aging®), all while
using less-toxic solvent derivatives (i.e., methanol,*® ethanol,*®
and water"’) for a greener and more economical synthesis, or
through controlled “link-link interaction”.*”*® For the synthesis
of ZIFs, any transition metal can be used (M*>*) (ie., iron(u)
(Fe*"), cobalt(n) (Co*"),* Cu**, and Zn>*®) to tetrahedrally bind
in a self-assemble manner with the imidazolate (Im)
linkers.***®* Other modified synthesis methods involving the
deprotonation of the imidazolate linker through the addition of
additives or known imidazolate deprotonating agents (i.e.,
triethylamine (TEA), pyridine, sodium hydroxide, sodium
formate, and n-butylamine) directly to the solvent were also
introduced to ultimately increase the rate of reaction and thus
improve the product yield.

ZIFs have been recognized for their high sorption capabil-
ities for gases, with such capability being presumably due to
their basic sites. Specifically, these frameworks have been
implemented for gas conversion because of the presence of
Lewis acid sites from their metal(n).®> Research also showed that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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ZIFs can be used for the separation and sequestration of gases,*
in catalysis,*” and as gases sensors.** In this context, recently,
ZIF-8 (Fig. 1e (ref. 65 and 66)) has attracted significant attention
for extended sensing applications.®”*® The ~145° bond angle of
M-Im-M*7° was analogous to the aluminosilicate (Si-O-Si)
angle found in zeolites,**””* while its SBU consisted of a Zn ion
tetrahedrally linked to four 2-methyl imidazole groups.

Lastly (for the purpose of this review), in 2008, Karl Petter
Lillerud et al. reported the synthesis of a Zr-MOF structure
named UiO-66 through a solvothermal technique upon mixing
zirconium tetrachloride (ZrCl,) with H,BDC in DMF at 120° for
24 h,” as shown in Fig. 1f.”»”* Unlike MOF-5, UiO-66 is a Zr(wv)-
based MOF with octahedral (~11 A) and tetrahedral (~8 A) cages
connected by triangular windows (~6 A), yielding to the
formation of a ZrsO4(OH),(CO,);, cluster. Early stages of
synthesis studies showed a rapid reaction due to an accelerated
nucleation process.” Later on, optimization of Zr-based MOFs
was attempted through the use of organic modulators,”
deprotonating agents,” or a combination of both. Specifically,
a single carboxylic acid bridged the carbon chains (R-COOH)””
competitively and reversibly and bound to the metal node to
slow down the crystallization process. Deprotonating agents,
such as TEA’*”® subsequently activated the ligands by removing
the hydrogen group from H,BDC, thus promoting nucleation.
Other reported modulators, such as (1) inorganic acids (e.g.,
HCI) were shown to slow down the rate of precipitation by
inhibiting H,BDC dissociation,” while (2) the addition of
monocarboxylic acid resulted in the formation of larger crystals
through the changes in the rate of precipitation.*” These opti-
mizations are important factors to be considered when per-
forming concentration and mass balances for reaction kinetics
given that an excess of modulators or deprotonating agents
inhibits the overall crystallization process.”**

The above-mentioned examples provide insight into the
historical evolution of some of the most well-known MOFs,
while displaying evidence of the variety of shapes and structures
imposed by the different synthesis conditions. To the best of
our knowledge, currently, there are more than 90 000 MOFs
reported, with over 500 000 more predicted.**

From design to implementation:
motivation for the review's focus on
MOFs for gas sensing

Presently, the sensing, monitoring, and detection of gases rely
on the application of optical, acoustic, and gas chromatography
systems; however, these methods are associated with challenges
in miniaturization, flexibility, and portability, are expensive,
and often sensitive to environmental changes (i.e., environ-
mental noises).*® Furthermore, systems based on materials such
as metal oxide semiconductors,*®* conducting polymers,***’
and carbon nanotubes®® have shown benefits when the
sensitivity and specificity for a given sensing gas were consid-
ered, relying on the physico-chemical characteristics of the
materials for changes in performance;*® however, they also
show limited stability. Moreover, analysis showed that their

RSC Sustainability, 2023, 1, 125-1149 | 1127
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thermodynamical decomposition leads to low sensitivity during
the sensing measurements, as well as difficulties during their
integration in the fabrication and reproduction of the sensor
formed with these materials.*

The porosity, tuneable sizes, high surface area to mass ratio,
and chemical and structural stability of MOFs, as well as their
user-controlled synthesis, have been recently explored for gas
sensing. The focus on sensing using MOFs is motivated by both
the need to help prevent explosions and/or help monitor
exposure in surrounding environments, thus reducing the
deleterious effects on human health and environmental
burden. Further, the focus on sensing/monitoring/detection
with MOFs is motivated by the need for processing controls
and manufacturing steps to be implemented without logistical
challenges, especially when considering the development and
application of green technologies. In this context, the design
and functionalization studies of MOFs for sensing generally aim
to enhance sustainability of such processes using these frame-
works and increasing their ability to be used over multiple
cycles, while maintaining high efficiency. Thus, it is envisioned
that MOFs applied in sensing can potentially reduce the high
energy requirements associated with the use of adsorbents (for
instance),”*** the loss of adsorbent functionality,”®® high
corrosiveness,”*® and volatility®>'* and parasitic energy
consumption,’'* all when considering large-scale
implementation.'®% Specific examples of MOFs applications
in different gas sensing strategies are discussed below.

MOFs in ammonia sensing

Ammonia (NH;) is produced during the manufacturing of
fertilizers, burning of biomass or landfill wastes, and unceasing
volcanic eruptions. Consequently, the global emissions of NH;
have doubled to approximately 50 million tons in the past 50
years.106—108
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When considering MOFs for NH; sensing, analysis showed
that during its first step of detection (normally associated with
the gas chemical adsorption process), NH; behaves like a Lewis
base/reducing agent.'*>**° This discovery prompted the design
and functionalization of MOFs with oxidation-reduction
features. The specific modifications of MOFs included the
integration of coordinative metal centers with custom func-
tionalization on their porous surface through coordination
bonds'**** and/or acid-base interactions,"*''* as well as the
implementation of ligands with certain functional groups (i.e., -
OH, -0, -Br, -NH,, and urea)."** Furthermore, MOFs were also
fine-tuned for adsorption or kinetic studies related to the
detection of NH;, while still maintaining or even enhancing
their thermal and chemical stability."****® Their open metal
sites directed strong interactions, subsequently resulting in
high affinity between the Lewis acidic centers and basic NH;
molecules."®

