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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-

RSC Sustainability, 2023, 1, 125-1149 | 1129


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2su00152g

View Article Online

Critical Review

RSC Sustainability

Do 0S€

03 dn paurejurewt Jy3ram %06<
VOL

18 w019t = (€)

18w 0091 = ()

-8 w090t = (1)

.r‘mm% M LLIW

SULIdYIOST °N

(1eq T pue Y S6T)

TM [oww 6T~ = A1oedes axyerdn

uondiospe ‘0D

8w 9rg = g
WLIdYIOSI °N

SSO[ IY31oMm 04 TT -
Do 097 03 dn 9[qe1s -
VOL

18 W €5TT = (L2-DAd) Vg
WIYIoST T odAT,
ULIdYIOST °N

(_L00D) ;_wd 00sT (€)

(_*0staD)

(W 09ZT pue (_OODEID) ;_wd 9911 (T)
(_LO0D%aD)

;W 99TT pue (_LO0D) ,_wd 00ST (1)
LA

(¢HD Buons) wdd ¢z~

pue (adf-19359 00D Juons) wdd 081 ()
— (@

(fa0)

wdd ¢p'c1T pue (_L000) wdd 1291 (1)
NN D,

— ()

(ST d) A9 £0°££9 pue (¥*dg S

pue “¢dg ) A9 £°€9T pUB A3 ¥9T (7)
(ST d) A2 58989 (T)

Sdx

(wnr 1<) padeys-eao (g)
(unt 1<) 21900 (2)

(wn 1>) padeys-pareid (1)
WHS

£3oroydiows po1 reuodexoHq
(re) was

£3o10do3 ypoowrs
£3o1oydiow a1] UIOYI-pOY -
WS

JAONd-UI (€)
AOWd-eD (7)
AONd-TV (T)
- €0 7&02&.2

(opdqop)euz (g)

(opdqop)<IN (¥)

0S$'8-8 ‘0S-8'F = 9T IV - (opdqop)eon (g)
05'8-8 ‘05—8'F = (T :pare[NuIs - (opdqop)eun (z)
5INJONNS IB[NOTIIIOS] (opdqop)Z 8w (1)

ayxd «(oPdqop)' I

oC'CT

=607 ‘06°9-5"9 = ¢T :NA-SOINOIS -

oC'CT

-0T ‘06'9-5'9 = ¢T *paje[nuuls -
aaxd oetNA-SOTNOIS

_O0D HD/£2-Ddd (€)

(6970 = *1) A1jowi0ad
uoneuIpiood fepruelid euodin
P93I0ISIP YIIM [EIIIIOUIWASY
(dnoi3 soeds ¢g) reuoduiy, —
@axos

_20S8dD/Lt-Ddd (T)
_00D%ID/L2-D4d (T)
(sTT "301) L2-Ddd

[seare aoejIns rnuwdueT/(1a9)
I9[[pI-Iowwg-Ioneunig/(vHL)
SISATRUE OLI}OWIABISOULIOYY]
sontadoid uondiosqy

[(s1A-AN) Adoosomoads aqisia
-19[01ABN[N/(YLLA) PoILIUI PIULIOJSURI)
I9LINOJ/(JIAN) 20UBUOSAI dndUeW
Iespnu

/(Sdx) Adoasonoads uomnosfeoioyd
Ae1-X] uonezIIa)ORILYD [ETWAYD)

[(WaL) Adoosororuu womnos[a
uoisstwsuen ‘(INAS) Adoosoorwu
uonI3d

uruueos] A3oj03s1y/A30j0ydIoN

[(@ax0s) uonoeigip Aei-x [e1sA1o punoduio)
a13urs/(@uxd) uonoeigip Aei-x

Iopmod] sonsiIaioeIeyd 2INJONINS

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INV LT:9T'S G202/8/2T U0 papeo|umo( €20z 8UNnf ZZ UO paus!|and B[01uY sseooy usdO

BuISUSS EHN 404 PaSN SHOW JUSIBLIP JO UonezZISDeIRYD T 3qel

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

N30 | RSC Sustainability, 2023, 1, 125-1149


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2su00152g

Open Access Article. Published on 22 June 2023. Downloaded on 12/8/2025 5:16:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Critical Review

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
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ZIF-8 coated Pd/ZnO nanowires
In H,

In air  ZIF-8 membrane In other reducing gas

@H, @H,0 @ Adsorbed oxygen molecules  Re: CHs, C;HsOH, C7Hg, CH;COCH, gas  Re-O: Interacted gas
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