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Detection and capture of highly toxic H,S in
porous cage-like materials: MOFs, COFs and POCs
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Hydrogen sulfide (H,S) is a corrosive and toxic gas produced naturally and mostly by industrial activity.
Hence, the capture and detection of this gas is imperative, and investigations have flourished over the past
decades. Adsorption by porous materials has presented a novel alternative for this problem. Materials like
Metal-Organic Frameworks, Covalent—Organic Frameworks, and Porous—Organic Cages offer properties
such as large surface area and tunable pore sizes that can interact effectively with H,S. Capture and detec-
tion using these materials present new lines of investigation that could substitute other methods in the
future. This review summarizes examples of these materials for the capture and detection of the toxic gas
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Introduction

Hydrogen sulfide (H,S) is a toxic compound that can be natu-
rally found in hot springs, volcanoes, lakes, water, petroleum,
and natural gas wells. Human activities can produce this gas
through petroleum refining, natural gas treating, or biogas
production in municipal waste and sewerage.' This colorless
gas is corrosive and flammable, presents a distinguishable
“rotten egg” odor and is toxic to humans because it rapidly
enters the bloodstream, disrupting cellular oxygen absorp-
tion.> H,S becomes lethal at concentrations above 100 ppm,
causing permanent damage to the respiratory, cardiovascular,
and nervous systems, resulting in conditions such as laryngi-
tis, pneumonia, bronchitis, and pulmonary edema.® As an air
pollutant, H,S causes environmental damage due to its role in
acid rain formation and its toxic properties.* Current methods
for separating H,S from gas streams include reactive and non-
reactive absorption techniques using alkanolamines or ionic
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H,S and highlights the importance of continuing these lines of study for short-term remediation.

liquids, adsorption on zeolites, metal oxides, activated carbon,
membrane separation, and cryogenic distillation.” These
methods present several drawbacks, including pipe corrosion,
the generation of large volumes of wastewater, low gas recovery
rates, and costly reuse processes. The industrial sector needs
improved adsorbents and waste management systems to
achieve efficient H,S capture, as current methods do not meet
performance requirements.®

Porous cage-like materials present an interesting solution
to this problem, and a great number of studies have focused
on the use of these materials for the capture and detection of
important gases such as H,S. However, it is important to dis-
tinguish between extended structures and discrete cages.
Metal-Organic Frameworks (MOFs) and Covalent-Organic
Frameworks (COFs) are crystalline solids composed of infinite
periodic networks, in which porosity and cavities arise from
the long-term arrangement of metal nodes or organic building
blocks within an extended network.”'° In contrast, Porous—
Organic Cages (POCs) and Metal-Organic Cages (MOCs) are
finite, discrete molecular entities that possess intrinsically
defined internal cavities within a single molecular unit."'™**
Despite these structural differences, both classes of materials
share a functional characteristic: the presence of well-defined
cavities capable of hosting guest molecules, thereby mimick-
ing encapsulation processes. From this functional perspective,
grouping extended structures and discrete cages is concep-
tually significant for applications such as H,S capture and
detection, where accessibility and specific bond interactions
govern performance in these classes of materials. To the best
of our knowledge, there are no reviews that consider all of
these materials for the capture and detection of toxic H,S.
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Capture and detection of hydrogen
sulfide

Initially, the search for efficient and economical technologies
such as catalytic oxidation'®> and Claus process'®'” have been
used for the capture of H,S. However, adsorption is one of the
most common processes for removing this toxic gas, in which
molecules of a fluid (adsorbate) adhere to a solid surface
(adsorbent). This phenomenon can be classified as chemisorp-
tion and physisorption. Chemisorption involves strong inter-
actions between the adsorbate molecules and the adsorbent,
resulting from the formation of chemical bonds (ionic or
covalent). Chemisorption commonly requires drastic con-
ditions to desorb the molecules from the material. On the con-
trary, physisorption is a reversible process where weak inter-
actions are involved (e.g. van der Waals forces, dipole-dipole
interactions or hydrogen bonds), the adsorbents are adhered
to the surface of the material and can be removed by increas-
ing the temperature or reducing the pressure of the
system.'®'® A desirable adsorbent material should consider
important features, such as high selectivity, recyclability,
chemical and thermal stability.>

On the other hand, the need for accurate and rapid H,S
detection has increased significantly in recent years. Exposure
to H,S at low concentrations (1-10 ppm) can produce fatigue
and other discomforts; at higher levels (>500 ppm), it can be
extremely dangerous and potentially lethal.>"** Additionally,
H,S is one of the most widely generated inorganic compounds
in industry. To date, multiple strategies have been proposed
for the detection of this gas, including gas chromatography,
electrochemical techniques and colorimetric methods.
However, due to this high gas diffusion capacity and reactivity,
conventional approaches are limited in their ability to enable
continuous, real-time monitoring.>*** Over the last decades,
studies have focused on synthesizing materials with high
surface area, tunable pore sizes, and stability. Hence, porous
materials such as MOFs, COFs and more recently POCs have
emerged as promising solutions for the capture and detection
of toxic gases (e.g., H,S). Hence, one of the most important
challenges in recent years is the study of the nature and
strength of interactions between host molecules and different
materials (Fig. 1). Each instance is conducted by a distinct
mechanism, shaped by intrinsic variables related to the struc-
tural architecture and chemical composition of the adsorbent.
Nevertheless, it is possible to identify key characteristics that
facilitate the specific interactions between the molecules and
the target material. Through the strategic selection of building
blocks and architecture, researchers can precisely restrict,
enhance, or modulate the interactions of these porous
materials with H,S molecules.

A primary modifiable property is the pore size. Generally,
the objective is to acquire internal cavities with dimensions
that do not sterically restrict the access and subsequent
diffusion of molecules (for H,S, the diameter is ~3.6 A).>°
Indifferent to the topology of the cavities, whether discrete
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pores or interconnected crosslinked channels, steric selectivity
can be achieved by size-based exclusion of larger gaseous
species.”® The nature of the intermolecular bonding represents
another critical variable. For controlled capture-and-release
cycles where reversibility is preponderant, weak physisorption
is typically preferred. For example, electron-rich molecular
systems (e.g., hydroxyl groups, N-containing species, and n-x
systems) are frequently used to facilitate labile associations
with H,8.>*2773!

Conversely, chemisorption is facilitated by the presence of
free metal ion species (unsaturated metal centers or open
metal sites) within coordination systems. These active centers
not only foster specific chemical interactions but also serve as
catalytic sites for the oxidative conversion of H,S into elemen-
tal sulfur or polysulfides. Chemisorption-based mechanisms
are particularly favorable in applications where chemical reac-
tivity takes precedence over adsorption reversibility.>***7*> The
incorporation of active sites may be achieved through the stra-
tegic design of the basic architecture or through post-synthetic
functionalization.>®*%3%° Regardless of the intended appli-
cation, maximizing the accessibility of these sites is crucial to
ensure unrestricted gas binding. Consequently, the rigorous
activation of the porous material prior to H,S exposure is
essential. This process ensures open access to the internal cav-
ities and prevents the blockage of active sites, thereby optimiz-
ing the adsorption capacity of the material. However, the
investigations into these novel materials and their interactions
with toxic gases must continue to resolve this environmental
issue. In the next sections, we will discuss the use of these
porous cage-like materials for the effective capture and detec-
tion of H,S and their possible applications in real systems for
environmental remediation.