For instance, Kim et al. reported that high NH; uptake was
realized when divalent metal cations (M,) such as (1) magne-
sium() (Mg>"), (2) manganese() (Mn**), (3) Co™, (4) nickel(n)
(Ni*"), and (5) Zn®*" and a tetradentate ligand called 4,4"-dioxi-
dobiphenyl-3,3"-dicarboxylate (H,dobpdc)'® were used. Briefly,
a microwave-assisted route led to the formation of MOFs con-
taining metal cations (1) MgBr,-6H,0, (2) MnCl,-4H,0, (3)
CoCl,-6H,0, (4) NiCl,-6H,0, and (5) ZnBr,-2H,0 combined
with H,dobpdc in a Pyrex cell, in a 1:1 mixture of DMF : EtOH
solvent, for 20 min at 403 K.**>'** The resulting framework was
iso-reticular with simulated pore size measurements in the range
of 18-22 A. At dry and low NH; pressures, Mg,(dobpdc) showed
a superior capacity of uptake of 7.82 and 8.25 mmol g~ " at 0.072
and 0.57 mbar, respectively. Increased uptake was also observed
at 1 bar for the Mg>* MOF, with a total reported value of
23.90 mmol g ' (Fig. 2a). Regarding the recyclability, it was
shown that the NH; uptake by the Mg>*- and Ni**-based MOFs
decreased over three cycles of consecutive sorption, which is
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Fig. 2 (a) Isotherms of NHz adsorption of degassed Ma(dobpdc) (M** = Mg?*, Mn?*, Co?*, Ni%*, and Zn?") (structure shown in inset) samples at
298 K.*° (b) NH3 adsorption of SION105-Eu (structure shown in inset) as a function of time for both closed cap and open vapor sorption.*?®
Reproduced from ref. 126 with permission from The Royal Society of Chemistry. (c) NHz detection at different ppm concentration ranges (i.e., 1-
100 ppm) with a schematic representation of the NDC-Y-fcu-MOF thin film on interdigitated electron (IDE) substrate (shown in the inset).*?
Reprinted (adapted) with permission from ref. 129. Copyright 2017, the American Chemical Society.
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presumably due to the stronger Lewis acidities among the ions
being tested.”” Under dry conditions (0% relative humidity
(RH)), Mg,(dobpdc) showed an increased capacity of uptake of
8.37 mmol g . This value changed as the RH increased to 80%,
with the adsorption capacity of Mg,(dobpdc) decreasing to
6.14 mmol g~ !, presumably due to the competitive adsorption
between NH; and H,O respectively.'*

Further, Matikolaei et al. presented a novel Zn-based
framework composition, PFC-27,"** obtained via a post-
synthetic modification (PSM) via anion insertion of three
different types of derivatives, namely, (1) PFC-27/
trifluoroacetate (CF;COO™), (2) PFC-27/trifluoromethane sulfo-
nate (CF3SO; ), and (3) PFC-27/acetate (CH;COO ). Gray crys-
tals of PFC-27 were synthesized by mixing Zn(NOs),-6H,0, 4,4
biphenyl dicarboxylic acid (BPDA) and tris(4-(44-1,2,4-triazol-4-
yl)phenyl) amine (TTPA) at 120 °C for 48 h. The post-synthetic
modification involved the immersion of PCF-27 in aqueous
solutions of anion salts, ie., sodium trifluoroacetate (CF;-
COONa), sodium acetate (CH;COONa), and sodium trifluoro-
methane sulfonate (CF;SO;Na), at room temperature, for 24 h.
Scanning electron microscopy (SEM) images showed that the
pristine PFC-27, PFC-27/CF3S0O3, and PFC-27/CF;COO crystals
possessed a rod-thorn like morphology and smooth topology.
Fourier transform infrared spectroscopy (FTIR) confirmed the
presence of absorption bands at 1500, 1166, and 1260 cm ™,
corresponding to the signatures of the COO™, CF;COO™, and
CF;SO;~ anions, respectively. The Brunauer-Emmett-Teller
(BET) surface area analysis suggested that all the products fol-
lowed a type I isotherm, with a decreasing trend for the
measured surface area from PFC-27 = 1253 m” g~ ', to PFC-27/
CF380;” = 877 m” g~', PFC-27/CF;CO0~ = 197 m* g, and
PFC-27/CF;CO0™ = 48 m* g~ ' respectively, most likely due to
the anion insertion process, which affected the self-assembly of
the framework."?

All the obtained crystals were further tested under static and
dynamic conditions of NH; exposure, as well as in dry and wet
conditions respectively. Among them, PFC-27/CF;SO;~ showed
the highest NH; gas uptake capacity of 177.85 mg g *
(10.46 mmol g™ '). Under static NH; adsorption, PFC-27/
CF;COO™ and PFC-27/CF;SO; "~ showed a steep increase in their
adsorption capabilities at a low relative pressure range (up to
0.1), with PFC-27/CF;COO~ and PFC-27/CF;SO;~ reaching
71.5% and 83.3% of the total uptake capacity, respectively, at P/
P, = 1.0 and 298 K. Furthermore, all the frameworks also
showed the best fit with the Langmuir model, with the NH;
uptake decreasing rapidly from 298 to 345 K.

Under dynamic conditions, the adsorption by PFC-27, PFC-
27/CF,CO0 ", PFC-27/CF5S0; ", and PFC-27/CH;COO~ was 165,
307, 349, and 293 mg g ', respectively. By manipulating the RH
to 50%, a sharp decrease in the adsorption capacity was
observed in all the products (to 73, 123, 160, and 98 mg g~ "
respectively), with such decrease being presumably due to the
additional adsorbed water molecules competing for the
partially blocked MOF pores.”**** The reusability studies
showed that PFC-27 and PFC-27/CF3;SO;" retained their char-
acteristics after five cycles of gas uptake with no obvious

© 2023 The Author(s). Published by the Royal Society of Chemistry
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changes in their adsorption capacity when different regenera-
tion temperatures were considered.