Metal-organic frameworks

Metal-Organic Frameworks (MOFs) represent a highly crystal-
line hybrid material class that shows outstanding ability to
capture and store gases, including CO,, and demonstrates
exceptional potential for corrosive gas adsorption of H,S and
SO,. The structures are formed by metal-ion or metal-cluster
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secondary building units (SBUs) that combine with organic
carboxylic or nitrogenous linkers, achieving stability through
coordination bonds (metal-ligand interaction).>*° Scientists
use the organic-inorganic structure of these materials to
develop one-dimensional (1D), two-dimensional (2D) or three-
dimensional (3D) networks through modifications of metal
center geometry and ligand coordination patterns.*' MOFs
present advantages over traditional porous materials (e.g., zeo-
lites and activated carbons) owing to properties such as higher
surface area or porosity, and tunable structure, this can be pre-
sented in enhanced performance in several applications.
Scientists have documented more than 90 000 MOF structures
while computer models predict over 500 000 additional struc-
tures that include IRMOFs, PCNs, MILs, ZIFs, UiOs, and
CPLs.*® The ability to design MOFs through synthesis enables
their use in adsorption applications, catalysis, chemical detec-
tion, gas storage, and separation. MOFs also contain active
sites within their porous structure, including unsaturated
metal centers that enhance their ability to detect gas mole-
cules. The performance of sensors depends on their mor-
phology and architecture, with flexible MOFs well-suited to
portable devices and rigid MOFs performing best in fixed
installations requiring stable operation. MOF-based detection
techniques include colorimetric,">** fluorescence**> and
electrochemical methods.*®*” However, the operation of MOF-
based H,S detectors and sensors faces major obstacles
because metal node sulfidation, material deactivation and low
conductivity result in permanent responses and structural
breakdown. Scientists have only recently begun developing
MOF-based H,S sensors, as they can use structural optimiz-
ation and functionalization methods to enhance operational
stability.>®

Capture of H,S in MOFs

In general, the capture of H,S by MOFs proceeds through phy-
sisorption and chemisorption. Physisorption involves weak
interaction between the framework and the H,S molecules,
with adsorption energies ranging approximately from —40 to
—10 kJ mol™". In contrast, the principal chemisorptive inter-
actions in MOF-based systems include covalent bonding,
coordination linkages between H,S and metal centers (SH,S-
M), as well as ionic and hydrogen bonding contributions.*?
One of the first studies was presented in 2012, where Morris
and collaborators demonstrated the use of Ni-CPO-27 for H,S
storage and release applications.*® Brunauer-Emmett-Teller
(BET) analysis showed a surface area of 1193 m® g™ " after acti-
vation at 150 °C. The metal sites in Ni-CPO-27 become avail-
able for H,S binding after vacuum heating at 150 °C. The acti-
vation removes both pore water and water molecules that bind
to nickel centers. The adsorption capacity of Ni-CPO-27
reaches 12 mmol g~' when it interacts with H,S at room temp-
erature. The first part of the isotherm shows strong gas adsorp-
tion at low pressure levels. The initial stage of H,S adsorption
on Ni-CPO-27 occurs via chemisorption at metal sites, which
are exposed to the surface of the material, according to experi-
mental results and theoretical calculations. The binding of the
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H,S molecule to the nickel sites was verified through powder
X-ray diffraction (PXRD) and pair distribution function ana-
lysis (PDF). The determined Ni-S bond length ranged from
2.55 to 2.59 A. This matches the bond lengths observed in zeo-
lites containing the same gas, confirming specific chemisorp-
tion rather than physisorption. The differential PDF analysis
proved the interaction between the gas and metal sites, and
the absence of Ni-OH, peaks showed that metal sites were
occupied by H,S molecules instead of water.

A complementary work was presented in the use of Ni-
CPO-27 (also known as Ni-MOF-74) for the adsorption of H,S
by Bordiga and collaborators.>” The BET surface area reached
1200 m*> g~ when Ni-MOF-74 underwent activation at 200 °C
under vacuum. The H,S capture process in this material
occurs through direct binding of the gas to the open metal
sites. The solid changes from pale yellow to dark green when it
reacts with gaseous H,S under moderate pressure due to the
strong attraction the gas has for the metal centers. The lattice
contains stable Ni-S bonds, as indicated by infrared (IR) and
Raman spectroscopy, that show S-H bond vibrations at lower
frequencies than those of free gas molecules. The d-d elec-
tronic transitions of nickel ions undergo substantial changes
according to UV-visible analysis, which demonstrates that H,S
binds directly to the metal coordination sphere. The PXRD
results show that the crystal structure remains intact after pro-
longed H,S exposure because the material withstands the cor-
rosive nature of the gas. The adsorption isotherms measured
by volumetric and calorimetric methods show Type I behavior,
which reaches saturation at pressures lower than 1 mbar to
match the usual H,S levels present in biogas and natural gas
streams. The H,S capture capacity of Ni-MOF-74 reaches
17 wt% when all metal sites become accessible. The microca-
lorimetric measurements showed that the differential heat of
adsorption remained constant between 56 and 58 kJ mol™*
until the H,S coverage reached 0.7 mol per mole of MOF. The
nickel centers in the material exhibit strong, reversible coordi-
nation bonds with the adsorbed gas molecules due to their
medium-to-strong interactions. Finally, the material exhibited
reversible gas adsorption at 200 °C, indicating its potential for
continuous adsorption cycles.

In 2018, Ibarra and collaborators presented MOF Mg-CUK-1
as a highly promising material for capturing acid gases, par-
ticularly H,S.>” This metal-organic framework is constructed
from Mg(u) ions coordinated to pyridine-2,4-dicarboxylic acid,
forming chains of [Mg;(p3-OH)]>* triangles linked by hydroxyl
groups. The structure crystallizes in a corrugated lattice that
generates one-dimensional channels with cross-sections of
8.1-10.6 A, large enough to allow the diffusion of small mole-
cules such as H,S. One of the advantages of this material is
the synthesis using water as a solvent under microwave-
assisted heating, which confers not only a low environmental
impact during its preparation but also remarkable hydrolytic
stability. The capture of H,S on Mg-CUK-1 is explained by the
moderate interaction between the gas molecules and the
hydroxyl groups of the framework. Diffuse reflectance infrared
Fourier-transform spectroscopy (DRIFTS) revealed that these
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interactions are primarily established through hydrogen
bonds, with the p;-OH groups acting as donors and the sulfur
atoms as acceptors. Monte Carlo simulations confirmed that
preferential adsorption sites are located around the hydroxyl
groups and the carboxylate oxygens, with characteristic dis-
tances of 2.7-3.3 A. This indicates that the capture does not
follow an irreversible chemisorption mechanism, but rather a
strong and reversible physisorption, allowing for the regener-
ation of the material under mild thermal activation con-
ditions. Adsorption experiments were conducted in the gas
phase at room temperature, using H,S mixtures in nitrogen at
different concentrations. As the feed concentration increased
to 15%, the capacity of Mg-CUK-1 increased proportionally,
reaching approximately 3.1 mmol g '. Furthermore, the
capacity remained constant at approximately 3.2 + 0.2 mmol
g~' after five adsorption-desorption cycles, demonstrating
high reversibility. The stability of the framework was con-
firmed by PXRD, and the material retained crystallinity, rein-
forcing its robustness under realistic operating conditions.
The adsorption enthalpy calculation at low loading rates
yielded a value of —23.3 k] mol™", consistent with a moderate
interaction, sufficient to ensure selectivity without compromis-
ing regeneration.

In 2021, Milner et al. studied biocompatible MOFs for H,S
capture and release management.*® The research employed
three Zr-based MOFs (termed Zr-fum, Zr-mes and Zr-ita) using
linkers from natural acids; fumaric, mesaconic and itaconic
respectively (Fig. 2a). The BET surface area measurements
showed that Zr-fum reached 800 m* g~* while Zr-ita reached
235 m®> g~ and Zr-mes showed intermediate values. The gas-
phase H,S capture studies were performed through adsorption
isotherm measurements at temperatures from 25 °C to 55 °C
(Fig. 2b). The research showed Zr-fum had the highest adsorp-
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tion capacity at 4.0 mmol g~ (approximately 11 wt%) followed
by Zr-mes at 3.3 mmol g~' (approximately 10 wt%) and Zr-ita
at 1.3 mmol g ' (approximately 4 wt%). The Density
Functional Theory (DFT) simulations demonstrated that H,S
molecules bind to the metal clusters through O-H:--S inter-
actions with OH™ groups and S-H---S bonds between confined
H,S molecules which explains the observed stability and rever-
sibility. Additionally, the stability of the material was tested, as
the porosity of the MOF was retained throughout multiple
adsorption-desorption cycles. Finally, the system releases H,S
when it comes into contact with biological aqueous solutions
(e.g., Phosphate-Buffered Saline (PBS) and cell culture
medium). The binding sites in the cavities become available to
water molecules, which then release the trapped gas into bio-
logical environments. The fluorescence tests showed that the
system produced H,S at rates equivalent to biological tissue
while remaining non-toxic to HeLa cells.

In 2019, MOF MIL-53(Al)-TDC was used for both H,S resis-
tance and outstanding gas capture ability.* The material
showed an adsorption capacity of 18.1-18.6 mmol g™ at 30 °C
and 1 bar, which resulted in 618 mg of H,S per gram of
material. The results showed that H,S spread uniformly
through pores according to both gravimetric analysis and
Monte Carlo simulation methods. IR spectroscopy experiments
verified that the gas capture process depends on weak and
reversible interactions. The channels of the material allowed
H,S molecules to form dimers through hydrogen bonding as
the gas concentration rose. The material stored H,S at high
levels due to weak intermolecular bonds, enabling both high
storage capacity and simple low-temperature regeneration. The
MOF crystal structure remained stable during multiple adsorp-
tion—-desorption cycles, as indicated by PXRD and Scanning
Electron Microscopy (SEM) results. The MOF structure of
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(a) Density functional theory-calculated ideal structures of the metal—organic frameworks prepared from fumaric, mesaconic, and itaconic

acid. Color code: Zr = blue, C = gray, O = red and H = white. (b) H,S adsorption (closed circles) and desorption (open circles) isotherms at 25 °C
(blue), 40 °C (green), and 55 °C (red) of activated Zr-fum-H,O, Zr-mes-H,0O, and Zr-ita-H,O. Adapted from ref. 48 with permission from Royal

Society of Chemistry, copyright 2021.
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MIL-53(Al)-TDC enables full H,S desorption through material
reactivation at 200 °C under dry nitrogen or at 65 °C according
to high-resolution thermogravimetric analysis (TGA). The
adsorption enthalpy of —23.2 k] mol™' shows that the gas
interactions are strong enough for retention but weak enough
for efficient regeneration. The material maintained a stable
adsorption capacity of 18.5 + 0.7 mmol g~ over five consecu-
tive cycles, retaining its crystal structure demonstrating stabi-
lity upon H,S exposure. In 2022, Humphrey and collaborators
reported the synthesis of MOF Mn-CUK-1 for the efficient
capture of H,0, SO,, and H,S.”® The material was prepared
with Mn(u) as the metal node and pyridine-2,4-dicarboxylic as
the linker (Fig. 3a). One of the properties of the material is
structural flexibility, which allows the unit cell volume and
channel shape to change upon interaction with host mole-
cules. Adsorption experiments were performed in the gas
phase at 1 bar and room temperature. After the activation at
200 °C, Mn-CUK-1 reached an adsorption capacity of up to
16.5 mmol g ' for H,S and an average uptake capacity of
13.65 mmol g ' after 5 cycles (Fig. 3b). The stability of the
framework was confirmed by PXRD as the pattern matched the
fresh sample, showing chemical resistance to the corrosive gas
H,S. The combination of the defined channels, hydroxyl
groups, and a flexible framework enables Mn-CUK-1 to capture
H,S.

In 2021, Ibarra and collaborators demonstrated that the
MOFs SU-101 and MFM-300 (In, Sc) can capture gaseous H,S
and transform it into polysulfides via chemical reactions
within their pores under mild conditions.** For the adsorption
using the MFM-300 materials, the experiments were performed
at 25 °C under 1 bar pressure. MFM-300(Sc) captured
16.5 mmol of sulfur per gram of material during the first
stage; the material maintained the crystalline structure after
multiple adsorption cycles, but lost part of its pore volume due
to sulfur compounds that remained inside the material.
During subsequent adsorption cycles, MFM-300(Sc) presented
adsorption of 10.2 mmol g~'. The combination of DRIFTS,
Raman spectroscopy, and elemental analysis showed that the
trapped species included various polysulfide chains with
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Fig. 3 (a) Expanded asymmetric unit of microwave synthesized Mn-
CUK-1. (B) HzS breakthrough curves at 298 K and 1 bar with adsorption
capacity (in inset). Adapted from ref. 28 with permission from American
Chemical Society, copyright 2022.
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different lengths (S,>7, S,>7, S¢°7), which proved that the
process involved chemical transformations inside the pores.
The first adsorption capacity of MFM-300(In) reached
9.1 mmol g'; however, the material showed complete pore
blockage from sulfur species retention. The material lost all its
capacity after the first cycle due to high-order polysulfides that
blocked all available channels. Raman spectroscopy and
electrochemical tests confirmed the presence of extended poly-
sulfide species, which caused the material to lose all its avail-
able pore space. Additionally, MOF SU-101 was tested for the
capture of H,S, this material contains bismuth (Bi**) ions, that
form a biocompatible structure with elagate ligands. This
material presents open metal sites (OMS), which operate as
primary binding sites that enable direct H,S molecule attach-
ment. SU-101 achieved a breakthrough H,S adsorption
capacity of 15.95 mmol g~' at room temperature and atmos-
pheric pressure despite its low BET surface area (412 m* g™ *).
The material lost most of its adsorption ability after the first
cycle, but maintained its crystalline structure while the surface
area decreased to 15 m*> g~'. The Raman spectroscopy results
showed that sulfur molecules formed low-order polysulfides
(S4°7) through bonding with open Bi** centers. The proposed
mechanism for both materials is similar (Fig. 4); the process
starts with the adsorption of H,S gas molecules and binding
to the metal center. The —-SH species then form a bond, result-
ing in the production of H, and S-S formation, which initiates
polysulfide chain development. A complementary work was
presented in 2024, as the H,S-saturated SU-101 material was
used as a lithium-sulfur battery cathode.’® The study proved
that the polysulfides present in the framework can serve as
electroactive materials without requiring artificial sulfur
addition to the electrode. The system converts dangerous
environmental pollutants into useful energy storage materials
through its complete recycling process. The electrochemical
tests of SU-101 electrodes with H,S showed 85 mAh g™ initial
capacity and maintained 54% capacity retention through 1000
cycles at 99.8% coulombic efficiency. The battery showed excel-
lent stability due to the Bi** centers strongly bonding with
polysulfides, thereby preventing leakage and minimizing the
shuttle effect that causes performance degradation in these
batteries. These studies presented an important breakthrough
in the use of MOFs for the capture of toxic H,S and for pro-
moting waste valorization in applications such as energy
storage.

Detection of H,S in MOFs

Alternatively, MOFs have emerged as outstanding candidates
for H,S detection due to their modular architecture and mole-
cular sieving effect, which facilitate analyte preconcentration
and enhance selectivity through specific matrix interactions.
To broaden their practical applicability, it is essential to con-
tinue modifying and functionalizing MOFs to optimize their
performance as H,S detection platforms.”*** In 2015, Yi Lv
et al. explored the use of MOFs as sensitive materials for
H,S detection by cataluminescence (CTL).>® Specifically, the
group evaluated four MOFs: MIL-100(Fe), MIL-101(Cr),
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Fig. 4 Schematic representation of the proposed catalytic mechanism
for the transformation of H,S to polysulfides in (a) SU-101 and (b)
MFM-300 (Sc). Color code: Bi = purple, Sc = blue, O = red, S = yellow
and H = white. Adapted from ref. 34 with permission from American
Chemical Society, copyright 2021.

Zn3(BTC),-12H,0, and ZIF-8, aiming to identify structures that
combine stability, sensitivity, and selectivity for gaseous H,S.
Both MIL materials showed high porosity, but adsorption tests
revealed low stability: MIL-100(Fe) showed a strong CTL signal;
however, the material degraded upon contact with H,S;
MIL-101(Cr) exhibited very weak signals along with structural
destruction. This ruled out their practical applicability. In con-
trast, the zinc materials Znz;(BTC),-12H,0 and ZIF-8 stood out
as more promising devices. The detection mechanism relies
on the catalytic oxidation of H,S in the presence of atmos-
pheric oxygen at the unsaturated metal sites of the MOFs, gen-
erating excited species that emit light (CTL). The experiments
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demonstrated that both Zn;(BTC),-12H,0 and ZIF-8 responded
linearly to low H,S concentrations (15.39 ppm), with detection
limits of 4.4 ppm and 3.0 ppm, respectively. Furthermore,
both materials exhibited structural stability after multiple
cycles and marked selectivity towards interfering compounds
such as alcohols, acetone, and formaldehyde. Under these con-
ditions, the recorded CTL signal was sufficiently intense and
reproducible to propose its implementation in environmental
sensors. In 2016, Eddaoudi et al. reported the development of
a MOF using fumaric acid as a linker and yttrium as a metal
center, and synthesized in situ on pre-functionalized capacitive
interdigitated electrodes (IDEs) for the detection of H,S.*
Experiments conducted in a gas chamber at room temperature
showed that the material is capable of detecting H,S across a
wide concentration range (100-1000 ppb), with a detection
limit of 5.4 ppb. Selectivity tests confirmed that the signal for
H,S was up to six times stronger than that obtained for the
most critical interfering gases, such as CH,;, NO,, H, and
toluene. The stability was verified over three months of con-
tinuous use with no significant loss of sensitivity or activity.
The detection principle is based on the change in the film’s
electrical permittivity when H,S gas molecules adsorb onto the
MOF pores. The selectivity of the material, combined with
structural robustness, enables a sensitive and stable detection
process, without significant degradation due to the formation
of metal sulfides.