Moreover, Moribe et al. reported the solvothermal synthesis
of (1) AI-PMOF, (2) Ga-PMOF, and (3) In-PMOF performed using
meso-tetra(4-carboxyphenyl porphine) (TCPP) in DMF and nitric
acid, at 120 °C for 15 h. The resulting MOFs underwent two
cycles of NH; adsorption, both at 298 K, without thermal acti-
vation. At 1 bar, AI-PMOF adsorbed 7.67 and 7.34 mmol g~ " in
the first and second cycle, respectively. Correspondingly, the
uptake by Ga-PMOF was 10.50 and 7.71 mmol g, while In-
PMOF adsorbed 9.41 and 7.83 mmol g ', respectively. The
higher uptake recorded for Ga-PMOF and In-PMOF in the
second cycle was presumably due to the inability of the frame-
work to be desorbing the initially adsorbed NH; from their -OH
sites, thus suggesting that Ga-PMOF and In-PMOF had stronger
interactions with NH3.'® The crystal stability studies showed
that the powder X-ray diffraction (PXRD) patterns of Al-PMOF
remained unchanged pre- and post-exposure to NHj;.
However, Ga-PMOF and In-PMOF displayed two major peaks at
higher angles indicating the limited stability toward multiple
cycles of NH; uptake.

Nguyen et al. reported the preparation of a targeted recy-
clable NH; and highly stable MOF, ([Eu(tctb);(H,0)]) or
SION105-Eu." In this study, SION105-Eu was solvothermally
synthesized by heating europium nitrate [Eu(NO3);] and tris(p-
carboxylic acid)tridurylborane (Hjtctb) in a 2:1 DMF:H,0
mixture, at 120 °C for 72 h."” The authors showed that the NH;
gas adsorption at 1 bar was 5.7 mmol g~ ' under dry conditions,
and 5.9 mmol g~ ' under wet conditions (Fig. 2b). Based on the
Clausius-Clapeyron isotherm model, the isosteric heat
adsorption was —28.7 k] mol " for the coverage of 1.5 mmol
g~ ", which was believed to result from the specific interaction
between NH; and SION105-Eu. Post-exposure to NH; was also
performed for a total of 6 h. The PXRD analysis confirmed the
preservation of the crystallinity of the MOF, although the
presence of multiple split peaks was identified in the two
regions of 20 = 6.5-6.9° and 10.4-10.9°. A slight decrease in the
structure original peaks intensity was also observed, thus indi-
cating susceptibility to multiple-testing cycling. Further, the
analysis suggested that there were only weak interactions (i.e.,
electrostatic and van der Waals) between SION105-Eu and NHj;
specifically, the potential formation of a B-NH; adduct and
Lewis acidic boron-olefin interaction'*'*® were observed and
discussed. FTIR confirmed the presence of N-H stretching
bands at 3300-3500 cm™'. Further studies on the stability
assessment of SION105-Eu showed that the crystal was unal-
tered after 6 h of testing, while its topology slightly changed
after 12 h, to fully degrade after 66 h of study, respectively.

Lastly, Assen et al. reported the synthesis of a rare earth (RE)-
based MOF platform with face cubic unit (fcu) topology.'*® In
their solvothermal method, the authors heated yttrium(u)
nitrate [Y(NO;);] and 1,4-naphthalene dicarboxylic acid in 2-
fluorobenzoic acid/deionized H,O/nitric acid/DMF solution at
115 °C for 48 h. The resulting MOFs were functionalized on an
interdigitated electron (IDE) with a 11-mercatoundecanol
(MUD) self-assembled monolayer (SAM) for a lab-on-open chip
operation. SEM analysis showed a densely packed tetrahedral-
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shaped NDC-Y-fcu-MOF with the post-exposure adsorption of
NH; molecules on its surface. The lab-made device detected
NH; (Fig. 2¢) in the range of 1 to 100 ppm, and had a detection
limit of 92 ppb and a response time of around 250 s. The
stability was demonstrated when evaluating steady and uniform
sensing levels, with negligible variations during the reproduc-
ibility tests. The device detected two different NH; concentra-
tions (namely 10 and 25 ppm) over more than two weeks of
testing at room temperature. However, a reduction in sensitivity
was recorded when the temperature varied from 22 °C to 80 °C,
most likely due to the reduction in the sorption capability of the
framework.

The above-mentioned studies provide selected examples of
MOFs with demonstrated functionality for NH; adsorption;
physical and chemical characteristics of these MOFs are high-
lighted in Table 1 to thus help correlate the structure and
function of such individual frameworks. The above-mentioned
studies also emphasize that while the synthesis, characteris-
tics, and applications of MOFs are fully intertwined, it is
necessary to improve their performance considering both their
design and operation when NH; adsorption is considered.

Frameworks for effective and
sustainable H, detection

Hydrogen gas (H,) plays an integral role in energy produc-
tion.”®"***  The significant uses for H, include NH;
synthesis****** and the production of methanol from carbon
monoxide.**® H, gas is also a sustainable fuel source that drives
intense research for the transition from fossil fuels to renewable
energy sources.”®®'¥” Moreover, H, has been proposed as
aviable energy solution for the production and implementation
of fuel cell vehicles (FCVs).'?*13°

Elementally, H, is colorless, odorless, and lighter than air
(with a density of 1/14 of that of air), which makes it imper-
ceptible to humans. Also, because of its light nature, H, diffuses
easily, and thus has a high tendency to leak, with its leakage in
industrial settings leading to burns and respiratory problems
(i.e., asphyxiation), especially at higher concentrations.'*
Further, due to its flammable and combustible nature upon
ignition, its rapid spread can lead to severe fires or explosions.
Moreover, H, leakage was shown to be a significant “indirect”
contributor to the greenhouse effect because it interacts with
CH, in the atmosphere.**""*> These considerations have led to
an increase in the interest in H, safety directly applicable to the
user safety for reducing the environmental burden associated
with the implementation of this gas.

For instance, Weber et al. reported the preparation of
a sensor comprised of ZnO nanowires (NW), palladium (Pd)
nanoparticles (NPs), and ZIF-8."** The ZIF-8/Pd/ZnO nano-
composite was chosen because of known (1) excellent crystal-
linity properties and high charge-carrier transport
characteristics of ZnO; however, it was limited by its relatively
low selectivity and response signal intensity,*** "¢ (2) the
exceptional affinity of Pd towards H,, and thus presumed
assumption to efficiently dissociate H, into its atoms,*”*** and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(3) the size of the micropores of ZIF-8 of ~0.34 nm predicted to
allow the passage of H, molecules, while restricting that of
larger gas molecules.™ In addition, upon combining ZnO NWs
with ZIF-8, it was envisioned that the new structure can offer
molecular sieving properties, to thus lead to a more efficient
detection capability.**”*48*>*

The sensor was created by loading ZnO NWs on a patterned
IDE, with the experiments occurring in a furnace, at 950 °C for
1 h, under constant Ar and O, flows, respectively. The physical
and chemical characterizations of the different elements of the
sensor are shown in Table 2, which also contains specific
structure-function related information for the listed frame-
works. The sensing mechanism is shown in Fig. 3a, and was
attributed to the different conductivities of the individual
components used in the sensor set-up. Specifically, the analysis
showed that the ZIF-8/Pd/ZnO sensor presented about ~20%
lower H, sensitivity than the Pd/ZnO control. Further, analysis
of the sensor response identified diffusion limitation of the H,
gas through the ZIF-8 membrane due to the favorable thermally
activated transport mechanism of such gas at the ultra-
microporous ZIF-8 network.