In 2015, Qian and collaborators reported the design and
application of a turn-on fluorescent material for the detection
of H,S based on the post synthetic modification of the
IRMOF-3.>® This MOF is characterized by the presence of free
uncoordinated amino groups (-NH,); taking advantage of this
characteristic, the groups were transformed into azide groups
(-N3;) through a diazotization reaction (Fig. 5). The resulting
product, designated IRMOF-3(-N3;), was tested for the selective
detection of H,S; the system responded immediately to the
presence of this gas, showing a pronounced increase in emis-
sion intensity centered at 430 nm upon excitation at 395 nm.
The response stabilized in less than two minutes, representing
a shorter detection time than most conventional azide
sensors, which typically require between 20 minutes and
2 hours. Regarding selectivity, the material showed remarkable
resistance to interference from biologically relevant species
(e.g. glutathione, cysteine, homocysteine) and common anions
(NO*", PO,*", CI7), causing minimal changes in the intensity
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Fig. 5 Schematic illustration of design of MOF-based selective turn-on
probe for H,S. Adapted from ref. 23 with permission from Elsevier, copy-
right 2015.

This journal is © the Partner Organisations 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qi00068a

Open Access Article. Published on 16 April 2026. Downloaded on 5/8/2026 3:48:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

of the signal. The detection principle is based on a selective
reduction process mediated by H,S. In the presence of this
gas, the azide group is reduced to an amino group, which gen-
erates a drastic change in the electronic properties of the
material. While IRMOF-3(-N3;) exhibits weak fluorescent emis-
sion due to the strongly electron-withdrawing nature of the
-N; group, reduction to -NH, restores internal charge transfer
(ICT) flow, resulting in a marked increase in fluorescence
intensity. This change forms the basis of the turn-on mecha-
nism, allowing the material to act as a fast, sensitive, and
selective optical device. Later, the same group presented a
study on the development of a highly sensitive and selective
fluorescent detector based on a vinyl-functionalized zirconium
MOF, called UiO-66-CH=CH,.>> The MOF was synthesized in
water, generating nanoparticles 20-30 nm in size and a
specific surface area of 868.8 m> g~'. The PXRD analysis
demonstrated the stability of the material in aqueous media
after three days without loss of crystallinity. Detection was per-
formed under physiological conditions (HEPES bulffer), using
NaHS as a source of H,S. In its original state, the material exhi-
bits intense blue emission. Upon exposure to H,S, a drastic
quenching of the fluorescence was observed. The detection
principle is based on the breaking of the vinyl double bond in
the framework by the reducing action of H,S, which causes the
destabilization of the aromatic conjugate system, decreasing
the emission intensity (turn-off mechanism). FTIR analysis
confirmed that, upon interaction with H,S, the C=C stretch-
ing band at 1652 cm™" disappears, confirming the cleavage of
the vinyl group. The PXRD pattern of the sample remained
unaltered, indicating that the framework retains its overall
structure despite the local reaction. Additionally, the detection
performance of UiO-66-CH=CH, toward H,S was tested,
showing negligible fluorescent signal against other species,
demonstrating the selectivity of the material; making UiO-66-
CH=CH, an ideal candidate for detection applications.

In 2020, Wang et al. reported a copper metal-organic frame-
work, termed Cu-HIA, constructed from Cu(u) ions, 5-hydroxyi-
sophthalic acid, and 4,4"-bipyridine.”® The material was used
for the fluorescence detection of H,S under physiological
media (Na,S was used as H,S source). After exposure to the
H,S, the disappearance of a signal around 350 nm was
observed (associated with metal-ligand charge transfer), while
the intensity of a signal at 410 nm increased. This is attributed
to the organic ligand. Furthermore, the material exhibits high
selectivity against reducing biological molecules and other
anions (e.g., NaCl, NaBr, Nal, NaNO, and NaNO;). However, a
distinctive feature of Cu-HIA is that interaction with H,S
causes the progressive degradation of the MOF, evidenced by a
color change from blue to black. This was corroborated by
FTIR and PXRD analyses, which showed patterns consistent
with the appearance of CuS. This transformation explains the
disappearance of the metal-ligand emission and the recovery
of the organic ligand’s luminescence. In 2021, Mahmoud
et al, developed a flexible, low-power and highly sensitive
material for H,S detection under ambient conditions.’® The
group incorporated MOF-5 microparticles into a chitosan (CS)
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polymer matrix modified with a glycerol ionic liquid (IL). The
final device, termed MOF-5/CS/IL, was integrated into a copper
and stainless-steel electrode system and its response was evalu-
ated under exposure to different concentrations of gaseous
H,S. The detection is based on the acid-base interaction
between the gas and the amino groups of chitosan, as well as
the coordinated oxygen atoms of MOF-5. These interactions
facilitate proton transport across the membrane, resulting in a
change in the measured current. MOF-5, thanks to its high
density of oxo sites and porous structure, provides additional
channels for transport and adsorption, improving overall sen-
sitivity (Fig. 6). The stability of MOF-5/CS/IL was confirmed
through repeated cycles over 21 days, maintaining a detection
efficiency of 96-98%. Selectivity was demonstrated against
other common gases such as H,, CO and C,H,, with consider-
ably lower responses. This work demonstrated the use of
MOFs in flexible membranes for H,S detection and their
future applications in monitoring air pollution.

More recently, in 2025, Ibarra and collaborators introduced
a novel strategy for H,S detection using SU-101.>* Previously,
the group demonstrated the use of this material for the
capture of H,S and its subsequent transformation into polysul-
fide species within the pores of the material. Consequently,
the fluorescence detection of H,S using SU-101 was performed.
The formation of the polysulfide species increases the rigidity
of the framework and partially restricts the ligand-to-metal
charge-transfer (LMCT) pathway (Fig. 7a). As a result, non-
radiative deactivation channels are suppressed while radiative
emission is enhanced, yielding a pronounced fluorescence
“turn-on” response in the material (Fig. 7b). Spectroscopic ana-
lyses using Raman, X-ray Photoelectron Spectroscopy (XPS),
and UV-Vis techniques confirmed the formation of these poly-
sulfide species and their influence on the optical properties of
SU-101. Complementary DFT calculations indicated that the
interaction of polysulfides within the pores is energetically
favorable, and that the chain length of the sulfur species plays
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Fig. 6 Illustration of the suggested H,S gas-sensing mechanism. Color

code: Zn = aqua, S = yellow, N = blue, O = red, C = gray and H = pink. H
atoms on MOF-5 are omitted for clarity. Adapted from ref. 53 with per-
mission from American Chemical Society, copyright 2021.
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Fig. 7 (a) Solid-state emission spectra of the ellagic acid linker and as-
synthesized SU-101. (b) Schematic of the changes of pristine and H,S-
saturated SU-101 material. Adapted from ref. 54 with permission from
Royal Society of Chemistry, copyright 2025.

a decisive role in the resulting optical response. The MOF
achieved a detection limit of approximately 22 ppm for H,S,
highlighting its potential as a promising candidate for
environmental monitoring and industrial safety applications.
Additionally, SU-101 exhibited a highly selective response, as
other molecules such as CO, and H,O produced no notice-
able changes in fluorescence. Thus, SU-101 proved to be an
excellent candidate for detection applications. Over the last
decades, MOFs have been one of the most studied materials
for several applications, including the capture and detection
of toxic gases (e.g. H,S). However, stability of the framework
was an issue at the beginning of the studies due to the acidity
of this gas; the use of adequate metals and topologies made a
difference in the performance of the materials. MOFs can
also serve as a solution, since the formation of species such
as polysulfides within the framework can be used to form
cathodes for batteries and to valorize waste. Additionally, the
rapid detection of H,S using these materials has been
demonstrated selectivity and recycling that are important
factors that other materials do not offer, making them excel-
lent candidates for further studies and improvements. These
results show that MOFs are an interesting alternative for
these applications. However, future studies are needed to
take the next step; the scalability of these materials and their
integration into new devices could present a solution for
industrial applications. Despite these challenges, MOFs
present as promising solutions for the capture and detection
of H,S in the near future.
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Covalent-organic frameworks

Covalent-Organic Frameworks (COFs) are a class of porous
materials constructed from organic monomers via covalent
bonds and constituted of light elements (e.g. C, N, O, B and S).
COFs offer interesting properties, such as high porosity and
large surface area. Since they are metal-free materials, other
advantages over conventional porous materials are low toxicity,
low density, and high stability arising from the robust covalent
bonds in their structure.”>>® In 2005, Yaghi and collaborators
presented the synthesis of the first COFs under solvothermal
conditions, COF-1 and COF-5 presented high surface areas
(711 and 1590 m* g™, respectively) and high thermal stability
(up to 500-600 °C).° Since then, COFs have gained attention
for their diverse linkages and topologies across applications
such as catalysis, energy storage, water treatment, drug or
enzyme delivery, gas storage and separation.’®®> In this
section, we discuss the importance of COFs and their use as a
potential solution to environmental pollution in the capture
and detection of the toxic gas H,S.

Capture of H,S in COFs

COFs have demonstrated efficiency as adsorption agents in the
removal of harmful gases. The large surface area and porosity
in their structure present an opportunity for the capture of
various gases (CO,, NOyx, SO,, NH; and H,S).>>®*® For
example, Jiang et al. presented a functionalized COF for the
capture of CO,.®® The material, termed [HO,C]100%-H,P-COF,
showed high adsorption (180 mg g™') and selectivity toward
CO,. Under high vacuum at 80 °C, the material could be regen-
erated without a decline in activity after ten cycles. In 2017,
Park et al. synthesized an imide-functionalized COF (termed
PI-COF) via a microwave-assisted reaction for effective SO,
adsorption.®® The material exhibited a high surface area,
resulting in an outstanding SO, sorption capacity of 6.3 mmol
g~ (41 wt%). PI-COF could be regenerated through N, purging
and demonstrated high stability after five adsorption-desorp-
tion cycles. These results showed the importance of COFs in
the capture and separation of different gases, as well as the
chemical stability and recyclability of these materials for
adsorption cycles. Herein, we describe the use of COFs in the
capture of toxic H,S as a possible environmental solution.

In 2021, Zheng and collaborators presented the self-
polymerization of 1,4-dicyanobenzene for the elimination of
H,S.%” The covalent triazine framework (CTF) was synthesized
at different temperatures (400, 500, 600, and 400-600 °C). The
PXRD pattern showed two broad peaks that indicate an amor-
phous carbon network. Sample CTF-1-400-600 presented a
large BET surface area (3909 m> g~ '), while pore analysis
suggested the presence of micro-mesopores in the material.
Additional XPS experiments showed tunable edge amine and
graphitic nitrogen sites, which can be adjusted by the calcina-
tion temperature during synthesis. The material was tested for
its ability to selectively capture acid gases, such as H,S and
CO,. CTF-1-400-600 sample exhibited extremely high H,S
adsorption capacities (12.8 mmol g~ at 0 °C and 1.0 bar).
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Additionally, the material was reused in five adsorption cycles,
presenting the same activity as the synthesized sample. Ideal
adsorption solution theory (IAST) analysis demonstrated
enhanced selectivity of the CTF material with H,S over other
gases (CO,, CH, and N,), meaning that the H,S can be easily
adsorbed from mixed gases. To avoid secondary pollution, the
CTF-1-400-600 material was tested as a catalyst for the selective
oxidation of H,S to elemental sulfur. A conversion close to
100% (99.9%) was achieved at 180 °C, which was attributed to
the large surface area and enhanced nitrogen content in the
sample. Catalytic performance was maintained in 100% con-
version for 40 h of reaction. Also, the CTF-1-400-600 sample
did not present sulfur deposition on the surface; this could be
due to the micro-mesoporosity in the material. A reaction
pathway was proposed, where H,S undergoes a hydrogen trans-
fer reaction in the double layer of the material. This proposal
can eliminate the competitive oxidation of other molecules,
such as CO, that could affect the oxidation of H,S (Fig. 8).
Overall, the material presented excellent adsorption and cata-
lytic activity in the presence of H,S compared to other com-
mercial desulfurization catalysts.

Yang and collaborators presented the synthesis of a sand-
wich-like core-shell structure for the photocatalytic oxidation
of H,S to elemental sulfur.® COF was synthesized using 1,3,5-
tris(4-aminophenyl) benzene (TAPB) and 2,5-
Dimethoxybenzene-1,4 formaldehyde (DMTP) (Fig. 9a). Two
materials were synthesized; sample SiO,@COF@a-Fe,O; was
prepared using SiO, as an internal layer, TAPB-DMTP-COF as a
middle layer, and metal oxide (a-Fe,O3) as an external layer.
Sample termed SiO,@a-Fe,0;@COF used SiO, as an internal
layer, a-Fe,O; as a middle layer and TAPB-DMTP-COF as an
external layer (Fig. 9b). Characterization of the synthesized
composites (PDRX, FTIR, TEM) confirmed the core-shell struc-
ture, the photocatalytic activity of the samples was studied
under LED light (420 nm) irradiation for the oxidation of gas-
phase H,S. The SiO,@COF@a-Fe,0O; sample presented a
removal efficiency of 95.4%. However, the activity underwent a
decrease after 2 h of reaction. This could be due to the inter-
action of the a-Fe,O; external layer and the elemental sulfur,
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Fig. 8 Proposed mechanism of H,S dissociation to S with the help of
O, in double-layer AA stacking of CTF-1-x. Adapted from ref. 67 with
permission from American Chemical Society, copyright 2021.
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Fig. 9 (a) Synthesis of TAPB-DMTP-COF. (b) Design and synthesis
process of sandwich core—shell composite structure
SiO,@a-Fe,0s@COF. (c) Photocatalytic activity of SiO,@a-Fe,Os@COF
with different oxygen/hydrogen sulfide ratios. Adapted from ref. 68 with
permission from Elsevier, copyright 2023.

causing the deactivation of the material. On the other hand,
SiO,@a-Fe,0;@COF exhibited a removal efficiency of 95.2%
for 9 h of reaction without loss of activity under different
oxygen/hydrogen sulfide ratios (Fig. 9c). Additionally, the
material showed the same activity in five consecutive reaction
cycles, maintaining morphological and internal structural fea-
tures, demonstrating stability in the photocatalytic reaction.
Electron spin resonance (ESR) experiments demonstrated that
electrons (e”) and superoxide radicals (‘O7,) are the main
species involved in the effective separation of light-induced
electron-hole pairs. This result, combined with the positions
of the conduction band (CB) and valence band (VB), indicates
the presence of S-type heterojunctions, which lead to photo-
catalytic activity, yielding hydrogen peroxide and elemental
sulfur as final products.

In 2015, Cao et al. used molecular simulation to investigate
the capture of sulfur gases using COFs.*® Several 2D (COF-5,
COF-6, COF-8, COF-10) and 3D (COF-102, PAF-302) COFs were
selected to capture H,S using Grand Canonical Monte Carlo
(GCMC) simulations. Results indicate that the maximum
excess of H,S follows the order of PAF-302 > COF-102 > COF-10
> COF-5 > COF-8 > COF-6, which is correlated with the pore
volume of the materials. PAF-302 presented the highest H,S
capture, 51.94 mmol g7, due to the large BET surface area
(5600 m*> g~*), while COF-6 presented the lowest H,S uptake of
7.927 mmol g™, due to the low surface area presented (750 m>
g™ "). Selectivity experiments were performed with different gas
mixtures (H,S-N,, H,S-CO, and H,S-CH,), indicating that 2D
materials presented higher selectivity to sulfur gases than the
3D materials. COF-6 presented the highest selectivity to H,S in
all three gas mixtures; this result is attributed to the smaller
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pore size in the framework. The confinement effect is pre-
sented in the COF, which becomes beneficial for gas selecti-
vity. This work illustrated the importance of pore size and
surface area for the storage and separation of different gases
in COFs and the possible applications of these materials in the
capture and detection of toxic gases like H,S.

Another computational approach was presented by Keskin
and collaborators, where known COFs (from two databases)
and computer-generated hypothetical COF (hypoCOF) were
tested for the selective capture and separation of H,S and
CO,.”° First, 580 known COFs were evaluated by performing
GCMC simulations in a six-component gas mixture (CH,/C,H¢/
CO,/C3Hg/H,S/H,0), COF-320 and PI-COF-2 presented high-
pressure swing adsorption (PSA) and vacuum-swing adsorption
(VSA) values. However, COF NPN-3 showed the best perform-
ance, favoring the adsorption of H,S and CO, over other gases.
This could be attributed to the narrow pores and the inter-
action of these gases with the linker in the framework. The
DFT analysis revealed that H,S binds via n—x interactions and a
hydrogen bond between the sulfur atom and the linker in the
NPN-3 COF, demonstrating selectivity for this molecule.
Additionally, hypoCOFs were studied, and the results showed
that structural properties (i.e., pore size, porosity) could be
important factors for gas separation. However, the heat of
adsorption played an important role in determining the best
hypoCOFs, underscoring the importance of computational
studies in the creation of new COF materials for these appli-
cations. Most of the studies for the capture of H,S have
focused on MOFs over the last years; however, there is an
increase of interest in COFs as an alternative. Computational
studies are required for the design and synthesis of new struc-
tures for this application; functionalization of different func-
tional groups or guest molecules can be important for selective
H,S capture. The use of COFs in the removal of this toxic gas
could present an interesting field of study over the next years.