In another study, Azhar et al. created a MOF electrode-based
device for H, sensing through cathodic-electrodeposition of
HKUST-1 on glassy carbon (GC) electrodes with the addition of
room-temperature ionic liquids (RTILs, ie., 1-ethyl-3-
methylimidazolium  bis(trifluoromethylsulfonyl)imide  ([C,
mim]-{NTf,])).*** RTILs possess the necessary moieties for
serving as electrolytes for H, sensing when used on metal
electrodes (i.e., Pt);***** further, there are additional benefits
when using only a very small amount of this metal, thus over-
coming the economical production cost of the overall device.

The full physical and chemical characterization of the
sensing element is shown in Table 2, while an overall schematic
of the electrosynthesis of the HKUST-1/GC electrode is included
in Fig. 3b."** The cathodic electrochemical synthesis deproto-
nates the OH™ ions of the BTC, as facilitated by a potential of
—1.4 V, NO;~ and water. CTAB was extracted when the elec-
trodeposited MOF film was placed in an EtOH/water mixture
under moderate stirring. Hydrogen is a moderate soluble
element in [C, mim]-[NTf,], with a saturated concentration of
4.2 mM," with a diffusion coefficient of 5.5 x 10~° cm? s~ %%’
As shown, no electroactivity was detected at the bare GC elec-
trode. However, HKUST-1 displayed a large current response
and a partial absorption-type CV shape, with the current drop-
ping off rapidly after the peak, suggesting thin-layer-type
behavior.”®® In the same graph, the maximum current of
HKUST-1 on GC was four-times higher than that for the Pt
electrode alone, demonstrating the significant catalytic activity
toward H, oxidation of the framework. This higher sensitivity
was attributed to the larger surface area as a result of the micro-
and nano-porosity of the electrodeposited MOF.

In a different example, Kim et al. created a real-time photo-
voltaic sensor that contained a ZIF-8 layer with Pd-decorated n-
type indium gallium zinc oxide (IGZO)/p-type silicon photovol-
taic cell-covered sensor, which was termed ZIF-8/Pd-IGZO
sensor.”® The sensor characterization with its physico-
chemical properties is included in Table 2. Pd-based gas

RSC Sustainability, 2023, 1, 1125-1149 | 1131
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Fig. 3

(a) (top) Schematic representation of the sensing mechanisms of ZIF-8-coated Pd/ZnO NW sensors with (bottom) sensing response of

bare ZnO NW, Pd/ZnO NW, and ZIF-8-coated Pd/ZnO NW gas sensors, all recorded at 50 ppm for sensing of H,, CgHg, C;Hg, CoHsOH, and
CH3COCHs3, in air and at 200 °C.*** Reprinted (adapted) with permission from ref. 143. Copyright 2018, the American Chemical Society. (b) (top)
Cathodic electrodeposition of HKUST-1 on glassy carbon (GC) electrode with (bottom) cyclic voltammetry (CV) for 100% H, oxidation on a GC
(green), Pt (blue), and HKUST-1 on GC (red) in [C, mim][NTf,] at a scan rate of 100 mV s~ with the black dash line corresponding to the blank
voltammogram of HKUST-1 on GC electrode in the absence of H,.**? Reprinted (adapted) with permission from ref. 152. Copyright 2020, the
American Chemical Society. (c) (top) Schematic of the ZIF-8/Pd-IGZO sensor fabricated on a p-type Si substrate with finger-type Ti/SiO,
electrodes together with (bottom) sensing responses of ZIF-8/Pd-IGZO and Pd-IGZO sensors at different H, concentrations.**® Reprinted
(adapted) with permission from ref. 159. Copyright 2020, the American Chemical Society. (d) (left) Schematic representation of the fabrication
and action of present H, sensor design based on plasmon-active optical fiber surface decorated with IRMOF-20 film with (right) plasmon
absorption bands in the Hy/air mixture with different concentrations of H,.*%® Reprinted (adapted) with permission from ref. 168. Copyright 2019,

the American Chemical Society.

sensors are known to detect H, in real-time;'***** however, they
were also shown to be prone to degradation under repeatable
cycles presumably due to the volume expansion resulting from
the diffusion of H, into the inner side of the metal layers.'*>***
The fusion of two materials, herein Pd and ZIF-8, was seen to

© 2023 The Author(s). Published by the Royal Society of Chemistry

overcome previously recorded small sensing signals, and thus
expected to increase the reversible gas adsorption/
desorption.'**%”

In this design, the ZIF-8 layer was solvothermally synthesized
by mixing Zn(NO3),-6H,0 and 2-methyl imidazole (HMIM) in
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methanol for 30 min. E-beam deposition of SiO, and Ti on an Si
substrate yielded finger-type Ti/SiO, morphologies, as shown in
Fig. 3c, while subsequent lift-off led to the formation of a Pd-
IGZO layer through an RF magnetron sputtering system. ZIF-8
was subsequently coated on the top of the Pd-IGZO layer.
Gold (Au) was deposited on top of all the finger-type Ti/SiO,
electrodes. The sensor response, denoted as Ry, is the ratio of
the photocurrent between H, and air relative to only air. It was
reported that at 1% H,, the Ry, for ZIF-8/Pd-IGZO was 1.57 X
10%% with a low detection limit of ~0.0035%, which was 8.13-
times higher than 1.93 x 10°% at the Pd-IGZO sensor interface.
The response and recovery time of the ZIF-8/Pd-IGZO sensor
were 14 and 7 s at 1% H,, respectively. The device accomplished
what was reported to be irreproducible with Pd-based and
photovoltaic sensors. Moreover, the sensor maintained long-
term stability after three months of operation, while the Pd-
IGZO control was completely inoperable after the same testing
time, which is most likely due to the physical damage of the
contained Pd nanoparticles.