Detection of H,S in COFs

An interesting feature of COFs is chemical detection due to the
tunability of the properties (addition of acid or basic sites,
redox centers), such as robust structures, large surface and
porosity, making them excellent candidates for detection plat-
forms. Notably, these materials have been used for the detec-
tion of several gases due to their strong covalent linkage,
which presents an advantage under harsh conditions.”"”* In
2024, Zhao and coworkers presented the use of a COF for the
detection of SO,.”> The sample, termed SonoCOF-9, showed
SO, adsorption of 0.91 mmol g~* at 0.1 bar, demonstrating
good reversibility in 50 adsorption-desorption cycles.
Interestingly, SonoCOF-9 presented a “turn-off” response when
the sample was exposed to the SO,. Additionally, the fluo-
rescence of the material was not affected when exposed to air
and CO,, demonstrating selectivity as a detector of SO,. Hence,
COFs present an interesting option for the selective detection
of H,S.

The synthesis of a novel 2D COF was presented by Mirica
and coworkers in 2019, the material was obtained by the con-

Inorg. Chem. Front.

View Article Online

Inorganic Chemistry Frontiers

densation of NiOAPc (octaamino-derived nickelphthalocya-
nine) and TOPyr (pyrenetetraone) presenting a fully aromatic
conjugated framework structure with square apertures.*® The
characterization of the sample (COF-DC-8) revealed the desired
structure and properties of the material, with additional bulk
conductivity reaching 2.51 x 10~ S m™, significantly higher
than that of similar materials, indicating the potential for use
in the fabrication of electronic devices. The chemiresistivity of
COF-DC-8 was tested with a series of reducing and oxidizing
gases (H,S, NH3, NO and NO,), the limit of detection for H,S
obtained was 204 ppb after 1.5 min of exposure. Additionally,
COF-DC-8 presented increased resistance towards reducing
gases. The reactivation of the COF was tested, immersing it in
deionized water for 1 h, which presented excellent results as
the response of the material was restored. However, after
thermal activation, the response of the COF-DC-8 samples was
only partially restored, suggesting that the molecules (H,S) are
bound to the material and can be released in aqueous con-
ditions. This information is useful, so the devices can be used
several times for detection applications.

In 2021, the use of a porphyrin-based nanoscale COF was
presented for the selective detection of H,S in water.”* The
material (termed CuCOF) was synthesized with 2,5-dihydroxy-
terephthalaldehyde and tetra(pamino-phenyl)porphyrin to
obtain the desired COF. Since the addition of paramagnetic
metals to porphyrins leads to the loss of the fluorescent pro-
perties,”” Cu(NOs), was added to coordinate with the nitrogen
atoms present in the material to form the CuCOF. The
addition of NaHS (as source of H,S) led to the release of the
Cu** ions and the recovery of the fluorescent properties of the
porphyrin, creating a “turn on” effect in the material
(Fig. 10a). The CuCOF was tested with other thiols and anionic
species, showing negligible fluorescence and demonstrating
excellent selectivity towards H,S (Fig. 10b and c). The material
was tested on real water samples, demonstrating correct detec-
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Fig. 10 (a) Scheme for fluorescent variation of CuCOF upon reactive
metal centers as the binding site of H,S. (b) Analysis of CuCOF nano-
probe towards to detect H,S. (c) Fluorescence analysis of CuCOF nano-
probe reacted with different kinds of reactive species. Adapted from ref.
74 with permission from John Wiley and Sons, copyright 2021.
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tion of H,S, underscoring the importance of studying these
materials for practical applications.

In 2018, Zhang and coworkers showed the use of a COF for
the detection of H,S in a mouse model of cirrhosis.”® The
selected COF (termed TpASH) is prepared via Schiff-base con-
densation (Tp 1,3,5-triformylphloroglucinol and ASH 4-amino-
salicylhydrazide) and presents chemical stability due to irre-
versible enol-keto tautomerism. The COF was modified with
glycol and served as a molecular anchor for NPHS (4-amino-
1,8-naphthalimide derivative) (Fig. 11a). The new COF nano-
probe (termed TpASH-NPHS) was used to detect H,S.
Detection experiments were performed in a phosphate
buffered solution and the addition of NaHS as H,S source. The
reduction of the N3 group generated a significant increase in
the material’s fluorescence. Additionally, the COF nanoprobe
demonstrated selectivity for H,S in the presence of reactive
species like common anions and bio-thiols, under normal and
deficient oxygen conditions, TpASH-NPHS also presented
photostability and limited cytotoxicity. Since H,S is produced
during chronic liver injury or cirrhosis, detecting this molecule
could be important in the early stages of this disease. Hence,
TpASH-NPHS was used to detect H,S in the bioimaging of a
mouse liver with early-stage cirrhosis. The experiment showed
an increase in fluorescence, indicating disease progression
related to the level of endogenous H,S in the samples
(Fig. 11b). This work presented an alternative use for COFs in
the detection of important molecules for bioimaging and
medicine.

In 2021, Dong et al. presented the synthesis of a Cu*"-por-
phyrin-derived COF, termed Cu-DhaTph.”” The removal of
Cu*" ions by adding NaHS, used to simulate endogenous H,S
under physiological conditions, enhanced the fluorescence of
the material (“turn on” effect) while showing negligible fluo-
rescence toward other ions, demonstrating excellent detection
properties. Photodynamic experiments using 1,3-diphenyliso-
benzofuran (DPBF) were performed. Cu-DhaTph presented a
quick response and an efficient 'O, generation ability.
Additional UV-vis-NIR absorption spectra showed the for-
mation of CuS via an in situ sulfidation reaction. These results
presented an opportunity to use the material in a PDT/PTT
(PDT = photodynamic therapy, PTT = photothermal therapy)

PB: 111, H,S: )

Fig. 11 (a) Synthesis of TpASH and its sequential post-synthesis modifi-
cation. (b) Two-photon confocal fluorescence images of TpASH-NPHS
in liver tissues of the cirrhotic mouse model at different CCl,-treated
periods. Scale bar: 300 pm. Adapted from ref. 76 with permission from
Royal Society of Chemistry, copyright 2018.
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combination treatment for colon tumor sites. Cu-DhaTph
could react with endogenous H,S to generate CuS, DhaTph
can act as a photothermal agent in PTT and a photosensitizer
in PDT, respectively. This study provided important advances
in the use of COFs in combination therapy for colon tumor
sites and H,S detection. Finally, Wang et al. presented the
incorporation of a fluorescent indicator, PB (sodium 1-pyrene-
butyrate), into the framework of COF EB-TFP for the detection
of gaseous H,S.”® The composite material (EB-TFP@PB) was
tested for H,S detection using an indicator displacement assay
(IDA) strategy. The material exhibited enhanced fluorescence
upon the addition of this gas. The EB-TFP@PB sample pre-
sented excellent selectivity as negligible fluorescence was
observed in the presence of other possible interfering com-
pounds. A reaction pathway was proposed, where the H,S pre-
sents high affinity to EB-TPF, replacing the PB molecule from
the framework, resulting in the fluorescence of the free PB
molecule (Fig. 12). The presented work demonstrated that
COFs can serve as supports for other molecules and as poten-
tial H,S detectors. Although COFs were discovered in 2005,
their use for the capture and detection of H,S has not been
fully explored. This presents an area of opportunity, since
COFs have demonstrated effectiveness in capturing this gas.
Computational studies have been useful, as the predictions
help select the material based on surface area, pore size, and,
most importantly, the functional groups that could interact
with the host molecule, saving time and energy in experiments
and making the process more effective. Normally, H,S is gener-
ated in a mixture with other interfering gases, and selectivity
plays a key role in the manufacture of electronic devices for
effective detection. COFs have demonstrated high selectivity in

Fig. 12 Proposed mechanism of the EB-TFP@PB composite material
sensor based on the IDA strategy. Adapted from ref. 78 with permission
from Royal Society of Chemistry, copyright 2025.
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several media, making them excellent candidates for this
application. However, more studies are needed to advance
their use in industrial processes.

Porous-organic cages and other materials

Porous-Organic Cages (POCs) are a distinct class of porous
materials derived from the 3D covalent linkage of smaller
organic molecules. The controlled supramolecular assembly of
these molecular building blocks yields discrete, cage-like struc-
tures that exhibit diverse shapes and sizes. These structures
possess access channels and internal cavities that permit the
entry and trapping of external molecules compatible with the
dimensions of the cavities. These materials exhibit high crys-
tallinity, owing to their discrete molecular arrangement, and
offer favorable processability as they are readily soluble in
organic solvents. POCs also present flexible structures, which
is an advantage over materials with rigid structures. This com-
bination of properties provides the versatility needed for their
incorporation into complex devices or for fulfilling specific
applications, including gas capture and detection.*®3"7°

Gas molecules are effectively trapped within the cavities of
these cages by physical adsorption in the pores. When this
dynamic trapping mechanism is coupled with the large
surface area inherent to POCs, it results in significant gas
capture, enhancing both the quantity and sensitivity of gas
uptake. Since the chemistry and pore size of these materials
are highly tunable, POCs can be specifically designed to opti-
mize required functions. This optimization includes selecti-
vity, load capacity, retention times, and the interaction
strength between the host material and the gas molecule.*
The potential of these materials for highly refined gas capture
has generated significant interest in studying POCs for appli-
cations such as the separation and confinement of toxic gases,
the removal of contaminants in waste management and the
quantifiable detection of target molecules. A wide repertoire of
such applications can be found in the literature, with several
significant success stories published in recent years. These
contributions encompass both the synthetic routes for obtain-
ing POCs and the initial foundational studies on the capture
and detection of toxic gases using these porous discrete
materials.

Yuan and collaborators presented the synthesis of
Imidazole-linked POCs (IPOCs), via the 1:4 reaction of a calix
[4]resorcinarene derivative (C4RACHO) with monomers
derived from 1,2-diaminobenzene units.*° The materials
proved to be prominent NH; adsorbents, achieving a remark-
able capture capacity of 11.5 mmol g~ " at 1.0 bar and 25 °C.
This exceptional performance is attributed to several factors: a
large surface area (up to 1162 m> g~'), high stability under
extreme conditions, and the abundance of nitrogen-containing
species within the pores that can form strong hydrogen bonds
with ammonia molecules. Additionally, the sensing of dis-
solved ammonia was explored by leveraging the inherent
luminescence of the material. A quenching effect was investi-
gated using a prominent emission peak centered at 336 nm.
This phenomenon involves a measurable decrease in the emis-
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sion intensity after the material is exposed to the gas, demon-
strating a high level of sensitivity capable of detecting a con-
centration change of just 10 pM of NH; in solution.

The material referred to as BTPOC, reported by Jiang et al.,
effectively illustrates molecular recognition, exhibiting distinct
adsorption behavior depending on the gas in contact.”® Under
identical conditions (0 °C and 1.0 bar), this material demon-
strates high selectivity for CO, over both CH, and N,. The sub-
stantial difference in gas uptake is evident; the CO, capture
volume (42 cm® g™') is nearly four times greater than that of
CH, (11.6 cm® g') and approximately 40 times greater than
that of N, (1.1 em® g™'). This superior selectivity is attributed
to the enhanced affinity of CO, for the functional units present
within the POC structure. When the bitiophene-based cyclo-
hexanediamine and tetraaldehyde (BTDDP) blocks are
assembled via aldehyde-amine condensation, specific prefer-
ential adsorption sites are created in the BTPOC. According to
GCMC simulations performed at 25 °C and 1.0 bar, CO, mole-
cules can extrinsically adsorb at these sites and subsequently
diffuse through the interconnected pores. Similarly, sites rich
in N and S promote the adsorption of other vapors, such as
I,.3" BTPOC demonstrates the ability to reversibly capture up
to3.21gg ' of L.

Another case study for I, capture involves the porous organic
cage designated PTC-2H, presented by Liu and collaborators in
2025.*" The study demonstrated that the -NH bonds present in
its porphyrin units serve as preferential sites for strong gas
binding to the material. This POC is synthesized by the reaction
of a porphyrin (PDBD) with cyclohexanediamine (CA). After
purification and recrystallization, the resulting product exhibits
a total surface area of 115 m”> g~ " and shows a greater affinity
for CO, over CH, and N,. However, the most noteworthy feature
is the progressive color change (from purple to black) of
PTC-2H observed during the reaction. Adsorption reached a
maximum capacity of 5.46 g ¢~* for I, within the first 12 hours.
This robust capture is attributed to chemisorption, resulting in
exceptionally long retention times for I,; more than 75% of the
captured amount remains within the structure after 5 days.
Furthermore, the material successfully demonstrated cyclic use,
in which porphyrin rings and C=N bonds perform as effective
adsorption sites. Collectively, these recent studies demonstrate
the most contemporary advancements in the use of POCs as
high-performance adsorbents for the capture and detection of
toxic gases. All these materials offer acceptable capture capabili-
ties and are specifically engineered for species that pose a sig-
nificant health risk. To further enrich these substantial results,
the study of POCs is being expanded to include other toxic gas
species of interest. The capture and detection of H,S using
POCs for adsorption has also been proposed and successfully
developed. This ongoing contribution is recognized for amplify-
ing the range of toxic gases where POCs have demonstrated out-
standing performance.

Capture of H,S in POCs and other materials

Initial approaches specifically targeting the interaction of H,S
with POCs conventionally began with computational modeling
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and calculations of the most extensively studied cage type: the
cycloimine cage (CC). Specifically, the in silico work was pro-
posed to accurately predict the adsorption capacity and the
root-mean square deviation (RMSD) of the CC3 cage (Fig. 13a)
towards various polluting gases, including H,S.*> By imple-
menting GCMC simulations using the vdwW3 force field
coupled with the double-hybrid functional and scattering cor-
rection (B2PLYP-D3), it was possible to provide high reliability
to the adsorbate-adsorbent interactions predicted by the calcu-
lations. This approach yielded a predicted H,S gas capture of
~2.4 mmol g~ at 1.0 bar and 2 °C, suggesting that the flexi-
bility of CC3 significantly influences the adsorption dynamics
(Fig. 13b). The accuracy of the calculated force field (FF)
depends on the ab initio method and the fitting procedure
model, which is particularly crucial for modeling non-covalent
interactions.®* Since a purely intermolecular potential was con-
sidered for distant species, the simulations achieved a low
RMSD value of 0.47 for CC3-H,S and 0.23 for H,S-H,S inter-
actions, respectively.

In 2024, another important computational study was pre-
sented, involving the interaction of H,S with a different POC,
designated CC1.** Similar in structure to CC3, CC1 features
four triangular windows arranged in a tetrahedral geometry. In
this model, DFT calculations with the B3LYP/6-311G(d, p)
basis set were used to characterize interactions among various
hazardous analytes, most notably H,S. When trapped within
the optimized CC1 cavity, the calculated interaction energy
was —7.81 kcal mol™", which is characteristic of very weak
physical adsorption of the dipolar H,S molecule onto the cage,
primarily mediated by hydrogen bonds and van der Waals
forces. Charge decomposition analysis (CDA) was conducted to
determine the relation between the donor-acceptor molecules
present in the system. The analysis presented prominent
binding sites exist where the nitrogen atoms of the cage could
facilitate charge transfer to the gas molecule. This mechanism
is predicted to result in extremely short recovery times (5.31 x
107" s) for H,S release, suggesting excellent potential for the
CC1 cage as a highly reusable adsorbent for this host molecule.

Building upon the computational background, the first
experimental study focused on H,S adsorption using these
porous cages took place in 2025.%° The surprising result of this
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Fig. 13 (a) Molecular structure for CC3. (b) Adsorption curves of H,S
and other gases by CC3. Adapted from ref. 82 with permission from
John Wiley and Sons, copyright 2014.
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work was that the ternary amine POC designated 6FT-RCC3
(Fig. 14a) achieved a record-breaking maximum H,S capture
capacity for a porous material (20.6 mmol g') at room temp-
erature and atmospheric pressure (Fig. 14b). Furthermore, it
was experimentally confirmed that reversible adsorption is
possible. Solid-state Nuclear Magnetic Resonance (RMN) and
in situ DRIFT analysis confirmed the formation of hydrogen
bonds between the gas and the nitrogen atoms of the cage,
which act as anchoring sites. This leads to good cyclic regener-
ation and maintains a constant capture capacity, as previously
predicted by computational models. The capture capacity of
6FT-RCC3 is even more remarkable considering that its
surface area (339 m”> g™') is not as large as other reported
POCs. This is justified by the weak interactions between the
H,S-H,S molecules themselves, facilitating their packing to
achieve such high capture levels, as is the case with other
polar host species.®® To ornament this research, the limit of
detection for H,S was calculated, reaching 0.13 mM
(~4.43 ppm) for the analyte. This was achieved using the
change in the material’s fluorescence emission spectrum as a
selective sensing technique upon saturation with H,S.
Employing sophisticated theoretical models offers significant
advantages, as they facilitate the determination of the nature
of the bond between the analyte and the cage, explain the
specific binding sites where adsorption occurs, and justify the
experimentally observed cyclic behavior. Finally, the proposed
selectivity of these molecular fragments for H,S over other
gases was confirmed, with experimental results demonstrating
a preferential binding and unique response that was not
observed with CO,, NO,, SO,, or water (Fig. 14c). This work
presented the opportunity for these materials in applications
in the capture and detection of toxic gases, such as H,S.