Lastly, Miliutina et al. proposed the fabrication of an H,
plasmonic-fiber sensor through the combination of surface-
grafted IRMOF-20 films.'*® Specifically, photons excited the
surface electrons of the sensor, leading to the collective oscil-
lations and propagation of surface waves at the intersection
between the metal nodes and dielectric nanofilms due to the
energy transfer at the interfaces.'*"'”* Plasmonic optical fibers
were shown to overcome the drawbacks of regular optical fiber
sensors, namely their low sensitivity.">'”* IRMOF-20 was
synthesized by  dissolving  thieno[3,2-b]thiophene-2,5-
dicarboxylic acid and zinc nitrate tetrahydrate in DMF at 100 °
C for 18 h. A thin film of Au was deposited on multimode
plastic-clad silica optical (PCS) fibers via vacuum sputtering,
and subsequently soaked in 4-carboxybenzenediazonium tosy-
late (ADT-COOH) solution for 15 min. The AFT-COOH-grafted
optical fibers were then immersed in the IRMOF-20-based
liquid for two days for surface-assisted growth of IRMOF-20
(characteristics shown in Table 2).

The performance pf the IRMOF-20 plasmon fiber-based
sensor was evaluated at different H, concentrations and at
room temperature (Fig. 3d). The maximum H, absorption band
shifted towards lower wavelengths, with the intensity of the
absorption band increasing with the H, concentration. Even at
a low concentration (2% H,/air), the plasmon band was shifted
by 9 nm, and then increased by 22 nm when a 4% H, concen-
tration was used, thus demonstrating excellent detection
capability. The reported sensor was stable in a temperature
range of 0-50 °C presumably due to the lower dependency of
IRMOF-20 on the mean polarizability. Further testing to deter-
mine the influence of humidity on the sensor performance (one
of the most difficult problems when H, detection is being
considered'’*'”®) revealed a shift in the plasmon absorption
band wavelength for both 4 and 20% H, exposures.

The above-mentioned examples show concrete advances in
H, sensing strategies when using MOF structures. However, for
the considerable and impactful implementation of MOFs in H,
sensing platforms, the next generation of sensors for H,
detection should not only be tested in different temperature or
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gas concentration ranges, but also for leaks and permeation to
thus account for the harmful potential of this gas when
uncontrollably released.

Applications of frameworks for CO,
detection

Carbon dioxide (CO,), resulting from industrial products and
by-products released upon burning materials, accounts for the
majority of greenhouse gas emissions’’® and can harm living
species through heatrelated illness, thermal absorption,
climate change, and ocean water feedback,"”®”” to name a few.
Some of the current CO, sensing methods rely on non-
dispersive infrared (NDIR) sensors which use specific light
wavelengths, with these systems offering long-term stability,
high accuracy, and high gas specificity."”**** However, NDIR
sensors are affected by humidity and temperature
fluctuations;'***** moreover, many times their “bulky” design
limits their suitability for field implementation.*®*'®* Alterna-
tively, other CO, detection systems use electrochemical sensors,
which convert the chemical concentration of the gas to elec-
trical current changes. Electrochemical impedance spectros-
copy (EIS) devices overcome the limitations of NDIR sensors,
although EIS sensors often encounter experimental “drifts”*®®
resulting from the imbalance of electrode surface reactions and
electrode contaminations, respectively.*®” These drifts were also
observed when performing curve fitting and regression, leading
to significant errors when processing non-linear and drifting
data, respectively."®® Moreover, a metal oxide semiconductor
(MOS) sensor that uses the resistivity of metal compounds to
test for concentrations of CO, in the air was also implemented
for CO, detection. The MOS has a simple design, and it was
tested at higher, less common CO, concentrations (>2000
ppm).*® The example provided by Shwetha et al. demonstrated
the fabrication of an MEMS-based MOS sensor when adding Ag
as an additive between the p-type semiconductor BaTiO; and
metal n-type CuO heterojunction to fabricate a 1% Ag-doped
BaTiO;-CuO sensing film. The sensor had a sensing capability
of 21% for a CO, gas concentration of 400 ppm and 70% for
1000 ppm while the capacitive-based sensitivity was 54% for
400 ppm and 95% for 1000 ppm,**° respectively. However, this
example and others have shown that at a lower ppm CO,
concentration (<1000 pm), MOS sensors do not exhibit good gas
sensitivity thus leading to inaccurate responses.***

To overcome the above-mentioned drawbacks, MOFs were
introduced for CO, sensing by Ling et al.; authors showed that
the series of bimetallic Mg,Cu; ,-MOF-74 (x = 0.4, 0.2, and
0.17) obtained via one-pot synthesis could be used for CO,
adsorption under visible light illumination.** Specifically,
Mg,Cu, _,-MOF-74 was synthesized under ultrasonic stirring for
30 min using a mixture of 2,5-dihydroxyterephthalic acid
(H,dhtp), magnesium nitrate hexahydrate (Mg(NO3),-6H,0)
and copper nitrate hydrate (Cu(NOj3),-3H,0) and a 15:1:1
solvent of DMF:EtOH:MeOH. The reaction mixture was
maintained at 398 K for 24 h.
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The pore structure of the resulting Mg,Cu;_,-MOF-74
exhibited a type I isotherm and Hj-type hysteresis loop, thus
indicating the presence of both micro and mesoporosity struc-
tures (Table 3). However, Mg-MOF-74 lacked stability when
exposed to higher temperatures; specifically, ~42.4% weight
loss was observed for the framework exposed to 267 °C and
~69.8% weight loss at 609 °C. However, the thermal properties
were improved through the synergetic effects of the added Mg
and Cu,"® which also enhanced the thermal resistance of the
identical organic linker in response to changes in the Mg/Cu
cation ratio.*”® Overall, Mg,Cu,_,-MOF-74 was found to be
stable at a temperature of less than 200 °C, with an increase in
temperature leading to significant structural collapse of the

View Article Online

RSC Sustainability

framework. The authors also showed that as the Cu content
increased, a red shift towards enhanced visible light absorption
was observed. Mg-MOF-74 presented the highest band gap
energy and the lowest visible light absorption capacity.