20.6 mmol g’

—

H,S adsorption \

e

1 ———Activated

10 %q;%%@m 9 ——HO

: ) - -

08 a 20.6 mmolH,S/g 3 No'

’ ’ L ——HS

’ - \ ¥

Q06 ’ 2| o,
) 4 )
0.4 & c
Q ]
02] @ £

"',

10 11 12 13 1 450 500 550 600 650 700
Wavelength (nm)

5 6 7 8 9
Time (min)

Fig. 14 (a) Modeling of optimized 6FT-RCC3 before and after H,S sat-
uration. (b) Breakthrough curves of H,S adsorption by 6FT-RCC3
obtained at 25 °C and 1 bar. (c) Solid-state emission spectra of
6FT-RCC3 exposed to different gases under an excitation wavelength of
400 nm. Adapted from ref. 85 with permission from John Wiley and
Sons, copyright 2025.
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A clear order of magnitude difference is revealed when com-
paring the experimental results with the gas capture values
predicted by computational calculations, including both
GCMC and DFT models. This discrepancy is likely attributed
to the dimensional limitations of computational modeling, as
simulating the entire porous material is often difficult.
Therefore, only simplified fractions of the POC are typically
studied alongside the guest gas molecules.®* This difference is
further justified by the high degree of possible packing
between the H,S gas molecules themselves, a phenomenon
that significantly favors increasing the final capture capacity
and is often underestimated in simplified computational cells.

To enrich the discussion, the performance of POCs can be
effective compared to that of other discrete porous material
alternatives for H,S capture. In recent years, studies have
focused on the capture of H,S molecules using adsorbents
such as Metal-Organic Cages (MOCs) and carbon nano-
spheres. The primary goals of this research have been to eluci-
date the nature of the interactions governing adsorption and
to explore their potential for real-world applications.

Jiang et al. presented a metal-free H,S adsorbent meso-
porous carbon nanospheres decorated with pyridine and pyrro-
lic nitrogen (ranging from 2.0-4.5 wt%), designated
N-OMCS-700.*” This material demonstrated a substantial
capture capacity of 13.4 mmol g~ (0 °C, 1.0 bar) and achieved
complete H,S conversion at temperatures of 180 °C or higher.
Critically, these nanospheres proved capable of being used
cyclically up to five times while maintaining the original
capture capacity. Thus, they presented dual-purpose porous
materials intended for application in solving diverse gas
adsorption problems. The abundance of pores and the surface
chemistry, where nitrogen atoms favor the adsorption of
H,S.%® The carbonization temperature of 700 °C was reported
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to improve crystallinity and surface area (1575 m”> g~ ), thereby
enabling rapid diffusion of molecules within the internal
pores to reach the nitrogen-containing sites. Additionally,
the selectivity of H,S adsorption over other gases such as
N,, CH,, and CO, was successfully predicted across a range
of temperatures using DFT calculations and the Ideal
Adsorption Solution Theory (IAST). This selectivity effect was
attributed to the strong interaction between H,S and the func-
tionalized nitrogen sites, as well as to the optimal pore size
(3.7 nm), favoring the specific entry of H,S molecules into the
cavities.

Detection of H,S in POCs and other materials

For the detection of abnormal H,S levels in biological systems,
that are closely related to the expression of certain types of
cancer, metal-organic cages (MOCs) with adaptable pore dia-
meters have been utilized to selectively exclude other chemical
species.”® The essential characteristic of MOCs is their struc-
ture, which relies on metal-organic ligand coordination bonds
to form discrete cages. The specific cage designated
MOC-HSN1 is composed of palladium ions bonded to the
ligand N,N'-bis(2-pyrazincarboxamide)-1,4-butane (BPAP). This
cage was specifically employed to encapsulate a traditional H,S
detector (HSN1), which emits a fluorescent response at
530 nm. The primary objective was to employ a size exclusion
strategy to prevent the activation of HSN1 by nitroreductase
(NTR), an interfering molecule that also generates the target
fluorescent response,®® thereby avoiding false positives. The
results demonstrated that the well-defined -cavities and
uniform pore sizes of the MOC allowed access exclusively to
H,S molecules, as they are approximately seven times smaller
than NTR molecules (Fig. 15). This design enabled effective
shielding based on molecular weight differences for the
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Fig. 15 Representation of the anti-interference shielding of the MOC-HSN1 system and the resulting fluorescence spectra. Adapted from ref. 26

with permission from Elsevier, copyright 2025.
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Table 1 H,S capture and detection of different porous cage-like materials

Material System H,S capture H,S detection limit Ref.
MOF Ni-CPO-27 Gas phase 12 mmol g — 33 and 37
MOF Mg-CUK-1 Gas phase 3.1 mmol g™* — 27
MOF Zr-fum Gas phase 4.0 mmol g* — 48
MOF Zr-mes 3.3 mmol g™*

MOF Zr-ita 1.3 mmol g™*

MOF MIL-53(Al)-TDC Gas phase 18.6 mmol g™* — 49
MOF Mn-CUK-1 Gas phase 13.6 mmol g™ — 28
MOF MFM-300 (Sc) Gas phase 10.2 mmol g™* — 34
MOF MFM-300 (In) 9.1 mmol g~

SU-101 15.95 mmol g~*

Zn;3(BTC),-12H,0 Gas phase — 4.4 ppm 35
ZIF-8 3 ppm

Fum-fcu-MOF Gas phase — 5.4 ppb 51
IRMOF-3 Gas phase — 28.3 uM 23
UiO-66-CH=CH, HEPES buffer — 6.46 UM 52
MOF-5/CS/IL Gas phase — 1 ppm 53
SU-101 Gas phase and THF/H,S solution — 22 ppm 54
COF CTF-1-400-600 Gas phase 12.8 mmol g™* — 67
Si0,@a-Fe,O;@COF Gas phase 95.2% — 68
COF-DC-8 Gas phase — 204 ppb 38
CuCOF H,S in water — 10 nM 74
COF TpASH-NPHS Phosphate buffered solution — 0.11 pM 76
COF EB-TFP Gas phase — 0.04 ppb 78
POC 6FT-RCC3 Gas phase and THF/H,S solution 20.6 mmol g™ 4.43 ppm 85
N-OMCS-700 Gas phase 13.4 mmol g™* — 87

analyte of interest, demonstrating that MOC-HSN1 functions
as a molecular sensor that successfully eliminates NTR inter-
ference during H,S quantification. The presentation of discrete
porous materials as promising adsorbents is based not merely
on the total amount of gas the material can retain, but also on
the fact that their internal cavities can be rationally adjusted
for selective capture. The ability to precisely control pore dia-
meter, active binding sites, and physicochemical character-
istics that favor the exclusion of molecules other than the
analyte of interest is the defining feature that makes discrete
materials, particularly POCs, advantageous compared to other
classes of conventional adsorbents. The attributes of achieving
specific confinement to a particular chemical species and
being highly processable, not only in solids but also at
different interfaces, are what make these materials exception-
ally suited for real-world systems requiring gas capture, detec-
tion, and conversion (Table 1).

The quantification and removal of contaminants or waste
treatment represent significant scopes in industrial appli-
cations where these materials offer a compelling and immedi-
ate solution.

Conclusions

Effective capture and detection of H,S will become crucial in
the coming years; traditional methods (e.g. membranes, wet
scrubbing, metal oxides, zeolites) possess disadvantages; such
as poor response, excessive use of water or solvents, corrosion
or irreversible chemisorption. Hence, there is a need for new
technologies to emerge and solve this problem. Porous cage-
like materials present properties that can lead to new lines of

This journal is © the Partner Organisations 2026

study in the field of gas remediation. MOFs have dominated
this field over the past decades. Through recent advances,
MOFs present an interesting solution with the chemical trans-
formation of H,S into polysulfides, which can be used in other
applications, like energy storage, presenting an alternative in
waste valorization. On the other hand, COFs exhibit great
stability and selectivity, making them excellent candidates for
H,S detection. The addition of other species, such as metal or
fluorescent molecules, can enable rapid detection mecha-
nisms, and studies have focused on this application. Finally,
POCs are initiating a new revolution in porous materials for
capturing and detecting toxic gases. Computational studies
have demonstrated the possibility of this application and
experimental works are starting to develop the methodologies
for H,S capture. Detection using these materials is an area of
opportunity and more studies should appear in the upcoming
years. The use of porous cage-like materials for the capture
and detection of H,S can lead to important advances in indus-
trial applications. Future work is needed to ensure that these
materials can present a solution to this environmental
problem.
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