Fig. 4a shows the CO, adsorption-desorption isotherms of
bimetallic Mg, 4Cu, -MOF-74 against a monometallic MOF-74,
at 298 K and 1 bar. It was shown that Mg, ,Cu, s-MOF-74 out-
performed the standalone Cu-MOF-74 for CO, detection
presumably due to the synergistic effect from the adjacent Mg
and Cu metal nodes and their role in the sensing process.***
Compared to monometallic Cu-MOF-74, all the bimetallic ratios
of Mg,Cu,_,-MOF-74 were shown to adsorb better, with the
highest uptake of 4.58 mmol g~ . Alternatively, Mg,Cu;_,-MOF-

Higher Mg ratio

Mg, Cu, ~MOF-74
7 Mg, ,Cu, -MOF-74

CO, uptake / (mmol-g")
-
~
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90.2CuUg.g—, Mgg17CUqg g3—. Cu-MOF-74 and (bottom) CO, adsorption—

desorption isotherms of Mg,Cu;_,— at 298 K and 1 bar.**? (b) (Top) N, adsorption isotherm of (1) [Zn4O(PDC)], (2) [Zn,O(S-mPDC)3] with inset
SEM image, (3) [Zn4O(R-mPDC)3], and (4) [Zn4;O(dmPDC)s] and (bottom) CO, BET surface areas as a function of CO,-derived linkers (black)
carbonate, (red) carbamate, (blue) formate, and (cyan) formylhydroborate.**” Reprinted (adapted) with permission from ref. 197. Copyright 2021,

the American Chemical Society. (c) CO,, CH,4, and N, adsorption isothe

rms of NTUniv-54 (crystallography shown in inset) conducted at 273 K.2°®

Reprinted (adapted) with permission from ref. 205. Copyright 2021, the American Chemical Society.
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74 was shown to absorb less than Mg-MOF-74, presumably due
to the CO, adsorption capacity being influenced by the Mg
content of the framework.™ Although Mg-MOF-74 showed the
highest CO, uptake in an experimental closed system (Micro-
meritics ASAP apparatus), Mg-MOF-74 also exhibited the largest
decrease in CO, uptake after exposing the system to a X-lamp
for 48 h.

Ling et al. presented the CO, uptake of Mg,Cu;_,-MOF-74
treated for 12, 24, 36, and 48 h using an X-lamp, and how
sensor responses led to changes in the CO, adsorption rates.'**
In particular, the CO, uptake for Mg-MOF-74 was 7.18 mmol
g~ ', whereas the CO, uptake for Cu-MOF-74 was the lowest
recorded, reaching only up to 2.09 mmol g~ '. The stability of
Mg-MOF-74 was attributed to the formation of a metal-oxygen
(M-0O) bond."* The distortion and deformation of the coordi-
nation environment of Cu?" via the Jahn-Teller effect were
explained through the contraction of the M-O bonds, leading to
improved photostability of the framework.**

Kadota et al. introduced a one-pot, room-temperature
synthesis of mono-carbamates-MOF to convert atmospheric
pressure CO,."” The synthesis of (1) [Zn,O(PDC);] was per-
formed at 0.1 MPa CO, (>99.99%) flow, at 25 °C and using
a mixture of Zn(Oac),-2H,0, piperazine (H,PZ), 1,8-
diazabicyclo[5.4.0]Jundec-7-ene (DBU) in DMF and 2-propanol
(‘PrOH). The resulting MOF formed a white precipitate. To
record the effect of the linker, the authors derived three extra
carbamate linkers with the same metal core, namely, S-(+)-2-
methylpiperazine dicarbamate (S-mPDC); (2) [Zn,O(S-mPDC)s],
R-(—)-2-methylpiperazine dicarbamate (R-mPDC); (3) [Zn,O(R-
mPDC);] and trans-2,5-dimethylpiperazine  dicarbamate
(dmPDC) and (4) [Zn,0(dmPDC);]. The DBU used in the mixture
was described as a strong non-nucleophilic base, ultimately
enhancing the reactivity of H,PZ toward CO, through a depro-
tonation mechanism.***° The introduction of the hydrophobic
methyl group in (2), (3), and (4) was expected to enhance the air/
moisture stability of the resulting MOFs by preventing the
diffusion of H,O molecules in their pores.>* However, in the N,
adsorption isotherm model, the porosity presented in (1)-(4)
was poor presumably due to the undefined coordination
orientation of [BH(OCHO);] ™ and the short bridging distance of
HCO, . The increase in the N, uptake in the low-pressure
range is shown in Fig. 4b was due to the significantly higher
surface area of the MOF when compared to previously reported
CO,-derived coordination compounds such as carbonate,
formate, and formylhydroborate.">***** The smaller pore size of
0.7-1.2 nm was attributed to the tight corners formed between
the linkers and [Zn,0(CO,)s] SBU.>**

The N, adsorption isotherm at 77 K showed moderately good
uptake, with (4) [Zn,O(dmPDC);] resulting in the highest zero-
coverage enthalpy of adsorption (Q) of 7.4 kJ mol *. For CO,
adsorption capacity, the (3) [Zn,O(R-mPDC);] MOF presented the
highest CO, adsorption capacity (i.e., 429 mL g ') at 298 K and
2.6 MPa, corresponding to 68.8 wt% or 0.476 g cm > of CO,
moieties, as well as a high gravimetric CO, curve tested at 195 K
and 0.1 MPa, corresponding to 1.562 g cm >, respectively. The
TGA and temperature-programmed desorption (TPD) analysis
indicated the release of CO, from (2) [Zn,O(S-mPDC);] at 331 °C.>*
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Moreover, Zhang et al. constructed a triazole-functionalized
txt-type MOF for CO,/CH, selective uptake at different pres-
sures.”” [Cu,L(H,O)]-2DMF-11H,0 (NTUniv-54) was sol-
vothermally synthesized through click chemistry using an H,L
linker and Cu(NO3),-3H,0 in DMF/nitric acid (HNOj) at 80 °C for
24 h. The resulting MOF displayed a blue block cube-shaped
crystal, with its physico-chemical characteristics reported in
Table 3. High-temperature activation of NTUniv-54 led to changes
in its color, namely, from blue to deep purple-blue due to the
generation of open Cu®" sites.?**?” Under N, and at 77 K (<1 bar),
NTUniv-54 exhibited a type-I adsorption isotherm and yielded an
Sger of 2166 m”* g~ ' and Spangmuir Of 2903 m” g~ '. As shown in
Fig. 4c, the low-pressure CO, (<1 bar) analysis showed that the
uptake amount was 171 cm® g~ (@273 K) and 84 cm® g~' (@298
K) for CO,; meanwhile, the CH, adsorption was 19 cm® g~ (@298
K), while the N, adsorption was 6.0 cm® g~ (@298 K). These
results indicated the selective adsorption of CO, from a mixture
of CH, and N,. Further, the analysis indicated that high-pressure
testing performed at 298 K enabled a CO, uptake of 822 mg g™ at
45 bar, with the CH, total uptake of only 245 cm® g~ * at the same
pressure. The results also indicated that NTUniv-54 could sense
and adsorb CO, at different pressures and temperatures;
contrary, it was only capable of CH, uptake at high pressure.

Li et al. reported a phase-inversion method that allowed the
growth of ZIF-8 on the surface of electrospun polyacrylonitrile
(PAN) nanofibers to be used for CO, capture.”®® ZIF-8 was sol-
vothermally synthesized by mixing zinc nitrate hexahydrate
(Zn(NO3),-6H,0) and 2-methyl imidazole (2-mim) for 1 h at
room temperature; complete physical and chemical analysis of
the resulting structures is shown in Table 3. PAN nanofibers
were immersed in Zn(NOjz),-6H,0 for 20 min, and then 2-mim
were added and left to react for 30, 60, and 90 min, leading to
formation of ZIF-8/PAN-30, ZIF-8/PAN-60, and ZIF-8/PAN-90,
respectively. The goal of incorporating PAN was to limit the
known temperature instability of the MOF material. It was re-
ported that the longer the reaction time of ZIF-8/PAN, the higher
the total pore volume of the resulting structures. Cyclic testing
(Fig. 5a) showed that the MOF-based nanofiber had good cyclic
stability, with the CO, uptake at 1 bar and 40 bar of 7 and 130
em® g™, respectively.

Kukulka et al. also reported a carbonized version of the
stable MOF-5 for the adsorption of CO, at various temperatures
and pressures.** Carbonization is the process of increasing the
C content to make a structure with higher porosity, changes in
surface area and larger pore volume.***'* MOF-5 is known to
accumulate traces of moisture, which leads to its faster
decomposition,**> while carbonized MOF-5 became hydro-
phobic.****** MOF-5 was solvothermally synthesized by mixing
zinc nitrate hexahydrate (Zn(NO;),-6H,0) and terephthalic acid
(C¢H4(COOH),) in DMF at 150 °C for 48 h, with the obtained
product forming a white powder precipitate. The sample was
subjected to the carbonization process under an Ar flow and
heating at 1000 °C for 2 h. The resulting CMOF-5 exhibited
a CO, uptake of 2.43 mmol g~ at 25 °C and 1 bar. The results
also showed that the total pore volume after carbonization
increased by five times, the specific surface area increased four
times, while the micropore volume increased by two and a half

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) ZIF-8/PAN-90 nanofibers tested at 25 °C with (top) cyclic adsorption isotherms up to 1 bar and (bottom) cyclic CO, uptake at higher

pressures (up to 40 bar).2°® Reproduced from ref. 208 with permission from the Royal Society of Chemistry.; (b) CO, sorption isotherms of
carbonized MOF-5 (SEM shown in the inset) fitted through the Sips equation.?®® Reproduced from ref. 209 with permission from the Royal
Society of Chemistry.; (c) CO, sorption isotherms evaluated at 25 °C for MOF-808, MOF-808-FR, and MOF-808-Gly (SEM shown in the inset).?*4
Reprinted (adapted) with permission from ref. 214. Copyright 2022 American Chemical Society.

times respectively. As shown in Fig. 5b, as the temperature and
pressure decreased, the adsorption increased significantly.
Further, the analysis showed that the CO, adsorbed on the high-
energy sites of the framework. It was also reported that the
adsorption performance does not change for both pristine
MOF-5 and CMOF-5, although CMOF-5 was found to adsorb
1.87 times higher (at 1 bar) than MOF-5 and was also reused
post-15 cycles.

Lyu et al. reported on the functionalization of an amino acid
(AA) on formate removed (FR)-MOF-808 for better CO, sorption
under different in vivo simulated humid flue gas conditions.”**
The protonated amino groups (-NH, or -NH-) on the alkyl
chains of the AAs served as the primary sites to presumably
encapsulate CO, molecules from the exterior sites of the MOF-
808, with the formate (HCOO™) removal step allowing the
deprotonated carboxylate (-COO™) groups of AAs to be func-
tionalized on MOF-808-FR. In the reported synthesis of MOF-

© 2023 The Author(s). Published by the Royal Society of Chemistry

808, zirconium oxychloride octahydrate (ZrOCl,-8H,0) was
mixed with 1,3,5-benzenetricarboxylic acid (H;BTC) in DMF
under heat activation at 130 °C for two days. Formate (HCOO ™)
was later removed by treatment with HCI (Table 3). The binding
of the AA anions (i.e., glycine, sarcosine, alanine, and serine)
yielded [ZrsO,(OH)4(BTC),-(AA)N(OH)s_n(H20)s_n], where N
denotes the molar equivalence of amino acids per ZrsO4(OH),
cluster.

In the gas sorption studies of MOF-808-AA, it was reported
that MOF-808, -808-FR, and -808-AA presented a type I N, gas
adsorption isotherm. Among them, -FR revealed the highest
surface area and increased porosity (Sger = 1971 m”> g );
meanwhile, -Gly presented a reduced Sggr (= 1427 m* g~ ') when
compared to its precursor MOFs presumably due to the AA
residues occupying the spaces inside the pores. As shown in
Fig. 5c, the single-component CO, sorption isotherms had
a significant characteristic CO, hysteresis between the

RSC Sustainability, 2023, 1, 125-1149 | 1141
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adsorption and desorption branches for all the MOF-808s and
their corresponding derivatives. MOF-808-Gly presented an
outstanding CO, uptake performance, with the uptake at 25 °C
and at 4 kPa being 0.247 mmol g~ ' (4% CO, in 1 atm gas
mixture, relevant to natural gas combined cycle flue gas
capture) and 0.540 mmol g~ * at 15 kPa (15% CO, in 1 atm gas
mixture, relevant to coal flue gas capture) respectively. It was
also shown that upon testing with other AA variants, pi-lysine
presented the highest single-component CO, uptake, which
indicated the importance of the amine species in CO, capture.
In the simulated CO,/H,0 binary adsorption study (RH ~10%),
a two-fold increase in CO, uptake for -808-Gly was reported,
with corresponding uptakes of 0.525 mmol g~ ' at 4 kPa and
0.693 mmol g~ ' at 15 kPa. Further dynamic breakthrough
evaluation showed a significant delay in uptake for -808-Gly,
indicating a change in uptake in the presence of humidity. This
increased uptake was attributed to the thermodynamically
favorable bicarbonate by-product (as studied extensively under
NMR) formed upon exposure to both CO, and H,0 molecules
known to lead to the formation of carbamic acid (-NHCOOH)
and carbamate (-NHCOO™ species).

The selected literature presented herein gave exclusive insights
into how MOFs were developed either via membrane functional-
ization or ligand modification for the selective and sensitive
detection of CO,. The CO, physisorption and chemisorption
binding nature reported showed the possibility to provide more
active sites or better attraction for MOF-based sensors, including
polymer- and membrane-MOF devices or the MOF itself. Regard-
less, the optimal outcome of any CO, sorption studies is to reduce
the environmental exposure to CO, and to obtain a net-zero
carbon footprint.

Outlook and new perspective for the
design and implementation of MOFs

The above-mentioned studies, while being comprehensive and
advancing the use of MOFs for sensing of NH;, H,, and CO,, are
limited representations of how frameworks can be user-
designed and customized for efficient, customizable MOF
formation at reduced costs. Moreover, the studies highlighted
here, while advancing the usage of MOFs, leave room for further
developments especially in the context of understanding such
frameworks structure-function-performance relationships and
how they can be supported during the life cycle, operational,
and implementation costs for sensor formation, respectively.
For instance, although the SBU system was introduced in 2001
(ref. 215) and has been seen to bring the usage of molecular
chemistry (both organic and inorganic) to extended solid-state
structures,*® tuning the MOF topology by regulating the
ligand and SBU geometry remains a challenge,*” mostly due to
the available structural analysis methods in the different labs.
Further, while the concept of the SBU system provides an
essential key to decipher the capabilities of the synthesized
frameworks, especially regarding predicted or directed appli-
cations with regard to both thermodynamic and architectural
stability respectively, the advancement of these systems,
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especially in regard to the topological directionality of MOFs
and the formation of stable structures is still limited.***

Thus, we foresee the need to extend the “net” or topology of
a to-be-developed MOF, where the “net”, or “underlying
topology” refers to a “simple” and “connected” graph of edges
and vertexes. These graphs are known to determine the
combinatorial symmetry of the framework,”* thus explaining
the structure-performance relationships through extended
versions of TOPOS and SYSTRE?***** algorithms, all in search-
able databases performed in the context of the current
restricted ones of the Reticular Chemistry Structure Resource
(RCSR) (2000 entries®*'), EPINET project (15000 entries*****%)
and TOPOS (70000 entries******). Thus, we anticipate that
combining the structural diversity in MOF chemistry as a result
of the wide variety of available SBU geometries will lead to
specific structures to be designed by choosing appropriately
shaped and sized building units.”*®

One can also envision complementing the experimental
design of MOFs with atomistic-level characterizations, thus
providing a mechanism-driven hypothesis for the efficient
detection of gases under the performance-related rational
design and synthesis of the framework. We foresee that by using
both surface and bulk characterization of a given MOF, a full
understanding of its physico-chemical properties as resolved
with high-resolution secondary electron microscopy**® can be
attained. Through this determination, a custom design can be
undertaken to realize the high-sensitivity and sensibility
detection of gases under the potentially physical observation of
atomic-level phenomena associated with such processes.
Specifically, regarding the three areas highlighted in this review,
studies showed that coordinative metal centers can be custom
functionalized on the porous surfaces of MOFs to enable an
increase in their sensing performance through the formation of
coordination bonds'"***> and/or acid-base interactions."***'* It
is thus anticipated that by choosing ligands with certain func-
tional groups (i.e., -OH, -O, -Br, -NH,, and urea) which were
previously shown to help increase the detection of NH; ''* one
can fine-tuned MOFs characteristics for the adsorption or
kinetic analysis related to gases detection, while still main-
taining or enhancing their thermal and chemical stability.**¢"*®
Presently, the open metal sites in the frameworks are consid-
ered to provide strong interaction sites for NH; for instace, even
without a reduction in the pore size of the individual MOF,
therefore are predicted to allow for high-affinity interactions
between the Lewis acidic centers and the basic NH; mole-
cules."™ However, given that the studies in this field are
currently focused on increasing the total NH; uptake and
affinity at low ppm levels,'*"% the complex characterization
and custom design of the framework still need to be achieved.

Alternatively, in the case of H,, due to its known small size
and low viscosity which can lead to its quick escape from
pressurized systems, ensuring the proper design and charac-
terization of such gas sensors when they are based on MOFs is
essential, especially for these sensors integration in production
or transportation of the H, gas. For instance, we foresee that
one will be able to formulate an atomic-level mechanism that
will not only allow for the customized sensor design but also

© 2023 The Author(s). Published by the Royal Society of Chemistry
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possibly reduce the rapid thermal and pressure changes known
to affect H,-based MOF sensors upon their implementation.
Moreover, given the ease of H, permeation into sensors based
on MOFs, this phenomenon can lead to false positives in the
detection process. The full experimental detection of MOF-
based systems through atomic and bulk structural inspection
after a given operation or cycles of operation**® can be under-
taken as a viable means for operational sensitivity assessment
during the storage, handlining, and transportation of H,.

Lastly, one can envision the capability of atomic-level
designed/characterized MOFs to also sense the smallest incre-
ments of emitted CO, from a complex gas mixture, all while
sustaining the original physical, chemical, and thermal capa-
bility of the sensor. These proposals can be complemented not
only by enlarging the surface area of MOF-based sensors to
realize a higher capacity for CO, adsorption, but further
experimentally benefit from the implementation of high-affinity
ligands and/or metal against the testing adsorbate, as dictated
through structure-function atomic-level analysis. Moreover,
mechanisms can be derived for these specific MOF structures to
become “next-generation” MOFs, achieving the reduction of
CO, into carbon monoxide (CO), a product employed as
a precursor in several industrial processes ranging from meth-
anol production®”?**® to the hydroformylation of olefins.>**>%°
Therefore, we predict increased potential of user-synthesized
MOFs to be included as a template for a carbon-neutral cycle
positively offset by industrial emissions,**"*** with such frame-
works possessing better transportation and recyclability,*** as
well as potential to catalyze and reduce the carbon footprints
emitted from non-industrial sites and transform them into
green and clean molecules** for a better and more sustainable
environment.>*?3¢
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